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High
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Space Exploration: At the Turning Point

pace cxploration is poised at a greal luming point.
There is a thirst for progress on the high frontier of
space, but progress is limited. Economic and political
conditions within the great spacefaring nations have
seemed to make the more ambitious goals for expan-
sion into space recede. Plans for establishing perma-
nent inhabited laboratories on the Moon, and human missions 1o
Mars have been delayed decades beyond when they were once ex-
pected to occur—the 1980s! Even the use of robotic probes 1o
explore the solar system has faltered.

There is little doubt that the future of space exploration tums on
the ability to develop less costly and more effective propulsion sys-
tems for lofting massive payloads into low Earth orbit (LEOQ) and
for boosting spacecraft onto fast interplanetary trajectories. It now
costs about 515,000 to $25,000 per kilogram to place payload into
LEO. Furthermore, the fastest chemically-propelled trips 1o Mars
require astronauls (o be enroute for a large part of a year, with all
the attendant risks of cosmic radiation and physiological effects of
weightlessness, and with high-mass life-support requirements.

So, within the aerospace community there is a greal hunger for
new ways into space: single-stage-to-orbit craft, such as supersonic
combustion ramjet (scramjet) hypersonic air-breathing vehicles (1)
or more sophisticated rockets typified by the recemt DC-X ("Della
Clipper-Experimental”) prototype. Virtually all space exploration
plans. however, are currently predicated on using cryogenic chemi-
cal propellants—H5 and O;—for launch from Earth’s surface.
These propellants were favored in the
writings of the early space pioneers, so
one might say that space technology has
really not yet left the cradle,

Did grandfather know best?

The great pioneers of space explo-
ration, Robert H, Goddard, Hermann
Oberth, and Konstantin E. Tsiolkovskii,
believed—Ilong before it was done—that
humankind would use rockets 1w loosen
the bonds of gravity, ascend to orbit, and
travel to the Moon, Mars, and beyond.
From its accelerated growth in the
19505, space exploration has struggled
with the severe limits that chemical en-
ergy imposes. Even within those con-
straints, much has been accomplished:
communications, observation, and weather satellites are now inte-
gral to our lives; 12 men have raveled to the Moon's surface; peo-
ple have lived in orbiting space stations; scientific probes have be-
gun to cxplore all the planets except Pluto; there are astronomical
observatories in space; we have learned to fly partially reusable
spacecraft to and from low Earth orbit; and we have sent four robot
emissaries on their way to intersiellar space—the Pioneers and
Voyagers.

Many other advanced propulsion concepts have been put forth in
the past half-century, but none of these—including nuclear-powered
rockets—have gone bevond the theoretical or experimental stage
and come into common wse, Now at the turming point in space ex-
ploration in the post-1989 “Cold Fusion Age.” it should be possible
to find ways to apply the spectacular energies in cold fusion phe-
nomena to spaceflight. These cold fusion space technologies will
not emerge overnight. They will be developed in parallel with the

Who can guess what

strange roads there

may yet be on which
we may travel to

the stars?
—Arthur C. Clarke,
“The Promise of
Space,” 1968

terrestrial energy and transportation sectors. As cold fusion begins
to be applied vigorously to terrestrial needs during the next several
years, aerospace applications should become irresistible.

The birth of nuclear spaceflight

Chemical reactions are typically millions of times less energetic
per unit reaction than nuclear reactions, so it is nol surprising that
there have been efforts during the last four decades to apply nuclear
energy to space propulsion in both studies and experimental devel-
opment—conventional fission and fusion reactions. Even the carly
space pioneers recognized that nuclear energy might be extremely
useful for space propulsion. The discovery of radioactivity in 1896,
and the new understanding of the atom had a profound impact on
the thinking of Goddard and Tsiolkovskii, among others. William
Reupke has compiled a wonderful historical insight into the think-
ing of the rocket pioneers about atomic energy for spaceflight (2).
Reupke points out that by 1903, the year of the Wright brothers”
first powered flight, it was already established that the heating ef-
fect of radium was a million times greater than chemical reactions.

Even without a detailed understanding of radicactivity. the rocket
pioncers were led to speculate about the role of this new energy for
the future of space travel, Goddard (1882-1943) first held the opin-
ion that “atomic energy” would be “impractical.” Later, around
1907, he became more optimistic aboul atomic energy for space-
flight. Goddard had not yet examined the full potential of chemical
rocket propulsion—specifically the importance of rocket staging—
$0 in this era he was pessimistic about
space travel unless atomic energy could
be applied! Hence his 1907 statement,
“In conclusion, then, the navigation of
interplanetary space depends for its solu-
tion on the problem of atomic disintegra-
tion . . .Thus something impossible will
probably be accomplished through
something else which has always been
held cqually impossible, but which re-
mains so no longer.” [Shades of the cold
fusion publishing problem (i.e. scientific
censorship) of the past several years:
Goddard's 1907 essay, according 1o W,
Reupke, was rejected for publication by
Scientific American, Popular Science
Monthly, and Popular Astronomy!|

Goddard already had the idea that nu-
clear encrgy could be applied to spaceflight in two ways: (A) The
direct expulsion of disintegration products to serve as a means of
thrust, and (B) Using the heat of radioactivity to expel a larger mass
of inert gaseous material. Both these methods were later extensively
researched by fission nuclear propulsion people, beginning in the
1950s.

