
f 
/ 

...... J', NASA-CR-176108 
19850024873 

A Reproduced Copy 
OF 

Reproduced for NASA 

by the 

NASA Scientific and Technical Information Facility 

FFNo 672 Aug 65 1111111111111 1111 11111 11111 11111111111111 1111 
NF01768 

https://ntrs.nasa.gov/search.jsp?R=19850024873 2019-11-05T01:34:00+00:00Z



" .
,./ 

I 
.... -- -

--

" \ 
I '. 

" '. \ 
\ ''''* P kg,@:*:,¥ ·4i<O@:p;;;.!Z!i#4\ lWCSt!JC£tl4C L £ X) "A • 't '5"-' a •• am ill L J ow [3 St,.; 

JPL No. 9950-106~ 

(UASA-Cn-176108) ADVANctD BEAtlED-ENERGY AHD U85-33186 
F~ELD PROPULSION CONCEPTS i~Dal Report ,Don 
Corp., BcLean, Va.) 5q5 p HC A23/HF AOl 

CSCL 218 Dnclas 

ADVAUCED BEAMED-EflEnGY 
AND 

FIELD PROPULSION CONCEPTS 
FINAL REPORT 
31 flay 1983 

. BDH/H-83-225-TR 

G3/20 22105 

PRIIlCIPAl WVESTIGATOR: L tI. ~tyrabo, Ph.D. (noH Assistant Professor, 
Oepartment of f1echanical Engineering, Rensselaer Polytechnic Insti
tute, Troy, N. y.) 

Prepared for the California Institute of Technology and Jet Propulsio~ 
Laboratory Under NASA Contract HAS7-91B, JPL Contract Ho. 9563~6. 

\. 
; 

\ 

fl , ~ 
1 • . , ---...... 

•• , , 
l 
j 
1 

1 
I • 

• :j 



This Page Intentionally left Blank 



THE 80M CORPORATION 

ABSTRACT 

The primary objective of this study is to investigate specific 
phenomena which might lead to major advances in payload, range and terminal 
velocity of very advanced vehicle propulsion. :lIe effort focuses heavily 
on advanced propulsion spinoffs enabled by current government-funded inves
tigations in directed-energy technology: i.e., laser, microwave, and 
relativistic charged .>article beams. Futuristic (post-ye::.r 2000) beamed
energy propulsion concepts which indicate exceptional pror.1ise are identi
fied and analytically investigated. To warrant inclusion in the study, the 
concepts must be sufficiently developed to permit technical understanding 
of the physical processes involved, assessment of the enabling technolo
gies, and evaluation of their merits . • r conventional systems. The study 
investigates propulsion concepts th~t can be usc~ for manned and/or 
unmanned missions for purposes of solar system exploration, planetary land
ing, suborbital flight, tran~port to orbit, and escape. Speculations arc 
made on the chrono logy of mil cstoncs in beamed-energy propu 1 s ion dave lop
mant, such as in systems applications of dafense, satellite orbit-raising, 
global aerospace transportation, and manned interplanetary carriers. 
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CHAPTER I 
INTRODUCTION 

• (MIS'" 

As man extends his activit1es deeper and w1th increasing freqJency 

into space. he will demand more sophisticated and energet1c propulsion sys

tems with capabilities greatly surpass~ng those of conventional chemical 

propul~ion systems. Current chemical rocket engines that were developed 

for the space crogram are attaining performance close to the theoretical 

maximum. ihe "conventional" advanced propulSion technologies of nuclear-. 
electric and solar-electric propulsion are advancing in their development 
cycles and will probably see application in space vehicle systems before 

1990. However, these technologies are clearly inadequate for emerging more 

ambitious missions involving ever expanding human activity in space, such 
as large-scale spilce industry and the util fzation of lunar and asteroidal 

materials. When human needs create a demand for new solutions to technical 

problems, history sho'#s that available inefficient solutions will not ba 

tolerated for long. In space, efficient, high-speed propulsion will be of 

such central importance that this issue deserves detailed consideration 
, , 

now. In fact, it is even more likely that demonstration of the plausibil-

ity and feasibility of efffcient advanced propulSion methods could provide 

the critical leverage to engender major space activities, rather than the 

other way around. 
The history of advanced propulsion research has produced large swings 

in funding levels over the ,past 30-40 years. NASA and the military 

services actively pursued advanced propulsion research during the 1960s and 
early 19705, thereby giving rise to a substantial body of literature docu

menting this period. Since the early 19705, funding for advanced propul

sion research has been severely limited. H~wever, significant studies were 

published b:,' the USAF Rocket Propulsion Laboratory (AFRPL) 1 in 1972, Jet 
PropulSion Laboratory (JpL)2 in 1975, dnd JPL3 again in 1982. Neverthe

less, the fact remains that today, RUl work on very advanced propulsion 

systems is carried out on a considerably lo.,.,er level of effort than in --
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decades past. Understandably, generation of new concepts has been severely 
retarded by the reduced funding level. . 

A. ~D.vANCED PROPULSIOU STUDIES OF TIiE PREVIOUS DECADE 

The focus and significant conclusions of the 1972 AFRPL studyl can be 
summarized in the following paragraphs. 

The purpose of the study was to identify and stimulate transitions to 
concepts beyond chemical rocket propulsion that would bring about substan
tial improvements in propulsion performance by the turn of the century. 
Advanced concepts falling under the general headings of Thermal Propulsion, 
Field Propulsion, and Photon Propulsion were e'/aluated to define their 
potential. The study attempted to reestabl ish the kind of unrestricted 
free-thinking, inventiven:!ss, and creativity that existed during the late 
1950s and early 1960s. 

Three major conclusions are emphasized in the AFRPL study. First, the 
~ore intensive sources of energy will provide higher performance possibili
ties (e.g.. an improvemant of five orders of r:mgnitude exists between 
chemical ~nd nuclear energy sources). Second. the creativity of propulsfo~ 
researchers should be strongly d1rected toward "1nfinite specific impulse" 
(~sp) concepts that drnw prime energy and/or material freely from the 
ambient environment (whether through active interactions or through 
capitalization of natural phenomena), becaus~ of the implications for out
standing performance. The study defines the ideal infinite Isp propulsion 
system as one which takes both its working fluid and its energy from the 
environn-ent. Third. advances in certain areas of technology could make a 
number or unconventional concepts suddenly very attractive. Previously. 
these concepts have been evaluated and quickly discarded. The study sug
gests that improvements in the energy output of high-power lasers by 
several orders of magnitude. or perhaps the invention of other competitive 
concepts for long distance energy transfer - are exemplary advances that 
have revolutionary potentials for laser propulsion and the infinite Isp. 
ramjet. For the Field Propulsion concepts, the development of higher 
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current density superconductors, metallic hydrogen, or perhaps room 
temperature supercondu~tors are promising breakthrough technologies. 

The focus, approach and signfficant concl~sions for the 1975 JPL 
study2 can be summarized in the following paragraphs. 

The primary objective of the study was to generate new advanced pro
pulsion concepts having high potentia.l for the more eMrgetic propulsion 
applications in the post-1990 era of space exploration. The principal 
topics investigated included lasers, thermonuclear fusion, matter/anti
matter annihilation, electronically excited helium, and energy exchange 
through the interaction of v~rious fields. 

Two distinctively different investigative directions were pursue~ in 
parallel. One investigated the possibility of lIsing energy sources of 
known capability for releasing large amounts of energy (as compared to the 
chemical propelle.nts used currently). Candidate energy intensive sources 
included nuclear fission and fUSion, lasers, rnatastable and radical chemi
cal species, and matter/antimatter annihilation. The second investigative 
direction explored potentials for exploiting en:!rgy resources existing in 
space and in the vicinity of planets: 1.e •• energy stored in the form of 
various fieldS (such as gravitation. magn~tic. and electric). or in 
elementary particle concentrations. The study ackno~ledges that this 
direction was more difficult to pursue, largely due to the low-energy den-
sity level of such resources. • 

The JPL study utilized t\'jO basic criteria to evaluate the concepts 
with high potential for advanced propulsion applications: state of readi
ness, and energy-releasing capabilities (i.e.. as it affects specific 
impulse). The following are n fe~ of the conclusions reached in evaluating 
laser propulsion and matter/antimatter annihilation concepts. In the case 
of laser propulsion research, there is only 11 relatively small body ~f 

literature available. Second, there seems to be a strong tendency to over: 
simplify the f'roblem, and to focus on limited aspects. This may be due to 
a lack of data in many related critical areas. Third, this shortcoming 
becomes cri t i ca 1 when researchers atterr.pt to evaluate the concepts, and 
compare their performance with other advanced propulsion concepts. Fourth '0 
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in comparative studies of solar-electric and laser-electric propulsion, it 
is suggested that laser sources cannot compete with solar sources for 
interplanetary missions. Existing literature indicates that laser propu~
sion may be most readily applied to surface-to-orbit, orbit transfer, and 
planetary escape applicat10~s. 

The JPL study mentions the t\10 factors which make the use of matterl 
antimatter annihilation an attractive energy source for propulsion applica
tions: extremely high rates of energy release (i.e., two orders of 
magnitude greater than that of thermonuclear fusion), and the Nclean N prod~ 

ucts of the involved reactions (i .e., frt;m the view of radioactive con
tamination). However, in the study, it was emphasized that the severe 
problems associated with antimatter production and storage put the current 
state of this technology at the conceptual level, and project the nearest 
successful propulsive imple~entation beyond the year 2000 A.D. 

The focus and significant conclusions of the 1982 JPL study3 are 
related in the follo\1ing paragraphs. 

The primary objective was to 'identify and evaluate ne1 advanced 
propulsion concepts that cn:ble or significantly advance the performance of 
interplanetary missions. A major finding in the study was that the 
missions to the outer planets and beyond ~re seriously constrained by 
state-of-the-art propulsion performance, and hence justifies the enthusi
ast~c search for ultra-hig'1 performance propulsion systems. The scope of 
the 1982 study \;tas limited to a consideration of 'the propulsion require
ments for unmann~d planetary orbiter missions and small scientific 
payloads, \"#ith no requirement for return flights. 

The conclusion of the study was that the nuclear-electric option is 
the most attractive propulsion concept for the near-term outer planet 
orbiter mission. Also identified in the study \tere 11 number of nCi'1 high 
thrust-to-wcight ratio advanced propulSion concepts for outer planet mis
sions which require a soft lander and/or s~.ple return operations. 
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B. WHY THIS STUDY IS DIFFERENT 

TAken as a whole, this study presents 4 broad challenge to many of the 
trad.itionally held viewpoints of what it takes to trek the heavens. The 
effort utilizes a high-risk/high-payoff approach to identify promising 
unconventional propulsion concepts with the potential for generating major 
breakthroughs. 

Over the last two decades, a great number of unique thruster ideas 
have been either published in the open or classified literatures. or 
collected as informal technical notes into relatively dormant personal 
files of a few interested propulsion researchers. These propulsion ideas 
range from clearly low-risk. conventional realms to the unconventional and 
uradical fringe" groups. Traditionally. the last category has been widely 
ignored by most reputable researchers. 

Recent revolution"ary developments in the directed energy technologies 
(laser, micro~ave, and particle beam) hold much potential for shedding new 
light on many lesser-Itnown propulsion concepts. Hencc. the work presented 
here began with a thorough search through nU~2rous privately held libraries 
for those unique thruster ideas which, although unconventional, liIay hav~ 

exceptional cor::piltibll1ty ".,ith reoote bea.r.l;::d high power, and \"lhich 
(thereby) might gain a significant competitive advantage over the perform
ance of conventional syste~s. 

This study continues ,-shere the previous studies of laser propulsion 
have left off. For eXar.iple. it expands the focus of "beer.ed-energy" 
propulsion to include the serious consideration of ~icrowave/millirr.eter

wave bands, as well as relativistic charged particle beams. Thl! latter 
categories might very well enable a whole new dimcnsion in h ;gh thrust, 
action-at-a-distance propulsion utilizing large-scale atmospheric charging 
techniques and powerful electro~tatic fieldS. (The prospects for this k.ind 
of electrostatic propulsion have never been seriously examined.) The stu'dy 
also reflects a positive attitude that "All things (within reason) are pos
sible in time." For instance. it is assumed that sometim~ beyond the year 
2000, Short-wavelength high-power lasers will have been scaled to the 
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gigawatt levels, presently exemplified by today's city-scale power plants. 
The study then proceeds to ask an intriguing question: -If beam power were 
unlimited, then what revolutionary new propulsion applications would be 
feasible?" likewise, free reign is given to the full availability of any 
desired laser/microwave frequency and waveform (01 vs. repetitively pulsed 
power, possibly with variable pulse energy, width, and repetition rate). 
The study then attempts to uncover the most efficient propulsive methodolo

gies to employ the specialized forms of high-g\"ade power inherent in 
generic laser, microwave/millimeter, and charged-particle beam classes. 

Once a thorough and complete description of promising thruster con

cepts is presented, this study speculates on the chronology of Imllestone" 

systems for future brtamed-energy propulsion applications. These "mile
stones- are then e,plorcd in some detail to discover the additional 
critical enabling technolog1es--beyond that of the thrusters themselves. 
The follo~J1ng briefly describes the speculated "r.lllestone- applications, 
the chronology by \1hich they might appear in the future, and the organiza
tion of the attendant supporting material presented in this final report. 

C. EVOLUTIOU OF BEAt~ED-ErlERGY pnO?llLSIOit "f.1ILESTONES" 

Cha::~i:r Ii details the projected development of one exemplary pO\fer
beaming technology: . the free-electron laser (FEL). Som~time before the 

year 2000, it is anticipated that exceptionally flexible FELs with high
conversion efficiency (e.g.: 25 to 50 percent) will be constructed by the 

military for future use in anti-bailistic missile (ASr·n applications. It 
is kpown that laser power levels required for ABM roles closely match that 

of laser propulsion for "near-term" orbit-raising missions (e.g., 20 to 
200 r'lH). The only additional enabling technology required for orbit

raising propulsion of useful payloads (e.g., tens to hundreds of metric 
tons), outside of the laser device itself, is the development of closed
cycle nuclear (or solar) palter supplies - to replace the open-cycle nuclear 
military systems of the future. 
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Chapters III-VII assume the future availability of ground-based and/or 
space-based gigawatt power level FELs, and proceed to explore the range of 
laser propulsion engine concepts which appear compatible with delta-shaDed 
and radially-symmetric (e.g., the Apollo corrrnand/reentry module) shuttle 
vehicle configurations. Next, Chapters VIII and IX investigate the candi
date laser propulsion engines which might be suitable for propelling 
significantly larger cylindrical-shaped shuttle vehicles, some of which 
could b~ neutrally-buoyant in dense planetary atmospheres. 

Chapter X analyzes the feasibility of integrating high power lasc'" 
mirrors with the lower aerodynamic surface of radially-synrnetric shuttle
craft configurations. These highly specialized manned or unmanned sinr,le

stage-to-orbit (SSTO) vehicles are proposerl for ttro useful functions: 
(1) lascr relay satellites for multi-purpose space power stations, and 
(2) USAF Space COlmland light-weight "fighters" for the space-superiority 
mission - a squadron of which could easi ly defeat today's most awesome 
nuclear offensive threat, a massive ballistic missile attack. This work 
was originally part of a Def~nse Advanced Research Projects Agency (DARPA) 
study and is included in this report since the laser relay technology dis~ 
cussed in this chapter is applicable to a variety of uses, including the 
global aerospace transportation system described in Chapter XI and the 
interplanetary cruisers described in Chapter XV. 

Chapter XI suggests the possibility of a commerical laser-powered 
global aerospace transportation system, which might appear some time beyond 
the year 2000, but certainly before 2020. Enabling technologies are the 
laser-boosted shuttlecraft discussed in Chapters III through IX, and the 
giga\'latt laser power-be£''lIing technology reviewed in Chapter II. 

Chapter XII suggests the possibility of laser-boosting large {c.g., 
100 to 1000 m 10r~J cylindrical heavy-11ft launch vehicles (HHLV) directly 
into orbit for purposes of space industrial ization and colonization. The 
launch vehicle design is based upon lighter-than-air vehicle structures 
technology, and innoV1tive variable-cycle laser propulsion engines which 
are attached to the HLLV vehicle ends as I lIovable power-heads. Once thG 

1-7 

~l 
" 1 

, 
I 

I 

I 
i 

1-
!.. 
I-
I 
I; 
i 
, 
I 

I~ 
I 

" 



"\ 
I ., 

flexible outer skin is stripped off, the vehicle center section can func
tion as a standardized building moduJe for rapid assembly of large space 

structures. For example, they could be used as "vertebrae" in electrically 
conducting backbones of photovolta1c satellite solar pouer stations, the 
primary structure for O'Neill-type space colonies, or hotels in orbit. 

Chaoter XIII proposes concapts for high-thrust electrostatic propul
sion within a planetary atmosphere - by using remote microwave/millimeter
wave and relativistic charged particle beam technology. Although these 
electrostatic schemes are the most speculative of all beamed-energy propul
sion concepts investigated in this study, they may also have the greatest 
payoff when measured by their potential for efficient momentum exchange 

with the atmosphere (e.g., propulsive thrust per input beam power). 

Chapter XIV examines present and future space nuclear multi-mode 
reactJf technology for application in hypothesized year 2000 space battle 
cruisers. )he space platform, envisioned for use by the USAF Space Com
mand, would be equippc-u \lith high-potier lasers, particle beams and electro

magnetic cannons for strategic defense roles. Three nuclear bi-modal 
reactors (e.g., 4000 r~~ each) \lould be integrated with each vehicle to 
generate either high-propulsive thrust for orbital transfer (as a direct 
nuclear-thermal rocket), or high-electric power (e.g., at the gigawatt 
level} in the open-cycle mode--rejecting heated coolant to space. For 
near-term experiments, it would be possible for the b~ttle station to 
"beam-up" its own laser-propelled manned shuttle craft from the earth's sur
face (e.g., the Monocle Shuttle discussed in Chapter X), mating with it in 

orbit. In the far term, next generation battle cruisers would utilize, 
higher pO\'ler density gas-core reactors and high-temperature, closed-cycle 
HHD conversion systems to generate peak electric po\'1er in the closed-cycle 
mode--for either electric propulsion engines or pO~/er-beaming. In .this 
era, space battle cruisers could (for the first time) make practical the 
concept of laser-propelling their O\ffi shuttle craft to and from the Earth's 
surface. Although originally based on a DARPA-funded study, this work is 
included in this report since these types of vehicles \~ould finally be 
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sufficiently energetic to enable the serious consideration of large-scale 
interplanetary missions. 

The final chapter of this study hypothesizes a far future era (e.g., 
post 2020) when marmloth interplanetary cruisers (e.g., perhaps based upon 
the 10 km long O'Neill ~~del 3 space colonies) are propelled throughout the 

solar system with ultra-high performance fusion or matter-antimatter pro
pulsion systems. Upon reaching a destination planet, the interplanetary 
cruiser would deploy large SSTO shuttlecraft "carriers" designed to float, 
neutrally-bouyant, in the dense low-altitude atmosphere. Next the carrier, 

acting as a "mobile field generator," might artificially charge up a 
portion of the planet's atmosphere, then deploy landing/survey craft to fly 

on this field (in order that they may conduct their explorations largely 
from the air). When the decision is made to return to the interplanetary 
cruiser, the shuttlecraft would be gathered up and the carrier vehicle 
would be boosted back into orbit on laser power bea.'ncd from the interplane
tary cruiser. Self-propelled (or laser-propelled) laser-relay satellites 

would have been deployed in great numbers about the planet, enabling ·the 
cruiser to beam laser power to shuttlecraft or carrier vehicles located 

anywhere around the entire globe. 

D. LONG-TERI1 OBJECTIVE 

The long-term objective of this study is to help stimulate creative 

thinking in the aerospace community, the publiC, and the government to\1ards 
the far future of atmospheric and space flight. 
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CHAPTER II 
POWER-BEAMING TECHNOLOGY FOR LASER PROPULSION 

This chapter addresses soma of the basic research and technology 
issues associated with high-energy laser (HEL) power-beaming stations: 
specifically, HEL devices, optics, power supplies, atmospheric (and space) 
beam propagation, basing modes, and laser/relay engagement dynamics. 

A. LASER PROPULSION TECHNOLOGY 

The concept of beaming power from a remote source directly to a space
craft propulsion syste." presents a revolutionary point of departure from 
conventional chemical and electric rocketry. Since the power source 
remains independent of the spacecraft, a beamed-energy propulsion system 
can si~Jltnneously overcome the two classical limitations of specific 
impulse (e.g., 400-500 sec for chemical rockets), and thrust/mass (e.g., 
10-2 to 10-4 U/kg thrust/mass ratio for nuclear-electric rockets). As a 
result, beamed-energy thrusters may attain specific impulses (e.g., 1000 to 
3000 sec) approaching the regime of electric propulsion, w1th thrust/mass 
ratios more typical of chemical rockets. 

Beamed-energy thruster design strives for simpliCity and high 
performance--in exchange for placing as much system ccmplexity as is prac
tical at the re.."lOte location of an incredib Iy sophisticated pO\'1er source. 
High-grade electromagnetic power is beamed along direct line-oF-sight paths 
to the thruster. Herein 1 fes the most obvious of several basic system 
limitations: the maximum range of be~ transmission is fixed by the laser 
wavelength, finite size of collectors, and diffr~ction-lirnited optics. In 
addition, linea.r and non1 inear atmospheric lossc!) must be included for 
ground-based sources. 

The most serious problem is the availability of a suitable high-energy 
laser (HEL) source and power supply. However, such HEL devices are aggres
sively being developed by _~he military for potential usc in future anti
ballistic missile (Am,,) apjllications. Laser power levels required for the 
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ABH role are found to closely match that of laser propulsion for " near-
term II USAF and NASA orbit-raising miss1~,"s (e.g., at least during the n~xt 

10 to 20 years). The embryonic field of laser propulsion stands to benefit 
greatly from the future availability of a high-p0\,Jer ground- or space-base:! 
laser source with superior pointing and tracking capabilities that far 
exceed propu1s1on needs. 

1. Thruster Oesia~ 
Ideally speaking, the thruster design process would begin with 

the widest consideration of potential wavelengths from micro- and milli
meter bands, through the far- and near-infrared, to the visible and ultra
violet. Each wavelength has its own implications for detailed thruster and 
spacecraft design. However, wavelength selection {in the broadest sense} 
is usually driven by the spec1fic~~1ss1on application. For example, near
term orbit-raising mhsions with attendant ranges of 104 km or more will 
dictate the use of very short laser wavelengths (e.g., from 0.35 to 
2.5 u). Other useful missions with ranges from several hundred to several 
thousand kr.1 could potentia.lly use the m1cro\'4ave or millimeter bands \'l1th 
sufficiently large transmitting antennas. 

A great diversity of continuous (CU) and repetitively pulsed (RP) 
laser propulsion engine concepts has been suggested in the literature {See 
Appendix A}. However, they can all generally be placed into three distinct . . 
generic classes: Laser-thermal, laser-electric, and combined laser-
thermlll/electric cycles. Host current research is focused on the laser
thermal cycle. 

A number of laser-thermal rocket engine concepts is shown in 
Figure II-l. Laser-thermal rockets absorb beamed radiation into solid, 
liquid. and gaseous propellants by the mechanisms of: (1) inverse 
Br~strahlung (both laser-supported combustion and detonation regimes). 
{2} continuum absorption, (3) molecular (line) absorption, (4) particulate 
absorption, and (S) indirectly, by way of heat eXLhangers. To trigger 
inverse Bremmstrahlung, the mechanisms of laser-induced breakdown, electric 
sparks, seed gases/liquids/particles, and solid igniter-surfaces have been 
proposed. 
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Figure 11-1. Laser-Thermal Rocket Engine Concepts 
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Laser-thermal thrusters use one of two basic window concepts for 

t1"ansmi ss i on of 1 ase1" energy 1 nto f nterna 1 eng i ne chambers: a) mate1"i a 1 
(solid) windows, 01" b) aerodynamic window alternatives--sho\~n in 

Figure 11-2. For solid windows, current research is centered on developing 
low absorption, low reactivity materials, and in understanding the 
mechanisms of optical surface degradation. Aerodynamic windows are, of 
course, being developed for a number of laser generators themselves. In 
addition to other research areas, basic mechanisms of gas transport are 
being modeled to examine the limits on aero-window operation in the space 
environment. Specific impulses (Isp) attainable by this class of engines 

fall in the range of 800 to 2000 sec. Peak Isp values are limited by pro
pellant dissociation and ionization losses. and cooling restrictions of 
thrust chamber walls. 

Figure 11-3 portrays the second generic class of laser prcpulsion 
engines: laser-electric rockets. This category requires the interim con
version of laser-to-electric power, before delivery to conventional elec
tric thrusters. Both continuous lind repetitively-pulsed conversion cycles 
have been proposed for either AC or DC electric power. Candidate laser-to-' 
electric pO\'Jer converters include conventional Brayton or Ra~k1ne cycles-
utilizing turboaltcrnator, ell or RP MHO generators, reciprocating Sterling 

engines (\'J1th alternators), photo-electric cell s, photo-electron chemiC:iil 
cells. thermionic, or photo-emissive approaches. In addition to cf.lnven-. 
tional finned-tube and heat-pipe space radiators, other lightweight radia
tor concepts have been suggested for very high temperature operation: 
e.g., flattened-tube refractory, liquid-drop, and "light bulb ll radiators. 

The laser-electric thruste~ class can theoretically attain specific 
impulses beyond the 2000 second limit of laser-thermal thrusters, but not 

withcut a significant penalty in overall syste~ thtust-to-wa1ght ratio. 
Finally, the laser-thermal/electric combined-cycle thrusters 

represent a merging of elements essential to the first two classes of laser 
propulSion engines. Direct laser heating of the propellant first brings it 
to plasma temperatures; Jnen t electrostatic or electromagnetiC forces 
accelerate the plasma to final exhaust velocities. The latter process' 
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requires part of the remote laser power to be simultan20usly converted to 

electricity. This high-grade electric power is then directly imparted to 

the gas as pure translational enc"'gy--rather than first b~~ng deposited 

into molecular vibration or rotl1tional energy states. 

matic diagram for such d thruster is displayed 1n Figure 

2. Optical Train Desion for DTV/Thruster 

An exe!'/lP1ary sche

II-4. 

Mission and engine requirements stro"gly ii1f1uencc overall 

optical train design. Earth-based laser transmitters must be equipped with 
adaptive optics to successfully propagate the beam up through the 

atmosphere without suffering excessive distortion caused by turbulence and 

thermal blooming. Clearly, space-based sources will avoid all such 

requir~~ents on the laser transmitter. 

The overall geometry, size, articulation and, therefore, weight 

of the receiver optics (mounted to the laser-propelled spacecraft) are 

dictated by the choice of laser wavelength, distance between source and 
receiver, and baSing of the source. Mirror elements in tha train c~n be 
reflecting or refracting, sir.:ple or compound. In most cases, reflecting 

elements will require high-reflectivity, multi-layer fil~s to reduce coo~

ing loads and thermal-induced optical distortion. High-po\,/er w1ndo\<Js and 

refracting ~irrors may need anti-reflection coatings to reduce losses. 

Depending upon the incident time-average flux, engine mirror ele

ments can either be rad1~ntly-cooled (e.g., large primary receiver mirrors) 

or actively-cooled by gaseous, liquid or perhaps cryogenic coolants. For 

certain spacecraft designs. optical clements may be rotated (i.e., spun) to 

reduce the ti~e-average the>ntl1l1 load by smearing the laser flux over a 
large surface area. Heavy mirror cooling loads might be ~~t by a new class 

of advanced "heat_pipe" system \'lith superior heat transfer capabilities. 

Certain reflecting optical elern2nts may avoid heavy therr.:al loads by US,in9 

grazing-incidence optics to spread the laser be~~ over a much larger 
footprint--thereby greatly reducing the incident laser flux density. In 
some cases, transpiration-cooled (rather than regenerative) optiCS may be 

t~e answer, although the lpp11cation would need to be highly specific. 
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In any case, strict control over the incident laser beam pulse 
energy, fluence, time-average flux, and beam spot locati~n is necessary to 

avoid exceeding tha damage limits of elements in the optical train, as well 

as cooling limits of internal engine chamber walls. Inaccuracies in point
ing would cause the powerful beam to stray across II softer" spacecraft 

external skins, so fail-safe control systems must be dcveloped to prever:~ 

self-inflicted damage. 
Finally, for cerU"" laser propulSion engines requiring seeding, 

careful control must be maintained over: a) injection of solid or liquid 
alkal i "seed" materials into interT'al engine chambers, and b) subsequent 
ejection of contaminated high-velocity exhaust plum!!s--to prevent coati.ng 
spacecraft optical surfaces with highly absorbent particles. Otherwise, 
these surfaces might become so serious.ly degraded in reflectivity as to 

trigger their own destruction. 

B. ASSESSMEflT OF LASER POHER-BEAmNG STATUS 

The principal clements of laser power-beaming systems are the primary 
energy source, conversion, power-processing, storage, and transmission as 

indicated in Table II-l. The interrelationship between system clements 'for 
an exemplary solar/photovoltaic/electric-laser system is shown in 
Figure II-S. The following discussion explores these elements in greater 
detail. ' . 

1. Laser Device Technoloq~ 
As suggested above, the great diversity of candidate energy con

version concepts for laser propulsion engines \'#ill collectively demand an 

unusually high degree of flexibility frofit any futuristic HEL device tech
no logy. Therefore, 1 aser power-beaIi1i ng :.tat ions r.1'J st have the 1 nherent 

ability to deliver either C\~ or RP wilvef'lrms (\'#ith variable plllse refJeti
tion frequency, pulse energy and pulse duration), be throttleable over a 
significant power range, and generate a wide variety of laser wavelengths 
with high operational ~ff1ciency. 

The primary energy sources available for laser pmtc;r-beaming 
include chemical, nuclear and solar. Laser device technologies which 
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TABLE II-l.. POWER BEPf1ING TECHNOLOGIES 

1. lSr~hI~GV ~OUftiCf.lO 
- CHEMICAL 
- NUCLEAR 
-- SOLAR 

2. CO!flU'(![:iS£O~l me~~~EQues 
- PHOTOELECTRIC 
- niERMOELECTRIC 
- THeRMiONIC 
- ELECTROCHr:r~mCAL 
- GASOYNAMfC 
- MAGNETOHVOROOVNAMIC 

3. ~\it1S~ L"ilOCr25SI~-SG 
- ELECTRICAL 
- MECHANICAL 

4. STe.,:n~A~rn 
- CHEMICAL 
- THERMAL 
- MECHANICAL 
- ELECTRICAL 

!i. TM,'lSr:Uoomc~ 
- LASER 
- P .. 'iICROVJAVC: 
- MIWMtai ~i;t-WI\Vta 
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depend upon direct-Dumping by these sources (regardless of whether the 
laser working medias are gaseous, liquid-dye, or solid state) can be imme

diately eliminated from consideration for future widespread use in laser 
propulsion applications. (They will be used only in limited ro les for 
near-term 2xperiments.) By the very nature of their design, direct 
chemical-, nuclear-, and solar-pumped l~sers impose severe restrictions 
upon the resulting wavelengths and waveforms which can be generated. Only 
the combined synergistic application of: a) interim energy conversion to 
Nhigh-grade" electric power, b) appropriately flexible power-processing. 
and c) highly versatile laser device technology--can lead (most expedi
ently) to a power-beaming system which has the greatest chance of satisfy

ing stringent requirements for laser propulsion. 
The free-electron laser is the o'lll high-energy electric laser 

technology which holds great promise for such versatility. Coincidentally. 
the FEL is undergoing extensive development at many laboratories for mili

tary defense pO\,/er-beeming roles--largely because of its excellent 
prospects for achieving high brightness at short wavelengths (e.g., 0.35 to 
1.0 ~m) with high "\'#all-plug" efficiency (e.g., 25 to 50 percent). 

The basic principles of the free electron l~s~r concept sho~n in 
Figure 11-6 seem v~ry straightfoM'Iard: Electrons accelerated nearly to the 
speed of light are injected into an alternating magnetic field \'Ihere the 
resulting transvers~ accelerations cause ther" to emit synchrotron radiation 
in the direction tangent to their motion. Because Of Lorentz contraction, 

the wiggles in the magnetic field appear to the relativistic electrons to 
have a very short wavelength, approximating the wavelength of light. 
Corresponding to any choice of electron energy and magnet periodicity, 

there will be an appropri ate resonant wavelength, "here the synchrotron 
radiation from electrons in one "wiggle" tends to add in phase \'1ith the 
radi ati on from the el ectrons in subsequent vii ggles. Hence the synchroton 
light field gru~s in the mean direction of electron motion. 

As the 1 :ght field becomes stronger, it tends to trap the elec

trons in a traveling potential "bucket~ caused by the interaction of the 
light field \'1ith the electron chdrge. 11 the electrons are injected with 
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slightly more energy than the exact resonant energy. the trapped electrons 
then oscillate about a mean energy in t~e bucket and give up energy to the 
light field as they pass down through the wiggles. so that net gain in the 
strength of the light field occurs. (The resulting amplifier superficially 
resembles the traveling wave tubes familiar to microwave engineers.) The 
FEL is completed by placing mirrors at oPPosite ends of the device to feed 
back radiation so that the process continues to the pOint of saturation-
wherein all of the available (i.e •• correctly. phased) electrons are trapped 
and give up the maximum available excess energy. 

The device can run as an oscillator if the gain is sufficient. 
and the feedback is arranged so that the electrons and the light cohabit 
for a long enough tim~. Alternatively. the device can be run as a master
oscillator/power amp1if1~r (V.OPA) if it is deSigned so that a strong light 
pulse from another laser is injected to initiate the electron trapping; and 
a large amount of energy is then extracted in a Single pass to yield large 
amplification. 

Even though several benchr.tark achi evements remain to be dC!lilon
strated before the feasibility of high-energy FEL devices can be declared 
certain. there are numerous compelling reasons for belit!ving that there 
will be no major roadblocks. The prinCipal reason for this claim is that 
FELs repr~sent a natural outgro\otth of many years of experience ",ith well 
known phenomena in well understood regimes of theoretical and experimental 
physics. Unlike the disappointing history of. for example. controlled 
fusion research (where ever-more energetiC experiments were pushing ever
more deeply into unkno\#n paralneter regimes of plasma physics), the basic 
single-particle physics of the FEL process is thoroughly under,stood and 
fully valid~ted. 

The present laboratory experiments have already reached a point 
where a single pulse demonstration of FEL operation (comparable to the 
required performance level for a postulated high-energy machine) has been 
accomplished at 10 microns \1avelength. Demonstration of similar success at 
1 micron (or shorter) wavelength might be accomplished in one year. barr~~g 
ulterior impediments such as inadequate research funding. After that 
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demonstration, building a short wavelength high-energy FEL machine can be 

characterized as an engineering problem mostly in the realm of accelerator 

physics, which is an old and mature discipline. People who are deeply 

involved in detailed accelerator design regard the planning of the required 

high-average power accelerator as a straightforward engineering challenge. 

Because most present accelerators have rather poor emittance, 

Smith and Madey at Stanford3 have explored possibilities for matching the 

full acceptance of a short linear wiggler magnet to the emittance of 

present accelerators. The short wiggler forgives poor emittance and energy 
spread but requires a huge current to overcome poor trapping efficiency. 

This results in systems with good gain and power output over the entire 

wavelength range from the far infrared to the fI1r ultra-violet. For an 

optimized system, the gain turns out to be independent of the wiggler 

length, while the output power scales as the reciprocal of the cube of the 

length. A typical example for a 20 Bt~ laser operating at 1 micron wave
length with a gain of 0.016 requires a 72 MeV beam operating at 
560 amperes. 

A second approach u~dergoing extensive research by Brau et al~ at 

Los Alamos Hll.tional Lab involves the use of a 100 t1eV RF Linac delivering 

an average current of - 1 Ampere to a tapered wiggler a few Iii(!ters long. 

Scaled-down experiments have already demonstrated 3.5 percent extraction 
efficiency at 10 microns, proving the physical viability of this approach. 

Since overall laser efficiency will not exceed a fe." percent, energy 

recovery is necessary to get the wallplug efficiency up to 25 percent. 

A third method is particularly suitable for the high-current 

beams being investigated at Lawrence Livermore National Lab by Proznitz, 
Neil, et al. S In th~s approach, a very long wiggler is intended to achieve 

both high trapping and high extraction \·dth no need for energy reco,very. 

This method is particularly suitable for a r.1aster-'Jscillator, power arnpli
fier (l40PA) conf1gurnt1on because the very high gain can eliminate the need 

for feedback mirrors--an important simplification. Computer models point 

to overall laser effici2ncies approaching 40 percent. 
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Finally, HIldey6 is continuing his investigation of a long gain

expanded wiggler in a storage ring ~ccelerator to achieve high effi

ciency (-25 percent) in spite of very low extraction efficiency (-10-3). A 

10 MW machine for visible wavelengths would require 1 GEV with 3 amps of 

trapped current. 

Each of these four methods has particular merits that need to be 
investigated in depth to determine the best approach. A good review of the 

several possible paths to high-effi ciency, high-power FELs is given in 

Reference 7. 

Therefore. because of the programs outlined above. chances are 

good that an efficient FEL which exactly meets the needs of future 1aser

propulsion orbit-raising missions will exist well before the year 2000. 
2. HEL Mirror Technology 

The ability of an HEL mirror to handle a given level of laser 

power depends heavily upon its di!ll1eter, tota.l reflecti,ity ana cooling 

method. 
At pO\,/er levels of interest for FEL power-bearning laser propul

sion systems, actively-cooled bare metal mirrors will be unable to maintain 

the required figure at all interesting wavelengths, due to excessive levels 

of thermal absorption. One exception is for the case of very large ~irrors 

whiCh dilute the energy fluence to a survivllble value. In this instance. 

aluminur.l is best at 0.35ll~ giving 92 percent refl~ctivity; silver is best 
at 1.Oum, yielding 99 percent reflectivity • 

Mirror coatings to achieve reflectivities better thlln 99.5 per

cent appear feasible at all but the shortest visible wavelengths, where 

atomic dimensions become significant in determining the achievable uni

formity of layer thickness. Multi-layer thin films \1111 be necessary to 

achieve ref1ectances of 99.5-99.9 percent. For example, at O.35um twenty 
layers arc required, maintaining an overall thic~ness uniformity conSistent. 
\tlith - X/40 total figure. Layer thickness uniformity must be controlled to 

O.lnm, which is less than the diameter of an atom. At l.Oum, fewer layers 

are required because of b~tter underlying metal reflectivity. Required 
layer uniformity to -1.0nm is readily achievable. 
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Mirror coo11ng constraints are very severe, but new innovations 
appear to be providing the needed advances in the state-of-the-art for all 
but the shortest visible wavelengths. Consistent with A/40 optical distor
tion, 4 J/em2 per pulse appears to be a hard upper' limit on present state
of-the-art in coated mirrors for pulsed laser systems.* In the OW limit, 
water-cooled mirrors have been de~~nstrated successfully at 30 W/cm2 

absorbed sustained flux (heat transfer coefficient • 5 W/~2K). In the OW 
limit, liquid-metal-cooled (UaK eutectic) mirrors with 0.30 em thick tung
sten carbide faceplates have successfully withstood 200 W/cm2 (heat trans
fer coefficient. 35 U/cm2K). Gaseous or cryogenic cooling appears 
unpromising due to the low thermal conductivity of the gaseous layer at the 
mirror surface. Heat-pipe mirrors with wicking grooves theoretically may 
yield effective heat transfer coefficients of 350 U/em2K. An excellent 
comprehensive review of HEL mirror coating and coo11ng technology can be 
found in Reference 8. 

Shown in Figure 11-7 are the limits on total incident laser power 
imposed by the properties of mirrors using the representative cooling 
schemes mentioned above: i.e., a} water, b) liquid-m~tal (NaK eutect1~), 

and c) wick-type heat-pipes. Boundaries are shown on 99 percent and 
99.9 percent surface reflectivity. A line is also indicated for 92 percent 
reflective bare aluminum at 0.35 ~m. The 99 percent figures represent bare 
metal at 1.0\lm.- As indicated, a 5 meter diameter mirror with 99.9 percent 
reflective coating and heat pipe cooling system can handle (at near normal 
incidence) a 50MW laser beam; 10m mirror - 20or~\I; 20m mirror - 80m~U. 

3. Basina Considerations 
The most expedient route for earliest deployment of an effective 

FEL power-beaming system for laser propulsion applications would be to base 
it on the around, and use 1 ight-weight "relay" mirrors (placed in ,fixed 

-
orbits) to reflect the laser beam as sho\1n in Figure II-8. These mirrors 
would then be precisely aimed to propel orv spacecraft. 

* These data are based on a 45 layer MgO/MgF2 dielectric stack on alumi
nized molybdenum ~ubstrate O.Smm thick, heat transfer coefficient 5 H/cm2K; 
0.35~m wavelength; l~sec pulse-length at 100 Hz. 
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Figure 11-7. Power Handling Capabilities of HEL Mirrors 
(From Reference 7) 
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Since the laser in~tallation would be on the ground, the eff~rts 
of scientists could be strictly devoted. to developing the basic device and 
optical train, without simultaneously having to worry about such poten
tially critical issues as the system mass, volume, overall d1~ens10ns, and 

surviv.abi11ty in a high-vibration launch environm~nt. The electric power 
plant becom~s a non-issue, since today's conventional city power plants 
rel1al)ly generate 1000 /<!We or more. Also, the laser device and optical 

train could be engineered for easy maintainability, initially using tradi
tional laboratory practices. 

Ground-based laser (GBl) installations would be placed upon 
mountain tops in order to minimize beam distortion effects of the atmos
phere. The use of FEL device technology would permit the laser wavelength 
to be selected for minimum atmospheric absorptivity; hence, thermal 
blooming could then be reduced to insignificance (if not entirely elimi
nated) by the proper choice of beam power and output projector diameter. 
The beam-spreading effects of atmospheric turbulence can be greatly reduced 
by using adaptive "uplink" projector optics. 

The Simplest embodiment of this scheli.e cr.:ploys a beacon attached 
to the space relay platfo~. The beacon transmits an initially undistorted 

spherical wavefront from the relay satellite toward the ground transmitter 
to diagnose the effects of the atmosphere on the beam path. (The trars
mitter aperture would be shared by a sensing system operating between laser 
powcr pulses.) The senSing system would provide feedback correction sig
nals for the adaptive elements to pre-bias outgoing high-power wavefronts 
so that they would arrive at the relay satellite as a diffraction-limited 

beam. Thi~ concept is further described in Reference 9. 
A full-scale pO~/~r-bec.rning system for laser propulsion would 

involve, for example, 6 to 10 mountain top installations with perhaps 2 to 
4 GLBs at each site. Installations \1ould be placed in "sunbelt" s~tes 

carefully selected from long-term meterological data--such that one site 
could always count on clear access links to space relays. The number of 

relay mirrors at moderate (e.g., 3000 to 5000 km) orbits would be selected 
to Il'aintain "uplink" zenith angles within ;t60o from vertical. OTV 
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spacecraft coming in low over the horizon would seldom be engaged directly, 
but by way of the space relay mirror. in order ':0 minimize atmospheric 

attenuation. 
Space-based lasers (SBl) have the advantage of inherently avoid

ing the atr.!ospheric turbulence correction problem, but face the severe 
restrictions of lightwcight design engineering for the laser device, power 
supply, beam projector and integrating spacecraft structure. Efficient 
packaging for shuttle boost to orbit, as well as methods of packaging for 
easy erection (once in space) are additional major considerations. The 
rejection of waste heat from both power supply and laser device (to space) 
becomes a problem of paramount importance. Therefore, these requirements 
may push the deployment of space-based free-electron lasers for OTV power
beaming applications into the IIfar-term,1I possibly as late as the 21st 

century. 
Figure 11-9 from Reference 10 is a mapping of representative 

laser parameters into bean briahtness, the best r..::!asure of overall power
beaming laser system cllpnbility. Since this qUllntity is mcasured at the 
final output mirror {or projcctor)--on II direct line-or-sight path to the 

OTV vehicle, the chart applies equally ~ell to both space-based and ground
to-space-relay laser systems. The map reveals the interplay of equivalent 
mirror (aperture) diam2ter, wavelength, pointing and tracking accuracy 
(" jitter"), and laser power. An expression for beam brightness (8) 1s 
given as: 

B = (P/2r.a~) L, (watts/sterrad1an) (1) 

where P is the laser power in watts, aT is the total bea.rn spread in 

radians, a~d L is the beam quality. 
As indicated in Figure II-9, a 5m~H beam of 0.3511m radiation will 

give a brightness of 5Xl02l watts/sterradian with a 5 meter aperture, a 
very low value of jitter and perfect beam quality. A lOHH beam appears 
close to the minimum useful level for "near-term" orbit-raiSing propulsion 
applications. 
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4 •. Adaptive "Uplink" Optics 

Several approaches are being "considered to address the "uplink" 
turbulence correction problem. These include piezo-electrically driven 

mirrors of both segmented and deformable membrane type, and also electro

optica 1 devices (particularly non-linear phase conjugators) which potC'I
tially can generate the needed phase corrections with no moving parts. 

Requirements for vigorous "uplink" turbulence correction will 

require a frequency response of 3 KHz. In the near-term (5-10 years), this 
requirement will probably dictate a segmented approach (e.g., such as the 
Rocketdyne multi-hex system shown in Figure II-10) to construction of the 

phase adaptive mirror, rather than the deformable membrane alternative. 
The low mass of the hexagonal elements permits high-frequency response 

together with needed cooling, without prohibitive power requirements for 

the piezo-electric actuators. This approach should also permit use of 
inexpensive, optically flat ele~~nts instead of expensive, large continuous 
optical surfaces. PhllS~ conjugation in a non-linear medium remains a 
"dark-horse" possibility whose time of ava1l:11ility for high-power applica-
tions re~ains unpredictable at present. 

At the shortest wavelength (0.35 J,lm) and large zenith angles 

(e.g., 600 ) t the atmosph!!r1c coherence scale (ro) is 2-3 em under \/orst 

/ 

! 
I. 

,-

'----., 
conditions. This situation will require the transmitter primary mirror to "~~ 

perform the pha~e correction function, because thermal loading of thousands 
of tiny elements in a secondary mirror would pose unsolvable problems. 

For laser propulSion applications, uplink projection of a several 

hundred megawatt beam at 0.35 J,lm requires roughly a 4 m primary aperture 
because of linear and non-linear atmospheriC propagation limitations. 
Hence, the primary mirror must be assembled from -4 x 104 adaptive ele
ments. This will require the use of mass production techn1qu~s in the man

ufacturing of these elements which, as suggested above, probably need·only 
be figured to an optical flat surface. This approach, however, should 
result in a considerable decrease in the production times and costs associ
ated with figuring large monolithic mirrors. 

I' 
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H1gh-reflectivity coatings (e.g., at least 99.9 percent reflec

t1v~) will have to be developed to re~uce the absorbed flux loadings on 
small secondary m1rrors within the optical train. in order to permit cooling 
them w1th water or liquid metal. If these same coatings were applied to 
the primary mirror adaptive elements, the absorbed flux would be reduced to 

roughly 10 times solar lrradiance (for a 200 MW beam). Therefore, active 

cooling for the adaptive elements themselves may not be re'luired, although 
some cooling system may be needed for removing laser energy (e.g., 0.1 per

cent) falling into the cracks between HEX elements. 
As with all other technical issues mentioned above, the problem 

of parallel computer processor corltro1 of 104-105 adaptive elements falls 
into the category of an engineering challenge, rather than a technical bot

tleneck indicative of any fundamental or physical limitations. 
5. Atmospheric Prooaqation Constraints 

Any serious consideration of the Ground-Based laser/Space-Based 
Relay (GBL/SBR) concept must recognize that up-link propagation of the 
laser beam through the atmosphere will be a decisive factor in determining 
feas i bi1i ty of the system. It appears, on the bas is of the current per
spective. that turbulence problems are solvable in much of the \'1ave1ength 

range from 0.35 to 2.4 microns. but that the longer wavelengths are prefer
able because of r::uch 10\'1er absorption and scattering losses, provided that 

other.system issues do not dominate the propagation issue. 
Atmospheric extinction for short wa.ve1ength laser radiation has 

been studi cd to a cons i derab 1 e extent and tabu 1 ated i nformat i on is ava 11-

able for laser lines of interest and a number of different atmospheric 
models. 1l - l2 t~umericlll values for absorption and scattering are nonitally 
ccmpi1ed as function of altitude. For a given beam path, then. the 
atmospheric transmittance may be written as: 

(2) 

--
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where Ka and ua are the aerosol absorption and scattering coefficients. Km 
and um are the corresponding values for .molecules. The transmittance for a 
given wavelength is best for clear days, i.e., low aerosol contamination. 

Any attempt to propagate a high power laser beam from the ground 
to space wili be _heavily influenced by the integrated properties of the 
atmosphere in the beam path. The height of the ground site above sea level 
is the principal determinant of the overlying air mass and its molecular 
composition, which fundamentally affects the transmittance to space through 
both absorption and scattering processes. The prevailing weather patterns 
at the site heavily influence the aerosol content (i.e., ·vapors and dust,. 
which plays a major role in determining the scattering of power out of the 
beam. The zenith angle (i.e., angle. Z. from the point straight overhead) 
determines the total distance traversed through the atmosphere, which is 
proportional to secant Z to a very good approximation. The air turbulence 
and its effect on the laser be~~ is strongly dependent upon altitude, wind 
velocity. temperature, time of day, season of the year. and geographical 
features of the ~nvironl:1ent. The relative and absolute importance of all 
of these factors is, in turn, greatly affected by the wavelength, which is 
the key system parameter. 

For any GBL/SBR system. all of the foregoing factors directly 
affect the system properties. To deliver a prescribed brightness to the 
re}ay, the laser power must. increase as a direct function of zenith angle 
to make up ror losses caused by the atmosphere. Since there are practical, 
as well as phYSical upper limits to the laser power, the required number of 
relay satell ites also becomes a fUnction of zenith angle, because one or 
more satellites must always be visible within the reachable cone of zenith 
angles. Within limits imposed by other mission constraints, the required 
number ~f relay satellites can be reduced by placing them in higher orbits 
where each satellite mov~s slower and views more of the earth; but ~~i s 
drives up the mirror ~1ze. and hence the mass, of each relay device (as 
well as system inertia and dynamic response complexity). 

Other atmospheriC factors are involved with the design of the 
ground-based transmitter optics. The projector aperture must be large 
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enough to prevent the power density in the beam from exceeding the thres

hold where non-linear effects (e.g •• breakdown) take place. Such effects 
vary greatly with wavelength. Also. the size of the atmospheric coherence 

length, ro, varies with wavelength. The associated disturbances can be 
corrected with adaptive optics of either the continuous membrane or multi-
segmented types, so ro determines the size, and thus the required number, 
of the adaptive zones in the mirror surface. The required frequency 

response of the adaptive elements is determined by the frequency of the 
turbulence, typically 3 kHz maximum, as mentioned above. 

In this section. the entire atmospheric transmission problem is 
analyzed in sufficient detail to determine a good approximation for all o~ 
the required system parameters. The work was first done analytically, and 

then the results were checked by modifying the Air Force state-of-the-art 
propagation codc. ESP4-SWL, to simulate the GBL/SBR problem for laser pro-
pulsion applications. 
mente 

The results by both methods are in excellent agree-

Figure 11-11 displays the typical atmospheric transmittance to 
space from 3 km mountain peaks as a function of wavelength for several 

zenith angles of interest: 00 , 450 , 600 and 70.50 • A zenith of 600 ' i's 
equivalent to two vertical atmospheric path-lengths, and 70.50 is equiva
lent to three. The overall atmospheric bandpass spectrum is adapted from 
astronomical data. Atmospheric transmittance to space is clearly a strong 

function of wavelength and zenith angle. 
Superimposed upon the plot are values of transmittance calculated 

by the ESP4-SWL code for various wavelengths and zenith angles of interest, 

with the follo\'~ing exemplary assumptions: Mid-latitude summer atmosphere, 
10 mlsec crosswind to clear the beam, 3 km altitude ground-based laser 
Site, and beam slevl calculated for direct uplink to relay mirrors in orbit 
at 3000 km. Figure II-12a displays this same ESP4-SHL data, cross-plotted 
to show more clearly the transmittance versus zenith angle as a function of 
wavelength. 
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Note that exceptional transmittance occurs at 1.0 ~m by Nd:Glass 
lasers, at 1.25 ~m by 2nd overtone .CO lasers, at 0.53 ",m by frequency
doubled Hd:G1ass--or at any of these wavelengths by free electron lasers. 
The iodine laser family, operating at 1.315 ~m, encounters major molecular 
absorption due to a mixture of molecules naturally occurring in the 
atmosphere. This not only absorbs a large fraction of the beam power, but 
also causes a large amount of thermal blooming. 

Figure II-12b displays the values for uncorrected turbu1ence
induced beam spread calculated by the ESP4-SWL code. It is evident that a 
factor of 30 to 40 reduction in these values must be accomplished by the 
adaptive transmitter optics in order to prevent the uplink beam from being 
dominated by turbulence considerations alone. 

Presented in Figure 11-13 are the values for the thermal blooming 
parameter, IREL (relative irradiance), calculated by the code. The results 
for 1.315 v,m, the iodine laser, are not included because it bloomed so 
badly. The best iodine IREL value was 0.015 for a 50 14W beam and vertical 
propagation. The other results indicate that for wavelengths of 
0.35 ~m, 0.459 v.m. 0.66567 ~m, and 1.06 ",m t thermal b100mlng probably can 
be completely corrected by adaptive optics at zenith angles out to 600 and 
power levels up to 350-400 MW. It is interesting to note that the trans
mission to space at 0.35 ~m and 0.459 ~m is less than 1.315 ~m, but the 
blooming is rr.uch less also because the beam attenuation at the short wave
length is due primarily to scattering rather than absorption. 

Figure 11-14 shows the anticipated values for the coherence 
length, rOt as a function of zenith angle and laser wavelength. The calcu
lation was made with Fried's turbulence model assuming a Cn2 value typic.:.1 
of conditions at a 3 km altitude site (Maui). Using the Miller and Zriske 
profile for the ttaui site, the turbulence coherence length can be expressed 
as 

3/5 

(3)· ro • 0.1847 
r CD 2 

J o dz C N(z) 
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where 

~~C2H (z) dz • 6.65 x 10-13 , (Fried, 1980) (4) 

o 
and, therefore, the turbulence-induced, long term beam spread is 

aT (long Term) • 0.45 A/ro (5) 

, 
Fried's formulation generates turbulence-induced beam spread values which 
agree well with those predicted by the ESP4-SWL computer run (displayed in 
Figure II-12b) • 

For mountain-top ground-based lasers with power levels of up to 
300-400 MW, a transmitter diameter of 4 m appears adequate for reducing 
thermal blooming to within limits correctable by adaptive optics (assuming 
a 10 m/sec cross-wind velocity to clear the beam), even for zenith angles 
approaching 600 • Simple calculations indicate that electrical air break
down will not occur at these power levels, pulse repetition frequencies, 
and pulse durations of interest. No other non-linear atmospheric propaga
tion effects are antiCipated. Therefore, the problem reduces to the linear 
regime where the necessary relay satellite receiver aperture becol'l2s a 
direct function of transmitter diameter, zenith angle, relay altitude and, 
of course, laser wavelength • 

The "uplink" map in Figure 11-15 presents the results of such a 
calculation. 'he follo\'41ng initial ass~mptiol's are made in the analysis: 
a) the laser device has a .specific beam qual ity*, b) the "upl ink" zenith 
angle is set at zero degrees (f.e., straight up), c) the ground-based laser 
is placed at the top of a 3 km altitude IicOuntain (e.g., ~laui), d) the use 
of adaptive optics reduces turbulence-induced beam spread by a factor of 40 
from the uncorrected case, and finally, e) the relay receiver aperture is 
sized to intercept 95 percent of the incident radiation. Assuming a gaus
sian distribution to represent the received beam intenSity, the relay 

.. Aere beam quality refers to the narrol'/-angle beam spread c6mponE.nt. 
and not the wide angle component associated with distant side-lobes. 

. . 
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extends only to the e-2 intensitv level. (Previous ARED space relay 
studies, e.g., Refs. 13 and 14, have truncated the beam at the e- l inten
sity level or higher for relays placed in geostationary orbit, thus accept
i ng major beQJ!l spillover and consequent power loss in exchange for a 
sm~ll aperture diameter.) 

The minimum beam spot size projected by a GBl on the space relay 
receptive optics is a large function of the beam spreading due to diffrac
tion, atmospheric turbulence, thermal blooming and jitter of the transmit
ting optics. The total beam spreading may be expressed as 

(6) 

where 0, T, J, and B denote the co.,tributions due to diffraction, turbu
lence, jitte-r and thermal blooming. The beam spread component due to 
diffraction alone is given by: 

aD • 0.45 AB/O (7) 

where A is the laser wavelength, B is the (narrow-angle) beam quality, and 
D is the diameter of the GBl transmitter aperture. Hence, the peak inten
sity 10 projected upon the relay mirror is 

(8) 

where P is the total transmitted power at the GBl aperture, TR is the 
transmissivity of the atmosphere, a is the one-sigma beam spread angle, and 
R is the range between the GBl laser and relay satellite. 

Several interesting conclusions are reached by examining 
Figure 11-15. First, it is evident that ground-based laser pOinting a~cu

racy requ .... '2ments ar~ an order of mllgnitude less stringent than those for 

the relay cross-link to laser-propelled OTVs: 1 sigma jitters in range of 
0.1 to 0.2 llrad are entirely adequate. It is 111so clear that a factor of 
30 to 40 improvem2nt in uncorrected turbulence-induced beam spread is 
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required to bring turbulence-induced beam spread in line with the other 

components (diffraction and jitter). Finally, it should be noted that for 

zenith angles near zero and low relay altitudes (e.g., 3000 km), the 

required relay receiver diameter to intercept 95 percent of the uplink beam 

power is substantially smaller than the relay projecl:or aperture diameter 

required. for brightness-to-target. Therefore. for the monocle approach, 
which combines both requirements upon a single mirror, the uplink beam best 

be de-focused to flood the entire aperture, because the final relay aper

ture size i~ determined by what is needed to project the requisite bright

ness to the laser-propelled OTV. 

Additional conclusions become evident when the initial uplink 

mapping analysis is extended to include zenith angles of 600 and 700 , and 
poorel' beam qualities. Turbulence beam spreadlng effects for 0.35 ",m 

wavelength finally cause the beam to completely flood a 4.5 m receiver 

aperture at a zenith angle of 70.5 degrees and a slant range of 4,480 krn, 

although the po\"!er required for such a large zenith angle would be prohibi

tive because of large amounts of atmos~heric scattering loss. 

Clearly, it is the shortest wavelengths and the largest zenith 

angles that place the most stringent requirements on uplink adaptive 

optics--and fix the minimum effective atmospheric coherence length, which 

in tUrn sets the maximum dimensions of the GBL adaptive transmitter ele

ments themselves. For 0.3511m radiation, the elements must be roughly 

2-3 em across to be effective in turbulence correction at zenith angles 

between 600 and 700 • Regarding the effects of reduced beam quality (narrow 
angle beam spread only), the results summarized above are not significantly 

c!1anged for any zenith angles between 00 and 600 if the relay design 

requires the same aperture diameter for projector and receiver elem~nts. 

