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NAVY NAMES SHIP AFTER

AOTARD O, LORENZIN

“Father of Electronic Warfare”

Howard O. Lorenzen e

The Navy announced on October 10, 2008, that the name of the next missile
range instrumentation ship will be USNS Howard O. Lorenzen. Designated ™
T-AGM 25, the ship will honor the late NRL electrical engineer who was instru-
mental in the creation of our nation’s electronic intelligence capabilities. Consid-
ered by many to be the “Father of Electronic Warfare,” Lorenzen’s accomplish-
ments include developments in radar, electronic countermeasures systems, and ‘
intelligence satellite designs. |
Lorenzen led the Galactic Radiation and Background (GRAB) program, the |
earliest successful U.S. reconnaissance satellite program and the first electronic |
intelligence satellite. NRL began the classified GRAB program shortly after the |
U-2 incident of 1960 to obtain information on Soviet air defense radars that could
not be observed by U.S. military aircraft.



USNS Howard O. Lorenzen will be 12,575
tons, 534 feet in length, and have a beam of 89
feet. Manned by a combined crew of 88 sailors
and civilian mariners, the ship will host em-
barked military and civilian technicians from
other U.S. government agencies. The construc-
tion contract for T-AGM 25 was awarded to VT
Halter Marine Inc., in Pascagoula, Mississippi.

Missile range instrumentation ships pro-
vide platforms for monitoring missile launches
and collecting data that can be used to improve
missile efficiency and accuracy. Like the Navy’s
two current missile range instrumentation ships,
USNS Observation Island and USNS Invincible,
T-AGM 25 will be owned and operated by
Military Sealift Command and conduct missions

sponsored by the Air Force.

(lllustration Naval Sea Systems Command)

No: T-AGM 25

Builders: VT Halter Marine, Inc.

Laid Down: 13 August 2008

Launched: 2009

Commissioned: June 2010

Displacement tons: 12,575 standard

Dimensions (feet): 534.1 x 88.6

Main machinery: Diesel-electric; 4 diesel generators; 2 motors;
20,115 hp (15 MW); 2 shafts

Speed (knots): 20

Range, in miles: 12,000 at 12 kt

Complement: 30 + 30 technicians + 16 spare

Radars, navigation: TBA

— U.S. Department of Defense

— Howard Otto Lorenzen —

June 24, 1912 -

February 23, 2000

— Written by Ronald L. Potts in 2000
Reprinted from Labstracts, November 24, 2008

In the early 1940s, two decades before electronic
warfare emerged as an ethereal form of combat with no
obvious subordination to land, naval, or air warfare — a
military science that mattered equally to soldiers, sailors,
and airmen — Howard O. Lorenzen thought of it as
radio countermeasures. After World War II, during his
years of investigating captured German and Japanese
electronic equipment, he began to think of it as electron-
ic countermeasures, a discipline that detected and either

interfered with or exploited for intelligence purposes any
electromagnetic energy that an enemy might transmit for

military purposes.

During the Korean War, when some of his colleagues

started thinking of their art as electronics intelligence
(ELINT), he deemed their view too narrow and refused

to adopt the term to describe his activities. He even stuck

with the concept of ECM when he led the way in the late
1950s to its first successful application in outer space —
an ECM satellite. In 1965, when the Cold War got hot in
Southeast Asia and U.S. aviators were first brought down
over North Vietnam by Guideline missiles that had to
be thwarted, he fired up his project engineers by requir-
ing them to think from now on in terms of electronic
warfare. EW remained his central focus thereafter, even
when the Vietnam War wound down and he was called
upon to lead space engineering for the Navy.

In his retirement, after thirty-three years of public
service to the Navy and the Nation, Howard Lorenzen re-
lived his career by reading between the lines of histories
of WW II, Korea, Vietnam, and the Cold War. Articles
and books he enjoyed most were ones written by his for-
mer colleagues, electronic warfare experts on both sides
of the Atlantic Ocean. He never wrote a book himself.
He had a mania about security, and he was so renowned
among those who lived the early history of EW that he
felt no need to stake any claims. He satisfied his natural
urge to communicate with his peers by means of letters
and amateur radio, a lifelong hobby and one he shared
with most EW pioneers (who got their start in radio in
their teens, by building their own antennas, receivers,
and transmitters).

Howard O. Lorenzen died of pneumonia in a hos-
pital in Redmond, Washington, on February 23, 2000,
at age 87. As the word spread in today’s EW community,
some of its graybeards (like William E. W. Howe, James
H. Trexler, Reid D. Mayo, Charles T. Christman, Lyn-
wood A. Cosby) reflected on Howard’s contributions and
thought that the next generation might profit from hear-
ing about them. Hence, this tribute to the father of U.S.
Electronic Warfare.
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In July 1940, after five years of design-
ing commercial radios and components
for Colonial Radio and Zenith Radio,
28-year-old Howard
Otto Lorenzen started
his career at the Naval
Research Labora-
tory in Southwest
Washington, working
under the radar pio-
neers: A. Hoyt Taylor,
Robert M. Page, Louis
A. Gebhard, Robert
C. Guthrie, John P.
Hagen, and Edwin A.
Speakman. They had
already partnered with RCA to get air
search radar (200 MHz, 15 kW) installed
on selected battleships, aircraft carriers,
heavy and light cruisers, and one seaplane
tender. Lorenzen built a high-gain re-
ceiver, including an antijam capability, for
a lightweight version, successfully dem-
onstrated on the destroyer USS Semimes
in July 1941, then manufactured by RCA
and General Electric for Navy destroyers
and smaller ships. Radio Superintendent
“Doc” Taylor and Assistant Lou Gebhard
looked the other way when Howard got a
lathe and welding equipment and set up
his own machine shop to manufacture
engineering models, and they gave him
new tasks and more two- and three-man
groups of engineers and technicians to
supervise.

Before the U.S. entered World War 11,
Lorenzen participated in NRL technical
interchange with British scientists fight-
ing the air war over Great Britain. After
the Japanese struck the Pacific Fleet at
Pearl Harbor, his radar work continued
in receivers, cathode ray tube displays,
transmitters, and motors — for naval
shore installations, ships, and aircraft.

He consulted to MIT Radiation Labora-
tory engineers who developed microwave
radar sets for the U.S. Army Air Forces
under Division 14, National Defense
Research Committee (NDRC). As the war
progressed, Lorenzen gradually expanded
to radio countermeasures against enemy
systems, most notably, the air-launched
guided bomb. He developed a system
installed on two destroyer escorts to
intercept, record magnetically on steel
wire, and analyze German aircraft radio
signals that controlled the glide bombs
built to sink allied warships in the Medi-
terranean Sea. The knowledge helped

2009 NRL REVIEW

NRL invented and developed the first

U.S. radar (1922-1939).

NRLs Special Projects Section develop
intercept-jammers that defeated the
Henschel 293 system, and the unwitting
Luftwaffe engineers concluded that RF
energy was too fickle or pilots
too inept to make the intricate
control mechanism work as
designed. Howard’s friendship
with Louis W. Tordella (future
Deputy Director, NSA) started
when the Navy lieutenant came
to his laboratory to learn how
the successful intercept system
had worked.

To thwart enemy jamming
and eavesdropping, Loren-
zen engineered a selectable
880-channel UHF voice receiving and
transmitting system. He coordinated
U.S./British UHF efforts and became well
acquainted with the men who focused
on radio and radar in the British Admi-
ralty’s Signal and Radar Establishment in
Portsmouth, England, and their counter-
parts in the Royal Air Force and Royal
Army. (His UHF transceiver transitioned
to Raytheon, AN/URC-3, and was later
mass-produced as the AN/ARC-27 for
use during the Korean War by U.S. and
Allied forces.)

By war’s end, Howard Lorenzen
supervised 11 small groups working in
different areas of radio engineering. He
was a key member of a countermeasures
partnership between NRL and the Of-
fice of Naval Intelligence (ONI) in the
Pentagon, which interfaced with NDRC
Division 14 (Countermeasures) and
industry. Sponsorship for NRLs intercept,
direction finding, radar jamming, and
decoy systems came from the Navy Bu-
reaus of Ships and Yards & Docks, which
also shepherded transition to industry for
systems produced in quantity.

After the war, when many Navy scientists
and engineers returned to their civilian
occupations, Howard Lorenzen and some
key members of his groups remained gov-
ernment employees and concentrated on
captured electronic equipment sent to the
United States from Europe and Asia. He
and Jim Trexler arranged to permanently
borrow certain other gems that fell into
British hands, such as the Athos crystal
video receiver and the Wullenweber goni-
ometer. The WW II NDRC evolved to the
Office of Scientific Research and Develop-
ment (later Joint Research and Develop-

ment Board), and Lorenzen maintained
his military and industrial contacts. He
represented the Navy to Joint and Allied
committees and working groups with
interests in countermeasures, particularly
in the U.S., Canada, and Great Britain. He
underwent nuclear orientation at facili-
ties in New Mexico in 1948 and became
an ECCM consultant to NATO’s Mutual
Weapons Development Program.

When the Soviet Union emerged as a
new threat, Ed Speakman and Howard
Lorenzen organized NRLs Counter-
measures Branch and initially focused
on Russian adaptations of western
lend-lease equipment. Lorenzen’s prior
investigations of German equipment
and documents soon paid off, for Soviet
adaptations of German technology and
techniques began to appear. The Branch
developed intercept and DF systems for
deployment to Navy ships, shore sta-
tions, and aircraft. A collaboration with
Airborne Instruments Laboratory (Dr.
Hector R. Skifter) yielded the first tunable
airborne microwave intercept receiver
(later AN/APR-9), which was integrated
at NRL with James E. Gall's ECM signal
display and analysis equipment, includ-
ing multi-gun CRTs. The new capabilities
enabled the outfitting of Naval landbased
ferret probes along the periphery of the
Sino-Soviet Bloc. Their first airborne
systems were installed on P4AM-1Q
Mercators, PB4Y-2 Privateers, and P2V
Neptunes. Other versions were tailored
to surface ships and submarines. To get
operational feedback on the UHF signal
environment and the systems’ usefulness
and shortcomings, Lorenzen undertook
an unofficial program to analyze intercept
operators’ logs at NRL. Initially, most of
this analytical work was performed by
himself and Robert D. Misner. By 1949, in
cooperation with the Stromberg-Carlson
Company, they had created the first U.S.
magnetic tape recorder for intercept
work, the Radio-Countermeasures Sound
Recorder-Reproducer IC/VRT-7.

To broaden participation in NRLs log
analysis effort, Lorenzen promoted in
ONI and helped organize a Counter-
measures Intercept Analysis Group with
sponsorship from the Joint Communica-
tion and Electronics Committee (JCEC)
of the JRDB. Participating organizations
were ONI, NRL, Naval Security Group
(NSG), Army Signal Corps, and Air



Technical Intelligence Center (ATIC). He
chaired the JCEC analysis working group
during the Korean War, until it evolved in
1953 to the Army-Navy Electronic Evalu-
ation Group (ANEEG), collocated with
NSG Headquarters at 3801 Nebraska Av-
enue in Northwest Washington. By then,
his branch had added drum recorders to
the arsenal of intercept equipment, and
second-echelon analysis of raw data tapes
had become a practical objective.

During the 1950s, ECM technol-
ogy advanced by Lorenzen’s engineers
included electronic signals intercept,
direction finding, jamming, and
deception techniques. Howard
Lorenzen and John C. Link
supported BUAER and the Air
Force Tactical ECM Wing in
Biloxi, Mississippi, with new
forward-launch dispensers and
lightweight chaff that worked.
Lorenzen’s team provided
equipment (antennas, receivers,
recorders, and analysis devices),
technical support, and tech-
nology transfer for various surveillance
and reconnaissance platforms via the
Navy Bureaus of Ships and Aeronautics,
the Army Signal Corps (ELINT vans),
the CIA Office of ELINT (U-2 aircraft,
crash boats, and agent devices), and ONI
(covert installations and equipment loan
to friendly foreign navies). Equipments
were regularly upgraded to exploit new
technology and keep pace with the threat
signal environment as it spread into
higher regions of the RF spectrum.

A National ELINT Program was estab-
lished in 1955 under Air Force Secretary
Donald A. Quarles, who had previously
chaired the JCEC. ANEEG was reorga-
nized as the National Technical Process-
ing Center (NTPC). Soldiers, sailors, and
civilian technicians, including some from
CIA, were joined by an influx of air-
men and civilians from ATIC at Wright
Patterson AFB, Dayton, Ohio. NTSC’s
primary mission was to inform the Strate-
gic Air Command (SAC) about Soviet air
defense radar that SAC’s B-47 and B-52
bombers would encounter in the event of
nuclear war. Lorenzen’s Countermeasures
Branch participated in and supported
the National ELINT Program by serv-
ing on technical committees; developing
intercept equipment; collaborating with
Army Signal Corps Signals Research and
Development Laboratory in Fort Mon-
mouth, New Jersey, and Air Development

NRL developed the key transmitter
and receiver technologies that allowed
effective communication through a
passive Moon circuit.

Centers in Rome, New York, and Dayton,
Ohio; and evaluating data acquired from
ECM configurations. NTPC was headed
by an Air Force lieutenant colonel, and
continuity was provided by senior civilian
engineers like John E. Libbert and Henry
F. (Hank) DeCourt. Lorenzen continued
to chair the steering committee of the
Navy’s Technical ELINT Panel, which
supported NTPC.

Jim Trexler was Lorenzen’s project
engineer for PAMOR (PAssive MOon
Relay, a.k.a. “Moon Bounce”), which
collected interior Soviet electronics and
communication
signals reflected
from the Moon. It
was Trexler who
first started calling
Howard, “Father,”
and he also led the
way to Communica-
tions Moon Relay,
which established
operational com-
munication circuits
between Washington and Hawaii in the
mid-1950s and set the stage for commu-
nication satellites in the 1960s. Charles
W. Price, the Branch’s chief mechanical
engineer, designed the mechanical struc-
tures employed in several generations of
Trexler’s massive Moon Bounce antennas.

When ELINT was assimilated under
the charter of the National Security Agen-
cy in March 1959, Lorenzen provided
technical and engineering support to the
Advanced Signals Analysis Division of
NSA’s Office of Collection and Signals
Analysis and successor offices (C-1 and
K-4), headed by John Libbert and, in the
latter 1960s, by Raymond B. Potts. GCHQ
mathematician Sylvester Stanley Strong
worked there, too, and Stan was a Loren-
zen friend from the post-WW II years.

Communications and radar intercept
systems on aircraft, ships, submarines,
and shore stations captured signals near
the periphery of the Soviet Union and
Communist China. Project Boresight
created a global Navy network of HFDF
stations to intercept and fix the source of
radio transmissions from Soviet surface
ships and submarines. Boresight succes-
sor Bullseye’s huge circularly disposed
antenna arrays included up to two rings
of dipole antennas and two reflector
screens and grew to an effective diameter
of 800 feet. The first of the CDAA arrays,
installed at the Hybla Valley Coast Guard

NRL'S INVOLVED!

Station, Alexandria, Virginia, in 1957,
was used to track the Soviet Sputnik’s 20
MHz signal and determine its orbit. Mack
J. Sheets was Lorenzen’s antenna engineer
for Boresight and Bullseye; Bob Misner,
signal processing.

Typical of the way Howard Lorenzen
operated was the overnight revolution in
the way his branch supported the silent
service. Starting with the USS Pike in July
1944, all of NRLs submarine intercept
and DF systems had located the intercept
antennas on the conning tower, neces-
sitating exposure and attendant risk
when collecting signals. In December
1957, Rear Admiral Elton W. Grenfell,

a submariner and mechanical engineer,
came in from the Pacific Fleet, where he
commanded U.S. submarine forces, and
complained to Howard Lorenzen that

he had written his last memorandum to
BUSHIPS. He wanted hardware — now!

Lorenzen summoned several engi-
neers and technicians to a brainstorm-
ing session in his office. Submariner
Grenfell accepted Ralph A. Carpenter’s
proposed communications intercept
configuration (15 kHz-265 MHz) and
Reid Mayos ELINT amplifier and crystal
video detector (2.5-12 GHz), but rejected
all of his ELINT antenna offerings as too
large and grotesque — which stimulated
William Edgar Withrow’s design of a
double-armed spiral antenna, not much
bigger than a silver dollar, to fit inside a
periscope.

A month later, following integration
and testing at Kolmorgen Optical, Inc. in
North Hampton, Massachusetts, Kolmor-
gen's modified periscope (type 8A) and
NRELs intercept equipment were installed
on the USS Dogfish in New London, Con-
necticut, to support its mid-January de-
ployment to the Barents Sea. Reid Mayo
and Ed Withrow observed the installa-
tion, tested the ECM system, participated
in sea trials, and trained operators. They
did the same in February for a second
system on the USS Wahoo in Yokusaka,
Japan. Wahoo would operate in the west-
ern Pacific. The full-production system
(AN/BLR-6) transitioned to industry in
June, just six months after Rear Admiral
Grenfell pounded the table.

When Russian Sputniks and Lunas, Army
Explorers, and Navy Vanguards began
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orbiting the Earth a dozen or so times
daily, Lorenzen was already so renowned
in ECM that the Director of Naval Intel-
ligence, Rear Admiral Laurence H. Frost,
forbade him from attending the launch
of GRAB 1 or follow-on missions, for
fear his presence would give away their
ELINT mission.

Lorenzen’s vision for a low-cost
ELINT satellite was first published late in
1957, a section of the NRLs secret pro-
posal for a U.S. satellite and space vehicle
program beyond
Vanguard. The space
agenda, proposed
by Navy to the
Armed Forces Policy
Council, defined
military and scientific
objectives that would
later be parceled out,
respectively, to DoD’s
Advanced Research
Projects Agency
(ARPA), when it
was formed Febru-
ary 1958, and to the
NASA, which became operational Octo-
ber 1958 and assimilated NRLs Vanguard
team.

Lorenzen hoped for, but could not
count on, DoD to promptly approve
and fund his proposal. So he persuaded
BUAER to task NRL for an intercept
system, subminiaturized and lightweight,
to be installed on “supersonic vehicles,
manned or unmanned” and to auto-
matically retransmit intercepted data to
existing naval receiving stations on the
periphery of the Communist Bloc. The
task was on NRLs books before ARPA’s
new bureaucrats could find their way
around the Pentagon, and Lorenzens first
quarterly engineering progress report
was submitted to BUAER in July 1958. If
anyone objected, then the supersonic ve-
hicle was a high-performance jet aircraft;
otherwise, a satellite.

Enough Vanguard veterans stayed
with the NRL to build the GRAB satellite
and, later, form a new Satellite Techniques
Branch under Martin J. Votaw. Lorenzen’s
own Countermeasures Branch designed
the ELINT payload, ground electronics,
and transportable equipment shelters
for ELINT stations overseas. Beyond
imparting the vision and addressing
technical problems raised to his level,
he entrusted design and engineering to
a loosely coupled team of engineers and
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GRAB was America’s first operational
intelligence satellite. The GRAB
project provided proof-of-concept

for satellite-collected electronic
intelligence.

technicians supporting project engineer
Reid Mayo. “Don’t worry about money;’
he told Mayo, “T'll get you the money. Just
don't let me down.”

While their work progressed, Loren-
zen led a parallel campaign to get the
project approved and fully funded.
Starting with ONI in July 1958, us-
ing large briefing boards mounted on a
pedestal, Project Tattletale was sold at
the Pentagon, Main Navy on Constitu-
tion Avenue, CIA Headquarters, NASA,
and Capitol Hill. Congressmen
were delighted to be briefed on
a project “not costing tens of
millions.” In the spring of 1959,
DNI Laurence Frost, ARPA
Director Roy W. Johnson,
and OSD’s Graves B. Erskine
(Special Operations) agreed
that Tattletale was too visible,
though. ARPA officially killed
it and established Project Canes
as a top secret security control
system. Oaths were signed by
those authorized for indoc-
trination, under 200 people
altogether, with President Dwight D.
Eisenhower heading the list.

The President approved Project Canes
on August 24, 1959. On May 5, 1960,
just four days after a CIA high-altitude
U-2 reconnaissance aircraft was brought
down over the Soviet Union (by an SA-2
Guideline missile, according to Soviet
claims), he approved launch of the first
Canes-controlled satellite. Known opera-
tionally as GRAB (Galactic RAdiation
and Background), the ELINT satellite was
launched successfully from Cape Canav-
eral, Florida, on June 22, 1960 and tested
by NRL in Hawaii on July 5-8. Howard
Lorenzen, Reid Mayo, Ed Withrow, Edgar
L. Dix, and Vincent S. Rose were the first
to hear the medley of radar signals de-
tectable by a wide-open receiver in outer
space. On the recommendation of State,
Defense, and CIA, President Eisenhower
authorized NRL to “trigger Project Canes
on 12-15 passes over the Soviet Union
during the course of a two- to four-weeks
period of time,” subject to a final phone-
check with State, CIA, and the White
House chief of staff before each turn-on.
The Canes/GRAB ELINT tapes soon
saturated U.S. analytical capabilities. On
October 18, 1960, President Eisenhower
approved the request from State, Defense,
and CIA for more Navy ELINT satellites.

Bob Misner led the way to machine

processing of the GRAB take, and
Howard Lorenzen collaborated with
Lou Tordella on a joint NRL/NSA effort
to automate ELINT data processing.
Intelligence derived
from GRAB satellites,
processed by the NSA
and SAC, marked a
turning point in U.S.
strategic doctrine.
The Soviet air defense
system was too
robust for penetra-
tion by SAC’s high
and medium altitude
bombers, which
were succeeded by
low-altitude bombers
and ballistic missiles,
sea and land versions.
(An air-launched
version, Skybolt,
was scrapped in the
mid sixties.) GRAB
also yielded the first
intercept of a signal
associated with the developmental Soviet
Galosh anti-ballistic missile system.
While the National Reconnaissance
Office (NRO) was being formed, Bill
Howe looked out for Navy interests on
behalf of ONI. He had high level help
from the Director of NSA, Vice Admiral
Laurence Frost, who wanted to continue
the Navy ELINT satellites in the National
Reconnaissance Program. (Lorenzen was
then busy helping to save the Navy air-
craft carrier by deception techniques that
foiled U.S. Air Force simulated air attacks
while President Kennedy monitored the
exercise.) Project GRAB was assimilated
in the NRO in July 1962.

GRAB was launched
successfully from
Cape Canaveral,
Florida, on June 22,
1960.

Lorenzen became NRULs first Superin-
tendent of Electronic Warfare when his
branch was upgraded to division status
in September 1966. He typically man-
aged upwards of a hundred scientists,
engineers, and technicians, who were
kept busy pushing the state of the art,
sharing their technology and ideas with
cleared firms, and harvesting any useful
components produced by industry. Their
achievements, under his leadership,
spanned the entire breadth of EW. During
the late 1960s, his highest priority was
the development of equipment for naval
aircraft, particularly for defense against
guided missiles, which he considered the



Laboratory’s most vital support to U.S.
Navy aviators at war in Vietnam. When
the battleship USS New Jersey was refit-
ted in 1968 to shell enemy supply routes
inland, Lorenzen’s EW Division equipped
her with every device in their arsenal that
could foil attack from North Vietnamese
MIGs, missiles, or fast attack boats. He so
overweighted his defensive EW branch
that it emerged as a separate division
under Lyn Cosby within a few years.

Lorenzen had the status of a presiden-
tial appointee (under Public Law 313),
and he was as comfortable in acquisition
management and operations circles as
in science, engineering, and manufac-
ture. When need be, he explained his
projects on Capitol Hill, the Pentagon,
the United States Intelligence Board, the
President’s Scientific Advisory Commit-
tee, the Bureau of the Budget, the General
Services Administration, and the intel-
ligence agencies (CIA, DIA, NSA, and
NRO). Throughout the 1960s, he helped
represent the United States at NATO and
SEATO EW conferences and served as
an advisor to the Joint Chiefs of Staff and
the Secretary of Defense. When he was
written up for an award, someone went
through his personnel record and figured
that he had spent nearly ten percent of his
career since WW II abroad, 78 trips to 17
different foreign countries.

On February 11, 1970, the interagency
ELINT RDT&E Coordinating Group met
at NRL. NSA’s David Wolfand chaired the
ERG, but Howard Lorenzen was recog-
nized as leader by most of the members.
These captains of ELINT included Army
Security Agency Chief Scientist Ed
Speakman, Army ACSI Senior Technical
Adviser Bill Howe, CNO Development
Technical Director Stirling Thrift, NSA
R&D Directorate’s Robert J. Hermann,
Air Force Colonel John B. Marks, NSAs
Art Thom, Army Missile Intelligence
Directorate’s Mel Bachman, and repre-
sentatives from CIA and DIA. Lorenzen’s
scientists and engineers displayed and
discussed their latest technologies for
every sort of platform: surface ships,
submarines, early warning (VQ) and long
range patrol (VP) aircraft, transportable
equipment vans (land and sea), SIGINT
stations, satellites, and even human
beings (e.g., crystal video receivers ap-
pearing to be eye glasses and hearing
aids). It was a most productive session
and reunion of old friends and pioneers
in ELINT. No one guessed that Howard

Lorenzen would soon embark on a new
mission.

In September 1970, Deputy Defense
Secretary David Packard aligned space
systems acquisition responsibilities with
those for weapon systems acquisition
and authorized the military departments
to pursue departmental need for space
systems, including “unique surveillance
(i.e., ocean or battlefield) needs” (DoDD
5160.32, Development of Space Systems).
The Navy established a Navy Space Proj-
ect Office (PM-16) in the Naval Material
Command as a successor to NAVAIR’s
Astronautics Division (Air 538). NRL had
been Air 538’s prime space engineering
asset. SOLRAD supported NASA’s Apollo
Program by monitoring solar radiation
and predicting Sun activity that could
interfere with communications during
Moon missions. TIMATION (forerunner
of GPS) provided time transfer and navi-
gation data,
via satellite,
to mobile
platforms.
SURCAL
calibrated
the Navy o
Space w S e
Surveillance The SOLRAD program conducted
(NAVSPA-  long-term monitoring of the Sun’s
SUR) CW emissions and the disturbances they
cause on Earth.
fence across
and above the southern United States.
CALSPHERE calibrated the Navy’s Bulls-
eye HEDF system. A classified program
supported national capabilities. Wanted
were Navy space systems for communica-
tions, ocean surveillance, and global po-
sitioning. At NRL, the satellite platform
now seemed to eclipse the electronic war-
fare mission and would become the basis
for a new, first-echelon Space Science and
Technology area.

