Chapter 8 ®)
Laser Ablation Propulsion and Its oo
Applications in Space

Claude R. Phipps

Abstract Where lasers shine is in propelling a remote object using a space-based
mother ship with an onboard laser. In some cases, there is no other reasonable choice.
These cases include small low Earth orbit (LEO) debris reentry, large LEO debris
nudging to avoid collisions, direct launch to LEO of small payloads at low cost and
raising large geosynchronous (GEO) objects to graveyard orbits. We introduce the
new, exciting idea of the laser rocket, in which a “burst mode” laser accelerates
a 25-kg spherical probe surrounded by a discardable ablator layer to 3.6 km/s in
minutes.

8.1 What Is Laser Ablation Propulsion and What Use Is It?

People often ask me what I’m working on and their eyes glaze over when I say “laser
ablation.” Ablation is easy to understand. If a sufficiently intense pulsed beam hits
a surface, it makes a high-temperature jet. Momentum is mass times velocity, and if
the jet velocity is high, only 8 nm of material are removed each laser shot. But that
small mass times the tremendous jet velocity (60 km/s) gives a lot of momentum
to the surface. If a 100 ps-pulse laser beam illuminates a spot 10 cm in diameter at
1 kHz, the applied force is about 10 N on aluminum, enough to lift 1 kg.

The “Why?” for this technology is that it offers propulsion of remote objects
thousands of km distant, at the speed of light. Nothing else can do that. Also, we
have the option of instantly varying exhaust velocity during flight, only a matter
of changing laser beam intensity. Other advantages are (a) physical separation of
the energy source from the fuel, avoiding engine erosion, (b) very small minimum
impulse (1nN-s), (c¢) instant on-off operation and (d) jet velocity which can be high
compared to chemical rockets because of the higher temperatures possible in intense
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pulsed laser absorption in surface atoms. Applications include launching small probes
into Low Earth Orbit (LEO) or on interstellar journeys from LEO, and space debris
re-entry or repositioning.

8.2 Photon Beam Propulsion

The laser impulse coupling coefficient Cy, is the ratio of momentum delivered to
a target to the incident beam fluence (energy per unit area) for a laser pulse, or of
surface pressure to incident intensity,

Ch=mpSvr /W =8ugvg/® = p/l. (8.1)

with dimensions N-s/J or N/W. C,, for pure-photon pressure is minute: the “momen-
tum coupling coefficient” for photons reflecting off a polished surface is

Cm =2/c = 6.7 nN/W. (8.2)

A 10-kW laser reflecting perfectly would produce a thrust of only 67 wN.

The other important parameter for any type of photon propulsion is propellant
exit velocity, vg, simply ¢ for light, but ,/2kT /m; < c for laser ablation propulsion.

Conservation of energy requires that the efficiency of the whole process is

n=1v Cyvg/2. (8.3)

The parameter ¥r= 1 for photons and may be larger for ablation propulsion, as we
will discuss later.

The history of photon propulsion begins 70 years ago with Tsander [1], Tsi-
olkovsky [2] and Oberth [3], leading to today’s “solar sails.” In 1953, Saenger pub-
lished his concept for photon rockets [4] well before the invention of lasers.

For very long trips, where time is available, solar sails represent a practical use of
pure photon propulsion. At 1 kW/m? at our distance from the Sun, a 10-km diameter
reflective sail will generate 540 N thrust. Using this thrust, a 3 pm, 250 ton Al
reflective film with this diameter could accelerate to 3 km/s in 17 days. The main
problem is how to deploy such a film. Despite decades of work, the largest sail yet
deployed (JAXA IKAROS [5], 2010) is 14 x 14 m.

8.3 Laser Ablation Propulsion

For usefully large forces, for example, enough to counteract gravity or accelerate a
several-kg object to orbital speeds in a reasonable time, photon propulsion alone is
too weak. In 1972, Kantrowitz realized [6] that the phenomenon of laser ablation
could generate coupling coefficients of order 100 N/MW to 10 kN/MW, four to six
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orders of magnitude larger than that for photons alone. Bunkin and Prokhorov [7]
gave theory for the process in 1976.

Variable vg is achieved by adjusting laser intensity on target—by changing focal
spot area, laser pulse duration and energy—which causes exhaust velocity to vary
across the range from chemical reactions (approximately 5 km/s) to much higher
values easily reaching 50 km/s. This is because vg = (2kT;/m;)*> and 10,000 K ion
temperatures T; are readily created by a laser pulse. In short, vg is only a matter of
intensity [8]. Thrust can be varied independently of vg by changing the laser pulse
repetition rate.

After a new initiative of the Air Force Office of Scientific Research (AFOSR) and
NASA, the first free flight of a 1997 laser rocket design by Myrabo [9] resulted in a
flight altitude of 72 m in 2000 [10]. Delrin® (POM, a polymer) was utilized as the
ablating propellant and still remains a most promising monopropellant, as we will
see later. Similar investigations were reported from other countries (Russia in 1998
[11], Germany in 1999 [12], and Japan in 2001 [13].