Generally, the beam would have to be expanded anY\lay to fill the entire 
receiver aperture. 

6. Space-Based Power Supplies 

Clearly, the electric power supplies for ground-based FEL po~er

beaming stations will pose no particular technology problems regardless of 
, . 
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whether they take open-cycle or closed-cycle configurations. By sharp con

trast, the total mass of space-based po~er supplies is of critical concern, 

since it all must be boosted from the Earth's surface. This section 
explores the alternatives for SBl power supplies based upon chemical, 
nuclear and solar primary energy sources. 

The rr.ost powerful chemical sources suitable for' generating tens 
to hundreds of MWe are rocket-driven turbo-alte\Onators and MHO generators. 

In addition to liquid hydrogen and liquid oxygen, these gas generators can 
utilize a great variety of fuels and oxidizers, and must operate in an 

open-cycle mode. The best chemical rocket generators can exhibit a pro
pellant specific power of 2000 kJe/kg. Although the total mass (i.e., dry 
mass plus propellants and tankage) of such electrical power sources can be 
exceedingly small for run times less than several hundred seconds, their 
overall performance is easily exceeded by bimodal nuclear power plants. 

Bimodal nuclear reactors, which are being studied for military 
space pow~r-beamin9 roles, generate peak electric power with MHO generators 
or turbo-alternators operating in the open-cycle mode (i.e., rejecting the 
heated working fluid to space) then flash back into a closad-cycle mode for 

producing station-keeping electric pow~r and for removing reactor after

heat. Figure II-16 is an artist's concept of such a system using 1 ight

weight liquid droplet radiators for waste heat rejection in the station
keeping mode. Although the dry mass of such power plants significantly 
,exceeds that ~f open-cycle chemical sources, the propellant specific p~wer 
can be as high as 10,000 kJe/kg (e.g., with hydrogen)--easi ly five times 
better than the best chanical systems. Therefore, nuclear bimodal pO\'ier 
plants are favored for military missions requiring run times of from 
several hundred seconds to 1-2 hours duration. 

In order to generate 100 to 1000 MWe, space bimodal power plants 
will req1Jire reiictor thermal powers of 500 to 5000 HH(th), respectively, 
assuming a 20 percent efficient conversion cycle. This thermal' pO\'1er 
regime is exactly compatit le with that demonstrated by sol id-core nuclear 
rocket engines developed in_ the Nerva program: the Pewee reactor ran at 
500 tiH(th}, Uerva - 1000 MH(th), and Phoebus - 4000 MH(th). IT the super
sonic rocket nozzles are replaced with open-cycle t1HD generators (20, to 
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30 percent efficient) or turboa1ternators (40 to 50 percent efficient), 
these powerful nuclear sources could certainly satisfy the FEL power
beaming needs of many military missions. (Other missions demand particle
bed reactors which have far superior response times 1n rapidly-pulsed power 
applications.) An in-depth treatment of multi-mode space nuclear power 
plant technology can be found in Reference 15. 

Because of the long run t1mes requ1red for most laser propulsion 
orbit-raising missions, suitable space-based nuclear-electr1c power plants 
must operate in the closed-cycle mode. (For example, a thrusting time of 
several days would not be uncommon for orbit-transfer of a 10-100 metric 
ton payload.) Such nuclear-electric power supplies need a compatible work
ing-gas recirculation system: i.e., compressors, turbines, heat 
exchangers, regenerators, miscellaneous ducting, and large, lightweight 
space radiators--all designed around the above-mentioned military (open
cycle) nuclear source. The technological risk and cost associated with the 
development of a brand new reactor generally dwarfs the costs of all other 
power plant components. Hence, a compatible gas recirculation system could 
be developed with low technological risk at a small additional cost beyond 
that of the original military bimodal reactor. This could certainly be 
accomplished by private industry invest~ent (without governmental funding), 
but clearly not without government cooperltion in the transfer and licens
ing of reactor technology • 

. In a futUre era when commercial multi-purpose space power-beaming 
stations are built, they will probably employ solar energy sources. 

" Although very soft (in the military sense) and difficult to harden, solar 
sources have every indication of being less expensive than closed-cycle 
nuclear systems--and are certain to have much greater public acceptability. 

Although multi-purpose solar satellite power stations (SSPS) will 
apparently be most economical in the 5 to 10 GHe power range, the first 
operational power satellites may have to be considerably smaller to attract 
investment capital from the private sector before the year 2000. There
fore, the first publlCly funded SSPS is likely to be a 250 to 500 HUe 

demonstrator, placed in low Earth orbit or possibly in geosynchronous 

.. 
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orbit. Since present SSPS research favors solar cell conversion, the sub
scale demonstrator is likely to incorporate this technology. The mating of 
this power plant to a 50-100 MW FEL will enable the first civilian orbit
raising propulsion experiments, as well as other space industrial ization 
enterprises (e.g., extractive, refining and manufacturing). 

Several variations of the full-scale 5-10 GWe SSPS concept have 
been proposed. The Marshall Space Flight Cente~'s (MSFC) concept utilizes 
reflecting concentrators to increase the solar intensity falling upon 
photo-voltaic (PV) conversion cells above the space ambient value. The 
Johnson SFC concept uses a planar, non-concentrating PV array. (Marshall's 
SSPS baseline unit measures 21 km by 3.8 km, whereas the Johnson's is 21 km 
by 5 km.) Aerospace Corporation has suggested a segmented, cable-connected 
array stabilized by gravity-gradient forces. Another strong candidate is 
the closed solar Brayton cycle, based on concentrating reflectors and con
ventional turbomachinery. 

These kilometers' long SSPS structures will roam about in their 
orbits, and sufficient boundary space must be allowed to prevent colli
sions. It is estimated that a maximum of one-hundred 10 GHe satell ites 
will fit comfortably along the geostationary orbit. In a future e,:"a, 
possibly by the year 2000, these mammoth SSPSs and advanced laser propul
sion engines will enable launch of the space equivalent of high-speed 
freight trains into low earth orbit--finally giving us efficient, eco
nomical, and safe access to space. 

C. LASER POWER AND RUN TIl1E REQUIREr~ENTS: NEAR-TERM OTV mSSrONS 

long running high-energy FEls will also provide an exciting option for 
laser propulsion sY3tems to perform useful orbital transfer missions. Sig
nificant payloads (e.g., 3 x 104 Kg) can be raised to long-term pa!,king 
orbits using moderate size laser systems (e.g., 20 MW) with run times of 
less than a day. 

There are many ways tg. group and plot intersecting system parameters 
to serve as mission analysis tools. The IIfirst-order ll estimate charts in 
Figures lI-17 and lI-18 (from Reference 16) show the logical relationships 
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Figure 11-17. Mapping of Laser Propulsion Parameters for 
Orbit-Raising from 185km 
(From Reference 16) 
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Laser-Propelled Orbital Transfer Vehicle 
(From Reference 16) 
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among all of the principal parameters of laser propulsion for orbit-raising 

missions. The first chart (Figure 11-17) relates laser power to achievable 

orbital height for specified performance of the laser propulsion engine. 

Figure II-18, the second, uses a plausible tug model to find the duration 

of operation to raise a given payload to a given orbital height using the 

laser power found from the first chart. 

In the upper right hand quadrant of ~igure II-17, the facing graphic 

plots the key mission parameter of a given increase in orbital velocity 
(totaltt.V) require~ to deliver any payload from a 185 kilometer orbit to 
any selected orbital altitude. The remaining curves represent parametric 

assumptions to describe particular propulsion system options that lead to 

required laser pOI'ler (upper left hand quadrant of Figure II-17). The 

significant engine performance parameters are specific impulse, ISp, and 

the energy coupling coeffiCient, C, which relates to the conversion 

efficiency from collected laser power to rocket thrust (e.g. t units of 

dynes/watt). The chosen combination of C and ISp defines the required fuel 

flow rate. Knowing what altitude is desired then defines the mass fr.action 

(final-total-mass/initial-total-mass) required to get there. Alterna

tively, for a specified mass fraction, Figure 11-17 shows what altitude' can 

be reached. 
An example of how to use this plot is shown for the mission of raising 

a 32 metric ton payload (approximate lieight of the expended shuttle main .. 
tank) from 185 kilometers to 3000 ki1o~eter orbit using 3.6 metric tons of 

residual hydrogen and a family of tug-like propulsion systems weighing 

between 1 and 5 metric tons (i.e., a mass fraction of approximately 0.9). 

Exhaust velocity for this example is selected as 10,000 meters per second, 

corresponding to a thrust of 23,000 Newtons, and the coupling coefficient 

is chosen to be C ,,; 12 dynes per watt. If these assumptions comprise a 

valid propulsion system, then the total power required is approximately 
200 megawatts. 

Stippled areas have been Ildded to Figure II-17 to designate areas of 
validity or plausibilty. The chart may not be accurate to within 10 per

cent for mass ratios lower than 0.9, because if the fuel mass is s-l!.ffi
cient1y larger, then it will affect optimum mission parameters '{see 
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Figure 11-18). The other boundaries of the stippled areas indicate a plau
sible regime vis-a-vis achievable physics. 

To go further, we must adopt a model of the laser tugboat. The mass 
of the tug is primarily related to the thrust, both because of the size of 
the engine and pumps and because of the required stress-bearing components 
of the system as a whole. (Interestingly, the laser light collectors will 
have the same diameter regardless of the thrust for a specified laser wave
length and range to the laser source.) 

TRW has modeled a laser-propelled tug (pictured in Figure 11-19, with 
the addition of a shuttle external tank for payload), which seems to have 
plausible and justifiable characteristics. 17 For our purposes here, we . 
have adopted the TRW tug model as expressed by the equation 

Hr • 0.386 T + 964, (Kg) (9) 

where Mr is the total mass of a tug having a laser propulsion engine which 
develops thrust, T, measured in newtons. We also assume that the fuel mass 
will, in general, be a small fraction of the tug plus p~l?ad 

mass «10 percent of the total). 
It is important to understand that the chart in Figure 11-18 is 

"slaved" to that in Figure II-17. The same thrust, altitude, and laser 
power must be used . here that ·\'Iere chosen on the previous chart. In addi-. . 
tion, the laser engine conversion efficiency is closely related to the 
coupling coefficient on the previous chart for a given engine design. 
Fifty percent efficiency is regarded as a reasonable value. With these 
constraints, we can then find the total thrusting time to perform the OTV 
mission. 

The dashed line in Figure I1-10 applies to the mission of raising the 
Space Shuttle main tank to a 3000 kilometer orbit from 185 kilometers. It 
can be seen that this mission can be accomplished in -3500 

thrusting time with 200 mega\'/atts of delivered laser power. 
seconds of 
Or. retracing 

all of the steps. we find that the same mission can be performed 
in - 26.000 seconds (7.2 hours) with 20 megal.,atts of laser power. 
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D. SUMMARY ANO CONCLUSIONS 

The great diversity of continuous and repetitively pulsed laser pro
pu1sion engine concepts which has been suggested in the literature uses a 
variety of laser energy absorption schemes. These include inverse Bremm
strahlung, particulate, molecular, and heat-exchanger mechanisms. Hence, 
compatible photon sources must run either CW or RP, possibly with variable 
pulse repetition frequency, pulse energy, and pulse duration. They must 

also be throttleable over a wide power range, and operate at an assortment 
of wavelengths, e.g., for engines using molecular absorption. Ideally, 
~ince the development of such a pO\-Ier-beaming technology will be expensive, 
one would want to advocate a high-eMergy laser technology which holds the 
greatest promise for high versatility--to serve the widest variety of 
potential engine concepts and missions. 

It is pointless for laser propulSion researchers to: a) constrain 
their thruster concepts to operate on the narrow range of wavelengths and 

waveforms available with current laser technology, or b) worry about the 
future availability of a versatile full-scale, high-po\~er laser to exactly 
suit the needs of these thrusters--in 10 to 20 years when the technology is 
finally mature. The principal reason is that an ideal potential source 
already ex1~ts in the embryon~c stage: i.e., the free-electron laser. 
Furthermore, ""the m1lftary fs aggressively pursuing FEL technology for 
potential use in antiballistic missile applications, because of the FELIS 

exceptional flexibility and promise of short wavelength operation at very 

high efficiencies. 

Projected laser power levels for "robust" ABt~ roles agree well with 
that required for laser propulsion engines in near-term orbit-raising mis
sions: e.g •• tens to hundreds of megmt/atts. Also, a parallel intense 
development in sophisticated acquisition. pointing and tracking (AP&T) sys
tems is being funded by the military. The demands placed upon AP&T systems 
by laser propulsion applications are significantly less severe than that 
required for ABH missions. 
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Beyond the year 2000, mult1-purpose space power stat10ns will l1nk 
gigawatt power-level FEls to powerful closed-cycle nuclear, solar
photovolta1c, or solar thermal-electr1c sources--to supply large quantit1es 
of cheap, plentiful power for widespread proliferation of laser propulsion, 
as well as other enterpr1ses in space industrialization. For the foresee
able future, however, it is important to note the scaling of laser propul
sion engines themselves to high levels of thrust will be limited solely by 
the available po~er level of HEl dev1ces. 
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CHAPTER III 

, , , 
I 

DESIGN CONSIDERATIONS FOR LASER-PROPELLED SHUTTLECRAFT 

It i! clear that the minimum buy-in power for manned shuttlecraft pro
pulsion falls in the range of several hundred megawatts to one gigawatt. 
In today's experience, multi-giga\'iatt power levels are not unusual. For 
example, a single Atlas rocket engine develops 2.7 GWi the 'Rocketdyne F-l 

engine, 25 GW. (By comparison, a large jumbo-jet requires 40 MW to main
tain high altitude cruise.) It is anticipated that light-weight laser
heated engines can successfully abnrb power densities that would destroy 
conventional turbomachines, but which are commonplace in present chemica1-

combustion rockets. These simple laser propulsion engines can easily 
generate overall vehicle thrust/weight ratios greater than one. Hence, 
engine thrust power need not be a critical or limiting consideration in the 

design of future laser-propelled shuttlecraft. 

This chapter attempts to provide some insight into the conceptual 
design process for such advanced manned shuttlecraft. The various 

mechanisms for absorbing beamed power into candidate laser-heated thrusters 
are reviewed. Both air-breathing and rocket engines are considered. A set 

of design premises is suggested, which is subsequently used to postulate a 
methodology for engine/optics/airframe integration into three basic types 
of shuttlecraft configurations. 

A. FUNDAMENTAL CONSIDERATIONS 

In order to propel a flight vehicle from a point of origin on the 
earth's surface to a destination point (in space or on the ground) using 

strictly beamed power and compatible propulsion convertors, several con-. 
siderations must be borne in mind: 

(1) The availability of pm1erful bursts of beamed energy (e.g., hun

dreds to thousands of megawatts) wi 11 permit suffi c1ent power for 
vertical takeoffs and landings, and unconventional flight trajec
tories. 
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(2) The boost phase may be divided into two identifiable regimes. 
First, beamed power is used t~ lift the shuttle vertically to an 
altitude of perhaps seventy thousand meters; second, the beamed 
power must rapidly accelerate the vehicle laterally across the 
Earth I s surface in a direction perpendicular to the beam, up to 
escape velocities. 

(3) Depending upon the overall vehicle/engine configuration, these 
distinctively different flight regimes will necessitate two sets 
of specialized thrusters: one for VTOL, another for lateral pro
pulsion. 

(4) The basic principles of optics must be utilized in de$igning an 
optical train that will capture the incident power beam, manipu
late it and finally direct it into the thruster. 

(5) A small beacon laser mounted aboard the shuttle and directed back 
towards the space relay transmitter will provide flight 
trajectory/position data necessary to close the information 
loop--thereby providing a "cooperature target II for directing the 
transmitter optiCS. 

(6) The shuttle must provide an optically stable platform for receiv
ing the orbital beam so that near perfect alignment can be main
tained even through severe atmospheric turbulence. 

(7) Th~ shuttle .~J~t be able to negotiate a lateral turn without per
forming the conventional banking maneuver that would cause a 
seve~e misalignment of receptive optical elements which are 

, f. firmly a.ffixed to the shuttle airframe. 

I 
l 

I 
/ 

i , 
! 

! 

(8) The shuttle must be able to use aerodynamic braking during 
re-entry in order to avoid requiring large amounts of beamed 

(9) 

power to decelerate (e.g., after "cruising" efficiently in the 
vacuum of space). 
A considerable 
the use of 
Bremsstrahlung 

reduction in thruster complexity is permitted by 
pulsed electromagnetic power !nd inverse 

absorption into simple radiation-heated p'Jlsejet 
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engines. Such engines do not require heat exchangers and heavy 
rotating turbo-machinery. 

(10) A large degree of optics/airframe/engine integration is necessary 
due to the many overlapping system requirements for successful 
utilization of beamed energy in air-breathing and rocket engines. 
For example. depending on the shuttle configuration, portions of 
the vehicle external surface will be called upon to serve as 
optical elements or thruster surfaces, in addition to providing 
an aerodynamic skin able to withstand high temperatures generated 
during re-entry. Several of these multi-purpose surfaces are 
likely to require transpiration or regenerative cooling. 

This set of premises will permit entirely new and unconventional 
flight trajectories. For ex~p1e, a laser-powered shuttle could boost out 
of the dense atmosphere into space. negotiate free fall in a ballistic 
trajectory, then glide into the destination port--requiring just enough 
maneuvering power and breaking energy to touch down for a gentle landing. 
Conventional rum~ays can be al1r.1inated in favor of launch "pads. II The 
vehicle would climb out and return through very small operational corridors 
in tightly controlled airspace. Dozens of laser flight vehicles could land 
simultaneously in the space occupied by any present airport. The aero
dynamic requirements for low-speed fli~ht stability and control become 

I 

subordinate to that for VTOL thrusters. External laser-heated engines can 
provide VTOL thrust. .'. " " 

The efficient incorporation of remote laser energy into propulsive 
engi nes is pred i cated on several uni que and pecu li ar requ i rements qu i te 
foreign to conventional engines and chemical fuels. The basic premises for 
design of suitable air-breathing laser-heated engines are twofold. ~, 
the laser energy must be absorbed directly within the e~gine gaseous 
propellant so that working fluid temperatures may exceed the lim1tations of 
solid materials. This mechanism permits greater engine efficiencies to be 
realized than ever before possible. The propulsiva anergy converters will 
incorporate direct gas-phase absorption of incident r~diation by the 
process of electrical breakdown and inverse Bremsstrahlung absorption into 
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the engine working fluid. Secondly, pulsed laser power will permit non
equilibrium heating processes to come into play, so that engine gas 

temperatures do not have time to reach steady state ~quilibrium levels. 
Continuous wave laser heating rapidly drives gas temperatures to 20,000 K 
and higher. Alternatively, with pulsed laser heating, the engin~s can 
process propulsive working fluid to a great range of final temperatures and 

pressures--simply by varying the incident beam intensity and the degree of 
beam focusing within the internal engine chamber. 

The two basic types of engines addressed in this study are: simple 
radiation-heated engines, and electrically augmented systems. The first 
category uses simple optics to cause incident laser energy to be absorbed 
into the engine working fluid which is then gasdynamically accelerated to 
produce thrust. The second category requires an intermediate conversion to 
pulsed electric power. The beam energy is first converted to translational 
energy of a partially ionized gas stream, then to pulsed electric power by 
a MHO generator, and finally back to translational 
air stream (e.g., within an annular f4HO fanjet\. 
provides a technical description of the physical 

laser absorption physics. 

B. LASER ABSORPTION PHYSICS 

energy of the external 
The following section 
processes involved in 

The basic premises upon whicn laser energy "absorption chambers" can 
be designed are two "fold: (1) The beamed energy must be absorbed into the 

engine working fluid in order that elevated gas temperatures can permit 
higher engine efficiencies, (2) The laser power must be absorbed at high 
intensities and utilized in repetitively pulsed fashion in order that work
ing fluid temperatures are not allowed enough time to reach their steady 
state equilibrium value (i.e., when the temperature of the more ~assive ion 

particles reach the temperature of quickly heated electrons). At steady 
I 

state working gas temperatures of 15,000 to 20,000 K which are character-
istic of laser-heated engines utilizing continuous wave (CW) power, severe 
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radiation losses are in evidence. In addition, coollng of engine walls 
becomes a design problem of massive proportions. 

Consequently, this section will address the use of pulsed EM power and 
direct gas-phase nonlinear abso·ption of beamed radiation by the process of 
inverse Bremsstrahlung. By properly adjusting the intensity and degree of 
focusing of the beam, a laser absorption "wave" can be made to pass through 
the engine working fluid volume at a precise wave velocity that is tailored 
to bring the gas state to any desired final temperature and pressure. 

1. Laser-Supported "Oetonation"LSO 
Figure III-l illustrates the absorption wave structure character

istic of the detonation wave regime. Laser flux is projected from right to 
left, and the LSD wave is captured at a moment in time when the initial 
transients due to ignition have died away. Virtually all the incident 
laser energy is absorbed in a thin zone behind the leading-edge shock wave. 
The wave is shewn propagating towards the right (into the beam) at a deto
nation wave velocity VOW first calculated by Razierl as 

(1) 

where y is tre ratio of specific heats, Po is the ambient density of. the 
gas ahead of the LSD wave, and 10 1s the intensity of the laser radiation. 
The wavt> velocity is directly proportional to the cube root of the l~er 

intensity over the ambient gas density ahead of the wave. A region of hot, 
high-pressure gas· occupies the space immediately behind the shock wave. 
The gas pressure within this region can be expressed byl 

(2) 

and is seen to vary with the square of the detonation wave velocity. 
Viewed from a distance, the external gasdynamic effect of an LSD. wave 
passage through a stationary air mass bears close resemblance to the flight 
of a supersonic projectile of the same diameter as the beam. Rapidly 
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expanding conical blast waves are generated by passage of the central heat
ing zone, followed by a region of conical expansion fans. 

For the case of 10.6 um wavelength radiation. the LSD/LSC 
tran«;ition region falls at about 5 x 106 W/em2• Beam intensities above 
this value are associated with increasing LSD wave velocities and therefore 
lower gas temperatures. This effect is a natural consequence of an LSD 
wave which must proce 5S a larger mass flow rate of gas at the higher 
velocity - which in turn results in less energy deposition per unit volume. 
Insufficient Uheating time" is available for electrons to elevate the 
temperature of ' massive ion and neutral particles into steady state 
equilibrium with the higher electron temperature. Hence. LSO waves are 
classified as a non-equilibrium heating process. 

2. Laser-Suoported ICombustion"LSC 
As beam intensities are reduced below 5 x 106 W/cm2 (for 

10.6 um radiation). the laser-supported combustion regime sets in, and an 
entirely_different physical model is required to describe the equilibrium 
heating process. As shown in Figure III-2. laser flux is projected from 
right to left, and the absorption wave ad~ances at a relatively slo\ll velo
city towards the right into the beam and into ambient gas. Very low den
sity. hot air occupies the region just aft of the absorption wave. 
"Blow-off" of this low density. hot air (in the directions indicated in 
Figure 111-2) is in part ,responsible for driving the absorption wave into . . 
the beam--through action/reaction forces. Although LSC wave heating is 
characteristically a constant pressure process. Pl is slightly larger than 
the pressure ahead of the wave, Po. As indicated, the thickness of an LSC 
wave is typically orders of magnitude greater than that of an LSD wave. 
LSC wave propagation velocities in air fall in the range of 1000 to 
6000 em/sec. Since the slower wave velocities result in the ingestion of 
very small mass flows of ambient gas, temperatures skyrocket. Peak. tem
peratures within the absorption wave may reach 15,000 to 20,000 K. Radia
tion losses in all directions are noroally substantial. Radiative 
transport in the forward direction is an important factor in determining 
the LSC wave velocity and the mass flo\oI rate of processed 3as. 
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The interrelationship between the various laser energy absorption 

mechanisms of interest is displayed. in Figure 1II-3 for the case of 

10.6 um radiation and air at 1 atm. Laser radiation in a sharply focused 

condition (not shown ~o sCelle) is projected from the right towards the 

focal spot on the left s~de of the page. The LSC wave regime falls in the 

vicinity of 104 to 1>:~"'/cm2. Below 104W/cm2, the LSC wave cannot maintain 

itself; hence, this point is called the "maintenance threshold." Between 

106 and l07W/cm2• the wave will tranSition from the lSC to the LSD wave 

regime. At laser intensities beyond 108 to 1 o9w/cm2 , some researchers2 

address a IIsuper detonation" regime where wave velocities substantially 
exceed Mach 10 or 20. The lasl!r-supported super detonation (LSSD) rec;ime 

is exemplified by radiation intensities up to and including what is called 

the clear-air breakdown threshold. 
Ignition of a laser-supported absorption wave may be prompted by 

any of several mechanisms including a) laser-induced gas breakdown (as 

indicated in Figure III-3). b) electric spark discharge. c) molecular or 
particulate absorption. or d) ignition off a metal "target II especially 

designed for that purpose. This study will concentrate on laser-driven 

engi~e concepts which primarily utilize laser-induced breakdown as. the 

sparking mechanism. 
3. Laser-Induced Electrical Breakdown 

Much of the experimental data on laser-induced gas breakdown ~as 

been gathered with ~ir as the subject gas. Air (as well as most gases for 

that matter) is seldom free from contamination by a very rich spectrum of 
particle sizes and number densities. Therefore, the comprehensive treat

ment of laser-induced air breakdown Should also address the effects of 

particulate contamination. 
Laser-induced breakdown is ch\racterized by a highly luminous 

region which absorbs a large fraction of the incident laser power. Not 

necessarily indicative of breakdown is the emission of radiation frem the 
region of laser-particle interaction. In some cases the irr~diated 

particles may emit enough vapor to fOrM a hot plasma detectable by a 

visible spark, but still not absorb a measurable amount of ~aser radiatiory. 
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Breakdown normally occurs at a variable time after onset of 
radiation. The delay period is largely a function of the contamination 
particle size and number densitj, incident laser intensity (Watts/cm2) and 
pulse time. Open shutter and time-resolved photography have shown break
down to be characterized by formation of a pre-breakdown luminous vapor or 
plasma region. These two phenomena suggest that the contaminated air 
breakdown mechanism begins first with the rapid vaporization of the 
external surface of particles and the growth of individual particle vapor 
IIbubbles. 1I If the vapor produced from the hot particles has a lower ioni
zation potential than that of the constituents of afr, it is possible that 
the first free electrons are emitted from the ionized vapor. The particles 
can also emit electrons ther.nionically as they are heated. Even though the 
latter emission process is impaired by electrostatic effects as the 
particle charge builds up, the few electrons which are produced may be 
adequate to trigger laser-induced breakdown at the higher intensities • 

Presented in Figure 111-4 is a summary of the observed breakdown 
data in air for 10.6 ",m laser radiation. 3 t.ote that the lowest observed 
threshold is on the order of one mega\o/att per cm2 and is associated with 
the 30 ",m particles. With the larger particles and lowest intensities, no 
breakdown is observed until 10 ",sec into the pulse4• Breakdown ~ith 
shorter pulses is accomplished only at considerably greater flux levels. 

. The phYs1~s of air-breakdown in the presence of particulate 
matter is not well understood. Cu'rrent modeling efforts are specifically 
tailored to investigate either the high-intensity non-equilibrium regime or 
the law-intensity equilibrium regimes of particle-induced breakdown. 
Triplett and Boni 5 have examined the interaction of high-intensity laser 
radiation with a single suspended particle. Their analysis assumes that 
sufficiently large laser intensities are incident upon the particle to 
rapidly evaporate or explode the particle. Under these conditions, a 
strong shock wave is driven into the surrounding air; and breakdown occurs 
by the non-equil ibrium cascade process either in the vapor or in shock
heated air. The simple mogel of Triplett and Bani was unable to predict a 
reduction in threshold by much more than one order of magnitude below that 
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of clean air. A reduction in several orders of magnitude for the longer 
pulses and lower intensities are in evid~nce from experimental data. 

Figure 1II-5 illustrates part1cle-induced breakdown at the lower 
laser intensities. At the beginning of the laser pulse, energy is absorbed 
by the particles and results in bulk vaporization of the outer surface of 
larger part1cles or in complete vaporization of the smaller particles. 
Subsequently, vapor bubbles are formed whose aggregate effect is the inter
ception of a large fraction of the incident laser energy. Depending upon 
the vapor absorption coefficient, the temperature of the initially 4000 to 
5000 K vapor climbs slowly at first, then rapidly to the order rf 10,000 to 
12,000 K. Then through the proces:;es of thermal conduction an,1 radiation, 
energy is transferred from the vapor to heat the air (in local 
equilibrium). At roughly 10,000 K, an LSC wave is ignited and rhe inverse 
Bremsstrahlung absorption coefficient of air climbs rapidly with the 
increased temperature. Finally, the wave reaches a maximum tem~erature of 
15,000 to 20,000 K and slowly propagates in the direction of the incident 
radiation, maintaining itself by radiative and conductive heat transfer in 
the forward direction. 

A pictora1 representation of particle-induced breakdown at .the 
higher laser intensities is portrayed in Figure 111-6. The powerful inci
dent radiation rapidly evaporates or explodes the particles, driving strong 
shock waves into the surrounding air. The air/vapor is heated and ionized 
as the shock wave propagates at the local sonic velocity in all direct~ons 
except for that portion of the wave which propagates directly into the 
beam. Here a thin zone of non-equilibrium radiative absorption is trans
ported behind a shock front which, in turn, propagates at the LSD wave 
velocity. Again, the detonation wave velocity is proportional to the cube 
root of the ratio of the incident intensity over the ambient denSity of the 
unprocessed air. The subsequent cascade process occurs very rapidly, and 
short ly tri ggers the comp 1 ete breakdo\~n absorpt i on of the i nei dent rad i a
tion. 
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c. BRIEF HISTORY OF LASER-HEATED PULSEJET RESEARCH 

" 
Kantrowitz was first to postulate the use of unconventional rocket 

engines and remotely stationed high-power lasers to propel a shuttlecraft 
to low Earth orbit. 6,7 Since this time, much experimental and theoretical 

research has been conducted on both air-breathing and rocket variel:ies of 

laser-heated pulsejet engines. 
1. Air-Breathina Pulsejet Engines 

" Pirri, et. al •• 8,9 have addressed two basic types of laser

powered pulsejets where air is utilized as the working fluid. The first 

propulsion scheme, illustrated 1n Figure 111-7, develops impulse by direct 

irradiation of the lower thruster surface by a high-power laser pulse. For 

clarity, it is appropriate to identify this laser-heated thruster by the 
physical environment in which the laser energy is added to the working 

fluid: i.e., an IIExternal li Radiation-Heated (ERH) pulsejet engine. The 

high intensity incident beam ignites a laser-supported detonation wave in 

the air above the surface. Upon formation of the wave. all the laser 

radiation is absorbed in a thin zone of shocked air behind the detonation. 

Since this air is shocked to a high pressure, Pirri suggests that it may be 
possible to propel a vehicle by repetitively pulsing the laser" and 

utilizing the strong detonation waves (initiated with each pulse) to pro

vide thrust. Higher laser intensities (up to the 1 imit of clean air 

"electrical breakdo~m) permit larger impulse couplings to the surface and, 

therefore, associated increase5 in propulsive efficiency. 

Experiments have been performed with ERH thrusters which are a 

close kin to the variety suitable for use in VTOL propulsion of shuttle

craft. The beam/surface interaction geometry for these experiments 1s 

.hown in Figure III-a, and the results are displayed in Figure 111-9. 

Experimental and theoretical evidence lO suggest that such propulsion 

engines can be optimized to produce coupling coefficients as high as 
50-100 dynes/Watt. Optlmum conditions are realized when a very high
intensity laser pulse is shortened to the nanosecond regime. an~ when the 
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Figure ,111-7. Impulse Coupling to a $urface by High Power 
Laser irradation (LSD and LSC Wave Plasma Oynamics) 
--After Pirri, Root, and Kemp. 
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Figure III-8. Beam/Surface Interaction Geometry for ImpuTse
Generation Experiments 
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Figure III-g. 
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Theoretical Results for Coupling Coefficient 
vs. Pulse Time (After Pirrl. Reference 10) 
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target surface area is infinite in diameter compared to that of the 1aser
irradiated spot. This situation permits sufficient time for all the 
impulse to couple to the target surface without "spilling" shock wave 
energy off the edges of the target. Since the incident laser radiation 
must greatly exceed the LSC/LSO wave transition intensity in order to 
assure good propulsive coupling, some difficulty may be encountered in 
successfully propagating such a high-intensity laser beam directly through 
a highly absorbing plasma exhaust. This exhaust stream may occasionally 
intercept a significant fraction of the incident laser power, resulting in 
a severe loss of thrust. 

The second type of air-breathing pu1sejet engine addressed by 
P1rri, et. a1.8-9, is pictured in Figure 111-10. In this thruster scheme, 
the laser energy is absorbed within a volume that is enclosed by physical 
engine walls; therefore it falls within the class of "Internal" Radiation
Heated (IRH) thrusters. The eng:ne utilizes a highly reflecting parabolic 
nozzle (which doubies as the primary optics) to focus an incident laser 
pulse of low intensity to the high intensity required for nonlinear absorp
tion. Air breakdown occurs at the focus of the parabola; and the hot, h~gh 
pressure air expands aft as directed by the nozzle skirt. If some means is 
found to refill the nozzle with fresh air between laser pulses, the engine 
should operate successfully as a 1aser-po\'~ered pu1sejet. Silica the inci
dent laser intensity is ~ the LSC wave threshold, the beam may be 
propagated through the exhaust gases with little, if any, attenuation • 

. . Figure 111-11 dis~lays the results of small-scale exper1m~nts 

with the air-breathing pulsejet configuration sha~n in Figure 111-10. The 
tests, which were conducted at one atmosphere, generally produced peak 
thrust-to-1aser power couplings of .20 to 25 dynes/Watt. As shown in 
Figure 11-11, theory suggests that 40-50 dynes/Yatt may be attainable, and 
Soviet researchers claim to have demonstrated such performance in recent 
single pulse tests. 

Two papers by Bunkin, Prokhorov, et. a1. (Refs 10 and 12) review 
tp1s recent USSR-funded theoretical and experimental research on a I.aser 
Air-Jet Engine (LAJE) 't/hich propels itself by an "explosive mechanism 
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Fig~re 111-10. AERL~aser-Powered Internal Expansion Pulsejet 
Experiment (From Reference 8) 
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due to laser-induced breakdown and the exc1tat10n of a shock wave. II The 
engine is env1s1oned to operate in ~ pulse-period1c (pulsating) mode, 
whereby the working volume is completely refreshed (w1th cold air) prior to 
rece1v1ng a new laser pulse. In order to initiate nonlinear absorption of 
laser energy at the veh1cle site, the authors ind1cate the necessity of a 
focusing system, since the beam cannot propagate through the atmosphere to 
the cr~ft at 1ntens1t1es above the breakdown level. They suggest that a 
parabolic reflecting surface (doubling in function as the thruster nozzle) 
be located "1n the tail part of the flyirlg craft and firmly affixed to it." 
For certain flight vehicle geometries, the aut~ors propose that refracting
type ienses might also be used to provide the focusing function. 

The attainment of high repetitively-pulsed coupling coeffic1ents 
by the engine concept pictured 1n Figure 111-11 w11l no doubt be impaired by 
three inherent thruster design flaws: First, the laser energy must be 
added to the supersonic d1verg1ng portion of the nozzle; whereas, for maxi
mum efficiency the heating should take place in an upstream subsonic high
pressure reservoir. Secondly. the exact engine diverging nozzle contour is 

d1ctated by opt1cal reqUirements ;ror good focusing, and !!21 by gasdynam~c 
requirements for efficient expansion of the flow. Subsequently, the over
all propulsion system performance attainable with th1s engine configuration 
will be infer10r to that of a hypothet1cal engine for which the precise 
optical ~ gasdynamic requirements are met with relat1vely minor 
compromise. The third flaw relates to the problem that no means of quickly 
refilling the engine ~ith fresh air has been provided--although it may be 
possible to incorporate a reed-type valve (i.e., similar to the German V1 

MBuzz-Bomb"). 
2. Rocket Pulsejet Enqines 

Other experiments have been perfol"lll2d with pulsed laser-heated 
rockets dnd hydrogen propellant, at very reduced (c.g., a fe~ Torr) ~~bient 
atmospheric pressures. Figure 111-12 1s a schematic diagram of the laser
heated rocket pulsejet model llsed by Phys1cal Sciences, Inc. to' generate 
the performance data shown 1n Figure III-13. The rocket incorporated an 
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Figure 111-12. Schematic Diagram of PSI's laser-Heated 
Rocket Pulsejet Which Uses an Acoustic 
Valve to ~leter the Cold H2 Propellant Flow 
(From Reference 13) • 
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Figure III-l3. IRH Rocket Pu1sejet Perforr.~nce Data 
(PSI Experiment With H2 Propellant) 
~-From Reference 24 
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acoustic valve to meter cold H2 propellant into the nozzle. The experi
ments typically demonstrated optimum conversion efficier:c1es (i.e., thrust
power-to-laser-power) of 50 percent, coupling -coeff1cient~ "f 12.5 dynes/ 
Watt, and a specific impulse of 1000 seconds. 13 

D. HIGH ENERGY LASER WINDOW CONCEPTS 

There are a number of additional possibilities for high-power laser 
windows enabled by the atmospheric environment which can be ,utilized by 
certain air-breathing propulsive engine concepts. The two major HEL window 
categories mentioned in Chapter II, material windows and aero-windows, are 
suitable for laser-heated engines in !!Q.!!! atmospheric and space environ
ments. Material windows can be used by both CW and RP engines, but aero
windows will probably work for only steady-state CW engines. 

Figure III-14A is a schel'1atic diagram of the gasdynamics of conven
tional aero-wind~~s. On-board high-pressure gas is expanded to supersonic 
velocities to create a strong shock wave. This shock contains the higher 
pressure internal-engine gas ttgainst the lowtt pressure ambient atmospheric 
enviro~ent--whilc pe~1tt1ng the HEL beam to pass freely through. 

A second acro-window candidate suitable for 01 en!)ines is sbown in 
Figure III-14B. Here centrifugal forces are used to first accelerate the 
ambient atmosphere to a high velocity (possibly supersonic--without produc

. in9 Mach waves) adding energy to tne flotl. Next a vaneless diffuser" would . ~ .. . ... . 

~---'.-

decelerate the air to low subsonic mach numbers, compressing it perhaps to 
4-5 4tmospheres in a single stage. A high-speed centrifugal compressor 
would accomplish this function, and its upper surface contour (between the 
impeller vanes) would serve as a primary mirror. This mirror would collect 
the incident laser beam and re-project it radially outward between the 
impeller blades. From here the beam would be focussed directly into tha 
heating chamber. 

Another candidate aero-window is exemplif1ed by the RP engine concept 
in Figure 1II-14C. For this scheme, a primary receptive optiC (not shown) 
focuses the incident low-intensity laser beam upon a secondary optic which 
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C) SHOCK COMPRESSION BY PROPAGATING LSD WAVE (TRANSIENT) 
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Figure 111-14. Three Approaches for Aerodynamic Windows (Continued) 
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re-projects the beam (now concentrated to a high intensity) across the 
lower vehicle surface. There is no pressure differential across this aero
window. The engine accomplishes transient shock compression of the air 

working fluid s1mply by propagating an LSD wave across the lower v~hicle 

surface--to which the reaction propulsion forces are momentarily co:r:nuni
cated. Pressure ratios of several hundred atmospheres can be produced. 

Other aero-window schemes analogous to that shown in Figure III-12C, 
and sJ1table for CW engines can be envisioned. The optical train, and air
breathing engine inlet geometries can be configured to balance LSC or LSD 
waves in sub~onic or supersonic duct flows--at the appropriate engine 

"combustor" locations. These CW engines would rely upon supersonic com
pression of engine inlet air, and would produce useful levels of thrust 
only in transonic, supersonic, or hypersonic regirnes--becoming, in effect, 
ramjet engines. 

E. SUr4MARV OF ENGINE-RELATED ISSUES 

The following general statements can be f.'Iade regarding the design of 
laser-heated engines suitable for propelling advanced manned shuttlecraft: 

(l) To successfully propagate beamed energy through the atmosphere to 
a remote shuttlecraft, laser intensities rr.ust be held belo\'1 the 

LSC-wave threshold. Laser intensities above this value couH 
aCCidentally produce catastrophic attenuation of the beam, 
triggered by shock waves off the craft, plasma exhaust plumes, or 

atmospheric "dust" contamination. 
(2) Molecular absorption mechanisms do not look promising because of 

the need to inject "seed" materials into the engine working 

fluid. This seed can contaminate the shuttlecraft optics and 
produce highly attenuating exhaust piumes. 

(3) The most viable laser propulsion concepts will probably 
incorporate direct gas phase heating of engine working fluid 
using inverse Bremsstrahlung absorption of laser ener9y--\~h1ch 

requires no seed. 

. . 
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(4) In order to initiate inverse Bremsstrahlung absorption in the 
laser propulsion engine, a focusing system (optical train) firmly 
affixed to the vehicle is required. . 

(5) Lower intensity CW radiation (suitable for LSC wave heating) 
produces excessivply high working gas temperatures and large 
radiation losses, which can easily cause internal engin~ walls to 
melt--unless protected by exotic wall-cooling schemes. Alter
nately, the use of unconventional CW engine geometries which 
require only partial confinement of the LSC plasma "torch,1I can 
greatly reduce cooling loads. 

(6) In sharp contrast, LSD waves (hfgh-intensity laser radiation 
regime) are able to process a working gas to almost any desired 
final temperature and pressure, Simply by adjusting the intensity 
of the beam and the ambient density of the engine ga!. 

(7) The most promising laser propulsion engines will probably operate 
in a pulse-periodic (pulsating) mode, whereby the thruster work
ing fluid is completely refreshed with unprocessed gas before the 
next laser pulse arrives. 

(8) The corr.plicated turbomachinery usually required in today's high
performance air breathing propulsive engines to produce high, 
continuous engine pressures can be eliminated in favor of much 
simpler laser-heated engines. Here, elevated pressures are pro
vided not by heavy mechanical compressors, but by transient shoclc 

." . compression caused by propagating laser supported detona.tion 
(LSD) waves. 

(9) The use of pulsed power and LSD waves can permit the construction 
of incredibly Simple, reliable air-breathing and laser-heated 
rocket propulsion systems for advanced manned shuttle-craft. 

F. OPTICS/AIRFRM1ElENGINE INTEGRATION 

A large degree of optics/airframe/engine integration is necessary due 
to the many overlapping system reqUirements for successful utilization of 
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beamed energy in air-breathing propulsive engines. For example, depenolng 
on the shuttle configuration, portions qf the vehicle external surface will 
be called upon to serve as optical elements or thruster surfaces. In addi
tion, they will provide an aerodynamic skin able to withstand high tempera
tures generated during re-entry. Some of these multi-purpose surfaces may 
require regenerative (or perhaps transpIration) cooling. 

In the interest of clarity, it is useful to classify the various 
elements in an optical train according to the order in which the beam 
strikes them. For example, a "primary" lens is the first optical surface 
to receive the beam; a "secondary" lens is next; the tertiary lens follows, 
etc. Oepending on the specific optics/airframe/engin~ configuration, 
lenses may be of either the reflecting or refr~cting type and may have a 
"ariety, of dimenSional topographies. The candidate topographies can be 
describes as follows: One-dimensional optics are those which have planar 
optical surfaces, e.g., flat mirrors or windows. Two-dimensional ",ties 
are able to expand or condense light in only one plane, e.g., Mcylindrical" 
lenses and refracting prisms. Finally, three-dimensional lenses are those 
with compound curvature which can expand or condense light in a radially 
symmetric fashion, e.g., conventional hand-held magnifying lenses. 

Another variation in lens classification is embodied in the choice of 
conventional versus Fresnel optics. \"ith the Fresnel lens approach, the 
entire optical surface is divided into minute refracting or reflecting 
facets. Refractive optics permit the construction of lightweight, large 
diameter 'lenses with short. foca.l lengths. A potential problem with using 
refracting Fresnel lenses with beamed high-energy radiation is the thick
ness non-uniformity of the lens material. When the lens is heated by 
passage of the beam, Significant stresses may be generated tJy non-uniform 
heating and expansion, and cracks may appear a long the thin portion of 
refractive facets. 

It appears that both reflecting and refracting Fresnel lenses can be 
successfully integrated into the shuttlecraft upper surface airfrarne--to 
collect the lower intensity incident radiation. Thereafter, only 
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regeneratively cooled reflect1ng lenses may be used to direct the high
intensity beam into propulsive engines •. 

G. ORGANIZATION OF SUBSEQUEIfT CHAPTERS 

Table III-l gives the organization of the following five chapters. 
The technical material is assembled by the basic categories of air
breathing laser propulsion engines and shuttlecraft airframe configura
tions. The basic engine categories are laser-thermal and laser-electric; 
the airframe configurations are delta, radial, and cylindrical. Laser
electric propulsion is generally envisioned for high supersonic and 
hypersonic regimes. 

The "delta" airframe configuration is exemplified by the current space 
shuttle orbiter; the "radial, II by the Apollo c'Jrnmand/reentry vehicle; the 
"cylindr1cal, II by a conventional rocket launch venicle. Both heavicr-than
air and lightcr-than-air varieties of Mcylindrical" shuttlecraft are 
eX8.ll11 ned. 

.. 
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, , TABLE 111-1. AIR-BREATHING LASER PROPULSION CATEGORIES 

~RUSTER TYPE 

AIRFRAME ~ LASER-THERMAL LASER-ELECTRIC 
ii' 

,t 

DELTA CHAPTER IV -
RADIAL CHAPTER V CHAPTER VI 

CYLINDRICAL CHAPTER VIn CHAPTER IX 

.. . . . , .. 

. , 
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CHAPTER IV 
LASER-THERMAL AIR-BREATHING PROPULSION: DELTA CONFIGURATIONS 

lasers are capable of providing working gas temperatures significantly 
beyond that attainable with chemical combustion, and consequently can 

enable the conceptualization of new, high-teffinerature thermodynamic cycles. 

Hand in hand with these higher "combustor" working fluid temperatures comes 

the potential for increased flight speed and performance from future high 

Mach number air-breathing engines. 
Presently, air-breathing aircraft are limited by aerodynamiC heating 

and deteriorating turbojet engine performance to speeds of about Mach 3 or 
4. Beyond this velocity, a mechanical compressor becomes an undesirable 

commodity, and the existence of a turbine at all tends largely to restrict 

the maximum combustion gas temperatures. Because of these limitations on 

turbine engines, high-supersonic and hypersonic propulSion research has 

concentrated on ramjet engines, of both internal-burning and external

burning varieties. (Howaver. note that these engines are only able to 

generate thrust at flight speeds above ~'ach 1. so other engines must be 

used in the subsonic flight regime.) By necessity. much of the research 
has centered on "supersonic" combustion of chemical fuels. Here, bear:1ed

energy propulsion can really excel; LSD absorption waves can be made to 

propagate at speeds up to, and substantially beyond Earth orbital velocity. 

. This chapter explores. the prospects for air-breathing propulsiOn of . . 
"delta" - configuration shuttlecraft integrated with internal and external 

radiation-hea.ted thrusters (IRH and ERH, respectively). Table IV-l indi

cates the design concept classes for delta airframes. The shuttlecraft 

described below are generally capable of VTOL, subsoniC, supersonic and 

hypersoniC flight within the at~o~phere. In addition, they are able to fly 

along. as well as perpendicular to the propulsive laser beam. 

let us begin this examination of various potent1al optics/airframe! 
engine concepts by concentrating first upon the genre which incorporate 
two-dimensional lense~ within traditional. highly swept delta airframes. 
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TABLE IV- t. DESIGr. CONCEPT CLASSES FOR DELTA AIRFRAME CONFIGURATIONS 

THRUSTER TYPE FLIGHT MODE 

IflTERNAL 
RADIATION-HEATED - TRANSLATION+ 
(IRH) 

EXTERNAL 
RADIATION-HEATED VTOL* TRANSLATION+ 
(ERH) 

* FLIGHT ALONG LASER BEAM 

+ FLIGHT PERPENDICULAR TO LASER BEAM 

..... .. -.. 
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Generally in these configurat1ons, the a1rframe forebody precompresses the 
inlet a1r. while the a1rframe afterbody acts as a hypersonic nozzle. 

A. OELTA/ERH FOR GROUND-BASED LASER 

The first of such configurations was invented by A. Kantrowitz and 
R. Rosa. l Thi s concept, l1lustrated in Figure IV-l, was proposed as a 
hypersonic flight research veh1cle powered by a ground-based laser power 
station. As shown in Figure IV-l, the continuous high-power beam (denoted 
as cnllout No.2) is projected directly upon the aft port1on of the vehicle 
lower surface (callout Mo. 18). which is a highly polished cylind1"1cal 
reflect1ng lens that also doubles as an expans1on-deflect1on exhaust nozzle 
(Ho. 16). Th1s two-dimens1onal primary lens concentrates the incident beam 
to a very h1gh intens1ty and projects it directly 1nto the throat (Ho. 13) 

of the ramjet engine. 
Propulsive thrust 1s obtained from the r~jet as follows. Air enters 

the ramjet engine at the intake (No.8). is adiabatically compressed (by 

supersonic internal diffus1on) to a h1gh pressure and density. At this 
t1me. a "seed" material 15 added to the duct flow at a stat10n near the 
throat (which serves as a "combustion" section) where most of the laser 
radiation is absorbed into the flow. This high-pressure. h1gh-temperature 
duct flow then expand~ out the exhaust nozzle. gen~rating thrust • 

.. There are"several potential proble~s with the concept, however. Con
f11ct1ng requir~~nts' in the spec1fication of mirrored-exhaust-nozz1e 
contours for (a) effiCient gasdynamic flew expansion and (b) adequate 
opt1cal beam focusing, must be resolved if optir.um perfo~ance of ~~e over
all system is to be realized. In add1tion, the exhaust flow may continue 
t(', absorb incident laser rad1at1on ill of the throat section. If the gas 
is still supersonic here, the flow will be driven towards subsonic flow. 
This would significantly degrade available propulsive thrust. Furthermore, 
convention~l r~jets cannot develop static thrust below sonic flight vel,
cities and therefore cannoj: operate from conventional airports without an 
auxiliary propulsion system. Finally, the configuration shown in .. 
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Figure IV-l. DELTA/IRH for Ground-Based Laser 
(No VTOL or Subsonic Propulsion Capability) 
--From Reference 1 

IV-4 

----~." 



, 
I 

.-

f 
! 
I 
l THE 80M CORPORATION 

Figure IV-l is unable to receive an aerial propulsive power beam, although 
this could (in principle) be accomplished by inverting the entire airframe 
aft of the engine throat. 

B. OELTA/IRH CONFIGURATION WITH TRANSVERSE 2-D FRESNEL LENS 

Figure IV-2 illustrates another version of an airframe-integrated 
external-expansion hypersonic ramjet. Just like the previous concept, the 
aircraft fore body precompresses"the inlet air and thus provides part of the 
inlet function. Similarly, the vehicle afterbody serves as an external 
expansion nozzte. Instead of the reflecting pri~ary optics used in 
Figure IV-l, the vehicle incorporates a 2-D Fresnel-type lens to concen
trate the incident beam into a line focus ~ithin the ·combustionU chamber. 
Continuous radiation Cln be used to heat the engine gases if a "seed" 
material is injected into the flow; repetitively pulsed radiation can be 
used with a LSD-wave heating (i.e., following electrical breakdown and 
subsequent inverse Bremsstrahlung absorption). 

Vertical takeoff and tanding (VTOL) may be accomplished by rotating a 
secondary reflecting cylindrical ll!ns into a position near the 11ne focus 
(within the r~"jet internal duct chambers), and thereby projecting a high
intenSity beam forward out the ramjet inlet--finally coming to a focal 
point near the nose. At this point, the air would be caused to break down, 
and an LSD wave ~uld traverse the entire vehicle undersurface. This would 
create a hot, high-pressure plasma sheet, which would subsequently expand 
downward, generating vertfcal thrust. In short, the aircraft undersurface 
could double as an external radiation-heated (ERH) thruster when operated 
in a repetitively pulsed fashion. Upon reaching an altitude of several 
thousand feet, transition to horizontal fl ight would be accomplished in 
helicopter fashion. 

Roll stabilizing forces during VTOL flight could be provided by 
prOjecting two smaller beams (each containing half the required laser 
power) upon the primary optics. As a result, the vehicle would be balanced 
on two "rai's" of high pressure air as it is lifted vertically. Pitch 
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Figure IV-2. DELTA/IRH With Transverse 2-D Fresnel Lens 
(Subsonic and VTOL Capability) 
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stabilization could be controlled by varying the ignition point of absorp

tion waves and the duration of the l~ser pulsc--in order to alter the 
longitudinal distribution of vertical thrust generated across the vehicle 

lower surface. 
Obvious problems with the concept are as follows. As with the pre

vious concept in Figure IV-l, the vehicle cannot be expected to provide an 
exceptionally stable optical platform for reception of toe orbital beam. 
Furthermore. difficulties may be encountered in bringing the beam through 
the internal engine duct housing--without the aid of a material or aero
dynamic window. A material window may experience excessive beam heating at 
the high-focal intensities; alternately, the aerodynamic window may require 
auxiliary on-board power and the associated consumption of liquid fuels. 
Finally. the vehicle cannot accelerate rapidly·from subsonic to supersonic 
flight speeds since the ERH thruster is configured to generate a vertical 

thrust vector. However, lateral acceleration may be accomplished by 
a) tilting the vector in the direction of intended flight (i.e., helicopter 
fashion), or b) by first boosting vertically to a substantial altitude, 
then using a combination of aerodynamic lift, gravity, and a forward tilt
ing of thrust vector while performing a diving maneuver. Once supersoniC, 

the vehicle will continue to accelerate since the ramjet engine \'Ii11 be 
operative at that time • 

. . C. DELTA ERH/IRH CONFIGURATIONS WITH LONGITUDWAL 2-D FRESNEL LENSES .. 

Several additional variations-on-a-theme of the delta airframe and 2-D 
Fresnel refracting primary lenses are evident. For example, Figure IV-3 
shows two ~onfigurations having Fresnel lens facets aligned with the 
longitudinal flight axis. Note that the vehicle afterbodies are removed 
for clarity, and that the Fresnel facets are linearly tapered to\,/ards the 
nose of the vehicle. It would sp.e~ that the twin-beam approach can"permit 
4 more effiCient usage of a centl"ally located cargo bay compartment. 

The vehicle configurations presented in Figure IV-3 incorporate both 
IRH and ERH engines, rather than just the IRH engine portrayed in 
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Figure IV-3. DELTA ERH/IRH Configuration Hith Longitudinal 
2-D Fresnel Lens 
(Subsonic and VTOL Capability) 
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Figures IV-l and IV-2. These hypersonic propulsion concepts eliminate the 
internal engine flow duct (and associ~ted drag) in favor of completely 
external energy addition. As before, the vehicle forebody serves to pre
compress the air prior to entering the "combustor" heating region. Unlike 
the previous concepts, this hypersonic engine requires the use of two 
reflecting secondary lenses to direct the beam into the heating regions. 

The hypersonic engines portrayed in Figure IV-l are designed to 
operate in repetitively pulsed fashion as follows. The incoming beam is 
concentrated towards two line foc11 lying just beyond the secondary optics. 
In turn, these optics intercept and project the beam out towards the 
w1ngtips, just below the vehicle lader surface. 

Shortly after pulse initiation, electrical air breakdown occurs at the 
w1ngtips, and laser-supported detonation (LSD) waves are ignited. These 
LSD waves then "burn" across the thruster surface; just before the LSD 
waves contact the secondary optics, the beam is shut off (thereby avoiding 
the po~sibil1ty of darnage to the secondary optics). In the process, the 
air is heated to a high temperature and pressure; as it expands 4\<1ay from 
the vehicle lower surface, propulsive thrust is generated. 

The same heating cycle can be used to accomplish a vertical takeoff or 
landing. In addition, the bearn(s) can be moved fo~ard or aft to cause the 
vehicle to pitch up or down, respectively. Similarly, the vehicle can be 
made to roll right or left by depositing more beamed energy (and hence 
thrust) under the left OT"" right ~ing tip, respectively. For the· vehicle 
concept in Figure IV-3A, this is accomplished by moving the beam left or 
right, respectively; for the Figure IV-38 vehicle, the left beam is pulsed 
more often than the right beam. 

Accelel"lltion from a standstill to high forward speeds can be accom
pl1shed in helicopter fashion (as described earlier), or by the following 
mechanism. Let us assume that a retractable subsonic valved inlet (e.g., a 
vibrating l"ced-type valve) is able to provide a pulsed ail" supply to the 
intcrio\' volume enclosed beneath the Fresnel lens. In addition, assume 
that the secondary lenses are rotated to close and seal the slit(s) in the 
vehicle undel"surface, and in turn cause the beam to come to a line focus .. 
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withi~ the enclosed internal thruster volume. Finally. envision an 
auxi liary exhaust nozzle to vent 1ft (from this volume) out the vehicle 
afterbody. This enclosed volume of air. when heatc~ with pulsed radiation. 
could operate in a repetitively pulsed fashion ana1~qous to the old 
German Vl "Buzz-Bomb" propulsion system. 

D. OElTA/ERH CQt.FIGURATIONS WITH REFLECTING PRIMARY LENSES 

Quite unl ike the previous vehicle configurations, the concepts pre
sented in Figures IV-4 and IV-5 attempt to integrate 2-D linearly taper\.d 
reflecting ':nses with the vertical stabilizing fin of the aircraft. Low
intensity. ind1cent rad1tion is collected to a high level of brightness 
upon the 2-D secondary lenses which are wrapped about the vehicle 
perimeter. (Note the constant intensity contours of the incident beam 
falling upon the primary receptive optics, i.e •• the vertical fin.) These 
secondary lenses reflect the beam back towards the vehicle center under
surface. and electrical air breakdo\tn occurs along the centerline. Note 
that the vehicle afterbody has radial symmetry and serves as a 3-D 
parabolic primary lens (over the upper surface). The lower afterbody sur
face serves as an external expansion nozzle during hypersonic operation. 
As before, the aircraft forebody (in the hypersonic flight mode) serves to 
precornpress "inlet" air before it receives LSO-wav~ heating • 

... VTOL .operation can be accomplished in maneuver similar to' that 
described for the previous concept in Figure IV-3. Acceleration to 'super
sonic speeds will be aided by a forward vectoring of ERH thrust, \,thfch is 
accomplished by irradiating the radially symme~ric primary lens of the 
vehicle afterbody. Note in Figure IV-S that a normal vector to the after
body ERH thruster surface has a s1gnff1cant forward cOhiponer.t. (The thrust 
vector acting on an ERB thruster surface is generally perpendicular. ':0 that 
surface at subsonic speeds.) 

