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Abstract. This presentation is about laser space propulsion (LSP), a subset of
beamed energy propulsion. After outlining a brief history of the topic and reviewing
terminology, we will survey applications which have been suggested and identify those
which appear to be highly realistic. It is our contention that most of these, in the near
future, will be unmanned and occupy a unique technological niche where LSP based on
laser ablation can show strong advantages to the current inhabitants of the niche.
Examples are micropropulsion, lifting space vehicle components off the planet,
launching completed space vehicles into interplanetary trajectories, and deep space
propulsion. There are also military niches, and certain advantages for fs pulses, based
on recent work in the fs regime. Perhaps the most exciting application is using LSP to
assemble spacecraft in orbit at low cost. We will discuss the three reasons for this
anticipated cost benefit.

EARLY DEVELOPMENTS IN LASER PROPULSION

The earliest reference to photon propulsion is in a 1953 paper by Eugen Singer
[1] published in 1955, well before the demonstration of the laser [2], and probably
about the time that Charles Townes thought of it. In the paper, it is shown how one can
circumnavigate the universe in 20 years. However, this and related papers by Marx and
Mockel [3,4] a decade and more later did not consider laser ablation propulsion, but
rather rockets driven by the reflection or absorption of photons. This is essentially the
laser-driven photon sail problem. Even in total reflection, the momentum coupling
coefficient, the ratio of coupled momentum to laser pulse energy W,

Crn = mAV/W = F/P (1)

is limited to 6.7E-9 N/W, but specific impulse Iy is as large as it can be, 3.1E7
seconds. Ablation efficiency Nap = goCrlsp/2 = 1.

These facts mean that, as an example, to accelerate a 1-tonne object at 1 Earth
gravity, 1.5 TW of optical power is required. Mdckel did not shrink from this,



envisioning a 1TW, 1-km diameter xray laser beam with 1A wavelength impinging on
a 1-km diameter sail to propel a spacecraft to a-Centauri in 10 years [4].
Sdnger’s Aero Digest paper [5] is notable for its optimistic conclusion, which
provides an encouraging backdrop for this paper:
No, we do not have to resign and humbly fold our hands in
our laps. The infinite universe is small enough to be open to
the initiative of every one of us, open to its ultimate
boundaries, everything accessible to human beings.

ABLATIVE LASER PROPULSION

In 1971, Kantrowitz was first to suggest the more practical approach for the near
term of using expensive laser power to heat a propellant sufficiently to produce a vapor
or plasma jet for thrust [6], which is the principle of ablative laser propulsion. Shortly
thereafter, Mdckel also considered a laser-heated hydrogen gas exhaust [7]. This
approach is practical simply because the specific impulse Isp characteristic of laser-

heated plasma temperatures

Isp = (2kT/mE)0'5g0 << ¢/go, ()

so that Cp,, which is constrained by the relationship
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Figure 1. Specific impulse vs. momentum coupling coefficient for several types of photon-powered
flyers. Lines of constant energy investment are shown.




CmIsp = 2MAB/8o 3)

is orders of magnitude larger than in the case of photon propulsion, so that lasers with
practical power levels can propel useful payloads in relatively short-duration missions
[Figure 1]. In the Figure, we show lines of constant specific energy density Q*, where

Isp = (Q*/20)Crn 4

in order to compare the immense energy investment (E = mc2!) in a light-speed exhaust
with that of, for example, water cannons [8]. Other references for the data in the Figure
are: Myrabo [9], Photonic Associates (PA) ns-pulse microthrusters [10], Yabe [11] and
PA ms-pulse microthrusters [12].

Missions are of short duration on the scale of Sdnger’s dreams because ablation
fuel lifetime Ttaop of mass M with laser power P is

TAB = 2NABM/(PCi2) = 2naABM/(FCrn) (5)
and decreases sharply with increasing C,, and thrust F.

PRESENT COSTS OF LIFTING MASS TO LOW EARTH ORBIT

The way we
Table 1: Present Day LEO Launch Costs to Low Earth now send things to

Orbit (LEO) space is  very
expensive. Present

Launch System Minimum Cost (k$/kg) day costs of raising
Rockot 10 mass from the Earth’s
surface into low Earth

Shuttle 12 orbit (LEO) with
Athena 2 12 chemical rockets is
Taurus 20 more than $10,000/kg

[Table 1]. This cost,

ISS, commercial 22 equivalent to the cost
Pegasus XL 24 of gold, dominates all
Long March CZ-2C 30 othe}r considerat_ions
relating to spaceflight,
Athena 1 41 limiting what we
consider to be
possible. But it need
not be so.

