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a b s t r a c t

It has been theoretically demonstrated that laser ablation is effective in the potential

deflection and mitigation of asteroids. However, there have been few experimental

studies to support this claim. The theoretical models are currently based on assump-

tions regarding the laser beam diameter, the power requirement, the formation of the

ejecta plume, and the potential for ejecta to contaminate and otherwise degrade any

exposed surface. Recent proposals suggesting the use of a solar pumped laser, in

particular, can be deeply affected by the re-condensation of the ejecta. To either

validate, amend and/or eliminate these assumptions a series of laser ablation experi-

ments have been performed. Using a 90 W, continuous-wave laser operating at 808 nm,

a rocky magnesium iron silica based material – olivine – has been ablated. These

experiments were used to examine the validity of the theoretical model and the

experienced levels of contamination. It will be shown that the current model correctly

predicts the ablated mass flow rate for rocky based asteroids, but overestimates the

contamination rate and the degradation of the optics.

& 2012 IAA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Near Earth Asteroids (NEAs) represent both an opportu-
nity and a risk. Their pristine environment captures the
early formation of the solar system; while their impact
potential could result in the mass extinction of life. The
Earth has been, and will continue to be, the subject of many
other ground and air impacting events. Amid the observed

population, there are at least between 2000 and 200,000
objects that could impact the Earth [1]. On average, an

asteroid with a diameter greater than 100 m impacts the

Earth once every 10,000 years. This can cause local damage,

earthquakes and tsunamis. Asteroids that impact the Earth

with a diameter larger than 1 km are considered to be global

killers. Such an impact event is considered to catastrophi-

cally annihilate 90% of all life, resulting in a nuclear winter,

with little chance of recovery within the near term [1]. This

is thought to have happened, once before, approximately 65

million years ago, with the impact of a 10 km diameter

asteroid at 12 km/s [23].
Therefore potential methods of asteroid mitigation and

deflection have been addressed by numerous authors
[2–4]. Amongst the many possibilities to deflect NEAs,
ablation has been shown to be theoretically one of the
most effective methods [5]. Work conducted in 2009 by

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/actaastro

Acta Astronautica

0094-5765/$ - see front matter & 2012 IAA. Published by Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.actaastro.2012.07.008

n Corresponding author at: University of Strathclyde Department of

Mechanical & Aerospace Engineering Advanced Space Concepts Labora-

tory 75 Montrose Street, Glasgow G1 1XJ, United Kingdom.

Tel.: þ44 077 950 605 27.

E-mail addresses: a.gibbings.1@research.gla.ac.uk,

alison.gibbings@strath.ac.uk (A. Gibbings),

massimiliano.vasile@strath.ac.uk (M. Vasile),

i.watson@glasgow.ac.uk (I. Watson), johnmark.hopkins@strath.ac.uk

(J.-M. Hopkins), d.burns@strath.ac.uk (D. Burns).

Acta Astronautica 90 (2013) 85–97

www.elsevier.com/locate/actaastro
www.elsevier.com/locate/actaastro
dx.doi.org/10.1016/j.actaastro.2012.07.008
dx.doi.org/10.1016/j.actaastro.2012.07.008
dx.doi.org/10.1016/j.actaastro.2012.07.008
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.actaastro.2012.07.008&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.actaastro.2012.07.008&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.actaastro.2012.07.008&domain=pdf
mailto:alison.gibbings@strath.ac.uk
mailto:massimiliano.vasile@strath.ac.uk
mailto:i.watson@glasgow.ac.uk
mailto:johnmark.hopkins@strath.ac.uk
mailto:johnmark.hopkins@strath.ac.uk
mailto:d.burns@strath.ac.uk
dx.doi.org/10.1016/j.actaastro.2012.07.008


Sanchez et al. [5] compared the effectiveness of six
different asteroid deflection techniques. Through a
multi-criteria, quantitative comparison the nuclear inter-
ceptor, kinetic impactor, mass driver, low thrust tug,
ablation and the gravity tractor were assessed. Assess-
ment was made relative to the achievable miss distance at
Earth, the warning time, the total mass into orbit and the
current technology readiness level. With both a relatively
short warning time and a low mass into space, ablation
can provide significantly higher and more controllable
rates of deflection. The technique is also advantageous as
it avoids the catastrophic fragmentation of the asteroid. It
also eliminates the need of having to physically land and/
or attach a system onto the surface of the asteroid [5].