NRL turned to Howard Lorenzen to
repeat in space what he had accomplished
in EW: design total systems for military
operational support. In February 1971,
Lorenzen was appointed Superintendent
of Space Systems and organized a new
division that consolidated Moon relay
SIGINT and most of NRLSs ongoing space
projects, including fabrication of light-
weight satellite platforms by Peter G. Wil-
helm’s Satellite Techniques Branch and
development of payload electronics and
ground readout systems for communica-
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tions, ELINT, time and navigation, ocean
surveillance, and scientific experiments.
Some of the former EW branches became
anew Tac-
tical EW
Division
under Lyn
Cosby,
special-
izing in
systems
for Navy
ships and
aircraft.
Those specializing in HFDF systems at
naval shore stations joined an expanded
Communications Sciences Division, soon
assigned to Bruce Wald.

Presiding over the southeast end of
NRUDs main mall, near the front gate,
Howard stayed in touch with his EW and
SIGINT colleagues in buildings across the
street, even as he concentrated on tactical
applications of space technology. His
advocacy of space systems was motivated,
not only by cost-effectiveness, but by
Navy losses, since 1950, of seventy-eight
killed or missing and eight wounded
crewmen by Sino-Soviet destruction of
eight naval reconnaissance aircraft, most
of which had been outfitted by his team.
Within two years, NRLs major space
R&D projects were destined for opera-
tional systems development and man-
agement by Navy or Air Force systems
commands as joint or national programs.
(The Space Systems Division underwent
several transformations and expansions
in the next three decades and is now
the Naval Center for Space Technology,
directed by Peter Wilhelm.)

His missions accomplished, Lorenzen
retired in June 1973, and moved to Bel-
levue, Washington, in 1976, to be near
family. There, he enjoyed family and new
friends; built the amateur radio station
of his dreams; welcomed visits from old
friends from back East; and gardened
some. Physical infirmities prevented
Howard from participating in NRLs
Diamond Jubilee in June 1998 and the
initial public disclosure of Project GRAB
by DNRO Keith R. Hall, but he enjoyed
video tapes of those proceedings attended
by GRAB alumni. His legacy survives
with dozens of electronic warfare and
space systems he pushed into operational
use, many of them still classified, that
have evolved and will continue to support
the nation in the years to come.

NRL conceived of TIMATION as a
way to provide accurate position and
time data using synchronized clocks.
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Peter G. Wilhelm celebrated 50 years
of government service on March 30, 2009.
As Director of NRL’s Naval Center for
Space Technology (NCST), Mr. Wilhelm

is responsible for the technical and
managerial leadership of the NCST’s
mission, which is to preserve and enhance
a strong space technology base

and provide expert assistance in the
development and acquisition of space
systems which support naval missions.
During Mr. Wilhelm’s tenure, the space
program at NRL has grown from a Branch
to a Division and now to a Center.

Mr. Wilhelm, who has directed the
NCST since its inception in 1986, has
been with NRL since March 1959. Under
his direction, NCST and the Navy have
achieved numerous successes and
“firsts” in space including the first Global
Positioning System (GPS) satellite and
the highly successful Clementine Deep
Space Mission, which demonstrated the
capability of, and has become the
model for low-cost, high-value space
exploration. Mr. Wilhelm'’s achievements
include contributions to the design,
development, and operation of 95
scientific and fleet-support satellites.
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TIMELINE

1957 - began his career as an electrical engineer with Stewart Warner Electronics where he was
assigned to a project to redesign the UPM-70, a Navy radar test set

Mar 1959 - joined NRL as an electronics engineer in the Electronics Division

Dec 1959 - joined the Satellite Techniques Branch

1961 - became head of the Satellite Instrument Section

1965 - became head of the Satellite Techniques Branch

1974 - became head of the Spacecraft Technology Center

1981 - named superintendent of the Space Systems and Technology Division

1986 - appointed director of the newly established Naval Center for Space Technology

HONORS AND AWARDS

Pioneer of National Reconnaissance, 2000

Presidential Distinguished Rank Award, 1999

ATAA Goddard Astronautics Award, 1999

The Secretary of the Navy Career Service Award, 1999

DoD Distinguished Civilian Service Award, 1998

NRL Lifetime Achievement Award, 1998

National Academy of Engineering, 1997

NRLs Roger L. Easton Award for Engineering, 1997

Rotary National “Award for Space Achievement” Foundation’s Stellar Award for Program
Management, 1993

Robert J. Collier Award (Team Award), 1992

Elected a Fellow of AIAA, 1989

Presidential Rank Award Meritorious Executive, 1988

CAPT Robert Dexter Conrad Medal (Navy’s highest award for scientific achievement), 1987

Navy’s Space Systems Program Achievement Award, 1985

E.O. Hulburt Award (NRLs highest award for science — first and only engineer to win this award),
1983

Federal SES Performance Awards, 1983, 1984, 1985, 1986, and 1994

IEEE Aerospace and Electronic Systems Group “Man-of-the-Year Award,” 1981

Navy Meritorious Unit Commendation for Development, Acquisition, and Operation of Space
Systems, 1977 to 1981

Navy Award of Merit and Special Achievement, 1976

Navy Unit Commendation for Exceptional Meritorious Service, 1974 to 1976

Elected Fellow of Washington Academy of Science, 1971

Navy Distinguished Civilian Service Award, 1971

Navy Meritorious Civilian Service Award, 1962

OTHER ACHIEVEMENTS

Lecture on NRLs Space Program at U.S. Space Foundation’s Annual Conference - Plenary Session,
1996

Chairman of NASA’ Origins External Review Board (OERB), 1996 and 1997

Lecture on Hybrid Assisted Reusable Launch VEhicle (HARVE) design at Joint Conference on
Reducing Cost of Space Systems, 1995

Served on NRC Study on Reusable Launch Vehicle, 1995

Chairman of American Astronautical Society (AAS) Guidance and Control Conference, 1995

Served on Congressionally mandated “Launch Mobilization Study” — determined U.S. policy on
launch issues, 1994

Member of the Mars Observer Failure Review Board, 1993

Member of the National Academy of Engineering, a Fellow of the American Institute of Aeronautics
and Astronautics (AIAA), and the Washington Academy of Science

—— —— - - - -
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Drs. Jerome and Isabella Karle Retire from NRL After Six

Decades of Service

r. Jerome Karle and Dr. Isabella

Karle retired from the Naval Re-
search Laboratory on July 31, 2009,
after a combined 127 years of Federal
service. NRL celebrated their retire-
ment at a fine ceremony on July 21,
at which they were each awarded the
Department of the Navy Distinguished
Civilian Service Award, and were
presented with letters of congratulation
from the Secretary of Defense and the
Chief of Naval Operations.

Jerome Karle began working for
NRL in 1944 on a project at the Univer-
sity of Michigan; he retired as the Chair
of Science and Chief Scientist of NRLs
Laboratory for the Structure of Mat-
ter. Isabella Karle joined NRL in 1946,
when both Karles came to Washington,
DG; she retired as the Sr. Scientist for
Structural Chemistry in the Laboratory
for the Structure of Matter.

The ceremony was attended by
The Honorable Ray Mabus, Secretary
of the Navy, RADM Nevin Carr, Chief
of Naval Research, and many other
distinguished guests. In recognizing the
Karles, Secretary Mabus said, “I have
met a lot of people who have contrib-
uted to this country and to humankind.
I’'m absolutely certain I have never met
anyone who has done so with more
distinction, with more intensity over a
longer period of time and with greater
results than Dr. Isabella Karle and Dr.
Jerome Karle” When Secretary Mabus
presented the Navy Distinguished
Civilian Service Award to the Karles,
he said, “in a very real sense we do not
have the capacity to honor you, you
honor us. You honor us by your service,
you honor us by the things you have
done, not just for the Navy, not just for
America, but for humankind”

Dr. Bhakta Rath, Associate Direc-
tor of Research for Materials Science
and Component Technology, spoke
about the significance of the Karles’
careers, saying, “The departure of Jerry
and Isabella from our midst at NRL
marks the end of an era. Through their
persistent and dedicated research, they
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Drs. Isabella and Jerome Karle

opened the doors to our understanding
of the complexities of atomic arrange-
ments in large biological and or-

ganic molecules. Their theoretical and
experimental research, which is now
commonly known as the direct method
for solving the multivariable complex
functions extracted from X-ray diffrac-
tion data, has made immeasurable con-
tribution to our understanding of the
structure and function of biomolecules
and consequently to the development
of various pharmaceutical products.
Through their continued research, they
created new areas known as quantum
crystallography and the kernel method.
Researchers the world over can solve
structures of molecules containing tens
of thousands of atoms in a matter of
hours, which otherwise would have
taken careers to solve.

I distinctly remember the day in
1985 when the announcement reached
the lab that Jerry had received the
Nobel Prize in chemistry. I was in To-
ronto, chairing a session at an interna-
tional conference when someone came
and whispered to me the news. Ex-
pressing my exuberance and taking the
privilege of the chairman’s prerogative,
I announced the news to the attending
scientists and declared a fifteen-minute
break for celebration.

The combined length of service
of Jerry and Isabella at NRL, extend-

ing over 127 years, beginning since

the Manhattan project, will be long
cherished and remembered as a historic
event for the laboratory, the U.S. Navy,
the nation, and the world”

NRL Establishes the Jerome and
Isabella Karle Distinguished Scholar
Fellowship

On June 18, 2008, NRL established
a 1-year research fellowship in honor of
Drs. Jerome and Isabella Karle.

The announcement of the scholar-
ship (NRL Notice 12300) states, “Drs.
Jerome and Isabella Karle have dedicat-
ed their entire professional lives to new
and innovative advancements in sci-
ence and technology. These two iconic
scientists embody the intensity and
fervor that NRL wishes to foster and
harbor in the workforce of the future.
To this end, effective 18 June 2008, on
the occasion of Dr. Jerome Karle’s 90th
birthday, NRL established the Karles’
fellowship.”

The fellowship will be open to all
new appointments at NRL (all sites)
whose primary function is to perform
research. Fellows will be selected by the
Director of Research based on recom-
mendation by the Division Superin-
tendent at the time of recruitment. The
scholastic achievement of the appointee
must be a cumulative 3.5 or higher
GPA.
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NRL Prepares the Karle Room Exhibit

To celebrate the scientific achievements of Drs. Jerome and Isabella Karle, and to recognize their long service to the Naval
Research Laboratory and Department of Defense, NRL has created a Karle Room in Building 226. The room was dedicated
with a ribbon-cutting ceremony on June 24, 2008. Preparation of exhibits to fill the room is now under way.

The Technical Information Services Branch is writing and designing the exhibits, which consist of several museum-style
panels. The main “history” panel will chronicle the path of the Karles’ scientific research: their early years in electron diffrac-
tion, the development of their theories and procedures, the application to X-ray crystallography, and the winning of the Nobel
Prize by Jerome Karle and Herbert Hauptman. Other panels will highlight some of the most important applications of the
Karles’ structure-determining methodologies — identification of toxins, antimalarials, peptides, energetic materials, and more.
A final panel will exhibit some of the numerous awards the Karles have received.

1985 NOBEL CHEMISTRY WINNER LEARNS OF AWARD ON PAN AM FLIGHT

. ANNOUNCEMENT
MADE HERE

v

PN ANV
Route of the Clipper Jets

The Karles were presented with this signed map by the crew of Pan Am flight 107 of October 16, 1985. The cifation at lower right reads: The following
announcement was made today at 2:33 p.m. on board Pan Am flight 107, a Boeing 747, en route from London Heathrow Airport to VWashington Dulles Inferna-
tional Airport by Pan Am Capt. James Green, homefown Palm Beach, FL. The announcement was made at 39,000 feet 200 miles east of Bosfon. A fotal of 280
passengers and crew members were on board. “Today is a special day for all of us on board Clipper 107. But for one gentleman...it is fruly a very special day.
We are honored fo have flying with us today America’s newest Nobel Prize winner...and he doesn't even know it. In fact...the award is so new that Dr. Jerome
Karle...located in seat 29C.. left Munich this morning before he could be notified that he was a recipient of the Nobel Prize in chemistry. Dr. Karle...we at Pan
Am and your fellow passengers want to be the first to congratulate you on your tremendous achievement. Please...if you will...Dr. Karle...stand up so that we can
all give you a well deserved round of applause. | might add that the name of our aircraft is Clipper Ocean Pearl and you today...Dr. Karle...have received the
largest pearl possible from the ocean below. The men and women of Pan Am salute you and the other Nobel laureates for your many contributions fo creating a
better world.”
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Drs. Jerome and Isabella Karle came to the
Naval Research Laboratory together in 1946 and
retired together in 2009. They have devoted their
distinguished careers to the study of the structure

of materials, and in so doing have made seminal
contributions to many fields of science. Their work
in electron and X-ray diffraction led them to develop
theories and techniques to directly determine complex
molecular structures, accomplishing in the 1950s and Dlrs. \sqbel\o and Jerome Karle at the NRL electron
. . . diffraction apparatus, 1949.
1960s what most had thought was impossibly difficult.
This work has been recognized with dozens of awards,
including the Nobel Prize in Chemistry for Jerome,
and the National Medal of Science and Bower Award
for Isabella. Their structure determination techniques
became standard laboratory practice and made the
Naval Research Laboratory a center of structural
research.

NRLs Laboratory for the Structure of Matter,
established in 1968 with Jerome as its Chief Scientist
and Isabella as head of the X-ray Diffraction Section,
has been the site of many landmark discoveries and

Isabella holding a balland-stick model of a molecule,
with an electron density map in the background.

fruitful collaborations. The laboratory has identified,
synthesized, or optimized the design of antimalarials,
antinarcotics, frog toxins, nanotubes, peptides,
energetic materials, and many other organic and
inorganic substances, for the great benefit of the Navy,
the nation, and the world.

Jerome and Isabella Karle have been partners in
life and in science since they met. They have raised
a family, mentored students and colleagues, and
grown along with NRL over the decades. Upon their
retirement, we wish them fair winds and following
seas.
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Drs. Richard Gilardi, Jerome Karle, Walter Sperling, and
Isabella Karle study the structure of the retinal photochemical
sensor that Dr. Sperling had recently synthesized (1971).

Dr. Jerome Karle, Dr. Bhakta Rath, and RADM Marc Y.E. Pelaez, at the
ceremony honoring Dr. Isabella Karle's receipt of the 1993 Bower Award.

Dr. Jerome Karle and Dr. Bhakta Rath.



NRL Celebrated the Karles’ Retirement with a Ceremony
on July 21, 2009

The Karles, surrounded by some of the distinguished guests who attended the ceremony, from left fo right: Mr. Zachary
Lemnios, Director of Defense Research and Engineering; Dr. Walter Jones, Technical Director, Office of Naval Research; Dr.
Dave Skatrud, Army Research Laboratory; Mr. Tony Torres Ramos, Director, Senior Executive Management Program Office,
Office of Civilian Human Resources; RADM Nevin Carr, Chief of Naval Research; Mr. Douglas Lundberg, Director of Hu-
man Resources Policy and Programs, Department of the Navy; The Honorable Ray Mabus, Secrefary of the Navy; CAPT
Paul Stewart, NRL Commanding Officer; Mr. James Thomsen, Principal Civilian Deputy Assistant Secretary of the Navy for

Research, Development and Acquisition; Dr. John Montgomery, NRL Direcfor of Research; and Ms. Patricia Adams, Deputy
Assistant Secretary of the Navy for Civilian Human Resources.

The Honorable Ray Mabus, Secretary of the Navy, congratulates the Karles.
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The Karle family.

Dr. Bhakta Rath, Associate Director of Research for Materials Science
and Component Technology.

Dr. Walter Jones, Technical Director, Office of Naval
Research; Dr. Gerry Borsuk, Associate Director of
Mes. Patricia Adams, Deputy Assistant Research, Systems Directorate; Dr. Bhakia Rath, Associate

Secrefary of the Navy for Civilian Human Director of Research, Materials Science and Component
Resources, congratulating Drs. Jerome and Technology Directorate; and CAPT Douglas Rau (Ret.),
Isabella Karle. former NRL Commanding Officer.

2009 NRL REVIEW 23



the naval research laboratory




27

NRL — Our Heritage

28

Highlights of NRL Research in 2008

35

NRL Today



THE NAVAL RESEARCH LABORATORY

NRL — OUR HERITAGE

The Naval Research Laboratory’s early 20th-
century founders knew the importance of science and
technology in building naval power and protecting
national security. They equally knew that success
depended on taking the long view, focusing on the
long-term needs of the Navy through fundamental
research. NRL began operations on July 2, 1923, as the
United States Navy’s first modern research institution.

Thomas Edison’s Vision: The first step came in
May 1915, a time when Americans were deeply worried
about the great European war. Thomas Edison, when
asked by a New York Times correspondent to comment
on the conflict, argued that the Nation should look to
science. “The Government,” he proposed in a published
interview, “should maintain a great research labora-
tory....In this could be developed...all the technique
of military and naval progression without any vast
expense.” Secretary of the Navy Josephus Daniels seized
the opportunity created by Edison’s public comments
to enlist Edison’s support. He agreed to serve as the
head of a new body of civilian experts — the Naval
Consulting Board — to advise the Navy on science
and technology. The Board’s most ambitious plan was
the creation of a modern research facility for the Navy.
Congress allocated $1.5 million for the institution in
1916, but wartime delays and disagreements within the
Naval Consulting Board postponed construction until
1920.

The Laboratory’s two original divisions — Radio
and Sound — pioneered in the fields of high-frequency
radio and underwater sound propagation. They pro-
duced communications equipment, direction-finding
devices, sonar sets, and perhaps most significant of all,
the first practical radar equipment built in this country.
They also performed basic research, participating, for
example, in the discovery and early exploration of
the ionosphere. Moreover, the Laboratory was able to
work gradually toward its goal of becoming a broadly
based research facility. By the beginning of World War
11, five new divisions had been added: Physical Optics,
Chemistry, Metallurgy, Mechanics and Electricity, and
Internal Communications.

World War II Years and Growth: Total employ-
ment at the Laboratory jumped from 396 in 1941
to 4400 in 1946, expenditures from $1.7 million to
$13.7 million, the number of buildings from 23 to 67,
and the number of projects from 200 to about 900.

During WWII, scientific activities necessarily were
concentrated almost entirely on applied research. New
electronics equipment — radio, radar, sonar — was
developed. Countermeasures were devised. New
lubricants were produced, as were antifouling paints,
luminous identification tapes, and a sea marker to help
save survivors of disasters at sea. A thermal diffusion
process was conceived and used to supply some of the
25U isotope needed for one of the first atomic bombs.
Also, many new devices that developed from booming
wartime industry were type tested and then certified as
reliable for the Fleet.

Post-WWII Reorganization: The United States
emerged into the postwar era determined to con-
solidate its significant wartime gains in science and
technology and to preserve the working relationship
between its armed forces and the scientific community.
While the Navy was establishing its Office of Naval
Research (ONR) as a liaison with and supporter of
basic and applied scientific research, it was also encour-
aging NRL to broaden its scope and become, in effect,
its corporate research laboratory. There was a transfer
of NRL to the administrative oversight of ONR and a
parallel shift of the Laboratory’s research emphasis to
one of long-range basic and applied investigation in a
broad range of the physical sciences.

However, rapid expansion during WWII had left
NRL improperly structured to address long-term Navy
requirements. One major task — neither easily nor
rapidly accomplished — was that of reshaping and
coordinating research. This was achieved by transform-
ing a group of largely autonomous scientific divisions
into a unified institution with a clear mission and a
fully coordinated research program. The first attempt
at reorganization vested power in an executive com-
mittee composed of all the division superintendents.
This committee was impracticably large, so in 1949, a
civilian director of research was named and given full
authority over the program. Positions for associate
directors were added in 1954, and the laboratory’s 13
divisions were grouped into three directorates: Elec-
tronics, Materials, and Nucleonics.

The Breadth of NRL: During the years since World
War IJ, the Laboratory has conducted basic and applied
research pertaining to the Navy’s environments of
Earth, sea, sky, space, and cyberspace. Investigations
have ranged widely — from monitoring the Sun’s
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behavior, to analyzing marine atmospheric conditions,
to measuring parameters of the deep oceans. Detection
and communication capabilities have benefitted by
research that has exploited new portions of the elec-
tromagnetic spectrum, extended ranges to outer space,
and provided a means of transferring information
reliably and securely, even through massive jamming.
Submarine habitability, lubricants, shipbuilding mate-
rials, firefighting, and the study of sound in the sea have
remained steadfast concerns, to which have been added
recent explorations within the fields of virtual reality,
superconductivity, biomolecular science and engineer-
ing, and nanotechnology.

The Laboratory has pioneered naval research into
space — from atmospheric probes with captured V-2
rockets, through direction of the Vanguard project
(America’s first satellite program), to inventing and
developing the first satellite prototypes of the Global
Positioning System (GPS). Today, NRL is the Navy’s
lead laboratory in space systems research, as well as
in fire research, tactical electronic warfare, microelec-
tronic devices, and artificial intelligence.

The consolidation of NRL and the Naval Oceano-
graphic and Atmospheric Research Laboratory, with
centers at Bay St. Louis, Mississippi, and Monterey,

HIGHLIGHTS OF NRL

California, added critical new strengths to the Labora-
tory. NRL now is additionally the lead Navy center

for research in ocean and atmospheric sciences, with
special strengths in physical oceanography, marine
geosciences, ocean acoustics, marine meteorology, and
remote oceanic and atmospheric sensing.

The Twenty-First Century: The Laboratory is
focusing its research efforts on new Navy strategic
interests in the 21st century, a period marked by global
terrorism, shifting power balances, and irregular and
asymmetric warfare. NRL scientists and engineers
are working to give the Navy the special knowledge,
capabilities, and flexibility to succeed in this dynamic
environment. While continuing its programs of basic
research that help the Navy anticipate and meet future
needs, NRL also moves technology rapidly from
concept to operational use when high-priority, short-
term needs arise — for pathogen detection, lightweight
body armor, contaminant transport modeling, and
communications interoperability, for example. The
interdisciplinary and wide-ranging nature of NRLs
work keeps this “great research laboratory” at the
forefront of discovery and innovation, solving naval
challenges and benefiting the nation as a whole.

RESEARCH IN 2008

The scientific community at NRL conducts innovative research across a wide spectrum of technical areas, much
of it detailed in the NRL Review chapters ahead. The following is a selection of the many projects pursued during

2008.

Launch and Commissioning of NASA’s Fermi Gamma-ray
Space Telescope: The Fermi Gamma-ray Space Telescope
(formerly GLAST), NASA’s newest observatory, has begun
its mission of exploring the high-energy space environment
in gamma rays. Launched from Florida on 11 June 2008, the
spacecraft and its instruments passed their orbital checkout
and commissioning with flying colors. Fermi’s primary
instrument, the Large Area Telescope (LAT), is now survey-
ing the gamma-ray sky at energies from tens of millions to
hundreds of billions of times greater than those we see with
our eyes. With its unprecedented sensitivity and sky-survey
viewing, the LAT is revolutionizing our understanding of the
near-Earth environment and distant universe in energetic
gamma rays, the most penetrating type of electromagnetic
radiation. NRL scientists designed and built the LAT calo-
rimeter, which measures the energies of the gamma rays, and
led the commissioning of the LAT on orbit. NRL also pro-
vided facilities and technical support for the environmental
testing of the instrument and observatory.
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Launch of NASA's Fermi Gamma-ray Space Telescope
from Cape Canaveral Air Force Station. Inset: The Fermi
spacecraft during installation on the Delta IIH rocket. The
LAT instrument is the large silver rectangular instrument on
top of the spacecraft.



The TTCP Anti-ship Missile Project Arrangement
(TAPA) Electronic Warfare Experiment: The TAPA

II Electronic Warfare (EW) coalition experiment was
planned and successfully conducted in 2008, with NRL
as the overall manager. This large, multi-day experiment
focused on R&D and Fleet EW systems for ship defense
against airborne surveillance and targeting radars and RF
anti-ship missile simulators. Key data was obtained to
improve digital radio frequency memory (DRFM)-based
systems and EW coalition techniques and tactics.
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DDG 93 USS Chung-Hoon
In Coalition Surface Action Group

Multifunction Electronic Warfare (MFEW) above-
and below-deck trailers and receive array
installed on USS Comstock.

High Pressure EOF Micropump
Integrated into HPLC-on-a-Chip for
Explosives Separation: NRL has designed
an electro-osmotic flow (EOF)-based
micropump on a planar quartz substrate
by densely packing a short microchannel
with 800-nm silica particles. At a modest
applied electric field strength of 200
V/cm, the EOF micropump generates

a maximum pressure of >1000 psi (~7
MPa) and a maximum flow rate of 282
nL/min when aqueous CHES buffer (10

mM, pH 9.0) is used as the pumping fluid.

The EOF micropump has been integrated
onto a portable quartz microchip with a
cross-T injection design, a downstream,
sol—gel packed separation column, and

a 2D spectral UV absorbance detection
system for successful separation of six
nitroaromatic and nitramine explosives
and their degradation products via high
performance liquid chromatography
(HPLC).

TAPA EW Experiment: EW R&D systems working against simu-
lated anti-ship missile (ASM) engagements.

(MFEW) Advanced Development Model (ADM): The Multifunction
Electronic Warfare Advanced Development Model completed suc-
cessful testing at the NRL Chesapeake Bay Detachment in 2008. The
system then underwent at-sea testing aboard USS Comstock (LSD 45)
during the TAPA II EW testing event, part of the RIMPAC 08 multi-
national fleet exercise. The at-sea testing involved the successful detec-
tion, classification, and tracking of multiple threat emitters aboard
several aircraft simulating an attack. The MFEW ADM demonstrated
a critical new EW capability for the Navy.
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Quartz substrate (left) integrating EOF pump (top, middle) with sol-gel separation
microcolumn (bottom, middle) enables the separation of six explosives and deg-
radation products as shown in a two-dimensional spectral absorbance plot (upper
right) and from select wavelength slices (lower right).
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Photoluminescence image and time dependent photoluminescence intensity
traces from a single CdZnSe nanocrystal.

Hyperspectral Imager for the Coastal Ocean (HICO): The NRL Hyper-
spectral Imager for the Coastal Ocean will be the first spaceborne hyper-
spectral imager optimized for environmental characterization of the
coastal zone. In orbit, HICO will demonstrate the retrieval of products of
value to naval forces including bathymetry, bottom type, in-water visibil-
ity, and onshore terrain, vegetation, and traffficability maps, for diverse
coastal types worldwide. HICO is manifested for launch to the Interna-
tional Space Station in 2009.

AUV used in the Low Frequency Broadband
Mine Identification program.