Konstantin Tsiolkovskii (1857-1935) did not incorporate atomic
energy into his space travel speculation apparently until 1911-12,
but when he did he was a great visionary. He conceived that atomic
encrzy could be used to accomplish interstellar space flight, noting
that first the radioactive disintegration rate would have 1o be in-
creased! Tsiolkovskii soon became pessimistic about atomic ener-
gy, even as another rocket pioneer, the French aeronautical pioneer
Robert Esnauli-Pelterie (1881-1957) was becoming a proponent of
the new nuclear energy in the 19205, Goddard, of course, became
completely immersed in his development of practical liguid-propel-

Photo left: Columbia lifts off from Cape Canaveral, 1981,
in the second flight of a space shuttle. (Courlesy, NASA]

Adapted from a paper delivered by Engene Mallove ar the Fourth
International Conference on Cold Fusion, Mani, Hawaii, December 1993,
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The fundamental rocket equation is:

My/M; = exp(DV/Vg), where Mg is the initial mass of the rocket
loaded with propellant; M; is the "burn out” mass when all propeliant
has been expended; Ve is the exhaust velocity, and AV is the total
velocity change of the rockel (known as “Delta Vee® in the field of

lant rockets. The other great astronautical pi-
oneer, Hermann Oberth (1884-1989), con-
sidered nuclear energy in some of his corre-
spondence in the 1920s, but was late in pub-
lishing anything about it (1954).

Nuclear-powered Might

The discovery of fission in 1938, and the
advent of fission nuclear power in the 1940s
led to a burst of enthusiasm to apply nuclear
power to rocket propulsion, as well as o air-
craft, 5o robust had the field of nuclear
rocket propulsion become, that Bussard and
Delauver (3) published in 1965 what still re-
mains the definitive text on the subject,
“Fundamentals of Nuclear Flight.” In an era
of aerospace optimism, a vast technical liter-
ature cmerged, which speculated how nu-
clear energy—Tission, fusion, antimatter-
matter annihilation, etc.—might eventually
be applied to interstellar travel (4). In 1989,
this author and colleague Gregory Matloff
reviewed the entire field of nuclear propul-
sion and intersiellar flight concepts in a
ook, “The Starflight Handbook,” that is
available to the wider public (5). 50 contro-
versial was cold fusion then that the John
Wiley & Sons editor rejected even a hint
that cold fusion, if proved, might become
applicable to spacellight!

Nuclear rockel propulsion of the conven-
tional variety came of age with the static
testing of prototype engines in the 19605,
Billions of dollars were spent in the U.5. on
the NERVA (Muclear Energy for Rocket
Vehicle Application) program. The aim was
o permit a manned mission 10 Mars with a

Clockwise: German astronaurical pioneer, Hermann Qberrh.
Russian pioneer of astronautics, Konstantin Tsiolkovskii,
v, Robert H. Goddard works on one of his liquid-propellant rockets in his
Roswell, New Mexico shop, 1935, {Courtesy Esther C. Goddard)
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much smaller initial mass for the spacecraft
than is possible with chemical propellants.
The nuclear-propelled Mars mission would
also have a substantially reduced interplane-
tary transit time. Conceptually, nuclear rock-
ct engines are very simple. A compact [is-
sion reactor provides the thermal energy 1o
heat hydrogen propellant, and expel the par-
tially dissociated gas in a high temperature
exhaust stream through a conventional
DeLaval (converging and diverging) nozzle.
The hydrogen propellant, initially a cryo-
genic liquid in a tank, is forced through the
reactor so that there is intimate thermal con-
tact between the reactor pans and the gas.
The NERVA-class prototype nuclear en-
gines, which were ground-tested in the ULS,
Southwest, had solid nuclear cores. That is,
the uranium-carbide fuel elements were not
allowed to get hot enough to melt. The range
of performance of these solid core engines is
in the range, Specific Impulse (Isp) = 800 -
1,100 seconds, whereas Ho-Oo chemical
propulsion has an [sp of about 460 sec. For
those not familiar with rocket propulsion,
specific impulse is a measure of the gross ef-
ficiency of a rocket engine—the impulse
(force X time) imparted to the rocket per
unit weight (mass X gravitational accelera-
tion) of propellant expelled. The units of Isp
are therefore seconds. It tums out that s
(seconds) multiplied by g (9.8 m/sec<)
gives the exhaust velocity for that engine
system. The higher the exhaust velocity, Vi,
the higher the final velocity (“burn out”

velocity) that a single stage rocket can reach
| with a fixed amount of propellant mass.

astronautics). The higher V,, the smaller the mass ratio, My/My,
needs to be. High mass ratio means, of course, that most of the ini-
tial mass of the rocket is propellant. This equation is for free space,
ignering the effect of gravity losses during the boosting phase, but it
is a good approximation to overall system performance.

Mow it is also possible 1o allow the nu-
clear core of the rocket o melt, leading to
higher temperatures in the rocket pressure
chamber, and a higher exhaust velocity, Of
course, in such a liquid core rocket, a contin-
wously Nissioning (critical} geometry of the
fuel-moderator combination must be main-
tained to allow the fssion chain reaction o
sustain. The general scheme proposed to do
this. which has never been implemented in
practice, is 10 spin up a vorlex of uranium
fucl-moderator droplets using streams of in-
coming hydrogen propellant. The hydrogen
would come in intimate thermal contact with
the extremely hot fuel droplets, and thus ul-
timately achieve a higher exhaust velocity.
The vortex also helps to keep most of the
nuclear material from being lost out the ex-
haust nozzle. An intermediate system be-
tween the solid core and the liquid core nu-
clear rocket is the colloidal core concept, in
which solid particles of fissionable fuel sev
eral hundred microns in diameter are sus-
pended in a rotating (or vortex-driven) flu
idized bed,

