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TECHNICAL MEMORANDUM

PROJECT ORION: ORBITAL DEBRIS REMOVAL
USING GROUND-BASED SENSORS AND LASERS

EXECUTIVE SUMMARY

A study was initiated in 1995 by NASA, co-sponsored by the U.S. Air Force (USAF) Space
Command, to determine the feasibility of removing the bulk of the threatening orbital debris in low-Earth
orbit (LEO) by irradiating it with a ground-based laser. The laser energy ablates a thin surface layer from a
debris particle, causing plasma blowoff. The dynamic reaction from one or more laser hits lowers the peri-
gee of the orbit and hastens reentry.

The study was undertaken as an initiative of the Advanced Concepts Office at NASA Headquarters
(HQ), and managed by the NASA Marshall Space Flight Center (MSFC). The study team included USAF
Phillips Laboratory, MIT Lincoln Laboratories, NASA MSFC, Northeast Science and Technology,
Photonic Associates, and the Sirius Group.

A wide range of objects in orbit are characterized as orbital debris. The size range of greatest inter-
est is 1 to 10 cm. While objects smaller than 1 cm are extremely numerous and difficult to detect, shielding
against them is straightforward, although somewhat expensive. Objects larger than about 10 cm are rou-
tinely tracked, and their numbers are small enough that operational spacecraft can maneuver to avoid them.
There remain about 150,000 objects between 1 and 10 cm in size. They are problematic to track, too
numerous to avoid, and shielding against them is very difficult or expensive.

NASA believes that the debris population likely to exist during the life of the International Space
Station (ISS) is high enough that limited protection measures are being incorporated into the ISS program.
These will protect it against objects up to about 2 cm in diameter.

Various strategies for irradiating the debris objects were analyzed, including those that engage
objects in several passes over the laser, and those in which immediate reentry is caused by irradiation dur-
ing a single pass. The latter is operationally the simplest: fire at any debris object the sensors show to be
approaching in favorable circumstances, without regard to whether it has been previously irradiated or not.
The former requires a plan such as our “steady rain” approach to guarantee that the risk to space assets
does not temporarily increase at any orbital altitude.

The statistical characteristics of the debris population are reasonably well known. Five different
representative debris objects were defined as reference targets to deorbit. The orbital distribution of the
debris particles was addressed, and the velocity change needed was determined to be a few hundred meters
per second—sufficient to cause the perigee to drop to 200 km. Achieving a 200-km perigee reduces a par-
ticle’s expected lifetime in orbit to a few days.

The interaction of laser beams with these debris objects was characterized, and the range of
coupling coefficients of the resulting plasma blowoff determined from both experiment and theory. The
required incident beam intensity and duration at the objects was then determined in order to cause the
velocity change necessary for reentry within a few orbits. It was determined that the laser has to place
many very short pulses on the objects to avoid self-shielding of the generated plasma at the object. The
intensity of the irradiation was also determined.

Once the requirements at the debris objects were understood, the required ground laser characteris-
tics were then defined, considering the effects of the atmosphere on the beam. Effects included in the cal-
culations were turbulence, absorption, stimulated Raman scattering (SRS), stimulated thermal Rayleigh
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scattering (STRS), whole-beam thermal blooming, and nonlinear refractive index. A graphical technique
was developed that enables selection of the optimum laser for this system.

A number of options for detection, acquisition, tracking, and handoff of debris targets to the laser
were investigated. These included radar, passive optical, active optical using the laser itself, and combina-
tions of these. In addition, a novel detection technique was analyzed that uses the many communications
spacecraft that are or will soon be in orbit as “free” illuminators to form a bistatic surveillance system.

A spectrum of system concepts was developed, each of which meets some or all the system goals.
These concepts span a range of costs and technology challenges. In addition, a demonstration of the capa-
bility on actual debris could be mounted using mostly existing assets for about $20 million.

The nearest term operational system would consist of a Nd:glass laser operating at 1.06 mm with a
pulse width of 5 ns operating at a rate of 1 to 5 Hz. It would have 3.5-m diameter optics, operate with a
sodium guide star, and produce 5-kJ pulses. This system would cost about $60 million, and would cause
the reentry of essentially all debris in the desired size range in 2 years of operation, up to an altitude of 800
km. This system would be sufficient to protect the ISS as well as all other satellites in LEO below 800 km,
including the planned Iridium and Teledesic systems.

More ambitious technology systems were defined that have the ability to remove all such debris
objects up to an altitude of 1,500 km. This would extend protection to the Globalstar system as well as
other civilian and defense assets. This more advanced system would require an additional $80 million and
an additional year of operation.

A cursory analysis indicated that a system of this type is not inherently an antisatellite weapon,
being relatively very weak. It would have to illuminate a typical spacecraft continuously for years to
destroy its structure, and months to make major changes in its orbit, though unintentional damage to some
sensors and other subsystems would be possible.

Due to the inherently national character of such a system, if serious interest develops to pursue the
capability, it is likely that the Department of Defense (DOD) should be the preferred agency to develop and
operate it for the benefit of all spacecraft, be they commercial, civil, or defense.

The study concluded that the capability to remove essentially all dangerous orbital debris in the tar-
geted size range is not only feasible in the near term, but its costs are modest relative to the likely costs to
shield, repair, or replace high-value spacecraft that could otherwise be lost due to debris impacts for debris
particles greater than about 1 cm in size. Due to the difficulty in detecting debris smaller than about 1 cm,
and their great numbers, the presence of an ORION system would not obviate the need to shield high-
value, large, long-lived spacecraft to resist impacts of debris particles that are about 1 cm in size and
smaller.

The study concluded that a demonstration system should be undertaken to demonstrate, at low
cost, the ability to detect, track, illuminate, and perturb the orbit of an existing particle of debris.

The study also concluded that the bistatic detection technique could form a needed augmentation to
the current space surveillance systems, particularly in the Southern Hemisphere.
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PROJECT ORION TEAM

Ivan Bekey, Senior Executive, Advanced Concepts Office NASA/HQ

John Rather, Study Advisor NASA/HQ

Jonathan W. Campbell, Project Manager NASA/MSFC

William Dent Dent International Research Inc.
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1.  INTRODUCTION

Project ORION was undertaken as an initiative of the Advanced Concepts Office at NASA Head-
quarters, and managed by NASA MSFC. The study team included USAF Phillips Laboratory, MIT
Lincoln Laboratories, NASA MSFC, Northeast Science and Technology, Photonic Associates, and the
Sirius Group.

The orbital debris population has increased at a linear rate since the exploration of space began.
Most of the mass of the debris in orbit is in the form of large objects:  inactive payloads and rocket bodies.
Most of the risk to space assets, however, comes from smaller objects. The small objects are mission-
related debris, such as bolts that separate in the deployment of payloads and, most importantly, fragments
resulting from degradation, explosions, and collisions in space.

If enough large objects are placed in orbit, the growth in the debris population will change from
linear to exponential. This is a result of the collisions between large and small objects. The population may
already have reached the threshold for exponential growth in certain altitude ranges. Some mitigation
measures have, therefore, been put into place and others are being discussed.

One mitigation measure already being used is spacecraft shielding. This technology reduces the
risk of catastrophic damage, and the production of more fragments in orbit, in collisions with debris up to
about 1 cm in diameter. For the ISS this protection will be extended up to about 2 cm for critical areas.
There is no technology presently available at a reasonable cost to shield against debris greater than about
2 cm and traveling at 10 km/s mean relative speed. This is because the shielding weight penalty is an
exponentially increasing function of the maximum size of the debris.

 The additional shielding required just to extend the ISS protection envelope from 1-cm debris par-
ticles to 2 cm weighs about 10,000 lb. For a launch cost of $10,000 per lb, the cost simply to launch this
shielding is on the order of $100 million. Development, fabrication, and integration could double the cost.
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Avoidance maneuvers are another measure already being used to deal with orbital debris. These are
effective for avoiding objects larger than about 10 cm in diameter. Objects this size or larger can be tracked
reliably and their orbits predicted well enough to allow the debris to be avoided. This method only applies
to assets that are maneuverable, and is relatively expensive in that it requires additional propellant.

Presently on the drawing board are a few other concepts that may eventually be useful. These
include a maneuverable “catcher’s mitt” unattached payload for the space station. Devices such as these are
inherently expensive and may not be able to respond quickly enough to prevent collisions.

Neither shielding (due to the weight penalty) nor maneuvers (because of the difficulty of tracking
and generating reliable orbit elements) are sufficient to mitigate debris in the 2- to 10-cm regime. Approxi-
mately 150,000 1- to 10-cm debris particles are currently estimated to be orbiting the Earth. The majority
of this debris is found from 200 to 1,500 km in altitude. The maximum of the distribution as a function of
altitude is found around 1,000 km. This peak is thought to be due primarily to a single event, the leakage
of metal coolant from the damaged reactor of a Russian satellite. The remainder of the distribution reveals a
more uniform distribution with altitude. The maximum density as a function of inclination is at roughly 40˚
to 60˚.

A natural mechanism for the removal of objects in LEO is drag in the upper atmosphere. Drag
brings objects gradually to lower orbits until they eventually burn up in the lower atmosphere. The natural
decay time for a particle decreases rapidly for lower orbits, but in orbits above 500 km many years are
required. This study explores ways of accelerating this natural mechanism by altering the orbits of debris
particles with laser energy beamed from the ground.

Heating the surface of a debris particle with a sufficiently intense laser beam ablates and ionizes a
thin layer of material. The particle experiences a small but significant momentum change.  A sufficient
number of such interactions, delivered at well-chosen times and positions, can change the particle’s orbit
and cause it to reenter sooner than it would otherwise.

At the energies we are considering in this study, we will not be completely vaporizing the debris
particles, nor will they be fragmented into a large number of smaller bits. Instead, we have found a means
of deorbiting the debris in the 1- to 10-cm range, the range that is expensive to shield against and difficult
to track reliably. It will still be necessary to study mitigation options (such as more powerful laser sys-
tems) to address the longer-term but lower-risk problem of larger debris.

It is also recognized that large, long-lived spacecraft such as the ISS will need some shielding even
if an ORION system is deployed. This is because the flux of debris particles smaller than 1 cm is relatively
large, and the small particles are nearly impossible to detect with present technology. Collisions can result
in extensive damage to unshielded spacecraft.

The overall objective of the study was to determine the technical feasibility, the cost, and the devel-
opment time for using ground-based lasers and sensors to remove 1- to 10-cm sized debris from LEO.
This was further divided into the following specific subobjectives:

A.  Protect the ISS and other assets in LEO to an 800-km altitude

B.  Protect all Earth-orbiting assets to a 1,500-km altitude.

We will show that ORION systems that accomplish these objectives may cost less than the amount
needed just to shield the ISS from debris between 1 and 2 cm in size, and would have the potential to pro-
tect not just the space station but all other assets in LEO below about 1,500 km.

