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PREFACE

Developing Critical Technologies/Science & Technology (DCT/S&T) is a product of the Defense Critical
Technologies Program (DCTP) process. This process provides a systematic, ongoing assessment and analysis of a
wide spectrum of technologies of potential interest to the Department of Defense. DCT/S&T focuses on worldwide
government and commercial scientific and technological capabilities that have the potential to significantly enhance
or degrade U.S. military capabilities in the future. It includes new and enabling technologies as well as those that can
be retrofitted and integrated because of technological advances. It assigns values and parameters to the technologies
and covers the worldwide technology spectrum.

DCT/S&T is oriented towards advanced research and development including science and technology. It is
developed to be a reference for international cooperative technology programs. A key component is an assessment of
worldwide technology capabilities. S&T includes basic research, applied research and advanced technology
development.
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Highlights 

• Lasers (coherent radiation) permit observation of the structures and dynamics of molecules, crystals, and 
proteins. This technology is predicted to become a revolutionary tool for better understanding molecular 
physics, particularly in the field of medicine. 

• Microreplication and fabrication of microelectronic components using lasers will be significantly improved 
by means of shorter exposure times, higher intensity excellent collimation, and better resolution available 
with newly developed laser technology. 

• Rapid advances in laser diode bar and array manufacturing are now pacing solid-state laser development for 
DoD mid-infrared (IR) countermeasures (CM), remote battlefield sensing, illumination, and laser range 
finder (LRF)/designators and laser weapons. 

• Short-wavelength coherent laser radiation may permit observation of the structures and dynamics of 
molecules, crystals, and proteins in vivo. 

• The battlefield efficiency of modern (platforms) armor, aircraft, missiles, and infantry will be greatly 
increased through the use of new lasers, along with the use of sophisticated detection and imaging systems 
for target acquisition, tracking, fire-control systems, and remote communications. 

• The deeper penetration of the high-energy photons (X-ray, γ-ray lasers) in a target overcomes the counter-
measures designed against beams that deposit energy on the surface such as long-wavelength lasers. 

• Nanotechnology will result in significant improvement in electro-optic and nonlinear optic devices, which 
will have widespread military applications. 

• Micro-optics will begin complementing and then replacing electronic components on chips, reducing heat 
and improving speed and throughput while reducing cost.  

• Continued advances in optical coating material technologies will result in improved hardness capability of 
various military optics hardware. 

• Lightweight technology for space optics, vital to our space requirements, will be addressed by numerous 
new technology applications of high-strength composites. 

• Integrated design, fabrication, test, and assembly methods will permit the transition of today’s hybrid 
optical devices into the fully integrated optical systems required for miniaturization and high performance in 
future products. 

  (Continued) 
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Highlights (Continued) 

• Real-time, computer-controlled optical grinding and polishing, along with micropolishing, will cut the time 
required to fabricate aspheric optics by a factor of 10 or more. 

• Integrated design, fabrication, test, and assembly methods will permit the transition of today’s hybrid 
optical devices into the fully integrated optical systems required for miniaturization and high performance. 

• Multispectral sensors are an enabling technology for the commercial sector as well as the military. 

• High-sensitivity night vision (NV) optical sensors and improved coatings will greatly improve current NV 
capabilities. 

OVERVIEW 

This section covers militarily critical technologies being developed for lasers, optics, optical materials, 
optoelectronics, and photonics, as well as specific supporting technologies and applications. The primary goal in this 
section is to identify and list technologies and materials that could conceivably result in: 

• major improvements in currently available as well as developmental military laser/optics systems and 
components; 

• the development of significantly new cost-saving approaches to the generation of both low- and high-power 
coherent radiation sources; 

• the development of high-efficiency, lightweight optical components and systems; 

• the development of information technology and telecommunication optics/laser components; 

• the improvement of adaptive-optics compensation; 

• the development of micro and nano-technology as they pertain to optics and lasers; and  

• the expansion of the range of operability of lasers to shorter wavelengths (including X-rays and the γ-ray 
regime).  

High-energy laser (HEL) and low-energy laser (LEL) systems are covered in this section. High-power lasers 
(HPL) used in Directed-Energy Systems are covered in Section 6 of Developing Critical Technologies. The 
HEL/LEL cutoff is at 20 kW of power CW and 1 kJ of energy per pulse. HEL lasers are designated as those that 
produce a continuous wave (CW) or repetitive pulsed-average power level in excess of 20 kW.  

Technologies applicable to the development and production of lasers and laser systems in the infrared (IR), 
visible and ultraviolet (UV) regions of the electromagnetic (EM) spectrum (0.01 µm to 30 µm) capable of achieving 
militarily significant levels of energy or power are covered in this section. In addition, short-wavelength lasers based 
on electronic transitions, X-ray lasers (0.01 µm and shorter wavelengths), and γ-ray lasers based on nuclear 
transitions (10–4 to 10–6 µm and shorter) are covered in this section. Although γ-ray lasers have not been developed 
yet, work on technologies that could provide the basis for these lasers is ongoing and covered in this section. Lasers 
consist of the laser hardware (the device) and the laser medium (or host material). Lasers may operate in a 
continuous, repetitive, repetitive burst, or single-pulsed mode, depending on the application and requirements. Laser 
systems incorporate components such as amplifier stages, frequency conversion components, Raman cells, multiple-
wave mixing components, or other major elements, in addition to the laser oscillator. Reliability of laser diode bars 
operated in high-density/high-power arrays is critical to most solid-state laser applications. 

The optics covered in this section include all optics, optical components, and optical materials being developed 
for future optical, laser, or combination laser-optics systems that appear to have significant military system 
applications. The optics covered in this section include elements designed to operate in the same wavelength range 
as that of the lasers, 30 µm to 10–6 µm. 

Critical optical technologies encompass optical materials; optical filters; fiber optics; nonlinear optical (NLO) 
components; and optics for LEL, HPL, and HEL military applications on land, sea, air, and in space. The primary 
use of nonlinear optics is for wavelength conversion and optical on-chip switching, as well as beam-phase 
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conjugation and image-enhancement applications. NLO are also used in pointing and tracking applications. Cooled-
laser optics for both active- and passive-cooling applications are also covered. Laser brightness and beam 
collimation contribute to greater range capability. Micro-optical devices are envisioned to replace some chip 
electronics with significant cost reductions while providing higher efficiency and reliability. Optical storage of 
information is envisioned to replace current magnetic computer memory. Optical advances are also being developed 
for national defense in surveillance, night vision, laser systems, fiber optics, displays, and special countermeasure 
applications. A prime application for the military is in the weapons field, for search, track, and guidance systems, as 
well as laser weapons. The developing technologies for HEL systems are covered in the DEW section of Developing 
Critical Technologies; however, the new developing laser technologies, which may be applicable to those weapons, 
are outlined in this section. 

This section outlines developing technologies in all applications of lasers and optics used for military 
applications, including weapons, missile guidance, rangefinding, optical information processing, telecommuni-
cations, storage and transport, optical filters, optical displays, sensing, and illumination, as well as associated 
technologies in optical and laser components and materials being developed for future military applications. These 
lasers, optics, and associated power systems are listed in their appropriate subsections as independent items. 

BACKGROUND 

Lasers and optics constitute a diverse body of technologies. Since the discovery of lasers in the late 1950s, 
there has been an exponential growth of laser and laser-related technology. The U.S. military led the charge in laser 
development during the 1960s and 1970s in the various government laboratories. Over the years, industry has found 
many commercial applications that justify corporate funding, resulting in broad-based industry involvement today. 

The development of the ruby laser in 1960 provided resurgence to optics and the field of lasers and electro-
optics. The optics technologies described in this section are being developed to improve efficiency, provide longer 
life expectancy, reduce costs, and replace outdated technology in other application sectors such as electronics. 
Optical communications and optical memory storage are just two areas in which optics are rapidly replacing 
electronic components.  

Lasers and optics have become a key part of everyday life—they are found in the scanner at the grocery 
checkout counter and in compact disc (CD) players. Lasers and optics have solved many requirements for military 
applications; new, advanced technologies are anticipated to make significant improvements in the future. Early laser 
research workers had visions of firing lasers at missiles and destroying other targets with a “speed-of-light” weapon. 
It has taken many years (some 30) to demonstrate such a capability. Although airborne and space lasers are now on 
the drawing boards, they have many limitations because of materials and manufacturing process issues.  

A new area of research in which optics and lasers are playing a vital role is microelectromechanical systems 
(MEMS). MEMS technology may have a profound effect on the military and civilian sectors. For example, MEMS 
devices might be used in microsatellites having a total mass less than 1 kg for battlefield surveillance. In addition, 
MEMS devices with motors and repositioning mirrors have been constructed for use with “on-chip technology.”  

Optics and laser technologies have matured in the specialized telecommunications information technology 
arenas and in three-dimensional image storage devices. Optics and electro-optics research technologies are now the 
predominant emerging technologies in the laser optics field. 
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SECTION 11.1—LASERS 

Highlights 

• Microchip lasers and photonic crystal lasers in NLO media will revolutionize the current electronic chip 
industry. 

• Laser-coherent radiation permits observation of the detailed structures and dynamics of molecules, crystals, 
and proteins. 

• Microreplication and fabrication of microelectronic components using short-wavelength lasers will be 
improved with shorter exposure times, higher intensity excellent collimation, and better resolution. 

• In spectroscopy, with shorter wavelength lasers, higher energy resolution will permit greater discrimination, 
while deeper penetration will permit inspection of thicker samples. 

• Solid-state lasers have a much higher volume density of ions, permitting construction of the smallest and 
most portable systems when pumped with laser diode bars/arrays. 

• Short-wavelength coherent radiation may permit observation of the structures and dynamics of molecules, 
crystals, and proteins in vivo. 

• The battlefield efficiency of modern (platforms) armor, aircraft, missiles, and infantry has been greatly 
increased through the use of lasers, along with the use of sophisticated detection and imaging systems for 
target acquisition, tracking, and fire-control systems. 

• Propagation through the atmosphere is a major issue because of attenuation and scattering, but judicious 
selection of the laser wavelength and pulse mode along with active atmospheric compensation can alleviate 
the problem and restore required energy delivery on target. 

• Because the beam travels at the speed of light, tracking problems associated with slower beams (particle 
beams) are avoided. 

• Laser tracking permits more accurate and faster determination of target position. 

• High-power laser weapons can be used in strategic and tactical scenarios. 

OVERVIEW 

This subsection identifies developing laser technologies that could conceivably have a significant impact on 
future DoD systems. Laser developments include the following: (a) major improvements in currently available 
lasers; (b) the development of significantly new cost-saving design, fabrication, and logistic support technologies for 
the generation of both low- and high-power coherent radiation sources; and (c) the expansion of the laser operability 
range to shorter wavelengths (including X-rays and the γ-ray regime) and smaller dimensions (including micro- and 
nano-chip level lasers). Lasers may operate in a continuous, repetitive-pulse, repetitive-burst, or single-pulsed mode, 
depending on the application and requirements. Laser systems sometimes incorporate components such as amplifier 
stages, frequency conversion components, optically pumped semiconductors, Raman cells, and multiple-wave 
mixing components or other major elements, in addition to the laser oscillator. Both HEL and LEL systems are 
covered in this subsection. HELs are lasers that produce a CW power level in excess of 20 kW or pulsed lasers. 

Technologies applicable to the development and production of lasers and laser systems in the IR, visible, and 
UV regions of the EM spectrum from 0.01 µm to 30 µm will be outlined. In addition, short-wavelength lasers based 
on electronic transitions, X-ray lasers (0.01 µm and shorter wavelengths), and γ-ray lasers, based on nuclear 
transitions (10–4 to 10–6 µm and shorter) are covered in this subsection. Although γ-ray lasers have not been 
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developed yet, work on technologies that could provide the basis for these lasers is ongoing and covered in Section 
6. 

BACKGROUND 

A laser is a device which produces a beam of light that is monochromatic and highly directional. In practice, 
however, one always observes light with a small spread of frequencies even under the best conditions. Also, 
although to a first approximation all the energy (photons) is emitted in the same direction, in actuality there is a 
small beam divergence (but not like that from an ordinary light source such as an incandescent light bulb). 

Laser light is also highly spatially coherent, which, when combined with the single frequency output, allows 
interference effects. The divergence from a laser is nearly a diffraction-limited (θ ≈ λ/D) beam when observed far 
from the source and a long time after emission. Thus, laser light is quite different from ordinary light, and it has 
been used in many unique applications.  

There are many different types of lasers and many different applications. These applications require different 
levels of energy in the beam or perhaps different pulse-time sequences. Control of the beam and pulse size is also 
important and can be adjusted, as required, by selecting the laser and the appropriate operational parameters. Some 
lasers are large and produce a lot of power. Others are small, require less power, and produce less power. A laser 
pointer produces a spot on a wall that we can see; a high-powered COIL or CO2 laser produces a hole that we can 
see through, in a few seconds, in a 1-in. thick sheet of metal. How much variation in or control over the wavelength, 
power, coherence, and pulsing sequence is available today and what can we expect to be able to achieve in the 
future? This is the question we are trying to answer in this document, and it is paced by development of efficient and 
reliable pump sources. 

History 

The invention of the ammonia maser in 1954 initiated an era of intense competition in a search for new sources 
of coherent radiation. The first success was the ruby laser in 1960. It was followed by many devices, which spanned 
the spectrum from IR to UV. Their emissions were highly directional and of great spectral purity. The development 
of lasers has been continuously supported by DoD since the beginning. Much effort was devoted to finding new 
sources at increasingly shorter wavelengths and higher intensities. The driving forces have included scientific 
curiosity, the need to observe increasingly smaller structures, improving submicron lithography, and obtaining better 
directed-energy beams for industrial and military uses. The X-ray regime, employing atomic transitions, was 
reached. The search for systems capable of producing lasing with nuclear transitions continues. 

Laser Types 

At present, there are available probably thousands of lasers of all types, and many others are in various stages 
of development. There are several ways of classifying lasers. For the purposes of our discussion, we can divide the 
field into the type of active medium used: gas, liquid, solid state (condensed matter), and plasma. Nuclear isomers 
have also been suggested for γ-ray lasers, and the research is proceeding, but these have not been developed yet. 
There are also concepts based on special approaches, which are more esoteric (i.e., free electron, gas dynamic, 
exploding wire, and flame). 

Gas Lasers 

• Neutral Atomic—Excited by weakly ionized dc- and rf-excited discharges, pulsed-afterglow discharges, 
and short-rise-time pulsed discharges (i.e., He-Ne laser). 

• Ionized Gas—Excited by large dc or rf discharge (i.e., argon ion, HE-Cd, krypton). 

• Molecular—The CO2 laser is a good example. It can also be used to pump other molecular lasers, 
producing output further in the IR. 

• Chemical and Chemical Transfer Lasers—A system in which the lasing species is produced by the 
formation or breaking of chemical bonds on a reaction, regardless of how the reaction is initiated. 
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• Excimer Lasers—Use heteronuclear and polyatomic excited molecules to produce UV light at high 
efficiency and peak powers. 

• Transfer Lasers—A compound (oxygen) is chemically excited to an excited level (the O-singlet ∆ state) by 
a chemical reaction (usually involving hydrogen perioxide). The lifetime of the excited state (oxygen) is 
quite long, and it is collisionally mixed with another species (iodine) to form the laser excited state (COIL) 
concept). 

Liquid Lasers 

• Dye Lasers—One can get lasing by optically pumping a dilute solution or organic dye. The main advantage 
of dye lasers is that they can be tuned. Because dyes have fast relaxation times, they generally require very 
intense and rapid pumping—either by flashlamp or another laser. 

Solid-State Lasers 

• Semiconductor—Generally lower power, highly divergent lasers operating at LN2 temperatures. 

• Color Center, or F-center—Low-power devices pumped by AR+ or KR+ lasers. These lasers use color 
centers in alkali halide crystals. 

• Insulating Crystal (such as Nd:YAG)—These lasers are usually flashlamp pumped. In addition to Nd, there 
are many other rare earth dopants to produce other laser wavelengths. As the cost of diode pumping 
approaches $1–2/W, the technology will be utilized more extensively. 

Others 

• Free electron laser 

• X-ray laser 

• γ-ray laser  

• “Jet flow” or “gas dynamic” laser 

• Other lasers based on different storage and excitation techniques such as: 

– plasma excitation 

– exploding wires 

– shock waves 

– nuclear isomer energy storage. 

Applications 

In medicine, lasers are used to cut like a scalpel, to destroy cells by heating, and to join cells together—like 
welding tissue. Lasers used as a scalpel have at least two advantages. They do not introduce bacteria into the cut, 
and they seal the blood vessels by coagulating the blood—dry cutting. Lasers are also used for eye surgery to correct 
vision and for observation of internal regions of the body. 

Use lasers and fiber-optics, instead of electrical impulses and wires, revolutionized communication. More 
information (2–3 orders of magnitude) can be carried by 100 times lighter carriers as a result. 

Laser beams are used in construction by engineers to guide machinery and to measure distances. 

In industry, lasers are used for highly accurate cutting (parts for motor vehicles), welding (fine focusing 
produces fine welds), and drilling holes in metal. 

In space applications, lasers have been used to measure distances in space and to study shifting of continents 
on Earth from locations in space.  
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Using holographic techniques, lasers can be used to make three-dimensional images of objects. 

Laser technologies have matured in the specialized telecommunications information technology arenas and in 
three-dimensional image-storage devices. Optics and electro-optics research technologies are now the predominant 
emerging technologies in the laser optics field of disciplines. 

The military uses laser for communication, for designation of targets to be tracked or destroyed, and as 
weapons. 
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SECTION 11.1 BACKGROUND SUPPLEMENT:  X-RAY LASERS 

OVERVIEW 

The concept for X-ray lasers goes back to the 1970s, when physicists realized that laser beams amplified with 
ions would have much higher energies than beams amplified using gases. In X-ray lasers, a pulse of light strikes a 
target, stripping its atoms of electrons to form ions and pumping energy into the ions (“exciting” or “amplifying” 
them). As each excited ion decays from the higher energy state, it emits a photon. Many millions of these photons at 
the same wavelength, amplified in step, create the X-ray laser beam. The highly ionized material in which excitation 
occurs is a plasma  

The shaded area of Fig. 11.1-1 shows the region of the EM spectrum that is of interest in X-ray laser research 
in general. This region stretches roughly from about 100 nm to less than about 0.01 nm. Although ions with 
transitions that emit hard X-rays at higher energies exist and could possibly support lasing, the majority of the 
research effort has been spent on this X-ray energy region. 

 
Figure 11.1-1. The X-Ray Laser Region of the Electromagnetic Spectrum 

Most applications of X-ray lasers fall into one of four categories, although some overlap into more than one:  

• Scientific applications (investigations of atomic structures, nuclear decay modification, and radioactive 
chemistry); 

• Technical applications (preparation of small structures-gratings/grids, spectroscopy of solids, and 
metallurgy); 

• Biomedical applications (microscopy, holography radiography in vivo or at least in the natural state); and 

• Military applications. 

Military applications range from production of components, using lower energy X-rays, to X-ray weapons 
using higher energy X-ray lasers. Laser weapons will project coherent electromagnetic energy to a distant target at 
the speed of light. Such beams have been suggested for exoatmospheric applications. We concentrate on concepts 
that rely on conventional (nonnuclear) pumping processes because these seem the most promising. Certainly more 
research has been devoted to these concepts, but they are limited to photon energies below 1 keV, in the range of 
10 to 10–9 keV, although other concepts, with the potential of producing more energetic photon beams, have been 
proposed.  

An X-ray laser beam delivers energy at the speed of light; however, scattering and absorption impose limits on 
the distance over which short-wavelength EM beams can propagate through the atmosphere. Therefore, in industrial 
applications, X-ray lasers can only be used at close distances in air for material analysis and modification. In space, 
which permits longer ranges, X-ray lasers can be used as a weapon.  
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Energy from visible, UV, or even soft X-ray (long wavelength, low photon energy) is deposited on the surface. 
At shorter wavelengths the energy is deposited more deeply in the target, over a range that depends on the 
wavelength or photon energy. This adds another dimension to the kill mechanism/CM considerations when the laser 
is considered as a weapon. Also, the deeper penetration in solid materials is useful in analytical work and in 
industrial applications. 

The short wavelength of X-rays coupled with the coherence properties, directionality, and intensity of lasers is 
necessary for holography and crystallography of small structures like static atoms. The short time pulses (on the 
order of 10–12 to 10–15 sec) are required and invaluable for studying the dynamics of these structures. 

The invention of the ammonia maser in 1954 initiated an era of intense competition among members of the 
scientific community in a continuing search for new sources of coherent radiation. Beginning with the ruby laser in 
1960, many new sources of electromagnetic radiation began to appear. Their emissions are highly directional and of 
great spectral purity. Wavelengths range from about 1 mm to about 1 nm; power levels, to greater than 1,012 W. All 
of these devices depend upon electromagnetic transitions between pairs of precisely located quantum levels in an 
ensemble of atoms, of molecules, in crystal lattices, or upon the interaction of electron beams with man-made 
structures. Gain depends on the amplification produced by the stimulated emission of radiation from an inverted 
population of the level pairs and on the feedback supplied by a pair of precise mirrors in a resonant cavity. Much 
effort was devoted to finding new sources at increasingly shorter wavelengths and higher brightness. The driving 
forces behind this effort have included scientific curiosity, the need to observe increasingly smaller structures, 
improving submicron lithography, and obtaining better directed-energy beams for industrial and military uses. This 
drive led to the X-ray regime and, ultimately, to gamma-ray lasers. In the X-ray case, except for harmonic-
generation techniques, those quantum states comes into play that are located in atoms either deprived of their inner 
electrons or made highly charged by having outer electrons stripped off. 

