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Itis not often that a new torm of transportation suddeniy appears and repiaces what was
hitherto regarded as mankind’s only realistic option. In space and upper atmosphere trans-
portation, chemical rockets have held center stage for over half a century. Tsiokolvsky’s
ideas led to Wernher von Braun’s V2, which in turn led to the Soyuz, Apollo, and Ariane
programs and the Space Shuttle. But recently theoretical and computational studies as well
as a few initial experiments have pointed to a new option: laser impulse space propulsion
(LISP). This may offer a more efficient and less ecologically damaging means of putting
payloads into orbit. The world high-power laser community is well suited to following and
aiding developments in LISP, though most practical research is still at an embryonic level.
Obviously an effort of the size required to develop a laser-driven low-earth-orbit (LEQ)
launcher would require a multinational commitment. LISP could then be regarded as a par-
allel challenge to those of achieving ICF microfusion vield and of improving X-ray lasers,
especially in the “water window.” Any physicist or engineer involved with the latter projects
would find many points in common with the former. It therefore seems appropriate to
briefly review the progress made in LISP and also to communicate some recent results from
high-power laser-matter experiments that have lead to conceptual designs.

1. History of laser propulsion and prospects

As early as 1956, authors were considering ground-based photonic propulsion of space
vehicles (Sédnger 1956). One of the earliest publications (Marx 1966) considered propulsion
to relativistic velocities and first introduced the photoablation efficiency 5 that appears in
equation (7) of this article. In the mid-1970s. a series of papers considered laser space pro-
pulsion [see Moeckel (1972a, 1972b, 1975) and Kantrowitz (1972)}. Both Sanger (1956) and
Moeckel (1972b) considered propulsion by photon reaction alone. This propulsion mech-
anism is much less efficient in producing thrust than is laser ablation, but it is capable of
achieving relativistic speeds. It is interesting that Moeckel introduced the idea of using a
180-GW laser to propel a 10-tonne vehicle. However, he concluded that laser propulsion
by photon reaction was not competitive, and with this we agree. Moeckel (1975) then picked
up Kantrowitz’s idea of using remotely generated laser power to heat propellant, in other
words, propulsion by the much more efficient photoablation process, the concept of laser
impulse space propulsion (LISP). He already realized that an optimum exhaust velocity
exists for each flight mission that is proportional to the velocity change of the mission, and
that the primary strength of LISP is that the optimum exhaust velocity can be selected and
used. At that time, such proposals required large extrapolations of then existing technol-
ogy, and the projected cost was prohibitive.

For a subject with such a long history, what has changed to account for the recent renais-
sance in interest? By the late 1970s, solid targets were being routinely accelerated to ever
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increasing velocities (v = ¢/1000) as part of the laser fusion program. Kantrowitz’ proposal
gained credence. Driven largely by that program, the available energy per shot from pulsed
lasers has grown by nine orders of magnitude in four decades: from millijoules in the 1960s
to megajoules by the year 2000. As we shall see in Section 6, not all applications require
unusually high energy: pulsed energies in the 100-J range with average power around 100 W
could, even now, be useful for laser impulse station keeping (LISK). Propulsion from the
ground, however, requires several MJ pulses per second kg (Phipps & Michaelis 1992).

While laser technology has grown to a level where only a relatively small increase in laser
parameters is required for LISP and LISK, the need for this technology has increased dra-
matically. This need springs from the imminent clash between ecologists and the business
community. This is not the place to enter into a discussion on the effect of chemical rock-
ets on the ozone layer and their contribution to global warming; but there is little doubt
that if the four major space programs attempt to continue at the present level, let alone
expand, they will face considerable “green” political resistance. On the other hand, it must
be remembered that the civilian satellite business represents several billion dollars in annual
turnover. LISP and LISK might be the solution to this conflict of interests. In the next sec-
tion we show that LISP could reduce the cost and pollution per launch, by an order of mag-
nitude, whilst LISK could prolong the life of several multimillion dollar satellites (Ashoor
et al. 1989). An added benefit of a LISP system would be its ability to induce reentry at
a given time and place; this would enhance the chances of recovering valuable equipment
and also reduce the ever-present risk of reentry in a populated zone.

The ultimate application of this work is shown in figure 1a. Because this application is
very expensive to develop (in the neighborhood of $10B), it will be the last of those we con-
sider in this article to be realized, probably by the year 2020. This case is the one discussed
in Section 5 and described in detail by the parameters in the middie column of table 3 of
that section.

In figure 1, a 2.4-GW deuterium-fluoride (D-F) laser operating in a broad band cen-
tered at 4-um wavelength is shown launching a 40-tonne object from earth to low-earth-
orbit (LEQ). The entire rear surface of the spacecraft is illuminated by the laser. The laser
is repetitively pulsed (at 6 Hz in our example) to allow choice of the optimum intensity for
the laser-surface interaction.

It may be “double-pulsed” as well (see figure I¢), that is, divided in time so that each
laser pulse is composed of a pair of pulses, including a prepulse to set up the optimum den-
sity profile for absorbing the main pulse.

At launch, the object is shown suspended from a balloon platform at 35-km altitude to
save the energy required to push through the majority of the earth’s atmosphere. Although
this is not a crucial feature of LISP, it has the further advantage of avoiding unnecessary
opacity in the relationships among parameters in the analysis we will develop in this arti-
cle. In fact, a Kennedy Spaceflight Center-type launch would not be the case with LISP:
Some initial separation from the launch platform is necessary to protect launch optics from
damage by the ablation jet.

The balloons are filled with hydrogen or methane, which is used as fuel by a small com-
pressor that deflates the balloons and returns the assembly to earth after launch, saving
most of the original lighter-than-air gas. '

About 4 min are required to reach LEO. When it reaches LEO, the object will retain only
9.4 tonnes of its mass, nearly 31 tonnes having been boiled off by the laser beam in a rocket-
like jet that drove the object into orbit. This “ablation jet” (primarily CO, and H.O)
would be much more benign than the reaction products of standard chemical rockets, for
which the main requirement is high-energy density, with environmental friendliness a sec-
ondary, sometimes unattainable, goal.
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FIGURE 1. Various LISP geometries. (a) Balloon launch of ablation rocket from 35 km altitude (see
Section 5). (b) The different LISP applications (see table 1). (I) Launch from ground (2020). (1I) LO-
LISP = LEO reboost (2010). (111) LEGO-LISP = LEO-to-GEO transfer (2000). (IV) LISK = geo-
synchronous stationkeeping (1996). (c) Double pulse thrust cycle.
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The DF laser is also environmentally friendly. It is a closed-cycle system in which the
DF product is continuously electrolyzed into D, and F, with high efficiency. No products
(not even the garbage of the electrolysis process) are vented to the atmosphere.

Table I and figure 1 summarize a variety of LISP applications. The difficulty of each
task can be assessed from the estimated laser power required. The hardest task is launch
from the ground. The easiest, geostationary orbit adjustment.