As for the prevfous vehicle concept. pitch and roll control maneuvers 
can be accomplished by proper placement of the incident beam upon the pri
mary receptive optics. 
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Figure IV-4. Small.Uing DELTA/ERH t Rear Vie~.,. Hith Reflecting 
Primary Lens (Sub~onic and VTOL Capability) 
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Figure IV-S. Small-Wing DELTA/ERU, Side View 
(Subsonic and VTOL Capability) 
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Figure IV-6 3hows a variation-on-a-theme of the vehicle introduced in 
Figures IV-4 and IV-5, based upon the location of the ERH thruster 
surfaces. As before, a reflecting primary optical surface is integrated 
with the vertical stabilizer. However, the concept employs grazing
incidence secondary optical surfaces to flash power outward underneath the 
wing tips. instead of projecting the beam back towards the vehicle center
line (like in Figures IV-4 and IV-5). As with the concept portrayed in 
Figure IV-3, electrical air breakdown occurs at the wing tips instead of 
the vehicle centerline. Much attention must be given to the detallec 
design of the airframe in order to eliminate internal and external 
aerodynamic drag caused by the various geometric shapes of the optiCS and 
beam-projection passageways. 

E. SUMMARY 

Covered up to now have been the particular optics/airframe/engine con- • 
figurations employing 2-0 primary receptive lenses integrated with tradi
tional highly-swept-delta airfr&nes typified by the space shuttle orbite~. 
We now move on to review configurations \'Ih1ch integrate 3-0, radia~~y 

symmetric primary receptive lenses with radially symmetric airframes that 
are more typical of the Apollo and Mercury spacecraf~ re-entry capsules, or 
perhaps. the Hal'S lander aeroshell disc. 
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Figure IV-6. Large-Wing DELTA/ERH With Reflecting Primary Optics 
(Subsonic and VTOL Capability) 
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CHAPTER V 
LASER-THERMAL AIR-BREATHING PROPULSION: 

RADIAL CONFIGURATIONS 

This chapter explores the prospects for air-breathing laser propul
sion of radially symmetric shuttlecraft. Both internal and ext~rnal 

radiation-heat~d (IRH and ERH, respectively) thrusters are considered. 
Large variations in airframe fineness rat10 (l.re examined, from the highly 
tapered geometry exempl1fed by the NASA Hyper!;onic Ramjet Engine (HRE) 
pictured in Figure V-l, to lower fineness ratio geometries more typical of 
the Apollo command Ire-entry module or the Hars lander aeroshel'. Table V-l 
displays the design concept classes for "radial· shuttlecraft configura
tions considered in this chapter. As with Chapter VI, the shuttlecraft 
introduced here are generally designed for efficient VTOL, subsonic, super
sonic and hypersonic flight within an atmosphere. Furthennore, they can 
fly directly up, as well as perpendicular (i.e., lateral) to the baam. 

A. THE NASA HYPERSONIC RAMJET TEST ENGINE 

An excellent starting point for this stu~y is the NASA HRE supersonic 
(chemical) combustion ramjet test engine shown in Figure V-l. As is 
evident from the profile, the engine is configured with a large isentropiC 

. inlet spir-e and a cp.nter body duct which is able to translate forward and 
aft a substant14l d1stancc--to insure that the Hach cone exactly touches 
the forward inlet lip, throughout a large range of flight Mach numbers. 
The length of the internal annular duct passageway is set by the require
ments for supersonic (e.g., hydrogen) combustion and adequate mixing of the 
duct flow. The plug nozzle is of the external expanSion/deflecting 
variety. The engine will not produce thrust at flight speeds belorl Mach " 
of course. 
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TABLE V-l. DESIGN CONCEPT CLASSES FOR "RADIAL" AIRFRAME CONFIGURATIONS 

THRUSTER TYPE 

INTERNAL 
RADIATION-HEATED VTOL* 
(IRH) 

EXTERNAL 
RADIATION-HEATED VTOL* 
(ERH) 

* FLIGHT ALONG LASER BEAt~ 

+ FLIGHT PERPENDICULAR TO LASER BEAM 

.... 

- J 'IE'
.~ 

V-3 

.!;" ... __ r~ 

FLIGHT MODE 

TRANSLATION+ 

TRANSLATION+ 
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B. "RADIAL" IRH/ERH CONFIGURATION UHGH-FINENESS RATIO} 

A 1 aser-prope" ed vers i on of the HRE eng i ne is d 1 sp 1 ayed in 
Figure V-Z. This radially symmetric shuttlecraft is conceptually identical 
to the NASA scramjet engine, except that laser energy is used to heat the 
duct air working fluid. The forward isentropic inlet spike doubles as a 
parabolic primary receptive optic, so the shuttlecraft central axis of 
symmetry must always be aligned with the remote laser beam. Laser power is 
brought to a line focus that encircles the vehicle perimeter; the line 
focus is completely enclosed by the inlet duct. The annular duct is 
adjustable to produce a wide variety of throat areas and nozzle expansion 
ratios for efficient hypersonic operation. No fuel, other than that 
required for emergency operation (e.g., by a back-up chemical rocket 
engine) would be carried aboard the vehicle. The shuttle payload would be 
housed within the vehicle centerbody. 

The laser propulsion engine is of the combination power plant variety, 
utilizing both IRH and ERH thruster modes. Figure V-3 is a schematic 
diagram of the IRH propulsion mode. The isentropic inlet spike completely 
"swallows" the lO\1-intensity laser beam and brings it to a circular-line 
focus within the duct--in the process generating a standing absorption wave 
which is delicately balanced within the internal air flow field. The 
heated exhaust flow then expands aftward through the plug nozzle, producing 
thrust. 

Because of the high temperatures generated by LSC waves, the IRH 
thruster may have to operate in the LSD regime in order to minimize frozen 
flow losses. A severe reduction in engine efficiency will result from 
Significant le.els of gas dissociation produced at temperatures beyond 
3000 K, unless the constituents re-combine while the gas still resides in 
the duct. Hence, the thruster may have to operate in a rapidly pulsed mode 
using LSD-\1ilve heating to control the peak "combustor" temperatures.' 

However, in order to successfully reach the highest flight Mach 
numbers, "combustion" temperatures may have to be pushed to the maximum. 
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In this eventuality. frozen flow losses would be accepted as a matter-of
course penalty for operating in this stressing flight regime. Because of 

the combustion temperature limitations of hydrocarbon fuels. the highest 
attainable hypersonic flight velocity is about Mach 7. With laser-heating 
comes the potential for substantial improvements in ucombustion" 
temperatures, and peak hypersoniC air-breathing propulsion speeds. 

A few additional comments should be made regarding the inlet and plug 

nozzle design considerations for laser shuttlecraft. The shuttle would 
normally fly at zero angle of attack to stabilize inlet diffuser for maxi
mum efficiency. (UPitch" and "yaw" maneuvering forces could be generated 
by non-syn:netr1c operation of the ERH or IRH thrusters.) Also, the plug 
exhaust nozzle has the inherent advantage of automatically adjusting to 
changes in atmospherfc pressure; consequently. it can exhibit high perform

ance at sea level, as well as at very high altitudes. 
One final note should be made about the above-described IRH propulsion 

mode. The IRH thruster portrayed in Figure V-l might (in concept) operate 
just as well without the annular duct housing--in effect, becoming an 
Uexternal-burning" ramjet. However, the elimination of the annular duct 

would also deny the capability for VTOL and subsonic flight, as ~ill now be 

described. 
Figure V-4 is a schematic diagram of the ERH propulsion mode. 

Basically the duct would provide the additional function of housing a set 
. of .retrac.ta.ble secondary (reflecting) optics. In the ERH thruster mode. 

the secondary optics would be extended into the focal region of tne laser 
beam, and thereby reproject a very intense laser beam parallel to (and just 

below) the vehicle afterbody--to focus near the vehicle, as shown in 
Figure V-4. Here an LSD wave is ignited (e.g., by laser-induced air break
down or an e 1 ectri c spark). and the 'fIave races all the way up the 1 aser 

beam, parallel to the lower afterbody surface. Just before the LSD wave 
contacts the secondary optics, the laser pulse is terminated. Finally, the 
hot, high-pressure layer of air (generated by passage of the LSD wave) 
expands off the vehicle afterbody, producing thrust. Asyrrrnetric operation 
of the ERH thruster would cause the vehicle to translate in directions 
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lateral to the beam, and could also provide flight maneuvering and control 

forces. 

Whereas the radial IRH/ERH vehicle pictured in Figure V-2 was designed 
for a high-fineness ratio, other useful lower-fineness ratio configurations 
can be envisioned as variations on the basic theme. Although the entire 
inlet spike of the Figure V-2 vehicle serves as a primary optics, other 

inlets which have only a portion of the total area serving as optics are 
possible. The remaining inlet area could be a greatly fore-shortened 

double-cone, or possibly a rounded/truncated cone. 
The radial IRlijERH configurations in Figures V-5A and V-SB serve to 

demonstrate some of these possibilities. Note that the vehicle afterbody 
has been severely shortened to facilitate efficient operation in the VTOl 
propulsion mode with ERH thrusters. The Figure SA geometry is designed to 
receive an annular laser beam onto its parabolic primary optics; only 

75 percent of the area reprl!sented by the beam's external diameter is 
actively used. For this shuttlecraft geometry, the inactive (i.e., non
optical) portion of the inlet is simply fitted \'lith a rounded aerodynamic 
fairing. Figure V-58 illustrates a similar vehicle of even lower fineness 
ratio, \1hich is deSigned for an annular propulsive laser beam with only 

50 percent "active area." 

C. RADIAL IRH/ERH COUFIGURATInUS WITH ISEHTRO?IC-SPIKE/CONE CEHTERBOOY 
INLETS . , . 
Whereas the low-fineness ratio radial IRH/ERH shuttlecraft pictured in 

Figure V-5 utilized rounded isentropic-spike center-body inlets, the con
figuration in Figure V-6 is designed around a combination isentropic-spike 
(again doubling as a primary receptive optic) and truncated cone centcr
body inlet. As before, the primary optical surface is mathematically 
generated by rotating a parabola about' an off-center axis which coincides 
with the vehicle centerl inc. Thl! active laser beam contours associ ated 
with various truncations of tha prir.1ary optics (e.g., the "isentropic" 
sp1ke) are 1ndicated in F1gure V-6. u')te that the focus of the parabola is 

just outside the vehicle rim, and that the focused beam is intercep~~~ by 
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secondary optics (located at the rim) just prior to reaching that point. 

Subsequently, the intense beam is proj~cted back across the entire lower 
surface of the vehicle, which acts as an ERH thruster. Note that the 
vehicle afterbody is less foreshortened than that of the shuttlecraft 
pictured in Figure V-So 

The vehicle configuration is particularly suitable for atmospheric 
re-entry, but its low lift/drag (L/D) shape would indicate a limited poten
tial for conventional maneuverability using aerodynamic lift. Although the 
shuttle could generate a small amount of aerodynamiC body lift in the 
lateral flight mode, the ERH propulsive engine is envisioned to provide the 
dominant share of flight-supporting lift. 

In principle, the external expansion surface contour would be set at 

the proper inclination to cause the resultant ERH thrust vector to exactly 
pass through the vehicle center of gravity. With this alignment, no 

unintentional pitch or roll torques would be plac~d u:::~n the vehicle-
regardless of the lateral thrust developed by the ERH engine. Laser 
illumination of tha primary optics \1111 result in electrical air breakdo\"in 

at the vehicle central axis, followed by ignition of LSD waves which will 

"burnll across the ERH thruster surface. (As before, the beam would be shut 
off just before the LSD wave contacts the secondary optics.) Uniform 
illu~ination of the primary optiCS will generate a radially symmetriC 
pattern of hot, high-pressure plasma fingers. These high-pressure regions 
will expand across the entire lower vehicle surface, generating vertical 
thrust. Repetitive pulSing of the beam will levitate the vehicle into the 

air. 
In the VTOL mode, the ERH thruster is likely to generate a great deal 

of acoustic noise, probably sounding much like a ~ammoth loud speaker when 

producing audible frequencies of several hundreds to thousands of Hertz. 
An essentially quiet alternate scheme for VTOL using LSC waves can be 

postulated "l1th the plasma model portrayed in Figure III-7B. Bas'cally, a 
much reducpd level of laser radiation would maintain a continuous lSC wave 
"plasmoid torch II at the very center of the lower vehicle ERH thruster 

surface. Suff.icient therJllal pO\'Ier levels would be injected into this lower 
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surface air volume to maintain an overpressure of 0.01 to 0.1 atmuspheres 
(i.e., 103 to 104 Newtons/m2), easily .sufficient to support these radial 
IRH/ERH shuttlecraft in the hover mode. 

When operating in the ERH thruster mode, unsymmetrical illumination of 
the primary optics will propel the vehicle in a direction opposite to 
that of the illuminated surface, ~nd perpendicular to the laser beam. 
Nonuniform deposition of beam energy (e.g., by varying pulse shape, dura
tion, and energy) during the propagation of the LSD absorption wave can 
cause pitch or roll torques to be placed upon the vehicle, thereby generat
ing flight maneuvera~i1ity and control forces. 

Cooling requirements of the secondary mirrors will be significantly 
more severe than that for primary mirrors, due to higher 'lux loadings on 
these surfaces. Therefore, during lateral flight when only a small portion 
of the entire secondary lens is illuminated, there may be some advantage to 
rotating the rim optics so that the heating load would be more uniformly 
distributed. This may be accomplished by supporting the rim upon a 
separate bearing system and driving it with a small auxiliary engine. In 
reaction, the vehicle centerbody would rotate slowly in the opposite 
direction at a s10wer speed because of its larger aerodynamic drag. As a 
result, a more uniform heating of S1l optical surfaces will occur, thereby_ 
causing lower temperature-gradient-induced stresses, and perhaps permitting 
Simpler, lighter weight optical cooling systems. One additional 
fortuitfous result of spinning the rim optiCS could be the g2neration of a 
strong gyroscopic moment--whic~ could greatly increase the stability of the 
receptive optical platform. 

It should be noted that the vehicle may change its direction of 
lateral flight simply by re-orient~ng the azimuthal placement of the laser 
beam upon the receptive. optics. This will automatical I: vector the propul
sive ERH thrust. Hence, the vehicle need not bank and turn like more con
ventional aircraft which depend on aerodynamic lift to negotiate" turns. 
Such a banking turn maneuver ~ould destroy the critical beam/optic: align
ment of laser-propelled shuttlpcraft. 
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D. ALTERNATE GEOMETRIES FOR RADIAL/ERH THRUSTERS 

Figure V-7A is a bottom view of the vehicle shown in Figure V-6, with 
the ERH thruster operating in the VTOL mode. The illustration captures the 
thrust generation process at the beginning, when laser-induced electrical 
air breakdown is triggered at the vehicle center. (Recall that the 
secondary optics are configured about the rim, and act to reflect radiation 
inward towards the vehicle center.) 

Figure V-7B shows an alternative optics/airframe/engine configuration 
that flashes the collected radiation radially outward below a large annular 
wing--wl'tich acts as the ERH thrust surface. The secondary optics are of 
the grazing-incidence variety and are slightly scallop!d to cause the 
radiation to come to a series of point focli about the rim. This enhances 
the ability of the engine to easily trigger electrical air breakdown at, 
for example, several dozen (ocii. 

E. RAOIAL/ERH CONFIGURATIONS WITH PERIMETER FOCUS 

Figure v-a illustratcs two v~riations in airframe geometry derived for 
the perimeter-focus secondary optics case. The first (Figure V-SA) takes 
on much of the appearance of a dinner plate--with a center cone structure 
which serves as the primary optics and contains the payload. Aerodynamic 
ltft . is generated off a planar surface; this variation is the flatest 
possible airfoil. The second variation, shown in Fig~re V-8S;' has a 
thicker airfoil with a symmetric contour and little camber. Since it has a 
larger cross-sectional volume, it is able to enclose a much larger payload 
within the squashed toroidal volume distributed over the ERH thruster. The 
fatter airfoil permits substantially different aerodynamic characteristics 
from that of the planar airfoil. 

It should be noted here that as the vehicle accelerates laterally from 
subsonic to supersonic flight spp.eds, the center of lift on the airfoil 
moves aft from the 25 percent chord to the 50 percent point--which is 
exactly aligned with the center of gravity for this radially sym1:etric 
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Figure V-7. Alternativ~ Geometries for Radial/ERH Thrusters: 
Central vs. Perimeter Focus (Small vs. Large Wing) 
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Large-Wing Radial/ERH Configuration 
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vehicle. During vertical take-off and landing, the ERH thruster must 
create a vertical thrust distribution ~hich is centered on the SO percent 
pOint. At subsonic lateral speeds, the ERH thruster pressure distribution 
must be altered to complement aerodynamic lift--so that the resultant 
thrust vector always acts at the SO percent chord. 

Portrayed in Figure V-9 are the different incident beam irradiation 
patterns representative of subsonic and supersonic fl ight regimes. In 
subsonic flight (Figure V-9A), the aft ERH thruster surface is activated to 
balance the forward-located aerodynamic lift vector. For example, 
Figure V-10 depicts the lower ERH surface for the Figure V-SB vehicle in 
lateral subsonic flight towards the left hand side of the page. Howeve~, 

in supersonic flight {Figure V-9B} the ERH thruster must be symetrically 
activated about the pitch axis since the aerodynamic lift vector will have 
moved aft to the SO percent chord point. 

Figure V-ll demonstrates the simple process by which pitch and roll of 
this "perimeter-focus" vehicle can be controlled. The incident beam is 

simply directed to fall upon the proper side of the primary optical 
surface--thercby activating that associated portion of the ERH thruster 
surface. For example, to cause the shuttle to pitch down, the laser beam 
is projected upon the most rearward portion of the primary lens--as shown 
in Figure V-llA. 

Figure V-12 illustrates the three basic steps of the lateral ERH pro
pulsion cycle for the Figure V-SA vehicle. The cycle begins \t~th the 
supersonic air being compressed to a higher pressure as it moves across the 
bow shock. Next, the pulsed laser beam uniformly illuminates the receptive 
optics, which in turn flashes power towards the vehicle rim. This injects 
thermal energy into the pre-compressed air underneath the vehicle, and 
heats it to a IJIUch higher pressure and temperature. Next, the high
pressure air expands across the vehicle undersurface as 'shown in 
Figure V-12B. generating thrust. Finally, fresh un-heated air again enters 
the ERH thruster volume. and the cycle is repeated. One final note can be 
made regarding the apparent flight motion of such a shuttlecraft. Oepend-
1 ng upon the pu 1 s 1 ng frequency of propu 1 s 1 ve 1 aser beam {i. e., . ~evera 1 
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Figure V-g. Active ERH Thrust Distribution - Subsonic vs. Supersonic Flight 
(Top View) 
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Figure V-10. Perimeter Focus. Radial/ERH Shuttle in Subsonic 
Translational Flight (Bottom View) 
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A. PITCH DOWN 

I 

B. ROll lEFT 
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Fi gure V-ll. 

~p. Rotl RIGHT 

~:iJ I 

Pitch and Roll Control for Radial/ERH 
(Perlmeter Focus Case - Top View) 
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,,) UNIFORM SHEET DEPOSITION OF PUlSm LASER ENERGY 

B) EXTERNAL now EXPANSION 

Figure V-12. Radial/ERH in Hypersonic Translation Flight 
(Per;met~r Focus, Small Payload Volume) 
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Hertz vs. several hundreds to thousands of Hertz), the apparent motion Gf 
the vehicle might resemble that of a stone skipping over water--when viewed 
from a fixed point of reference. 

F. ALTERtfATE SUPERSONIC ERH PROPULSION MODES FOR RADIAl. SHUTTLE CRAFT WITH 
CENTRAL FOCUS sEcormARY OPTICS 

Figure V-13 shows an alternate approach for supersonic flight propul
sion of a radial vehicle with centrally focused secondary optics, such as 
those portrayed in Figures V-5 or V-6. First note that in Figure V-13, a 
radial shuttlecraft is being viewed from the underneath, and is moving 
towards the left side of the page in a direction lateral to the propulsive 
laser beam. During this ERH propulsive mode, the forward one-third of the 
primary optics is being illuminated by the remote laser beam, which there
fore activates the forward 1200 wedge of the rim-located secondary optics. 

At the very beginning of this ERH thruster cycle, laser-induced 
breakdown is triggered at the central focal point. Next a large, nearly 
2-0 LSD wave races up the laser beam, its supersonic velocity slowing as 
the beam intensity drops upon the absorption wave. At some point, the 
velocity of advance for the LSD wave exactly equals the flight velocity of 
the vehicle--and the cresent-shaped absorption wave finally reaches a 
stationary position relative to the vehicle. The optical configuration 

.. produces a stan~ing absorption wave with natural stability in th.c· super
sonic airstream. (The position of the secondary optics must be adjusted so 
that this LSD wave is completely outside the vehicle boundary layer.) Thus 
it may be possible to propel the shuttlecraft in an ERH thruster mode using 
a continuous, as opposed to a repetitively pulsed, laser beam. 

Finally, it should be noted that much could be learned about the 
prospects for such RP and CW ERH thrusters from a thorough examination of 
current research on supersoni c cherni ca 1 "exti!rna 1 burni ng" propul sion con
cepts. For example, as a result of this research it is known that 
thruster coupl ing (i.e., Newtonlt~) and conversion efficiency (i.e., ratio 
of thermal-energy input to thruster-power output) can be rnaxi~ized by 
insuring that: a) the "burning" process occurs completely outside of the 
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boundary layer, b} the total t!1ruster area is made as large as practical, 
and c) the ratio of heat input per unit thruster surface area (i.e., MW/M2) 
is minimized. 

G. ROTARY IRH PULSEJETS - REFLECTING PRIMARY OPTICS 

This section explores the prospects for radial shuttlecraft which use 
rotary IRH thrusters to accomplish high lateral accelerations from a stand
ing start or hover. 

The concept for a rotary air-breathing pulsejet engine i5 introduced 
in Figure V-14. In horizontal flight, the propulsive engine operates in a 
pulsed fashion made quasi-steady by rotating a set of propulsion units. 
The rotating cascade of pulsejets operates in a manner similar to a gatling 
gun. Changes in lateral flight direction are simply accomplished by 
advancing or retarding the radiat~on-induced spark, which results in an 
immediate thrust-vectoring of engine exhaust gases. Gyroscopic stabiliza
tion of receptive optics (which are rigidly attached to the vehicle) 
pennits accurate "lock-on" al fgnments wi'ch the rel:'lote beam. The overall 
optics/airfra~e/engine design allows radical changes in lateral 'flight 
direction with perfect beam alignment. 

The rotary pulsejet engine in Figure V-14 is comprised of 12 separate 
propulsive units which rotate either on their 0 ... ," bearing system. (i .e., 
1ndependen't' of the rest of the vehicle), or as an intimate part ·of the 
entire craft. In the latter case, a central payload volume would be 
mounted on a separate bearing system, isolated from the vehicle rotation. 
As indicated in Figure V-14, each propulsion tube is sequentially energized 
with a pulse of beamed radiation as it rotates clockwise into the aft-most 
position; here, the high-velocity exhaust gases are ejected exactly 
oppOSite to the direction of flight. 

The rotary pulsejet engine cycle is displayed 1n Figure V-1S. The 
cycle begins as fresh air is taken into a thruster tube as it rotates from 
the 10:00 to 2:00 position (Figure V-1SA). (Note that the 12:00 position 
in Figure V-1S is directly into the i"elative wind.) At the 5:00 pos,1tion, 
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a pulse of radiation is projected into the tube through a high-power 
optical window located near the closed ~nd. As in~icated in Figure V-15C, 
the radiation reflects off the primary optics and comes to a. focus at the 
nozzle throat (i.e., m1nli::.!111 cross-section of the tube) where electrical 

air breakdown occurs and a LSD wave is ignited. Figure V-1SC ~hows the LSD 
wave racing up the beam and processing all the enclosed air to a high 
ten.perature and pressure. Just before it contacts the primary optics, the 
beam is shut off and the LSD wave deteriorates to a very strong blast wave. 
Subsequently, the wave reflects off the closed end of the tube and expels 
all the high-~.essure engine air (acting very much like a piston), thereby 
generating thrust. 

The principal advantage to the rotary pulsejet propul sion system 15 

that it is able to generate high levels of lateral thrust at zero forwrd 

velocity. The engine thrust vector is aligned horizontally in the intended 
direction of acceleration. The·configuration should exhibit excellent per
formance in accelerating rapidly to supersonic horizontal flight speeds. 

Once the vehicle attains supersonic lateral flight speeds, the rotary 
pulsejet engine cycle takes on many of the characteristics of a conven
tional 4-cycle Wankel internal combustion engine. Fresh air is taken into 

each tube f'om 10:00 to 2:00; supersonic compression peaks at 12:00; "igni
tion" occurs at 5:00; and finally, exhaust at 6:00. Each propulsion tube 

completes all four events within one 360 degree rotation of the vehicle. 
~~ . Alternate Rotary Engine Concepts 

Other varieties of rotary laser propulsion engines can be pro
posed for use with conventional turbomachinery: e.g., laser-heated turbo
jets. One might expect that the performance, in general. would suffer from 
a reduction of peak "combustion" temperatures as limited by even advanced 

turbine materials. However, the candidate engine/vehicle configurations 
proposed here might eliminate this rest,:1ction (in great measure) through 

the use of large reger.eratively cooled turbine blades. 
One possible 

portrayed in Figure V-16. 
(previously introduced in 

laser-heated turbojet configuration is 
It is designed around the aerowindow concept 

Figure III-12B) which uses a large Single-stage 
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Figure V-16. laser-Heated Turbojet Engine wlth Centrlfugal Compressor 
and "Rlm" Turblne (Subsonic VTOl Configuration) .. 
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.centrifuga1 compressor. As aescr1bed earlier, the upper surface of the 
centrifugal compressor (between the impeller blades) acts as a focusing 

primary reflecting lens to project the laser beam downstream into the "com-

bustion ll chamber. Since the beam is constrained to enter the engine 

through the compres~or fnlet, the use of an "inducer" section (which would 

more efficiently bring the flow into the compressor) is precluded. Hence, 

the compressor pressure ratio would be less than the 3:1 to 4:1 optimum 

value, unless the beam could be brought into the engine at a greater engine 

radius--perhaps through a material window in the compressor housing (f.e., 

the vehicle external skin). 

In either case, the primary optics would bring the laser beam to 

a line focus in the "combustor ll section, and a standing LSC-wave (or 

rapidly-pulsed LSD-~ave) would be maintained in the subsonic pressurized 
air just downstream of the vaneless diffuser section, as shown in 

Figure V-16. As indicated, a set of turbine blades would be rigidly 

attached to the vehicle perimeter, thereby applying torque to the com
pressor by spinning the entire shuttlecraft. 

By extending clamshell thrust-deflector "doors", as shown in 

Figure V-16 t the laser-heated turbojet could be given VTOL capability. 

However, several catastrophic problems arise when one tries to provide the 

vehicle with lateral flight capabil ity. Most serious is the compressor 

stall problem which would be caused by the extreme alignment angles of the 

on~qming atrstream to the intake housing. Normally, the airstream would 

enter the intake at a relative angle aligned as close as possible to t~e 

turbor:tachine axis of rotation. The second problem relates to the produc
tion of lateral thrust. The only apparant means is to assymetrical1y 

illuminate the laser-heated "combustor" section. This would lead to a 

corr.p1icated gasdynarnic flow situation that could greatly alter the flow 

stability through all upstrerum components--part1cu'~~ly within the. diffuser 

and compressor sections. FUl'thermore, it is not 1rr.mediatley evident that 
this approach ,could successfully generate a net lateral thrustar vector. 

Hence this approach, although perhaps interesting, sliould be considered 

unpromising. 
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A highly promising approach can be described as follows. let us 
assume that the radial shuttlecraft i!1 Figure V-14 is equipped with an 
auxiliary airbreathing chemical-fueled gas generator (f.e., a turbc
compressor) which is able to deliver II cool 'I (compressor-bleed) air·at tens 
of atmospheres pressure to the propulsion tubes. With this new engine 
concept, the remote laser beam (lOX to lOOX more powerful than the 
auxiliary engine) would be dumped into the propulsion tubes--usinq them 
like II after-burners II (either CW or RP). This could be an exceedingly 
powerful laser-heated turbojet engine. 

2. VTOL Propulsion of Rotary Pulsejet Shuttles 
Clearly, if each propulsion tube of the radial IRH shuttle 

pictured in Figure V-l4 were to be fitted with an extendable clamshell 
door, the high-velocity gases (ejected by the laser-heaf;ed "after-burner") 
could successfully levitate the vehicle--giving it VTOL capability. 

However, a significantly more elegant approach would be to inte
grate an ERH thruster with the lO\'1er vehicle centerbody surface, as shown 
in Figure V-17. ERH thruster would operate exactly as described previously 
for the delta shuttlecraft vehicle in Chapter IV. That is, a series of 
portholes or slits would be opened in the primary optics to allow projec
tion of very intense beams of concentra~_e~ radiation from a series of 
retractable secondary optics, which are deployed during VTOL operation. 

Several minor variations in the optical train configuration are 
possible. First. the pri~ary optical surface can be an exact parabola of 
revolution which ~ould project towards a ~ focus and require the use of 
cylindrical secondary optics. For this alternative, the focal region is 
actually a point centered at the· vehicle centerline--permitted by an 
azimuthal curvature of the secondary optics. This approach requires a slit 
opening in the primary optical surface to allow passage of the beam to the 
ERH thruster. The second approach is to slightly scallop the primary 
optics as shown for the vehicle in Figure V-14. This brings the radiation 
to a point focus near the nozzle throat of each propulsion tube. Hence a 
set of spherical-contoured secondary optics would be used for this 
approach, and round portholes would permit radiation to be beamed to the 
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ERH thruster. This alternative results in thc= creation of a set of hot, 

high-pressure plasma "fingers" that are. generated ac1"OSS the ERH thruster 

surface. 
Several additional comments should be made about the radial 

optics/airframe/engine configuration presented in Figure V-17, before 

moving on. Note that the high-power optical window lies in a single plane. 

Thi'j configuration is suggested as a potential va1"iation-on-a-theme, even 

though it may not be optimum for a light beam to enter the HEL window at 

normal incidence--because of losses due to reflected radiation. As shown 

in Figure V-18, theory suggests that with plane polarized light, the 

highest transmittance (and hence the lowest reflectance) can be obtained by 

setting the window at the Brewste1" angle (-550 ). 

Fi na lly, we note that a rota1"Y pu 1 sejet may be furnished wi th 

pitch and 1"011 maneuverabilty by two distinctively different approaches. 
Fo1" example, unsymmetric irradiation of the ERH thruster surface can giVe 
rise to pitch and 1"011 forces as shown in Figure V-g. The alternative is 

to use a variable· geometry exit nozzle on certain rotary pulsejet con

figurations (e.g •• most easily obtained with an expansion-deflection nozzle 

type). 01" through the use of retractable clamshell doors as shown in 
Figure V-1S. With this approach, the high-velocity exhaust gases are 

non-symmetrically deflected downward. thereby producing a torque on the 

vehicle. (For that moment. of course. the exhaust thrust vector does not 

pass through the vehicle center-of-gravity.) The proper rotary pulsejet 

thrust tubes would be energized just as they arrive at the location 
required to exert the proper torque. In summary, either of the above two 

measures could conceptually generate adequate flight control and maneuver

ing forces. Finally it should be noted that torques exerted on vehicles 

with a large gyroscopic moment will cause a natural precess in a plane 900 

off axis from that of the applied torque. 
3. General Comments on rRH Rotary Pulsejet Exhaust Nozzles 

There are any number of rim nozzle designs which can be proposed . 
for rotary pulsejets: a) sonic nozzles which terminate at the minimum 

cross-sectional flow area (as shown in Figure V-14), b} conventional 
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converging-diverging IIBell-type" Delaval nozzles which further accelerate 
sonic II throat II gases to supersoni~ velocities (see Figure V-17) , 

c) expansion/deflection supersonic nozzles, d) IIplug"-type supersonic 

nozzles, and e) "grid ll supersonic nozzles. Each rim nozzle design 

configuration will, of course, affect the aerodynamics of the vehicle. 

Furthermore, it should be noted that the exhaust nozzle becomes an inlet 

with another 1800 rotation of the vehicle. 
Finally we note that additional gains in performance of the 

rotary pulsejet engine might be secured by incorporating nozzle~ with 

variable exit area. Such a feature may greatly improve flight performance 

at supersonic speeds, and will certainly be required if the engine is to 

operate on several propellants: e.g., air or H2(rocket mode). 

H. ROTARY IRH PULSEJETS - FRESNEL PRIMARY OPTICS 

This section reviews other variations of rotary pulsejet shutt1ecraft 

which incorporate Fresnel lenses for primary optics, and ERH thnJsters or 

IRH-llafterburning" thrusters for VTOL. Although both reflecting ,and 

refracting configurations can be envisioned (see Figure V-19), this study 

will concentrate on possibilities for refracting varieties. 

Figure V-20 portrays a radial shuttlecraft with a "3-0" primary 

fresnel lens, based upon the 2-D delta shuttle shown earlier in 

Figure IV-3B. The_ re~ract1ng Fresnel lens simultaneously acts as, an HEL 
'optical wi rid 0\" , high-pressure enclosure (for the IRH rotary pulsejet mode 

in Figure V-21), and the aerodynali1ic skin. This vehicle incorporates two 

sets of secondary opt i cs: one wh i ch 4 s engaged for the rotary pu 1 sejet 

mode in lateral flight (SOUl); the other in VTOL (SOI2). The SOD1 optics 

are firmly attached to a central piston-actuated "foot" (looking much like 

a toad-stool stem), which drops down in preparation for a vertical landing 

with ERH thrusters. This process automatically disengages SOil,' allowing 
50HZ to be rotated into pOSition for reflecting the high-intensity beam 
towards the vehicle rim. (The vehicle under-surface rim is used as an ERH 
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Figure V-19. Integration of Laser Power Into Rotary Pulsejets 
With Fresnc' OptiCS (Cross-Sectional View, ERH Thruster Mode) 
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Figure V-20. Rotary IRH P',l sejet \·dth Supersonic De Laval Nozzle 
(VTOL I-lode with ERH Thrusters) 
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thruster.) Finally, note that the Figure V-20 vehicle has a conventional 

supersonic type of nozzle on the pulseje~ propulsion tubes. 
The vehicle "support stemll may also be designed to serve as a landing 

gear and entrance into the payload area. In addition, by a hydraulic 
piston action it could elevate the ERH thruster surfaces to a sufficient 
height above the ground prior to takeoff--in order to minimize injestion 

and recirculation of dust contaminants. Also, the stem could be easily 
isolated from the rotary motion of the vehicle. Th~s would permit spinup 
and (de-spin) of the rotary pulsejet chambers while the vehicle is resting 

on the ground--a possible advantage for vertical takeoff (and landing) 
operations. 

Figure V-2l is a variation of the Figure V-20 cnncept, shown in 

lateral flight towards the left side of the page. The conventional Delaval 
nozzle of the rotary pulsejet engine is replaced with an expansion
deflection nozzle, thereby chan;ing the appearance of the vehicle to 
resemble a "squashed" planet Saturn. As shown, the primary optic focuses 
the incident beam to a higher intensity upon the secondary optics (SO§l in 

Figure V-20) , which in turn causes the beam to focus at the geometric 
center of the pulsajet propulsion tube--thereby triggering air breakdown 

and the initiation of the IRH thruster cycle. An ERH thruster for VTOl 
could be integrated with either the central lower-surface area, or the 
circumferential ring/nozzle. This pulseJet configuration has one addi
tional unique feature; 'When the expansion-deflection nozzle is rotated 
1800 to the Ilintake" position, the specific inlet geometry can serve' as an 

efficient induction system for supersonic flight; the bow shock can be made 
to attach to the lower lip of the pulsejet chambers. 

Figure V-22 portrays another rotary pulsejet configuration which 
incorporates a flat Fresnel primary lens and a supersonic Ilgrid" nozzle. 

This shuttle concept takes an the appearance of a thick coin (or perhaas a 
short column section of a Greek temple). The vehicle is shown in high
speed flight towards the right side of the page. Hote that the shutt1e
craft has 12 pu1sejet chambers arranged in pie-shaped fashion, and that the 
exhaust gases are rapidly expanded through a IIgrid" nozzle. (Grid nozz1es 
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Figure V-21. Rotary IRH Pulsejet with Expansion/Deflection Nozzle 
(Translation Flight Mode) 
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A) TOP VIEW: (FRESNEL LfNS REMOVED FROI1 LEFT SIDE FOR CLARITY) 
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Figure V-22. Rotary IRH Pulsejet \'1ith Supersonic Grid Nozzle 
(Lateral Translatl0n Flight Mode) 
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have been applied in current high-power chemical lasers to expand high
pressure flows to large supersonic yelocities across unusually short 
nozzles.) The 2-0 grid nozzle can be used to vector exhaust flow simply by 
turning the vanes uniformly in a clockwise or counter-clockwise direction 
(as viewed from the top); this creates a turbine wheel effect, and imparts 
a rotary motion to the entire vehicle. 

Figure V-23 shows this shuttle in VTOL mode, with the grid nozzle 
rotated to the fully closed position; also, separate IRH engine exhaust 
valves (one per pulsejet chamber) are simultaneously opened in the lower 
surface of the vehicle. As described earlier, an auxiliary chemical-fueled 
turbo compressor would deliver high-pressure cold air to the IRH thruster 
tubes. To develop VTOL thrust, the remote beam (lOX to lOOX more powerful 
than the auxiliary engine) would superheat this cold air. using tne IRH 
chambers as "afterburners." (Alternately, an additional set of secondary 
optics could enable the lower shuttle surface to be used as an ERH 
thruster. 

I. DRAG REDUCTION MODE FOR ROTARY IRH PULSEJETS 

Certain rotary pulsejet configurations, such as that shown in 
Figure V-24.may be able to utilize a unique mechanism for reducing drag at 
.high supersonic to hypersonic velocities. One ideal appl ication of this 
mechanism might be during a boost to planetary orbit when it would be pre-. . 
ferable for a 55TO shuttlecraft to leave the sensible atmosphere much 
beyond 4 km/sec, in order to avoid excessive aerodynamic drag and heating. 
In this mode, it may be necessary to substitute internal liquid hydrogen 
propellant for air as the working fluid (i.e •• reaction mass)--thereby con
verting the propulsion system into a rotary IRH rocket. 

The detai 1 s of th i S drag reduct i on scheme are 
Figure V-2S. With the pulsejet variable area nOl es in 

portrayed in 
the partially 

closed pOSition, a set of secondary optics can be engaged (see Figure V-26) 
to project very thin and wide, high-intensity beams laterally out any 
pulsejet chamber. If, for example, a single-pulsed beam is projected 
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Figure V-23. Rotary Pul sejet Engine with Grid Nozzl!: - VTOL Fl ight liode: 
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Figure V-2S. Drag Reduction Scheme 
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forward in the direction of flight (Figure V-25A), then the beam will come 
to focus at some distance in front o.f the vehicle, trigger electrical 
breakdown. and ignite an LSD wave. Subsequently, the LSD wave will 
propagate rapidly back to the vehicle, and process all the air along its 
path into a hot, high temperature plasma. (Immediatley before the LSD wave 
enters the pulsejet nozzle, the laser pulse will be terminated.) 

As the high-pressure plasma sheet begins to relax to ambient pressure. 
planar shock waves are driven off in both directions transverse to the 
vehicle flight path (Figure V-25B). The net result is that the forward 
projected beam effectively "pries open" the atmosphere and provides a lower 
density flight environment for the vehicle. With proper timing, the 
vehicle slips into this lower density air before the plasma temperature 
cools (see Figure V-25C), the "air pocket" pressu~e drops and high density 
surrounding air reclaims the temporary void. Hence, at hypersonic speeds, 
the vehicle may communicate its approach to the atmosphere by maintaining a 
detached shock at some distance in advance of the leading edge. The 
expanding plasma will do the work of pushing the atmosphere out of the way 
and thereby suppresses the formation of a strong bow shock and the asso
ci ated \1a ve drag. 

On the back side of the rotary engine, the reverse process is carried 
out to preclude a turbulent collapse of the atmosphere. Unlike the front 
side, the LSD wave is allowed to propagate into the pulsejet chamber and 
hea.t the hydrogen g.as be.fore the laser pulse is terminated. The. high-

'pressure gases are then expelled from the chamber with great force, and 
thereby propel the vehicle forward until the next pulsejet chamber rotates 
into proper lIignition" position (Figure V-25D). By this process, a smooth 
quasi-laminar flow may be provided about the vehicle. given the expenditure 
of so~e laser energy. 
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J. SPHERICAL ROTARY IRH PUlSEJET CONFIGURATION 

This section presents a whimsical point of departure from the compact, 
heavier-than-air design philosophy of rotary pulsejet configurations pre
sented previously. Figure V-27 portrays the concept of a spherical laser
propelled vehicle which could "float," neutrally-buoyant in dense, low 
alt~tude planetary atmospheres. The intent of this approach is to mini~ize 
laser energy expenditure required in exploring a planet from aerial 
platforms. 

The primary structure of this lase~-propelled rigid airship would be a 
lightweight geodesic truss framework into which numerous refracting primary 
lenses and IRH pulsejet chambers would be mounted. About two-thirds of the 

• 
exterior spherical surface would be covered with pulsejets, the rest with 
primary receptive optics. As shown in Figure V-27, th~ payload would be 
located in the upper one-third of the sphere, arranged in a toroidal-shaped 
volume that is clearly out of the internal laser beam path. The sphere 
would be filled with helium; the exterior skin would serve as the vehicles 
"gas bag." 

The primary receptive optics could be of the Fresnel variety. How
ever, conSidering the long focal path to the small secondary optics 
(located at the geometric center of the vehicle) "simple" 3-D refracting 
varieties might also be used. (The inspiration for this "compound" primary 
lens c~ncept comes from the structure of an insect eye--pictured in 
Figure V-2a.) Incident laser intensities would be low enough to permit the 
use of lightweight plastiC film mater1als--with the appropriate laser 
wavelengths. The compound primary lens would be sufficiently versatile to 
receive any orbital beam with a zenith angle of =30 degrees (i.e., 
measured from a line perpendicular to the planetary surface. 

As indicated in Figure V-27, the configuration of individual pulsejet 
engines is incredibly simple. essentially taking a paraboloid-of-evolution 
geometry introduced earlier in Figure 111-10. The major difference is. of 
course. that the laser t..:.1111 enters the pulsejet chamber from the "upstream" 
end, througn a lightweight refracting "tertiary" Fresnel lens--\yhich is of 
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Figure V-28. Structure of insect eye determines how much detail the 
eye is capable of seeing. Each ommatidium has a cornea 
that also serves as a lens focusing light through a 
transparent cone onto a light-sensitive element: the', 
rhabdom. The interommatidial angle 1S the angle between 
the optical axes of the adjacent ommatidia. The field 
of view of each of the ommatidia is defined as the 
angle subtended where the sensitivity has fallen to 
50 percent of its maximum value. (From SClentific American) 
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integral construction with the pressure chamber itself. Individual pu1se
jet engines would operate with a very. low duty cycle (made possible by 
their great number) so that they may be cooled radiative1y. Thrust is 

generated by laser-induced gas-breakdown and the formation of a radiation
driven detonation wave, which ejects all the air residing in a pulsejet 

chamber. 
One could imagine that the secondary reflective IIbeam-distributionll 

optics might be articulated much like an IBM typewriter ball. A continuous 

train of laser pulses would be concentrated upon the multi-faceted 
secondary optics, which in turn, would reflect the beam sequentially at a 
high rate to a great number of pulsejets. As the vehicle slowly rotates, 
all the cold thruster tubes can be accessed. (Rotary pulsejets located 
about the sphere I s equator could be fitted with adjustable-pitch turbine 
blades to impart a rotary motion to the vehicle.) The shuttle could 
thereby be propelled in any desired direction, either lateral or vertical, 
simply by activating the appropriate pu1sejets. 

..... .. ...... " . 
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CHAPTER VI 
AIR-BREATHING LASER-ELECTRIC PROPULSION OF RADIAL SHUTTLECRAFT 

This chapter introduces two concepts for air-breathing laser-electric 
propulsion Qf radial shuttlecraft. The first concept requires 
repetitively pulsed (RP) laser radiation to drive an RP "MHO-fanjet" with 
variable intake diameter. The second utilizes continuous wave (CW) laser 
radiation to drive a quasi-steady "MHO-fanjet ll accelerator with fixed inlet 
diameter • 

• A. PRINCIPAL ELEMENTS OF MHO-FANJET ENGIt.E 

Principal elements of the MHO-fanjet engine are schematically 
illustrated in Figure VI-l. Basically, the engine produces thrust by 
facilitating momentum exchange with the atmosphere; i.e., mechanical energy 
is transferred from IRH rocket exhaust gases to the air inducted through an 
annular MHO-fan component. As shown in Figure VI-l, incident laser power 
is first received through high-p01.-ier optical windows "0", then concentrated 
within laser-heated rocket burners "HII by reflective primary mirrors. The 
laser energy is absorbed by a high-pressure gaseous working fluid (e.g., H2 
fed from internal tanks) which subsequently expands to a high vefoc'ity. 
The partially ionized, high-pressure gases drive MHO generators liT" into 
action, which in turn produces electric power to excite the MHO-fan "F". 
'The annular' fanjet developes thrust by propelling an electromagnetic 
lIactuator disk" into the annular accelerator volume. A supersonic diffuser 
section nOsl1 for MHO fan afr is provided by the entire vehicle forebody. 
It is useful to note that HHO generator gas conductivity t pressure and 
temperature can be held constant and independent of flight Mach number, 
since it is fed with internal propellants. 
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Figure "1-1. Principal Elements of HHD-Fanjet Engine 
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B. BRIEF INTROOUCTION TO MHO-FANJET PHYSICS 

Basically, the MHO fanjet engine uses Lorentz forces to couple 
reaction thrust from an accelerating electric-arc "actuator-disk" to the 
vehicle, i.e., 

Fm' j X B • (::2:2)(r~) (1) 

where j is the electric current density within the actuator disk, ~ is the 

actuator disk thickness, Po is the penneabi1 fty of free space, B is the 
strength of the self-induced magnetic field. and Fm is the electromagnetic 

body force on the annular MHO fan actuator disk at the radius "r". Note 
that since the body force is a function of 1/r2. the slipstream air closest 

to the vehicle will !le accelerated with the greatest force--a condition 

necessary for minimization of the wave drag created at supersonic ,flight 

speeds. 

Figure VI-2 displays the basic thermodynamic cycle of the MHO fanjet 

which is similar to that of a conventional air-turborocket (see curve "b"). 

The incorporation of an MHO generator instead of a turbine makes it 
possible to use a rocket-type gas generator that delivers gas at a signifi

cantly higher initial energy than that envisioned for turborockets (which 
'would use conventional turbines); this permits a higher util hation of 

internally stored propellant. Hence. substantially improved levels of 

thrust and specific impulse (e.g.. 10.000 seconds) may be attained. As 

indicated in Figure VI-2, a small mass flow of primary IRH rocket fluid mp 

(hydrogen) experiences a great reduction in enthalphy Ahp which is then 

transferred to the much larger mass flow rate of secondary MHO-fan air ms 

(i.e., greater by a factor of 100 or more).--thereby raising the fan air 

enthalpy by a small about Ahs • such that mp Ahp .. ms Ahs • The' result 
is a great reduction in stagnation pr~ssure of rocket exhaust gases and a 

small increase in stagnation pressure of fan air during the electrical 
energy transfer process. 

VI-3 
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ENTROPY 

CONOITION IN HYBRIO 
ENGINE AFTER HIXtrlG 
OF PRIIt!\.~Y AND 
SECONDARY FLUIDS 

Figure VI-2. Hollier Diagram for MHO-Fanjet 
(From Reference 7) 
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The overall laset'-power-to-thrust-power conversion efficiency no for 
the MHO fanjet is equal to the produc~ of the efficiencies of each com
ponent, i.e., 

(2) 

• (.92) (.51) (.90) (.95) • 40~ 

where AD, MG, and FAN refer to the actuator disk, XMHO generator, and MHO
fan; npE is the propulsive efficiency of the engine. Typical efficiencies 
for each component are listed below Equation VI-2; all together, they indi
cate an overall efficiency of 40 percent. It is assumed that 8 percent of 
the laser pulse energy is required to create the actuator disk in the first 
pace, so nAC is set to 92 percent. The XMHO generators are assumed to be 
51 percent efficient. The choice of efficiencies for the rest of the 
components is justified below. 

The MHO-fan may be likened to a propeller or rotor which is designed 
for optimum efficiency of operation in the rarefied upper atmosphere at 
supersonic to hypersonic Mach numbers. The basic propulsion principle has 
been demonstrated with MHO-augmented shock tunnels l -4 which have shown that 
it is feasible to add significant enthalphy to hypersonic flow directly. 
MHO-augmentation enables most of the input electric energy to be added as 
direct kinetic energy rath~r than thermal energy. such as by arc heating. 

, , , 

Subsequently, the resulting gas stream is at a higher total r:ressure than 
would have resulted from other methods--which normally convert much of this 
available electric energy into chemical dissociation of the moving air 
stream. Such hypersonic wind tunnels have demonstrated electrical 
efficiencies with air up to 90 percent. 

The theoretical maximum efficiencies attainable by the MHO-fanjet 
itself may be assessed by the use of simple Rankine-Froude"momentum 
theory.S Basically. this theory assumes that the fan disk may be physi
cally replaced by an lIactuator diskll having an infinite number of blades 

VI-S 
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and able to create uniform change in velocity of the air stream flowing 
through the disk. The thrust acting on ~he disk is then given by. 

F a m ~~ • A p (V + ~V/2) ~V. (3) 

where A is the disk area. p is the density of the airstream, V is the speed 
of advance, and ~V is the induced velocity change. The average change in 
pressure over the disk 1s often referred to as the disk loading. and is 
equal to FlA. 

The ideal propulsive efficiency of the MHO fanjet is a measure of how 
efficiently the engine propulsive energy i.s used; it is calculated by com
paring the thrust power output to the power input. The useful thrust power 
output is simply the thrust multipl ied by the velocity of advance of the 
actuator disk, i.e., F V. The power input to the actuator disk i:) the 
thrust produced by the pressure of the air on the disk multiplied by the 
airflow velocity through the disk. i.e., F(V + ~V/2). The ideal propulsive 
efficiency, npE is then given by 

Useful Thrust Power FV 
npE = Available Propulslve Power = F(V+~V/2) (4) 

The coupling coefficient of an actuator disk is equal to the ratio of 
thrust to avai~~ble propulsive power, and in equation form appears as 

(5) 

where C is the coupling coefficient in dynes/Watt and V is measured in m/s. 
Equation 5 is plotted in Figure vI-3 as a function of flight velocity V, 
assuming (for example) that the induced velocity change ~V is equal to 
10 percent of V. (This condition would result in an iaeal propulsive effi
ciency of 95 percent.) 

In order to secure high propulsive efficiencies and good coupling 
coefficients IJver a great range of supersonic fl ight speeds. the MHO-fan 
must be able to vary its actuator di~k diameter, pulse repetition 
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Figure VI-3. Coupling Coefficient vs. Velocity of Advance 
for Air Breathing Engines 
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frequency, and disk loading. The MHO-fan electric load will change signi

ficantly with actuator disk diameter af!d flight velocity. Therefore, the 

gas state conditions (i.e., pressure, temperature, PRF, etc.) delivered by 

the IRH plasma generator to the XMHo generator must be varied also. Hence, 

XMHD generator output would be changed in accordance with a precise 

"acceleration schedule" similar in concept to that used in present day 

turbojet engines to prevent "flameout" when the power loading is changed 

drastically. Such precise operations must be computer controlled and moni

tored because of the numerous variables involved. 

Coupling coefficient vs. the velocity-of-advance for the complete 

range of air-breathing propulsive engines (including aerodynamic lifting 

surfaces, which can be interpreted in the light of air-breathing thrust

augmentation devices) is portrayed in Figure VI-l. Since coupling 

coefficients antiCipated for the MHO Fanjet are in the range of 

30-Z80 d/we' they fall into the regime just below turbofans and turbojets. 

Shown in Figure VI-4 are the coupling coefficients vs. disk loading for 

these same airbreathing engines. It is interesting to note that the MHo

fanjet creates an entirely new class of its own--with coupling coefficients 

less than turbojets, but disk loadings more typical of large helicopters 

rotors (e.g., 1 to 50 Ibs/ftZ at altitudes of 16 km and higher). 

c. REPETITIVELY-PULSED IIMHO-FANJET" CONCEPT 

Figure VI-5 shows a cutaway view of an RP MHo-fanjet-propelled 

shuttlecraft. Relatively minor revisions to the basic rotary pulsejet 

geometry are required to incorporate the RP MHO-fanjet engine as shown in 

the cutaway view, Figure VI-So First, the 2-D exhaust nozzles from the IRH 

plasma generators must be provided with a mechanism to vary the minimum 

cr~ss-section IIthroat" area and nOlzle exp~nsion ratio--in order to operate 

successfully with both air and hydrogen working fluids. Secondly, the 

nOlzles must also serve as RP MHO generator ducts--complete with wall 

electrodes, wall insulators, and strong magnetic field coils (e.g., 2 to 10 

Tesla) which can be energized on demand, as shown in Figure VI-7. _ (An 
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Figure VI-7. MHO Radiation-to-Electric Power Conversion 
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analysis of this device may be found in Append~x B.) Third, the vehicle 
structure must be modified to incorp~rate telescoping "fanll electrodes 
(which might also be superconducting). Fourth, a small rim portion of the 

vehicle undersurface must also serve as an al,ode electrode for the MHO
fan accelerator. Finally, as shown in Figure VI-6, the lower interior 
surface of the radiation superheater walls (i.e., downstream of the primary 
optics and upstream of the nozzle throat) becomes a grazing incidence 
secondary optic. 

In the air-breathing rotary pulsejet mode, the variable area nozzle is 
in the wide open position; the primary opitic brings the beam to a line 

focus midway between the throat section. ~hen this nozzle is slightly 
closed in preparation for the MHO-fanjet prupulsion mode (which .-equires 
hydrogen propellant instead of air in the radiation superheater). the 
secondary optic is automatically engaged. As a result, the incident beam 
no longer comes to a line focus at'the nozzle throat, but is re-projected 
by the secondary optics to focus at the outer ends of the transmission 

lines. The high-intensity focused radiation causes the air to electrically 
break down along the entire perimeter of the MHO fan. This triggers the 
initiation of the MHO-fan propulsion cycle shown in Figure VI-8, and 
described below. 

At the beginning of each laser pulse, then, laser-induced air break

down is triggered at the endpOints of the transmission lines, bathing them 
in a dense non-equilibrium ionized plasma. As this plasma toroid expands 

~o mak~ sol~d e]ectr;c contact with the ends of the transmission lines, it 
acts as a large surface-area annular, gaseous-cathode electrode for the 
MHO-fan as portrayed in Figure VI-SA. By this mechanism, the effective 
electrode area is increased by several orders of magnitude over that repre

sented by the hollow cathodes themselves, which are located at the 
endpoints of all transmission lines. 

Following laser-induced air-breakdown, LSD waves are ignited at this 
MHO-fan Slipstream tube perimeter and propagate inward at a high 'velocity 
1~ the raref1eld upper altitude air. As pictured in Figure VI-8A. the 
propagating LSD waves slice a high-conductivity plasma disk through the 
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A) PRE?AP.ATlO:1 OF AIR-k'ORKWG-rU:ID FOR EFFICIE:/T ;'HD ACCElfit;T10:1: 

HIGH COill')UCTIVITY PLASi':A ACTUATOR DISK 

I:ICREASED EFFECTIVE CATHODE 
,. • AREA FROM AIR BREA7DOI~1 

.~ r~ ..... ' i . 
Y//I'/ - -.--- -==-:--~rlt-n"'''''''4''UV''';'u..1'''''''_ ,.. SIfO., 

r C~ Ir'A"C 

EXPLOSIVELY DRIVE:l i'lHD GE:IERATOR 

C) MHD ACCELERATIml OF ACTUATOR DISK BY ACTION OF SELF-tAAGNETIC FIELDS: 

SHOCK IIA"C ELECTRIC POWER PULSE 
MHD GENERATOR PLASM EXHAUST 

Figure VI-B. ~tHD-Fanjet Thrust Cycle 
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neutral MHO ... fan airflow and thereby prepare the disk for electromagnetic 
acceleration. As the LSD waves arrive ~ithin the MHO generator ducts. they 
reflect off the secondary optics and propagate into the ILH combustion 
chambers. LSD wave heating of the injected HZ propellant then produces a 
high temperature and pressure (e.g.. 140 atmospheres) non-equifibrium 
ionized plasma. which then explosively drives the MHO generator into opera
tion as the plasma expands down the duct. As illustrated in Figure VI-SS. 
the resultant high-power. short-duration electrical burst is then short
circuited through the high-conductivity "actuator disk." 

As shown in Figure VI-SC, MHO acceleration of the high-conductivity 
actuator disk occurs by the action of self-magnetic field "Lorentz" forces. 
Following the transient startup process of the HHO generator. the initial 
MHO-fan electric current (arc) intensifies through the minimum inductance 
pOSition predetermined by the laser-induced air-breakdown. Electrons are 
extracted from the cathode electron plasma, fl11 through the cathode-anode 
voltage drop and finally thermalize on the anoce electrode. The electrical 
conductivity of the disk is expected to improve as the arc moves from an 
initial non-equilibrium ionized condition into a final thermal fzed phase 
when the current intensifies to its peak value. As the disk is 
accelerated. it entrains mass fn "snow-plow" fashion ahead of the advancing 
current sheet. 

Note that each cathode electrcde of the several explosively-driven MHO 
generators can be electrically isolated from the others, and that great 

. care in the design of the accelerator is given to first preparing. a uni
form, high-conductivity current path for the primary arc discharge. Hence, 
the MHO-fan accelerator is likely tc.. avoid the "spoke discharge" geometry 
which severely degrades the theoreticaliy attainable performance predicted 
for the axisymmetric, self-magnetic field category of HHD thrusters. 

Because of the enormous rate at which electrons will thermal1ze on the 
anode electrode (106 to 107 Amperes). the anode may require transpiration 
or ablative cooling. For an ablatively cooled anode which gives off high
conductivity vapors, the effective anode electrode area may be substan
tially increased by recirculation of the vapors within the low-pressure 
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base area. As a result, the electron scavenging abilities of the thruster 
anode may be significantly improved ove~ the non-ablative approach. 

In summary, the RP MHO-fanjet thruster permits an RP electric current 
of sufficient intensity to accelerate t~e unionized slipstream air by 
driving an MHO shock wave into this fluid, entraining mass ahead of an 
electrically conducting wave. 

O. QUASI-STEADY "MHO-FANJETII CONCEPT 

This MHO-fanjet would be driven by a continuously-driven version of 
the RP laser-heated MHO generator pictured in Figure VI-7. Basically, the 
detailed optics and chamber geometry would be altered to maintain an LSC 
wave plasma just upsteam of the throat, right at the entrance to the MHO 
generator--as shown in Figure VI-g. The working fluid would be unseeded 
hydrogen, although He, Ar, or !{e could be considered. Continuous peak gas 
temperatures could range from 15,000 to 20,000 K. The upper and lower 
insul!ting walls of the MHO generator housing might be designed to function 
as high-temperature transparent "light bulbu radiators--in order to reduce 
the wall cool ing load. It is quite possible that this radiant heat flux 
might be reduced to acceptable levels (i.e., and still maintain good laser
to-electric conversion efficiency) simply by proper design of the plasma 
"torchu properties (i .e., temperature, pressure, density, etc.), physi ca 1 
size, and overall geometry. 