THE X-RAY REGIME 

Atomic energy levels to a good approximation are inversely proportional to the square of the principle 
quantum number and the square of the mass or nuclear charge. Photons with energies in the X-ray region are 
generally obtained from transitions between inner core electronic levels. In the dentist’s office, X-ray images are 
produced by using as a source a tungsten target bombarded by electrons. A small number of ions are generated, and 
X-rays are emitted. In the process, a small number of tungsten atoms are ionized and quickly neutralized. To get 
lasing, a larger number of atoms have to be ionized to produce an inversion first. Thus, to produce an X-ray laser, 
both the power requirement and inversion condition lead naturally to plasma as the active medium. 

The X-ray regime of the EM spectrum is a difficult part of the spectrum to deal with in generating a laser. First 
of all, the resonant cross-section decreases with the square of the frequency (inverse square of the wavelength), 
imposing more severe requirements on the pumping power, and photon emission is severely inhibited by 
competition from internal conversion below 1 keV, in the X-ray regime. Working in this high-energy regime 
introduces other problems not usually encountered at lower energies: 

(1) There are no effective mirrors so that one is forced to consider only single-pulse devices. 

(2) The short lifetimes of atomic transitions require high pumping rates to obtain inversion. 

(3) The high pumping rates and the need to work with inner shell electronic levels restricts the selection of the 
active medium to plasma, a difficult state to work with. 

PUMPING METHODS 

Although pumping power requirements are extremely demanding, work continues to extend the lasing region 
to higher energies. The most recent work in X-ray lasers has concentrated on the following approaches for pumping 
to inversion. 

Collisional excitation with electrons. In this method an electron excites a multiply ionized ion to the upper 
lasing level, u, which participates in the lasing transition to the lower lasing level, l, as shown in Fig. II.1-2(a). The 
difficulty with this process is that a metastable upper level is required to minimize the effect of the reduction of the 
inversion by the concurrent population of the lower lasing level by this indiscriminate pumping source. 
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Figure 11.1-2. The X- Ray Laser Pumping Schemes 

Photoexcitation. In this method [Fig. 11.1-2(b)], absorption of photons of the proper frequency provides 
selective excitation of the upper level while avoiding population of the lower level. The difficulty here is finding a 
wavelength match between pump and laser ions.  

Electron-collisional recombination. This process is the inverse to electron-collisional ionization from excited 
levels. A free electron is captured in a high bound quantum state of an ion. This is followed by a cascade down to 
the lower states, resulting in a population density inversion 

Charge transfer. In this process, an ion acquires an electron from an atom, rather than a free electron, and 
ends up in an upper lasing level state. The process is as shown in Fig. II.1-2(c), with the exception that an atom is 
the source of the electron. The process is energy resonant between the binding energies of the electron in the ground 
state of the atom and that of the upper lasing level. 

Electron-collisional ionization. In this process [Fig. II.1-2(d)], an innershell bound electron is released 
through ionization, following an inelastic collision between a free electron and an ion. This process creates an atom 
in the next lower state of ionization, forcing a transition to the upper lasing level. 

ALTERNATIVE APPROACHES 

• Harmonic generation and frequency mixing. 

• Free electron laser, extension to higher frequencies. 

• Others. 

EMISSION MODES 

At present, because of the lack of adequate mirrors for radiation in the laser regime, the X-ray laser is generally 
a single-pulse devise. In principle, pulsed X-ray laser emission can occur in two possible forms: superfluorescence 
(SF) and amplified spontaneous emission (ASE). SF is cooperative spontaneous emission from many nuclei, 
whereas ASE is the result of a photon spontaneously emitted from a single nucleus and amplified as it propagates 
through a medium. Both SF and ASE need an inverted medium for their occurrence, although the requirements on 
SF are more severe and require slower decorrelation processes. 

The ASE phenomenon, like SF, can be obtained from an inverted population of atoms or nuclei constrained to 
an acicular region, and it is initiated by spontaneous emission from a single atom or nucleus. The emitted photon is 
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amplified as it propagates along the axis of the high-gain medium. Spontaneous emissions in other directions are not 
amplified, so that they affect the ASE pulse propagating along the axis only to the extent that they reduce the 
inversion and therefore the amplification gain. The axial position of the emitter that initiates the process is a 
stochastic variable; thus, for a complete treatment of the phenomenon, the emission from all points along the axis 
must be taken into account. For SF to occur, the emitting dipoles in the system form correlations so that acting 
collectively as a single dipole they emit a pulse proportional to N2, where N is the number of cooperating nuclei. 
Unlike SF, the ASE pulse intensity is directly proportional to N. Whether SF or ASE occurs depends on the strength 
of the dephasing mechanisms that can destroy the correlations between the dipoles necessary for SF. 

Generally speaking, the emission of an SF pulse requires the preparation of an inverted population of identical 
radiators. Experimentally, the emitted pulses are characterized by a pulse width and a delay time, τ∆, following the 
inversion of the population. From simple theory, the relationship between τSF and and the density of cooperating 
radiators, ρ, the natural radiative lifetime, τ0, the wavelength of the emitted light, λ, and the cavity length, l, can be 
obtained. In terms of these parameters 

 
τR  =  8πτo

ρλ21
 ,

 

 
τD  =  1

2
τR  ln N  ,

 
and the pulse intensity Is(t) is given by the “inverted pendulum expression” 

 
Is(t)  =  1

2
N / τR  sec h2  1

τR

 (t −τD )
 

 
 
 

 

 
 
 

 
(Ref. 7), where t is measured from the time of the (instantaneous) inversion. 

Three regions are delineated according to the magnitude of the dephasing time τφ (or decorrelation time) 
relative to the product of τD, the delay time, and τSF, the SF time. Figure II.1-3 shows three different pulses 
representing SF, ASE, and spontaneous emission without gain as a function of the inverse of the dephasing time, 
τφ.. These pulses were calculated using the Haake-Reibold theory of SF. By varying the dephasing time, one theory 
produces the variety of pulses expected from an inverted population of resonators. 

 
Figure 11.1-3. Type of Emission Expected from an Inverted Population of Atoms or Ions 
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In the SF regime 

 
,    ϕτττ <SFD  

correlations between emitters develop, and strong pulses are emitted in both directions along the axis. In the ASE 
regime 

 τ SF  <  τϕ  <  τDτ SF    , 

and correlation between emitters are suppressed by the dephasing mechanisms, but the median still amplifies 
spontaneously emitted pulses. When τφ <τSF there is no gain in the medium, and only natural decay contributes to 
the emission. Figure II.1-4 shows how the delay time varies as a function of the inverse of the dephasing time over 
the three regions SF, ASE, and SE. 

 
Figure 11.1-4. Delay Time of Pulse from an Inverted Population of Resonators τD  

as a Function of the Inverse of the Dephasing Time, (τφ)–1
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DATA SHEET 11.1. TRANSFER LASERS (COIL) 

Developing Critical 
Technology Parameter 

Critical parameters are complex functions of wavelength, peak power, and average 
power. The following regimes resulting from different applications can be identified. 

Required: 
Power >20 kW for CW laser and energy >1 kJ pulsed laser 
Wavelength in the range of (0.3–30 µm) 

Available Wavelength/Bandwidth: 
DF/C02—10.6 µm;  
COIL (Chemical Oxygen–Iodine Laser)—1.3 µm. 
>10’s kW demonstrated. 

Critical Materials Fuels and fuels handling materials—surface passivated, fluorine compatible. 

Low-loss glass, fused silica, and silicon for COIL laser optics. 

Diodes for diode pumping scheme of resonances in oxygen to produce singlet 
∆ oxygen. 

Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 

Laser-diagnostic equipment, for >20 kW for CW laser, >1 kJ pulsed laser. 

Steering-errors testing equipment to <10 µrad. 

Beam-quality testing equipment. 

Computer-controlled machinery. 

Unique Software Computer design and operation codes. 

Codes for beam-target interaction effects. 

Nonlinear correction at HEL levels. 

Optical design codes and ray tracing codes. 

Aerodynamic and solid window design codes. 

Major Commercial 
Applications 

Remote sensing. 

Welding and material forming. 

Fabrication. 

Affordability Not applicable. 

BACKGROUND 

Oxygen is chemically excited to the O-singlet ∆ state by a chemical reaction, usually involving hydrogen 
peroxide. The lifetime of the excited oxygen is quite long, and it is collisionally mixed with iodine to form laser-
excited state. Iodine may be in form of CF3I or C5F7I (iodated freons), which have a higher vapor pressure at room 
temperature than pure I2. When lower level of iodine ion recombines, it reforms donor molecule and hence can have 
a closed-cycle laser. 
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DATA SHEET 11.1. EXCIMER LASERS (LELs) 

Developing Critical 
Technology Parameter 

Critical parameters are complex functions of wavelength, peak power and average 
power. The following regimes resulting from different applications can be identified. 

General: 
Power >1 kW average and wavelength in the range of 0.8 µm–0.5 µm 
Power >1 kW average at 455 or 486 nm 
70 J/pulse discharge 

Specific: 
Wavelength/Bandwidth ArF (0.19 µm) generally narrow lines 
 KrF (0.24 µm) generally narrow lines 
 Xe Cl (0.385 µm) generally narrow lines 
 XeF (0.35 µm) generally narrow lines 
 F(0.13 µm) generally narrow lines 

Critical Materials Optical coatings. 

Foil support made from special high-strength maraging steel (also used for torpedos). 

Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 

Laser diagnostic equipment for >1 kW for CW laser and >1 kJ pulsed laser. 

Beam quality testing equipment. 

Computer-controlled machinery. 

Unique Software Computer design and operation codes. 

Codes for beam-target interaction effects. 

Nonlinear correction at HEL levels. 

Optical design codes and ray-tracing codes. 

Major Commercial 
Applications 

Underwater communications and imaging. 

High-resolution lithography. 

Fabrication. 

Affordability Not applicable. 

BACKGROUND 

Electron-beam dissociates rare gas (Kr, Ar) and halide (F2 or CI2) and forms dimer (excimer) in excited state, 
e.g., KrF*. Upon emission of a photon, dimer ion decoys to ground state which is unstable (shallow or no potential 
well). Ions split up leaving Kr, Ar and F2- or Cl2- (which reform F2 + C12). 
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DATA SHEET 11.1. NOVEL <111> PIEZOELECTRIC OPTOELECTRONIC DEVICES 
FOR 1.0–1.3 µm LASER WAVELENGTH RANGE 

Developing Critical 
Technology Parameter 

New or improved reliability laser diodes with 1.0–1.3 µm emission on GaAs substrates. 

New 1-V optoelectronic absorption modulator exploiting the piezoelectric (PE) effect for 
operation at 1.0–1.3 µm. 

Natural integration/coupling of lasers, waveguides, and modulators. Optoelectronic 
switches with gain. 

Enabling technology for integrated optoelectronic circuits exploiting exciton transport. 

Future integration of III-V optoelectronic devices with Si electronics. 

Possibility of giant quantum-well (QW) structures for long-wavelength devices on GaAs: 
terabit intersub-band optical switching at 1.6 µm and novel thermophotovoltaic (TPV) 
devices based on piezoelectric-quantum well infrared photodetectors (PE–QWIPs) for 
conversion in the 1.7–4.0 µm. 

Piezoelectric sensors and their integration with optoelectronic devices. 

Critical Materials High In content InGaAs (In >30 percent) on polar <111>gas.  

InGaAs/gas/AlGaAs strained QW with piezoelectric field on <111> GaAs with high 
optical quality. 

For device structures, highly conductive n- and p-type gas and AlGaAs layers with 
device quality surfaces on <111> GaAs.  

Unique Test, Production, 
Inspection Equipment 

Metal organic vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE) 
epitaxial fabrication. Optical spectroscopy: Photoluminescence and photoreflectance. 
X–R spectroscopy. Electron microscopy.  

Unique Software None identified. 

Major Commercial 
Applications 

Satellite and optical-fiber communications.  

Energy conversion. 

Affordability Uses present GaAa fabrication technology (see Section 8). 
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DATA SHEET 11.1. SURFACE-EMITTING LASERS  

Developing Critical 
Technology Parameter 

Technology of grating coupled surface-emitting GaAs and AlGaAs laser diodes is a 
continuing, ongoing development with a number of different manufacturing technolo-
gies, including tapered gratings and circular gratings. Some applications require these 
lasers to be steerable. Being developed are 1.55 µm distributed Bragg reflectance 
(DBR) lasers using grating coupling, which have the potential for high-power, low-
divergence, rapid-steering, low-weight devices in the data link operation as well as eye-
safe operation.  

Critical Materials Circular gratings and tapered gratings on surface emitters and transparent indium-tin 
oxide electrode material. 

Unique Test, Production, 
Inspection Equipment 

Long-distance pointing and tracking testing with millisecond response. 

Unique Software Mode selection and the dynamics of steerable grating coupled surface-emitting lasers. 

Major Commercial 
Applications 

Space and terrestrial communications. 

Affordability Need to reduce the cost significantly in large-volume production. 

BACKGROUND 

Many surface emitting laser diodes are being developed. The advantages to this technology are that higher 
power, low divergence, and rapid steering should be achieved using the grating coupling technology. This 
technology has both affordability issues and technology issues. Long-range communications require 1.55 µm laser 
sources with low divergence and outputs above 100 mW for eye safety and low atmospheric absorption.  
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DATA SHEET 11.1. MID-IR LASERS  

Developing Critical 
Technology Parameter 

High average power diode pumped solid-state lasers with frequency agility/diversity in 
the 2–5 µm spectral region with closed loop operation. 

2.0 W per line at 20 kHz pulse repetition frequency (PRF) in Band I. 

2.0 W in Bands III and IV. 

Lightweight (total system weight of 20 lb or less). 

Cryocooler with better than 10 W at 77 K. 

High brightness and high beam quality at all power levels (5–7 × diffraction limit). 

Critical Materials Low optical absorption optical parametric oscillator (OPO) materials for all three 
wavelength bands. 

High-efficiency phase conjugation material. 

New, high-efficiency lasers are needed, including diode-pumped semiconductors. 

Low thermal distortion OPO materials need to be developed. 

Only U.S. ZGP material with acceptably low absorption has been demonstrated. 

Unique Test, Production, 
Inspection Equipment 

Diode array far-field power and spatial distribution testing equipment. 

M2 beam quality measurements. 

Unique Software None identified. 

Major Commercial 
Applications 

Since the primary requirement is for a bright laser source in the mid-IR for counter-
measure applications, it is not clear what direct commercial applications might result.  

Improving the efficiency of OPOs and reducing the cost and weight of the devices will 
spin off many of these technologies to commercial application.  

Affordability Affordability must be addressed at all levels of development to provide DoD with logistic 
options. 
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DATA SHEET 11.1. EDGE-EMITTING LASER DIODE ARRAY  
PROCESS TECHNOLOGY  

Developing Critical 
Technology Parameter 

Laser diode arrays are currently hand-labor intensive. Automation and process 
technology need to be developed to provide a more cost effective and reliable product.  

It is imperative that oxidation be carefully controlled during the soldering process to 
prevent debonding. 

Process technologies that need to be developed include bar metalization and mounting 
technologies, gold/platinum soldering process technology with minimal diode 
degradation, uniform pitch process technology (nominally 200 µm), and mounting 
procedures that eliminate voids in the metallization and soldering processes. 

Critical Materials AlGaAs, InGaAs, and GaP. 

Unique Test, Production, 
Inspection Equipment 

M2 (beam quality) measurements to within less than one percent of diffraction-limited 
quality and spatial distribution measurements of arrays. Everything should be 
100 percent inspected. 

It is critical to apply a proper testing procedure for the mounted arrays, as well as to the 
individual diodes, to ensure reliability of mounted diodes in the future use of the device. 

Unique Software None identified. 

Major Commercial 
Applications 

Night light sources for police and security guards, welding, optical pumps, laser surgery 
sources, ship mast illumination, printing drums, and telecom are currently being 
considered.  

Affordability If automation process technology can be achieved with pick-and-place equipment and 
the gold/platinum soldering, then a cost-effective mass-produced array will be available. 

BACKGROUND 

Currently, both the military and commercial sectors need significant cost reduction in the manufacturing of 
laser diode arrays. Many diode array lighting applications will become cost effective once the benefits of this 
proposed manufacturing technology (cost reduction factors of 8–10) are demonstrated. This development will be a 
significant economical boost to the EO industry. 
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DATA SHEET 11.1. SOLID-STATE LASERS (HELs) 

Developing Critical 
Technology Parameter 

Critical parameters are complex functions of wavelength, peak power, and average 
power. The following regimes resulting from different applications can be identified. 

Required 
Power >20 kW for CW laser and energy >1 kJ pulsed laser. 
Wavelength in the range of 0.3 µm–30 µm. 

Achieved 
Wavelength/bandwidth 
 Typically 1.03 µm (ytterbium), 1.05 µm (yttrium), or 1.06 µm (neodymium). 

Power Level  
 100,000 J/pulse  
 3.6 MJ planned   

Critical Materials Very pure glasses and crystals for host materials. 

Fusion bonded composite (doped and undoped) laser materials. 

Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 

Laser diagnostic equipment. 

Steering errors testing equipment to <10 µrad. 

Beam quality testing equipment. 

Unique Software Computer design and operation codes. 

Codes for beam-target interaction effects. 

Nonlinear correction at HEL levels. 

Major Commercial 
Applications 

Laser fusion. 

Industrial applications. 

Affordability Not applicable. 

BACKGROUND 

Optical pumping into absorption based of laser ion causes a population inversion. (For Yb:YAG λp = 950 nm 
and λL = 1030 nm.) After ion lases, ions in lower state rapidly decay to ground state nonradiatively. 
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DATA SHEET 11.1. SOLID STATE LASERS (LELs) 

Developing Critical 
Technology Parameter 

Solid-state lasers are rugged, lightweight, and readily available in a number of powers 
and wavelengths in both rod and slab geometry. 
Common materials include Nd:YAG and neodymium-glass (Nd:glass). Tunable solid-
state lasers are made from alexandrite and titanium. 
All lasers can be frequency doubled (or multipled) by the use of nonlinear crystalline 
materials that create harmonics of the input frequency. 
Power 
Flashlamp-pumped (CW powers in the kilowatt range)  
Diode-pumped (10s of W). 
Laboratory systems (100s W to 1 kW) 
Achieved: Some characteristics of some lasers 
Alexandrite (0.7–0.9) µm Highly tunable 
Er:Yb:Glass 1.54 µm Eyesafe wavelength 
Ho:YAG 1.05 µm CW to a few W 
Nd:Glass 1.054 µm Pulsed to 100 W 
Nd:YLF  1.047 µm CW or pulsed to 10s of W 
Nd:YV04  1.06 µm CW to I0s of W 
Ruby  0.69 µm  Low rep-rate but high-energy pulses 
Trn:VAG  (1.7–2.006) µm CW to a few W 
Ti:sapphire (0.67–1.07) µm Broadly tunable  

Critical Materials Solid-state lasers typically use crystalline material, such as YAG or YLF, or are glass 
doped with a rare earth or metal ion (Nd, Er, Cr) as the lasing medium. 
Common materials include Nd:YAG and neodymium-glass (Nd:glass). Tunable solid-
state lasers are made from alexandrite and titanium. 
Common materials used in diode-pumped solid-state lasers are Nd:YAG, Nd:YLF and, 
more recently, Nd:YVO. 

Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 

Unique Software None identified. 
Major Commercial 
Applications 

Fabrication. 
Micrography. 
Medical/biological imaging in vivo or at least in realistic sample environments. 
Long-range biological standoff detection. 
Low-power scanners (mW). 
Medium-power medical (W). 
High-power industrial cutting tools (MW). 
Materials processing—annealing, cutting, welding, marking, bonding, drilling, heat-
treating and alloying, and robotics.  
Medical/biomedical—arthroscopy, orthopedics, photocoagulation, plastic surgery, 
general surgery, cancer treatment, dermatology, obstetrics, angioplasy, ophthalmology, 
and otorhinolaryngology. 

Affordability Not an issue. 
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 DATA SHEET 11.1. OPTICALLY PUMPED LASERS 

Developing Critical 
Technology Parameter 

Critical parameters are complex functions of wavelength, peak power and average 
power. The following regimes resulting from different applications can be identified. 

λ <150 nm, E > 50 mJ/pulse, peak power > 1 W. 

150 nm <λ <  800 nm, E >1.5 J/pulse, peak power >30 W. 

800 nm <λ < 1,400 nm, E >0.5 J/pulse, peak power 50 W. 

