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This article presents a method developed to assess laser Directed Energy Weapon en-
gagements. This method applies physics-based models, which have been validated by
experiments. It is used to assess the capabilities of the Airborne Laser (ABL), a system
for boost phase missile defense purposes, which is in development under supervision of
the U.S. missile defense agency. Implications for international security are presented.

The article begins with a general introduction to laser Directed Energy Weapons
(DEW). It is notable that several laser directed energy weapon prototypes have recently
become operational for testing. One of them is the ABL, a megawatt-class laser installed
into a cargo aircraft. It is concluded that only the ABL could have significant political
impact on an international scale at the moment. Hence, the remainder of the article
focuses on the assessment of that system. The laser intensity, the induced temperature
increase of a target and the impact of this temperature increase on the mechanical prop-
erties of the target are calculated for different scenarios. It is shown that the defensive
capability of the ABL against ballistic missiles is limited. Even a successful laser en-
gagement that deflects a missile trajectory from its intended target can have negative
impact for third parties, as missile warheads will most likely not be destroyed.

INTRODUCTION

The first laser was put into operation by Theodore Maiman in 1960.! Today,
lasers are widely employed in civilian and military settings. Civilian applica-
tions include CD-players and laser welding, using power levels between mil-
liwatts and kilowatts. In the military arena, laser ranger finders and laser
guided bombs have been used since the 1970s.2 In the case of range finders and
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laser guidance, the laser energy is not directly responsible for target damage,
the laser is only used as part of another weapon’s targeting system. The term
laser weapon implies the use of lasers as directed energy weapons (DEW). In
that case, the laser energy is causing the target damage. Some trace the idea of
such weapons back to the alleged use of focused sunlight by the Greek philoso-
pher Archimedes during the battle of Syracuse. However, so far the use of
lasers in battle has been limited to one application only, namely laser blinding
weapons. This happened during the Falklands® conflict and the 1980s war be-
tween Iran and Iraq,* before the protocol on laser blinding weapons was estab-
lished in 1995.% After 1995, only some single incidents are quoted in newspaper
articles, e.g., U. S. helicopter pilots allegedly have been targeted by a Russian
merchant ship near the U.S. coast in 1997, by Serbian troops over Bosnia in
1998, and by North Korean forces near the demilitarized zone in 2003.5

The use of laser DEW against military hardware has not taken place in
the battlefield, yet. This is despite huge funding efforts by the U.S. govern-
ment since the 1960s, which led to the development of lasers with continu-
ous output powers in the kilowatt range shortly after Maiman’s discovery. Al-
ready in 1968 Gerry accomplished a continuous power level of 138 kW using
a gasdynamic CO; laser,” and in 1980 two megawatts were reached by the
Mid-infrared advanced chemical laser (MIRACL).® However, these technolog-
ical accomplishments did not lead to the deployment of weapon systems. One
reason for that is the challenge is not only to build a laser with a high output
power but also to integrate it into a functional weapon system. This weapon
system would have to include the laser source, the necessary optics to focus
the beam at the desired distance, means for target detection and target track-
ing, and measures to track the target with the laser beam, e.g., a fast steering
mirror. Finally, a real-time computer system is needed to control the different
components.

From a military point of view, all these components have to be combined
into a system that is deployable in a military setting and offers advantages
over existing weapon systems, in order to warrant the development costs and
acquisition. From a policy standpoint, it is also desirable that those new abil-
ities are not destabilizing to international relations, as described later. At the
moment, several laser DEW systems are in development. The most prominent
example for a contemporary laser DEW is the Airborne Laser (ABL) missile
defense program.

The goal of the ABL is the destruction of ballistic missiles in their boost-
phase. The boost-phase is the time during the ascent of a missile when the
engine is active and accelerating the missile. This implies a highly visible tar-
get, as the engine is sending out hot gases, which are easily detectable by
infrared sensors. After the end of the boost-phase, the missile will follow a
ballistic trajectory, which ends with the re-entry of the warhead into the atmo-
sphere and the impact onto the target. For that reason, the time-line of an ABL
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engagement is crucial.? If the ABL is not able to inflict significant damage to
the missile before the end of the boost phase, the missile will reach its final
velocity and therefore its target, even if the missile is damaged later. If laser
damage causes a shortened boost phase, the timing of the ABL engagement
will determine the final velocity and therefore the missile’s point of impact. At
any point of impact, severe damage is possible, as the ABL will not be able to
destroy a warhead for most scenarios.

If the ABL program is successful, it would give the United States its first
ability for boost phase missile defense. This task is not achievable by other
means at the moment. Therefore, there are also strong political implications.
In order to assess the political implications of any laser DEW system, is it
necessary to understand its technical abilities and shortcomings.

After a general introduction to the background and recent developments
in the field of laser DEW, the second part of this article will describe a method
developed to assess the effects on a target engaged by laser DEW, focusing on
missile defense applications. This method was validated using scaled experi-
ments. As an example, a scenario is assessed which involves an ABL engage-
ment against a midrange liquid fuel missile flying from North Korea to Japan.
This and further scenarios, summarized in the third part of this article are
used to provide an independent assessment of the ABLs capabilities. In gen-
eral this article follows a best case approach, in order to assess whether long
range laser weapons could have any usability today. This research builds upon
the research undertaken by the American Physical Society Study Group on
Boost-Phase Intercept Systems.!? This article extends their work especially in
the field of interaction between laser and target.

INTRODUCTION TO LASER DIRECTED ENERGY WEAPONS

Technical Implications

Laser DEW propagate energy between the weapon and the target by the
means of a laser beam. A successful engagement implies that the target is
heated up to a point where it ceases to operate effectively. From a military
point of view, there are several advantages and disadvantages to using laser
DEW compared to projectile weapons. The potential advantages of laser DEW
are several:

e Laser beams propagate at the speed of light. This vastly simplifies tar-
geting, as there is no need to calculate the trajectories of projectiles. The
laser beam will travel approximately in a straight line for several hundred
kilometers. In addition, this complicates evasive maneuvers for a potential
target.
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Tracking the target with the beam is accomplished by moving a mirror.
As mirrors are less massive than gun turrets, they can be moved faster,
enabling tracking of highly maneuverable targets.

Laser DEW do not use ammunition in the sense of a magazine of projec-
tiles. Instead, the laser has to be powered. The power source depends on
the type of the laser, and will be electric for many cases, not including the
Airborne Laser. As long as there are means to power the laser and the laser
itself can sustain continuous operation, there are no limits in the laser’s
time of operation. In practice this scenario might work for an electric
laser onboard an aircraft carrier, where there is a nearly unlimited power
source. Laser weapons for an infantry soldier will likely stay in the realm
of science fiction for some time, due to lack of a transportable power supply.

Effects on a target can be adjusted if a laser with variable output power
is used. Prerequisite for that are that both the resulting laser intensity
on target as well as the damage mechanism are well understood. For
example, whether a soldier is just dazzled or blinded by a laser weapon
depends on many factors, including the ambient light, the weather and
whether the soldier wears eyeglasses.

Depending on the scenario, these advantages have to compete with a range of
unique disadvantages, including:

There has to be a line of sight between the laser and the target. This re-
quirement might be negated by relay mirrors, but those complicate the
tracking process.

Atmospheric effects can negatively affect laser beam propagation. Absorp-
tion, scattering and turbulence have to be taken into account, if the beam
travels in the atmosphere. Depending on the range and the atmospheric
conditions, it might not be possible to employ a laser at all. Especially ad-
verse conditions include rain, fog, or smoke.

As soon as critical laser intensities are reached, non-linear effects set in.
The laser itself influences the atmosphere, starting with simple heating
effects and culminating in ionization if the laser intensity reaches suffi-
cient levels. Somewhere between those extremes, the absorption coefficient
becomes a function of laser intensity. For that reason, the maximum inten-
sity which can be transported through a given path is limited. Non-linear
effects especially become important if short-pulsed lasers with high inten-
sities are used. Critical intensities depend on the wavelength. For lasers
with a wavelength of 1.3 um this intensity is in the order of megawatts per
square centimeter.!! Please note that for the cases examined in this study,
non-linear absorption is not relevant, as intensities are not reaching those
levels.
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e In contrast to conventional ammunitions, which release their kinetic
and/or chemical energy with no noticeable time delay upon impact, a laser
usually needs some time to heat up the exposed target area until signifi-
cant damage occurs. The tracking mechanism of the laser system has to be
able to track the target during that time.

e In addition to conventional defensive measures, laser radiation can be de-
flected by highly reflective coatings. For a given wavelength, a reflectivity of
up to 99 percent can be accomplished by simple thin coatings. Multi-layer
coatings can further increase the reflectivity. Further counter measures in-
clude a fast target movement in order to spread the laser energy or ablative
coatings.

e In the past, lasers have often been big, fragile optical instruments. Laser
optics have to be protected against contaminants as well as misalignments.

The last point alone has probably played a decisive role in preventing the de-
ployment of laser weapons until now. However, recent developments might
change that picture.

Recent Developments in Laser DEW

Contemporary development of laser DEW systems can be put into two cat-
egories, industry funded projects that use civilian off-the-shelf industrial lasers
and government funded research, which aims at high power laser systems. The
latter research aims at continuous power levels exceeding civilian lasers by one
or two orders of magnitude. Laser sources developed for those projects have no
industrial applications at the moment. Major defense companies in the United
States and elsewhere!? are working on both tracks.

Laser DEW Prototypes Using Civilian Laser Technology

Boeing and Raytheon recently introduced tactical laser weapon demon-
strators using industrial solid-state lasers. Boeing modified an “Avenger” air
defense vehicle mounting ground to air missiles. They replaced one of the mis-
sile launchers with a laser DEW. As a laser source, this system uses a commer-
cial 2 kW solid state laser. The new “Laser Avenger” has been used to track
and destroy an unmanned aerial vehicle as well as explosive devices on the
ground.'® In a press release Boeing points out that this system would not re-
veal its position by missile exhaust or gun flashes, citing that as an advantage
in comparison to conventional systems.'* While this is a valid point at the mo-
ment, the scattered light'® of the Avenger’s 2kW infrared laser beam could
also be used by opponents to detect the vehicle in the future.

Boeing is also working on a higher power weapon demonstrator. The Re-
locatable High Energy Laser System (RHELS) is combining four industrial
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thin-disk lasers into a 10kW system. Those lasers are usually used in the
manufacturing industry, e.g., for welding in automotive applications.!® The
RHELS consists of the lasers as well as components for cooling, power sup-
ply and tracking. All components are installed in a 40-foot shipping container.
This relocatable approach has been chosen in order to test this demonstrator
in different locations.

Industrial fiber lasers manufactured by the company IPG Photonics are
used by Raytheon in its Laser Area Defense system (LADS). The LADS is a
weapon demonstrator which is based on a modified Phalanx air-defense sys-
tem. The conventional Phalanx system uses radar controlled multi-barreled
cannons. Phalanx is installed on some U.S. Navy ships in order to protect them
against close in missile targets. Raytheon has replaced the cannons with a
laser. The modified system is being tested against a variety of targets, includ-
ing incoming mortar rounds.!”