A shuttlecraft design which might be suitable for the CW lase~-heated 
MHO generator and a quasi-steady HHO-fanjet engine is pictured in 
Figure VI-10. (It is a derivation of the earlier radial config:Jration 
portrayed in Figure V-2.) The propulsive CW laser beam would be, in this 
case, absorbed within a cOl'lfined rocket plasma generator chamber after 
coming through a material window, as indicated in Figures VI-9 and VI-10 • 

. Two different thruster modes of operation would be used by·this MHO
fanjet--depending upon flight altitude and veloclty (baSically, low vS. 
high). Both modes fall within the class of "self-modulated" MHO 
accelerators, which are driven by continuous direct-current power supplies; 
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in our case. an MHO generat"r. (More definitive information on this cate

gory of electric propulsion engines may be found in Reference VI-6.) For . . 
the sake of argument. the two thruster modes described here are tied to a 

shuttlecraft with a 4.5 meter diameter annular duct of one meter length (in 
the flight direction). The axial dimension of the external-expansion plug 

nozzle is roughly set equal to the duct diameter. The overall shuttlecraft 

length for this engine might be 10 to 11 r.:eters. FhaPy. as note1 in 

Figure VI-10, the subsonic/supersonic HHO "ducted-f.1n" uses an applied 

magnetic field to accelerate the duct air; whereas. the hypersoniC 
"external-expansion" accelerator uses self-magnetic fields. 

1. SubsonfclSupersonic ~HO Accelerator 

Figure VI-ll shows an end view of the "subsonic/supersonic" low 

altitude MHO accelerator. Electromagnetic field coils are arranged 
azimuthally about the 4.5m diameter vehicle so that the applied magnetic 

field lines close upon themselves--in a toroidal configuration. As indi

cated. the individual magnetic coils are estimated to be 5 cr.1 thick, and 
are to be shared \'Iith the rolliD generators. The toroidal MHO accelerator 

duct 1s divided into 26 separate channels oeasuring 25 X 50 X 100 ~ each. 

(Th2 HHO qenerntors measure 5 X 50 X 50 em each, and are located directly 

below their accelerators.) 
Figure VI-12 illustrates the "subsonic/supersonic" propulsion 

cycle. This cycle begins with a laser-initiated or e1ectric-spark-

1.nitiated discharge at the duct !-IND-accelerator inlet location. There

after, the discharge races to the end of the channel. accelerating a.l1 the 

air \,/ithin the duct. The uniform discharge is assumed to be ifilPerr.:~ablet 

acting much like a piston. Upon reaching the channel exit. the discharge 

disconnects itself, triggering the fonnation of a ne\tl discharge at the 

channel inlet. 
2. Hypersoni c I~HD Acce 1 era.!2! 

Figure VI-13 portrays tile propulsion cycle for the "hypt:rsonic," 

high altitude HHD-fanjet lT1ode. The thrust cycle being exactly as shown in 

Figure VI-12A and VI-12B, but after the electric discharge arrives at t.he 

channel exit, it then emerges onto the plug nozzle as indicated in 
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Figure VI-13B. Physically, thfs process is accomplished by electrically 

connecting the large external "plug ~ozzlell anode to the small "duct" 

anode, and by S\'iitching the outer "duct" cathode to rear-facing hollow 

cathodes (located upon the rear outer surface of the duct). 

This first portion of the "internal" acceleration process, then, 

serves to produce a uniform electrical discharge with high conductivity, 

high vel~c1ty, and low permeability by the time it emerges from the channel 

exit. Due to the lew density of the rarefied upper altitude air, this 

process occurs quickly. 
Now the discharge 

Figure VI-12C, pushing all the 

continues to accelerate, as shown in 

air residing in the external "plug nozzle" 

region to the final uexhaust velocity." Again, the "snow plow" ana.logy 

applies as the air working fluid is processed by the action of self
magnetic field Lorentz forces. As indicated in Figure VI-130, the cycle is 

complete when the toroidal current discharge expands to um"ieldy propor

tions, then disconnects itself fro:n the clCterMl MHO accelerator, 
simultaneously with the formation of a ne~ diSCharge at the channel inlet. 

Other than when ~n ERH thruster must be used for VTOL (as discussed in 

the previous chapter) t this MHO fanjet engine Should be capable of pro

pelling the shuttlecraft along a typical orbital trajectory from sea level 

(subsonic) to 100 klit altitude (hypersonic). (Beyond 70-100 krn, the 

shuttlecraft ",ould become a pure laser-heated rocket, a.nd cease its air

breathing function.) It should be possible to d.!monstrate a thrust-to

electric-pc\-tcr coupling in low-subsonic speeds of at least 1000-1500 
dynes/Watt(e); 500 dynes/Watt(e) at high-subsonic speeds; and 100 dynes/ 
Watt{e) at Hach 3. 
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CHAPTER VII 

PERFORMANCE EVALUATION OF SSTO RADIAL SHUTILECRAFT 

This Chapter 1nvestigates the s1ngle-stage-to-orbit performance of 

radial shuttlecraft using a variable cycle propulsion system with four 

different modes: three air-breathing. and one rocket. An external

expansion base thruster is utilized for air-breathing VTOL propulsion to 

perhaps 3km altitude and Hach 1. A rotary air-breathing pulsejet mode is 

applied in the regime from I~ach 1 to 3. and 30km. The air-breathing HHD

fanjet mode carries the vehicle to 80km altitude and 4km/sec. Beyond 

4km/sec. the vehicle le~ves the atmosphere (poss1bly using the drag reduc

tion scheme mentioned in Chapter V) and accelerates to 8km/sec low Earth 
orbital velocity in a rocket mode on strictly 1nternal propellant (e.g •• 

hydrogen). Figure VII-l sho\l's the 1nterplay of these thruster flight 

regimes. 

In order to gain some appreciation of shuttlecraft scaling relation

ships, three different di~~eters arc analyzed: Sm. 10m and 20~, as shown 

in Figure VII-2. The first is able to carry a single man to orbit; the 
second, bl'o men; and the third, c1 payload equal to half that of the current· 

space shuttle orbiter (e.g •• 15,QOOkg). 

This chapter beg1ns with a technical analysis of the propulsion 

phySics for each thruster mode. Next, a weight esti~ate is assembled for .. 
three different shuttle vehicles. Finally, the laser power requirements .. 

for orbital boosting along a typical SSTO trajectory are calculated. 

A. TECHNICAL DESCRIPTION OF PROPULSrOH PHYSICS 

This section begin~ \'l1th a brief examination of pulsejet optical 

reqUirements. and the beam/vehicle interface sholtn in Figure VII-3. The 
pulsejet/optfcs geometry presented earlier in Figure V-26 is adopted as the 
design standard for use in all three shuttlecraft sizes. The pulsejet con

figuration (including HHD generator) measures roughly 2 r.:etcrs in length 

and a meter in 111dth; it has a plenum volume of O.5m3• The HHD generator/ 
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channel measures 1m X 1m X 10cm--which adds an additional 0.lm3 to the 

pulsejet internal volume. The exhaus~ nozzle is of the two-dimensional 

variety, and is able to vary its exhaust nozzle height from lOcm (minimum) 

to 40 - SOcm (maximum)--i.e •• from 0.1 to O.5m2• 

1. High-Power Laser Optics 

A propulsive beam pulse energy of 5 megajoules with a wav~length 

in the near infrared (e.g., 1.8 to 2.5 microns) is assu~ed for a beam dia

meter of roughly one meter. For a high-power optical window of 5 em thick

ness with an absorption coefficient of lO-4/em, the transmission 

coefficient will be 99.95 percent; hence, of the incident 636.6 joules/em2, 

only 0.318 joules/crn2 will be absorbed within the material window. At 

100 Hz PRF, 31.8 watts/em2 over the entire high-power window must be 

carried away by liquid or gaseous coolant. 

The peak pressures generated by the laser supported detonation 

wave within the IRH plasma chamber will approach 140 atmospheres. 

Crystalline sapphire windows should be able to sustain this severe tempera

ture and pressure environ;nent if supported in a rigid, cooled geodesic 

fr~ework. To date. the largest single crystal sapphire measures 32 centi

meters 1 n di arneter, has a r.1ass of 48 kg, llnd ~/as grown by Crystu 1 Systems, 

Inc. in Salem, Hllssachusetts. l Therefore, one can probably assume that a 

lOa an diameter window could successfully be fabricated frOM a half dozen 

smaller units. Hith a good anti-reflection coating applied to the exterior 

window surface,. 99.9 percent of the incident energy \Jill be transr.1itt~d . . 
into the pulsejet cha~ber. 

Hote in Figure VII-3 that the primary optic foms a parabolic 

surface whose average inclination 1s 35 degrees to the optical axis of the 

bea~. Therefore, the beam strikes an effective surface area of 7854 cm2/ 

cos (350 ) or 13,690 cm2• As a result, the r:1irror \'1111 see a single-pulse 

fluence of 365J/cm2. Since the dar.lage threshold for cooled metallic 

mirrors at near infrared \'iuvelengths is roughly lOJ/cm2• the mirror must 

have a reflectivity of at least 97.3 percent to survive the first pulse. 

Reference 2 reports that the reflectivity of vapor deposited silver mirrors 

with 1.5 - 2.0 urn radiation range:; from 97.8 to 98.3 percent; for copper, 
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97.7 to 98.1; for gold 98.7 to 98.9 percent. It would seem that conven

tional metallic mirrors can survive single-pulse fluences predicted for the 
primary optics. 

However, at 100 Hz PRF the absorbed flux would be 1000 Watts/cm2, 

which exceeds the limits of liquid metal cooled mirrors by about a factor 
of five. Hence, the mirror-reflectivity must be improved to at least 

99.45 percent in order to sustain the time-average flux load at lOa Hz. 

This requirement may possibly be met by a broad band meta" ic reflecting 

surface if it is diamond turned on a lathe. The only possible alternative 

requires the use of multi-layer high reflectivity coatings. These are 

typically good for 99.95 percent of reflectivity at one specific \~Slvelength 

of laser radiation, but may not easily survive the abusive environment of 
the plasma generator chambers. 

In the MHO fan mode, the grazing incidence secondary optic (refer 
to Figure VII-4) will see about 10 percent of the total pulse energy before 

the LSD wave reflects off the surface and propagates into the IRH plasma 
generator. However, the active area of the surface may be only 1/10 that 

of the primary mirror, so the above discussion on mirror limits applies 

here as we 11. 

One final note which must be made regarding the actual 
diffraction-limited optical interface between the laser beam and the 

vehicle (see Figure VII-3). Diffraction effects do not permit a "top-hat" 

intensity di!;tribution to be placed upon the engine high-power windO\~ by a 
laser source from several thousand kilometers away. The diffraction 

pattern will appear as shown, ~nd low levels of laser radiation will 

unavoidably "spill" over the shuttle upper surface. If a time average flux 

of 400 w/cm2 falls upon the vehicle skin, the surface must have a reflec

tivity of at least 92.5 percent in order to utilize regenerative wllter

cooled mirror technolcgy. If a reflectivity of 99.7 percent can be 

maintained on the shuttle upper surface, the time-average absorbed flux 
falls to that of 10 solar irradiances; and the need for active cooling 

might be eliminated altogether. 
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2. External-Radiation Heated VTOL Thruster Mode 

Of the several methods by which the shuttle may accomplish VTOL 

operation, the simplest is to integrate a pulsed external radiated-heated 

thruster with the lower vehicle centerbody Sl. "~ace as shown in 

Figure VII-4. A series of slits would be opened in the primary optics to 

allow projection of very intense beams of concentrated radiation from a 
series of retractable tertiary optics which are deployed during VTOL. In 

operation, electrical air br£!akdown would occur at a point near the central 

vehicle axis, and a number of light sparks (e.g., 24 for the 10m vehicle) 

would rapidly "burn" their way .:cross the ERH thruster surface and come to 

a halt at the entrance to the porthole) ju~~t as the laser pulse is termi

nated. These "slabs" of hot, high-pressure air plasma (created in the 

process), would subsequently expand over the adjacent passive ERH expansion 

surface, thereby imparting momentum to the thruster base. This process is 

then repeated at "a repetition frequency of ten to several thousand times a 

second, as required to levitate (or accelerate) the vehicle. Figure V-7A 
is a bottom vie\'i of the VTOL thruster in operation. 

The performance of the ERH thruster is a strong function of the 

pressure created by laser supported detonation (LSD) waves as they race 

across the ERli surface {see Figure VII-41, As mentioned earlier, Raizer3 

was first to calculate the velocity and pressure produce by LSD \~aves. The 

detonation wave velocity is proportional to the cube root of the flux 

divided by the· ambient air density in front. uf the \"lave. The pressure 

behind the detonation wave is proportional to \.:: product of the ambient 

air density and the square of the detonation wave velocity. 
The total impulse transmitted to the thruster surface is composed 

of contributions \'/hi1e the laser pulse is on and after the pulse has 

ceased. Let us assume that the laser energy is depOSited into a thin sheet 

of air adjacent to the thrt!ster surface so that while the pulse is on, try~ 

expans i on flow geometry is comp 1 etc 1y one-d imens i ana 1. Let P s 1 0 represent 
the pressure generated at the thruster surface by passage of the LSD wave 

during the time the laser-- is on. After pulse termination, the shock

expansion flow fi21d relaxes as a planar blast wave up to the time that the 
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flow geometry becomes two-dimensional. This time, T20, is defined as the 
order of time it takes the leading edge of the plasma to travel 
equa1 to the minimum width W of the irradiated plasma sheet. 
impulse delivered to the ERH thruster surface, then, is given by 

a distance 
The total 

(1) 

where Tp « T20, As is the total "active" ERH thruster surface area, Tp is 
the laser pulse length, and TO is the impulse delivery time. For large 
active ERH thruster surfaces and very thin irradiated plasma sheets, Equa
tion 1 adequately describes the process since the total impulse delivered 
to the surface will occur much before the two ... dimensional characteristic 
time T20 and only a small fraction of the high-pressure plasma will spill 
over the edges of the ERH thruster surface. For so~e ERH thruster 
geometries, secondary optical surfaces may act as 1-0 skirts to help direct 
the 1-0 gas expansion process. 

Equation 1 addresses the case for a lOa percent "active ll ERH 
thruster surface area, (i.e., As = At where At is the total thruster s~r~ 
face area). Another approach is to propagate a set of very small diameter 
light sparks across the ERH thruster surface, resulting in the generation 
of several hot, high-pressure IIflngers" of plas~a which consequently expa~d 
over the' "passive" ERH thruster surfaces. For thi s ERH thruster concept, 
the ratio passive/active surface area is very large (i.e., As « At), and 
essentially presents an infinitely large surface over ~/hich to spread. 
Hence, the very narrow high-pressure plasma fingers first expand one 
dimensionally over the active irradiated thruster surfaces while the laser 
is on, then relax as cylindrical blast waves over the passive thruster 
areas for the re~ainder of the time during which the impulse is imparted. 
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For this case, the total impulse delivered is given by 

fop 
IT· In 

TO Lrf(t) 

f ps(t)(2L)drdt 
t 20 a 

(2) 

For a given Tp. flux, and pulse energy the choice of a line focus 
ERH thruster (Equation l) or multi-finger-focus ERh thruster (Equation 2) 
is entirely dependent upon the engine/optics/airframe configuration. 
There is no reason to expect that one is inherently superior in performance 
to the other, at the present ti~2. 

Pirr14 calculates the coupling coefficient for 4J1 infinite dia
meter target with a nomal incidence beam (see Figure III-8) for the case 
of the LSD wave traveling exactly one beam diameter before the pulse is 
terminated (i.e., tp ~ t20) as: 

(3) 

From Equation 3, we can deduce that the maxioum coupling coefficient 
has only a weak dependence upon flux and that it is completely independent 
of irradiated spot area, although Pirr1 emphasizes that the pulse time 
when this value is obtained is dependent upon the spot area 
through t20- Coupling coefficients up to 50 dynes/Watt are theorefi
cally predicted for fluxes of lOSW/cm2 and above. Some researchers believe 
100 d/W is attainable. 

In order to apply Equation 3 to the case for propagation of light 
sparks parallel and adjacent to an ERH thruster surface, we have only t~ 

assure that the LSD wave velocity is significantly greater than the plasma 

VII-l0 . , 

I 
( , 

,t 

, 
1\' ... 

i -'1 , . 



THE BOM CORPORATICN 

sound speed (i.e., Vow»Vp) and that the perpendicular height of the 
irradiated l1ght sparlc is less than or .equal to the width. Let us assume 
the aval1abi l1ty of a "rubber" laser (c.g., the free-electron laser) \,Ihich 
can deliver laser pulses of any energy, duration and waveform (hence 
specifying VOW across the ERH thruster surface). We could then define this 
pulse duration in relation to the maximum dimension L of the ERH thruster 
(across which the light spark must travel) as follows: 

L 
"C p .( V L dx 

Jo OW 
(4) 

where x is ~easured from the point of LSD wave ignition in the direction of 
the propagating light spark. 

Much flexibility exists in the choice of laser intenSity 
projected upon the absorption waves, LSD pressure ratio and coupling 
coefficient. However, the price for auiet ERH thruster operation is 
decreased coueling efficiency. The greatest coupling of 50 to 100 dynes/ 
Watt occurs for the high laser intensities (e.g., ~l08 W/crn2) and pressure 
ratios, e.g. 9 10-100 atm. However, ERH thrusters may perhaps be operated 
at much lower intensities close to the LSC/LSO-we.ve transition intensity 
(i.e., 106 - 107U/cm2 for 10.6 urn radiation), and lower average over
pressures of 1-10 atm, but with reduced coupling; 1-10 dynes/H. Hhereas 
final air temperatures \"lith the strong LSD wave regime may be 4000 K -
5000 K. te!!lperatures within the transition regime will be several times 
greater, perhaps 10,000 K - 15,000 K. 

Finally, we note that since LSD \-Iave pressure (and hence ERH 
thrust) varies as indicated in Equation 2 of Chapter lIlt one would expect 
ERH thruster coupling coefficients to decrease with the cube root of the 
ambient atmospheric density. as the shuttle climbs to altitude. Fig
ure VII-5 shows the results of such an altitude-climbing calculation. The 
coup 1 i ng coeffi ci ent 1 s seen to drop from 100 dynes/l-la tt at sea 1 eve 1 to 
25 diU (equivalent to the air-breathing rotary pulsejet performance) at an 
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altitude of 30 km; then .to 12.5 d/W (the performance expected from 
hydrogen-fueled laser-heated rockets) at about 43 km altitude. Although 
other dynamical effects (i.e., those not taken into consideration in this 
simplistic calculation) may enter to degrade the coupling performance with 
altitude faster than that sho\~n in Figure VII-5, it presents an upper limit 
to the anticipated performance envelopa. 

We will now move on to a discussion of the rotary pulsejet pro
pulsion physics as applied to shuttle vehicles of three different 
diameters; 5, 10, and 20 meters. 

3. Rotary Pulsejet Thruster Mode 
Figure VII-6 shows the 2-0 pulsejet nozzle in the wide-open 

air-breathing mode. As mentioned earlier, the nozzle exhaust opening may 
be varied from 10cm to 40-S0cm. 

As with centrifugal impellers in rotating turbomachinery, the 
maxirrum attainable rates of rotation for rotary pulsejets are limited by 
the structural integrity of the materials incorporated, which is a direct 
function of the riC! or tip speed. Recent advanced centrifugal impellers 
are now pushing tip speeds to 616 m/scc, or about Mach 2.0 at sea level 
standard conditions. Figure VII-7 shows the simple relationship between 
rim Mach number, rim velocity and rate-of-rotation for the vehIcle 
diameters of interest. The rim velocity is given by 

where W is the rotation rate in revolutions/~econd, and RVEH is the vehicle 
radius. 

Hhen operating in an air-breathing Mode at subsonic flight 
speed~, the static pressure level within the rotary pulsejet chambers can 
be calculated on the basis of its great Similarity to centrifugal. cc"'
pressor passageways. At zero flow through the passageways (wh1 ch exactly 
models the thruster condition prior to irradiation by the laser pulse), the 
ambient pressure within the pulsejet chamber is solely a function of the 
centrifugal forCe! acting upon the air within the pulsejet. The internal 
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pressur~ rat10 P1/P2 is theoret1cal1y dependent only on t~e tangential r1m 

veloc1ty VZ' the gas t~Toperatura T and the rat10 of pulse jet chamber radi1 

r1/r2. as given by 

P2/Pl • exp ~~~ [ 1 -(r~f] (6) 

where P2 is the ambient a1r pressure, P1 is the chamber pressure at the 

1nnermost chamber location of rl. r2 is the radius at the vehicle rim, and 

R 1s the gas constant. Figure VII-8 displays a sample calculation of 

Equation 6 for pulscjet chamber diameter rat10s from 0.4 to 0.95 and rim 

mach numbers up to 10. 
PopperS has developed an algorithm for predicting the total 

1mpulse de11vered by an enclosed cavity after irradiation by a pulse of 

laser energy. The approach considers impulse contributions from both sonic 

and subsonic venting of the cav1ty. Although the brevity of this study 

does not permit the analysis to be revie\.,ed here, the results of a sample 

calculation are presented in Figure VII-9 for a pulsejet cavity volume of 

a.5m3, nozzle exit area of 4400 cm2, y (ratio of specific heats for air at 

an elevated temperature of roughly 80COOK) of 1.18, and a plasma sound 

velocity of 4.5 x 105 em/sec. Note that the impulse calculation assume's 

laser pulse energy is scaled linearly with pulsejet chamber pressure in 

order to keep the peak gas temperature roughly constant • 

. Fi-gure VII-10 d1sp1ays the absorbed laser power for 5 t1J laser 

pulses as a function of shuttle diameter and rotat1on rate. Sho\om in 

Figure VII-ll is the t1me-dverage thrust developed by a vehicle as a func

t10n of rotation rate for the several shuttle veh1cle diameters of 

interest. Displayed in Table VII-l are the results of a sample calculation 

for afr-b\-eathing rotary pulsejet perfonnllnce for a ratio of Pl/PZ of 0.8. 
As i nd f cated, the Sm d f ameter shuttle f s ab 1 e to produce 1.37 x 1 05 tle\~tons 

thrust at a rotation rate of 14 RPS ~rith a propulsive beam energy of 0.67 

g1ga\~atts (4.0 MJ pulses at 168Hz); the 10m shuttle generates 1.57 x 106 

Newtons thrust at 8.0 RPS I'lfth 0.77 gigawatts; the 20m vehicle produces 

1.95 x 106 Ile\ltons thrust at 5 RPS with 0.96 GW. At these conditions, each 
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of the vehicles attains a thrust-to-laser-energy coupling of 20 dynes/Watt, 
which is about what has been demonstrated in small-scale experiments at 
AVCO Everett Research Lab.6 The results of these tests with laser-heated 
pulsejets at one atmosphere were displayed earlier in Figure III-ll. 

Similar experiments have been performed with pulse laser-heated 
rockpts and hydrogen propellant at very reduced ambient atmospheric 
pressures and typically exhibit conversion efficiencies (i.e., thrust
po~er-to-laser-power) of 50 percent, coupling coefficients of 12.5 dynes/ 
Wntt, and a specific impulse of 1000 seconds. 7 

4. MHO Fanjet Thruster Mode 
The shuttlecraft are assumed to use the repetitively pulsed 

variety of MHO-fanjet engine first introduced in Chapter VI, Section C. As 
previously described in good detail, the RP MHO fanjet accelerator is 
driven by the XMHO aenerator pictured in Fig~re VII-12. A strong electro
magnet (which is wrapped about the pulsejet nozzle) can apply a 2-10 Tesla 
magnetiC field (8) to the high-velocity plasma flowing through the channel. 
This would result in the i~ediate generation of a powerful pulse of 
electric current, in exchange for creating a large pressure drop across th: 
nozzle. This electromagnet is energized only when shuttlecraft are flying 
in the M~O-fanjct mode. A technical analysis of such XMHD generators can 
be found in Appendix 8, and will not be furth~r treated here. 

To v~ry the intake. diameter of the MHO-fanjet, shuttlecraft are 
assumed' to be equipped with telescoping "transmi ss1on-l i ne" cathodes. The 
exterior surfaces of these electrodes are electrically insulated except at 
their tips, which define the ~erimeter of an MHO-fanjet's intake area--as 
shown in Figure VII-13 for a Sm diameter shuttle. At the tip of each 
"transmission-line" 1s installed a hollow cathode electrc.de, designed to 
handl e a current of 400KA. The ri ng anode of an MHO-fanjet engi ne. j s 
installed below the XHHD generator exhaust nozzle, as indicated in Fig
ure VII-13. 

a. Cathodes 
The function of a cathode is to supply electrons in an 

amount nearly equivalent to the total arc current (about 10 percent of the 
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current. may be ionic at the cathode). The most common type of cathode 

relies on thermionic emission from alka)i-earth oxides which are coated or 
impregnated on a metallic matrix. Even with this low work funct10n 

material, tenperatutes of over 1000 K must be maintained. In addition, 

these oxydies are known to be II po isoned li by atmospheric oxygen, losing 

their emissivity and oxidizing their substrate. Other emission mechanisms, 

such as field emission or photoelectric emission could be directly 

exploited, but would require complex devices. 

A device that can uniquely meet the requirements of the 

electromagnetic fanjet is the hollow cathode. This is basically a cylin

drical enclosure with an open end, and through which 11 certain amount of 

gas flow is maintained. Emission is from the inner surface of the 

enclosure, and can be extremely copious e'e~. when the surface is too cold 

to emit thermionically. The mechanisms responsible for this behavior are 

not yet understood, although Krishnan (Reference 8) strongly suggests 

photoemission due to hard UV photons from the enclosed, trapped plasma. A 

good review of the science and technology of hollow cathodes was given by 

Oelcroix and Trindade in 1974 (Reference 9). 
Figure VII-14 shows one of the several experirrenta1 hoHow 

cathodes configurations reported in Reference 8. These experiments were 

conducted for millisecond single-pulse operntion, and didn't require active 

cooling. For cont.1nuous or repetitive-pulse operation, a cooling system 

would be required; it could easily be accomplished w1th a regenerative 

approach using the sar.:e hydrogen consumed by the MHO generators. For an 

estimate of cooling loads, we assume a cathode voltage drop of 10 Volts--of 

which 50 percent ends up as a cathode heating. USing, for example, the 10m 

d1aJl1eter shuttle, the peak total po\Ver dissipated is 107 Amp x 5 Volts. or 

50 f~~; however. the d~ty cycle at this current is about 1/10, and therefore 

the ~ power dissipated is 5 MH. If the 22 kg/sec of HZ per generator 

.. 
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were all passed through the cathodes, the temperature rise (assuming Cp • 
14,000 J/kg - K) would be: 

~T • 5 x 10
6 

Watt • ~ 
0.1 x 24 x 22 kg/sec x 14.000 J/kg- K 

(7) 

Alternatively, if a flT of 1000 K is allowed, 4. fraction of 
0.7 percent of the HZ can accomp 11sh the cathode coo 11 ng. Th is may be a 
better scheme given the remote location of the cathodes. 

Turning to the sizing of the cathodes. Krishnan (Refer
ence 8) showed that under optimum conditions, the current attachment region 
extends about 1 diameter into the cavity. In his experiments. satisfactory 
operation with minimum erosion was achieved at local current densities in 
this active region of the order of 1000-2000 A/cm2• If we accept these 
figures as design guidelines, we can calculate the cavity diameter from 

400 x 103 Amp a (nO) x 0 x 103 Amp/cmZ 

(8) . 

a-1l.3crn 

Krishran also found that the optireum amount Of internal Flow 
(of Argon. in this case) was 0.1 g/sec for a diarn2ter of 1.9 ern. At this 
flow rate the current was spread internally the most evenly. Scaling this 
result with the diameter (to ensure equal free path/diameter ratio), we 
require a through flow of 

flow rate u 0.1 x (11.3/1.9) u 0.6 g/sec (9) 

or 0.06 g/sec per cathode on the average. This is a very small flO1., rate. 
and therefore it is quite possible to use Argon or other inert gas for the 
purpose thus preventing oxidation of the internal heated surfaces. 

It is felt that the problem of deSigning efficient. lig~t

weight cathodes is thus resolved satisfactorily. Anodes may pose a mor1! 

severe challenge. 
• 
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b. ~ 
Two Main requirements mus~ be met here: 

(l) Cooling of the anode to minimize erosion and corrosion. 
(2) Avoidance of electrolytically accelerated anodic corrosion. 

For efficient cooling, copper is usually preferred, since 
its good thermal conductivity minimizes hot spot formation and allows 
thicker, stronger sections. For a flight device, considerations of weight 
may favor other materials, pr~vided corrosion problems are avoided 
(possibly carbon or carbon-based ion-intercalated compounds). The anode 
voltage drop AV in air-copper is 2-6 Volts (Cobine, Reference 10). The 
power deposited on the anode is approximately 

deposited power • I (~a + AV) (10) 

where ~a is the work function of the anode material (4.5 Volts for Cu). 
Thus an effective drop of about 9-10 Vol ts can be expected, about twice 
that for the cathode. Regenerative cooli ng is therefore quite possible 
using modest amounts of hydrogen. InCidentally, the combined anode-cathode 
voltage drop is roughly 15 Volts. Comparing to the typicC'.l 6(1)0 Volts 
overall for the discharge, this is only a 0.25 percent loss; the real 
importance of electrode losses is in the requirement for cooling rather 
than in the loss ~f efficiency. 

The second requirement (corrosion avoidance) may be the most 
challenging, gIven the oxidizing atmosphere. In the presence of any molten 
microscopic salt or oxide layer depOSited on the anode, ionic species such 
as 0=, 504=, S=, etc. are driven to the melt-metal interface, and produce 
strong and continuing carras ion upon di scharge. This attack is strongly 

.. intensified at high temperature, so that a first line of defense must be 
the maintenance of anode temperatures below some 450 K. At this tempera
ture, corrosion at a rate of 1-10 Ug/Coulornb can still be expected. 
Assurn1 ng the current concentrates on the outer 20 cm of the anode (e. g. , 
for the 10 m dia. shuttle, area = 2~ x 5 x 0.2 ~ 6.3m2), the current den-
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sity is of the order of 1.S x 106 A/m2, or 1S0 A/on2• At 10 ~g/Coul, and 
with a density of 8.9 g/cm3, this indica~es a recession rate of: 

rate ,. ~SO Caul ~x{10-5 ...!L.,.\x( 1 ~. 1.7 x 10-4 E!!.. 
\ sec-cm2J \ coull \8.9 9/cm3} sec (11) 

Thus, during a typical firing duration of 60 sec, a loss of 
0.1 mm could be sustained. This may become unacceptable if high reusabil
ity is desired. In that case, a possible modification could be the use of 
transpiration cooling using either hydrogen or another highly reducing 
agent; this would act as a tlgetter" for the oxidizing electrolytic agents, 
similar to the operation of the Bacon fuel cell anodes. 

c. Electrode tnteqration with MHO-Fanjet 
Figure VII-13 illustrates the geometry in \,/hich the tele

scoping transmission lin2S are attached to the center-body of a 5 m 
diameter shuttle. As indicated in Figure VII-1S t each transmission line is 
equipped with a hollo'tl cathode at its tip. The anode ring is attached to 
the outermost 20-50 em of the 10\~er shuttle surface. At hypersonic fl ight 
speeds, the shock \'Iave formed off the vehicle center-body 
MHO-ranjet electric arc as an extended anode sheath as 
ure VII-1S. 

is used by the 
shO\1n in Fig-

d .. Dyncmics of a Propulsive Electric Current Sheet 
An ana lys i S \'JdS perforr.ied on the dynami CS of a propu 1 s 1 ve 

current sheet representative of an HHO-fanjet RP actuator disk; it is 
included as Appendix C of this report. T\'IO specific calcv1ations were 
made, using input gas conditions that would be seen at the endpoints of an 
exemplary orbital fanjet flight trajectory: i.e., Cases I and IV in 
Figllre VII-16. The "nominal" trajectory used for calculations of MHD

fanjet performance begins at 31 km (100,000 ft) altitude and 800 ~/s velo
city. and ends at 4 krn/s and S8 km. 

A first-order model of the transient behavior of high 

current plasma sheets used to accelerate gas in electromagnetic thrusters 
is one in which the sheet is assumed impervious to gas, and is reduced to,a 
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geom~trical surface acting as a piston. This is an improvement over the 

elementary "snowplow" model, in that it a110\.ls some insight into the gas 

behavior in front of and behind the advancing current sheet, but it stil 1 

cannot by itself give information about the physics of tr~ current sheet 

1tself--1ts conductivity, temperature. perweability to the gas, thickness. 

etc. 

Discussed in Appendix C is a model in which the piston 

approximation is used as a first order solution, establishing the basic 

flG~ field "far" from the current sheet. Also the structure of the current 

sheet itself is examined in some detail. In the interest of simplicity, 

several important approximations are still introduced (such as perfect gas 

behavior. one-dimensionality. etc.), but the model provides much insight 

into the factors controlling the sheet dynamics, and yields some quantita

tive information as well. 

The major conclusions of this analysis are as followS. For 

good "gas sweeping" perf01"l1~ance. pei'1Tl~ability of the current sheet must 

quickly be reduced to the level of a few percent, and the ga~ temperature 

within the sheet quickly driven above 18,000 K (in order to reach the maxi

mum gas conductivity) shortly after initiation of the electric discharge. 

Since the "point design" for a laser driven XMHO generator output calls for 

a 0.5 to 1.0 msec duration pulse, peak current sheet sweeping performance 

should really occur within 50 microseconds or earlier. The analysis 

suggests that any current sheet driven hard enough to reach 18,000 K '(~nd 
very low permeability) in the first 10 microseconds will probably have' a 

piston velocity (up) of at least 330 m/s--anywhere along the nominal MHO 

fanjet flight trajectory. 

e. Fanjet Intake Radius vs. Flight Speed 

Figure VII-17 sho\IS the relationship of flight velocity and 

piston speed (up) as a function of propulsion efficiencies from 0.6,5 to 

0.95. Since the analysis in Appendix C indicates that the propulsion con

cept may not \'/ork efficiently at up I s less than sonic, we shall assume a 

fixed relative "piston speM" of 330 mIse 
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The fanjet intake radius .(RF) for a fixed value of time

average input electric power and up can pe expressed as 

R • [ P e ] 1/2, (m) 
F ~p (V + Up/2}2 up 

(12) 

where RF is the fan radius in meters, Pe is the available electric power in 

Watts. p is the atmospheric density in kg/m3 and V is the flight velocity 

in m/s. For example, Figure VII-18 is a plot of Equation 12 for various 

altitudes from 16 to 68 km, assuming a fixed time-average input power of 

2 GWe for the 10 m diameter shuttlecraft. 

f. Exemnlary 2-0 "$no\'# Plow" Calculations 

Exemplary t\'io-dimensiona 1, radially-symmetric "snow plow" 

calcuiations were performed for two points (Cases II and III) along the 

orbital trajectory in Figure VII-16 for the 10 m diameter shuttle; the 

m.~hematical model is reportEd in Appendix D. Table VII-2 gives the input 

trajectory data set for these I+:HD fanjet cal cu 1 at ions. A number of other 

input parameters which do not exactly agl'ee with the conditions assumed in 

Appendix C are displayed in Table VII-J. 
"Snow plo\<I" calculations were carried out using five 

"Iaterial points. Two points (0 and 6) were placed at 5.0 m (the vehicle 

rim/anode location), and at the cathode tips (ends of electrical transmis

sion lines), respectively. These pOints were forced to have zero velocity 

(relative to the vehicle) throughout the thrust pulse. No account was made 

for the mass flow intercepted by the vehicle ccnterbody area (25~ m2) in 

these calculations. The simulation \'ias run for a total pulse duration of 

1 millisecond in time steps of 10-4 seconds for Cases II and III. 
Figure VII-19 shows the results of the simulation for 

Case II. The location of the current sheet is captured at intervals of 

0.2 msec. As the pulse develops, the actuator disk deforms as expected, 

with higher changes in velocity to\.lards the anode/rim (1' .: 5m). The cur

rent sheet reached a velocity (up) of 330 mlsec after 0.6-0.7 msec, and 
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TABLE VII-2. DATA FOR MHO-FANJET PERFORMANCE CALCULATION 

PISTON 
FLIGHT FAN PROPULSIVE SPEED 

ALTITUDE DENSITY VELOCITY DIAMETER EFFICIENCY UP 
CASE (km) (kg/m3) (m/s) (m) I1p (m/s) 

I 31.1 .01504 800. 24. 0.81 330 

II* 40.0 4.020 x 10-3 1200. 32. 0.87 ! III* 48.8 1.254 x 10-3 1800. 40. 0.91 

IV 67 .8 1.486 x 10-4 4000. 56. 0.95 330 

*Chosen for numerical simulation. 

TABLE VII-3. ASSUMED INPUT VALUES 

VALUES 

PARAHETER APPENDIX C APPENDIX 0 

u-current sheet conductivity, 80. 200. 
lmho/m) . 

Current sheet thickness, (em) 40. (initial) 50. (fixed) 

Sheet thickness assumed fo~ initial 
fanjet inductance (La), (em) 40. 100. 

Sheet fepresentation 10 20-Toroid 

Anode radius, (m) -co 5 

Cathode radius, (m) +0:1 24 to 56 
(31 km) (68 km) 
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650 m/sec at the end of the 1 msec simulation. The arc reached sonfc velo

city after moving roughly 0.8 m; 650 m/sec in 1.44 m--measured relative to 

the vehicle • 

The simulation for Case [II is displayed in Figure VII-ZOo 

As with Case II, the arc reached Hach 1 after 0.6-0.7 m/sec. Total dis

placement of the current ~heet is roughly 1 m at up a 330 m/sec, and 2.08 m 

at 750 m/sec. 

A sUrmlary of the model output is assembled in Table VII-4. 

For Case II, the MHO-fanjet arc discharge consumed 10.3 MJ of electric 

power to generate an impulse of 1800 t~-sec; th!s translates to a coupling 

coefficient of 17.5 dyne-sec/Joule. The MHO-fanjet performance was sub

stantially better in Case III, using 7.01 HJ to develop 2150 H-sec--for a 

coupling coeffiCIent of 30.7 dyne-sec/Joule. Supplied with a nominal time

average input po\\'er of 2 Grle, the MHO-fanjet \/ould operate at 194 Hz at 

40 km altitude, and 285 Hz at 50 km. 

Simple calculations were used to check the val fdity of the 

MHO-fanjet impulse values computed by the IIsnow-plow" model (see 

Table VII-S). To agree wi:h the 2-D snow-plow model, the mass flow inter

cepted by the vehicle centerbody (A ~ 2Sn m2) is ignored. This represents 

9.8 percent of the total intake area for Case II; 6.3 percent, for 

Case III. If one assumes that the mass flow through the remaining annular 

~IHO fanjet intake ared is accelerated smoothly from Vo (flight speed) to 

Vo + up, and that the static gas pressure at the exit of the fanjet is 

equal to ambient, then the 'ime-average thrust (Fave) can be expressed as 

(13) 

where Po is the ambient air denSity in kg/m3, Afan in m2, Vo and ~p in 

m/sec. The average thrust in Table VII-4 is calculated using the final 

current sheet veloc1t1es predicted by computer simulations. As indicated, 

the time-average thrust calculated by the snow-plow model roughly agrees 

with that of Equation 13. 
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TABLE VII-4. SUMMARY OF MODEL OUTPUT 

Piston Actual 
Speed Thrust Energy PRF for Coupling 

Case Altitude 
(~fs) 

AX F (~6gj) 2 GWe Coefficient 
I (km) (m) max (18~~) (Hz) (d-s/J) 

II 40.0 650. 1.44 1.8 10.3 ln~. 17 .5 

III 48.8 750. 2.08 2.15 7.01 285. 30.7 

TABLE VII-So ANALYTICAL CHECK OF HOHENTUM FLUX 

,---..... Fall Mass Piston Ideal Coupling 
Intake Flow Speed Thrust coupling Efficiency 

Ca!e Altitude Area Rate 
(~fs) Fa~e Coefficient (actual) 

t1 (km) (m2) (kg/m2) (10 U) (d-s/J) ideal 

(, 
II 40.0 726. 3500. 650. 2.28 65.6 27~ 

III 48.8 1180. 2660. 750. 1.99 46.2 66~ 

/ 
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For an air breathing engine, it can be easily shown that the 

coupling coefficient is 

(14) 

where Pe is the time-average input power in Watts. As shown in 

Table VII-4, the ideal theoretical coupling coefficient of 65.6 d-s/ J for 
Case II is a factor of 3.75 greater than predicted by the simulation. This 

would suggest a poor coupling bet\,/een the MHO generator output and the 

fanjet IS acce 1 erat i ng current sheet. The agreement for Case I II is sub

stantially better, indicating a coupling efficiency of 66 percent ideal. 

There is little doubt that such coupling efficiencies could be improved to 

the 80-90 percent level through proper matching of MHO accelerator and 

generator electrical parameters. 

B. SHUTTLECRAFT HEIGHT-SCALH!G ESTII1ATE 

In order to evaluate the flight perfomance of 55TO shuttlecraft, 

first-order weights analyses must be made for the three point designs: Sm, 
10m, and 20m diamet~r vehicles. Each vehicle is equipped for four propul

sion modes: ERH thruster, rotary pulsejet, HHO-fanjet, and IRH rocket. 

Each of the vehicles utlizes a standardized propulSion module, the IRH 

pulsejet (also· referred to elsewhere as a plasma generator) which is able 

to absorb 5!1J 1 aser pu 1 ses at a repet1 t i on frequency of 20-60 Hz. There

fore, each pulsejet module is able to develop a time-average thermal power 

of 100 to 300 megawatts. As mentioned earlier, these engines are distri

buted linearly about the vehicle rim, and laterally measure about 1 meter; 

hence, 12 will fit on a 5m vehicle, 24 on a 10m vehicle, and 48 on a 20m 
diameter vehicle. As mentioned above. the 5m vehicle is able to carry. a 
1 man payload (90 kg) to orbit; the 10m vehicle, 2 men (182 kg); and the 

20m vehicle, 15000 kg--equal to half the capability of the space shuttle 

orbiter. The relevant descriptive shuttle data is sum:narized in 

Table VII-5. 
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Internal vehicular volume for the craft pictured in Figure VII-2 is 
calculated generally assuming a 1200 apex right cone for definition of the 
upper surface and a 1600 apex right cone for the lower heat shield surface. 
Internal volume for the Sm diameter vehicle comes to 30m3; 100m3 for "the 
10m diameter; and 300m3 for the 20m diameter. Spacecraft structural weight 
is estimated from these volumes by assuming an average density of 40 kg/m3 

(2.5 1b/ft3). This value is based upon an observed density history in body 
structure weight design of US spacecraft as reported in Reference 11. 

The mass of a typical pu1sejet chamber "is estimated from data in 
Reference 12 to be 93 kg/chamber (204 lbs). The calculation is based on an 
ideal spherical plenum chamber (volume of 0.5 m3) with an allowable yield 
stress of 200,000 pSi, which is reasonable for advanced pressure vessel 
materials. The chamber is designed to contain a blast wave with a face-on 
pressure of 2,000 psi (136 atm) with a factor of safety of 2. The super
conducting coi 1 weilJht for each XMHD generator is estimated from projec
tions in Reference 13 for a generator having a peak power output of 2.75 GW 
and a value of 4 X 1010 for U2S1/2. A coil specific mass of 4.3 X 
10-5 kg/kW results in a mass of 118 kg/coil. 

The telescoping electrical transmission lines are assumed to be fabri
cated of composite superconductors with a matrix ratio of superconductor to 
normal metal of 1:4 by mass. The self-magnetic field of the MHO-fan (as 
defined by Equation 1 in Chapter VI) is seen to bathe the superconductor at 
the rim of the 10m .d1a."l!eter vehicle in a peak magnetic field of only 
6 kilogauss, for a peak current through the toroid discharge path of 1.5 X 
107 Amperes. Hence, \"e will assume that a superconductor can be found 
which will remain superconducting in this relatively weak self-magnetic 
field and still exhibit a current density of 105 Amps/c~2. 

If we assume that each transmission line is designed to carry a maxi
mum of 106 Amperes, the conductor cross-sectional area must be one square 
centimeter. The mass of each transmission line is then obtained by multi
plying the total volume of the conductor by its density, then quadrupling 
the result to account for the normal metal. The length of a transmission 
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line is obtained by substracting the vehicle radius from the maximum MHO
fan intake radius presented in Table Vp-6. A superconductor density of 
8.4 gm/cm3 is assumed in the calculation. For the 10m diameter vehicle, we_ 
find that each 23m long transmission line has a mass of 78.4 kg, giving 
1882 kg total for all 24. 

Laser-powered shuttles can easily exhibit a mass ratio of 1.5 where 
only 33 percent of the initial launch mass is dedicated to 1 iquid pro
pellants. Equation 14 below shows the relat~onship between engine specific 
impulse (Isp)' velocity change, and mass ratio: 

(14) 

where mi is the launch mass ard mf is the final mass after making the velo
city change (~V). It is assumed that a shuttlecraft will accelerate from a 
velocity of 4 km/sec in largely air-breathing modes which consume less than 
10 percent of the total on-board propellants. Listed in iab1e VII-7 are 
the propellant requirements for each shuttle in accelerating from 4 krn/sec 
up to 8 krn/sec low earth orbital velocity (i.e., ~V.. 4 km/sec) with an 
IRH rocket (Isp = 1000 seconds). 

Incidentally, Rom and Putre14 have performed theOl-etical calculations 
that indicate the optimum specific impulse for laser-heated rockets: "The 
greatest payload delivered to low earth orbit per total energy consumed at 
the laser power station lies with rocket engines having an Isp in the range 
of 1200 to 2000 seconds." As mentioned earlier, the lower end of this 
range has already been demonstrated in small-scale experiments with 
hydrogen-fueled, pulsed laser-heated rockets. 

Sum:ning tl"e various component masses listed in Table VII-S, we find 
that the 5m diameter vehicle has a lift-off mass of 5550 kg; the 10m dia
meter vehicle 18,350 kg: and the 20m vehicle 70,480 kg. Note that' the 
"wing loarting" at 11ft-off for the smallest vehicle is 283 kg/m2• and 
202 kg/m2 for the largest. These wing loadings are not far removed from 
that of conventional light jet aircraft. 
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TABLE VII-6. SHUTTLE VEHICLE DATA 

~E DIAMETER 

PARAMETER Sm 1()n 

--- ~- NO. OF PLAS~lA GENERATORS 12. 24. 

LASER ENERGY PER PULSEJET (MJ) 5. 5. 

PEAK POWER PER PULSEJET (MW) 100.-300. 100.-300. 

PAYLOAD TO LEO (kg) 90. 180. 

VEHICLE HEIGHT {m} 1.8 3. 

INTERNAL VEHICLE VOLUME (m3) 30. 100. 

VOLUME OF LH2 (m3) 26.4 78.6 . 
ERtl THRUSTER AREA* (m2) 19.6 78.5 

MAX. DIA. OF MHO-FAN (m) 2B. 56. 

* ERH THRUSTER AREA IS SET EQUAL TO ENTIRE VEHICLE BASE AREA. 
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TABLE VII-7. VEHICLE MASS ESTIMATE 

~E D.IAMETER MASS (kg) 

PARAMETER 5m 1()n 

AIRFRAME & STRUCTURE 1250. 3890. 

PLASMA GENERATORS 1210. 2220. 

XMHD GENERATOR MAGNETS 690. 2840. 

TRANSMISSION LINES 460. 1880. 

PAYLOAD 90. 180. 

VEHICLE CRY MASS 3700. 11,000. 

PROPELLANT TO LEO* 1850. 5,500. 

~1ASS AT LIFT-OFF 5550. 162500. 

*ASSUMES MASS RATIO OF 1.5, for flV • 4km/sec. 
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c. LASER POWER REQUIREHENTS 

We will. now summarize the laser power requirements for the four 

variable-cycle propulsion modes. As mentioned before, the externa1-

expansion base thruster is utilized for air-breathing VTOL propulsion to 

perhaps 3 km and Mach 1. The rotary pulsejet air-breathing mode is applied 

in the regime from Mach 1 to 3, and 16 to 30 km. The air-breathing MHO-fan 

carries the vehicle to 80 km and 4 km/sec. Beyond 4 km/sec, the vehicle 

leaves the atmosphere and accelerates to the 8 km/sec low earth orbital 

velocity in the IRH rocket mode on strictly internal propellant (e.g., 

hydrogen). 

Proper operation of an ERH thruster should result in a maximum 

coupling of the order of 100 dynes/\4att. Hence, a laser power of 162 MW 

(e.g •• 10 MJ pulses at 16.2 Hz) is required to levitate the 10:n vehicle, 

and 1.62 GU (10MJ Pulses at 162 Hz) will boost it vertically at 10 gls 

acceleration. The hover condition can be maintained with a time-average 

basa over-pressure of only 0.03 atm. Table VII-SA SUm.ilclrizes laser po\!{er 

requirements for all three vehicles in this mode. 

After a shuttle climbs to a substantial altitude, it may transition to . 
lateral acceleration in the rotary air-breathing pulsejet mode. Calcula

tions of the maximum sea level static thrust for rotary air-breathing 

pu.1sejets wer~ made earlier and are sum;narized below in Table VII-SB. Note 

that thrust is approximately constant for all three vehicles, varying 

between 1.37 to 1.95 X 105 Newtons. As indicated, the maxiliium thrust to 

weight ratio is 2.54 for the Sm vehicle, 0.96 for the 10m vehicle and 0.3 

for the 20m vehicle. The acceleration of the 20m vehicle \.,ill be quite 

sluggish compared to the Sm, unless the laser pulse energy can be signifi

cantly increased above 5 MJ; however, this will substantially increase ail'" 

temperatures, and may somewhat reduce the coupling coefficient. 

At supersonic flight velocities from Mach 2-3 up to about Mach 12, and 

altitudes from 30 to 80 km where insufficient air exists for air-breathing 

rotary pulsejet operation, the shuttle \1111 propel itself 1n the MHO-fan 

mode. For example, the 10m vehic1e may fly at a velocity of 800 m/s and an 
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TABLE VII-8. PERFORMANCE ESTIMATE 

A. ERH THRUSTER (Sea Level, Zero Velocity) 

~CLE DIAMETER 
PARAMETER Sm 10m 

COUPLING COEFFICIENT (d-s/J)L 100. 100. 

MASS AT LIFT-OFF (103kg) 5.55 16.5 

"WING LOADING" (kg/m2) 283. 210. 

REQUIRED LASER POWER (MW) 

o HOVER (19) 54. 162. 

o 3 g's ACCELERATION 162. 485. 

o 10 g's ACCELERATIOtt 539. 1620. 

B. AIR-BREATHING ROTARY PULSEJET (Sea Level Altitude) 

~CLE DIAr~ETER 
PARM1ETER Sm 10m 

MAX LASEK PRF (sec-1) 168. 192. 

COUPLING COEFFICIENT (d-s/J)L 20. 20. 

MAX REVOLUTIONS/SECOIIO 14. 8. 

VEHICLE MASS (103kg) 5.5 16.5 

MAX ABSORBED LASER POtiER (Mil) 670. 770. 

HAX THRUST (105 Newtons) 1.37 1.56 

MAX THRUST IHEIGHT RATIO 2.54 0.96 

VII-47 

.. / ' ---I 
/ / I 

------~ 

20m 

100. 

63.5 

202. 

622. 

1867. 

6220. 

20m 

240. 

20. 

5. 

63.5 

960. . . 
1.95 

0.31 



. . 
i 

/ 

'. \. 
I 

. ' , 

I --

I -, 
/, . 

oJ J r 
;', ' ~: 

/:;) t-_ ,," 1 
n II 

- ;/-! 'I 
, I 

, (-

/ I I 
,./ I 

I I \' 

I 

. ! ,.. 'I • I / 
I , , 

I 

"1 

I 

I 
" I 
I 

/ 

/ 

/ 

,/ 

. , 
J ;1 

I /. 

I 
J , 

-----.----:' - < -::.:. ----..::'-----._--

THE 80M CORPORATION 

TABLE VII-9. PERFORMANCE ESTIMATE 

A. MHO-FANJET (31.1 KM. 300 MIS) 

~ OIANETER 

PARAMETER 5l~ 10M 

VEHICLE MASS (103 Kg) 5.55 16.5 

ELECTRICAL COUPLING COEFFICIENT 95. 95. 
(d-s/J)e 

LASEI~ COUPLING COEFFICIENT (d-s/J)L 47.5 47.5 

CENTER-BODY DRAG (GW) 0.124 0.496 

ACTUATOR VELOCITY (H(S) 330. 330. 

PROPULSIVE EFFICIENCY (~) 81. 81. 

REQUIRED LASER POWER (GW) 

o 19 ACCELERATIOU 0.239 0.836 

o 3 g's ACCELERATION 0.467 1.52 

() 10 g'5 ACCELERATION 1.27 3.90 

B. IRH ROCKET PULSEJET (>70 km. >4 km/s) 

~ DIA."lETER . 

PARAI1ETER 5M 10M 

VEHICLE I-lASS (103 Kg) -5.55 -16.5 

LASER COUPLING COEFFICIENT (d-s/J)L 12.5 12.5 

REQUIRED LASER POHER (GIl) 

(I 19 ACCELERATION 0.435 1.29 

o 3 g's ACCELERATIOH 1.31 3.88 

o 10 9'S ACCELERATION 4.35 12.9 
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altitude of 31 km with an c.lectrical coupling coefficient of 95 d/We, an 

MHO-fan diameter of 24 meters, and a propulsive efficiency of 81 percent. 

For an electrical conversion efffciency of 50 percent, the laser coupling 

coefficient would be 47.5 dynes/Wattle With a total laser input po\~er of 

less than 3.5 GU, the engine is able to process an air mass flow rate of 

5440 kg/s through an induced velocity change of 330 m/s and thereby produce 

a gross thrust of 2.24 X 106H. The 10m diameter 1200 apex cone body will 

produce a drag force of 6.2 X 105N (f.e., 496 f-iW) at this flight velocity 

and altitude. Ignoring the additional parasite and wave drag caused by the 

transmission lines, we find that the net thrust of 1.62 X 106H is enough to 

accelerate the 16,500 kg vehicle at 10 g's. Similar calculations for the 

5m and 20m shuttle are displayed in Table VII-9A. 

Much beyond 4 km/s, it may be preferable for the vehicle to leave the 
atmosphere in order to avoid excessive aerodynamic heating, and to convert 

to the use of intel'na1 hydrogen propellant in a IRH rocket propulsion lliode. 

As rnantioned above, a hydrogen.fuc1ed pulsed laser rocket engine has de~on

strated a coupling coefficient of 12.5 dyn2s/Uatt, a speciffc impulse of 

1000 seconds and an overall 1aser-to-thrust-power conversion efficiency of 

about 50 percent. Hence Table VII-98 as!iumes these values in calculating 

laser power requirements for the three shuttlecraft. 

D. POTENTIAL LAUNCH TRAJECTORY FOR lOH SHUTILE 
. ' 

Using the above weights data and the 'altitude-c.ependent coupling 

coefficients of the various propulsion modes. one can attempt to describe a 

typical altitude/velocity trajectory to 10\1 earth orbit for the 10m 

shuttle. One sample trajectory is shown in Ffgure VII-21. 

The large-area laser-heated VTOL thruste,- fntegrated with the shuttle 

lower surface permits a rap·l jump to supersonfc flight velocities •.. ~t 

launch, the 10 m~ter d1ameteY shuttle is delivered 24 separate beams whfch 
contain 5 MJ pulses a.t a PkF of 30 Hz--for a combined laser power of 

3.6 gigawatts. This PO\oJCf"" is transr.1itted to the ERH thruster, thereby 
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Figure VII-21. TYPlcal SSTO Trajectory for 10m Diameter Shuttle 
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generating 4 X 106 Newtons of thrust, which is sufficient to accelerate the 
shuttle at 22 g's. Within 1.5 seconds,' the vehicle has reached sonic velo
city, having climbed only 250m on the energy from 46 laser pulses. (With a 
properly tailored impulse, today's jet pilots could sustain the g-load if 
reclined horizontally.) 

From here, the 10m shuttle proceeds to climb vertically at sonic velo
city using the rotary air-breathing pulsejet and/or ERH thruster to an 
altitude of 16 km--where the MHO-fanjet is engaged. 

Here the vehicle extends its "transmission-line" electrodes to a 
diameter of 14 meters and continues to climb vertically at increasing 
supersonic velocities--unt1l reaching an altitude of 70 km and speed of 
4 km/sec. At this altitude, the MHO fan electrodes (which have now been 
extended to 28M) are comp 1 ete 1y retracted and the veh i c 1 e no\'I changes to 
the IRH rocket mode. It then leaves the atmosphere, and accelerates to 
orbital velocity. 

Following re-entry, the air-breathing rotary pu1sejet ~ode is utilized 
for maneuvering prior to a VTOL landing, which again is accomplished ~lith 

the ERH thruster. 

E. ACKNOHLEDG~MENT 

The sections on r~rlD-fanjet electrode design requirements and the 
dynamics of a propulsive current sheet were provided by M. Martinez
Sanchez; o. Heimerdinger computed the "snow plow" model results in Fig
ures VIII-19 and VIII-20. 

VII-51 

---~ 

I 

i 
I 
I_ 
I 

~. • 

.f 



This Page Intentionally Left Blank 



. 
r 

/' .. 

THE BOM CORPORATION 

REFERENCES FOR CHAPTER VII 

Laser Focus. August 1978, p. 104. 

AMERICAN WSTITUTE OF PHYSICS HANDBOOK, McGraw Hill Book company, 
1980. 

Raizer, Y. P., "Heating of a Gas by a Powerful Light Pulse," J. Expt. 
Theoret. Physics, Vol. 48, May 1965, p. 1508-1519; also, Sov. Phys.
JETP, Vol 21, 1965, pp. 1009ff. 

Piiri, A. N., "Theory for r-1omentum Transfer to a Surface with a High
Power Laser," The Physics of Fluids, Vol. 16, No.9, September 1973, 
pp. 1435-1440. 

Popper, L., "Gas Escape from an Enclosed Cavity (Supersonic and 
Subsonic Flow)," Memorandum to J. P. Reilly, dated 29 Hay 1974, AVCO 
Everett Research Laboratory, Inc., Everett, Masachusetts. 

6. Pirri, A. N., et. a1., ·Propu1sion by Absorption of Laser Radiation," 
AIAA Journal, Vol. 12, No.9, September 1974, pp. 1254-1261. 

7. Nebolsine, P. E., Pirri, A. H., Goela, J. S., and Simons, G. A., 
"Pulsed Laser Propulsion," Proceedings of 1978 JANtlAF Conference, 
Incline Village, Nevada, 14 February 1978. 