λ > 1400 nm, E >100 J/pulse, pulsed peak power 1 W. 

Critical Materials Titanium-doped sapphire, alexandrite, DCR4+:YAG, and other solid-state g-switch 
materials; two engineered materials such as periodically poled LiNiO3 and fusion-
bonded composites (i.e., doped and undoped YAG); and YalO3 and sapphire. 

Optical pumped semiconductors (GaSb). 

High-power/high-reliability diode pumps. 

High-power optical coatings, low-loss optical material, and space-qualified components. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software Computer design and operation codes. 

Codes for beam-target interaction effects. 

Major Commercial 
Applications 

Underwater imaging, remote sensing, and surgical applications. 

Medical underskin surgery. 

Affordability As optically pumped semiconductors are operated at higher temperatures (above 
110 K), the system cost/volume complexity are all reduced. 
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DATA SHEET 11.1. X-RAY LASERS 

Developing Critical 
Technology Parameter 

Beam Generation: amplified spontaneous emission, superfluorescence  
Available: 
Wavelength: 3–4 nm 
Energy: ~mJs 
Efficiency: 10–6 
Pulse width: to ps range 
Directions of work: 
Multiphoton ionization 
Shorter pulsed lasers 
Technology for laser-produced plasmas 
Electric discharge technology 
Desired achievements: 
Wavelength: ~ –100 to 0.1 nm (concepts using plasma as active medium) 
Pulse Length: 10–12 to 10–15 sec or shorter 
Energy Stored/Power Out (depends on transition energy and inversion): 
5 × 1014 W/cm3 pump irradiance. 
>10 cm–1 laser linear gain coefficient. 
Beam Intensity: >5.0 × 1011 W/cm2  
Application requirements: 
Scientific: –100 to 0.1 nm, 10–12 to 10–15 sec 
Technical: 0.5–2 nm (fabrication) 
Biological/Medical: 0.1–100 nm (spectroscopy) 

Critical Materials None identified. 

Unique Test, Production, 
Inspection Equipment 

Ion source preparation technology. 
Precision plasma technology. 
Precision plasma measurements. 

Unique Software Computer design and operation codes. 
B-field and E-field mapping codes. 

Major Commercial 
Applications 

Micrography. 
Medical/biological imaging in vivo or at least in realistic sample environments. 
Welding, material forming. 

Affordability Not applicable. 

BACKGROUND 

Low end, X-ray lasers will extend scientific investigations of fast dynamic processes in solids, liquids, and 
biological molecules. In industry, speedier fabrication will be possible at higher resolution of electronic and electro-
optical components. 
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DATA SHEET 11.1. GAMMA-RAY LASERS* 

Developing Critical 
Technology Parameter 

Beam Generation: nuclear SF, ASE 
Wavelength: 
~ 1 to 0.01 nm (concepts using recoilless emission) 
~ 1 nm and below (gas graser concept—single phonon emission) 
Lifetime of Isomeric Level:  
~ 100 sec to 1,000 sec (concepts using direct emission from isomeric level) 
~ 1,000 sec and above (upconversion concepts) 
Temperature: ~10–9 K (for gas graser concept) 
Energy Stored/Power Out (depends on transition energy): 
> 5 × 108 J/cm3 
> 5 × 1010 W 
Beam Intensity: >5.0 × 1011 W/cm2  

Status: 
λ-ray laser is in theoretical, concept development state.
Some experimental work on upconversion concept performed recently claimed 
observation of enhanced emission from Hf isomer. This is controversial.
Developments in nanotechnology show promise for preparation of clean (very low level 
inhomogeneous broadening) samples and specially designed crystals for active media 
to reduce attenuation. This would enhance possibility of observing lasing using the 
concept of direct emission from isomeric levels. 

Critical Materials Isomeric nuclei with closely spaced levels (0.1 eV to 100 keV). 
Isomeric nuclei with Moessbauer transitions. 

Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 
Nuclear source preparation technology. 
Precision nuclear measurements. 
Ultra low temperature technology (<109 K). 
Technology for manipulation and control of individual atoms. 

Unique Software Computer design and operation codes. 
Accelerator cavity alignment inspection code. 
B-field mapping codes. 
Computer codes for accelerator design. 
Magnetic beam line design. 

Major Commercial 
Applications 

Charged particle beam (CPB) fusion. 
Inertial fusion. 
Nuclear defense simulation and hardening test. 
Welding and material forming. 

Affordability Not applicable. 

                                                           
* See Section 6 for background. 
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DATA SHEET 11.1. LASERS IN THE 3–15 µm RANGE 

Developing Critical 
Technology Parameter 

Diode-pumped and optically pumped lasers are needed in the 3–15 µm wavelength 
region, where chemical and biological contaminants and drugs absorb radiation. 
Candidate lasers such as lead salt lasers and the inter-subband quantum cascade 
laser have shown promise at lasing beyond 3 µm. Type II diodes with AlGaAsSb 
broadband-waveguide separate confinement regions in quantum wells recently became 
the first electrically pumped lasers in this region and have shown increased gain and 
efficiency. At 300 K, a 10 quantum well device had a peak output power greater than 
2 mW and a lasing spectral width of 12 nm centered at 3.3 µm wavelength. CW 
operation has been achieved at 170 K with an output power of 68 mW. These optically 
pumped Type II devices with rotationally symmetric active regions (called “W” 
configurations) recently attained the highest cw operating temperatures of any 
semiconductor lasers emitting between 3 and 6 µm. Lasing action has been obtained 
out to 7.3 µm, which is 2 µm beyond the previous interband III-V lasing compound. 

Critical Materials High purity Type II “W” configuration materials are needed to demonstrate higher 
efficiency. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Laser spectroscopy, laser surgery, and infrared illuminators are the prime candidates. 

Affordability Since all of the physical layup is done via thin-film and molecular beam epitaxy (MBE) 
deposition, the process should produce cost-effective devices once the technology is 
better understood and tradeoffs are established as the operating temperature 
increases. 

BACKGROUND 

Currently, semiconductor diodes dominate the market for near-IR lasers. 
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DATA SHEET 11.1. PHOTONIC CRYSTAL NANOCAVITY LASERS 

Developing Critical 
Technology Parameter 

Two-dimensional photonic crystals have been microfabricated into InGaAsP slabs, 
which constitute the smallest lasers to date. These lasers produce lasing, which is then 
wave-guided in a thin membrane and reflected in the lateral direction to define a high-Q 
laser cavity. The waveguiding is done with high index contrast slabs in which light can 
be efficiently guided. Microfabricated two-dimensional photonic bandgap mirrors 
provide the geometries needed to confine light into extremely small volumes with high 
Q. Thus, two-dimensional Faby-Perot resonators with microfabricated mirrors are 
formed when hole defects are introduced into the periodic photonic bandgap structure. 
Defects are introduced into the periodic photonic bandgap structure and then used to 
tune these cavities lithographically by changing the precise geometry of the micro-
structures surrounding the defect. High Q values in the range of 15,000–25,000 have 
been measured in these crystals. These lasers can operate at room temperature in 
volumes as small as 0.03 µm3 in InGaAsP emitting at 1.55 µm with a 1-µW nominal 
peak output power. 

The critical technology parameters concern the understanding of the defect require-
ments on the geometry of the cavity and improved coupling techniques. It is important 
to find techniques to decrease these cavity mode volumes even more because it is 
known that the coupling efficiency and the lasing mode can be significantly improved. 
The spontaneous emission coupling efficiency can also be improved if the linewidth of 
the semiconductor emission is narrowed. High-coupling techniques are needed to 
improve this technology to provide faster modulation response and lower lasing 
thresholds. 

Critical Materials Typical InGaAsP devices are structured with four 9–10 nm thick InGaAs quantum wells 
separated by three 20 nm thick InGaAsP barriers and InGaAsP layers on the top and 
bottom of the quantum wells. InGaAsP material has been chosen since it does not 
suffer from large surface recombination losses and is relatively easy to microfabricate 
with the desired structural features. Other similar material composites will also be 
utilized during the optimization processes. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Many, including optical computing and optical integrated circuits. 

Affordability This technology should be very affordable since all steps of the process can be 
envisioned as additional steps in the chip-manufacturing process. 

BACKGROUND 

This laser technology has great potential for “on-chip” manufacturing for optical loops and switches. The laser 
output can be easily coupled into photonic crystal waveguides within the photonic crystal structure. Note that 
multiple wavelength emitters can be arranged on a single membrane array via variance in the defects and cavity 
structures. This permits tens to hundreds of discrete wavelengths in the 1.4–1.6 µm range with this material 
composition for wavelength discrimination requirements. This technology has evolved to a level that allows the 
control of light within etched microstructures. New technology that is under way will optimize the output and 
directionality while improving the efficiency. With laser cavity sizes far below a cubic wavelength, it is now 
possible to couple them together into coherent systems and provide additional advantages from cavity quantum 
electrodynamic effects and coupling. The next step is to use this technology for the design of active and passive 
devices. These laser cavities provide functionality in the form of filters and laser resonators, as well as the building 
blocks for miniaturized photonic integrated circuits. 
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This technology has the potential to revolutionize integrated circuits and optical processors, as they are known 
today, and to provide a significant improvement in optical computing endeavors. 
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DATA SHEET 11.1. MID-IR, CW, POWER-SCALABLE FIBER LASER 

Developing Critical 
Technology Parameter 

This is a compact, tunable, high-efficiency mid-IR laser that has been demonstrated to 
produce 40 mW at a wavelength of 2.7 µm with 780 nm Ti:Al2O3 laser pump. With diode 
pump at 980 mm, it achieved 10-mW operation. 
Experiments at 980 nm indicated no saturation of output so the laser can presumably 
be scaled to higher levels. It is estimated that the laser can be scaled to produce watt 
power levels at wavelengths of 2.7 µm. 
The laser uses a double-clad fiber 5.5 m long with Er:ZBLAN center as the lasing 
medium. 
Ability to tune the laser has been demonstrated over 50 nm. 

Critical Materials Double-clad Er:ZBLAN fiber. 
Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 
Doped-fiber fabrication technology. 

Unique Software None identified. 
Major Commercial 
Applications 

Fabrication. 
Micrography. 
Medicine: general surgery, cancer treatment, dermatology, obstetrics, angioplasty, and 
ophthalmology. 
Environmental monitoring of industrial gases (NO, H2S, ozone). 

Affordability Not determined. 

BACKGROUND 

It can be used in medical applications for field diagnostics and surgery because of the strong absorption of  
2.7 µm in human tissue. 

 11-29 



DATA SHEET 11.1. DOUBLE-CLAD FIBER LASERS 

Developing Critical  
Technology Parameter 

The double-clad or dual-clad fiber laser is compact, tunable, and highly efficient. 
The fiber creates an optical laser cavity that can be tens of meters long with a large 
area for heat dissipation. This, together with double cladding, permits high-power 
operation. The double-clad fiber geometry ensures high pump light absorption, leading 
to high pumping efficiencies (> 60 percent). Yb fibers are the most efficient 
(> 70 percent). 
Two claddings—each with different index of refraction—allows efficient power con-
sumption. 
No cooling is required at low powers. 
At higher powers cooling needed, as heating at 1.5 °C/W of power observed. 
Good spectral and spatial quality is observed, and the system maintains diffraction-
limited beam quality independent of system age or environmental changes. 
55-W output power at 1,110 nm has been demonstrated. 
The potential for 10–100 kW output power is anticipated. 
Rare-earth doped fiber is used as the active medium. The fibers can be 
– Neodimium-doped (for visible-near IR)  
– Ytterbium-doped (1,080 nm) 
– Erbium-doped (1,560 nm) 
– Thulium-doped (1.7–2.006 µm). 
Erbium/ytterbium co-doped fibers provide better utilization of pump power and thus 
attain higher efficiency. Ytterbium broadbands (920–980 nm) absorb the pump light 
(from multimode diode lasers) and transfer resonantly to erbium atoms. 

Critical Materials Neodimium-doped fiber. 
Ytterbium-doped fiber. 
Erbium-doped fiber. 
Thulium-doped fiber. 
Co-doped fibers like ytterbium/erbium. 
YAG fibers. 
Phosphate glasses. 

Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 
Doped-fiber fabrication technology. 

Unique Software Not determined. 
Major Commercial 
Applications 

Micromachining—welding, bonding, soldering, stress relieving, and heat treatments. 
Magnetic and optical storage—semiconductor and electronics industry. 
High-power amplifiers—communications industry. 
Telecommunications. 
Materials processing. 
Medicine—general surgery, cancer treatment, dermatology, obstetrics, angioplasty, and 
ophthalmology. 

Affordability Not determined. 

BACKGROUND 

In medical applications they can be used for field surgery and diagnostics; they are especially durable. 
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DATA SHEET 11.1. ULTRA-FAST FIBER LASERS 

Developing Critical 
Technology Parameter 

The ultra-fast fiber laser is compact, tunable, highly efficient, and rugged. 
A typical system comprises an erbium-doped fiber laser oscillator and an erbium-doped 
fiber amplifier followed by a frequency doubler. 
No cooling is required. Diode lasers provide the pump energy, and the fiber creates an 
optical laser cavity that can be tens of meters long with a large area for heat dissipation. 
The laser system is relatively temperature insensitive. Operates over 30 °C temperature 
range (around room temperature) without user adjustments. 

The system can be made compact. A 20 × 20 × 10 cm package can produce 100–200 
femtosecond pulses with an average 10–25 mW. For comparison, a bulk laser with this 
repetition rate would require a free space optical path length of 3 m. 
Emission from erbium-doped fiber is at 1,550 nm. 
Good spectral and spatial quality is observed and the system maintains diffraction-
limited beam quality independent of system age or environmental changes. 
Fiber-based architecture makes the laser relatively free of thermally induced beam 
wandering. Beam pointing stability is 1 µrad, typically.  

Critical Materials Erbium-doped fiber. 
Other rare-earth doped fibers. 

Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 
Doped-fiber fabrication technology. 

Unique Software None identified. 

Major Commercial 
Applications 

Biological imaging with two photon scanning microscopy. 
Telecommunications.  
Medical diagnostics. 
Medicine: general surgery, cancer treatment. 
High-speed circuit testing of high-speed electronic devices. 
Terahertz measurements using coherent detection instead of power detection. 
Hyperspectral imaging in the terahertz regime. 
Detection of gases in flames. 
Inspection of injection-molded plastic. 
Mapping of doping concentrations in silicon wafers. 

Affordability Cost is not a major factor. 

BACKGROUND 

Ultra-fast fiber lasers can be used for monitoring the environment for toxins and other hazardous materials. In 
medical applications they can be used for surgery and diagnostics; they are extremely durable and unaffected by 
changes in the environmental conditions.   
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DATA SHEET 11.1. ORGANIC SEMICONDUCTOR  
THIN-FILM EDGE-EMITTING LASERS 

Developing Critical 
Technology Parameter 

Laser action in thin-film organic semiconductors has been demonstrated. Both 
semiconductor waveguide and double-heterostructure devices were used. 
Edge effect emission was observed. 
Efficient, long-lived, and intense electroluminescence in both polymeric and small-
molecular-weight organic thin films motivated the search for laser action in these 
materials. 
Optical pumping in both semiconductor waveguide and double-heterostructure devices 
was used, indicating a new class of electrically pumped laser diodes may be possible. 
The thin-film active material for both geometries was tris-(8-hydroxyquinoline) aluminum 
(Alq3) doped with 2.5 percent DCM (laser dye). 
The slab optical wave guide laser was grown on InP substrate pre-coated with a 
2 nm-thick layer of SiO2, deposited by plasma-enhanced chemical vapour deposition. A 
300 nm-thick film of Alq3/DCM (with optical index of refraction n = 1.7) formed a slab 
optical waveguide, with SiO2 (n = 1.4) as a cladding layer on one side and air (n = 1) on 
the other. 
The double heterostructure in-plane waveguide was made by sandwiching a film of 
Alq3/DCM between two Alq3 cladding layers. All conducting organic layers produce 
both electrical and optical confinement, which idicates that lasing may occur under 
electrical injection. 
The pump was a pulsed nitrogen laser beam (λ = 337 nm). 
Threshold pump energy was ~ µJ cm–2 for a 5 mm-long double-heterostructure laser. 
These lasers, at λ = 645 nm, in vacuum-deposited organic semiconductor thin films are 
characterized by high efficiency  (70 percent), narrow-linewidth (< 0.1 nm), high-output-
power (>50 W) lasing at λ = 645 nm in vacuum-deposited organic semiconductor thin 
films.  
The pump threshold for an electrically pumped laser made from organic double 
heterostructures is estimated at 10 nm cm–2. 

Critical Materials Tris-(8-hydroxyquinoline) aluminum (Alq3) doped with 2.5 percent DCM (laser dye). 

Unique Test, Production, 
Inspection Equipment 

Numerically controlled machine tools. 
Plasma-enhanced chemical vapor deposition. 

Unique Software Not determined. 

Major Commercial 
Applications 

Communications. 
Opto-electronic devices (see subsection 11.5). 

Affordability Not determined. 

 

 11-32 



SECTION 11.2OPTICS 

Highlights 

• Micro-optics will begin complementing and then replacing electronic components on chips, reducing heat 
and improving speed and throughput while reducing cost. 

• Nanotechnology will result in significant improvement in electro-optics and nonlinear optics, which will 
have widespread military applications. 

• Continued advances in optical coating material technologies will result in improved hardness capability of 
various military optics hardware. 

• Reducing the weight of technology for space optics, vital to our space requirements, will be addressed by 
numerous new technology applications of high-strength composites. 

• Integrated design, fabrication, test, and assembly methods will permit the transition of today’s hybrid 
optical devices into the fully integrated optical systems required for miniaturization and high performance in 
future products. 

• Real-time, computer-controlled optical grinding and polishing, along with micropolishing, will cut the time 
required to fabricate aspheric optics by a factor of ten or more. 

OVERVIEW 

Optics has become the pervasive enabler for a significant number of disciplines such as telecommunications, 
physical security, and more recently data storage and optical computing. This subsection covers the broad discipline 
of developing optics, optical materials, and optical component technologies, which are envisioned to be of critical 
military utility once developed. 

This subsection includes those technologies ranging from night-vision optics and lightweight space optics to 
improved process technology for aspheric lenses, reflectors, and nonconformal optical surfaces, as well as 
developing technologies for nonlinear and fiber optics. The optical material technologies include new development, 
refinement, and production processes for metal and dielectric optical substrates, as well as new optical composite 
materials. The optical materials will also include developing technology in crystalline and organic nonlinear optical 
materials. Developing technologies in the area of optical substrates, including ceramics, low-thermal-expansion 
glass, metals, and optical composites will also be addressed. Optical systems technologies will be presented here if 
they are generic in nature; otherwise, they will be referenced if covered in one of the subsections of this report.  

BACKGROUND 

The impact of optics has increased significantly in the last few years. Major changes have been necessary to 
improve component utility while improving efficiency and reducing costs by means of mass production process 
technologies and greater use of computer design and fabrication technologies. These changes have manifested 
themselves in ways that were not even dreamed of 20 years ago, but which today significantly affect the way optical 
components and systems are now designed, fabricated, and tested. As recently as a decade ago, most optical 
components were made in small specialty optics firms with the support of master opticians. This was the result of 
stringent specifications required by the military and other government agencies as well as many scientific 
researchers. At that time, however, the market was not big enough to support the costs of developing mass-
production process technologies. In some cases, the technologies being developed today were not even a gleam in 
the optician’s eye, let alone contemplated.  

Today, thanks in a large part to the ever-expanding commercial sector, which uses optics and optical 
components, optical manufacturing technologies are seeing a resurgence, and new process technology is under way. 
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This continual maturing of optical technologies has permitted a new focus, that of micro-optics technologies, which 
are now enabling complex systems to be constructed in areas such as spatial light modulators, integrated opto-
electronic arrays, opto-electronics, and quantum opto-electronics at the chip level. In addition, fiber-optic 
components and systems represent an area in which commercial investment has led the way for DoD applications. 
Basic data-transmission systems have been adapted and improved for battlefield environments, with the commercial 
sector leading the technology development. The use of fiber-optics on aircraft, satellites, ships, and submarines has 
started to expand following similar commercial successes. This increased utility of fiber-optics along with optical 
imaging technologies and optical storage devices is pushing the technology envelope in related areas such as optical 
parametric amplifiers and nonlinear optical materials development for waveguide and switching applications in the 
micro-optics field. 

The performance of almost all optical and electro-optical material is critically dependent on the quality, 
composition, and dimensional control of the materials used in the manufacturing process. Every stage of crystal 
growth, material processing, and device fabrication requires stringent control of defects, interfaces, and layer-
deposition rates. A precise knowledge of the interrelationships among material quality process parameters and 
device performance is also needed. As is well known from laser-absorption studies and subsequent laser damage 
studies, reducing absorption in optical materials has a major impact on optical components such as high-energy laser 
optics and space optics. Absorption will probably have a significant impact on micro-optics because of the very thin 
optical paths and waveguides that are used.   

