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Navy Shipboard Lasers for Surface, Air, and Missile Defense

Summary

Department of Defense (DOD) devel opment work on high-energy military lasers, which has been
underway for decades, has reached the point where lasers capable of countering certain surface
and air targets at ranges of about a mile could be made ready for installation on Navy surface
ships over the next few years. More powerful shipboard lasers, which could become ready for
installation in subsequent years, could provide Navy surface ships with an ability to counter a
wider range of surface and air targets at ranges of up to about 10 miles. These more powerful
lasers might, among other things, provide Navy surface ships with a terminal-defense capability
against certain ballistic missiles, including China's new anti-ship ballistic missile (ASBM).

The Navy and DOD are devel oping three principal types of lasers for potential use on Navy
surface ships—fiber solid state lasers (SSLs), slab SSLs, and free electron lasers (FELS). The
Navy’s fiber SSL prototype demonstrator is called the Laser Weapon System (LawsS). Among
DOD’s multiple efforts to develop slab SSLs for military useis the Maritime Laser
Demonstration (MLD), a prototype laser weapon developed as arapid demonstration project. The
Navy has developed a lower-power FEL prototype and is now developing a prototype with
scaled-up power. These lasers differ in terms of their relative merits as potential shipboard
weapons.

Although the Navy is developing laser technologies and prototypes of potential shipboard lasers,
and has ageneralized vision for shipboard lasers, the Navy currently does not have a program of
record for procuring a production version of a shipboard laser, or aroadmap that calls for
installing lasers on specific surface ships by specific dates. The possibility of equipping Navy
surface ships with lasers in coming years raises a number of potential issues for Congress,
including the following:

e whether the Navy should act now to adopt a program of record for procuring a
production version of a shipboard laser, and/or aroadmap that calls for installing
lasers on specific surface ships by specific dates;

e how many types of lasers to continue developing, particularly given constraints
on Navy funding, and the relative merits of types currently being developed; and

e thepotential implications of shipboard lasers for the design and acquisition of
Navy ships, including the Flight 111 DDG-51 destroyer that the Navy wants to
begin procuring in FY2016.

Congress in past years has provided some additional funding to help support Navy development
of potential shipboard lasers. For FY2012 and subsequent years, Congress has several options
regarding potential shipboard lasers. In addition to decisions on whether or not to fund continued
development of potential shipboard lasers, these options include, among other things, the
following: encouraging or directing the Navy or some other DOD organization to perform an
analysis of alternatives (AOA) comparing the cost-effectiveness of lasers and traditional kinetic
weapons (such as missiles and guns) for countering surface, air, and missile targets, and
encouraging or directing the Navy to adopt a program of record for procuring a production
version of a shipboard laser, and/or a roadmap that calls for installing lasers on specific surface
ships by specific dates.
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Introduction

Issue for Congress

Department of Defense (DOD) devel opment work on high-energy military lasers, which has been
underway for decades, has reached the point where lasers capable of countering certain surface
and air targets at ranges of about a mile could be made ready for installation on Navy surface
ships over the next few years. More powerful shipboard lasers, which could become ready for
installation in subsequent years, could provide Navy surface ships with an ability to counter a
wider range of surface and air targets at ranges of up to about 10 miles. These more powerful
lasers might, among other things, provide Navy surface ships with a terminal-defense capability
against certain ballistic missiles, including China's new anti-ship ballistic missile (ASBM)." An
August 2010 press report states:

Expertsbelievethat of all the servicesthe Navy holdsthe most promisefor hel ping directed
energy weapons become operationally viable systems in the near future.... This fall, the
Office of Naval Research plansto demonstrate ahigh-energy laser weapon system prototype
at seafor thefirst time? If that demonstration proves successful at destroying a high-speed
boat target, then Navy officials could decideto procure a system and becomethefirg service
to incorporate high-powered lasers into its weapon inventory.®

Compared to existing ship self-defense systems, such as missiles and guns, lasers could provide
Navy surface ships with a more cost effective means of countering certain surface, air, and
ballistic missile targets. Ships equipped with a combination of lasers and existing self-defense
systems might be able to defend themselves more effectively against arange of such targets.
Equipping Navy surface ships with lasers could lead to changes in naval tactics, ship design, and
procurement plans for ship-based weapons, bringing about a technological shift for the Navy—a
“ game changer”—comparable to the advent of shipboard missilesin the 1950s.

Although the Navy is developing laser technologies and prototypes of potential shipboard lasers,
and has ageneralized vision for shipboard lasers, the Navy currently does not have a program of
record* for procuring a production version of a shipboard laser, or aroadmap that calls for
installing lasers on specific surface ships by specific dates.

! For more on China s ASBM devel opment effort, see CRS Report RL33153, China Naval Moder ni zation:
Implications for U.S. Navy Capabilities—Background and Issues for Congress, by Ronald O'Rourke.

2 This appears to be areference to the November 2010 test of the Maritime Laser Demonstration (MLD) system
discussed later in this report.

3 GraceV. Jean, ¢ Navy Aiming for Laser Weapons a Sea,” National Defense, August 2010, accessed online at
http://www.nati onal defensemagazi ne.org/archive/2010/August/Pages/NavyAimingfor L aser\Weaponsat Sea.aspx.

4 A program of record, or POR, is aterm sometimes used by DOD official's that means, in generd, aprogram in the
Future Y ears Defense Plan (FY DP) that is intended to provide a new, improved, or continuing materiel, weapon, or
information system or service capability in response to an approved need. The term is sometimes used to refer to a
program in aservice's budget for procuring and deploying an operationa weapon system, as opposed to aresearch and
development effort that might or might not eventually lead to procurement and deployment of an operationa weapon
system. If aresearch and devel opment effort is converted into a program or record for procuring an operational weapon
system, the program might then be conducted under the DOD’ s process for managing the acquisition of weapon
systems, which is discussed further in CRS Report RL34026, Defense Acquisitions: How DOD Acquires Weapon
Systems and Recent Efforts to Reform the Process, by Moshe Schwartz.
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The central issue for Congress is whether to approve or modify the Administration’s proposed
funding levels for development of potential shipboard lasers, and whether to provide the Navy or
DOD with direction concerning devel opment and procurement programs for shipboard lasers.
Potential specific issues for Congress include the following:

e whether the Navy should act now to adopt a program of record for procuring a
production version of a shipboard laser, and/or aroadmap that calls for installing
lasers on specific surface ships by specific dates;

e how many types of lasers to continue devel oping, particularly given constraints
on Navy funding, and the relative merits of types currently being developed; and

e thepotential implications of shipboard lasers for the design and acquisition of
Navy ships, including the Flight 111 DDG-51 destroyer that the Navy wants to
begin procuring in FY2016.

Decisions that Congress makes regarding potential shipboard lasers could significantly affect
future Navy capabilities and funding requirements, the U.S. industrial base for military lasers, and
theindustrial base for existing shipboard sdlf-defense systems.

Scope, Sources, and Terminology

This report focuses on potential Navy shipboard lasers for countering surface, air, and ballistic
missile threats. It does not discuss the use of lasers on Navy aircraft or submarines, or the use of
lasers by other military services.

This report is based on unclassified information from Navy, RAND,” and industry briefings on
shipboard lasers provided to CRS and the Congressional Budget Office (CBO) in the summer of
2010, aswdl as unclassified open-domain information. CRS requested the Navy and industry
briefings to support the preparation of this report. Unless otherwise indicated, information
presented in this report (including the appendices) is taken from the briefings.

For purposes of this report, the term * short range” generally refers to ranges of one or two
nautical miles, while references to longer ranges or extended ranges refer to ranges of up to about
10 nautical miles.® Lasers are onetype of directed energy weapon (DEW); other DEWSs include
microwave weapons and millimeter wave weapons.

® The RAND briefing was based on an eval uation of directed energy technologies that RAND performed for the Navy.
At the Navy' s direction, RAND collaborated on the study with the Center for Naval Analysis (CNA) and the MITRE
Corporation.

® In discussions of other types of defense systems, the terms short range and long range could have considerably
different meanings. In discussions of the ranges of military airplanes or balistic missiles, for example, the term short
range might mean arange of hundreds of miles, while references to longer ranges could refer to ranges of thousands of
miles.
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Background

Shipboard Lasers in General

Potential Advantages and Limitations of Shipboard Lasers

Lasersare of interest to the Navy and other observers as potential shipboard weapons because
they have certain potential advantages for countering some types of surface, air, and ballistic
missile targets. Shipboard lasers also have potential limitations for countering such targets.
Potential advantages and limitations are discussed bel ow.

Advantages

Potential advantages of shipboard lasers for countering surface, air, and ballistic missile targets
include the following:

e Low marginal cost per shot. Shipboard lasers could counter surface, air, and
ballistic missile targets at a low marginal cost per shot. The shipboard fuel
needed to generate the dectricity for firing an electrically powered laser would
cost less than a dollar per shot (some sources express the cost in pennies per
shot).” In contrast, the Navy’s short-range air-defense interceptor missiles cost
roughly $800,000 to $1.4 million each, and its longer-range air- and missile-
defense interceptor missiles cost several million dollars each.® A laser can givea
ship an alternative to using an expensive interceptor missile to achieve a*hard
kill”® against a much less expensive target, such as an unsophisticated unmanned
air vehicle (UAV). A low marginal cost per shot could permit the Navy to
dramatically improve the cost exchange ratio—the cost of the attacker’s weapon
compared to the Navy’s marginal cost per shot for countering that weapon. Cost
exchangeratios currently often favor the attacker, sometimes very significantly.
Converting unfavorable cost exchange ratios into favorable ones could be critical
for the Navy’s ability in coming years to mount an affordable defense against
adversaries that choose to deploy large numbers of small boats, UAV's, anti-ship
cruise missiles (ASCMs), and ASBMs for possible use against U.S. Navy ships.

7 See, for example, Geoff Fein, “Navy Leveraging Commercial Lasers To Shoot Down UAVs,” Defense Daily, May
11, 2010: 3-4.

8 The Navy’ s short-range shipboard interceptor missilesinclude Rolling Airframe Missiles (RAMs), which currently
have a unit procurement cost (including canisters and other associated hardware) of about $800,000, and Evolved Sea
Sparrow Missiles (ESSMs), which currently have a unit procurement cost (including canisters and other associated
hardware) of about $1.4 million. The Navy’ slonger-range interceptor isthe Standard Missile (SM). Air defense
versions of the Standard Missile currently have a unit procurement cost (including containers and other associated
hardware) of about $4.3 million. (Source: Navy budget-justification book for Weapon Procurement, Navy [WPN]
appropriation account for FY2011.) Asdiscussed in ancther CRS report (CRS Report RL33745, Navy Aegis Ballistic
Missile Defense (BMD) Program: Background and I ssues for Congress, by Ronald O'Rourke), ballistic missile defense
versions of the Standard Missile have unit procurement costs of $9 million to $15 million.

9 A “hard kill” involves destroying the attacking weapon in some manner. A “soft kill” involves confusing the weapon
through decoys or other measures, so that it missesitsintended target.
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o Deep magazine. Navy surface ships can carry finite numbers of interceptor
missiles in their missile launch tubes. Once a Navy surface ship’s interceptors are
fired, loading a new set of interceptors onto the ship would require the ship to
temporarily withdraw from the battle. The Phalanx Close-In Weapon System
(CIWY) that isinstalled on Navy surface ships—a radar-controlled Gatling gun
that fires bursts of 20mm shells—similarly can engage afinite number of targets
beforeit needs to be rd oaded, which takes a certain amount of time. In contrast,
an electrically powered laser can be fired again and again, as long as the ship has
fuel to generate electricity (and sufficient cooling capacity to remove waste heat
from the laser). A laser would give a ship a weapon with a deep (some observers
say virtually unlimited) magazine capacity. Lasers could permit Navy surface
ships to more effectively defend themselves against adversaries with more
weapons and decoys than can be handled by the ships’ onboard supplies of
interceptor missiles and CIWS ammunition. A ship equipped with a laser, for
example, could usethe laser to counter an initial wave of decoys while
conserving the ship’s finite supply of interceptor missiles and CIWS ammunition
for incoming weapons that are best countered by those systems. Future ships
designed with a combination of lasers and missile-launch tubes could be smaller,
and thus less expensive to procure, than future ships designed with no lasers and
alarger number of missile-launch tubes.

e Fast engagement times. Light from a laser beam can reach a target almost
instantly (eliminating the need to calculate an intercept course, asthereis with
interceptor missiles) and, by remaining focused on a particular spot on the target,
cause disabling damage to the target within seconds. After disabling one target, a
laser can be redirected in several seconds to another target. Fast engagement
times can be particularly important in situations, such as near-shore operations,
where missiles, rockets, artillery shells, and mortars could befired at Navy ships
from relatively close distances.

e Ability to counter radically maneuvering air targets. Lasers can follow and
maintain their beam on radically maneuvering air targets (such as certain
ASCMs) that might stress the maneuvering capabilities of Navy interceptor
missiles.

e Precision engagement and reduced risk of certain kinds of collateral damage
in port areas. Lasers are precision-engagement weapons—the light spot from a
laser, which might be several inches in diameter, affects what it hits, while
generally not affecting (at least not directly) separate nearby objects. Navy ships
in overseas ports might be restricted in their ability to use the CIWS to defend
themselves against mortars and rockets out of concern that CIWS shdls that are
fired upward but miss the target would eventually come back down, possibly
causing collateral damage in the port area. In contrast, light from an upward-
pointing laser that does not hit the target would continue flying upward in a
straight line, which can reduce the chance of causing collateral damageto the
port area.

e Additional uses; graduated responses. Lasers can perform functions other than
destroying targets, including detecting and monitoring targets and producing non-
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lethal effects, including reversible jamming of electro-optic (EO) sensors.™
Lasers offer the potential for graduated responses that range from warning targets
to reversibly jamming their systems, to causing limited but not disabling damage
(as a further warning), and then finally causing disabling damage.