The answer to Kantrowitz’ question, “Has its time come?” could be, “Not just yet; but
this should be one of practical science’s major goals for the decade.”

2. Basic concepts and coupling theory

The science of LISP has grown from several preexisting disciplines. The basic concepts
are a combination of laser fusion and rocket propulsion ideas developed in a number of
laboratories. Laser propulsion suffers as much as any modern technology from a prolif-
eration of abbreviations, symbols, and jargon. To help the transition from one field to
another, we present in table 2 a list of abbreviations and symbols (with apologies for the
occasional repetition or statement of the obvious).

Experiments with laser-induced acceleration of small bodies confirmed a pressure law

m.(1)A44[O.75 d y , (l)
® =3.95 : ——— yne/cm-,
Z().JS(Z + 1)0.19()\\/7. )0.-5

where /14 is the mass number, Z the atomic number, X the wavelength in cm, and 7 the
laser pulse width. The intensity / is in W/cm?. Experiments indicated already in the early
1970s that velocities of orbital magnitude could easily be achieved.

The next step towards a practical method of acceleration came with the realization that
using a laser to create a high-temperature plasma (tens of eV) is wasteful: too much energy
goes into ionization and radiation. A better method would involve distributing the energy
amongst a larger number of cooler particles. This led Reilly to suggest the double pulse cycle
(Chapman er ai. 1977).

A clear description of this process is to be found in Kare (1989). Essentially (see figure ic)
a first and somewhat weaker laser pulse evaporates a measured amount of propellant that
creates a vapor shroud at a pressure of approximately I bar. A second, higher power pulse
(possibly with an initial spike) penetrates unabsorbed through the vapor and ignites a thin
high-energy plasma near the surface. As in laser fusion experiments, the solid surface of
the foil is now quickly shielded from direct laser irradiation by the formation of a super-
critical plasma density layer. At or near the outer edges of this layer, laser power is absorbed
by inverse bremsstrahlung and a laser-supported detonation (LSD) shock wave forms
(Raizer 1970). This heats the vapor uniformly to a moderate temperature of about 1 eV
(ca. 10,000 K). When the LSD shock wave reaches the edge of the vapor, the laser pulse
ceases and the hot gas expands, cools, and generates more thrust. The expansion is one-
dimensional, giving rise to the description “planar thruster.”

Some simple concepts and accompanying symbols and formulas occur frequently in LISP
theory. The customary parameters used to describe laser momentum coupling to targets
are in mixed units (but have an interesting “feel”):

* The momentum coupling efficiency C,, (the ratio of ablation momentum produced
at the target surface to laser energy (dyne s/J)). Typically, C,, ranges from | to
100 dynes/J.
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TasLE 2. LISP abbreviations and symbols

Abbreviations

AERL
AlAA
DARPA
DF

GEO

HF

ICF

KMS
LANL
LEO
LEO-LISP
LEGO-LISP
LiSK
LISK-BROOM
LLNL
LO-LISP
LSD

MJ

NASA
NEO-LISP
NRL
PMMA
PSI

SDIO

SRS

TIA

UCB
UCLA

Avco Everett Research Laboratory

American Institute of Aeronautics and Astronautics
Defence Advanced Research Project Agency (now ARPA)
Deuterium-fluoride

short for geostationary orbit

Hydrogen fluoride

Inertial confinement fusion

Former Fusion Company

Los Alamos National Laboratory (New Mexico)
Low earth orbit

LISP launch from earth to LEO

LEO to GEO LISP

Laser induced station keeping

Space junk clearance

Lawrence Livermore National Laboratory (California)
LEO correction

Laser-supported detonation

Megajoule

National Aeronautics and Space Administration
Near-earth object LISP

Naval Research Laboratory (Washington, DC)
Polymethylmethacrylate (lucite or perspex)

Physical Sciences Inc. (Andover, MA)

Strategic Defence Initiative Office

Stimulated Raman scattering

Tuned ignition array

University of California (Berkeley)

University of California (Los Angeles)

Physical Symbols, Constants, Units and Conversions

Practical cgs

Quantity Symbol (this work) SI
Average value of quantity () - -
Laser beam area at satellite A em?, x 107 = m?
Intensity absorption coefficient o cm™!, x 10° = m~!
Frequency-dependent launch cost
coefficient B $ day/J same

Thermal conductivity of a gas X cm?/s, x 107 = m?3/s
Laser momentum coupling coefficient C, dyne s/J, x 107% = ns/J
Sound speed <, cm/s, x 1072 = m/s
Normalization constant (Appendix) Cep: s/cm, X 10° = s/m
Laser beam director diameter D, cm, X 1072 = m
Satellite receiving aperture diameter D, em, X 1072 = m
Total impulse increment for mission &J dynes, x 10~° = ns
Areal mass density ablated per pulse sm g/cm?, x 10 = kg/m?
Momentuim flux per puise op dyne s/cm?, x 107" =  ns/m?
Laser beam diameter at target d, cm, x 1072 = m
Velocity increment per pulse ov cm/s, x 1072 = m/s
Velocity increment for mission Av cm/s, X 1072 = m/s
Kinetic energy flux of exhaust (Appendix) e erg/cm?, x 107* =~ J/em?
Laser fluence per pulse $ J/em?, x 10* = J/m?
Fixed launch cost coefficient F $/1 $/3
Laser repetition frequency 57! 57!

- Velocity distribution (Appendix) S(u,u,.0.) - -
Launch frequency fL day~! day~!

continued
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TaBLE 2. continued

Physical Symbols, Constants, Units and Conversions

Practical cgs

Quantity Symbol (this work) Sl
Thermal blooming gain G nepers nepers
Acceleration of gravity g 980.7 cm/s? 9.807 m/s>
Specific heat ratio c,/c, for a gas v - -
Laser ablation efficiency Nag - -
Laser intensity I W/cm?, x 104 = W/m?
Specific impulse I, s s
Transverse spacial frequency k, em™!, x 107 = m~!
Boltzmann constant k 1.38 x 107'6 erg/K, x 1077 = /K
Laser wavelength A cm, X 1072 = m
Drift Mach number, u/c m - -
Mass at start of mission M g, x 107 = ke
Mass at end of mission m g, x 107 = kg
Atomic mass number my - -
Exhaust particle mass mg - -
Laser pulse count during mission N - -
Refractive index n - -
Cosine exponent (Appendix) v - -
Barnard distortion number Np - -
Price of laser light P $ per unit mass or energy same
Pressure @ dyne/cm?, x 0.1 = Pa
Average laser power P,.. w w
Vector angle to surface normal 0 degrees degrees
Specific ablation energy o* J/g, x 10° = J/kg
Temperature (practical) T K K
Laser pulse duration (FWHM) T s 3
Flight time (powered) te s s
Energy expended per unit mass U J/g, x 10° = J/kg
Drift velocity (Appendix) u cm/s, X 1072 = m/s
Velocity v cm/s, X 1077 = m/s
Laser energy w J J
Ratio (v2)/(v,))? (Appendix) ¥ - -
Average plasma ionization state V4 - —
Range z em, x 1072 = m
Payload mass ratio M/m ¢ - -
Rayleigh range 2R cm, x 1073 = m
Siegman beam quality number I - -

e The specific ablation energy Q" (the ratio of incident laser energy t0 mass removed
from the target (J/g)). Typically, Q" ranges from 10% to 10° J/g).