Photoinduced Electron Transfer at Bioinorganic Interfaces: NRL is devel-
oping ultra-lightweight, high power density, self-assembling biophotovoltaic
devices based on photosynthetic proteins. The proposed devices will integrate
photosynthetic reaction center (RC) proteins into solid-state carbon surfaces
and nanotube arrays and use the same protein for assisted formation of the
second (gold) electrode. Utilization of genetically engineered RC proteins,

specifically synthesized organic linkers, and precisely fabricated inorganic
electrodes will make desired connections to overcome the energy barrier

between the protein and the electrodes at the macroscopic and nano scales.
At the same time, this allows for using the same protein as a nanometer scale
insulator. Potential applications include ultra-lightweight power sources, dis-
tributed autonomous sensors, and nanosize field effect transistors and logic
gates. Another advantage of the proposed devices is their biocompatibility

and the possibility of their integration into the human body.
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Creation of Non-Blinking Semiconduc-
tor Nanocrystals: Photoluminescence
“blinking” in semiconductor nano-
crystals severely limits the usefulness of
nanocrystals in applications requiring

a continuous output of single photons.
NRL and several collaborators have
eliminated the blinking by engineering a
radially graded alloy core-shell structure
with a soft confinement potential. These
non-blinking nanocrystals may enable
substantial advances in a variety of nano-
scale applications, including in biology,
quantum optics, and optoelectronics.

>

The Hyperspectral Imager for the Coastal
Ocean (HICO).

< Low Frequency Broadband Mine Hunting: In the Low Frequency
Broadband Mine Identification program, NRL has demonstrated
structural acoustic—based mine identification using broadband very
low frequency sonar mounted on an autonomous underwater vehicle
(AUV). Highly successful blind tests were carried out in medium-grained
sand and mud and silt environments. This work is now transitioning to
PMS-403, the Navy’s Unmanned Undersea Vehicles Program Office.

>

Photosynthetic photovoltaic module for
highly efficient light energy conversion.



High-power solid-state ytterbium laser
with zero quantum defect.

Military Aircraft Jet Noise Simulations: In a >
study to characterize the noise generated by
high-performance military aircraft engines,
NRL has conducted monotonically integrated
large eddy simulations (MILES) of the flow
fields and acoustics of supersonic jet flows,
and compared them to experimental data. A
finite-element flow solver using unstructured
grids allows modeling the jet exhaust nozzle
geometry accurately, and the MILES approach
directly computes the large-scale turbulent
flow structures. No explicit subgrid scale
model is used and the modeling of the subgrid
scales is implicitly provided by the embedded
flux limiter. MILES for several total pres-

sure ratios under non-ideally expanded flow
conditions were simulated and compared to
experimental data. The agreement between the
predictions and the experimental data is very
good, validating the computational methodol-
ogy and paving the way for follow-on work on
noise reduction techniques.

The PEIP-Il multi-channel software program-
mable MILS (multiple independent levels of
security) cryptographic module.
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< Kilowatt-Scale Radiation-Balanced Laser: The most serious design concern
for high-power solid-state lasers is managing the heat balance in the lasing
materials to retain beam quality. NRL has demonstrated the first solid-state
laser to operate at high power without detrimental bulk heating. By incor-
porating the principle of fluorescence cooling into the laser medium, the
radiation-balanced laser reduces thermal loading 100-fold compared to the
previous state of the art.
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The computed sound pressure level in the exhaust of supersonic military
jet aircraft is compared to experimental data from the University of
Cincinnati (UC). The agreement is excellent, indicating that the numerical
simulations are very realistic.

< Programmable Embeddable INFOSEC Product — Phase II (PEIP-II):
The PEIP-II programmable cryptographic engine developed by NRL for
the National Security Agency (NSA) is recognized as an enabling tech-
nology for the DoD Cryptographic Modernization program. NSA secu-
rity certification activities were completed for PEIP-II and PEIP-II+ (the
airborne qualified and environmentally hardened version), and PEIP-II
has now been embedded for use in modernized cryptographic devices:
the KG-334 developed by SPAWAR, and the KG-333/KGV-361 by Rock-
well Collins. It is currently being integrated in the Modular Integrated
Link Electronics System (MILES), Highband Network Radio, and other
similar programs to support their cryptographic requirements.
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Standoff Detection of Trace Explosives Residues
Using Infrared Photothermal Imaging: Developing
technology that can detect explosives without the need
for swabbing surfaces is a major thrust for the DoD and
Department of Homeland Security. The ultimate goal
is for real-time detection from a significant standoff
distance using techniques safe for people and non-
damaging to objects. NRL has developed and tested a
technique that can meet these goals. An eye-safe infra-
red laser is directed to a surface of interest, which is
viewed using a thermal imager. Resonant absorption by
the analyte at specific infrared wavelengths selectively
heats the analyte, providing a thermal contrast with

the substrate. The technique has been demonstrated to
detect TNT and RDX explosives residues from several
meters away.

Field-festing the explosives detection system at Yuma Proving
Ground, with the sample tripod at about 10 meters standoff.
The red arrow illustrates the path of the invisible IR beam.

Chemically Modified Graphene: A Benchtop >
Approach to Graphene-based Sensors: NRL has
developed a process to form large-area, ultra-thin,
chemically modified graphene (CMG) films, and
from these, create state-of-the-art chemical sensors
and nanomechanical resonators. By tuning the
ChemlStr_Y of CMG films, the sen51t1V1ty.and level Graphene, a single atomic sheet of graphite, has extraordinary physi-
of 1/f noise in conductance-based chemical sensors cal properties, but its extreme thinness poses challenges in forming and
can be controlled. These sensors are capable of manipulating it. In this work, we take advantage of a water soluble
detecting 10-second exposures to simulants of the form of graphene in which oxygen functional groups are attached to
three main classes of chemical-warfare agents and the graphene basal plane.

an explosive, at parts-per-billion concentrations.

The films also have outstanding mechanical prop-

erties and can be used to fabricate high Young’s

modulus (<E> = 185 GPa), ultra-low-mass nano-

mechanical resonators. We have demonstrated

radio frequency resonators with quality factors

and figures of merit well exceeding those of pure

graphene resonators and comparable to diamond

films.

Incoherent Combining of High-Power Fiber Lasers for
Long-Range Directed Energy Applications: NRL’s high-
energy fiber laser program is developing a robust, compact,
highly efficient, long-range laser weapon system for near-
term Navy applications. The system is based on incoher-
ently combining high-power fiber lasers. The unique
characteristics of this laser system make it ideal for opera-
tion aboard an all-electric ship. Experiments to evaluate
laser beam control, propagation, and lethality have been
completed; the agreement between experimental results
and modeling is excellent.

Field tests of the NRL incoherent beam combining architec-
ture (Starfire Optical Range, NM, 2008). Four kilowatts of
continuous laser power was transmitted 3.2 kilometers at
90% efficiency.
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Afghanistan Integrated Airborne Geospatial Study: NRL P
conducted its second airborne multisensor geospatial
survey of Afghanistan in 2008. Objectives of the project
were to develop new techniques in combined sensor col-
lections, improve data processing and analysis techniques,
begin building next-generation data basing and dissemi-
nation for large geospatial data sets, and obtain data in
support of counternarcotics operations and troop support.
The sensor suite included a digital photogrammetric
camera, hyperspectral imager, thermal imaging camera,
gravimeter, magnetometer, and high-altitude scanning

> : One example of the imagery collected over Afghanistan:
topographic lidar system. The multiple systems enable a false-color image produced by a hyperspectral camera.

more complete characterization of terrain and features by
utilizing various portions of the optical spectrum. Derived
products were rapidly pushed to planners and warfighters
in Afghanistan.

4 Development and Demonstration of COAMPS®-TC:
Prediction of the formation and intensity of tropical
cyclones by numerical models is a formidable forecast
problem. NRL has developed a new version of the Navy’s
high-resolution operational mesoscale model specifically
for tropical cyclone prediction, called COAMPS®-TC,
and tested it in real time during a field campaign in the
western Pacific. This new version of the model exhibited
considerable promise in providing skillful intensity fore-
casts, while also providing guidance for storm track that
was superior to current operational mesoscale guidance.
NRL also developed a mathematical tool for this model-
ing system for guiding research aircraft to optimal areas
for deploying dropsondes for measuring and forecasting

COAMPS-TC three-dimensional depiction of hurricane Katrina tropical cyclones in the formation stage. This is the first
(valid at 00 UTC 29 August 2005), which includes the 340K such systematic targeting endeavor for tropical cyclone
equivalent potential temperature isosurface, sea-level pressure genesis ever conducted.

(white), 10-m wind speed (color), and the 2.5-km adjoint

sensitivity.

FREND Autonomous Robotic Grapple of Simulated
Spacecraft: NRL and DARPA have successfully devel-
oped and ground-demonstrated critical space robotic
technology needed for autonomous, unaided servicing
of legacy spacecraft not pre-designed for servicing.
This effort, the Front-end Robotic Enabling Near-term
Demonstration (FREND), successfully accomplished
full-scale hardware simulations of spacecraft docking
via robotic grapple with a mock geosynchronous
spacecraft under simulated orbital lighting and dynam-
ics conditions. These simulations were performed with
spaceflight-prototype and spaceflight-ready robotics,
machine vision sensors, and control algorithms.

Full-scale spacecraft rendezvous and docking testing in NRL's Prox-
imity Operations Laboratory against a simulated geosynchronous
communication satellite (left). Spaceflightready two-meter robot
arm (center).
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ST - 600 Hz Transmission Loss (dB) ¢ Transition of the NRL Global Ocean Nowcast/
o ; o Forecast System v2.6: In August 2008, NRL’s
Global Ocean Forecast System (GOFS) version 2.6
was declared operational by the Naval Oceano-
graphic Office (NAVOCEANO) as a source of
range tm > currents and boundary conditions for nested
Ocean Currents ocean models. GOEFS 2.6 advances beyond prior
capabilities by adding assimilation of in situ
observations, using mixed-layer depth forecasts
to modify projected synthetic profiles, and cou-
pling with the Los Alamos Community Ice CodE
(CICE) for the first two-way coupling of Navy
Transmission loss section from NOSSP using GOFS 2.6. ice and global ocean models in the Arctic. These
capabilities enable GOFS 2.6 and higher-resolu-
tion nested Navy Coastal Ocean Models (NCOM)
to form a new Navy Ocean Sound Speed Predic-
tion (NOSSP) capability for NAVOCEANO.
NOSSP will provide more accurate estimates of
acoustic transmission loss to enable improved
resource allocation, search effectiveness, and risk
assessment in antisubmarine warfare. NCOM-
based NOSSP using GOFS 2.6 was declared
operational in November 2008.

Maritime Automated Supertrack Enhanced »
Reporting (MASTER) Joint Capability
Technology Demonstration (JCTD):
Presidential directives for maritime security,
maritime domain awareness, and global
maritime intelligence integration mandate

a significant improvement in national
capabilities to provide timely dissemina-
tion of quality, actionable maritime situ-
ational awareness. The MASTER JCTD, for
which NRL serves as Technical Manager,

is developing and demonstrating maturing
maritime domain awareness technologies A typical example of MASTER node dispersion and operation.
and operational concepts to provide the

following capabilities: ability to achieve and

maintain maritime situational awareness of

vessels, cargo, people, and infrastructure;

ability to automatically generate, update,

and rapidly disseminate high quality ship

tracks; ability to aggregate maritime tracks

from multiple intelligence sources at

multiple levels of security to provide past

and current ship movement; and ability to

generate and display automated rule-based

maritime alert notifications.

{ User
JFMCC# . ' Portal
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NRL TODAY

ORGANIZATION AND ADMINISTRATION

The Naval Research Laboratory is a field command
under the Chief of Naval Research, who reports to the
Secretary of the Navy via the Assistant Secretary of the
Navy for Research, Development and Acquisition.

Heading the Laboratory with joint responsibilities
are CAPT Paul C. Stewart, USN, Commanding Officer,
and Dr. John A. Montgomery, Director of Research.
Line authority passes from the Commanding Officer
and the Director of Research to three Associate Direc-
tors of Research, the Director of the Naval Center
for Space Technology, and the Associate Director for
Business Operations. Research divisions are organized
under the following functional directorates:

+ Systems

+ Materials Science and Component Technology

+ Ocean and Atmospheric Science and.
Technology

+ Naval Center for Space Technology.

The NRL Fact Book, published every two years,
contains information on the structure and functions of
the directorates and divisions.

NRL operates as a Navy Working Capital Fund
(NWCEF) Activity. All costs, including overhead, are
charged to various research projects. Funding in FY08
came from the Chief of Naval Research, the Naval
Systems Commands, and other Navy sources; govern-
ment agencies such as the U.S. Air Force, the Defense
Advanced Research Projects Agency, the Department
of Energy, and the National Aeronautics and Space
Administration; and several nongovernment activities.

PERSONNEL DEVELOPMENT

At the end of FY08, NRL employed 2559 persons
— 35 officers, 76 enlisted, and 2448 civilians. In the
research staff, there are 761 employees with doctorate
degrees, 302 with master’s degrees, and 440 with bach-
elor’s degrees. The support staff assists the research
staff by providing administrative support, computer-
aided design, machining, fabrication, electronic con-
struction, publication and imaging, personnel develop-
ment, information retrieval, large mainframe computer
support, and contracting and supply management
services.

Opportunities for higher education and other
professional training for NRL employees are available
through several programs offered by the Employee
Relations Branch. These programs provide for graduate

work leading to advanced degrees, advanced train-
ing, college course work, short courses, continuing
education, and career counseling. Graduate students,
in certain cases, may use their NRL research for thesis
material.

For non-NRL employees, several postdoctoral
research programs exist. There are also agreements with
several universities for student opportunities under the
Student Career Experience Program (formerly known
as Cooperative Education), as well as summer and part-
time employment programs. Summer and interchange
programs for college faculty members, professional
consultants, and employees of other government agen-
cies are also available. These programs are described
in the NRL Review chapter “Programs for Professional
Development.”

NRL has active chapters of Women in Science and
Engineering (WISE), Sigma Xi, Toastmasters Inter-
national, and the Federal Executive and Professional
Association. An amateur radio club, a drama group,
and several sports clubs are also active. NRL has a
Recreation Club that provides sports leagues and swim,
whirlpool bath, gymnasium, and weight-room facilities.
NRL also has an award-winning Community Outreach
Program. See “Programs for Professional Development”
for details on all these programs and activities.

NRL has its very own credit union. Established
in 1946, NRL Federal Credit Union (NRLFCU) is a
sound financial institution that serves about 20,000
NRL employees, contractors, select employee groups,
and their families. Focusing on its mission of Trusted
Partners for Life, NRLFCU provides many free and low
cost products and services including free bill payer,
great rates on deposits, credit cards, auto loans, mort-
gages and more. It offers direct deposit, online access,
three local branches (one of them located in Bldg.

222) and nationwide access via the National Shared
Branching Network. NRLFCU also offers full-service
investment and brokerage services. For more informa-
tion, call 301-839-8400 or log onto www.nrlfcu.org.

Public transportation to NRL is provided by
Metrobus. Metrorail service is three miles away.

SITES AND FACILITIES

NRLs main campus in Washington, DC, consists
of 87 main buildings on about 130 acres. NRL also
maintains 11 other research sites, including a vessel for
fire research and a Flight Support Detachment. The
many diverse scientific and technological research and
support facilities are described here.
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RESEARCH FACILITIES
Institute for Nanoscience

The revolutionary opportunities available in
nanoscience/nanotechnology have led to a National
Nanotechnology Initiative. NRL has been a major
contributor to the science of nanostructures and is
making a commitment to expand that effort. The NRL
Institute for Nanoscience was established in 2001 with
a current annual budget of $11 million in core research
funds. The mission of the Institute for Nanoscience is
to conduct highly innovative, interdisciplinary research
at the intersections of the fields of materials, electron-
ics, and biology in the nanometer size domain. The
Institute exploits the broad multidisciplinary character
of the Naval Research Laboratory to bring together
scientists with disparate training and backgrounds
to pursue common goals at the intersection of their
respective fields in systems at this length scale. The
objectives of the Institute’s programs are to provide
the Navy and DoD with scientific leadership in this
complex, emerging area and to identify opportunities
for advances in future defense technology. Its current
research program emphasizes multidisciplinary, cross-
division efforts in nanomaterials, nanoelectronics, and
nanosensors/devices.

The Institute for Nanoscience building opened in
January 2004. It has 5000 ft* of Class 100 clean room
space for device fabrication, 4000 ft* of “quiet” space
with temperature controlled to 0.5 °C, acoustic isola-
tion at the NC35 standard (35 dB at 1 kHz), floor
vibration isolation to <150 um/s rms at 10 to 100 Hz
and <0.3 mOe magnetic noise at 60 Hz. There are
also 1000 ft* of “ultra-quiet” space with temperature
controlled to 0.1 °C and acoustic isolation at the NC25
standard (25 dB at 1 kHz).

Radar

NRL has gained worldwide renown as the “birth-
place of radar,” and for more than half a century
has maintained its reputation as a leading center for
radar-related research and development. A number of
facilities managed by NRL’s Radar Division continue to
contribute to this reputation.

A widely used major facility is the Compact
Antenna Range (operated jointly with the Space Sys-
tems Development Department) for antenna design
and development and radar cross section measure-
ments. The range is capable of simulating far-field
conditions from 1 to 110 GHz, with a quiet zone
approximately 7 ft in diameter and 8 ft in length.
Instrumentation covers from 1 to 95 GHz. Another
strong division capability is in the Computational
Electromagnetics (CEM) Facility, which has capabili-
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ties for complex electromagnetic modeling, including
radar target and antenna structures. The Radar Signa-
ture Calculation Facility within this group produces
detailed computations of radar cross sections of various
targets, primarily ships. The CEM facility includes
multiple-CPU supercomputers that are also used to
design phased array radar antennas. The tremendous
synergism between the CEM group and the Compact
Antenna Range Facility provides the ability to design
in the CEM environment, to test in the compact range,
and to have immediate feedback between the theoreti-
cal and experimental aspects to shorten the develop-
ment cycle for new designs.

In connection with airborne radar, the division
operates a supercomputer-based Radar Imaging Facil-
ity and an inverse synthetic aperture radar (ISAR)
deployed either in the air, on the ground, or aboard
ship for radar imaging data collection. A P-3 aircraft
equipped with the AN/APS-145 radar and cooperative
engagement capability is also available for mounting
experiments.

In connection with ship-based radar, the division
operates the Radar Testbed Facility at the Chesapeake
Bay Detachment (CBD), Randle Cliffs, Maryland. The
site has radars for long-range air search and surface
search functions and features the newly developed
W-band Advanced Radar for Low Observable Control
(WARLOC), a fully operational high-power coherent
millimeter-wave radar operating at 94 GHz. The
WARLOC transmitter is capable of producing 10 kW
average power with a variety of waveforms suitable
for precision tracking and imaging of targets at long
range. Waveforms with a bandwidth of 600 MHz can
be transmitted at full power. A 6-ft Cassegrain antenna
is mounted on a precision pedestal and achieves 62 dB
of gain.

The Advanced Multifunction Radio Frequency
Concept (AMRFC) testbed is a new installation at
CBD, operated by the Radar Division, with joint partic-
ipation of several other NRL divisions as well. The goal
of the AMRFC program is to demonstrate the integra-
tion of many sorts of shipboard RF functions, including
radar, electronic warfare (EW), and communications,
by utilizing a common set of broadband array anten-
nas, signal and data processing, and signal generation
and display hardware. The testbed consists of separate
active transmit and receive arrays that operate over the
6 to 18 GHz band (nominally). Current functionality
of the testbed includes a multimode navigation/surface
surveillance Doppler radar, multiple communication
links (line-of-sight and satellite), and passive and active
EW capabilities. Testbed electronics are housed in
seven converted 20-ft shipping containers and trailers.
The arrays are mounted on a 15° tilt-back in the ends
of two of the trailers overlooking the Chesapeake Bay,
simulating a possible shipboard installation.
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The division also has access to other radar systems:
the Microwave Microscope (MWM); the Navy’s
relocatable over-the-horizon radar (AN/TPS-71); and
an experimental Cooperative Aircraft Identification
system. The internally developed MWM has a high-
resolution (2 cm) ultrawideband capability that is
used to investigate backscatter from surface and volu-
metric clutter, has through-wall detection capability,
and characterizes the impulse responses of scattering
objects. With respect to the AN/TPS-71, the division
provides direct technical support and has direct access
to data. The Cooperative Aircraft Identification system
is used to explore system concepts and engineering
developments in connection with target identification.

Information Technology

NRL’s Information Technology Division (ITD)
conducts basic research, exploratory development, and
advanced technology demonstrations in the collection,
transmission, processing, dissemination, and presenta-
tion of information. ITD’s research program spans the
areas of artificial intelligence, autonomous systems,
high assurance systems, computer networks, modeling
and simulation, virtual and augmented reality, human/
computer interaction, communication systems, trans-
mission technology, and high performance computing.

A Voice Communication Laboratory supports the
development of tactical voice technology, and a Wire-
less Networking Testbed supports the development of
Mobile Ad Hoc Networking (MANET) technology. A
Freespace Laser Communications Laboratory supports
the design and development of prototype technical
solutions for Naval laser communications require-
ments. ITD research networks connect internal NRL
networks via high-speed links to the Defense Research
and Engineering Network (DREN) and to an all-optical
network that forms the DoD’s Global Information Grid
Evaluation Facility (GIG-EF). ITD’s High Performance

The AMRFC testbed, located at NRL's CBD, was
developed as a proof-of-principle demonstration
system that is capable of simultaneously transmit-
ting and receiving multiple beams from common
transmit and receive array antennas for radar,
electronic warfare, and communications. These
RF functions are controlled by common resource
allocation manager (RAM) software over a real-
time control network. New RF functionality may
be readily added to the testbed as required for
further demonstrations.

Computing Facilities and the Laboratory for Large
Data provide a OC-192¢ based environment for experi-
mentation and proof-of-concept development in high
performance networking and the use and sharing of
extremely large (petabytes and larger) data sets.

The Cryptographic Technology Laboratory sup-
ports the development of certifiable Communica-
tions Security (COMSEC) and Information Security
(INFOSEC) products, including programmable
cryptographic devices, cryptographic applications, and
high assurance cross-domain solutions. The Naval Key
Management Laboratory investigates electronic key
management and networked key distribution technolo-
gies for the Navy and DoD. The Cyber Defense Devel-
opment Laboratory provides direct support to the Fleet
in the areas of computer network defense and visualiza-
tion, cross-domain solutions, and reverse code analysis.

The Robotics and Autonomous Systems Labo-
ratory provides the ability to develop and evaluate
intelligent software and interfaces for autonomous
vehicles. The Immersive Simulation Laboratory uti-
lizes a collection of COTS and specially developed
components to support R&D in interfaces for virtual
simulators, ranging from fully immersive to desktop
simulations. The Warfighter Human System Integra-
tion Laboratory maintains a range of Virtual Envi-
ronment interface technologies as well as wearable,
wi-fi physiological monitors and associated real-time
processing algorithms for use in adaptive operational
and training support technologies. The Audio Labora-
tory has facilities for rendering and analyzing complex
sound for military applications, and the 3D Virtual and
Mixed Environments Laboratory (3DVMEL) explores
methods by which 3D computer graphics assists in the
collection, interpretation, and dissemination of infor-
mation for both operational and training purposes. The
Behavioral Detection Laboratory supports the develop-
ment of algorithms, processes, and sensor suites associ-
ated with behavioral indicators of deception.
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The Navy Center for Applied
Research in Artificial Infelligence is
investigating learning and adapta-
tion within teams of autonomous
robots. Recent work has focused on
a team of robots performing force
protection.

Optical Sciences

The Optical Sciences Division has a broad program
of basic and applied research in optics and electro-
optics. Areas of concentration include fiber optics and
fiber optic sensing, materials and sensors in the visible
and infrared, integrated optical devices, signal process-
ing, optical information processing, panchromatic and
hyperspectral imaging for surveillance and reconnais-
sance, and laser development.

The division occupies some of the most modern
optical facilities in the country. The newest facility in
Optical Sciences is the Surface Characterization Facil-
ity, which includes instrumentation for ultraviolet and
X-ray photoemission spectroscopy, atomic force and
scanning tunneling microscopy (STM), and STM-
induced light emission measurements. Other facilities
include several fiber-optic facilities including preform

fabrication, draw towers, optical fiber coaters, fiber
splicers, and fiber-optic sensor testing stations such as
an acoustic test cell and a three-axis magnetic sensor
test cell. There is also an Ultralow-loss Infrared (IR)
Fiber-Optic Waveguide Facility using high-temper-
ature IR glass technology. The facilities for ceramic
optical materials includes powder preparation, vacuum
presses, and a 50-ton hot press for sintering. The Focal
Plane Array Evaluation Facility allows measurement

of the optical and electrical characteristics of infrared
focal plane arrays being developed for advanced Navy
sensors. The IR Missile-Seeker Evaluation Facility per-
forms open-loop measurements of the susceptibilities
of IR tracking sensors to optical countermeasures. A
UHYV multi-chamber deposition apparatus is used for
fabrication of electro-optical devices and can be inter-
locked with the Surface Characterization Facility. Other
scanning probe facilities are equipped with atomic
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The Optical Sciences Surface Characterization
Facility includes instrumentation for ultraviolet
and X-ray photoemission spectroscopy (UPS
and XPS), atomic force and scanning tunneling
microscopy (AFM and STM), and STM-induced
light emission (STM-LE) measurements.



force and magnetic force microscopes. Another mate-
rial growth facility is a molecular beam epitaxial growth
system dedicated to quantum confined GaSb/InAs/
AISb structures. An extensive set of laboratories exists
to develop and test new laser and nonlinear frequency
conversion concepts and to evaluate nondestructive
test and evaluation techniques.

Electronic Warfare

The Tactical Electronic Warfare (TEW) Division’s
program for electronic warfare (EW) research and
development covers the entire electromagnetic spec-
trum. The program includes basic technology research
and advanced developments and their applicability to
producing EW products. The range of ongoing activi-
ties includes components, techniques, and subsystems
development as well as system conceptualization,
design, and effectiveness evaluation. The focus of the
research activities extends across the entire breadth
of the battlespace. These activities emphasize provid-
ing the methods and means to counter enemy hostile
actions — from the beginning, when enemy forces
are being mobilized for an attack, through to the final
stages of the engagement. In conducting this program,
the TEW Division has an extensive array of special
research and development laboratories, anechoic
chambers, and modern computer systems for model-
ing and simulation work. Dedicated field sites, an
NP-3D EW flying laboratory, and Learjets allow for
the conduct of field experiments and operational trials.
This assemblage of scientists, engineers, and specialized
facilities also supports the innovative use of all Fleet
defensive and offensive EW resources now available to
operational forces.
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Laboratory for the Structure of Matter

This laboratory investigates the atomic arrange-
ments in materials to improve them or facilitate the
development of new substances. Various diffraction
methodologies are used to make these investigations.
Subjects of interest include the structural and func-
tional aspects of energy conversion, ion transport,
device materials, and physiologically active substances
such as drugs, antibiotics, and antiviral agents. Theo-
retical chemistry calculations are used to complement
the structural research. Computer graphics aid in
modeling and molecular dynamics studies. The facili-
ties include two state-of-the-art X-ray diffraction units.