Limitations

Potential limitations of shipboard lasers for countering surface, air, and ballistic missile targets
include the following:

e Lineof sight. Since laser light tends to fly through the atmosphere on an
essentially straight path, shipboard lasers would be limited to line-of-sight
engagements, and consequently could not counter over-the-horizon targets or
targets that are obscured by intervening objects. This limits in particular potential
engagement ranges against small boats, which can be obscured by higher waves,
or low-flying targets. Even so, lasers can rapidly reacquire boats obscured by
periodic swells, and more generally might be able to engage targets at longer
ranges than certain existing shipboard gun systems. An airborne mirror, perhaps
mounted on an aerostat,™ could bounce light from a shipboard laser, so asto
permit non-line-of-sight engagements; implementing such an arrangement would
add cost and technical challenges, and the aerostat could be damaged by a
misaimed shipboard laser or enemy attack.

e Atmospheric absor ption, scattering, and turbulence; not an all-weather
solution. Substances in the atmosphere—particularly water vapor, but also things
such as sand, dust, salt particles, smoke, and other air pollution—absorb and
scatter light from a shipboard laser, and atmospheric turbulence can defocus a
laser beam. These effects can reduce the effective range of alaser. Absorption by
water vapor isa particular consideration for shipboard |asers because marine
environments feature substantial amounts of water vapor in the air.”? There are
certain wavelengths of light (i.e, “sweet spots’ in the el ectromagnetic spectrum)
where atmospheric absorption by water vapor is markedly reduced.”® Lasers can
be designed to emit light at or near those sweet spots, so as to maximize their
potential effectiveness. Absorption generally grows with distanceto target,
making it in general less of a potential problem for short-range operations than
for longer-range operations. Adaptive optics, which make rapid, fine adjustments
to alaser beam on a continuous basis in response to observed turbulence, can

1% Reversible jamming meansthat the jamming does not damage the sensor, and that the sensor can resume normal
operations once thejamming ends.

™ An aerostat is alighter-than-air object, such asadirigible or balloon, that can stay stationary inthe air.

12 For further discussion, see P. Sprangle, J.R. Pefiano, A. Ting, and B. Hafizi, “ Propagation of High-Energy Lasersina
Maritime Atmosphere,” NRL Review 2004. (Accessed online at http://www.nrl.navy.mil/research/nrl-review/2004/
featured-research/sprangle/.)

13 |_asers being developed for potentia shipboard use produce light with wavel engths in the near-infrared portion of the
spectrum. Sweet spots in this part of the spectrum include wavelengths of 0.87 microns, 1.045 microns, 1.24 microns,
1.62 microns, 2.13 microns, and 2.2 microns. (Other sources, such as the research paper cited in footnote 12, cite
somewhat different figures for sweet spot wavelengths, depending in part on whether sweet spot is for water vapor
alone, or for multiple sources of atmospheric absorption and scattering.)
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counteract the effects of atmospheric turbulence. Even so, lasers might not work
well, or at al, inrain or fog, preventing lasers from being an all-weather solution.

e Thermal blooming. A laser that continues firing in the same exact direction for a
certain amount of time can heat up the air it is passing through, which in turn can
defocus the laser beam, reducing its ability to disable the intended target. This
effect, called thermal blooming, can make lasers less effective for countering
targets that are coming straight at the ship, on a constant bearing (i.e., “down-the-
throat” shots). Other ship self-defense systems, such asinterceptor missiles or a
CIWS, might be more suitable for countering such targets. Most tests of laser
systems have been against crossing targets rather than “ down-the-throat” shots.

In general, thermal blooming becomes more of a concern as the power of the
laser beam increases.

e Saturation attacks. Since alaser can attack only onetarget at atime, requires
several seconds to disableit, and several more seconds to be redirected to the
next target, a laser can disable only so many targets within a given period of time.
This places an upper limit on the ability of an individual laser to deal with
saturation attacks—attacks by multiple weapons that approach the ship
simultaneously or within a few seconds of one another. This limitation can be
mitigated by installing more than one laser on the ship, similar to how the Navy
installs multiple CIWS systems on certain ships.™

e Hardened targets and counter measures. Less-powerful lasers—that is, lasers
with beam powers measured in kilowatts (kW) rather than megawatts (MW)*>—
can have less effectiveness against targets that incorporate shielding, ablative
material, or highly reflective surfaces, or that rotate rapidly (so that the laser spot
does not remain continuously on a single location on the target’s surface) or
tumble. Small boats could employ smoke or other obscurants to reduce their
susceptibility to laser attack. Measures such as these, however, can increase the
cost and/or weight of a weapon, and obscurants could make it more difficult for
small boat operators to see what is around them, reducing their ability to use their
boats effectively.

e Risk of collateral damageto aircraft and satellites. Since light from an
upward-pointing laser that does not hit the target would continue flying upward
inagraight line, it could posearisk of causing unwanted collateral damage to
aircraft and satellites.™

In addition to the above points, a shipboard laser, like other shipboard systems, would take up
space on a ship, use up some of the ship’s weight-carrying capacity, create a load on the ship’s
electrical power and cooling systems, and possibly alter the ship’s radar cross section. These
considerations—referred to collectively as ship impact—can become significant when

1 The Navy installs multiple CIWS systems on certain ships not only to improve their ability to handle a saturation
attack, but also to ensure that each ship hasfull (i.e., 360-degree CIWS) coverage around the ship. A desire for 360-
degree laser coverage could be another reason for installing multiple lasers on a ship.

% For a discussion of laser power levels, see “ Required Laser Power Levels for Countering Targets’.
'8 For more on the issue of collateral damage to satellites, see Appendix J.
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considering whether to backfit lasers onto existing ships, or whether to incorporate lasers into
new ship designs."’

Potential Targets for Shipboard Lasers
Potential targets for shipboard lasers include the following:

e dectro-optical (EO) sensors, including those on anti-ship missiles;

e small boats (including so-called “ swarm boats”)*® and other watercraft (such as
jet skis);

o rockets, artillery shells, mortars (sometimes collectively referred to as RAM);

e UAvVs,

e manned aircraft;

e ASCMs, and

e ballistic missiles, including ASBMs.

Small boats, rockets, artillery shells, and mortars can be a particular concern for Navy surface
ships during operations close to shore. Iran has acquired large numbers of swarm boats for
potential use during a crisis or conflict against U.S. Navy ships seeking to enter or operatein the
Persian Gulf. RAM weapons are widely proliferated to both state and non-state organizations.
UAVSs, including relatively simple and inexpensive models, can be used to collect and transmit
targeting data on Navy ships, attack Navy ships directly by diving into them, and be armed to
attack Navy ships at a distance. ASCMs are widely proliferated to state actors, and were also
reportedly used by the non-state Hezbollah organization in 2006 to attack an Isradli warship.
China has developed an ASBM. Lasers that are not capable of disabling ballistic missiles could
nevertheless augment ballistic missile defense operations by being used for precision tracking and

imaging.

Required Laser Power Levels for Countering Targets

A laser’s ability to disable a target depends in large part on the power and beam quality of its light
beam. The power of the light beam is measured in kilowatts (kW) or megawatts (MW). Beam
quality (BQ) is a measure of how well focused the beam is.”® Additional factors affecting a laser’s
ability to disable a target include:

Y For an additional (and somewhat similar) discussion of the potential advantages and limitations of |asers, see Richard
J. Dunn, 11, Operational Implications of Laser Weapons, Northrop Grumman Analysis Center Papers, September
2005, pp. 10-12.

18 Swarm boats are small, fast boats that attack alarger ship by operating in packs, or swarms, so as to present the
larger ship with a complex situation of many hostile platforms that are moving rapidly around the ship in different
directions.

9 A laser with perfect BQ — meaning that the laser’s light spot is focused to the physical diffraction limit —issaid to
have aBQ of 1.0. A beam that is focused to the physical diffraction limit is focused aswell as the laws of nature allow.
Lasers with the wavel engths considered in this report that are focused to the physical diffraction limit would, if fired in
a vacuum, experience very little spreading out of the laser spot as the beam travel s further and further from the source.

A BQ of 2.0 meansthat the laser’ slight spot at a given range istwice aslarge in diameter as an otherwise-same | aser
(continued...)
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e atmospheric absorption, scattering, and turbulence,®

o jitter—the degree to which the spot of laser light jumps around on the surface of
the target due to vibration or other movement of the laser system,* and

e target design features, which can affect a target’s susceptibility to laser damage.

Table B-1 in Appendix B summarizes some government and industry perspectives regarding
power levels needed to counter certain targets. Although these perspectives differ somewhat, the
following conclusions might be drawn from the table regarding approximate laser power levels
needed to affect certain targets:

o Laserswith apower level of about 10 kW might be able to counter some UAV'S
at short range, particularly “ soft” UAVSs (i.e., those with design features that
make them particularly susceptible to laser damage).

o Laserswith power levelsin thetens of kilowatts could have more capability
for countering UAV's, and could counter at least some small boats as well.

e Laserswith apower level of about 100 kW would have a greater ability for
countering UAV's and small boats, as well as some capability for countering
rockets, artillery, and mortars.

o Laserswith power levelsin the hundreds of kilowatts could have greater
ability for countering targets mentioned above, and could also counter manned
aircraft and some missiles.

e Laserswith power levelsin the megawatts could have greater ability for
countering targets mentioned above—including supersonic ASCMs and ballistic
missiles—at ranges of up to about 10 nautical miles.

In addition to the points above, one Navy briefing stated that lasers with power levels above 300
kW could permit a ship to defend not only itsdlf, but other shipsin the area as well (a capability
referred to as area defense or escort operations or battle group operations).

Types of Lasers Being Developed for Potential Shipboard Use

The Navy and DOD are devel oping three principal types of lasers for potential use on Navy
surface ships:

o fiber solid state lasers (SSLs),
e dabSSLs, and
o freedectronlasers (FELS).

(...continued)

withaBQ of 1. The Navy considersaBQ of 1.1 to 5 to be high, and a BQ of 5.1 to 20 to be moderate. Achieving a BQ
of 1to 5 generally adds complexity and cost to the system. In general, thelonger the range to the target, the more
important BQ becomes.

2 As discussed earlier, atmospheric absorption, scattering, and turbulence are affected by the laser’ s light wavelength
and the use of adaptive optics.

2 Jitter becomes more important as BQ improves and range increases.
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All three types are eectrically powered.? Each typeis discussed briefly below. Additional
information on each typeis presented in Appendix D, Appendix E, and Appendix F.

Fiber Solid State Lasers (Fiber SSLs)

Fiber solid state lasers (SSLs) are widely used in industry—tens of thousands are used by auto
and truck manufacturing firms for cutting and welding metal. Consequently, they are considered
to be a very robust technology. The Navy’s fiber SSL prototype demonstrator, called the L aser
Weapon System (L awWS), has a beam power of 33 kW. The Navy envisions LawS being used
for operations such as disabling or reversibly jamming EO sensors, countering UAVs and EO
guided missiles, and augmenting radar tracking. The Navy envisions installing LawS on a ship
either on its own mount or (more likely) as an add-on to an existing Phalanx Close-In Weapon
System (CIWS) mount.” The Navy is currently working on integrating Laws with CIWS, to
support the latter option.

The Navy states the following regarding tests of LaWS:

e InJune 2009, LaWs successfully engaged five threat-representative UAVS™ in
five attempts in tests in combat-representative scenarios in a desert setting at the
Naval Air Weapons Station at China Lake, in southern California.

e InMay 2010, LawsS successfully engaged four threat-representative UAVS in
four attempts in combat-representative scenarios at a range of about one nautical
milein an over-the-water setting conducted from San Nicholas Island, off the
coast of southern California. LaWS during these tests also demonstrated an
ability to destroy materials used in rigid-hull inflatable boats (RHIBs—atype of
small boat) at arange of about half a nautical mile, and to reversibly jam and
disrupt eectro-optical/infrared sensors.”

The Navy is currently working on scaling up the power of the LawS beam to about 100 kW by
FY2014. How much beyond 100 kW the system could eventually be scaled up to is not clear, but
the system is not generally viewed as having the potential for being scaled up to megawatt power
levels.

2 some military lasers, such asthe Air Force's Airborne laser (ABL), are chemically powered. Devel apment work on
potentia shipboard lasers focuses on eectrically powered | asers because such lasers can be powered by aship's
existing eectrica power system, whereas a chemically powered laser would require the ship to be periodicaly
resupplied with the chemicals used by the laser. Resupplying the ship with the chemicals could require the ship to
temporarily remove itself from the battle. In addition, the Navy would need to establish a new logistics train to provide
the chemicals to Navy surface ships, and loading and storing the chemical's on ships would create a handling risk for
crew members, since the chemicasin question are toxic.

% As mentioned earlier the Phalanx CIWS is a radar-controlled Gatling gun that fires bursts of 20mm shells.

2 Threat-representative means that the UAV is generally similar in design and capabilities to UAVs operated by
potentia adversaries.

% For aNavy press rel ease about this test, see NAVSEA (Naval Sea Systems Command) press rel ease dated May 28,
2010, and entitled “Navy Laser Destroys Unmanned Aerid Vehiclein aMaritime Environment,” accessed online at
http://www.navsea.navy.mil/PR2010/PressRelease 20100528 | aser%20Destroys%20UAV .pdf. The UAV's engaged in
these tests were BQM-147s, which vari ous sources describe as low-cost, propeller-driven UAVs with alength of about
5 feet, awingspan of about 8 feet, and a maximum speed of 100 knots or less.

Congressional Research Service 9



Navy Shipboard Lasers for Surface, Air, and Missile Defense

The Navy states that as of December 2010, LawWS was at a Technology Readiness Level (TRL) of
5, meaning component and/or breadboard validation in arelevant environment.”® The Navy
estimates that it might cost roughly $150 million to develop LawSto TRL 7, meaning the
demonstration of a system prototype in an operational environment. The Navy considers the
Laws effort to be ready for conversion into a program of record, should policymakers decide that
this would be desirable. If the LaWsS effort were converted soon into a POR, the Navy believes a
production version of LaWS might achieve Initial Operational Capability (or |OC—atype of
official in-service date) on Navy surface ships around FY2017. The Navy estimates that
production copies of the LaWS system could be installed and procured as additions to ship CIWS
mounts for atotal cost roughly $17 million per CIWS mount.’

For additional information on fiber SSLsand LaWs, see Appendix D.

Slab Solid State Lasers (Slab SSLs)

DOD has pursued multiple efforts to develop slab SSLsfor military use. Among these is the
Maritime L aser Demonstration (ML D), a prototype laser weapon developed as arapid
demonstration project under DOD’s Joint High Power SSL (JHPSSL) program. MLD leverages
development work on slab SSL s done elsewhere in DOD under the JHPSSL program. In March
2009, Northrop demonstrated a version of MLD that coherently combined seven slab SSLs, each
with a power of about 15 kW, to create a beam with a power of about 105 kW.