The thin-disk lasers and fiber lasers, which are employed in the last men-
tioned systems, are two approaches used in the manufacturing industry to
scale solid-state lasers to higher power levels. The major challenge on that
method is the limited efficiency of the energy conversion processes which cre-
ate the laser beam. Because of that, a major part of the energy used to create
the beam is lost as excess heat. This excess heat occurs inside the light am-
plifying medium of the laser, which creates the beam. For a solid-state laser,
this is a crystal. The produced excess heat has to be transported out of the
solid-state medium, in order to avoid overheating and, finally, destroying the
laser. In addition, a non-uniform temperature distribution inside the ampli-
fier causes a higher than ideal beam divergence of the resulting laser beam.
This means that the beam spreads out further with traveled distance than
in the ideal case and less energy per target area is delivered. To avoid that,
the light amplifying medium has to be cooled in a way which results in a
regular temperature profile. Increasing the surface of the amplifier simplifies
cooling. Hence, the geometry of the active medium is optimized. In the past
voluminous rods have been used, now thin disks or optical fibers are used
as laser amplifiers. The result is a better beam quality, hence a lower diver-
gence at high power levels compared to a standard rod configuration. In ad-
dition to the increased surface, fiber lasers have the further advantage that
the ends of the fiber itself are used to form the laser resonator. This allows a
ruggedized design, as no mirror alignment is necessary. That is especially im-
portant for military laser applications. Fiber lasers are a recent development
which introduced changes into the market for industrial lasers and might also
lead to further development in military lasers. At the moment, fiber lasers
deliver the highest continuous output powers of all commercial lasers. The
company IPG offers fiber lasers with a power up to 50 kW. Nevertheless, the
need to cool fiber and disk solid-state lasers puts a limit to their maximum
power.
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Military Laser DEW Developments

U.S. government funded programs on solid-state lasers have so far reached
power levels in the same order of magnitude as the lasers described above. Re-
cently, Northrop Grumman has announced the successful test of a 100 kW
solid-state laser, as part of the Joint High Power Solid State Laser program.'®
This is generally seen as a power level at which lasers become useful for tacti-
cal applications. For strategic applications, laser power in the megawatt range
is desirable. Such power levels can be achieved by chemical lasers, which have
been developed for military programs.® In contrast to electrical powered solid-
state and semiconductor lasers, chemical lasers use a chemical reaction to
create the beam. The involved chemical agents are fed continuously into the
reaction chamber. These agents form a gas stream, which is the light amplify-
ing medium for this class of lasers, as depicted in Figure 1. The gas stream is
continuously produced and the old reactants are vented out of the laser. There-
fore, excess heat does not accumulate and the output power is not limited by
the need for cooling.

At the moment there are two U. S. laser DEW systems which are employing
chemical lasers. Those are the Advanced Tactical Laser (ATL) and the Airborne
Laser (ABL). Both systems use airplanes as platforms for the laser DEW. The
ATL is a technology demonstrator built to evaluate the abilities of a laser DEW
for “ultra-precision” attacks, e.g., against communication platforms or vehi-
cles.?? The range is in the order of 10 to 20 km.?! The ATL is using a Chemical
Oxygen lodine Laser (COIL) with undisclosed output power. Different sources
quote values between several tens of kilowatts and 300 kW.?2 Basis for the
ATL is a standard C-130 cargo aircraft. As possible engagements, covert oper-
ations are mentioned, as well as settings where civilian assets are mixed with
military targets.?? The ATL project started in 2002 using funding by the U.S.

nozzle
- mirror

gas-jet
(active laser medium)

Q mirror
(semi-transparent)

Figure 1: Working principle of a chemical laser. The laser energy is provided by a chemical
reaction, which produces a continuous gas jet. The gas jet is the active (light amplifying)
laser medium.
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Special Operations Command. Late in 2008, the prototype was tested against
a ground target. Further testing has been funded by the U.S. Air Force.?* A
first in-flight test occurred in June 2009.2°

The Airborne Laser (ABL) is the most prominent contemporary laser DEW
program. It is built around a basic Boeing 747 aircraft, which is outfitted with
a COIL with a continuous output power in the megawatt range (the exact
value is classified). Its primary goal is boost-phase missile defense over strate-
gic ranges of several hundred kilometers.?® In order to achieve this mission,
one ABL is to be on station, near possible missile launch sites all the time. At
the moment of a missile launch, the ABL would then attack the missile. In ad-
dition to the main laser, sensor and tracking equipment, the ABL also features
an adaptive optic component, which is supposed to correct the degrading influ-
ence of atmospheric turbulence on the laser beam. This component is crucial
to reach the intended range. This article uses ABL engagement scenarios for a
case study. Further technical details about the ABL's setup are provided in the
Appendix to this paper. Additional details can also be found in the literature.?’

The ABL program was initiated in 1994.28 Until 2008, approximately
$5 billion have been spent on the system.?® Originally, a first test of the sys-
tem against a test missile was scheduled for 2002.3° This test has been post-
poned several times, recently to late 2009 or early 2010.3! Nevertheless, some
progress has been made. In 2008, all the components were finally installed in-
side the aircraft and the high energy laser was activated for the first time on
the ground.?? Flight worthiness was certified in April 2009.33 At the moment,
further tests of the components are underway, culminating in the scheduled
flight tests against boosting SCUD-type missiles. The current administration
has shifted the program from procurement to a pure research and develop-
ment program and delayed the planned purchase of a second plane, as doubts
remain as to whether the system will have any operational capability.3* After
the scheduled tests it will be decided whether the program will continue or will
be canceled.?®

Implications for International Security

Depending on their abilities, laser DEW may or may not have a significant
impact on international security. An impact can be expected if a system intro-
duces new capabilities which cannot be achieved by other means. These sys-
tems could then be categorized as revolutionary systems. If a laser DEW just
replaces existing conventional systems, without extending their capabilities,
there will be no significant impact, just an evolution of current technical sys-
tems. For example, clandestine and ultra-precision strikes are already possi-
ble today, using guided ammunition or special forces on the ground. Hence the
Advanced Tactical Laser’s impact on international politics will be only minor,
even if its technology might be revolutionary. On the contrary, the ABL's impact
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could be huge, as the ABL could be the first operational U. S. boost-phase mis-
sile defense system. In that role, it could be used by the United States against
small states, but it also might interfere with the nuclear deterrent capacity of
major nuclear weapon states by attacking ICBMs in a retaliatory strike.

In addition to missile defense, the U.S. Air Force has also considered other
applications for the ABL, including anti-satellite engagements.?® Those capa-
bilities are not mentioned by the Missile Defense Agency, which is oversee-
ing the ABL program at the moment. Anti-satellite (ASAT) laser engagements
would be a revolutionary application, as they would in principle enable an
option of attacks on satellites with only minor debris. At the moment, attack-
ing satellites implies the use of missiles with kinetic or explosive warheads. A
kinetic impact creates debris, which would be harmful to the attacker’s space
assets, too. For that reason, space-faring nations are discouraged from using ki-
netic energy attacks. This fact enacts a kind of “natural” arms control. Lasers
could change this situation if they are used to heat up satellites just to a point
where their electronics are damaged or only to impair their sensors. Hence,
attacks on satellites would be more likely, if laser DEW with anti-satellite ca-
pabilities are fielded in peacetime. In a time of crisis, this would create ad-
ditional political instabilities, as satellites are important early warning and
reconnaissance assets.

In order to evaluate the political implications of a specific laser weapon, it
is necessary to assess its technical capabilities. To achieve this goal, a method
has been devised to assess laser DEW engagements. The next section of this
article describes its application for the assessment of a missile defense scenario
involving the ABL. The ABL has been chosen because it is today the most ad-
vanced laser DEW with implications for international security, be it for missile
defense or as laser ASAT.

ASSESSMENT OF ABL MISSILE DEFENSE ENGAGEMENTS

Outline of Assessment Method and Case Study

The flowchart presented in Figure 2 illustrates the assessment method
which was used to model the impact on an irradiated target. It was developed
as part of one of the author’s PhD thesis.?” Please refer to the acknowledge-
ments of this paper for a list of involved institutions.

Laser DEW induce a heat flux on a target. Hence, the first step of the as-
sessment method is to calculate the achievable laser intensity at the target
position. This incoming intensity is partially absorbed by the target, resulting
in a temperature increase over time, which is calculated during the second step
of the assessment. The third step is damage assessment. In the case where the
temperature rises above the melting point, significant damage of the irradi-
ated target is unavoidable. If the melting point is not reached, a more nuanced
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Figure 2: Flowchart of the assessment of a laser DEW engagement. The laser intensity, as well
as effects on a target are evaluated in order to find out whether significant damage is
inflicted by the laser weapon.

damage assessment is necessary. For example, an elevated temperature can
negatively impact the tensile strength of metals and a structural element
might fail before melting occurs. To assess the temperature effects in this case,
it is necessary to compare the occurring mechanical stresses with the temper-
ature dependent tensile strength of the material.

Parts A to C of the appendix describe the outlined steps in further de-
tail. The presented theoretical background is applied to a missile defense case
study, in which detailed results are intertwined after each section of the ap-
pendix. At this point, only a short summary is given.

The case study assesses a scenario for an ABL engagement against a
medium range liquid fuel ballistic missile heading from North Korea to Japan.
A liquid fuel missile has been chosen, because an attack against such a missile
is more likely to succeed than an attack against solid propellant missiles.8
Whether a missile can be intercepted successfully depends on the technical pa-
rameters of the missile and the ABL as well as the geometric setup, i.e., the
changing distance between the missile and the ABL. The missile’s technical
parameters can be found in Appendix D and are inspired by the analysis of the
Nodong missile by Wright and Kadyshev.? The technical parameters to assess
the ABL performance are introduced during the course of detailed assessment
presented in Appendix A. The initial positions of the ABL and the missile in
the scenario are setup as illustrated in Figure 3. They have been chosen in
order to accommodate two assumptions:

1. The ABL has to stay out of range of surface to air missiles.

2. Missiles will be started from a position as far as possible from the coast.
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Figure 3: Setup of the missile defense scenario, which is used as an illustrative example in this
article.

The first assumption arises, because the ABL is itself a highly visible target
and not very maneuverable, as its platform is a Boeing 747 aircraft. There are
reports that North Korea is in possession of air defense missiles with a range
of 200 km.*° Hence, the distance between the ABL and North Korea’s coast
has been chosen to put the ABL in a safe position. The second assumption
flows from the likelihood that a country that wants to launch a missile will
seek to maximize the chance of a successful missile flight in the presence of an
ABL. For this medium range scenario, the easiest way to do so is to increase
the distance between the missile and the ABL. For short range missiles other
measures might apply.

The trajectory of the missile following this initial position is calculated us-
ing the program GUI_Missile_Flyout by Geoffrey Forden.*! Using the result
and the position of the ABL, the time-dependent intensity on the target can be
derived. Appendices A, B, and C then show the details of the calculations nec-
essary to assess the effectiveness of the missile defense engagement. Appendix
A analyzes the intensity on target that might be achieved. Appendix B takes
this result to calculate the elevation in target temperature that could be ef-
fected. The temperature rise thus calculated is unlikely to cause melting of the
target. However, in principle, the combination of temperature induced loss in
tensile strength, thermal expansion and applied mechanical stress during the
missile’s boost phase could lead to the missile’s failure to reach the intended
target, a phenomenon analyzed in Appendix C. Please refer to Tables 2, 3 and
4 in Appendix A,B and C for a summary of the input parameters.

The intensity on target will depend upon the laser beam diameter for vac-
uum beam propagation, on the intensity reduction due to atmospheric absorp-
tion and scattering, and the effectiveness of adaptive optics to compensate for
atmospheric turbulence. Figures 14 to 16 in Appendix A show the results of

11
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the intensity calculations under different assumptions, especially on the ef-
fectiveness of the adaptive optics performance. As explained in Appendix A,
the adaptive optics’ correction is initiated by a so-called beacon laser, used to
measure and to allow compensation for the effects of turbulence. It will be most
effective when the angle between the paths of the beacon and the weapon laser
is as small as possible. The term “anisoplanatism” refers to the diversion of the
two paths, and in the calculation two cases are examined—full anisoplanatism
where the diversion is growing rapidly over time, attenuating the intensity of
the weapon laser, and reduced anisoplanatism, which gives the best results for
the weapon laser. Please refer to Appendix A for details about the technology
involved.