8. I(rishnan, H., and Jahn, R. G., "Physical Processes in HollO\'1 Cathodes 
in High Current Discharges," AMS Report 1293, Princeton University, 
1976. 

9. De1croix, J. L. and Trindade, A. R., "Hollow Cathode Arcs," Advances 
in Ele~tronics and Electron PhYSics, Vol. 35, L. Harton ed., Academic 
Press, 1974. 

10. Cobine, J. D., GASEOUS CONDUCTORS, THECRY AND ENGINEERING APPLICA
TIONS, Dover Publications, Inc., New York, 1958. 

11. Heineman, W. Jr., "A Total Perspective Height Technique fo1" Advanced 
Manned Spacecraft", SAWE Paper No. 793, 28th Annual Conference of the 
Society of Aeronautical Height Engineers, San Francisco, CA, 5-8 11ay 
1969. 

12. Teno, J. and Sonju, O. K., "Oevelop'Tlent of Explosively-Driven· gHD 
Generator and Short Pulse A.ircraft High Power." Interim Technical 
Report, No.1, AERL Report AFAPL-TR-74-48, Avco Everett Research 
Laboratory, Everett, I·IA, June 1974. 

VII-53 

PRI:CEDING PAGE BLANK NOT FILMED 

-.-. - -- -_ ...• ..,. 
'" 



· ---~~ --

I 

-....... 

~-

-~ 

THE 8DM CORI''JRATION 

13. Rosa, R. J., MAGNETOHY!)RODYNAMIC ENERGY CONVERSIOtf, McGraw-Hill Book, 
Co., New York, 196B. 

14. Rom, F. E. and Putre, H. A., "Laser Propulsion. 11 TM-X-2S10, NASA, 
April 1972. 

VII-54 



~ I , 

! . 

. - -

/ 

THE 80M CORPORATION 

_________ " ..... 44_ \ 

CHAPTER VII I 
LASER-l HER~t.O.L AIR-BREATHING 

PROPULSION OF CYLTNDRICAL CONFIGURATIONS 

- _--l... _____ • _ 'TJ 

This chapter i~vestigates promising laser-thermal propulsion modes for 

cylindrical shuttlecraft configurations which would utilize either heavier

than-air or lighter-than-air structures technology. The former category 

might apply to vehicles with lengths from 10 to 100 meters; the latter to a 

larger class of shuttles measuring 100 to 1000 m 1n length. (These would 
be neutrally buoyant only in the low altitude planetary atmosphere, e.g., 

less than 3 km.) Air-breathing laser pulsejet engines augmented by aero

static, aerodynamic, and free-vortex-induced lift would be used to propel 

these cylindrical shuttlecraft out through the densest portion of the 

atmosphere. Within this flight regime, low flight velocities could permit 

the attainment of exceptionally high ratios of thrust-to-laser power, while 

keeping aerodynamic drag to a minimum. 

A. ENGINE{OPTICS{AIRFRAI1E CONFIGURATION 

The general configuration proposed for cylindrical shuttlecraft is 

pictured in Figure VIII-1A. The airframe structure has a fineness ratio 

(i.e., length/diameter) Of roughly 10:1. Attached to one (or both) end~ of 

the vehicle is :t laser-driven pm'/er head module. The geometry of these 

modules is configured similarly to the rotary pulsejet engine pictured in 

Figure V-14. 

The proposed optical train configuration for cylindrical shuttlecraft 

is shown in Figure VIII-lB. To enhance clarity, optical elements are dis

played greatly enlarged in proportion to vehicle diameter. For example, 

the radial dimensions of high-pO\ter primary optics need be as little as 
2 meters for a shuttle uith an external diameter of 10 meters (and vehicle 

length of 100 meters). As shown in Figure VllI-1B the laser beam is 
received through an opening in the upper vehicle skin onto a "beam catcher" 
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Figure VIII-l. Englne/Optical/Airframe Conflguration for 
Cylindrlcal Shuttlecraft 
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mirror. This articulated mirror is able to project the reflecteG beam onto 
any azimuthal location ~round the r~dially symmetric primary optical 
surface. Before contacting the parabolic primary optics, the beam passes 
through a high-power window. The primary optics and high-power window con
stitute a donut-shaped high-pressure structural envelope for the absorption 
of laser energy. For the 10 m diameter shuttle, the donut-shaped envelope 
would be divided radially into 24 independent absorption chambers. 

Upon reflecting off the primary optics, the beam is either a) focused 
to a high intensity upon the secondary optics, then reflected to a remote 
location for absorption (as shown in Figure VIII-1B), or b) the secondary 
optics are retracted away from the focal region and the beam is subse
quently allowed to come to a line focus (around the vehicle perimeter) mid
way between the exhaust ports of individual absorption chambers. The 
functional logic for this optical train configuration will become more 
apparent with subsequent discussions in this chapter. 

B. ERH PVLSEJET MODE 

The use of propagating LSD waves (long path-length) and pulsed exter
nal expansion thrusters can pert:1it highly distributed surface pressures 'to 
be placed along the cylindrical shuttle exterior; hence, longitudinal 
bending moments produced on shuttlecraft structure during maneuvers are 
reduced to a minimum. 

The ERH thruster mode necessitates the use of secondary optics which 
are rotated into a position near the focal region of the primary optiCS. 
As illustrated in Figure VIII-1B, the low intensity beam inCident on the 
primary lens is brought nearly to a "point" or "line" focus upon the 
secondary optics. In turn, the secondary lenses project the high intensity 
beam (now with a very long focal length) towards the opposite end of the 
vehicle. The optical axis of this beam is aligned with the longitudinal 
axis of the shuttle and is spatially located just a few centimeters above 
the vehicle external skin, as shown in Figure VIII-2. 
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- SIDE VIEW - - END VIE\., -
A) Air breakdown, ignition and propaqirtion of LSD W'lNe 

\ 
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of LSD \1(11e ''-..... ... ch' 
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Figure VIII-2. Pulsed External Expansion Thruster Cycle 
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The ERH thruster cycle begins \tlhen electrical breakdown is triggered 
by a) an electl"ical spark, b) the ejection of an easily ionized vapor (or 
particulate), or c) laser-induced breakdown absorption at a precisely con
trolled "ignition" location. Subsequently, LSD absorption waves propagate 
the length of the vehicle and leave in their wake cylinders of hot, high
pressure air. The rapid expansion of this plasma drives a cylindrical 
blast wave into the surrounding air, and shoves it aside. In the process, 
a reaction force is applied to the vehicle, lifting it into the air. A 
short time later fresh, cooler air rushes back to the lower surface of the 
vehicle, the laser pulse is reinitiated, and the cycle begins again. 

As shown in Figure VIII-3A, the vehicle is able to move in a lateral 
direction (i.e., perpendicular to the 10ngitudin3l axis)--right, left, up 
or down simply by positioning the laser beam into the proper pulsejet cham
ber at the 9:00, 3:00, 6:00 or 12:00 pOSitions, respectively. Yaw and 
pitch maneuverability are facilitated by terminating thf' laser pulse early 
as indicated in Figure VIII-3B. The alternative approach of triggering 
ignition points at the vehicle center and propagating LSD waves to the 
vehicle ends will generate equivalent results. Therefore. it is clear that 
the LSD wave ignition point must be carefully controlled, lest the vehicle 
be imparted with an unexpected asymmetric thrust. 

Since instantaneous pressures generated by passage of the LSD wave may 
be. as. high as 100 atmospheres~ "hard" reinforced thrust-bearing surface 
plates must be attachtj to the external shutt1ecraft structure in order to 
transmit this load directly to the longeron structure. Rapid deterioration 
of the pressure within the expanding cylindrical plasma w111 eventually 
result in its re-distribution to a much larger surface area; as a result. a 
siqnificantly lower-pressure impulse is finally communicated to the substan
tial~y weaker vehicle skin. These "hard" ERH thruster pads must also, be 
designed to operate without deterioration in the elevated gas temperatures 
generated by the LSD waves. 

The physics of ERH thrusters has been treated in Chapters III-VII and 
will not be pursued further here--other than to point out that the maximum 
coupling coeffic;~nt obtainable by the air-breathing ERH thruster 'js 
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A) LATERAL MOTI ON (controlled by proper projection of beam upon 
primary concentrating optics by "ream catcher" mirror). - END VIEW -

l UP n PRIMARY OPTICS 

2. LEFT 4. RIGHT 

BLAST hAVES 

3. DOwN BEAM 

~ 
B) PITCH AND YAW WIAf\!EUVERABILlTY (controlled as above, except 

with laser pulses of shorter duration) - SIDE VIEW -

:~: . . LASER 
1 . BEAM 

D 
. . . :rnRU~ ~ . 

~~A~~~~ 
BLAST WAVE LASER PULSE 

TERMINATED EARLY 

Flgure VIII-3. Fligrli. Haneuverabllity and Control for 
Cyllndrical Shuttlecraft 
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roughly 50 dynes/Watt, as compared with that of air-breathing IRH thruster 
which may be noticeably less. 

c. IRH PULSEJET MODE 

The basic physics of the IRH propulsive mode has been introduced in 
Chapters III and VII. Therefore, additional discussions presented here are 
limited to the specific pecularities that arise from the integration of IRH 
pu1sejet powerheads with cylindrical shutt1ecraft. 

As indicater1 earlier, the articulated "beam-catcher" mirror is able to 
reflect laser power pulses into any azimuthal chamber of the annular 
~ngine. Rapid fire, "gatling-gun" operation of the powerhead can provide 
quasi-steadY axial propulsive thrust, as shown in Figure VIII-4A, when 
thrust-vectoring clamshell dor)rs are used to deflect the high-velocity 
pulsed exhaust gases aft. This propulsive mode might also be accomplished 
with quasi-CW laser pm1er, using an auxiliary chemical-fueled turbo
compressor to deliver high-pressure cold air into the IRH chambers--which 
would then be used as laser-heated afterburners. 

In addition to providing axial-aligned thrust, the powerheads can 
enable complete pitch, yaw and roll maneuverability. With the clamshell 
doors retracted as sho\'m in Figure VIII-4B, the pu1sejet exhallst gases are 
exhausted radiallY.(at right angles to the vehicle longitudinal -axis) 
thereby enabling the shuttlecraft to perform yaw or pitch maneuvers. -. Care 
must be taken not to overstress the shuttle structure since the maneuvers 
may place large longitudinal bending moments on the vehicle. 

Finally, the pu1sejet powerheads can produce rolling torques upon the 
shuttlecraft through the use of variable pitch turbine blades located in 
each pu1sejet exhaust port. Reaction forces caused by turning the exhaust 
flow, enable the ~ehicle to perform a roll maneuver (or to control its rate 
of spin) about the longitudinal axis • 

Finally, as indicate~_ earlier, the pulsejet powerheads are designed to 
operate both in an air-breathing mode {dense, low altitude air} and in a 
IRH rocket mode (rarefied upper atmosphere and 5pace). 
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A. AXIAL PROPULSIVE THRUST: 

LASER;' , r- PULSEJET POtl'ER HEAD 
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. W EXHAUST GASES 
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---~ 
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eft '''' 
..... VEHICLE -
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CATCHER 
MIPROR THRUST DEFl.£CTOR CLAMSHEll. DOORS 

B. PITCH OR YAH tMNEUVER: 

:LASERj 
: FLUX! 
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- ! .. /' --PULSEJEr 
EXHAUST PORTS 

C. ROll tMNEUVER (OR CONTROL OF ANGULAR VELOCITY) : 

VARIABLE PITCH 
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Figure VIII-4. IRH Pulsejet Mode 
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D. CONVENTIONAL AEROSTATIC/AEROOYNAMIC VS. VORTEX-AUGMENTED LIFT 

In this mode, laser energy would be beamed to a powerhead at one end 

(possibly both) of the veh 4cle as shown in Figure VIII-5. High-velocity 
exhaust gases from the rotary pulsejets would be mechanically deflected aft 

by adjustable vanes or 2-0 vectorab le nozzles. To genel"ate additional 

aerodynamic lift from the cylindrical fuselaye, the vehicle could fly 

(along its major axis) at a nose-high altitude. This technique was often 

used by the old airships to cl imb to an altitude higher than that which 

would support the craft with aerostatic forces alone. Airships were also 

commonly flown in nose-high or nose-low attitudes to compensate for changes 

in the crafts' neutral buoyancy. 

Portrayed in Figure VIII-58 is an augmented-lift concept that utilizes 

a huge "spanwise" (1.e., aligned \<Iith the major axis) vortex which is 

formed over the entire shuttle vehicle. The vortex is maintained by the 

span-wise "blowing" action ofaxial-al igned exhaust gases ejected from IRH 

pulsejet engines. The active lift-generating mechanism utilizes the 

artificially induced span-wise pressure gradient to evacuate the vortex 

core. which in turn organizes the angular momentul~ about the vehicle into a 

conically-shaped vortex that is trapped in place. The external effect of 

the augmented 1 ift concept is that of a s\vept-back tornado moving into the 

local I'lind vector and producing a lift force in a direction perpendicular 

to the plane def i nC,d by the 1 oca 1 \~i nd vector and centra 1 vortex ax is.. ' 

The vortex-augmented lift (VAL) concept is, in effect, a thrust aug

mentation mechanism whereby the propulsive thrust originally developed by 

the IRH pulsejet power heads is then 1lfilpl ified to support a static load 

(i.e., the vehicle gross weight) which could not be maintained directly by 

the engine exhaust thrust (acting alone) at an equivalent input power 

level. Hence, the VAL concept embodies a momentum exchange process that is 

carried out vlfth the atmosphere as fo1lo\ts: (a) a relatively small mass 

flow rate of high-velocity exhaust gases from the pulsejet engine is used 

to excite an externally bound vortex, (b) the vortex, in turn, processes an 

enormous mass flow of free str"eam air. generating lift whne imparting to 
.. 
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(A) AERODYNAMIC HULL LIFT (NOSE-UP ALTITUDE): 
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Figure VIII-S. Aerodynamic Lift Mode 
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it a very small downwash velocity ~v upon passage of the "wing." The 
approach has much in common with the ~orizontal-take-off single-stage-to
orbit (SSTO) winged vehicle .. which have been proposed in the past. The 
purpose of this mode is to maximize vehicle rate-of-climb. 

E. DISCUSSION OF FREE-VORTEX-INDUCED LIFT 

A comprehensive review of the various methods which have been used to 
generate and stabilize a span-wise vortex over the upper surface of a 'wing 
(for purposes of lift enhancement)--is given in Ref. 1. The least, com
plicated scheme for generating super-circulation and high lift coefficients 
over swept wings involves the blowing of an air jet along the upper wing 
surface--span-wise, toward the \~ing tip.1-7 Other schemes have replaced 
the vortex with a rotating cyli~der which is located either on top of the 
wing, or in a cavity within the wing. All of these lift enhancement tech
niques use an externally trapped vortex to simulate a thickening of the 
wing. Augmented lift is produced by lowering the pressure 1n the immediate 
viCinity of the vortex, and hence, over the upper wing surface. 

1. Experimental Evidence 
KasperS-9 vias first to confirm the lift enhancement effect of 

externally trapped vortices in full-scale aircraft. His approach utilized 
leading and trai 1 ing edge flaps to trigger formation of the vortex and to 
trap it .1n place. The Kasper BKB glider was repeatedly able to reduce its 
sink rate and stalling speed to half its nomal value--when the lfft
producing vortex was engaged. This requires a lift coefficient of several 
times the normal capability of unaugmented ~ings. 

Recent wi nd tunne 1 tests of the vortex-augmented 1 i ft concept 
were made by Clareus and Westesson4,10 with swept wings and moderate 
degrees of span-\-/ise blo~dng (wing aspect ratio of 4; flow Reynolds nu!"ber 
of 150,000). For each sernispan wing, air was blown span-wise from a single 
nozzle which protruded a short distance beyond the fuselage external sur
face. The nozzle was located at the exact core of the vortex. They were 
able to achieve maximum 1 ift coefficients in the range of 4.45 to 5.5 t 
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which substantially exceeds the maximum Cl of 3.5 attainable with even 
slotted flaps on conventfonitl wings. The researchers noted a significant 
improvement of Cl with increasing flow Reynolds number. 

In his theoretical study, Rossowl has shown that section lift 
coefficients up to 10 can be achieved if the vortex can be adequately 
stab 11 i zed and if the Il'echani sm used to evacuate the vortex core can be 
generated efficiently. At the end of his study, Rossow briefly addresses 
the effects of wing sweep and free stream Mach number on the strength and 
position stability of a lift-enhancing vortex. He indicates that the com
bined effects of wing sweep and angle-of-attack provide the needed vortex 
stabilizing agents; i.e., the naturally-occurring span-wise pressure 
gradient provides the suction required to evacuate the vortex core, in 
order to organ;ze and maintain its motion. In discussing various other 
flow-field restraints, he points out that lift is achieved in an externally 
trapped vortex because the free-stream velocity over the upper part of the 
system is accelerated by as much as a factor of 10. Rossow concludes that 
if compressibility effects (and the attendant inefficiency and noise 
produced by the shock waves, buffet, etc.) are to be avoided at the top of 
the vortex bubble, the vehicle flight velocity envelope must be restricted 
to relatively low Hach numbers. 

z. Application to Cylindrical Shuttlecraft 
Tr~refore, use of the externally trapped vortex concept for . . 

cylindrical shutt1ecraft lift enhancement will most likely be rest~icted to 
the low subsonic portion of the launch trajectory and may enable the 
vehicle to climb efficiently to the highest possible ceiling altitude in an 
"air-breathing" mode. For some shutt1ecraft sizes, the augmented flight 
regime may possibly be extended to the high subsonic speeds and beyond by 
spinning the vehicle rapidly about its longitudinal axis--thereby utilizing 
the Magnus lift effect. (Two excellent examples of the phenomenon known as 
the Magnus effect are the: curve pitch 1 n baseba 11, and the hook or s 11 ce 
shot in the game of golf.) 
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The vortex core region for the aerodynamic lift augmentation mode 

is rigidly defin~d by the vehicle extremities. Consequently, the vehicle 

itself will tend to (a) provide a central attachment axis for th~ vortex, 

and (b) protect ~nd stabilize the vortex from being dislodged by the 

oncoming airstre~~ • 

3. Vortex Motion and Aerodynamic Wing Theory 

A brief discussion of vortex motion and its relation to ele

mentary aerodynamic wing theory will serve to further clarify the propul
sion concept. 

Naturally occurring exa.l1ples of free vortex motion in air and 

water are commonly referred to as tornadoes, whirlwinds, cyclones, 

maelstroms and whirlpools. The rotary behavior of fluids is quite well 

understood and follows well-defined physical laws. The earliest treatments 

of vorticity addressed the more simplified case of two-dimenSional, non
viscous f1011. Hare recent investigations have included real three- and 

four-dimensional effects (time), as well as those of a finite viscOSity. 
At present, 

studies of 

tems. ll - l6 

vortex motion has beco.11e the subject of much controversy in 

the generation and de~ay of aircraft trailing vortex sys

(Po\terful trailing vortices shed by large corrrnercial jet 

leno • .., to pose a great hazard to the safe passage of light aircraft are 

aircraft.) '., 
Displayed in Figure VIII-6 are two- and three-dimensional physi

cal models for free vortex flow. Figure VIII-6A 1s an end view showing the 

vortex center and lines of equal flow velocity which are inv~rse1y propor

tional to the distance from the center (i.e., V2 = V, (r1/r2). The b/o

dimensional model in Figure VIII-5S predicts an infinite tangential flow 

velocity at the vortex center which cannot occur because of finite visco

sity effects. In contrast, Figures VIII-6C and VIII-GO present the three

dimensional "bathtub drain" or "corner eddy'· model fer free vortex flow. 
Note that the vortex core 1n Figure VIII-60 occupies a finite cylindrical 

volume of radius Ri \'Ihich contains an axial flow field. Fluid is pulled 
into the vortex with a predominately radial velocity until it reaches the 
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I 
THREE-DIMEtISIONAL VORTEX r.ODEL (lS01"£TRIC VIE.lf>: 
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Figure VIII-G. Simplified Models for Free Vortex Flow 
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outer vortex envelope at radius Ro' where it begins to pick up a signifi
cant tangential velocity Vt. Upon reaching Ri, the particle has already 
seen its highest tangential velocity. It then enters the axial flow vortex 
core region. From the laboratory reference frame, the particle moves in a 
three-dimensional spirai trajectory of decreasing radius and increasing 
velocity until it enters the axial flow core region, where it is then 
pulled out axially as shown in Figure VIII-6C. 

Conservation of mass dictates that the rate of mass entrainment 
must equal the rate of bleed out the core. Reduced fluid pressures due to 
the high tangential velocities near the vortex core are balanced by centri
fugal forces acting on the fluid particles themselves. If the flo\ll is 
interrupted at any point along the trajectory, the vortex will begin to 
decay downstream of the disturbance. 

The vortex strength or I/circulationl/ r is given by the following 
expression 

r • fv . ds (l) 

where the li ne integra 1 is taken over any closed curve S conta i n i ng the 
vortex, and V is the local flow velocity at any given pOint. 

The Kutta-Joukow:ky relation may be used to determine the lift 
force L generated by a vortex with circulation strength r ir.::nersed in a 
1 inear flow field of velocity V. As adapted for the case of variable swee'p 
angle, the relation becomes 

(2) 

where the vector I is the length (or span) of the vortex whose orientation 
is derived from the "right hand rulel/ as applied to the tangential circu'-a
tion direction (see Figure VIII-7). 

A free vortex cannot abruptly end in a real fluid, so the rota
tional flow field cont:inues in the form of tip vortices which emerge from 
the ends of the "bound" (or attached) primary vortex much like two" 
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horizontal tornadoes. As illustrated in Figure VIII-S. decay of the vortex 
flow system occurs in severa 1 st~ges. 15, 16 In the near wake 

(Figure VIII-SA), viscosity effects tend to increase the vortex core 

radius, which in turn cause a decrease in tangential flow velocity. In the 

intermediate wake (Figure VIlI-aB). the two oppositely rotating vortex 

filaments grow to large proportions and interact to cause a mutual break

down. At the far wake, filament instability effects result in the dramatic 
interaction of the trailing vortex pair. The two filaments break up into 
segments and form rings of highly turbulent flow as shown in 

Figure VIII-aC. 
The penalty for the production of lift is "induced" drag, which 

manifests itself by a rearward tilting of the lift vector. (The lift 

vector is defined as a force which always acts in a direction perpendicular 

to the local air stream.) The action of the trailing vortices is to super

impose a vertical dO\'in-\"/dsh velocity distribution upon the flow field 

moving by the "bound vortex." Hence. the local air flow at the site of the 
bound vortex core is actually inclined down~:ard with respect to the flight 

path direction, and as a result the lift vector leans aft--thcrcby causing 

induced drag. 
4. Lessons From MacReady's Gossamer Winqs 

Several lessons for minimizing flight propulsive power require

ments (those which are a direct result of lift production) can be gleaned 

from the' Gossamer' Condor/A;batross experience. 17 The very limited 

capabilities of the human powerplant necessitates the use of a flight 

platform which exhibits an extremely high coup11n9 coefficient "C" (Liftl 

Flight PO\'icr). The coupling coefficient for a flight platform may be 

defined as follows: 

C = LIP ~ (L/D)/V (3) 

where P is the flight propulsive power, 0 is the total vehicle drag, and V 

is the flight velocity. Since the required flight power is equal to the 

product of the total vehicle drag and the flight velocity, the veloc,1ty 
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Figure VIII-8. Decay of Vortex Flow System 
(From References 15. 16 and 18) 
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must be relatively slow and the overall LID high. To obtain a high LID at 
a very low flight velocity, MacReady chpse a high aspect ratio, externally 
stiffened wing with a moderately low lift coefficient (Cl 2 1.0). in order 
to reduce the induced drag coeffi ci ent whi ch vari es as C~. The overall 
drag coefficient Co of an aircraft is composed of a parasitic drag term COo 
and the induced drag term which varies with C~ as follows, 

(4) 

where AR is the aspect ratio and e is the span efficiency factor. 
Furthermore, MacReadyl7 shows that if vehicle shape and lift 

coefficient are kept constant and only size and weight are permitted to 
vary, then the required fl ight power varies as W3/2B-1 (where W is the 
total vehicle weight and B is the wingspan). Hence, extremely 1 ighb-Jeight 
vehicles \'/ith very large spans w111 consume the least flight propulsive 
power. Ffnally. MacReady indicates that his design approach did not have 
as a foregone concluSion that the vehicle be very streamlined, but that the 
penalty for non-streaml ined construction must be assessed. The coupl ing 
coefficient achieved by the Gossamer Condor is roughly 374,000 dynes/Uatt 
and exceeds by a good margin the capability of tI'Jday's finest high per
formance sailplanes. In great measure, this accomplishment is permitted by 
the substantially lower f,light envelope (- 4.48 m/sec) of the Condor. 

F. sur·1HARY 

In conclusion, the cylindrical shuttlecraft configurations may be able 
to use vortex-augmented lift and high coupling coefficients to efficiently 
climb under laser power to the upper reaches of the atmosphere. In so 
dOing, aerodynamic lift/thrust forces (i.e., those resulting in a positive 
rate of climb upward) are applied linearly along the vehicle structure--and 
hence do not result in the production of large structural bending stresses. 
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CHAPTER IX 
AIR-BREATHING LASER-ELECTRIC PROPULSION: CYLINDRICAL CONFIGURATIONS 

, 
/ , 

/ 

This chapter investigates air-breathing electrically augmented 
thruster concepts which might be useful in propelling cylindrical shuttle 
craft to orbit. These propulsion modes are portrayed for u~~ in the rare
fied upper atmosphere and ionosphere, where shuttlecraft are no longer 
aided by aerostatic or aerodynamic lift. The engine/optics/airframe 
configuration for these Yehicles was introduced earlier in Figure VIII-l. 

A. INTRODUCTION 

Within the dense atmosphere, pulsed air-breathing laser-heated engines 
augmented by aerostatic, aerodynamic, and free-vortex-induced lift can be 
used to propel the cyl indr1cal vehicle to the outer reaches of the atmos-
phere. By design, the shuttlecraft uses the planetary atmosphere to 
greatest advantage by flying at a low velocity in order to obtain the 
greatest impulse-to-laser-power coupling and to reduce aerodynamic drag to 
the minimum. These concepts were covered in Chapter VIII. 

At higher f1 ight velocities within the rarefied upper atmosphere and 
ionosphere, the shuttles may use several other high specific impulse 
electrically augmented thrusters reviewed in thi s chapter. These propul-

'sive units', which (in opetation) send large electric current levels through 
their superconducting longeron structure (see Figure IX-l) permit the 
shuttle to gain a positive propulsive advantage over conventional unaug
mented rocket systems. For example, in one such thruster mode, the 
electromagnetic engines might warp the local geomagnetic field out to 
a radius of several tens of kilometers, and thereby con~unicate a reaction 
farce to the planetary mass itself, by way of a perturbation to tne local 
planetary magnetic field. 

When flying in one of several electric propulSion modes, the shuttle 
requires lightweight laser-heated explosively driven magnetohydrodynamic 
(XMHD) generators which are compatible with the pulsed radiation 
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superheaters used in the powerheads (e.g., see Figure V-1~). Normally, the 
purpose of the pulsejet exhaust section is to accelerate the high pressure 
gases generated within the radiation superheater to produce high-velocity 
exhaust gases (i.e., thereby producing the maximum attainable thrust from a 
minimum mass flow rate of propellant). However, in the electric propulsion 
modes, energy must be extracted from this high-velocity plasma exhaust, and 
converted to pulsed electrical power. This may be accomplished by insert
ing a magnetohydrodynamic (MHO) generator at the output of the pulsejet 
chamber as shown in Figure IX-2. A flHD generator is, of course, sil'lply a 
hollow duct of square cross section, composed of two opposing walls which 
are insulators and another blo which are used as electrodes. When a very 
strong magnetic field (e.g., 2 to 10 Tes1a) is applied across the duct in a 
direction perpendicular to both the insulating t/alls and the electrically 
conducting plasma stre~~, electrical power will flow from the electrodes to 
an external resistive load. 

Based upon preliminary studies (included in Appendix B), the pulsed 
XMHO convers1on concept ShOHS excellent promise for handling high average 
power levels (e.g., 109 Watts) at efficiencies in the range of 40 to 
50 percent. Simplicity in design of such XI·lHD generators can be inferred 
from studies of pulsed laser-heated rocket technology, and chemical-fueled 
explosively driven ~rnD generatorsl -3, neither of which utilize moving 
parts. The nature of pulsed converter operation eliminates the plasma 

" .. <J •• • 

stability constraints typical of CW radiation-heated systems. In addition, 
the converter has simple working fluid requirements: a) pulsed injection 
at low repetition rates, and b) continuously fed gas at repetition rates 
much above 100 Hz. The successful development of such a converter technol
ogy will require the intiMate integration of: the physics of a) radiation
driven absorption waves, b) high-temperature gasdynamics, c) explosively 
driven MHO generation, d) high-power laser windows and m~rrors," and 
e) light\teight actively cooled pressure vessels. 

The configuration for a XMHO which is compatible with the shuttle 
pmterhead is illustrated in Figure IX-2. The only major change from the 
pulsejet configuration previously intr~duced in Figure V-14 is the addition 
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Figure IX-2. Detonation Wave Drlven MHO Generators for Short Pulse, 
High Pow~r Requirements (Not to Sca1e) 
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of powerful superconducting electromagnets, insulating walls, and 
electrodes in the pu1sejet nozzle region. When electric power is required 
from the power head, the superconducting magnets are energized and strong 
magnetic fields are applied at right angles through the exhaust section in 
the direction indicated by B in Figure IX-2; power is extracted directly 
out of the page as sugaested by the current vector .1. 

The XMHD generator cycle is identical to that portrayed in Figure V-1S 
except that the electrical power pulse becomes the functional output of the 
device, instead of reaction thrust. A schematic diagram of the cycle is 
given in Figure B-4 of Appendix B. LSD wave heating of the injected pro
pellant produces a high temperature and pressure non-equilibrium ionizec1 
plasma which then explosively drives the MHO generator into operation. The 
XMHD generator is designed for open-cycle operation with hydrogen as the 
working fluid, and is a very lightweight converter for the flyable plectric 
power plant application. A gigawatt-level electrical converter may have a 
specific weight/power of better than 1 kg/~. 

In surrrnary, the electrically augmented thruster cycle:; receive power 
from explosively driven magnetohydrodynamic generators fitted to the 
exhaust nozzles of the IRH pulsejet engines. The following prop'ul.sion 
modes suggest only a few of the possibilities; some are more speculative 
than others. 

B. "ELECTRICAL -STORW' ATMOSPHERIC COUPLING MECHANISM 

In concept, this thruster attempts to artif1ci ally reproduce several 
of the physical processes which occur naturally in electrical storms. As 
portrayed in Figure IX-3, remote-beamed power is used by high-energy linear 
accelerators (LINAC) which eject several Coulombs (e.g., 1-10) of electric 
charge 
other) • 

{proton beams from one vehicle end, electron beams from the 
This charge is then temporarily stored in oppositely charged 
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"clouds" at a distance of ~everal vehicle lengths.* Space charge di~persion 
effects cause a large atmospheric react~on mass to be trapped within these 
large-area-electrode "clouds. 1I Continued charge pumping of ~hese 

"electrode-c10uds ll soon initiates a glow atscharge across the inter-cloud 
volume. At this time, the XMHO generators fire_ up and deliver 106 to 109 

Amps of curre~t through this circuit causing a very large atmosph2ric mass 
to be accelerated away from the vehicle through the action of salf-magnetic 
field derived Lorentz forces. 

Physically, the thruster concept is the electl"omilClnetic (EM) analogy 
to aerodynamic lift production. Aerodynamic vortex strength r becomes the 
electrical current I; local circulation velocity V becomes th~ local 
magnetic field e; wing span becomes the length of the shuttle supercon
ductor stringer (or long'ron) structure. This analogy is further clarified 
in Table IX-l, which presents the representative equations for vortex
induced 11ft from either case. As illustrated in Figure IX-3. the flow 
tul'1es of free charge from both vehicle ends act as electromagnetic IItip 
vortices" to cause a strong self-induced magnetic field 8I to appear at the 
site of the shuttle "bound vortex." 

The magnetic field B generated near a long cylindrical current element 
(the EH trailing vortex core) is: 

lioI 
B .. --2'!fr ' (1) 

where 1 is the charge rate of flow (i.e., electrical current), r is the 
radial distance from the EH vortex corp and 110 is the permeability constant 
equ~1 to 4'!f x 10-7 Weber/Amp-meter. The strength alII of an EH vortex may 
be obt~;ned from Ampere's law: 

I • - B1· ds , 1 f-
~o 

(2) 

*In a recent paper, Alfven6 re~inds us that a thUndercloud can store 10 to 
SO Coulombs. 
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TABLE IX-l. EQUATIONS FOR VORTEX-INDUCED LIFT 

-
AERODYIIAIHC VORTEX SYSTEl1 IELECTROMAG~ETtC ·VORTEX· SYSTE" 

FREE VORTEX v • (constant) 8 f 
(Constant )m 

• r r 

VORTEX STRENGiH r • J v . ds I • LfSf \1 0 
• d's 

VORTEX- INDUCED LIFT Fa • pVrt 
(SCALAR FORK) (KutU-Joukowsky Relation) FID • U8. 

VORTEX- INDUCED LIFT ra • 1'1 X r! Fm • r 1 X fe 
(VECiOR FORM) ( accounts for wing sweep) (THE LORENTZ RELATION) 

Of • Fa (s1n 3 f ' Tt • 
\la' 

) INDUCED THRUST OR DRAG FM SIll ( lfU 
(T t ~ND 01, RESPECTIVELY) • 
POWER EXPENDED P • Fa{stn at' Vwing P • I (l~_X a. • VD' 
(IN ?RODUCING LIFT) (where Vo 1s an addit10nal 

voltage drop required to 
g~nerate the vortex) 

.' ,. ~... 
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where the closed integral is taken about any closed path S which contains 
the vortex core, and Bi is the local m~gnetic field encountered along the 
path. Finally. the lorentz relation gives the lift force generated by the 
EM bound vortex of strength "III which is immersed in a uniform external 
magnetic field BE: 

(3) 

where l is the length of the bound EM vortex whose direction is aligned 
with the flow of positive charge carriers. The vector form of Eq. (3) per
mits the analysis of the slewed (or swept) EM IIbound" vortex. 

For the sake of argument. assume the cylindrical shuttle is at some 
point in time moving in a direction directly into the local external geo
magnetic field vector BE as shown in Figure IX-4B. Note that the external 
effect of the trailing EM vortices is to cause a magnetic "upwash" behina 
the EM bound vortex. as illustrated in Figure IV-4A. Physically, the 
trailing vortices cause an induced magnetic field Br to appear at the site 
of the bound vortex. The orientation of BI is at right angles to the plane 
defined by the bound and trailing EM vortices. and the magnitude of the 
induced magnetic field at the bound vertex site is: 

Br = lloI/'II'L (4) 

Much the same as in the case of aerodynami c 1 i ft; the tra 11 i ng vort ices 
within a distance of one wing span L behind the vehicle are responsible for 
generating over 95 percent of the induced field seen by the bound vortex. 

The end result of all this is that the magnetic 11ft vector Fm in 
Fi gure IX-4B ; s rotated forward. In other words, the mere ex i stence of EM 
trailing vortices causes an induced thrust upon the bou~d vortex, ·~ather 

than an induced drag effect as is the case for aerodynamic vortex systems. 
Once generated, the trailing EM vortex system is envisioned to break

down and decay into EH-=- vortex rings similar to that portrayed in 
Fi gure VII I-a for the aerodynami c vortex flow system. An ana lys is of an EI1 
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(A) -----

(B) 
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---------

'JMAGNETIC FIELD LINE 
: GENERATED BY BOUUD 
I VORTEX ALONE 
I -..2.. 
• _ --_- FLIGHT_ PATH CENTERLINEI>-

'1 X 

F 

VEHICLE (END VIEW) 

___ FLIGHT PAT~ CENTERLINE> 

X 
VEHICLE (END VIEW) 

Figure IX-4. Induced Magnetic "Upwash" Due to Tip Vortices 
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vortex ring (i.e., an electrical current loop) system will reveal the 
origin of the induced thrust component •. It is commonly known that for the 
case of powerful electromagnets, the induced magnetic field generated by 
one-half the current loop at the site of the other--tends to explode the 
magnet radially outwards. Since the only physical load-bearing component 
of the current loop is provided by the shuttle superconducting longeron 
structure itself t it is certainly clear that the entire trail ing vortex 
system will be "b10wn away" by electromagnetically derived forces. During 
this "momentum-exchange II process with the atmosphere, reaction forces are 
first communicated from the bound EM vortex through the action of 
electromagnetic fields to moving charged particles, then to an acceleration 
of neutral atmospheric particles as a result of collisional processes with 
the charged particles. At the end of a thrust pulse, EM and plasma 
instabilities in the trailing vortex system will result in subsequent 
breakdown and decay of the system, probably first evidenced by huge 
electrical discharges in the wake. 

The induced angle of tilt ai for the electromagnetic lift vector in 
Figure IX-4B is given by 

"I • tan-1 (:~) :: tan (:~~ ) 
For example, assume that an induced magnetic field of 10 times the strength 

.. of the Ea~th's surface field of 0.5 Gauss 1s to be generated. From Eq. (5) 
it is found that ai would be roughly 840, and from Eq. (4) that "I" going 
through the vortex system must be 1.25 x 106 Amps (for the 1000m long 
shuttle). This magnitude of electrical current has been observed in 
naturally occurring electrical discharg~s (i.e., lightning). 

Portrayed in Figure IX-S is a cross section of the m bound and 
trailing vortex ring system during the breakdown and decay process. As 
noted in Figure IX-SA by the location of the trailing vortex system and the 
free system velocity vector V~. the shuttle is assumed to be moving towards 
the left side of the page. Regardless of the original flight direction and 
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A) UNSTABLE ALIGnMENT 

B) STABLE ALIGNr'iENT 

I 

J!lRIGINAl FfAG~ fs~ 
OF POOR QUALITY 
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Figure IX-5. Decay of EH Trail 1ng Vortex System 
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hence the orientation of the trailing EM vortex system, the ring EM vortex 
has a finite magnetic dipole moment equa) to 

ii .. IA (6) 

where A is the total area enclosed by the current loop. This dipole will 
experience a torque due to the action of the external magn~tic field BE, 
and eventually tip into a stable alignment of the u and BE vectors as shown 
in Figure IX-SB. The magnitude and direction of the torque vector ~ is 
given by 

(7) 

A straightforward calculation reveals that 10\'1 voltage, non-relativis
tic ejection of charged particles from shuttle active emission electrodes 
(at the vehicle ends) is space charge limited to very 10\'# net electrical 
current levels ~ hence thrust (barring, of course, the use of some other 
clever approach to non-relativistic physics of which the author is 
presently unaware). The electrical field E at the external surface radius .. 
r of a cyli ndri ca 1 rod of e 1 ectri ca 1 charge may be determi ned \'11 th the aid 
of Gauss's law as follows 

(8) 

where q is the total charg~ within a length 1, k is the dielectric constant 
of the atmospheric medium, and to is the permittivity constant equal to 
B.85 x 10-12 rarad/m. Assuming, then, that the shuttle active emission 
electrodes eject charge at a constant average rate I and velocity V equal 
to the flight velocity (such that the charge remalns approximately at rest 
with respect to the atmosphere), we have: 

E :0 I/2';re:oKrV (9) 

.. 
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Sea level air has a dielectric strength \lllll breakdown strength of 1.00 and 

3 x 105 Vim, respectively. For a charge tube radius of 100m and a flight 
velocity of 100 mIs, Eq. (9) reveals that the maximum electrical current 

flow rate is 0.445 Amperes. Above this current rate, electrical breakdown 

of the atmosphere ~/111 occur. 

There are two obvious approaches to circumventing this physical limi

tation on the maximum charge flow rate. Both involve the mechanisms for 
active charge emission from the electrodes. 

1. Emission of "Seed Gas" 

The first approach involves the simultaneous emission of a "seed" 

gas along with the flow of electrical charge. The "seed" gas molecule 

would be one with a sizeable electric dipole moment - (e.g., a water 

molecule has a dipole moment of 6.1 x 10-30 Coul-m*). For such molecules, 

the effective center of positive charge does not coincide with the effec

tive center of negative charge. Therefore, the external effect of ejecting 

electrical charge with the dielectric vapor \tould be such that the elec

trical field at the external vortex tube is reduced. The "seed" gas acts 

as a distributed dielectric within the charge flow field. 

The dielectric strength of liquid state water at zero deg'rees 

centigrade is 88, and the breakdown strength can be greater than 2 x 

106 Vim for submicrosecond pulse lengths. The dielectric characteristics 

of water vapor are significantly reduced from these values. However, even 

if water could be used as a distributed dielectric with the sa~e properties 

as exhibited in the liquid state, the maximum charge flow rate would at 

most be increased by a factor of only 100 to 1000. Barring the use of some 

super dielectric "seed" gas, all the evidence seems to point away from the 

use of charge ejection at sub-relativistic velocities. 

2. Relativistic Charge Emission--"Glow Discharge" Propulsion 

The second approach e 1 imi nates any need for "seed" materi a 1 but 
requires that the electrical charge be emitted in high current, low voltage 
relativistic bolts. The ambient atmosphere can provide complete space 

* Molecular dipole moment is P = 2 aq, where "a" is the separation distance 
of the charge and "q" is the charge magnitude in Coulombs. 
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charge neutralization of the charge particle beam when moving at velocities 

approaching the speed of light. Devices for accelerating electrons and 

ions to 100 ~'eV - 1 GeV are presently being examined for use as beam 
weapons. (A review of this research is provided in Refs. 7-9.) 

This propulsion mode would more accurately be described as a 

"Glow Discharge" electromagnetic thruster, designed for use in the 
stratosphere with 100 to 1000m long orbital shuttles. The basic propulsion 
cycle is portrayed in Figure'IX-6, for a reference 100()n vehicle. The 

cycle begins with the atmospheric charging step shown in Figure IX-6A. 

On-board particle accelerators are used to create charged clouds (e.g., 

1-10 Coulombs each) with overall dimens ions of several lei lometers--at a 

distance of at least 1000n from the vehicle. Simultaneous ejections of 

both protons and electrons (from opposite ends) leave the vehicle electri

cally neutral at all times. The goal is to produce an increasingly large 
electric fiei-f, almost to the point of electrical breakdown in this step. 

The next step in the propulsion cycle sequece is the "onset of 
glow discharge," indicated in Figure IX-68. At this point, a uniform glow 

electric discharge begins to form bebleen the two charged clouds. 
Immediately following the onset of glow discharge, a large 

current (i. e., meg amperes to gi gamperes) is driven through the strato

spheric plasma. The strong self-magnetic fields generated by the discharge 
then acts to drive away the air trapped \.,ithin the glow discharge region-

through the action of Lorentz J x B forces, as shoun in Figure IX-6e. An . . 
equal and opposite reaction force upon the vehicle itself causes the 
vehicle to be propelled away. The goal is to entrain a quantity of air that 

equals or exceeds the mass of the vehicle--so that the velocity change of 

the air working fluid is a small fraction (e.g., 10 percent) of the vehicle 
velocity. (This condition yields a high propulsive efficiency for the 

thruster.) The cycle is then repeated with a new volume of working fluid 

which is convected into the active ElM interaction region. 
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(Al ATMOSPHERIC CHARGING PReCESS 
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Stratospheric "Glow Discharge" Propulsion Concept 
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c. MHO-FAN PULSEJET PROPULSION MODE 

The MHO-fan pulsejet propulsion mode is envisioned for use by the HLLV 
primarily at altitudes exceeding 20 km and flight Mach numbers of at 
least 1. 

1. Basic Engine Cycle 
The basic engine cycle is portrayed in Figure IX-7. The direc

tion of flight is at right angles to the longitudinal axis (towards the top 
of the page). The cycle begins when laser pulses received by both power 
heads are projected along the underside ~"Jrface of the shuttle at very high 
intensities close to the breakdown thrt:shold. Focus by both beams occurs 
at the vehicle center-section where air breakdown and ignition of LSD waves 
occur. LSD wave fronts propagate rapidly up the beams and into the ~ulse
jet ch~ber exhaust ports, creating in the process a high conductivity air 
plasma sheet as shown in Figure IX-7A. 

r~eanwhi1e, a fresh slug of internal propellant has been injected 
into the radiation superheater and expands to fill the chamber just as the 
advancing LSD \,/ave propagates into the pO\'/erhead, thereby heating the pro
pellant to a high temperature and pressure. It then expands out the 
exhaust ports and through the X~IHD generators. Subsequently, large pulses 
of electric DOlter are simultaneously generated as the XHHD qenerators 
are energized. Tnese electrical power pulses are then short-circuited 
through the lower longeron superconductors and through the high conductiv
ity air plasma sheet. MHO acceleration of this current-carrying sheet 
occurs by the action of self-magnetic fields generated by the return cur
rent flow through the superconducting shuttle longerons, as shown in 
Figure IX-7B. As a result, this current sheet is pressed into the 
surrounding air, entraining air ahead of the MHO-driven shock and forcing 
it away from the vehicle. 

As indicated in Appendix C, adequate current sheet inductance 
required for an efficient acceleration process will occur for current 
sheets traveling at an initial velocity of at least 330 m/s. However, 
since the propolgating LSD \'1aves vlill shed a cylindrical shock ~/ave \thich 
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AI Preparation of high conductivity plasma sheet for attlcient MHO acceleration: 

laser beam; rotary pulsejet powarhems With laser b3un I laser flaW! 
:/:: / MHO g~nerator "turbines" ~ I~I ~l:>o h \ ~ 
: ! air brea~own and i! fBI ~ ~' 
I ; Ignition of LSD waves I Ii ~ > V_ 
I, ,. Q a 
: ~J~ 

----- - - I 
=- -=-= ..... _ ..• "--~ "'*~.... ,- ~ ~--¥"!F""""~. I . 

propaqatlon~f LSD waves Lhi9h conductivity air plasma 5hce~ 
BI liliD acceleration of current sheet with sclf m<:gnaUc fields gener~.ed 

by tv.'\) short-cl!culttd N.rID pulseJet gsnerators: 
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Figure IX-7. TWln Beam LTAV Hith NHD-Augmented Thruster 
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will move away from the shuttle lower surface at a velocity of Mach 1, and 

since the main electrical discharge is likely to initially intensify along 

this shock front, it is likely that the MHO-Fan propulsion system may suc

cessfully operate at flight velocities somewhat below 330 mIs, although the 
efficiency of operation should increase with flight speed. 

Air through which the vehicle is flying is compressed at the 

leading edge, then flows around the outside of the cylinder, and into the 

active HHO thruster volume in preparation for the next accelerator pulse. 

In this manner. fresh air is ingested around the cylindrical shuttle as the 

thruster operates in repetitively pulsed fashion to accomplish momentum 

exchange with the atmosphere. 

2. Analysis of Thruster Physics 
In principle, the propulsion concept is closest to that of the 

air-turborocket. Electrical energy is removed from a rocket high velocity 

plasma exhaust f10\'l by HHO generator "turbines. II This electrical po\'/er is 

then used to accelerate a much larger mass f10';1 rate of air (i.e., large 
compared with that which f10Hs through the NHD generators) processed by an 

electrical "fan" accelerator having a configuration similar to the 

"parallel rail" or "button gun" type of linear HHO accelerator treated by 

Jahn in Ref. 10. So~ care must be given to preventing the spoke-disG'ui.rge 
pitfall evidenced in some experimental ~mo accelerators. To eliminate such 

problems for the cylindrical thruster, the pre-ionized discharge path 

should be a large-area crescent (see Figure IX-6B) \'1ith uniform elec.trical 

conductivity. -The 'physics of the f.1HO fan accelerator may be found in 

Appendices C and 0; hence, it will not be repeated here. 

The MHO-Fan approach does not require relativistic emission of 

electrical charge. The electrons simply drift through the current sheet 

\tith some finite velocity, as occurs in most any gaseous or solid con

ductor. The laser pre-ionized path (along which the main electric dis

charge later intensifies) is conceptually similar to the "stepped leader" 

and "return stroke II processes exhibited by natural atmcsph~ric lightning. 

For the largest of such electrical discharges, air/plasma temperatures are 
rapidly driven to 30,OOOl( and pressures to 100 atm as the arc intensifies 
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to th'e peak current value. Such air/plasma state conditions generally 
exhibit a conductivity of 215 mhos/em. Hence, the intensity of laser 
radiation used in the LSD-wave pre-ionizing "stepped leader" should be high 
enough to generate these gas conditions within the starting crescent-shaped 
cylindrical shock wave. 

For the sake of argument, let us assume that the thruster 
operates with a duty cycle cf 100:1 and that the instantaneous thrust upon 
the current sheet 1s 1000 times the weight of the 
10GOm long vehicle, Fpeak is 7.37 x 1010 Newtons. 
analysis of "lighter-than·air- vehicle weightS.) 
which must flow through the arc at initiation in 

Shuttle; hence, for the 
(See Chapter XII for an 

The electric current 
order to generate this 

force may be estimated by examining the magnetic interaction between two 
very long parallel electrical current elements with a separation distance 0 
equal to the vehicle diameter, i.e., 

(10) 

where FI is the initial thrust upon the current diSCharge. It is found 
that I D 1.9 x lOB Amps for the lOOan long shuttle. 

At the end of the thrust pulse, the electric arc will have 
expanded to a roughly circular geometry, dnd the final force Ff upor. the 
current cle~2nt is 

(1\) 

or 2.27 x 1010 Newtons for the 100Qm long shuttle. 
The crescent-shaped discharge region l1lustrated in Figure IX-7 

is subjected to electrc'ilagnetic pressures from behind and reaction forces 
from the entrained air ahead, as the front advances in "snow plow" fashion 
into awbient air. Assuming that the total frontal area of the arc is equal 
to the vehicle length times the diameter, the arc has a distributed 
magnetic prcs;.ura of 730 atmospheres applied to it at i~1tiation. and 
225 atrn at the end of the thrust pulse. For various reasons the arc may 
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not experience this total pressure, but the indicated order-oF-magnitude 

illustrates that cUI-rent sheet conduc~1vity is likely to be maintained 
throughout the thrust pulse. 

Determining a rough order-of-magnitude thickness for the current 
sheet is 11 more difficult matter. However, it is possible to estimate the 

maxi~m diameter of 11 circular cross-sectional arc attached to the vehicle 

ends (electrodes) which will permit Ii self-generllted gas pressure of 100 

atm required for adequate plasma electrical conductivity. The magnetic 

self-constriction pressure P of an electriC arc upon its own conduction 

channel may be determined from Eq. 12. 

JlojZ 2 2 
P • -a-- (r1 - r ) + Po (12) 

. 
where Po is the ambient pressure outside the are, j is the Ilssumed uniform 

current denSity, r is the rndius within the arc where the pressure is to be 

detemined and rl is the outside edge of the current channel. Assuming 

that Po is negl igible and that the self-r.mgnetic pressure at a radius of 
0.707 rl (the mid-point radius which divides the cross-sectfond1 conduction 

area into UtO equal parts) ~st be 100 Il~ospheres, it is easy to show that 

q M'Jst be 7.5 r.:eters for an arc discharge of 1.9 x 108 Amps required by 

the 100~ shuttle. Hence, the current density must be 1.OB x 106 Arnps/rn2 

which represents a total arc cross-sectional area of 177 m2• Therefore, 

the current sheet thickness for a rectangular (or crescent-shaped) dis

charge region w1th a ~.,1dth equal to the vehicle diar.leter is 1.77m. This 

thickness repres£ Its an aspect ratio for the current sheet of about 56: 1. 

Incidentally, the self-magnetic constriction force at the center of an 

1.9 x 108 Amp arc with circular cross-section is about ZOO atm. 

The electrical resistance of the arc discharge path of 

length 1, (which 1s set equal to the vehicle length L at initiation, and 

roughly 3L at termination) is given by 

R .. 'J./Aa ( 13) 
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where A fs the cross-sectional area of the electric arc and a is the gas 
conductivity. At discharge initiation .for the lOOOm shuttle, the cur:'ent 
sheet resistance is 263 micro-ohms; at the end, 788.0 micro-ohms. 

The "end plate" electrodes of the linear shuttle MHO accelerator 
are not sufficiently broad so that the edge effects of the magnetfc and 
electric fields and mass flow may.be neglected. However, if edge effects 
are m1nimal, the inductance contributed - to the electric circuit is 
simply Uo (l/D)X, where l is the vehicle length, 0 is the electrOde width 
(equc\l to the vehicle diameter), and X is the downstrearn displacement of 
the current sheet measured from its ·initial discharge location at the 
vehicle s!<in. The inductance contributed by this moving current sheet 
increases with X and is the only time-varying contrfbutfon to the total 
c1rcuit inductance. The time rate of change of the circuit inductance is 
then 

. . 
L • (Uol/D) X (14) 

. 
where X is the velocity of the current sheet relative to the shuttle. 

• Assuming the di~ens1ons of the 100~ long shuttle and setting X. 300m/sec, 
it fs found that L 1s 3.77 x 10-3 Ohm. 

Therefore, the electrical resistance within the MHO generator 
power plant including that of the discharge itself must be small compared 
with 3.77 x 10-3 Ohm if the majorfty of the available electrical power is 
not to be \'tdsted 1n Joule heating. Hence, t fs seen to be greater by a 
factor of 14.3 (f.e., at pulse inftiation) than the resistance of the 
current sheet itself. Therefore, it is antfcfpated th~t the potential for 
an effcient acceleration process appears good. However, the peak and 
average accelerator power requfrements are exceptionally formidable for the 
lOOOm vehicle: tJ2/2 = 6.8 x 1013 watts peak or 6.8 x lOll Watts average, 
assuming a 100:1 duty cycle. The 1000m shuttle would consume the combined 
output of sixty-eight 10 GY solar power stations in this propulSion mode. 
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D. MHO-PUI~PEO VORTEX- INOUCED LIFT 

The purpose of a MUD-Pumped Externally Trapped Aerodynami c Vortex 

(MPETAV) is to provide a means of lift augmentation and drag reduction for 

acyl indrical shuttle climbing thror;gll the more rarefied upper altitudes at 

supersoni c ve loci ties. The concept of MPETAV-augmented 11ft is concep

tually identical to the subsonic vortex-induced lift concept introduced in 

Chapter VIII, except for the external vortex-pumping mechanism and the 

applicable flight velocity regime. Instead of using span-wise blowing to 

pump the vortex, the MPETAV approach uses electric arc "paddle wheels" as 

shown in Figure IX-8 to accelerate the supersonic airstream flowing over 

the upper surface of the cylinder--thereby increasing the circulation 

strength of the aerodynamic vertex and therefore lift. The magnetic dipole 

moment of each electric arc "paddle" (given by Eq. 6) interacts with the 

Earth's magnetic field in a manner that resembles the operation of a direct 

current electric ITIOtor. The co~tating action is provided by the pulsed 

supply of electric power from the XMHD generntors. The longitudinal axis 

of the shuttle is aligned directly at right angles to the flew stream, or 

in a slightly slewed position. Since the shuttle flfght direction must be 

rcughly aligned with the Earth's magnetic field, polar boost trajectories 

may be required in order to use the r~PETAV principle. 

The physics of the MPETAV electloicill acceleration cycle are quite sim-

. ~lar to that introduced for the MHO-Fan concept 1" the previous section, 

except that the pre-ionizing LSD wave-generated "stepped leader" is struck 

directly along the upper vehicle surface at the maxi~um cross section pre

sented by the shuttle to the flow. The HPETAV cycle begins in Figure IX-8A 

as the XHHD-driven electric arc intensifies along the pre-ionized path, ana 

thereby creates a magnetic dipole which ~cmentarily has a neutrally stable 

orientation with respect to the external magnetic field. As the electric 

arc continues to intensify and self-magnetic fields begin to propel the 

electric discharge in a direction radially away from the vehicle skin, the 

magnetic dipole moment grows rapidly stronger. Simult~neously, the super

sonic airflow about the shuttle sweeps the electric discharge downstream 
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Figure IX-B. MHO-Pumped Externally'Trapped Aerodynamic Vortex 
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and 1n the process d1sturbs the neutrally stable a11gnment of the magnetic 
dipole moment and the Earth's magnetic f~eld. 

As illustrated in Figure IX-SS, the arc experiences a net force which 
can be broken into two components, each the direct resu 1 t of an app 1.f ed 
magnetic field. The self-magnetic field always acts to create a force upon 
the current sheet in a radially outward direct10n from the vehicle longi
tudinal axis. The earth's magnetic field always acts to generate a torque 
in the u x Be direction (i.e., towards the bottom of the page in 
Figure IX-8). As shown 1n Figure IX-SC, the self-magnetic forces quickly 
become orders of magnitude larger than those due to the Earth's field. 
Early termination of the electric current prevents the magnetic dipole 
moment vector u from rotating into complete alignment with the Earth's 
field. 

The net effect upon the external aerodynamic flow fi~ld by the passage 
of rapidly pulsed electr1c discharges (i.e., "paddles") is that flow is 

accelerated over the upper surface of the vehicle, thereby augmenting lift. 
In addit10n, a momentum exchange process is carried out with the atmosphere 
through the act10n of self-magnet1c fields, and th1s causes an acceleration 
of the cylindrical shuttle in an a.na10gous fashion to the MHO-fan system 
described in the previous section. 

E. WAY'S ELECTRm .. AGNETIC PROPULSION CONCr.£.! 

1. Historical Context 
The air-breathing electromagnetic propulsion mode introduced 1n 

this section is a variat1on-on-a-theme of a MHO propulSion concept origi
nally proposed for submarfnes (e.g., see Refs. '1-20). Wayll,16-20 hilS 
cione the most extensive theoretical and experimental rCSt!arch on the con
cept and has b4ilt a 10 foot operating ~odel which is pictured in 
Figure IX-9A. He used a single electromagnetic field coil of rectangular 
configuration; the largest dimension was aligned with the longitudinal axis 
of the vehicle. A constant electric current conducted \'/ithin the ceil 
created a strong magnetic field \/h1ch enveloped the vehicle and reached far 

.. 
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A) Two POLE ELECTROMAGNET GEOMETRY 

I-.c- • ----J 
~--______ l __________ ~ --

B) MULTIPLE POLE ELECTROMAGNET GEOMETRY 

. , 

Figure IX-9. Configurations of t1agnetic Field and Current Flow 
Pattern for Way's Pronuls10n COlcept 
(From References 50, 51 and 53) 
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out into the surrounding sea water. An electrical power plant within the 

vehicle is used to apply a potential across the two long electrodes which 

are mounted on the vehicle exterior surface directiy over the 

longitudinally aligned portions of the co11. A sizeable continuous elec

tric current is made to flow through the external conducting medium, since 

the ocean is a saline solution and has a finite conductivity. Water is 

entrained within the electric arc path and is subsequently accelerated aft 

by the action of JxB Lorentz forces. Hence, a momentum exchange process is 

carried out with the external fluid, resulting in a forward thrust upon the 

vehicle. 
2. Shuttle En Thruster Cycle 

The air-breathing ElM thruster envisioned for the cylindrical 
shuttle is closest to Way's multiple pole electromagnet geometry pictured 

in Figure IX-9B. The continuously operating approach of Way is discarded 

in favor of II. quasi-steady rapidly pulsed mode of electrical generation. 