In July 2010, the ability of MLD to track small boats in a marine environment was tested at
NSWC Port Hueneme, CA.” In late August and early September 2010, MLD was tested in an
over-the-water setting at the Navy’s Potomac River Test Range against stationary targets,
including representative small boat sections.”® In November 2010, an at-sea test of the system
against small boat targets reportedly was stopped midway because one of the system’s
components needed to be replaced.® The test was resumed in April 2011, and on April 6, 2011,

% source: Navy information paper dated December 3, 2010, provided by the Navy to CRS on December 3, 2010. DOD
uses TRL ratings to characterize the devel opmenta status of many weapon technologies. DOD TRL ratings range from
1 (basic principles observed and reported) to 9 (actual system proven through successful mission operations). For the
definitions of al 9 DOD TRL ratings, see Appendix H.

% The $17 million figure was provided in a Navy briefing to CRS. A May 11, 2010, press report quoted a Navy official
as estimating the cost at $15 million:

“1 think the total system, when we finally get it out there, will be on the order of $15 million per
system and then there will be no ordnance costs, no logistics tail for maintaining the ordnance, no
depots to overhaul ordnance, and no fire suppression as you move this ordnance around,” [Capt.
Dave Kid, Naval Sea Systems Command (NAV SEA) directed energy and el ectric weapons
program manager] said.

(Geoff Fein, “Navy Leveraging Commercial Lasers To Shoot Down UAVS,” Defense Daily, May
11, 2010: 3-4.)

% See Northrop Grumman press release dated July 26, 2010, and entitled “Northrop Grumman-Built Maritime Laser
Demonstration System Proves Key Capabilities for Shipboard Operations, Weaponi zation,” accessed online at
http://www.irconnect.com/noc/press/pages/news rel eases.html2d=197321.

% See Northrop Grumman press rel ease dated September 30, 2010, and entitled “Northrop Grumman-Built Maritime
Laser Demonstration System Shows Higher Lethdity, Longer Ranges at Potomac River Test Range; U.S. Navy Salid-
State Laser’ s Mature Technology is Ready for Marine Environment;” accessed online at http://www.irconnect.com/
noc/press/pages/news _rel eases.html 2d=202703.

% Andrew Burt, “ Navy's First At-Sea Maritime laser Weapon Test Encounters Delays,” Inside the Navy, November 15,
2010.
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the system successfully engaged a small target vessel. According to the Navy, this was the first
timethat a laser of that energy level had been put on a Navy ship, powered from that ship, and
used to counter atarget at range in a maritime environment.?

Scaling up a slab laser to atotal power of 300 kW is not considered to require any technological
breakthroughs. Supporters of slab SSLs such asMLD believe they could eventually be scaled up
further, to perhaps 600 kW. Slab SSL s are not generally viewed as easily scalable to megawatt
power levels.

The Navy states that as of December 2010, MLD was at a Technology Readiness Level (TRL) of
5, meaning component and/or breadboard validation in a relevant environment.*

For additional information on slab SSLsand MLD, see Appendix E.

Free Electron Lasers (FELs)

Unlike slab SSLs, which are being developed by multiple U.S. military services, FELs are being
developed within DOD solely by the Navy, in part because they would be too largeto beinstalled
on Army or Marine Corps ground vehicles or Air Force tactical aircraft, and in part because an
FEL’s ability to change its wavelength so as to match atmospheric transmission sweet spots
makes it particularly suited for operations in a marine environment. The basic architecture of an
FEL offers a clear potential for scaling up to power levels of one or more megawatts.

A 14.7 kW FEL has been developed; it has not been moved out of a laboratory setting or fired at
an operational moving target. The Office of Naval Research (ONR) is now funding the
development, as an Innovative Naval Prototype (INP),* of a 100 kW FEL ; the work is scheduled
to be performed during FY 2010-FY 2015.* Developing a 100 kW FEL reduces the risks
associated with devel oping a megawatt-class FEL. If a decision were made to develop a
megawatt-class FEL for incorporation as a shipboard weapon, the Navy believes the devel opment
work could occur during FY2016-FY 2021.

The Navy states that as of December 2010, FEL was at a Technology Readiness Level (TRL) of 4
(meaning component and/or breadboard validation in alaboratory environment).®

% Geoff S. Fein, “MLD Test Moves Navy a Step Closer to Lasers for Ship Sdf-Defense,” April 8, 2011 (Office of
Naval Research news release, accessed online at http://www.onr.navy.mil/en/M edia-Center/Press-Rel eases/2011/
Maritime-Laser-MLD-Test.aspx.)

%2 Source: Navy information paper dated December 3, 2010, provided by the Navy to CRS on December 3, 2010. As
mentioned in footnote 26, DOD uses TRL ratings to characterize the devel opmental status of many weapon
technologies. DOD TRL ratings range from 1 (basic principles observed and reported) to 9 (actua system proven
through successful mission operations). For the definitions of all 9 DOD TRL ratings, see Appendix H.

%3 For adescription of INPs, see Appendix G.

% A low power Terahertz Sensor FEL is aso being devel oped under the INP, with a prototype scheduled to be
availablein FY2015. ONR states that “ Possible uses of this system include [target] interrogation, sensing and
discrimination of high value targets, and weapons of mass destruction detection.”

% Source: Navy information paper dated December 3, 2010, provided by the Navy to CRS on December 3, 2010. As
mentioned in footnote 26, DOD uses TRL ratings to characteri ze the devel opmental status of many weapon
technologies. DOD TRL ratings range from 1 (basic principles observed and reported) to 9 (actua system proven
through successful mission operations). For the definitions of all 9 DOD TRL ratings, see Appendix H.
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For additional information on FEL, see Appendix F.

Remaining Technical Challenges

Navy and DOD research on military lasers has overcome many of the technical challenges
associated with devel oping shipboard lasers, but a number of challenges remain. As mentioned in
the preceding sections, the Navy states that as of December 2010, LawS and MLD wereat a
Technology Readiness Level (TRL) of 5 (meaning component and/or breadboard validation in a
relevant environment) and that FEL was at a TRL of 4 (meaning component and/or breadboard
validation in a laboratory environment).

Remaining technical challenges for potential shipboard lasers can be grouped into four broad
categories:

e scaling up beam power to higher levels while maintaining or improving beam
quality and addressing thermal management (the removal of waste heat from the
gain medium);

e turning prototype and demonstration versions of lasers into versions that are
suitablefor series production, shipboard installation, and shipboard operation and
maintenance over many years of use,

e engineering other parts of a complete laser weapon system, including target
detection and tracking, and beam pointing; and

e integrating lasers with ship power and cooling systems, and with ship combat
systems (i.e., aship’sintegrated collection of sensors, computers, displays, and

weapons).

Although these challenges are stated briefly here, they are not trivial. Skeptics might argue that
certain past DOD laser development efforts proved over-optimistic in terms of projections for
overcoming technical challenges and producing operational weapons. In spite of decades of
devel opment work, these skeptics might note, DOD has not deployed an operational high-energy
laser weapon system.

Scaling up beam power to megawait levelsis a principal challenge at this point for the FEL. ONR
believes that scaling up FEL from 14 kW to 100 kW will makeit substantially easier to then scale
up FEL to megawatt power levels. Thermal management is a particular challenge for SSLs.
(Supporters of fiber SSLs say it isless of a challenge for fiber SSLs than for slab SSLs.)
Supporters of LaWS argue that many of the challenges associated with fielding the system have
been overcome; a May 11, 2010, press report states:

Taking alaser weapon from land to sea presents afew challenges, [Capt. Dave Kiel, Naval
Sea Systems Command directed energy and el ectric weapons program manager] said. “To
me, al thetechnical challengesthat exist to moving to amaritime environment areredlyjust
engineeringissues. | don’t think therewill beany significant S& T [science and technol ogy]
issues.”

The issues range from stabilizing the system to the effect that higher humidity has on
absorbing some of alasers power as it passes through the atmosphere, he said.
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“The biggest issues though aren’'t purely technical they are related to just the whole
socialization issue—no one has ever had alaser weapon on a ship beforeand it isgoing to
take people timeto get used to them,” Kiel added.®

That means making sure the laser does what it is advertised to do and that every time the
system is turned on, no one is going to be blinded from the laser, he said.*’

Navy Surface Fleet’'s Generalized Vision for Shipboard Lasers

The Navy’s surface fleet has a generalized vision for shipboard lasers that envisages deploying
lasersinto the current Navy, the“Next Navy” (i.e., the Navy that will be produced by current
shipbuilding programs), and the “ Navy After Next” (i.e., the Navy that will be produced by future
shipbuilding programs). This generalized vision can be summarized as follows (text based on a
Navy briefing dide):

e Current Navy—L aWs:

e 50 kw to 100 kW fiber laser with alow beam quality (BQ)® and a beam
director with a diameter of about 60 cm (about 23.6 inches);

e short-range operations against targets such as EO sensors, small boats,
UAVs, RAM; and man-portable air defense systems (or MANPADs—
shoulder-fired surface-to-air missiles);*

e potential 10C around FY 2017,
e Next Navy:
e 100 kW laser with a BQ of about 2 and use of adaptive optics;

e Extended-range operations against targets such as EO sensors, small boats,
UAVs, RAM, and MANPADSs, as well asASCMsthat areflying on a
crossing path (rather than at the ship);

e Navy After Next—FEL:

e 1MW FEL laser using a beam director with a diameter of more than 1 meter
(more than about 39 inches);

e Sdf-defense operations against transonic and supersonic/highly
maneuverable anti-ship missiles, and ballistic missiles.

Although this generalized vision refers to laser types and specifications and generalized time
frames for installing lasers on Navy ships, it is not a program of record for procuring a production
version of a shipboard laser, or aroadmap that calls for installing lasers on specific surface ships
by specific dates. The Navy currently does not have such a program of record or roadmap.

% Theterm socialization as used by DOD personnel generally refers to the process in which peoplelearn about and
become comfortable with a new idea or technology.

37 Geoff Fein, “Navy Leveraging Commercial Lasers To Shoot Down UAVS,” Defense Daily, May 11, 2010: 3-4.
% As mentioned earlier (see footnote 19), BQ is a measure of how well-focused the beamiis.
% MANPADS stands for man-portable air defense system.
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Issues for Congress

Program of Record and Roadmap

Although the Navy is developing laser technologies and prototypes of potential shipboard lasers,
and has ageneralized vision for shipboard lasers (see“ Navy Surface Fleet’s Generalized Vision
for Shipboard Lasers’), the Navy does not have a program of record for procuring a production
version of a shipboard laser, or aroadmap that calls for installing lasers on specific surface ships
by specific dates. The Navy states that it is taking a measured approach toward the devel opment
and implementation of lasers (and other directed energy weapons) that includes, among other
things, devel oping and testing prototype and demonstration lasers and monitoring independent
laser experiments performed by commercial firms. Current operational requirements, the Navy
states, do not specify shipboard directed energy weapons to address capability gaps. The Navy
states that although lasers and other directed-energy weapons offer options for providing required
capabilities, abusiness casefor directed energy weapons over traditional kinetic weapons (such
as guns and missiles) has not been developed. The Navy states that although it has not performed
an analysis of alternatives (AOA) comparing directed energy weapons to traditional kinetic
energy weapons, it is continually analyzing its defensive capabilities for effectiveness against
current and potential future threats.

One potential issue for Congress is whether the Navy should act now to adopt a program of
record for procuring a production version of a shipboard laser, and/or aroadmap that calls for
installing lasers on specific surface ships by specific dates.

Regarding the possibility of developing a roadmap for shipboard lasers, it can be noted that the
Navy in recent years has devel oped or called for the development of roadmaps or master plansin
anumber of other technology and policy areas, including the Navy’s future computing and
information environment,” information dominance,* UAV's,*> unmanned underwater vehicles
(UUVs),” unmanned surface vehicles (USVs),* the Navy’s response to changing conditions in
the Arctic,” the Navy’s response to climate change,* and military transformation of the Navy.*

0 See, for example, Andrew Burt, “ Roughead Seeks * Revolutionary’ Concepts In Information and Computing,” Inside
the Nawy, October 11, 2010.

“1 See, for example, Andrew Burt, “Navy Approves Three of 14 Information Dominance Roadmaps,” Inside the Navy,
September 10, 2010; “ Notes from the Armed Forces Communications and Electronics Association and U.S. Naval
Institute’' s West 2010 Conference,” Inside the Navy, February 8, 2010.

“2 See, for example, “Navy Roadmap Calls For Spiral Development Of Fire Scout UAV,” Inside the Navy, August 2,
2010.

3 See, for example, Cid Standifer, “Navy To Work With Air Force To Analyze And Exploit Intelligence Data,” Inside
the Nawvy, July 30, 2010.

“ Emdie Rutherford, “ Navy To Unveil Master Plan for Unmanned Surface Vehicles This Month,” Inside the Navy,
September 10, 2007.

5 For more on the Navy' s Arctic roadmap, see CRS Report R41153, Changes in the Arctic: Background and |ssues for
Congress, coordinated by Ronald O'Rourke.

4 See, for example, Zachary M. Peterson, “Navy Issues Climate Change Roadmap, Defers Investments Pending
Studty,” Inside the Navy, May 31, 2010.

47 Seg, for example, Randy Woods, “* Naval Transformation Roadmap’ Fleshes Out ‘ Seapower 21’ Vision,” Inside the
Navy, July 8, 2002.
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Arguments Against Developing a Roadmap or Program of Record

Supporters of the current Navy approach of not acting now to adopt a program of record for
procuring a production version of a shipboard laser and/or aroadmap that calls for installing
lasers on specific surface ships by specific dates could argue one or more of the following:

Operational requirements and business case. Current Navy operational
requirements do not specify shipboard directed energy weapons to address
capability gaps, and the Navy has not devel oped a business case for directed
energy weapons over traditional kinetic weapons (such as guns and missiles).
Until these two things change, it would be premature to adopt a program of
record for procuring a production version of a shipboard laser or aroadmap that
callsfor installing lasers on specific surface ships by specific dates.

State of development and risk of “rush to failure.” The current state of
development of potential shipboard lasers includes significant unresolved
questions about, for example, how far beam power can be scaled up while
maintaining or improving beam quality and handling thermal management issues.
Inlight of these questions, committing the Navy now to deploying lasers on
specific ships by specific dates would be premature, and could lead to a “rush to
failure’ in the Navy’s shipboard laser efforts.

Flexibility to incor por ate advances. The Navy’s approach of not committing
now to installing lasers on specific ships by specific dates is appropriate in light
of therapid rate of advance in SSL technologies in recent years. The Navy's
current approach is aflexible strategy that allows these advances to be folded
into the Navy’s effort as they occur, often at little or no cost to the Navy.
Committing now to installing lasers on specific ships by specific dates could lock
the Navy into a laser design that might quickly be made obsolete by such
advances.