Given the range of those assumptions, the maximum intensity at target
would be about 300 watts per square centimeter, an intensity which could be
reached only near the end of the boost phase of the missile under attack, and it
could be much less. (This assumes that the power of the weapon laser is 3 MW.
Please refer to Appendix A for an explanation, why this number is chosen).
During the first 20 seconds or so of the missile launch, while the missile is
still in the lower atmosphere, the laser transmittance would be too low to be
effective.

The rise in target temperature will depend, of course, initially on the de-
livered intensity; but it will also depend significantly on the wall material of
the missile being attacked, the wall thickness, the surface absorption, the ini-
tial temperature at the wall, the environment of the wall (e.g., liquid fuel) and
the time on target of the laser. The detailed calculations shown in Appendix B
indicate that given the range of assumptions considered, the maximum tem-
perature on the missile that could be inflicted during its boost phase would
not exceed the melting temperature of aluminum. The temperature rises im-
posed could, however, lower the tensile strength of the wall material, enabling
the mechanical stresses to cause missile failure, the subject of Appendix C. In
this Appendix, we calculate, under different assumptions on the effectiveness
of adaptive optics, the earliest flight times where the stress exceeds the elastic
limits of the missile shell. At this point, extensive deformations are, in princi-
ple, possible, enabling failure modes described in the next section. For reasons
explained, the warhead and engine of the missile are unsuitable targets.

Impact on Warhead Trajectories

The calculations presented in the appendices indicate flight times of 47 s
and 68 s as the earliest flight times for the presented case, where the stress
exceeds the elastic limit. The missile model employs a boost phase of 70 s.
The calculated times are valid for intensity distributions according to reduced
anisoplanatism and full anisoplanatism, while the effects of liquid cooling by
the fuel on the inside and aerodynamic heating by the supersonic airflow on
the outside of the tank section are neglected.
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The missile can fail in two different modes.*> With rising temperatures,
material strength diminishes. This either could lead to (localized or extensive)
rupture of the missile wall or to a collapse of the entire structure, if large
enough portions of the wall are weakened and are no longer able to bear the
applied mechanical loads. This collapse could start before ruptures appear.
However, as long as the stress is below the elastic limit, by definition (see
Appendix C), only minimal deformation occurs, and neither of the described
failure modes will take place.

After the elastic limit is exceeded, failure is in principle possible. Which
mode occurs, depends on numerous factors, among others the fracture me-
chanics of the material of the specific missile. Depending on the failure mode,
various effects can influence the warhead trajectory.

Fuel venting through a small hole in the tank might shield and/or cool
the surrounding area and deny further laser impact at this position. However,
the venting fuel is lost for acceleration and the trajectory will be shortened. The
maximum effect for this case would be an instantaneous cut-off of the thrust.
In that case, the warhead would continue on a trajectory determined by the
forward momentum it already gained until this point. This would also be the
case, if the warhead separates from the booster after a destructive event, e.g.,
the collapse of the booster. If the booster collapses and the warhead stays at-
tached to the deformed debris, this would have an impact on the aerodynamics
of the warhead. The effects vary, depending on ambient pressure, and hence
the altitude when this happens. Finally, the booster could also keep accelerat-
ing the missile, but in a different direction. A change in course could be induced
by a missile deformation or venting fuel. In general, the fuel remaining at the
time the elastic limit is reached could accelerate the missile in an arbitrary
direction.

In order to quantify the different effects and to narrow down possible im-
pact points, the missile trajectory calculations are repeated, using the same
parameters for missile thrust and masses, but cutting off the thrust at 47 s
and 68 s. In the first case, the missile would only fly approximately 200 km
and the trajectory would end in North Korea. If the missile is accelerating for
68 s, the changed trajectory still ends in the vicinity of its original target. The
calculations are also repeated with changed aerodynamics. For the first case
(cutting of the thrust and increasing the aerodynamic drag at 47 s to an (un-
likely) maximum), the increased drag reduces the range another 25 percent.*?
For the second case, the effects of the increased drag are negligible at 68 s, as
the missile already has reached an altitude of more then 35 km.

Please note that so far the effects of liquid cooling and aerodynamic heat-
ing have been neglected. If the effect of liquid cooling is still neglected, but
aerodynamic heating is taken into account, the initial wall temperature Tj at
the beginning of the laser engagement is higher than 293 K, which was as-
sumed for the presented results. Table 1 shows the effect of different initial

13
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Table 1: Minimum flight time tr_,, until the elastic limit is reached. The result of a
variation in initial temperature is shown for the case of full anisoplanatism. For
To = 433 K the aim point (represented by tont) was changed in order to minimize

TRpO.? :

. _________________________________________________________________________________________________________|]
To/K 293 363 433
JropT / S 60 60 55
tRogs /S 68 64 58

temperatures T on the missile flight time tg ,, which is passed until the elas-
tic limit (represented by the stress Ryo2) is reached. The time t,,; represents
the chosen aim point, as described in Appendix A. For 7y a maximum of 433 K
is chosen, because that is the temperature on the tip of the Ariane-1 missile
at the end of its boost-phase.** A temperature of this magnitude is not to be
expected at the missile wall, however, it can be seen as an unrealistically high
upper boundary to assess the maximum effect.

To illustrate the effect of the different results on the warhead’s trajectory,
the impact points for the case of an instantaneous engine failure at tg,, are
marked in Figure 4. In addition, the original trajectory and a trajectory for
an engine cut-off at 64 s are indicated. Also indicated is the area, which can
be reached if the engine does not cease to function and the remaining fuel for
tr,, = 64 s and 58 s is used for accelerations in arbitrary directions. For the
case of full anisoplanatism, all impact points are far away from the location
of the missile launch. Please note that the warhead will likely be intact and
even if the intended target is not reached, an explosion can still cause great
damage.

Countermeasures

So far the case of a conventional liquid fuel missile was modeled accord-
ing to available information on the Nodong missile. In case the ABL becomes
operational in the future, missile forces around the world will start to look
into countermeasures against laser missile defense. Countermeasures can be
developed with different levels of complexity. The simplest approach for a mis-
sile made of aluminium would be to strip down the paint and polish the sur-
face. The difference in absorption, which could be diminished from 0.10 to 0.04
would be enough to prevent a significant temperature increase for the pre-
sented case study, see Figure 5 b).#> As an aluminium surface tends to oxi-
dize quickly, this might not be practical without additional measures. Mea-
surements by Freeman et al. show an increase in absorption at the ABLs
wavelength to 0.11, if a polished sample is weathered for three months.*6 To
prevent this, anti-corrosive paint is not an option, as its absorption will most
likely be higher than the absorption of a polished surface, hence negating the
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laser beam at t.=t

opt

B—=a end of boost phase (70 s)
original trajectory (70 s boost phase)

— . trajectory resulting of a 64 s boost phase
(engine cut-off at t, = t,,,= 64 s)

reachable area with remaining fuel at t. = t;,,, =58 s
- reachable area with remaining fuel at t. = t;,,, =64 s

1,2,3 impact points for engine cut-offatt. = 58 s, 64 s, 68 s

Figure 4: Possible warhead impact after an ABL engagement. Evaluated are possible
scenarios affer the elastic limit is reached at the flight time 1 = Tppo_z. Marked (x) are impact

points for instantaneous engine cut-offs at pro‘z' The shaded areas represent areas which

could be reached if the remaining fuel at TRp0_2 is used to accelerate the missile in an
arbitrary direction.

a) no countermeasures b) increased reflectivity ¢) 0.3 Hz rotation
(0.04 absorption)
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Figure 5: The effect of countermeasures on maximum temperature vs. flight time for the
examined case study. Intensity distribution according to the case of reduced anisoplanatism
and fypt = 60 s. Plot b) shows the effect of a rotation along the missile’s axis. Plot ¢) shows the
effect of a missile surface with increased reflectivity.
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effect of polishing. More practical would be last minute polishing, or a thin gold
coating, which could decrease the absorption to a value as low as 1 percent*’
and is more resistant to environmental impact. A 0.1 mm gold coating would
increase the mass of a 1.3 m diameter cylinder with a length of 15.5 m about
120 kg, decreasing the missile’s range by roughly 30 km. A less expensive al-
ternative would be copper, which has an absorption of 0.015 at the ABLs wave-
length.48

Another countermeasure would be to rotate the missile around its axis,
which would spread the laser energy over a larger area. The effect of a 0.3 Hz
rotation is quite dramatic, as can be seen in Figure 5 c. Whether such a rota-
tion is feasible depends on the guidance system of the missile. First generation
guidance systems might not be able to achieve such a rotation. Both mentioned
countermeasures could be combined which each other. In addition, there are
other measures to insulate the missile from laser radiation, e.g., ablative coat-
ings like cork.

Apart from these laser specific countermeasures, the usual offensive-
defensive strategies come into play. The offense can try to overwhelm the de-
fense by launching several missiles at once. Another option for the offensive
would be to attack the ABL. As its platform is a Boeing 747, the ABL is highly
visible and relatively vulnerable.

REVIEW OF ADDITIONAL ABL ENGAGEMENTS

In the course of the presented research, further ABL engagement scenarios
have been analyzed. This includes missile defense scenarios including short
range and intercontinental missiles and one scenario to assess an ABL appli-
cation against a satellite in low earth orbit.

Short range missiles are more difficult to intercept than long range mis-
siles, as a majority of their boost phase takes place in the lower atmosphere
where absorption and turbulence are increased. As an example the case of a
missile similar to a SCUD B flying from North Korea to South Korea was as-
sessed, using the same distance between the launch pad and the ABL position
as described in the detailed example in the last section. The parameters used
for the assessment are shown in Appendix D. In the case of full anisoplanatism,
the missile would be heated to about 80 K, which is not sufficient to signifi-
cantly lower the yield strength of the wall material. Even for the assumption
of reduced anisoplanatism, only at the end of the boost phase, stress levels
reach the temperature dependent elastic limit. It is questionable whether the
ABL could be used for such a scenario.

The situation is different for multi-stage intercontinental ballistic missiles.
The influence of turbulence is less severe than for medium range and short
range missiles, because the boost phase for an ICBM terminates at a higher
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altitude. Scenarios including liquid-fueled ICBMs launched from North Korea,
Iran and China have been assessed. The scenarios assume a missile launch
in the middle of the countries and the ABL stationed 200 km from their re-
spective coasts over the Sea of Japan, the Black Sea and the Yellow Sea, re-
sulting in distances of 400 km, 900, km and 1600 km between the launch pad
and the ABL. Using the same input data for the second stage as presented
for the medium range missile (see Tables 2, 3 and 4 in Appendices A, B and
C), the calculations for scenarios involving Iran and North Korea indicate that
stress levels exceeding the yield stress can be induced in the boost phase of
the second stage for both full anisoplanatism and reduced anisoplanatism.
Please note, that this assessment depends on the same assumptions as pre-
sented in the appendix for the case of a midrange ballistic missile launched
from North Korea to a target in Japan. However, in contrast to that case, for
an ICBM the first stage already provides considerable acceleration before the
second stage is destroyed. This implies that the impact point of the warhead
will be several hundred kilometers from the launch pad. In addition, the third
stage could still be activated, which would further expand the possible area of
impact.