EXPECTED COSTS WITH LASER LAUNCHING

Phipps and Michaelis[14], taking advantage of an innovative conceptual design
for a very large pulse energy laser system appropriate for launching large payloads



[15], showed that there is an optimum set of parameters for laser space propulsion
which can reduce the cost of lifting mass to LEO nearly 100-fold from its current level.
Figure 2, based on the costs derived in that work, emphasizes that rapid launch is one
of the main reasons for the reduced cost. When a curve for 0.01/day launch frequency
(typical of the Shuttle) is added to the original graph, it is seen that cost is even greater
than current costs (50k$/kg vs. $400/kg for 5 per day).

This behavior occurs because the costs of personnel and facility amortization,
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Figure 2. Cost of laser launching 10 tonnes to LEO using a repetitive-pulse deuterium-fluoride
laser, figure adapted from ref. 17 to illustrate the importance of launch frequency.

which depend linearly on time, easily outweigh the cost of consumables when launches
are infrequent.

The results are reasonable even for more modest laser power scenarios. With
optimum flight profiles, it costs about 100MJ/kg to put mass into LEO [13], and
several kg can be delivered using ablative propulsion with a 20-kW laser [16]. Present
energy costs are about 3¢/MJ at retail on the ground. Accordingly, it ought not cost a
great deal more than $3/m per kg to reach LEO where m is the product of all
efficiencies intervening between the wall plug and the kinetic energy of the laser-
ablation rocket exhaust. That this cost can be as little as $300/kg makes sense even if 1)
is as small as 1%.



The point is that laser launching is uniquely adaptable to a high launch
frequency, while chemical rocket launches, even given extensive development, have
not shown that capability. However, either chemical or laser technology could probably
be inexpensive if it could achieve several launches per day, and probably corresponds
to a $50,000 ticket per passenger to LEO [17].

APPLICATIONS OF LASER PROPULSION

So many interesting application studies in this field have occurred that only a
cursory review is possible here. Many of these have benefited from careful physics
study of the laser-plasma interaction [18-20], leading, for example, to the double-pulse
illumination scheme [21]. Others [e.g., 22,23] have considered tasks such as near-Earth
object (NEO) deflection which will be a long time coming, to say the least.

Launching to low earth orbit (LEO) and beyond

Myrabo [24] described, developed and flew a laser-driven aerospike flyer or
“Lightcraft” which can potentially operate in both air-breathing and vacuum modes.
This flyer has a very specific design featuring light concentration near the rim of a
frisbee-like shape that provides thrust from laser supported detonations in air or from
ablation of solid material placed near the ring focus. A version of this flyer has flown
to altitudes of 71m using a ~20kW laser[25]. Bohn [26, 27] has reported flying a wire-
guided parabolic device to a height of a few m in the laboratory. This device could be a
first stage for a LEO-insertion vehicle. Whether it could go all the way to orbit without
also destroying the crucial part of the reflector located near the ring focus due to UV
radiation from the plasma formed there has yet to be demonstrated.

An alternative cone-shaped flyer design has been discussed which would launch
from 35km altitude to LEO. The flyer was 0.95m diameter, with a length-to-diameter
ratio of 1.0. Simulated flights in a model atmosphere with realistic drag coefficients
delivered 6.12kg to LEO in 690 s with a IMW laser driver. The delivered mass ratio
was m/M =0.32 [16].

The laser -powered heat exchanger concept [28] offers a creative way to bypass
many of the technological problems which have delayed the actual realization of laser
propulsion to LEO. Neither concept has been built and flown.

Advantages of laser launch to LEO are many, and this application is believed by
its proponents to offer a quantum shift in access to space. It is at least as practical as
Forward’s space elevator concept, although technical difficulties may put both of them
further in the future than their proponents would like. These advantages include:

a) Drastically reducing the cost of unmanned exploration of the solar system by
permitting assembly of larger space vehicles on orbit from many small ground-based
launches.

b) In ambient atmosphere, offering the possibility of optimally efficient
propulsion by adjusting Cy,, and I, on the fly to match gravity and atmospheric density
[29].