History of overly optimistic promises on other DOD lasers. The Navy's
current approach of not committing now to installing lasers on specific ships by
specific dates reflects lessons learned from past DOD laser development efforts,
which include promises concerning the potential dates for having lasers enter
operational servicethat later proved to be overly optimistic.

Socialization. The Navy's current approach allows time for lasers to become
properly “socialized” within the Navy—that is, for knowledge of, and comfort
with, lasers to become more widespread among Navy personnel. Committing
now to installing lasers on specific ships by specific dates could result in lasers
being installed on ships before adequate socialization of lasers within the Navy
occurs. This could lead to institutional resistanceto, and rejection of, lasers by
the broader Navy community.

Arguments Supporting Developing a Roadmap or Program of Record

Those who support having the Navy act now to adopt a program of record for procuring a
production version of a shipboard laser and/or aroadmap that calls for installing lasers on specific
surface ships by specific dates could argue one or more of the following:
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e Operational requirements and business case. Current Navy operational
requirements documents can be outdated or reflect insufficient familiarity or
comfort with a new technology. Shipboard lasers are caught in a*“ Catch-22”
dilemma traditionally faced by new and different weapon technologies:
Operational requirements or a business case for installing shipboard lasers would
be best made on the basis of a thorough understanding of the potential uses and
value of shipboard lasers, but such an understanding cannot be developed until
lasers are installed on ships and used by Navy personnel in various operational
settings. In addition, new technol ogies are often less efficient or less cost
effective in their initial versions than they arein later versions, but deploying
initial versions can speed up the process of devel oping follow-on versions that
are more efficient or cost effective. Devel oping a roadmap or program of record
could help overcome this dilemma, encourage the Navy to “ get off the dime” on
procuring and installing shipboard lasers, and prevent shipboard lasers from
being perpetually stuck in the research and development stage (i.e., a*“technology
sandbox™).

e State of development and risk of “rush to failure.” Supporters of LaW$S
believeit isready for conversion into a program of record. Supporters of MLD
argue similarly argue that MLD isready for conversion into a program of record.
A roadmap or program of record can includeredlistic installation dates that avoid
creating arisk of a“rush to failure.”

o Flexibility to incor porate advances. A roadmap or program of record can
include features that provide flexibility for incorporating technol ogy
advancements as they occur. DOD’s approach of evolutionary acquisition with
spiral development, which DOD adopted in 2001 as its standard acquisition
approach, is intended to permit this.®

e History of overly optimistic promises on other DOD lasers. The best way to
overcomethe history of overly optimistic promises on DOD laser-devel opment
effortsisto develop, adopt, and successfully implement a roadmap or program of
record for installing lasers on specific ships by specific dates that includes
realistic goals for the capabilities of the lasersto be installed and realistic
installation dates.

e Socialization. The best way to socialize shipboard lasers within the broader
Navy community is to install them on Navy ships and permit Navy personnel to
use them. Aslong as lasers remain primarily in the research and devel opment
arena, socialization of lasers among the boarder Navy community will occur
slowly, if at all.

Past studies on military lasersin general, including potential shipboard lasers, include comments
bearing on the above debate. A 2005 Northrop paper, for example, stated:

Despite these technical advances in laser weapons, much of the military operational
community remains unaware of their potential. Numerous discussions with serving officers
at seminars, conferences and wargames over the past several years indicate that

“8 See CRS Report RS21195, Evolutionary Acquisition and Spiral Development in DOD Programs: Policy | ssues for
Congress, by Gary J. Pagliano and Ronald O'Rourke.

Congressional Research Service 16



Navy Shipboard Lasers for Surface, Air, and Missile Defense

understanding of the current state of progress in laser weapons is mostly limited to the
scientific and technical communities. Beyond that, even theleading thinkers and writers of
the military operational community have paid scarce attention to laser weapons and their
operational implications.... Despite severa nascent efforts to understand the military worth
of these systems, appreciation of their potentia throughout the military operational
community remains low.*

The paper also stated:

Solid-state and free-electron laser weapons, adding to the range of laser weapons
capabilities, may be lessthan a decade away. Meanwhile, the personnel who will make key
decisionson the devel opment, acquisition and employment of these systemsarealready haf-
way or more through their military careers but most have devel oped little awareness of the
potential implications of laser weapons.®

The chairman of the Defense Science Board (DSB), in a cover memorandum to a 2007 DSB task
force report on directed energy weapon systems and technology applications, stated: “Even after
many years of development, thereis not a single directed energy system fielded today, and fewer
programs of record exist today than in 2001. This circumstance is unlikely to change without a
renewed focus on this important area.”™ The co-chairs of thetask force, in their own cover
memorandum to the report, stated that

Directed energy offers promise asatransformational “game changer” in military operations,
able to augment and improve operational capabilities in many areas. Yet despite this
potential, years of investment have not resulted in any operational systems with higher
energy laser capability. The lack of progressisa result of many factors from unexpected

“9 Richard J. Dunn, 111, Operational Implications of Laser Weapons, Northrop Grumman Analysis Center Papers,
September 2005, p. 9.

% Richard J. Dunn, 111, Operational Implications of Laser Weapons, Northrop Grumman Analysis Center Papers,
September 2005, p. 24. The paper also stated on page 5:

The chdlenge to the U.S. military is that our understanding of laser weapons technologiesis
outpacing efforts to bring these capabilitiesinto the force. Available funding for laser weapons
development lags behind what would be necessary to bring technologies to maturity as quickly as
possible. Equaly threatening to the success of laser weaponsinthefieldisthe lack of attention to
concept development for laser weapons operationa employment. This situation is neither new nor
unique to laser weapons. Historically, technical development of new warfighting capabilities —
everything from ironclad warships, to heavier-than-air aircraft, to tanks, radar and radar-defeating
“stedth” — has proceeded faster than military forces can adapt their warfighting approaches to
incorporate the full advantage of the new capability.

Unfortunately, thisimba ance frequently means that weapons devel opers move along at great speed
in designing advanced systems with tremendous battlefield potentia, but they do so in splendid
intellectual isolation. Lacking the guiding hand of operational requirements, they are unable to
properly prioritize resources or focus on the weapons capabilities that are most important to
warfighters. They can waste preci ous time and resources pursuing weapons capabilities of lesser
operational utility while foregoing devel opment of those that might truly provide a decisive
advantage. Just as sadly, military forces can field an expensive and promising new capability that
remains underutilized because warfighters do not fully understand how to employ it to its greatest
advantage. In today’ s fast-changing threat environment, given tight Defense resources and the
exciting possibilities offered by devel opment of laser weapons, the U.S. cannot afford the wasted
time or resources of such mistakes in devel oping one of the next breakthrough technol ogies.

5! Cover memorandum dated November 26, 2007, from William Schneider, Jr., DSB Chairman, to the Under Secretary
of Defense for Acquisition, Technology, and Logistics, transmitting the final report of the Defense Science Board task
force on directed energy weapon systems and technol ogy applications.
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technical challengesto alack of understanding of the costs and benefits of such systems.

Ultimately, asaresult of these circumstances, interest in such systems has declined over the
52

years.

Thetask force's report states that

The most fundamenta issue affecting priority for developing and fielding laser and
microwave/millimeter system useful to combatant command missionsisthe need for cost-
benefit analyses supporting priority choices....

Theneed for such analysesis exacerbated by two underlying issues. Thefirstisthat directed
energy, in general, suffers from ahistory of overly optimistic expectations....

A second issue is that, for many proposed applications, there are competing and well-
understood conventiona approaches to producing the desired effect. Given the history of
high-energy laser programs, these conventional approaches are more credibleto warfighters
and force providers.

The lack of adequate cost-benefit analyses and focused mission analyses inhibits the
effective use of currently programmed resourcesfor directed energy devel opment with over
half thetotal DOD investment going into asingle system—the[Air Force] AirbornelLaser—
with emphasis[in that program] on a currently unproven mission capability of boost phase
intercept of ballistic missiles®

Thereport also states:

Military commanders understand the lethal ity and employment of kinetic energy weapons.
Computer war games and battlefield maneuvers based on well-used weapons effectsdataare
superb training aids. Recent actual battles have served to confirm what the training aids
projected. Weapons based on new technol ogy, such ashigh-powered microwave [weapons]
or high-powered lasers, do not have weapons effects manual sasyet. Theweapons effects of
directed energy systems may not be as visible as an explosion of a kinetic round, even
though the actual damage done destroys the target’ s ability to operate.

Some directed energy systems are designed to be non-lethal. As a consequence of this new
phenomenon, commanders have been reluctant to opt for directed energy weapons.
Moreover, they question whether the well-known kinetic weapon is to be replaced with a
little-known directed energy system, or will the addition of a directed energy weapon
compete for space in the already crowded crew compartments? To be successful in
establishing viable programs for directed energy operating systems, there needs to be a
strong effort to demonstrate to the user community the significant advantages of these
systems. Only then will there be support for programs....>*

A 2009 paper on battlefield directed-energy weapons from the Center for Strategic and Budgetary
Assessments (CSBA) states:

52 Undated cover memorandum from Genera Larry D. Welch and Dr. Robert J. Hermann, Co-Chairs, to the Chairman,
Defense Science Board, transmitting the final report of the Defense Science Board task force on directed energy
weapon systems and technol ogy applications.

%3 | Report of] Defense Science Board Task Force on Directed Energy Weapons, Washington, December 2007, pp. ix-X.
% [ Report of] Defense Science Board Task Force on Directed Ener gy Weapons, Washington, December 2007, pp. 47-
48.
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[H]istorically, the US military has often been slow to identify, adequately prioritize, and
respond effectively to the emerging challengeslikely toimpose the greatest stresses on our
forces in future contingencies....

Insofar as directed-energy weapons do not address current operationa problems such as
combating insurgents and terrorists in Iraq or Afghanistan, and to the extent that they
promiseto disrupt ways of fighting with which the US military Services are comfortable or
to threaten dominant subcultures within these institutions, there may be considerable
resistance to this new class of weaponry from the warfighters.>

The paper also states:

CSBA'sanalysis of the prospects for achievinga2018 IOC [Initial Operational Capability]
[for battlefield lasers] has ascertained that a significant number of perceptual, fiscal,
operationa and institutional obstacleswould haveto beaddressed beforefielding islikdyto
take place. To begin with, thereis ahistory of unfulfilled promises regarding high-energy
laser (HEL) technologies from the directed energy community that extends back to the
1970s. Thedanger, of course, isthat thispoor past performance could |ead decision-makers
to downplay or ignore recent advancesin laser technologies that, if pursued, could finally
yield battlefield applications.®

Number of Laser Types to Continue Developing

Potential Strategies

A second potential issuefor Congress is how many of the three laser types discussed in this
report—fiber SSLs, slab SSLs, and FEL s—the Navy should continue devel oping.

Supporters of stopping development of all threetypes (or of continuing development of one type)
might argue that continuing the development of shipboard lasers (or of more than one type of
laser), while perhaps desirable, would reduce funding for moreimportant Navy program priorities
below critical levels, particularly in a situation of constrained Navy resources. They might argue
that the Navy’s kinetic weapons in coming years will have sufficient (or largely sufficient)
capability for countering the kinds of targets that shipboard lasers could counter.

Supporters of continuing development of two or three types might argue that it would permit
continued competition between laser types and provide a hedge against the failure of one of the
development efforts. DOD in the past, they might argue, has sometimes pursued comparable
programs concurrently to ensure the best outcome for an area of effort deemed important. They
might also argue that the Navy’s kinetic weapons in coming years will beinsufficient to counter
certain kinds of targets, or that shipboard lasers would counter them more cost effectively.

* Thomas Ehrhard, Andrew Krepinevich, and Barry Watts, “Near-Term Prospects for Battlefield Directed-Energy
Weapons,” Washington, Center for Strategic and Budgetary Assessments, January 2009, pp. 3 and 4.

% Thomas Ehrhard, Andrew Krepinevich, and Barry Watts, “Near-Term Prospects for Battlefield Directed-Energy
Weapons,” Washington, Center for Strategic and Budgetary Assessments, January 2009, p. 3.
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Relative Merits of Laser Types

In considering which laser types to continue developing, policymakers may consider the relative
merits of each type. Below are some arguments relating to the relative merits each type. The
discussions bdow are intended as introductory only; a full comparison of their relative merits
would entail much longer discussions.

Some Arguments Relating to Fiber SSLs

Supporters of LaWS arguethat it has a demonstrated ability to counter certain targets of interest
at short (but tactically useful) ranges in a marine environment; that it can be installed on Navy
shipsin the near term; that it promises to be less expensive than a slab SSL; that it poses less of a
challenge in terms of thermal management than a slab SSL; that it has less ship impact than
FELs; that it uses an industrial laser technology with high reliability and few alignment optics,
making possible a simplified system engineering solution for a Navy laser system; and that its
power can be scaled up to 100 kW or perhaps more. They argue that the system’s BQ, though not
excellent, is good enough to disable targets of interest at short ranges. They argue that the
system’s light wavelength of 1.064 microns, though not exactly on the atmospheric transmission
“sweet spot” located at 1.045 microns, is good enough in terms of atmospheric transmission to
permit the laser to disable targets of interest at tactically useful ranges, and that development
work is underway on SSLsthat would emit light at wavel engths above the threshold (about 1.5
microns) at which laser light becomes much less dangerous to human eyes.

Some skeptics of LaWS, including supporters of the MLD, argue that the LaWS's BQ limits its
effective range. Other skeptics of LaWs, including supporters of FELS, argue that LaWS's
operating wavelength limits its effective range, particularly when compared to FELSs, whose
wavel engths can be tuned to exactly match atmospheric transmission sweet spots, and that
LaWS's current wavelength is dangerous to human eyes, whereas an FEL can operate at

wavel engths matching atmospheric sweet spots that are located above 1.5 microns.

Some Arguments Relating to Slab SSLs

Supporters of MLD argue that it has a demonstrated power level of 105 kW (more than three
times that of Laws); that it has a much better BQ than LaWsS, permitting it to counter targets at
greater ranges (thereby providing alarger defended area around the ship, and moretimeto
counter targets approaching the ship); that it could be ready for installation on ships as soon as, or
not very long after, the Law'sS system would be; that a production version could have a
procurement cost comparableto, or even less than, that of a production version of Laws; that the
challenge slab SSLs pose in terms of thermal management, though perhaps greater than that of
fiber SSLs, can nevertheless be handled; and that slab SSLs can be scaled up to 300 kW or more
whileretaining good BQ. The MLD contract, they argue, was competitively awarded, that the
competitors for the contract included fiber SSLs, and that the contract was awarded instead to a
slab SSL.