Chemistry

NRL has been a major center for chemical research
in support of naval operational requirements since
the late 1920s. The Chemistry Division continues this
tradition. The Chemistry Division conducts basic
research, applied research, and development studies
in the broad fields of diagnostics, dynamics, synthesis,
materials, surface/interfaces, environment, combus-
tion, and fuels. Specialized programs currently within
these fields include the synthesis and characterization
of organic and inorganic materials, coatings, compos-
ites, nondestructive evaluation, surface/interface modi-
fication and characterization, nanometer structure
science/technology, chemical vapor processing, tribol-
ogy, solution and electrochemistry, mechanisms and
kinetics of chemical processes, analytical chemistry,
theoretical chemistry, decoy materials, radar-absorbing
materials/radar-absorbing structures (RAM/RAS)
technology, chemical/biological warfare defense, atmo-

Learjet with simulators overflies USS Chung-Hoon (DDG 93) during RIMPAC 08 exercises.
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Recently remodeled facilities at Key West. Left: Marine Coatings Facility. Right: Marine Corrosion Facility.

sphere analysis and control, environmental remedia-
tion and protection, personnel protection, and safety
and survivability. The division has several research
facilities.

Chemical analysis facilities include a wide range of
modern photonic, phononic, magnetic, electronic, and
ionic based spectroscopic/microscopic techniques for
bulk and surface analysis.

The Magnetic Resonance Facility includes
advanced high-resolution solid-state nuclear magnetic
resonance (NMR) spectroscopy techniques to observe
nuclei across much of the periodic table and provides
detailed structural and dynamical information.

The Synchrotron Radiation Facility has intense,
monochromatic X-ray photon beams tunable from 10
eV to 35 KeV available from four beam lines developed
by NRL at the National Synchrotron Light Source at
the Brookhaven National Laboratory.

The Nanometer Characterization/Manipulation
Facility includes fabrication and characterization
capability based on scanning tunneling microscopy/
spectroscopy, atomic force microscopy, and related
techniques.

The Materials Synthesis/Property Measurement
Facility has special emphasis on polymers, surface-film
processing, and directed self-assembly.

The Chemical Vapor and Plasma Deposition Facil-
ity is designed to study and fabricate materials such as
diamond using in situ diagnostics, laser machining,
and plasma deposition reactors.

The Navy Fuel Research Facility performs basic
and applied research to understand the underlying
chemistry that impacts the use, handling, and storage
of current and future Navy mobility fuels.

Fire research facilities include a 11,400 ft> fire-
research chamber (Fire I) and the 457-ft ex-USS
Shadwell (LSD 15) advanced fire research ship. Com-
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mensurate support has been devoted to survivability of
the new classes of ships, DDX, LPD 17, and LHA(R).

The Marine Corrosion and Marine Coatings Facili-
ties located on Fleming Key at Key West, Florida, offer
an ocean-air environment and unpolluted, flowing
seawater for studies of environmental effects on mate-
rials. Equipment is available for experiments involving
weathering, general corrosion, fouling, and electro-
chemical phenomena, as well as coatings, cathodic
protection devices, ballast water treatment, and other
means to combat environmental degradation.

The Chemistry Division has focused on force pro-
tection/homeland defense (FP/HD) since September
11, 2001, especially on the development of improved
detection techniques for chemical, biological, and
explosive threats. As part of a multidivisional program
to develop new technology systems, the Chemistry
Division is a major contributor to the NRL Institute for
Nanoscience. Nanoscience complements FP/HD in that
nanoscience is expected to provide dramatic improve-
ments to chemical/biological detection, protection, and
neutralization. Chemistry will approach the nanoscale
from the bottom up — building smaller atoms and
molecules into nanostructures with new properties and
developing the directed assembly of nanostructures
into hierarchical systems. The NRL Nanoscience build-
ing is linked directly into the Chemistry building to
provide controlled access and auxiliary space for work
not requiring a “low noise” environment.

Materials Science and Technology

The Materials Science and Technology Division
at NRL conducts materials research using seven major
division facilities.

The Magnetoelectronics Fabrication Facility con-
sists of a Class 1000 clean room equipped with tools
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The Magnetoelectronics Fabrication
Facility consists of a Class 1000 clean
room equipped with tools for lithographic
construction of magnetoelectronic and
spintronic devices.

for lithographic construction of magnetoelectronic and
spintronic devices. It provides pattern definition, met-
allization, dielectric layer deposition, and both reactive
and Ar" ion etching of wafers and small pieces.

The Electrical, Magnetic, and Optical Measure-
ment Facility contains several complementary instru-
ments that allow for the magnetic, electrical, optical,
and heat capacity characterization of materials and
devices. SQUID (superconducting quantum interfer-
ence device) magnetometry and vibrating sample
magnetometry are used to determine important prop-
erties of superconducting, paramagnetic, diamagnetic,
and ferromagnetic materials. The transport properties
of materials, namely the temperature- and magnetic-
field-dependent resistivity combined with heat-capacity
measurements, allow for a fundamental physical
understanding of electronic properties.

The Materials Processing Facility includes appa-
ratuses for powder production by fluid atomization,
thermal evaporation, and arc erosion, and a physical
vapor deposition system designed to produce and coat
submicron powders in situ. Facilities to process powder
into bulk specimens by hot and cold isostatic pressing
permit a variety of consolidation possibilities. The iso-
thermal heat treatment facility and quenching dilatom-
eter permit alloy synthesis and single crystal growth.
Bulk alloys can be prepared by induction melting, while
rapid solidified metals of thin cross section can be
made by splat quenching and melt spinning. Ceramic
and ceramic-matrix composites processing facilities
include a wide variety of conventional, controlled
atmospheric furnaces, hot presses, a ball milling appa-
ratus, particle size determination capability, and sol-gel
and organometallic coating processing capabilities.

The Mechanical Characterization Facility consists
of various testing systems, many with automated

computer control and data acquisition, for determining
the mechanical response of materials under controlled
loading/deformation and environmental conditions.
Basic capabilities include quasistatic tensile and frac-
ture testing, dynamic storage and loss moduli as a
function of frequency and temperature, cyclic fatigue
crack growth and corrosion fatigue testing, and stress-
corrosion cracking testing.

The Thin-Film Materials Synthesis and Processing
Facility provides users a wide variety of techniques for
growth and processing of thin films (thickness 1 pm
or less). Sputter deposition offers a versatile method of
depositing metallic and dielectric films and is a primary
tool of this facility. Thermal evaporation of metals is
implemented in both high-vacuum and ultrahigh-
vacuum systems. Pulsed laser deposition (PLD) with
variable stage temperature and controlled atmosphere
allows growth of oxides. Electrolytic deposition offers
efficient growth of gold and silver films. Laser direct-
write ablation and deposition processes provide unique
methods for imposing CAD-defined features via abla-
tion of a substrate film and ablative mass transfer to a
substrate.

The 3-MV Tandem Pelletron Accelerator Facility
uses two “pelletron” charging chains to produce a ter-
minal voltage up to 3 MV in the accelerator. Negative
ions are injected at 10 to 70 keV, accelerated up to the
terminal where they undergo collisions with a stripper
gas or a carbon stripper foil and lose electrons, then are
accelerated as positive ions back to ground potential.
Protons can be accelerated up to 6 MeV, He up to 9
MeV, and highly stripped Au (+12) up to 39 MeV.

The lower limit of beam energy is about 400 keV. On
the analysis beam line, the sample of interest is located
at the end of the beam line, and a signal generated by
scattering of incident high-energy ions indicates the
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composition of the sample. Incident high-energy ions
can also be used to damage the surface of a sample of
interest, or to introduce a dopant.

The Micro/Nanostructure Characterization Facility
is capable of performing transmission electron micros-
copy (TEM), scanning transmission electron micros-
copy (STEM), atomic resolution transmission electron
microscopy (ARTEM), electron energy loss spectros-
copy (EELS), Z-contrast imaging, and spectral imaging
through the use of a JEOL 2010F transmission electron
microscope, a Phillips CM30 transmission electron
microscope, and a Leo scanning electron microscope.
Other standard microstructure characterization instru-
ments are also available.

Laboratory for Computational Physics and Fluid
Dynamics

The Laboratory for Computational Physics and
Fluid Dynamics maintains a very powerful collection of
computer systems applied to a broad range of research.
There are currently 192 shared memory Itanium pro-
cessors, 1824 clustered x86 cores, and their associated
support systems. In addition, there are more than 50
Macintoshes in the group, most of which are capable of
large calculations both independently and in parallel ad
hoc clusters.

The shared memory computer systems are com-
prised of three 64 core Itanium 2 SGI Altix machines.
There are four 64-bit x86 multi-core distributed
memory clusters, each well coupled with Infiniband
high speed switched interconnect or Myrinet.

Each system has on the order of 14 terabytes of disk
for storage during a simulation, and at least 1 gigabyte
of memory per processor core. All unclassified systems
share a common disk space for home directories as well
1.4 terabytes of AFS space which can be used from any
AFS-capable system throughout the allowed Internet.

The AFS capability also allows access to other
storage systems including NRL’s multi-resident
AFS (MRAFS) system which automatically handles
archiving to a multi-terabyte tape archival system.

Plasma Physics

The Plasma Physics Division is the major center
for in-house Navy and DoD plasma physics research.
The division conducts a broad program in labora-
tory and space plasma physics and related disciplines,
which include high power lasers, pulsed-power sources,
intense particle beams, advanced radiation sources,
materials processing, and nonlinear dynamics.

The two largest of the division’s lasers, Nike and
Electra, are krypton fluoride (KrF) lasers operating at
0.25-micron wavelengths and are used for inertial con-
finement fusion (ICF) energy studies. Nike provides a
single, 3-kilojoule pulse and is used primarily for ICF
target physics. Electra is used to develop repetitively-
pulsed KrF technology. The 1-kilojoule Pharos III glass
laser is used for laboratory simulation of space plasmas
and nuclear weapons effects. Two ultrashort-pulse,
high-intensity lasers, the Table-Top Terawatt (T3) laser
and the Ti:Sapphire Femtosecond Laser (TFL), inves-
tigate intense laser-target interactions, laser-driven
accelerators, and laser propagation in air, plasmas, and
water. The High Energy Laser Laboratory includes four
multi-kilowatt, continuous-wave (CW) fiber lasers
and investigates laser propagation in the atmosphere
and incoherent beam combining for directed energy
applications.

The Division also has a number of pulsed-power,
microwave, and laboratory plasma facilities. The
Railgun Materials Testing Facility railgun focuses on
materials issues for a major Navy effort to develop
along-range, electromagnetic launcher for a future
electric ship. Two large, high-voltage, pulsed-power

NRL's Materials Testing Facility railgun. The
6-m-long railgun is capable of launching 0.5-kG
projectiles at 2.5 km/s using an 11 MJ capaci-
tive energy store. This system is designed to
perform experiments on bore materials under
high-power launch conditions.
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devices, Gamble IT and Mercury, are used to produce
intense electron and ion beams, flash X-ray sources,
and high-density plasmas. The microwave materials
processing laboratory includes a 20-kW, CW, 83-GHz
gyrotron. Laboratory plasma experiments include the
Space Plasma Simulation Chamber (SPSC), an 11 m®
space chamber capable of reproducing the near-Earth
space plasma environment, and the Large Area Plasma
Processing System (LAPPS), designed to study modifi-
cation of polymers and other sensitive materials.

Electronics Science and Technology

The Electronics Science and Technology Division
conducts a multidisciplinary basic and applied research
program in solid-state electronics; electronic materials
including growth, theory and characterization of semi-
conductors and heterostructures; surface and interface
science; microwave and millimeter-wave components
and techniques; microelectronic device research and
fabrication; nanoelectronics science and technologies;
vacuum electronics; power electronics; and process
modeling and simulation.

The Division operates seven major facilities: the
Compound Semiconductor Processing Facility (CSPF),
the Laboratory for Advanced Materials Synthesis
(LAMS), the Ultrafast Laser Facility (ULF), the Epicen-
ter, the Advanced Silicon Carbide Epitaxial Research
Laboratory (ASCERL), the Space Solar Cell Charac-
terization Facility (SSCCF), and the Millimeter-Wave
Vacuum Electronics Synthesis Facility (MWVESF).

The CSPF processes compound semiconductor
structures on a service basis, especially if advanced fab-
rication equipment such as electron beam lithography
or reactive ion etching is required. But most fabrication
can be hands-on by NRL scientists to assure personal
process control and history. The LAMS uses metal-
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lorganic chemical vapor deposition to synthesize a wide
range of thin films, particularly wide bandgap semi-
conductors such as Gallium Nitride (GaN) and related
alloys. The Epicenter (a joint activity of the Electronics
Science and Technology, Materials Science and Tech-
nology, Optical Sciences, and Chemistry divisions) is
dedicated to the growth of multilayer nanostructures
by molecular beam epitaxy (MBE). Current research
involves the growth and etching of conventional III-V
semiconductors, ferromagnetic semiconductor materi-
als, 6.1A II-V semiconductors and I1-VI semiconduc-
tors. The structures grown in this facility are analyzed
via in situ scanning tunneling microscopy and angle
resolved electron microscopy.

The ASCERL is the focal point of NRL efforts to
develop thin film heterostructure materials needed
for high-voltage, high-power silicon carbide (SiC)
power electronic components in future naval systems.
ASCERL employs an EPIGRESS reactor capable of
growing thick, low-defect, ultra high purity SiC epi-
taxial layers. The SSCCF studies the effects of particle
irradiation on new and emerging solar cell technologies
for space applications. The ULF is optimized for the
characterization of photophysical and photochemical
processes on a timescale of tens of femtoseconds. It
includes a synchronously pumped dye laser system for
simulating the effects of charge deposited in semicon-
ductors characteristic of space radiation.

The MWYVESF contains a computer numerically
controlled (CNC) milling machine and a CNC preci-
sion lathe capable of fabricating intricate millimeter-
wave vacuum electronic components and a wire elec-
tric discharge machining (EDM) tool for fabrication
of submillimeter-wave components that can not be
fabricated by conventional rotary cutting tools. EDM
offers a non-contact process for both hard and soft
metals as well as SiC and doped silicon.

The Electronics Science and
Technology Division's Advanced
Silicon Carbide Epitaxial Re-
search Laboratory (ASCERL).
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Bio/Molecular Science and Engineering

The Center for Bio/Molecular Science and Engi-
neering conducts research and development using bio-
technological approaches to support the Navy, DoD,
and the nation at large. Studies involve biomaterial
development for chemical/biological warfare defense,
structural and functional applications, and environ-
mental quality/cleanup. Program areas include optical
biosensors, nanoscale manipulations, genomics and
proteomics, bio/molecular and cellular arrays, surface
modification, energy harvesting, viral particles as scaf-
folds, and bio-organic materials from selfassembly.

The staff of the Center is an interdisciplinary team
with expertise in biochemistry, surface chemistry, bio-
physics, molecular and cell biology, organic synthesis,
and materials science and engineering. The Center also
collaborates throughout NRL, and with other govern-
ment laboratories, universities, and industry.

The Center’s modern facilities include laboratories
for research in chemistry, biochemistry, molecular
biology, and physics. Specialized areas include an elec-
tron microscope facility, a scanning probe microscope
laboratory, instrument rooms with access to a variety
of spectrophotometers, and an optical microscope
facility including polarization, fluorescence, and confo-
cal microscopes. Additional laboratories accommodate
an NMR, a liquid chromatograph—mass spectrometer
(LCMS), and equipment for biosensor programs,
including a plastic micro-fabrication facility to enable
fabrication of microfluidic and micro-optical systems
in polymers. In 2008 the Center upgraded the X-ray
diffraction system to a state-of-the-art MicroSTAR-H
X-ray generator. In combination with new detectors
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and components, the system is ideal for data collec-
tion on proteins or very small single crystals of organic
compounds and is also capable of collecting data on
films and powders.

The Center’s facilities have been used to demon-
strate the capabilities of a microarray system developed
at NRL for broad-spectrum pathogen surveillance. The
system detected multiple infectious and bioterrorism
agents in a demonstration involving NRL staft, Air
Force medical personnel, and contractors. A smaller-
scale version of the genomicsbased molecular diagnos-
tic array was developed in the Center and is currently
being validated in field trials.

Acoustics

The Acoustics Division conducts a broad research
and development program in underwater acoustics,
atmospheric acoustics, and physical acoustics requiring
laboratory and at-sea measurements.

Laboratory Facilities: The division has three
integrated structural acoustic facilities — two pools
(one with a sandy bottom) and a large in-air, semi-
anechoic laboratory. These facilities support research
in areas including mine detection and identification,
antisubmarine warfare, and detection of improvised
explosive devices (IEDs). These facilities have a number
of measurement capabilities including compact range
scattering, nearfield holography, and scanning laser
Doppler vibrometry (LDV). The major pool facility
is cylindrical (17 m dia. X 15 m deep) and filled with
approximately 1 million gallons of deionized water.
Features include vibration and temperature control
and anechoic interior walls to reduce reverberation.

X-ray modeling of a novel liquid crystal-based elastomer (LCE) actuator. The Center for Bio/Molecular Science and Engineering
facilities were used to develop this electrically driven, soft actuator, which has potential for applications ranging from soft robotics to
shape-changing membranes, shown schematically in the left panel. Insight into the molecular packing and reorientation of this smectic
elastomer in three different states (unstressed, under mechanical load, and in the presence of electric fields) has been obtained. A 3D
diffraction pattern of an unstressed LCE, shown in the center and right panels, offers insight into the molecular packing of the material
and the mechanism of actuation upon application of an applied field. Splitting of the smectic layerrelated diffraction bands (white
arrows) revealed two molecular domains with the elastomer, each preferentially aligned with the polarity of an applied field and asso-
ciated with alignment of the permanent dipole of the liquid crystal molecules. From these data, a comprehensive model was developed
in collaboration with the Laboratory for the Structure of Matter to account for both the molecular packing and reorientation. Axis colors

correspond to the colors of the coordinate system in the left panel.
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The Salt Water Tank Facility provides a controlled
environment for studying complex ocean processes
under saline conditions, especially the acoustics of
bubbly media. This 6 X 6 X 3 m pool facility has large
plexiglass windows on all four sides to permit imaging
of processes inside the tank. Instrumentation includes
acoustic sources, amplifiers, hydrophones, environ-
mental sensors, a Digital Holographic Imaging System,
high-speed digital cameras, and a LabVIEW-based data
acquisition system.

The Geoacoustic Model Fabrication Laboratory
enables fabrication of rough topographical surfaces
in various materials (usually plastics) for acoustic
scattering and propagation measurements in the tank
facilities. The facility consists of a three-axis computer
controlled milling machine capable of cutting with
100-um accuracy over a 1.37 X 1.27 m region.

The SOnoMAgnetic LABoratory (SOMALAB) is
used to study magnetic fields produced by acoustic
motions in electrically conducting media, such as sea-
water. Two nested skins of HY-80 steel plate magneti-
cally shield this facility. Inside is a 3 X 6 X 3 ft plexiglass
experimental water tank on a vibration-insulating
optical table equipped with three sets of mutually
perpendicular Helmholtz coils to control the magnetic
field. The tank is instrumented with a three-axis mag-
netometer, and acoustic signals are generated from an
external transducer.

The division also operates laboratories to study
the structural dynamics and performance of high-Q
oscillators and other micro-mechanical and nano-me-
chanical systems. A super-resolution nearfield scanning
optical microscope (NSOM) permits spatial mapping
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of the complex vibratory motion at resolutions of 100
nm. These laboratories can also measure the mechani-
cal and electrical properties of micro-oscillators, and
thin films applied to them.

At-Sea Research: The division operates several
systems to generate and receive sound in at-sea experi-
ments. Sound sources include two XF-4 units, one
ITC 2077 source with tow body, two battery-operated
organ-pipes that can project single tones from oft-
board moorings, and a towable, vertically directional
source array consisting of 10 individually controllable
elements at frequencies of 1.5 to 9.5 kHz. In addition,
the division has several battery-operated, rubidium-
clock controlled, programmable sound source
moorings that can transmit sounds with arbitrary
waveforms. The division has a 64-channel broadband
source-receiver array with time reversal mirror func-
tionality operating over 500-3500 Hz. The division
operates high frequency (up to 600 kHz) measurement
systems to obtain scattering, target strength and propa-
gation data using bottom moored instrumentation
towers and a remotely operated vehicle.

The division performs research to relate acoustic
array gain variability to fluid dynamic variability and
bottom heterogeneity in the littorals. Measurements
are made with an autonomous acoustic data acquisi-
tion suite. Three independent autonomous 32-channel
vertical arrays receive and store 24-bit data at 4 kHz for
22 days. Two autonomous sources operate at center
frequencies of 300 and 500 Hz and generate program-
mable waveforms at 50% duty cycle for 22 days. The
division also has unique, self-recording digital acquisi-
tion buoy systems (DABS) used to obtain multichannel

A 21-inch-diameter AUV is used for defection and classification in mine hunting
and anti-submarine warfare applications.
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(up to 128) acoustic data from 10 Hz to 5 kHz. These
systems provide up to 250 Gbytes of data storage.

Narrow beam 200 and 350 kHz acoustic backscat-
tering (flow visualization) systems are used to study
fine structure, internal wave and larger-scale fluid
dynamic perturbation of the density and sound speed
field in the ocean. A 25 kW radar system is used in con-
junction with the flow visualization system to record
the surface expression of internal waves.

The division conducts research addressing the
channel capacity of multi-node underwater acoustic
communications networks. Two 8-channel acoustic
communications data acquisition systems or modems,
which can be moored or towed and remotely con-
trolled, provide measurements in the 2-5 kHz, 6-14
kHz, and 10-14 kHz frequency bands.

NRL is developing and deploying AUV- and rail-
based systems for acquiring signature data at sea. The
rail-based system has a 100-meter horizontal robotic
scanner used to collect synthetic aperture (SA) scatter-
ing data from proud and buried targets. The receiver
system is used in conjunction with impulsive broad-
band projectors mounted on the scanner. The AUV-
based system uses acoustic SA techniques to recover
high-fidelity, quantitative broadband data over a large
range of target aspect angles.

Remote Sensing

The Remote Sensing Division is the Navy’s center
of excellence for remote sensing research and develop-
ment, conducting a broad program of basic and applied
research across the full electromagnetic spectrum using
active and passive techniques from ground-, air-, and
space-based platforms. The Division includes both
remote sensing technology and phenomenological
expertise within the same organization. Current appli-
cations include earth, ocean, atmospheric, astronomy,
astrometry, and astrophysical science, and surveillance/
reconnaissance activities including maritime domain
awareness, anti-submarine warfare, and mine warfare.
Special emphasis is given to developing space-based
platforms and exploiting existing space systems.

Research in ocean and earth science includes mari-
time hyperspectral imaging, radar measurements of
the ocean surface for the remote sensing of waves and
currents, model and laboratory-based hydrodynamics,
and land-based trafficability studies.

The Remote Sensing Division conducts airborne
hyperspectral data collections for characterization of
the littoral environment. Current sensors include two
visible/near IR systems: the airborne Portable Hyper-
spectral Imager for Low-Light Spectroscopy (PHILLS)
system (built in house from COTS parts), and the
commercial Compact Airborne Spectrographic Imager
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(CASI-1500) hyperspectral imager. Both sensors are
specifically designed for use over maritime areas. The
Division also has a long- and mid-wave IR thermal
camera and an airborne short-wave IR hysperspectral
instrument.

Proper interpretation of the hyperspectral data
requires both radiometric and spectral calibration of
the sensor. The Remote Sensing Division operates
an Optical Calibration Facility that includes a NIST-
traceable integrating sphere and a set of gas emission
standards for wavelength calibration.

To validate the results of airborne hyperspectral
sensing, and to support interpretation of the physi-
cal processes they reveal, the Division has developed
a Profiling Optics Package. This system measures
the inherent optical properties of water (absorption,
attenuation, and scattering), and collects water samples
for various laboratory measurements.

The Division is beginning a two-phase, rapid-
development program for maritime hyperspectral
imaging from space. The first phase, now under way, is
to develop a PHILLS airborne imager for use in space.
This sensor, Hyperspectral Imager for the Coastal
Ocean (HICO), is manifested for a September 2009
launch aboard the International Space Station. The
second phase will be to build and launch the fully
space-qualified Coastal Ocean Imaging Spectrometer
(COIS) with significantly improved performance and
operational capability.

The NRL Focused Phased Array Imaging Radar
(NRL FOPAIR) is an X-band, polarimetric radar
capable of producing time-sequences of radar images
at a per-polarization frame rate approaching 400 fps.
The system was designed for basic research into the
relationship between ocean surface waves and the radar
backscatter that they create.

The NRL Interferometric Synthetic Aperture Radar
(NRL INSAR) is an X-band, 2-channel system designed
for operation on a light aircraft. To date, the system
has been operated in both polarimetric and along-track
interferometric modes in support of basic and applied
Navy research projects.

To support the ocean remote sensing research
program, the Division has developed the Free-Surface
Hydrodynamics Laboratory (FSHL), which consists
of a 10 m wave tank equipped with a high-precision,
computer-controlled wave generator capable of gener-
ating breaking waves 0.2 to 1.2 m in length. Diagnostic
tools include an IR thermal camera, a Langmuir film
balance to measure the properties of surface films,
hot-wire and laser-Doppler anemometry, and the new
quantitative flow techniques of laser speckle, particle
tracking, and particle image velocimetry. The Division
also conducts a wide range of numerical and analyti-
cal research dealing with the physics of the ocean’s



free surface. Lab experiments conducted in the FSHL
are used to test and validate the numerical results and
analytical theories. Both the modeling and lab-based
research are used to aid in the interpretation of remote
sensing field measurements.

Current atmospheric science research areas include
the remote sensing of aerosols (and supporting model-
ing studies), measurement of ocean surface winds, and
middle atmospheric research.