This report is in the form of a summary followed by seven technical appendices. The appendices
provide a deeper technical discussion of our analyses.

Sections 2, 3, and 4, which follow this introduction, develop three sets of physical constraints on
the ORION system. Section 2 is concerned with the debris properties:  their sizes, compositions, and dis-
tribution in space, and their optical and radar properties. The interaction of solid targets with intense laser
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beams is considered in section 3. Section 4 is concerned with the propagation of an intense laser beam
through the atmosphere. In section 5, we synthesize the physical and programmatic constraints into a set
of requirements for a system. In sections 6 and 7, we discuss existing technology as it relates to the sys-
tem requirements. Section 6 deals with high-energy lasers and related technology, while section 7 is con-
cerned with sensors and tracking. Section 8 contains our feasible options along with cost estimates. In
section 9, we distinguish the ORION concept from anti-satellite weapons. Section 10 summarizes the
study, and section 11 presents our conclusions. We follow this with our recommendations in section 12.

Appendix A was prepared by Dr. James P. Reilly of  Northeast Science and Technology. It is a
thorough analysis of solid-state laser technology as it applies to ORION. In particular, it addresses issues
of allowable pulse duration versus extracted energy density, and the cooling requirements of  repetitively
pulsed solid-state lasers as functions of pulse energy. The cooling requirements take into account both
beam quality reduction and fracture. Appendix B, also by Dr. Reilly, is a unified evaluation and side-by-
side comparison of all debris-object acquisition schemes. These analyses all used a common analysis
approach, current state-of -the-art focal plane and optical telescope technology capabilities, and current
state-of-the-art microwave detectors and transmitter technologies. Common success criteria are applied to
all detection techniques.

Appendix C, prepared by R. Sridharan of MIT Lincoln Laboratories, expands on microwave and
optical tracking systems for ORION. The present orbital debris environment and engagement strategies are
discussed.

Claude Phipps of Photonic Associates prepared appendix D. It contains a complete discussion of
the laser-target interaction. In addition, it deals with the critical effects of nonlinear processes in the atmos-
phere on pulsed laser beam propagation. These effects include SRS, STRS, and nonlinear refraction and
self-focusing (n2). Appendix C also deals with the relationship between laser-produced impulse and
reduction of debris orbital lifetime, laser and systems design, system demonstration, and first-order cost
models.

Appendix E was contributed by Glenn Zeiders of the Sirius Group. Atmospheric linear propaga-
tion and adaptive optics are treated thoroughly. Also in appendix D are discussions of lifetime of debris in
orbit and engagement geometries that reduce the lifetime. Optical system design, including a coelostat
design for the laser installation, is included.

Appendix F, by William Dent of Dent International Research, Inc., compares the options available
in high-power lasers. It concludes with an indepth review of Nd:glass laser technology.

The bistatic detection of orbital debris with communications satellites is treated in appendix G. It
was prepared by Richard C. Raup of MIT Lincoln Laboratories.

2.  THE DEBRIS PARTICLE

One set of constraints on the design of both the laser and the sensor systems is the range of char-
acteristics of the debris particles. The microwave reflectance sets the size and power needed if a radar
facility is to acquire and track objects. Similarly, the optical reflectance determines the size of an optical
tracking system. The optical reflectance also plays a role in the laser system design, since laser reflection
from a target decreases the momentum transfer. The ablation and ionization properties of the particle sur-
faces also set requirements on the size, pulse duration, and power of the laser.

The roughly 150,000 particles in the size range from 1 to 10 cm, which are the object of this study,
can be classified into five distinct groups. Our approach was to examine each category in order to establish
minimum requirements for the sensor and laser systems. The requirements for the categories can then be
compared and the requirements assembled for a system that deals with all five categories.
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2.1  Debris Distribution in the 1- to 10-cm Size Regime

A great deal of work has already been accomplished in characterizing the debris cloud surrounding
the Earth. The Haystack radar system of MIT Lincoln Laboratories has done pivotal work in this regard.
The work is described more fully in appendix C and is illustrated below.

A sample of the Haystack debris measurements is shown in figure 1. The top part of the figure
shows the number of particles detected per hour in bins of 50-km altitude each. It shows that relatively few
particles are detected below 500 km, and that the number of detections per hour rises to a level of about
0.1 per hour per 50-km altitude bin between 500 and 1,500 km. The flux of detectable objects is defined
as the ratio of the rate of passage of detectable objects to the cross-sectional area through which they pass.
The flux must be calculated from the detection rate in each altitude bin, taking the geometry into account.
The derived flux is shown in the lower part of figure 1. It shows a distinct peak in the flux at an altitude of
1,000 km.
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There are several implications of the orbital debris measurements from the ground. First, debris is
found at all altitudes ranging from below 200 km to above 1,500 km. Flux varies with altitude, with a
maximum at about 1,000 km. Recall that debris above 500 km will remain a threat for years due to mini-
mal drag. Debris below 200 km will reenter in a few hours or days due to drag. Finally, and perhaps the
most important point, is that there is an existing radar, Haystack, which has proven that radar can detect
and track 1- to 10-cm debris in the altitude range of interest to the ORION study.

With respect to the distribution of particles, two requirements were set for ORION. System A, cor-
responding to subobjective A, is intended to protect the ISS and over 300 other satellites below 800 km.
Configuration B is intended to protect all assets below 1,500 km. Figure 2 compares the orbital debris
population in LEO, the present and projected near-term LEO satellite distribution, and the ranges of
ORION subobjectives A and B. The left-hand graph displays Haystack estimates of total numbers of
debris particles in 100-km altitude shells. Altitude is now on the vertical axis. The center graph shows the
distribution of present and near-term space assets on the same altitude scale. The bar graphs on the right
show the altitude ranges addressed by ORION systems.
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Figure 2.  Comparison of ORION protection for existing LEO assets with debris distribution.

2.2  Debris Categories

Surprisingly, the existing debris distribution can reasonably be organized into as few as five major
categories:  Na/K spheroids (reactor coolant), carbon phenolic fragments, multilayered insulation (MLI),
crumpled aluminum, and steel tank rib supports. The laser interactions with and radar characteristics of
these categories are part of the first set of parametric requirements on the laser and the sensor systems. The
characteristics are displayed in figure 3. They include the inclination, apogee, perigee, area-to-mass ratio,
actual size, Bond albedo, Dv required for deorbit, and the estimated number of particles.
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Debris Target Matrix
Target

Description

Inclination (deg)

Apogee (km)
Perigee (km)

A/m (cm2/gm)
Actual size (cm)

Bond albedo

Optimum Cm(dyne–s/J)

∆v required (m/s)

Estimated number of targets

A B C D E

Na/K Sphere
Carbon

Phenolic
Fragment

MLI
(Plastic/Al
Surfaces)

Crumpled
Aluminum

Steel Tank Rib
Support

65

930
870

1.75
1.0

0.4

190

50 k

87

1190
610

0.7
1×5

0.02

110

20 k

99

1020
725

25
0.05×30

0.05/0.7

140

60 k

30

800
520

0.37
1×5

0.05/0.7

90

10 k

82

1500
820

0.15
1×10

0.5

160

10 k

6±2 7.5±2 5.5±2 4±1.5 4±1.5

Figure 3.  Orbital debris particle characteristics matrix.

Most of the estimated 150,000 debris particles in the 1- to 10-cm size range are in orbits at inclina-
tions ranging from 30˚ to 99˚. This has implications for the laser site selection. The latitude requirements
are somewhat relaxed. The use of Haystack itself, in remote association with a laser site at a clear weather,
clear sky location (such as Albuquerque or China Lake) becomes an intriguing possibility.

Only the Na/K spheres (about 50,000 particles) are in nearly circular orbits. The remainder of the
debris particles travel in elliptical orbits ranging from 1,500-km apogee to 520-km perigee. For example,
the bulk of the carbon phenolic fragments are in highly elliptical orbits with apogees around 1,190 km and
perigees around 610 km. Since the inclination of these orbits is about 87˚, they constitute a risk to all
space-based assets in this range; and, since the main source of debris in orbits from 200 to 500 km is
material entering this range from above, they are a risk to practically all assets with orbits below about
1,200 km.

The multispectral reflectivity of the debris particles has been investigated. The requirements pre-
sented to the sensor and laser systems hold no major surprises. The microwave reflectivity of about 0.1 is
manageable to more than a 2,000-km slant range by current, proven radar technology such as Haystack.
Reflection at 1.06 microns to more than a 2,000-km slant range is expected to be sufficient to enable fine
tracking using a laser radar. Reflection in visible light is expected to be more than sufficient to allow sun-
light tracking at appropriate times during the day to more than a 2,000-km slant range. A 2,000-km range
in these categories is the maximum needed to track debris at 45˚ in elevation and 1,500 km in altitude.

A final conclusion from figure 3 bears on the laser system requirements. Orbital calculations of the
cumulative Dv required to deorbit particles from the five categories on a single pass found them to be in the
range from 90 to 190 m/s. For more detail, refer to appendix D.



9

2.3  Particle Engagement Strategies

The 200-km altitude is defined as ORION’s threshold for success based on independent results
from orbital models developed at the USAF Phillips Laboratory, NASA/MSFC, and NASA/Johnson
Space Center (JSC). The product TA/m (lifetime times cross-sectional-area-to-mass ratio) is graphed in
figure 4. As an example of the use of the figure, first find the 200-km perigee altitude on the horizontal
axis. Read up to the curves and find that TA/ma 1 cm2 day/g. Next, as a worst case, look up the lowest
A/m in figure 4, which is 0.15 cm2 /g for a steel part. Finally, divide this into TA/m and find that the
expected life in orbit is about 7 days. In other words, a typical debris particle will reenter in a few days due
to atmospheric drag as it approaches a perigee less than 200 km. For the same A/m at 500 km perigee, the
natural decay time is approximately 18 years.