Supporters of slab MLDs argue that the difference in complexity between fiber SSLs and slab
SSLsis not as great as some supporters of LaWS contend—that fiber SSLs, for example, have
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more free-space optics™ than slab SSLs. Supporters of MLD argue that the industrial
environments in which commercial fiber SSLs have operated are not characterized by shocks or
high humidity—two features that characterize the shipboard operating environment—whereas
MLD was designed from the start with eventual ship operations in mind. Supporters of MLD
arguethat it can be maintained easily in the field through the use of sealed line replaceable units
(LRUS).*® MLD supporters argue, as do supporters of LaWs, that the system has less ship impact
than an FEL ; that system’s light wavelength of 1.064 microns, though not exactly on the
atmospheric transmission “ sweet spot” located at 1.045 microns, is good enough in terms of
atmospheric transmission to permit the laser to disable targets of interest at tactically useful
ranges, and that development work is underway on SSLs that would emit light at wavelengths
above the threshold (about 1.5 microns) at which laser light becomes much less dangerous to
human eyes.

Skeptics of MLD, including supporters of LawWs, argue that it uses complex optics, making it
more expensive to procure and potentially less reliable and more difficult to maintain than Laws.
Other skeptics of MLD, including supporters of FELS, argue, asthey do regarding Laws, that
MLD’s operating wavelength limits its effective range, particularly when compared to FELS,
whose wavel engths can be tuned to exactly match atmospheric transmission sweet spots, and that
MLD’s current wavelength is dangerous to human eyes, whereas an FEL can operate at
wavelengths matching atmospheric sweet spots that are located above 1.5 microns.

Some Arguments Relating to FELs

Supporters of FELs argue that unlike SSLs, FEL s clearly can be scaled up to megawatt power
levels that would be capable of countering a wide range of targets, including supersonic ASCMs
and ballistic missiles, and that unlike SSLs, FEL s can be scaled up in power from 10 kW to 1
MW without any increase in the size of the system or need for a beam combiner (a component
that adds to system complexity and cost). Supporters of FELs argue that in contrast to the fixed
wavelength of light emitted by an SSL, the wavelength of light emitted by an FEL can be tuned to
exactly match various atmospheric transmission sweet spots, including those above the threshold
(about 1.5 microns) at which laser light becomes much less dangerous to human eyes. They also
arguethat in contrast to SSLs, FEL s pose no large thermal management issues because an FEL’s
waste heat is not produced inside the laser mechanism itself.

Skeptics of FELs, including supporters of SSLs, argue that FELswill not be ready for installation
on ships for a significant number of years. They argue that FEL s are so large that they cannot be
incorporated into most if not all existing Navy ship designs, limiting the potential applicability of
FEL sto the surface fleet for many years, and that incorporating an FEL into a new ship design
could make the ship considerably larger, adding to the ship’s construction cost. They also argue
that the need for isolating the FEL system from vibration and shock and the possible need for
using cryogenic equipment adds to an FEL's cost and complexity.

%" Free space optics are those arranged so that the light travel s from one optical dement (such asamirror) to another,
with an air gap (i.e., free space) in between.

%8 | RUs are sealed, box-like containers enclosing many of aweapon’s components. LRUS support a modular approach
to maintenance in which personnel repair the weapon by removing a faulty LRU and replacing it with another.
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Implications for Ship Design and Acquisition

Another potential issue for Congress are the possible implications that shipboard lasers might
havefor the design and acquisition of Navy ships, including the Flight 111 DDG-51 destroyer that
the Navy wants to begin procuring in FY2016.%° The ability of existing Navy ship designs to
support lasers, particularly in terms of having sufficient electrical power and cooling capacity, can
be summarized as follows:

e TheNavy has concluded that its Aegis cruisers and destroyers (i.e., CG-47 and
DDG-51 class ships), aswell as San Antonio (LPD-17) class amphibious ships,
would have enough available electrical power under battle conditions (i.e., when
many other systems are also drawing electrical power) to support aLaws
system. An August 2010 press report stated: “Today’s warships have enough
power to support a 100-kilowatt laser, said [Capt. David Kiel, program manager
for directed energy and electric weapons at Naval Sea Systems Command]. Any
surface combatant large enough to accommodate the close-in weapon system
[CIWS] could also carry the fiber |aser, he added.”®

e Some Navy ships might be able to support, under battle conditions, an SSL with
a power somewhat above 100 kW.

e No existing Navy surface combatant designs have enough eectrical power or
cooling capacity to support an SSL with a power level well above 100 kW.

e Because of its probable size, an FEL could not be backfitted onto existing
cruisers or destroyers. Aircraft carriers and “large-deck” amphibious assault ships
(i.e., LHA/LHD-type amphibious ships) might have enough room to
accommodate an FEL, but existing carriers and amphibious assault ships might
not have enough eectrical power to support a megawatt-class FEL. In addition,
because of thermal blooming and the status of carriers and amphibious assault
ships as potential high-valuetargets, it might make more operational senseto
instal I6 lmegawatt—class FEL s on ships other than carriers or amphibious assault
ships.

The above points suggest that the Navy in coming years could face significant ship-design
constraintsin its ability to install shipboard lasers, particularly SSLswell above 100 kW in
power, and FEL s in general. These constraints are a product, in part, of the Navy's termination of
the CG(X) cruiser program, because the CG(X) could have been designed to support SSLs well
above 100 kW in power and/or a megawatt-class FEL.% Following the termination of the CG(X)

% For more on the Flight 111 DDG-51, see CRS Report RL32109, Navy DDG-51 and DDG-1000 Destroyer Prograns:
Background and Issues for Congress, by Ronald O'Rourke.

% Grace V. Jean, “ Navy Aiming for Laser Weapons a Sea,” Nationa Defense, August 2010, accessed online at
http://www.nati onal defensemagazi ne.org/archive/2010/August/Pages/NavyAimingfor L aser\Weaponsat Sea.aspx.

® Theissue of thermal blooming in “down-the-throat” engagementsis of particular concern for a megawait-class laser.
Since carriers and amphibious assault ships are potential high-value targets for an attacker, it might make more
operational senseto install megawatt-class FELs on ships other than carriers or amphibious assault ships, so that those
other ships could usetheir FELs to counter targets that are flying a crossing path toward a carrier or amphibious assault
ship.

®2 For more on the CG(X) program, see CRS Report RL34179, Navy CG(X) Cruiser Program Background for
Congress, by Ronald O'Rourke.
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program, the Navy has no announced plans to acquire a surface combatant clearly capable of
supporting an SSL well above 100 kW in power, or an FEL.

Ship-design options for expanding the Navy's ability to install lasers on its surface shipsin
coming years include the following:

e designthenew Flight Il version of the DDG-51 destroyer, which the Navy
wants to start procuring in FY 2016, with enough space, el ectrical power, and
cooling capacity to support an SSL with a power level of 200 kW or 300 kW or
more—something that could require lengthening the DDG-51 hull, so asto
provide room for laser equipment and additional electrical generating and cooling
equipment;

e design and procure a new destroyer as afollow-on or substitute for the Flight 111
DDG-51 that can support an SSL with a power level of 200 kW or 300 kW or
more, and/or a megawatt-class FEL:®

e modify the designs of amphibious assault ships to be procured in coming years,
so that they can support SSLswith power levels of 200 kW or 300 kW or more,
and/or megawatt-class FEL s, and

e modify the design of the Navy’s new Ford (CVN-78) class aircraft carriers, if
necessary, so that they can support SSLs with power levels of 200 kW or 300 kW
or more, and/or megawatt-class FELs®

Options for Congress

Congress in past years has provided some additional funding to help support Navy devel opment
of potential shipboard lasers. For FY 2012 and subsequent years, Congress has several potential
options regarding potential shipboard lasers, including the following:

e request additional information from the Navy and DOD about potential shipboard
lasers, perhaps by holding one or more hearings on the issue, or by requiring the
Navy to submit one or more reports to Congress on the topic;

e approve, reduce, eliminate, or increase the Navy’s funding requests for
development of potential shipboard lasers;

e encourage or direct the Navy or some other DOD organization to perform an
analysis of alternatives (AOA) comparing the cost-effectiveness of lasers and
traditional kinetic weapons (such as guns and missiles) for countering surface,
air, and missile targets;

e encourage or direct the Navy to adopt a program of record for procuring a
production version of a shipboard laser, and/or aroadmap that calls for installing
lasers on specific surface ships by specific dates;

% For more on the option of a new-design destroyer, see CRS Report RL32109, Navy DDG-51 and DDG-1000
Destroyer Programs: Background and Issues for Congress, by Ronald O'Rourke.

% For more on the CVN-78 program, see CRS Report RS20643, Navy Ford (CVN-78) Class Aircraft Carrier Program
Background and Issues for Congress, by Ronald O'Rourke.
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e review and comment on any roadmap for shipboard lasers that the Navy adopts;

e intheabsence of a Navy program of record or roadmap, direct the Navy to
develop and install lasers with certain capabilities on a certain number of Navy
surface ships by a certain date;®

e encourage or direct the Navy to design the Flight 111 version of the DDG-51
destroyer so that it can support an SSL with a power level of 200 kW or 300 kW
or more,

e encourage or direct the Navy to design and procure a new destroyer as afollow-
on or substitute for the Flight 111 DDG-51 that can support an SSL with a power
level of 200 kW or 300 kW or more, and/or a megawatt-class FEL;

e encourage or direct the Navy to modify the designs of amphibious assault ships
to be procured in coming years, so that they can support SSLswith power levels
of 200 kW or 300 kW or more, and/or megawatt-class FEL s; and

e encourage or direct the Navy to modify the design of the Navy’s new Ford
(CVN-78) class aircraft carriers, if necessary, so that they can support SSLs with
power levels of 200 kW or 300 kW or more, and/or megawatt-class FELSs.

Legislative Activity for FY2012

The Administration is expected to submit its proposed FY 2012 defense budget to Congress on or
about February 14, 2011.

® This option could take the form of a provision broadly similar to Section 220 of the FY 2001 defense authorization
act (H.R. 4205/P.L. 106-398 of October 30, 2000), which set goalsfor the deployment of unmanned combat aircraft
and unmanned combat vehicles. For thetext of Section 220, see Appendix K.
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Appendix A. Legislative Activity for FY2011

FY2011 Defense Authorization Act (H.R. 6523/P.L. 111-383)

Senate (S. 3454)

Section 144 of S. 3454 asreported by the Senate Armed Services Committee (S.Rept. 111-201 of
June 4, 2010) states:

SEC. 144. INTEGRATION OF SOLID STATE LASER SYSTEMS INTO CERTAIN
AIRCRAFT.

(a) Analysis of Feasability Required- The Secretary of Defense shall conduct an analysis of
the feasability of integrating solid state laser systemsinto theaircraft platforms specified in
subsection (b) for purposes of permitting such aircraft to accomplish their missions,
including to provide close air support.

(b) Aircraft- Theaircraft platforms specified in this subsection shall include, at aminimum,
the following:

(1) The C-130 aircraft.
(2) The B-1 bomber aircraft.
(3) The F-35 fighter aircraft.

(c) Scope of Analysis- The analysisrequired by subsection (a) shall include a determination
of thefollowing:

(1) The estimated cost per unit of each laser system analyzed.

(2) The estimated cost of operation and maintenance of each aircraft platform specified in
subsection (b) in connection with each laser system analyzed, noting that thefidelity of such
anaysis may not be uniform for all aircraft platforms.

S.Rept. 111-201 states the following regarding Section 144:
Integration of solid state laser systemsinto certain aircraft (sec. 144)

The committee notes that the Department of Defense has longstanding research and
development programsto advance the military usefulness of high-powered lasers mounted
on aircraft for defensive and offensive capahilities. Recent advances in the power and
cooling of solid statelasershave led the Department to begin to devel op, integrate, and test
such laserson military aircraft such asthe B—1 bomber. Thereis concern that the Department
may solely focus on the B—1 platform without fully analyzing the cost-benefit implications
as it moves from demonstration to devel opment.

Hence, the committee recommends a provision for the Department to provide to the
congressional defense committees no later than February 2011, areport analyzing various
candidateaircraft that are being considered asplatformsfor high power solid statelasersand
provide an estimated unit cost to develop an integrated laser-aircraft system. The analysis
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should al so estimate the operations and maintenance costs of such an integrated laser aircraft
system. The committee notestheremay not be compl ete datafor some candidate aircraft but
asks the Department to begin this analysis as early as possible in order to fully understand
long-term life cycle costs. The committee al so requests that the analysis of the B—1 should
consider the operational placement of thelaser in the aft bay so asto maintain the operational
kinetic capabilities of the forward and center bays. (Page 18)

Final Version (H.R. 6523/P.L. 111-383)
Section 126 of H.R. 6523/PL. 111-383 of January 7, 2011, states:

SEC. 126. INTEGRATION OF SOLID STATE LASER SYSTEMS INTO CERTAIN
AIRCRAFT.

(a) Analysis of Feasihility Required- The Secretary of Defense shall conduct an analysis of
thefeasibility of integrating solid state laser systemsinto theaircraft platforms specified in
subsection (b) for purposes of permitting such aircraft to accomplish their missions,
including to provide close air support.

(b) Aircraft- Theaircraft platforms specified in this subsection shall include, at aminimum,
the following:

(1) The C-130 aircraft.
(2) The B-1 bomber aircraft.
(3) The F-35 fighter aircraft.

(c) Scope of Analysis- The analysisrequired by subsection (a) shall include a determination
of thefollowing:

(1) The estimated cost per unit of each laser system analyzed.

(2) The estimated cost of operation and maintenance of each aircraft platform specified in
subsection (b) in connection with each laser system analyzed, noting that thefidelity of such
anaysis may not be uniform for all aircraft platforms.

FY2011 DOD Appropriations Bill (S. 3800)

Senate

The Senate Appropriations Committee, in its report (S.Rept. 111-295 of September 16, 2010) on
S. 3800, recommends increasing the Navy’s FY 2011 request for research and devel opment
funding by $2 million for “High Power Laser Technologies Initiative” (page 151, line 73) and by
$12 million for “Laser Phalanx” (page 151, line 121).
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Appendix B. Laser Power Levels Required to
Counter Targets

Table B-1 shows two Navy perspectives, a Defense Science Board (DSB) task force perspective,
and two industry perspectives on approximate laser power levels needed to affect various
categories of targets. As can be seen in the table, these perspectives differ somewhat regarding the
power levels needed to counter certain targets, perhaps because of differing assumptions about
beam quality (BQ) and other factors.