Considerable progress has been made in recent years, and continues to be made, in improving the defect 
density of commercially important substrates, crystals, and nonlinear materials. Materials processing and equipment 
designs need to improve significantly in order to increase the yields on complex micro-optical devices and improve 
cost-reduction techniques. The technologies outlined in this subsection include optical systems, equipment, and 
components. The final area of technologies includes optical countermeasures, which are needed for many military 
applications. 

A key technical challenge for optical design and fabrication of miniaturized components is the ability to 
integrate everything from the design phase through the fabrication phase, with testing and assembly methods that 
include assembling active optical components into fully integrated optical systems required for miniaturization and 
improved performance in future products. Some of the other key technical challenges of optics and optical 
components include cost-effective manufacturing of general aspherics and conformal components; development of 
VUV optics for microlithography to permit the continued reduction of feature size and enlargement of chip area; 
low-cost, low-volume, surge-capable optical manufacturing processes which are essential to maintain efficiency and 
support the continued development of military optical systems; and integrated design, fabrication, assembly, and test 
methods, which permit the smooth advance of the hybrid micro-optical devices of today into the fully integrated 
optical systems required for miniaturization and high performance required in future products. In addition, there are 
some issues that cut across the diversity of optics development and manufacturing process technologies. These 
include improvement of optical designs and in situ optical polishing using increased computer power, which can 
provide real-time feedback, and advances in optical metrology, which provide the wherewithal to “measure what 
you make” in these small micro-optics components. 

Some specific military requirements will be addressed by technologies outlined in this subsection. These 
include long-range chemical detection using light detection and ranging (LIDAR) or other stand-off techniques to 
give tactical advantage, an effective detection and identification system for various mission requirements, a method 
to determine ultra-low species concentration detection, lightweight space optics, and high-sensitivity hyperspectral 
surveillance imaging systems. Optics manufacturing technology, especially that of aspherics and nonconformal 
optics, is also a major concern to the military. Those developing technologies are covered in this subsection as well. 
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DATA SHEET 11.2. PRECISION CONFORMAL OPTICS 

Developing Critical 
Technology Parameter 

An ongoing effort is to develop the optical system design, fabrication, and testing 
capabilities to produce precision conformal optical missile domes for military 
applications requiring aerodynamically shaped windows on the missile. This technology 
requires nonrotationally symmetric optical domes. The goal is fine grinding and 
polishing of nonrotationally symmetric aspheric missile dome surfaces.  

Critical Materials None identified. 

Unique Test, Production, 
Inspection Equipment 

Unique profilometer designs and interferometer configurations appropriate for steep 
aspheric surfaces and wavefronts will need to be developed. A new polishing technique 
called “rock and roll” polishing, based on a loose abrasive/slurry approach, is also being 
studied. 

Unique Software Software will be part of the developed metrology instruments. 

Major Commercial 
Applications 

Illumination systems, scanners, microlithography. 

Affordability The rock and roll polishing technique is relatively inexpensive if it can be perfected for 
this application. 

DATA SHEET 11.2. MICRO-OPTICAL ELEMENTS (MOEs) ON  
MICRO-OPTICAL TABLE SYSTEMS (MOTS) 

Developing Critical 
Technology Parameter 

Tight tolerances are required for optoelectronic components such as micro-lenses and 
micro-beamsplitters. Position tolerances of less than 1 mrad are required but currently 
exceed 10 mrad in some applications. Positioning placement errors are extremely tight 
in some applications such as lenses and gratings, where positioning tolerances of less 
than 1 µm are required.   

Critical Materials None identified. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Many MEMS technologies have appeared in products. Similarly, MOTS technologies 
will emerge in the optoelectronics industry products. 

Affordability It is anticipated that major cost savings can be achieved by this technology. 

BACKGROUND 

The field of micro-optical and microelectro-optical device technology is growing exponentially. There are 
many applications for such technology, from cell phones to missile guidance systems. MOTS will replace many 
macro-system components in the future. This technology incorporates new structures on chips, enabling new 
functionality. In this way, the plan is to make chips that not only think, but can sense, act, and communicate. 
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DATA SHEET 11.2. SUBWAVELENGTH STRUCTURED (SWS) SURFACES   

Developing Critical 
Technology Parameter 

SWS surfaces can replace multilayer dielectric coating for antireflection, narrowband 
filters, polarization components, and graded phase plates. This technology uses 
etching of the substrate surface to produce the physical equivalent of these multilayer 
coatings. The SWS process uses surface structure (small compared to the illumination 
wavelength) to synthesize an effective index of refraction. The critical parameters 
include uniformity (to ten percent of the wavelength) of the etch channel widths and 
profile and process technology to provide uniform (to 10 percent of the wavelength) 
periodic embedded regions within the substrate.  

Critical Materials None identified. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Narrow-band filters for spectroscopic applications, polarization control in auto wind-
shields, and beam-steering components for store checkout scanners. 

Affordability Much more affordable than current multilayer dielectric technology, once the process 
parameters are achieved. 

BACKGROUND 

The technology uses the principle that the effective index of refraction (neff) of the surface can be synthesized 
by varying the duty cycle of the etched profile on the substrate. The advantages over thin films are the following:  
(1) an ideal quarter-wave surface can be designed; (2) there are no material cohesion problems; (3) there are fewer 
fabrication steps; and (4) there are less stringent material constraints. 
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DATA SHEET 11.2. GLASS PHOTOSENSITIVITY TECHNOLOGY 

Developing Critical 
Technology Parameter 

Ultraviolet photosensitive glass produces positive index of refraction changes with 
increasing intensity of irradiation. Volume holograms can be formed in bulk Ge-doped 
silica. The sol-gel technology can produce photosensitive glass.  

Critical Materials Synthesizing high-quality germanosilicate glasses using the sol-gel growth method.  

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Photosensitive glass can be used in applications ranging from control of optical 
parameters to providing 3–D hologram storage of optical information. Very long fiber 
Bragg gratings can be formed to provide dispersion manipulation for optical 
communications as well as optical pulse synthesis. Phase gratings in optical fibers are 
used for controlling reflection and allowing unique control over both the amplitude 
(pulse shaping) and phase (dispersion) of optical signals. 

Affordability Demonstration of the capability to make large quantities of high-quality, low-cost, 
photosensitive glass using the sol-gel technique will establish the cost savings. 

BACKGROUND 

The practical implementation of applications like holographic optical data storage is limited by inadequate 
optical materials. Organic polymers possess many of the required qualities, such as high photosensitivity, but due to 
density changes upon writing, holographic images degrade when multiple holograms are multiplexed. New 
approaches maintain the high photosensitivity of existing polymer materials that results from quantum amplification 
(one photon induces many reactions) but exhibits little or no density change. One new approach is based on 
isomerization of a high concentration of reactant molecules that are dispersed in a rigid polymer matrix.  

Ultraviolet photosensitivity and synthesis in bulk germanosilicate glasses have proven to be a good 3–D 
holographic storage technique. Glass has low loss, high homogeneity, low birefringence, and excellent mechanical 
properties. The nonzero photosensitivity of glass needs to be studied to extend its range of applications.  
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DATA SHEET 11.2. OPTICAL METROLOGY (ASPHERIC SURFACES) 

Developing Critical 
Technology Parameter 

The precision measurement of aspheric optical elements is an expensive task, yet 
aspherics are often the key to the design of simpler, lighter, and less expensive optical 
systems. Surface testing techniques that do not require the use of null lens elements 
yet provide high precision are therefore important. The combination of multiple 
wavelength interferometry using sub-Nyquist sampling and deterministic fringe imaging 
offers a promising solution, but is still in the research and development stage. 

Critical technology parameters: Dynamic range (1E5), and P–V accuracy  (<5 nm). 

Critical Materials Stable laser sources and megapixel image sensors. 

Unique Test, Production, 
Inspection Equipment 

Aspheric optical element testing can be improved significantly with the use of multiple-
wavelength interferometry combined with deterministic fringe imaging. This technology 
needs to be developed. 

Unique Software High-speed acquisition/processing of digital images. 

Major Commercial 
Applications 

Aspheric optics for displays, video cameras, medical imaging, and projection 
lithography. 

Affordability Currently there are no commercial systems that will provide the necessary dynamic 
range. 

BACKGROUND 

The use of aspheric optics offers weight and cost reduction and provides for flexible designs in the context, for 
example, of conformal optics (in which a front surface must conform to a nonoptical specification). An inter-
ferometric test for a single aspheric surface can cost upward of $25,000. Thus, both military optics and consumer 
optics would benefit from a method of non-null testing of aspheres. 

The optics community has long required a cost-effective technique to measure the accuracy of aspheric 
surfaces. There is no significant effort in any country to solve this problem. Null lenses are difficult to design and 
also difficult to test. Once a null lens is fabricated, it is almost as difficult to test as the aspheric it was designed to 
measure. Therefore, this technology is the best practical solution to this problem. 
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DATA SHEET 11.2. HOLOGRAPHIC OPTICAL ELEMENTS IN  
PHOTO-THERMO-REFRACTIVE GLASS 

Developing Critical 
Technology Parameter 

Holographic optical element (HOE) fabrication is a rapidly developing technology 
because of great advantages in decreasing of weight and sizes of laser-based optical 
systems. A volume HOE in a durable inorganic photo-thermo-refractive (PTR) glass 
with diffraction efficiency of 40 percent originally was developed. This technology was 
significantly improved and resulted in diffraction efficiency increasing up to 95 percent. 
PTR/HOE have thermal, chemical, and mechanical properties of routine multi-
component silicate glasses; are tolerable to IR, visible, and UV radiation; can be 
designed for transmitting and reflecting configurations; and a number of components 
can be superposed in the same element. 
By 2010, projections indicate dramatic increase of sizes and decrease of losses in UV 
and middle IR regions. There is expected use of PTR/HOE in commercial markets for 
high-quality laser systems, optical communications, data storage, and data processing. 
All these applications are very attractive for military applications because of high 
thermal stability of PTR/HOEs. The most promising application is for laser radar, 
specifically for laser beam cleaning, angular beam scanning, and spectral filtering in 
receivers.  

 Parameter 1999 Projected by 2010 

Spectra range of photosensitivity (nm) 280–370 280–800 

Spectra range of operation (nm) 300–1100 250–4000 

Diameter (mm) 5 250 

Thickness (mm) 2 20 

Spectra selectivity at 633 nm (FWHM, pm) 700 50 

Angular selectivity at 633 nm (few–1, mrad) 0.5 0.02 

Diffraction efficiency at λ >400 nm (%) 90–95 95–99 

Diffraction efficiency at λ <400 nm (%) 10–12 50–70 

A number of R&D efforts are directed to the development of higher quality PTR glasses 
(optical homogeneity, homogeneity of sensitivity, shift of photosensitivity to the visible 
and IR regions) to study of features of diffraction process in super thick holograms. 

Critical Materials PTR glass, which is sodium-zinc-aluminum-silicate glass doped with silver, cerium, and 
fluorine. The glass can be fabricated at conventional optical glass melting facilities. 

Unique Test, Production, 
Inspection Equipment 

High-quality hologram writing facility is necessary for PTR/HOE writing with UV laser. 
Power requirements are about 10 mW/cm2. 

Unique Software Commercial software is available for glass fabrication and PTR/HOE design and 
fabrication. 

Major Commercial 
Applications 

The main commercial applications of PTR/HOEs are spectral and angular filtering for 
optical communications, spectroradiometers, and spectral analysis, laser-beam 
steering; mode selection in lasers; and attenuation and splitting of collimated beams. 
PTR/HOEs will be drivers of new design because of potential low cost, feasibility of 
large-scale manufacturing, environmental stability, and high optical merits. 

Affordability Not an issue. 
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BACKGROUND 

Volume holographic optical elements in PTR/HOEs may provide unique merits for optical systems as narrow-
band spectral filters, angular selectors, and beam deflectors. Compared to the conventional optical elements, they 
decrease weight and size of optical components. Compared to known HOEs fabricated from dichromated gelatin or 
lithium niobate, they increase thermal stability and lifetime.  
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SECTION 11.3—OPTICAL MATERIALS AND PROCESSES 

Highlights 

• Optical materials protect sensors in hazardous atmospheric conditions while still allowing signals to pass. 

• Optical coatings are used to 

– Reduce scatter and reflection by gradually modifying  the index of refraction along an optical  path, 

– Selectively filter incoming radiation to the sensor, and 

– Protect optical elements. 

• Nonlinear optical (NLO) materials are used to shift the wavelengths (or frequency) of radiation to more 
desirable levels. 

• Optical materials, including laser-diode-pumped fibers, are used to transfer information faster and at higher 
bandwidth than electrical wires. 

• Optical materials are used for protection against unwanted radiation. 

• Optical materials are used as a medium for lasing. 

• Many optical processes that cut grinding and polishing time by an order of magnitude are being developed. 

• Optical processing can now occur on the chip, which allows optical processing and computing information 
to be considered in many new and revolutionary ways. 

OVERVIEW 

This subsection includes optical materials, optical material technologies for linear and nonlinear materials with 
transmission in the visible and/or IR spectral regimes, and optical processing. This subitem includes both bulk 
materials and thin films and coatings. Depending on the application, these materials/coatings may be required for 
either broad- or narrow-band applications. Special emphasis is placed on materials and coatings which are 
affordable, maintainable, and durable in harsh environments experienced in military operations, such as exposure to 
high-energy lasers, high temperatures, or high structural loads associated with high-speed, maneuvering flight. This 
subsection includes optical materials for (1) high strength, multispectral optical applications; (2) supersonic IR 
window/domes; (3) multifunction IR coating materials; (4) specialty transparent materials for optical coatings and 
filters; (5) NLO materials for wavelength conversion; and (6) photonic crystals which can be used to control light 
switching and directional flow of light. Optical processing is covered as it relates to new, innovative technology for 
computer-controlled optical grinding and polishing, as well as new and revolutionary processing of optical 
components on chip-level components. 

In most cases, the mission requirements of individual weapons platforms and their associated optical systems 
dictate the specific capability of the optical materials and coatings in the components thereof. Capability not only 
refers to the accuracy of the system or sensor component, but it also includes durability, availability, and cost of 
ownership. 

Some of the nonlinear optical materials will likely be utilized in lasers for detection and identification of 
chemical species in environmental pollutants, and some forms of the optics coating technology could be adapted by 
the optical industry for commercial aviation of night vision (IR) sensors and other applications. 
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DATA SHEET 11.3. NONLINEAR MATERIAL DEVELOPMENT  
FOR THE 3.5 µm WAVELENGTH REGION 

Developing Critical 
Technology Parameter 

Nonlinear materials for frequency conversion at the important 3.5 µm wavelength 
region, where hydrocarbon molecules absorb and can be detected in the atmosphere. 
Nonlinear crystals must meet the physical requirements of a large nonlinear coefficient, 
have good optical quality, be chemically stable, easily grown, and easily fabricated into 
optical components and devices. 

Critical Materials Inexpensive tunable parametric oscillator (NLO) materials. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Air pollution monitoring. 

Affordability Since thousands of chips of lithium niobate can be produced on a 4-in. diameter wafer, 
the cost could be reduced to a few dollars per chip. 

BACKGROUND 

Recently, nonlinear materials manufacturing technology has led to the use of lithographic process technology 
to apply various materials to silicon wafers. This technology could reduce the cost by factors of 10–100, possibly by 
1,000 or more. If lithium niobate can be applied to this lithographic planar processing technology, it would be 
possible to fabricate nonlinear chips for both commercial and military applications. The nonlinear effects, such as 
conversion efficiency, can be optimized by using spatial modulation of the ferroelectric domains to achieve quasi-
phase matching. This would permit wavelength selection into appropriate absorption bands.  

Lithographic planar processing techniques for mass production of silicon integrated circuits is a possible 
solution. Lithium niobate is a prime candidate material. 
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DATA SHEET 11.3. SOL-GEL WAVEGUIDES FOR INTEGRATED OPTICS 

Developing Critical 
Technology Parameter 

The development of sol-gel waveguides and Bragg gratings for use with integrated 
optics is needed to provide low-loss optical components and feedback resonator 
gratings for on-chip applications. This technology will provide a simple, low-cost 
approach to heterogeneous integration of optoelectronics, multiwavelength lasers with 
optimized linewidth, and a wide range of integrated optical components on integrated 
chips. The sol-gel technology needs very low-loss materials to make this technology 
feasible.  

Critical Materials High-purity sol-gel materials with very low optical attenuation and absorption loss. 

Unique Test, Production, 
Inspection Equipment 

Packaging and reliability testing under harsh environment. Testing to less than 
0.05 percent absorption is required. 

Unique Software Capable, fast, and accurate design tool for heterogeneous integration. 

Major Commercial 
Applications 

The technology will provide for the transmission of different wavelengths in parallel, 
which will increase the transmission capacity, and allow simultaneous transmission of 
different signal modes (voice, data, image, etc.). The immediate applications are for 
optical networks and supercomputer links.  

Affordability This technology not only will significantly reduce the cost of service but will provide a 
component that does not exist in the current optoelectronic technology inventory. 

BACKGROUND 

The Bragg grating sol-gel technology will open a wide choice of applications in the optoelectronics area. Low-
cost multiwavelength sources, wavelength filters, and splitters are key components for advanced optical systems. 
This technology will provide a low-cost addition to current technology in this area and significantly increase the 
possibilities for optical links. Combining sol-gel and semiconductor technology will provide a new dimension to the 
heterogeneous integration of optoelectronic components. The technology will provide new chip-scale high-
performance, low-cost modules for terabit optical links and RF-lightwave transmission systems for radar, 
navigation, and communication.  
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DATA SHEET 11.3. SELF-CHANNELING NLO MATERIALS  
DEVELOPMENT TECHNOLOGY 

Developing Critical 
Technology Parameter 

Generation of spatial solitons (beams of light that propagate long distances without 
spreading) and light bullets (ultrashort pulses that propagate without spreading in time 
or space) for applications such as directed-energy delivery and optical logic.  

Establishment of self-channeling of light waves in air for applications such as the 
generation of electrically conducting channels. 

Optical power limiters for sensor protection. 

Critical Materials Need development of new second-order and third-order NLO materials. 

Need materials with low absorption and high resistance to laser damage. 

Composite materials offer an attractive means for improving material performance if 
they can be developed with the properties required. 

Unique Test, Production, 
Inspection Equipment 

Materials assessment using self-focusing techniques (such as z-scan). 

Assessment of the ultrafast dynamics of photonic materials by time resolving the field 
evolution of an optical pulse. 

Unique Software None identified. 

Major Commercial 
Applications 

Tunable light sources based on NLO interactions. 

Photonic switching for optical communications. 

Affordability NLO is intrinsically a low-cost solution once development is complete.  

BACKGROUND 

NLO constitutes the study of the interaction of intense light with material systems.  
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DATA SHEET 11.3. ELECTRO-OPTIC AND PHOTOREFRACTIVE  
NLO POLYMER TECHNOLOGIES 

Developing Critical 
Technology Parameter 

With the emergence of electro-optic/photonic technologies in areas such as range 
finding, data storage, and telecommunications, where information is coded, 
transported and routed optically, there is a significant technological demand for high-
performance NLO materials. The second-order NLO materials exhibit the linear 
electro-optic effect in which the refractive index of the material can be controlled 
through the application of an external electric field. A fundamental understanding of 
the interrelationship between the chemical and NLO properties of these materials is 
required, and an optimization of parametric effects is necessary to fully utilize the 
inherent capability of these NLO materials. 

Critical Materials Organic dyes and polymeric organic systems such as stilbenes or diphenyl polyenes. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Many commercial applications in the field of telecommunications, data storage, and 
computing are just a few of the potential applications where optical devices will replace 
electronic devices. 

Affordability To be determined, but should be significantly more affordable since higher efficiency, 
higher data rates, and small data storage space is required for the same electrical 
capability. 

BACKGROUND 

The second-order NLO effects occur only in molecules lacking a center of symmetry. This effect can be used 
to impress information on an optical carrier signal by modulating its phase or amplitude with an applied field 
varying in time and in amplitude. Such materials can therefore be used for the fabrication of ultrafast integrated 
electro-optical modulators. The NLO properties of materials can be used to control the phase, the state of polari-
zation, or the frequency of light beams at very high rates. The method most widely used to impart noncentro-
symmetry in noncrystalline systems is the poled-polymer approach. When combined with the photoconducting and 
photorefracting properties of these materials, this effect can be used to store information optically by spatially 
modulating the refractive index of a photorefractive material. The photorefractive effect is based on a combination 
of photoconducting and electro-optic properties, and it can lead to high refractive index variations under the 
illumination of low-power lasers. Therefore, NLO materials can be used to store and restore information optically or 
to deflect light beams and thereby route optical information between fiber-optic channels.  