1E+8

1E+7

1E+6

1E+5

1E+4

1E+3

1E+2

1E+1

1E+0

1E–1

1E–2

1E–3

0.100

0.010

0.001
1E+2

1E+13

1E+12

1E+11

1E+10

1E+9

1E+8

1E+7

1E+6

1E+5

1E+4

1E+3

1E+2

1E+1

1E+0

1E–1
1E+4

1E+14

1E+3

(1,500)

(1,000)(800) (600) (400)
(300) ha = (km)

Spencer Solar Min TA/m, Circ

Spencer Solar Max TA/m, Circ

Spencer TA/m from 1/1/99, Circ

Spencer TA/m from 1/1/99,  ha = 1,000

Spencer TA/m from 1/1/99,  ha = 800

Spencer TA/m from 1/1/99,  ha = 600

Spencer TA/m from 1/1/99,  ha = 400

Spencer TA/m from 1/1/99,  ha = 300



King-Hele Data 
(Solar Average)

e=0.1

e=0.05

e=0.02

e=0.01

e=0.0

Solar Avg TA/m Phipps Calc

C. Phipps calulations for e=0 orbit based on CIRA
1972 std. atmosphere  ≤ 500 km & C.W. Allen above

King-Hele e=0.05
(e.g. 1,000x300km)

King-Hele 
e=0.1

King-Hele  e=0.01
(e.g., 1,000×800km)

King-Hele  e=0.02
(e.g., 1,000×700km)

Approximate
Spencer data
trends for e=0.01,�
0.02 & 0.05

D. Spencer compulations
using "Lifetime" code
for several eccentricities
beginning at solar min
1/1/99 (eccentricities
noted for several points)

King-Hele
e=0

0.05

0.02

0.01

(0)

(0.013)

(0)

(0)

(0)
(0.042)

(0.015)

(e=0)

(0.007)

(0.008)

(0.030)

(0.015)

(0.057)

(0.049)
(0.036)

(0.021)

(0.044)
(0.030)(0.007)

The Product TA/m in orbit, Depending
on Orbital Elements

Perigee altitude hp (km)

Li
fe

tim
e*

 A
/m

 (c
m

2 –
s/

g)

Li
fe

tim
e*

 A
/m

 (c
m

2 –
da

y/
g)

Ec
ce

nt
ric

ity
 e

(0.028)
(0.014)
(0.028)

Figure 4.  The product of lifetime and area-to-mass ratio as a function of perigee altitude.



10

The increase in lifetime with increasing altitude is one ingredient in a recipe for modeling the time
evolution of the debris population. It is true that a particle in the lower part of the 200-500 km altitude
range exits in a short time due to drag. It takes a much longer time for any one particle to move into the
upper part of the range from above. This is offset by the greater number of particles at the top part of the
range. Also, it is the more hazardous particles, with low area-to-mass ratios, that traverse the altitude range
most slowly. In the 18 years it takes the particle of the previous example to move through the 200- to 500-
km altitude range, many more space operations take place, with the predictable result that the debris popu-
lation grows linearly or exponentially in time. One finding of the NRC Committee on Space Debris1 is that
even with current mitigation measures, the orbital debris population in LEO will continue to grow at a lin-
ear rate (if not an exponential rate) until well into the next century. Only after many years of both current
and new mitigation measures could the population begin to fall.

High laser intensity on the surface of the particle is a key requirement for generating sufficient Dv
for deorbit. Two basic operational strategies are available. The first is called one pass, one deorbit, and the
second is called steady rain. In the former strategy, the particle is detected soon after it rises above the
horizon and a sufficient number of high energy laser pulses are brought to bear on the surface of the par-
ticle. Each pulse ablates a thin layer of the surface and subsequently ionizes it. The reaction causes a small
change in the particle’s orbit. Sufficient pulses on one pass bring the perigee below 200 km, which is our
definition of a successful deorbit.

The second strategy is to engage lower altitude particles before higher altitude ones. The idea is to
walk down, from high to low, a train of particles while actually reducing the risk to space-based assets.
For example, 100-km bands could be established. First, only particles in the 200- to 300-km range would
be allowable targets. A particle would be lowered from the 200- to 300-km band to below 200 km. Only
when a particle is removed from this range would it be permissible to engage a particle in the 300- to 400-
km band. As a particle from the 300- to 400-km band falls into the lower band, the risk to assets in the
lower band is no higher than it had been at first, for one particle was removed at the beginning.

Then, particles in both the 200- to 300-km and the 300- to 400-km bands would be eligible to be
engaged. However, the prerequisite for engagement in the 400- to 500-km would be a particle lowered
from the 300- to 400-km bands and the 200- to 300-km bands. This same scheme would be followed in
moving to higher altitudes. This steady-rain strategy eliminates the possibility of a temporary increase in
risk to space assets caused by failure to deorbit a particle in a single pass. Post-engagement tracking is
desirable in this case, to verify that the particles have indeed been moved to lower orbits.

As will be discussed later, the Dv’s required are such that the one-pass, one-deorbit strategy
should be workable for the majority of the debris we have categorized. This means that substantive tech-
nical margin is offered by having the steady-rain option as a backup operational approach. More details on
the strategies are supplied in appendix C.

3.  THE PARTICLE/LASER INTERACTION

The previous section dealt mainly with the debris characteristics that set limits on their detection,
identification, and tracking. This section deals with the characteristics of materials thought to be present in
the debris when they are exposed to high intensity light. The pulse energy, mirror size, and repetition rate
requirements for an ORION laser stem from the surface characteristics of the debris particles being irradi-
ated and the momentum transfer needed for perigee reduction. The requirements on pointing are related to
the appropriate times for engagement of debris in elliptical orbits.

                                                
1 National Research Council Committee on Space Debris, Orbital debris:  a technical assessment, National
Academy of Sciences, 1995.
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3.1  The Particle’s Surface

Ablation of a microthin layer of the particle’s surface is crucial to providing a significant change in
momentum to the particle. Ionization and plasma formation further enhance the momentum transfer. We
ignore the much weaker radiation pressure that exists in the absence of ablation. A substantial amount of
work has been published by the fusion community over the past decade, pertaining to these interactions for
various materials. A wealth of detail can be found in appendix D.

The coupling coefficient Cm is the ratio of the momentum transferred to the energy delivered. The
laser intensity on the target is the ratio of the power in the beam to its cross-sectional area, and the coupling
coefficient is a nonlinear function of intensity for a particular material. The peak of the function corre-
sponds to the laser intensity at which the maximum change in the particle’s momentum occurs for the least
amount of energy input.

Figure 5 illustrates the coupling coefficient for a single material, nylon, irradiated by varying inten-
sities of KrF laser radiation. In this experiment, the pulse duration was fixed at 22 ns. At an intensity of
2.5×108 W/cm2, the laser energy is most efficiently coupled to the momentum change of the particle.
Reducing the intensity by as much as 50 percent only reduces the coupling coefficient from a maximum of
6.5 to about 6 dyne s/J. Even if the vaporized material is not ionized, there is good momentum coupling by
simple evaporation. This illustrates that there is a relatively forgiving threshold intensity requirement for
the laser at the particle, since large (50 percent) variations in intensity mean only a small change in coupl-
ing efficiency.

Experimental Data: KrF laser pulses
(λ=248 nm, τ=22 ns) on nylon
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Figure 5.  What optimum coupling intensity means.

The intensity of a laser pulse of a given energy depends on the pulse duration. A shorter pulse of a
given energy has a higher intensity. To put it precisely, the intensity on the target is the fluence divided by
the pulse duration, where the fluence is the ratio of the energy reaching the target to its cross-sectional
area.
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Figure 5 illustrates the coupling coefficient for a single material and a single pulse duration. The
intensity needed for peak coupling efficiency actually depends on both the pulse duration and the material.
As the pulse duration decreases, there is less time for energy reaching the target surface to be conducted to
the interior, and the intensity for peak efficiency decreases. Also, metals require a somewhat higher inten-
sity for maximum coupling than nonmetals because they are better thermal conductors.

Remarkably, we found that a simple relationship predicts the fluence required for most efficient
coupling for all pulse durations and all materials for which there are sufficient data. The relationship is
shown in figure 6. To use this graph, one chooses a pulse duration on the basis of available technology or
atmospheric factors, and then reads the most efficient fluence within a factor of 3 or so. For example, for
pulse durations on the order of 5 to 10 ns, an incident fluence of about 4 to 6 J/cm2 provides the optimum
momentum coupling for the five categories of debris. Recall that the coupling coefficient depends only
weakly on the intensity in the vicinity of the peak, so the fluence requirements are quite forgiving.
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Figure 6.  Laser fluence for optimum momentum coupling at various pulse durations.

The intensity of a continuous wave (CW) laser is less than the peak intensity of a pulsed laser of
the same average power and wavelength. Our models of the CW systems are based on simple vaporization
of the debris surface. This study pointed out the need for experimental studies of CW photoablation of
materials more complex than elemental surfaces. Also, we have found no studies of laser interactions with
surfaces having shapes more complex than flat plates.

3.2  When And How Often To Engage

As we showed in the previous section, short laser pulses give efficient momentum coupling at rea-
sonably low fluences. In section 6, we will argue that such fluences are within the capabilities of near-
future technology pulsed lasers operating from the ground. Here we present our estimates of the number
of pulses needed to remove debris in various orbits.
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It is crucial to engage the particle at the proper point of its orbit and in the right direction, or the
resulting Dv will not have the desired effect. In some circumstances, it could raise the perigee. Engaging
the particle as it is rising above the laser’s horizon is typically the best. For any engagement, Dv will occur
along the normal to the particle’s surface being irradiated. This is not necessarily (and normally will not
be) in exactly the same direction as the laser beam. However, for many particles, due both to spin and ran-
dom orientations, the average direction for the momentum change is expected to be along the line of sight
of the laser. Engaging as the particle is rising above the horizon normally gives a vector momentum com-
ponent opposite the orbital motion, hence lowering the perigee. However, there are special cases (e.g.,
perigee over the laser) in which one should not engage at debris rise, which places a requirement on the
sensor system design that a particle’s orbit parameters must be determined before and after engagement.
The primary engagement rule found in this study is that any pulse that tends to increase the tangential
velocity should be avoided. More detail on the geometric factors for successful laser engagement can be
found in appendix E.

The final key piece to the laser/particle interaction puzzle deals with whether sufficient time would
be available to engage the particle on orbit with sufficient pulses to lower its perigee below 200 km. Figure
7 shows the Dv needed to deorbit debris as a function of altitude for various orbits. To use the figure, start
with the initial altitude, such as 500 km. For this altitude, we read a required Dv change of about 90 m/s.
The relation between the Dv and the fluence is:

Dv = Cm F A/m

where Cm is the coupling coefficient and F is the fluence. With the figures in the previous section (steel
part with A/m = 0.15 cm2/g, F = 4.6 J/cm2, Cm = 6.5 dyne s/J) we find Dv = 4.5 cm/s. Therefore, it
would require 2,000 pulses to bring the perigee below 200 km in this example. If the pulse rate is 10 Hz
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or more, only about 3 min or less are required for the engagement. This is easily within the time interval
any debris particle remains in sight.

The analysis of the previous paragraph is a worst case, since the steel parts have the lowest A/m  of
all the debris in orbit. We will consider issues of laser propagation in the next section, but we note here
that a fluence of 4.6 J/cm2 provided by a laser at 1 mm launched by a 4.5 m adaptive optic would require
an energy of at least 3,600 J per pulse at 0˚ zenith angle, or at least 12,000 J per pulse at 60˚ zenith angle.
If such energies are not available, or not available at such a high pulse rate, then it may be necessary to
deorbit the steel parts in multiple passes. The other target types will be much easier to deorbit in a single
pass.

