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In a 2009 article entitled "Technology and Warfare," Professor Alex Roland of Duke University wrote that "...technology, more than any
other outside force, shapes warfare.”[1] In his article, Roland went on to explain how military technologies, while not being
deterministic, open doors and provide opportunities - often referred to as 'opportunity space' in current military parlance - for the
nations employing them.

The history of warfare is replete with examples of military technological advancements. Some of the most notable of these innovations,
including ancient trebuchets and catapults, medieval longbows, artillery, and machine guns, provided immediate and decided
advantage to their developers. Others - like submarines, military aircraft, and tanks - had less significant immediate impacts and
required decades of evolution, if not longer, to achieve the potential possessed by these systems today. Precision guided munitions
(PGMs) and military drones are two of the most recent technology-driven innovations that have reshaped the conduct of warfare.

As it has been with all military technological innovations, gaining "opportunity space" is the reason why numerous nations are currently
pursuing the promise of directed energy weapons (DEWSs). DEWSs, specifically high energy lasers (HELs) and high-power
radiofrequency (HPRF, generally referred to as high power microwave, or HPM) weapons, emit very high power, focused beams of
electromagnetic radiation to affect their targets. High power is emphasized because low power radiofrequency (RF) and laser devices
have been in use for several decades by militaries worldwide. Radars that can find targets at great distances and radar and
communications jammers that confuse their targets with, for example, RF noise, have been in use since World War II. Similarly, lasers
have been used to designate and guide munitions to their intended targets since the early 1970s and to dazzle or confuse an
adversary's optical sensors and combatants for more than a decade.

BEAMS OF THE FUTURE

The current emphasis on the development of DEWs and the pace of these developments is accelerating for a variety of reasons.
These reasons include the speed of the weapons, their potential range, their potential magazine (that is, the number of potential shots
that can be fired before "reloading"), their potential to impact targets at very low costs as compared to traditional kinetic weapons, and
the significant amount of research that has been done on DEWSs and their component technologies over the past six decades.
(Because the physics governing DEWs is quite complex, broad generalizations will be made here, and the reader is referred to the
significant volume of nontechnical and technical publications for more information on this topic.[2])

Since electromagnetic radiation travels at the speed of light (186,000 miles per second), DEWSs can potentially induce effects upon
their targets very rapidly.[3] In the case of HELs, damage to a target is thermally induced by heating or burning through a target's
control surfaces or outer skin to damage internal components, or by directly damaging its optical imaging or guidance sensors. In the
case of HPRF weapons, the effects upon targets range from short-duration upsets to disruption or damage of electronic components.

To effectively employ DEWSs, militaries generally need at least a basic knowledge of an intended target's design, materials, and internal
components. Open-source and clandestine intelligence, modeling and simulation, and testing against surrogate targets can, however,
provide sufficient information to enable DEWSs to be effectively used against a wide variety of modern military targets including PGMs,
drones, and critical components of air and missile defense systems.

HELSs can potentially affect targets at significant ranges. The Airborne Laser (ABL) developed by the U.S. Air Force and successfully
demonstrated by the Pentagon's Missile Defense Agency illustrates this well: the ABL was designed to destroy ballistic missiles while
they were in their boost phase (powered flight), even though they might be hundreds of miles away. While the range of HPRF weapons
is generally far less than that of laser weapons,[4] given the vast numbers of potential targets (any system or facility employing devices
or equipment containing electronic components) and the potential impact of these weapons (from temporary upsets to permanent
damage), their military value may be considerable. Since HEL and HPM beams are invisible and highly directional, it may also be
possible to employ DEWs without an adversary's knowledge.

Since the vast majority of DEWs are electrically-powered,[5] they could potentially have unlimited magazines. The advantage here is
two-fold. First, the number of targets that HEL and HPRF weapons could potentially engage is dramatically increased. This is
especially important when militaries must defend against large numbers of low cost drones, rockets, artillery, and mortars, and, in the
case of some advanced nations, cruise missiles. Additionally, since DEWs do not have to be "reloaded" the way ships, aircraft, and
ground forces employing missiles, bombs, and artillery do, DEWSs can potentially serve as a significant force multiplier, since
combatants would not have to be resupplied or reequipped as often.