The key to this technology is the development of a range of compounds with diverse NLO bulk properties in 
noncentrosymmetric materials. Some of the newer polymers exhibit additional orientational effects which are 
largely responsible for the high performance of this new class of materials and have drastically changed the 
optimization criteria of photorefractive polymers. Photorefractive materials are suitable for recording and storage of 
optically encoded information. They are also reconfigurable, so the recording of optical information can be 
performed in real time. Hence, photorefractive materials are not only suitable for optical storage but also show 
particular promise for real-time optical processing applications. Until recently, the photorefractive effect has been 
studied mainly in inorganic crystals that are difficult to produce and to process. In contrast, highly efficient 
photorefractive polymers, such as the plasticized polyvinyl carbazole-based polymers, exhibit an orientational 
contribution to the refractive-index modulation. This so-called orientational enhancement effect is due to the ability 
of the chromophores to orient at room temperature under the influence of an electric field, which is the result of the 
superposition of the internal modulated field and any externally applied field. As a result, in steady state after 
photorefractive hologram or three-dimensional image formation, the molecules no longer have a uniform orientation 
but can have an orientation that is spatially modulated both in magnitude and in direction. That periodic orientation 
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of the chromophores doubles the effect of the electro-optic contribution and, more important, leads to a modulated 
birefringence that significantly enhances the total refractive-index modulation. Hence, there is a strong need for 
photorefractive polymers with a high “glass” transitional temperatures; in other words, photorefractive polymers that 
are stable at relatively high temperatures. Such polymers are poled and have stable electro-optic properties. These 
materials will find “homes” in many applications requiring three-dimensional storage of information.   
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DATA SHEET 11.3. PHOTONIC CRYSTAL TECHNOLOGY 

Developing Critical 
Technology Parameter 

Photonic crystals are materials that have a patterned periodicity in their dielectric 
constant. This periodicity creates forbidden frequency bands called photonic bandgaps. 
Photons with energies within the bandgaps cannot propagate through the crystal. As a 
result, this phenomena can be used to control the flow of light for photonic information 
technology. The main difficulty to date in designing an all-photonic circuit is the lack of 
optical components analogous to the electronic transistor. Photonic crystals hold the 
key to continued progress toward an all-optical system. In a semiconductor, the atomic 
lattice presents a periodic potential to the electron propagating through the electronic 
crystal material. In a photonic crystal, the periodic potential is due to a lattice of 
macroscopic dielectric material instead of atoms. In an optical analog of the electronic 
bandgap in semiconductors, photonic crystals control light flow by the photonic 
bandgap, and defects within the crystal can be used to manipulate the photons even 
further. The introduction of a defect in the crystal allows generation of electromagnetic 
states with specific properties. Therefore, photonic crystals show great promise for 
controlling the flow of photons in future photonic networks. To this end, it is necessary 
to develop an understanding of photonic structures on the same level as has been 
done for electrons in semiconductors and find NLO materials which work analogously to 
them. 

Critical Materials New photonic crystals and parameter evaluation of same for specific applications.   

Unique Test, Production, 
Inspection Equipment 

Advanced microlithography techniques to fabricate the crystal structures. Electron-
beam lithography and X-ray lithography are required. 

Unique Software Computer codes to run the crystal-layering process in fabrication. 

Major Commercial 
Applications 

The commercial applications are numerous, including every conceivable device that 
currently has an electronic circuit. The most probable use will be in processors and 
computers where speed and efficiency are required in yet more miniaturized packages 
with less heat removal. 

Affordability This technology will be much more affordable than that of electronic chip circuits; it will 
be an order of magnitude smaller in size than today’s technology permits because of 
less heat being generated and thus capable of operating at higher speeds. It will take 
considerable effort to develop the photonic crystals and parameterize them for various 
defect concentrations. When this development is complete, the technology should 
provide a basis for higher efficiency, lower heat removal, higher speed, and longer 
lasting chip technology. 

BACKGROUND 

Light (i.e., photons) can eliminate the increased resistance and higher levels of power dissipation in electronic 
chip circuits. Photonic crystals can be used with photons in much the same way that ordinary semiconductor crystals 
affect the properties of electrons. In the quest for improvement in high-density integration and system performance, 
scientists are now developing photonic crystal technology for photonic networks.  

This technology provides significant improvement in the miniaturization and high-speed performance of 
integrated electronic circuits. Light can travel at much greater speeds than electrons in circuits. Light can also carry 
a large amount of information per second. The bandwidth of dielectric materials is orders of magnitude larger that 
that of metals. Despite the numerous advantages of photons, an all-optical circuit has yet to be commercially 
available on a mass-produced scale. The difficulty in designing a multipurpose optical component analogous to the 
electronic transistor has slowed the development of optical circuits. Photonic crystals may hold the key to the 
continued development of an all-optical system.  
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DATA SHEET 11.3. PLASTIC OPTOELECTRONICS  

Developing Critical 
Technology Parameter 

The critical technology parameters center on low-optical-loss materials development. 
Sources, transmitters in the gigahertz plastic optical fiber (POF) and 100-GHz electro-
optical modulation, and electronic drivers in organic or polysilicon are required. Organic 
light-emitting displays with 20 lm/W and with a minimum of 180,000 cd/m2 CW 
operation are needed.  

Critical Materials Low-optical-loss electro-optic polymers, organic photorefractive materials, organic 
electroluminescent materials, high-cross-section two-photon absorbing materials, and 
improved electrolytes for Li batteries.  

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Telecommunications, displays, and security applications are the major areas of interest 
at this time. 

Affordability Syntheses of molecules and polymers can be achieved at low cost. New environ-
mentally friendly manufacturing as now available in microprinting will improve the cost 
factor.  

BACKGROUND 

Plastic optoelectronics is a window of opportunity based on recent breakthroughs in organic photonic 
materials. The telecommunications and display business are an immediate marketplace for this technology. Many 
applications in military sensors and communication systems will benefit from the reduced weight and cost of these 
components.  
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DATA SHEET 11.3. COMPUTER-CONTROLLED OPTICAL GRINDING/POLISHING 

Developing Critical 
Technology Parameter 

This critical technology addresses new production methods and affordable 
manufacturing technologies needed to produce the optics required for critical defense 
optical systems and sensors. Nontraditional computer-controlled optics are needed to 
significantly reduce costs while increasing the detection range of electro-optical/IR 
sensors, improving their angle-of-arrival determination, enhancing the probability of 
detection, and reducing false alarms. Nontraditional optics are unique in that they 
conform to the reduced-signature mechanical shapes and aerodynamic requirements of 
the airborne platform on which they are mounted—all while significantly reducing the 
production costs of these systems.  

Surface accuracy <0.5 µm and surface microroughness <1 nm rms will be required for 
visible and multispectral optics. The precision needed to attain these requirements over 
a large working volume exceeds the capabilities of commercially available machine 
tools and processes by 2–3 orders of magnitude. 

Critical Materials There are no specific critical materials. System materials range across the UV, visible, 
multispectral, and IR spectrum.  

Unique Test, Production, 
Inspection Equipment 

Extend deterministic microgrinding and magnetorheological finishing processes to 
computer-controlled machining platforms that will produce non-axisymmetric and 
freeform optical surfaces that conform to the platform shape into which they are 
mounted. New machining and finishing centers to automate the production of a wide 
spectrum of refractive and reflective optics in nontraditional shapes are required. 
Manufacturing tools, methods and practices must be developed to accommodate the 
affordable production of these complex, freeform optical shapes. 

Metrology for axisymmetric and nonaxisymmetric shapes is unavailable because of the 
unique technical requirements and limited market size. Metrology for in-process and 
final inspection measurements of freeform surfaces is needed. 

Unique Software Computer-aided design (CAD) and system software to support five-axis freeform 
machine programming, on-machine inspection, and feedback automation are needed. 
Real-time computing of surface figure via interferometry is still required. 

Major Commercial 
Applications 

Military unique applications drive the importance of these technology developments. 
Commercial requirements for these types of optics will quickly emerge when it is 
demonstrated that an affordable manufacturing technology is available.   

Affordability The combination of extreme accuracy, unusual shapes, and difficult-to-work materials 
results in next-generation optical systems that are well beyond current fabrication 
capabilities—at any affordable cost. The alternative to developing adequate optics 
manufacturing technology is controversial design workarounds, unsatisfactory 
performance reductions, and cost penalties for future military systems. Manufacturing 
technology investments are required to minimize life-cycle costs and achieve affordable 
no-compromise optical performance for next-generation military systems. 

Cost reductions of 10× are being achieved for aspheric optics. 

BACKGROUND 

This cross-cutting, nontraditional, conformal optics-manufacturing technology is broadly applicable to all 
military Services and nearly all weapon systems and sensor platforms. Both axisymmetric and nonaxisymmetric 
conformal shapes in a combination of aspherical, spherical, cylindrical, conical, toroidal, plano, or ogive shapes are 
required. In some extreme cases, there may be no symmetry to the optical surface at all, a true “freeform” shape.  
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DATA SHEET 11.3. LASER-AIDED SEMICONDUCTOR PROCESSING 

Developing Critical 
Technology Parameter 

To fabricate useful silicon carbide (SiC) semiconductor devices, several technologies 
must be developed. For example, to construct a junction field-effect transistor (FET), 
other FETs, or light-emitting diodes, the planner technologies of doping, oxidation, and 
metallization are needed, as well as patterning technologies. Laser-conversion 
technology has been found to be successful in generating conducting and insulating 
tracks (two basic elements of electric circuits) on SiC samples. Laser-doping 
technology can induce n- and p-type semiconducting properties in SiC. 
The parameters of interest are the crystal (cubic, hexagonal, and rhomohedral) 
structures of SiC and the laser fabrication/microprocessing parameters, for example, 
laser power, pulse length, scanning speed, solidification rate, nonequilibrium structures 
of SiC, and dopant implantation. The electrical parameters include voltage versus 
current characteristics, high-temperature annealing, and thermal stability of the SiC 
device. 

Critical Materials SiC, SiOC (silicon oxycarbide), Si1-yCy structures, dopants (e.g., B, Al, N), AlN film, 
oxygen and inert gases for laser processing. 
SiOC and Si1-yCy structures are produced during laser treatment to impart electrically 
conducting and insulating properties to the SiC surface. The AlN film deposited on SiC 
can be decomposed with a laser beam to implant aluminum and nitrogen into the SiC 
matrix in a single laser irradiation step. This will generate n- and p-type semiconductors 
and p-n junctions in a single laser microprocessing step. 

Unique Test, Production, 
Inspection Equipment 

The testing equipment includes a four-probe resistivity measurement instrument and an 
inert or vacuum furnace for testing the thermal stability of SiC devices and evaluating 
their electrical properties at high temperatures. Other testing equipment includes 
materials characterization tools such as the scanning electron microscope (SEM), 
atomic force microscope (AFM), and X-ray photoelectron scattering (XPS). 
The processing equipment include lasers such as continuous wave CO2 and Nd:YAG 
lasers and pulsed lasers of nanosecond pulse length and shorter. The fabrication 
technique is unique (see the subsection on critical materials). 

Unique Software The software to scan the laser beam on the workpiece in a predetermined pattern is 
generally available. 
Laser process modeling software needs to be developed to understand the interaction 
of lasers with SiC and the formation of new structures with different electrical properties 
at the SiC surface. Such mathematical models will be useful in optimizing the 
processsing conditions and developing process control and monotoring systems. 

Major Commercial 
Applications 

The commercial applications of SiC device technology include high-temperature 
sensors for temperature, pressure, flow rate, and gas or liquid sensing. The following 
table summarizes some of the applications. 

Current and Projected Operating Temperatures and Reliability  
of Electronic Devices 

  Current Future 
  Operating Operating Targeted 
 Applications Temp. (•C) Temp. (•C) Reliability (h) 

Automotive 125–140 165–250 10,000 
Aircraft  125 200–10,000 
Spacecraft 300 500 1,000–30,000 
Oil logging 175 175 10,000–30,000 
Geothermal Development 200 250–260 10,000–30,000 
Power Electronics 125 250–500 10,000–30,000 

Affordability This should not be an issue based on current chip microprocessing technology. 
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BACKGROUND 

There has been a tremendous interest in SiC because of its potential application in electronic and optical 
devices. Compared to Si, SiC has superior properties for high-power, high-frequency, and high-temperature 
electronics applications. Conventional Si devices exhibit high losses because of low breakdown voltage and are 
limited for use below 150 °C. SiC exhibits a breakdown strength of about 4.5 kV (10 times higher than that of 
silicon), resulting in lower losses. SiC also operates at higher temperatures (approaching 650 °C) and is, therefore, 
considered the material of the future for high-temperature applications. Power semiconductor device applications 
include diodes, thyristors, transistors, and rectifiers. Since SiC has high thermal conductivity and SiC devices can be 
operated at high temperatures, the requirement for thermal management (e.g., cooling system) is reduced. This 
results in the reduction of size and weight, and the cost of thermal management hardware. 
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DATA SHEET 11.3. OPTICAL FLUORIDE MATERIALS 

Developing Critical 
Technology Parameter 

Fluorides are very important materials for optical applications. They are used in a wide 
range of applications such as lasers, optical fibers, nonlinear crystals, UV windows (as 
CaF2), coating materials (as ThF4), and recently as scintillators for detection of 
smuggled plutonium. 
With their extended transparency into the deep UV, fluoride crystals are important for 
lithography. A new nonlinear fluoride crystal (BaMgF4), when periodically poled, has 
demonstrated feasibility of conversion into the deep UV. Because of their lower energy 
phonons and longer lifetimes (high storage capacity), fluorides are important as efficient 
diode laser pumped lasers.   
One major drawback in pursuing fluoride technology was that there have been no 
reliable sources of high-purity fluoride starting materials. This has changed in recent 
years, and the major technology impetus is on high-purity, low-absorption material. At 
the projected power levels, high-purity bulk material is still a requirement. 

BaY2Fa3 µm Er and 4 µm Ho Lasers 

 Parameter 1999 Projected by 2010  

Er: CW power (W) 1 10 

Er: Pulsed Energy (J) 0.01 0.1 

Ho: CW power (W) 0  1.0  

Ho: Pulsed Energy (W) 0.005 >4.0 

 
Periodically Poled Nonlinear BaMgF4 

 Parameter 1999 Projected by 2010 

Wavelength Range (nm) 500–250 500–150 

 
Critical Materials The critical materials are the high-purity fluorides needed for the growth of fluoride laser 

crystals. Critical materials for production of high-purity fluoride starting materials are 
high-purity oxides and carbonates, water-free hydrogen fluoride gas, platinum, 
platinum/rhodium, and monel for the hydrofluorinator parts. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

The fluoride materials are used as starting materials for growth of laser crystals, non-
linear crystals, optical windows, and scintillator crystals; for glass optical fibers; and for 
optical coatings. Critical materials for production of high-purity fluoride starting materials 
are high-purity oxides and carbonates, water-free hydrogen fluoride gas, platinum, 
platinum/rhodium, and monel for the hydrofluorinator parts. Oxides and carbonates of 
high purity are widely available. 

Affordability When the starting fluoride materials are of high quality, the crystal growth yield 
increases, cutting manufacturing costs.  

 11-55



BACKGROUND 

Contrary to oxides, fluorides are fragile, and their low thermal conductivity precludes their use in high-power 
applications. With the advent of laser diodes, however, fluoride laser crystals became important because of their 
superior storage capacity. They fill a need for materials transparent in the deep UV. 
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DATA SHEET 11.3. IR OPTICAL ELEMENTS 

Developing Critical 
Technology Parameter 

Bulk materials in combination with appropriate coatings materials, including transparent 
overlays for any portion of the 1–12 µm spectral band, with a strength greater than 
48 Mpa (7 ksi), including the following properties for plate size >5 cm diameter and 
missile domes of any size: 

– Ability to withstand 2 mm diameter raindrop impacts at 2.5 cm/hr rate at Mach >1.0. 

– Ability to withstand heating rate >100 W/cm2. 

Critical Materials Free-standing diamond. 

Gallium phosphide (GaP). 

Strengthened sapphire. 

Single-crystal silicon carbide. 

Aluminum oxy nitro (ALON). 

Unique Test, Production, 
Inspection Equipment 

Equipment for rapid polishing of IR windows and domes, especially diamond. 

Single-point diamond turning machines. 

Diamond deposition production equipment. 

Equipment for rain and sand testing and damage assessment. 

Unique Software None identified. 

Major Commercial 
Applications 

Optical-quality bulk diamond is a possible microwave window for very high power 
transmitters. 

Affordability Optical quality diamond will remain very expensive for the foreseeable future, but its 
use will provide payback in terms of maintainability. 
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DATA SHEET 11.3. IR COATING MATERIALS 

Developing Critical 
Technology Parameter 

IR coating materials for protection in hazardous environments such as in rain-, sand-, 
and dust-erosion conditions. 

Improved fracture strength and stability. 

Antireflection capable and oxidation resistant at over 700 °C. 

EMI shielding or low-observable characteristics. 

Critical Materials Diamond. 

Sapphire. 

Stoichiometric carbon nitrite (C3N4). 

Zinc sulfide and zinc selenide. 

Unique Test, Production, 
Inspection Equipment 

Diamond deposition production equipment. 

CVD equipment. 

Physical vapor deposition-laser evaporation equipment. 

MBE equipment. 

Equipment for measuring absolute reflectance of ±0.1 percent. 

Equipment for rain and sand testing and damage assessment. 

Unique Software None identified. 

Major Commercial 
Applications 

None identified. 

Affordability Although more expensive than current coatings, the payback in durability and maintain-
ability will offset the initial expense over the lifetime of the optical system. 
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DATA SHEET 11.3. SPECIALTY TRANSPARENT MATERIALS  

Developing Critical 
Technology Parameter 

Specialty transparent materials for coating and/or filters.  

NLO elements. 

Selectable/variable bandpass or narrowband rejection in the 0.2–20 µm spectral region. 

Critical Materials Selected oxides and dielectrics (application dependent). 

Unique Test, Production, 
Inspection Equipment 

Controls for deposition of coatings and in-situ characterization of coatings. 

CVD. 

Sputter deposition. 

MBE deposition. 

PVD. 

Electron beam, ion beam, and laser-enhanced deposition. 

Ion plating and laser evaporation. 

Unique Software Software for control of coating deposition, especially thickness and composition. 

Major Commercial 
Applications 

Medical and astronomical applications and eye safety. 

Affordability The primary extra expense will be for capital costs for precise processing control 
equipment. Once in place, the coatings can be produced in standard commercial 
coaters. 
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DATA SHEET 11.3. NLO MATERIALS  

Developing Critical 
Technology Parameter 

NLO materials for wavelength/frequency conversion with spectral bandpass in the 
1–12 µm region. Transmission of NLO material in this bandpass region is needed, and 
the development of NLO technologies in this region is severely inadequate to provide 
the materials currently needed for specific military applications. 

Critical Materials Critical materials for production of high-purity fluoride starting materials are high-purity 
oxides and carbonates, water-free hydrogen fluoride gas, platinum, platinum/rhodium, 
and monel for the hydrofluorinator parts. Oxides and carbonates of high purity are 
widely available. 

Isomorphs of potassium titynal phosphate phosphate (KTP), for example, 

High Purity: 
KTiAsO4, 
RbTiOAsO4, 
ZnGeP2 

Quasi-phasemathed materials (QPM), e.g.: 
GaAs, ZnSe 

Periodically poled ferroelectrics, e.g.: 
LiNbO3 (PPLN) 
AgGaSe2, AgGaS2, CdGeAs2, 

NLO polymers: 
 ZnGeP2 

Periodically poled KTP and BaMgF4 
BBP 
BaMgF4 

(Other NLO material in the 1–12 µm bandpass region) 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Industrial and medical lasers as well as microchip optical processes. 

Affordability Not an issue. 

BACKGROUND 

NLO materials are needed to provide new and variable laser wavelengths in the 1–12 µm region of the spectra. 
These NLO materials need to be developed to fully utilize the potential of current lasers for specific medical, 
industrial, and military applications. 
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DATA SHEET 11.3. HIGH-ENERGY LASER (HEL) OPTICAL MATERIALS 

Developing Critical 
Technology Parameter 

Materials for HEL components: mirrors, beamsplitters, and windows. 
Improved efficiency and run-time capability. 
Substrate diameter >0.2 m. 
Low water fused silica (<100 ppm water) for diameter <35 cm. 
Optical coatings with total loss from absorption and scatter (200 ppm). 

Critical Materials Si, SiC. 

Low water fused silica. 
Coating materials: ThF4, ZnSe, SiO2, TiO2, ZrO2, Nb2O5, Al2O3. 
ZuS, ZnSe, Al2O3. 

Unique Test, Production, 
Inspection Equipment 

Single-point diamond turning coating/vacuum chambers. 

Computer-controlled grinding and polishing. 
Characteristic equipment to measure absorptance (laser calorimetry), total integrated 
scattering (TIS), bidirectional reflectance distribution function (BRDF)—scatter 
reflectance. 

Unique Software None identified. 

Major Commercial 
Applications 

Cutting and welding technology. 

Affordability Need long run time, so cooling is important and may affect cost. 

BACKGROUND 

HEL optical materials are needed to provide new and variable laser wavelength transmission elements that can 
withstand the high level radiation impinging on them. These HEL optical materials need to be developed in order to 
fully utilize the potential of current lasers for specific medical, industrial, and military applications. 
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DATA SHEET 11.3. FERROELECTRIC LIQUID CRYSTAL (FLC) MATERIAL  

Developing Critical 
Technology Parameter 

Compact (size of a quarter), lightweight (grams), low-power FLC devices operating in 
the extended scattering mode (ESM) for optical modulation in the near- to mid-IR 
spectral range. 