4.  LASER ATMOSPHERIC PROPAGATION

This section deals with a third set of physical constraints on the ORION laser and sensor systems.
First, the relationship between diffraction-limited mirror size and spot size on the particle will be dis-
cussed. Next, we consider the intensity and beam quality losses associated with operating through the
atmosphere. These losses can be severe unless properly handled in the design of the laser system. The
physical mechanisms considered are atmospheric absorption, turbulence, and nonlinear effects.

4.1  Linear Propagation

As we showed in the previous section, a sufficiently high laser beam intensity on the particle sur-
face is needed to impart the desired momentum change. For a given amount of energy in a pulse of a given
duration, the intensity is inversely proportional to the cross-sectional area of the beam at range. We now
consider the lower limit on the beam diameter in the regime of linear propagation.

The spot size is fundamentally limited by diffraction. The diffraction-limited diameter of the spot is
proportional to the wavelength and inversely proportional to the diameter of the telescope used to focus it.
The smallest spot size is obtained, in principle, by using the shortest wavelength and the largest mirror
diameter available.

The largest mirrors in existence are 10 m in diameter, but for a moment let us consider a much less
expensive 3.5-m mirror as an illustration. Also, let us take 0.5 mm, which is in the visible part of the spec-
trum, as a typical “short” wavelength. At the longest slant range of interest, 2,000 km, the spot diameter is
about 70 cm. Recall that a fluence of about 5 J/cm2 is required for most efficient coupling with a 10-ns
pulse. With these numbers, we arrive at a pulse energy of 20 kJ. Pulse energies considerably higher than
this have been obtained with existing lasers. Thus, a simple calculation shows that existing technology, in
principle, can easily provide the intensity needed for momentum transfer to the most distant pieces of
debris under consideration.

While smaller spot sizes further relax the laser power requirement, the fine tracking challenge
grows, as does the size of the mirror. For primary mirrors larger than about 3.5 m, aperture size becomes
a primary driver to the cost of the laser system. Designing to shorter wavelengths reduces the aperture size
requirement proportionally, but raises serious issues relating both to turbulence and the surface accuracy of
the mirror.

4.2  Turbulence and Atmospheric Absorption

The air through which the laser beam passes before leaving the atmosphere is not a uniform
medium. The index of refraction is a function of the air density. The lower layer of the atmosphere, or
troposphere, is characterized by turbulent motion of cells of air with varying density. As convection cells
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move through the beam, or the beam moves through cells, the beam tends to spread and lose coherence
because of the density variations.

For the ORION project, it is important to maintain the beam quality in order to place sufficient
intensity on the particle at range. This places the requirement for adaptive wavefront correction on the
beam director design. Appendix E treats these issues in great detail, and we summarize them here.

The effects of turbulence on the beam can be nullified by distorting the optics of the beam directing
telescope in a controlled way. This is “adaptive optics.” The size of the independently controlled zones on
the correcting optic (assumed to be equal in size to the aperture) should be on the order of the Fried scale
r0. The Fried scale is on the order of 10 cm for a wavelength of 1 mm. It decreases with decreasing wave-
length. From this we can see that one thousand or more independently controlled, primary mirror seg-
ments will be needed to correct a 3.5-m mirror in a 1-mm laser beam director.

Adaptive optics with over 100 segments are already in use for astronomical imaging. Larger sys-
tems are now under development, including a system for the 3.5-m STARFIRE telescope.

The information on atmospheric conditions needed to correct the mirror cannot come from the
debris itself. The light travel time is such that the laser must be pointed up to 100 m ahead of the particle.
An artificial beacon, or guide star, must be used instead. A guide star is made with a laser much lower in
power than the “pusher” laser. The beacon will be aimed ahead of the particle and used to sample the
column of air through which the pusher laser must pass.

The guide star is not effective unless some of its energy is scattered back to the ground to return the
phase information necessary to distort the correcting optics. The beacon laser’s wavelength can be chosen
so that some of its energy is scattered back to the telescope from a distinct layer high in the atmosphere.
Astronomical systems in use today typically make use of the presence of sodium in a layer about 90 km
above the ground. It is fortuitous that sodium can be found in this layer, for it is not difficult to build a
laser that can excite the sodium atoms into resonance fluorescence and return a usable signal to the ground.

At the position of the intended laser spot in the sky, the area over which the beam can be corrected
by a guide star is known as the “coverage size.” The coverage size decreases as wavelength decreases. If
diffraction alone were considered, one would use the shortest wavelength available. But once the coverage
size is smaller than the intended beam spot size, it is no longer possible to use the guide star to correct
completely for atmospheric turbulence, and the beam would spread and fall in intensity. One way around
this would be to use more than one guide star. Several closely spaced guide stars could provide the phase
information needed to correct the optics. While this is possible in principle, it has not been demonstrated.

We have found that for adaptive primary mirrors 3.5 m in diameter and smaller, a single sodium
guide star is sufficient to provide the necessary corrections for a wavelength of 1.06 mm. If a shorter
wavelength were used, then a minimum of four closely spaced guide stars would be needed to provide
sufficient information to make the necessary wavefront corrections for a mirror this size.

A full analysis of the tradeoffs in laser wavelength must take atmospheric transmission into
account. The atmosphere is highly absorptive for most wavelengths of the electromagnetic spectrum.
Fortunately, transparent and partially transparent windows exist in which the laser beam will propagate
without serious attenuation. The visible and near infrared from 0.4 to 1.3 mm is one window, as is the
infrared band from 9.5 to 12 mm.

Although the technology exists for powerful lasers at 10 mm, the mirror size required to produce a
small spot on a target is prohibitively large. There is well-developed technology for powerful lasers in the
visible to near infrared, and it is within this window that the most reasonable options are to be found.
Further discussion of existing laser technology may be found in section 6.



16

4.3  Atmospheric Nonlinear Effects

Even though the laser wavelength is chosen in a window of atmospheric transparency, one must
consider the possibility of beam spreading and energy loss by nonlinear mechanisms. These are mecha-
nisms that grow in importance as the intensity of the beam in the atmosphere increases, or as the path
length in the atmosphere increases. We have made an extensive study of these effects, including nonlinear
refractive index, STRS, SRS, and whole-beam thermal blooming.

Nonlinear refractive index tends to degrade beam quality by spreading the beam, since the refrac-
tive index tends to increase at high intensity. STRS attenuates the beam by breaking it up and scattering it
in different directions. SRS attenuates the beam by scattering it in different directions at different wave-
lengths. Whole-beam thermal blooming spreads the beam as it heats the air through which it passes. The
nonlinear mechanisms are depicted in figure 8. Our modeling of these effects is treated completely in
appendix D. The limits imposed by the nonlinear mechanisms on the ORION laser are graphed in figure 9.
The beam is assumed to be propagating vertically through the atmosphere, so that the near-field intensity
on the vertical axis refers to the beam as it leaves the laser. The beam is also assumed to originate at sea
level. The graph would appear somewhat altered at angles other than vertical, and if the laser were located
at a high altitude above sea level. The laser pulse duration is shown on the horizontal axis. The graph is for
a specific wavelength, 1.06 mm, but it has the same basic shape for other wavelengths.

Nonlinear Processes in the Atmosphere

Nonlinear Refractive Index (n2) Stimulated Thermal Rayleigh
Scattering (STRS)

Whole-Beam Thermal BloomingStimulated Raman Scattering (SRS)
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Figure 8.  Nonlinear processes in the atmosphere.
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Figure 9.  Maneuvering room for the ORION system limited by SRS, STRS, n2, and other effects.

The intensity limit imposed by whole-beam thermal blooming is shown with two light solid lines,
one each for telescopes of 1 m and 10 m in diameter. Since it takes time for the air density to change in
response to heating, this effect can be eliminated by using short pulses. The allowed intensity for whole-
beam thermal blooming rises to extremely high levels for pulses shorter than 1 ms, where other limiting
mechanisms come into play.

The limit imposed by STRS is shown with a heavy solid line. It, too, can be avoided by choosing
a short pulse duration. If the duration is kept below 10 ns, then both STRS and whole-beam thermal
blooming are displaced by another intensity-limiting mechanism.

Nonlinear refractive index is not so well understood for long pulses, but for pulses less than about
100 ns, it imposes an intensity limit of about 5×107 W/cm2. Our best prediction is that the limit increases
slightly with shorter pulses.
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For pulses between 200 ps and 10 ms, the most stringent limit is set by SRS. This limit is shown
in the figure with the lower heavy solid line. With the limits imposed by the four nonlinear mechanisms
combined on one graph, a region of operability or “corner of opportunity” stands out. The corner, for this
wavelength, is at an intensity of 3×106 W/cm2 and a duration of 10 ms. Pulses shorter than this or lower
in intensity should not be significantly affected by the nonlinear mechanisms.

One possible exception to this “corner of opportunity” view will be considered later for the attain-
ment of subobjective B. When the SRS intensity limit first begins to rise for short pulses, it rises so
slowly that the higher allowed intensity is too little to compensate for the decrease in fluence due to the
shorter pulse. But, recall that the intensity needed for most efficient momentum coupling decreases with
decreasing pulse length. There is a possible operating point near 100 ps pulse duration where the SRS
limit has risen enough to make such operation attractive, and where the nonlinear index effect is not yet the
limiting consideration.

It is important to note how the situation of figure 9 changes when a different wavelength is used.
As the wavelength decreases, the near-field intensity limits also decrease for a given pulse length. This
implies that the smaller apertures permitted by diffraction for smaller wavelengths can only be realized up
to a point. Beyond that point, smaller apertures are forbidden by near-field intensities beyond those
allowed by nonlinear atmospheric effects.

5.  LASER AND SENSOR SYSTEM REQUIREMENTS

The particle characteristics, the laser/particle interaction, and the atmospheric propagation form a
set of physical design constraints for ORION. In this section, the requirements are folded together into a
complete set of requirements for the laser and sensor systems. Also included are the programmatic consid-
erations of cost and schedule. The requirements on the laser system will be compared with existing tech-
nology in section 6. In section 7, the sensor requirements will be related to existing technology.

The requirements for the laser are summarized in the top row of figure 10. The laser system must
operate in one of the atmospheric transmission windows, such as the one shown by the dark band from
0.4 to 1.3 mm. Beam effects due to turbulence must be minimized by active correction in which the area of
coverage is as large as the laser spot at range.