In general, for thermal rockets—nuclear
and chemical—the exhaust velocity is pro-
portional to the square root of: (rockel
chamber temperature)fiaverage molecular
weight of the exhaust species), There is a
great premium for elevated temperatures.
Liguid core rockets that have been designed
are in the Isp range, 1,300-1,600 seconds. It
is possible to get even greater Isp in a fission
rocket by running at such elevated tempera-
tures that the fission core becomes a vortex
of gaseous fuel. Projected lsp is in the range




Cold fusion phenomena

1. Excess power proguction in DaO-Pd/P1 (heavy water, palladium/plat-
inum) electrachemical cells that exceeds megajoules per mole of cathode
atoms whan intagrated over time, reaching in some cases thousands of eVs
{electron volts) per atom on average. Excess heal emerges when D/Pd (deu-
terium/palladium) atom latlice loading ralio excesds approximately 0.85.

2, Excess power bursts lasting for hours to days in D20-Pd/Pt electro-
chemical calls, during which the power ratio aftains large values—on the or-
der gf 10.

3. Powser densities in Pd and Pd-alioy cathodes thal in some experiments
already excesd 3.0 Rilowats per cubic centimeter.

4. Excess power production in ardinary water calls (which, of course, In-
clude trace kevels of D) with nickel cathodes, Pt anodas, and electrolytes with
salts such as as KoGOg, AbsCOs, and NapCOy— power ratios in such calls,
which exceed 10 when input power is pulsed s0 as o give a low fractional
duty cycle of inpul pawer. Integrated thermal excess power also axcaading
many megajoules per mole of cathode, just as in heavy watar cells. Excess
power production does not require a lengthy lattics loading period, unlike in
Da0-Pd/Pt systems.

5. “Cold” tritium evolution, which is sean in both heavy water and ordinary
water slectrochemical cells. This tritlum does not emerge at MeV energies,
otherwise @ considerable flux of 14 MeV neutrons from Impact with D in the
water and in the lattice would have been seen. Tritium levels are 108 109
times atiendant neutron production, in contrast o the 1/1 iitium/neutrons ra-
fin in D-D hot plasma fusion. Trifium atoms are produced at up 10 10" i5ec-
ond, but usually at a rate much l#ss than that.

&, Enhancement of excess heat praduction in ordinary water alecirochami-
cal calls, whan emplaying 15 -25% heavy water.

7. Low levels ol neutron emission from electrochemical cells at energies
ranging from 2.45 MeV upward and at rates that are on the onder of 102

neutrons per second per D-D pair in the metal cathode. Rates up to 10%/sac-
ond are ohservetd—on accasion, 105/second briefly,

g. Production of excess tharmal powar in deuterium gas-loaded plates of
palladium and in other aloys undergoing kow vollage discharge phanomeana.
Input power amplification as excess power— ranging from two ko five times
input (e.g. Raefs. 11,12,

4. The emission of neutrons, high energy charged particles, and gamma
rays in low vohiage gas discharge expenments wilh dieuteraled matals.

10. Tranemutations of elemants (e.g. Pd to Rh and to Ag, which are seen
via gamma-ray signalures and short half-fifte measurements) and isofope
shifts in Pd. Mot only are these seen in electrochemical cold fusion cell cath-
pdes, but also in gas discharge experiments (11)

11. Possible alkall element transmutations seen at high levels in light wa-
ter cold fusion experiments, e.g. K 1o Ca or Ab to Sr in amounts raporedly
commensurate with excess heat production (13),

12, Evolufion of *He in heavy water electrochemical celis at levels report-
ediy roughly commensurate with excess heal (14, 15 and several papers de-
livered at the 1993 Maui ICCF4 conference).

13. The prasence of “He at elevated levels inside spent Pd cathodes (16).

14. *He production correlated with heat release in deuterium-loadad Pd
foils that experience discharge of D frem the latice—induced by an imposed
ambséem vacuum (17).

15. The ganaration of cold fritium in low-voliage gas discharge expeari-
ments (18]

16. Excess heat production jn molten salt solutions of LICK-KCI eutectic
saturatad with LiD. Elevated *Ha found in Pd electrodes in such celis (18).

17, Heat production beyond acoustic energy input from heavy water calls
expariancing cavitation near metal surfaces. Concomitant 4He production,
proportional to energy release (20).

neered to make high thrust/weight rockets,
cold fusion would still have enormous po-
tential applications in space. Low
thrust/weight ion engines, which have high
specific impulse, need a low-mass source of
electric power. Cold fusion-generated clec-
tricity would be ideal for this, reducing the
mass and eliminating the shielding of a fis-
sion space power reactor. There are many
other applications for cold fusion power in
space infrastructure: power plants for lunar
and Martian surface operations, power for
gatellite and space station operation in Earth
orbit, and power for deep space probes,
which now use solar cells and RTG s (ra-
dinisotope thermoelectric generators).

By the spring of 1991, the evidence for
“cold fusion™ was, in my view, overwhelm-
ingly compelling {6). Now, it is 100 percent
certain. The body of scientilic evidence for

these unexpected, astonishing, and allegedly
“impossible”™ phenomena is now broad,
deep, and expanding (7-10). Research has
revealed what seems 1o be an entirely new
realm of phenomena that has legitimately
been called by some researchers solid state
nuclear physics, The hundreds of researchers
worldwide, who in 1989 entered—and re-
mained with—the cold fusion field, have
produced experimental resulis that give an
extraordinary glimpse of the outlines of a
new science. It is clear now that what Pons
and Fleischmann discovered was actually
only “the tip of the iceberg” of a broades
class of phenomen:.