Originally investigated as a “solid-state” replacement for a motor-driven, germanium 
disk chopper device for uncooled, focal plane array (FPA) detectors (8–12 µm 
wavelength regime). 

Operates by forward scattering, not polarization rotation—no polarizers required; ideal 
for IR applications where incident radiant energy is low. 

Square-wave optical modulation patterns can be produced at response rates ranging 
from 100 µs to several seconds. 

A 40-percent modulation depth of incident broadband 8–12 µm light has been 
demonstrated; performance improves with shorter incident wavelengths (3–5 µm to 
visible region). 

Critical Materials Need to develop FLC materials with both improved transmission characteristics in the 
mid-IR region (3–5 µm and 8–12 µm) and low operating voltage requirements. 

Special high-transmission conductive coatings are required for use with nonconductive, 
IR transparent substrates (e.g., ZnSe, BaF). 

Unique Test, Production, 
Inspection Equipment 

Diamant bridge for characterization of FLC spontaneous polarization and hysteresis. 

Optical test bench for temporal response characterization using broadband 8–12 µm IR 
source. 

Optical test bench for determining angular distribution of both modulated and off-state 
forward scattered light. 

Unique Software None—drive waveform generation software is commercially available. 

Major Commercial 
Applications 

None identified. 

Affordability Drive electronics hardware and software are commercially available. 

Conventional liquid crystal display (LCD) manufacturing techniques can be used to 
assemble these devices. 

BACKGROUND 

For imaging applications employing uncooled FPA detectors, obtaining further reductions in size, weight, and 
power requirements without sacrificing performance is paramount. The current technology employs a motor-driven, 
rotating mechanical chopper containing a germanium disk with a series of lenslet arrays ground into its surface at 
various positions to alternately defocus (diffuse) and transmit the incident IR radiation. Replacement of this 
mechanical chopper with a compact, low-power, solid-state modulator scalable to detector size would be highly 
desirable. Liquid crystal (LC) devices capable of modulation by forward scattering are an excellent alternative for 
this application due to their low power consumption, short path-length requirements, scalability of size, and 
excellent transmission characteristics in many regions of the near- and mid-IR. For both dynamic scattering in 
nematic LCs and the cholesteric-nematic phase transition, temporal response times are too slow for this application. 
Only FLCs operating in the extended scattering mode (ESM) have demonstrated the capability of modulating 
incident IR radiation optical radiation by forward scattering at sufficiently rapid temporal rates. The duration and 
frequency of the scattering state in FLC ESM devices can also be readily controlled by drive waveform shaping to 
produce a square-wave optical response with pulse periods of hundreds of microseconds. Although FLCs generally 
exhibit lower transmission in the 8–12 µm region of the IR than do their nematic counterparts, FLC transmission 
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characteristics can be substantially improved by designing molecular structures in which 8–12 µm chromophoric 
linkage groups (e.g., C–O, C–N, O–H, and N–H bonds) have been minimized or completely eliminated. Using this 
design philosophy, ferroelectric liquid crystal compounds that show a 30-percent improvement in 8–12 µm 
transparency, as compared to commercially available materials, have been synthesized. Similar improvements in the 
3–5 µm area are also possible if materials with by perfluorinated terminal groups are used. Considerable work still 
remains to be done both in improving IR transparency of FLCs and in understanding the effect of electrical drive 
waveform shapes and voltages on FLC scattering characteristics to optimize performance at desired wavelengths of 
operation. These FLC ESM devices can be valuable for any high-speed electro-optical modulation applications that 
can make use of forward scattering as the optical modulation mechanism in the visible or near-IR regions. 
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DATA SHEET 11.3. POLYMER LIQUID CRYSTAL FLAKE MATERIAL  

Developing Critical 
Technology Parameter 

Polymeric cholesteric liquid crystal (pCLC) films, when fractured into “flake” form, can 
be used as “polarizing pigments” to produce coatings with unique optical properties. 
The flake form maintains all of the advantageous physical properties of the parent 
pCLC film (temperature insensitivity, physical and chemical robustness, and selective 
reflection). 
pCLC materials with selective reflection wavelengths ranging from the visible to the 
near IR are readily available either in single-component form or by blending. 
pCLC flakes can be produced in sizes from a few to hundreds of micrometers in cross-
section as needed for any particular application. 
Encapsulation of the pCLC flake/fluid suspension into a binder would produce an 
electrically-addressable conformal coating material that could be switched between two 
(or more) reflective (or colored) states, depending on the properties of the flake/fluid 
host system. 

Critical Materials pCLC flake materials derived by thermal and mechanical fracturing of pCLC films. 
pCLC “patterned particles” prepared by photolithographic curing of reactive LC 
monomers. 
A fluid host. 
An encapsulation binder. 
Agents to help prevent particle agglomeration and enhance switching uniformity. 

Unique Test, Production, 
Inspection Equipment 

Film-casting equipment for preparing pCLC films (knife coater, roll-coater, or slot-die 
coater). 
Thermomechanical film-fracturing equipment for forming flakes from prepolymerized 
pCLC films. 
Particle sizing and sorting equipment (e.g., sieve shakers). 
Particle size distribution characterization equipment. 
Photolithographic equipment and UV sources for producing patterned pCLC flakes. 
Dispersing equipment for encapsulation of pCLC flake/fluid suspensions in polymer 
binders. 
Test benches for characterization of device response time, drive voltage requirements, 
and optical contrast. 

Unique Software None identified. 

Major Commercial 
Applications 

Passive reflective pigments with unique optical polarization properties for the visible 
region (decorative, anticounterfeiting, document security, and identification). 

Affordability All materials (pCLC flakes, fluid hosts, and encapsulation binders) are commercially 
available in large quantities at low cost. 
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DATA SHEET 11.3. HIGH-ACCURACY, THIN-FILM IR OPTICAL COATINGS  

Developing Critical 
Technology Parameter 

Improved yield of complex multilayer coatings using stabilized processes and real-time 
error correction. 

Provide multilayer optical coatings with multiple spectral requirements for high- or low-
power laser applications. 

Make process available to optics system integrators. 

Process capable of rapid development time for complex coating designs. 

Critical Materials Materials for coatings that exhibit stable accurate characteristics during deposition and 
good IR properties. 

Unique Test, Production, 
Inspection Equipment 

Mid-IR detector-array spectrometers for real-time in-situ monitoring, 1.7–12 µm. 

Software drivers for interface to detector array. 

Unique Software None identified. 

Major Commercial 
Applications 

This has a high potential for commercial applications and could be retrofit to existing 
coating equipment. 

Affordability Because this technology is expected to reduce production cost and improve yield, it will 
pay for itself in a short time. 

BACKGROUND 

Optical coatings are used in practically all optical systems. Military optical systems make extensive use of the 
mid-IR region of the spectrum. A high-precision deterministic coating process has been developed specifically for 
the use of high-power fusion lasers in the UV, visible, and near-IR range. This system also has a capability of 
automatically correcting errors that have been made during the coating process. The error-correcting system is 
particularly useful for complex designs with many layers that may be coated onto costly substrates. A system can be 
developed which designs and fabricates a coating, observing the characteristics of the coating and correcting any 
errors made during the fabrication. The system would be based upon a highly developed process that could be used 
for a wide variety of coating requirements in military optics. 

Despite the obvious need in the industry, fewer and fewer individuals are opting to study coating design. Given 
this shortage of expertise, it would be useful to have equipment that is capable of both the design and fabrication 
tasks for a systems integrator. 
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DATA SHEET 11.3. TRANSITION METAL DITHIOLENE DYE MATERIAL  

Developing Critical 
Technology Parameter 

Nickel dithiolene near-IR dyes are zerovalent transition metal complexes that are highly 
soluble in LC hosts. 

When synthesized with appropriate terminal groups, transition metal dithiolenes can 
possess liquid-crystalline properties on their own; this allows them to be added to LC 
host materials in high concentrations without affecting the ordering of the host material. 

Dichroic switching with a contrast ratio of 5:1 and a blocking extinction of optical density 
(OD) 3.5 at 860 nm has been demonstrated in a commercially available LC host 
containing a mesogenic nickel dithiolene 780 nm. 

The near IRmax transition metal dithiolenes is extremely strong (ε < 50,000) and can be 
adjusted by synthesis to between 600 and 1,500 nm. 

Nickel dithiolenes with chiral terminal groups can function as a chiral dye and can 
induce a cholesteric phase when added to a nematic LC host. 

Critical Materials Nematic liquid-crystal host suitable for electro-optical applications (e.g., broad 
temperature-range mixture with positive or negative dielectric anisotropy). 

Transition metal dithiolene dyes with appropriate terminal groups to (1) enhance 
solubility in an LC host, (2) induce liquid crystalline properties in the dye itself, or 
(3) induce chirality in the LC host.  

Unique Test, Production, 
Inspection Equipment 

Equipment for fabrication of LC devices (spin-coater, alignment layer buffing machine, 
Class 100 clean room area, and ovens). 

Electro-optical characterization test bench (contrast ratio, response time). 

Unique Software None identified. 

Major Commercial 
Applications 

Optical modulators for near IR communications. 

Shutters, choppers, and modulators for near-IR wavelengths. 

Guest-host switchable polarizers for the near IR. 

Active element in a point-diffraction interferometer. 

Switchable circular polarizer or notch filter (chiral dye). 

Tunable blocking filters for sensor protection. 

Affordability Primary cost is in synthesis and development of the dyes. Devices utilize standard LC 
materials, equipment, and techniques used in fabrication of commercial LCDs. 

BACKGROUND 

There is considerable interest in LC devices capable of modulating or otherwise affecting the properties of 
incident radiation in the near-to-mid IR region. Although applications exist for guest-host LC devices with such a 
capability in both the commercial and military sectors in areas such as free-space IR communications and sensor 
protection, there has been little recent activity in this area with respect to LC devices. A primary reason for this 
relative inactivity is that there is a severe lack of near-IR dyes with (1) sufficient solubility in the LC host, (2) low 
impact on the inherent order of the LC phase, (3) good thermal and chemical stability, and (4) a large absorbance 
maximum that can be tuned by structural modification over a broad range of the near-IR region. Transition metal 
complexes based on a nickel, palladium, or platinum dithiolene core show substantial promise in meeting the above-
mentioned requirements. Because these materials are zerovalent, they exhibit high solubility in LC hosts (up to 
10 percent weight percentage) and, with certain terminal functional groups, can exhibit their own liquid crystal 
phases. The λmax in these materials can range from 600–1,500 nm, depending on structure. The recent synthesis of a 
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nickel dithiolene dye with chiral end groups has shown that these dyes can induce a chiral mesophase in a nonchiral 
nematic host. This finding opens the possibility of generating novel LC mixtures with two degrees of tunability—an 
electronic absorbance band tunable by synthesis and a selective reflection band tunable by temperature or applied 
electric field.  
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SECTION 11.4—SUPPORTING TECHNOLOGIES AND APPLICATIONS 

Highlights 

• Integrated design, fabrication, test, and assembly methods will permit the transition of today’s hybrid 
optical devices into the fully integrated optical systems required for miniaturization and high performance. 

• Optical tape recording will provide data and image recording capability of 160 MB/sec. 

• Full color UXGA display format (600 × 1,200 pixels) head-mounted displays are expected by 2004. 

• Technology to provide high-quality night vision systems without large pixel image sensors is underway. 

• A means for rapidly detecting nuclear explosions and chemical/biological weapons is proposed, using the 
free electron laser. 

OVERVIEW 

This subsection provides a variety of applications, test facilities, and component developments that marry 
lasers and optics. They range from atmospheric probes, display technology, and optical recording to molecular 
cooling using lasers. These applications do not fit neatly into the other four subsections of Lasers and Optics; more 
such technologies are expected to be added with the explosive growth of the area. 

Optics and lasers in combination provide many new opportunities and technical challenges that are both high 
pay-off and enabling technologies. Key technical challenges for optical components include integrated design, 
fabrication, assembly, and test methods, which permit the smooth transition of the hybrid micro-optical devices of 
today into the fully integrated optical systems required for miniaturization and to meet high performance goals of 
future military products.  
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DATA SHEET 11.4. OPTICAL TAPE RECORDING TECHNOLOGY 

Developing Critical 
Technology Parameter 

Recording data rate > 1,300 Mbit/sec. HDTV places the greatest current commercial 
demands on recording technology. The real-time output of an HDTV camera is 
approximately 1,300 Mbit/sec, well beyond the capability of standard digital magnetic 
tape-recording techniques. Archival HDTV recording currently employs data 
compression to reduce the data rate down to approximately 150 Mbit/sec. However, the 
compression algorithm is very lossy—the original 1,300 Mbit/sec data stream cannot be 
fully reconstructed. 

Critical Materials None identified. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

HDTV. 

Affordability The optical tape recorder is expected to be less expensive than a magnetic recorder. 
The cost of the higher density tape cassettes is expected to be about the same as the 
current lower density magnetic tape cassettes. 

BACKGROUND 

Full exploitation of high-resolution pictures requires the ability to acquire, store (record), and display with 
equal resolution. Recording technology lags the other two technologies. 
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DATA SHEET 11.4. HETEROGENEOUS INTEGRATION OF VERTICAL CAVITY 
SURFACE EMITTING LASERS (VCSELs) AND PHOTODETECTORS WITH 

COMPLEMENTARY METAL OXIDE SEMICONDUCTOR (CMOS) CIRCUITRY 

Developing Critical 
Technology Parameter 

Optical interconnections allow the development of terabit optical links for higher density 
computers.  
Pixel-based processors allow imaged analysis over 1 million times faster than 
conventional CCD cameras. 
Heterogeneous Integration of VCSELs and photodetectors with CMOS circuitry. 

Critical Materials CMOS circuitry. 
High-performance VCSELs and photodetector epilayer material. 

Unique Test, Production, 
Inspection Equipment 

High-speed digital test equipment.  
Electro-optic test equipment. 

Unique Software None identified. 

Major Commercial 
Applications 

Parallel processing. 
Image processing. 
Optical interconnects. 
High-density computing systems. 

Affordability Affordability will depend on the desired complexity of the system and must be tailored to 
meet the appropriate needs. 

BACKGROUND 

Data acquisition of a 100 × 100 mile square region with 10 bits of terrain information per square foot requires 
2.8 Tbits of information. Providing terabit optical links would allow for real-time retrieval, storage, and computation 
of this data. Increasing computational ability provides a technical advantage for a variety of critical objectives.  

 11-72



DATA SHEET 11.4. QUANTUM NANO-OPTICS OF SEMICONDUCTORS (QNOS)  

Developing Critical 
Technology Parameter 

Joining linear nano-optical techniques and semiconductor growth and fabrication 
capabilities to produce semiconductor microcavities in the quantum regime. Pushing the 
technology of semiconductor microcavities to small volumes (less than 1 cubic µm). 
Developing quantum dots (100–200 nm diameters) with large dipole moments and short 
radiative lifetimes. 

Critical Materials Large “perfect” quantum dots with large dipole moments ideal for light matter interaction.  
Improved semiconductor crystal quality will have longer coherence length important for 
quantum interference devices and larger coherence areas. There is a requirement for 
high-finesse 3–D nanocavities with guided mode cutoffs such that “Beta” is on the order of 
1, where Beta is the fraction of total light going into the desired cavity mode.  

Unique Test, Production, 
Inspection Equipment 

Solid-immersion lenses used for photoluminescence excitation and NLO characterization 
of single quantum dots and quantum-dot nanocavities with nominal 0.25 µm spatial 
resolution. External mirror fabricated by MEMS for making a 10 µm long single-quantum-
dot microcavity. Evaluation techniques include scanning tunneling microscopy (STM) 
luminescence excitation (similar to photoluminescence excitation, except the excitation is 
done through the tunneling tip and detected by the resultant luminescence). Near-field 
scanning optical microscopy is also needed for evaluations. 

Unique Software Software will need to be developed to solve the many-body theory of trade-offs for 
quantum dot dipoles vs. size of the quantum dot for 1-photon interactions. 

Major Commercial 
Applications 

Active displays emitting light and not relying on reflected light will use this technology.  
Higher density memories and lower energy switching technology require this technology 
for efficient systems. Since QNOS essentially reduces the size and energy requirements 
of optoelectronic devices, it is certain to have spinoffs in implanted sensors, memories in 
general, and control devices such as small computer modules. 

Affordability As electronic and optoelectronic devices are made smaller and smaller, quantum effects 
will become increasingly important. It is a wise investment to have physicists, material 
scientists, and computer scientists developing cost-effective techniques and technology 
now. 

BACKGROUND 

In the near term (1–5 years) this technology is expected to produce the lowest threshold VCSEL nanolasers, 
nanoLEDs with high efficiency and very low power consumption, and the lowest energy optical switches. In the 
longer term (5–20 years) this technology is expected to provide nonclassical light sources, entanglement systems, 
quantum phase gates, and amplifiers for quantum teleportation of entangled signals.  
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DATA SHEET 11.4. HIGH-RESOLUTION MICRODISPLAY TECHNOLOGY  
USING FLCs ON CMOS SILICON 

Developing Critical 
Technology Parameter 

High information content microdisplays for near-to-eye and projection applications are 
of military and commercial interest. FLCs provide an outstanding electro-optic 
modulation layer, and when integrated with CMOS silicon backplanes, provide 
outstanding performance in binary light modulation. While binary modulators running at 
high frequencies can provide full color and gray scale by temporal averaging, 
combination of the high switching speeds, characteristic of FLCs, with true analog 
modulation would be very attractive for high-quality information displays. Achieving this 
goal requires development of new materials and device geometries.  

Technology is developing to eliminate color break-up or other undesirable artifacts of 
the time-sequential driving scheme. A full-color frame rate of 1.5 kHz (pixel refresh 
rates of 50 kHz) is required. 

Analog FLC-based devices for optical correlator applications such as fingerprint 
recognition or person recognition (e.g., in security systems for large installations) and 
photonics applications such as beam steering will be available as prototypes in 2001. 
High-resolution analog modulators for optical correlators and beam steering will be 
available in 2003. 

Critical Materials FLCs and special alignment materials. 

Unique Test, Production, 
Inspection Equipment 

Fourier transform infrared (FTIR) microscope, optical microscope, synchrotron X-ray 
source (the microscopy equipment will be customized for our purposes, but the basic 
equipment is not unique). 

Unique Software Optical simulation software, that is, software for large-scale simulation of liquid crystals, 
is unique. Critical parameters in this case are materials and devices. Design of FLC 
materials is aided by the LC simulation software, while design of optical devices is 
aided by optical simulation software. While progress can be made absent the software, 
time to develop the targets is lessened with good software tools. These tools are thus 
critical to meet the timelines implied above. 

Major Commercial 
Applications 

HDTV, head-mounted computer displays, rear-projection computer displays, high-
resolution front-projection systems, optical correlators for machine vision, and beam 
steering devices. 

Affordability In volume, FLC on silicon chips could be as inexpensive as dynamic random access 
memory (DRAM). The cost of illumination and optics depends upon the application. 
There is clearly a substantial cost benefit relative to large-area direct-view analog 
modulation LCDs. 

BACKGROUND 

Binary FLC on silicon microdisplay-based commercial products will become available next year. These will 
include very small digital cameras with FLC/Si viewfinders as key elements and HDTV sets using microdisplays in 
rear-projection. By the year 2002 very high resolution head-mounted displays based upon FLC/Si chips should be 
available. By the year 2004 full-color UXGA (1,600 × 1,200 pixel) head-mounted displays for voice-controlled 
portable computing will be available.  

Bistable FLC/Si in combination with projection optics or near-to-eye optics and illuminators could replace the 
CRT as the standard for information display in all military and commercial applications. In addition, analog spatial 
light modulators with world-class performance for optical signal processing, image analysis, and beam steering 
could be produced. 
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DATA SHEET 11.4. VARIABLE ADDRESSABILITY IMAGING SYSTEMS 

Developing Critical 
Technology Parameter 

Current night-vision sensors have an inadequate number of pixels to create high-quality 
images over a large field of view. Visible image-intensifier sensors with about 1 M pixels can 
provide the equivalent of 20/50 vision over a 30 × 40 deg field of view. IR sensors with about 
76 K pixels can provide the equivalent of 20/150 vision over the same field of view. As the 
required field of view increases by 2–4 times in the next 15 years, the image quality 
becomes even worse. 
Trends in sensor development show an increase in pixel count over the next ten years, but 
not at an acceptable rate. In addition, a special class of optical systems (variable resolution 
addressability optical sytems) that can use the available sensor pixels more efficiently, 
thereby simultaneously increasing the image quality and the field of view, needs to be 
developed.  

Critical Materials The system requires a precise, aspheric optical element made of glass or plastic.  
Unique Test, Production, 
Inspection Equipment 

The aspheric elements are small and have a large, but precise, variation in surface figure 
that cannot be measured on existing surface profilometers. Special techniques will need to 
be developed to inspect these optical elements. 

Unique Software Special figures of merit for optimizing high-distortion optical systems must be developed for 
use with commercially available lens design programs. 

Major Commercial 
Applications 

Electronic binoculars. 
Night-vision viewers. 
Robot vision and inspection systems. 
Head-worn displays. 