¢) In vacuum, offering the possibility of I, values well beyond those available
from chemical propulsion for larger delivered mass ratio over interplanetary distances,



possibly competing in the future with ion thrusters and other high I, electric
propulsion systems [10].

d) The cost of energy and of energy converters on the ground is extremely small
compared to the situation in space, where a component such as a valve or a turbine
costs as much as the same mass of gold on Earth, just by being in space, without even
considering the usual highly inflated development and space qualification costs.
Meanwhile, for Moon-based or space-based stations, nuclear or solar concentrators
look good, economically speaking, when compared to the cost of hoisting and
combining chemical fuels to such sites.

e) Femtosecond pulses can offer some advantages by reducing the size of
transmitting apertures required to achieve plasma formation at large range in space,
because of the lower fluence threshold for short pulses [30, Figure 3].

ORION

Phipps has suggested clearing near-Earth space debris in the 1-10-cm size range
by pushing them into an orbit whose perigee intersects the atmosphere[31, 32]. To do
this, Av of only 100m/s is required so that, even with a 1-m beam diameter at the
higher altitudes (up to 1500km) for which the ORION system was designed, it is
possible to clear near-Earth space in two years with a modest laser power. The name,
suggested by NASA personnel, was previously used for a sail driven by the flux of
repeated nuclear detonations [33]. A complementary proposal by Schall [34] to locate
the debris de-orbiting laser station in space also has great merit. This is because orbital
velocity allows it to sweep out an equal volume of space per unit time with a much
smaller aperture, because the detection problem is in some ways easier, and because
the vector relationship between the laser propagation and debris velocity vectors is
more appropriate.

Craft Propelled by water cannon phenomenon

Yabe has suggested and demonstrated laser propulsion of small objects in the
laboratory with applications ranging from propelling aerostats for atmospheric
monitoring to passenger airplanes to nanobots in the human bloodstream [11, 35-37].
Very large Cy, approaching 0.1 N/MW is attained by causing the laser-produced vapor
to eject liquid, usually water. Very small Igp must correspond to such Cy, values
(Figure 1), meaning that long-duration missions are only possible when the liquid is
continually resupplied. These applications occupy a very interesting range of the Igp vs.
Cm diagram.

Planetary defense

Serious consideration has been given to laser deflection of asteroids large enough
to be “epoch ending” [23, 37, 38]. Two crucial disadvantages relative to laser
deflection exist for the alternative of NEO deflection using nuclear weapons: a)
dangerous NEO’s will, by definition, be discovered on first approach leaving small
reaction time and moving toward Earth at speeds that may require a total Av of order



60km/s from the propulsion system carrying the nuclear weapon, and b) retargeting
after a failed deflection attempt is very expensive. However, the laser power required
to do the deflection for an epoch ending NEO is astronomical and several GW are
required to deflect even a 40-m-diameter asteroid.

Laser parameters for peak momentum coupling
in vacuum from literature data
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Figure 3. Fluence required for optimum coupling and plasma formation on a target in vacuum is
a minimum across the entire range from 100fs to 100ps.

Military applications
Unfortunately, wheels will always be used for gun carriages as well as vegetable
carts, and driving passive hypervelocity kinetic energy devices in space warfare from
orbit or the Moon is potentially highly effective against predictably placed targets.
There is a serious question whether such applications will be cost-effective compared
to conventional kinetic energy weapons.

Laser microthrusters

Laser microthrusters differ from most of the other applications in that an onboard
laser, rather than a remote source of beamed energy, produces an ablation jet which



provides attitude control and stationkeeping for micro- and nanosatellites [10, 39]. The
work is being funded because it can demonstrate practical advantages against
competition in a well-bounded niche. The niche for these small motors is thrust less
than 1mN and power less than 1kW with typical values 100uN and 10W electrical.
This is a nearterm application which may be the first one to actually fly in space. Two
versions are being developed with high Cy, and high Ip, respectively (Figure 1, Figure
4). A future development path exists in which much higher-power versions of the latter
devices may be able to compete with high-I, electric propulsion devices such as ion
engines. The devices have stimulated advanced research in target materials [40, 41].

i - U .4 _‘ - .
Figure 4. Jets from the ms-pulse (left) and ns-pulse microthrusters in vacuum [see, e.g., 12]. The
ns-pulse jet was demonstrated in tests with a spinning laptop hard drive diskk, and operated for 4 hours.