8.4 Pulsed Laser Ablation Propulsion Details

Laser ablation propulsion operates, ideally in vacuum, by inducing a jet of vapor and
plasma from a target using a high intensity laser pulse. Terminology is defined in our
review of the field [14].

Ablation efficiency is defined as in (8.3), where

v = <v)%>/<vx>2 (8.4)

It can be shown [15] that high intensity ablation plumes correspond to {r < 1.15,
so we will assume { =1 for simplicity in discussing efficiency.

In (8.1), my is target mass, 3vr is the change in target velocity, W is pulse energy
(J), p is surface pressure at the target, / is intensity (W/m?), @ = It is fluence on target
(J/m?), vg is exhaust velocity of the laser ablation jet and g is areal mass density
(kg/m?) in the ablation jet column created by one pulse. The change in velocity of
the propelled target from a single pulse is (Fig. 8.1)

Svr=C,, ®/ur (8.5)

and
Svn=n.Cn®/pr (8.6)
In (8.5-8.6), wur is the target’s areal mass density, 7. is an average geometrical
efficiency factor taking account of the shape of the target and the fact that the ablation

jet will be normal to each facet of its surface, not necessarily antiparallel to the
laser beam. The quantity dvy is the change in target velocity in the beam direction.



220 C. R. Phipps

Fig. 8.1 Laser ablation
impulse generation
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Equation (8.6) is anumerically convenient formulation for space applications because
we can deliver a fluence @ to a region with diameter d and be sure that any object
within that circle having mass density wr and the same 7. will gain the same velocity
increment from that pulse. This is valid because space debris tend to exist in families
with similar wr. For direct comparison to electric propulsion engines, the thrust to
electrical power ratio is

Cne = neocm (87)

Laser electrical-to-optical efficiency 7, can range from 25 to 80%, depending

on the laser type. Exhaust velocity can be determined from the product of the easily
measured quantities Cy, and Q (J/kg ablated) as follows. Where

Q=W/dmr=®/3 pur (8.8)

and because 8.t = dug by mass conservation, it can be seen dimensionally that the
product C,,Q must be exhaust velocity:

g = Cn Q. (8.9)
Equation (8.3) can be extended to show that ablation efficiency is given by

Nag = CmVp/2 = 8ppvy /(2 @) = Cnlipgo/2, (8.10)



8 Laser Ablation Propulsion and Its Applications in Space 221

13‘96‘
85
kbar
100,000°K -
plasma _
7.8km/s Plume

5TW of light for
100ps (500J) in
50cm dia. beam

Fig. 8.2 The jet plume is always perpendicular to the surface facet. This figure gives typical param-
eters for the laser beam and its interaction with the target material

where g, is the acceleration of gravity and /I, is the so-called specific impulse. C,
and /p, are a constant product in which I, varies inversely with Cy, for engines with
the same efficiency. The units of I, are seconds. The I, for light is 3.06E7 s. Another
constant product is

CrQ/2=nap (8.11)

Because §iur = prd x, the thickness of the target layer ablated in one pulse is
(Fig. 8.2)

§x =Cy ®/2prnas) (8.12)

For example, with an aluminum target (density pr =2700 kg/m?), if C\, =
70 N/MW, @ =35 kJ/m? and nap =1, dx=32 nm. At laser repetition frequency
f=50 Hz, even in one minute operation, total ablation depth is just 95 pwm. Here
we assume a perfectly uniform beam on target, such as is achievable with modern
methods of apodization.

In order to determine Cy,, we need laser energy W on target and impulse J (N-s)
delivered to it. J can be measured using deflection of a pendulum (Fig. 8.3),
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Fig. 8.3 Impulse pendulum

J = mes{2goL[(1—cos(B/2)1}"/* (8.13)

In (8.13), L is the distance from the pendulum fulcrum to the point where laser
impulse is generated. 8 is the deflection angle of a probe beam reflected from a mirror
attached to the pendulum, twice the deflection angle 8. The period of a pendulum
depends only on g, and L, not on the mass, so that cannot be used to get impulse J.

Alternatively, one can use powerful laser interferometric techniques to get velocity
directly. In either case the effective mass meg of the target-plus-pendulum must be
known,

Meg =y miLi/L. (8.14)
Finally, fuel usage rate is
i = PC,/(20ap)- (8.15)

The parameter Q(J/kg) is equally critical to determining the ablation efficiency
Nnas, which governs the effectiveness of a particular laser and laser ablation fuel.
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Fig. 8.4 Shadowgraph data from the Lippert group at Paul Scherer Institute shows splashing being
inhibited as target viscosity increases from (a) to (c)

In principle, one may measure vg with streak photography or Faraday probes to
determine Q =vg/Cy,, but it is easy to miss a large mass fraction moving at very
low velocity (splashing, Fig. 8.4) [16] with such techniques. Because it is difficult
to measure ablated material mass with microgram accuracy from before-and-after
target mass measurements, an alternative is to determine Q is from

Q= ®/(prdx) =2nap/Ci, (8.16)

by measuring the average depth dx of the ablation crater with profilometry or a similar
technique. This doesn’t work if the underlying material swells due to the laser pulse,
a good reason to measure mass loss directly with a sensitive microbalance or by
using repetitive pulses.