The sea water external medium (having 11 constant low value of electrical 
conductivity) is replaced by the atmosphere which is subjected to transient 

ionization at close proximity to the shuttle, as schematically diagrarr.med 

in Figure IX-10. A r.lajor change to the cylindrical shuttle configurati,on 

proposed previously is the inclusion of a dozen or more longitudinally 

oriented alectrodes \'lhich run the entire length of the shuttle external 

surface, one ~~ectrode per superconducting longeron (refer to Figures IX-98 
and IX-10). 

Physically, this transient ionization process is carried out 

through the use of remote beamed laser radiation, as follo\'Js. The fornard 
end of the vehicle is equipped with the optical train configuration dis

played in Figure VIII-l. These internal optics permit a "beam catcher" 

mirror to distribute laser power onto parabolic "primary" m1rrors. In 

turn, each primary mirror condenses the beam upon a "secondary" mirror-

which then reprojects the high-intensity be~ along the outer vehicle 
surface, to a focus at the aft end of the vehicle as shown in 

Figure VIII-lB. 
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The cycle begins with a new laser pulse-train which is received 

at the "beam catcher" mirror and dfstr1buted in gatling-gun sequence into 

all the primary optical cham .. ;:rs (say perhaps, in a clockwise rotation). 

Air breakdown is followed by ignition and propagation of LSD waves which 

race up the beam, converting all the air in its path (close to the vehicle 

surface) to a hot, high-pressure plasma. As indicated in Figure IX-ll, 

each propagating LSD wave generates a strong cylindrical blast wave, which 

moves rapidly away from the vehicle at the speed of sound. 

As shown in Figure IX-12, an energetic power supply (e.g •• the 

laser-heated XMHD generator) then drives a large electric rtischarge from 

one longitudinal electrode through the conducting air plasma to the 

adjacent electrode. As the cylindrical discharge intensifiES. the advanc

ing front takes on the characteristics of a detonatioll wave. Joule heating 

(I2R losses to the resisting plasma) of the air behind the shock wave 

t}'ansrorrns it into an electrically supported detonation wave. This process 

increases the conductivity and propagation velocity of the discharge. 

Only a small strip of air is an electrically conducting plasma at 

any given moment. That which is entrained within the electric current 

volu!l'~ is accelerated aft by the acticn of Lorentz forces (Fu = j x B) in 

gatling-gun fashion as shown in Figure IX-13. As a whole. the supersoni

cally advancing ~etonat10n naves process all the air within a large 

cylindrical radius (e.g., 30' to 50 percent greater than the veh1.cle 

diameter). imparting it to a velocity increment in the aft direction. 

{Note that the ionizing current wave must have a good permeability, and 

that the accelerating Lorentz forces are applied at right anQles to the 

direction of wave propagation.} Fresh air is convected into the annular 

accelerator volume by the forward motion of the vehicle. 

By this means, a momentum exchange process is carried out \'1;th 

the atmosphere; and the shuttle is accelerated forward. Fresh air is 
convected into the annular accelerator volune by the forward motion of the 

vehicle - and is subsequently accelerated by the next pulse. Shuttle 

flight velocities may need to be at least sonic in order that accepta~~e 

current sheet inductance can permit good E/H thruster efficiencies. 
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Figure IX-ll. Laser Generation of Strong Cylindrical Blast Wave· 

IX-30 



r' 

~ 

~ ,. , 

, 
[ 

~ , , 

'" . 
;;-

:' 

:'1 .,. , 

;1 . 
• 1 

I 
1 . , 

• I 
I 

THE 80M CORPORh.TION 

ELECTRODE 

I 

ELECTRODE 

100HZmG MHD HAVE (PlJISl'.A BUBBLE) 

ELECTRODE SUPERCONDUCTOR 
BUNDLE 

DE\iAR SHELL 

~--------L __ --------~ 

Figure IX-12. Electrical Discharge Configuration 
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VEIIICLE 
EXTERIOR 
SURFACE 
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IONIZWG MHO WAVE 
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BUNDLE 

Figure IX-13. "Gatling Gun" Acceleration Process 
(Vehicle End View - Looklng Aft) 
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The suggested multiple pole electromagnetic field geometry for 

the shuttle should prevent the development of a strong rolling torque (due 

to the Earthls magnetic field) which- would certainly be experienced by a 

shuttle having the simpler two pole electromagnetic field geometry por

trayed in Figure IX-9A. By purposeful design, then, potential restrictions 

upon the shuttle flight velocity orientation with respect to the local 

planetary magnetic field are Circumvented. 

F. ~ AMPLITUDE AlFVEN WAVE THRUSTER r!'ODE 

The last electrically augmented propulsion system to be discussed for 
the shuttle is the large amplitude uAlfven-w4ve ll thruster which uses the 

Earthls geomagnetic field and internal propellant (for the XMHO generators) 

to accelerate through the ionosphere to orbital altitudes and velocities. 

This high specific ir.lpulse (up to 105 sec for the lOOOrn long shuttle) 

engine concept develops thrust by warping thE! local geornagnatic field out 

to a radius of several tens of kilomt!tcrs, and thereby comunicates a 

reaction force to the planetary mass by way of a perturbation to the local 

planetary field. 

To dcvelo!J significant thrust-to-weight ratios, the concept requires 

active eTtission elcctrodas which permit th~ generation of sizeable electric 

c~rrents through the shuttle superconducting longerons and out the ends of 

the vehicle, as portrayed in Figure IX-14. In operation, the XHHD 

generators (being fed with internally stored hydrogen propellant) develop 

pulsed electrical power and eject charged plasma clouds with d Significant 

residual aft-directed velocity. The external surfaces of the powerheads 

act as large surface area electrodes or "plasma contactors" to ensure good 

electrical contact with the ionospheric r.lagneto-plasma. The entire exter

ior shuttle surface between the power-head ends serves as an electrically 

insulated skin to protect the superconducting longerons from shorting-out 
through the ionospheric plasma. As sho\m in Figure IX-14. the positively 

charged end of the vehicle is engulfed in a large positive ion cloud which 
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ELECTRIC CU1RENT CONOUCTED 
THROUGH SUPmCONOUCTING 
STRfNGm -smUCTl!ll£ 

... 

Figure IX-14. Plasma Contactor for Production or Collection of 
Hiqf'\ Electron Currents by HHu-Augmented LTAV Thruster 
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scavenges electrons from the ambient background plasma. The other end of 
the vehicle (see Figure IX-1S) emits quasi-steady repetitively pulsed low
voltage high-current electron beams; it is shown foreshortened as it 
recedes into the distance. 

The electrons and ions are then carried away from the vehicle elec
trodes by large amplitude Alfven waves in a manner analogous to the opera
tion of ElM transmission lines. These electric currents fall in rough 
alignment with the geomagnetic field lines. No thrust or lift augmantation 
is anticipated from the generation of the trailing ElM vortices. Thrust is 

" developed "by lorentz forces (FH D iL x BE) developed upon the superconduct
ing longerons in a direct ElM interaction ~ith tne Earth's magnetic field. 
In Figure IX-1S, the Earth's magnetic field vector BEARTH is shown directed 
towards the right side of the page; therefore, the ElM thrust is oriented 
towards the top of the page. This resultant load is linearly distributed 
along the superconductor length and is thereafter transmitted directly to 
the shuttle longeron primary structure. However, the acceleration forces 
developed by this thruster are likely to be small. i.e., several tenths of 
a "g", and most suitable for orbital ~ancuver1n9 app11cations--unless soma 
way can be found to increase electric current levels by many orders-o.f
magn1t'Jde. 

Figure IX-16 shows the electromagnetic intel"'Uction ~ith the earth's 
geomagnetic field in greater detail. It illustrates in top, bottom, front, 
and side vfews the orientation geometry of the plasr.:a Alfven-wave wings 
ge, ~rated by an accelerating conductor in the geoiilagnetic field. The - -Alfven wave velocity vector is Va; the applied electric field, E; the 
induced magnetic field generated by the ElM "bound vortex" (i .e., the 
electric curr~nt carried through the superconducting longerons), BIND; the 
Earth's magnetic field vector, 0EARTH' 

1. Theoretical Oasis 
The theoretical basis for the operation of a geomagnetic propul

sion engine within the ionosphere (altitudes greater than 100 km but less 
than 10,000 km) is quite well understood21 - 25 • When a conductor traverses 
through a magnetic field. various electrodynamic a.,d plasma processes /Ire 
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in evidence. A conductor moving in a vacuum develops a motional electric 
field Ec (in the vehicle reference frame) given by: 

- - -Ec II Vc x Bp (15) 

where the electric field Ec is measured in the conductor reference frame, 
'\1 cis the conductor ve loci ty , and Bp 1 s the planetary gcomagnet i c fi e 1 d. 
The action of this electric field causes a polarization of the conductor, 
and following a brief transient period, no current flows through the con
ductor. 

However, within the ionosphere, a return current path can be provided 
by the dl1ute and anisotropic plasma which is quite a good conductor of 
electricity along the magnetic f1eld lines. In this case, the existence of 
the magnetic field and the plasma allow a flo\'# (If electric charge to be 
transferred between the ends of the conductor and the ambient medium. The 
result is a steady flow of charge through the conductor. Electrons a.re 
scavenged from the plasma at one end of the conductor and emitted by the 
other. Electric power can be removed from this circuit in exchange for 
conductor (or vehicle) kinetic or potential energy_ 

Operated in reverse, an electric field provided by on-board power can 
increas~ the kinetic or potential energy of the vehicle, thereby acting as 
a geomagnetic propulsion engine. Outside the conductor (as shown in 
Figure IX-16), large amplitude Alfven Wnves are created as electric 
currents flow in the plasma outwards along the planetary magnetic field 
lines. A resulting warpage of the ambient magnetic field in the immediate 
vicinity of the conductor (see Figure IX-16A) occurs from a superposition 
of the 'circular' n.agnetic field (labeled as Bind) created by the flow of 
current through the conductor. The local disturbance then propagates away 
along the local magnetic field lines at thE.' AHven velocity Va. A.s a 
result, the Alfven "wing" disturbances are swept back at an angle a to the 
conductor (see F1gure IX-16A) given by; 

Tan a .. VclVa 
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Then the Alfven veloc1ty is given by 

(~ 7) 

where Bp is the magnetic field strength, and Pi • nMit which is the ionic 

mass density. 

2. Alfven Waves 

The disturbance which is created in the wake of the cylindrical 

shuttle conductor as it moves perpendicularly through a magnetized plasma 

consists largely of a) electric charge injection (electrons and positive 

ions) from active emission electrodes, b) magnetic field, and c) electric 

field pertur~at1ons at the primary frequency w which is equal to 

w • Veld ( 18) 

where d is the dimension of the electrodes in the direction perpendfcular -to B, and Vc is the component of the conductor velocity perpendicu-

lar to the magnetic field. These disturbances produce Alfvcn or hydro

magnetic waves, which arc shear waves in both the anb1cnt magnetic. f!eld 

and the mean ion velocity. The wdves travel at the Alfven veloc.1ty Va 

when the primary 

quency 01 (i.e., w 
frequency 

« 01)· 

is much less than the ion gyro fre

Banks and Will1 amso~23 suggest that cet:ta in 

. engine configurattons &'IllY be capable of generating waves on the order of 

the ion gyrofrequency and higher, and possibly waves with frequencies \'iell 

below the ion gyrofrequency. 

3. Theoretical Limits to Ionospheric Current Coupling 

There exists an upper limit to the current \'ih1ch 1s available to 

a given passive-electrode system for the purposes of power removal or gen

eration. HO\l'ever, Banks and IHlliamson23 point out that this is not an 

inherent limitation on the magnitude of the AUven rlave which can be 

generated nor on the current which can be made to flow along the field 

lines when internal power 10 the system is used. However. the only prac

tical systems expected to approach the Alfven limit are systems with active 

IX-39 

• 



r,l 
1 ' 

~:I 

:.. 

.. 
" 

f -

I , ' 

/ " 

THE 80M CORPORATION 

electron and 10n emitters. Otherwise, current flow within the system will 

be limited by internal resistance of the c::onductor, skin effects of the 

electrode-plasma interface, or perhaps finite parallel conductivity of the 

ambient plasma. 

Assume that the ambient plasma conductivity perpendicular to the 

magnetic field line is near zero and that the parallel conductivity is 

finite. The "flux tUbe" of field lines passing into one electrode of the 

conductor comprises an electromagnetic transmission line in a medium where 

the dielectric permittivity is the plasma dielectric constant E:l, and may 

be expressed by 

#V ( 2 E:.J. II 1 + C/Va) (19) 

where C is the propagation velocity of light. The conductor effectively 

"shorts out" the magnetic field lines passing through the conductor, since 

the tangential electric field at the electrode surface (in the conductor 

reference fr~~e) must be zero. 

Banks and li111iamson23 propose an idealized system which consists 

of two spheri Cd 1 electrodes of d1 arneter d connected by along conduct'1 ng 

wire of length l (where l «d). The impedance of an open 2-wire transmis

sion line for such a system is approximately 

(20) 

The impedance for systems of reasonable dimensions can be shown to fall 

within the range of 0.2 - 1.0 ohms. 

A voltage is developed between the 

by ~v s Eel, where Ec is given by Eq. (15). 

current delivered to the Alfven wave is 

IX-40 

two electrodes, given 

Therefore, the electric 
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where again Vc is the relative velocity of the conductor with respect to 

the ambient plasma. 

4. Prospects for Gigamoere Current Levels 

To the author IS knowl edge. all of the A 1 fven wave engi nes pro

posed to date have relied solely upon the sparse ionospheric plasma for a 

source of ion and electron charge flow required by the engine. Moore22 was 

first to propose the emission of enormous "plasma contactor" clouds to 

greatly enlarge the effective electrode area for scavenging electrons from 

the ionospheric plasma. This scheme may increase the total current genera

tion abilities of a given system by at best 1 or 2 orders of magnitude. 

Given the maximum cross-sectional area Ae of the cloud. electrode (area 

perpendicular to the flight velocity vector VC>. the limiting electron 

current collectable by a passive system may be expressed as 

(22) 

where Pe is the ionospheric electron density. To further increase the 

e 1 ectri c current 1 eve 1 beyond the 10 to 100 Ampere 1 i mi t col 1 ectab 1 e by 

even very large electrodes (e.g •• 100 meter diameter conducting ballons23) -

requires active emission electrodes and a source of on-board propellant to 

provide the associated charge flow. 

Clearly, megampere-and-beyond current pulses may be generated 

using relativistic beruil ejection techniques presently being developed for 

fusion and beam weapon appl1cations7-9• HOI'ie'ler, such a system would pay 

heavy penalties in terms of peak pO\'1er demands upon the power supply in 

order to develop the required megavolt acceleration voltages; hence, the 

increased probabil ity of lov/er duty cycles and reduced average thrust. 

Recent conversat1ons26 have shed light on one additional prospect 

for a very high current, lc\~ voltage discharge mechanism within the 

ionospheric magneto-plasma. The cycle has certain physical similarities to 

that oortrayed in Figure IX-7. To miniMize plasma arc kinking instabili

ties during initiation of a 10\<1 voltage discharge, the arc path would 

initialize just above the vehicle skin, thereby minimizing the magnetic 
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dipole field and in~eraction with the earth1s magnetic field. As the dis

charge intensifies, active emission of Jaw voltage ion~ and electrons from 

the vehicle electrodes is gradually increased. Simultaneously,' the 

electron dens i ty with in the e 1 ectri c arc vo 1 ume is i ncreas i ng and hence 

improves the conductivity of the accumulated plasma. Self-magnetic con

striction pressures upon the plasma arc discharge channel prevent this 
plasma from escaping too rapidly. 

Once the discharge is pushed away from the vehicle in the aft 
direction, the strength of the magnetic dipole grows and much energy is 

stored within the magnetic field; thereafter, little additional energy is 
required to sustain it. Eventually, the expanding IIsolar flare ll arc grc. 'S 

to unwieldy proportions, the current level is reduced to zero, the trapped 

plasma within the dischal'ge channel is blown away, a new arc is struck next 

to the vehicle, and the cycle begins again. 
In summary, if plasma instllbilities (e.g., arc IIkinkingll) do not 

develop along the discharge channel, this emission mechanism will perhaps 

allow the generation of high enough electron densities within the 106 to 

109 Ampere dist:harge channel (whi le 1 imiting the space charge effects) to 

greatly increase the channel conductivity and therefore reduce the voltage 

requirements (to perhaps 5 - 100 Volts?) as the arc is blown away by self

magnetic forces. As the dimensions of the discharge loop grow large, the 

reduced electron -densities and long plasma conductor lengths wi 11 drive 
voltage requirements up to a point where it becomes more efficient to 

initiate a new discharge path close to the vehicle skin. 

. ' 
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NOMENCLATURE 

area of wing or 1 ifting surface; area enclosed by current ,loop: 
electric arc cross-sectional area 

wing aspect ration (A/c) 

vehicle length or wing span 

magnetic field strength 

wing cord 

coupling coefficient (thrust/power); propagation velocity of 
light 

overall drag coefficient 

parasitic drag coefficient 

section lift coefficient 

electrode dimension (usually equal to external diameter of 
cylindrical shuttle) 

aerodynamic drag; vehicle diameter 

e span efficiency factor 

E electric field strength 

F resultant force; thrust 

Fi initial thrust 

Ff final thrust 

1t I electric current 

Io intenSity of electromagnetic radlation 

j,J electric current density 

K dielectric constant; a dimensionless constant 

1 wing span; length of arc discharge 

L lift; length of bound vortex 
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. 
I. 
. . 
m, mc 

time rate of change of circuit inductance 

mass flow rate of propellant . 

'i¢tO;;C", 

p flight propulsive power; gas pressure or pressure differential 

q dynamic pressure head (Q VZ/2) 

r 

R 

radial dimension 

electrical resistance 

s a closed curved path 

S 

t 

T 

V 

factor of safety 

thickness of fabric skin 

gas temperature 

velocity 

Alfven wave velocity 

Vo additior.al voltage drop 

W vehicle weight . 
X 

a 

y 

u 

Uo 

P 

Pe 

Pi 

velccity of current sheet relative to shuttle 

impedence of open 2-wire transmission line 
. 

induced angle 

ratio' of specific heats 

permittivity constant 

plasma dielectric constant 

magnetic dipole moment 

permeability constant 

gas density 

ionospheric elect~n density 

ionic mass density 
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a fiber working stress; gas conductivity 

r vortex "circulation" or strength 

~ torque vector 

Qi ion gyro frequency 

frequency 

Subscripts 

a aerodynamic 

c conductor 

OW detonation wave 

e external; earth; electrode 

ex exhaust gas conditions 

i,ind,I self-induced 

LSC laser-supported combustion 

LSD laser-supported detonation 

r:I.r~ magnetic 

0 ambient conditions 

p planetary 

S conditions behind shock wave 

1 conditions ahead of shock wave 

ambient conditions 

.. 
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CHAPTER X 
MONOCLE SHUTTlE: SSTO LASER RELAY CRAFT* 

A. INTRODUCTI4N 
The primar.:: objective of this chapter is to: (1) investigate the con

cept of a manned reusable single-stage-to-orb1t (SSTO) air/spacecraft 
prope 11 ed by 1 aser energy beamed from pOl'/erfu 1 remote space-based (or 

ground-based) power plants, (2) identify requirements/criteria necessary 
for integration of a high-energy laser (HEL) with robust tactical and 
strategic fire power into this conceptual advanced space shuttle design. 
(3) examine the defense effectiveness of the HEL-integrated design. and 

(4) calculate the mass of the ~~nocle laser-relay shuttlecraft and compare 
it with that projected for radial craft of Chapter VII. 

The study applies innovative techniques and advanced technologies to 
the flight-platform/laser integration problem. Stark excursions fr~ pre

sent air/spacecraft baseline designs are permitted in the accomplishment of 
this integration process. 

The "Monocle Shuttle" concept. satisfies all of the above-ment10ned 
goals and objectives. The concept is conceived as an enabling shuttle 
technology for the new Space Comnand. a lightweight "fighter" for the 
space superiority mission. A squadron of these advanced SSTO vehicles 
would have the ability to defeat today's most awesome nuclear offensive 
thrc·at: a massive ballistic missile attack. " " " 

B. HIGH-ENERGY LASERS IN FUTURE USAF russ IONS 

New weapon development is undertaken to increase the USAF's capability 
to carry out its mission. In the past fe\,1 years. the HEL has developed 

very rapidly and has shoy'" great potential for unique and revolutionary 
defense appl ications. In particular, high-energy laser systems offer" many 

* This study was performed with support from the Defense Advanced Research 
Projects Agency under Contract "0. 555713-5 to the 80M Coproration. 
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possibilities for essentially instantaneous, long-range projection of mili
tary force. Since the USAF is interested in the HEL as a future weapon, 
increasing emphasis is being placed upon its integration into flight 
vehicle~. This favorable ground swell of support has resulted in construc
tion of the experimental Airborne Laser laboratory (ALL), much prototype 
HEL-reli1ted hardtlare, and several detailed analytical studies of future 
HEL-equipped fighters for the air-superiority mission. With the creation 
of Space Command, integration of HELs into future space shuttle and 
orbital-transfer vehicles will become of paramount interest. 

Because the HEL is still in the early stages of development, the 
revolutionary implications of such future defense systems are just 
beginning to emerge. For example, from within t:he atmosphere or from the 
Earth's surface, lasers could provide area defense or limited anti
satellite (ASAT) capabilities; whereas, relay mirrors in space, or lasers 
based in space could (in principle) direct lethal energy to any strategic 
or tactical target on the Earth or in cislunar space. Uhether in space or 
within the atmosphere, the impact of successful HEL deployment could be 
immense, and might strongly affect the world balance of power. 

C. HEL-INTEGRATED FLIGHT VEHICLE CDrICEPTS 

Much has been learned about HEL-integrated flight vehicles from the 
ALL, HEL prototype hardware, and analytical studies. A significant reali
zation is that HEL effectiveness can be severely compromised by retro
fitting current laser devices into existing flight vehicles. Conventional 
flight vehicle design practice normally tends to optimize such parameters 
as thrust-to-weight, maneuverability. range, payload capability, direct 
operating cost, or life cycle cost. Hmie"er, \-lith the introduction of 
revolutionary weapons, these standard design procedures no lonqer apply •. 

A whole new group of critical questions must be addressed. For 
example, how does the HEL affect requirements for the flight platform's 
structure, electrical power supply, and propulsive engine? Can the ability 
of the platform to m~neuver be used to minimize requirements on the laser 
optics? Hhat sophisticated techniques can be employed to isolate KEL 
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optics from vibrations of the platform structure? How can advances in the 
technological areas of structures, aerodyn~ics, and flight control- be 
applied to facilitate innovation in the HEL-integration process? What 
innovative approaches can be taken to HEL beam control, advanced fire 
control systems, and HEL device technology? Whnt locations for engine, 
optics, laser, and power supply can simplify the HEL/platform installation? 
It must be recognized that revolutionary weapon concepts can have a 
predominant impact on the figures-of-merit (For'l) employed in flight vehicle 
design. 

Figure X-l attempts to portray the evolution of HEL-integrated flight 
vehicles into the future. The cartoon begins in 1983 with the concept of a 
fighter-borne HEL (laser powers of 0.1 - 1.OMW) designed for the air 
superiority mission. The conventional approach physically mates the HEL 
device with the flight vehicle (e.g., as in the ALL experiment). The other 
major alternative places the laser at a remote location and requires the 
integration of an appropriate "fighting mirrorn with the flight platform, 
to relay and properly focus this beam upon the target. Adaptive HEL 
mirrors with high-reflectivity coatings can relay enormous levels of l~s~r 

po\~er, and yet can be made relatively light weight. By 1990-1995, aerostat 
"fighting mirrors" could be used to relay 1-lO~:W from ground-based trans
portable or ship-based HEL equip:nent. Low earth orbital relay satellites 
and massive 50- lOm'i\~ mountain tClP laser installations should become 
feasible by the year 2000 or 2010. Space-based HEL battle stations \1ith 
laser powers greatly exceeding the lOOIJ,W level may appear by 2020. 

Figure X-2 presents an investigative frar.lework for the derivation of 
future HEL-integrated flight vehicle concepts. This flo\'/chart surrrnarizes 
the thought processes along the two major branches mentioned above: 
fighter-borne, and "fighting mirror" approaches. The following discussion 
explores these alternatives in somewhat greater detail. 

1. Fighter-Borne HEL Approach 
The fighter-b0rPe HEL alternative could produce highly 

specialized aircraft which demand major design concessions in the integra
tion of on-board laser devices and/or associated power systems. -An 
excellent contemporary analogy is the British Harrier aircraft, for which 
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major sacrifices in the potential top end flight speed were made in 
exchange for superior VTOL capability. The aircraft is sometimes described 
as a mammoth turbojet engine with stubby flying surfaces stuck onto if. 

For HEL-integrated aircraft, a similar design approach could lead 
to the use of powerful "over-designed" (i.e., from the standpoint of flight 
requirements) turbomachine engines which can alternately produce laser 
power or propulsive thrust. Here, the laser or associated power supply 
could put extreme demands upon the engine, just as the stressing require
ment for VTOL vectored thrust does in the Harrier. 

Two main divisions in the loqic stream for the fighter-borne HELs 
can be identified as shO\'iO in Figure X-2. Fundamentally, the major divi
sion can be made on the basis of whether or not the laser is air-breathing. 
For the air-breathing laser variety, a further division can be dis
tinquished by whether or not the laser gas stream is in any way shared with 
the air-flow through the fighter's turbojet engines. An example of the 
"shared" variety is the "rCJ11 air-breathing laser" recently studied by AERL, 
GruilITlan and others. The "unsharcd" alternative \lould be accomplished with 
independent air inlet and exhaust ducts. Even though most air-breathing 
laser concepts to date have utilized strictly gas-dynamic excitation 
processes, the prospects for electrically-excited CO or C02 lasers should 
probab1y be re-examined. 

The other major division, non-air-breathing lasers, can be 
readi ly divided into those requiring, and those not requiring electrical 
power. Examples of the latter are chemical lasers and, again, gas-dynamic 
lasers. Those requiring electric pOlter might be EDL-gas, solid state, 
liquid dye, or pulsed chemical lasers. (Pulsed chemical lasers are 
volumetrically initiated by an electric discharge.) Hany of today's most 
promising high-efficiency gas lasers require electric discharge pumping. 
Therefore, a thorough examination of mechanisms for generating high peak 
and average power aboard fighter aircraft is in order. 

Figure X-3 shows an investigative framework leading to innovative 
approaches for such aircraft high-power systems. The major division occurs 
according to \-fhether or not the prir:1e power is developed by a separate 
auxiliary pOl'/er unit (APU) or pulled directly off the propulsive turbine 
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engines by means of some powe'- take-off device. The power take-off 

approach is further divided into two categories: one presents a continuous 

load; another makes use of the rotational energy stored in the engine 

rotor(s). The latter option would involve first overspinning the engine 

RPM, then pulling out a short duration "1aser f1ring" load which would be 

significantly greater than the engine could ever withstand continuously. 

The continuous power take-off approach can be further divided as 

follows: the output of the power take-off device can either drive the 

laser directly. or "recharge" an advanced energy storage system--wh1ch 

would later be "discharged" at a very high rate. Exar.:ples of such storage 

devices include lightweight inertial flywheels, inductive stores (e.g., 

superconductors), and capacitive stores. 

The alternative approach of using APUs can be fUrther divided 
into storage and non-storage systems. For example, the storage variety may 

be driven by air-breathing or rocket turbogenarator prime power supplies, 

utilizing various energy storage schemes mentioned above. Han-storage sys
tems would draw continuously f:om turbogenerator or KHO generator prime 

pO\ter units. 

Finally we note that the fighter-borne HEL approach follows, the 

ALL experiment in a linear, one-dim2nsiona1 thought process which affirms 

that the laser device ~ be carried onboard the flight platform. Such 

fighter-based concepts w111 clearly be able to serve important tactical 
missions, but for the foreseeable future will be limited to laser powets of 

less than 11-1'1'1. Heavy-lift jet transports (e.g., C-SA or B-747 class). 

should eventually be able to extend onboard laser pO'tlers to the range of 

l-lOHW. (Some researchers believe that HEL-1ntegrated transports may be 

the air-superiority "fighters" in the near future.) HELs are simply heavy 

devices whether using open or closed-cycle gas flo\., systems, and are more 

difficult to redesign into light-weight combat-ready equipment, than 

originally thought. 
2. "Fighting f11rror Acoroach" 

For the "fighting mirror" approach, two major divisions in the 
logic stream arc identified. One somewhat unlikely alternative involves 
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the use of HEls installed in ground-transportable and shipboard platforms 
which will p:-obably deliver, at most, 1.-10l-tW of beam power. Relay flight 
vehicle configurations utilizing this beam power may closely resemble 
existing baseline aircraft (or their lighter-than-air counterparts)-
modified for carrying agile fighting mirrors. This approach avoids 
penalizing a lightweight fignter with its own massive laser and laser 
power supply--in favor of complicating the beam transport/optical-train. 
laser power would be projected in short, near vertical paths up through the 
atmosphere, then relayed and properly focused upon the target. Target 
engagement range will be severely limited by beam power losses suffered. 
through long atmosphere slant range paths. 

The above approach has sever~l potential technical bottlenecks 
which will prevent realization of the full strategic and tactical poten
tials of future HEl-integratcd flight vehicles. However, the major 
proble~s can be circu~ented by taking the optical relay platform to space, 
and by putting the massive laser at a remote location. The benign environ
ment of space results in an extremely stable, 10\>} vibration platform which 
is exceedingly difficult to emulate by high-speed jet aircraft moving 
through a turbulent atmosphere--cven with the most sophisticated vibration 
isolation technology. Secondly, whether repetitively pulsed or continuous, 
high-energy lasers and their associated po~er supplies are inherently 
powerful sources of vibrll.tion which can cause significant jitter of HEL .' . 
optics which are mounted to the srur.e structural platform. Third, strategic 
scenarios are associated with very long ranges (e.g., >1000~1), high laser 
power levels (e.g., 10-10011W), and small spot sizas (e.g., <1m) that 
require extremely good pointing and tracking. These requirements suggest 
that the space-relay "fighting mirroru approach l11ay provide an ideal solu
tion for strategic laser applications. 

Informed estimates predict the feasibility of prototyp~ 50-l00HW 
mountain top GBl installations by the year 2000 to 2010 time frame, if not 
before. If a full-scale we~pon system based upon the ground-to-space relay 
concept is deployed, then 2-4 Gals on each of 10 mountain top sites may be 
able to project HEl pol'ler by \"lay of relay satellites to a.nywhere on. or 
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above the earth. This power system would be able to p;-ope1 fighting 
mirrors into orbit with the very same Jaser power that can also be repro
jected to destroy targets: f.e., laser propulsion to create an extended 
HEl optical train. However. such a feat would certainly take the combined 
effort of a dozen GBls to supply :he necessary beam power required for the 
launch of even a small, one-man "fighting mirror" shutt1ecraft. Further in 
the future. powerful space-based laser "battle stations" generating several 
hundred to several thousands of megawatts will be able to single-handedly 
"beam Up" substantially larger shuttlecraft from the earth's surface. 

Three kinds of space relay devices (i.e.. "fighting mirrors") 
have been examined: the "Monocle" and "Binoc1e" configurations proposed by 
lockhF.!ed. and the "Perinocle" proposed by Bm~--all pictured in Figure X-4. 

The "Monocle" approach (Refs. 1 and 2) is the simplest in con
cept. but perhaps the most difficult in execution. The advantages of one 
large aperture with no secondary transfer mirrors for the high-energy laser 
beam are offset by several problems. There is no demagnified beam avail
able for fine beam steering. a~d implementation of a secondary focus {e.g., 
by an etched holoqr!pnlc grating on the surface} to address this problem 
would be difficult because of the need for front access over a 1ar~e. 

rapidly changing angle of incidence. Fine pointing would have to be aecor.l
pl ished with a large number of adaptive elements in a high resolution 
phased array. Sensing of·the relative element pOSitions would be done from 
the mirror backside by a technique developed by lockheed. However. it· is 

not clear how the feedback loop would be closed to optimize the beam on the 
target. The large and varying obl ique angles \,/ou1d produce effective 
variations in mirror coating thickness. leading to considerable changes in 
the absorbed energy fluence, with significant consequences for the mirror 
figure. Finally. it should be noted that the monocle geometry does not 
permit self protection in an attack from the backside. Protection would 
have to come from other monocles elsewhere in space. 

The "b1nocle" has a completely different set of problems. There 
are many possible configurations using a variety of optical trains. 
Various concepts have been proposed employing from 4 to 12 secondary 
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mirrors in the beam path, in addition to the two primary mirrors. The 

secondary mirrors would provide excell~nt optical isolation of dynamical 

perturbations, thus greatly simplifying the micro-pointing and permitting 

the primary mirrors to maintain relatively low moments of inertia necessary 

for rapid, agile slewing. The major disadvantages of the binocle relate to 

the very high flux densities on the small secondary mirrors, and the 

buildup of stray heat from scattered radiation inside the system, Depend

ing upon the wavelength, the secondary mirror survival would be highly 

dependent upon very advanced mirror coating and active cooling techniques. 

Mt:ch like a periscope with a rotary joint in the center, the 

"perinocle" contains only two large mirrors, one or both being adaptive 
phased arrays. A holographic grating would provide a low-power sample 

(i.e., of the main beam impinging on each mirror) whi,h could be analyzed 

from a fixed point in the optical train. Full access to all 4n directions 

is achieved by rotating the two mirrors about their common optical axis, 

and by slewing the entire device about the local axis vertical to the 

earth. This produces minlmu~ perturbations to the moment of inertia of the 
entire syste~. The waste heat internal to the system is minimized by 

havirlg only bJo large mirrors, with no high flux-density associated 'with 

internal focussing of the main laser beam. The entire device is encapsu

lated in an ablative, graphite filament-wound shell which provides protec

tion and a strong low-weight main-fr~e for the mirrors. 
Although shuttle configurations could be designed around each of 

the relay mirror concepts (whose properties are summarized in Table X-l), 

the monocle was chosen for its low weight, co~pactnesst and the ease with 

which it could be integrated with a shuttle vehicle's lower external sur

face. Two shuttle configurations were cCinsidered: (1) a highly swept 

delta "lifting body" geometry used in the Space Shuttle Orbiter, and (2) a 

radially sym:netric, discoid geometry used in the ~poll0 command module 
re-entry vehicle. Since more innovative propulsion options were in evi

dence for the latter option, it was selected for use in this study. An 

artist's illustration of the resulant "monocle-shuttle" configuration is 

presented in Figure X-5. .' 
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D. HEL MIRROR TECHNOLOGY FOR MONOCLE 

The abl1 ity of a monocle "fighting mirrorn to handle a given level of 
laser power depends heavily upon its diameter, total reflectivity, as well 
as the cooling method. 

For power levels of interest for strategic laser systems, actively 
cooled bare metal mirrors will be unable to maintain the required figure at 
all interesting wavelengths, due to excessive levels of thermal absorption. 
One exception is in the case of very large mirrors which dilute the 
energy fluence to a tolerable value. In this instance, aluminum is best 
at O.3Sum,g1ving 92 percent reflectivity; silver is best at 1.Oum, yielding 
99 percent reflectivity. 

Mirror coatings to achieve reflectfvities better than 99.5 percent 
appear feasible at all but the shortest visible wavelengths, where atomic 
dimensions become Significant in determining the achievable uniformity of 
layer thickness. Multi-layer thin films will be necessary to achieve 
reflectances of 99.5-99.9 percent. For example, at O.35um twenty layers 
are required, maintaining an overall thickness unirormity conSistent 
with ) . ./40 total figure. Layer thickness uniformity rr:ust be controlled to 
O.lnm, which is less than the diameter of an atom. At 1.Oum, fewer la~ers 

are requ i red because of better underlyi ng metal refl ect i vi ty. Requ 1 red 
layer uniformity -l.Onm is readily achievable. 

Mirror cooling constraints are very savere, but new innovations appear 
to be provfding the needed advances in the state of the art for all but the 
shortest visible wavelengths. Consistent with A/40 optical distortion, 4 
J/cm2 per pulse appears to be a hard upper limit on present state-of-the
art for coated mirrors for ~ulsed l~ser systems.* In the CH limit, water 
cooled mirrors have been demonstrated successfully at 30 W/cr:l2 absorbed 
sustained flux (heat transfer coefficient = 5 U/cm2K). In the CW limit, 
liquid metal cooled (HaK) mirrors with 0.12 inch thick tungsten carbide 

* This data is based an tf 45 layer MgO/figFZ dielectric stack on alumi
nized molybdenum substrate O.SrTiill thick, heat transfer coefficient 
5 l1/cm2-K; O.351Jl!1 wavelength; 1u second pulse length at 100 pps. 
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faceplates have successfuly withstood ZOO W/cm2 (heat transfer 
coefficient a 35 W/cmZK). Gaseous or c~yogenic cooling appears unpromising 
due to the low thermal conductiv.ity of the gaseous layer at the mirror 
surface. Heat pipe mirrors with wicking grooves theoretically may yield 
effective heat transfer coefficients of 350 W/cm2<. A good review of HEL 
mirror coating and cooling technology Cun be found in Reference 3. 

Shown in Figure X-6 are the limits on total incident laser power 
imposed by the properties of mirrors using various representative cooling 
schemes mentioned above: i.e., (1) water, (Z) 1iqt.: .• 1 metal using sodium/ 
potassium eutectic (NaK), and (3) wick-type heat pipes. Boundaries are 
shown on 99 percent and 99.9 percent surface reflectivity. A line is also 
indicated for 92 percent reflective bare aluminum at O.35~m. The 99 percent 
figures represent bare metal at 1.0~m. As indicate~t a 5 meter diameter 
monocle with 99.9 percent reflective coating dnd heat pipe co0.1ing system 
can handle (at near normal incidence) a 50HW laser beam; 10m monocle -
2001%1; 20m monocle· SOOMW. 

E. SMD CAPABILITY OF THE ~~OHOCLE RELAY 

Figure X-7 from Reference 4 is a mapping of representative laser para
meters into ben'l1 brightness, the best measure of overall laser system 
effectiveness. The map reveals the interplay of 
(diameter), wavelength, jitter, and laser power. 
ness (B) is given as follo~s: 

B = (P/Zna~) L, (Watts/sterradian) 

equivalent mirror aperture 
An expression for bright-

(l) 

\'there Pis the 1 aser power in Watts, aT 1 s the total beam spread in 
radians, and L is the beam quality.* 

* Beam quality (l) is a measure of the distortion (at the apertura) from 
a perfectly flat wavefront with a "top hat" intensity distribo.Jtion. 
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As indicated in Figure X-7 a SOMW, O.3Sum beam will give a brightness 
of SX102l Watts/sterradian with a S me~er aperture, a very 10 .... value of 
jitter and perfect beam quality. A beam of this brightness appears tc be 
the minimum useful level in the ballistic missle defense (BMO) mission • 

Figure X-S, also from Reference 4 shows the interplay of b~am 

brightness with target range, target hardness, and irradiation time. The 
flux (~) deposited on target is given by: 

(2) 

where R is the range to the target. Lethal fluence "F" depends upon the 
nhardness" of the target and is related to irradiation time "6tll by the 
following expression: 

(3) 

The total energy (Ex) required to disable the target is related to the 
minimum beam spot area (A) by: 

Ex D FA, (Joules) (4) 

A number of studies on the potentials for ground-to-space relay and 
space-based laser weapon systems have been carried out (e.g., see Refer
ences 5 and 6). Given the required HEL technology, the ability of such 
systems to successfully counter the BHD threat has already been ~ 
substantiated, and will not be further treated here. 

F. WEIGHT ESTIMATION 

The mass of a Monocle beam director mIrror is estimated by Scherfflins 
and Lush(7) to scale directly with laser power, and mirror s1ze raised to 
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(From Reference 4) 
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the 1.65 power as follows: 

W • 9P + 7601•65 + 800, (kg) (5) 

where P is the directed laser power in megawatts, and 0 is the monocle 
minor axis in meters. The original monocle design in Reference 7 was of 
elliptical configuration and has a minor axis equal to 60 percent the major 
axis. Since the Monocle Shuttle is circular in planform, an equivalent 
elliptical mirror of the same area was calculated 1n order to use 
Equation 5 to obtain a realistic weight estimate. These dimensions along 
with the calculated mirror mass are shown in Figure X-9. It is important 
to note that the Monocle beam director mass would include all primary 
spacecraft structure, painting and tracking systems, mirror faceplates, 
figure sensors, mirror actuators, and reaction jets (used for gross mirror 
pointing). 

Note that the mass of the basic Honocle in Figure X-9 is identically 
equal to that predicted for the airframes of the SSTO radial shuttlecraft 
in Chapter VII. Therefore, on2 would conclude that co~parable performance 
could be demonstrated by the Monocle Shuttle, once integrated with advanced 
laser-propulsion engines. As previously described. these propulsive 
engines would utl1ize multiple 100-300MH beams (e.g., SMJ pulses at 
20-60Hz). Twelve laser beams could boost a Sm 14~;:c.:le Shuttle to .LEO; 
whereas ~8 beams would boost a 20m 110nocle carrying 15,OOOkg of payload 
(i.e., equivalent to one-half that of the Space Shuttle Orbiter). Finally, 
Monocles could perform their function as either manned, or unmanned 
platforms. 
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I 

\ 

WHERE P IS lASER FOWER Ir.J rJiW AND 
o IS rt:'nm~OR MINOA Au'tIS IN M 

.' . 5H 10'1 

REFLECTED LASER POWER eMU) 50 100 

EQUIVALENT MINOR AXIS (M) 3.88 7.76 

HONOCLE r1ASS (KG) 1250. 3930. 

MIRROR AREA (HZ) 
. 

19.6 78.5 

* FROM REFERENCE 7. 

Figure X-9. Monocle Beam Director 11ass 
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CHAPTER XI 
FUTURE GLOBAL AEROSPACE TRANSPORTATION SYSTEMS 

A. INTRODUCTION 

As is widely known. the commercial airplane industry has developed 

from a US governm'!nt-sponsored technology base which principally owes its 

origin to the 1950's. Aircraft design has focused upon performance until 

quite recently. and this has been its most unyielding requirement. In this 

single-valued problem. aircraft design sought the minimum takeoff weight 

to meet a desired performance level. since weight indicated acquisition 

cost. Fuel, after all, was relatively inexpensive and abundant then, and 

accounted for a small percentage of direct operating costs. 

The Arab oil crises of 1973 signaled an abrupt end to that simple 

design world, and the commercial airline industry is now faced with rapidly 

escalating fuel costs and changing require.11ellts in aircraft design. 

Present design requirements demand equal consideration for life cycle cost 

and environmental ir.tpact. Hhereas convention has seen technology appl ied 

to improve performance, system utility, and economics, it is now equally 

related to social values. No longer must commercial air transportation be 

acceptable to merely the users. it must be made acceptable to civilization 

as a whole. 

Quite unlike the past, the cost of operation and support of an 'air

craft system over its useful life of 15 to 25 years is now exceeding the 

initial acquisition cost. Operating costs are rising in all areas, with 

fuel leading the way. Fuel represented only 24.5 percent of the direct 

operating costs for US trunk airlines in 1968. In 1977 this percentage was 

28.1 percent and may grow to as much as 61 percen~ to 70 percent by 1987. 1 

The latter estimate assumes that the price of fuel in 1987 will be $1:60 to 

$2.42/ga110n. respectively. 

In the mid 1980's, sophisticated Air Traffic Control computers and 

sate 11 ite surveil 1 ance/cammuni cation $ystems may complE.te 1y elimi nate 

stacking and lOltering of a1rcr~ft at destination airparts--cutting flJel 
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waste. Strict fuel conservation measures are already preventing many 
commercial transports from taking off prior to receiving confirmation of an 
entry corridor time slot at the destination airport. However, the cost of 
fuel throughout the 1980's is not expected to dominate direct operating 
cost (DOC) and life cycle cost (lee) sufficiently to require rapid 
evolution in aircraft configuration to the minimum fuel design. 

Great uncertainties in the price and availability of conventional jet 
fuel are anticipated for the 1990's. The dominant consideration in future 
commercial aircraft design will be the fuel issue. Fuel costs in some 
algorithmic form ~ill certainly be the principal measure-of-merit. Typical 
measures-of-merit include actual fuel expense, DOC, lee, and lCC/ton-mile-
12 hr day (i.e., leC/productivity). 

The chosen measure-of-merit drives the aircraft design selection. For 
example, Jensen et. al. 2, demonstrate that the aircraft design for minimum 
fuel is not necessarily the best design for either minimum DOC or lee/ 
productivity. As one 110uld expect, the minimum-fuel aircraft will optimize 
at lOI'ier cruise velocities, \,/ing loadings, and thrust-to-weight ratio~, 

whereas, the minimum DOC and LCC/productivity aircraft optimize at higher 
values. However. it should be noted that as the range requirement 
increases and fuel cost heavily dominates DOC and LCe, then the aircraft 
design for m)nimum DO~ and lCC/productivity does in~eed approach the 
minimum-fuel design. 

With this introduction, then, it may now be pos<:ible to predict ho\-/ 
technology development will influence the design and configuration of com
mercial flight transport in the more distant future. 

B. PRIOR CONCEPTS FOR BEAr'tED ENERGY AIR TRANSPORT VEHICLES 

Figure XI-l illustra as an air-transportation scheme proposed by 
Beckey and r,layer3 of Aeros"ace Corporation. The concept uti tizes a space
mirror complex (two-hundred clusters of 169 mirros, each 15 ft in d1ameter. 
in 30~ n-mi or'>it) \'iith either ground or orbital nuclear power plants to 
beam energy to a fleet of 2000 laser-powered aircraft op~rated at one-third 
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Figure XI-1. 
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Concept for L)ser-?owered Aircraft 
(Bec~ey & Mayer,Refercnce 3) 
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duty cycle. No specifics are mentioned for integrating roughly 10-50 MW of 
remote laser power into each aircraft propulsion system. The authors 
briefly suggest that the energy would be collected by a lens on the upper 
wing surface near the root chord (as shown in the arti st' s sketch), and 
then focused into the engine heating chambers. Presumably,· 1 aser-driven 
gas turbine (Brayton cycle) engines of the type alluaed to by Garbuny and 
Pechersky4 would be used as main propulsive engines. The authors antici
pate that these cr1gines Il11Jst operate on internal kerosene fuel for short 
periods when encountering excessive cloud cover at landing and takeoff. 

Rom and Putre5 suggest that laser propulsion engines might be used 
with ground-based electric power plants to facilitate transcontinental, 
transoceanic or worldwide transportation. In this scheme, remote laser 
power would be used to boost vehicles into free-flight ballistic trajec
tories, and perhaps to provide braking thrust at the destination. 

An air transportation system utilizing microwave power is suggested by 
Miller6 who envisions that energy might be transmitted to "fuel-less air
craft" in flight from multiple microwave transmitting stations distributed 
along the flight path. Presumably this system would necessitat.e the use of 
close-by power stations located either on the ground or in low earth orbit 
(thereby constraining the aircraft to fly along the satellite path), since 
beam spread angles with microwave wavelengths are large compared with tha~ 

of lasers. 
Detailed descriptions of methods for integrating remote laser power 

into aircraft propulsion systems are very scarce in the literature. The 
author is aware of only two complete airframe/o;Jtical/thruster concepts. 
One of those, by Hertzberg and Sun,7 proposes the use of space-based CO or 
C02 electric-dis,harge lasers (with autonomous solar thermo-electric pow~r 
plants) to beam 42 M\~ of radiation direct to aircraft in flight. The 
scheme, intended as a near-term demonstration of air-breathing laser pro
pulSion, is based on the radiation-powered turbofan concept in Figure XI-2, 
and the conventional airframe in Figure XI-3. Three laser turbofan engines 
would be clustered in a common propulsion pod housing. On top of the pod~ 
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Figure XI-2. 

eRlGl:-:Il.t P"/.C2: i51 
OF. POOR QUALITY; 

Laser-Powered Turbofan Concept 
(From Reference 7) 

'''-/'YlN':l.Il. 

Figure XI-3. Baseline Laser-Powered Airplane, From Reference 7 
(Based on Boeing's TAC/E Alrplane) 
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a 15 m diameter reflecting/concentrating receiver lens would direct the 
laser beam into a heat exchanger. (A thin transparent window covers the 

receiver optics to minimize skin friction drag.) As shown in Figure XI-2, 
this heat exchanger is placed within a blackbody cav1ty (5 m diameter 
opening); a system of "light pipes and mirrors" is used to illuminate the 
interior of heat exchanger tubes with laser radiation. Except for the 
laser-heated "combustor" section, the rest of this engine concept uses 
conventional turbo-fanjet technology. The most serious liability of this 
propu 1 s i on scheme is that peak work i ng gas tempet'atures, and hence 
performance, is limited by the melting temperatures of heat exchanger 

. materials. 

Kantrowitz and RosaS in a recent patent have suggested an alternative 
concept which completely avoids this limitation. The patent describes a 
ramjet vehicle which focuses a beam of OW laser radiation into the "combus
tion chamber" by way of a highly polished expansion-deflection nozzle, 
which also acts as the primary receiving lens. Inverse Bremsstrahlung 
absorption of this propulsive beam (directly into the engine air) is 
trig!jered by the injection of alkali seed, just upstreillTl of the "combus

tion" section. This alternative engine/optics/airframe concept, described 
more completely in Chapter IV, has one serious flaw: It cannot produce 

thrust at subsonic velocities. 
Reported here, in Chapters III through IX are the results of an exten~ 

. sive search by the author for other unconventional air-breathing thruster 
concepts which are compatible with remote beamed power. The author 
believes that these engine/optics/airfra~e configurations are most 
promising for future use in global aerospace flight transportation 
systems--since they can a) develop thrust at subsonic speeds, b) absorb 
laser energy directly in the working gas, and c) avoid the use of seed 
materials by utilizing the inverse Bremsstrahlung absorption mechanism. 
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c. WINDOW TO AN ALTERNATIVE FUTURE 

At the turn of the century, a new commercial Aerospace-Line industry 
can be expected to materialize, developing (in part) from government
sponsored Space Shuttle Orbiter technology and beamed-energy research. 
Fl ight transport vehicles at this time are not likely to draw a sharp 
distinction between air and space environments. They will perceive it as a 
continuum. This will be an era of beamed energy, generated in orbit and 
transmitted directly to vehicles in flight. Aerospace planes will no 
longer carry their own propul sive energy source, but wi 11 need reaction 
propellant (e.g., water, or liquid hydrogen, nitrogen, argon, etc.) for 
powered jaunts outside the atmosphere. The price of hydrocarbon-based jet 
fuels will have skyrocketed, making their use for propelling more conven
tional flight transports economically prohibitive. 

Laser (or microwave) energy 1'1111 be sold by satellite power station 
consortiums to the Aerospace-Line industry on a contract basis. Unconven
tional trajectories for atmospheric and exo-atmospheric flight will be 
developed to minimize total energy consumption (i.e., minimum "fuel") in 
transporting a given payload over any given route. Trajectories are likely 
to be of the boost-gl ide variety with very little energy aadition during 
cruise, as shown in Figure XI-4. For transcontinental and interconti
nental flights, most of the trajectory will be outside the atmosphere and 
will therefor~ completely eliminate atmospheric "cruise ll drag. The 
faml1iar high aspect ratio wings are certain to be replaced by stubby delta 
or "lifting body" geometries typified by the space shuttle orbiter. 

Given an expected competitive operating cost, the laser-powered 
shuttlE': would first compete on the longest route segments (5-15,000 mile 
routes). It is conceivable that the longest route segments serviced by, 
say, the 747-SP would be the first focus of a radical new technology that 
would replace equipment already in service. This possibility is beyond the 
year 2000, but certainly before 2020. 

An artist concept of a future Laser Space Port is presented in 
Figure XI-5. Due to the high-intensity radiation projected from space to 
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Figure XI-4. Mission Profile for Laser-Powered Shuttle 
VS. Conventional Alr Transport Vehlcle 
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the fllght vehicles, and the finite probability of an occasional mis

directed pulse of energy reaching the ground, the launch facility is 

located at the remote edges of the densely populated area it serves. 

Passengers enter the terminal at controlled locations removed from the 

immediate vicinity of the launch pads, and proceed to the various pads 

through underground corridors. These corridors have no windows, and are 

well protected from dccidental flux impingement. Launch pads are fitted 

with clamshell doors which completely enclose a shuttle vehicle during 

passenger loading and unloading to provide a light-tight shelter with 

adequate laser flux protection capability. 

The laser wavelengths for civilian propulsion applications must be 

longer than 1.6um - 1.7um to prevent accidental eye damage from glints 

reflected off the vehicles. At these longer wavelengths, the flux is 

absorbed at the cornea instead of being transmitted and focused by the lens 

upon the retina. Hence, upper vehicle surfaces must be highly reflective 

convex mirrors to sharply defocus incident radiation energy, which is not 

transmitted into the high-power engine windows, but falls upon the vehicle 

skin. 

Portrayed in the air above the laser launch facl1 lty in Figure XI-5. 

are three smaller shuttlecraft. The most distant vehicle is illustrated in 

a VTOL propulsion mode with the entire vehicle base serving as an external 

expans i on thruster surface. activated by pu 1 sed beams enteri ng the upper

surface windows 'in a radia11y Symrrletric fashfon. The launch pad for this 

vehicle is sho\'1n with its protective clamshell door partially closed. In' 

the foreground are two other vehicles tlying laterally in the rotary 

pul sejet mode. Note that the beam enters only the aft'ttard-most thruster 

window. The rotary engine for this vehicle contains radially directed 

pl;lsejet chambers which are energized in gatl ing gun fashion similar in 

concept to the Wankle rotary internal cOll'bustion engine. Laser pulses are 

projected into each high-power window as it rotates to the aftward most 

position. This rotary motion gives gyroscopic stability to the receptive 

optics--sufficient to withstand the most severe atmospheric turbulence. 

Figure XI-6 shows one of the laser shuttle vehicles in the MHD-fanjet 

pulsed propulsion mode, as it climbs out through the rarefied uppe~ 
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atmosphere (e.g., 30 to 80 km). The MHO-fanjet is a pulsed electromagnetic 
equivalent to the helicopter, or more exactly, the a1r-turborocket. Since 
many laser beams are pulsed simultaneously into all of the thruster 
windows, the MHD-fanjet is able to absorb an order-of-magnitude more peak 
laser power than tlfe rotary pulsejet. At altitudes beyond 80 km, the 
vehicle leaves the atmosphere and is propelled in a laser-heated rocket 
mode, using internal propellants. 

By 2020, flights into low Earth orbit will be as common as flights to 
the other side of the globe are today. The industry which m~de air trans
port a reality will have expanded its realm to include space shuttle 
service, an event which has long been prophesied in the film, "2001." 
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A. INTRODUCTION 

1,1' 
,/ , 

CHAPTER XI! 

LASER-BOOSTED HEAVY LIFT LAUNCH VEHICLE 

I 
i 

ThiS chapter introduces a heavy lift launch vehicle (HLLV) concept 

proposed for the large-scale transport of materials into orbit for use in 

space industrialization and colonization. Major concessions are made in 

the geometry of individual launch vehicles to faciHtate the building of 

highly specific large-scale space structures; the HLLV center-section ~s 

designed to function as a ground-mass-produced structural module, and is 

boosted to space by "tug" power heads--for immediate connection to other 

modules. The shuttle design is based upon lighter-than-air-vehicle (LTAV) 

structures technology and innovative variable-cycl~ laser propulsion 

engines which are attached to the shuttle ends as removable power-heads. 

Once the payload is deployed, these power-heads then return to the Earth's 

surface for another "load. h 

As an example of what can be done, this study investigates the 

specialized HLLV structural modules which would be suitable for construct-.. 
ing photovoltaic satell ite solar pO\/er stations (SSPS); altel"natively, they 

could also be used for space colonies. It is assumed that the first SSPS 

is already in place, built with materials delivered to orbit with the 

cu~rent space shuttle orbiter, or some near-term derivative which has' a 

greater payload capability. Therefore by using laser power-beaming, this 

SSPS would be able to boost HLLVs of the variety considered here into low 

Earth orbit--thereby greatly improving the economics of building all future 

SSPSs, because of a substantial reduction in launch costs. (Note that 

roughly one-hundred 10 GWe SSPSs measuring 20 km by 5 km will fit 1n geo

stationary orbi.t; these large satell ites roam about in their orbits and 

space must be allowed to prevent collisions.) The prospective payoffs for 

this new HLLV concept are, then, a significant reduction in number and ~ 

of shuttle launches required to build an SSPS--because of an enhanced high

volume low-density, launch-vehicle "payload" configuration. 
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Neutral buoyancy at sea level altitudes facilitates pre-launch 

preparation and handling of LTAV shuttles. Air-breathing laser-heated 

pulsejet engines augmented by aerostatic, aerodynamic, and fr€e-vortex

induced lift propel the vehicle out through the dense portion of the 

atmosphere. Within this flight regime, low flight velocities permit the 

attainment of high ratios of impulse-to-laser-power while keeping aero

dynamic drag to a minimum. Additional high specific impulse electrically 

augmented thruster modes (which incorporate the use of superconductors into 

structural propulsive elements) are used to attain a positive propulsive 

advantage over un augmented rocket propulsion modes. These electric propul

sion modes are portrayed for use at higher flight velocities within the 

rarefied upper atmosphere and ionosphere where the HLLV is no longer aided 

by aerostatic lift. (Tw(l of the promising space applications for the con

struction modules necessitate the use of superconducting cables which are 

housed within the HLLV primary longeron structure.) 

The physics for a number of innovative variable cycle propulsion modes 

was reviewed in Chapters VIII and IX. This chapter begins with a discus

sion of propulsion/vehicle systems integration, and potential low-dynami,c

pressure launch trajectories. Next, the masses of three different HLLV 

sizes are estimated (100, 333 and 1000 m in length) to obtain some under

standing of the mass-scaling relationship. Finally, the vehicle/engine 

performance and laser power requirements are assessed for each of several 

speculative propulsive modes, and vehicle sizes. 

B. APPROACHES TO BUILDING LARGE SPACE STRUCTURES 

There are only three basic approaches to building 1 arge-sca le struc

tures in space: a) deployment, b) erection, or c) fabrication. In the 

deployment approach, the entire structure is assembled on Earth, then 
somehow compressed or folded into a small high-density package. launched 

into space, and finally unfolded to the operational state. The erection 

approach necessitates the use of spacebound human/robot workers to assemble 

large prefabricated structural components. These structural units would be 
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manufactured on Earth, then lifted to orbit in uncompacted or slightly 

compacted states (e.g., telescoping structural beams like the Astro-Mast). 

The third approach, direct fabrication in space, has received the most 

attention by NASA and aerospace industries. 1-6 Direct fabrication 

requires, for example, the use of beam-building m~chines to manufacture 

standardized structural elements which are then joined together to produce 

the fi na 1 assemb 1 ed structure. Th i s approach permi C!a the bas i c construc

tion materials to be delivered to space in a highly compressed state: 

e.g., rolls of thin metal sheet or carbon/fiberglass epoxy-impregnated 
cloth. 