In order to place the critical intensity on the particle at range, nonlinear effects must be minimized
by operating in the region of opportunity defined by short pulse duration (e.g., 10 ms for 1 mm) and
below the critical near field intensity (e.g., 3 MW/cm2 for 1 mm). The laser and corrective optics must be
capable of achieving the critical intensity and fluence (e.g., 600 to 850 MW/cm2, 4 to 6 J/cm2)

 
on the

debris particle at least at 800 km altitude and preferably to 1,500 km.

If we take the number of debris particles to be 150,000, appropriate for subobjective B, then the
time required to remove all the debris is about 0.3 year/min times the time for each piece of debris. The
time for each piece is an average, which must include off-duty time. For example, if the average operating
time to remove one piece of debris is 10 min, then the time to remove all the debris is 3 years. The time to
acquire suitable targets, and the repetition rate and maintainability of the laser, are all constrained by this
together with the programmatic requirement that all debris to be cleared in some definite time, such as 5
years.

The Haystack radar has shown that in a field-of-view of 0.05˚, the rate of detection of debris parti-
cles is about 6/h. Of these, only about 1/h is in circumstances suitable for targeting. The rate must be an
order of magnitude higher, or the laser will be idle most of the time as it waits for a new target to be identi-
fied. Therefore, we recognize that the field of regard for the ORION sensor should measure on the order
of 0.5˚. If a sensor has a very high sensitivity and can be moved rapidly, then the field of regard can be
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Figure 10.  ORION system requirements.

built up by sweeping rapidly through several fields of view. The Haystack radar, for example, with its
high sensitivity, could scan a 0.5˚ wide field in a bowtie pattern that would be virtually “leak proof.”

Ultimately, the position of the particle must be determined to within about 0.4 mrad (70 cm beam
width at 2,000-km slant range). The field of regard of 0.5˚ (9,000 mrad) is so much larger that a fine
tracking mechanism will be needed. To distinguish coarse from fine tracking, we set a somewhat arbitrary
crossover of 100 mrad. This corresponds to about 200 m at a distance of 2,000 km. The actual crossover
could be larger if the fine tracking is capable of finding the object in a larger field, or smaller if the coarse
tracking mechanism is very precise.

Twenty-four hour, remote operability in all weather conditions would be ideal. If the sensor does
not operate at all times or in all conditions, then either the laser average power must be made higher or the
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time to remove the debris population grows. Remote operability is needed for handoff of the tracking
information to the laser.

The sensitivity must be sufficient to see 1-cm debris in each category at a slant range of 2,000 km.
The sensor system requirements are summarized below the laser requirements in figure 10. The full analy-
sis appears in appendices B and C.

6.  THE ENGAGEMENT LASER SYSTEM

Three sets of constraints on the laser concept imposed by the debris characteristics, the laser-target
interaction, and atmospheric propagation were discussed in sections 2, 3, and 4. In section 5, these were
synthesized to form a full set of constraints. In this section, we review existing laser technology in the
light of the constraints. Laser technology is reviewed in appendix F. We will see that the requirements
converge on a wavelength near 1 mm and either a pulsed solid state laser or a CW gas laser.

6.1  Pulsed Solid-State Lasers

Solid-state lasers have the highest pulse energies available at this time. Each of 10 beams of the
Nova laser at Lawrence Livermore National Laboratory (LLNL) produces 10 kJ per pulse. The Beamlet
laser at LLNL produces 20 kJ per pulse. Both of these are Nd:glass lasers. Pulse durations of about 1 to
50 ns are typical for Nd:glass lasers. Thus, these lasers operate in the ORION corner of opportunity for
reasonably sized apertures. For example, for a 10-kJ pulse lasting 10 ns, SRS can be avoided (at 1 mm)
for apertures larger than about 0.4 m.

The fundamental wavelength of the Nd:glass laser is 1.06 mm, which is in the visible/near infrared
window. The visible wavelength, 0.53 mm, is derived with high efficiency by frequency doubling in a
KDP crystal. The shorter wavelength initially appears attractive, since a smaller aperture is required to
produce a given spot size. The SRS limit is more stringent for the shorter wavelength, however, and the
beam correction would require unproven multiple guide star technology. For the near term, then, the 1.06
mm wavelength is favored, with the shorter wavelength a strong future possibility.

The highest power lasers today are designed for low repetition rates. Beamlet, for example, oper-
ates at under 0.02 pulses per second. The difficulty with higher rates is that nonuniform heating of the
amplifying medium degrades the optical quality of the beam. Beamlet can be operated continuously at its
designed rate because the cooling system minimizes nonuniform heating as long as its maximum repetition
rate is not exceeded.

If we are to accomplish ORION’s task without proposing lasers much more powerful than those in
existence, we must increase the repetition rate, or else the deorbiting of the debris will take far too long.
We are aware of two ways to overcome the repetition rate limitation. One is to fire the laser rapidly without
cooling and to allow the amplifying medium to heat up uniformly so that optical quality is not affected.
This is called the “hot rod” mode. It is modeled in detail in appendix A. It should be possible to fire up to
1,000 pulses in a short time interval before the laser is cooled for the next round.

Smaller lasers have proven that higher continuous rates are possible. At LLNL, for example, a
laser that produces 100 J per pulse operates at 6 pulses per second, and is being upgraded to 12 pulses per
second. Although cooling of the medium results in nonuniformities, the optical quality is actively corrected
with a stimulated Brillouin scattering (SBS) mirror. The design of such a system is treated in appendix F.

Overall, the Nd:glass laser at 1.06 mm was found to be the laser with the best potential for accom-
plishing the mission. The technology is widespread and developing rapidly because of activity in fusion
research.
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6.2  Pulsed Chemical and Gas Lasers

CO2 gas lasers operate in the mid-infrared (IR) band, at wavelengths of 10.6 and 11.2 mm. In
order to be competitive with solid-state lasers, they must either be made much more powerful or a much
larger aperture must be used. For example, since the wavelength is 10 times that of the Nd:glass laser, a
telescope 10 times larger would be needed to produce the same diffraction-limited spot size. This would
make the telescope diameter on the order of 40 m. If, instead, the same size telescope were contemplated
for both lasers, the power of the CO2 laser would have to be 100 times greater to produce the same fluence
on the target. SRS would then become a limiting factor. Either solution would be very expensive.

Two other lasers that operate between the near- and mid-IF regions are HF/DF chemical and the
CO lasers. Neither is as well developed as Nd:glass or CO2 lasers. They suffer, to a lesser degree, from
the same limitations as the CO2 laser at longer wavelengths. The DF laser is included in figure 11 for ref-
erence.

Atmospheric Windows Nonlinear Effects
(SRS,STRS, n2)

Debris alt.
(km)

1–20–cm
Clear Time

(yrs)

Debris
Intensity

(MW/cm2)

Debris 
Fluence
(J/cm2)

Laser

τ≥10ns:
Iatm≥3MW/cm2 

500–1500 τ≥5–10ns:
600-850



<5 τ≥5–10ns:
4-6⇒

Technical Basis for Choosing ORION Laser Device (Longer-term Example)

0 2 4 6 8 10 12

Rep-
Pulsed
Laser

Options

λ
(µm)

Beam
Size at

1500 km
(cm)

Laser Pulse
Energy for

Efficient Thrust
(kJ)

Beam Fluence in
Atmosphere

(J/cm2)

SRS-Safe Beam
Fluence in

Atmosphere
(J/cm2)

Guide-
stars

Needed Cost ($M) Laser Device Choice
Basis

Pulse Width: 1 µs 10 ns 1 µs 10 ns 1 µs 10 ns 1 µs 10 ns

Nd Solid 
State 0.53 24 24 3.0 0.085 0.011 2 0.04

4*
(difficult) 54 23

* Cheaper
But Guidestar Kluge

Nd Solid 
State 1.06 48 97 12 0.34 0.043 2.5 0.05 1 100 40

Best Cost That
Works

DF Chemical 4± 180 1370 170 4.9 0.61 2.5 0.06 0 1920
High Cost,

Won't Work (SRS)290

CO2 Gas 10.6 480 9700 1200 34 4.3 3 0.07 0 11400 1700
High Cost,

Won't Work (SRS)

CW Laser
Option

Wave-
Length

µm

1500 km
Beam dia

(cm)

Laser Power
for Efficient
Thrust (kw)

Intensity in
Atmosphere

(W/cm2)

Blooming-safe
Intensity in

Atmos. (W/cm2)

Guide-
stars

Needed
Cost ($M) Basis for

Laser Device Choice

Iodine
Gas 1.3 CW 59

3200
(Power Overkill
Necessary for

Thrust)
11 8? 1 68

Blooming?
Beam Quality?

Target interaction?
Next Lower Cost

⇒

Figure 11.  Technical basis for choosing the ORION laser.
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6.3  Continuous Wave Gas Laser

An iodine laser operating at 50 J per pulse has been demonstrated in the United States. The long
pulse duration of 10 ms would place it well below the intensity for most efficient coupling. The wave-
length of 1.3 mm is not far from the Nd:glass wavelength and just inside the near infrared window.

The repetition rates of iodine lasers are as high as 1 pulse per second, with higher rates under
development.  It is interesting to note that these lasers can be made to operate in a CW mode. The
ROTOCOIL laser at the USAF Phillips Laboratory is an iodine laser at 1.3 mm with a continuous power
of 40 kW. Although this is somewhat different from the pulsed mode of operation we had envisioned for
ORION, our preliminary study indicates that it could accomplish its objectives.

In a CW mode, the intensity must be kept well below the peak intensity of a pulsed laser in order to
avoid thermal blooming and STRS. Even so, the average power must be greater than for the pulsed laser,
since short pulses couple most efficiently at lower fluences. These two conditions can be met, since the
CW laser is constantly in use, where the duty cycle of the pulsed laser can be 10–6 or less. We will include
an iodine CW option in one of our systems to consider for subobjective B.

Data on all the lasers considered are included in figure 11.

6.4  Relevant Electro-Optical Technology

The laser system consists primarily of a beam director, a guide star subsystem for optical correc-
tion, a coarse track handoff system, a fine track subsystem, and a high-energy, pulsed laser. Large aper-
ture systems with corrective optics were identified as part of this study. Many of the details are reserved
for appendix E.

The Advanced Electro-Optical System (AEOS) located in Maui, HI, is shown in figure 12. It
employs a 3.6-m primary mirror. This facility’s mission is high-accuracy, high-sensitivity satellite
detection and tracking. The STARFIRE facility located near Albuquerque, NM, is intended for a similar
mission. It employs a 3.5-m aperture for high-sensitivity, high-accuracy tracking.

AEOS and STARFIRE use adaptive optics with a single guide star  to correct wavefront aberra-
tions due to atmospheric turbulence. The tracking rates are about 18˚ per second in azimuth and 5˚ per
second in elevation. These rates are sufficient to accomplish the ORION objectives. Although costs will be
considered in more detail in section 8, it is interesting to note that STARFIRE costs included $7 million for
the primary mirror and $10.5 million for the telescope mount. Total facility costs came to about $27
million.