Ablation is achieved by irradiating the asteroid with a
light source. This can either be collected and focussed
solar radiation or with a laser light source. Within the
illuminated focal point, the absorbed energy increases the
temperature of the asteroid, enabling it to sublimate. This
transforms the exposed material directly from a solid to a
gas. The ablated material then expands to form an ejecta
plume. Over an extended period of time, the resultant
thrust, induced by the ejecta plume and acting on the
asteroid can be used to push the asteroid away from its
original threatening trajectory [2]. This increases the
minimum orbit interception distance between the Earth
and the asteroid, otherwise preventing the Earth impact-
ing event [5–8].

Previous proposals for the initiation of laser ablation
considered using either a ground-based or space-based
facility [1,19]. For a ground-based facility an average
power level of several giga-watts would be required to
deflect a small, 40–80 m in diameter asteroid [19]. This
was considered to be a substantial investment in infra-
structure and resources. Therefore an alternative option
was to mount a mega-watt laser onto a large single
spacecraft. The laser would be powered by a nuclear
reactor [20]. However, manoeuvring and operating such
a large structure, at close proximity to the asteroid, under
an irregular gravity field was considered to be very
difficult. This is further coupled with developing a nuclear
reactor for space-based applications, and the associated
political ramifications. Therefore an alternative concept
was proposed. Instead of a large single structure, a swarm
of small spacecraft, each equipped with an identical kilo-
watt solar-pumped laser could be used [10]. This provides
a much lighter and more adaptable concept. By super-
imposing each laser beam, the cumulative surface power
density would be used to initiate the ablation process
[10]. Singular or multiple ablation spots can also be used.
This increases the flexibility and overall redundancy of
the deflection mission. As required, more spacecraft can
be added or removed from the existing configuration,
eliminating the need to develop and design new space-
craft(s) [6,7,9]. The potential for deflection is therefore
dependent on the number of spacecraft located within the

Nomenclature

(Dm/A)SLIDES Ejecta mass per unit area deposited on
the microscope slides during ablation

A Area of the microscope slide
ab Absorbance
ASPOT Area of the laser’s surface spot
cA Heat capacity of the asteroid
Cm Momentum coupling
CR Concentration ratio
dSPOT Diameter of the surface spot
dh/dt Surface layer growth
dm/dt Mass flow rate during sublimation
E Incoming energy during the ablation process
Ev Sublimation enthalpy of the asteroid
FSUB Force acting on the asteroid
hEXP Height of the deposited ejecta from the

experiment
k Adiabatic index, for diatomic molecules
kb Boltzman’s constant
Kp Jet constant
kt Thermal conductivity of the asteroid
Ma Molar mass of the target material
NEAs Near Earth Asteroids
P1AU Solar power at 1 Astronomical Unit
PIN Absorption of the laser beam
Qn Energy required to ablated each kilogram of

material
QCOND Heat losses due to conduction
QRAD Heat losses due to radiation

R Distance from the Sun measured in Astro-
nomical Units

r Radius from the spot location
SEM Scanning Electron Microscope
t Sublimation duration
T Transmittance
Tamb Ambient temperature
T0 Temperature at the centre of the asteroid
TSUB Sublimation temperature of the asteroid in

vacuum conditions
v Average velocity of the ejecta plume
e Black body emissivity of the asteroid
Z Absorptivity
ZAB Efficiency of the ablation process
y Elevation angle, from the surface normal
yMAX Limited expansion angle
l Scatter factor
r Density of the ejecta plume
rn Density at the nozzle
rA Density of the asteroid
rl Layer density
sSB Stefan–Boltzmann constant
t Degradation factor
cvf View angle
DhEXP Measured thickness of the deposited material
Dm Mass loss during ablation
Dt Ablation duration
Zsys Overall conversion efficiency from solar input

to laser output
Zabs Absorptivity of the illuminated asteroid
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