The parameters we will use throughout the following discussion are defined per unit area,
except where explicitly noted otherwise. To agree with the majority of the existing litera-
ture in the fields of plasma and laser physics, as well as laser-surface interactions, units
employed are practical cgs. Table 2 offers a conversion between these and SI units.

Ablation velocity vg relative to the moving target (exhaust velocity) and ablated mass
5m determine the impulse 8p delivered to the target per pulse, which depends solely on laser
and target parameters, not on their relative velocity:

6p = vgbm dyne s/cm®. 2)
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Since
Cn=6p/® dynes/J, 3)
where & is laser fluence,
Q*=d/6m J/g, 4)
the quantity
C.Q"=6p/bm=vg cm/s (5)

is equal to the laser ablation exhaust velocity vg taking the exhaust velocity distribution
to be mono-energetic for analytical simplicity (see Appendix). Equation (5) is true inde-
pendent of laser energy coupling efficiency to the target, because this efficiency cancels out
in obtaining equation (5) from equations (3) and (4).

The so-called specific impulse for a simple, nozzle-less plane ablator is just

I, =ve/g=C,0Q0%g s. (6)

Meanwhile, the product C,, I, is directly related to the efficiency with which laser energy
is converted to ablation kinetic energy, since

1 dmui 1 ¢ L .
UEY:] £ = C;;:Q ’=

— = . CI?IQ‘ — ngI_vp
2100 2-10'% Q°

2-107 © 2-107

(N
Equation (7) defines n.4s- It is obvious that this efficiency cannot exceed unity. The re-
quirement 7,5 < 1 gives: :
Cul,<2-10"/g = 20,394
and
CoQ* =< 2-107, (8)

For launch of a payload to final velocity v in a gravity field g, the rocket equation is:
§=M/m =expl(vy + gr)/vg]. )

Since the thermal velocity of a 6000 K H,O exhaust with average mass A = 6 is 2.88-107
cm/s, equation (9) shows why the Space Shuttle tends to experience { = 16. In laser abla-"
tion, plasma temperatures can be many times 10* K, and exhaust material can be chosen
for optimum mission parameters rather than simply for combustion efficiency.

With vg = v = 7.72-10° ¢m/s and employing equations (7) and (5), equation (9)
gives, in practical terms

Ve Cr gt C, < t )
= M/m =exp| =55 (14 £ | o re 2] 10
£=Mim e"p[z-lo’n,m< vp)] exp[zs.%,,,, 787 (10a)

The factor 107 arises in conversion between joules and ergs. Equation (10a) can also be
expressed in a form emphasizing the importance of I,

U gt 787( 1 )
{=M/m exP[gls,, (l + UF)J exp[ . 57 (10b)

Equation (10) shows that the liftoff-to-orbit weight ratio M/m depends exponentially on
the coupling coefficient C,, (or 1/1,), and that M/m — 1 as n,5 — 1, flight time ¢ <«
13 min, and C,, « 26, or I, > 787, -
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Equation (10a) says that C,, cannot be too large, in other words, that we are not look-
ing for exotic laser ablation materials in this program. Optimizing the cost of launch leads
to similar choices for C,, with important differences in detail (see Section 4.2).

The time of flight ¢, is given by the solution to the transcendental equation:

1p= (MQ*/f)[1 — 1/ ] s, an

where f is the laser pulse repetition rate (s7'") and ¢ is a function of 7, With high exhaust
velocity vy > vy, and short flights 1 < 787, equation (11) simplifies to

Iy = U,M/C,,,f‘b S, (11a)

inversely proportional to the coupling coefficient, laser energy, and laser frequency. The
energy expended per unit mass placed in orbit by N laser pulses is

U=N&/m=0H—-1 Je. (12)
Levitation is achieved when
f=Mg/C, & Hz (13)

I, can be the highest of all systems with laser ablation, as illustrated by comparing table 3
with figure 2. However, we will see that we do not want /,,, much larger than 600 s for the

Specific Impulse for Laser Ablation
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FIGURE 2. Survey of specific impulse measured with various intensities and materials.
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TaBLE 3. Specific impulse for various propulsion materials

Specific impulse 7/,

Fuel or system (s)
Aluminum at | GW/cm, 248 nm 2000-8000
PMMA at 10 GW/cm?, 248 nm 700-1000
Nuclear thermal rocket 925
Hydrogen/fluorine 371
Oxygen/hydrogen 345
Pyroxylin at 10 MW/cm?, 10.6 um 300
Zinc/sulfur 20-50

earth-to-LEO mission. We have shown that /;, should not be much larger than 300 s for
LEO-to-GEO transport (Phipps & Michaelis 1992). Even lower [,,, corresponding to very
high C,,, is useful where very high acceleration is required or in small orbit changes at
great distance, where a minimum cost of laser light delivered is the only economic concern.

Figure 2 demonstrates that laser ablation gives laboratory-measured specific impulse far
exceeding values that can be obtained chemically, or have yet been obtained with nuclear
thermal rockets, if such high 7, is desired.

3. Laser impulse coupling advances

There are two distinct physical regimes in pulsed laser ablation. These are as follows.

3.1. High 1, with surface absorbers'

For metals and other surface absorbers in vacuum well above the plasma formation
threshold intensity, the same theory that produced equation (1) shows that 7, can be deter-
mined fairly accurately given just the laser intensity 7 (W/cm?), wavelength A\ (cm), and
pulse duration 7 according to:

I, = C,Q"/g = 1400 £,z (INNT)>¥ cm/s. (14)

The function f,; = 1 depends on the average plasma atomic mass number A and ioniza-
tion state Z,
Figures 2-5 summarize our data for surface absorbers:

* We measured /, < 8000 s on 6061 alloy aluminium at 248 nm, and /,, = 1000 s on
PMMA at 248 nm.

® The C,, value consistent with these /,, values in simple, surface-absorbing materials
is low, about 3 dyne s/J.

* The ablation efficiency 7,5 was low for most of the surface absorbers, except for alu-
minium, where the trend line approaches 50% at intensity near the plasma ignition
threshold.

* At the same intensity, a factor of 5 enhancement in /,, generated on aluminum is pre-
dicted from changing to 4-um wavelength from 248 nm and 50-us pulsewidth from
40 ns (figure 3). C,, will be about 1.3 at 4 um.

* On glass with 10-um wavelengths and 2-us pulses, we found Isp = 400 s at the same
time that C,, = 4.5 dyne s/J, with I = 15 MW/cm?2.

