
Prospects for 
SDI laser research 

By O'Dean P. Judd 

The Strategic Defense Initiative (SDI) is an aggres
sive program to research and develop a broad 
range of science and technologies for defense ap

plications against ballistic missiles. A significant part of 
the program involves research related to lasers and optics. 
This article, in a pictorial format, summarizes some of the 
remarkable progress in this area and offers some insight 
into experiments, developments, and programs in prog
ress. 

To understand the laser research programs and motiva
tion for this work, it is useful to begin with a brief review 
of the overall SDI concept and defense architecture. The 
laser and optics application in these various architectures 
will be highlighted, and the progress and future directions 
of SDI laser and optics research will be discussed. 

SDIO OBJECTIVES 1 
SDI's goals and strategy, outlined here, have been essen

tially constant since the program's inception. This defense 
system was to be a high effectiveness, area defense that 
could be effective globally so that the system could be used 
for the defense of both the U.S. and its Allies. Because it 
was recognized that the various technologies that could be 
developed for a strategic defense system (SDS) were at dif
ferent maturity levels, a special task was set up to identify 
the mature technologies that could be developed in the 
near term for a limited ballistic missile defense system. 
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PATH TO RELIABLE DEFENSES 2 
The strategy for the development of the defense system 

was to design a defense architecture that continually in
creased in capability, since the offensive threat to such a 
system was assumed to be continually increasing. Because 
of the difference in maturity of the various technologies, 
the defense architectures were broken down into deploy
ment phases, where the Phase I architecture is composed 
of the most mature technologies such as the sensors and 
kinetic energy (rocket) interceptors. The follow-on phases 
would incorporate the directed energy technologies that 
are potentially more capable but require more develop
ment, such as lasers and particle beams. Finally, the SDI 
program has a vigorous research program in high risk, 
high pay-off innovative technologies that could be used for 
later phases of the defense architecture. 

BALLISTIC MISSILE TIMELINE 3 
To understand the structure of the defense architecture 

and the related technology elements, it is necessary to re
view the character of a typical ballistic missile trajectory. 
At liftoff, a ballistic missile undergoes a boost phase that 
lasts three to five minutes. During this time, the missile is 
highly stressed, develops a very bright rocket plume that 
can easily be observed by surveillance satellites, and is car
rying a payload of up to 10 nuclear warheads. After boost, 
the missile deploys a bus or post-boost vehicle that dis
penses the reentry vehicles (RV) containing the nuclear 
warheads and places them on a precision ballistic trajec
tory toward their targets. In addition to the RVs, it is as
sumed that an offensive system would also deploy penetra
tion aids such as decoys to confuse any defense system. 

Both the RVs and the decoys coast through the mid-
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course phase on a ballistic trajectory. The time scale for 
post boost and midcourse is typically 25 minutes. Finally, 
the threat "complex" enters the atmosphere where atmo
spheric drag spatially separates the lightweight decoys and 
penetration aids from the much heavier RVs. This part of 
the trajectory from atmospheric reentry to impact on the 
ground is called the terminal phase and lasts from 1 to 1.5 
minutes. 

The requirements of area or global defense and high 
defense effectiveness dictate the concept of a layered de
fense in which the ballistic missile is attacked at all stages 
of the flight trajectory. Area defense requires the use of a 
space-based weapon system to engage boost and post-
boost vehicles or a ground-launched rocket interceptor 
that engages the RV in the early midcourse. The require
ments for high defense effectiveness, survivability, and a 
system that is robust to possible countermeasures by the 
offense dictates both space-based and ground-based layers 
for the defense architecture. 

SDS PHASE ONE ARCHITECTURE 4 
The architecture developed to meet these requirements 

in the near term is the Phase I system shown in the figure. 
It incorporates an interconnected system of sensors with 
infrared sensors placed on satellites—geosynchronous 
(BSTS), low Earth orbit (SSTS), a pop-up rocket delivery 
vehicle (GSTS), and a high resolution ground-based radar 
(GBR). The purpose of these sensors is to provide warning 
(BSTS), high precision tracks on the missile trajectory 
(BSTS and SSTS) and the RV (GSTS and GBR), and to 
provide a discrimination function to identify warheads 
from decoys (SSTS, GSTS, and GBR). 

As this information becomes available, commands are 
issued to the weapon intercept systems. The space-based 
weapon element consists of a number of rocket intercep
tors housed in a constellation of satellite "garages" placed 
in low Earth orbit. These high performance rocket inter
ceptors (SBI) employ an infrared sensor to track the rocket 
plumes of the booster and post-boost vehicle and to per
form terminal homing maneuvers to engage and kill the 
threatening missile. The ki l l occurs by kinetic impact, 
which is very effective at typical closing velocities of 10 
km/sec. 