Affordability Variable addressiblity promises to achieve (1) the performance of an expensive, large-
image sensor using a commodity-priced, small-image sensor, thus enabling high-volume 
applications that are cost sensitive, and (2) the performance of an extremely large-image 
sensor that does not yet exist. 
Because variable addressability allows the use of a smaller image sensor, there is also an 
improvement in size and weight of the sensor. For head-mounted sensors, this may be a 
significant, enabling advantage. 
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DATA SHEET 11.4. ATMOSPHERIC PROBES IN THE 50–800 µm REGION OF THE 
SPECTRUM FOR POLLUTION AND NUCLEAR WEAPONS TEST DETECTION 

Developing Critical 
Technology Parameter 

This technology will provide the capability of probing the atmosphere in the terahertz 
spectral range (50–800 µm) for the presence of signature chemicals produced by 
nuclear explosions, chemical or biological weapons, and other atmospheric pollutants. 
The key to this effort is the development and use of unique, tunable, high-power, very 
narrow bandwidth FEL light to the study of the spectroscopy of the atmosphere in the 
terahertz range. 

Preliminary modeling of the atmospheric absorption suggests that many windows that 
will allow remote sensing of atmospheric pollutants exist in the terahertz range. In 
addition, studies can reveal the potential for identifying isotopically distinct compounds 
that may result from nuclear explosions. 

Critical Materials None identified. 

Unique Test, Production, 
Inspection Equipment 

50–800 µm, continuously tunable FELs. 

Terahertz spectroscopic instrumentation and atmosphere simulation facilities. 

Unique Software Expanded data base for such programs as HITRAN as well as refined spectral 
modeling. 

Major Commercial 
Applications 

Pollution monitoring, acid rain source detection, and greenhouse gas studies are a few 
of the applications that will drive this refined atmospheric pollution detection technology. 

Affordability When solid-state sources are developed to probe specific pollutants the technology will 
be affordable. 

BACKGROUND 

The technology of studying the atmosphere in the 50–800 µm region with extremely high spectral resolution 
will identify means to detect specific pollutants and provide data for modeling the atmosphere in designing terahertz 
probe systems. It provides a new means of examining the atmosphere and a means of detecting contaminants. 
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DATA SHEET 11.4. TWO- AND THREE-DIMENSIONAL, OPTICALLY WRITTEN, 
REAL-TIME DISPLAYS  

Developing Critical 
Technology Parameter 

Materials that can be excited by two photon processes to emit visible light and that can 
be dispersed as particles within a passive host are dye doped plastics and rare earth 
doped fluorides. We can optimize the particles for emitting red, green, and blue light 
and then place them throughout a medium. This approach allows us to form 
monochromatic or polychromatic displays in both 2– and 3–D versions of any desired 
size and shape. Parallel to the materials research and spectroscopy, modulators and 
scanners for the light to address the necessary locations in the display are being 
developed. 

Critical Materials Studies are necessary to identify the optimized red, green, and blue emitters for two-
photon or two-step absorption excitation, which then must be prepared in particle form.  
Particle size and density in the host medium must be selected. The host medium will be 
an optical plastic allowing for any desired size and shape. The materials studied as 
potential emitters include dye doped plastics, rare earth doped fluorides, and other 
crystalline or glass hosts. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software While this technology is developed into actual 2– and 3–D displays, software will have 
to be developed or adapted to drive the scanners to address the necessary pixels or 
voxels in the display medium with the necessary scan speeds and accuracy. 

Major Commercial 
Applications 

Commercial applications range from small, head-mounted, transparent displays for 
physicians, machine operators, drivers, pilots, and maintenance workers to windscreen 
displays in autos and aircraft, to 3–D displays for air traffic control, product design, and 
engineering. 

Affordability Not an issue. 

BACKGROUND 

The technology of optically written, real-time 2– and 3–D displays will provide superior, lightweight, 
conformable displays employing inexpensive display media (emitting particles dispersed in plastic hosts) and diode 
laser excitation sources. When the research and development stage is finished, the cost of 2–D versions of these 
displays will be competitive with and perhaps less than other types of displays. With proper opto-mechanical 
engineering, displays of this sort can be developed for head-mounted applications, windscreen displays, and 3–D 
displays in air traffic control, medicine, and engineering applications. No other display technology can produce true, 
real-time 3–D images, so cost comparison is not relevant. 

This technology will lead to lightweight, inexpensive multicolor displays. It is based on optical, two-photon or 
two-step absorption in specially prepared materials that then emit visible light. It will make possible head-mounted 
and conformable windscreen displays that are transparent and rugged. Further, it will make possible for the first time 
multicolor, real-time, 3–D displays for the management of 3–D problems. These include the battlefield, military and 
civilian air traffic control, space and spacecraft management, and medical training and treatment, to name just a few. 
The development of display materials and systems for 3–D systems also makes possible 2–D displays having unique 
and useful features. 

The advent of powerful, reliable, inexpensive diode lasers in the near IR makes possible development of a new 
display technology. The light from such lasers can be absorbed by many materials through either two-photon or two-
step processes to excited states that can emit visible light. The concept of using such two-photon absorption to excite 
visible light emission in a display was suggested nearly 30 years ago. Unfortunately, the light sources, materials, and 
beam-handling optics were not available until now. Research efforts in the 1990s resulted in 3–D displays of limited 
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size, color content, and spatial resolution. These employed (1) rare earth doped chalcogenide glasses or (2) rotating 
helices as display media. In the first case, they are severely limited in size, and in the second, the limitation is that of 
a mechanically moving display medium. 
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DATA SHEET 11.4. ADVANCED OPTICAL SENSING TECHNOLOGY 

Developing Critical 
Technology Parameter 

There are outstanding problems associated with atmospheric imaging over long paths 
in the presence of particulates, aerosols, and turbulence for both visible and IR 
detection, identification, quantification. 

Combustion products, solid propellants, and particulate emissions of different origins 
are only several other examples where structural characterization requires optical-
based instruments and techniques that allow on site or remote, continuous measures 
without sampling. Particulate matter monitoring could become especially important 
because of the evolution of new environmental standards. 

Another area where a particulate description of the media is appropriate includes 
underwater imaging and special operations involving the interaction of light with the 
ocean, including ocean boundaries (sea surface and ocean floor) and the specific 
atmosphere within tens of meters of the ocean surface. 

Critical Materials None identified. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Remote, real-time metrology and diagnostic technologies are crucial in all the 
technological applications associated with particulate systems. Particulate systems as a 
core technology affect advanced material, chemical, pharmaceutical, ceramic powder, 
pesticide, paper, cosmetic, and environmental industries, among others. The 
unavailability of on-line analysis, monitoring, and control methods determines a lack of 
knowledge on structural properties of dense systems and prevents efficient processing 
and utilization of particulate systems. 

Noninvasive determination of structural aspects in biological tissues is crucial for a 
variety of diagnostic and radiation delivery applications. To directly probe microscopic 
properties of tissues, a particulate description, where components such as particles, 
fibers, macromolecules, and cells act as individual scattering centers, is needed. 
Biological tissues can be described as particulate systems, but the inhomogeneity, 
multilayered structure, and anisotropy make their characterization a challenging task. 

There is also another aspect that makes light scattering appealing for diagnostic 
applications. Unlike X ray and magnetic resonance imaging, which utilize very short or 
very long radiation wavelengths in comparison with typical scale lengths to be 
investigated, optical methods probe an intermediate frequency regime that facilitates 
detection of metabolic abnormalities leading to tumor formation. This distinguishes the 
optical methods from their counterparts that respond to structural damage resulting 
from abnormal metabolism. 

Affordability Not an issue. 

BACKGROUND 

There are many outstanding problems associated with atmospheric imaging over long paths in the presence of 
particulates, aerosols, and turbulence for both visible and IR detection, identification, and quantification. This 
technology addresses many of those outstanding issues. 

Combustion products, solid propellants, and particulate emissions of different origins are only several 
examples where structural characterization requires optical-based instruments and techniques that allow on-site or 
remote, continuous measures without sampling. Particulate-matter monitoring could be come especially important 
because of the evolution of new environmental standards.  
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Another area where a particulate description of the media is appropriate includes underwater imaging and 
special operations involving the interaction of light with the ocean, including ocean boundaries (sea surface and 
ocean floor) and the specific atmosphere within tens of meters of the ocean surface. 
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DATA SHEET 11.4. PASSIVE OPTICAL LIMITING 

Developing Critical 
Technology Parameter 

Passive optical limiting is a means of protecting eyes and other optical sensors from 
laser damage. Although fixed-line filters can be used for known threat laser 
wavelengths, they are not a solution for tunable lasers. Active switches are expensive 
and too slow for many pulsed-laser threats. NLO materials offer a low-cost and 
wavelength-agile method to block high-intensity lasers by nonlinear absorption, 
nonlinear refraction, or nonlinear scattering.  
Materials with high broadband linear transmittance over this range (see table) while 
clamping transmitted energy below 1 µJ in the worst case—preferably below 0.1 µJ for 
eye protection—are needed and must work for multiple threat lasers 

Parameter 1999 Projected by 2005 Nature's Limit

Max. Transmitted energy (µJ) 0.5 0.1 N/A
Transmission bandwidth (nm) 100 200 N/A

Photopic transmittance 25% 50% N/A

Damage threshold  (mJ) 5 mJ 50 mJ N/A

Limiters for Nanosecond Pulsed Lasers

 
Critical Materials Organic reverse-saturable absorber and two-photon dyes, carbon-particle suspensions, 

and copper chloride. Material must have high damage threshold. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software Modeling software is required for the design and optimization of devices. This is in an 
advanced state of development for dyes, but not for suspensions. None identified. 

Major Commercial 
Applications 

Eye protection against industrial accidental exposure. 

Affordability Passive systems are much less expensive than active switches. Materials are generally 
inexpensive. One issue is the cost of possible redesign of systems to incorporate 
protection. 

 11-81



 DATA SHEET 11.4. LASER REFRIGERATION BY MEANS OF  
MOLECULAR COOLING 

Developing Critical 
Technology Parameter 

Ultracold Molecules can be formed by means of lasers using coherent state-selected 
beams of molecules formed from Bose-Einstein condensates (BEC). Developing 
techniques to produce molecules in this low vibrational state to form ultracold 
refrigeration is the long-term goal. Laser photoassociation has achieved molecular 
cooling to 300 µK within no cryosources. Colliding pairs of these cold molecules form 
only one vibrational energy state. Development of this technology requires generating a 
database for BEC statistics and determining which molecules have the greatest 
potential to be cooled under laser radiation. 

Critical Materials None critical—materials such as potassium can be used to trap and cool the molecules 
(to less than 10–6 K). 

Unique Test, Production, 
Inspection Equipment 

Optical spectroscopic methods need to be developed for both the destructive and 
nondestructive characterization of ultracold molecular samples. 

Unique Software None identified. 

Major Commercial 
Applications 

Commercial applications are speculative at this point; however, two such applications 
are refrigeration or quantum computing in which an optical lattice is developed where 
two state-selected atoms can be converted into a single state-selected molecule or an 
atom-molecules superposition state. 

Affordability Affordability is speculative at this point although costs of BEC are decreasing rapidly. 

BACKGROUND 

The ability to cool a small area within a microchip or computer chip will become increasingly important in the 
near future for both commercial and military systems. This technology of using BECs is developing techniques and 
the process and procedures necessary to produce very low-temperature molecules by means of laser radiation. 
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DATA SHEET 11.4. VARIABLE WAVELENGTH IMAGING SPECTROMETERS  

Developing Critical 
Technology Parameter 

The technology required to image different wavelength intervals of interest in 
subsequent planes within an imaging cube FPA is emerging. Each volume pixel (Voxel) 
is associated with an x, y coordinate and a different wavelength interval in the z 
direction. This is done without scanning in the Mooney-Descour imaging spectrometer. 
The key is the dispersing element used in form of the 3–D FPA.  

Critical Materials High resolution 10,000 × 10,000 FPA. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Major Commercial 
Applications 

Many applications could use a high-resolution FPA. 

Affordability Cost must be reduced from the current high-resolution FPAs. This new technology 
should lead to significant cost reduction over current designs. 

BACKGROUND 

High-resolution images taken simultaneously with discrete wavelength intervals (typically 10–20 bands) is 
possible. This technology has the potential of providing this information and processing it so that many variations of 
the data can be reviewed from many different applications. 
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DATA SHEET 11.4. MEMS AND FPA ADAPTIVE OPTICS 

Developing Critical 
Technology Parameter 

The ability to control the phase of a propagating optical wave front is a key enabling 
technology for a host of scientific, commercial, medical, and defense applications. By 
controlling the phase of a propagating beam it is possible to correct aberrations in 
optical systems, control the shape of a focused laser beam, and even redirect the laser 
beam. Scientific and defense applications include high-speed optical wave-front control 
for correcting atmospheric turbulence effects for astronomy, space surveillance to 
provide higher resolution imagery, and control of fixed aberrations in optical systems to 
allow the development of simpler lens and mirror arrangements. 

Critical Materials Silicon and associated semiconductor materials and processes. 

Unique Test, Production, 
Inspection Equipment 

Test/inspection equipment capable of operating 2–D optical MEMS arrays to measure 
such parameters as input/output power and component alignment. Computerized driver 
equipment capable of controlling hundreds or thousands of microactuator channels in 
real time. 

Unique Software Optical simulation software. 

Major Commercial 
Applications 

HDTV, solid-state device focus control for camcorders, and beam-quality control for 
line-of-sight laser communications; optical interconnects between high-speed electronic 
modules. Medical applications for optical wave-front control technology as related to 
laser eye surgery. 

Affordability The bottleneck now is in not having affordable fast computers capable of controlling 
thousands of channels in real time.  

BACKGROUND 

The ability to control the phase of a propagating optical wave front has significant applications. The use of 
MEMS technology is making optical phase control practical. Correcting aberrations has application to optical 
communications and to imaging and focus control.  
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DATA SHEET 11.4. DISPLAYS FOR WEARABLE COMPUTERS 

Developing Critical 
Technology Parameter 

Wearable displays are rapidly evolving as a result of recent progress in new 
approaches, as well as evolving technologies such as diffractive and aspherics optics. 
Specifically, novel technologies to be applied to wearable computers include 
eyetracking capability; multiple focus to avoid conflicts of accommodation and 
convergence; and projection optics that allow for small, compact, and lightweight 
devices. 
Critical technical parameters: 

Projected Head-Mounted Displays 

 Parameter 1999 Projected by 2010 

FOV (degree) 30–40 80–90 

Weight (g) 1000 20–250 

Ergonomy nonoptimized eyeglass type 

Brightness 1–2 FL 50–100 FL 

Image Quality no MTF at 101p/mm limited by visual acuity 

Eyetracking Capability No Yes 
 

Critical Materials A critical technology required for wearable computers is microretroreflective material, 
which comes in sheets. Currently, microprisms or microbeads are sold by 3M and 
Reflexite Technology. The technology parameters are, however, not optimized for 
imaging applications. New developments in retroreflective material must be initiated for 
applications to imaging. Ultimately, desirable properties of the material are optimally 
sized microstructures, zero observation angle, and minimization of ghost images via 
proposed approaches. 

Moreover, new material for miniature low-cost displays should be investigated. 

Unique Test, Production, 
Inspection Equipment 

None identified at this time. 

Unique Software Ability to generate true stereoscopic images based on interpupillary distance of the 
user. Virtual worlds or augmented reality environments.  

Major Commercial 
Applications 

Personal display, wearable computers, teleconferencing, remote teaching, 
telemedicine, surgical display aids, teleconferencing, remote teaching, training systems, 
vehicular heads-up displays, and aircraft displays. 

Affordability Technology can be commercialized because of the low cost of the miniature optics and 
retroreflective material compared to computer automatic virtual environment (CAVE) 
types of environments. 

BACKGROUND 

Because of the new capability to miniaturize the optics, projection lenses for 3–D displays may be designed to 
be head mounted, suppressing the need for multiple high-cost projection lenses (e.g., Barcos) placed in a room as 
found in CAVE environments. Thus, there is no need to calibrate the multiple projection lenses and no need to set 
the overall CAVE-type environment. Sheeting material positioned in a few seconds can serve as a projection screen. 
This technology is portable, quickly set up and removed; it may be created at low cost. Sheeting material is very 
inexpensive (~ $1/m2). This technology will strongly compete with CAVE-type systems or provide substitutes for a 
large spread of such 3–D visualization environment when less than immersive field of views are required. 
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Among several approaches, optical see-through technologies have the highest potential because they can 
ensure safety of the user. Also, hybrid optical/video see-through where video input is used to either measure the 
distance and orientation of objects in the scene or to capture information that can be used to enhance the real scene 
(e.g., IR camera recording) will play critical roles in new developments of the technology.  

Among optical see-through technologies, a novel approach to miniature displays is projective head-mounted 
displays. In projective displays, the optics are equivalent to projection optics (rather than magnifier optics). The key 
difference is the ability to correct optical distortions, as well as other optical aberrations, a critical component related 
to miniaturizing the technology.  

Furthermore, it has been established in the literature that multifocus devices are required to minimize conflicts 
of acommodation and convergence in head-mounted displays. So novel technologies providing multiple focus will 
need to be conceived.  

Also, eyetracking integration reveals the importance of head-mounted displays. Eyetracking capability can be 
used as an input device (hands-free operation), as well as an assessment tool to investigate how such systems are 
used. 

By 2005, projections indicate that devices using projection optics will become ultralightweight, similar to 
eyeglasses but with large FOVs (e.g., 70 deg). These devices have applications in creating collaborative 
environments, telemedicine, teleconferencing, remote teaching, training systems, and 3–D visualization. 
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SECTION 11.5—OPTOELECTRONIC AND PHOTONICS TECHNOLOGY 

Highlights 

• Micro-optics will begin complementing and then replacing electronic components on chips, reducing heat 
and improving speed and throughput, while reducing cost. 

• Nanotechnology will result in significant improvement in electro-optic and NLO devices, which will have 
widespread military applications 

• The use of optoelectronics technology in military applications has a number of advantages over classical 
electronic technology. Among these are radiation hardening, greater bandwidth, lower power consumption, 
reduced size/weight/volume, electromagnetic interference/electromagnetic compatibility (EMI/EMC) 
considerations, and memory size. 

• Photonics is a major developing technology within DoD. 

OVERVIEW 

Note that the term “optoelectronics” is typically used to describe devices and components (hardware) that 
respond electrically to photons, whereas the term “electro-optics” is typically understood to be the science of the 
relationship between electricity and optics. Optoelectronic devices can be regarded as the set of devices and 
components used to implement a variety of military, industrial, and consumer photonics applications. Optoelectronic 
devices are also used extensively to interconnect the photonic and electronic domains. The Photonics Dictionary 
defines optoelectronics as: 

Pertaining to a device that responds to optical power, emits or modifies optical radiation, or utilizes optical 
radiation for its internal operation. It relates to any device that functions as an electrical-to-optical or 
optical-to-electrical transducer. Electro-optics is often erroneously used as a synonym. 

Photonics applications have been considered for many years. Applications have been limited; however, DoD 
now has a major thrust underway to introduce photonics applications into a number of existing or new military 
applications. Industrial and consumer applications are also being considered. The Photonics Dictionary defines 
photonics as: 

The technology of generating and harnessing light and other forms of radiant energy whose quantum unit is 
the photon. The science includes light emission, transmission, deflection, amplification and detection by 
optical components and instruments, lasers and light sources, fiber-optics, electro-optics instrumentation, 
related hardware and electronics and sophisticated systems. The range of applications of photonics extends 
from energy generation to detection to communications and information processing. 

DoD uses the following definition for photonics in program reviews: 

Concept for computing and data transmission using photons in place of electrons; pertaining to devices and 
systems that utilize photons instead of electrons for computational purposes and information transmission. 

Photonics generally involves the replacement of components or applications based on pure electronics with 
components or applications implemented with technology based on light wavelengths. Many of these components 
and applications exist or are under development in many military applications such as avionics, acoustic surveil-
lance, radar, shipboard systems, space, land vehicles, and night vision. Some reports use the terms photonics or 
optoelectronics interchangeably—there is not yet universal agreement on the definitions. 

A typical photonics application is the replacement of avionic “fly-by-wire” control systems with “fly-by-light.” 
Another application is interconnect technology for radar phased arrays. 
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Typical optoelectronic devices employ lasers (especially surface-emitting and edge-emitting semiconductor 
types), fiber-optics, detectors, and various optical signal-processing techniques. The use of MEMS technology is 
increasingly important in many of these devices 

This subsection provides a variety of applications and component developments that marry lasers and optics. 
Many are examples of the concept of optoelectronics—the art of combining the world of electronics with photons. 
Moving the base band for information transfer and processing from the gigahertz (GHz) region to the terahertz 
(THz) region results in a 2–3 orders of magnitude increase in available bandwidth and data transfer 

The continual maturing of optical technologies has permitted a new focus, that of micro-optics technologies, 
which are now enabling complex systems to be constructed, such as spatial light modulators, integrated opto-
electronic arrays, opto-electronics, and quantum optoelectronics at the chip level. In addition, fiber-optic 
components and systems represent an area in which commercial investment has led the way for DoD applications. 
Basic data-transmission systems have been adapted and improved for battlefield environments, with the commercial 
sector leading the technology development in areas such as wavelength diversity multiplexing (WDM) and time 
division multiplexing (TDM) using fiber-optic transmission lines. The use of fiber-optics on aircraft, satellites, 
ships, and submarines has started to expand, following similar commercial successes. This increased utility of fiber-
optics along with optical imaging technologies and optical storage devices is pushing the technology envelope in 
related areas such as optical parametric amplifiers and NLO materials development for waveguide and switching 
applications in the micro-optics field.  