"The second author (M. Michaelis) conducted early experiments (1974) with surface absorbers but had no'part
in generating the later results reported here.
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Specific Impulse for Aluminum, 248 nm, 40 ns pulse
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FiGURE 3. (a) Aluminium coupling data obtained with a pulsed KrF laser, compared to theoretical
prediction for KrF and extrapolation to 50-us pulse DF. (b) Data of part (a} reexpressed as ablation
efficiency. '




34 C. R. Phipps and M. M. Michaelis

PMMA, 248 nm, 40 ns
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F}GURE 4. (a) KrF laser coupling data for PMMA. (b) Data of part (a) reexpressed as ablation effi-
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We wish to limit laser beam intensity to 10 MW/cm? in the atmosphere, to minimize ther-
mal blooming. In figures 3 and 4, we summarize our data for /, on aluminum and
PMMA. It is seen that we have a trade-off within each data set: large C,, with low /,, or
standard C,,, with high I,,,. This behavior is predicted by surface-absorber coupling theory,
as well as by equation (8), and is a consequence of energy conservation.

3.2. High C,, with volume absorbers

Volume absorbers are materials that benefit from trapped ablation (Phipps 1990; Fab-
bro er al. 1991), including both homogeneous, moderately absorptive materials, and com-
plex stratified targets. A key feature of these data is the characteristic Q" minimum in the
intensity interval between efficient vaporization onset and development of plasma shield-
ing (see figure 6). This Q* minimum is located nearly opposite the C,, maximum, a fea-
ture that also results from plasma shielding.

In simple, homogeneous volume-absorbing materials, ablation trapping is a consequence
of laser absorption throughout a finite absorption depth 1/« (rather than just on the sur-
face) that results in subsurface detonation.

Recently, there have been exciting advances in laser impulse coupling (Phipps et al. 1990)
from work in this area: The largest coupling coefficients (90 dyne s/J) yet measured at that
time for any laser wavelength or pulse width in vacuum were reported by Los Alamos work-
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ers investigating volume-absorption vacuum ablation of pyroxylin by a pulsed CO, laser
(figures 6a and 6b). Large C,, values are important, since the laser energy required to lift
a vehicle is inversely proportional to C,,,.

However, the most important feature of the data presented in figure 6a is that it shows
attainment of 95% efficiency in the conversion of laser energy to ablation kinetic energy.
This is probably the first time such behavior has been clearly seen, and it is a crucial basis
element for our LISP concepts.

Volume-absorbing behavior was first identified in our work with HF lasers. We observed
(figure 6¢) that C,, values obtained with several nonmetallic targets were nearly an order
of magnitude larger than predicted by the surface-absorber theory. It is important to note
that C,, values as large as 17 dyne s/J have been obtained at 3-um wavelengths from sim-
ple, homogeneous materials.

We have done a lot of the work in this interesting area over the past decade, and our
work in laser impulse coupling theory (Phipps 1989; Phipps et a/. 1990) and measurements
(Phipps et al. 1988) has become well known. Nevertheless, it is clear that much remains
to be done to better understand and measure infrared laser momentum coupling and mass
removal rates.

4. The high-efficiency DF laser
Infrared lasers are the best choice for heavy-lift space propulsion for four reasons:

optimum atmospheric transparency;

unequalled electrical efficiency;

by far, the lowest cost per unit output;

unexcelled momentum coupling efficiency to targets and intensities appropriate for
transmission through the atmosphere.

W -

Since equation (1) shows that for plasma threshold surface absorbers, C,, = P/I = (I \V7) %%,

it is clear that for the same intensity and pulse width, shorter wavelength gives better cou-
pling. However, volume absorbers in the infrared have given the largest coupling coeffi-
cients yet seen in vacuum.

Analysis shows (Phipps 1990c) that the cost of pulsed laser electrical power subsystems
is the main factor in high-energy laser cost, followed by the cost of optics. Laser electrical
efficiency is therefore a major consideration. Chemical laser demonstrations at Los Ala-
mos have demonstrated electrical efficiency in excess of 1000% in the 10-um DF-CO,
transfer electron-beam-initiated laser (York 1991), 100-1000 times larger than for the best
conventional lasers, and a laser technology breakthrough. Electrical efficiency 7z is the
ratio of laser energy output to the electrical energy required to initiate the chemical reac-
tion uniformly and quickly to produce the desired laser pulse duration. Since most of the
laser pulse energy is derived from chemical energy, we can have n¢ > 1.0. This is not a friv-
olous statement, since the cost of pulsed electrical energy (including electron-beam guns
and pulsed electrical power supplies) dominates the cost of chemical energy and is a main
determinant of laser cost, the other being the cost of optics. The main reason this laser can
be so inexpensive compared to other types is that most of its output is not derived from
pulsed electron beams. The 4-um DF laser maintains the electrical efficiency of the DF-
CO, transfer laser (by eliminating the vibrational transfer step) while being better able to
focus at large distances.

This efficiency derives, in part, from using very long (50 us) laser pulses in high-gain laser
cavity configurations to extract all the available inversion energy. As a serendipitous ben-
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efit, this pulse width is nearly optimum for efficient momentum generation on solid tar-
gets (Phipps et al. 1988).

With the advent of the efficient long-pulse HF/DF laser have come concepts for the min-
imization of large optics (Phipps 1989), reducing the other significant component of high-
energy laser cost.

4.1. Which wavelength is best?

For the ground-based LISP concept, minimizing atmospheric attenuation and the atten-
dant thermal blooming instability are crucial considerations. The total atmospheric atten-
uation of various laser wavelengths, averaged over the indicated number of lines, is indicated
in table 4. Shorter wavelengths than those shown are attenuated even more strongly by sea-
level aerosols. It is seen that DF is the best wavelength for propagation to space. Our design
philosophy is not merely addressed to avoiding energy loss. Absorption heats the air, induc-
ing “thermal blooming” of the beam due to thermal refraction, and convective-turbulent
distortions over a number of pulses. Even with DF, 1.2 kW/m? will be absorbed from the
beam by sea-level air, but, over most of the path, the absorbed power density is <70 W/m?.

We do not believe there is a problem from conversion by stimulated Raman scattering
(SRS) in the atmosphere at 10 MW/cm? and 4-um wavelength. Further study of multiline
spectrum effects is planned in our proposed research program to see how effectively the
separate wavelengths cooperate in producing SRS, relaxing the intensity limit posed by SRS.
However, we have chosen our beam intensity assuming complete cooperation. We note that
the SRS beam-intensity limitation is proportionally more stringent at shorter wavelengths,
giving a definite advantage to DF.

The final consideration affecting wavelength choice has to do with focusing optic size
as it relates to propagation range z. In the Kogelnik-Li theory (Kogelnik & Li 1966) gov-
erning Gaussian beam propagation, the expression governing these quantities is

D = 22Vu\z/7 = \2d, cm, (15)

where the beam is p times diffraction limited, d; is the spot size at the beam waist on the
distant object, z is the range, and D is the mirror diameter. The sacrifice for using a 4-um
wavelength is not severe for LEO-LISP applications.