The scenario involving a launch in China would not allow for a successful
intercept. The distance of approximately 1600 km implies that about 90 per-
cent of the boost phase will have passed before the missile rises over the ABL's
horizon and there is a line-of-sight between the ABL and the missile. At that
point, the beam still has to pass through the lower atmosphere, which prevents
the intercept.

Compared to the missile defense cases, the assessed anti-satellite scenario
is considerably less challenging for the ABL. The ABL can maneuver to an
ideal firing position directly below the satellite’s trajectory, as satellite trajec-
tories are highly predictable. Hence, the beam can be directed upwards and
its passage through the lower atmosphere will be very short compared to all
presented missile defense scenarios. For the calculations, the Hubble Space
telescope was used as an example, as its setup has been published by NASA.4°
In addition, it is reportedly similar to that of a surveillance satellite.’® The
Hubble Space telescope is orbiting in an altitude of 550 km above the Earth’s
surface. Calculations show that during an ABL engagement the temperatures
in the outer hull could exceed the melting point by more than 1000 K. There-
fore, destruction is almost certain. Furthermore, countermeasures available
to missiles may not be applicable to satellites. For example, due to the im-
pact of micro debris, radiation and repeated circles of extreme temperature
fluctuations, high reflective surfaces might lose their reflectivity in a space
environment over time. In contrast to missiles, no last minute surface finish
can be applied just before an laser attack. And while sensors could be pro-
tected by shutters, sensors would not be available as long as the shutter is in
place.

17
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CONCLUSION

Laser DEW development is progressing on two tracks. On the one hand, using
available civilian technology and on the other hand focusing on high-power
chemical lasers, which today have no civilian application. Both tracks have
provided prototypes and testing is underway. Whether the deployment of laser
DEW implies consequences for international security depends on the technical
capabilities of these systems. This paper presented a physics-based assessment
method for laser DEW engagements, using the U.S. Airborne Laser missile
defense system as a case study.

Assuming an output power of 3 MW and engaged missiles with no coun-
termeasures against a laser attack, the ABL could in principle be used against
the examined type of mid-range and intercontinental liquid fuel missiles if
they are launched from a small country like North Korea. This capability
depends especially on the ABL’s ability to correct for the negative effects
of atmospheric turbulence on laser beam propagation. The successful im-
plementation of an adaptive optics correction using a technology involving
a distributed beacon on the casing of the targeted missile is crucial. It is
disputed whether this is possible for the necessary distances of several hun-
dred kilometers. In case the distributed beacon does not work, full anisopla-
natism will occur. For full anisoplanatism the presented case of a liquid fuel
missile with a range of 1000 km represents the cut-off for possible engage-
ments, even for a small country like North Korea. The usability of the ABL
would be restricted to missiles with more extended boost phases. In all pre-
sented cases, the intensity provided by the ABL is not sufficient to destroy
warheads. Hence ABL engagements will result in a shortened boost phase
of the starting missiles and in a shortened missile trajectory, but the laser
will not destroy the warhead. In addition, the dense lower atmosphere pre-
vents early ABL engagements, and for that reason in the assessed defensive
scenarios the ABL is not able to disable missiles close to their launch pad
and their warheads will cover distances of several hundred kilometers before
impact.

The complexity of the presented analysis itself points out that a success-
ful missile defense engagement depends on many factors, including both mis-
sile and laser parameters. For example, targeting still fueled tank sections of
single-walled missiles would not be successful as the casing is cooled by the
fuel. This is not true for double-walled, cryogenic missiles, but they might em-
ploy additional thermal insulation. Solid fueled missiles are in general more
difficult to destroy by lasers than liquid fuel missiles, as elaborated by the
APS study group. Therefore, details about the setup of the targeted missile
have to be known. Introducing countermeasures could render the whole system
useless.
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Furthermore, recent congressional statements by the current Secretary of
Defense indicate that the ABL might perform actually worse than described
in this paper. R. Gates said that the ABL had to orbit inside North Korea or
China in order to have capabilities for missile defense in a scenario involving
North Korea.?® This implies that the ABL program faces serious additional
challenges with one or several of the ABL's components. This also implies that
the defensive role for the ABL is very much restricted, as entering the airspace
of a country like North Korea would naturally be highly provocative.

Finally, it was shown in this article that ABL engagements against satel-
lites in low earth orbits are much easier to achieve than missile defense en-
gagements. A deployment of the ABL could therefore be seen as a threat
by other space faring nations leading to a new arms competition and to
a proliferation of this technology. Preventive arms control measures negoti-
ated before the deployment of laser DEWs worldwide would be a major step
forward.
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APPENDIX A: CALCULATING INTENSITY ON TARGET

Introduction

A laser beam source at a given point z = 0 will deliver a certain output
power P. The line-of-sight distance to the target is L. The energy is propagat-
ing along the path of the beam to a target at the point z = L, as illustrated
in Figure 6. The altitude over sea level h(z) may vary. Along this path, the
intensity distribution in a plane perpendicular to the propagation path will
change. A common way to describe these changes is to define a beam diameter.
The beam diameter is usually defined as a certain threshold in intensity I in
a given plane z;.

In order to maximize the effects on a target, the usual approach is to fo-
cus the beam to the smallest possible beam diameter at the target location. A
smaller beam diameter implies that more energy is focused on a smaller area.
In any case, the minimum beam diameter is governed by the distance L be-
tween the laser and the target, the wavelength of the laser and the diameter
of the employed optics. If the beam travels in the atmosphere, the intensity
on target is further reduced. First, a fraction of the energy will be absorbed
by the atmospheric path the beam is traveling through. Second, the beam di-
ameter will not reach its minimum, as the beam divergence is increased by
several effects, including atmospheric turbulence and laser performance. Both
absorption and increased divergence depend on the path of the beam through
the atmosphere, as absorption and turbulence depend on the altitude 4. In
general, this path can change during a laser DEW engagement. The following
paragraphs describe the assessment of the different influences, first looking at
the minimum beam diameter.

z=z, Target
4 z=L

2y Py e

Earth’s surface

Figure 6: lllustration of the quantities used to calculate laser intensities /. The laser is located
at z= 0 at an altitude h(z = 0) above sea level. The target is located at z= L, Lis the
line-of-sight distance between laser and target. The altitude h(2) above sea level may vary
along the path of the beam through the atmosphere. At z = z;, the intensity distribution
perpendicular to the path of the beam is illustrated.
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Figure 7: Intensity distribution of a Gaussian beam in a given plane z = z;. The distribution is
normalized with the maximum intensity lp(z;). the distance rin that plane is normalized with
the beam radius w(z;) at z= z;.

Minimum Laser Beam Diameter for Vacuum Beam Propagation

Propagating laser beams can be described using the concept of Gaussian
beams.?? To simplify the proceeding at this point, an axial symmetric intensity
distribution in the direction of the beam propagation is assumed, which occurs
if circular optics are used inside the laser. As illustrated in Figure 7, there is
a maximum intensity Iy, which defines the center of the beam. The distance r
where the intensity drops to less than 14% of the maximum value in a given
plane z = z; is called the beam radius w(z;). During beam propagation, the
beam radius is not a constant, as illustrated in Figure 8. The minimum beam
radius wy is reached at the focal plane. Using the concept of Gaussian beams,
the minimum beam diameter at a given distance L from a focusing element
with a diameter D can be calculated, as shown by Siegman.?* It is assumed,
that the beam diameter at the position of the focusing element is adjusted in
such a way that less than one percent of the beam energy is lost because it is

z=0 z=L

Figure 8: Minimum focal diameter dy of a laser beam in a distance L. D is the diameter of
the focusing element.
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overshooting the lens. The minimum beam radius then results to

AL
woy = 3
For the case of the ABL, which employs a mirror with 1.5 m diameter and is
using a COIL with a wavelength of 1.3 um, Eq. (1) results in a minimum focal
diameter of about half a meter in distance of 300 km.

Assuming the minimal focus diameter, the circular intensity distribution
on a target in a distance L computes to

I(L,r) = Z—PZ exp (_2’2). (2)

2
Wy wy

(1)

In this equation, r is the distance from the beam center in the plane z = L and
P is the output power of the laser.

In addition to the beam diameter, the intensity is also influenced by the an-
gle of incidence on the target and atmospheric losses. As illustrated in Figure 9,
in a case of a grazing beam incidence, the same power is distributed over a
bigger target area than for perpendicular incidence, resulting in a smaller in-
tensity. For a laser beam with an axially symmetric intensity distribution, the
effects can be accounted for by two angles, ¢ and S. The angle « is the angle
between the laser beam and the missile’s velocity vector. The angle 8 depends
on the aim point. As the missile has a cylindrical shape, it can be chosen in
such a way that for a given time #,; B equals 90 degrees. Depending on the
missile’s trajectory, tracking that aim point can result in a variation of both
angles during the engagement. For now it is assumed that the missile is not
rotating around its axis.

For the case of missile defense using the ABL, the beam will propa-
gate through the atmosphere and Eq. (2) has to be adapted to incorporate

trajectory
Laser beam

Ny

. nqrmal grazing
incidence H H incidence

target surface

Figure 9: Effect of ongleéof incidence on intensity. In case the beam is not parallel to the
target’s surface normal Ny, the beam will spread over a larger area and the effective
intensity will be smaller.
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absorption, increased divergence and the angle of incidence. This is done by
using the angles o and 8 as well as two additional parameters, the atmospheric
transmittance t and the Strehl ratio:

I(L,r) = cos(a) COS(,B)Ssum‘L'2—P2 exp (—_285;“’2) . (3)

Twy wy

The atmospheric transmittance t accounts for the real energy losses due to

scattering and absorption. The Strehl ratio Ssu, accounts for all effects which

reduce the intensity due to a larger than ideal beam radius. The Strehl ratio is
defined as:

o IOreal(Z)

S= .
IOideal(z)

(4)

In reality, propagation through turbulence might result in a non Gaussian in-
tensity distribution in the target plane. In that case, Eq. 3 will only be an
approximation. However the introduction of the Strehl ratio insures that the
calculated maximum intensity is still correct.

In order to calculate it, a range of different effects are accounted for by
individual Strehl ratios. These individual Strehl ratios are cumulated using
Eq. 5, which is in good agreement with experimental results quoted in the
literature.?®

1

= . 5
1+Zi(‘571_1) ®

Seum

Apart from atmospheric effects, one individual Strehl ratio accounts for the
discrepancy between real laser beams and ideal Gaussian laser beams. Real
laser beams do not necessarily follow the Gaussian distribution illustrated in
Figure 7, which ultimately results in a higher beam divergence. Nevertheless,
the propagation laws of Gaussian beams still apply, if a beam quality factor is
introduced to account for the increased divergence, as Siegman has shown.?¢
This beam quality factor can be translated into a Strehl ratio.

The following paragraphs will describe the atmospheric effects in further
detail. First, the assessment of atmospheric absorption and scattering is de-
scribed, followed by an assessment of atmospheric turbulence on the Strehl
ratio.

Intensity Reduction Due to Atmospheric Absorption
and Scattering

Atmospheric absorption and scattering reduces the power propagated by
the laser beam. This reduction is accounted for by incorporating transmittance
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tinto Eq. 2. The transmittance 7 is derived by the Beer-Lambert law

L
T = exp |:—/ a(z)d(z):| , (6)
0

where a(z) is the local absorption coefficient, which is integrated along the path
of the beam. The local absorption coefficient is a cumulative factor, including
absorption on the molecular and atomic level, as well as scattering on the at-
mospheric constituents, including aerosols:

a2) =) o). )

The factors «;(z) depend on the local density of the constituent i, the temper-
ature and pressure, as well as the wavelength of the propagating laser beam.
For high intensities, non-linear effects set in, in which case « becomes a func-
tion of beam intensity, too. In the presented case studies, such intensities are
not reached.