A similar engagement scenario occurs for the ground-
based interceptor (GBI) that homes in on the RV targets. 
In all of the SDI architectures, including Phase I and Phase 
II, all weapon systems are non-nuclear and do not even 
contain any high explosives. Each of the above architec
ture elements is interconnected to a battle management 
system and a command and control center infrastructure. 

"BRILLIANT PEBBLES" (BP) 4a 
A recent modification of the Phase I space-based archi

tecture is that of the "Brilliant Pebble" (BP) concept. In
stead of housing the space-based rocket interceptors in a 
satellite "garage," the BP concept uniformly distributes the 
interceptors at a fixed altitude throughout space. In the BP 
concept, the interceptors are autonomous. Once commit
ted to a missile launch, the interceptor acquires, tracks, 
and homes in on the target booster or post-boost vehicle. 
Proliferation of the interceptors greatly adds to the surviv
ability of the system. However, proliferation is only possi
ble provided the sensors, computers, inertial measurement 
units and gyros, propulsion, etc. in the interceptor can be 
made extremely capable (brilliant), compact, lightweight, 
and low cost. An aggressive program is underway to eval
uate the feasibility of this concept. 

CANDIDATE FOLLOW-ON ELEMENTS 5 
The technologies being considered for the follow-on 

phases of the defense architecture are the directed energy 
systems—such as lasers and particle beams—and a termi
nal phase endoatmospheric (within the atmosphere) inter
ceptor. Two high power laser systems—the hydrogen fluo
ride chemical laser and the free electron laser—are being 
considered in SDI, both for basing in space and on the 
ground. The neutral particle beam (NPB) is a device that 
produces a highly collimated, intense beam of hydrogen 
atoms that move at nearly the velocity of light. Although a 
particle beam in nature, the NPB requires the use of lasers 
for target acquisition and engagement. Both lasers and 
particle beams deliver highly collimated energy to the tar
get at or near the velocity of light. These systems are used 
both as weapons and for interactive discrimination of tar
gets and decoys. 

SDI LASER RESEARCH 6 
Lasers are used in almost all areas and phases of the 

defense system architectures. In the "brilliant pebbles" in
terceptor, a N d Yag laser is used for ranging to the target 
for the terminal homing phase of the target engagement. 
The average power is typically 10 watts, but the challenge 
is to produce a lightweight package of 0.5 kg for incorpo
ration into the interceptor. Both C O 2 and N d Yag lasers 
are used for ladar and imaging functions for discrimina
tion. These space-based applications require an output 
power of 100 to 1000 watts, but low weights in the range 
of 300 to 1000 kg. The lasers used for directed energy 
weapons require very high average power for target ki l l— 
10 7 to 10 8 watts. The space-based applications also re-
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1 
As Set Forth In DoD Directive 5141.5 "Strategic Defense 

Initiative Organization", Original Dated 21 Feb 86 

• Conduct Vigorous Research Program To Develop Key 
Technologies For Defense Against Ballistic Missiles 

• Consider Options To Increase The Contribution Of Defenses 
To US And Allied Security 

• Protect Options For Near-Term Deployment Of Limited 
Ballistic Missile Defense 

• Carry Out Program In Full Consultation And, Where 
Appropriate, with Participation Of Our Allies 

2 

3 

4 

4a 

5 

Element Name Key Functions 

HEDI - High Endoatmospheric 
Defense Interceptor 

• Destruction Of RVs After Atmospheric 
Reentry 

NPB - Neutral Particle Beam 
• Disabling Of Boosters, PBVs, RVs And ASATs 
• Interactive Discrimination 

SBL - Space-based Laser • Destruction Of Boosters, PBVs And ASATs 
• Interactive Discrimination 

GBL - Ground-based Laser • Destruction Of Boosters, PBVs And ASATs 
• Interactive Discrimination 

6 

Ranging 
Ladar/ 
Imaging 

Directed 
Energy 

Weapons 

Type Nd Yag co 2 

Nd Yag 
HF 

FEL 

Average Power (W) 10 102 - 103 107 - 108 

Weight (kg) 0.5 300 - 1000 105 

7 
Optics 

• Large Aperture 

• High Power 

• Rapid Retargeting 

• Adaptive 

• Nonlinear 

• Acquisition / Tracking / Pointing 

Neutral Particle Beam 
• Beam Sensing (LRF) 

• Neutralization 

• Accelerator And Power Supply 
Development 

Beam Propagation 
• Turbulent Atmosphere 

• Nonlinear Effects 

• Atmospheric Compensation 

Charged Particle Beam 
• Laser Ionization Of Atomic 
Oxygen 

• Photo Conductive Switches 

Lasers 
• VUV / X-Ray 

• Gamma Ray 

• Excimer 

• Visible Chemical 
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quire minimum system weight on orbit, typically at a mass 
of 10 5 kg. 