The building of kilometers-long photo-voltaic SSPSs will be an excep

tionally formidable task involving hundreds of space shuttle fl ights to 

de 1 i ver enough construct i on materi a 1 s to orb it. Furthermore, the , 
presently favored "fabrication" approach will require great numbers of beam 

manufacture, transport, and joining operations in space. Ongoing 

rehearsals for construction in the zero G environment have indicated that 

even the Simplest tasks beccrne complex under weightlessness. 6 For this 

reason, the author favors the erection approach using ground pre-assembled 

100-1000 m~ter, high-aspect-ratio structural elements; such ~lements are 

inherently more suitable for building kilometers long structures in space, 

since the number of handling and joining operations are minimized. 

Whereas conventional wi~dom would have rocket launCh shuttle vehicles 

disgard 1ightweight, high-volume fuel tanks along the launch trajectory in 

order to place a small volume, high-density payload into orbit, the HHLV 

concept suggested here inserts the cnt ire primary veh i c 1 e structure into 

orbit. A portion of the hydrogen or helium propellant required to propel 

the HLLV structural modules to orbit would be contained in a gaseous state 
at one atmosphere pressure within l1ght"leight spherical bags. These bags 

would be composed of high-strengh-filament fabric with a low permeability 

coating--I".uch in the manner of the rigid airships of past history. (HOW

ever, the bulk of the prop~llant, -90 percent, would be held as a 

cryogenic liquid within insulatea cylindrical-tank longercn members). Once 

in orbit, the gas bags are collapsed, removed and recycled (e.g •• as 
hemispherical Shelters). 
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c. BASIC HllV AIRFRAME CONFIGURATION 

Figure XII-l shows the basic HLLV airframe geometry which has a fine
ness ratio (length/diameter) of 10:1. The detailed structural design is of 
conventional bulkhead and longeron construction. and is identical to the 
approach taken in rigid airships. The primary difference is that the major 
structural material would be high-strength carbon or boron filaments in an 
epoxy composlte matrix. The cylindrical fuselage shape is more akln to the 
very early Zepp1 ins. only with the rear stabil izing fins removed. S,uper-
conductors are housed within the HLLV 10ngerons. as shown in Figure XII-1 
for the 1000 m long vehlcle. During the boost phase. these superconducting 
cables serve as part of the vehicle electric propulsion system. 

After being separated from the HLLV, powerheads operate in an 
autonomous rotary pu1sejet propulsion mode and return to Earth for the next 
payload. With few exceptions, the powerhead configuration is conceptually 
identical to that presented earlier in Figure V-14; the major difference is 
the addition of a beam-catcher optics to the vehicle central upper surface. 
mounted on a retractable mast. Within the atmospheric flight environment, 
the rotary engine operates in an air-breathing fashlon; in space it becomes 
a laser-heated hydrogen-fueled rocket. As mentioned before, changes in 
lateral flight direction are accomplished simply by advancing or retarding 
the radiation-induced spark, which results in an immediate thrust-vectoring 
of engine exhau$t gases. To provide the powerhead with VTOL capabiltiy 
for easy access to launch pads, a radially symmetric ERH pulsejet thruster 
is incorporated with the lower vehicle surface. 

As mentioned above, this chapter examines three different HLLV sizes: 
100, 333. and 1000 m. The smallest HLLV has displaced volume of 
0.27 million cubic feet (MCF). The medium-sized 333 meter long vehicle has 
a displacement of 10 MCF and is roughly 30 percent larger than the 
Hindenburg or its sister ship the Graf Zepplin II (244m and 7 HCF). The 
, 000 meter long craft has a vo 1 ume of 270 IiCF. To the author IS knowl edge, 

XII-4 



".--. 
( 

t 
i 

I. , 
~. 
I 
~ 
• 

t 
r • I 
f 
t 
~ 
f-
t 
~ · , 

r 
t 

,I 

THE 80M CORPORATION 

I 
I 

-- --. ---~ --- ----~-- _. -, -~--.~.-.-.~. ='--~--.'---~-.-~ 
- ----.-------......... -.-_ .... ~---~- - ~-~--- """ 

(jRIGINf.L ""AC~ ,~ 
J).f. POOR QUALITY, 

Figure XII-l. MHO-Augmented LTA Vehicle Structure for 
Q' Nelll Modell Space Colony 
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the 'largest airship which has received examination to date is 100 MCF. 
This study was performed by the Aerospace Development Company and funded by 
Shell Oil Internationa1 7 to determine the feasibility of oversized airships 
for transporters of natural gas. 

In actual pra.:t1ce, these ultra-light "airframe" structures would be 
developed with cornputer-aided-design (CAD) techniques, and would take 
advantage of the fairly dormant archives on lighter-than-air vehicle 
(LTAV) technology. Design of the basic structural module, propulsion 
system, and light flexible skin subcomponents would be carried out in an 
integrated fashion to produce an advanced rigid airship-type launch vehicle 
with minimum weight and maximum payload carrying capability. Clearly this 
structure must be strong enough to sustain the aerodynamic launch loads 
which promise to be the largest loads subjected to the structure along the 
orbital flight trajectory. As proposed here, the relatively fragile 
structural elements are to be sheathed in metalized mylar (or Teflon) 
coated boron/carbon filament fabric which acts as a stressed skin to reduce 
aerodynamic loads transmitted to the primary longeron/bulkhead structure. 

o. HlLV SYSTEMS INTEGRATION CONSIDE~ATIONS 

Several major prelfminary design considerations for the single-stage
to-orbit HLLV play an essential role in the systems integration process. 
First, the HLLV is deSigned from inception to deliver all its structure 
'into orbit as payload. With the exception of propulsive fuel, no mass is 
brought nearly to orbital velocity, and then disgarded. (Only the 
removeable, lightweight powerheads are flown back to Earth.) All othe-
major structure is designed for reuse at the orbital construction site, 
For example. the vehicle skin envelope is stripped off and recycled as 
either thin film reflecting material (i.e., mirrors) in ~olar-concentrating 
SSPS schemes, or as supporting fabric for the direct mounting of solar 
cells within edge-supported bays of the non-concentrating SSPS schemes. 
The spherical gas bags themselves are collapsed (after resfdual propellant 
is pumped out and stored). withdrawn from the vehicle structure. and used 
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to contain a breatheab1e one-atmosphere pressure environment suitable for 
construction crews. Depending upon the projected working stress reQuire

ments of the recycled gas bags and vehicle skin envelope. skin thicknesses 

may change substantially from vehicle to vehicle; also, the option of 

spherical gas bags may be entirely eliminated in favor of a significantly 

thicker vehicle skin envelope. 

Three major applications have been idp.ntified for the basic HLLV 
skeletal structure: (a) standardized structural beams for building large 

space structures, (b) vertebrae in an electrically conducting backbone of 

an SSPS, (c) stripped skeletal structure for a cylindrical space colony 

(installation of the remaining hardware and interior furnishings would 

occur at the LS or L4 final resting location). For the second application, 
it is envisioned that superconducting cables will be housed within the 

primary longerons of the HLLV structure. This superconducting longeron 

structure could also be used to great advantage for protecting space 

colonies from solar flares, as described below. 
It is known that two cylindrical space colonies (each spinning about 

the longitudinal axis) must be connected to each other at the ends by 
cab1es--in order to counteract gyroscopic precess forces that v/ou1d disturb 

the colony's critical alignment with the sun. Superconducting longerons 

could conduct continuous closed-loop currents as high as 109 ~~peres 
through the exterior shell structure of two finished colonies (connected in 

series), with minimal resistive losses. In the process, strong electro-. . 
magnetic fields would be generated, reaching a strengh of 60 kilogauss just 

outside the external s~in. Ampere's law indicates that the magnetic field 
will remain at negligible levels within the colony itself. The net 

external result is the creation of a large electromagnetic dipole which can 
provide significant radiation shielding from solar flares and other high 

velocity charged particles streaming through space. Conceptually, the mass 

requirements for radi ation protection of the occupants could be greatly 
reduced and hence cause a reduction in colony construction costs. 

The additional mass contributed by superconducting longerons is likely 

to be significant and Hill place additional requirements upon the HLLV 
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systems integration approach. Preliminary investigations (in this chaoter) 

indicate that such superconductors can be incorporated into innovative HLLV 

pulsed electric propulsion engines which may attain a competitive advantage 

over strictly rocket concepts. (In operation, 1 iquid hel ium is circulated 

about the external surface of the cylindrical superconducting cables; 

within each hollow cable. liquid H2 propellant may be stored.) Optimum 

design occurs when the peak electrical current and power requirements of 

the HLLV propulsive engine exactly match the intended space application of 

the conducting bus lines. Inherent in such a match is the understanding 

that is may be impractical to maintain a helium bath for the longerons 

during extended periods in space; hence, the conductor may have to operate 

in a normal or non-superconducting state when finally installed in the 

large space structure. The most stringent requirement, either the 

intended space structure application or boost-phase propulsion requirement, 

will determine the total cross-sectional conductor area--once the supercon

ducting material properties are chosen. 

Several factors influence the choice of the overall HLLV dimensions. 

first, the length-to-diameter (i.e., fineness) ratio of basic structural 

module must be adequate to the task of building the large-scale space 

structure for which it is designed. It must be a large enough module ro 
minimize the number of handling and joining operations, but not so large as 

to exceed the mass-boosting capabilities of the remote laser SSPS power 

supply. Secon~ly, its overall mass-to-volume ratio must be sufficiently 

small so "that the HLLV can "aerostatically support itself in the dense s~a 
level air with hydrogen or hel ium fi 11ed gas bags. The craft must be 

deSigned for neutral buoyancy at sea level altitude to enhance pre-launch 

preparati{jns and han~n ing of an extremely del icate and cumbersome 

structure. 

One final consideration involves the pO\verheads which will boost the 

central structural module into orbit. Overall weight and balance factorS 

may necessitate the use of two powerheads--one at each end of the vehicle. 

For certain HLLV configuraflons, one powerhead may be entirely adequate if 

the vehicle is suitably counterbalanced at the opposite end; others may 
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reauire no mass counterbalancing. An insight to the characteristics of 

representative HLLV powerheads may be gleaned from Chapter VII. 

E. LASER PROPULSION OF HLLV TO ORBIT 

Ten promising thruster concepts for propelling HLLVs to orbit on 

remote beamed laser power are catalogued in Chapters VIII and IX. The 

applicable altitude regimes for utilizing these propulsion modes are dis

played in Figure XII-2. The following attempts to describe the l~unch pro

cedure for a HLLV, and its acceleration to orbit. 

The relatively fragile shuttle vehicles are assembled on the ground 

within large weather-tight dirigible-type hangers, then carefully removed 

before the temporary water ballast is dumped. They would be launched only 

on the fairest of pre-dawn weather conditions. Next the vehicles are free

floated out to a safe altitude of perhaps 1 km using aerostatic lift. 

Since aerostatic 11ft rapidly falloff to negligible levels above 3 km 

altitude, the vehicle must depend upon dynamic propulsive lift throughout 

the rest of the launch trajectory, using variable-cycle laser propulsion 

engines. 

Wi thin the dense atmosphere, pul sed air-breath ing 1 aser-heated engin'es" 

augmented by aerostat i c, aerodynami c. and free-vortex- induced 1 ift propel 

the vehicle to the outer reaches of the atmosphere. By design, the HLLV 

uses the planetary at~osphere to greatest advantage by flying at a low 

ve 1 ocHy 1 n order to obtain the greatest impu 1 se-to-l aser-power coup 1 ing 

and to reduce aerodynamic drag to the minimum. At the higher flight velo

cities within the rarefied upper atmosphere and ionosphere, the HLLV may 

use several additional high specific-impulse, electrically augmented 

thrusters such as the Qelectr1cal storm q propulsion mode shown in 

Figure XII-3. These propulslve units, which in operation send large 

e 1 ectr1 c current levels through longeron superconductors, permit tne HLLV 

to attain a positive propulsive advantage over unaugmented rocket systems. 

Using another thruster mode, the electromagnetic engines are able to warp 

the local gecmagnet1c field out to a radius of several tens of kilometers. 
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and thereby communicate a reaction force to the planetary mass by way of a 
perturbation to the local planetary magnetic field: e.g., using the 
"Alfven-Wave" propulsion mode in Figure XII-4. Once in orbIt, the HLLV 
"powerheads" are detached from the ends of the vehicle and flown back to 
Earth much in the manner of the space shuttle orbiter--to prepare for the 
next launch operation. 

Introduced in the following sections are the details of the airframe, 
optics and propulsion system design, and finally the basis for their 
integration into a unified HLLV concept. 

F. BEAMED POWER AIm OPTICS 

The idea of generating electricity from sunlight in space and then 
beaming the captured energy (by microwaves or lasers) to boost heavy 
paylQads from the Earth1s surface, is an attractive alternative energy 
option--especially since sunlight is a non-depleteable resource that can be 
exploited in space without producing harmful byproducts on Earth. Growing 
interest in the concept of 10,000 H~/e space-based solar power stations ~ay. 

eventually make inexpensive bulk power a reality. (Power would be beamed 
either by direct line-of-sight, or indirectly by way of low Earth orbital 
relay stations.) Laser beaming of propulsive power has one additional 
advantage Qver conventional, chemically fueled launch vehicles. The 
vehicles need carry only enough fuel for the exoatmospheric portion of the 
flight trajectory, and for emergency operations. This allows launch 
vehicles to have a substantially higher payload fraction (i.e., payload 
weight/gross weight at takeoff) than with present systems. 

For the launch vehicle application treated here, rapidly pulsed flight 
propulsive electromagnetic (EM) power would be delivered in a tightly 
controlled feedback loop system. Before a propulslve power pulse train is 
delivered by the SSPS, a pulsed "beacon" signal beam must have previously 
been transmltted by the HLLV flight vehicle. The signal beam would contain 
i nformat ion on the preci se locati on, veloci ty and projected trajectory of .. 
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the shuttle. If any foreign obJect interrupts the signal beam transmis

sion, the next ,lower pulse is not delivered to the vehicle. Hence, the 

propulsive energy is precisely delivered, pulse-train by pulse-train. The 

accidental miss of a single power pulse (i.e., when the flight vehicle does . 
not capture the full energy of the pulse, and some of it reaches the 

ground) would be termed a catastroohic failure of the system, analogous to 

the crash of an airliner today. 

Highly collimated propulsive beams will be projected only along 

specific launch corridors. (The required pointing and tracking accuracies 

do not exceed that in current use by radi 0 astronomers.) Such fli ght 

corridors for beam-riding launch vehicles must be rigidly controlled, as 

they presently ar~ in the vicinity of sensitive military airports. Trans

mission of power would not take place until totally clear airspace existed 

along the boost trajectory. In this future era, airspace logistics 

problems should be virtually eliminatd, since the position of every flight 

vehicle in global airspace is likely to be known by several large computer 

facilities specifically dedicated for use by launch/flight controllers. 

The proposed HLLV optical train configuration is shown in 

Figure XII-So For purposes of functional clarity, optical elements are 

displayed greatly enlarged in proportion to the vehicle diameter. The 

laser beam is received through an opening in the upper vehicle skin onto a 

"beam catcher" mirror. This articulated mirror is able to project the 

reflected beam onto any azimuthal location around the radially symmetric' 

primary opt i ca 1 surf ace. Before contacting the parabo 1 i c pri mary opt f cs, 

the beam passes through a high power window. The primary optics and high 

power window constitute a donut-shaped high-pressure structural envelope 

for the absorption of laser energy. For example, the donut-shaped envelope 

might be divided raJially into 24 independent absorption chambers for the 

100 m long HLLV. 

Upon reflecting off the prima~y optics, the beam is either focused to 

a high intensity upon the secondary optiCS, then reflected to a remote 

location for absorption (as shown in Figure XII-S), or the secondary optics 

are retracted av/ay flom the focal region and the beam is subsequently. 
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Figure XII-So HLLV Optlcal Traln Configuration 
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allowed to come to a line focus around the HLLV vehicle perimeter, midway 
between the exhaust ports of individual absorption chambers. The logic for 
the HLLV optical train configuration was developed previously in 
Chapters VIII and IX. 

G. POTENTIAL LAUNCH CORRIDORS 

Due in part to the enormous size and frag il i ty of the central struc
tura 1 modul e used 1n the HLLV concept, unconventional approaches may be 
requ i red to prope 1 the veh i c 1 e into Earth orb it. Severa 1 of these pro
pulsive schemes are able to use the unwieldy configuration of the assembled 
vehicle to a positive propulsive advantage. 

The potential HLLV launch corridor, i.e., 5 to 50 psf dynamic 
pressure, 1S presented in Figure XII-So Since the vehicle is designed to 
fly at right angles to the longitudinal axis (i.e., broadside) in certain 
flight propulsion modes, care must be taken not to overstress the pressure 
and temperature limitations of the shuttle's external skin. Although 
50 psf is representative of only 140 mph at sea level, it also represents 
Mach 2.0 at 30 km altitude, Mach 12 at 60 km, Mach 22 at 70 km, etc., as 
shown in Figure XII-So High equilibrium skin temperatures generated at the 
higher velocities may drive the vehicle to lower dynamic pressure 
trajectories--which in turn will reduce the problems of aerodynam1c 
heating. 

... 

H. HLLV MASS SCALING ESTIMATE 

In the absence of any substantive weight data on past supersonic rigid 
airships with orbital capability, it is assumed that the weight breakdown 
per component will remain roughly the same as for the old airships. '. In 
addition, it is aSSUMed that significant advances in propulsion and struc
tures technologies will permit orbital capability with no increase in mass. 
The hypothetical weight breakdown in Table XII-l 1s based on a HLLV 
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TABLE XII-l. HLLV WEIGHT SUMMARY 

VEHICLE METRIC TONS (1000 KG) 

COMPONENT 1000M 333M 100M 

STRUCTURE: HULL, ENVELOPE, BALLONETS 2580.0 95.3 2.58 

SUBSYSTEMS AND EQUIPMENT: POWERHEAOS, 
SUPERCONDUCTORS, CONTROLS, 
COMMUNICATION, GUIDANCE, NAVIGATION 1290.0 47.6 1.29 

CREW, PASSENGERS AND DISPOSABLES, SPARES 
BAGGAGE, TOOLS, INITIAL BALAST 430.0 ..li:i ~ 

OPERATING EMPTY WEIGHT 4300.0 158.0 4.30 

GASEOUS/LIQUID FUEL, RESERVES, OTHER 
CONSUMABLES* 3224.0 119.0 3.22 

GROSS OPERATING ~EIGHT 7520.0 277.8 7.52 

*VEHICLE MASS RATIO DESIGN POIHT = 1.75 = HINITIAL/MFINAL 
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geometry with a length-to-diameter ratio of 10:1 and spherical end caps. 

For each of the 100, 333 and 1000 m long vehicles, the Gross Operating 

Weight (GOW) is assumed equal to mass of air that would be displaced by the 

external hull envelope at sea-level altitude. 

The first entry in Table XII-l includes the mass of the skeletal 

structural module, the external skin envelop and the ballonets (spherical 

gas bags). These three items comprise the HLLV payload and represent 

34 percent of the GOW at launch. The next entry, Subsystems and Equipment, 

is domi na ted by the mas s of the propu 1 s i on sys ten:; i • e., the powerheads 

(which contain the flight deck and all controls, com:nunication, guidar.ce 

and navigation systems), the superconducting longerons (if any), and the 

cryogenic refrigeration equipment. The third entry includes most every

thing else except gaseous and liquid fuel, reserves, an:i othf:r 

consumab 1 es--wh i ch are grouped into the fourth component category. Note 

that the ratio of Gross Operating Weight to Operating Empty Weight 

(GOH/OEW) represents a design point mass ratio of 1.75 for the HLLVs. 

Clearly, it is the specific impulse of the propulsion system which will 

dicatate how much fuel is actually required by a HLLV for an orbital 

flight. (The subject of engine specific impulse is addressed at the end 'of 

this chapter.) 

Listed in Table XII-2 are the masses of several major subsystem com

ponents. for the 1000 m.HLLV. :rhe first mass item, vehicle external skin 

(or envelope), is derived primarily from the anticipated stresses to 'be 

placed upon the membrane when installed in the large-scale space structure. 

(The mass of the spherical gas bags assumes an intended space application 

as shelters for construction crews, and are therefore deSigned to maintain 

a one-atmosphere pressure differential across a boron filament reinforced 

membrane.) The envelope must also be strong enough to withstand the gas

dynami c pressures experi enced along the 1 aunch trajectory. Hence,' the 

envelope mass presented in Table XII-2 assumes that both design conditlons 

'will be met for a dynaml c pressurr trajectory 0:: 50 psf (wh f ch at sea-1 eve 1 

altitudes is equivalent to-a. flight velocity of 140 mph). The method of 
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TABLE XII-2. PARTIAL SUBCOMPONENT MASS BREAKDOWN FOR 1000 M HLLV 

SUBCOMPONENT METRIC TONS (1000 KG) 

VEHICLE EXTERNAL SKIN 42.0 

SPHERICAL GAS BAGS 726.0 
(10 TOTAL) 

SUPERCONDUCTORS 504.0 

XMHD GENERATORS 283.0 
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analysis of both the envelope and the spherical gas bags 1s described 
below. 

The shuttle vehicle is assumed to have ten gas bags or ballonets which 
contain hydrogen or helium propellant at one-atmosphere pressure. Assuming 
that Teflon-coated boron fibers (e.g., with a diameter of 8-mil) are woven 
into fabric in order to provide a gas bag ::onstruction material with a 
tensile strengh of 530 KSI, a modulus of 58 x 106 pSi, a specific gravity 
of 146 lb/ft3• and a factor of safety of 1.5, the weight of the bags can be 
calculated as follows. The thickness t of the high-strength soherical gas 
bag is given by 

t = PrS 
2a (1) 

where P is the maximum pressure differential across the spherical enclosing 
surface of radius r, a IS the working stress and S is the safety factor. 
For the above given conditions, t is 0.041 in (or five fiber diameters), 
thereby resulting in a weight of 1.6 X 106 lb for ten 100 meter diameter 
gas bags. 

Let us assume that the cylindrical aerodynamic "skin" is·a) designed 
to support an absolute pressure differential of 50 psf (0.OZ36 atm). 
b) has a safety factor of Z, and c) uses the same boron fiber as addressed 
above. Hence, the required thickness t of the cylindrical gas baq can be 
expressed as 

t =~ 
a (Z) 

For the 100 m diameter vehicle, then, the cylindrical gas bag thickness is 
0.00258 in. or Z.58 mil (i .e., less than the fiber diameter). The welght 
of material to enclose the craft is 93.000 lbs. 

Surr.mari zing then for the 1000 m HLLV, ten 100 m di ameter bags comes· to 
a mass of 726 metric tons. The total gas bag volume comes to 5.24 x 106 

cubic meters, which can enclose 471 metric tons of hydrogen gas at one
atmosphere pressure. In comparison, the mass of conventional short-term 
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cryogenic :;torage tanks, typified by the shuttle orbiter external tank, 
equals roughly 10 percent of the enclosed fuel mass; the mass of long-term 
LHZ cryogenic storage tanks is roughly ~qua1 the contained fuel. 
Subsequently, the mass efficiency of the 100 m diameter HLLV "gas bag" fuel 
tanks is more representative of the long-term type of c:-yogpnic storage 
tanks, since the mass of the enclosure is 154 percent of the enclosed fuel. 
Smaller gas bags may have somewhat different performance. 

As shown in Figure XII-1, the superconducting longerons also function 
as a cryogenic LH2 fuel tanks for liquid hydrogen. For the 1000 m vehicle, 
the total LH2 storage volume provided by the cylindrical longeron tanks is 
sufficient for 5000 metric tons; i.e., almost twice the required capacity. 
Note that the superconductor mass in Table XII-2 for the 1000 m HLLV is 

10 percent of the projected maximum LHZ mass capacity, or 20 percent of the 
actual required fuel. It is assumed that the combinec.. peak current which 
is driven through all the superconducting longerons by the electric propul
sion system for the 1000 m HLLV is 1.5 x 109 Amperes; also, the Nb3Ge 
(sputtered film) superconductor with the critical characteristics pictured 
in Figure XII-3 is chosen for the sample calculation. 

The magnetic field generated at the external skin for the 1000 m long 
HLLV by an electric current of 1.5 x 109 Amps (carried through the super
conducting longeronsl may be determined with the aid of Equation (9) in 
Chapter IX, by setting r = 50 m. It is found that the outermost edges of 
the sup~rconductor are bathed in a self-magnetic field of 6 Webers/ml 

(i.e., 60 kilogauss). If it is now assumed that 100 longerons provide the 
total current-carrying capacity, then each would conduct 15 million 
Amperes. Again using Equation (9), it can be shown that the minimum cable 
diameter should be 1 meter in order to limit the self-field at the cable 
circumference to 6 Webers/m2. Figure XJi-7 indicates that for liqui,d 
hel ium temperatures, the Nb3Ge superconductor exhibits a critical current 
density of approximately 2.5 x 106 Amps/cm2• A .:onductor cross-sectional 
area of 6 cm2 longeron can carry the current. The total volume Jf super
conducting material must be 60 m3• Assuming a conductor mass density of 
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Figure XII-7. Critical Character;stlcs of High-F1eld Superconductors 
(From Reference 8) 
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8.4 gm/cm3, 504 metric tons of material are required for the 1000 m HLLV 
longerons. This figure represents 6.7 percent of the GOW. 

The final major subcomponent weight addressed in Table XII-2 is that 
of the explosively driven XMHD generators. As shown in Figure XII-5, the 
XMHD generators are distributed uniformly about the vehicle rim, intimately 

connected to the powerhead. They represent a major portion of the overall 
power plant mass. The XMHD generators for the 1000 m shuttle would be 
roughly similar to that introduced in Appendix B. However, since the HLLV 
peale power, voltage, the electric pulse duration requirements are clearly 
different than that for the rotary pulsejet addressed in Chapter VII, the 
XMHO performance (and mass) characteristics must be modified to fit the 
HLLV application. 

It is assumed here that a peak electric power of 6.8 x 1013 Watts is 
demanded from the powerhead when propelling the 1000 m HLLV in the MHO-Fan 
mode. Reference 9 indicates that an experimental 5 MJ XMHO generator 
exhibited a peak power output of 1.46 x 1010 Watts, pulse duration of 
10-4 seconds, peak voltage of 16.2 leV, and peak current of 9 megamps. Let 
us assume that a s imil ar 5 MJ XMHD generator can be developed to run on 
remote laser energy at an identical peak power level, but \'/ith voltage,' 

current, and pulse duration characteristics which are compatible \'Iith the 
1000 m HLLV propulsion system. Clearly, 466 of the 5 MJ XNHO generators 
could generate the 6.8 x 1013 watt peak power requirement. However, the .. 
actual generators fot" a 1000 m HLLV would probably fall in the range of .. 
10-50 MJ (or larger) capacity, thereby bringing the total number of units 
down to 250 or 50, respectively. However, for the purposes of weight 
scaling calculations, the 5 MJ units will suffice. 

A method was suggested in Chapter VII for estimating the major XMHO 
generator components (i.e., radiation superheater chamber, superconducting 
field coil mass and MHO generator channel \'1ith electrodes). It is found 
that a suitable 5 MJ radiation superheater could weigh 370 kg; compatible 
field co; 1 with r~HO generator channel, 236 kg. This gives a total of 

606 kg per 5 MJ XMHO gererator, and represents a total mass of 283 metri c 
tons for the required generating capacity: roughly 3.8 percent of the GOW. 
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Previous sections of this chaoter have introduced the details of the 

HLLV airframe and optics design, HLLV mass breakdown, and have catalogued 

ten propulsion system modes which are worthy of further examination as 

prime movers for the HLLV concept. The next section provides a discussion 

of power requirements for various laser propulsion modes--as a function of 

HLLV lifting capacity. 

I. POWER REOUIREMENTS AND MASS RATIOS 

The fuel consumed by the variable cycle laser propulsion system in 

boosting a given HLLV into orbit is directly dependent upon the specific 

impulse, thrust-to-weight ratio, impulse coupl ing coefficient and thrust 

duration of the various propulsion modes used along the orbital flight 

trajectory. Table XII-3 attempts to quantify the performance potential of 

the ten most promising propulsion modes. 

Let us begin with a general discussion of the impulse coupling 

coefficient which is defined as the ratio of engine thrust to input power. 

The highest coupling coefficients are attainable by air-breathing (as 

opposed to rocket) engines which propel themselves by momentum excr.ange 

with the atmosphere. Within this engine class, even a winged rocket may be 

cons i dered an a i r-brea th i ng eng i ne if the aerodynam i c 11 ft i ng surf ace is 

viewed as a "thrust augmentation" device. The object would be to attain a 

resultant 1'ft that greatly exceeds the rocket thrust. (Even though rocket 

thrust may be only a fraction of the total vehicle weight, it would sti 11" 

be adequate to support the vehicle in flight. Viewed in this light, the 

winged rocket is a close cousin to the air-turbo-rocket engine. 

All aerodynamic lifting surfaces (e.g., fixed wings, rotary wings 

(he 1 i copters), 1 arge ducted-fans, and compressors) can be subjected to a 

performance analysis of their impulse coupling coefficient. For example, 

the coupling coefficient C for the fixed wing of an aircraft may be 

expressed as follows 

L L 105 
c=-=---P 0 V

wing 
, (3) 
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TABLE XII-3. PERFORMANCE POTENTIAL FOR HLLV PROPULSION SYSTEMS 

SPECIFIC THRUST TO COUPLING 
IMPULSE WEIGHT COEFFICIENT 

(SECONDS) RATIO lDYNES/WATI) . 

NON-ELECTRIC THRUSTERS: 

A. AEROSTATIC LIFT 
GO 1 GO 

B. AERODYNAMIC LIFT -- 1 300,000 

C. VORTEX-INDUCED LIFT -- >1 10,000 

D. ROTARY IRH PULSEJET 
(ROCKET MODE) 

1,000 10 25-50 

E. ERH PULSEJET (AIR- GO 10 50-100 
BREATHING MODE) 

ELECTRICALLY-AUGMENTED THRUSTERS: 

A. "ELECTRIC STORM II ATMOSPHERE -- -- --
COUPLING 

B. MHO-FAN PULSEJET 10,000 10 100 

C. MHO-PUMPED VORTEX-INDUCED -- >1 --
LIFT 

D. WAY'S ELECTROMAGNETIC -- >1 --
PROPULSION CONCEPT 

E. LARGE AMPLITUDE ALFVEN-WAVE 100,000 0.1 --
ENGINE 
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.... 

where L/D is the dimensionless lift-to-drag ratio, Vwing is the IIblade" 
forward velocity in mis, and C is the coupling coefficient in dynes/Watt • 
The coupling coefficient does not seriously degrade in performance until 
the IIblade ll velocity approaches sonic conditions where Mach divergence 
effects greatly increase drag. 

A more conv'enient expression for the coupl ing coefficient of rotary 
wings, propellers, ducted fans, turbo-fans, turbojets and all other air
breathing thrusters is given by 

F 5 C • P • 10 I(V + ~V/2), (4) 

where V is the velocity of advance of the engine, and ~V is the velocity 
increment imparted to the air moving through the engine. Equation (4) may 
be used to analyze the performance of a fixed-wing aircraft by setting V 

equal to the qte-of-cl imb of the wing, and ~V equal to the vertical down
wash velocity imparted to the air upon passage of the wing. 

In contrast, the coupling coefficient for a rocket propulsion system 
is 

(5) . 

where Vex is the rocket exhaust velocity in mis, and C is again in dynes/ 
Watt • 

. '. Equation '(4) 'is plotted in Figure XII-8 for various fj,V's. The thea..: 
retical limit to coupling performance is indicated by the diagonal cross
hatched line, and is obtained by setting fj,V equal to zero. Superimposed 
upon the plot are the performance regimes of various categories of air
breathing thrusters. The highest coupl ing exhibited to date by man-made 
machinery is that of MacCready's Gossamer Albatross which has demonstrated 
a phenomenal 580,000 dynes/Watt.* In second place is his Gossamer Cond~r, 

with a coupling of 370,000 dynes/Watt. 

* No doubt the coupling pe~formances of many winged insects (e.g., 
butterflys, dragonflys,etc.) equal or exceed this value. 
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Below MacCready's creations fall the regimes of high performance sail
planes. then fixed-wing aircraft. followed by rotary wing vehicles, and 
finally conventional propellers. The Sikorski S-64E "Aerial Crane" 
exhibits 2500 dynes/Watt. Other large diameter rotors for VTOL and STOt. 
air~:'aft have produced as much as 9000 to 12.000 dynes/Watt. Conventional 
aircraft propellers typically exhibit from 1500 to 1800 dynes/Watt at 
takeoff. As the advance velocity is increased beyond the regime where con
ventional propel lor-driven thrusters deliver optimum performance, the 
maximum attainable coupllng continues to decline. In order of decreasing 
coupling performance. these regimes are occupied by ducted-fans. turbo
fanjets, turbojets, ramjets, scramjets, and a ir-turbo-rockets. At fli ght 
velocities much beyond 2000 mis, the coupling performance of air-breathing 
engines begins to rapidly deteriorate, and rocket engines fall into a more 
favorable light. Their low level of coupling performance is entirely 
independent of fl ight speed, and is soley a function of rocket exhaust 
velocity. 

Figure XII-9 (from Reference 10) presents another way of analyzing the 
coupling coefficient performance of air-breathing engines. Here the 
coupling coefficlent is plotted as a function of disk loading (rotor thrust 
divided by rotor disk area, or exhaust exit area) for various categories ~f. 
thrusters. Note that as di sk loading increases, the associ ated downwash 
ve locity 6.V increases. coupl i ng performance decreases, and 1 arger percen-

... tages of fljght propulslVe pO\ter are thrown away in generating noise. As . . . 
shown in Figure XII-5, only rotary wing aircraft with under 14 psf loading 
generate downwash velocities below hurricane \'Iinds. 

The remarkable insect-like flying machines of MacCready have evolved 
from something more powerful than an entirely logical, rational approach to 
aircraft design. ll While pursuing many other design challenges which are 
unrelated to the human-powered flight problem, MacCready was able to 
extract. every now and then, new insights which permitted him to view the 
problem from several vastly different perSpectives. He was then able to 
use many, seemingly unrelated bits of information to intuitively leap to a 
solution that fitted them all together. Such bridges of the immagination 
are not normally accessible from the strictly rational approach. 
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MacCready has shown that the key to staying aloft with very little 
flight propulsive power is to make the aircraft large, lightweight and able 
to fly at relatively low speeds. He found that for his application, flight 
propulsion power requirements are simply inversely proportional to the wing 
span. No matter how miniscule the power of the human engine, it is 
possible to achieve the required flight efficiency simply by making the 
vehicle big enough. Certainly, there are obvious penalties facing large
scale vehicles which must fly slowly: e.g., construction difficulties, 
hangering problems, the frailty in the rJce of weather. Hence, MacCready's 
flights were carried out where weather was suitable. 

As MacCready points out,ll the success of his vehicles does not uncon
ditionally imply that its strategy can be used to create aircraft to 
achieve different goals than that of the Gossamer Condor cr Albatross. 
However, there are major similarities between the approach taken by 
MacCready, and what might be used in the design of heavy lift launch 
vehicles of the type proposed here. Such HLLVs must cl imb to the upper 
reaches of the atmosphere while consuming the least possible flight propul
sive power, at low flight velocities where the impulse coupling 
coefficients are highest. Fl ight velocity should be lo\'~ because of aero
dynamic drag generated by the very large HLLV surface areas and because 
drag increases with the square of the flight velocity. 

. The .. importance of engi.ne coup11ng coefficient in relation to HLLV 
lifting capacity can be exemplified by applying the performance figures for 
the Albatross and the Sikorski "Aerial Crane" to the proposed HLLV. As 
mentioned earlier, the Albatross attains 580,000 dynes per Watt; the 
"Aerial franc", 2500 dynes per Watt. Assuming these coupling coefficients. 
the 1000 meter HLVV would require 12.7 megawatts (Albatross coupling) 
versus 2.95 gigawatts ("Aerial Crane II coupling) to support a GOW of 
7520 metric tons. The 333 meter vehicle requires 1/2 megawatt versus 
1/10 gigawatt; the 100 m~ter vehicle, 0.01 megawdtt versus 2.95 megawatts. 
The importance of processing a very large mass flow rate of air through a 
small ~V, then. is clearly apparent from these calculations. 

The need for a HLLv thrust-to-weight (T/W) ratio greater than 
through the atmospheric portion of the launch trajectory is not necessarily 
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mandatory. Wings or trapped-aerodynamic-vort1ces can be used throughout 
the lower velocity regime with propulsion systems having a T/W less than 
one which accomplish a "thrust augmentation" process by momentum excnange 
with the atmosphere. Furthermore, at the other end of the launch tra
jectory where f1 ight ve lociti es finally become a substanti a 1 fract ion of 
orbital. centrifugal forces upon the vehicle will begin to unload the 
vertical lift force requirement. Hence, at the highest Mach numbers where 
electrically augmented thrusters are used, engine T/W ratios may be signi
ficantly smaller tnan one. 

The importance of engine specific impulse (Isp) 
mass ratio (GOW/OEW) becomes readily apparent with 
calculations using Equation (6) 

in relation to vehicle 
a few straightforward 

(6) 

where AVvehicle is the velocity increment, and 9 is the acceleration due to 
gravity. The results for two space missions are displayed in Table XII-4: 
lIearth escape" (about 11 km/s) , and "moon landing from Earth departure" 
(roughly 16 km/s). Since the HLLV introduced here is designed for a 'mass 
ratio of 1.75, it 13 evident that fulfillment of these missions requires 
engine specific impulses that exceed 1000 seconds. Note that if variable 
cycle laser propulsion engines can exhibit a net specific impulse' of 

lO,OOO'seconds, the entire HLLV could fly several times into orbit and back 
again on the available fuel. 

J. SUMMARY 

This Chapter introduces the concept of a heavy lift launch vehicle 
whose configuration is intimately tied to the standardized building module 
requirements of a specific large-scale space structure for which it is 
designed. The HLLV payload is the vrhicle structural shell itself. anJ it 
is delivered into orbit intact and ready to be joined to other identical 
modules at the space construction site. 
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TABLE XII-4. ENGINE SPECIFIC IMPULSE VS.MASS RATIO 

MISSION MASS RATIO 

Isp (SECONDS) EARTH ESCAPE MOON LANDING 

103 3.07 5.11 

104 1.12 1.18 

105 1.01 1.02 
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The vehicle payload itself is a low mass, large volume structure which 

more conventional launch vehicles usually drop off (i.e., in the form of 

expendable fuel tanks) along a high dynamic pressure orbital trajectory. 

In contrast, the launch corridor proposed for this vehicle is one of lew 

dynamic pressure. The structural payload module is protected from the 

hurricane force winds (generated on the way into orbit) by a lightweight, 

high-strength envelope which is later stripped off and recycled for other 

purposes. The overall vehicle configuration takes on much of the appear

ance of old rigid airships. 

.' . 
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r.HAPTER XIII 
ELECTROSTATIC PROPULSION CONCEPtS 

This chapter contai~s some of the most speculative propulsion concepts 
in the entire collection. However, they also have excellent potential for 
high payoffs. in that they explore the realm of extremely high coupling 
coefficients (thrust/input-power)--previously explored only by MacCready's 
Gossam~r Albatros and Condor aircraft. Instead of using propellors, fans, 
jets, or rockets for generating flight propulsive thrust, this new class of 
aircraft would use high electrostatic fields. Revolutionary new territory 
is revealed by the liason of "act1on-at-a-distanceU forces upon the 
atmosphere (i.e., still using momentum exchange) and l1ghter-than-air 
vehicle structures technology. 

A. BASYC CONCEPT 

This analysis assu:ncs the existence of very large (e.g •• 100-1000 m 
long) rigid airships capable of generating artificial charged clouds (e.g •• 
1-1000 Coulombs) within the atmosphere. This type of l1ghter-than-air 
vehicle (LTAV) is described in Chapter XII. These "rigid airships" would 
be equipped with 100 HeV to 1 GeV accelerators for emitting relativistic 
~harged" particle beams (el~ctron or proton); they would also carry other 
necessary cloud-charging equipment. The charged particle beams are assumed 
to propagate 100 m - 10 Ian at low altitude; tens to hundreds of km within 
the ionosphere. 

Figure XlII-1 illustrates three candidate endo-atmospheric charging 
concepts. Figure XIII-1A shews an approach using on-board electron 
accelerators to create a large negatively ch~rged cloud several kilomet~rs 

3cross--at an altitude of. say perh~ps. 1,500 m above the ground. 
Simultaneous ejection of a proton beam (again from a vehicle-based 
accelerator) into the ground plane leaves the region below the cloud with a 
net positive charge. The goal is to produce a very strong electric field 
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within the volume just below the cloud--whl1e leaving the rigid airship 

electrically neutral at all times. 
Several important technical issues are begging answers. First, after 

the electrons have decelerated and have subsequently attached themselves 
to neutral molecules such as oxygen, what is the resultant probable ion 

concentration or density--as a function of altitude? Secondly, will the 
protons indeed leave their net positive charge upon the ground as they 
impact and scavenge electrons from the soil/plants--as the model suggests? 
Third, must there be some mechanism created to act as a rectifier so that 
electron charge will not ·short-circuit" from ~he cloud, back through the 

ionized beam path, and discharge through the vehicle to the ground? 

In the search for answers to these questions, current research on 
charged particle beam propagation in the atmosphere should prove useful 

(e.g., see Reference 2). Figure XIII-2 presents a basic endo-atmospheric 
propagation model for an atmospheric charging analysis. Incidently, it is 

presently thought that electron beam propagation might be substantially 
enhanced by using a pulsed high power laser beam to Aborel! a high con

ductivity, pre-ionized channel through the atmosphcrc--jcst prior to 
electron beam injection (i.e., thereby forming the electrical circuit). ' , 

Several other approaches might avoid the "short-circuit" pitfall. One 
idea. indicated in Figure XIII-1B is to fire the electron beam into a pre-

.viously uncharged, natural H20-vapor cloud--so that the electrons rapidly 
attach to H20 vapor or to micron-sized droplets (mist). In addition, the 
proton beam \'lould be directed in a long slant-range path. perhaps being 
distributed in several smaller bolts over a very large ground area. This 

alternative would cause s~~ delay in the transit of positive charge to the 
area directly beneath the cloud. Figure XIII-1C shows an additional alter

native of depositing the negative charge (emitted by the vehicle) onto 

artificial feg (e.g •• high pressure H20 mist generators). or onto extremely 
fine dielectric fibers which are chopped off at regular intervals from 
electrode "spinneretts". High electrostatic forces would drive free 

electrons to the end of these fibers. prior to their being sheared off. 
The goal would be to produce a large surface area. high charge per mass 
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Figure XIII-2. Generation of Negatively-Charged Cloud 
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• ratio emission--whose rate of descent within the atmosphere would be 
~xtremely slow (e.g., like spider webs carried off by the winds to great 
distances) • 

B. ELECTROSTATIC "CARTESIAN OIVER" (ECO) CONCEPT 

The "Cartesian Diver" vehicle is a neutrally bouyant, rigid metalized 
sphere which is equipped with a very lightweight particle accelerator (see 
Figure XIII-3) and powered by remote beamed microwave radiation. The 
accelerator would have sufficient power only to adjust the potential of the 
ECC surface (either negative or positive) up to the breakdown limit. It 
may be possible for a 10 m sphere to accelerate upward at 1 g, in electric 
fields which have already been measured under thunderstorms--when the ECD's 
surface is charged to the breakdown limit. Figure XIII-4 shows the orien
tation of electrostatic f1elds for this propulsion concept. 

Clearly, the "Cartesian Diver" vehicle need not be filled with helium 
or hydrogen to become neutrally buoyant, this could all be accomplished 
electrostatically. and become the first large scale application of the 
Millikan "011 drop" experiment. Figure XI II-5 portrays a concept by which 
the heavier-than-air "Cartesian Diver" vehicle might support itself in 
"ground effect." The scheme would be used to the break downward motion in 
preparation :or landing, or to enable hover just above the ground. 
Bas1ca11y, the vehicle would take on a positive charge while simultaneo~sly 
directing positive beams into the ground. Hence, the vehicle would be 
supported in "ground effect" by mutual repulsion of the two positively 
charged entities. 

Figure XIII-6 illustrates a motive concept \~h1ch might be used for 
lateral propulSion of the ECD vehicle. The large LTAV vehicle uses its 
particle accelerators to deposit a series of charged clouds along-_ the 
flight path of the ECD. Each cloud has an order of magnitude or two (lOX 
or lOOX) more charge than that carried by the ECD. The propulsive 
principle is similar to that of a linear electrostatic motor, whereby the 
"stator" is provided by a series of charged clouds, and the armature is the 
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A) TOP VIEW 

B) SIDE VIEW 
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Figure XllI-l. Schematic Diagram of Lisnter-Than-Air Electrostatically 
Propelled Vehicle 
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Figure XIII-S. Electrostatic "Gound Effect" Concept 
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ECD vehicle itself. ·s shown in Figure XIII-5, flight propulsion is 
accomplished by alternate electro-static attraction and repulsion forc~s 

acting on the ECD vehicle. 
Figure XIII-7, illustrates a single representative ECD/cloud 

encounter. Once it is attracted into a negatively-charged cloud 
(Figures XIII-7A and XIII-7B), the positively charged ECD vehicle scavenges 
electrons from the cloud to become electrically neutral (Figure XIII-7C). 
Just prior to exiting from the other :,ide of the cloud, the ECD emits a 
proton beam to take on a high negative potential (See Figure XiII-7D). 
Hence, Figure XIII-7D sho\'IS the negatively-charged ECO being repelled by 
the previous negative cloud, while being attracted to the next positive 
cloud. 

C. SELF-~lOTIVATED ELECTROSTATIC PROPULSION COfICEPTS 

This concept involves self-n:-otivated electrostatically propelled 
vehicles. Basically it treats a class of flight vehicles equipped with 
charged particle be~~ accelerators that have significantly more power 
(i.e., lO-lOOOX) than that of the ECO vehicle. Figure XIII-8 is an artist 
concept of such a vehicle in flight. 

1. Within the Atmosphere (Endo-Atw,ospheric) 
., To generate a propulsive force ~ithin the at~~sphere, the vehicle 

would first eject a relativistic charged particle berun of electrons (e.g., 
100 MeV to 1 GeV) in the desired direction of motion. This process wou1d, 
of course, leave the vehicle with a net positive charge.) At some distance 
from the vehicle, the electron beam slO\'Is do~'ln and expands, due to the 
effects of coulomb repulsion. (The relativistic space charge neutraliza
tion processes no longer apply as the beam stops its forward motion.) The 
electrons then attach themselves to previously netural air molecules and in 
the process create a massive charged cloud (not unHka that which occurs 
naturally in thunderstorms). Hence, this cloud becomes the "reaction mass" 
against which the vehicle pulls itself through the atmosphere. 

XI II-9 
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Figure XIII-9 illustrates three conceptual approaches to se1f
motivated electrostatic propulsion within the atmosphere. It is assumed 
that the vehicle always charges itself to the maxi~m potential--limited by 
the breakdown threshold at a given altitude. However, as indicated in 
Figure XIII-9A, this assumption sets an upper limit on the quantity of 

charge that can be placed upon the vehicle (ql)' as well as the remote 
cloud (q2)--since ql must equal q2' and since ql is fixed by the vehicle 
dimensions. 

Further increases in f1 ight propulsive forces can possibly be 
generated by several means. It is possible to increase q2 beyond the 
above-mentioned limit by allowing charge to Nleak offN the vehicle surface 
through the processes of corona discharge (i.e., the generation of q3 in 
Figure XIII-9B). A further increase in leakaqe rate may be accomplished 
by: (a) convection of positively charged ions off the vehicle surface, 
enhanced by high forward flight velocities, or (b) artiftcally-in~uced 

convection by rapid vehicle rotation, or (c) by providing large numbers of 
pointed grids attached to the smooth vehicle exterior surface, to preferen
tially enhance corona discharge in the aft direction. As an alternative! to 
the corona discharge process, excess positive charge could be .placed ~pon 
ejected Ncarrier" molecules (e.g.: H20 vapor), or on actively-grown 
synthetic fibers which are sequentially chopped off when they reach an 
appropriate l~ngt~. Another 4Pproach (shown in Figure XIII-9C) would be to 
eject proton beams in the aft direction. Regardless of the apPl"oach, tt is 
clear that ql + q3 • q2 in Figures XIII-9B and XIII-ge. 

Figure XIII-9 11lustrates the one-step process of generating a 
single charged "stator" cloud (q2) for a self-propulsive mode that can be 
l1kend to a linear electrostatic motor. The fu'l concept is identical to 
that previously described in Figure XIII-6 for the dependent ECO. where the 
vehicle itself serves as the armature. Here, the major difference fs that 
the self-propelled vehicle has particle beam accelerators powerful enough 
to generate its own "stator" c10uds in rapid-fire succession as shown in 

Figure XIII-10. This propulsive scheme could be useful at altitudes from 
the earth's surface out to the ionosphere. 

XIII-l2 
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2. Beyond the Ionosphere 

A similar propulsion scheme in Figure XIII-ll might be used by 
very large LTAV vehicles flying at high sub-orbital velocities (e.g., 4 to 
8 km/sec) at alt~tudes beyond the ionosphere. The vehicle first emits a 
relativistic E-beam to charge up a large reaction mass of ionospheric air. 
In the process, the vehicle becomes positively charged and is attracted 

towards the negatively charged cloud. Upon moving over the cloud, the 

vehicle neutralizes itself, then reverses its potential, repelling the 
charged cloud. Later it repeats the be~~ ejection procedure to generate a 
new positively-charged cloud ahead of the vehicle's flight path. As with 

the previous example in Figure XIII-6. the vehicle creates a linear elec

trostatic "motor" within the atmosphere, where the charged clouds become 
the "stator" and the vehicle itself is the "annature." (The concept is 
similar to that introduced in Reference 2 where the vehicle endeavors to 
charge up a "piece" of an entire asteroid or the moon.) 

... 
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CHAPTER XIV 

MANNED SPACE SAmE CRUISERS: NEAR TERM* 

This chapter attempts to assess the state-of-readiness of multi-mode 
nuclear reactors for use in manned battle cruisers by the Space Command in 
the year 2000 or earlier. The hypothetical battle cruiser configuration in 
Figure XIV-l is introduced to set the stage for subsequent discussions. 
This nuclear-powered vehicle would be equipped with a powerful free
electron laser, particle beam weapon, electromagnetic cannon (gun) and. 
possibly, microwave weapon. These weapons require h~gh electric power, 
possibly in the range of tens of megawatts to a few gigawatts in a "burst" 
mode that may run fran one to a hundred seconds in duration. Multi-mode 
nuclear reactors would provide not only primary high-thrust propulsion (as 
a nuclear rocket), but also peak electrh. "payload" p0\1er (generated in an 
open-cycle IT'.ode with MHO generators or turbogenerators) and low levels of 
stat1onkeep1ng electric power. 

A. SPACE NUCLEAR POiIER PLANT TECHNOLOGY 

Military space weapons (e.g., free electron laser (FEl), neutral 
particle beam (NPBW), electromagnetic gun/cannon, and possibly microw~~e) 
will demand instant--i.e., within several seconds--delivery of hundreds to 
thousands or MWe which must be qenerated in the open cycle mode for the 
foreseeable future. 1 ,2 Required durations for peak power could range from 
several seconds to several hundred seconds, depending upon the weapon type 
and mission scenario. l To conserve precious onboard coolant, such multi
mode reactors must then flash back into closed-cycle operation for.. the 
removal of reactor decay heat--t/hich will range from 3-4 percent reactor 
power for "burst" mode gcnerat1on.2 

The required levels of weapon peak electric power can be generated by 
fixed and rotating partJcle bed reactors--but not by the so11d core 

* This study was perform~d with support from the Defense Advanced 
Research Projects Agency under Contract No. DAAHOl-80-C-1S87 to the BeN . 
Corpora ti on. 
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reactors developed during the NERVA program.2 High thermomechanically
induced stresses on solid core fuel elements during "burst-mode ll high 
electric power generation will cause imnediate core failure--unless large 
amounts of precious open-cycle coolant are ejected through the reactor and 
into space while slowly ramping the reactor power level up to peak weapon 
power, and then back down to stationkeeping power levels. 2 

For the sake of argument, let us assume the use of multi
mode, particle bed reactor power plants of the varities shown in Fig
ure XIV-2 with a peak power level of 2500MW(th).* In the high-power mode, 
such a reactor could generate 1000MW(e) with advanced turbogenerators 
(Figure XIV-2B, - 40 percent enthalphy extraction), or 500MW(e) with MHO 
generation (Figures XIV-2A or XIV-2C, - 20 percent extraction). Following 
IIburst" mode operation, the decay heat would reach 0.04 X 2S00~:'I/(th) or 
100P.fW(th) • 

Compatible closed-cycle auxiliary (i.e., station-keeping) electric 
systems can exhibit 25-35 percent thermal-to-electric conversion efficien
cies with Brayton or Rankine approaches. Hence. this decay heat could' be 
used to generate 25MW(e) for housekeeping purposes. The most critical 
component in this convers lon system is the space radiator: it must be 
lightweight and have a high survivability. in a military sense. Becaus~ of 

.. the large amountS of' 'waste' heat, the use of present radiator technology 
(e.g., heat pipe or finned-tube designs) could result in heat-rejection 
radiators being a major, if not dominant, mass component. 

Also since the weapon systems themselves will be far from 100 percent 
efficient, \'/aste heat rejection from these devices becomes a problem of 
paramount importance--largely because of the prodigious pOI'ler level s. The 
only ''lay to eff.!ctively cool these weapons during "burst" mode operation is 
with open cycle coo1ant--at very high flow rates. For example, to minimize 
electrical power requirements, the particle accelerators in FELs and PBWs 
\'1111 probably be maintained at cryogenic temperatures (e.g., 40 K). An 
effective coolant might be liquid hydrogen, since it would also be useQ~s 
a propellant in the nuclear rocket thruster mode, i.e., for orbital 

* The i-lerva-1A was lSOOMW(th); PEWEE, S14~lI4(th); Pheobus was planned for 
4000-S000MW(th). XIV-3 
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transfer. Logically then, a battle cruiser must be equipped with a number 

of large volume cryogenic tanks containing LH2 used for both propulsive ~ 

weapon applications. Finally, one would expect that the mass of tank 

insulation be traded off against the capacity of a cryogenic reliquifaction 

system running off stationkeeping power. 

B. LIOUID DROPLET RADIATOR 

The practicality of closed-cycle nuclear-electric stationkeep1ng 

systems can be greatly improved with the development of lightweight heat

rejection systems--such as the liquid droplet radiator (LOR) proposed by 

Mattick and Hertzberg. 3 The concept of a radiating particulate stream was 

first suggested by Hedgepeth and Knapp,4 and has been the focus of substan

tial investigations at the Astro Researth CorporationS,6 and at the Univer

sity of Washington. 3 .. 
The key eleMent of the LOR concept is, of course, the use of streams 

of liquid droplets to provide an enormous radiating surface area ~ith a 

small amount of coolant mass. Herein lies the potential for reducing over

all radiator system mass by an order of magnitude compared to finned tube 

or heat-pipe radiators. A wide variety of droplet materials (oils, 

eutectics, metals) ate presently being in'Jestigated, and cover a wide range 

of operating conditions. 

There are several other outstanding features to LOR systems. First, 

the systems can be easily packaged for earth-to-orbit launch, and facile 

deployment and retraction. Second, the droplet stream is immune to meteor 

damage and has a high survivability. It is also the only irnown radiator 

system that could be "hard" in the military sense. Clearly there are 

technology issues that might increase the risk of implementation 'of LOR 

systems, but the potential payoff is very high. 

1. Major LDR Technical Issues 

follows. 

structing 

assembled 

Several of these major technical issues can be enumerated as 

The first relates to the technical challenge to be met 111 con

the droplet generator. A very large number of orifices must be 

into a distributed area "shower head" that 1s somehow able to 
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accurately direct hundreds of these streams into a droplet collector device 

located at a distance of tens of meters away. Active focusing of ,these. 

streams may be required; electrostatic and electromagnetic techniques for 
accomplishing this are presently being explored. 

The second issue relates to the problem of droplet stream 

collection by a physical device. A collector for liquid metals might take 
the configuration of a spinning funnel-shaped device with an anti-splash 

surface that throws collected liquid radially outward to a rim-located 

centrifugal pump. The collecting diameter may have to be 2 to 3 times 

larger than the focused droplet stream to collect inadvertant sprays 

resulting from pressure variations in the cooling system or from spacecraft 

motion. Sufficient fluid must always be present to prime the collector 
pump. 

Another interesting approach can be taken with 011 coolants, 
e.g., DOW 705. Minute (i.e., Angstro:r1 size) magnetic particles can be 
emulsified in the oil coolant to form ferro-fluids. This approach enables 
magnetic field confinemant and focusing of the droplet stre~~ at the 

collector--thereby greatly reducing the specific mass of that component. 

A tt'lird technical issue is related to the problem of droplet 
emissivity. Some researchers are quite concerned about the 10'1' values of 

emissi\'ity for uncoated tin, lithium or eutectic droplets. Carbon coating 

of metal droplets presently appears'unlikely, and recent preliminary calcu

lations indicate that the available emissivities of metal droplets may 
result in total LOR radiator weights which exceed that for heat pipes. 

Also, a principal concern is the mass of liquid metals which must be 

carried in the cooling system. 

It is clear that highly doped oils will be a favored, high 
emissivity LOR coolant for lower radiated pO\,ler levels. Although operating 
temperatures are substantially 10~/er than metals, oils do hold the promise 
for increasing the cycle efficiency of auxiliary space-bused heat engines. 

There is generally high confidence that all of the fort'going 
problems are solvable within a 3 to 4 year time frame. 

2. Triangular LOR Configuration 

As displayed in Figure XIV-3, a 600 equilateral triangle LOR con

figuration is chosen for this battle cruiser study. The droplet collectOl
XIV-6 
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is hinged in order to retract into the spacecraft fuselage during earth-to
orbit launch. The generator itself is rigidly mounted to the spacecraft, 
and is divided into a large number of droplet generator modules; each has 
its own piezo-electric shaker and an electromagnetically activated shut o\'f 
valve--in order to insure redundancy, graceful degradation, and high sur
vivability of this critical element. Each reactor would be furnished with 
one triangle radiator, sized to absorb tne peak reactor decay heat. As the 
reactor power is scaled back to zero, the droplet generator modules on each 
triangle radiator would be sequentially shut off until the whole radiator 
was completely inoperative--then the generator arm could be retracted. 
Hence, in operation, the coolant delivered to each droplnt generator module 
C;Jtl be held to a constant temperature, and would not "freeze out" before 
reaching the collector. 