8.5 Optima

A first optimum is that fluence which gives maximum Cy,. Figure 8.5 shows [17, 18]
experimental and notional plots of Cy, values versus incident fluence & to illustrate
this optimum. In previous work, we called this maximum C,, value and the fluence
at which it occurs Cpop; and @ gp.

For each mission, there is another kind of optimum which gives minimum energy
cost to complete the mission. For example, for an Earth to LEO mission, this optimum
is 100-300 N/MW [19] (Fig. 8.6). From the figure, it is clear that C,, = 1000 N/MW
has an infinite cost for a 200 s flight (black dot at the top). In other words, the craft
never reaches orbit!

In other cases, optimum performance means using an absolute minimum of abla-
tion fuel mass, where high laser power is not a problem. This is illustrated in Fig. 8.7,
from [19]. When mission duration is at a premium and laser energy is not, we have
shown [20] that C,, as low as 70 N/MW is best for getting from LEO to Mars.

Our work in ablation propulsion is to find lasers and materials which achieve a
desired optimum. Figure 8.6 from [19] shows how well this simple theory tracks
simulations.
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Fig. 8.6 Each mission has an optimum-cost impulse coupling coefficient. In the case studied, laser
launch from 35 km to LEO, Ciyopt is 300-500 N/MW for a 200 s flight. Lines are theory, dots are
simulations for a real atmosphere. Flight time depends on laser time-average power

8.6 Why not CW?

For high efficiency in laser ablation propulsion, the laser must consist of repetitive,
high intensity pulses [e.g., 20 kJ, 10 ps, 50 Hz] rather then being continuous (CW).
There are several reasons for this recommendation [14]. First, high I, has not been
demonstrated for CW lasers in vacuum. Second, our calculations show that intensities
needed to achieve even /5, = 130 s with CW ablation (about | GW/m?) require a very
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Fig. 8.7 Results of many simulations confirm the analysis, clearly showing that mass, mass ratio
and cost optimize at different values of the coupling coefficient Cy,. In particular, the mass ratio
m/M of delivered mass m to launch mass M maximizes at C, =0 [vg =o00], mass delivered to
LEO maximizes at C, =200 N/MW [vg =1 km/s] in the case studied, and cost minimizes at C,
=300—-400 N/MW. Here we assume nap = 1, so the exit velocity can be obtained as vg =2/Cp,

small focal spot, e.g., 3.5 cm for a 1 MW laser, difficult at 200 km range or through
atmospheric scintillations. In any case, CW ablation has a “welding torch” quality,
generating lots of low-velocity splash [Fig. 8.5] which kills /¢, quickly compared to
a 10 ps pulse stream, and CW laser thermal coupling will be disastrous. We will talk
about this parameter later. Last, repetitive pulses give a chance for plasma clearing
between shots so that refraction in the plasma jet doesn’t interfere with propagation
to the target. We do not emphasize CW beams for ablation propulsion in this chapter.
When energy is cheap, it could play an important role.

However, nothing prevents using CW lasers to propel objects with photon pressure
alone.

Because of fiber laser advances, CW lasers at 1060 nm are now readily available
with 10 s of kW output power and reasonable beam quality.

Mason, et al. have proposed [21] using a 10 kW laser together with existing high-
altitude telescopes (AMOS, PLATO, Mt. Stromlo) to produce displacements of a
few 100 m/day for objects with 1 & 10 kg/m?. It is worth noting, however, that the
intensity delivered to the target in their proposal was only a few times the solar flux.
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A higher power laser could be effective for nudging, and laser ablation nudging is
very effective.

8.7 Breakthrough Starshot

Most recently, the “Breakthrough Starshot” concept has received venture funding.
[22]. This particular proposal would require development of a 100 GW average
power laser with the ability to focus dynamically on a 1 m? reflective sail over
a distance of 4.8E6 km. This power is equivalent to that of one million 100 kW
lasers. The idea would be to accelerate a 10 g nanosatellite attached to the sail to
0.27c in two minutes using photon pressure, to reach a-Centauri in 9 years. Left
unanswered is how this device would communicate pictures or data back to Earth
from such adistance. Assuming a 1 um transmit wavelength, to exceed the microwave
background, calculations show this would require a 1 diameter transmit antenna and
a 1 km-diameter receive antenna [23] (Table 8.1).

8.8 Theory for Calculating Cyopt

Because of the Fig. 8.4 behavior, in which two completely different physical
regimes—vapor and plasma—meet at the optimum fluence where Cy, is maximum,
two distinct calculations are necessary. In the vapor regime, increasing fluence pro-
duces increasing coupling which increases without limit, while in the plasma regime,
the reverse is true. Then these are combined to give the value for Cy,op that we want.