SDI LASER RELATED RESEARCH 7 
The development of the laser technologies in SDI also 

requires major development efforts in large aperture optics 
(4-10 m), high power optics, rapid retargeting optical sys
tems, adaptive and nonlinear optical systems for real time 
correction of optical surface figure, and compensation for 
atmospheric turbulence. The SDIO is also investigating 
very short wavelength optical, X-ray, and gamma ray la
sers in the innovative science and technology program. 

SDI LASER RADAR APPLICATIONS 8 
Lasers are employed in many different functions in the 

defense architecture. These involve pointing and training, 
active discrimination using laser radar to measure charac
teristic signatures during decoy and warhead deployment 
from the post-boost vehicle, and RV metrics and dynamics 
during midcourse. In interactive discrimination during 
midcourse, the laser perturbs the target and the response 
to the perturbation is measured by remote sensors. Light 
(decoy) and heavy (warhead) mass objects exhibit differ
ent signatures, providing a method for discrimination. The 
neutral particle beam is used in a similar application. 

SPACE-BASED LASER RADAR 9 
The radar applications are ranging and three-dimen

sional precision tracking, and discrimination—from sim
ple doppler and range rate data to angle-angle and range-
doppler imaging. The technical challenges are beam agil
ity, relatively high average power, high efficiency, light 
weight for space-based application, and low cost. 

LOWKATOR 10 
To meet these goals, SDI has awarded a contract to 

build a C O 2 laser under a program called L O W K A T O R . 
This laser system will operate at 11.15 µm, requiring the 
use of isotopic C O 2 . The optical pulse energy is 7 J , the 
pulse repetition rate is 100 per second (300 pps in typical 
operation), and the average optical output power is 240-
700 watts. The optical output is directed through a beam 
control system to a telescope aperture of 50 cm, producing 
a transmitted power of 100 W. The packaging require
ments are challenging: volume < 1.5 m 3 , laser weight = 
250 kg, total weight of payload 1000 kg. The electrical 
power consumption is 3300 W. The device is scheduled 
for delivery in FY92. 

ND LASER TRANSMITTER 11 
A shorter wavelength laser radar is desirable for a num

ber of reasons. SDIO is developing a conceptual design for 
a N d Yag laser pumped by a AlGaAs diode array. The 
required optical output is 10J/sample and 10 samples/sec, 
resulting in an average output energy of 100 watts. This 
laser is not yet under development due to funding limita
tions. 

DIRECTED ENERGY TECHNOLOGIES 12 
SDI programs in directed energy technologies empha

size an integrated systems approach. The R & D elements 
included in this program are laser devices, particle beams, 
beam control—including large aperture and highpower 
optics—and high precision acquisition pointing and track
ing. 

CHEMICAL LASERS 
(PRINCIPLE OF OPERATION) 13 

The chemical laser is essentially a chemical combustion 
device much like a rocket engine and does not require a 
large external power source for its operation. In the cur
rent configuration, nitrogen triflouride (NF 3) and deuteri
um are burned to form fluorine atoms that are expanded 
and cooled in a supersonic nozzle. The flourine atoms are 
then mixed with hydrogen to form vibrationally excited 
states of gaseous hydrogen fluoride (HF) molecules. This 
high density inverted population is passed between two 
mirrors and high power lasing occurs at 2.7 µm. The De
partment of Defense has developed high power chemical 
lasers for well over a decade. This research has culminated 
in large "linear" devices, such as that shown here schemat
ically, which have produced optical outputs at the mega
watt level. 