4.2. DF laser cost

The cost of the high-efficiency DF pulsed laser is considerably smaller than the cost of
conventional lasers of the same pulse energy. Our studies have indicated that MJ-class lasers
using standard optics can be built for about $10/J of pulsed output. Our studies suggest
that a 100-MJ single-pulse laser will be substantially cheaper than $10/J. This figure for
high-efficiency long-pulse chemical lasers is surprising but credible for three reasons:

TaBLE 4. Which wavelength is best?

Wavelength «, Sea level « at 12 km

Laser (um) (km~") (km™" No. lines
CO, 10 0.0715 0.0078 4]
HF 3 0.122 0.00036 10
DF 4 0.0403 0.0023 63

Nd:GLASS 1.06 0.05 0.01 .. 1
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1. The few optics that do exist (an unstable resonator mirror set and an output win-
dow) can be 30 times smaller per output joule relative to the short-pulse case, because
of the increase of optical damage threshold of metal mirrors with increasing pulse
duration.

2. We are more accustomed to costs around $1000/]J for large-pulsed laser systems, but
these apply to very-short-pulse (typically 10 ns) lasers for fusion. The amount of
pulsed electrical initiation energy required ranges from about 7 kJ/L (Phipps 1990c)
for short-pulse Nd:glass lasers to 100 J/L (Phipps 1989) for chemical ICF lasers. For
the DF chemical laser we propose for LISP, the initiation energy is 100 times smaller
at about 1 J/L. Pulsed power being the dominant cost factor in a laser with few opti-
cal components, the 100-times-smaller laser cost derives to first order from a 100-
times-smaller pulsed power requirement. Stated another way, the cost per stored
electrical joule is about the same as in other laser concepts.

3. Itis well known that the unit cost decreases with larger devices. Cost studies for the
Meteor series of DF lasers (Phipps 1990d) suggest that a 100-MJ single-pulse laser
will be substantially cheaper than $10/J, which was estimated for a 1-MJ laser. We
think that the higher unit cost of the repetitively pulsed capability required for LISP
will be counterbalanced by the unit cost reduction due to scaling from 1 to 100 MJ
per pulse..

Chemical energy cost is, of course, the most significant component of the launch cost. The
energy cost for one 100-MJ laser shot is about $200. This figure is achieved by efficient
electrolysis of the DF reaction product, plus postprocessing the electrolysis byproducts to
nearly eliminate consumption of D,. Including the fact that the DF laser’s chemical effi-
ciency (light output divided by chemical energy input) is 7%, the operational energy cost
is $0.14 per MJ of primary energy, or $2 per MJ of light energy, compared to about $0.02
per MJ current cost of commercial electrical energy. It is apparent that the cost per pound
depends upon launch frequency as well as /,, and C,,.

For reasons given above, we analyze launch price per joule in this range of energy as being
composed of a fixed component, plus a component that decreases with launch frequency
Si(day™'):

P=F+ B/f, $/] (16a)
and is calculated following, where f is the daily launch rate.

For the 150 GJ invovled in a typical launch using 1500 pulses from a laser capable of
100 MJ per pulse, we estimate:

® Laser consumables $300k

¢ Ablator $70k

® Facility amortization  $500k/f
¢ Crew $150k/f

from which we take F = 2.47-107¢ and B = 4.33-107°, using linear scaling, a conserva-
tive assumption as laser size increases. Facility amortization costs are based on a total facil-
ity cost of $3B at 5% of the annual interest rate.
Now the cost per unit mass lifted into orbit is given by
PU=Q%F+B/f))(¢r—1) $/g. (16b)
Substituting equations (10b) and (11) into equation (16), we find:

1'1047’/13( 3.92) UFC ( g’[.) }
PU = —F"=12.240 + =—= ——7 |1+ &£ -1 /1b, 17
Cr%r fi {exp 2:107 945 Ur 5 ("
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TasLE 5. Minimum LEO cost (3/1b) with
optimum ablation parameters

Launch frequency Cost
1 142

2 97

7 64

100 52

where vg and 1 are parameters at LEO insertion. To find the ideal coupling coefficient in
terms of cost per pourd into LEO, we differentiate equation (17) and find that there is a
definite minimum, given by the solution of the transcendental equation:

bC,, = ~In(1 — bC,,/2) (18)
the solution of which is C,, = 1.59/b, where
Ur lr
b= ————I[1+ —]. 18
2-10%;,,,;( 787) (182)

In other words, the ideal coupling coefficient C,, = 41.3 dyne s/J for short flights to LEO
(1 < 13 min), about 33 dyne s/J for realistic 75, and either higher or lower C,, values are
quite costly. Energy conservation [equation (8)] then requires that Iy, = 500. Results for
the minimum launch cost to LED are given vs. launch frequency in table S.

Equation (17), behaving like exp(C,,)/CZ, changes rapidly around the minimum (see
figure 7) and is already 90% above minimum cost when C,, = 100 and again when C,, =
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10. For C,, = 1, the cost factor is about 17 times the minimum cost. These data are com-
bined in the calculations leading to figure 7, which shows cost per pound from earth into
LEO using DF-laser LISP reaching $77/1b at f; = 7 launches per day. Not much improve-
ment ($63/1b) is obtained by going to 100 launches per day.

Figure 7 shows that the demonstrated performance of pyroxylin volume absorbers
{C =65 dyne s/J at 545 = 95%] is already more than adequate (at 10-um wavelength)
to drive the cost of LEO launch to $50/1b. The best mass ratio, { = M/m, which is deliv-
erable with C,, chosen for optimum cost [equation (10a)], is exp(1.59) = 4.88.

4.3. Beam directors and thermal blooming

Figure 8 illustrates the method of operation of an active phase conjugation system devel-
oped by Minneapolis-Honeywell for Lockheed (Mehta 1992). This is the first system that
has sufficient bandwidth (about 1 kHz) to match the bandwidth of atmospheric scintilla-
tions.

We have addressed the thermal blooming instability by applying the recent detailed theory
of Barnard (1989). For laser pulses in the us regime, there are four regimes of interest as
the transverse spatial frequency of the initial beam intensity perturbation increases from
those of whole-beam effects to ripples on the order of 1 mm. Exponential gain G for per-
turbations of spatial frequency k, is given by four expressions that fold smoothly into each
other at boundaries between regions of applicability.

In equation (19), (see table 6) x is the thermal conductivity of the atmosphere, about
0.22 cm?/s, z is the range (cm), 7 is the actual laser pulse duration (s), Kk = 2=x/X, N is the
laser wavelength (cm), and /; is the laser beam intensity (W/cm?). The parameters are
refractive index (n — 1) = 2.68-1074, specific heat ratio v = 1.393 (Eshbach 1952), k =
27/, and the intensity absorption coefficient o (¢cm™!) is given in table 4.