There exists at the moment no generally
accepted theoretical framework 1o under-
stand these phenomena, though many scien-
tists have tried 1o “explain everything™ on
the basis of a single, unified theory. It is

now clear that even without complete scien-
tific comprehension of cold fusion phenom-
ena, the levels of energy release (and their
sustainability and repeatability in many ex-
periments) are technologically useful.

In cold fusion, an enormous and bewilder-
ing array of phenomena need to be ex-
plained. Some of the most imporntant aspects
of the phenomena that need to be accounted
for are listed in the accompanying sidebar
above.

The most exciting potential of cold fusion
reactions are the high thermal power densi-
ties that have already been observed by sev-
eral researchers, Drs. Pons and Fleischmann
(21} have demonstrated that a thermal power
density of 3-4 kW/em? of cathode material
can be created in heavy water electrochemi-
cal cells. Kucherov et al (11} have observed
similar power densities in metals in low

- . .

Viking orbiter photo of Mars. (Courtesy, NASA)
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Martian scene from a Viking lander. (Courtesy. NASA)

voltage discharge experiments with deuteri-
um gas. Bush and Eagleton {(22), using thin
films of palladium to coat silver cathodes,
have also observed spectacular power densi-
ties in the kW/em- range. Moreover, several
theorists and experimenters (e.g. Professor
Peter Hagelstein of MIT and Martin Fleis-
chmann) have suggested that cold fusion
power densities may rise with increasing
temperature,

Caold Tusion—high thrust/weight rockets

Conventional solid core fission nuclear
rockets have already reached an advanced
state of development in both the U.S. and in
the former Soviet Union (23-27). These
rockets are high engine thrust/weight
{T/W)—on the order of 3—u Isp of 800
seconds and above. In the period 1955-1973
the LS. spent some $1.4 bhillion on solid
core nuclear rockets—equivalent to a 1993
level of effort of abowt $10 billion. Some 20
ground tests were conducted before the pro-
gram was terminated in the U.S.—not for
technical reasons, but due to changed Feder-
al budget priorities.

The highest power output of one of these
salid core reactors reached 4,100 MW
(megawalls) at a core temperature in the
metal-clad fuel assemblies that reached
2.550° K. The test achieved a high thrust of
200,000 pounds at an Isp of 845 seconds.
Demonstrations of multiple start-ups and
shut-downs occurred, with thrusting dura-
tion exceeding one hour—more than ade-
quate for missions contemplated. A mission
to the Moon, for example, would reguire
about 30 minutes of thrusting by a fission-
nuclear shuttle leaving LEO, followed by 1

minutes of thrusting 10 achieve lunar orbit.
In short, fission nuclear rocketry was devel-
oped 1o a high level, and then the civilian
nuclear rocket program was junked in 1973
for reasons having nothing to do with prob-
lems with the technology. Military interest
later emerged during the SDI (Strategic De-
fense Initiative) program. Interest in civilian
nuclear rocket propulsion was borm again
with President Bush’s Space Exploration
Initiative {SEI}.

It turns out that the average power density
in these solid core fission reactors ap-
proached 3.0 kW/em®. (There are now re-
ports that Russian nuclear rocket tests have
achieved power
densities as high
as 40 kW/em?.)
Since there was
miuch zirconium
carbide metal
cladding and
other structure,
the uranium fuel
iself did not
reach such a
high power den-
sity, It is remark-
able, however,
that 3.0 k‘l.’!r'_-‘l.'m3
is roughly the
power density
that some cold
fusion experi-
ments have al-
ready achieved
—in metal. The

Jupiter (Vovager photo), (Courtesy, NASA)

mance cold fusion rockel may turn on
whether a gas-metal electrical discharge sys-
tem employing cold fusion surface reactions
could operate at this high overall power den-
sity. By the suitable use of large surface area
channels comted with thin films of Pd alloy
material—a highly “fractalized™ electrode
syslem such an average power I-‘ll-.'"-‘\il}
might be achieved, Whether the surface cold
fusion reactions would sustain at the high
pressures (gas densities) needed for high
thrust/weight systems is an open guestion.
MNewly reported gas-phase cold fusion exper-
iments at elevated temperature (over 400°
) with ceramic proton conductors and nick-

Jupiter’s moon, lo (Voyager photo), (Courtesy, NASA)

Table 1.

[Assumption: 3.0 kWicm® Pd power density)
g=010
K a (kgkWe)
10 0.4
100 4.0

Possible Specific Mass of CF Space Elecine Power Generation
[Mass of iotal power system = K * Mass of Pd Electrodes)

feasibility of
! £, Table 2.
a high perfor- Mission Total Required AV (km/sec) Mgy lor Isp
= 460 seconds
(Ha/Ca)
Ground to LEC (Low Earth Orbit) 1.8 5.8
Ground to Earth Escape 1.2 12
LEQ io Gecsynchronous Oribil 4.2 2.54
LEQ to Moon polar region 6.2 3095
& =0.30 LED 1o Moon equator 5.6 346
a [kgkWe) LED 1o Mars surface 4.2 254
LEO 1o Phobos a8 2.37
0.13 LEQ to Jupiter orbit and return £ 1.5% 1l:-?
1.4 LED ta Saturn orbit and retum 110 3ex 100
Sun Impact (kill Earth's orbital vebocity) 35 2,346
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Figure 1. Rocket propulsion performance parameters, (Courtesy, NASA. From W.E. Moeckel. “"Comparison of Advanced Propulsion
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Figure 2. Interplanctary distance versus trip time. (Courtesy,
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TN D-6968, September 1972.)
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Figure 3. Comparison of Type L and Type 11 Propulsion for
Planetary Distances, N = 1. (Courtesy, NASA. From W.E. Moeckel,
“Comparison of Advanced Propulsion Concepis for Deep Space
Exploration,” NASA TN D-6968, September 1972.)