Table B-1.Approximate Laser Power Levels Needed to Affect Certain Targets

Multiple perspectives that may reflect varying assumptions about BQ and other factors

Beam power measured in kilowatts (kW) or megawatts (MW)

Tens of ~100
Source ~10 kW kW kW Hundreds of kW MW
UAVs
One Navy
briefing (2010) Sl e
Missiles (starting at 500 kW)
Short-range operations Extended-range operations Operations against
against UAVs, RAM, against UAVs, RAM, supersonic, highly
Another Navy MANPADS (50 kvV- MANPADS, ASCMs flying a maneuverable ASCMs,
briefing (2010) 100kW; low BQ) crossing path (>100 kW, transonic air-to-surface
BQ of ~2) missiles, and ballistic
missiles (>1 MW)
Indust UAVs and RAM (100+ kW), subsonic ASCMs (300 Supersonic ASCMs and
brieﬁnry(ZO 10) small boats kW), manned aircraft (500 kW) ballistic missiles
g (50 kW)
Defense Surface Ground-based air and “Battle group defense” at
. threats at missile defense, and 5-20 km (1-3 MW)
Science Board .
1-2 km countering rockets,
(DSB) report .
2007 artillery, and mortars, at 5-
( ) 10 kma
Soft UAVs Aircraft Soft Aircraft and cruise missiles
at short and cruise UAVs at at long range, and artillery
Northrop range missiles at long rockets (lower hundreds of
Grumman short range kW)
research paper range Artillery shells and terminal
(2005) defense against very short
range ballistic missiles
(higher 100s of kW)

Source: One Navy briefing: Briefing slide entitled “HEL [High-Energy Laser] Missions,” in briefing entitled
“Directed Energy Warfare Office (DEWO) Overview,” July 23, 2010. Another Navy briefing: Briefing slide
entitled “Surface Navy Laser Vision,” in briefing entitled “Navy Directed Energy Efforts — Ship Based Laser
Weapon System,” July 23, 2010. Industry briefing: Briefing to CRS by an industry firm in the summer of 2010;
data shown in table used here with the firm’s permission. DSB report: [Report of] Defense Science Board Task
Force on Directed Energy Weapons, December 2007, Table 2 (page 12). Northrop Grumman research paper:
Richard J. Dunn, Ill, Operational Implications of Laser Weapons, Northrop Grumman (Analysis Center Papers),
September 2005 (available online at http://www.northropgrumman.com/analysis-center/paper/assets/
Operational_Implications_of_La.pdf), visual inspection of Figure | (page 7).
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Notes: kW is kilowatts; MW is megawatts; km is kilometer; RAM is rockets, artillery, mortars; MANPADS is
man-portable air defense system (i.e., shoulder-fired surface-to-air missiles).

a.  Note that this statement refers to ground-based operations. It is not clear how this statement might change
for shipboard operations, where atmospheric absorption due to water vapor can be an increased concern.
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Appendix C. Navy Organizations Involved in
Developing Lasers

Principal Navy organizations involved in devel oping lasers for potential shipboard use include

the Office of Naval Research (ONR);
the Naval Research Laboratory (NRL);

the Directed Energy and Electric Weapon Systems (DE& EWS) Program Office
(PMS-405);%®

the Naval Surface Warfare Center (NSWC) Dahlgren Division (NSWCDD),
located at Dahlgren, VA; and

the Directed Energy Warfare Office (DEWO), which the Navy established in
August 2009 to serve asan NSWCDD center of excellence.

Additional Navy organizations involved in developing lasers for potential shipboard useinclude
the CIWS program office (PEO IWS 3B, meaning Program Executive Officer, Integrated Warfare
Systems, office code 3B); NSWC Crane Division at Crane, IN; NSWC Port Hueneme at Port
Hueneme, CA; the Naval Air Weapon Stations at China Lake and Point Mugu, CA, aswell asthe
Naval Air Station Patuxent River, MD, al of which are part of the Naval Air Systems Command
(NAVIAR); and the Space and Naval Warfare Systems (SPARWAR) Center Pacific, located at
San Diego.

Additional DOD organizations outside the Navy are also involved in developing lasers for
potential shipboard use.

% PMS-405 means Project Manager, Shipbuilding, office code 405.
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Appendix D. Additional Information on Laser
Weapon System (LaWS)

A fiber SSL uses light-emitting diodes (LEDSs) to convert electricity into light. Thelight is then
intensified by passing it through one or more flexible optic fibers made of a synthetic crystalline
material. The material typically is Nd: YAG—yttrium-aluminum-garnet (YAG) that has been
“doped” (i.e., made impure) through the addition of neodymium (Nd). Thefibers arereferred to
asthe gain medium, and the laser is called a solid state laser because the gain medium is a solid
rather than aliquid (such as in dye lasers) or agas (asin gas lasers). Over the last decade,
dramatic improvements in diodes and fiber materials have enabled a roughly 100-fold increasein
the maximum power of an individual fiber SSL, from about 100 watts to about 10 kW.

The Navy’s approach to developing LaWS is to maximize reliance on existing technology and
components so as to minimize devel opment and procurement costs. The LawsS prototype
incoherently combines light beams from six fiber SSLs—commercial, off-the-shelf (COTS)
welding lasers—each with a power of 5.5 kW, to create a laser with a total power of 33 kwW® and
aBQ of 17. Thelight from the six lasersis said to beincoherently combined because the
individual beams are not merged into a true single beam (i.e., theindividual beams are not
brought in phase with each other). Although the beams are quite close to one another, they remain
separate and out of phase with each other, and are steered and focused by the beam director so
that they converge into a single spot when they reach the intended target. Coherently combining
the six beams into a true single beam (i.e., one in which the six beams are “ phase locked”) would
require a system with more-complex internal optics and electronic control systems.

LaWs, like many other fiber SSLs, emits light with a wave ength of 1.064 microns, which is
closeto, but not exactly at, an atmospheric transmission “sweet spot” at 1.045 microns.

LawWS is about 25% efficient, meaning that about 400 kW of ship’s power would be needed to
operate a future version of LaWsS producing 100 kW of laser light. The remaining 300 kW of
electrical energy would be converted into waste thermal energy (heat) that needs to be removed
from the system using the ship’s cooling capacity.

The conceptual breakthrough underpinning LaWsS was made by scientists at the Pennsylvania
State Electronic-Optic Center in 2004 and 2005 during some simple experiments, and by
scientists at the Naval Research Laboratory (NRL) in 2006, in detailed analysis and subsequent
experiments. Both groups showed that coherently combining light beams was not necessary to
create a militarily useful laser from commercial fiber SSLs—that this could be done through the
technically simpler approach of incoherently combining their beams.

DEWO isthelead system integrator (L SI) and technical direction agent for LaWS. Raytheon, the
maker of CIWS, is the prime support contractor for the CIWS integration effort.®®

" A June 6, 2010, press report states that “ The system uses six commercial off-the-shelf five-and-a-half kil owatt
welding lasers....” (Dan Taylor, “Navy Testing Developmental Laser Againgt Small Surface Vessdls,” Inside the Navy,
June 7, 2010.) Another source puts the total power of LawsS at 32 kW. (Larry Greenemeier, “U.S. Navy Laser Weapon
Shoots Down Drones in Test, ScientificAmerican.com, July 19, 2010, accessed online at

http://www.scientifi cameri can.com/arti cle.cfm?i d=l aser-downs-uavs.)

8 Other firmsinvolved in the LaWS effort include IPG Photonics (the maker of the fiber SSLs), L-3 Communications,
(continued...)
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Table D-1 shows funding for the LaWS devel opment effort. The Administration’s FY 2011 budget
requested no funding for the LaW'S development effort.

Table D-I. Funding for LaWS Development

Millions of dollars, rounded to nearest tenth; totals may not add due to rounding

Fiscal PE PE PE PE PE PE PE Total
Year 0602890F 0603924F O0135197A 0603563N 0604707N 0604756N 0603925N
2007 0.2 0 0 0 0 0 10.8 1.0
2008 0 0 1.0 0.2 0 0 0.7 1.9
2009 0 0 0 0.3 0.8 22 1.2 4.4
2010 0 0.3 0 0 0.8 1.0 82 10.2
2011 0 0 0 0 0 0 0 0
(requested)

Source: Navy information paper dated November 12, 2010, on funding history for LaWs, provided to CRS by
Navy Office of Legislative Affairs, November 15, 2010.

Notes: PE is Program Element—a line item in a DOD appropriations account. The letter F indicates that the PE
is in an Air Force account; the letter A indicates that the PE is in an Army account.; the letter N indicates that
the PE is in a Navy account. PE 0135197A is a line item in the Army’s operations and maintenance account; the
other PEs are line items in the Air Force’s research and development account and the Navy’s research and
development account. PE 0602890F is High Energy Laser Research; PE 0603924F is High Energy Laser
Advanced Technology Program; PE 0603563N is Ship Concept Advanced Design; PE 0604707N is Space &
Electronic Warfare (SEW) Architecture/Engineering Support; PE 0604756N is Ship Self Defense (Engage: Hard
Kill); PE 0603925N is Directed Energy and Electric Weapon System.

Figure D-1 shows a picture of the LaWsS prototype; Figure D-2 shows arendering of Laws
when installed as an addition to a CIWS mount. In Figure D-2, the red-colored tube hanging off
the left side of the CIWS mount is the LawS beam director, and the white device bolted to the
right side of the CIWS radome is another LaWS component.

(...continued)

and Boeing. The Laws effort a so involves the Pennsylvania State University Electro-Optics Center and the Johns
Hopkins University Applied Physics Laboratory.
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Figure D-1. Photograph of LaWS Prototype

[ | e - — - —— i N

Source: Photograph provided by Navy Office of Legislative Affairs, November 3, 2010.
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Figure D-2. Rendering of LaWS Integrated on CIWS Mount

Source: Rendering provided by Navy Office of Legislative Affairs, November 3, 2010. In this rendering, the red-
colored tube hanging off the left side of the CIWS mount is the LaWS beam director, and the white device
bolted to the right side of the CIWS radome is another LaWS$ component.
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Appendix E. Additional Information on Maritime
Laser Demonstration (MLD)

Slab SSLsare similar to fiber SSLs, except that the synthetic crystalline material used as the gain
medium is formed into plate-like slabs rather than flexible fibers. Slab SSLs are being devel oped
not just by the Navy, but by other U.S. military services, permitting the Navy to leverage

devel opment work funded by other parts of DOD.

MLD coherently combines beams from multiple slab SSLs, each with a power of 15 kW, to create
a higher-power beam with a good BQ. Each 15 kW laser is housed in a Line Replaceable Unit
(LRU) measuring about 1 foot by 2 feet by 3.5 feet. MLD might beinstalled on its own mount
rather than as an addition to a ship’s existing CIWS mount.

MLD, like LaWs, emitslight with a wavelength of 1.064 microns, which is close to, but not
exactly at, an atmospheric transmission “ sweet spot” at 1.045 microns.

Slab SSLs are currently about 20% to 25% efficient, meaning that about 400 kW to 500 kW of a
ship’s power would be needed to operate a system producing 100 kW of laser light. The
remaining 300 kW to 400 kW of electrical energy would be converted into waste thermal energy
that needs to be removed from the system using the ship’s cooling capacity. Future slab SSLs
might have efficiencies of about 30%.

In March 2009, Northrop demonstrated a version of MLD that coherently combined seven slab
SSLs, each with a power of about 15 kW, to create a beam with a power of about 105 kW and a
BQ of less than 3.%

Scaling up a slab laser to atotal power of 300 kW and a BQ of 2 is not considered to require any
technological breakthroughs. A slab laser with a total power of 300 kW might require a below-
deck space measuring roughly 4.5 feet by 8 feet by 12 feet. Supporters of slab SSLssuchasMLD
believe they could eventually be scaled up further, to perhaps 600 kW. Slab SSLs are not
generally viewed as easily scalable to megawatt power levels.

MLD isacommercially integrated weapon system with Northrop and L 3-Brashears asthe
principal contractors. The government test team includes NSWC Dahlgren (VA), NSWC Port
Hueneme (CA), and NAWC China Lake (CA). Although Northrop is the primary contractor for
MLD, several other firms, such as Raytheon and Textron, areinvolved in efforts to develop slab
SSLsfor potential use by U.S. military services.

AnApril 8, 2011, ONR news rel ease stated:
Marking amilestone for the Navy, the Office of Naval Research and itsindustry partner on

April 6 successfully tested a solid-state, high-energy laser (HEL ) from a surface ship, which
disabled asmall target vessdl.

% See Northrop Grumman press release dated March 18, 2009, and entitled “ Northrop Grumman Scales New Heights
in Electric Laser Power, Achieves 100 Kilowatts From a Solid-State Laser,” accessed online at
http://www.irconnect.com/noc/press/pages/news_rel eases.html 2d=161575.
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The Navy and Northrop Grumman completed at-sea testing of the Maritime Laser
Demonstrator (MLD), which validated the potential to provide advanced self-defense for
surface ships and personnel by keeping small boat threats at a safe distance.

“The success of this high-energy laser test isa credit to the collaboration, cooperation and
teaming of naval labsat Dahlgren, ChinaLake, Port Huenemeand Point Mugu, Calif.,” said
Chief of Naval Research Rear Adm. Nevin Carr. “ONR coordinated each of their unique
capabilities into one cohesive effort.”

Thelatest test occurred near San Nicholas Idland, off the coast of Central Californiain the
Pacific Ocean test range. The laser was mounted onto the deck of the Navy's self-defense
test ship, former USS Paul Foster (DD 964).

Carr also recognized the Office of the Secretary of Defense’ sHigh Energy Joint Technol ogy
Office and the Army’s Joint High Powered Solid State Laser (JHPSSL) program for their
work. MLD leverages the Army’' s JHPSSL effort.

“Thisisthefirst timeaHEL, at these power levels, has been put on a Navy ship, powered
from that ship and used to defeat atarget at-range in a maritime environment,” said Peter
Morrison, program officer for ONR's MLD.

In just dightly more than two-and-a-half years, the MLD has gone from contract award to
demonstrating a Navy ship defensive capability, he said.

“We arelearning aton from this program—how to integrate and work with directed energy
weapons,” Morrison said. “ All test results are extremely val uabl e regardless of theoutcome.”