The important point about this progression is that the gain for high-spatial-frequency
transverse beam perturbations first increases proportionally to £!”? but ultimately satu-
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TaBLE 6. Gain for thermal blooming and inhomogeneties

k, condition Exponential gain G
_ 4;.571.6 172
a. k< 196[(n = Dhacsk™) "(7/2) G = 1.88[(n — DacZzyr’k?]'* (19a)
and k, < 1.27[(n — NIz’ /ci7?]
b. k, > 1.96[(n — D lpacik®1Ve(1/2)'? 2 321174
s ' = 2.02 — Dacikzlyr'k: 19b
but  k, < 1.59[(n — 1) Joakz/c?r] " ¢ (n = Dacskelor k. ] (190)
c. k, > 1.78[(n — 1) lark?/z] ' 12
2 G =222 — Dalykz 19

and  k, » 1.59[(n — 1) lpakz/cir)'? [(n = Dalekzr] (19¢)
d. k, » [G/7x] 172 Grating washout by thermal diffusion  (19d)

rates, becoming independent of k, as k, increases. As can be seen from figure 9, gain
G does reach 10 for millimetric ripples of 6 MW/cm? intensity levels, just before reaching
the smallest scale, where the index grating washes out by thermal diffusion. In figure 10
and table 6, Barnard’s terminology is defined as follows:

Np = 2.53(n — N)alokzr, the “distortion” number, (20)
r = V2k/z ¢;7, a reduced pulse duration. 21
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CASE: Nd = 94, W.L. = 4.5 um,
and RANGE = 8.6 km (ATTENUATION = .0023 km-')
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FIGURE 10. Calculation for fixed 10-MW/cm? intensity: follow the solid lines for thermal blooming
gains 1, 3, or 10 to determine how pulse length affects the problem.

We can propagate the laser beam with a beam director having a reasonable diameter. The
active mirror segments implicitly correct mirror shape errors inherent in large mirrors. A
1-kHz active mirror system was demonstrated at the solar observatory at Sacramento Peak,
New Mexico, to correct the optical path in ground-based astronomy to a level of 1/3 arc
second, which approaches the optical quality that would have been achieved by the Hub-
ble telescope above the atmosphere and is equal to the vacuum diffraction-limited perfor-
mance of a 6-m-diameter mirror at 4-um wavelength (Acton & Smithson 1989).

5. Ground-based LISP example

We did a typical design, for which the parameters are listed in the first column of table 7
and shown in figures 11 and 12. To start a 40-tonne object on its orbital trajectory in a one-
gravity field, it is necessary to develop 8J = 6.5-10° dyne s at a rate f = 6 Hz (see figure la
for flight configuration).

To illustrate the importance of the value of C,,, equations (2) and (12) show that, if we
pick a typical surface absorber with C,,, = 1.3, the laser energy W must be § GJ. If instead
we have C,, = 70, keeping f constant at 6 Hz, then W need only be 90 MJ. At $10/J, the
latter laser would cost less than $1B to build.

We also did a number of orbit calculations using a simple code we developed for the pur-
pose, which are summarized in Table 7. In the first column of the table we assume inter-
action parameters that have already been demonstrated. We used pyroxylin parameters
Cn=70dynes/J, I, =286 s (Q* =4 kJ/g), a 215-MJ, 50-us pulse, a 3-Hz DF laser that
provides a 7.5-m-diameter beam in the lower atmosphere, and 750 J/cm? fluence at the
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Figure 11. Calculated launch profile versus time.

" target (intensity 15 MW/cm?). With a 4-tonne vehicle initially suspended at 35 km altitude,
we obtained orbital insertion into LEO of m = 1.6 tonnes in 4 min using 716 shots from
the laser (153 GJ). In this simulated launch, { = M/m was 25.

In the case outlined in the second column of table 7, we picked C,, = 33, which is the
optimum given by equation (18a) when nonzero time of flight is taken into account. The
corresponding /,, = 620 s. This reduction in the coupling coefficient led to a factor of 5.8
improvement in mass delivered to LEO, with m = 9.4 tonnes and { = 4.2. The energy cost
of delivering a pound of mass to LEO was 60% higher in column 1 than in column 2.

In the third case, we used aluminum to illustrate both the strong advantages and disad-
vantages of metallic or “surface” absorbers. For the improvement in [, we paid a large
sacrifice of almost a factor of 100 in C,,. The result is an impressive payload mass ratio
of 1.35 (30 tonnes into LEO), but aiso the requirement for 24 TJ for orbital insertion, cor-
responding to a monstrous, 13-GJ-per-pulse laser with a 60-m beam diameter, which could
probably not be afforded or built. Cost is the penalty for using low C,,, high Iy, ablators.
The per-unit-mass energy cost for delivery to LEO in column 3 is 13 times higher than in
column 2, as predicted by figure 7. Note the even greater penalty paid for very high C,,
values in figure 7.

We have assumed aerodynamic windows for the laser. Alternative beam diameters and
thermal blooming gains are shown in column 3 for the reduced fluence required for solid-
dielectric laser windows (such as CaF,). Examples of the computer output for the thermal
blooming instability calculations that appear in table 6 are shown in figures 9 and 10.._
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FiGURE 12. Calculated radial and down range velocity versus time.

6. Other LISP applications

We have studied other applications, and brief reports have been presented on these top-
ics, including LEO-to-GEO transfer (“LEGO-LISP”), LEO reboost (“LO-LISP”), and
deflection of near earth objects (“NEO-LISP”). We found that each application has a unique
optimum coupling coefficient and laser parameters that are suited to the mission’s economic
factors. We will report this work in full detail in a future publication. Here, we will con-
fine ourselves to briefly discussing geosynchronous satellite station keeping (“LISK”), which
is the most attractive and lowest-cost near-term LISP application.

6.1. Choice of wavelength and optical apertures for LISK

LISK differs considerably from LISP because of the hundredfold increase in range. Laser
wavelength \ is an important parameter determining range, since cost limits the diameter
D, of the laser beam director when the ablation target and the laser source are widely sep-
arated. For propagation of a laser beam that is “p times diffraction limited,” the propaga-
tion theory as discussed in Section 4.1 gives for the range of the so-called beam waist:

Zg = *D¥/8u\ cm. (22)

An order of magnitude reduction in laser wavelength leads to an order of magnitude increase
in range. '
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TaBLE 8. Parameters for geosynchronous station keeping

Satellite angular correction 0.2 degrees
Interval 3 months

Satellite mass 3 tonnes

Av 1.87 cm/s

8J 3.74 % 10% dyne * s
Cn 100 dyne * s/J

Total laser energy NW = N A

37.4kJ

Target intensity / 1 GW/em?
Target coupling area A4 10 cm?
Peak laser power P, 10 GW
Pulse duration 7 10 ns
Pulse energy W 100 J
Pulse repetition rate f I Hz
Total number of pulses N 374

Time to deliver correction 6.2 min
Average laser power P,,, 100 W
Laser wavelength 530 nm
Launch mirror diameter im
Receiving mirror diameter 30m
_Beam quality u 2.8

Mass ablated per 3-month correction (18.7/1.48)8
Range 36,000 km

In the case of LISK, it is sensible to place a large receiving mirror of diameter D, on the
satellite that focuses the received beam onto the ablation disk. The mirror can be low-quality
aluminized mylar, since it will receive low fluence and its focusing requirements are not
stringent. Then, the range z is dramatically increased:

Z/ZR =1+ [2(D2/D|)2 b

5

(23)

6.2. LISK system parameters

Since z = 36.000 km for LISK, and we would like to use standard, observatory-type mir-
rors for the beam director (D, = 3 m), equations (22) and (23) show that, assuming u =
2.8, even with a relatively large receiving mirror (D, = 30 m), we are forced to use short
wavelengths \ < 530 nm. In contrast, infrared gas lasers are most desirable for LEO-LISP
because the shorter range permits them and they have low cost per joule.