8.9 Plasma Regime Theory for Ablation Propulsion

Earlier work [24] resulted in a first-principle theory for Cy,, in the plasma regime,
for laser pulses longer than 100 ps and common laser wavelengths.
AT7/16
29116 Z3/8(Z + 1)3/16(1 1./T)!/*
29/16z3/8(z + 1)3/16(1)\'\/_)1/4
2 .

Crp = p/1 = 1.84E — 4[ }N —s/J, and (8.17)

Lspp = 4 YVIiG (8.18)
Al/873/4 12
Tep = 2.56 ZTF (IxV7) (8.19)

In the limits of this theory, Cinplspp =0.08, and nag =0.40. Z is the average ion
charge state in the plasma plume,
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Table 8.1 Breakthrough Starshot parameters

227

C,, (reflection) =2/c =6.7E-9
Sail area A 1 m?

Power on sail 1E11 W

F on sail 670 N

Speed v=0.27c
Total mass 0.001 kg
Acceleration 68,000G
Accel. Interval 120 s
Distance at cutoff 4.8E6 km (0.032 AU)
Speed at cutoff 0.27¢c

Gamma 1.03

Laser location On Earth
Laser wavelength 1 pm
Required aperture 5.8 km
Assumed sail mass 0.0005 kg
Thickness if Al 185 nm (650 atoms)
Al tensile strength 3E8 N/m?
Assumed sail radius of curvature S5m

Sail stress under pressure 9.1E9 N/m?
Ratio of sail stress to Al tensile strength 30

Allowable heat absorption 1000 W/m?
Needed absorptivity 1.0E-8

Goal a Centauri
Arrival 9 years
Assumed receive aperture dr 1.0 km
Assumed data wavelength 1 pm
Assumed data BW 0.2 pm
Assumed transmit power 1w

Transmit dia. to match dg 1m

CMB noise into receiver

2.7 WW/m?/pm/sterrad

Signal

9.0E-17W

S/N (signal to noise ratio)

40f
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Electron density is determined by the Saha equation,
3/2
NN j 2u; (21w m kT,

= exp (—W; i_1/kT, 8.21

nj-1 Mj1< h? P(=Wij1/KTe) ®:2

Z is not the same as the ionization fraction n; = n;/(n, + n;) < 1, a function of
neutral density n, and ion density »;,

Data from 47 datasets from the plasma regime available at that time agreed well
with the plasma regime theory (Fig. 8.8).

The trick was to plot the data versus the strange parameter ./, based on the
functional aspects of the theory, a parameter “halfway” in its character between an
intensity and a fluence. Plotting versus other variables gives a scattered result. Bumps
in the figure are actually due to changing Z for simulations of each material.

8.10 Vapor Regime Theory

There are two approaches to modeling the vapor regime. The first uses tabulated
pairs of pressure and temperature (p, T) from SESAME tables for some elements
[25]. By equating laser intensity to energy sinks in the vapor regime, we obtain

T, —1
Ly (A | PR BN A A o, (8.22)
a \y—1 T C,T 2 a
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where

(8.23)

1 Co(T —T,
f@)z;{¢atm>+ﬁf——i———l}

In (8.22) and (8.23), a is total absorption fraction of the target (not a coefficient),
and ¢ is a flux limiter from inertial confinement fusion theory. We can relate the
quantity p in (8.16) to T by using the Riedel equation [26] in conjunction with
the SESAME equation-of-state database (e.g., for Al) maintained at Los Alamos
National Laboratory for 7 <7890 K, its triple point.

Equations (8.21) and (8.22) are wavelength-dependent only as A affects the sur-
face absorptivity a. For the infrared to ultraviolet range studied here, we have used
0.05 <a <0.24 for modeling aluminum [27]. Absorptivity is different from the room
temperature value.

We now have a numerical solution which relates p, and v to I over the range cor-
responding to our p(T) data, and then compute the vapor regime coupling coefficient
as Cry =py/l.

Another approach is used where ablation threshold @, is well-known but the
(p,T) pairs are not available [28]. In this case, where § = ®/®,, and « [absorption
coefficient (m™1)], is different from a in [21]. We obtained

Coe = \/ 2pCE-Ding (8.24)
a ®,E2

_ 20,6 - 1)
Loy = p2InE (8.25)

Cisafit parameter derived by matching ablated mass density data to the expression

w=(p/a)In(CE) kg/m? (8.26)

Itis interesting to note that the Cyy/py product from (8.19) and (8.20) give nag =
(80/2)Crnvl spy = (2C/g,)(1-1/£), a function which approaches 2C/g, as § — o0o. The
coupling coefficient in (8.24) maximizes at @ oy =4.2 D, 4.2 times the threshold.