Additionally, the Navy accomplished several other benchmarks, includingintegratingMLD
with aship’ sradar and navigation system and firing an el ectric |aser weapon from amoving
platform at-seain ahumid environment. Other tests of solid state lasersfor the Navy have
been conducted from land-based positions.

Having access to a HEL weapon will one day provide warfighter with options when
encountering a small-boat threat, Morrison said.

But while April’s MLD test provesthe ability to use a scalable laser to thwart small vessels
at range, the technology will not replace traditional weapon systems, Carr added.

“From a science and technol ogy point of view, the marriage of directed energy and kinetic
energy weapon systems opens up a new level of deterrence into scalable options for the
commander. Thistest provides an important data point aswe movetoward putting directed
energy on warships. There is still much work to do to make sure it’s done safdy and
efficiently,” the admiral said.”

Table E-1 shows Navy funding for the MLD development effort.

" Geoff S. Fein, “MLD Test Moves Navy a Step Closer to Lasers for Ship Sdf-Defense,” April 8, 2011 (Office of
Naval Research news release, accessed online at http://www.onr.navy.mil/en/M edia-Center/Press-Rel eases/2011/
Maritime-Laser-MLD-Test.aspx).
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Table E-1. Funding for MLD Development

Millions of dollars, rounded to nearest tenth; totals may not add due to rounding

Fiscal Year PE 06021 14N PE 06031 14N PE 0603758N TOTAL
2008 0 32 0 32
2009 02 0 1.4 1.6
2010 40 0 3.0 7.2
2011 (requested) 0 0 0 0

Source: ONR briefing to CRS, July 23, 2010.

Notes: PE is Program Element—a line item in a DOD research and development account. The letter N
indicates that the PE is in the Navy’s research and development account. PE 06021 14N is Power Projection
Applied Research; PE 0603 114N is Power Projection Advanced Technology; PE 0603758N is Navy
Warfighting Experiments and Demonstrations.

Figure E-1 shows the MLD on atrailer; Figure E-2 shows a schematic of the system; Figure
E-3 shows arendering of the beam director for the MLD in a notional shipboard installation.

Figure E-1. Photograph of MLD on Trailer

US Nawvy Maritime Lases Demonstiator (LD} - Phete Courteny of Northiup Gromman, Redendo Beach CA 09 SEP 2009

Program sponsored by the Ofice of Haval Research - UNCLASSIFIED  Suitable for Public Reloase

Source: Photograph provided by Navy, November 29, 2010.
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Figure E-2. Schematic of MLD
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Source: lllustration provided by Navy, November | |, 2010.

Figure E-3. Rendering of MLD in Notional Shipboard Installation

Source: Photograph provided by Northrop, October 21, 2010.
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Appendix F. Additional Information on Free
Electron Laser (FEL)

An FEL uses an electron gun to generate a stream of electrons. The electrons are then sent into a
linear particle accelerator to accelerate them to light speeds. The acceerated electrons are then
sent into a device, known informally as a wiggler, that exposes the el ectrons to a transverse
magnetic field, which causes the eectrons to “wiggle” from side to side and rel ease some of their
energy in theform of light (photons). The photons are then bounced between mirrors and emitted
as a coherent beam of laser light. To increase the efficiency of the system, some of the electrons
are then cycled back to the front of the particle accelerator via an energy recovery loop.™

Unlikean SSL, which emits light with a fixed wavelength determined by the composition of its
gain medium, an FEL’s components can be adjusted to change the wavelength of light that it
emits, so as to match various atmospheric transmission “ sweet spots.” The basic architecture of
an FEL offers aclear potential for scaling up to power levels of one or more megawatts. A well-
designed FEL can in theory beincreased in power from 10 kW to 1 MW without an increasein
system size, and without need for beam combiners. An FEL emits a beam with aBQ of 1 or close
tol.

Schematics of notional or developmental shipboard FEL s today generally show them as devices
with alength of roughly 100 feet. An FEL’s ultimate shipboard space requirements will depend in
part on how it isintegrated into a ship’s design, and whether the FEL uses room-temperature or
superconducting particle-acceleration structures. Using superconducting acce eration structures
can reduce the length of an FEL, and would require the use of cryogenic equipment to bring the
superconducting structures down to the very low temperatures needed to make them
superconducting. Operating an FEL would result in the production of X rays, requiring the system
to be shielded to protect the ship’s crew and other parts of the ship.

FEL sthat recycle electrons have an efficiency of about 10%, meaning that about 10 MW of ship’s
power would be needed to operate an FEL producing 1 MW of laser light. The remaining 900 kW
of electrical energy is converted into waste thermal energy.

The FEL development effort isled by ONR. The effort also includes several other Navy
organizations and institutions, four Department of Energy (DOE) laboratories,” and several

™ A 2004 media advisory from the Office of Naval research states:

In the FEL, eectrons are stripped from their atoms and then whipped up to high energies by a
linear accelerator. From there, they are steered into a wiggler—adevice that uses an
electromagnetic field to shake the e ectrons, forcing them to rel ease some of their energy in the
form of photons. Asin a conventional laser, the photons are bounced between two mirrors and then
emitted as a coherent beam of light. However, FEL operators can adjust the wavel ength of the
laser’ s emitted light by increasing or decreasing the energies of the electrons in the accel erator or
the amount of shaking in the wiggler.

(Office of Naval Research media advisory released July 30, 2004, and entitled “ Free-Electron Laser
Reaches 10 Kilowatts,” accessed online at http://www.onr.navy.mil/M edia-Center/Press-Rel eases
2004/Free-Electron-Laser-10-Kilowatts.aspx.)

2 These include the Naval Postgraduate Schoal in Cdifornia, the U.S. Naval Academy in Maryland, NRL, NSWC
Carderock in Maryland, the Naval Air Weapons Center (NAWC) China Lake in California, NSWCDD, PM $405, and
the Naval Warfare Systems Center Pacific (SPAWAR) in California.
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universities.” Contractors involved in FEL development have included Boeing (CA), Raytheon
(MA), SAIC (VA), Niowave (M), and Advanced Energy Systems (NY). Boeing and Raytheon
competed for the contract to design the 100 kW FEL. In September 2010, ONR announced that it
had selected Boeing.” The award makes Boeing the Navy’s current primary contractor for FEL
devel opment.

A January 20, 2011, news report states:

Scientists at Los Alamos National Lab in Los Alamos, N.M., have achieved a remarkable
breakthrough with the Office of Naval Research’s (ONR) Free Electron Laser (FEL)
program, setting the stagefor a preliminary design review scheduled Jan. 20-21in Virginia

Researchers demonstrated an injector capabl e of producing the el ectrons needed to generate
megawatt-classlaser beamsfor the Navy’ s next-generation weapon system Dec. 20, months
ahead of schedule,

“Theinjector performed as we predicted all along,” said Dr. Dinh Nguyen, senior project
leader for the FEL program at thelab. “But until now, we didn’t have the evidenceto support
our models. Wewere so happy to see our design, fabrication and testing effortsfinally come
to fruition. We're currently working to measure the properties of the continuous electron
beams, and hope to set a world record for the average current of electrons.”

Quentin Saulter, FEL program manager for ONR, said the implications of the FEL’s
progress are monumental.

“Thisisamajor leap forward for the program and for FEL technol ogy throughout theNavy,”
said Saulter. “Thefact that the team isnine months ahead of schedul e provides us plenty of
time to reach our goals by the end of 2011.”™

Table F-1 shows funding for the FEL development effort.

(...continued)

"3 These are the Thomas Jefferson National Laboratory in Virginia, the Los Alamos National Laboratory in New
Mexico, the Brookhaven Nationa Laboratory in New Y ork, and the Argonne National Laboratory in lllinois.

" Theseincludethe MIT Lincoln Laboratory in Massachusetts, VVanderbuilt University in Tennessee, Colorado State
University, the University of California, the University of Wisconsin, Stanford University in Cdifornia, Yae
University in Connecticut, the University of Texas, and the University of Maryland.

" See Department of Defense contract announcement No. 804-10, dated September 7, 2010, accessed online at
http://www.defense.gov/ contracts/contract.aspx ?contractid=4361. See also Geoff Fein, “ONR Awards Boeing $23
Million To Finish Free Electron Laser Design,” Defense Daily, September 17, 2010: 3-4.

" Rob Anastasio, “ Office of Naval Research Achieves Milestonein Free Electron Laser Program,” Navy News Service,
January 20, 2011.
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Table F-1. Funding for FEL Development

Millions of dollars, rounded to nearest tenth; totals may not add due to rounding

ONR Core FEL Investment
PE 0601153N PE 06021 14N PE 0602114 N

(directed (directed (FEL
energy basic energy basic Innovative
science and science and Naval Congressional
Fiscal year research) research) Prototype) additions? TOTAL
1996 0 0 0 8.6 8.6
1997 0 0 0 5.7 5.7
1998 0 0.2 0 0.2
1999 0 0.5 0 0.5
2000 0 0.2 0 9.3 9.5
2001 0 0 0 5.0 5.0
2002 0 1.5 0 0 1.5
2003 0 2.4 0 2.4
2004 0 9.1 0 6.7 15.8
2005 0 9.0 0 2.0 11.0
2006 1.3 10.1 0 7.0 18.3
2007 1.3 9.1 0 35 13.8
2008 1.3 9.3 7.5 20 20.2
2009 1.8 8.7 12.8 2.4 25.7
2010 1.9 4.6 18.4 0 249
(reqzl?e!slted) 2.1 5.1 354 42.6

Source: ONR briefing to CRS, July 23, 2010.

Notes: PE is Program Element—a line item in a DOD research and development account. The letter N
indicates that the PE is in the Navy’s research and development account. PE 0601 I53N is Defense Research
Sciences; PE 06021 14N is Power Projection Applied Research.

a.  The funding table provided by ONR included a separate data line for congressional additions to requested
funding. The additions include funding in the following PEs: 06021 [ IN , 0602270N , 06021 14N, 0603 | 14N.

Figure F-1 shows part of an FEL facility at the Thomas Jefferson National Laboratory (Jefferson
Lab) in Virginia. Figure F-2 shows a simplified diagram of how an FEL works. Figure F-3
shows a Jefferson Lab schematic of an FEL equipped with two “wigglers’—one for producing
infrared (IR) laser light, and one for producing ultraviolet (UV) laser light. The FEL being
developed by the Navy for shipboard use would likely produce only infrared light.
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Figure F-1. Photograph of an FEL Facility
. ‘___ —

Source: Jefferson Lab news release of July 30, 2004, entitled “FEL Achieves |10 Kilowatts,” accessed November
16, 2010 at http://www. jlab.org/news/releases/2004/04 | Okw.html. The news release says that the release is “As
released by the Office of Naval Research with images and captions from Jefferson Lab.” The caption to the photo
in the news release states: “The Free-Electron Laser vault at Jefferson Lab showing the superconducting
accelerator in the background and the magnetic wiggler in the foreground. The wiggler converts the electron
beam power into laser light. Photo by Greg Adams, JLab.”
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Figure F-2. Simplified Diagram of How an FEL Works
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Source: Jefferson Lab web page providing an introduction to FELs, accessed November 16, 2010, at
http://www jlab.org/FEL/feldescrip.html.

Figure F-3.Schematic of an FEL

(Version with two “wigglers”)
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Source: Jefferson Lab web page describing its FEL, accessed November 16, 2010 at http://www.jlab.org/FEL/
felspecs.html. This FEL has two “wigglers”—one for producing infrared (IR) laser light, and one for producing
ultraviolet (UV) laser light. The FEL being developed by the Navy for shipboard use would likely produce only
infrared light. The arrows show the flow of electrons in the device, starting with the electron gun and injector in
the upper-right corner. “Rf linac” means radio frequency linear accelerator-.
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Appendix G. Innovative Naval Prototypes (INPs)

The Office of Naval Researach (ONR) is developing the 100 kW FEL as an Innovative Naval
Prototype (INP). ONR describes INPs as follows:

[ONR’swork on] Leap Ahead Innovationsinclude Innovative Naval Prototypes (INPs) and
Swampworks, and are technology investments that are potentially “game changing” or
“disruptive’ in nature. INPs achieve a level of technology suitable for transition in four to
eight years. Innovative Naval Prototypesexplorehigh 6.2 and 6.3 [research and devel opment
budget category] technologies that can dramatically change the way Naval forces fight.
Programs in this category may be disruptive technologies that, for reasons of high risk or
radical departure from established requirements and concepts of operation, are unlikely to
survive without top leadership endorsement, and, unlike Future Naval Capabilities[another
category of ONR’ swork], areinitially too high risk for afirm transition commitment from
the acquisition community. INPs should be identified based on a balanced combination of
naval need and technol ogy exploitation. Investments should be planned with thecritica mass
needed to achieve aleve of technology maturity suitablefor transitionin four to eight years.
Program Managers (PMs) are primarily selected from ONR, and in order tohe pfacilitatethe
trangition to the acquisition community, Deputy PMs are typically chosen from the
Acquisition community. The CNR [Chief of Naval Research], in consultation with senior
Navy and Marine Corps leadership, identifies candidate INPs that are then forwarded to
Naval S&T [Scienceand Technology] Corporate Board (ASN-RDA, VCNO andthe ACMC)
[the Assistant Secretary of the Navy, Research, Devel opment, and Acquisition, the Vice
Chief of Naval Operations, and the Assistant Commandant of the MarineCorps] for approval
/ disapproval. Free Electron Laser isaninnovative naval prototype. Swampworkseffortsare
smaller in scope than INPs and are intended to produce results in one to three years. This
category iswherewetypically accept higher risk in an effort to produce higher payoff for the
warfighters.”

" Source: Navy information paper on directed energy dated August 26, 2010.
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Appendix H. DOD Technology Readiness Levels
(TRLs)

DOD uses TRLsto characterize the developmental status of many weapon technologies. DOD
definesits TRLs as follows:

e TRL 1: Basic principles observed and reported.
e TRL 2: Technology concept and/or application formulated.

e TRL 3: Analytical and experimental critical function and/or characteristic proof
of concept.

e TRL 4: Component and/or breadboard validation in alaboratory environment.
e TRL 5: Component and/or breadboard validation in a relevant environment.

e TRL 6: System/subsystem model or prototype demonstration in a relevant
environment.

e TRL 7: System prototype demonstration in an operational environment.
e TRL 8: Actual system completed and qualified through test and demonstration.

e TRL 9: Actual system proven through successful mission operations.’

"8 Source: Department of Defense, Technology Readiness Assessment (TRA) Deskbook, July 2009, accessed online at
http://www.dod.mil/ddre/doc/DoD_TRA_July 2009 _Read_Version.pdf.
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Appendix L. Protocol on Blinding Lasers

This appendix provides information on the international protocol on blinding lasers and its
relationship to DOD laser programs, including the lasers discussed in this report.