el catalysts suggests we
should be very opti-
mistie,

Perhaps the particle
bed reactor or colloidal
core geometry would be
useful in high T/W cold
fusion engines. Colloids
suspended in a gas flow
offer the highest surface
area per unit volume of
active material, and thus
facilitate better heal
transfer 1o the propel-
lant, It won't be much
longer before cold fu-
sion research procecds
in the direction of such
particle beds for terres-
trial power generation,
sa the foundation for
cold fusion space
propulsion may be lad
through these more
mundane applications.
Perhaps colloid cold fu-
sion reactors would not reqguire electrical gas
discharge phenomena to trigger surface re-
actions, Some researchers in the cold fusion
field have speculated thm dewterium-loaded
metal structures (perhaps clad with ceram-
ics), once triggered, could
be made to remain at high
temperatures for pro-
longed periods without
electric stimulation. Evi-
dence that this will be
possible has been mount-

Jupiter’s

At least one experi-
mentalist and theorist, A,
Takahashi of Osaka Uni-
versity, has suggested that
the upper limit of the
power density of cold fu-
sion reactions has not been reached. He
suggests that one category of his deuterium
multi-body cold fusion reactions may allow
power densities as high as 1 mega-
wattfem-—"well bevond the explosion con-
dition,” he adds (28),

Cold fusion—ion engines
lon engines. which are high Isp and low

moon, Europa. Beneath the surface lies an ocean of water according o
some astronomers. {Voyager photo). (Courtesy, NASA)

thrust to weight (T/W = 10-%) engines, have
always been appealing 1o space mission
planners. Their specific impulse range is
5000100000 seconds, lon engines have
already been built in the Isp = 5,000 second

The problems of fission nuclear power
for spaceflight would be significantly
reduced if there were no radioactive
ng. exhaust or radiation shielding problem.
Therein lies the basic appeal of

cold fusion . . .

range, and tested in space vacuum simula-
tors for many thousand howrs, Several en-
gine tests have been done in Earth orbit. Ba-
sically these engines employ atoms such as
mercury, cesium, argon, or xenon, which are
first ionized and then accelerated in high
voltage electrical fields to form a collimamed
thrust beam. The beam is kept electrically
neuwtral by recombining the atoms down-

stream with the stripped
clectrons,

Due 10 low T/W, ion
engines are only suited
for operation in orbit,
never for launch from
the surface of high
gravity celestial bodies,
The thrust of ion en-
gines that have already
been built are rated
in the 10-200 milli-
Newton range—minute
compared 1o chemical
rockets, but at much
higher Isp—3,000-
5,000 seconds. There is
another disadvantage,
which is somewhal
compensated for by the
high Isp. It may take
months for an ion en-
gine-powered vehicle o
spiral out of the “gravi-
ty well” of a planet on
an escape trajectory.
This illustrates the well-known penalty in
astronautics for nol achieving orbital energy
or escape energy impulsively, When a high
T/W rocket fires, it accomplishes the re-
guired velocity change within minutes, not
months. Gravity does not
have time to retard the ve-
hicle much, Not so for ion
engine trajectories, which
are slow anyway due 1o to
low inherent acceleration,

lon engines require a
source of electrical pow-
er, and it is here where
cold fusion comes in.
Cold fusion would not be
aimed at improving the
ion engine itself. though
some might well consider
trying to develop charged particle-emitling
cold Tusion reactions for this purpose!
Rather, cold fusion would better the charac-
teristics of the ion engine's electrical power
supply. Present power supplies contemplat-
ed for deep space ion-engine missions are
fission nuclear reactors. This form of
propulsion has thus become known as Nu-
clear Electric Propulsion (NEP), In the U.S.

Figures lefi: In Figure 1., reproduced from the Moeckel repor, we see the
relation of lsp, specific mass, and thrust'weight, Specific mass in Figure 1. is
the propulsion system mass ratioed 10 the exhaust beam power, which for the
case of ion engines (MEP) is roughly the specific mass of the electrical power
sysiem—so both high and low TAW systems are placed on the same basis of
comparison. Type Il systems, as defined by Moeckel, are nat Isp-limited.
Their Isps are high enough 10 keep mass ratios down, which is their main ad-
vantage. Type-ll systems are low T/W—NEP, solar electric, and controlled
hot fusion rockets, They become better performing—have higher T/AW—with
bettar (lower) specific mass. Type | propulsion systems are kmited by attain-
able Isp, but they have high TAW, This allows them 1o depan the surfaces of
high-gravity celestial bodies like Earth. Chemical propulsion systems have
engine T'Ws in the 30-60 range, while lission nuclear rockets have engine
Thws around 3 for solid core and 0.3 for gas core. Type-| engines are not
fimited by specific mass. We expect that cold fusion Type-l engines could be
developed with a higher engine TAW than fission nuciear rockets.

Cald fusion propulsion systems will either ba: (A) Like the solid core
fission Type-1 system, equalling or exceeding the solfid core fission rocket in

Isp and perhaps TAW, or (B) like the NEFP (fission nuclear electric) Type-ll
gystem, perhaps baing batter in specific mass by a factor of 10 or more.