The potential to achieve very low cost-exchange ratios with DEWSs offers significant advantages to their developers. As Mark
Gunzinger, a Senior Fellow at the Center for Strategic and Budgetary Assessments, pointed out in two recent works, the ability to
destroy or damage a cruise missile costing hundreds of thousands of dollars with a HEL or HPRF weapon that only costs a couple of
dollars to use (the cost of the fuel used to power the electric generators powering the weapon) is a true game changer. By contrast, the
missiles the U. S. Navy currently uses to engage an adversary's cruise missiles can cost a million dollars or more each, and two or
more of these interceptor missiles may be launched to ensure the incoming cruise missile is defeated.[6] Since inflicting unacceptable
costs on an adversary is clearly an objective of war, the combatant that can inflict the most damage upon his adversary at the lowest
cost is decisively advantaged.

While there are significant technological challenges that must be overcome before DEWs can be deployed,[7] the state of the art in the
requisite technologies has advanced to the point where the first operational DEWSs could be fielded within a couple of years. The
significant increase in the number of conferences, articles, news stories, and press releases addressing DEWs over the past five to ten
years attests to this, as do major demonstrations conducted by several nations. That several major defense contractors are developing
and actively marketing DEWs also points to this fact.

COMBAT ROLES OF DEWS

There are a wide variety of potential offensive and defensive combat roles for DEWSs. The first combat role envisioned for HELs was
ballistic missile defense in nuclear weapons exchange scenarios. Both ground and space-based HELSs for terminal-phase, point
defense were envisioned, but for a variety of reasons these applications proved to be extremely difficult (if not impossible) and
excessively expensive. Some of the most discussed potential DEW applications are summarized below.

TABLE 1. Potential DEW Uses in Combat

As a several authors have pointed out recently, DEWSs are neither universally applicable nor single-point solutions for military
missions.[9] As Mark Gunzinger has noted, "Although the advent of mature DE capabilities could significantly change the way the U.S.
military conducts future operations, it is unlikely that DE alone will underpin a new military revolution that renders obsolete or
subordinate existing means for conducting war."[10] One of the most significant insights of his assessment is that DE applications
complement kinetic systems and can significantly increase their effectiveness, rather than obviate the need for them.

DEW DEVELOPMENT EFFORTS

Numerous nations are currently developing DEWSs. While the following list is not meant to be comprehensive, care has been taken to
ensure most of the major development efforts have been captured to give a good idea of both the breadth and scope of DEW
development efforts globally.

TABLE 2: Some Current HEL Development Efforts
TABLE 3. Some Current High Power RF Weapon Development Efforts

Several other nations have openly stated their desire to develop and field DEWs. Given the potential impact of these weapons, it can
be surmised that unreported programs also exist.

INNOVATE, OR PERISH

The maturity and number of DEW development efforts underway and the significant volume of both technical and nontechnical reports
on the topic of directed energy make it clear that these weapons will be employed in warfare in the future. As General Guilio Douhet,
the father of strategic airpower noted, "Victory smiles upon those who anticipate the changes in the character of war, not on those who
wait to adapt after the changes occur."[13] Given this prospect, nations possessing "first capabilities" will have advantages over their
adversaries that may potentially be very significant. As General Robert Cone, past Commander of the U.S. Army's Training and
Doctrine Command remarked, "What keeps me awake at night is, are we going to miss the next big technological advance? And
perhaps an enemy will have that."[14]

Dr. Howard R. Meyer, Jr. is a Research and Engineering Technical Expert with Strategic Analysis, Inc. He has worked in a wide variety
of technology development, analysis, management, and advisory roles throughout his career focusing primarily on advanced
technologies for military applications in directed energy, electronic warfare, remote sensing, and related areas. He retired from the Air
Force in 1999 after a 22-year career in a variety of technical, educational, and operational assignments including serving as the Deputy
Director of the Airborne Laser System Program Office. He currently serves as the Vice President of the Directed Energy Professional
Society. Dr. Meyer wishes to thank his friends and colleagues in the Directed Energy Sector of Booz Allen Hamilton for their support
and advice as he wrote this article.
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