Overview

The United States in 1995 ratified the 1980 Convention on Prohibitions or Restriction on the Use
of Certain Conventional Weapons Which May be Deemed to be Excessively Injurious or to Have
Indiscriminate Effects. An international review of the convention began in 1994 and concluded in
May 1996 with the adoption of, among other things, a new Protocol 1V on blinding laser
weapons. The protocol prohibits the employment of lasers that are specifically designed to cause
permanent blindness to the naked eye or to the eye with corrective eyesight devices.

Although the United States has not ratified this protocol, DOD views the protocol as fully
consistent with DOD policy. DOD believes the lasers discussed in this report are consistent with
DOD poalicy of prohibiting the use of lasers specifically designed to cause permanent blindness to
the naked eye or to the eye with corrective eyesight devices.

Article-by-Article Discussion

Article 1 of the protocol prohibits the employment of “laser weapons specifically designed, as
their sole combat function or as one of their combat functions, to cause permanent blindness to
unenhanced vision, that is to the naked eye or to the eye with corrective eyesight devices.” DOD
states that:

Thisprohibitionisfully consistent with the policy of the Department of Defense, whichisto
prohibit the use of weapons so designed. Although the prospect of mass blinding was an
impetus for the adoption of the Protocal, it was not the intent of the Conference to prohibit
only massblinding. Accordingly, under both the Blinding Laser Protocol and Department of
Defense policy, laser weapons designed specifically to cause such permanent blindnessmay
not be used againgt an individua enemy combatant.”

™ Department of Defense, CCW Article by Article Analysis of the Protocol on Blinding Laser Weapons, accessed
online at http://www.dod.gov/acg/aci c/treaties/ccwapl /artbyart_prod.htm. In January 1997, Secretary of Defense
William Perry issued a memorandum regarding DOD policy on blinding lasers which statesin its entirety:

The Department of Defense prohibits the use of 1asers specifically designed to cause permanent
blindness and supports negotiations to prohibit the use of such weapons. However, laser systems
are absolutely vita to our modern military. Among other things, they are currently used for
detection, targeting, range-finding, communications, and target destruction. They provide acritica
technological edgeto U.S. forces and allow our forces to fight, win and survive on anincreasingly
letha battlefield. In addition, lasers provide significant humanitarian benefits. They allow weapon
systems to be increasingly discriminate, thereby reducing collatera damage to civilian lives and
property. The Department of Defense recognizes that accidental or incidenta eye injuries may
occur on the battlefield as the result of the use of lasers not specifically designed to cause
permanent blindness. Therefore, we continue to strive, through training and doctrine, to minimize
theseinjuries.
(Memorandum dated January 17, 1997, from Secretary of Defense William J. Perry to the
secretaries of the military departments, et al, on DOD palicy on blinding lasers, provided to CRS
on October 4, 2010, by the Navy Office of Legislative Affairs.)

(continued...)
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Article 2 of the protocol obligates parties to “take all feasible precautions to avoid the incidence
of permanent blindness to unenhanced vision.” DOD states that “ This requirement is also fully
consistent with the policy of the Department of Defense which isto reduce, through training and
doctrine, inadvertent injuries from the use of lasers designed for other purposes, such asrange-
finding, target discrimination, and communications.”®

Article 3 of the protocol states that “blinding as an incidental or collateral effect of the legitimate
military employment of laser systems, including laser systems used against optical equipment, is
not covered” by the Protocol. DOD states that this article * reflects a recognition of the
inevitability of eyeinjury astheresult of lawful battlefield laser use. Its useis an important
measure in avoiding war crimes allegations where injury occurs from legitimate laser uses.”®*

DOD further states that

Asamatter of policy, the United Stateswill refrain from the use of laser weapons prohibited
by the Protocol. Therefore, while the Blinding Laser Weapons Protocol does not legally
apply to all armed conflicts, it is U.S. policy to apply the Protocol to all such conflicts,
however they may be characterized, and in peacetime.... The Protocal is fully consistent
with U.S. military interests, Department of Defense policy and humanitarian concerns
generally. Accordingly, the United States should ratify it at an early date.®

Excerpt from 2007 DSB Task Force Report
A 2007 report by a Defense Science Board (DSB) task force on directed energy weapons stated:

Thetask force heard concerns over thelegal and policy aspects of employing directed energy
weapons. The concern is seen by some as inhibiting or deterring development of such
weaponswith[i.e., dueto] reluctancetoinvest in capabilitiesthat might not be useableinthe
battlespace due to lega or policy constraints. Much of this concern is the product of
inadequate communications rather than any unusual legal or policy constraints.

The Office of the Secretary of Defense and service component Judge Advocate Genera
Offices have determined that directed energy weapons are, in and of themselves, legal
accordingto all U.S. laws, [aswell as] the[international] Laws of Armed Conflict, and are
consistent with al current U.S. treaty and international obligations. Noting that directed
energy weaponsarelegal doesnot imply that their usein aparticular Stuation islegal. There
are situations where the use of a directed energy weapon could be contrary to U.S. or
international law. This consideration isthe case with virtually any weapon.

(...continued)

Paragraph 4.3 of DOD Instruction 3100.11 of March 31, 2000, on the illumination of objectsin space by |asers, states:
“The use of lasers specifically designed to cause permanent blindnessin humans is prohibited, in accordance with [the
above-cited January 17, 1997, memorandum from the Secretary of Defense].”

8 Department of Defense, CCW Article by Article Analysis of the Protocol on Blinding Laser Weapons, accessed
online at http://www.dod.gov/acg/aci c/treaties/ccwapl /artbyart_prod.htm.

8 Department of Defense, CCW Article by Article Analysis of the Protocol on Blinding Laser Weapons, accessed
online at http://www.dod.gov/acg/aci c/treaties/ccwapl /artbyart_prod.htm.

8 Department of Defense, CCW Article by Article Analysis of the Protocol on Blinding Laser Weapons, accessed
online at http://www.dod.gov/acg/aci c/treaties/ccwapl /artbyart_prod.htm.
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Onesuch congtraint isthe use of alaser weapon tointentionally blind combatants The States
Parties to the 1980 Convention on Prohibitions or Restrictions on the use of Certain
Conventiona Weapons Which May Be Deemed to be Excessively Injurious or to have
Indiscriminate Effects had a fourth protocol adopted in 1995, wheretheintent isto prohibit
laser weaponsthat are specifically used to blind combatants systematically and intentionaly.
While the United States isnot a Sgnatory to this particular protocol, the DOD hasissued a
policy that prohibits the use of lasers specifically designed to cause permanent blindness of
unenhanced vision.

That same policy stated that “... laser systems are absol utely vital to our modern military.
Among other things, they are currently used for detection, targeting, range-finding,
communications, and target destruction. They provide acritical technological edgeto U.S.
forcesand allow our forcesto fight, win, and survive on anincreasingly lethal battlefield. In
addition, lasers provide significant humanitarian benefits. They allow weapon systemstobe
increasingly discriminate, thereby reducing collateral damageto civilian livesand property.
The[DOD] recognizesthat accidental or incidental eyeinjuriesmay occur on the battlefield
astheresult of theuse of legitimatelaser systems.® Therefore, we continuetostrive, through
training and doctrine, to minimizethese injuries.”

A similarly supportive policy has been stated for other directed energy weapons. At thesame
time, when such weapons are new to the battlespace, therewill beapolicy determination on
their initia introduction to include an understanding by appropriate policy makers of the
intended uses. Such determination needs to be informed by a thorough and credible
understanding of the risk and benefits of employing such weapons. Beyond the process of
approving first use, the expectation isthat the Laws of Armed Conflict, rulesof engagement,
and combat commander direction will govern employment of directed energy weaponsasis
the case for kinetic weapons.®

8 Thetext of the 1997 Secretary of Defense memorandum quoted in footnote 79 is slightly different at this point.
Instead of “legitimate laser systems,” the 1997 memorandum uses the phrase “lasers not specifically designed to cause
permanent blindness.”

8 | Report of] Defense Science Board Task Force on Directed Energy Weapons, Washington, December 2007, pp. xii-
xiii. Ellipsis and materia in bracketsasin original.
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Appendix J. Illumination of Objects in Space

In briefings on potential shipboard lasers, Navy officials noted DOD Instruction (DODI) 3100.11
of March 31, 2000, which states in part:

All DaD laser activities shall be conducted in a safe and responsible manner that protects
space systems, their mission effectiveness, and humansin space, consistent with national
security requirements, in accordance with [DoD Directive 3100.10, “ Space Policy,” July 9,
1999]. All such activities shall be coordinated with the Commander in Chief of U.S. Space
Command (CINCSPACE) for predictive avoidanceor deconfliction with U.S,, friendly, and
other space operations.®

Thetechnical community in the Navy believes that this instruction effectively requires the
military services to implement measures for ensuring that objects in space face low or no
exposure to laser energy. Thetechnical community believes that this in turn would require that
shipboard lasers incorporate so-called predictive avoidance (PA) software and/or other features
that would prevent them from firing in the direction of an object in space. The community
believes that two policy changes would be required to permit Navy surface ships to use shipboard
lasers with power levels high enough that they could cause unwanted collateral damage to
satellites:

e Thecommunity believesthat current safety criteria reating to satellites are
overly restrictive and should be replaced with a new policy that includes what the
Navy views as more realistic safety criteria.

e Thecommunity believes that certain data relating to sensitive satellites should be
removed from the PA system so that the classification level of the PA system can
be lowered.

8 Department of Defense Instruction Number 3100.11, March 31, 2000, on Illumination of Objects in Space by lasers,
paragraph 4.2.
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Appendix K. Section 220 of FY2000 Defense
Authorization Act (P.L. 106-398)

As mentioned earlier (see” Options for Congress’), the option of directing the Navy to develop

and install lasers with certain capabilities on a certain number of Navy surface ships by a certain

date could take the form of a provision broadly similar to Section 220 of the FY 2001 defense
authorization act (H.R. 4205/P.L. 106-398 of October 30, 2000), which set goals for the

deployment of unmanned combat aircraft and unmanned combat vehicles. The text of Section 220

is as follows:

SEC. 220. UNMANNED ADVANCED CAPABILITY COMBAT AIRCRAFT AND
GROUND COMBAT VEHICLES.

(@) GOAL- It shall be a goal of the Armed Forces to achieve the fielding of unmanned,
remotely controlled technol ogy such that—

(1) by 2010, one-third of the aircraft in the operational deep strike force aircraft fleet are
unmanned; and

(2) by 2015, one-third of the operational ground combat vehicles are unmanned.

(b) REPORT ON UNMANNED ADVANCED CAPABILITY COMBAT AIRCRAFT AND
GROUND COMBAT VEHICLES- (1) Not later than January 31, 2001, the Secretary of
Defense shall submit to the congressional defense committees areport on the programs to
demonstrate unmanned advanced capability combat aircraft and ground combat vehicles
undertaken jointly between the Director of the Defense Advanced Research ProjectsAgency
and any of the following:

(A) The Secretary of the Army.

(B) The Secretary of the Navy.

(C) The Secretary of the Air Force.

(2) Thereport shall include, for each program referred to in paragraph (1), the following:
(A) A schedule for the demondtration to be carried out under that program.

(B) An identification of the funding required for fiscal year 2002 and for the future-years
defense program to carry out that program and for the demonstration to be carried out under
that program.

(C) Inthe case of the program rel ating to the Army, the plan for modification of theexisting
memorandum of agreement with the Defense Advanced Research Projects Agency for
demonstration and development of the Future Combat System to reflect an increase in
unmanned, remotely controlled enabling technol ogies.

(3) Thereport shall alsoinclude, for each Secretary referred toin paragraphs (1)(A), (1)(B),
and (1)(C), adescription and assessment of the acquisition strategy for unmanned advanced
capability combat aircraft and ground combat vehicles planned by that Secretary, which shall
include adetail ed estimate of all research and devel opment, procurement, operation, support,
ownership, and other costsrequired to carry out such strategy through the year 2030, and—
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(A) in the case of the acquisition strategy relating to the Army, the trandtion from the
planned acquisition strategy for the Future Combat System to an acquisition strategy capable
of meeting the goal specified in subsection (a)(2);

(B) in the case of the acquisition strategy relating to the Navy—

(i) the plan toimplement a program that examinesthe ongoing Air Force unmanned combat
air vehicle program and identifies an approach to develop a Navy unmanned combat air
vehicle program that hasthegoal of developing an aircraft that issuitablefor aircraft carrier
use and has maximum commonality with the aircraft under the Air Force program; and

(ii) an anaysis of alternatives between the operational deep strikeforceaircraft fleet andthat
fleet together with an additional 10 to 20 unmanned advanced capability combat aircraft that
are suitable for aircraft carrier use and capable of penetrating fully operational enemy air
defense systems; and

(C) inthe case of the acquisition strategy relating to the Air Force—

(i) the schedulefor eval uation of demonstration resultsfor the ongoing unmanned combeat air
vehicle program and the earliest possible transition of that program into engineering and
manufacturing devel opment and procurement; and

(ii) an analysis of alternatives between the currently planned deep strike force aircraft fleet
and the operational deep strikeforceaircraft fleet that could be acquired by fiscal year 2010
to meet the goal specified in subsection (a)(1).

(c) FUNDS- Of theamount authorized to be appropriated for Defense-wide activitiesunder
section 201(4) for the Defense Advanced Research Projects Agency, $100,000,000 shall be
available only to carry out the programs referred to in subsection (b)(1).

(d) DEFINITIONS- For purposes of this section:

(1) An aircraft or ground combat vehicle has ‘unmanned advanced capability’ if it isan
autonomous, semi-autonomous, or remotely controlled system that can be deployed, re-
tasked, recovered, and re-deployed.

(2) Theterm ‘currently planned deep strike force aircraft fleet” meansthe early entry, deep
strike aircraft fleet (composed of F-117 stealth aircraft and B-2 stealth aircraft) that is
currently planned for fiscal year 2010.

(3) Theterm *operational deep strike force aircraft fleet” meansthe currently planned deep
strike force aircraft fleet, together with at least 30 unmanned advanced capability combat
aircraft that are capable of penetrating fully operational enemy air defense systems.

(4) Theterm ‘ operational ground combat vehicles meansground combat vehiclesacquired
through the Future Combat System acquisition program of the Army to equip the future
objective force, as outlined in the vision statement of the Chief of Staff of the Army.
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