Figure 2., also fram the Moackel repart, illustrates how Type-1 and Type-ll
systems compare in interplanetary trip times for round-trip, randezvous, and
flyby missions fo planats from Mars to Pluto [Note: In Figure 2. Niis 1sp X
number of rocket stages, N.]. Figure 3. from Moeckel portrays the same
infarmation as Figure 2,, but allows more direct comparison of Type-l and
Type-ll systems for the round-trip and rendazvous missions.

The conclusion for cold fusion rocketry is not different than for the Type-l
and Type-ll conventional systems., Acceptable trip times defing the 1sp (for
Type-1) or specific mass (lor Type-1) required 1o perform the varous mis-
sions. Simply construet a harizantal line at the acceptable trip time fo define
the sysiem periormance required for the mission. Figure 3. presents the data
mare convenlently for datermining the cross-over paints where Type:-l
sysiams begin to perform more poarly mission time-wise than Type-il
systems, The cross-over point for round-irip missions is at about the distance
of Jupiter, The cross-gver point for planet rendezvous missions lies beyond
Saturn,
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Saturn, July 21, 1981 (Vovager photo), (Courtesy, NASA)

the planned space reactor, “SP-100." is a
molten lithiom metal-cooled uranmm reac-
tor. Thermal energy of 2.5 megawalls
(MW would be converted thermoelectrical-
Iy to 100 kW of electricity. Much more
power than this (several 1o tens of MW)
would be required 1o boost tens of metric
toms 1o Mars, A 5-10 MW power umit 15 con
sidlered ideal o be clustered for Mars and [u
(TR LR

I'he key parameter defining the pe
mance of the electrical system is its specific
mass, 4, the “kilograms per kilowan™ of the
The SP-100 has a design goal of
=10} kg/kWe (kWe refers 1o kilo-

walls of electricny I'll'l.ll.llll.'\.'l.l. 1o i

\_'A.\‘.I_'I'I'I
about a

runsh

Saturn’s moon Titan, November 9, 1980
(Vovager Photo). {Cou ricsy, NASA)
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from kW of raw thermal power). Presem
capability is about a = 50 kg/kWe. Palladi-
um cold fusion cathodes have already
demonstrated 3 kW/em” thermal output, or
250 kWikg. Using this basic thermal output,
we can postulate various factors by which
the mass of the remaining components of a
thermal-to-electric conversion system might
exceed the mass of palladivm, Then find the
'\.|\|_'\_'i2'|g mass of the power system [or two

reasonable thermal-to-glecine conversion e

cificiencices, e, 10% and 30%: (see Table 1.)
These numbers bracket a range of possi
ble CF electrical power system designs, per
haps wsing either thermoelectric power con
version or a closed-loop heat engine cycle,
baoth with a 11_‘|,||Iir|._'||. SPRICE radiator
Since there will be no nuclear
shiclding requirement, and a CF re-
actor 15 expected o be of generally
highter construction than a fission
reactor, an a in the range 1.0 to 4.0
(K = [(K}} seems realistic—a factor
of I or more better than current

technology.

Space missions and perfi
parameters

ance

Despite slumping fortunes of the
elobal space effon, the Moon and
Mars still beckon powerfully. Do
not assume, however, that these are

only worthy destinations for

ce and commerce. Dana Rote
gard (29} and others in the space

T [

industrialization movement have
pointed (o the utility and accessi-
bility of asteroids and the moons of
In the
energy required to perform mis-

Mars. Phobos and Deimos

sions 1o them, they are more ac
cessible than our own Moon!
Rotegard made a point about the
valuable platinum group metals
(PGM), imcluding palladium and
platinum, which are thought to be

in high concentration on aster-

oidal-type chondritic bodies, such
as Phobos and Deimos. It 15 not
certain that palladiom and plat
inum will become dominant in
gredients in cold fusion technolo-
gies, but if they do, mining Pho-
bos and Deimos and other aster-
oids for PGMs could become a
high-priority space mission. The
Earth’s crust is not rich in the
PGMs, and the 215t century may
see industrial shortages if the ex
traterrestrial resource is not de
veloped.

Space missions are character-
ized by the AV and payload mass
required to carry them out, Table
2. presents tvpical AVs for a var-
ety of space missions (data com-
piled, in part, by Rotegard).
These give an idea of the magni-
tude of AVs for within the solar
system. These are typically mini
mum AYs. Higher performance
rockets capable of imparting higher AVs
could drastically cut trip times. (See Table

bl
1

e pavioad ratios for a single-stage con-
figuration in the third column of Table 2,
show how incompatible chemical rocketry is
for missions o the outer solar system. The
mass ratios become absurdly high. (Those
outer planet missions that have been carried
out 1o date have relied heavily on staging
and gravity-assist planet swing-by trajecto-
That is why high lsp 1on engines are
favored for these deep space missions

Comparing the mission performance of

rics. )

propulsion systems with different Isps and
T/MWs was put on a firm footing by W.E
Muoeckel in a classic NASA technical report
in 1972 (30), It is worth reproducing several
ures from the Moeckel study. By using
free-space equations (ignoring lift-off from
planets) and several simpliftyving equations,
he put comparative propulsion sysiem per-
formance on a sound footing. Edward Tell
et al (31) performed a similar, though much

abbreviated analysis, which also relied on
the utility of free-space approximations,
This was in the context of analvzing a non-
tokamak hot fusion rocket engine using [
“He Tuel, (Aneutronic hot fusion engines
may, indeed, have a role in space explo-
ration, though the technology required to de-
velop them likely would be very difficul
and expensive, This arca might be a suitable
research activity for people working today
on hot fusion tokamak systems, alier the ex-

|'\.'L'|U| [ '.I1i'.|:i|'l1'| ol |:|I|'l‘\.|.' ['lli"":'_il.'ll1l:t.l
‘ol fusion—space power generati
Cold Tusion e power generation