Scattering and absorption are effects which happen on a quantum level,
single photons will be removed out of the laser beam on a statistical basis.
Therefore, the beam diameter itself is not affected, only the total power P,
which is propagated along the beam. There is no analytic solution to determine
7, but numerical approaches have been developed in the past. In the presented
research, the software MODTRAN 4 was used. MODTRAN is a standard tool
in atmospheric physics.?” MODTRAN incorporates atmospheric models to de-
scribe the distribution of the atmospheric constituents at different altitudes, a
spectroscopic database to allow to calculate wavelength dependent absorption,
as well as the algorithms to calculate the transmittance of different propaga-
tion paths. Figure 10 shows an example of a MODTRAN result for the visible
and near-infrared wavelength spectrum. For the wavelength of the ABL’s high
energy laser (1.3 um), and a 100 km path at an altitude of 12 km there is a
transmittance of 96 percent. For a path starting out at 12 km altitude and
reaching the ground in a distance of 100 km there is a transmittance of 22 per-
cent. Both values are valid for a clear sky with no clouds or rain. Calculations
including rain in the path of the beam result in a 100 percent absorption or
zero percent transmittance.

This implies that atmospheric absorption can have a significant effect for
possible missile defense applications, especially during the early boost-phase,
when the missile is close to the ground. At an altitude of 12 km the ABL
is above the influence of weather most of the time, so the effects are less
significant for ABL engagements in those cases. Nevertheless, thunderclouds
have been observed up to an altitude of 20 km,?® which would prohibit beam
transmission. For calculations in the presented case study, a clear sky with-
out rain is assumed. This is done in order to allow for a best-case study of the
ABLs abilities.
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Figure 10: MODTRAN calculation of fransmittance for a 100 km path at 12 km altitude, using
the U.S. Standard atmosphere, no clouds or rain at rural aerosol distribution with 23 km
meteoroloygical visibility (VIS) at ground level.

Intensity Reduction Due to Uncompensated Turbulence

While atmospheric absorption and scattering are reducing the intensity on
target by reducing the total transmitted power, the effects of turbulence dimin-
ish the intensity by increasing the diameter of the focused beam. Turbulence
leads to local changes in index of refraction along the path of the beam. As
turbulence effects vary with time, the effect is comparable to the encounter of
an distorted lens with changing optical properties. A visible result of this effect
is the flickering of stars in the night sky. The light is refracted differently over
time, and on the ground the star seems to be moving. This effect is called tilt or
jitter and is the lowest order optical effect of turbulence. In addition, the beam
encounters phase deviations, which lead to higher order optical aberrations,
for example a defocusing effect.’? Severe turbulence might even break up the
beam in several smaller spots.

The effects of turbulence are more severe near the ground than at higher
altitude. Hence the effective range of a laser weapon will depend on the
altitude of the laser and the engaged target. Missiles that are reaching the
end of their boost phase are an easier target than shortly after launch.

Turbulence can be treated as a statistical problem according to Richard-
son and Kolmogorov.?® It induces fluctuations in the local index of refraction
n. In order to quantitatively assess the effects of turbulence on laser beam
propagation, turbulence statistics are incorporated into electromagnetic wave
propagation calculations. In a distance s from a point 7 the average change in
the index of refraction < [n(7 +35) — n(¥)]? > can be accounted to the distance s
and a single parameter C2(7), called the structure parameter.5! As specified in
Eq. 8, the index of refraction between the point 7 and (7 + s) varies on average
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by n2(7) - s?/3, if the distance s is in the range between [y and Lg:
< [nGF+3) —n@®? >= C,%(?) .23 if Iy <s < L. (8)

The boundaries Iy and Lo vary with atmospheric conditions and are in the or-
der of a few millimeters for [y and several meters to about a hundred meters
for Ly.5%2 C%(7) varies in altitude, and depends on geographic and seasonal in-
fluences. It also depends on the time of day and is subject to the weather. In
order to allow for an assessment of turbulence on optical propagation, several
models for the average behavior of C? in different altitudes 2 have been devised
in the past. The ABL is designed to work in turbulence twice as strong as pre-
dicted by the model CLEAR I Night.5? This seems to be a somewhat arbitrary
choice, as C2 measurements show variations between one and two orders of
magnitude during the time of day alone.%* In addition, the validity of CLEAR I
Night is disputed, because the model was devised during nighttime measure-
ments over the desert of New Mexico and actual turbulence in real operational
scenarios might be increased.®® However, as 2 x CLEAR I was also used by the
APS study group on boost phase missile defense, this research also uses this
assumption in order to deliver comparable results. Please refer to Figure 28 in
Appendix D for an illustration of the dependence of C2 on altitude according to
CLEAR-1 and the model algorithm.

The predicted fluctuations are incorporated in the wave equation using
a first order perturbation approach, called the Rytov approximation. The Ry-
tov approximation is valid for the case of minor turbulence, as is expected at
the ABLs altitude. For a detailed description of the application of the theory
especially for the assessment of the ABL, please refer to the APS study on
boost-phase missile defense.%¢ For a short introduction into optical turbulence,
please refer to the publications of Andreas, Tyson or Smith.®” Detailed infor-
mation can be found in the publications of Sasiela and Strohbehn.®®

In order to evaluate the effects of turbulence, path integrals along the prop-
agation of the beam are solved, as illustrated in Figure 6. A measure for global
turbulence along the path of the beam is the Fried’s coherence length ry and
the Rytov variance o2:

L 53 738/5
_ [0.4232 / CChz) (1- 2 dz} . ©)
& [ ) TmE ( L)
L 5/6
2 _ 0.5631%"/6 / 2t [z (1- )] a. (10)
% | Gaen[z(1-7)]

Using the Fried parameter ry, Sasiela has derived an asymptotic series to cal-
culate the Strehl ratio after encountering of turbulence®®

S~ (%)2 —0.6159 (;—;)3 +0.05 (;—3)5 +0.00661 (;—;)7 + ... forD> r(z.ll)
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For the ABL the optic diameter D is 1.5 m, its cruising altitude is quoted to
be 12 km. For a beam starting at 12 km and going directly into space, Eq. 11
computes to 0.44 if turbulence according to 2 x CLEAR I night turbulence is
used. So the maximum intensity is diminished by more than 50 percent. For a
path travelling 100 km at an altitude of 12 km, the Strehl factor computes to
0.08, therefore in this case the peak intensity is less than 10 percent compared
to vacuum propagation. This decrease is a result of higher turbulence at low
altitudes. If turbulence according to 10 x CLEAR 1 is used, the resulting Strehl
ratios are 0.1 and 0.01 respectively.

Equation 11 implies diminishing Strehl factors with increasing optic
diameters D. This occurs because with increasing beam diameter, more
turbulence cells with different optical properties will appear in the path of the
beam. Hence, for the case of atmospheric propagation, the maximum intensity
on a target can only be increased up to a certain limit by increasing the optic’s
diameter.

Adaptive Optics and Its Limits

For that reason, the useful diameter of the focusing optics of a laser weapon
is limited in its size, if no further measures are taken. The same is also true for
astronomic telescopes on the ground. It was first suggested in astronomy to use
so called adaptive optics to overcome the effects of turbulence. As atmospheric
turbulence is working like a distorted lens, its effects can be compensated with
another optical element. The corrective element has to be adaptive as the tur-
bulence effects vary in time, hence the term adaptive optic.

In astronomy, the light of a bright star is employed to measure the phase
deviations of the incoming light waves.”® A computer system is calculating the
necessary changes to the optical system in real time. Jitter is commonly com-
pensated using a fast steering mirror. Higher order phase distortions are cor-
rected using a deformable mirror, where a set of actuators are deforming its
surface locally for fractions of the wavelength of the incoming light. For a laser
DEW, the same working principle applies. Instead of using the light of a bright
star, a section of the target is illuminated by a so called beacon laser. The re-
turning light from this beacon is used to measure the phase distortions for that
path through the atmosphere. The optics are pre-distorted in order to correct
for the distortions the beam is going to encounter. The performance of such
an adaptive optics system is limited by the resolution of phase and tilt mea-
surements, the number and accuracy of actuators, the quality of the employed
algorithms and the effective bandwidth of the entire system.

The ABL’s adaptive optics setup has been tested before the start of its im-
plementation and the results have been published.” The APS study group on
boost phase missile defense compiled the results and published a relationship
between the Rytov variance and the expected Strehl ratio of the system.”® This
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turbulence 2

turbulence 1

Figure 11: Anisoplanatism: The ability fo correct for turbulence is limited if the light of the
beacon does not pass through the same path as the weapon laser. The light from the
beacon will leave the missile at the time t = f;, the weapon laser will reach its aim point at
t= t,, while the aim has been corrected for the missile movement. Subject to missile speed,
the range and the speed of light, a significant angle 6 can develop between the path of
the beacon and the path of the weapon laser.

relationship is valid if the light from the beacon travels through the same path
as the high energy laser beam. It is used in this paper to calculate the Strehl
ratio representing the adaptive optics performance.

For a path in a 2 x CLEAR I atmosphere, starting from 12 km altitude and
going directly into space, it results in a Strehl ratio of 0.88, nearly doubling the
intensity compared to the uncompensated case without adaptive optics. For a
100 km path at 12 km altitude, the resulting Strehl ratio is 0.42, resulting in
a fivefold increase compared to the uncompensated case.

However, these results only apply if the light from the beacon travels
through the same path of air as the high energy laser beam. If the ABL is
targeting a fast moving missile, there is a natural limit which prevents such
a scenario: the finite speed of light ¢. Suppose the adaptive optics system is
receiving the turbulence information from an illuminating beacon on the tip
of the missile at the time ¢ = #, as illustrated in Figure 11. If the distance to
the ABL is 300 km and the missile is moving with a speed of 6 km/s, it will
have moved 12 m when the actual high energy laser weapon beam is hitting
the missile. The tracking system of the ABL could compensate for that move-
ment to hit arbitrary aim points on the missile, but if the chosen aim point is
higher or lower than the calculated 12 m, the actual high energy laser beam
would travel through a different path of air than the light from the beacon.
As illustrated in Figure 11 an angle 0 between the path of the high energy
laser beam and the path of the beacon appears for those cases. One speaks of
anisoplanatism, as the two paths are not the same anymore. A degradation of
the adaptive optics correction results in that case.

Turbulence cells appear in sizes in the order of centimeters up to a hun-
dred meters. Their size generally increases with altitude. Turbulence will vary
accordingly. Near the ground, an offset of 12 m will therefore be significant,
where at high altitude this might not be the case. In general, the so called
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isoplanatic angle 6, is used to assess the significance of the effect. It is calcu-
lated by integrating turbulence along the path of the beam, as specified in Eq.
12. Segments of the beam outside the atmosphere will not contribute, as C2 is
zero in vacuum.

L -3/5
6o = [2.914k2 / C,%(h(z))z5/3dz} . (12)
0

If the actual angle 6 is greater than 6, a significant degradation of the adaptive
optics performance can be expected. The Strehl ratio S; accounts for this effect.
It is calculated using the actual angle 6 and the isoplantic angle 6y:

g\ 53
Sy ~ exp [ — Pop <%) i| (13)

The factor pop is accounting for the fact that not all optical aberrations influ-
ence the intensity on target. For example, the addition of a constant phase to
the wavefront has no effect on the intensity. Further details are described in
detail by Barton et al.”® and Stroud.™

The actual value of the angle 6 strongly depends on the details of the en-
gagement.