We assume a geosynchronous satellite mass of 2 tonnes and a required positional drift
correction of 0.2° per 3 months. The resulting velocity increment Av = 1.87 c¢m/s can be
provided with a coupling coefficient of C,» = 100 dyne s/J with a total laser energy of
37 kJ. The upper limit of target intensity required to generate this coupling coefficient is
I'=1GW/cm?, and we take the focal spot area of the satellite’s 30-m-diameter receiving
mirror to be A = 10 cm?, so a 10-GW laser pulse is required. With D, = 3 m, intensity in
the atmosphere i is 140 kW/cm?. Because the beam will be generated by frequency doubling
a 1.06-um Nd: glass laser, we pick 7 = 10 ns pulse duration to simplify the doubling pro-
cess, and the laser energy is W = 100 J per pulse.

Then, the 37 kJ to reposition the satellite will require a total of N = 370 pujses, which,
at 1 Hz, can be applied over 6.2 min. The average laser output power is just 100 W. The
mass ablated per 3-month correction is just 1.87/n44 g, giving a lifetime of 100 years for
a 10-kg ablation disk under ideal conditions. Considering the cost of geosynchronous sat-
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ellites, and the fact that one laser can obviously keep a number of satellites properly posi-
tioned, this is a very attractive case for immediate application.

Such a laser could be built easily and cheaply [probably < $100k] using standard com-
ponents developed for ICF. The most expensive components of the system would be the
beam director and tracking system, but these would certainly not be dedicated to LISK and
could be used most of the time for more conventional purposes. The geosynchronous sat-
ellite would require extra design features to receive and utilize the laser pulse. These con-
sist of a large receiving optic, an ablator, and a rudimentary pointing mechanism to direct
ablator thrust. The optics would be a self-deploying aluminized mylar sheet supported by
a lightweight structure. It might be easiest to make the sheet in planar form with embossed
grooves to form a reflective analog to a Fresnel lens. We estimate the total cost of the laser
system and modifications for one geosynchronous satellite to be $1M. The cost of a single
geosynchronous satellite is on the order of $250M, but its lifetime is limited to about 10
years by dissipation of station keeping fuel. Granting the conservative assumption that we
can extend this lifetime using LISK by a factor of 5 indicates that the benefit-to-cost ratio
of a LISK setup is 1000:1 at a minimum.

Laser intensity incident on the receiving optic is just 1.4 kW/cm? (fluence 14 pJ/cm?),
so there is no danger of optical damage. If the focal length of the mirror is equal to its diam-
eter, its required optical quality is 1.2 mrad, a performance that is readily achieved by the
types of receiving optics suggested.

7. Qutline for further research, near-term applications, and futuristic concepts

Following on Kantrowitz’ question, one might ask what research should be undertaken
in the immediate future and with what near-term application in mind? How can newcom-
ers to this exciting field become involved? We believe this can best be answered by an imme-
diate expansion in LISP research, financed by government and industry made aware of
short-term applications such as L1SK.

7.1. Future research

Before LEO-LISP can seriously be envisaged, a number of scientific and engineering
objectives need to be achieved. These objectives are a convincing demonstration of a high-
power DF laser and of the delivery optics.

The laser fusion and X-ray laser programs have taught the lesson that orders of magni-
tude extrapolation of power, though achievable, always introduce unforeseen problems.
Seemingly straightforward laser experiments such as the Beat Wave Accelerator turn out
nigh impossible. Some potential engineering problems with a high-power, long-pulse, high-
repetition rate DF laser are as follows:

Gasdynamic: Care in design must be taken to avoid turbulence.

Initiation: Can efficient photoinitiation avoid some of the problems with large-size elec-
tron guns?

Delivery optics: “Active optics” mirrors hold great promise, but to our knowledge no
one has yet operated such a mirror in conjunction with a very high power, “rep rated”
laser system. With LISK the problem may be less severe than for LISP, but kilowatts
(let alone megawatts) of cooling in an active mirror will introduce engineering complex-
ities.

Coupling coefficient: 1t is necessary to develop and demonstrate examples of high and
moderate C,, that occur together with high ablation efficiency 7, for laser wavelengths
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from the ultraviolet through the visible to the near infrared. These may be stratified tar-
get structures, but they must be cheap to manufacture in large quantities.

In order to persuade the financial and political world that LISP is viable, we suggest a proof
of principle experiment on a much smaller scale but similar in spirit to the TFTR and JET
experiments that did so much for fusion funding. The most practical near-term program
is the development of a LISK system and its practical demonstration, first in the labora-
tory and then in space. Such a program would be a good testbed for programs that still
exist with high-speed active mirrors, development of large lightweight spaceborne collec-
tion optics, and for demonstration of large vacuum coupling coefficients in the visible.

7.2. Futuristic concepts

The power of futuristic concepts to influence should not be underestimated. One excit-
ing concept is that of an equatorial world laser launch center. One of the furthest points
from the earth’s center is Uhuru on the edge of the dormant Kilimanjaro crater (farther
than Everest and K1 but not Ecuador’s active volcano Chimborazo). One might imagine
a hybrid launch system consisting of a subterranean vacuum rail gun and a battery of DF
lasers. (The ecological impact of the system could be minimized by insisting that the lasers
also be below the surface and all exit holes inside the crater.) The ecological advantages
of such a laser launch center would need to be investigated. Whilst solid booster rockets
will release ever greater amounts of chlorine and nitrous oxides into the stratosphere, it
would seem at first glance very advantageous to reduce the “fuel” mass by an order of mag-
nitude. But if the fuel itself contains ozone destroying catalysts or potent greenhouse com-
pounds, the ecological gain may be nil. However, the flexibility exists with laser ablation
of deliberately designing the ablation material to mitigate the ozone problem by releasing
compounds that bind monatomic chlorine or actually release monatomic oxygen. 1t would
also be important to investigate the question of “sound pollution.” Laser launches will be
very noisy indeed (Kare 1987) but perhaps no more so than a powerful equatorial storm.
In concluding this section we present an artist’s impression of an equatorial laser launch
center and a sketch of the gigawatt laser battery needed to launch a 5-tonne satellite. The
satellite is equipped with a small laser that beams a signal down to ground via a pod sup-
ported mirror. The mirror position is continuously adjusted so that the return beam impacts
the rear of the satellite precisely. The ground lasers are mounted on a hydraulically sup-
ported platform and track the satellite continuously. Fine tracking is obtained from an active
optics system (AOS) that uses the small satellite signal to direct a powerful return beam.
The wave front of this conjugate beam is thus profiled to come to a focus exactly where
the satellite mirror was. It is also conceivable that pulsed gas lenses may be used to focus
the beams in and out of the AOS. Gas lenses have been shown to have good optical quali-
ties (Michaelis et al. 1991).