The advent of cold fusion power probably
means the end of at least one formerly very



creative and attractive proposed space pro
ject: the use of so-called “Satellite Solar
Power™ (SP5) 1o convert light from the Sun
to electricity, The proposal was 1o set up
vast acreage of photovoltaic cells in geosyn-
chronous orbit, and beam multi-gigawalls of
microwave encrgy down to collecting anten-
nas om the ground. The ground-based multi-
aere dipole antenna farm would convert the
tight beam of microwave energy o electrici

ty for the power grid. This concept was put
forth in the late 19605 by Peter Glaser of the
Arthur D. Little company,

With abundant energy available from wa-
ter on Earth, there will be no motivation or
reason o construct gigantic solar ener,
lectors in space, The late physicist Gerard K.
O'Neill, author of the pre-Cold Fusion Age
books, “The High Frontier™ and “2081: A
Hopeful View of the Human Future,” was a
leading proponent of SPS. These books il
Justrate that the projections of a far-seeing
prophet of technology like O Neill could be
completely upset by an unsuspected discov-
ery like cold fusion.

Though power beamed down to Earth
need no longer be sought, the need for elec-
e power and heating for space stations and
other spacecraft has not disappeared, Com-
pact electric generators based on cold fusion

y col-

Il-fated U.S. Skylab “space station,” with solar panels
visible, {Courtesy, NASA) A cold fusion eleciric power
subsystem would eliminate these unwieldy panels

An electric propulsion ion ¢

izine firing in a space vacuum test cell. lon engines, already

perfected in laboratory testing, require only a suitable source of electric power 1o operate
in space. Cold fusion reactors, compact and light weight, will be that source,

should become standard pow-
er cquipment for spacecrafl.
Lunar and Martian surface
aperations will also require
cold fusion electrical power
and heating. Also, industrial
in-situ processing of extrater-
restrial materials will require
clectrical power and heat.
Space mission planners
have typically discussed using
arrays of solar energy collec-

[OFs 10 pOWEr operations on
planetary surfaces, Solar pow-
er is a very weak proposition
for Mars, given that solar illu
mination a1 the Mars distance
from the Sun is about one-half
that at Earth, One study pro-
jects the reguired collecting
area for a 10-person base on
Mars (32}, The designers con
cluded that the base would re
quire about 10°= joules/Mars
vear for an average continu-
ous power of 20 Kilowatls
For high Martian latitude, this
would be provided by an ar-
ray of Sun-tracking solar cells
8760 m= in arca, with a mass
of 113,900 kg. Small cold fu
sion penerators in this power
range for termestrial home use,
which are now being devel-
aped. could provide the Mars
base power for a minute frc-
tion of that mass.

LR, French (33) has dis-
cussed the great benefits for
Mars missions ol e¢xtracting

rocket propellants from the thin (mostly
02 Martian atmosphere. Mars air is taken
in, |_'|,|||'|'|1-||_'\_\|_'|,|:_ and the O~ hl.'['l.lf.l.ll."f.l A
thermal decomposition unit then manufac-
tures flu-|1|'n[|q_;||..u1l rocket fuel, liquid CO
and liguid O=. (Others suggest carrying
some liquid hydrogen 1o Mars and using it lo
create methane and oxygen rockel bi-propel-
lant from the Martian atmospheric CO<).
This permits launching a much smaller mass
toward Mars on carly missions, because the
propellant for the entire mission is not car-
ried. Using small cold fusion power sources
to produce this propellant will make its use
even more attractive for surface opera-
tions—and for the retum to Earth, One can
readily imagine roving vehicles and Mars
aircrafl powered by cold fusion motors or
the cold fusion-manufactured propellant.

Cold fusion energy will reduce the launch
mass of on-board chemical consumables
needed for Mars exploration. It will elimi
nate the hazards and the radiaton shielding
requirements of proposed Mars mission fis-
sion reactors, There is no guestion that cold
fusion will make Mars exploration much
more attractive, Since the time frame for
Mars missions is early 21st century, it is
likely that the very first human explorers ol
the planet will rely on cold Tusion power
generation.

Far oul possibilities?

The advent of a radical departure from a
reigning scientific or technology paradigm
rarely comes easily. For nearly five years
since its announcement, cold Tusion has
been both mocked and ignored—despite the
immense technological implications of the
phenomenon. The Wright hrothers experi-
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The KIWI-A fission nuclear rocket being test-fired with hydrogen propellant in July 1959,

(Courtesy, NASA)

enced similar difficultics convincing the
world that their powered areraft was real—
even though they were flving near an in-
terurban railway for all the world 10 see a
Huffman prairie near Dayton, Ohio (34).
The New York Times did not pick up on the
story, It ook nearly five years from Decem-
ber 17, 1903, at Kitty Hawk 1o the Wrights®
triumphant demonstration at Fort Myer, Vir-
ginia, in September 1908, to end the dispute,
Robert H, Goddard's work on spacefligh
was also attacked by the “estblishment™ in
a 1920 editorial in the New Yaork Times,
which stated: “That Professor Goddard with
his “chair” in Clark College and the counte-
nancing of the Smithsonian Institution does
not know the relation of action to reaction,
and of the need to have something better
than a vacuum against which to react—o
say that would be absurd, OF course, he only
seems o lack the knowledge ladled out daily
in high schools . . )" The Tines formally
retracted this editorial after the Apollo 11
lunar landing in 1969,
Cold fusion pioneers Drs. Pons and
Fleischmann were attacked in an April
30, 1989 New York Times editorial in
even sharper terms than the paper had
used against Goddard, The Times edi-
torial said, “[the University of Utah]
may now claim credit for the artificial
heart horror show and the cold Tusion
circus, two milestones at least in the
history of entertainment, if not science
... Given the present state of evidence
for cold fusion, the government would
clo better to put the money on a horse.”
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All this, while still acknowledging that there
might actually be something to cold fusion
after all! One wonders when the Times will
get around to retracting this editorial faux
pas.