For example, let us assume a missile traveling with a speed v, at the time
t;. In order to use the same path for beacon and high energy laser beam (and
hence avoid anisoplanatism), the missile has to be targeted at a point in a
distance d; = 2Lvq/c from the beacon, as illustrated in Figure 12 b. A limit to
this approach is the missile length. If the missile is shorter than d, there will
always be anisoplanatism. If d is smaller than the missile length, it implies an
aim point on the missile, but whether that is vulnerable to a laser attack is not
certain.

Another challenge is the changing speed v of the accelerating missile. If
v is different from vy, also d will differ from d;. However, in order to heat up
one point on the missile as fast as possible, the aim point has to be fixed and

c)

v<v,

V>V,
t=t,
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Figure 12: Anisoplanatism effects depend on the missile speed v. If the aim point and the
beacon on the missile are fixed, only af one speed v = v; will the path of the beacon and
the path of the weapon laser match.
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cannot change with changing missile speeds, as changing the aim point would
imply spreading out the energy along the length of the missile. If beacon and
aim point are fixed points on the missile, anisoplanatism will appear as soon
as v differs from vy, as illustrated in Figure 12. For v = vy, there is no anisopla-
natism. If v > vy, for the point d anisoplanatism cannot be avoided, as there is
no way to place a beacon higher than the missile’s tip.

For v < v; there are approaches to reduce anisoplanatism. One is to vary
the position of the beacon during the engagement, another is to use turbulence
information already gathered during earlier measurements.

Varying the position of the beam: Moving the beacon away from the tip of
the missile and along the missile implies two major challenges: First, correct-
ing for tilt will be more difficult, and second the beacon will no longer be a
point source.

To correct for tilt, a sharp edge is needed to provide a point of reference.
Moving the beacon down from the tip would imply losing that information. In
order to allow for tilt compensation and still to move the beacon, the ABL
will use two different beacon lasers, one laser for higher order corrections,
called the Beacon Illuminator Laser (BILL) and one for tilt correction, called
the Tracking illuminator Laser (TILL).” Therefore, using this approach, only
higher order modes can be corrected with reduced anisoplanatism if a movable
beacon is used, but not tilt, as the TILL is still fixed at the missile’s tip. So
called tilt-anisoplanatism remains.

While the illuminated tip will approximately act like a point source, the
BILL placed on the missile’s body will be distributed over a large area, which
minimum size is determined by Eq. 1, but which actual size will be much big-
ger than that, as the beacon is not compensated for turbulence. As the missile’s
surface does contain a certain roughness, this roughness will introduce phase
distortion on its own. The result is that the beacon in this case will be incoher-
ent as well as distributed. Phase measurement will not be straightforward, and
the performance of turbulence corrections using such a beacon is disputed.”®

Using already gathered turbulence information: To avoid tilt-anisopla-
natism, the second approach can be implemented. The tip, and hence the
TILLs beacon will already have passed a certain point in the atmosphere,
before the chosen aim point is arriving there. If information from this point
already has reached the ABL, this “old” turbulence information can also be
used. The challenge involving this approach is that there is a delay between
the gathering of the information and the application of the correction. During
this delay, the atmosphere might not change that much, but the ABL itself
is moving to a different position, as illustrated in Figure 13. Hence, while the
path of the high energy laser will coincide with the position of the beacon at the
missile, at the position of the ABL, the path will have been shifted. Hence, a so
called “delay anisoplanatism” appears. It is caused by wind speed and aircraft
movement rather than missile movement.
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t=t,

Figure 13: Effects of using old turbulence information for adaptive optics turbulence
correction. The aircraft movement will infroduce a so called “delay anisoplanatism,” even if
the atmosphere at the aim point has not significantly changed between turbulence
measurement and the propagation of the weapon laser.

Barton et al. calculated the phase difference for this scenario.”” Using their
results, the Strehl ratio Sy introduced by a time delay At and a wind speed v,,

computes to
WAL 2 1/3
Sel = exp ( ~158. <” ) : (r—o) ) (14)
ro D

The wind speed v,, is the cross wind perpendicular to the beam, resulting from
aircraft movement and real wind in the different layers of the atmosphere.
The cruising speed of a Boeing 747-400 is in the order of 250 m/s”® and the
beam will be most likely perpendicular to the flight path.” Therefore real wind
speed® is only a minor effect and has been neglected in this analysis. Instead
the velocity of aircraft is assumed to be equal to the cross wind.

Intensity Calculations for the Presented Case Study

The intensity on target will depend in large part on the adaptive optics
performance. As it is not clear how well the distributed beacon of the ABL
adaptive optics system will perform in a real scenario, two different cases have
been investigated.

Full Anisoplanatism

In this case, it is assumed that the complete turbulence information is
gathered from a beacon on the tip of the missile. A certain aim point can
only be targeted with minimal anisoplanatism for a short amount of time,
as the changing missile speed will induce an increasing angle 6 between the
path of the beacon and the path of the high energy laser beam, resulting in
anisoplanatism.

Reduced Anisoplanatism

Here it is assumed that the combination of the ABL's beacon and track-
ing lasers BILL and TILL is working perfectly. As long as the missile speed
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v < v1 (compare Figure 12), the BILL can be placed sufficiently higher than
the aim point on the missile. Higher order distortions do not appear, only tilt.
Tilt anisoplanatism is reduced as much as possible by using already gathered
turbulence information. Hence, for v < vy, only time delay anisoplanatism re-
mains.®! For v > v; full anisoplanatism sets in.

In addition, the intensity strongly depends on the choice of aim point. For
example, if the aim point was the missile’s tip, full anisoplanatism would set in
at once, as it is not possible to place a beacon higher than that. To analyze the
effects of different aim points, this chosen aim point is described in terms of an
optimal engagement time t,p; below. At the flight time £, the aim point is
chosen so that anisoplanatism is minimal, usually in a distance d = 2 - L(Zypt) -
U(topt)/c from the tip, or at the lower end of the missile if d is larger than the
missile. At all other times, there will be different levels of beam degradation
by anisoplanatism.

Table 2 summarizes further input parameters for the assessed scenario.
Please note that the actual output power of the ABLs main chemical laser is
classified, the official statement is that it is a “megawatt-class” laser.83 The
assumed value of 3 MW has been published in the 2003 issue of Jane’s Electro
Optical systems and has disappeared in the following editions.®* As the APS
study group also used that value, it was decided to do accordingly, to allow for
comparable results.

Apart from Strehl factors introduced by the general adaptive optics per-
formance and the effects of anisoplanatism, there are two further contributing
factors. First, even the chemical laser employed in the ABL is not an ideal
laser in a Gaussian sense. The ABL specifications translate into an additional
Strehl factor of 0.69.8% Second, the ABL's own movement through the air is
introducing a boundary layer with high turbulence at the window, where the
laser beam is leaving the aircraft. This local turbulence equates to a Strehl fac-
tor of 0.8.%86 The accumulated Strehl factor, including general adaptive optics
performance and anisoplanatic effects, is calculated using Eq. 5.

Please note that for any real engagement, other factors might impair the
ABLs performance and further reduce the laser intensity placed on the target.
Target detection, discrimination and tracking over distances of several hun-
dred kilometers are some additional challenges. For example, in order to point
the laser beam at a certain aim point with an accuracy of half a meter over a
distance of 400 km, the angular pointing accuracy of the steering mirror has
to be in the order of 10~% radians, while the optical setup is placed in a moving
aircraft. As this article follows a best case analysis, it is assumed that those
challenges can be overcome.

Figures 14 to 16 present the results of the calculations for the case study
illustrated in Figure 3. Figure 14 a) and b) illustrate the details of the missile’s
trajectory. The steep increase in missile velocity during the 70 s boost phase is a
potential source of strong anisoplanatism. The following diagrams are limited
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Figure 14: Time dependent trajectory parameters and atmospheric tfransmittance for the
examined case study. Transmittance (Figure c¢) is shown for the boost phase only and
changes significantly as the missile gains altitude.

to the boost phase only, as the ABL aims to destroy missiles during that time.
Figure 14 c) shows the development of the laser transmittance during the
boost phase. The lower atmosphere is strongly absorbing and about 20 s of the
boost phase have to pass before significant transmittance can be achieved. A
destruction of the missile on its launch pad is not possible for this reason alone.

Figure 15 shows the resulting maximum intensities on the target for dif-
ferent cases of anisoplanatism. Plot a) shows the maximum intensity’s varia-
tion during the flight time, if anisoplanatism is neglected. The steep increase
near the end of the boost phase is caused by a drop in turbulence at higher
altitudes. Plot b) and c) illustrate the case of full anisoplanatism for different
aim points, represented by the choice of optimal engagement time ¢,,;. Because
of the changing missile speed, the maximum intensities can only be sustained
for a short time interval around £, before anisoplanatism becomes a signifi-
cant factor.

Plot d) illustrates the case of reduced anisoplanatism by a perfectly work-
ing BILL and TILL combination onboard the ABL. If the challenges involved
in the distributed beacon can be overcome, for flight times before #,,; = 60 s
the movable beacon will prevent anisoplanatism for all higher order distor-
tions. Remaining is tilt anisoplanatism, in this case caused by time-delay. For
t > typt, the chosen aim point is above d. In this case, even if both beacons are
placed on the tip of the missile, full angular anisoplanatism is unavoidable and
therefore plots ¢) and d) resemble each other after ¢ > 60s.

A comparison between plots b) and c) of Figure 15 highlights the impor-
tance in the choice of an aim point in regard to adaptive optics performance.
In order to allow for a more comprehensive analysis of the resulting effects,
Figure 16 plots the maximum energy per area which can be delivered during
the boost phase against the optimal engagement time ¢,,;. The data have been
derived by integrating maximum intensities (as they are shown for #,,; = 60s
and £, = 40s in plots b) and c) of Figure 15) during the entire boost phase
for a range of different aim points. In general, the delivered energy can be
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Figure 15: Calculated maximum achievable laser intensities on the target for different cases
of anisoplanatism for the examined case study during the missile’s boost phase. a): no
anisoplanatism, turbulence is measured perfectly and corrected to the best abilities of the
ABL's adaptive optics. The intensity is subject to diffraction, atmospheric fransmittance and
general adaptive optics performance. b) and ¢): full anisplanatism, only for two different
optimal engagement times (40 s and 60 s respectively), turbulence is measured perfectly, for
all other times during the boost phase, anisoplanatism reduces adaptive optics
performance. d): reduced anisoplanatism: maximum intensity for the case of a perfectly
working combination of TILL and BILL tfracking and beacon lasers onboard the ABL. The
beacon’s position at the missile is not fixed.

maximized if the aim point is chosen for a time #,,; near the end of the boost
phase, as the missile has reached a higher altitude with lower turbulence at
that time. However, the delivered energy drops, when the target missile ap-
proaches the very end of the boost phase, as the remaining time to irradiate
the target also gets shorter.
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Figure 16: Maximum Energy per area delivered during boost phase dependent on the
optimal engagment time ot The calculated maximum intensities are infegrated over the
entire boost phase for different times fo,+ of minimum anisoplanatism, hence different aim
points. a) shows the case of full anisoplanatism, b) shows the case of reduced
anisoplanatism, where the beacon’s position is not fixed.
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For the following temperature calculations, both the case of full anisopla-
natism and reduced anisoplanatism are reviewed, as it is uncertain whether
the ABL will be able to achieve perfect turbulence correction using the dis-
tributed BILL beacon. For both cases, the aim point according to #,,; = 60 s
has been chosen. For that choice, 90 percent or more of the maximum energy
per area can be deposited, as plotted in diagrams a) and b) of Figure 16. A
further delay would only marginally increase the deposited energy, but might
result in extended missile ranges, as the missile’s acceleration increases at the
end of the boost phase. That would indicate that, whatever other effects the
laser might have, the missile or its debris gets closer to the planned target.