It is important to note the two quite different temperatures used in this analysis.
T in, e.g., (8.22)—(8.23) is target temperature, of order 1000 K, while T, e.g., in
(8.19) and (8.21) is the plasma plume temperature and can be 100,000 K.

8.11 Combined Theory

As the caption to Fig. 8.4 points out, both vapor and plasma theory must somehow
be combined to find the maximum C,p and its associated fluence. This is because
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Fig. 8.9 Fitting coupling data with combined theory. Legend refers to data identified in [13]

the plasma regime Cy, prediction (8.17) is infinite for zero intensity. We chose to do
this with the (8.27) heuristic:

Cp = P/I = [(l_nl)pv + 1 pp]/I = (1_771) Coy + Ni Cmp- (8.27)

This combination yielded a smooth transition between the two models by attenu-
ating the vapor contribution and emphasizing the plasma contribution as ionization
becomes complete using the ionization fraction n; as a weighting function.

Combined theory specific impulse can be obtained in the same way. The com-
bination yielded reasonable fitting of actual coupling data [29], including the Cpop
peak (Fig. 8.9).

Itis tedious to use this method [30], because of the number of iterations required to
get Z foreach I A+/7. Z is a function of T through the Saha equation [31], which deter-
mines the relative population of atomic excited states. The procedure is explained in
detail [25] in our 2012 paper.

An alternate approach which has less accuracy but permits rapid system design is
given by Phipps and Bonnal [32]. Combining (8.17) with the trend 7./t = B which
applies for T > 100 ps gives a practical expression:

o L TAD) JAZ)  Cep(AZ)
mopt ™ — —
P I)\ﬁl/4 Bl/4)1/4 )‘,111/;1‘

N/W. (8.28)
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Fig. 8.10 The (8.23) approach gives the value of peak C,, accurately, for 22 ns pulses and its
I)./T coordinate within a few percent

dependent only on A, Z and A. Equation (8.28) gives a good first estimate of what
C,, will be. Using B=4.8E8 W-s"/m? at optimum fluence,

Dop = 4.8E8/7I/m’. (8.29)
and the function Ce, is given by
Cexp(A, Z) =27 A6 2738(Z +1)7/16 N/MW. (8.30)

Equation (8.29) results from the fact that optimum fluence lies just above the
optical breakdown threshold of the material, which varies with 793 in 1-D thermal
transfer problems [15]. Z (usually 1 or 2) can be estimated from experimental data and
ionization state temperatures for a target material. This approach can give surprisingly
good results (Fig. 8.10). In this case, for a 248 nm pulsed laser on nylon [33]. Because
nylon has the formula (C;,HN>O5),, the correct value for the average value of A
for the nylon example [in (8.30)] is 5.94.

8.12 Ultrashort Pulses

The theory on which the preceding sections are based is not valid for pulses shorter
than 100 ps. To a greater and greater extent, applications we are considering use
exactly that regime. Until recently, very little data existed for ultrashort pulses. For
pulses in the 130-500 fs at 800 nm wavelength on Al, simulations by Fournier [34]
for 530 nm and 20 ps gave Crope = 155 N/MW. On the other hand, other results [35,
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Fig. 8.11 Optimum fluence across the range 10 fs to 10 ms. New data points are blue triangles,
labeled for the materials POM, Ta, W and Al. Pink squares to the left are earlier fs data. Optimum
fluence for ultrashort pulses is approximately constant

36] give Cmopt =35 N/MW at 800 nm, considerably less. Scharring’s simulations for
circularly-polarized 1064 nm light [37] agree with this value for Cyop. Figure 8.11
shows that optimum fluence for ultrashort pulses remains approximately constant
below 100 ps. A complete listing of references for the data labeled with letters
[14, 38, 39] would be confusing here. However, the data ranges from ms to sub-ns
duration, and from 100 nm to 10.6 pm wavelength, and still follows the 793 trend
of (8.24) within a rms deviation equivalent to a factor of 1.5. This is because @ oy
is usually equivalent to surface damage fluence, which is a thermal phenomenon
(Table 8.2)

New data points for Al, POM, Ta, W and Au are the blue triangles [40].

In the short pulse regime, Fig. 8.12 shows the scatter in Cy, values [17, 35, 36, 40].
The upward-slant of the trendline in the figure is due to inclusion of data at 400 fs
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Table 8.2 New values for C;;, and @, for short pulses
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Pulse duration (s) | 400 fs & (kJ/m?) 80 ps @ (kJ/m?)
POM 125+12 32+6 773+£70 40+8
Al 28+3 50£20 28+3 30+7
w 31+3 260+40 3617 34+6
Au - - 37+4 5341
Ta - - 2943 42438
Fig. 8.12 C,, comparison. 1000
800 nm data at 50 fs, 130 fs, POM [
400 fs and 80 ps data. The
trendline is only a guide, not
based on theory
3
s POM +
"‘z_"- 100 o
&
-
o Fe -
M -
-D:_ \r - e Au
- s Al atTa
Lie + <100ps Cm data
Tie & al = =power(<100ps Cm data)
10
1.E-14 1.e-13 1.E-12 111 1.E-10
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and 80 ps from the very atypical material POM, which has played a major role in
10-pm laser propulsion concepts, and is destined to do so at 1 and 0.5 pm.