Given the surprises of the past five yvears,
may we expect other shocks in the cold
fusion field that would affect space technol-
ogy? Yery likely so.

One such new direction might emerge (1
definitely reserve judgment on this shocking
claim, but insist that it must be investigated.)
from the extroordinary allegations and
demonstrations of an eccentric American in-
ventor, Mr. Stanley A, Meyer of Grove City,
Chio, Mever claims 10 have discovered a
process whereby a stochiometric mixture of
hydrogen and oxygen is liberated from ordi-
nary water with far less energy than normal
electrolysis. Meyer has described his ““Water
Fuel Cell” apparatus in a series of U5,
patents, the most important of which appear
to be US. #4.798,661 and U.S. #4.936,961

Perhaps the biggest

near-term boost that cold
fusion could give to space

exploration would be a

large shot of adrenaline

to terrestrial national
economies.

(32,300, 10 Tact, MEYer claims ms
process to be so potent, that he has
managed, he says, to power a small
dune buggy (with a 47 HP YW engine)
by combusting the stochiometric Hy-
05 gas. The gas is generated, he
claims, with a small amount of power
derived from the vehicle's alternator,
which is fed to his patented circuitry,

S0 shocking are these Mever claims
that no one even in the open-minded
cold fusion Meld would have taken
them seriously, had not retired Admiral
Sir Anthony Griffin of the Roval Navy
not vouched for them as an eye-witness
(37.38). Several groups are now at
work attempting to replicate and under-
stand the ramifications of the Meyer
apparatus. Al least one respected theo-
rist in the cold fusion Geld has suggest-
ed that Meyer's process involves the
nuclear-induced splitting of the oxy-
gen-hydrogen bonds in water.

Meyer apparently has developed a
resonant circuit with inductive and re-
sistive elements that applies unipolar
pulsed power at high voltage and low
current to @ “water capacitor” stainless
steel electrodes with ordinary water be-
tween them. He claims non-Faradaic
dissociation of the water in his cell,
i.e., dissocistion of water into Ho and
4 not proportional 1o current passing
|h?uug!1 the water {(which requires no
current-carrying salt to operate). Mever is
not trained in the mold of an academic sci-
entist, so he has not published scientific data
that would establish these claims firmly. He
has not published the specific power ratio
that his resonant apparatus can achieve—the
combustion energy of the Hy-05 versus the
input power, Monetheless, his demonstra-
tioms, which have been witnessed by several
engineers and scientists, are impressive.

Could Meyer have stumbled onto another
strange aspect of “cold fusion?” He, himself,
suggests that he has discovered a way to tap
“zero point cnergy.” Several researchers in
the cold fusion ficld who are now trying to
verify the Mever claims hypothesize that a
low-level endothermic nuclear process may
be responsible for breaking the hydrogen-
oxygen bonds. Consider this question.
Which is less “believable™ a priori: {A) the
occurrence of radiationless nuclear-derived
heating of metallic lattices, or (B) radiation-
less breaking of chemical bonds via nuglear
reactions? We now know that (A} is
true—at least for some cold fusion ex-
periments, It doesn’t seem such a
stretch that (B) could be true as well,
but the evidence, though tantalizing, is
stll non in.

The Meyer Process, if real, would
have extraordinary implications for
space travel. It would be possible to de-
velop true “water rockets™—rockets
that would wse liquid water as propel-
lant, and yet achieve the high specific
impulse of eryogenic Ho-05. This
would lead to large savings in the



cquipment currently required to handle lig-
uid Hy and liguid Og: cryogenic turbop-
umps, sophisticated and separate tankage,
elc. Where now safety issues at launch (e.g.
the 118, Space Shuttle) are extraordinary,
the hazards of launching a water rocket
would be minimal. This could lead ultimate-
Iy to simple, inexpensive, and widespread
hoosting 10 LEQ and beyond., Funhermore,
since Mars, comets, Jupiter’s moon Europa
and perhaps some sublerranean or polar re-
gioms on the Moon already have significant
stores of water, the water fuel would
already be widely distributed in the
solir system,

So, for the ultimate opening of
the High Frontier, let us hope that a
secand “miracle” has really come
out of Ohio—that Stanley Meyer
has indeed followed in the fomsteps
of the Wrights. However, the agro-
space community should not wait
for Meyer 1o be more open about his
work. The implications of cold fu-
sion for space technology are al-
ready revolutionary enough. Would-
be space pioneers will doubt them at
their own peril,

Perhaps the biggest near-term
boost that cold fusion could give o
space exploration would be a large
shot of adrenaline to terrestrial na-
tional economies. The emerging
technological revolution cold fusion
will unleash will cause tremendous
distocation, as societies try to adjust
to the beginning of the end of the
Fossil Fuel Age. But the cold fusion
era should also create much new
wealth in emerging industries. An era of
technological optimism and economic re-
vival will, one hopes. find a place for greatly
expanded space exploration. When histori-
ans look back at the strange 40-year gap that
will separate the lunar exploration of 1968-
1972 from the Mars missions and Moon
trips of the early 21st century. they may con-
clude that these had to await cold fusion.
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