Analyses such as this have shown that there are several possible directions one might take to
accomplish subobjectives A and B. Subobjective A could be accomplished with a 1.06-mm laser using a
3.5-m mirror. Operation would be within the corner of opportunity with 5-ns, 5-kJ pulses. The time
needed to do this depends on the tracking and handoff system, which will be discussed in the next section.
If the sensor system were not capable of 24-h operation, the subobjective A could still be accomplished by
using a somewhat larger telescope to obtain a more intense beam.

Recall that subobjective B raises the coverage from 800 km to 1,500 km. This will require more
energy on target at greater range. Three laser systems are promising in this regard. One is to develop a
Beamlet-type Nd:glass laser for high pulse rates at 10 to 20 kJ per pulse. A 6-m diameter mirror would be
needed to avoid SRS. Alternatively, a 0.1-ns pulsed Nd:glass laser could be developed to take advantage
of the increase in the SRS threshold with decreasing pulse duration. The third option that seems feasible
for this subobjective is the CW iodine laser. This would also require a 6-m adaptive optics telescope.



23

Height chosen to have telescope
above boundary layer 80% of time

Upper
Dome
Wall

Lower
Dome
Wall

Eq
ui

p.
 R

oo
m

Lift Table

Mirror
Removal Rail

Telescope

Dome Aperture

Dome Roof

Eight
Hydraulic
SystemsEquip.

Room

Maypole
Plenum

Coude
Tube Extension

Coude
Room

Optics
Room

Optics
Room

Experiment
Room

Electrical
Room

Co
rr

id
or

Co
rr

id
or

Exp.
Room

Telescope Control

Room

Inclined Freight
Lift

36.6 m concrete telescope pier

Lift
Car

Actuators

3.63 m c.a. F/1.51 Zerodur parabolic primary
84 active supports + 48 lateral supports
18.3 deg/sec azimuth, 4.75 deg/sec elevation
Maui system (shown) under construction with very expensive site-associated costs

Starfire in operation:    $7M primary mirror (R&D for stress lapping)
                                     $10.5M telescope mount
                                      $27M total with facilities

25 cm c.a. secondary:
        a. F/200, 0.3 m rad Fov Coude system
        b. F/32, 1 m rad Bent Cassegrain

200 W $3.55M LLNL Na guidestar on hold
Adaptive optics not ready yet
Intensified 30 cm 0.3˚ acquisition scope

Advanced Electro-Optical System
3.67 m Telescope Facility

Figure 12.  AEOS.



24

7.  THE ACQUISITION AND TRACKING SENSOR SYSTEM

In this section, we review current detection and tracking technology in connection with the system
requirements already set forth in section 5. Detecting, acquiring, and coarse tracking a particle the size of a
marble at 2,000 km is a challenging requirement. Handing off to a laser engagement system is another
challenging undertaking. Several options have been identified that can satisfy the requirements dictated by
the debris population characteristics. One proven technology option has been the MIT Lincoln Laboratories
Haystack radar. Another is the STARFIRE passive optical satellite tracking system in Albuquerque, NM.
Thus, there is substantive technical margin for this aspect of the problem.

It is logical to consider active optical tracking, with either a pulsed or CW laser, making use of the
pusher laser in a defocused mode. We will see that this has the potential to extend the availability of optical
tracking from the 4 h per day of the passive option to nearly 24 h per day.

Also considered in this section is the possibility of using existing communications satellite tech-
nology to perform debris detection. The forward scattering enhancement, made possible by the location of
satellites in orbit, makes this scheme possible. The fact that existing systems might be used parasitically
makes this option attractive from a cost standpoint.

Along with the foregoing, it is important to consider the handoff to the laser system and whether
the radar can be used remotely. For example, building a clone of Haystack at an optimum laser site would
cost on the order of $80 to $100 million. Remote radar support during operations promises to save the cost
of building a new radar. With all the requirements in mind, we now explore radar, passive optics, bistatic
radio frequency (RF) detection (using communication satellites to illuminate the particles), and laser radar.

7.1  Microwave Radar Option

The advantages of radar include all-weather operation and relatively high accuracy in position and
signature. As mentioned previously, the Haystack radar developed and operated by MIT Lincoln Labora-
tories at Tyngsboro, MA, (42.6˚ N latitude) is an example of proven radar technology with the potential to
accomplish the ORION mission. The facility is depicted in figure 13. Haystack is probably the most sensi-
tive radar in the world capable of achieving the tracking rates necessary for ORION. Haystack operates at
10 GHz with a range resolution of 1 to 10 m and an angular resolution of 10 to 50 mrad. Its range rate per-
formance is 0.1 to 1 cm/s. Given these performance values, Haystack would be suitable for use in the
ORION sensor mission.

With Haystack, the disadvantage of being in a nonoptimum environment for the laser may be ame-
liorated by remote handoff. In principle, this is primarily a software development and integration task,
which Lincoln Laboratories believes can be done with existing technology. The advantage of this devel-
opment would be to utilize the advantages of Haystack without having to clone it at the laser facility site (a
very expensive undertaking).

The general importance of this development is that the handoff technique could be applied to any
radar. ORION could use any radar that might be available and suitable. One penalty for using Haystack
remotely would be its latitude, which constrains the minimum  inclination. This is expected to be only a
minor disadvantage since it can see the majority of the debris populations.

Search and acquisition could be accomplished using a two-dimensional bowtie scan to build up the
field of regard. Such a scan pattern at 30˚ elevation would be virtually leak proof. The radar would provide
tracking and discrimination of the target with a resolution less than 200 m. A resolution cell on the order of
the laser beam size (about 1 m) is needed for laser engagement with the particle, so the radar would be
required to hand off to a fine track system.
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Figure 13.  Haystack: canonical microwave radar for ORION.

Of course, the engagement laser itself could be used in the fine track role by simply defocusing the
beam to capture the particle in the 200-m pixel provided by the radar, and then walking the resolution cell
size down to 1 m. At this point, the laser would engage the particle in order to lower its perigee. In addi-
tion to the other advantages discussed, radar provides knowledge after the engagement as to how a parti-
cle’s orbit was affected.



26

Of course, the engagement laser itself could be used in the fine track role by simply defocusing the
beam to capture the particle in the 200-m pixel provided by the radar, and then walking the resolution cell
size down to 1 m. At this point, the laser would engage the particle in order to lower its perigee. In addi-
tion to the other advantages discussed, radar provides knowledge after the engagement as to how a par-
ticle’s orbit was affected.

Remote handoff is extremely promising. It is expected that a reasonably straightforward develop-
ment will resolve information transfer concerns and minimize information transfer time lags. Coordinate
conversions could be accomplished by modern computers in near-real time either at Haystack or at the
laser facility. The USAF Phillips Laboratory is presently investigating predictive accuracy in using such an
approach. A demonstration project would be needed to complete a detailed solution.

Although Haystack is the flagship of operational USAF radar, other existing radars including the
USAF HAVE STARE (with significant modification) would be viable candidates for accomplishing the
ORION sensor mission, either collocated or in the remote mode.

Microwave radar approaches the ideal of 24 h per day operation in all weather. It can operate in the
day or at night, and even in cloudy conditions. We have estimated that Haystack or another radar would
provide up to a 20-h operating window per day, allowing for severe weather and maintenance time.

7.2  Passive Optics Option

Using Sun reflection from the debris particle, high-sensitivity, high-resolution passive optics
offers the advantage of low cost as compared to building a new radar. Developing a remote handoff capa-
bility for the radar offers the attractive approach of a complementary radar/optics approach. This is impor-
tant, since surveys show that some debris detected in visible light is not detected by radar, and vice versa.
Passive optics also provide immediate feedback that the particle was successfully engaged by the laser,
since plasma ignition produces a bright flash in the visible.

The disadvantage to passive optics alone is that it only operates during times of clear weather when
the Sun/particle/observer angles are appropriate. This alignment typically provides a 4 h per day window
for operations. As will be shown later in discussing ORION system options, using passive optics alone
will extend the clearing time beyond 2 years for the debris population under 800 km. We have been able to
keep it to 3 years by using a larger mirror than for the microwave radar option. Another disadvantage is
that orbit assessment would be difficult with a passive optics system alone. Orbit assessment is proven
technology existing at Lincoln Laboratories and also used with STARFIRE and AMOS.

Figure 14 shows the STARFIRE facility. A single facility this size located in a suitable location
(e.g., China Lake) could accomplish both the detection and tracking mission and the particle engagement
mission. In short, a single $50 million facility such as this could protect ISS and all other assets under 800
km.

7.3  The Bistatic Detection Option

Orbital debris is continuously being illuminated by a number of communications transmitters
located on the ground, in LEO, and in geosynchronous orbit (GEO). This illumination is due to the normal
functions of such satellites, and is available to ORION at no cost. Dramatic increases are expected in the
numbers of communications satellites in the next few years, particularly in LEO, and thus in the number of
potential illuminators for use in ORION surveillance.
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Example Optical System

•  STARFIRE, Albuquerque

•  3.5 meter F/32 Telescope (Narrow FOV)

•  Satellite Tracking

•  High Sensitivity

•  High Accuracy,  Angles 10 µrad

Figure 14.  STARFIRE: example optical system.

One major implementation option makes use of the fact that the debris target forward-scatter cross
section can be much larger than the back-scatter cross section usually used for surveillance. This is true
when the target is large compared with the wavelength of the radiation, and is nearly in line between the
transmitter and the receiver (i.e., scatter angle close to 180˚). The most interesting such application of the
forward-scattering enhancement, without placing any requirements on the communications satellite, is to
place a special antenna array on the ground that would look for radiation scattered or diffracted by debris
from any normal satellite downlink signal. The large numbers of satellites (close to 1,000 in LEO in the
time frame of the year 2000) would assure that favorable geometries for detection of debris objects occur
frequently.

Another implementation option is to use a ground receiver to detect the radiation scattered forward
by the debris from the communications satellite’s uplink signal. This differs from conventional radar only
in that the transmitter and receiver are not collocated, with the forward scattering angle being between 0˚
and 180˚. While with this option the transmitter is much more powerful than the typical spacecraft trans-
mitter, most large radars are still more powerful than communications uplinks. Nonetheless, these uplinks
are “free” to ORION, and so will also be considered for debris detection.



28

The details of our analysis of the bistatic detection option are contained in appendix G. Main results
were the characterization of the detectable debris size as a function of the downlink frequency, satellite
altitude, and receiving array size and geometry. The detectable debris size decreases as the array size
increases and as the frequency increases. Further improvement can be made if the target is illuminated over
several receiver beam widths. The forward-scattering enhancement is greatest for shorter path lengths, and
when the target is near either the transmitter or the receiver. The implications are that for a given power
density reaching the ground, the debris is more easily detected with signals from LEO satellites than GEO
satellites. This is true even taking into account the larger antennas and powers of GEO satellites.