The results we obtained allow making a mixture of Al powder and POM to obtain
300 N/MW, or any other value we want in the range from 30 to 770 at 80 ps. The

required fluence (~30 kJ/m?) is about the same for both materials.

8.13

Diffraction and Range as They Affect Space System
Design

The goal in laser space propulsion is to get the optimum fluence—whatever it is for
a particular problem—delivered to the target located at range z. The product of pulse
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energy and squared effective aperture diameter WD&ff transmitting aperture required
to deliver fluence @ at wavelength X to a target at range z is given by

T M4a§A2z2 [}

2
WD = 4T
€

(8.31)

Diffraction causes beam spread with distance that increases linearly with wave-
length and range and decreases with aperture diameter. In (8.31), a4 is a diffraction
parameter which is 2.44 for a hard aperture and 4/ for a Gaussian radial intensity
variation. M? is beam quality, which can be in the range 1.5-2.0 for well-designed
pulsed lasers.

For example, in a case where system transmission 7'e =0.8, in order to deliver
8 kJ/m? to a target at 1000 km range, the product WD%ff must be at least 140 kJ-m?,
laser pulse energy might be 15 kJ, and the necessary effective mirror diameter D
would then be 3 m, giving a “spot size” d on target

ds &~ agM*1z/ Degs. (8.32)

Of course we can always defocus to obtain a larger spot size than given by (8.32).
Equation (8.32) is an approximation because it is not accurate when dy ~D. In
that case, it is best to compute the so-called Rayleigh range zg

R = T Wi /(M?1) (8.33)
and then compute beam radius away from best focus as
w?(z) = we[1+ (z/2r)*] (8.34)

(see Fig. 8.13). When range z is such that 2w=D,,, you’re done with that part of
the optical system design.

8.14 Thermal Coupling with Repetitive Pulses

The thermal coupling coefficient Cy, = W,/W is the fraction of incident laser energy
that ends up as heat in the irradiated material, by whatever route. These include sur-
face plasma reradiation and absorption, ordinary thermal conduction and mechanical
stresses. It is perhaps the most important parameter that we do not know very well.

Thermal coupling data, at whatever wavelength, show a peak value of Cy, at
relatively low fluence, followed by a dramatic decrease as fluence rises toward large
values, because of plasma shielding.

Cy is a critical parameter, because many of our applications require hundreds of
thousands of pulses and even if Cy, = 1%, temperature in a | mm sheet of aluminum
can quickly reach the melting point.
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Fig. 8.13 Focusing a laser beam using an optic with aperture Dj, =2w

This suggests working with fs pulses, since observation of clean post-pulse fea-
tures indicate low thermal coupling. Literature is full of photos of clean holes, precise
ablation and no surrounding melt on targets with ultrashort pulses. However, precise
Cy, data is not available. Our instinct is to use fs pulses for minimum Cy,, but do we
really need fs pulses to be sure Cy, is small enough?

Fortunately, Scharring has completed simulations [37] showing how Cy, should
vary with pulse duration (Fig. 8.14). The figure shows a strong advantage for ultra-
short pulses as regards thermal coupling. It is clearly seen in the Figure that 10 ps
single pulses at a fluence of 30 kJ/m? (3 J/cm?>—near optimum from our point of
view) are expected to produce Cy, of about 4% [see the “practical case” below], but
longer pulses can produce Cy, values as large as 30%.

Weber [41] shows that the maximum tolerable incident laser power P, in an
infinite string of pulses is given by

A Tmaxcrom

P, = 8.35
L ST (8.35)
where
/ 3
CroM = M (8.36)

5.2

Taking aluminum as an example of target material and using 7'y = Tpeiy =966 K
and other parameters for aluminum, cpopm = 10.8 and absorptivity a = Cy, = 1.42%),
we find P;=73 kW for maximum power in a continuous pulse string. Because the
laser we desire for propulsion is transient rather than continuous, the laser rocket
example following is still realistic, even if the average power is higher than given by
(8.35).

Other materials would give different results.
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Fig. 8.14 Simulation: thermal coupling on aluminum at 1064 nm, normal incidence, circular polar-

ization. Stefan Scharring, used by permission

8.15

Practical Case: Thermal Coupling for a Laser Rocket

In the laser rocket problem, treated in the next section, where the propelled object is a
25 kg sphere, 293 k pulses of 5 kJ are incident on the target, for a total 1.45 GJ [1.2 MW
average] during an 1100 s flight. Ignoring reradiation [about 2% of incident power
at T'ner With black body opacity], Cy, as large as 1.4% could melt the craft. We can

see that measurement of Cy, is critical. At this time,

for a continuous string of ultrashort pulses.