8. Conclusion

Laser propulsion, with or without the high-power laser fusion community, will doubt-
less become reality. With cooperation, one might even see a laser impulse station keeping
(LISK) experiment this century and the first laser launch early in the next.
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APPENDIX

Monoenergetic versus real velocity distributions

In the discussion of laser momentum coupling physics in Section 2, a simplifying assump-
tion was made in order to make the relationships among variables more clear. This assump-
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., kT
(vd) wr mg
v (v ))? u? ) (A10)
If, for example, we take the drift velocity equal to the soundspeed, u = ¢, = V(vkT/mg),
then we find = (y + 1)/y = 1.60.

However, when the angular distribution of particle density in a planar-target laser abla-
tion plume in vacuum is investigated, a preponderance of measurements summarized in
Kelly and Dreyfus (1988) and in Phipps and Dreyfus (1993) show forward peaking that is
highly pronounced relative to the angular distribution predicted by equation (A1) with a
sonic drift velocity u = ¢,. Where 8 is the angle to the surface normal, it is observed that
the detected plume distribution varies like cos’8, with several experiments giving a beam-
like expansion with v = 8 — 10. This beamlike behavior of real ablation jets, in which the
half-width at half-maximum is of order 20 degrees, is the reason why we need not consider
anything more complex than ablation from planar targets in this work. Nature forms the
jet already.

Kelly and Dreyfus show that, introducing the drift velocity Mach number M = u/c,,
M =1 should correspond to » = 4, whereas » = 8 — 10 corresponds to M = 2. In other
words, the flow in high-intensity laser ablation is supersonic. This rather strange result has
two possible causes whose relative importance has not yet been assessed. These are 1) accel-
eration of the stream due to unsteady adiabatic expansion beyond the Knudsen layer as dis-
cussed by Kelly and Dreyfus (1988), and 2) electrostatic acceleration of the ions in the
plasma stream by the collisionally decoupled high-energy tail of the electron velocity dis-
tribution as discussed by Phipps and Dreyfus (1993). When M = 2,

_ 4y + 1
=%
In the above we have taken the specific heat ratio y = ¢,/c, = 5/3 (the ideal gas value),

which is valid for the typical LISP laser-ablation plume. In fact, the assumptions made in
writing equation (7) of the text are fairly good. Note that
dm(uvE)y dm(ug)?

= > overestimates .
TE= 108 T 2x 107® Nas

7

= 1.15. (All)
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tion, stated following equation (5), is that the exhaust velocity distribution is to be
considered monoenergetic for analytical simplicity. Where by (v{") we mean the mth
moment of v,, this statement allows us to take (v?) = ((v,))?, aresult that would give very
misleading results in some circumstances. While it is clear that subsequent mathematics [e.g.,
equation (10a)] will become highly opaque if we carry along the velocity-space integrals that
make the analysis rigorous, we need to analyze the error implicit in doing so for a real
exhaust stream, to justify the shorthand used in the main body of the paper.

We consider free expansion in the x-direction perpendicular to a planar target of the LISP
type. After thermalization has taken place in the stream immediately adjacent to the thin
so-cailed “Knudsen layer” at the laser-heated surface, the velocity distribution of the ablated
particles is a full-range three-dimensional Maxwell-Boltzmann velocity distribution with
drift velocity u in the x-direction (Kelly & Dreyfus 1988):

S0y, 0,,0:) = C.C,Colexp — Bl(v, — u)? + vy + v21), (A1)
where
B=-%  and c,-af+°°dv,~f(v,)= L. (A2)
2kT o
That is,
c=c=c=(5 (A3)

In equation (A2), mg is the exhaust particle mass. The precise definition of impulse gen-
erated by one laser pulse is

Sp = dm{v,) (Ad)
and
om{v,)
cC,= ———. AS
Py (AS5)

In the text, we use vg to denote (v,). With the equation (A1) velocity distribution,

(v,) = f “dvxv.‘-f(vx) = C[\/g u] = u. (A6)

The amount of kientic energy in the stream is

= 1om(v?) (A7)
where
ree Nk f7r kT
,\2' = d v »\2 x) = Cilz= + —ull=|— 2,

() f.w ebef (0) 2p%2 8" mg o (A8

The ablation efficiency 7,5 is defined by

e

= —, 9
48 = 107 (A9)

In the text, equation (7), we implicitly replace (v?) by ((v,))* for analytical convenience.
To gauge the consequence of this substitution, we calculate the ratio ¥ from equations (A4)
and (A8) and find: '
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, kT
(v W me
w: X p—1
(v))? u?

If, for example, we take the drift velocity equal to the soundspeed, u = ¢, = V(vkT/mg),
then we find ¥ = (y + 1)/y = 1.60.

However, when the angular distribution of particle density in a planar-target laser abla-
tion plume in vacuum is investigated, a preponderance of measurements summarized in
Kelly and Dreyfus (1988) and in Phipps and Dreyfus (1993) show forward peaking that is
highly pronounced relative to the angular distribution predicted by equation (A1) with a
sonic drift velocity ¥ = ¢,. Where 6 is the angle to the surface normal, it is observed that
the detected plume distribution varies like cos*8, with several experiments giving a beam-
like expansion with » = 8 — 10. This beamlike behavior of real ablation jets, in which the
half-width at half-maximum is of order 20 degrees, is the reason why we need not consider
anything more complex than ablation from planar targets in this work. Nature forms the
jet already.

Kelly and Dreyfus show that, introducing the drift velocity Mach number M = u/c,,
M = 1 should correspond to v = 4, whereas » = 8 — 10 corresponds to JM = 2. In other
words, the flow jn high-intensity laser ablation is supersonic. This rather strange result has
two possible causes whose relative importance has not yet been assessed. These are 1) accel-
eration of the stream due to unsteady adiabatic expansion beyond the Knudsen layer as dis-
cussed by Kelly and Dreyfus (1988), and 2) electrostatic acceleration of the ions in the
plasma stream by the collisionally decoupled high-energy tail of the electron velocity dis-
tribution as discussed by Phipps and Dreyfus (1993). When M = 2,

(A10)

4y + 1

1Z Iy

= 1.15. (All)
In the above we have taken the specific heat ratio y = cp/c, = 5/3 (the ideal gas value),
which is valid for the typical LISP laser-ablation plume. In fact, the assumptions made in
writing equation (7) of the text are fairly good. Note that
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