The Remote Sensing Division has developed
a unique eye-safe volume-imaging lidar system to
remotely characterize aerosol backscatter variations in
coastal boundary layers, and to map those variations
over hundreds of meters. Unlike Doppler lidar systems
that can measure only radial wind speeds, the NRL
lidar uses correlation methods and measures the wind
vector (speed and direction) and turbulence.

WindSat, developed and built by NRL and
launched in January 2003 and still operational, is the
first spaceborne polarimetric microwave radiometer.
Its primary mission is to demonstrate the capabil-
ity to remotely sense the ocean surface wind vector
with a passive system. WindSat, the primary payload
on the DoD Space Test Program Coriolis mission,
provides major risk reduction for development of the
microwave imager for the NPOESS next-generation
weather satellite system. Although WindSat wind
vector retrieval algorithm development is still an
important R&D effort in the Remote Sensing Division,
WindSat wind vectors are processed in real time at the
Navy Fleet Numerical Meteorology and Oceanography
Center (FNMOC), and operationally assimilated into
the Navy global weather model, NOGAPS. In addition,
the Remote Sensing Division is exploiting WindSat’s
unique data set to develop retrievals for other environ-
mental parameters such as sea surface temperature, soil
moisture, and sea ice concentration.

The Airborne Polarimetric Microwave Imaging
Radiometer (APMIR) is a multichannel microwave
radiometer system designed and built by the Remote
Sensing Division. APMIR was built primarily to
provide extensive airborne calibration and validation
of spaceborne remote sensing assets: the NRL WindSat
mission, the Defense Meteorology Space Program
Special Sensor Microwave Imager/Sounder (SSMIS)
mission, and the future Microwave Imager Sounder
(MIS) instruments to fly on the converged NPOESS
mission.

The NRL Polar Ozone and Aerosol Measure-
ment (POAM II and III) missions operated from 1998
through 2005. POAM measured ozone and other
important constituents of the polar stratosphere using
the uv/visible solar occultation technique. POAM pro-
vided the first space-based ozone profile measurements
in the Antarctic ozone hole, and was a very important
part of the national ozone monitoring effort. To date,
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more than 60 scientific paper have been published on
POAM data, and analysis is ongoing.

The Water Vapor Millimeter-wave Spectrometer
(WVMS) is a ground-based instrument designed to
measure water vapor in the middle atmosphere using
ground-based mm-wave spectroscopy. Primarily
under NASA sponsorship, the instrument has been
transitioned to operations as part of the ground-
based Network for Detection of Atmospheric Change
(NDAC). Three instruments have been built and are
now operational in the field: Lauder, NZ, Mauna Loa,
HI, and Table Mountain, CA.

The Remote Sensing Division has several active
research programs in astronomy and astrophysics
ranging, in wavelength, from the optical to long-wave
radio.

The Navy Prototype Optical Interferometer
(NPQOI) is an optical interferometer located on Ander-
son Mesa near Flagstaff, AZ, that is used for optical
astrometry, to investigate unfilled aperture imaging
technologies, and to conduct astrophysical research. It
is a joint project between the U.S. Naval Observatory
and the NRL Remote Sensing Division. The instrument
has a six-input beam combiner. Current maximum
baseline is 80 m, and when completed, the maximum
baseline will be 250 m, making it the highest resolution
ground-based optical telescope in the world.

The Remote Sensing Division also has a strong
program in radio astronomy, with emphasis on low-
frequency (< 100 MHz) observations. The Division
has developed and installed 74-MHz receivers on the
National Radio Astronomy Observatory’s (NRAO)
Very Large Array (VLA), thereby producing the
world’s highest-angular-resolution and most sensitive
astronomical interferometric array operating below
150 MHz. The VLA’s maximum baseline is 35 km; all
previous astronomical interferometers operating below
150 MHz had baselines of less than 5 km because of
the decorrelation effects of ionospheric structure, and
consequent corruption of interferometric imaging,
at larger baselines. However, work in the Remote
Sensing Division has shown that radio astronomical
techniques can now remove the ionospheric phase
variations, at least at VLA baselines. As a result, the
low-frequency VLA system has become an important
science instrument not only for NRL, but for the
entire radio astronomy community. The success of the
NRL/NRAO 74-MHz system indicates that it is pos-
sible to open a new, high-resolution, high-sensitivity
astronomical window by going to even larger, more
sensitive systems. The NRL Long Wavelength Dem-
onstrator Array (LWDA), a 16-element phased array
deployed as a technology and scientific testbed station
and pathfinder for the next-generation low-frequency
RF phased array imaging systems, is in operation near
Socorro, New Mexico.

2009 NRL REVIEW

47



THE NAVAL RESEARCH LABORATORY

48

Oceanography

The Oceanography Division is the major center for
in-house Navy research and development in oceanog-
raphy. It is known nationally and internationally for its
unique combination of theoretical, numerical, experi-
mental, and remotely sensed approaches to oceano-
graphic problems. The division’s modeling focus is on
a truly integrated global-to-coastal modeling strategy,
from deep water up to the coast including straits,
harbors, bays, and inlets. This requires emphasis on
both ocean circulation and wave/surf prediction, with
additional emphasis on coupling the ocean models
to biological, optical, and sediment models. This
modeling is conducted on the Navy’s and DoD’s most
powerful vector and parallel processing machines. The
division has an in-house Ocean Dynamics and Predic-
tion Computational Network Facility that provides
computer services to scientists for program develop-
ment, graphics, data processing, storage, and backup.
To study the results of this intense modeling effort,
the division operates a number of highly sophisticated
graphic systems to visualize ocean and coastal dynamic
processes.

The seagoing experimental programs of the divi-
sion range worldwide. Unique measurement systems
include a wave measurement system to acquire in situ
spatial properties of water waves; a salinity mapper
that acquires images of spatial and temporal sea surface
salinity variabilities in littoral regions; an integrated

absorption cavity, optical profiler system, and towed
optical hyperspectral array for studying ocean opti-

cal characteristics; self-contained bottom-mounted
upward-looking acoustic Doppler current profilers
(ADCPs) for measuring ocean variability; and an

in situ volume scattering function measurement system
to support remote sensing and in-water optical pro-
grams. NRL is working jointly with the NATO Under-
sea Research Center (NURC) for development and
deployment of the SEPTR instrument, a trawl-resistant,
bottom-mounted ADCP system that includes a pop-up
profiling float for real-time observation and reporting.

The Oceanography Division has acquired new
capabilities for sensing the littoral environment. These
include a Vertical Microstructure Profiler (VMP),

a Scanfish, and four Slocum Gliders. The turbulent
dissipation rate can be quickly obtained with very high
accuracy from measurements collected by the VMP.
The Scanfish allows efficient and rapid three-dimen-
sional mapping of mesoscale oceanic features. The
Gliders rely on a low-powered battery-induced change
of buoyancy to glide autonomously through the coastal
ocean collecting both physical and optical data that are
uplinked to satellite and then relayed to the laboratory
or ship in near real time.

In the laboratory, the division operates an envi-
ronmental scanning electron microscope for detailed
studies of biocorrosion in naval materials. The divi-
sion’s remote sensing capabilities include the ability to
analyze and process multi/hyperspectral, infrared, syn-
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The NRL Oceanography
Division’s new capabilities for
sensing the littoral environment
include a Vertical Microstruc-
ture Profiler (VMP) (top left),

a Scanfish (top right), and
four Slocum Gliders (bottom).
They will be used to measure
the variability of temperature,
salinity, currents, and optical
properties both horizontally
and vertically, on scales rang-
ing from micro- fo mesoscale.



thetic aperture radar, and other satellite data sources.
The Ocean Optics section has added the capability to
download Moderate Resolution Imaging Spectroradi-
ometer (MODIS) data directly using the new X-band
receiving system. The division is a national leader in the
development and analysis of MODIS ocean color data
for oceanographic processes and naval applications in
littoral areas.

Marine Geosciences

The Marine Geosciences Division is the major
Navy in-house center for research and development in
marine geology, geophysics, geodesy, geoacoustics, geo-
technology, and geospatial information and systems.

Instrumentation used in the field is deployable
from aircraft, ships, submarines, remotely operated
and unmanned vehicles, undersea platforms, and by
divers. Instrumentation includes an integrated airborne
geophysical sensor suite with gravity, magnetic, and
sea/ice/land topographic profiling sensors, all based on
cm-level KGPS aircraft positioning. Seafloor and sub-
seafloor research uses the Deep-Towed Acoustics/Geo-
physics System (220 to 1000 Hz); a chirp sub-bottom
profiler; high-resolution sidescan sonars (100 and 500
kHz); the Acoustic Seafloor Characterization System
(15, 30, and 50 kHz); the In Situ Sediment Acoustic
Measurement System, measuring compressional and
shear wave velocities and attenuation; a heat flow
probe system; and underwater stereo photography and
nearshore video imaging systems. Five instrumented,
8-ft-long, 2220-1b, mine-like cylinders are used to
gather impact burial data (one system) and scour and
sand wave burial data (four systems) for testing and
validation of mine burial prediction models.

Laboratory facilities allow measurement of sedi-
ment physical, geochemical, and geotechnical proper-
ties. Equipment includes a photon correlation spec-
trometer and a laser Doppler velocimeter to measure
size and electrostatic properties of submicrometer-size
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sediment particles. The Transmission Electron Micros-
copy Facility includes a 300 kVa transmission electron
microscope with environmental cell enabling real-time
observations of hydrated and gaseous experiments
for research in microscale biological, chemical, and
geological processes. A high-resolution industrial
computed-tomography scanner provides capability for
investigating volumetric heterogeneity of sediments.
The Moving Map Composer Facility is used to
design and write mission-specific map coverages for
F/A-18 and AV-8B tactical aircraft onto militarized
optical disks. The Geospatial Information Data Base
capability provides Internet access to the Digital Nauti-
cal Chart data, mapping data, imagery, and other data
types such as video and pictures used for planning,
training, and operations.

Marine Meteorology

The Marine Meteorology Division’s research
facilities support basic research as well as the develop-
ment of systems and products for operational applica-
tions. The Mobile Atmospheric Aerosol and Radiation
Characterization Observatory (MAARCO) is a set of
climate-controlled containers with integrated suites of
meteorological, aerosol, gas, and radiation instruments
that can be rapidly deployed to operate in strategic
areas around the globe, including remote regions, over-
seas locales, and onboard ships at sea. The instruments
can also be removed and mounted on aircraft for
added flexibility in field data collection, and are used to
investigate boundary layer meteorology, aerosol micro-
physics, and electro-optical propagation.

A state-of-the-art Satellite Data Processing Labo-
ratory allows direct downlink of real-time NOAA
geostationary data and data relays from three other
geostationary satellites. Data from numerous polar
orbiting platforms is also received in near-real-time;
some data is received directly and some is provided
through various inter-agency agreements. In total,

In the Marine Geosciences Division, a detailed
two-phase flow model for the wave bottom bound-
ary layer is being developed fo study fluid-sedi-
ment turbulent interactions at the seafloor. The up-
per image is a schematic of a horizontally periodic
domain under a progressive gravity wave. The
lower image is a snapshot of particles simulated

x using the discrefe element method that are coupled
to a three-dimensional direct numerical simulation
of the turbulent fluid flow. Here the particles (yel-
low) are near neutrally buoyant (S = 1.03), and
are interacting with the fluid, with each other, and
with the rough bottom (blue). The image is taken
right after the fourth flow reversal of a sinusoidal
wave and the formation of a turbulent eddy about
1 cm in diamefer is evident.
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NRL Monterey processes satellite data from 33 low-
earth orbit sensors and 5 geostationary platforms and
uses that data to conduct research and development of
multisensory data fusion products to support a variety
of DoD operations. These activities range from moni-
toring and analyzing tropical cyclone characteristics
to providing enhanced imagery in support of combat
operations in Southwest Asia.

The Division’s Atmospheric Prediction System
Development Laboratory is built around two LINUX
clusters (with 176 and 44 processors), supported by
a 200 TB RAID storage system and a 1000 TB tape
library, as well as several smaller LINUX clusters,
including a 22-processor cluster with SIPRNET con-
nectivity. These systems enable the division to effi-
ciently develop, improve, and transition numerical
weather analysis and prediction systems and coupled
air/ocean systems to operational use, producing guid-
ance which is used by Fleet forces around the globe.
These systems also support basic research in atmo-
spheric processes such as air-sea interaction, atmo-
spheric dynamics, and cloud/aerosol physics.

Space Science

The Space Science Division conducts a broad-
spectrum RDT&E program in solar-terrestrial physics,
astrophysics, upper/middle atmospheric science, and
astronomy. Division researchers conceive, plan, and
execute scientific research and development programs
on instruments to be flown on satellites, sounding
rockets and balloons, ground-based facilities and math-
ematical models, and transition the results to opera-
tional use. Division major research thrusts include
remote sensing of the upper and middle atmospheres,
studies of solar activity and effects on the Earth’s iono-
sphere, and studies of high-energy natural radiation
and particles for applications ranging from astrophysics
through force protection.
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NRL's Marine Meteorology Division
has a direct downlink capability for
realtime geostationary data from
NOAA's GOESE and GOES-W
satellites.

The division’s Vacuum Ultraviolet Solar Instru-
ment Test (SIT) facility is an ultra-clean solar instru-
ment test facility designed to satisfy the rigorous
contamination requirements of state-of-the-art solar
spaceflight instruments. The facility has a 400 ft2 Class
10 clean room and a large Solar Coronagraph Optical
Test Chamber (SCOTCH). The SIT clean room is
ideally suited for assembly and test of contamination-
sensitive space-flight instrumentation. It contains
a large vibration-isolated optical bench and a 1-ton
capacity overhead crane. The SCOTCH consists of a
large vacuum tank and a precision instrument-pointing
table. The division also maintains extensive facilities
for supporting ultraviolet (UV) spectroscopy sounding
rocket programs. These facilities include a dedicated
Class 1000 instrument clean room, and a gray room
area for assembling and testing the rocket payloads
that incorporates all of the fixtures required for safe
handling of payloads. The division rocket facilities
also include a large UV optical test chamber that is
additionally equipped with a large vibration- and

The VERIS payload is being loaded for testing into the Space
Science Division solar rocket laboratory UV optical test
chamber.



thermal- isolated optical bench for telescope testing,
which allows the laboratory area to be turned into a
reasonable quality Schlieren facility.

The division has a wide range of new rocket, space,
and ground-based instruments under development,
including HERSCHEL (HElium Resonant Scattering
in the Corona and HELiosphere), a sounding rocket
scheduled for launch in early 2009; VERIS (VEry high
angular Resolution Imaging Spectrometer), a sound-
ing rocket scheduled for launch in late 2009; CPEX
(Coronal Physics Explorer) a NASA Small Explorer
Mission currently in Phase A with an anticipated
follow-on selection in mid-2009; and the NRL-led
Department of Homeland Security MISTI (Mobile
Imaging and Spectroscopic Threat Identification) to
demonstrate standoff detection of radiation/nuclear
weapons of mass destruction in urban environments,
for FY09 delivery.

Division scientists, using the division network of
computers and workstations and other connected high
performance computing assets, develop and maintain
physical models in support of their research, among
them: NOGAPS-ALPHA, the Advanced Level Physics
High Altitude middle atmosphere extension of the
Navy Operational Global Atmospheric Prediction
System; and GAIM (Global Assimilation of Ionospheric
Measurements), a physics based assimilative model
of the ionosphere now operational at the Air Force
Weather Agency.

Space Technology

In its role as a center of excellence for space systems
research, the Naval Center for Space Technology
(NCST) designs, builds, analyzes, tests, and operates
spacecraft and identifies and conducts promising
research to improve spacecraft and their support sys-
tems. NCST facilities that support this work include
large and small anechoic radio frequency chambers,
clean rooms, shock and vibration facilities, an acous-
tic reverberation chamber, large and small thermal/
vacuum test chambers, a heat pipe integration and test
facility, a spacecraft robotics engineering and control
system interaction laboratory, satellite command and
control ground stations, a fuels test facility, and modal
analysis test facilities. Also, the Center maintains and
operates a number of electrical and electronic develop-
ment laboratories and fabrication facilities for space
and airborne payloads, radio frequency equipment,
spacecraft power systems, telemetry, and command
and control systems, and includes an electromag-
netic interference—electromagnetic compatibility test
chamber. NCST has a facility for long-term testing of
satellite clock time/frequency standards under thermal/
vacuum conditions linked to the Naval Observatory;

a 5-m optical bench laser laboratory; and an electro-
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optical communication research laboratory to con-
duct research in support of the development of space
systems.

RESEARCH SUPPORT FACILITIES
Technology Transfer Office

The NRL Technology Transfer Office (TTO) is
responsible for NRL’s implementation of the Federal
Technology Transfer Act. It facilitates the transfer of
NRL’s innovative technologies for public benefit by
marketing NRL technologies, and by negotiating patent
license agreements and Cooperative Research and
Development Agreements (CRADAs).

TTO markets NRL technologies through its
website, by the preparation of Fact Sheets to be dis-
tributed at trade shows and scientific conferences, and
through DOD contracted Partnership Intermediaries
such as TechLink.

A license grants a company the right to make, use,
and sell NRL technologies commercially in exchange
for equitable licensing fees and royalties. Revenue is
distributed among the inventors and NRL’s general
fund. Prior to granting a license, TTO reviews the
commercialization plan submitted by the licensee in
support of its application for license. The plan must
provide information on the licensee’s capabilities,
proposed development expenditures, milestones, a
time line to commercialization, and an assessment of
the intended market.

A license may be exclusive, partially exclusive
(exclusive for a particular field of use or geographic
area), or non-exclusive. Once a license is executed,
TTO monitors the licensee for timely payments and for
its diligence in commercializing the licensed invention.

TTO also negotiates Government Purpose Licenses
to transition NRL technologies for manufacture and
sale solely for Navy and other U.S. Government pur-
poses.

CRADAs provide a vehicle for NRL scientists and
engineers to collaborate with their counterparts in
industry, academia, and state and local governments.
Under a CRADA, a company may provide funding for
collaborative work between it and NRL and is granted
an exclusive option to license technologies developed
under that CRADA’s Statement of Work (SOW). TTO
works with the NRL scientist to develop a SOW that
has sufficient detail to define the scope of the CRADA
partner’s rights.

Technical Information Services
The Technical Information Services (TIS) Branch
combines publication, graphics, photographic, multi-

media, exhibit, and video services into an integrated
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organization. Publication services include writing,
editing, composition, publications consultation and
production, and printing management. Quick turn-
around digital black-and-white and color copying/
printing services are provided. TIS uses digital pub-
lishing technology to produce scientific and technical
reports that can be used for either print or Web. Graph-
ics support includes technical and scientific illustra-
tions, computer graphics, design services, photographic
composites, display posters, and framing. The HP
Designjet 5500ps wide format printer offers exceptional
color print quality up to 600 dpi and produces indoor
posters and signs with 56 inches being the limitation
on one side. Lamination and mounting are available.
Photographic services include digital still camera cover-
age for data documentation, both at NRL and in the
field. Photographic images are captured with state-of-
the-art digital cameras and can be output to a variety of
archival media. Photofinishing services provide custom
printing and quick service color prints from digital
files. Video services include producing video reports
and presentations of scientific and technical programs.
TIS digital video editing equipment allows in-studio
and on-location editing. The video production, “A Tour
of NRL,” won four international awards: the Crystal,
the Gold Aurora, and two Bronze Tellys. The head of
the Exhibits Program works with NRL’s scientists and
engineers to develop exhibits that best represent a
broad spectrum of NRL’s technologies, and promotes
these technologies to scientific and nonscientific com-
munities throughout the United States.

Administrative Services

The Administrative Services Branch is responsible
for collecting and preserving the documents that com-
prise NRL’s corporate memory. Archival documents
include personal papers and correspondence, labora-
tory notebooks, and work project files — documents
that are appraised for their historical or informational

Employees of the Administrative Services Branch working in the
mail room.
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value and considered to be permanently valuable. The
Branch provides records management services, train-
ing, and support for the maintenance of active records,
including electronic records, as an important informa-
tion resource. The Branch is responsible for processing
NRL’s incoming and outgoing correspondence and
provides training and support on correct correspon-
dence formats and practices. The Branch is responsible
for NRL’s Forms and Reports Management Programs
(including designing electronic forms and maintain-
ing a Web site for Lab-wide use of electronic forms),
compiles and publishes the NRL Code Directory and
Organizational Index, and is responsible for providing
NRL postal mail services for first class and accountable
mail and for mail pickup and delivery throughout NRL.
The Branch also provides NRL Locator Service.

Ruth H. Hooker Research Library

NRL’s Ruth H. Hooker Research Library continues
to support NRL and ONR scientists in conducting
their research by making a comprehensive collection
of the most relevant scholarly information available
and useable; by providing direct reference and research
support; by capturing and organizing the NRL research
portfolio; and by creating, customizing, and deploying
a state-of-the-art digital library.

Traditional library resources include extensive
technical report, book, and journal collections dating
back to the 1800s housed within a centrally located
research facility that is staffed by subject special-
ists and information professionals. The collections
include 44,000 books; 80,000 bound historical journal
volumes; 3,500 current journal subscriptions; and
nearly 2 million technical reports in paper, microfiche,
or digital format (classified and unclassified). Research
Library staff members provide advanced information
consulting; literature searches against all major online
databases including classified databases; circulation of
materials from the collection including classified litera-
ture up to the SECRET level; and retrieval of articles,
reports, proceedings, or documents from almost any
source around the world. Staff members provide
scheduled and on-demand training to help research-
ers improve productivity through effective use of the
library’s resources and services.

The Research Library staff has developed and is
continuing to expand the NRL Digital Library. The
Digital Library currently provides desktop access to
thousands of journals, books, and reference sources to
NRL-DC; NRL-Stennis; NRL-Monterey; and the Office
of Naval Research.

Library systems provide immediate access to schol-
arly information, including current issues of journals
and conference proceedings that are fully searchable at
the researcher’s desktop (nearly 3,500 titles). Extensive



journal archives from all the major scientific publish-
ers and scholarly societies are now available online.
The breadth and depth of content available through
TORPEDO Ultra, NRL’s locally-loaded digital reposi-
tory, continues to grow and provides a single point of
access to scholarly information by providing full text
search against journals, books, conference proceedings
and technical reports from 20 publishers (11.1million
items by the close of 2008). The NRL Online Bibliog-
raphy, a Web-based publications information system,
is ensuring that the entire research portfolio of written
knowledge from all NRL scientists and engineers since
the 1920s will be captured, retained, measured, and
shared with current and future generations.

FIELD STATIONS

NRL has acquired or made arrangements over the
years to use a number of major sites and facilities for
research. The largest facility is located at the Stennis
Space Center (NRL-SSC) in Bay St. Louis, Mississippi.
Others include a facility at the Naval Postgraduate
School in Monterey, California (NRL-MRY), and the
Chesapeake Bay Detachment (CBD) and Scientific
Development Squadron One (VXS-1) in Maryland.
Additional sites are located in Virginia, Alabama, and
Florida.

Stennis Space Center (NRL-SSC)

The NRL Detachment at Stennis Space Center,
Mississippi (NRL-SSC), consists of NRLs Oceanogra-
phy Division and portions of the Acoustics and Marine
Geosciences divisions. NRL-SSC, a tenant activity at
NASA’s John C. Stennis Space Center (SSC), is located
in the southwest corner of Mississippi, about 50 miles
northeast of New Orleans, Louisiana, and 20 miles
from the Mississippi Gulf Coast. Other Navy tenants
at SSC include the Naval Meteorology and Oceanog-
raphy Command, the Naval Oceanographic Office,
the Navy Small Craft Instruction and Training Center,
the Special Boat Team-Twenty-two, and the Human
Resources Service Center Southeast. Other Federal and
State agencies at SSC involved in marine-related science
and technology are the National Coastal Data Devel-
opment Center, the National Data Buoy Center, the
U.S. Geological Survey, the Environmental Protection
Agency’s Gulf of Mexico Program and Environmental
Chemistry Laboratory, the Center for Higher Learning,
University of Southern Mississippi, and Mississippi
State University.

The Naval Meteorology and Oceanography
Command and the Naval Oceanographic Office are
major operational users of the oceanographic, acous-
tic, and geosciences technology developed by NRL
researchers. The Naval Oceanographic Office operates
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the Major Shared Resource Center (MSRC), one of the
nation’s High Performance Computing Centers, which
provides operational support to the warfighter and
access to NRL for ocean and atmospheric science and
technology.

The Acoustics, Marine Geosciences, and Ocean-
ography divisions occupy more than 175,000 ft* of
research, computation, laboratory, administrative, and
warehouse space. Facilities include the sediment core
laboratory, transmission electron microscope, moving-
map composer facility, underwater navigation control
laboratory, computed tomography scanning laboratory,
visualization laboratory, ocean color data receipt and
processing facility, environmental microscopy facility,
maintenance and calibration systems, environmental
modeling and simulation high-speed network, and
numerous laboratories for acoustic, geosciences, and
oceanographic computation, instrumentation, analysis,
and testing. Special areas are available for constructing,
staging, refurbishing, and storing seagoing equipment.

Monterey (NRL-MRY)

NRL’s Marine Meteorology Division (NRL-MRY)
is located in Monterey, California, on a 5-acre campus
about 1 mile from the Naval Postgraduate School
(NPS) campus. This group has occupied this site since
the early 1970s, when the U.S. Navy decided to collo-
cate the meteorological research facility with the opera-
tional center, now known as Fleet Numerical Meteorol-
ogy and Oceanography Center (FNMOC). FNMOC
was stood up in Monterey around 1960 to be able to
share resources and expertise with NPS. This colloca-
tion of research, education, and operations continues
to be a winning formula, as FNMOC remains the
primary customer for the numerical weather prediction
and satellite product systems developed by NRL-MRY.
NRL scientists have direct access to FNMOC’s large
classified supercomputers, allowing advanced develop-
ment to take place using the real-time on-site global
atmospheric and oceanographic databases, set in
the same computational environment as operations.
Such access offers unique advantages for successfully
implementing new systems and system upgrades, and
allows for rapid integration of new research results into
the operational systems. Proximity to NPS also offers
unique opportunities for collaborative research, as well
as educational and teaching/mentoring opportunities
for NRL staff.

Today, the NRL/ENMOC compound is com-
prised of four primary buildings — one dedicated to
FNMOC supercomputer operations; two large shared
buildings dedicated to NRL-MRY and FNMOC office
spaces, computer laboratories, and conference facili-
ties; and a fourth building now occupied by NOAA’s
local National Weather Service Forecast Office, which
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offers additional opportunities for interagency col-
laboration and data sharing. In addition to the main
buildings, NRL-MRY also occupies two modular office
buildings and a warehouse on the campus. Altogether,
NRL-MRY occupies approximately 1500 ft* of storage
space and 26,500 ft* of office/laboratory/conference
space, which includes a research library, a computer
center that supports the Atmospheric Prediction
System Development Laboratory and the Satellite Data
Processing Laboratory, and a small classified processing
facility.