8.16 Applications

8.16.1 Interplanetary Laser Rocket

there are no such measurements

An exciting new application is accelerating the payload in a 25 kg spherical aluminum
probe from LEO to 3.6 km/s in 18 min, sufficient to achieve aphelion at Mars, with

27% mass loss (Figs. 8.15 and 8.16; Table 8.3).
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Table 8.3 Parameters for Laser Rocket
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Mission

Interplanetary

LEO orbit change

Parameter

Laser wavelength

355 nm (Nd 3rd harmonic)

355 nm (Nd 3rd harmonic)

Pulse duration 100 ps 100 ps
Pulse energy S5kJ 5007
Probe diameter d 89 cm 28 cm
Probe material Al Al

Probe shell thickness ablated | 2.7 mm 0.66 mm
Probe ablator shell mass 15 kg 15 kg
Probe mass after shell 10 kg 10 kg
discarded

Pulse fluence on probe 8 kJ/m? 8 kJ/m?
Pulse repetition frequency 400/100 Hz 200 Hz
Pulse interval 2.5/10 ms 5 ms
Average power 2 MW/500 kW 100 kW
Optical energy in burst 1.45GJ 355 MJ
Stored in batteries 3.9GJ 1.5GJ
Battery mass 4000 kg 1520 kg
Station total mass 50,000 kg 8000 kg
Time to recharge <1 day <1 day
Recharge power 100 kW 17 kW
Beam quality M? 2 2

Mirror diameter D 3m 3m
Rayleigh range 880 km 880 km
Used optical range 2570 km 68 km
Required aiming precision 35 nrad 4 prad
Thickness ablated/shot 38 nm 38 nm
Assumed ablation efficiency | 40% 40%
Specific impulse 816's 816s
Coupling coefficient C,, 70 N/MW 100 N'MW
Av/shot 3 cm/s typ. 1.3 mm/s
Acceleration 2.6-5.3 m/s? 0.27 m/s?
Final probe Av 3.6 km/s 190 m/s

Max allowable Cyy

1.35% (incl. reradiation)

5.5% (incl. reradiation)
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Fig. 8.15 Laser-propelled
interplanetary flyer
construction

Scientific Payload

Insulation

In this case we create an Al/POM mixture of 5% POM and 95% Al with Cp, =
70 N/MW for long propellant life. Density of the combination is 2640 kg/m?, only
slightly different from that of Al.

Maximum laser range is 1650 km. We keep the laser spot size fixed at the diffrac-
tion-limit value of 9 cm at maximum range throughout the flight, by defocusing the
beam as necessary at shorter range. We use a spherical probe because Av will always
be along the laser beam axis so long as the object is centered in the beam. The probe
consists of a 10 kg payload surrounded by a discardable ablator shell 2 mm thick with
an internal thermal insulating layer to protect instruments during acceleration. The
flyer is spinning about an axis perpendicular to the laser beam and slowly precessing
so as to expose the entire surface to the laser beam. Afterward, the shell is jettisoned.

Another application is direct launch of small spacecraft from Earth to LEO using
lasers. This needs MW of average power to achieve useful results. But such lasers
are just around the corner.

Best efficiency is obtained from “burst mode” operation of the laser in which the
laser operates at 2 MW average [5 kJ, 400 Hz] for 380 s and 500 kW for 380 s, for a
total of 12.7 min. Waste heat during the burst is stored onboard the mother ship and
reradiated later. We averaged oT* over the flight assuming a linear temperature rise to
determine reradiation, which was always <2% of the total during laser illumination.
Table 8.3 shows the details. The laser is more powerful than the L’ ADROIT laser [42]
but otherwise has similar parameters. It is powered from a battery which recharges
in a day from a 100 kW array [43].

Figure 8.17 shows distance s(t), velocity v(t) and acceleration a(t) during the
18-min flight.
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W

Fig. 8.16 A cis-Mars orbit starting from LEO requires Av =3.6 km/s

8.16.2 L’ADROIT

Remote action at the speed of light is the unique advantage of laser ablation propul-
sion. The L’ ADROIT concept (Fig. 8.18) can generate thrust on a target 2000 km
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Fig. 8.17 Parameters for the cis-Mars flight from LEO.<P>=1.25 MW [250 Hz, 5 kJ], C,, =
70 N/MW, achieving 3.6 km/s in about 18 min
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Fig. 8.18 Parameters for L’ADROIT. <P>=21 kW [50 Hz, 400 J], causing re-entry of small LEO
debris in 10 s

distant without having to be adjacent to it. This is a unique way to re-enter even tiny
space debris, nudge satellites already in orbit to avoid predicted collisions, and lift
derelict craft in geosynchronous orbit into higher, graveyard orbits.
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L’ADROIT [42] (Laser Ablative Space Debris Removal by Orbital Impulse
Transfer) was first presented at a Paris workshop in 2014 (Fig. 8.18). The laser
is also operated in burst mode from batteries storing solar energy.