ALPHA I DESIGN 14 
The "linear" chemical laser is not a geometrical config

uration that lends itself to compact lightweight devices for 
basing in space. The Alpha chemical laser was designed 
specifically for such operation. In this device, the gas flow 
geometry is a cylindrical. The combustor is located on the 
axis of the cylinder, the gas flow is radial, and the mixing 
nozzle is a cylindrical design. A n annular optical gain re
gion results, requiring a multi-component annular optical 
resonator to extract the energy and compact the beam to a 
solid cylinder for transport to the output telescope. 
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8 

9 
Applications 

• Ranging 
3-D Precision Tracking 

• Discrimination 
Doppler, Range-Rate 

• Imaging 
Angle-Angle 
Range-Doppler 

Challenges 

• Beam Agility (50/s, 20 x 60° FOR) 

• High Power (102 - 103 W) 

• High Efficiency (10 - 20%) 

• Light weight 

• Low Cost 

10 

11 

12 

13 

14 

OPTICS & PHOTONICS NEWS • APRIL 1990 11 



GAIN GENERATOR 15 
All components of the Alpha I gain generator and cylin

drical nozzle are designed for modular construction and 
assembly, with an emphasis on simplicity of construction, 
low cost, and light weight. 

ALPHA FACILITY 16 
Very large steam ejector pumps are required to simulate 

the vacuum conditions of space for the operation of Alpha 
at high gas flow conditions. The Alpha laser itself is small, 
occupying only a very small fraction of this facility. High 
power operation was initiated in Apri l 1989, with several 
subsequent high power tests to further characterize the la
ser's performance. 

FULLY ASSEMBLED PRIMARY MIRROR 17 
One of the early challenges of the high power laser pro

gram in SDI was to develop very large aperture optics at 
low cost. Today, these optics have been produced and test
ed. Computerized grinding and polishing techniques were 
used to assure that the quantities of precision optics re
quired can be produced in a timely manner. These tech
niques use a segmented construction, in which each mirror 
surface of each segment is controlled using a number of 
electromechanical actuators (adaptive optics). The mirror 
figure is then determined by computer control of these ac
tuators. The bandwidth (real time rate) of the mirror sys
tem is determined by the size of the optics. 

In the 4m diameter segmented optic shown in the figure, 
the rate of control is slow. The system is designed simply 
to establish a specified mirror surface figure. This mirror 
has near-diffraction-limited performance at 2.7 µm, an 
impressive accomplishment. Smaller diameter adaptive 
optics have been developed in which the mirror surface 
can be charged at a rate of 500 to 1000 Hz. These types of 
adaptive optical systems have been used to compensate in 
real time for atmospheric turbulence and distortion of la
ser beams propagating through the atmosphere. Using 
these techniques, spreading and distortion of the laser 
beams can be reduced by factors of 100. 

ZENITH STAR 18 
Having developed and tested the Alpha laser, the large 

optics, and the necessary high power beam control and 
acquisition, pointing, and tracking systems, it is possible 
to integrate these technologies into an operating laser sys
tem that could be based in space. The concept and pro

gram to test such a chemical laser system in space is called 
Zenith Star. The conceptual design of the space platform 
is shown in the figure. Although a great deal of engineer
ing design has been invested, implementation and testing 
has been delayed due to funding limitations. 

GROUND-BASED LASER 19 
A high power laser based on the ground is propagated 

through the atmosphere, using the adaptive optics and ac
tive atmospheric compensation techniques, to a large relay 
mirror at geostationary orbit in space. This beam is then 
relayed to one of a constellation of smaller mirrors located 
at lower altitude, which then directs the beam onto the 
surface of the missile booster. 

GROUND-BASED LASER BMD CONCEPT 20 
This figure shows in more detail the scheme being con

sidered for atmospheric turbulence compensation using 
turbulence sampling by a beacon laser and adaptive optics 
compensation of the optical beam for propagation back 
through the atmosphere. Several very successful tests have 
been performed using this scheme with low power laser 
beams. The future thrust of this aspect of the SDI program 
is to demonstrate similar optical compensation techniques 
for a high power laser beam. 

FREE ELECTRON LASER 21 
The free electron laser (FEL) is the laser of choice for the 

ground-based system due to its potential for tunability to 
optimize atmospheric propagat ion, high efficiency 
(20%)—important for both space-based and ground-
based applications—good beam quality, and low cost. 

PARALLEL FEL APPROACHES 22 
Two different concepts have been proposed for a high 

power FEL; the major difference in the concepts involves 
the design of a high power accelerator to generate the elec
tron beam. Recently, the radio frequency L I N A C ap
proach was selected for further development at a facility 
located at the White Sands Missile Range. 