In order to model the potential of the bistatic detection, a baseline calculation was performed for a
debris particle orbiting at 500-km altitude. The baseline frequency is taken to be 20 GHz, with the satellite
placing 10–12 W/m2 on the ground from an altitude of 800 km. The numbers are consistent with existing
communications satellites. The theoretical limit for a 25-m detector antenna is 0.1 m2, or 30-cm debris
particles.

The situation improves for other communications satellite sources. There is an unusually powerful
transmitter on the ACTS satellite in GEO. For a target in high-Earth orbit (HEO), the disadvantage of
greater altitude is compensated by the fact that its effective radiated power is greater, a debris particle
would spend a greater time in its beam than for a satellite at a lower altitude, and the forward-scattering
effect is enhanced by the proximity of the target to the transmitter. This case is also shown as a curve in
figure 15, even though debris at this height was not the subject of the ORION study. With the ACTS
spacecraft, debris particles of 0.03 m2, or 17 cm across, would be detectable near GEO with a 25-m
ground receiver array.
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Figure 15.  Performance prediction for bistatic detection.
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Planned LEO communications satellites such as Iridium or Teledesic will deliver a much greater
power density to the ground, principally in order to work with portable and other small terminals. Fre-
quencies may also increase to 30 GHz. If a piece of orbital debris were to pass between such a satellite and
an array on the ground in a favorable alignment for forward-scattering enhancement, the threshold detect-
able area would fall dramatically. For an object passing within 50 km of the transmitter, the threshold
detectable size is 0.001 m2, or 3-cm size, when using a 25-m detector array. Equally dramatic is the theo-
retical threshold for detection of a target passing through the uplink beam of a powerful ground uplink
transmitter to a GEO satellite. In this case, the same detector array could detect 0.0004 m2, or 2-cm size
debris particles at 500-km altitude, even though the forward-scattering enhancement is absent in this case.

The calculations of detection performance do not account for some losses in signal processing and
are somewhat idealized, and thus practical systems would probably have lower performances. While prac-
tical systems would thus only be able to detect larger debris than indicated above, the use of larger antenna
arrays could compensate for the losses. These larger arrays would be more costly, though they would still
be receive-only. The implication is that bistatic detection can probably be effective for debris particles of a
few centimeters or larger. Further study must be done to see if a system concept is possible that would
extend this performance down to 1-cm size.

In summary, bistatic detection using communications satellites, radar satellites, and other tracking
radars on the ground is very promising and needs to be investigated further.

7.4  Laser Radar Option

With this option, the laser system itself would simply be used to perform both the sensing and the
particle engagement functions. As the altitude range to be searched increases, the laser energy must by
focused into smaller and smaller spots in order to give an adequate signal-to-noise ratio. This requirement
is in conflict with the need to search wider areas at higher altitudes. The conflict can be addressed by
increasing the pulse repetition frequency of a pulsed laser, but at some point the round-trip light travel time
will become larger than the time between successive pulses. At this point, the next outgoing pulse threat-
ens to blind the detector to the return from the previous pulse. For altitudes above about 600 km, this
might require a detecting telescope separate from the beam launching telescope.

This laser radar option, while it appears to be feasible, greatly increases the complexity of the laser
system. The sensing requirements dictated by the characteristics of the debris population would drive the
design to a 5- to 10-m mirror with multiple guide stars. Clearly, a remote radar and/or passive optics offers
more technological and cost margin for the 800-km objective. Choosing the objective of removing all
debris below 1,500 km makes the laser radar approach more attractive as one would already be forced to
larger apertures to keep the engagement laser spot size small at the longer ranges.

7.5  Sensor Conclusions

Four sensor approaches have significant capability applicable to the ORION mission, thus sub-
stantive technological margin has been found in the sensor technology. As was shown previously, this
was found to be true for the laser area as well. The findings are summarized in figure 16.

The two most promising near-future options are the radar and the passive optics. Both offer good
tracking capabilities, good to excellent discrimination capabilities, and excellent handover accuracy. Both
can search wide areas of space to detect 1-cm debris out to 2,000 km. Both offer some damage assess-
ment. Either option can satisfy ORION mission requirements. For a demonstration, it may be advanta-
geous to have both radar and optics operating together hand in hand. As will be shown later, the radar
option is slightly higher in cost than the passive optics. Nevertheless, the radar can operate in all-
weather/day/night conditions, so the rate of detection and hence the rate of debris removal is higher than
with the passive optics.



30

Parameter Radar Passive Optics Bistatic System Laser Radar

Search Bowtie Wide FOV None
Defocus
or Fence

Detection

500 km
1000 km
1500 km

1 cm
1 cm
2 cm

1cm
1cm
1cm

> 5 cm
> 10 cm
> 20 cm

1cm
1cm
1cm

Tracking

Discrimination

Yes

Excellent



Excellent

Yes

Good



Excellent

No

Unknown



NA

Yes

Excellent



Excellent

Damage Assessment Excellent ExcellentNoPartial

Utilization

Availability

24 h/day

Exists

< 4 h/day

Buildable

24 h/day

New

24 h/day

ORION

Cost Low for
Haystack

Low for
STARFIRE

Unknown ORION +

High/New Moderate/New

Sensor Conclusions

Handover Accuracy

Figure 16.  Sensor conclusions.

While the bistatic detection system offers high potential for reduced costs, the technique is not as
well analyzed. The finding that this approach has the capability to detect at least 5-cm debris at 500 km
holds implications for several applications, including augmentation of the USAF space surveillance sys-
tems, and warrants further study. Since we need reliable detection of 1-cm objects, it was not selected for
ORION at this time, though it may prove to be a viable contender upon more detailed analysis.

The laser radar meets ORION requirements. Yet, the technology is not as mature as radar or pas-
sive optics, hence the cost growth risk is higher. A large (6-m) mirror would be required, with the associ-
ated requirement for multiple guide stars. As discussed previously, this is future technology requiring sub-
stantive development.

7.6  Handoff

A smooth transition from coarse to fine tracking is vital to ORION. The radar provides particle
location and velocity to a resolution cell about 200 m across at 2,000 km. Once the particle’s orbital
parameters are determined by the radar (about 10 s after detection), a laser beam defocused to the same
resolution as the radar will be precisely pointed to illuminate the same region of space. The debris particle
will then be simultaneously illuminated by both the radar and the fine track laser. An automatic, computer-
controlled, step-by-step focusing procedure will then commence in which the beam is incrementally



31

focused down to the minimum attainable spot size. Radar (or passive optics) coverage will be continuous
during this procedure to complement fine tracking.

Once the laser is pointed at the predicted location of the particle with an uncertainty corresponding
to the minimum spot size of the engagement laser, engagement occurs and is repeated as long as the par-
ticle remains in the window of opportunity. Radar tracking and handoff (i.e., tracking information up-
dates) continue throughout the multiple engagements. Once the particle leaves the window of opportunity,
the radar assesses the post-engagement orbit for bookkeeping purposes.

8.  SYSTEM COSTS

The first crucial finding provided by this study is that ground-based lasers and sensors are a feasi-
ble approach to orbital debris removal. As the study unfolded, it became clear that a number of technical
approaches were feasible, adding confidence. Finally, these technical approaches were found to have rea-
sonable costs as compared to other orbital debris mitigation approaches.

  Throughout the study, cost was viewed as a key factor in developing configurations. Costs were
primarily determined by analogy, supported by NASA costing models. As a result, two demonstration
experiments have been identified, and five affordable systems may work, pending the results of a demon-
stration. Hence, we are confident that the ORION mission can be accomplished with substantive pro-
grammatic margin.

Either the AEOS or the STARFIRE facility could relatively easily be adapted to do an active
ORION demonstration. This would consist of detecting and tracking a cataloged particle with a perigee of
approximately 200 km and then modifying its orbit to a measurable degree. An existing Nd:YAG or
Nd:glass providing 100 J per pulse would be sufficient for the demonstration, assuming a pulse duration
of 1 to 10 ns and a repetition rate of one pulse per second. Guide stars would be needed for adaptive
optics.

Although the beam intensity on the primary mirror would be moderate, the mirrors would probably
have to be coated to handle the flux. No cooling of the mirror is expected to be needed.

One demonstration series we have envisioned would use passive optics only and operate just 4 h
per day. This is the least expensive option. The other demonstration series would involve an existing radar
and remote handoff. Either demonstration could best be controlled with the use of special space shuttle-
deployed targets, as described in appendix D.

An overview of the systems we believe are feasible for subobjectives A and B is shown in figure
17. It also shows the estimated cost ranges and percentages of the debris population included for each
system graphically.

The cost estimates for an ORION demonstration converge around $20 million. For a cost on the
order of $80 million, orbital debris removal can be demonstrated as part of a phased program and most
debris below 800 km removed. One system option, A1, employs a passive optics sensor in conjunction
with a Nd:glass laser at 1.06 mm, uses a 3.5-m primary mirror, and should cost about $65 million. Cost
details are shown in figure 18, and models are explained in detail in appendix D.