Figures XIV-4 and XIV-5 from Reference 7 give the size of 
tri angul ar-geometr) LORs as a fUl1ction of radi ated power at various peak 
coolant temperatures--for tin and 0 ,respectively. Figures XIV-6 and 
XIV-7 (also from Reference 7) present coolant evaporation losses as a func
tion of lniti,l droplet temperature. 

c. SPACE COMt1ANO BATTLE CRUISER 

1. Hypothetical Spacecraft Configuration 
Figure XIV-B portrays top, side and rear-end viE:wS of a hypo

thetical Space Command battle cruiser based on the use of three multi-mode 
nuclear reactors and liquid dropl>!t radiators. The overall size of the 
spacecraft can be appreCiated by comparing it to the scale of a docking 
space shuttle orbiter. The 150 m length of the battle cruiser is ~om

parable to that of the nuclear-powered "Discoverer" (200 m long) used for 
voyages to the outer planets in the film "2001." The Discoverer is shown 
in Figure XlV-g. 

The multi-mode powerplants (shO\m in Figure XIV-10) incorporate 
the rotating bed particle reactor design. Each develops 2,500 ~1W(th) a,nd 
has its own lOa HW(th} LOR \'1ith closed-cycle conversion system. The high 
temperature, liquid metal LDRs are 100 m on a side. Referring to 

XIV-8 
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Figure XIV-4, we find 
ture must be lOOQoK. 
of 0.5.) 

,/ 
/ 

V' 

that if tin is used as the coolant, the peak tempera
(This calculation assumes a droplet ~ emissivity 

The three multi-mode power plants could put out a combined total 
of 75 MW{e) in the auxiliary closed-cycle mode. Besides satisfying "house
keeping" power needs, it could be used by auxiliary electric propulsion 
engines for maneuvering and orbit-raising. 

As indicated in Figure XIV-1l, the high-temperature LDRs are 
mounted to the aft 100 meters of the 150 m long spacecraft. Housed within 
that 100 m long cavity are six LHZ cryogenic ET tanks. These fuel tanks 
and the multi-mode reactor powerplants (with shadow-type radiation shields) 
are joined together with space-frame trusses, and protected with 1 ight
weight ablative laser-countermeasure "armor." 

2. Manned Element 

The forward-most 50 m of the spacecraft is a. pressurized manned 
"command module," which has its own 40 m long LDR I S for environmental 
temperature control. If ferrof1uids are used (i.e., iron pigment in DOW 
705), the two LORis could reject 2 MW{th) waste heat with a peak coolant 
temperature of 400 K (1270C). 

As indicated in the cuta\,/ay view (Figure XIV-ll), the "com:iland 
module" is separated from the aft "propulsion" module with a secondary 
radiation shield.' The command module .contains two "bridges": A l-G twenty 
meter diameter centrifuge (see Figure XIV-12 for a cutaway view), and' a 

smaller heavily shielded area used during PBW or FEL operation. This 
forHard-most "bridge" is massively protected against a \"lorst case accident 
with the PBH, wherein the beafTl is misdirected back at the crew. The total 
thickness of this shield is calculated on the basis of the maximum dose 
which could be accumulated before the PBW is automatically shut down. 

Radiation environments for an exemplary PBW and FEL have b'een 
calculated, and can be reduced to acceptable levels with proper shielding 
design. 8 During PBW operation, all the crew must be moved to the heavily 
shielded forHard "bridge." (However, for FEL operation, the radiation 
shield at the aft end of the command module might be sufficient.) are must 

XIV-16 
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be careful to include considerations of "radiator shine": i.e., radiation 
that is scattered off the liquid metal droplet generators and off the drop
let stream itself. Finally, the multi-mode reactors must be mounted to 
short structural booms extended aft of the locations as portrayed in 
Figure XIV-ll, and equipped with large angle shadow shields that keep the 
600 droplet generators within the "cone of radiation protection." 

3. Weapon System Integration 
Figure XIV-13 indicates how a free electron laser weapon might be 

integrated with the exemplary battle cruiser configuration. Viable 
accelerator options include the RF LItlAC, storage ring, and induction LINAC 
varieties. Accelerators would be positioned between the LH2 tanks, and 
removed as far as possible from the command module. The FEL wiggler magnet 
would be located at the midpoint between the aft end of the vehicle and 
the telescope, where grazing incidence optics are used ,to form a resonator 
cavity. A 10-12 meter final beam expanding mirror (with "hardened" back 
side) is designed to be retractable--to protect the delicate high-reflec
tivity, multi-layer film coating from nuclear detonations (ElM pulse 
threat). 

, 

The accelerator and optics for a neutral particle! beam weapon 
would also be located between the LH2 tanks. The NPBW final output optics 
would project the beam in the aftward direction, away fromm the crew. 

, Figure XIV-14 relates ElM gun projecti le velocity to accelerator 
rail length for several realistic rates of acceleration (15,000 tc 
50,000 G's)--as shown in comparison with battle cruiser overall dimensions. 

4. Launch and Assembly in Orbit 
The battle cruiser is designed to be boosted piecemeal from the 

Earth's surface, then assembled in orbit. Major spacecraft components are 
deSigned with aerodynamically smooth contours to facil itate the boost to 
orbit: e.g., the entire 50 m long forward command module (Figure XIV-12), 
and the shuttle external tanks (Figure XIV-1S). 

As indicated in Table XIV-l, the existing shuttle propulsion 
system can deliver 104.3 tons to low earth orbit (LEO); other shutt1e
derived vehicles have been proposed for boosting 140 to 200 tons in, a 
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Figure XIV-13. 
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TABLE XIV-l. SHUTTLE ORBITER DATA* 

COMPONENT MASS (~ETRIC TONS) 

SSME ENGINES 9.25 T 
THERMAL PROTECrION 7.26 T 
BARE ORB ITER 58.32 T 
MAXIMUM PAYLOAD 29.50 T 

SUBTOTAL 104.3 T 

FUELED ~~IN TANK 756. T 
SOLID PROPELl~NT ROCKETS 1179. T 

LAUNCH MASS 2039. T 

EHPTY ET TANK z: 35.4 T 
LIGHT WEIGHT ET TANK D 32.2 T 
*NASA SHUTTLE PUBLIC AFFAIRS OFFICE, 4-20-82 • 

. . . 
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single package. Hence to use existing shuttle propulsion technology. the 

fOf"ward corrmand module must be 1 ightweight-designed for 100 tons at lift

off. It i~ possible that additional fuel could be temporarily carried 

within internal compartments of the "command module, It and that additional 

SSME engines be added to its aft bulkhead as required for the boost to LEO. 

The launch configuration for such a scheme is portrayed in Figure XIV-16. 

Once in orbit, the rest of the internal equipment, radiation shields, and 

external hardware would be installed on the "command module." 

It is presently known that by accepting a 5 percent payload 

reduction in the shuttle orbiter (i.e., 1.5 tons). the empty shuttle 

external tank (ET) could be flown into orbit. Therefore, empty LHZ tanks 

could be "purchased" by the miltiary at a good price (i .e •• from flights 

largely paid for by others), then incorporated into the battle cruiser as 

is, or with just the aft LHZ tank. The first option entai ls the use of 

6 ETs for the battle cruiser. The latter, which requires 9 tanks, discards 

the 552 M3 LOZ tank and intertank T-O umbilical plate. 

Note that if filled entirely with LHZ, the shuttle ET tank can 

conta 1 n 138 tons. Future li ghtwe 1 gh vers ions of the ET tank are expected 

to weight 3Z.2 tons; this would represent a tankage penalty Of 23.3 per

cent. By using only the aft 1524 m3, the tankage penalty can probably ~e 
reduced to 15-20 percent. Advanced cyrogenic tankage designed especially 

for the space cruiser .(and not having to survive a 10 G launch environment 

when filled to capacity) could probably attain 10 percent. Although battle 

cruiser acceleration performance could be maximized by use of the lightest 

weight tank, its "hardness" to attack can be expected to suffer. 

Figure XIV-17 portrays a military hanger in low earth orbit, 

built for the purpose of constructing space battla cruisers. 
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A. INTRODUCTION 

CHAPTER XV 
INTE~PLANETARY CARRIERS: FAR TERM 

Since powerful advanced electric power plants are an "a priori" part 
of most currently envisioned large manned interplanetary vehicles, a most 
attractive alternative use of this power would be to remotely propel 
shuttlecraft to and from the planetary surface. Such shuttles, powered by 
laser or microwave en~rgy, can be designed to use the atmosphere to 
advantage (i.e., by momentum exchange) and thereby out-perform conventional 
rocket-powered shuttles. From an integrated systems standpoint, the 
beamed-energy dependent shuttle would appear to be the most energy and fuel 
efficient transport--necessitating the least power plant redundancy in 
interpll!netary missions. The logistics of such a system is explored in 
this chapter. 

Also. the availability of a powerful electric pO\'1er plant has other 
implications for extraterrestrial propellant resupply in advanced manned 
missions. As pointed out by Heppenheimer. l converting water ,to hydrogen 
propellant at the land1ng site offers a potential means to keep down the 
size of interplanetary spacecraft. and permits mission operations out to 
Jupiter's system. This hydrogen could' be used both by the interplanetary 
vehicle as well as by single-stage-to-orbit eSSTO) shuttlecraft. 

B. BEAMED-ENERGY TRAHSMISSIOr4 NETWORK 

Figure XV-l is a schematic diagram of a beamed-energy network for a 
large-scale manned planetary expedition. Orbital laser or microwave power 
is beamed to MFG shuttlecraft either 4) direct from mammoth interplanetary 
carriers, or b) first bounced off a relay satellite. Clearly. power could 
also be beamed direct from the interplanetary carrier vehicle to LIS craft. 

XV-l 
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1. Relay Satellite Stations 

These self-Dropelled (or laser-propelled) relay satellites would 
be deployed in great numbers about the destination planet, enabling the 

interplanetary cruisers to beam laser power to shuttlecraft or MFG carrier 

vehicles located anywhere around the entire 9lobe. The "Monocle'Shuttle", 

described in Chapter X is an example of such a relay station for laser 

frequencies. 

i. r-1obile Field Generator (MFG) Shuttlecraft 

After placing relay satellites in appropriate orbits, the inter

planetary cruiser would deploy large SSTO shuttlecraft to the planet 

surface. These Mobile Field Generator (MFG) vehicles are designed to 

float, neutrally-buoyant, in the dense low-altitude atmosphere. The 
primary function of HFG vehicles is to carry numerous smaller landingl 

survey (LIS) craft, which do not have SSTO flight capability. Next the 
SSTO shuttle, acting as a "mobile electrostatic field generator", would 
artificially charge up a portion of the planet's atmosphere (as shOt'" in 
Figure XIII-l), then deploy the LIS craft to fly on this field--in order 

that they may conduct their explorations largely from the air. 

The MFG shuttlecraft are envisioned as lighter-than-air vehicles 

(LTAV) of the variety described in Chapter XII, equipped with aerial 
,docking and inted,or storage (i.e., hanger) provisions for LIC craft. 
Figure XV-2 is an artist concept of a MFG carrier, deploying LIS craft.' 

When the decision is made to return to the ir.terplanetary cruiser, t"e 

LIC craft would be gathered up and the ~lFG carri~r vehicle would be boosted 

back into orbit on laser power beamed from the interplanetary cruiser. 
3. Landing/Survey (LIS) Craft 

The LIS craft could be either of the heavier-than-air or lighter

than-air variety. They could either a) fly on large electrostatic fields 
generated by artificial atmospheric charging (i.e., the HFG carrier vehicle 

function), as intr{)duced in Chapter XIII, or b) fly with laser-therrnal or 

laser-electric engines of the types described in Chapters IV - IX. These 

craft would be designed for efficient atmosphere-based, planetary expJora
tion, and would not have SSTO capability • 

XV-3 
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4. Interplanetary Spacecraft 
Figure XV-3 portrays the essential features of an interplanetary 

spacecraft suitable for large scale solar system expeditions. It is 
modeled after the cylindrical geometry of 10 km long O'Neill Model 3 space 
colonies,2 and would contain superior space laboratory and observatory 
faci 1 ities. (The laser power-beaming mirror might be shared for space 
telescope applications.) An advanced gas core reactor, fusion, or matter
antimatter anih1lation power source would produce prodigeous levels of 
electricity for use in power beaming or electric propulsion engines. 
Prope 11 ant and tankage are placed between the reactor and the manned por
tions of the cruiser to reduce the radiation exposure. MFG shuttlecrart 
would occupy the space between propellant tanks and the l-G centrifuge crew 
compartment. 

The interplanetary cruiser would be kept in high orbits around 
the destination planet and would never venture into the planetary 
atmosphere; it wculd not have SSTO capability. 

The exterior contours of the interplanetary cruiser would be 
smoothly rounded, so that it could be charged up to a very high potential. 
By this means, large numbers of "escort" shuttlecraft may be propelled 
great distances from the cruiser electrostatically, using the cruiser as 
the reaction mass as shown in Figure XV-4. This would also enable the 
interplanetary cruiser to' provide an electrostatic tractor field for escort 
"fighters". (The (.oncept is similar to that introduced 1n Reference 3 
where the vehicle endeavors to charge up an entire asteroid or the moon.) 

Finally, we note that the laser-power beaming equipment may be 
used for self-protection of the interplanetary cruiser. High velocity 
astronomical threats (e.g., meteorites, etc.) may be vaporized, fractured 
into small pieces, or laser-propelled away to av01d the danger of impacting 
the vehicle. "Monocle" fighting-mirror escorts could provide the function 
of re-focusing the cruiser's laser beam, thereby greatly increasing the 
lethal range. 
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which lowers the gas temperature to the range of 500-1~00 K, and a pressure 
of perhaps 2 to 10 atmospheres. 

At the appropriate moment in the engine cycle, the rotary "intake· valve 
opens, the flow chokes at the minimum section, and the XMHD generator channel 
is filled with a fresh load of argon at 1 atmosphere and 500 K (or perhaps 
2 atm and 1000 K). Subsequently, the intake valve close! and a LSD wave is 
ignited at the far end of the ~~HD generator channel. The wave then races 
across the channel and processes all the argon gas to 60 atm and 30,000 K 
iT' the next 75 microseconds. (Meanwhile the 660 attn blast wave is shed and 
pushes all the ·spent- argon from the previous pulse--out the r9tary exhaust 
valve.) For the next 750 microseconds, this 60 atm driver gas expands into 
the plenum at supersonic velOCities, suffering a large pressure drop through 
the 6-1Ocm electric discharge at the end of the X~~D generator channel. 

As mentioned above, the radiation emitted by the 30,OOO'K udriver gas· 
is transmitted directly out of the tvro actively-cooled refractory windows 
which serve as confining ~alls for the Xfft,HO generator. (The other t\~O 

orthogonal walls are the MHO generator electrodes, of course.) When these 
driver gases expand through the electric discharge into the diffuser/plenum 
section they continue to radiate. This O.5m3 cavity is also a one-sided 
"l19h~ blubu rad1atorj' the other major surface comprises the primarY,and 
secondary lenses. Here the gases radiative1y cool to a temperture of,perhaps 
2000-3000 K, and await ejection by the next blast wave "pistonR • 

One final note should be made with regard' to the fifth side of the XMHO 
generator channel which is the location of the rotary intake valve. (The 
sixth side is the open exit end where the discharge resides.) This valve must 
also al1~d for projection of the preionizing LSD wave discharge for creating 
the MHO-fan activator disk. Hence, it must also serve as an aero-window to 
counteract the pressure differential for those 1-10 microseconds it takes 
to perform those functions. It is estimated that 1.10 percent of the argon 
working fluid may be vented to the atmosphere during this operation. 
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APPENDIX C 

. DYNAMICS OF A PROPULSIVE CURRENT SHtET 

A first-order model of the transient behavior of high current 
plasma sheets used to accelerate gas in plasma thrusters is one in which 
the sheet is assumed impervious to gas, and is reduced to a geometrical 
surface acting as a piston. This is an improvement over the elementary 
"snowplow" model, in that it allows some insight into the gas behavior 
in front of and behind the advancing current sheet, but it still cannot 
by itself give information about the physics of the current sheet itself-
its conductivity, temperature, permeability to the gas, thickness, etc. 
We discuss here a model in which the piston approximation is used as a 
first order solution, establishing the basic flow field "far" from the 
current sheet. Also the structure of the current sheet itself is examined 
in some detail. In the interest of si~licity, several important approximations 
are still introduced (such as perfect gas behavior, one-dimensionality, 
etc.), but the model provides much insight into the factors controlling 
the sheet dynamics, and yields some quantitative information as well. 

1. Gas Dynamic Effects of Imeenneable "Piston" Model ... 

When a large current sheet is establish~d, the magnetic force 
acting on it accelerates a certain mass of gas, and this can be used for 
propulsion. In calculating the propulsive effect of the sheet, the 
simplest approximation is the "snowplow" model which contains several 
assumptions: 

(1) The layer is infinite in extent (edge effects and in-plane 
f10\'1s neg 1 ected). 

(2) The sheet is impermeable to the flow of gas. 
(3) As the current sheet advances, the overtaken gas "piles up" .~~ 

a thin region ahead of it, in effect instantaneously acquiring 
the sheet velocity. Vacuum is created behind the sheet. 
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The thrust per unit area when the sheet speed up is constant is 
easy to calculate from this model. If the gas density ahead of the 
sheet is Po one finds 

(1 ) 

which is basically the incoming momentum flux "destroyed" by the sheet, 
when viewed from the sheet itself. 

Without modifying assumptions (1) and (2) above, one should reexamine 
assumption (3) when the relative sheet speed is not much higher than the 
undisturbed speed of sound, since then the sheet disturbance, travelling 
at that sound speed, can affect gas regions of considerable thickness. 

The situation can now be described as follows: A "piston" (the 
current sheet) advances at up to the right into undisturbed air at Po' 
To' The forward-travelling sound waves coalesce into a leading shock 
which itself advances at some speed Vshock higher than up' creating a 
gro\'Iing layer of shocked gas at uniform P, T, higher than Po' To between 
shock and p'ston. The backward-travelling sound waves diverge (~ince 

they travel faster as they recede) more and more into the warmer (un
chilled) rear gas. This creates an expansion fan behind the piston; 
there is a region of variable gas speed and pressure whose leading edge 
moves.backwa~ds at -ao' the undisturbed speed of sound, and which exten~s 
forward either to where the gas has reached the piston speed up' or 
where its pressure has dropped to zero (this latter condition prevailing 
at high piston speeds). Between this point and the piston itself, there 
is either vacuum (for high up) or a uniform region at some density below 
Po and moving at up. 

We will omit the derivatl0ns, which are fairly straightforward 
using the method of characteristics (Ref. 1), and quote the results for 
the different regions. In the following, a :I .jYRT is the. local speed 
of sound, a measure of local gas temperature, and u is the forward local 
gas velocity. The piston (and gas) moves to the right. and the regions. 
are listed in orner, frvm the rear forward in Table C-l. 
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TABLE C-1. GAS REGIONS FOR IMPERMEABLE PISTONS 

Region 1 Region 2 Region 3 Region 4 Region 5 
(Far behind) (Expansion fan) (Behind piston) . (Shocked gas) (Undisturbed) 

-

0 2 
(ao + ~) ( (2ao) 0 y+r up if up < 'Y-f up 

r 2a 
Undefined if up > 1'-1 

(y¥r) ao - (+~) x I (Y-I) ~2'J See shock ao t ao - ·2 up if up < 1'-~ ao expressions 

t 0 1 f up > (~:~) (Eq. 16). . 
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The shock velocity Us hock is found from the Ran~ine-Hugoniot 
relations as 

V ('Y+l) + 'Y+l' 2u 2 + a 2 ~('Y+l) 
Shock II T up T) p 0 up» a

o 
T up (2) 

and then conditions after the shock (subscript "1") are 

P_ a 2 + ('Y+ 1) u 2 + U ('t+ 1) 2u 2 + a 2 
I. o· T 4 p 0 

P; - a 2 + 'Y-1 a 2 
'Y+l 

up» ~ 'Y-l. 
(3 ) 

o T 0 

?l 
+'Y ~ K!f}u + J~"t+l)U 2 + • 2 J .. ~(~ (4) - = 1 

Po a/ p :-r p 0 up > > ao aoJ 

Tl 
r::-= 1 0 ~ 'Y ')'-1 2 ~ P~ (- Y ~ Pl up > > ao ¥ ao 

(5) 
0 

a1 =V'YRT{ u > > ar>~ up (6) 
p 0 

A schematic representation of these solutions is given below for 
cases without a vacuum(Figure C-l),and with a vacuum behind the piston" 
(Figure C-2). 

The derived thrust equals the force that must be applied to maintain 
the piston motion, i.e., 

F = !a(Zi) d{Vol.), (7) 

Per unit plston area, d(Vol)=dx. Also, since the only independent 
variable is 1} :I x/t, 91PJ!l dx :I -11 mru dT} at aT} 

and we calculate 

F JVShOCk cpu 
:I • 1} d11 

aTl -ao 

r~,. ']VSh fVSh 
:I - lTl U,\. -a . + -a

o 
'pu d1} 

o 0 

(8 ) 
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Using the solutions in Table C-l, we can then calculate the contributions 
Fl , F2, F3 due respectively to gas between shock and piston, gas in the 
uniform region behind the piston (for low piston speeds), and gas in the 
trailing expansion fan. These are summarized in Ta, 'e C-2,where Mp = up/ao 
is the piston "Mach number," and we have Jefined Cf:Z F/Pou/. Numerical 
results for Y = 1.4 are given in Table C-3. 

Notice, for reference, that the pure snowplow model (Equation 1) 
predicts simply Cf = 1. The gas dynamic model predicts Cf = (Y~1)/2 

(1.2 for Y = 1.4) at hypersonic piston speeds, but it indlcdtes considerably 
higher thrust at low relative piston speeds (notice that velocities here are 
to be super-imposed on whatever flight speed there may be). The effect is 
due to the fact that the mass of air affected at low piston speeds is not 
governed by that piston speed, but rather by the speed of sound, which is 
then much greater. On th~ other hand, low piston speeds imply (Equation 4) 
low pressure ratios, and hen:e a weak current sheet. UnJer these conditions, 
the assumption of an impe~~eable, thin piston is also questionable. In 
addition, finite size eff~cts (in-plane velocities, for exam~le) are also 
likely to appear in such cases. 

Altogether, then. the snowplow model is reasonable for up/ao ~'2:3, 

and, with some correction to account for the finite shock-piston distance, 
for uplao ~ 1. 
. 'Given that the'propu1sion efficiency is 

7J - 2V , 
prop - u + V 

P (9) 

where V is the flight speed, and that we desire 7Jprop ~ 0.9, it appears that 
the use of the snowplow model should be restrlcted to flight Mach numbers 
M above 

.. 

/ 
/ 

or to flight speeds above some 1500 m/sec. At speeds lower than this (with 
7J prop ~ 0.9), the model can still provide qualitative lnsights on the discharge 
beravior, but more refin~d methods appear necessary for quantitative accuracy. 
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TABLE C-2. SUMMARIZED EXPRESSIONS 

I 

. 
.. l 2 u 2 

Hp ~ - t1p = -L?:_ 
"0 'Y-1 ao 'Y-l 

I 
";1 + J~-p-)2 + 

-
't r C

f 
.. 1 C = 'Y+1 + ~ 'Y+l - + 1 

M 2 f1 4 T Mp2 1 p 

~ .:L:l J ('Y+ l)/('Y-l ) 

Cf 
1- 2 r4p 

Cf = 0 .. 
2 M 2 . 2 

P 
'Y+l 

(, 'Y+l ~ ~ 'Y-l ) y-:r 
C
f 

.. 
1- 1+T t1 p' l-T t1 p 

Cf = 1 

'YM ' 
. 'YV 3 3 

p 
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TABLE C-3. 

Mp 0.25 0.5 

Cf * 4.645 2.688 
1 

C ** 
f2 

11. 761 2.126 

C *"* 
f3 

0.507 0.428 

Cf 16.913 5.242 

n 
I 
co 

Hp 5 6 

Cf * 1. 2325 1.2227 
1 

Cf 
*t 0 0 

2 

C *** 
f3 

0.0286 0.0198 

Cf 1.2610 1.2426 

* Between piston and shock. 
** Entrained behind piston. 

*** Entrained in rarefaction fan. 

. .. 

tlUf1ERtCAL flESULTS FOR'Y = 1.4 

1 , 1.5 2 

1.766 1.497 1.381 

0.261 0.052 0.012 

0.302 0.213 0.150 

2.331 1.762 1.543 

Table 3a 2 
(for Hp < y::r = 5) 

8 10 20 

1.2129 1.2083 1.2021 

0 0 0 

0.0116 0.0071 0.0018 

1.2245 . 1.2154 1.2039 

2 
Table 3b (for tip (.; - = 5) 'Y -1 

/ 

2.5 3 4 

1.321 1.2864 1.2500 

0.003 0.0005 4 x 10-6 

0.107 0.0779 0.0446 

1.431 1.3647 1.2946 

", 

eo I 

'- ~/ 1.2 
! 

0 

0 

1.2 
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I Finally, we note that if the relative velocity of the current sheet 
is always greater than sonic, then the model could be reasonably extended 
to flight Hach numbers as low as 2.2 if 7J is relaxed to 0 g. to prop • t 

r~ch 1 for 7Jprop • 0.65. 

2. Summary of the Piston Mod~l 
As explained in detal1 above, when a one-dimensional "piston" 

moves after an impulsive start at a constant speed vp into stagnant gas 
at pressure Po and temperature To' several distinct regions can be dis
tinquished in the gas. From front to rear, these are: 

(a) Undisturbed gas upstream 
(b) A leading shock wave moving at Vs > vp' given by 

-Ms .!p. Mp ./f;l)H/ • 1 (10) 

(11 a, b, c) 

. 
Uniform, shock-compressed gas between the piston and the shock. 
Denoting its properties with a subscript, ... 

P 
_1 a 1 + 'YH M 
Po s P 

(12) 

(13 ) 

(14 ) 

(d) The piston itself 
(el) If Mp ~ ~ t a trailing vacuum region, bounded between the 

piston and a trailing surface which advances at a speed 

e-g 
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(e2) If M~ y: 1 ' a uniform trailing region between the piston and 
a.surface advancing at a speed ~ up - ao• If conditions 
in this region area are labeled (2), we have 

P2 
2"( 

(1 'Y - 1 Mp) 
-:y:-r 

p. -Z-
0 

(15) 

T2 
(1 'Y - 1 M )2 -a -Z-To P 

. (16) 

v2 a Vp (17) 

(f) A trailing expansion fan extending downstream between the end of 
region (e) and a surface moving backwa~s at the undisturbed 
speed of sound, ao• Measuring x and t from the location and 
instant where the piston started (impulsively) to move, this 
region sat1fies 

= 2 'Y - 1 (x\ 
a Y+T ao - V+"T t:J' 

·v. 2 . (a +~) Y+T 0 t 

(g) Undisturbed Gas Downstream 

(a = 'loy RT) (18) 

.. (19) 

(20) 

If the "piston" is actually a thin currell1t sheet carrying a 
current J per unit depth, and the circult arrangement is such 
that the magnetic field is zero upstream of this current 
sheet, then its value Just downstream of it is 

82 .. '"'0 J • 
(21 ) 
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And we can establish one more relationship by the mechanical equilibrium 
condition 

3. Assumptions for Local Sheet Model 
a. We assume Hp<y.2}. For air, Mp<5, which covers most 

cases of interest. Thus, no trailing vacuum arises. 
b. The gas is perfect throughout. and the specific heat 

ratio Y is constant. 

(22) 

e. Radiation coo11n9 is neglected. This is appropriate for 
pressures of the order of (or less than) one atmosphere. 

d. Simple profiles of current density and temperature are assumed, 
as shown in Figures C-3 and C-4. 

e. Far upstream and do\~nstream, the condltions prevailing 
are those calculated from the "piston" model. This implies in particular 
that the current sheet is immersed in gas which moves with the she~~ (regions 
(e) and (e) of Section 2). The region in front being compressed and 
the one in back being rarefied by the push of the "piston". However, the 
model will now allow finite gas velocities u(x) relative to the piston. 
although 'with the restriction 

(23) 

and, implicitly, lui «vp as well. 

4. Governino Equations 
After exploiting the assumptions of the prevlous section (which, 

in particular, reduces the momentum equaticn to a quasi-static force 
balance), the equations can be written in the frame of the advancing 
current sheet. Tv be precise, since the sheet is itself defornling and" 
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widening, we follow a frame in which 

1 ~( a a' dx II 0 
-co ,at') 

~:...: 

(24) 

i.e., one in which only distortion, but not shifting of the a-field proftle 
is allowed. From Faraday's equation 

aa II aE 
at - ax 

it then follows that E( ~) • E( - ~); since- at x-~ there are presumed 

(25) 

to be no electrodes imposing a voltage, the rest-frame E{co) is zero, and 
the same is true of any other frame (a (co) II 0). Therefore, we reach 
the important result 

(26) 

Of course, this result applies to the particular frame chosen 
only. For one ~~ving at any speed u relative to it (including th~ 
rest frame). the field would be E' II E - uB, and is not necessarily 
zero far from the sheet • . . 

The equations are now 

Continuity: :~ + a J:u) .. 0 

82 
Momentum: p + 21lo :: Pl 

Energy: .ru.E.!!l + a(phu) .. L {k aT\ + ap _ -I as 
-- at ax ax ~ ax"} at Ilo ax' 

\2 
{where h ~ ho .. h + ~ 

o 
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Fa raday: ~..!! .. _ aE 
(30) at ax 

Ampere: B = _ ~ .oj 
lAo ox (31 ) 

Ohm's law: j • C7 (E - uB) (32) 

State: PIp .. RT and h .. Cp T (33) 

For our purposes, the energy equation can be reyritten with the help 
of equations (28), (30), and (33) as follows: 

From (24) 

ph .. P Cp T • p(y~ 1) R T "(Y: 1} p (34) 

and from (28) and (30) 

£.e... _ J!. aB .. J!. aE 
at lAo at lAo ax 

Hence. the group 

.. .. . 

Giving for the energy equations 

I Y \ Q. ( a f. aT) +(~L~ a fEs) (~ E aB _ 
\-:r:-rjax pu) - ax \k ax \~ ax tilo -~ lAo ax - 0 
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We will use an integrated form of this' equation. In particular, 
integrating between x and = , we obtain 

oy: 1 (PlUl - pU) + k !! -toy ~ ~ E,.: -~ :~ dx' 0 (38) 

where use has been made of (k~oo • 0 and E(co) • O. If the lower 1 imit 
x is now set at x-co , we obtain a global energy balance: 

• 2 - 'Y{ao E 88 'Y (Pl ut - P2u2) • :-:--r - - dx -:y:-r 'Y - I -00 1'0 ax (39) 

Notice that. since for an expanding sheet E ~ 0 (to be shown) and :~ S O. 
this last equation implies a continued advection of thermal power ~ 
the sheet region. This is somewhat contrary to intuition, but can be 
understood by examining in detail the structure of the expanding current 
layer. In regions where ~~ > 0 (ahead of the layer centroid)Z we have 
~ < 0 (by (35». Thus, while the magnetic energy density 2~o is 
increasing there, the thermal energy density ph • ~: 1 p is decreasing, 
and because of the factor ~ > 1 (3.5 for air), this thermal 
energy is dominant and the net result (wherever ~~ >0) is to take net 
energy "out of storage". However, the reverse happens behind the layer 

..... 'centroid, where :~ <: O.due to the layer growth; and since 

2 
aBa(2Po .. ~ ~~ , the more or less symmetric profile of :~ is more' 
heavily weighed (by the ~ factor) in this region. Overall. then, energy 
is being "stored" in the growing layer, and this must be convected from 
the regions far from it (and even more so if radiation losses were included;. 

5. Application of Assumed Profiles. We now use the p~ofiles of 
Figure C-3 and C-4 to o~in more detailed equations involving the unknown 
parameters 6, ~~, Tm, d~' as well as the relative velocities u" u2 far 
from the layer. 
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The profile of 8 in Figure C-3 is given by 
82 i <-1 

8. ~ (,-~ - -l<~<l 
o ---!.>1 

«5 

Therefore, us i ng ~~ II - ;; and E (co) II E, II 0, 

E II (ls dx 
jxat 

· -' 

(40) 

Notice that, since the 8 profile is continuous (if "kinky"). the time 

derivative is simply 

o -- x/6 <-1 

as 82 x d~ x/o < 1 
at 

II + Z 15 2 dt - - 1 < 

0 -X/6 > 1 

and, integrating, 
' .. 

0 X/a<- 1 

E = 
82 ( x21M -l<x/o<l 
4' 1- 62 dt -

0 x/a > 1 

Equation (43) shows (as anticipated) that E ~ 0 ,f ~~ > O. Figure C-5 
shows the shape of the E- profile. 

In the following, we will save writing by using 

(41 ) 

(42) 

(43) 

X 
~a -6 

'~44) 

C-16 



/ 

- ; 
~ -.... .., -, 

I 

-15 

I 
I 

o 

B 

E 

, I 

15 
I 
I 

Figure C-S. Local Electric Fie1d in Sheet Frame 

C-17 

x 

x 

.. 



.. 

, 
J 

,." 

and 1'1 Ia 1 - ~ (45) 

as coordlnates (but 6" 6(t)). We will also omit the ranges of applicability 
in equations of the type of (43) for instance. 

p .. 

The pressure profile follows from equation (28): 

B 2 
2 

Pl - 2JLo 

B 2 
2 

P1 - 2JLo 
(46) 

Incidentally, from Figure C-6 it can be appreciated hOI.,. when 0 grows, the 
local pressure increases near x a-6 are far more important than the 
corresponding decreases near x .. 0. This net "compression" effect is 
what was discussed before, in connection with equation (39) . 

. If the evoiution of oCt) and Tm(t) are known, the continuity 
equation can be used to calculate the gas velocity profile u(x,t) 
(relative to the current sheet): 

'. 'u la'l' ['~ u ' +·r~p.. dX] 
P I 1 Jx at (47) 

where P = ~T" In calculating ~f: care must be taken to include Dirac delta 
function contributions from the motion of the density discontinuity at 
each edge of the current sheet. We have 

pal 
R 

2 (Pl - B2 1(2JLo )/T2 

[ B 2 2J p -..! (1 - ~) IT 
1 4to -r m 

C-18 

(48) 



·. 

........ 

-6 
I 
I 
I 

-6 

_____________ ~_ ~_." __ .. _~_ .!. ________ o_ 

B 

o 

p 

o 

6 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

c5 

. X 

x 

Figure C-6. Pressure Profile (Notice the Asymmetry) 
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and if we arbitrati1y assign the 00 - functions to the outside ranges, 

(+; -~~ ~1 -:~)60 (~+ 1) ~~ 
Ite :& 1 _ ~B2 2h (1 _ E) do _ ...L rp _ D/ (1 - ~ )21 dTm (49) 
at R 7~2~o~ dt T 2 ~ 1 2~o 4 J dt 

{,1 1 _, do m 
P\Tm - Til °0 (~ - 1) dt 

Perform1ng the x integration indicated in (47) we obtain the result 

e'2/~ [.!.. v _ (2 - £!.) T +"'(, -e)v+ (1 -11') {1 • .JL\1I] 
1 -11' 3 3 e,2 I 

e - rr1l2 (3 - 211) II - (11 - rr1l3) T + (l -e) II 

1 
, 'IT ,,2 

4" 

where we hav~ introduced several nondimens1ona1 quantit1es: 

'IT = 
B 2 
2 

and as before, 11 =1 - ~. 

II .. _, do 
u, dt 

It is now possible to construct expressions for the plasma-frame field 
E - uB. For the layer range (-0< X<c5), we obtain, from (40), (43) 
and (50), and after some algebra, . 

.(V~/'1~2+~h'j 8(~ _ ~(1 - II) 1J + ;rr ~ 
'It' 2 

2(1-4 11 ) 
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In consistency with our assumed profile of temperature. we now 
assume the conductivity uto be constant (u .. Urn) within the current sheet. 
and zero outside it. This latter assumption is justified by the negligible 
conductivity of most gases below some 6000 K. We can then int~grate Ohmls 

law (with j .. - L ?O ) to obtain 
110 ax 

B2 .. 110 J co u (E - u B)' dx :: 110 urn u B fc5 E - u B d.< 
-GO 1 2 -6 ul 82 

(53) 

and. using (52) 

+ [4 -~1r + 31r4312' lnO :~)] ,. 

• 1 _ ~ 1 n (1 -1r) (54 ) 
Ilo urn ul 6 1r 

, From the definitions of v as~ ,. (equation 51). this can be seen 
to be a linear equation between ~~. d~ and ul • We can obtain two additional 
equations of the sama sort as follows: first. u2 can be eliminated between 
(39) (overall energy balance) and the 'per line of (50) (continuity). Secondly. 
an additional partial integration of equation (38) can provide an extra 
equation highlighting the local role of thennal diffusion. 

Fi-stly. equation (39) can be made explicit using the assumed 
'pr~Tiles; that of ~u follows from (46) and (50). while that of E~~ f~llows 
from (40) and (43). 

The calculations are straightforward and the result takes the 

fonn 

(55) 

. u2 Now, the first line of (50) g1ves -- ; eliminating this quantity ul 
between the two equations gives 

(56) 
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dt5 dTm For our third linear equation (dt ' ~ , ul) we return to the 
form (38) of the energy equation, which as it stands is an energy flux 
equation. Using the assumed profiles, we can obtain an explicit form of 
this flux equation, namely, 

o 

o 

where we have used k :! · 8~~1. since the thermal conductivity k is 
mostly a function of temperature itsalf. The quantityjrT kdT ;s sometimes 
called the heat flux potential. A useful integral relation can be obtained 
by integrating equation (57) first between -=and 0, then between 0 and 
+~ and taking the difference of the two results. ThlS process has the 
virtue of cancelling from the bracketed part of (57) any terms not 
multiplying either II or T; since both II and T contain l/ul in their 
definition, and so does the last term of (57), the resulting equation does 
not contain ul,'and is a linear relationship between ~~ and d~~ , in 
which the heat conduction terms appear prominently. The result after 
some algebra is 

(58) 

f. Solution of the Eguations. We have now a set of three linear 
equations involving v,Tand independent terms. These are equations (S4), 
(56). and (58}. We could revert to dlmenslonal quantitIes to expose the 
fact that some of the independent (right hand side) terms of these equations 
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d dTm are proportional to ul ' and solve the three equations for ul ' at' ar-. 
An alternative procedure is to eliminate first v and T among the three 
equations and then solve the resulting relation for ul • For algebraic 
ease, we rewrite the three quat ions in the form 

(54a) 

(56a) 

(58a) 

where 
. r. Tm 

, 'Y - 1 J T, kdT 
Klm CI Klmx(ul c5) • --y- P 

1 
(59) 

with a similar definition for Kf2' The definitions of a'l' a
12

, a
21

, 
a22 , a31 and a32 are obvious from the original equations. The eliminant 
relationship is the vanishing of the determinant 

all a12 
, 

+ ~ 1" (1 - 1r) Ilo um ull5 

a a21 a22 - a+-
a'2 

a31 a32 
2 Klm - K~2 

u,6 

which can be solved for u
1

c5 

Al I, 
~ - (2Klm - K12 ) A3 

II ~,~m~ ______________ ~ __ _ 

~ ln (l - :r) "'1 + (-a+ afJ ) A2 
12 
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where A
l

, A
Z

' A3 are the adjoint determinants 

(6' a. b, c) 

Once u,O has been calculated, any pair of (54). (56), (58) can 

be solved for v, 'T. Using for instance {56a} and (56a) 

(6Z) 
v .. 

C63} 
'T .. 

The velocity Uz could now be calculated from, say, equation (55). 
We notice at this point tnat the right hand sides of (60). (5Z) and (63) are 
functions of the single unknown Tm (plus given quantities). In other words. 

using the definitions of v and T (equations (51), 

1 dO .. v (T ) 
(64) 

Ul dt m 

0 
dTm .. T (T ) 

(65) 

ul Tm crt m 

ulc5 • F (Tm) 
(66) 
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From these we can obtain easily 

and by division, time is eliminated: 

dlnc52 2" 
d Tm ar;-r-

or 

d T~ 

(67) 

(68) 

(69) 

(70) 

since the right hand side of (69) (as well as of (67) and (68) depends 
on Tm alone. Once 6 has been thus obtained as a function of Tm' a 
second integration gives time; from (68), . 

ftTm (62 ) d T 
t • \ m Tm(O) u c5 T 2 

1 m 

(71 ) 

which completes.the calculation. 
7. Application to the Electro-magnetic Fanjet. For discharges in 

air, we will use some rough apporixmations to the electrical and thermal 
conductivity, from the original data of Yos (Reference 2). Since there is a 
weak pressure dependence in both cases, we adopt values corresponding to 
approximately 0.1 - 1 atm. The fits are 

0- II (I 
(mho/m) 

a for T < 6000 K 
T - 6000 6000:!: T:!: 18,000 K 1.5 
8000 T > 18,000 K 

e-2S 

(72) 
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and 

k • 
(watt/m-K) 

f. T \ [ (T " 5000\ 21 
3\26000) + 4.5 exp - 1000 7 J (73) 

The last term here accounts for the sharp peak in thermal conductivity 
associated with transport of dissociation energy at about 5000 K. From (73) 
the heat flux potential is 

R kdT· 1000lst (i - Y12) + 4.5"f~rf(Y-5) - erf(Yl-5~~ (74) 

wher7 y s T/1000. For T .. Tm ~ 7000 K and Tl ~ 3000 K, the error functions 
(erf) approach = 1, and we can use 

while for T iii T2 ~3000 K as well, 

. {T2 _ 3 2 2 Jr . kdT - 1000 sr' (Y2 - Yl ) 
1 

(75) 

. ('l6) 

Calculations were performed for two sets of conditions, corresponding 
to Cases 1 and 4 of Chapter VII. Starting from the given altitude and 
fl1ght speed, and assuming 90% propulsion efficiency, a "piston" velocity 
up (relative to the undisturbed floW) was calculated for each case using 
up • 2 v(1 ;p~~' After converting this to • piston Mach number. Hp. the 

equations of Sec~ion 2 were used to co~pute P
" 

T
" 

PZ' TZ and the nondimensional 
magnetic pressure 

B 2 
1r = 2 .. 

21-'0 
(77) 
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Then, a range of a sheet temperatures from 7000 K to about 34,000 K 
was assumed in each case, and the equations of Section 5 were used to 
calculate corresponding values of v, T, u2/u l and, consequently, 

dln~2 1 dt -cnr-- and;! ~ (equations (69) and (68) respectively). These give at a 
m 6 m 

glance the rates of change of thickness and temperature as well as the magni
tudes and directions of the relative velocities u1, u2 • For further detail, 
integrations versus Tm could be made easily, but only after initial values 
Tm(O). ~(O) are specified. Sample calculations of this sort are also reported 
for completeness (Figure C-7 and C-8). 

The results are tabulated in rable C-4 (Case 1) and Table C-5 
(Case 4). These tables include also the quantity 

d6
2
/dt. ~!~m j/'~ d~~' which, although it is not directly useable for 

integration (until t itself is determined). can give a direct indication 
of the rate of expansion of the sheet. 

Figure C-7 shows the time ~evelopment of the sheet temperature" 
and thickness and the relative flow velocities ul (ahead of the" sheet) and 
u2 (behind). for the conditions of Case 1. with the initial layer thickness 
taken to be .Q .. 40m ( ~" 0.2m). " The sheet Mach number Mp in thh case is only 
0.595 (relative velocity. 178 m/sec), and the pressure Po is 0.01 aUrr. 

If the initial sheet temperature (provided by the preionizing 
mechanism, whatever it is) is 7000 K, which is about the mini~um 
temperature for which there is Significant conductivity in equilibrium air, 
it takes about 2 msec for the layer thickness to grow by 5% during which 
time the layer temperature changes by 4000 K. If the initial temperatureis 
10,000 ~. on the other hand, the thic~ness variation becomes neglible," 
while the temperature increases somewhat faster (by 10,000 K in 2 msec). 

The most striking difference between the two initial temperatures 
is in the relative flow speeds. For Tm(O) " 7000 K, ul starts out at 
-80 mlsec (flow ~ the sheet), and Uz at -412 mlsec (flow out of the": 
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sheet). These high velocities then decay with time, but remain significant 
for the first 1 - 2 msec. Their significance is that the current sheet 
is quite permeable to the flow, contrary to the initial assumption of a 
"perfect piston" as a first approximation. Although u1 falls rapidly f'-om 
-80 mlsec to -30 mlsec after 1 ms, the sheet is itself advancing at only 
178 mlsec relative to the undisturbed air; this implies relative 
"permeabilit1es" of between 0.44 and 0.17. On the other hand, for 
Tm{O) :10,000 K, the relative velocities are low: u1 from -14 mlsec to 
-5 mlsec after 1 mlsec, or relative permeability from 0.08 to 0.03. 

\ 

Figure e-8 shows results for a very low pressure case (po ~ 10-4 atm) 
with high sheet Mach number (Mp= 2.55). Here the pressure ahead of the 
sheet is significantly greater than ambient (P1 • 165 N/m2 vs. 
Po • 12.7 N/m2), and the time scale is seen to follow in proportion to this 
pressure P1' whiCh prevails throughout ~4st of the sheet (see Figure e-8). 
Thus, it only takes 0.3 msec for Tm to raise from 7000 K to 30,000 K 
(although the thickness remains nearly constant). Regarding the relative 
flow velocities, we see here a reversal of U1 i at the initial time 
(Tm(O) = 7000 K), u1 starts at -4 m/sec in the usual sense (flow crQssing 
the sheet backwards). Later, however, ul becomes positive and ~ettles 
to about 8m/sec, while u2 remains nega~ive and continues to decrease 
with time. This corresponds to net "blowing" of gas out of the 
sheet region, and, as seen from the air entrained ahead of it, to a retrograde 
motion of the sheet. The magnitude of u1 ramains, however, small compared 
to the sheet velocity of 889 m/sec. 

B. Discussion of Results 
Figure C-7 and e-8 give us some understanding of how the current 

sheet temperature, thickness and permeability evolve throughout a single 
thrust pulse of an electromi".gnetic "piston". For good "gas sweepin~" 
performance, permeability of the current sheet (proportional to u1/up) 
must qU1ckly be reduced to the level of a few percent, and the gas 
temperature within the sheet quickly driven above 18,000 K (in order to 
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reach the maximum gas conductivity}shortly after initiation of the 
discharge. Since the "point design" for a laser driven MHO generator· 
output calls for a 0.5 to 1.0 msec duration pulse, peak current sheet 
sweeping performance should really occur within 0.1 msec or earlier. 

As shown in Figure 7 for the 31km altitude case (Tm(O) = 7000 K) 
acceptable levels of current she~t temperature and permeability are not 
reached until 9 msec into the pulse. This condition demands a pulse 
duration of 40 to 400 msec--quite outside the range of interest. Increasing 
the initial current sheet temperature to 10,000'K permits the attainment 
of a reasonable current sheet efficiency by 2 msec, which is only a factor 
of two better. The necessary levels of impr~vement can be accomplished 
only by raising the voltage of the MHO generators--by switching them 
into various parallel/series combinations. 

The 68km case shown in Figure C-8 presents an altogether different 
picture. Sufficiently low levels of current sheet permeability are 
attained at the moment of discharge initiation, even at Tm(O) = 7000 K. 
Peak conductivity of the current sheet (i.e., 18,000 K) is reached in 
the first 0.22 msec of the 1 ms long pulse, which is probably adequate: 
Hence we conclude that the MHO generator load line pictured in Figure C-3 
(i.e., all 24 generators wired in parallel) of Appendix 0 should De 
suitable for the 4 km's, 70.KM altitude regime at the upper end of th~' 
~HO-fanjet performance envelope. At lower altitudes and velocities, 
substantially higher voltage discharges will be required for rapid 
escalatlon of the plasma sheet temperature to 18,000 K. 

Finally, we suggest that any current sheet driven hard enough 
to reach 18,000 K (and very low permeability) in the first lO~seconds 
will probably have a piston velocity, (up)' of at least 330 m/s--anywhere 
along the nom,nal MHO fanjet flight trajectory. 
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the undisturbed speed of sound (v YRTo) 
adjoint 1eterminants 
magnetic induction 
piston thrust coefficient II F/Poup2 
electric field 
thrust 
er.thalpy 
current per unit area 
electric cur~ent per u~it depth (of current sheet) 
gas thermal conductivity 
piston Mach number • up/ao 
shock Mach number = Vs/ao 
gas pressure 
gas constant 
ga'S temperatur'e 

II gas temperature within the actuator current sheet 
.. forward local gas v~locity 
II actuator sheet speed; "piston" speed 

• D. gas velocity r~lative to the actuator current sheet 
• relative gas flow velocity ahead of the actuator sheet 

.. 

• 
= 
= 
II 

II 

.. 

.. 

.. 

relative gas flow velocity behind the actuaLor sheet 
leading edge shock wave velocity (ahead of advancing 
actuator sheet) 
positive distance in the directlon of "piston" advance 
ratio of specific heats .. Cp/Cv 
actuator current sheet "half" width 
Dirac delta function 
nondimensionalized variable = 1 - i = 1 - x/o 
nondimeniicnal quantity: Tm/Tl 
nondimensional quantity" T2/Tl 
permeability constant .. 4rr X 10-7 H~nry/meter 
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nondimensional "quantity. __ 1 dd~ 
u t 

~ondimens1onalized variablel• x/~ 
2 nondimensional magnetic pressure • B2/2~oPl 

gas density 
gas conductivity 
nondimensional quantity. ~ dTm lJlT; dt 
work function of anode material 

undis~urbed or a~bient g~s conditions 
far behind piston 
expansion fan 
behind piston 
shocked gas 
undisturbed gas 
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APPENDIX 0 

. . 

MHO FANJET "SNO\~ PLOW" CALCULATIONS 

" , 

In this appendix. performance calculations Are reported for a nominal 
10 m diameter MHO fanjet flying along an exempldry trajectory to space. The 
calculations were performed with a radial'y-symotric two-dimension!l ·snow 
plow· model. for which derivations of the equations are provided. Due to 
the 2-D non-steady nature of the problem. the equations are solved numari
cally • 

1. Two-Dimensional Snow Plow Model 

For an accurate represontation of the MHO fan actuator disk. two 
dimensionality is unavoidable duo to tho nature of the Lorontz force in the 
discharge. As current flows radially from tho cathoda to tho anode through 
the actuator disk. a pSQudo-toroidal self-magnotic field is created which 
varies as ~ from the vehicle central axis. Coincidentally. due to current 
cons~rvation. tre electric current den~ity must also follow a ~ rula." The 
resultant 3 x B force providos for a decroase in force per unit area as the 
radial distance increases. Thus significant deformation of tho initially 
planar ~urront sheet will occur as tho dischargo progressos in time." One 
viablo approach to the problem is to follow discrete material points along 
the accelerating current disk. This approach will form the basis for the 
derivation. 

Let us assume that the shape of the current shoat can be parameterized 
by the equation x = X(r,t). that material points on it move with change of 
velocity U = (ur ' ux)' and that a material point has position (r,x) at time 
t. At any time t + dt. that point has shifted to (r + urdt. x + (ux + Uo)dt). 
where Uo is the flight speed. which must still satisfy x • X(r.t). so: 

x + (u + U )dt • X(r + u dt. t - dt) x 0 r 
.' 

• X(r. t) + ¥r ur dt - '* dt (1 ) 
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Therefore X{r, t) satisfies 

(2) 

Figure 0-1 portrays the analytical approach used to model a differential 
element as it deforms from initial time t to time t+ dt. As indicated in 
Figure 0-1, ds is the differential arc-length, and u{r,t) is the mass per 
unit area carried on the current sheet. For a given os, tho total mass 
around the ring can be found by integrating ovor the entire current sheet 
as follows: 

elm • 211'r ds u (3) 

Tho material rate of change of that os equals the amount of mass scooped up 
~s tho sheot progresses in time. 

~ (211'ros).1) = 21Trospo~ (4) 

.whore ~o is the .ai r dens ity .and un is the vol ocity norma 1 to the current 
sheet. From Figure 0-1, it is readily seen that 

ox --- = -tanx· or • os cos x,· ox • -os sin x 
i3r • 

Also using the relations 

and dr _ 
at -. ur 
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the result comes directly through the application of fluid mech~nics: 

p[ ;r + CDSQ(CDS Q :;-. sin Q !;l] + ¥t+ ur ¥r 
• po(ursin Cl +ux cos Cl) (8) 

In deriving the force equations, additional complexity results from 
coupling between fluid dynamics and electrodynamics within the system. As 
current moves through the actuator disk, a magnetic field (and an associated 
magnetic pressure) is established. The magnetic pressure is defined as 
Pm • e~/2\.1o. The rate of change of momentum is therefore equated with the 
mag~etic pressure integratGd over the current sheet: 

(9) 

Taking this derivative 

.. .. 
n -.po.un u (10) 

or in component form. 

(11) 

( 12) 
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From Gauss' Law the ~agnetic field is related to the total current by 

B I: \.10 (I tot) 
2rr r 

( 13) 

As the current sheet develops in time. the electrodynumi~s change. An 
induced voltage occurs--which changes with the inductance of the actuator 
disk. This resultant change in induced voltage alters the c;rcuit dynamics 
in accordance with the following expression 

(14 ) 

Depending on the generator's characteristics and the load resistance of the 
plasma sheet. the effects of Vind on Ito can be dominant. From electro
dynamics 

where 

V - d~ 
ind - dt 

'" = ((a _ llo ItotfX 1 r maxdx(rl t) 
'*' JJ dxdr - liT r dr 

Xo rmin 
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Differentiating t with respect to time. we have 

(X - x ) dr + I o r tot 

r(X-X 
+ Itotll-T 

L 

(l! _ axo) dr 
at at r 

But at rmax. dr/dt = OJ and at rmin. X = Xo' Thus the derivative terms at 
the end points are identically 0. leaving 

dI • 
Vind = L(t) d~ot + Itot L (18) 

A generator that has a characteristic internal resistance and follows a 
standard load line graph has the following equation of operation 

v • voc. '(t) R I 
gen gan - int tot 

where V~~n is the open circuit voltage. and Rint is t~~ MHO generator 
internal resistance. 
Combining terms 
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dl tot 
dt · t [V~~n - Itot (l + Rl~t + Rl] 

('!l) 

If it is assumed that the MHO generators are rectangular prismatic shapes 
as in Figure 0-2. the behuv10r of the generator is seen in the equations below. 

R :I 1 
int Ngen 

(22) 

V~~n (t) :I ugen (t) Bgen H (23) 

The load resistance of the actuator disk is calculated by the following 

equation. 

where- -- -

1 R 
2not ln ~ 

o = 200 mho/em 
t = 0.5 (sheet thickness) 

Ro = cathode radius 
Ri :I 5 m (anode radius) 

(24) 

From nominal performance data estimated in Appendix B for the XMHO genera
tcrs. a mock load line plot was constructed. From it an open circuit voltage 
of 12957 V was determined, and the slope provided for a total MHO resistance 
of 5,7 x 10-4 n. as shown in Figure 0-3. This represents the combined output 

of 24 MHO generators, electrically connected in parallel. 
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A value for the initial plasma inductance was computed on the basis of 
a toroid measuring 1.0 meter in height. As the radius increases so does the 
inductance, in accordance with the equation 

(25) 

where h ;s the toroid height. 
The major output parameters calculated by the computer are the time

stepped position of the current sheet, routine the total momentum change 
(/Fdt) and the total electric energy consumed within one pulse. These 
quantities are defined as 

!Fdt .. Uo Ili ~ 'i; (26) 

K 2 - .!) 
t:. 0 .. lsIl1Ai l1N lliAo; ~ (27) 

2. Numerical Calculation Procedure 

" .. This section provides a brief discussion of the conversion from con
tinuous time equations to discrete time equations used in the comr~ter 
routine. 

As mentioned earlier, the approach is to select a number of matorial 
points that will be followed throughout the numerical computation. The 
parameters in tho problam are calculated at each material point and these 
values are considered to act over an area determined by the method of 
centered difference. Over a given area sector, the paramaters are assumed 
constant. In Figure 0-4, point "i" has parameters which act on area os;, 
which is shown as a dashed lin&. 

. . 
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Once a number of discrete material points has been selected, their 
up-dates are constructed in a linear manner. The subscripts and superscripts 
that are used signify the following 

Subscriots 
x - x direction 
r - r direction 
n - normal direction 
o - ambient conditions 
i - id particle 

Superscripts 
n Mn"th integer time step 

The x and r directions are indicated in Figure 0-5 for five sam~le material 
points. In the nu~erical approach a stepwise procedure is followed. as out
lined below. 

a. Position Update 
Since the particles are convected to a new location. spacial 

updates are derived from tho following equations. 

(27a.b) 

To first order. exp~essions can be written for Xi n+l and r;n+l given their 
previous values. 

x (n+l) = x.(n) + (u(ry) + U
o

} At 
i , Xl (28) 

r.(n+l} = r.(n} + u(ry} At , , r, (29) 
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b. Area Element Uodate 
In the ,two dimensional plane it can be seen from previous Figures 4 

and 5 that ' 

The line length is simply 

where 

c. Update r (mass/area) 
From 

d{rosuL rosp u at on 

Again using a first order update for this' 
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• j 4 

• ri{n) oSi{n)(Ui{n) + At Po Un{n») 

n . 

U (n+l): (rios;) (u.(n)+ ~t p U (n») 
i (r i 6 si ) n+ 1.. 0 n, 

d. Qedate V&locit;es Using the Vector Equation 

... .. 
d 8

2 .. .. 
,. u: n-pu u i"at 2iL on o 

U 
B = 0 
~ 

I (n) 
tot 

r i 

Rearranging and using a first order update. 

, . -- - -

(32) 

U (n+l) = u(n) + At[(B i (n»)2 sin a (n) - p u(~) u(~)] (l1 Cn ») -~ (33) 
r. r 2lJo 0 n, r, , , 

"u '(n+1) ; u(n) + At[(B;(n»)2 cos a (n) - p u(~) U(~)] (lJf n») -1 " (34) 
x. x 2lJo 0 n, x, , 

e. Inductance Update 
By definition the inductance is 

UoJx L : or- - dr 
,iT r 

." 
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For a given segment i to i+l 

dr (35) 

and for this given segment, any value for x can be determined from the equa
tion of aline 

x :I X. + 
1 

Integrating 

~ [i+l x - x 
= 0 (x. + 1+1 _ ; (r-r .») dr 
~ r

i 
1 ri+l ri " r 

For a total inductance it is necessary to sum over all i 

N 

L = Lo + !1T 2. Li+l 
i=l 

0-11 
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The derivation for C is very similar. Starting from an earlier equation in 
this chaptor, it is seen that 

• u:[r
max 

(ax L • 2- --1r r at 
min 

This leads directly to tha equation for Li+l which is the same for L; except 
aXi/at replaces xi and 3xi+l/at replaces xi+1. In the beginning of the sys
tem derivation above, it was found that 

ax ax 
- r ur - = Ux + Uo 
at ar 

ax II + U t at u x 0 - U I" an a 
i 

Discretizing this 

.• (39) 

f. Current Ucdate 
Again using a linear approximation for the update 

In+1 • In + At (dl,tot) n 
tot tot at 

[ 
cc I N Vgen- tot 

... 
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Figure 0-1. Analytical Approach 
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