Chesapeake Bay Detachment (CBD)

NRU’s Chesapeake Bay Detachment (CBD) occu-
pies a 168-acre site at Randle Cliffs, Maryland, and
provides facilities and support services for research
in radar, electronic warfare, optical devices, materials,
communications, and fire research. A ship-motion sim-
ulator (SMS) is used to test and evaluate radar, satellite
communications, and line-of-sight RF communications
systems under dynamic conditions (various sea states).
The SMS can handle up to 12,000 Ib of electronic sys-
tems. A roll motion of up to 30° (15° to port and 15°
to starboard) can be applied to this axis. The pitch axis
has a fixed motion of 10° (5° to stern and 5° to bow).
Periods along both axes, pitch and roll, are variable—
from a slow 32-s to a brisk 4-s rate. Variable azimuth
motion can also be added to the pitch and roll action.
Synchronized positioning information (x1 and x36) is
available for each of the three axes of the SMS.

Because of its location high above the western
shore of the Chesapeake Bay, unique experiments
can be performed in conjunction with the Tilghman
Island site, 16 km across the bay from CBD. Some of
these experiments include low-clutter and generally
low-background radar measurements. By using CBD’s
support vessels, experiments are performed that involve
dispensing chaff over water and characterizing aircraft
and ship radar targets. Basic research is also conducted
in radar antenna properties, testing of radar remote
sensing concepts, use of radar to sense ocean waves,
and laser propagation. CBD also hosts facilities of the
Navy Technology Center for Safety and Survivability,
which conducts fire research on simulated carrier,
surface, and submarine platforms.

Scientific Development Squadron One (VXS-1)

Scientific Development Squadron ONE located
at Naval Air Station, Patuxent River, Maryland, is
manned by approximately 14 officers, 80 enlisted, and
9 civilians. VXS-1 is currently responsible for the main-
tenance, operations, and security of three uniquely
configured NP-3D Orion aircraft and two RC-12 Beech
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King Air research aircraft. The squadron conducts
numerous worldwide detachments in support of a wide
range of scientific research projects.

In FY08, VXS-1 provided flight support for several
diverse research programs: Operation Rampant Lion
II consisted of exploration, reconstruction, counter-
narcotics, and security efforts in Afghanistan, and
provided airborne support to an emerging riverine
mission set in Iraq; THORPEX Pacific-Asian Regional
Campaign (T-PARC) was a multinational endeavor
collecting data directly from one tropical storm and
three typhoons to increase the predictability of tropi-
cal cyclones in the Western Pacific region; Operation
Rampant Lion III was a presidential priority mission
in support of ongoing MIA recovery efforts, includ-
ing data collection in the search to find the remains of
CAPT Speicher lost in 1991 and a crew lost in a 1942
search and recovery effort; and Missile Defense Agency
(MDA) testing and experimentation vital to the success
of global defense efforts included multinational land-
and surface-based missile tracking and interceptor
tests. VXS-1 surpassed 46 years and over 68,000 hours
of Class “A” mishap-free operations in FY08.

Midway Research Center

The Midway Research Center (MRC) is located on
a 162-acre site in Stafford County, Virginia. Located
adjacent to the Quantico Marine Corps’ Combat
Development Command, the MRC has 16,000 ft*
of operations and administration area. Instruments
include three precision 18.5-m-diameter parabolic
antennas housed in 100-ft radomes, a fast-tracking 1-m
telescope currently used for satellite laser ranging, and
a transportable 16-inch telescope capable of passive
optical tracking and laser communications. The MRC,
under the auspices of the Space Systems Development
Department, provides NRL with state-of-the-art facili-
ties dedicated solely to space-related applications in
naval communications, navigation, and basic research.

Research Platforms

Mobile research platforms contribute greatly
to NRL’s research. These include six P-3 Orion turbo-
prop aircraft and one ship, the ex—USS Shadwell (LSD
15), berthed in Mobile Bay, Alabama. The ex—USS
Shadwell is used for research on aboard-ship fire sup-
pression techniques.

Marine Corrosion Facility
The Chemistry Division’s Marine Corrosion Facil-

ity, described above in the Chemistry section, is located
in Key West, Florida.



THE NAVAL RESEARCH LABORATORY

THE CORPORATE FACILITIES INVESTMENT (MILCON) funds and Laboratory overhead funds to
PLAN (CFIP) provide modern, up-to-date laboratory facilities for
NRL. Planning for future MILCON projects includes
To conduct preeminent research for tomorrow’s an Autonomous Systems Research Lab in the FY09
Navy, NRL must maintain and upgrade its scientific time frame, a Space Systems Technology Lab (FY11),
and technological equipment and provide modern an Electronics Research Lab (FY12), and the Marine
research facilities. The physical plant to house this Meteorology Center (FY12).
equipment must also be state of the art. NRL has To complement these efforts, overhead funds are
embarked on a Corporate Facilities Investment Plan being used to renovate and upgrade laboratory and
(CFIP) to accomplish these goals. support areas in several existing buildings.

The CFIP is a capital investment plan that uses
both Congressionally approved military construction
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RORTEAN

Turning Virtual Reality into a More Realistic and
W Effective Infantry Training Ground

ith the invention of Pointman, a new desktop control,
[ Wtrainees can now realistically perform actions in

VBS2, the training simulator used by the U.S. Marine -
Corps. NRL's Immersive Simulation Section has developed
a novel user interface that will provide the Corps with the
capability to supplement live training by means of a portable
computer-based system that can train dangerous situations
without risking life or limb.

For a generation who grew up with game controllers
practically as appendages, how does a new, more realistic
. interface better accomplish the difficult task of bringing
. ; the battlefield to the desktop? By making the simulated
' movement more natural, fluid, and reflective of the real-world
- engagement experience; by incorporating correct, realistic
tactical movements into the virtual reality experience; and by
~ using enhanced inputs (dual joysticks; sliding foot-pedals
.+ to simulate stepping, squatting, and lying flat; and a head-
pye s tracking sensor).

Each of these features is novel and increases the
effectiveness of the training. For instance, applying dual
joysticks in a novel way allows the user to control the heading

5 2.+ (the direction that the body of the avatar, the virtual soldier,

o a1 . faces) and course (the direction of movement of the avatar)
= 29T, o _ - R .r.‘}: independently. That means that the avatar can turn to look or
R G : i G shoot without redirecting its movement along a path, enabling

Ty B A N ' "L S 7. both scanning for enemies and coordinating actions with

o= P

.__.J

\.“-. 3

: J, squad members.
TR g R W35 In combat, the pointman leads the patrol and is the first to
3 2 At Y e encounter the enemy. With NRL'’s Pointman, today’s soldiers
¥ 1 gLk -. " ¢an get additional assistance in practicing the tactical team "
SIS S e M S SR R :.. movement involved with dismounted combat without risking ="«
AR YT N R T g o S K injury and without DoD incurring extra logistical expense: This .+
S S S e s S e 0 LB L invention, then, even more importantly than saving money; ;
. . ha . ...__' Y7 Y r o [ o } can help save our soldiers’ lives. And isn’t that the point, after ‘ .1' A :
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A Novel User Interface Controller
for Dismounted Infantry Training

J.N. Templeman, L.E. Sibert, and R.C. Page
Information Technology Division

P.S. Denbrook
Denbrook Computing Services

(USMC) infantry training simulators that let users interact in the 3D virtual world with close to the same abilities

and constraints people have in the real world, in terms of moving through the environment and coordinating with
teammates. Pointman is a new desktop control interface that combines a dual-joystick gamepad, head tracking, and sliding
foot-pedals (inexpensive rudder pedals used with flight simulator games) that, for the first time, gives users the capability
to apply correct tactical infantry movements using a desktop system. The USMC has adopted VBS2 (Virtual BattleSpace-2),
an infantry and combined arms desktop training simulator to supplement live training. VBS2 is a product of Bohemia
Interactive and will be used within the framework of the USMC’s Deployable Virtual Training Environment (DVTE).
Training simulators present dangerous situations without risking injury or accidents. They can represent any location
that has been modeled, have a small footprint, and are deployable. They are less costly because they do not require travel
to physical training sites and do not use consumables. The USMC recognizes the advantages of Pointman for increasing
training effectiveness and has endorsed Pointman’s integration with VBS2 through the Office of Naval Research’s Rapid
Technology Transition (RTT) Program and in cooperation with the USMC Program Manager Training Systems office
(PMTRASYS) in Orlando, Florida.

] 410r more than a decade, the Immersive Simulation Section has developed novel user interfaces for U.S. Marine Corps

INTRODUCTION

Desktop training simulators have the potential to y
provide training anytime and anywhere. A multiplayer
training simulator can engage a whole squad in one
action. A missing component in today’s desktop simu-
lators is a user interface controller that allows trainees
to execute realistic military tactics, techniques, and
procedures. Tactical movement relies heavily on the
ability to look around (scan) while moving along any
chosen path. Figure 1 illustrates the characteristics of
tactical movement for moving around a corner in a
high-threat environment. The objective is to clear the
corner while minimizing the person’s exposure to a
threat. The action requires incrementally “pie-ing” the
corner, turning the upper body and rifle together as a
unit to face the corner, while moving down the hallway
and focusing attention on the area just past the corner’s

edge.
The ideal user interface would enable the user to

fully control the movement of the user’s avatar (virtual FIGURE 1
body) in the virtual world. This movement is character- Turning }:he heading toward I(I] corner while mq'lmo'”'”g
ized by the avatar’s heading (the direction in which the a straignt course is a facfically correct way 1o clear a

/ e . corner (referred to as pie-ing a corner). Direction of
avatar’s body faces) and course (the direction in which movement is represented by the arrow and heading
the avatar moves). Current dual-joystick gamepad con- coincides with the direction of aim.
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trollers for first-person shooting games make it difficult
to execute tactical movements because of limitations in
the control mapping, which conflate the control over
the avatar’s heading and course. The problem is that
the joystick used to turn the heading also redirects the
course. The right joystick is a rate control that turns the
heading and course together, while the left is a direc-
tional control that changes the course relative to the
heading. Tactics for first-person shooter games reflect
this control deficiency by emphasizing artificial straf-
ing motions: moving sideways and spiraling toward or
away from the target.

From its inception, the goal in developing Point-
man was to create an interface that allows the user to
move his or her avatar in a tactically correct manner.
We learned a great deal about control over natural and
tactical movement in developing Gaiter, a full-body
immersive interface that uses a head-mounted display
to surround the user in the virtual world and tracks
the user’s body segments in six degrees of freedom
to provide direct interaction.! With Gaiter, the user
steps in place to move the avatar through the virtual
world and physically turns to rotate. The ability to turn
naturally is central to Gaiter because it allows the user
to turn immediately toward or away from any sight or
sound.

The design goal for both Gaiter and Pointman is
for tasks in the virtual world to be performed at the
same rate, accuracy, and effort as they are in the real
world to maintain timing and scale.> Having close to
the same capability in the virtual world as a person has
in the real world makes it more likely that skills devel-
oped in one will transfer to the other. For example,
the cadence set when stepping in place with Gaiter or
using Pointman’s sliding foot-pedals is mapped to a
real-world walking or running cadence on a moment-
by-moment basis to give the user a realistic sense of
distance traveled.

OVERVIEW OF POINTMAN

The Pointman user interface consists of a conven-
tional dual-joystick gamepad for directing motion and

Wide-Screen
Display

=z

\ Gamepad

Pedals
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weapons handling; sliding foot-pedals to control step-
ping; head tracking for directing the view and aim; and
a desktop display (Fig. 2). The components combine to
allow the user to control the actions of the user’s avatar
in a natural manner.

Unlike conventional gamepad controls, both joy-
sticks on the gamepad are applied as directional con-
trols. The user simply points the joystick in the direc-
tion the avatar should move or turn. Figure 3 shows the
mapping of Pointman’s dual-joystick gamepad. To turn
smoothly, the right joystick is pushed forward and slid
against the circular outer rim to continuously redirect
the heading. To turn quickly in a known direction, the
joystick is pushed in the desired direction from the
neutral centered position. The user’s avatar then turns
at the maximum rate a person can physically turn in
that situation. The left joystick controls the stepping
direction (forward, backwards, sideways, or in any
diagonal direction). The length of the avatar’s stride
and stepping cadence are expressed via sliding foot-
pedals, which mimic a person’s reciprocal foot motion
when walking or running. Pointman lets users directly
sense how far their avatar has turned or traveled, even
with their eyes closed: users feel their avatars’ alignment
through the position of the joysticks and perceive how
far they have traveled by the amount they have stepped.

Using the right joystick alone while operating the
sliding foot-pedals advances the avatar in a forward
direction relative to the current heading. People spend
most of their time walking along paths in this way (for
example, down a hall) and the design of Pointman
makes such common acts easy to do. Using the left
joystick alone while operating the foot-pedals translates
the avatar along the indicated course while keeping the
avatar’s heading constant.

The real power of Pointman comes when the
joysticks are jointly engaged. Working together, they
provide independent control over heading and course:
the right joystick turns the avatar (for example, to face
a target) while the left sets the avatar’s direction of
movement. This independent control over heading and
course is what lets the user scan while moving along a
path.

FIGURE 2
Pointman user interface with dual joystick gamepad,
head tracking, and sliding foot-pedals.
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Mapping of Pointman'’s dual joystick
gamepad to control the avatar’s

@ movement.

Heading

Engaging Only the
Turning Joystick

Weapons handling is accomplished through button
presses on the gamepad. One button is the trigger and
another cycles through the different ways of carry-
ing the rifle: slung, carry, ready, and aim. A change in
posture is also indicated through a button press, cycling
through standing, prone, seated. Tilting the foot-pedals
(similar to an accelerator pedal) adjusts the height of a
posture; for example, with standing, pushing the pedals
down moves the avatar from an upright posture to a
crouch.

A three-degree-of-freedom (orientation only)
tracker or a six-degree-of-freedom (orientation and
translation) tracker worn on the user’s head provides
control over viewing and aiming. Head tracking con-
trols the yaw (turning about the vertical axis), pitch
(tilting up and down), and roll (tilting left and right)
of the avatar’s head and aim relative to the joystick-
directed heading. The yaw derived from the head
tracking data is added to the current heading to turn
the view an additional amount (limited by how far the
user can turn his or her head while seated in front of
the desktop display). Since the degree to which the user
can pitch his or her head up and down while viewing
the desktop display is limited, the pitch derived from
the head tracking data is amplified to allow the avatar
to look directly up or down in the virtual world. If the
tracker provides six degrees of freedom, the user can
direct the avatar’s upper body to lean forward, back-
ward, and side-to-side independently of how the head
is oriented, further increasing the realism. The direc-
tion of aim is, therefore, linked to both the heading set
by the joystick and the direction of view, allowing the
head, upper body, and rifle to be rotated as a unit to
maintain an indexed shooting posture as is done in the
real world. With six-degree-of-freedom tracking, users
can also lean to shoot from behind cover.

USER’S AVATAR

The Immersive Simulation Section has pioneered
the use of a fully articulated user avatar continuously
driven in real time either by the user’s own body

2009 NRL REVIEW
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motion or through control actions. An articulated
avatar is used with both Gaiter and Pointman. A central
part of the integration effort is to add an articulated
avatar to VBS2.

Traditionally, avatars in first-person shooter games,
including VBS2, use prerecorded animation sequences
to portray the user’s actions. A user indicates that the
avatar should move forward by deflecting a joystick
or pushing a button, and an animation sequence of a
walking or running avatar is played. In contrast, Point-
man lets the user directly control his or her avatar.

The sliding foot-pedals control the avatar’s stepping
motion, course and heading are controlled with the
dual joysticks, and because the user’s head is tracked,
the user’s avatar turns to look in the same direction
that the user’s head turns. In other words, with Point-
man, the avatar moves in correspondence with the
user’s actions to an unprecedented degree for a desktop
control.

Users operate in first person and see the virtual
world out of their avatars’ eyes. The avatar is fully ren-
dered so the user sees his or her avatar’s arms, legs, and
feet. Users also see their teammates as fully articulated
avatars acting in the virtual world. The challenge is to
realistically portray the actions performed by the user’s
avatar under direct, continuous control. Being able
to act in a realistic manner in the virtual world gives
the user a sense of perspective, relative distance, and
presence in the environment. Watching the actions of
teammates’ avatars gives a better sense of their intent.
Having a finer level of control in the virtual world
leads to a fuller range of expression, greater situational
awareness, better communication among immersed
teammates, and support for cooperative action.

INTEGRATION WITH VIRTUAL BATTLESPACE-2

VBS2 currently uses a keyboard and mouse
interface or conventional gamepad with thumbsticks
and buttons, and prerecorded animations for avatar
movement. Enabling users to execute correct tactical
methods in the virtual world requires the integration



of both the Pointman user interface and an articu-
lated avatar continuously directed in real time. NRLs

FEATURED RESEARCH

The VBS2 integration coincides with new research
to extend the range of behaviors supported by Point-

Immersive Simulation Section has developed a detailed man to meet the demands of military action in urban

VBS2-Pointman Interface Specification that allows
Pointman to direct the user’s avatar in VBS2. The goal
is to create a Pointman-enhanced version of the VBS2
training simulator, adding more realistic interaction
while minimizing latency and communication over-
load. Figure 4 shows the user’s avatar as controlled by
Pointman and rendered in VBS2.

terrain. The user’s avatar needs to not only stand but
also crouch and sit while handling a rifle. We have
conducted research in fluid control over the avatar’s
body posture and engagement stance so that the avatar
can transition between poses with the same timing and
constraint people use in the real world. Figure 5 shows
the design for accomplishing a smooth transition

FIGURE 4

Integration of Pointman with Virtual BattleSpace-2. The left panel shows the user’s avatar as controlled by Pointman; the right
panel is the avatar as rendered in VBS2.

<>

Continuous
Transition

G

Discrete
Transition

FIGURE 5

Design of the smooth transition between a high and
low stance in upright and prone postures.
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between a high and low stance in upright and prone
postures. The challenge has been to make the different
means of controlling the avatar’s stance and movement
work together to express the user’s intent in a natural
manner.

CONCLUSIONS

Pointman is a new user interface that gives users
the ability to execute realistic tactical infantry move-
ments in a desktop environment. The military has a
growing interest in using desktop simulators for train-
ing because they are portable, relatively inexpensive,
and can support a large number of users. Four U.S.
Marine Corps Generals who visited our lab recognized
Pointman’s advantages. While Pointman’s independent
control over moving and looking remains the core of
the user interface, a key effort has been researching
how to make the transition between avatar postures
and stances more fluid and natural. The final result will
be a desktop training simulator that provides realistic
control over action to support teaching the full range

2009 NRL REVIEW

of tactics, techniques, and procedures used in infantry
operations.
[Sponsored by the NRL Base Program]
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HiExX Foam

The Ultimate Fire Fighter Goes Where No Foam Has Gone Before

;ll' ' NRL's Navy Technology Center for Safety and Survivability is running
! r 4 full-scale fire tests on high expansion (HiEx) foam for shipboard fire-
£

: fighting to protect large volume mission-critical spaces. HiEx foam is
' 3D capable; that is, it expands to fill up the volume of flammable spaces
~ in minutes, flowing around obstructions that previously mandated

3l manual firefighting in order to completely extinguish fires. And it does
‘ so with less liquid solution, meaning less water damage and less result-

- ing clean-up. NRL researchers solved the critical problem of traditional

HiEx systems requiring fresh air, a rare commodity in shipboard spaces

are already aflame, by focﬁsing on the use of fire compartment air.

ause of NRLs research, HiEx foam is a strong candidate for inclu-
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High Expansion Foam for Protecting Large
Volume Mission Critical Shipboard Spaces

J.P. Farley and EW. Williams
Chemistry Division

onstrate the efficacy of high expansion foam for protecting large volume shipboard spaces. High expansion

NRL’S Navy Technology Center for Safety and Survivability recently initiated a full-scale fire test series to dem-

foam was pursued because of its inherent ability to travel around obstructions, fill the volume in minutes, and
provide a three-dimensional firefighting capability that would not depend on a manual firefighting attack to complete final
extinguishment. In addition, it can accomplish all this by using only a small quantity of liquid solution, which results in
reduced water damage and minimal clean-up after its use. The demonstrated success of this NRL fire test series has helped
to generate considerable interest within the Navy’s ship design community for incorporating high expansion foam systems

into future surface ship designs.

INTRODUCTION

Large volume shipboard spaces can include mul-
tiple Class A (combustible solids) and Class B (flam-
mable liquids) fire threats. Prior testing conducted
onboard the NRL full-scale fire test ship, ex-USS
Shadwell, has identified the limitations in protecting
these large-volume spaces using aqueous film-forming
foam (AFFF) sprinklers designed only to combat Class
B two-dimensional pool fires.! The consequence of
these noted limitations necessitates a manual attack
when tightly stacked Class A materials or three-
dimensional Class B running fuel fires are present.
This requisite manual attack also introduces additional
hardships when considering the degree of clutter and
heavy smoke conditions that will be present, which
adversely affects firefighting performance and person-
nel safety.

To address this, NRL recognized the tremendous
capabilities of high expansion foam and developed an
experimental fire test protocol to examine the pos-
sibility of incorporating it into a ship’s firefighting
system design. NRL further recognized that employing
a traditional high expansion foam generator would
impact shipboard applicability since it requires a fresh
air supply (outside air) and an internal fan for suit-
able foam generation. For fixed high expansion foam
systems aboard future ships, it would be advantageous,
from a point of view of installation and cost, to have
foam generators that do not require external duct work
or moving parts, and simply use the fire compartment
air (inside air) to generate the high expansion foam.
This concept would also allow application well within
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the confines of the ship where immediate access to
fresh air sources may be problematic. Historically,

the use of inside air (i.e., hot air contaminated with
combustion products) has presented a challenge.?
Therefore, due to the potential economies that could
be realized, NRL focused this experimental study to
assess the efficacy of a new type of high expansion foam
generator that has been specifically designed to work
with inside air.

FOAM GENERATOR TECHNOLOGY

A manually activated, total flooding, high expan-
sion foam system was selected for this experimental
study. Manufactured by Svenska Skum AB, Kungalv,
Sweden, it is called HotFoam. The system consists of
a uniformly spaced overhead grid of small, uncon-
ventional generators (Fig. 1). Air is entrained by a
spray nozzle within the generator to make the foam,
rather than by a fan drawing outside air. The foam
concentrate used was Meteor P+ synthetic foam con-
centrate, designed to be proportioned at 2 percent. The
HotFoam Meteor P+ concentrate has been formulated
to be suitable for use with fresh, sea, or brackish water
and is environmentally acceptable.

FIRE TEST PROTOCOL

The full-scale fire tests were conducted onboard
the NRL fire test ship, ex-USS Shadwell, located in
Mobile, Alabama, in the Well Deck fire test area (Fig.
2). The dimensions of this area were 21.3 m (70 ft)
long, by 13.4 m (44 ft) wide, with an 8.5 m (28 ft) high
overhead. The total deck area was 285 m? (3080 ft?).
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FIGURE 1
HotFoam HG-25 generator mounted in the overhead grid system.
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FIGURE 2
Ex-USS Shadwell test area, section view.

A quadruple fire threat consisting of Class A and
B test materials was developed to simulate an actual
fire casualty (Fig. 3). The Class A fuel package, which
provided a repeatable fire test surrogate for Class A
vehicle fires, consisted of six 1.8-m (6-ft) high stacks
consisting of 15 standard size oak pallets. This Class A
fuel package created a 30 megawatt (MW) fire when
all were fully involved. The two Class B (marine diesel)
spill fire scenarios included a two-dimensional pool
fire in a test pan measuring 4.6 m by 6.1 m (15 ft by 20
ft) and a three-dimensional running fuel fire using a
0.9-m (3.0-ft) by 0.6-m (2-ft) by 1.8-m (6-ft) high steel
structure metered to flow fuel at a rate of 13.6 Lpm (3.6
gpm). The calculated heat release rates for these two
Class B fire threats were 60 MW and 8 MW, respec-
tively. An additional, shielded Class B-initiated small
wood crib was located in an adjacent compartment that

opened into the Well Deck test area. This setup simu-
lated a vehicle in the Well Deck that had an obstructed
area such as an open vehicle door, tailgate, or window.
Figure 4 provides a picture of the developed quadruple
fire threat prior to fire suppression system activation.

Five full-scale tests were conducted to assess the
efficacy of the inside air-generated high expansion
foam system. The fire test scenarios were developed
and selected to enable a direct comparison to previ-
ously conducted AFFF and outside air high expansion
foam fire test findings.>* The determined tests can be
categorized as follows:

1. Cold Discharge test. This test was conducted to
establish and verify the system pressure flow,
concentration characteristics, and submergence
(fill)/dissipation times.
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2. Fire test with the Class B pool, Class A pallets,
and Class A adjacent space fire, but without the
Class B cascade running fuel fire.

3. Fire tests that included the “3D” cascade
running fuel fire in addition to the other fire
threats. This was the “quadruple” 98 MW fire
test scenario.

All tests were conducted with the after-test area
door partially open, resulting in a vent opening of
approximately 27 m? (286 ft°) in the test area. Mea-
sures of fire control and extinguishment were derived
by visual observation and by thermocouple data.

RESULTS

The following definitions were used to conduct the
tests and analyze the data:

1. Pre-burn Time — the time from ignition of the
Class B pool or cascade running fuel fire.

2. Knockdown — the time when very rapid cooling
occurred within the pallets.

3. Extinguishment — the time when:

a. By visual or video observation, no flaming
combustion was observed; or

b. By data, the time at which the last thermo-
couple reached 230 °C (446 °F) for Class A
fires (i.e., approximately the piloted ignition
temperature of wood or paper) or approxi-
mately 50 °C (122 °F) above the pool or
cascade (i.e., below the flash point of marine
diesel).

4. Submergence (fill) Time — the time from system
activation to the time for foam to reach various
heights in the Well Deck.

5. Foam Dissipation (breakdown) Time — the time
the system was secured until the foam drained
to reach a certain level in the Well Deck.