Option A2 employs a Haystack-type radar operating remotely in conjunction with a Nd:glass laser
at 1.06 mm. It uses a 3.5 m primary mirror, and should cost about $100 million. A2 clears all the debris
below 800 km (about 30,000 particles) in 2 years, while A1 takes 3 years.
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Figure 17.  Cost summary graph.
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System Component

Laser Device

Estimated Cost

Beam Director Optic

Guide Star System

Acquisition/Tracking

Target Set

TOTAL P. E. Cost Range

Demonstrate acquisition, track, handover,
irradiate, spot maintaince, de-orbit

in approximately 1 year from go-ahead

Demo Option 1 Demo Option 2

1–10 ns pulsed NdYag
(100 J)
(GFE L. Hackel Laser
at PL)

1.3–3.0

GFE 3.5M Telescope
with modifications
required

3.4–6.3

GFE LLNL Sodium 
System & SOR Rayleigh
System

1.4–2.3

GFE passive EO
(sunlight illumination)
(4 h/day operation)
GFE 3.5 M telescope
1) demo acquisition/
handover to remote 
low-power illuminator 
with retro-reflector 
orbiter
5.0–9.0

Up to 300 km altitude
special demo targets
(shuttle–deployed)

0.5–1

$13M–$23M

1–10 ns pulsed NdYag
(100 J)
(GFE L. Hackel Laser at PL)

1.3–3.0

GFE 3.5M Telescope
with modifications required

5.2–9.9

GFE LLNL Sodium System &
SOR Rayleigh System

2.0–4.0

Haystack/Have Stare/Millstone
(24 h/day operation)
1) demo acquisition/handover
to remote low-power illuminator
with retro-reflector orbiter
2) demo acquisition/handover 
to remote pusher laser with 
orbiter target

5.5–9.8

Up to 300 km altitude
special demo targets
(shuttle–deployed)

0.5–1

$16M–$28M

Option A1
(4 hrs/day operation)

5 ns pulsed NdYag
(5 KJ, 1–5 Hz)
(Beamlet Design, Hot Rod
mode, Cooled between bursts)

28.6–31.6

GFE 3.5M Telescope
with modifications required

4.0–6.0

New Sodium System

4.9–6.5

Passive Electro-optical
(sunlight illumination)
(4 h/day operation-1 crew
shift) acquisition/handover by
small telescope at Pusher site 
with real debris Targets

5.4–8.1

Up to 800 km altitudes
existing debris populations

0

$57M–$69M

Option A2
(20 hrs/day operation)

5 ns pulsed NdYag
(5 KJ, 1–5 Hz)
(Beamlet Design, Hot Rod
mode, Cooled between bursts)

33.3–37.3

New 3.5M Telescope

35.0–40.0

New Sodium System

6.5–9.7

Haystack/Have Stare/Millstone
(existing radars @ need sole` 
use)(24 h/day operation – 
3 shifts) acquisition/handover 
to remote pusher laser with 
real debris targets

7.2–12.3

Up to 800 km altitudes
existing debris populations

0

$93M–$108M

System A

Options for near Term System
(using Proven Technologies)

Near-Term On-Orbit Demo Options
(using Proven Technologies)

Top-Level Program/Cost Matrix—ORION

Estimated Cost

Estimated Cost

Estimated Cost

Estimated Cost

Clear out 200-800 km altitude range
in less than 3 years from approval

Integration

Estimated Cost 1.2–2.1 1.5–2.6 4.0–5.0 8.3–9.7

Figure 18.  Detailed cost breakdown.
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Option B1
(20 h/day operation)

100 ps repped-pulse pulsed NdYag
(2–4 kJ cooled, 1-5 Hz)
(requires demonstration)

45.9–66.9

New 6 meter beam director

57.3–60.3

New Sodium Guidestar

7.1–10.7

Microwave radar; remote or
located near Pusher site
(24h/day operation)
A) New radar near site $80M
or B) remote radar handover $5M
or C) GFE Have Stare equipment
guess transp., setup, use $5M

16.9–21.9

Up to 1500 km altitude
existing debris populations

0

$140M–$176M

10 ps repped-pulse pulsed NdYag
(10–20 kJ cooled, 1-5 Hz)
(193rd module of 192-laser NIF)

50.9–79.9

New 6 meter beam director

57.3–60.3

New Sodium Guidestar

7.1–10.7

Pusher Laser as active illuminator
and ranging radar 
(24h/day operation)
estimated additional staff, 
consumables, 
ADP= $16.9M-$25.9M
or B) Remote redar handover $5M


16.9–25.9

Up to 1500 km altitude
existing debris populations

0

$145M–$195M

CW Iodine
(2–4 MW, ground-based,
recycled gas)

67.9–105.9

New 6 meter beam director

57.3–60.3

New Sodium System

7.1–10.7

Pusher Laser as active illuminator 
(24h/day operation)
estimated additional staff, 
consumables, 
ADP= $23.9M-$39.9M
or B) Remote redar handover $5M


23.9–39.9

Up to 1500 km altitude
existing debris populations

$172M–$239M

0

System B

Options for Advanced Technology System
(using Near-Term Technologies)

Top-Level Program/Cost Matrix–ORION

Clear out 200-1500 km altitude range
in less than 3 years from approval

12.2–15.5 12.5–17.2 15.6–21.7

Option B2
(20 h/day operation)

Option B3
(20 h/day operation)

Figure 18.  Detailed cost breakdown (continued).

For a cost on the order of $160 million, orbital debris removal can be demonstrated as part of a
phased program and the envelope of coverage extended to 1,500 km. Configurations B1, B2, and B3
remove all debris below 1,500 km (about 150,000 particles). Costs grow because requirements dictate
larger primary mirrors (5 to 10 m).
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For example, option B1 total costs were derived to be $140 to $176 million. The breakdown for
this configuration includes a 0.1-ns pulsed Nd:glass laser operating at 2 to 4 kJ and 1 to 5 Hz and costing
$45.9 to $66.9 million. Also included is a Government-furnished telescope with a 6-m adaptive primary
mirror costing $57.3 to $60.3 million. A new sodium guide star subsystem costs $7.1 to $10.7 million.
The radar subsystem costs $16.9 to $21.9 million. Integration costs are expected to range from $12.2 to
$15.5 million. This is a summary of a more detailed breakdown. The total costs for the other configura-
tions were derived in a similar manner.

Option B2 would use a 10-ns Nd:glass laser both as a pusher and as a laser radar. The total cost is
estimated to be about the same as for option B1. For option B3, we have assumed the development of an
iodine CW laser operating at 2- to 4-MW average power. Our best estimate of the system cost is in the
range $172 to $239 million.

9.  NOT A WEAPON

ORION would make a poor antisatellite weapon. Each laser pulse ablates a layer only a few mole-
cules thick. Thus, at the energy levels delivered, burning a hole through the skin of a satellite would take
years. Deorbiting a satellite might be accomplished, but it would take months of dedicated operation.
Hence, accidentally bringing down a satellite is not possible. Satellite sensors looking directly at the laser
site may be blinded, and some other spacecraft components damaged, but this can easily be avoided with
the proper operating procedures at the laser site.  The procedures would include avoidance of illumination
of known spacecraft, which is a technique being used today with complete success. As a result, the
ORION system could be operated without endangering any declared active spacecraft.

10.  SUMMARY

The orbital debris population poses a significant threat to the ISS and other assets in LEO. Cur-
rently, millions of dollars are planned toward mitigating the risk, which includes curtailing debris produc-
tion as well as shielding and maneuvers.

The characteristics of the orbital debris population including size, shape, composition, reflectivity,
altitude, and inclination are reasonably well known. The laser/particle interaction and plasma dynamics on
extremely short timescales are sufficiently understood. Laser propagation through the atmosphere is con-
strained by many effects including turbulence, absorption, and SRS. Very short pulses allow us to work
within the limits imposed by these physical phenomena.

Several proven ground-based laser and sensor technology options have been found to allow con-
struction of feasible systems. Sensor technology includes ground-based radar systems (e.g., Haystack)
and high-sensitivity passive optics that will provide the detection and coarse tracking. Laser options
include a repetitively pulsed Nd:glass laser operating at 1.06 mm with a 3.5-m adaptive optics primary
mirror and a single sodium beacon. The integration of the sensor and laser options were more than suffi-
cient to remove all debris below 800 km. An advanced system using technology becoming available in the
next 5 years will extend this envelope to 1,500 km.

For a cost on the order of $20 million, orbital debris removal can be demonstrated. For an addi-
tional cost on the order of $60 million, or $80 million total, essentially all orbital debris in the 1- to 10-cm
size range below 800 km can be eliminated over 2 to 3 years of operation, thus protecting the ISS and
other assets (e.g., Iridium, Teledesic) against debris of these sizes. A cheaper system capable of debris
removal only to 500-km altitude could be used if the sole objective were to protect the ISS. For a total cost
on the order of $160 million and an additional year of operation, this envelope can be extended to 1,500
km, thus protecting both ISS and Globalstar.
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The bistatic detection technique using communications satellites, though not selected for inclusion
in the recommended system architecture at present, may prove to be an inexpensive and readily imple-
mented means to augment the nation’s space surveillance capability. It may be particularly useful to detect
and catalog debris in the southern hemisphere, where there is a dearth of sensors at present.

11.  CONCLUSIONS

Removing 1- to 10-cm debris from LEO using ground-based lasers and ground-based sensors is
feasible. All five debris categories can be brought down in 2 to 3 years of ORION operations.

The study objectives have been achieved. Reasonable confidence exists that the systems are feasi-
ble in the near term. Suitable hardware and facilities exist in the United States to accomplish a demonstra-
tion experiment. Given the high cost of shielding individual orbiting assets, particularly against debris
larger than 2 cm, it is strongly recommended that a demonstration be initiated immediately as an alternative
or complementary debris mitigation approach.

Russian progress in ORION-related technological areas has been impressive. They presently enjoy
substantive capabilities and facilities, and are eager to apply these to an international project. This should
be considered in any plan of action.

Due to the inherently national character of an ORION-type system, if serious interest develops to
pursue the capability, it is likely that the DOD should be the preferred agency to develop and operate it for
the benefit of all spacecraft, be they commercial, civil, or defense, with NASA playing a supporting role to
ensure benefits to the ISS. There may be sufficient motivation to pursue the bistatic detection surveillance
technique, whether an ORION system is deployed or not.

12.  RECOMMENDATIONS

Maximizing the use of Government-furnished equipment hardware, initiate a demonstration pro-
gram to find, track, and push a suitable particle presently in LEO and verify the change in orbital parame-
ters.

This demonstration should focus on using an existing high energy laser. Preferably, a Nd:glass
laser operating at 1.06 mm should be used in conjunction with an existing adaptive mirror such as STAR-
FIRE or AEOS. The remote application of Haystack should be demonstrated as part of this, as well as the
application of passive optics.

A few existing, cataloged (i.e., tracked by U.S. Space Command) debris targets with suitable
characteristics should be identified. Both Haystack and the passive optical tracker should be demonstrated
against these targets. The laser should then be used to engage the debris, and the resulting change in orbit
parameters should be measured.

Based on further study, demonstration findings, and accurate cost estimates, select a configuration
option either to accomplish the 800- or the 1,500-km mission.

Perform a definitive study of bistatic detection as a surveillance technique and its application to
augment debris detection capability, particularly in the Southern Hemisphere.
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TECHNICAL APPENDICES

A. Advanced ORION Laser System Concept, Prepared by James P. Reilly (Northeast Science and
Technology)

B. Target Acquisition for ORION, Prepared by James P. Reilly (Northeast Science and Technology)

C. Engagement Strategies and Risk, Prepared by R. Sridharan (MIT, Lincoln Laboratories)

D. Analysis of the ORION System Concept, Prepared by Claude R. Phipps (Photonic Associates)

E. ORION Optics and Target Engagement, Prepared by Glenn Zeiders (The Sirius Group)

F . Selection of Laser Devices and Neodymium Glass Laser System Analysis, Prepared by William Dent
(Dent International Research, Inc.)

G. Bistatic Detection of Space Objects Using a Communications Satellite System, Prepared by Richard
C. Raup (MIT, Lincoln Laboratories)






















































































































































































































































































































































































































































































































































































