However, the choice f,,; = 60 s and the corresponding aim point is some-
what arbitrary at the moment and the effects of this choice will be examined
later. With that choice, the achievable intensity distribution is now defined for
the entire boost phase. The choice of the aim point also defines the angle of
incidence on the missile. Using this information, the temperature increase at
the target is calculated.

APPENDIX B: CALCULATING TARGET TEMPERATURE

Infroduction

Calculating the temperature in a target requires knowledge about its com-
position. A single-stage liquid fuel missile consists of a warhead section on top,
fuel tanks in the middle and an engine section, as illustrated in Figure 17 a).
Multi-stage missiles combine multiple tank and engine sections. In general,
all sections of the missile, including the warhead and the engine, could be tar-
geted by the ABL. As was shown in the last section, the position of the aim
point might be restricted by the effectiveness of the turbulence corrections,
and especially by the effects of anisoplanatism. In addition, the vulnerability
of the different missile portions is important.

For the presented case study, the maximum laser intensity on the missile’s
surface is smaller than 300 W/cm?. Only part of this intensity will be absorbed
in the irradiated surface and converted into a surface heat flux. In contrast
to that, a warhead re-entering the atmosphere at the end of its trajectory is
encountering a heat flux of an order of magnitude of 2000 W/cm?.88 For that
reason, warheads are reinforced with a thermal insulation, designed to with-
stand such a heat flux. The engine is mostly covered by an external wall and
also designed for high temperatures, therefore, the laser in this scenario will
not have a significant impact if aimed on the warhead or the engine. Hence
this assessment concerns the scenario of a targeted fuel tank.

As shown in the pictured Iraqi Al Samoud-2 missile, the outer wall of the
tank is identical to the outer wall of the missile and hence a structural element.



Airborne Laser
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Figure 17: Makeup of a liquid fuel missile. Adapted source: UNMOVIC compendium.®’ The
distance H between two reinforcing rings is approximately two thirds of the diameter D;.

While Iraqi missiles might not be relevant today, the general setup of liquid
fuel missiles of states like North Korea or Iran is very similar to this.®? There-
fore, the following damage assessment is reduced to the laser irradiation of a
hollow cylinder.

Assessment Method

Figure 18 shows the setup of the thermo-physical problem. The laser beam
is irradiating the outside of the wall of the cylindrical tank. For this case only
temperatures below the melting point are of interest, because melting would
indicate a destruction of the missile. Hence, there are no heat sinks or sources
in the interior of the wall and the temperature T(x,y,z,t) inside the volume of
the irradiated wall is governed by the heat equation

oT(x,y,2,1)

o - = div(x grad(T(x, y, z, 1)), (15)

where Cj, is the heat capacity, « is the thermal conductivity and p is the density
of irradiated material. To solve this differential equation, initial and boundary
conditions are set to account for the given scenario. The initial condition is a
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Figure 18: Problem setup for temperature calculations in a missile body. A schematic
cutaway of a fuel tank’s wall and the appearing heat sources and heat sinks are shown. The
missile’s movement through the atmosphere translates into an airflow on the outside
boundary. Depending on the missile’s velocity v, this airflow can either act as a convective
heat sink or heat source. The inside is partially filled with a decreasing fuel supply.

temperature distribution at the beginning of the laser irradiation, the bound-
ary condition is the cumulated heat flux q at any given point of the surface of
the wall,

q(?, t)|7‘ € surface = ZQi' (16)

Possible heat sources g; are the absorbed laser energy A - I(x, y, z, t) and air fric-
tion, if the missile is moving through the atmosphere with a velocity exceeding
the speed of sound. Heat sinks are thermal black body radiation at the surface
and heat conduction into the volume of the wall. On the inner wall, convective
cooling caused by the liquid fuel will appear as an additional heat sink, as long
as the irradiated part of the tank is fueled.

This heat transfer problem cannot be solved analytically, as the incoming
laser intensity varies with time and the material parameters of the wall are
temperature dependent. For that reason a numerical model was implemented,
using the commercial software COMSOL Multiphysics. COMSOL uses the
Finite Element Method (FEM) to solve the heat transfer equation. Details
about the application of the FEM to solve those problems can be found in the
literature.?®

To validate the devised model, a number of experiments have been under-
taken during one of the authors dissertation work.?! One experimental setup
is illustrated in Figure 19. A sheet metal is irradiated with a laser beam and
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Figure 19: Experimental setup for temperature measurements of sheet metals. A sheet of
metal is radiated with a laser beam. The temperature increase at the specimen’s backside is
measured by a thermal camera, which is shielded from beam exposure by the specimen.
An additional thermocouple is used to verify the measurement.

the resulting temperature distribution is measured with a thermal camera
from the back side of the specimen. A continuous laser with a wavelength
of 1,03 um is used, the maximum output power is 1270 W. Beam diameter
and output power are varied for different experiments, translating to intensi-
ties between 100 W/ecm? and 3200 W/cm?. Aluminium and steel sheets with a
thickness of one to two millimeters are used as specimens. The thickness of
the sheets as well as the laser intensities match the parameters of the chosen
missile defense scenario. Figure 20 shows the comparison of model predictions
and experimental results for one example, please refer to the caption for de-
tails. The temperatures predicted by the model are in good agreement with the
measurement.??

a) spatial evaluation b) time dependent evaluation
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Figure 20: Validation of model predictions with experimental results. Specimen: AI99, 2 mm
thickness. Laser: wavelength 1 = 1.03 um, beam radius on target 0.5 cm, laser power 1270 W
(continuous) Left: temperature distribution on a line crossing the center of the beam after
20 sirradiation. At approximately —1 cm, the camera’s field of view is blocked by a
thermocouple (see Figure 19). Right: maximum femperature over time, including a time
where the laser is turned off.
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Temperature Calculations for the Presented Case Study

The devised numerical model is used to calculate the temperature distri-
bution in the wall of a tank section of the missile during the course of a
missile defense engagement. Table 3 summarizes the input parameters for
the model. The aluminium alloy AL 5083 is chosen because it has been
used for liquid propellant missiles in the past.®® Details about the tempera-
ture dependent thermo-physical properties of this material can be found in
Appendix D. The chosen wall width is the lower boundary of values pub-
lished by UNMOVIC and Forden,%* the diameter matches values published by
Wright.%

The model is restricted to a cylinder with a height of 2/3 the missile’s
diameter. This height is used, because it is the commonly used distance be-
tween two reinforcing rings, which are used to stabilize the tank. The upper
and lower boundaries are assumed to be thermally insulated. That way it is
guaranteed that the temperature is not underestimated in case the beam di-
ameter is extending the modeled section. The wall is assumed to be thin, re-
sulting in a uniform temperature throughout d. The resulting error of this
assumption is negligible, as conducted fully three dimensional calculations
show.

The heat flux at the outer boundaries is assessed as follows:

e Heat flux caused by the incoming laser intensity according to Eq. 3 is de-
termined by the absorption A of the missile’s surface. Although in general,
A is temperature dependent, for the assessed temperature range it is ap-
proximately a constant.?® In theory, A can range between zero and one.
The absorption could be near one for a highly absorbing surface. For multi-
layer dielectric coatings the value could be near zero. A gold coating would
have an absorption of 0.01 at the ABLs wavelength.?” The absorption of an
aluminium surface at the ABL's wavelength can range between 0.30 and
0.04, depending on surface quality and oxidation, with 0.04 representing a
highly polished surface.?® For this research, a value of 0.10 is chosen, be-
cause this also represents the absorption of a simple white paint.?® In the
presence of an ABL, a state launching a missile would probably take at

Table 3: Input parameters for the temperature calculations

Wall material AL 5083-H321
Wall width 2 mm
Diameter 1.3m
Coating white paint
Absorption (at A = 1.315 um) 0.1
Emissivity 0.9

Initial femperature 293 K
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least the measure of using white paint in order to increase the probability
of a successful flight. If the ABL is fielded, gold coatings could not be ruled
out in the long run, but at this point a white paint seems to be more likely.
A 0.10 absorption results in a maximum heat flux of 30 W/cm? for the pre-
sented case.

e Heat losses by black-body thermal radiation are taken into account using
the Stefan-Boltzmann law. An emissivity of 0.9 is assumed, which conforms
to white paint.1%°

e Convective heat flux occurs on the outside as well as the inside of the tank
section. On the outside, aerodynamic heating will occur as soon as the mis-
sile is accelerated to a velocity faster than the speed of sound.!°! Depending
on the aerodynamics of the problem, this can result in a heat flux between
3 W/em? and 20 W/cm? for a turbulent boundary layer, or approximately
half of that for a laminar flow.102
The most significant factor on the inside is cooling caused by the liquid fuel.
If the fuel near the missile wall reaches its boiling point, it acts like a heat
sink with heat fluxes up to 400 W/cm?.1%3 The boiling points for common
missile fuels are well beyond significant temperature increases.

Both convective effects are therefore significant for an ABL engagement.
While cooling by liquid fuel would prevent any significant heating, heat-
ing could give the laser a head start. In reality, the interplay between
both effects can determine the outcome of an ABL engagement. As long
as the irradiated location of the tank section is still filled by liquid fuel,
no significant temperature increase will occur for the examined single-
walled missiles. After the tank is emptied out, aerodynamic heating might
be significant, but this strongly depends on the position of the aim point
on the missile. For example, on the tip of the Ariane 1, a tempera-
ture increase of about 150 K occurs during its boost phase, while on
the lower edge of the payload’s shroud only an increase of 10 K was
measured.!%

At this point, both cooling and heating by convection are neglected. The
possible effects of this assumption on the results of this case study are
tested later.

These assumptions define the heat flux, resulting in the following equation
defining the boundary condition for the heat equation:

) = —Ngurt - (c grad(T)) = Alg — eo(T* — T}). (17)

Fesurface

Using the intensity I(x, y, z, t) calculated in the last section and an initial tem-
perature of 293 K, the temperature distribution is calculated. Figure 21 illus-
trates the temperature distribution after 68 s flight time for the case of maxi-
mum anisoplanatism. Figure 22 shows the maximum temperature during the
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Figure 21: Calculated temperature for the examined case study (compare to Figure 3).
Shown is the temperature distribution after 68 s flight fime for an intensity distribution
according to the case of full anisoplanatism.

flight time for the cases of full anisoplanatism and reduced anisoplanatism. For
both cases, the maximum temperature during the boost phase does not exceed
the melting temperature of aluminium, which is approximately 930 K. For this
reason, a more sophisticated damage assessment is undertaken, including the
effects of mechanical stress.