The cold discharge test was conducted with 23 over-
head HotFoam generators. The adjacent compartment
was open to the Well Deck volume, making the total
floodable volume 1173 m® (41,328 ft*). The tempera-
ture in the space was 31 to 32 °C (87.8 to 89.6 °F). The
foam filled the desired volume within the Well Deck
test area in 1 minute 44 seconds, which was in good
agreement with the pre-test calculation of 1 minute

30 seconds (Fig. 5). The calculated average fill rate
was 2.2 m/minute (7.2 ft/minute) and the calculated
expansion ratio was 375:1. After holding the foam for
a period of 60 minutes, the overhead generator system
was again activated with water only to note its poten-
tial foam knockdown capability, which could be used
for future high expansion foam firefighting doctrine
development. It was observed that this tactic was able
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to dissipate the foam blanket to within 0.6 to 0.9 m (2
to 3 ft) of the deck in 120 seconds, which would enable
adequate access for post-fire investigation activities and
a reasonably quick unmanned process for space recla-
mation efforts following a shipboard fire event.

The first fire test included the Class B pool, Class A
pallet, and the Class A adjacent space fire threats. After
activating the HotFoam system, there was rapid extin-
guishment of the pool fire (36 seconds) and pallet fires
(76 seconds). The adjacent space fire was extinguished
in 2 minutes 12 seconds. The time to fill the Well Deck
test area to the desired level was 4 minutes 38 seconds.
Fluctuations in oxygen concentration measured low
in the space, and the total heat flux measured approxi-
mately 6 m (20 ft) away from the test pan area indi-
cated some level of steam production effects during the
fire suppression process.

The next three fire tests included the Class B
cascade running fuel fire in addition to the other fire
threats and a delayed activation time to further chal-
lenge the foam generation process using inside air
within a post-flashover thermal layer environment.
For fire test two, extinguishment of the Class B pool
fire occurred at 43 seconds, the Class A pallets at 90
seconds, the Class B cascade at 96 seconds, and the
Class A adjacent space fire at 10 minutes 16 seconds.
The time to fill the Well Deck to the desired level
was 10 minutes 12 seconds. It was apparent that the
increase in heat load affected the build-up of foam and
there was also a notable increase in steam production.

For fire tests 3 and 4, the solution flow rate and
configuration/location of the foam generators were
adjusted to further investigate the potential impact
these changes may have on inside air-generated foam
expansion. In fire test 3, 18 generators were kept in
the overhead and 12 generators were located approxi-
mately mid-level in the Well Deck compartment to
lessen their exposure to the upper hot thermal layer. In
this arrangement, the HotFoam system extinguished
the Class B pool in 12 seconds, the Class A pallet fires
in 36 seconds, the Class B cascade running fuel fire
in 36 seconds, and the Class A adjacent space fire in
4 minutes 42 seconds. The time to fill the Well Deck
to the desired level was 5 minutes 45 seconds. Foam
expansion improved and steam production was
notably less in comparison to fire test 2. For fire test 4,
30 generators were located in the overhead, resulting in
the Class B pool fire extinguishment in 36 seconds, the
Class A pallet fires in 48 seconds, the Class B cascade
running fuel fire in 66 seconds, and the Class A adja-
cent space fire in 2 minutes 6 seconds. The HotFoam
system was secured at about 2 minutes of activation
due to a ruptured pipe casualty to the system. Although
all fires were quickly extinguished, there was very little
visible foam on the deck (Fig. 6). This indicates that
all extinguishment action was done either by water



FIGURE 3
(a) Well Deck Mixed Class A and Class B Fuel Package. (b) Class
A fuel package for the adjacent space fire.
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FIGURE 4
Quadruple 98 MW fest fire prior to HotFoam activation.
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HotFoam cold discharge test.



cooling or steam smothering. Water conversion to

steam and localized oxygen depletion is postulated as
the primary mechanism of suppression as opposed to
direct surface wetting. The suppression of the Class B
cascade and adjacent space Class A fires (where there
was no direct water application) supports this theory.

SUMMARY AND CONCLUSIONS

There was concern that the HotFoam system would
be ineffective on large fires due to injection of heat and
smoke into the generators. This might prevent genera-
tors located inside the affected space from generating
good quality foam. The system tested was effective on
all fire scenarios, including the quadruple fire threat
and delayed activation scenarios. The HotFoam system,
at lower comparable solution flow rates, 2040 to 2600
Lpm (538-684 gpm), was as effective or more effective
than the previously tested outside air-generated high
expansion foam flowing at 3100 Lpm (820 gpm). The
outside air high expansion foam appears to have relied
more on cooling and fuel surface oxygen displacement.
The HotFoam system, particularly for the high heat
threat, delayed activation scenario, relied on steam
conversion and associated steam smothering. Although
the steam generation phenomenon associated with
the HotFoam system was an unforeseen finding that
requires further study, it did provide important insight
into some additional capabilities that a HotFoam
system may possess. This noted steam generation

FIGURE 6
Fire test 4, immediately after fire suppression due to steam smothering.

FEATURED RESEARCH

phenomenon may also open up other avenues of
opportunity for developing an alternative overhead
AFFF nozzle design that is better suited to combating
mixed Class A and Class B fire threats. These additional
fire suppression research efforts will help to ensure that
future ship classes with large volume mission critical
spaces are adequately protected against any fire threat
that may be present.

[Sponsored by NAVSEA 05P14]
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NRL Studies the Helmet-Skull-Brain Response to Prevent TBI

Is today’s helmet good enough?

No existing helmet protects all warfighters in all scenarios. Traumatic brain injury (TBI) accounts
for a shocking 19 percent of all injuries seen in our soldiers returning from the wars in Iraq and
Afghanistan. In an effort to prevent TBI, NRL is studying the dynamics of brain injury. Building
on its previous successes with the GelMan surrogate model of the human torso and the QuadGard
(arm and leg protection) already deployed and saving lives, the Lab’s Materials Science and
Technology Division, in conjunction with the Laboratory’s Acoustics Division and Laboratory for
Computational Physics and Fluid Dynamics, has now taken on the challenge of a system of even
greater complexity: the head.

The ultimate goal of their research is to lay the foundation for designing and building a helmet that
will protect the warfighter in various theaters of operation and also be mobile, lightweight, and
comfortable. What is not known is precisely how the shock waves associated with blasts, ballistic
impacts, and vehicular accidents affect the brain to cause mild, moderate, or severe TBI as based
on medical diagnosis. Finding the answers involves modeling the response of the brain to blast and
analyzing medical data from open literature to correlate biomechanical data with the dynamics of
TBI.

The key is to accurately characterize the helmet-skull-brain interaction, and NRL is exploring that
interaction through two parallel efforts:

e an instrumented helmet-skull-brain system,
which has the capability of measuring strain
and pressure to identify regions in the brain
with a high potential for damage, and

e an environmental helmet sensor, which
can measure and catalog real-time signatures
of dynamic events during a blast or ballistic
impact, relating to post-injury diagnosis.

Both of these efforts yield data on brain
acceleration and consequent brain damage that
bio-engineers and medical practitioners can
use to interpret and better understand causes
of TBI. This is just further proof that NRL
researchers are using their heads to save those
of others.
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Sensor Systems for Measuring
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Just prior to WWI, helmets were non-existent because mobility and weight requirements took precedence over

From World War I (WWI) to the war in Iraq, helmets have transitioned from steel to Kevlar composite materials.

protection. Today mobility, weight, comfort, and protection factor into helmet design based on current threats
from various ammunition, fragmentation threats, and operational environments. Inside the helmet, liners have evolved
from leather to plastic suspension to sophisticated energy-absorbing padded liners, and new prototype suspensions are
being tested every year to improve comfort and increase protection. Because of recent medical advances, it is apparent that
experimental methods, measurement devices, and newer classes of helmets are necessary to provide warfighters with the
best personal protection equipment for combating traumatic brain injuries (TBI).

TWO APPROACHES TO RESEARCHING
BRAIN INJURIES

Traumatic brain injuries (TBI) are classified as
mild, moderate, and severe in warfighters subjected to
blasts or ballistic impacts, and in vehicular accidents. In
each category, certain physical and mental impairments
are associated with various parts of the brain. In open
literature, most physical and visual evidence of TBI
is vascular damage (detected by magnetic resonance
imaging (MRI)) and brain swelling. The more subtle
cases are chemical and neuronal stress that leads to cell
death. As discussed in open literature, causes of TBI
are not well understood by medical personnel who can
only diagnose symptoms as they surface either physi-
cally or behaviorally as post-traumatic stress disorders,
often months after a warfighter has returned from an
assignment.

The Materials Science and Technology Division
at NRL is developing research tools and measurement
devices to document events that are likely to cause
significant brain injuries to warfighters in battlefield
environments. This paper addresses two parallel efforts
for understanding shockwave interaction with the
head and induced blunt force trauma to the brain. The
first approach is the use of an instrumented GelMan
skull-brain surrogate with an instrumented helmet.
The second approach is a helmet-mounted sensor

2009 NRL REVIEW

such as the newly designed NRL and Allen-Vanguard
environmental helmet sensor capable of measuring and
cataloging real-time signatures of warfighters subjected
to dynamic events during a blast, a ballistic impact, or
both. In both approaches, the data are analyzed and
interpreted to measure brain acceleration to establish

a fundamental understanding of brain damage. The
outcome of this research can be used by bio-engineers
and medical practitioners to understand and interpret
causes of brain damage and TBI.

This paper has three sections. The first section
describes an instrumented helmet-skull-brain system
(HSB), computational results, and experimental
results. The second section covers the NRL and Allen-
Vanguard environmental helmet sensor system (EHS),
simulation results, and experimental testing. The last
section summarizes the impact of NRL’s research in
helmet-performance characterization.

INSTRUMENTED HELMET-SKULL-BRAIN SYSTEM

A commercial finite-element analysis tool is used
to investigate the response of a head model subjected to
a blast pressure from a C4 explosive charge detonated
2.44 m away from the surrogate head model. The
model is comprised of a representative brain, cerebral
spinal fluid, the skull with cervical vertebrae, and
generalized tissue (Fig. 1(a)), and constrained at the
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(a) Finite element mesh of head. (b) Pressure profile on the face of the head from a 0.45 kg C4 charge exploded at 2.44 m from

the head.

shoulder. The blast pressure impacting the head model
is shown in Fig. 1(b). The three-dimensional finite-
element mesh of the head with neck and shoulders

is constructed from an MRI scan of a 50th percentile
male. The brain tissue and skull properties are from
open literature. The brain is modeled as viscoelastic,
the cerebral spinal fluid as a hyperelastic material with
a low shear stress and a high bulk modulus, and the
skull with cervical vertebrae and the generalized tissue
are considered to be linear elastic materials.

Figure 2 shows the pressure contours in the head
as a result of the applied blast pressure wave. Immedi-
ately following the blast (time = 3.30 ms and 3.77 ms),
the stresses develop primarily in the stiffer modulus
material, the skull. Tensile and compressive stresses
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FIGURE 2

5.37 ms

in the direction of the wave propagation then begin to
increase near the surface of both frontal and occipital
lobes. At later times (between 4.47 ms and 5.00 ms),
oscillating compressive and tensile stresses are observed
that travel along the surface of the frontal lobe, the
parietal lobe, the occipital lobe, and the cerebellum.
As the blast pressure increases further (more than 5.00
ms), tensile and compressive stresses increase briefly
at the surface of the frontal and occipital lobes of the
brain in the direction of the propagating wave. After
6.17 ms, shear and longitudinal stress waves develop,
with varying levels of stresses evident in all lobes. This
analysis of the blast wave impacting the skull-brain
system clearly shows the significant internal stress
variation due to a blast wave.

5.57 ms

Pressure contours in the head at the sagittal plane.
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In general, the brain has a separate response in
pressure from the other components (skull and gen-
eralized tissue) due to differences in wave speeds. The
highest pressures observed occur primarily within the
brain and mouth region. In addition, as a result of the
irregular shape of the brain, there is a translational (in
the Y and negative Z direction) and a rotational motion
that occurs about the brain stem.

The HSB as a system consists of three basic compo-
nents: instrumented helmet, skull, and brain surrogate.
The main component of this system is an anatomically
shaped brain of generalized tissue simulant encased
in a polymer skull. The brain is fabricated by molding
a transparent pliable thermoplastic polymeric mate-
rial with miniature piezo-electric accelerometers and
pressure sensors strategically placed in each major lobe.
Two instrumented surrogate brains were fabricated,
one with 11 pressure sensors and one accelerometer,
and the other with 11 accelerometers and one pressure
sensor, thus allowing calculation of both pressure and
strain transfer functions.

The HSB is mounted on a Hybrid III neck and
stand, placed in an enclosed structure, and blast-tested
using C4 explosive (Fig. 3(a)). The HSB is subjected
to an initial shockwave traveling at speeds greater than
Mach-1 (speed of sound in air), multiple shockwave
reflections, blast winds approaching hurricane wind
speeds, and flames traveling at much lower speeds.
From high-speed videos we are able to visualize mul-
tiple reflections of the shockwave that combine into
more complex wave shapes that produce complicated
brain strains further in time. Although the flames from
the blast (Fig. 3(b)) engulf the HSB, the exposure time
is not long enough to ignite any of the materials or
contribute to the brain response.

From accelerometers located within the various
brain lobes, meaningful data such as displacements are
calculated from measured acceleration time histories.
In order to quantify brain response in engineering
terms, average strains (Fig. 4) between sensor locations
are calculated (i.e., between the lobes in the brain). The
strains show the relative influence of charge weight,
external motion, helmet-liner system, and distance
from blast. The HSB system provides a baseline for
understanding possible injury mechanisms and estab-
lishing new metrics for testing new designs of helmets
and helmet liners.

ENVIRONMENTAL HELMET SENSOR

In the battlefield, one of the common threats to
the head is the effect of blast pressure fronts on the face
and infiltration through the gap between the skull and
the helmet. These pressures are commonly believed
by the medical community to be a major contribu-
tor to brain damage and traumatic brain injury. To
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(b)

FIGURE 3

(@) HSB in blast chamber. (b) High-speed video frame showing
the blast wave and the flame front approaching the HSB during
blast testing.

understand the effect of such pressure infiltration,
NRL conducted blast tests with an instrumented head-
helmet system and complemented it with computer
simulations for a better representation of the sequence
of events in a blast.

Allen-Vanguard and NRL used two mannequins
wearing Marine Corps lightweight helmets with current
production pads and face shields, and placed them in
close proximity to a blast of a commercial explosive,
such as C4. The mannequins were instrumented with
pressure sensors at F3 on the forehead, over the ear,
and at R2 on the back of the head (see Fig. 5(a)). Com-
putational fluid dynamic simulations were carried out
for a planar shock wave approaching the helmet and
head, with a gap between the head and the helmet, but
no helmet liner.
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response from accelerometers in the brain from a C4 charge exploded at distance of 2.44 m from HSB.
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FIGURE 5

(a) Sensor locations for the computational data. (b) Forehead pressure traces for the forward blast scenario. (c) Rear pressure traces

for the forward blast scenario.

Pressure histories on the front of the face are
compared in Fig. 5(b). Two computational points —
F1 just under the helmet and F2 just outside the helmet
— are compared with the experimental data collected
from the blast at F3, adjacent to F1. Computational
results show that at F1 there is a considerable reduction
of peak pressure compared with that at F2, exposed to
the blast. Also, the experimental data at F3 seems to
compare reasonably well with the computational data
from F2. This suggests that there is a significant pres-
sure infiltration between the helmet and the head.

Figure 5(c) shows the pressure histories at the
back of the head, and an expanded view of the initial
peaks for both experimental and computational data.
Both the experimental and simulation results show a
double peak at the onset followed by a third broader
and shorter peak. This double peak occurs when two
pressure waves, approaching from two directions,
arrive at slightly different times. The computational
analysis predicts a double peak formation at R4 from
waves propagating around the sides of the helmet. At
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R2 (the experimental measurement point), the two
waves traveling around the head arrive simultaneously,
producing a significantly higher peak pressure at R2
than at R4. This is confirmed by computational and
experimental data for R2, the point of highest pressure
behind the head.

Based on these results and discussions with the
Navy medical community and the Marine Corps, NRL
developed an environmental helmet sensor (EHS).
The EHS is designed to document the events such as
blasts, impacts, and drops that occur on the battlefield.
The goal is to be able to provide documented evidence
for the medical community to correlate with brain
damage.

NRL developed the first prototype EHS using
a three-axis accelerometer, a triggering circuit, and
new control algorithms. The EHS was designed to
be mounted on the back of the helmet. NRL sent the
prototype to Allen-Vanguard, a major manufacturer
of explosives demolition protective suits, for further
enhancements. Allen-Vanguard redesigned and rug-



gedized the EHS to survive battlefield conditions, and
added a pressure sensor and software to download
data for 500 events. The EHS is designed to measure
acceleration up to 4000 g in three directions, ambient
temperature, and peak pressure up to 17 atmospheres.
It also distinguishes between blast and blunt trauma
events, and has batteries and electronics designed for
seven months continuous operation. Figure 6(a) shows
the EHS mounted on a Marine Corps lightweight
helmet (LWH).

Allen-Vanguard extensively blast-tested the
EHS (see Fig. 6(b)). A three-axis accelerometer was
mounted inside the Hybrid III head to record head
acceleration. The experimental data from blasts and
other tests were used to calculate equivalent integrated
head acceleration as a TBI injury criterion, similar to
Head Injury Criterion used by the automotive industry
to measure severity of injury in a crash. This integrated
head acceleration is a first approximation to quantify

()
FIGURE 6
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brain response for blast and other threats in terms of
direction of the blast and its intensity based on helmet-
mounted sensors such as the EHS.

Figure 7 shows the variation of integrated head
acceleration with peak acceleration for blast tests,
dropped helmets, ballistic hits, and various weapon
firings. Nearly all non-blast events are well below the
blast data, except the data for helmets dropped on
concrete, which partially overlap the lower intensity
blast data. The data clearly show the ability of the EHS
to make the distinction between the different types of
events — blast and non-blast types — and thus provide
a valuable tool to the medical community to non-in-
trusively collect helmet acceleration and pressure data.

Thirteen months after the inception of the
program, the EHS was transitioned to a viable product
by NRL and Allen-Vanguard. The U.S. Army and
Marine Corps have purchased thousands of EHS units,
most of which are deployed in Iraq and Afghanistan.

(a) View of the helmet mounted system attached to a Marine LWH. (b) Blast testing of EHS mounted on

LIWH.
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The goal is for the correlation of data from these fielded
units with cataloged injury reports to lead to validation
of the helmet-mounted system while providing valu-
able data to help the medical community understand
the cause(s) of TBI. Simultaneously, NRL and Allen-
Vanguard have started development of a more compact
second-generation EHS one-third of the weight of the
first-generation EHS and mounted inside the helmet.

SUMMARY

This review presented two parallel efforts at NRL
aimed at collecting battlefield data. The HSB is able
to derive displacements and engineering strains from
measured accelerations for the first time. The EHS, on
the other hand, provides battlefield and other types of
acceleration and pressure data non-intrusively. The
combination of these data will augment the medical
understanding of brain injury and provide a baseline
for understanding and treating these types of injuries.
The data will also be valuable in evaluating new energy
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mitigating materials and designs of helmet and liner
systems.
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those of pure graphene. Graphene, a single atomic sheet of carbon bonded in a honeycomb lattice, has remarkable

physical properties ranging from near-ballistic electron conduction to extremely high mechanical stiffness (more
than five times that of steel). Such extreme properties motivate researchers to investigate these materials for use in applica-
tions ranging from high-frequency, low-power electronics, to flexible displays, chemical/biological sensors, and high-fre-
quency electromechanical devices. We have developed a process to form large-area, ultra-thin CMG films that enable us to
investigate CMG properties and to explore prototype devices. Using these films we have fabricated state-of-the-art chemical
sensors and nanomechanical resonators. For chemical sensors, we have increased the sensitivity and reduced the level of
noise by tuning the CMG film chemistry. These optimized sensors are capable of real-time detection of explosives and the
three main classes of chemical-warfare agents at parts-per-billion concentrations. For nanomechanics, we have utilized
chemical modification to produce suspended films under high tension. These high-stiffness, low-mass resonators display
quality factors (up to 4000) and figures of merit well exceeding those of pure graphene resonators and are comparable to
diamond thin films. Together, these results demonstrate that CMG is an inexpensive, high-performance material that will

Chemically modified graphene (CMG) has emerged as a new material whose many attractive properties complement

find application in a wide range of defense and commercial applications.

INTRODUCTION

Atomic carbon forms two primary structures,
which are based upon sp” (diamond) or sp? (graphite)
chemical bonding (Fig. 1). Of these, diamond is the
less stable form and will transform into graphite when
heated (Fig. 1(b)). The spz—graphitic structure currently
dominates the world of carbon nanomaterials as it
forms the full spectrum of low-dimensional geom-
etries. For example, in its most compact stable form,
spz—carbon arranges into a zero-dimensional (0D)
structure known as a buckyball (Fig. 1(e)). By inserting
rows of atoms around the equator of this buckyball, a
one-dimensional (1D) carbon nanotube emerges (Fig.
1(d)). Finally, if this carbon nanotube is “unzipped”
along its length, we have a flat, two-dimensional (2D)
sheet known as graphene (Fig. 1(c)).

Interest in these low-dimensional carbon sheets
began around 1985 with the discovery of buckyballs,
but became mainstream after carbon nanotubes
debuted in 1991. The newest member, graphene,
created a resurgence of both scientific and technologi-
cal interest after its discovery in 2004.! Electrons in
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graphene possess a unique “photon-like” dispersion
relationship whereby they behave as massless par-
ticles. This phenomenon has led to the observation of
unique electron transport phenomena, and has enabled
researchers to use graphene as a laboratory for exotic
quantum physics experiments. In addition, graphene’s
unique atomic structure, near-perfect electronic
conduction, and extreme mechanical stiffness offer
promise for a wide range of technological advances

in the areas of electronics, electro-optics, sensors, and
electromechanical devices.

Graphene Formation

For decades it was theorized that 2D solids were
unstable and would melt at any temperature. This
notion was disproved in 2004 when the first atomically
thin graphene sheet was successfully isolated and stud-
ied.? In the few short years since then, a modern gold
rush has transpired as researchers quest for a low-cost,
high-yield production method. The simplest and most
ubiquitous technique mechanically exfoliates graphene
from bulk graphite, whereby graphite is rubbed across
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graphene nanotube buckyball

a flat substrate leaving behind small flakes, some of
which are a monolayer thick. This random, low-yield
approach precludes its use for large-scale production,
though it continues to enable many interesting physics
experiments. A second approach forms graphene
epitaxially by heating SiC to >1400 °C in vacuum. At
elevated temperatures, Si preferentially desorbs from
the SiC surface, leaving behind carbon-rich layers

that rearrange into thin graphene films. Technologi-
cally opposite from mechanical exfoliation, epitaxial

CMG

Ql

SiO,
substrate

(d)
FIGURE 2
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FIGURE 1

The two maijor allotropes of carbon are (a) sp*-bonded
diamond and (b) sp?-bonded graphite. The sp%bonded
allotrope is formable into three low-dimensional
structures: (c) 2D sheets known as graphene, (d) 1D
nanotubes, or (e) OD buckyballs.

graphene on SiC is large-area but expensive due to the
high cost of SiC substrates.

A third approach, and that employed in this work,
is chemical exfoliation of graphene from graphite. By
attaching oxygen-rich functional groups to graph-
ite’s individual atomic planes, the planes become
hydrophilic.> When immersed in water, H,O mol-
ecules diffuse between these hydrophilic layers and
completely exfoliate the graphene sheets (Fig. 2(a)
and (b)). These oxidized platelets of graphene can be

plateléts

L L

(e)

(a) Photograph showing a vial of pure water (left) and a mixture of exfoliated chemically modified graphene
(CMG) platelets and water (right). (b) Cartoon showing oxygen functional groups on a CMG sheet, which
include carboxyls, alcohols, and epoxides. (c) Atomic force microscope image of CMG platelets on a glass
substrate. The platelets are approximately 1 to 1.5 nm thick. (d) Modified spin-casting technique developed at
NRL for the large-area deposition of ultra-thin CMG films. (e) Optical microscope image (20x) of a continuous
2-nm-thick film. A scratch across the center reveals a slight color contrast between the substrate and film.
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deposited onto almost any surface using a variety of
benchtop techniques. The deposited oxidized graphene
can subsequently be chemically reduced back toward
graphene using chemical or thermal treatments to
form stable films of chemically modified graphene
(CMG). We have shown that the chemical modification
alters graphene’s electronic and mechanical proper-
ties in useful ways.4 Figure 2(c) shows an atomic force
microscope (AFM) image of deposited CMG platelets,
which typically measure a few microns laterally and

~ 1 nanometer thick. At NRL we have developed a
spin-casting technique to form continuous, ultra-thin,
large-area CMG films at low cost (Fig. 2(d,e)). We have
begun to investigate and develop these films for several
DoD-relevant applications.

CARBON - THE ULTIMATE SENSOR MATERIAL

The detection of low-concentration, toxic, and
explosive chemical vapors and gases is critical for the
DoD and for homeland security. Due to their unique
structure, in which every atom is a surface atom, sp*-
bonded carbon nanomaterials represent the ultimate
sensor material. We previously developed single-walled
carbon nanotube (SWNT') sensors capable of detecting
chemical vapors at parts-per-billion concentrations,”
although these sensors require somewhat sophisticated
electronics to realize their full potential. We have found
that CMG films can also serve as an extremely sensitive
active material while requiring much simpler detection
electronics.

Research into the sensing properties of carbon
nanomaterials reveals that the transduction mecha-
nisms by which molecular adsorption events are
converted into electrical signals are often dominated
by interaction with defects in the sp?-bonded atomic
structure. For many classes of molecules, the interac-
tion with defect sites is often much stronger than with
the relatively chemically inert sp?>-bonded carbon.
Thus, controlling the number and type of defects can
greatly enhance both sensitivity and specificity.® The
optimal defect density will balance the gains in sensitiv-
ity against the rapid degradation in conductivity and
increase in noise caused by the defects. In this regard,
CMG is an ideal material for balancing these effects
since it contains a variety of functional sites whose
density is controllable.