Laser orbital transfer vehicles

Several authors (for example, [42] and [43]) have suggested using medium-
power lasers to drive laser orbital transfer vehicles (LOTV’s) from LEO to GEO orbits
via ablative propulsion.

Laser propulsion is especially well suited for large Av and long-duration
missions, and can be competitive in the future with ion engines and Hall thrusters,
despite the added inefficiency of converting prime power to laser light. In the first
place, this conversion step is now 20% efficient, even for ns-duration repetitive-pulse
lasers, because of advances in diode-pumped fiber laser oscillators [44]. Second, the
same Igp values that have been demonstrated for the ns-pulse microthrusters (of order
20k seconds) are equally possible with higher power lasers, and these are better
matched to Av’s for interplanetary transfer orbits than the far smaller Is, values
possible with chemical thrusters. The larger delivered mass ratio which results far
outweighs the lower energy conversion efficiency. This application is underappreciated
currently, but should receive greater interest in the near future.



Other useful applications include LEO reboost or re-entry for existing satellites
which which were not designed with, or have run out of, maneuvering fuel [22].

CHALLENGES AND CONCLUSIONS

Avoid the “snicker factor”

The main challenge that must be faced by workers in the field of ablative laser
propulsion is developing enough nearterm useful applications to avoid the “snicker
factor” for the whole field. This factor describes public reaction to an idea for which
the cost-to-perceived benefit ratio is very large, which seems more like science fiction
than reality, which does something that is already being done reliably, or which does
something that most people would not wish to do, or do not see as an urgent problem.

For example, even though multi-GW lasers can be built for the cost of a few days
of our involvement in Iraq, the snicker factor for NEO deflection is too large for such a
proposal to even get initial funding because the technological goal is so far from
current capability. The same statement applies to pushing automobiles around city
streets with streetcorner lasers (automobiles work). The ORION idea is a very good
one, but will not receive significant funding until an astronaut onboard the Space
Station is killed by debris, if then. No one will want to ride a laser beam into orbit for
quite a long time, however many papers are published, until the credibility of laser-
driven craft can benefit from a history as long as that of rockets.

These thoughts lead one to start small, in order to start at all, and to build
credibility in a gradual fashion through demonstrated performance in well-bounded
operating niches that are sparsely populated, and where the laser option is obviously
competitive, and to not shrink from seeking publicity for truly interesting
achievements.

The Lightcraft program is doing that very effectively. However, its ultimate
application is still far in the future so that funding agencies have not yet viewed major
funding as an urgent priority. We sincerely hope that will change.

One dreamer’s story

Unfortunately, it is useless to try to demonstrate success on small NEO’s (their
combination of low flux, high speed and small cross-section gives vanishing
probability for seeing and acting on one), so the ORION idea was conceived. This
concept featured a need (7% chance of an astronaut death on the Space Station in a
decade from this cause), reasonably high flux, small enough range that detection is
possible, and moderate laser power (20 kW). Yet, even at this reduced level, the buy-in
cost of $100M was viewed as a deal breaker by cash-strapped NASA, and active
attempts were made to kill the idea.

The first significant funding for our concepts was achieved for applications at a
laser power level of 1W, in a niche with few other inhabitants (e.g., the pulsed plasma
and the field emission electric propulsion microthrusters) in which no technology had
yet established convincing credibility and chemical rockets did not work well. At the



same time, the micro-LPT did not threaten well-established technologies at larger
power levels, such as ion engines and Hall thrusters.

Conclusion

Ablative laser propulsion is a vital technology which must be pursued. It can be
a tipping point to getting us off the planet. But we must have realistic applications
which have the potential of competitively occupying a unique niche. Its economics are
good for three reasons:

1) Laser propulsion devices are apparently uniquely amenable to high duty
factor, which is economically essential [Figure 2]

2) It offers tuned and variable Iy and Cp, during flight, in parameter ranges
unavailable to chemistry

3) For applications featuring lasers on the ground, the cost of energy and of
energy converters is extremely small compared to the situation in space, while for
Moon-based or space-based stations, nuclear or solar concentrators are economically
attractive.
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