APPENDIX C: CALCULATING MECHANICAL STRESS

Infroduction

Materials can only sustain a certain amount of mechanical stress o. Stress
is defined as force F' per area A. Figure 23 a) illustrates the behavior for a

a) Full Anisoplanatism (t,, = 60s) b) Reduced Anisoplanatism (t,,, = 60s)
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Figure 22: Calculated temperature for the examined case study (compare to Figure 3).
Shown is the maximum temperature for two cases of different incoming intensity during the
boost phase.
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a) strain-stress diagram b) thermal behavior of yield strength
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Figure 23: Definition and femperature behavior of yield strength Rpg 2. @) As the mechanical
stress exceeds the yield strength, plastic deformation occurs. A further increase leads to
strong deformation and finally failure of the material. b) Yield strength is temperature
dependent. Sources: a) adapted from Sigmund'% b) Data points: Kaufman'0°

ductile metal alloy. Increasing stress o leads to elongation of a specimen. The
relative elongation is called strain ¢. In the elastic regime, the elongation is re-
versible. If the force disappears, the specimen will return to its original shape.
In the case of plastic deformation, some elongation will sustain. If this sus-
tained deformation exceeds 0.2 percent, per definition, the stress has exceeded
the yield stress Ryo.2, which is also called the yield strength or the elastic limit.
If the stress is increased above this limit, extensive deformations will occur.
Further increasing stress will finally lead to a failure of the material. As defor-
mation interferes with the operation of a structure, Ry is decisive to assess
to implications of mechanical stress.

For the case of laser missile defense it is important to notice that Ry
is strongly dependent on temperature. The aluminium alloy Al 5083, chosen
for our case study, loses about 80 percent in yield strength, if its tempera-
ture is raised 300 K from room temperature, as illustrated in Figure 23 b).
An ABL missile defense engagement leads to rising temperatures in the wall,
which will lower the value of R0 2. As soon as Ry 2 is diminished to the stress
level inside the wall, plastic deformation starts to occur. This does not im-
ply instantaneous material failure and destruction of the missile, but gives
the lower boundary for significant effects of laser heating. For the scope of
this study, Rpo2 is chosen as indication for a successful missile defense en-

gagement. This can be understood as a best-case analysis in favor of the
ABL.
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Figure 24: Problem setup for stress calculations for a missile body. A schematic cutaway of a
fuel tfank and the driving forces and loads during a missile defense engagement are shown.

The tank is internally pressurized (p), external forces are approximated by an axial load TEZ.
The material parameters are temperature dependent, hence they are influenced by the
laser-induced temperature field.

Assessment Method

Figure 24 illustrates the problem setup for the stress assessment of the irradi-
ation of a missile’s tank section. The pressure inside the tank is kept constant
by an external pressure supply, as this stabilizes the thin walled cylinder and
helps fuel the turbo-pumps for the engine.!?” During the acceleration, the mis-
sile’s engine provides a force F, approximately parallel to the axis of the cylin-
der. According to Newton’s third law, this force is equal to the sum of gravity,
inertia and drag forces at the lowest point of the missile. In order to evaluate
maximum stress, this maximum force is applied for the calculations of the case
study.

The laser beam induces the calculated time-dependent temperature field.
An increased temperature implies a thermal expansion of the material and a
change in the material parameters. These parameters are the density g, the
thermal expansion coefficient o1, Young’s modulus of Elasticity E and Pois-
son’s ratio v. All these parameters are temperature dependent. Further input
parameters are the thickness of the wall d, the diameter of the tank section D,
and its height H.

The choice of Ry 2 as assessment parameter restricts our mechanical cal-
culations to the elastic regime. Hooke’s law is valid in good approximation and
the relationship between stress and strain is linear:

o = Ee. (18)

The given problem is a three-dimensional setup. Instead of a linear elongation,
it involves arbitrary deformation of a solid body as the result of external forces.
In continuum mechanics, this deformation is described using displacement
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vectors. The new location of a certain element of the solid after its displacement
is indicated by a displacement vector Ulx, y, z, £), or using the displacement co-
ordinates u, v and w.

ulx,y,z,t)
Ux,y,z,t) = | vix,y,2,0 | . (19)
wx,y,z,t)

Stress, strain, as well as Young’s modulus are described using tensors. For
example, in general strain is given by the tensor &:

ou o = 1 <8u N 80)
€xx €xy €xz €x = g_x v 2 ay 0x
R v 1/0v ow
€ = €yx €yy €yz where Eyy = g and €yz = 5 g + @ . (20)
€zx €zy €22 €, = 8_11) o 1 /ou ow
77 €xz = = | — -
o2 2\0z

Similar definitions apply for the stress tensor and the material parame-
ters, as described in the literature on continuum mechanics. The stress tensor
is evaluated using principal component analysis. The resulting first principle
stress is the largest occurring stress, which is compared to the yield strength
of the material.

Hooke’s law is also adaptable to three dimensions. If thermal expansion is
added, it is given by:

6=FE. (€ — &therm) while  &perm = AT — Tp). (21)

where Tj is the initial temperature and T is the Temperature field at a time ¢.

Equation 21 describes the material behavior in the wall. To solve the entire
mechanical problem, internal and external forces have to be balanced. As for
the thermal model, a numerical approach is chosen, using the finite element
software COMSOL.

The implemented numerical model used for temperature calculations is
extended to calculate mechanical stresses. The time-dependent temperature
field is the driving factor for the mechanical model, resulting in thermal ex-
pansion and changing material parameters. For each time, the temperature
dependent Ry 2(T) is locally compared to the occurring stresses in order to
find out the missile flight times required for the laser to inflict significant
damage.

The model has been successfully validated in scaled experiments during
one of the author’s dissertation work.!%® Please refer to the acknowledgements
of this paper for a list of involved institutions. Small (163 mm height) pres-
surized hollow cylinders'® have been irradiated and the time dependent de-
formation was measured during the irradiation process using a pattern pro-
jection method developed by Bothe et al.'’® The change in cylinder radius is
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a) experimental setup
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Figure 25: Experimental validation of mechanical model. The deformation of the cylinder is
measured during laser irradiation. Specimen: Hollow cylinder with 66 mm diameter, 163 mm
height, wall thickness 0.1 mm, material Al 3104, coated with white paint (TiO,), internal
pressure 1.5 bar; Laser: power=200 W (contfinuous), beam radius on target 3 cm, 40 s
irradiation time, the measurement took place at 40 s during irradiation.

compared to the model predictions. The experimental setup and one illustra-
tive measurement are shown in Figure 25.

In addition to deformation measurements, sample failure tests with the
same specimens have been conducted. In those cases, irradiation of the
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Figure 26: Laser irradiation of a hollow cylinder until material failure. Failure occurred after
4.5 s at approximately 600 K at the temperature maximum. Setup: internal cylinder pressure:
2 bar, beam diameter 7.5 cm, laser power 1 kW, cylinder data as in Figure 25.

samples was conducted until material failure. For the case illustrated in Fig-
ure 26, material failure occurred about 300 K below the melting point. The
residual plastic deformation is clearly noticeable. This is consistent with the
model, which for this case predicts that mechanical stress exceeding the elas-
tic limit after 2.7 s, while failure was observed after 4.5 s.

Stress Calculations for the Presented Case Study

As the mechanical model is an extension of the thermal model, it is using the
same geometric parameters compiled in Table 3. Additional mechanical pa-
rameters can be found in Table 4. The behavior of a tank section between
two reinforcing rings is assessed. It is assumed that the wall material is
welded onto these reinforcing rings, as is common for liquid fuel missiles.!!!

Table 4: Input parameters for stress calculation
______________________________________________________________________________________________________|]

Internal pressure 2 bar
Thrust 5.10°N
Geometry see table 3

Temperature field as calculated before
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a) maximum relative stress b) distribution of relative stress
— at 68 s flight time
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Figure 27: Stress calculation for the examined case study (compare to Figure 3). Relative
stress for the case of full anisoplanatism; a) Maximum relative stress during the boost phase
b) stress distribution in the cylinder atf 68 s flight fime.

As boundary conditions, one ring is fixed in space, while the other is un-
der a constant load by the engine’s thrust, parallel to the axis of the unde-
formed cylinder. This translates into a compressive load for the cylinder. In
addition, there is a constant load on the cylinder walls as the result of in-
ternal pressure. The assumed thrust is chosen in accordance to the analysis
of the Nodong missile by Wright and Kadyshev.!!? The internal pressure for
liquid propellant missile commonly ranges between 1 bar and 2 bar.!'® In or-
der to allow for a best case analysis in favor of the ABL, the upper limit is
chosen.

Figure 27 shows the distribution of relative stresses along the cylinder
wall after 68 s flight time, for an intensity distribution according to full
anisoplanatism. If the relative stress exceeds unity at a certain location, the
first principle stress exceeds the temperature dependent elastic limit at that
point. In the case of full anisoplanatism this does occur after 68 s of flight time.
At this point, the mechanical stress exceeds the elastic limit near the reinforc-
ing rings and at the temperature maximum. This happens at those locations,
as the maximum temperature introduces the maximum reduction of tensile
strength and deformation is restricted at the location of the reinforcing rings,
leading to extended mechanical stress at that point.

For the case of reduced anisoplanatism (Figure 15 d)), relative stresses ex-
ceed the elastic limit much earlier. An optimization of the aim point (according
to minimal anisoplanatism at #,,; = 45 s) leads to critical stresses after 47 s of
missile flight time.
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APPENDIX D: EMPLOYED PARAMETERS FOR THE ASSESSED
SCENARIOS

Trajectory Parameters for the Mid-Range Missile
Defense Case Study

Model parameters are based on an analysis by Wright and Kadyshev.!'* The
trajectory was calculated using GUI_Missile_Flyout Version 2.02 by G. E. For-
den.!15

Table 5: Missile parameter
. ___________________________________________________________________________________________________|]

Parameter Value

Specific impulse 240 S
Burn fime 70 s
Propellant mass 16000 ky
Empty weight 3900 kg
Payload 1000 ky
Thrust 5.10° N

Table 6: Launch parameter

Parameter Value

Latitude 41.064 ° North
Lonyitude 126.784 ° East
Alfitude 0 m
Azimuth 160.9732 °
Loft anyle 45.032 °

Loft anyle rate

6.522 °/s
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Clear-1 Night Parametric Turbulence Model
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Figure 28: Dependence of turbulence on alfitude according to the furbulence model
CLEAR 1 night, adapted from Beland.'1®
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Employed Parameters to Assess Target Interaction

Table 7: Employed thermo-physical parameters.
. ________________________________________________________________________________________________________|]

Parameter Approximation (T (K)) Source

Thermal conductivity « W/m K 3.182847.107 .13 117a
—6.570887 - 1074 . T2
+0.4662148 - T+ 30.01698
Heat Capacity ¢, J/kg K 955.32 118a
density p kg/m? 1.007566 - 10-12. T° 119a
—2.270152.10-9 . T
+2.004492 - 106 . T3
—9.256705- 1074 . T2
+0.03368339 - T+ 2699.543
Emissivity £° 0.9 120
Absorptance A 0.1 ¢
9the cited source provided the approximation function.

Paccording to finishing on the inside and the outside.
Caccording to white paint or mid-qualtity aluminium surface at a wavelength A = 1.315 um.

Table 8: Employed thermo-structural parameters for AL5083-H321.

Parameter Approximation (T (K)) Source

Younygs’'s modulus £ N/m?2 —14673.07 - T? — 3.192493 - 107- T 121
+8.239008 - 10'°

thermal exp. coeff. a; 1/K 1.742129 . 1074 73 122

—3.563214 . 10" . T2

+3.06124 - 1078 . T + 1.640353 - 105
Poisson-ratio v 0.334 123
Rpo.2 N/m? b—(b—a) exp(—c - (T%) where 1240

a=23.74.10%b =2.26-108;

c=456-10"d=-7.34

9valid 245 K to 813 K, approximation according to data points provided by Kaufman.

Table 9: Employed parameters for additional case studies.
. ________________________________________________________________________________________________________|]

Short range missile Satellite
Diameter 0.88 42m
Material steel aluminium
S30200 AL7075
Thickness 3 mm 1.2 mm
Internal pressure 5 bar —
Thrust 170000 N —

Burn time 75s —
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