40 MW VISIBLE WAVELENGTH 23 
The RF FEL has demonstrated optical beam outputs at 

visible wavelengths, with a peak power of 40 M W and an 
average power of 2 kw. Many developments must occur, 
however, before this device can be operated at the mega
watt average power level. 
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16 

17 

18 

19 

20 

21 
• Tunability 

• High Efficiency 

• High Beam Quality 

• Potential For Low Cost 
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SPACE-BASED NEUTRAL PARTICLE BEAM 24 
The neutral particle beam produces an intense beam of 

highly collimated hydrogen atoms that proceed toward a 
target at nearly the velocity of light. At this velocity, these 
particles can penetrate 10 cm of aluminum or a few inches 
of steel. As in the case of high power lasers, this system can 
be used either as a weapon or for interactive discrimina
tion. The NPB is inherently a space-based system, since the 
beam cannot penetrate into the sensible atmosphere with
out becoming ionized and deflected in the Earth's magnet
ic field. The system is also based on RF L I N A C technology 
much like the FEL, but uses protons or negative hydrogen 
ions rather than electrons. A sophisticated laser subsystem 
is being developed to point the particle beam to a target. 
This function also requires a laser technique to auto align 
the particle beam and the pointing laser beam with high 
precision. 

NEUTRAL PARTICLE BEAM DISCRIMINATOR 25 
The neutral particle beam (hydrogen atoms) interacts 

with a target and produces a small number of nuclear re
actions within the target. These reactions produce gamma 
rays and neutrons that can be detected by detectors locat
ed on satellites. The intensity of the detected gamma's and 
neutrons is directly proportional to the mass of the object 
interrogated. Because mass is such a fundamental quanti
ty, this discrimination technique is very difficult to coun
termeasure or defeat. 

BEAR PAYLOAD SYSTEM 26 
Many laboratory and ground experiments with NPB 

accelerators have demonstrated the technologies that can 
provide beams of sufficient power and brightness (colli
mination) for a weapon or discriminator system. The next 
step in the program was to demonstrate that these technol
ogies could be packaged in a compact, lightweight system 
that could be operated in space. This program, called 
BEAR, has now been completed with a successful test and 
space flight experiment. The figure shows an NPB payload 
that included an ion source and a device called an RF 
quadrupole accelerator. The parameters of the flight ex
periment were: beam energy = 1 Mev, neutral beam cur
rent 12 ma, beam divergence 1 m rdn, pulse length 50 µs, 
and a pulse repetition rate of 5 Hz. 

BEAR EXPERIMENT 27 
The payload was launched on a suborbital trajectory 

from the White Sands Missile Range on July 13, 1989, on 
an Aries rocket. The payload was reoriented at several an-
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gles to the Earth's magnetic field to study beam propaga
tion, both neutral and charged. Many tests were made 
during this flight, one of which demonstrated beam propa
gation for a distance of one kilometer. After the test se
quence, the payload was parachuted to a soft landing. 

Much important data was accumulated from this ex
periment. However, from a practical viewpoint, the BEAR 
experiment represented the successful operation of the 
first directed energy technology in space and an initial 
demonstration of the practicality of directed energy tech
nologies. 

LACE MISSION OVERVIEW 28 
The laser atmosphere compensation experiment 

(LACE) is a space-based satellite sensor array designed to 
quantitatively measure the optical characteristics of a low 
power laser beam that has been propagated from the 
ground up through the atmosphere. The ground laser sys
tem will also include an adaptive compensation system so 
that this experiment will be able to accurately evaluate the 
quantitative performance of the atmospheric compensa
tion system. The degree of compensation depends on how 
far away from the satellite the ground-to-satellite propaga
tion path is sampled by the beacon laser. A n extendable 
boom has been included on the satellite to evaluate this 
aspect of the compensation system. This experiment was 
launched successfully on Feb. 14, 1990. 

RELAY MIRROR EXPERIMENT (RME) 29 
A companion satellite to L A C E is the relay mirror satel

lite experiment. It is designed as a pointing and tracking 
experiment to investigate and demonstrate the actual relay 
of a laser beam from a point on the ground to a point in 
space and then to a different location on the ground. The 
return beam will be sampled by a large area optical array 
to quantitatively assess the effects of pointing and tracking 
errors and effects of spacecraft vibration on the optical 
relay system. This satellite experiment also was launched 
successfully on Feb. 14. 

SUMMARY 30 
The SDI has a large number of programs in underway 

that involve lasers and optics technology. These technolo
gies, which are used in all phases of the defense architec
ture, range from very low power, lightweight lasers to very 
high power directed energy systems. Although there are 
still major challenges ahead, the issues have been identified 
and the programs are in place to resolve them. Progress 
has been rapid and the SDI program has achieved many 
impressive developments in lasers and optics. 
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Major Issues And Challenges For An Effective SDS Have 
Been Identified And Quantified 

Programs Are In Place To Resolve These Issues 

Progress In These Technical Areas Is Moving Rapidly 