The version that would lift derelict geosynchronous (GEO) satellites into grave-
yard orbits in a day [8 kW, 3 kJ, 2.5 Hz] could raise 10 GEO satellites by 300 km
in 3 months to a year, making valuable parking places in GEO available. It is a fact
that 70% of objects in GEO are uncontrolled junk [32, 44].

Both laser systems operate at 355 nm wavelength (3rd Nd harmonic) with 100 ps
pulses using monolithic diode-pumped Nd media. Laser electrical efficiency is about
25%.

8.16.3 Something Good for the Environment

We recently reported [45] that it is possible to directly launch small satellites to
LEO from the Earth with a large ratio m/M approaching 60% of mass m delivered
to orbit compared to the mass M on the ground. It requires very high time-average
laser powers of 5-15 MW from kHz pulse trains of 100 ps duration at very high
intensity on target (35 kJ/m?), and a design like that in Fig. 8.15. Further, it requires
a two-step launch process consisting of one power burst to get the satellite above the
atmosphere, followed by a burst of 2-3 times normal power during about 60 s at the
end of the flight in order to minimize excessive radial velocity, which can cause the
satellite to crash at perigee (Fig. 8.19).

This technology will allow us to launch a fleet of small Earth-observing satellites
in order to more carefully monitor global climate change and its consequences, in
order to spot trends at the earliest possible time and to develop very highly detailed
global models. Another application is to sending inspection craft to geosynchronous
(GEO) orbit.

8.16.4 Fiber Laser Arrays Versus Monolithic Solid State
Lasers

Giant arrays of pulsed fiber lasers are attractive alternative to monolithic laser media.
The geometry of fibers makes diode pumping and heat removal more efficient. Fibers
have about 100 times the energy output per kg of laser medium as monolithic solid
state lasers. Figure 8.20 shows the “ICAN” [International Coherent Amplifier Net-
work] idea [46].

However, for laser space propulsion applications, fibers have one major drawback.
Progress has been slow on phasing large numbers of pulsed optical fibers (64 to date),
and at least 25,000 phased fibers would be needed for ICAN to effectively deliver
momentum from 100 ps pulses to objects at a distance of 100 km [47]. This is because
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Fig. 8.19 Case 11B. Fascinating launch from ground (1 km altitude) with C,, =120 N/MW. A
300 s coast followed by a 15 MW burst during 60 s at the very end gets our craft into orbit. The coast
which begins at 150 s allows the craft to develop downward vertical velocity sufficient to counteract
unavoidable vertical components from a groundbased laser at the end of a 1000 km flight around a
curved Earth. This profile gives m/M delivered to orbit of 54% (13.5 kg). Initial zenith angle 45.5°,
final zenith angle 90°. Final radial velocity is 389 m/s, final velocity 10.4 km/s. Perigee 104 km,
apogee 41,700 km, 117% of geosynchronous altitude. Insertion slope is 2.12°. Minimal energy is
wasted in drag, even though we are starting from the ground

we need a pulse energy of 100 J at 100 ps for this operation [to see this, apply (8.31)
with ® =30kJ/m?, z= 100 km, » = 355 nm and reasonable mirror sizes]. However, a
single fiber can deliver only 4 mJ without catastrophic failure due to self-focusing and
other serious nonlinear optical effects under these conditions. These effects include
stimulated Brillouin scattering, stimulated Raman scattering, photo-darkening and
four-wave mixing.

Going from 4 phased fibers to 25,000 will be a difficult jump.

A first step to testing fibers for application to the debris problem will be forth-
coming tests of debris reéntry using the EUSO telescope on board the Space Station,
together with one of the ICAN fiber lasers [48].

We have learned never to say something is impossible!
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Fig. 8.20 ICAN concept

8.16.5 Repetitive Pulse Monolithic Diode Pumped Solid State
Lasers

The state of the art in the lasers we currently need to achieve all of these applications
is represented in the HILASE program [49], where the Rutherford Appleton Labo-
ratory’s “DiPOLE 100 laser achieved its full design performance of 1 kW average
power with 10 Hz, 100 J pulses at 10 ns pulse duration. Just a factor of 10 increase
in output power will enable many of our applications in space.

8.16.6 Perspective

In this brief review, we have discussed one of the most exciting future applications
of pulsed lasers. Laser ablation propulsion can re-enter space debris, nudge large
satellites out of harm’s way, and create a fleet of Earth-observing satellites and lift
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derelict GEO stations to parking orbits. We discussed the disadvantages of CW lasers
for this task. However, it is also possible that new ideas for | MW free-electron lasers
with a format consisting of 1 MHz 1 J pulses will change this idea for refractory targets
[50].

It can also get a 10 kg probe launched on its way to Mars in minutes.

We discussed the related laser-materials interaction physics in detail, and new
results at 400 fs and 80 ps which will make this propulsion mode possible. Developing
this capability depends on developing the associated lasers, beam directors and space
stations on which they will be based. It also depends on better understanding of
thermal coupling measurements under the proposed laser parameters.
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