Optical sensors (electro-optical sensors) are covered in subsection 17.5. 
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DATA SHEET 11.5. COHERENT RF PHOTONIC PROCESSING  
FOR ADAPTIVE ARRAYS  

Developing Critical 
Technology Parameter 

Optimal signal processing for the receive mode of large, wideband phased-array 
antennas is enormously challenging, requiring petaFLOP computational throughputs. 
Appropriate coherent optical techniques incorporating true-time-delay and adaptive 
signal combination are required to solve this problem. 

Critical Materials Holographic adaptive-array processing requires either high-speed photorefractive 
materials for use with Broadband and Efficient Adaptive Method for TTD Array 
Processing processors or cryogenically cooled photon-echo materials to operate as 
intrinsic true-time-delay processors. Finding materials compatible with all of the other 
system components represents a compromise in performance between the laser, 
modulators, detectors, and dynamic hologram. 

Time delay in a traveling-wave photoconductive detector (GaAs, Si, or SIC) is a critical 
requirement. 

Unique Test, Production, 
Inspection Equipment 

Antenna array processor testing requires generation of the broadband signals that 
would be received by such an array, and this presents an extraordinary challenge. The 
simulator for a single received signal is actually the same type of system used to 
produce the necessary signals required for true-time-delay transmit mode of operation, 
and simulating numerous signals is typically required. 

Unique Software The appropriate algorithm has been implemented as an interactive data language (IDL) 
graphical user interface (GUI) for algorithm exploration, and it is amendable to a variety 
of scenarios. Numerous variants, including linear arrays, circular arrays, narrowband 
jammer nulling, broadband jammer nulling, beam steering, effects of element couplings, 
effects of modulation nonlinearities, and tradeoffs of spatial aperture vs. tapped-delay-
line length, have been investigated using this software. 

Major Commercial 
Applications 

Large array processing finds application in DoD systems and in radio astronomy where 
systems are being envisioned with 1,000,000 elements. These systems will only be 
feasible using coherent optical processing. 

Affordability By utilizing parallel optical processing that scales to arbitrarily large arrays without 
increasing the processor complexity, the cost of processing arrays with 1,000 or more 
elements becomes manageable. 

BACKGROUND 

The large number of parallel wideband channels that must be controlled and processed in RF antenna arrays 
presents an enormous signal-processing challenge for conventional digital techniques. The transmission of these RF 
signals from the antennas to the processor will inevitably use optical fiber, and by utilizing coherent optical 
processing of this arrray of signals cohered by dynamic holograms, least mean square (LMS) adaptive array 
processing can be implemented in real-time.  
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DATA SHEET 11.5. SILICON-BASED OPTICAL INTERCONNECTS  

Developing Critical 
Technology Parameter 

Source: Modulation speed (10 GHz), quantum efficiency (10 percent), lifetime (1 × 106 
hours), power (>100 µW).  

Modulators: speed (10 GHz), power dissipation (<100 µW), modulation depth 
(>90 percent). 

Critical Materials Silicon-on-insulator (SOI) wafers. Very high purity starting materials. 

Unique Test, Production, 
Inspection Equipment 

None identified. All equipment should be standard semiconductor processing 
equipment. 

Unique Software Waveguide analysis and 2–D E/M modeling software.  

Major Commercial 
Applications 

SOI applications. Silicon-compatible integrated modulators and detectors. SiGe 
heterostructures. 

Affordability SOI technology has demonstrated that a $300–$400 increase in wafer cost increases 
the cost of the final processor by 10–15 percent. Thus, any proposed improvements 
should take final device cost into account. 

BACKGROUND 

The use of silicon integrated circuits pervades communication systems. For integrated circuits to continue to 
support the current requirements and become two to four times more dense in terms of computer power, optical 
interconnects and switches must become as ubiquitous as their electronic counterparts. While hybrid technologies 
(such as flip-chip bonded VCSEL arrays) may serve well in the interim, thermal management and reliability 
considerations suggest that the development of monolithic solutions needs to be addressed. 

The steady reduction in electronic device size and increase in clock speed has led to a significant need for 
dense, high-speed, very large scale integration (VLSI)-compatible interconnect technologies. Two approaches for 
this are (1) silicon-based lightemitting devices and (2) silicon-based optical modulators. Devices based on emerging 
technologies such as SOI and copper metallization technologies are particularly critical. 
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DATA SHEET 11.5. CHIP-LEVEL OPTICAL INTERCONNECTION 

Developing Critical 
Technology Parameter 

The need is for a family of low-cost (<$0.001/interconnect) optoelectronic chips that can 
form the building blocks for computing systems that are packaged either in 3–D stacks 
or as integrated wafers. A typical chip would contain hundreds of optical interconnects 
(OIs), each operating at several Gbits/sec, yielding a chip I/O rate >1 Tbit/sec. Optical 
crosstalk can be controlled by adding MEMS to maintain an alignment accuracy of the 
optical channels within 2 µm laterally and 5 µm longitudinally.  

Critical Materials Silicon and gallium arsenide wafers and other materials used in the microelectronics 
fabrication industry. 

Unique Test, Production, 
Inspection Equipment 

Test/inspection equipment capable of performing parallel measurements on operating 
2–D optoelectronic arrays to measure such parameters as transceiver input/output 
power, component alignment, cross-talk between adjacent channels, channel 
bandwidths, and bit error rates. 

Unique Software Optical simulation software. 

Major Commercial 
Applications 

High-performance parallel computers/switching systems for: 
High-resolution, real-time image processing (e.g., highly detailed operations in remote 
environments, maintaining worldwide databases on human demographics, and 3–D 
display). 
Image synthesis (e.g., entertainment/games and training with virtual environments). 

Multidimensional modeling and simulation (e.g., real-time weather prediction, DNA 
synthesis, electronic structure of macromolecules, world ecosystem modeling, and flow 
in porous media such as oil reserves). 

Video on demand. 

Affordability Orders of magnitude increase in computing throughput will reduce the required 
computing resources. 

BACKGROUND 

The cost savings of interconnecting processing elements with a fully connected network, which optics can 
provide, rather than the partially connected networks, which electrically connected systems use, could be in the 
millions of dollars per system. This is because of the high cost of developing software for systems whose networks 
are running in excess of 50 percent utilization due to their partial connectivity. That is, the limitations of electronic 
networks lead to greater software development costs than for optical networks. 

An appealing alternative to making larger and larger chips to address the need for more computational power is 
to provide optical interconnects between many smaller chips located in proximity to one another. Electrically inter-
connected multichip modules (MCMs) and 3-D chip stacks have been tried, but concerns exist regarding their cost 
competitiveness. MCMs require costly multilayer substrates to support the electrical interconnects, and a major cost 
factor for electrically interconnected chip stacks is the failure of the entire stack when a single chip fails. A focused 
effort in chip-level optical interconnection is needed to develop the enabling technologies for realizing a low-cost 
optoelectronic chip that can be used either in a cost-competitive wafer-based module or in a modular chip stack. The 
result will be a high-performance chip with terahertz I/O capability and with the ability to be packaged with many 
other chips in either a planar or stacked configuration. The cost savings promises to be significant. 
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DATA SHEET 11.5. OPTICAL PACKET SWITCHING 

Developing Critical 
Technology Parameter 

This technology applies to monolithic integrated all-optical and optoelectronic devices. 
This technology will enable very high speed processing and routing of very high 
frequency digital optical data trains. All-optical signal processing enables “on-the-fly” 
decoding of packet address information and routing of the packets to the designated 
destinations. Monolithic integration is key to making this technology viable for reliable, 
error-free operation. The ultrafast semiconductor all-optical and optoelectronic switches 
are useful for de-multiplexing 100-Gb/sec signals in TDM applications. They can be 
configured to perform automatic packet address decoding and packet routing of WDM 
packets with latency times less than twice the duration of the packet itself. The devices 
can also be easily configured for parallel interconnects for local area networks and 
computer backplanes running at a full 64-bit data bus.  
Packet switching of optical data at rates exceeding 1-G packets/sec assuming packet 
size between 128–256 bits. 

Critical Materials High-quality semiconductor quantum-sized structures including multiple quantum wells 
and multiple quantum dot materials. 
6 × 6 optical space switch. 

Custom ASIC router control. 

Passive WDM components. 

Unique Test, Production, 
Inspection Equipment 

High-bandwidth electronic/optical interfaces. 

High-bandwidth bit error rate (BER) equipment. 

Unique Software Low-latency electronic host/network interface, not significantly different from existing 
software used to operate the current technology.  

Major Commercial 
Applications 

Future generation of very large bandwidth optical telecommunication networks with 
many WDM channels operating at 100 Gb/sec. Optical backplane interconnects for 
local network of very high performance computers and supercomputers. 

Optical internet protocol (IP) switching for backbone telecomm carriers. 

Distributed high-performance computing. 

Affordability Affordability must be addressed at all levels of development to provide DoD with logistic 
options. 

BACKGROUND 

Monolithic, integrated, all-optical packet switches will be enablers for the ultimate in high-bandwidth optical 
telecommunications, as well as for local supercomputer networks. All-optical packet header address decoding 
removes a lot of the overhead penalty associated with traditional electronic packet switching.  
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DATA SHEET 11.5. OPTICAL NETWORKS AND SELF-ORGANIZING SYSTEMS 

Developing Critical 
Technology Parameter 

Optical networks and self-organizing systems require nonlinear optical materials, very 
large NLO coefficients, and high efficiency at specific laser wavelength. 

Critical Materials Nonlinear materials. There is a need to develop materials with an increase in the 
nonlinear optical coefficient by a factor of 10–1,000 in order to reduce the required 
power densities to average values of a few milliwatts for a single nonlinear optical 
operation. 

Higher order nonlinearities (n >3) would be highly desirable. 

Unique Test, Production, 
Inspection Equipment 

Optical measurements on nanometer scale. 

Improved scanning microscope techniques will be needed to work with quantum well 
and light emitters involving a few molecules in order to control the uniformity of large 
arrays and to control optical interconnections between nanodevices. 

Unique Software Simulation software. 

Major Commercial 
Applications 

Display systems. 

Routers, address resolution.  

The Internet (self-organizing systems). 

It is impossible to write a centralized control for all of the websites on the Internet and 
the communication links tying them together as fast as changes are made. Thus, the 
rules must be defined that allow the nodes to control the routing between the nodes 
and to locate addresses which are self-organizing. 

Affordability Not determined. 
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DATA SHEET 11.5. DIGITAL OPTOELECTRONIC SYSTEMS 

Developing Critical 
Technology Parameter 

Exploiting precise temporal control in the overall systems design to optimize photonic 
switching. 
Signal quality restoration distributed over the system. 
Designing systems on the basis of optoelectronic component interaction and inter-
connection. 
Minimizing system impact of electronic/optical conversion. 

Critical Materials Complete set of optoelectronic devices for closed circuit switching systems. 
Compatible material systems for optoelectronic integration. 
Using the same format for controlling and controlled signals or very inexpensive format 
converters. 
Low power per device for complex systems. 

Unique Test, Production, 
Inspection Equipment 

Device dependent instrumentation. 
Interacts strongly with simulation software. 

Unique Software CAD tools for timing analysis and design. 
New algorithms are needed for determining distribution of signal quality restorers. 
Integrated optoelectronic layout tool are required for design and analysis of these 
optoelectronic systems. 
Detailed level timing and signal quality simulator. 

Major Commercial 
Applications 

After technology matures enough to compete with digital electronics. 
Telecommunications. 
High-speed multiprocessor computing. 
Most areas of application of digital electronics. 

Affordability Affordability is one of the major criteria for selecting devices and materials systems and 
eliminating expensive format conversion. 
System-level research required to determine cost savings. 
Precise control over signal delay is possible via optical format reducing cost and 
achieving high clock rates in spite of latency. 

BACKGROUND 

The cost savings of interconnecting processing elements into systems with a fully connected network, which 
optics can provide, rather than with the partially connected networks, which electrically connected systems use, 
could be in the millions of dollars per system. 
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DATA SHEET 11.5. CHIP-DNA SEQUENCING VIA NANOMETER  
HOLES IN SEMICONDUCTORS 

Developing Critical 
Technology Parameter 

Fabrication of nanometer-scale holes in semiconductors surrounded by charge 
sensors. 

Understanding DNA dynamics well enough to design an operational chip within 
fabrication constraints. 

Critical Materials None beyond state-of-the-art semiconductor fabrication materials and processes. 

Unique Test, Production, 
Inspection Equipment 

In situ monitoring of pore size during fabrication. 

Unique Software Computer simulation of DNA dynamics at the atomic scale in an ionic solution flowing 
through a semiconductor pore/hole. 

Major Commercial 
Applications 

Rapid, unambiguous identification of individuals from microscopic biological samples. 

Rapid identification of an individual’s inherited allergies and susceptibilities to a wide 
range of diseases, allowing preventive countermeasures (e.g., frequent sensitive tests 
for cancers and diets/medicines to avoid Alzheimer’s disease). 

Detection of microscopic biological pathogens in the environment. 

Affordability Potentially a compact, largely electronic module no more complex than many current 
measuring instruments in a clinic. 

DATA SHEET 11.5. WDM MICROCAVITY WAVEGUIDES 

Developing Critical 
Technology Parameter 

Submillimeter-scale optical WDM passive and active components. 

Deeper penetration of waveguide optical components into high-performance computer 
and communication systems. 

Critical Materials 3–D fabrication of complex wageguide structures. 

Thin (70-nm) layers of electro-optical material. 

Unique Test, Production, 
Inspection Equipment 

Expensive, but available in optoelectronic research labs. 

Unique Software Maxwell equation solvers for large volumes in space and time to optimize design. 

Major Commercial 
Applications 

Set-top boxes for fiber high-bandwidth connections directly to residential end users. 

Backplanes for high-performance computing and communications switching. 

Affordability Potentially less expensive and smaller than any other option. 

May be no other way at any cost to reach the highest bandwidths. 

BACKGROUND 

Compact, high-performance data processing with optical interfaces is required to achieve higher radiation-
hardened space electronics and for micro-optical chip designs. A civil application of WDM is in the optical 
switching area. 
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DATA SHEET 11.5. ULTRA-HIGH-SPEED PHOTONICS FOR NETWORKING, 
INSTRUMENTATION, AND SIGNAL PROCESSING 

Developing Critical 
Technology Parameter 

This area of device and systems technology focuses on advancing the state of the art 
in available devices, components, and systems for ultra-high-bandwidth information 
based technologies and applications. The critical technology parameter in these 
general areas are (1) bandwidth, (2) signal-processing speed (e.g., sampling speed 
and resolvable bits in analog-to-digital converters), and (3) agility and flexibility of 
device technology platforms. 

Critical Materials The critical materials most generally employed in these technology areas are primarily 
active semiconductor media (semiconductor lasers, photoreceivers, electro-absorbtion 
modulators), electro-optic media (lithium niobiate, organic polymers), and glass (for 
waveguides, fibers, diffractive optical components, etc.). 

Unique Test, Production, 
Inspection Equipment 

Unique test equipment may be found in developing the next generation optical function 
generators for testing networks and signal-processing functionality. Particularly 
important test equipment is the “arbitrary optical waveform generator,” which is the 
optical analog to the conventional electrical waveform generator. This will allow system 
designers to generate arbitrary optical waveforms to test critical operational 
characteristics. 

Unique Software Critical software is mandatory to capture and process data at real-time rates of 1,000’s 
of Gb/sec. This issue has always been the bottleneck of high-speed networking and 
signal-processing management. For example, high-speed optoelectronic technology 
has been in existence for many years; however, its incorporation into networking has 
been hampered by the slower development of software to manage the technology. 

Major Commercial 
Applications 

Telecommunications, high-resolution analog-to-digital converters, and optical sampling 
oscilloscopes (all applications related to optical networking, instrumentation, and signal 
processing). 

Affordability A 2-in. wafer could potentially produce 50,000 devices. With the cost of a wafer being 
~$5,000, the typical device cost could be as little as 10 cents. We have shown that we 
could build functional 100 Gb/s for all optical networks based on SOA devices. 

BACKGROUND 

The technology described in this assessment will provide increased capability in applications that require high-
bandwidth information links and signal processing.  

Specific Device/Technology Platform 

Hybrid WDM–TDM Technology: This technology allows state-of-the-art information transmission and 
processing speeds without relying on a completely WDM or TDM technology platform. 

Ultra-high-Resolution Photonic Analog-to-Digital Converter (PACT) 

This technology will allow the quantization and digitization of analog RF signals with carrier frequencies 
extending to 50 GHz, relying primarily on low bandwidth electronics operating at 1 GHz. 

RF Lightwave Integrated Circuits (RFLIC) 

The development of the arbitrary optical waveform generator will allow for the synthesis of analog optical 
signals with over 100 GHz of analog bandwidth. In addition, this technology does not require ultra-high-bandwidth 
modulators with low operating voltages. 
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DATA SHEET 11.5. OPTOELECTRONIC MICRO NETWORK TECHNOLOGY 

Developing Critical  
Technology Parameters 

Dense (Gb/sec/10 mm sq.), low power (<50 mW/Gb/sec) optoelectronic transceivers 
and associated micro network (passive optical interconnect fabric polymer waveguide 
distribution circuits) which will cost effectively ($10/Gbps).  

Critical Materials Deuterated and perflourinated polymer material. 

Indium phosphide. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Commercial Applications Civil networks will benefit from improved data handling through multiwave transmission 
in single optical fibers, enhanced network security, and greater internetwork operability. 

Affordability Successful development of deuterated and perfluorinated polymer material promises to 
drastically reduce costs because of the availability of very low cost connectors (relative 
to glass fiber connectors). 

BACKGROUND 

The goal for optoelectronic micro network technology is to replace copper cabling as interconnects to the 1 m 
scale. This is expected to achieve a 3 order-of-magnitude reduction in the cost*power* footprint) metric over current 
devices and greater than 2 orders of magnitude over projected commercial estimates by year 1999. 

DATA SHEET 11.5. MOEMS MANUFACTURING TECHNOLOGY 

Developing Critical 
Technology Parameters 

Develop technologies for efficient manufacturing. Specific parameters will be developed 
during the program.  

Critical Materials None identified. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software None identified. 

Commercial Applications Telecommunications, imaging, medicine, entertainment, and information technology 
applications. 

Affordability This is an affordability issue because the program should provide lower cost devices for 
DoD systems. The program is intended to provide an infrastructure for the eventual 
mass production of MOEMS at low cost. 

BACKGROUND 

The goal of this program is to develop technologies for efficient manufacturing of MOEMS. MOEMS will 
have many uses in generating, modulating, guiding, amplifying, and detecting optical radiation. This program is 
designed to help position U.S. industry to dominate the emerging market for these products in telecommunications, 
imaging, medicine, entertainment, and information technology.  
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DATA SHEET 11.5. OPTICAL WAVEGUIDES VIA  
CURRENT STEERING OF BEAM 

Developing Critical 
Technology Parameter 

This technology applies to monolithic integrated all-optical and optoelectronic devices.  
This technology will enable very high speed processing and routing of very high 
frequency digital optical data trains. This technology provides all-optical signal 
processing, “on-the-fly” decoding of packet address information, and routing of the 
packets to the designated destinations. Monolithic integration is key to making this 
technology viable for reliable error-free operation. The ultrafast semiconductor all-
optical and optoelectronic switches are useful for de-multiplexing 100-Gb/sec signals in 
TDM applications. They can be configured to perform automatic packet address 
decoding and packet routing of WDM packets with latency times less than twice the 
duration of the packet itself. The devices can also be easily configured for parallel 
interconnects for local area networks and computer backplanes running at a full 64-bit 
data bus. 

Critical Materials High-quality semiconductor quantum-sized structures including multiple quantum wells 
and multiple quantum dot materials. 

Unique Test, Production, 
Inspection Equipment 

None identified. 

Unique Software Not significantly different from existing software used to operate the current technology. 

Major Commercial 
Applications 

Future generation of very large bandwidth optical telecommunication networks with 
many WDM channels operating at 100 Gb/sec. Optical backplane interconnects for 
local network of very high performance computers and supercomputers. 

Affordability Not identified. 

BACKGROUND 

Monolithic integrated all-optical packet switches will be enablers for the ultimate in high-bandwidth optical 
telecommunications, as well as for local supercomputer networks. All-optical packet header address decoding 
removes a lot of the overhead penalty associated with traditional electronic packet switching.  

Increased program funding is required in the area of developing semiconductor structures that possess 
advantageous nonlinear properties and ease of integration. For example, coupled quantum-well structures and 
multiple quantum dot structures can be envisioned for such applications. 

 

 