An Atomically Thin Sensor

Figure 3(a) shows a typical experiment for testing
the sensitivity of chemically modified graphene. We
start with CMG thin films that consist of 1-nm-thick
overlapping platelets. Using standard photolithography,
we create interdigitated arrays of Ti/Au electrodes.
Importantly, the oxygen functional groups on CMG
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are reduced chemically (e.g., with hydrazine, N,H,) or
thermally (e.g., by annealing in H,), providing a knob
with which to tune the sensor response. These devices
are then exposed to pulses of chemical vapors, and the
resulting change in material conductance is measured.
Two important parameters are used to consider
chemical sensor performance: (1) the level of low-
frequency noise (which is generally dominated by
1/f noise) and (2) the sensitivity of the conductance
response to molecular adsorbates. In general, the 1/f
noise arises from fluctuations in carrier mobility or
carrier density and is ubiquitous in solid-state devices.
In the case of SWNTs, such fluctuations can arise from
impurity charges in the substrate or the presence of
defects within individual tubes. Here, the 2D planar
geometry of graphene provides an inherent advantage
over SWNTs. When two or more layers are present,
the 1/f noise in graphene is strongly suppressed due
to an effective screening of fluctuating charges in the
substrate. Increasing the CMG film thickness to ~ 4
nm lowers the noise below background thermal limits
(Fig. 3(b)). Figure 3(c)compares the responses of an
SWNT device and a CMG device to doses of 500 parts-
per-trillion DNT, a simulant for the explosive TNT. The
low-noise response of the CMG device permits lower
detection limits than a comparable SWNT device.
Interestingly, the chemical sensitivities of SWNT
and CMG devices are complementary. Figure 3(d)
compares the minimum detectable levels (MDLs) of
SWNT and CMG devices for hydrogen cyanide (HCN)
and simulants for mustard gas (CEES), sarin (DMMP),
and TNT (DNT). These results highlight how dif-
ferent classes of molecules can distinctly interact
with different surface sites — HCN weakly interacts
with nominally pristine sp*>-bonded nanotubes while
strongly interacting with remnant defects in CMG; the
reverse is true for organophosphates (i.e., DMMP), and
the responses to aromatics and alkane derivatives are
similar (i.e., DNT and CEES, respectively). Enhance-
ment of the specific oxygen functional group that
interacts strongly with each simulant should allow even
lower MDLs for CMG-based sensors and will enhance
chemical selectivity.

CARBON - THE ULTIMATE ELECTROMECHANI-
CAL MATERIAL

Nanoelectromechanical systems (NEMS) extend
microelectromechanical systems (MEMS) to nano-
meter dimensions and are an exciting frontier for
next-generation devices in sensing, RF technology, and
computing. When NEMS resonators shrink below 100
nm, they achieve high operating frequencies (up to
10° Hz) with extreme sensitivities. Importantly, NEMS
resonators already display extremely low mass sensi-
tivities and are a viable route to parts-per-quadrillion
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FIGURE 3
(a) Approach for characterizing the sensing properties of CMG thin films. (b) Plot showing the noise density vs frequency
spectrum for an SWNT device (orange diamonds) and two CMG (also known as rGO, reduced graphene oxide) devices
with different film thicknesses (blue circles). (c) Response curves for an SWNT and a CMG (rGO) device to 0.5 parts per
billion DNT. (d) Comparison of the minimum detectable level for an SWNT network sensor and a CMG network sensor to

10-second pulses of HCN, CEES, DMMP, and DNT, as well as the corresponding response to live agents using the target

specifications for the Joint Chemical Agent Detector (JCAD) and exposure limits provided by the Centers for Disease Control
(CDC).
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chemical detection. For any NEMS system, the most
important material properties are the Young’s modulus,
E, and density, p, which dictate the speed of sound in
the material, ¢, and fundamental frequency, f,, of the
device, with f, < ¢ = (E/ p)l/ 2, Critically, of the many
materials one might choose, carbon in the form of
carbon nanotubes or graphene exhibits the highest E/p
ratios.

One drawback to nanoscale resonators, however,
is the tendency to lose mechanical energy at increas-
ing rates, which results in low quality factors (Q) and
diminished performance. For graphene-based systems,
a reason behind this increased energy loss is poor
adhesion of the resonator to its support structure. The

sp>-bonded carbon is fairly inert and adheres poorly
to many substrates. Fortunately, chemically modified
graphene offers a route to enhancing the performance
of graphene-based NEMS since attached functional
groups can better anchor the material to its surround-
ings.

An Atomically Thin Drumhead

To explore the incorporation of CMG materials
into NEMS devices, we developed a process to transfer
ultra-thin films (> ~4 nm) onto prepatterned sub-
strates. Subsequent to film deposition as shown in Fig.
2, films are released intact from the substrate using a
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FIGURE 4

(a) Photograph showing an 8-nm-thick CMG film floating in water. The thin film measures approximately 1 x
0.5 inches. (b) Scanning electron microscope (SEM) image of a suspended CMG film after drying on a bed
of pillars. (c) SEM image of a suspended CMG drum resonator with a small hole milled in its center. (d) Am-
plitude vs frequency plot of the fundamental mode, where the Q-value is 3000. (e Plot of frequency vs drum
diameter for a 15-nm-thick film. The resonators are annealed at successively higher temperatures to release
tension. (f) Perspective SEM image of a buckled resonator after tension release and the expected frequency
response determined from finite element modeling. (g) Plot showing the Young’s modulus vs drum diameter

for several drum resonators.
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basic solution and transferred into water (Fig. 4(a)).
These delaminated films are subsequently recaptured
and dried on substrates prepatterned with pillars (Fig.
4(b)) or holes (Fig. 4(c)) to form suspended resonators.
Importantly, the controlled deposition, delamination,
and transfer of CMG films opens the door to numerous
mechanical and nanoelectromechanical experiments.

To probe the elastic properties of these films, we
use the well-established technique of laser interfer-
ometry to measure vibrations of the suspended drum
resonators (Fig. 4(c)). A blue (412 nm) diode laser ther-
moelastically excites the CMG drums into resonance,
while a red (633 nm) HeNe laser interferometrically
measures the frequency of vibration in a Fabry-Pérot
configuration. The fundamental frequency of vibration
and overtone spacings depends on the tension (T) in
the drums, which can act either as a plate (T=0) oras a
membrane (T > 0). Determination of Young’s modulus
(E) is straightforward when the drum responds in the
plate mode. For a circular plate, the frequency modes
are given by

_ Th E 2
fon= 15 i B )

where  is the film thickness, a is the drum radius, p is
the material density, s is Poisson’s ratio, and [,,,,, is the
nth root of the mth-order Bessel function.

Unexpectedly, the measured f, for all drum resona-
tors is significantly higher than that expected from Eq.
(1), which signifies the resonators are under tension.
This built-in tension together with enhanced adhesion
to the SiO; substrate from remnant oxygen groups
notably improves the quality factors. Pure graphene
resonators typically have Q-values of 10 to 200,”
whereas our CMG resonators consistently show quality
factors over 1500 (Fig. 4(d)), with 4000 the highest
value measured to date. These values compare favor-
ably with state-of-the-art diamond resonators, which
typically have Q-values of ~3000 at room temperature.
Combined with the extreme low mass of these resona-
tors, we estimate their mass sensitivity at 107'8 grams.

Though the tension enhances the mechanical
response of the resonators, extracting the Young’s
modulus requires removing the tension, which we
accomplished through thermal annealing. Figure 4(e)
shows f, vs drum diameter for a 15-nm-thick film after
annealing in argon at different temperatures. After
annealing at 300 °C, the release of tension causes the
originally flat drums to buckle, meaning the flat-plate
approximation of Eq. (1) will not accurately describe
the resonance response. To more accurately extract
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the Young’s modulus, we use finite element modeling
(FEM) instead (Fig. 4(f)). Figure 4(g) shows the FEM
results after modeling 16 textured drums and reveals
that the modulus averages 185 GPa, which is approxi-
mately the same as steel.

SUMMARY AND OUTLOOK

Our work with chemically modified graphene
demonstrates the versatile nature of this material
system. At NRL we have developed a low-cost, large-
area deposition technique in which thin films are
readily fashioned for both electronic- and mechanical-
based devices. Not only do these films show promise as
the active area of conductance-based chemical sensors,
their large stiffness and low density make them feasible
for use in nanomechanical systems also. For sensing
applications, the relatively large number of chemically
active groups affords the possibility of covalent chemi-
cal functionalization for increased chemical or biologi-
cal selectivity. The nanomechanical experiments point
to the exciting opportunities afforded by chemically
modifying sp?-bonded carbon to form hybrid sp?—sp>
interbonded materials that exhibit both strength and
processability. Indeed, we foresee a bright future for
graphene-based technologies.
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The most fundamental prope rty exhibited by any physical system is causality: in essence,
cause must precede effect. The modern interpretation of causality sprung forth from Albert Ein-
stein’s classic, yet at the time of its publication controversial, work on Special Relativity, wherein
he postulated that the travel time of any signal cannot exceed the speed of light in a vacuum. The
same underlying physical and mathematical principles pioneered by Arnold Sommerfeld and Léon
Brillouin nearly a century ago that were used to quell Einstein’s critics and prove his assertions
continue to provide essential and intriguing insights into scientific phenomena of vital importance
to the U.S. Navy: acoustic propagation through highly dispersive subsurface bubbles and bubble
clouds in the ocean.

Since the commissioning of NRLs unique Salt Water Tank Facility in the late 1990s, NRL scientists
have conducted many experiments designed to investigate different aspects of acoustic propagation
in bubbly liquids. One of the major accomplishments of this facility in 2008 provided experimental
verification of an important correction to contemporary theories of acoustic propagation in bubbly
media. This correction has resulted in a causal self-consistent theory verified by both higher fre-
quency data taken in the Salt Water Tank Facility and historical data. Further observations have
elucidated some additional features that have significant implications upon acoustic signal propaga-
tion and suggest that despite many decades of scientific investigation, we have only begun to sketch
out a comprehensive description of the physical phenomena surrounding acoustic propagation in
the strongly scattering highly dispersive environment of bubbly media.
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Investigating Acoustic Causality in
Highly Dispersive Bubbly Liquids

G.]. Orris, M. Nicholas, and D.K. Dacol
Acoustics Division

before the 20th century. Linear acoustic propagation through subsurface bubble clouds in the ocean offers

Causality in nearly all physical systems has been a recurrent subject, often causing apparent paradoxes since

an especially challenging physical system within which to investigate issues of causality, and in the past has
had several competing fundamental theories. Signal travel times and absorption in such a system exhibit enormous
variations depending on the acoustic signal frequency, bubble size distribution, void fraction, and other ambient
physical parameters. We have found a correction to some contemporary theories of acoustic propagation in bubbly
media that has brought these theories into compliance with the physical law of causality. In doing so we have created
a self-consistent theory that also matches higher-frequency data taken in the NRL Salt Water Tank Facility, as well as
historical data. We have experimentally investigated this new theory and have observed some additional features that
have significant implications upon acoustic signal propagation and suggest that we have only begun to scratch the
surface of providing a comprehensive description of the physical phenomena surrounding acoustic propagation in

the highly dispersive environment of bubbly media.

INTRODUCTION

Einstein’s postulate that no physical process can
travel faster than the speed of light was disputed by
several leading physicists shortly after its publica-
tion. The main objection to the theory was based on
studies of existing dispersive metal compounds with
measured values for their phase velocities, where the
derived group velocities were greater than the velocity
of light in a vacuum.! The erroneous assumption in
the argument against Einstein’s postulate was based on
the original work of Stokes that stated the group veloc-
ity, dw/ ok, determined the velocity of propagation of
wavelike signals in any medium. The argument used to
object to Einstein’s postulate neglected two important
and omnipresent suppositions. The first supposition
was that any signal that can send information is by
necessity of finite length and, therefore, of infinite fre-
quency extent. The second supposition was concerned
with the experimental system, based on the interaction
of electromagnetic waves with metals, which generated
the data that were used to counter Einstein’s postulate.
This system had a significant degree of dispersion and a
highly frequency-dependent dispersion function. This
manifests itself within the model of electrons in metals,
which at that time were considered to behave classically
as damped harmonic oscillators.

These two points and their physical implications
were pointed out in a now classic set of companion

2009 NRL REVIEW

papers published in 1914 by Sommerfeld and Brillouin
that laid the theoretical groundwork for countless
developments in physics, information theory, and
engineering throughout the 20th century.>® Their
resolution to the neglected suppositions was based on
a detailed analysis of the definition of a wave pulse

of finite length and the signal’s frequency content for

a wave travelling in a dispersive medium. Using the
theory of complex analytic functions, they observed
that the dispersion formula, and, hence, the Fourier
integral defining the wave pulse at a future time and
position separated from the origin of the pulse, could
be shown to be analytic in the upper half complex
frequency plane. Thus it could be demonstrated that all
electromagnetic signals are undetectable until at least
such a time ¢ = x/c( has elapsed, where x is the distance
from source to receiver, and ¢ is the velocity of light

in a vacuum in the infinite frequency limit. Due to the
nature of the medium, instrumentation of infinite pre-
cision might be needed to detect the incoming signal
moving at that velocity for a given dispersive medium
and pulse carrier frequency. This requirement of analy-
ticity led Kramers and Kronig to separately derive their
now famous relation between the real and imaginary
parts of the dispersion formula.

From the standpoint of acoustic wave propagation
in any fluid, bubbles represent one of the strongest,
most ubiquitous, and complex extinction mechanisms.
These mechanisms can be modeled in much the same



way as the semi-classical electrodynamics systems used
to model the propagation of electromagnetic waves

in metals. Thus we are naturally led to ask if there is
an equivalent theory of causality, or in effect a “speed
limit,” of acoustic waves in a continuum mechanical
system, e.g., dispersive bubbly media, to that of the
electromagnetic case first investigated over 100 years
ago. Understanding the complex dynamics of bubbles
and the acoustic interaction with a bubble field is a
necessary first step in trying to model and measure the
propagation of an acoustic signal in or near a bubbly
medium or when creating new acoustic devices using
bubbles.

The ubiquity of bubbles in the ocean can be
imagined by noting that a single plunging breaker at
the ocean surface can generate hundreds of millions
of bubbles. While many of these bubbles are relatively
large and rise quickly to the surface where the bubble
wall collapses and the bubble ceases to exist, a signifi-
cant fraction of the bubbles are relatively small, with
average radii typically between 20 and 50 pm. These
small bubbles have a small buoyancy and can be mixed
into the upper surface of the ocean to form larger
clouds that can persist for many seconds and be forced
down to depths of 20 m or more by circulation cells.
The clouds typically have complex shapes and popula-
tion densities with horizontal scales from 1 to 100 m.

We are thus left with the following complex picture
of acoustic wave propagation in the upper ocean: the
acoustic medium is itself a semi-regular collection of
clouds with complex time-dependent spatial extent.
Not only does each bubble interact with an incoming
acoustic wave approximately as a damped harmonic
oscillator, but the injection of a gas into the liquid fun-
damentally changes the compressibility of the medium
in and near the bubble/bubble clouds. This changes the
acoustic phase velocity in and near the clouds, causing
them to become effective scatterers/resonators and
in so doing, provide for a broader range of scattering
scale sizes. Complicating the picture even further is
the fact that the phase velocity and associated medium
attenuation are highly dependent on the incident wave
frequency in a nontrivial and nonlinear way that causes
significant dispersion to occur. Thus it is imperative
that the dispersion and the fundamental limits that
causality places upon any theory of wave propagation
in a dispersive bubbly acoustic medium be understood
in full.

SINGLE BUBBLE OSCILLATIONS

Physically, a bubble exists because of the molecular/
atomic effects of surface tension at an interface between
two fluids. While large bubbles in water often exhibit
large fluctuations in the shape of this interface as they

FEATURED RESEARCH

are deformed due to nonuniform surface drag forces

in their eventual rise towards the surface, the majority
of oceanic bubbles (particularly those that persist) are
small, and small radial pulsations about an equilibrium
value are by far the most significant mode of oscillation
of the bubble interface. Furthermore, it has been exper-
imentally demonstrated that even extremely deformed
bubbles radiate acoustic energy very much as though
they were spherical, and undergoing a small radial
oscillation. Thus, the acoustic signature and natural fre-
quency of oceanic bubbles can be well approximated as
small radial pulsations alone governed by the Rayleigh-

4,5
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Plessett equation,™
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where ¢ is the phase velocity of sound in a quiescent
medium, R(¢) is the radius of the bubble as a function
of time, pp is the static equilibrium pressure inside the
bubble given by the static quiescent pressure external
to the bubble and the Laplace pressure p; = (26)/(Ry),
and P(¢) is the driving external pressure (acoustic) field.
Since the Laplace pressure is inversely proportional

to the radius of the bubble, it can have a substantial
impact on the dynamics of small bubbles. This added
pressure also causes the smaller bubbles to dissolve into
the solution at an ever-increasing rate, as the leakage of
the entrapped gas into the liquid is a strong function
of the internal bubble pressure. This causes the bubbles
to become smaller yet, increasing the internal pressure
even more, and hastening their dissolution. The second
effect is that the bubble’s natural frequency is modi-
fied as the bubble becomes effectively stiffer, effectively
increasing the apparent resonance frequency. The
Rayleigh-Plesset equation results in additional first-
order terms in the radial deflection that are complex
and thus result in energy dissipation.

The second dissipative effect on the acoustic field
when it encounters a bubble is the liquid’s viscosity.
The forced oscillations of the bubble wall necessarily
deform the liquid around the bubble wall. A volume
element of liquid near the bubble wall will deform as
the bubble expands and contracts, becoming thicker
with less solid angle upon contraction and thinner
with larger solid angle upon expansion. Energy in
the process is not conserved, as all deformations of a
volume element of a viscous liquid demand work. For
general small radial oscillations, the associated dissipa-
tion can be shown to result in a damping term of the
form 4wy, where U is the dynamic coefficient of viscos-
ity of the liquid.®
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The third dissipation mechanism of bubble
dynamics is the thermodynamics of the heat generated
as a byproduct of expansion and contraction of the gas
trapped in the bubble volume. This heat is conducted
from the internal vapor into the greater liquid thermal
bath (ocean). Early bubble acoustics either assumed
that the bubble oscillated in either an isothermal
or adiabatic process depending on the frequency of
ensonification. However, the actual heat transfer is
significantly more complicated and has far-reaching
consequences for acoustic propagation in a bubbly
liquid. Since the heat conduction takes some time to
travel to and from the bubble wall, there is a phase
delay between the total pressure field and the bubble
radius (or, equivalently, volume). If it is assumed that
the internal bubble gas can be treated as a polytropic
gas, then for small linear radial oscillations, the bubble
radius can be considered to have a form of R(¢) =
Ro (1 + X(¢)), where X(t) is a dimensionless small
harmonic perturbation. The pressure can then be given
similarly as P(¢) = Py (1 + ®X(¢)), where the factor @
is a complex function of the frequency, the equilibrium
bubble radius, the ratio of specific heats of the bubble
gas, and the diffusivity of the bubble gas through®’

D(w,R,) =
3y <

1+3(yg —l)ix(m,RO)[\/I/ix(m,RO) coth(\/l/ix(m,Ro))—l])

D (Vg — DTy
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where the subscripts “g” refer to the gas phase and p__ i

the quiescent pressure minus surface tension effects.

FROM THE ACOUSTICS WITH A SINGLE BUBBLE
TO THE ACOUSTICS OF A CLOUD

The transition from a single bubble to a collection
of bubbles follows along that of the two-phase fluid.
This results in a generalized wave equation for the pres-
sure in the liquid phase with an added term involving
the expansion and contraction of the bubbles, repre-

sented as a total change in macroscopic void fraction,®

iaz_P_Vzp_ aZB

 or? o>’
where [3 is the void fraction of the gas in the liquid and
p is the density of the liquid. When the bubble field can
be regarded in an isotropic and homogeneous system,
then 0?B/9¢* can be determined from the linearization
of the Rayleigh-Plesset equation with the added effects
of viscosity, surface tension, and finite conductivity

2009 NRL REVIEW

of the bubble gas. This effective medium approach
presents itself as a modified dispersion formula relating
the wavevector to all of the physical parameters, and is
neces9sarily a complex function reflecting the dissipa-
tion,
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where pgsp is the bubble size distribution and  is the
radial frequency of the driving acoustic wave. Here it
is evident that there are a significant number of physi-
cal parameters that affect acoustic wave propagation
in bubbly water and that even this theory represents
only a linear approximation to the physical reality.
How faithful this treatment of the problem is, whether
the behavior that this theory predicts represents a true
system that is causal, and what theoretical predictions
can be detected in the laboratory have been the focus
of research at NRL’s Salt Water Tank Facility, shown in
Figs. 1 through 3.

At very low frequencies, the system becomes iso-
thermal and the effect of the injection of a gas into
the liquid can be grossly regarded as a change in the
system’s mean compressibility and mean density that
result in Wood’s equation for the phase speed of the
combined liquid. The air (gas) phase in the two-phase
fluid has a high degree of compressibility compared
to the liquid. In the case of water, this ratio is approxi-
mately 10%. However, the mass density ratio is approxi-
mately 107> and thus is not changed significantly by the
inclusion of small amounts of gas. This combination
frequently results in an acoustic phase speed that can be
significantly lower than that of the gas alone.

If the bubble size distribution is relatively sharply
peaked, then there is a frequency regime that can be
identified with the resonance of a sizable portion of the
bubbles. This is manifest as a dip in the phase speed
curve to values even lower than that given by Wood’s
equation in the low frequency limit. Because the
bubbles are now responding via the Rayleigh-Plesset
equation as a damped resonating harmonic oscillator,
the bubble pulsations and, hence, the total radial deflec-
tions maximize. As this occurs, the volume fluctuations
maximize and, hence, thermal dissipation becomes a
significant loss mechanism.

Just above the resonance frequency we enter the
anomalous absorption regime where all of the loss
mechanisms, viscous, thermal, and radiative (scatter-
ing), are significant. This area is characterized by three
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FIGURE 2

Precision bubbler. This bubbler
consists of 3000 luerlock square
cut hypodermic needles glued into
a 2.5cm-thick Plexiglas sheet. This
sheet is bolted over a plenum box
weighted to be nearly neutrally
buoyant. Since the pressure is
nearly identical over all needles, the
rate of bubble formation and size of
bubbles is close to uniform.
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FIGURE 1

Exterior view of the Salt Water Tank, with
a small bubbler test tank on the left. The
main tank measures 6 m x 6 m x 4 m
deep, although typical water depth is 3 m.
The interior of the tank has 50 precision-
controlled airflow ports to allow for various
air injection mechanisms to be arranged
for each experiment. Barely visible at the
far left is the salt mixing tank used to mix
salt into the main tank to any desired level
of salinity. Visible through the Plexiglas
windows of the large tank is an ITC2010
acoustic source, used for much of the
experimental data below 10 kHz.
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dominant features. The first is the rise of the absorption
to very high levels that can approach hundreds of dB/m
for void fractions even as small as 10~%. The second
feature is a similar rise in the acoustic phase speed

that can be tens of thousands of meters per second for
similarly small void fractions (107%). This is due to the
bubble’s resonant frequency beginning to oscillate out
of phase with the incident acoustic wave driving the
small radial oscillations. As such, the medium stiffens
considerably with respect to the phase speed. The third
major feature is the significant departure of the acous-
tic signal velocity from the acoustic group velocity. The
group velocity, as a quantity derived from behavior of
the phase velocity, eventually passes through infinity to
negative infinity and back: clearly the wave propagation
velocity can no longer be approximated by the group
velocity and we must rely on a complicated determina-
tion of the signal’s velocity.

Far above resonance, the velocity of the signal
asymptotes with both the group velocity and phase
velocity to the quiescent medium’s speed of sound. Fur-
thermore, the attenuation becomes effectively constant
with frequency, signifying the dominance of scattering
as the loss mechanism at high frequencies. Here the
wavelength of the incident acoustic field in the medium
between the bubbles becomes significantly less than the
size of the typical bubble.

CAUSALITY AND THE ACOUSTIC
SIGNAL VELOCITY

If the dispersion formula as stated above is used
directly to calculate the phase speed, attenuation, and
group velocity of an acoustic pulse in a bubbly liquid,
then the problems seen a century ago by Sommerfeld
and Brillouin are essentially repeated, albeit with a
significantly more complex dispersion formula. The
bubbly liquid dispersion formula can be shown to be
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FIGURE 3

An [TC2010 acoustic source tethered in a
bubble cloud produced by aeration tubes
(which generate a log-normal bubble size
distribution). Much of the data is collected
under similar conditions to these. Here the
void fraction is only 0.001 with a mean
bubble radius of only 0.4 mm. Note that the
ascent of so many bubbles drags enough
fluid upwards to cause the source fo move,
and hence it is lashed to the side of the
tank throughout our experiments: precise
phase measurements can be made only
when the source and receiver positions are
well known. Typical data collection times
can exceed a week for each set of physical
parameters (temperature, salinity, void frac-
tion, etc.).

analytic in the upper half complex frequency plane.
Thus, Cauchy’s integral theorem trivially proves causal-
ity, as the Fourier integral describing the propagation
of an acoustic pulse is zero for times less than x/cy. To
determine the behavior of the signal as a function of
time for times equal to or greater than this, the behav-
ior of the dispersion formula in the complex frequency
plane must be determined in detail, and in general
the saddle point method can be used to determine the
propagation characteristics as a function of time. This
is because the lower half complex plane contains several
branch cuts that must be included in any calculation.
An example of a typical integration path using this
method is shown in Fig. 4. As in the electromagnetic
case, there are three different phases of an incident
signal’s arrival: the Sommerfeld precursor, the Brillouin
precursor, and the signal. The first two are dependent
upon the behavior of the dispersion function in the
complex plane near the point at infinity and the origin,
respectively, and hence are independent of the source
characteristics (i.e., frequency).>>° The actual signal
arrival is determined by the crossings of the saddle
point integration path (which is a function of time,
distance, and the physics of the propagation medium)
with the abscissa. If a portion of the signal’s spectrum
exists at this crossing, then there will be a simple pole
in the Fourier integral, requiring an altering of the
integration path around the pole to exclude it from
the integration region. The consequences of this are a
dominating contribution to the integral at that point
and the arrival of energy with that frequency.’

EXPERIMENTAL EFFORT IN THE SALT
WATER TANK FACILITY

Since the surface tension of water is affected by
the presence of salt, the bubble size distribution found
in saline environments is different from that found in
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Real (left) and Imaginary (right) density plots of the complex phase function in the complex frequency do-
main. The Saddle Point Method of calculation of the Fourier integral defining the signal as it travels in time
and space is determined by the shape and value of the functions shown here. The white loops around

the branch cuts are the paths of integration for a specific time and distance from the source. Frequencies
on the real axis that are intersected by the curves can have arrival times at distance x, thus defining the

signal velocity of that frequency.

fresh water. However, the violent nature of the bubble
entrainment mechanisms found in the open ocean
tends to break up larger bubbles until the external
turbulent forces no longer have sufficient force to over-
come the surface tension. The Salt Water Tank Facility
(SWTF) at NRL (see Figs. 1 through 3) was specifically
constructed to test acoustic propagation in bubbly salt
water to fully verify and validate theoretical predictions
of acoustic wave propagation in bubbly water relevant
to oceanic environmental conditions.

The SWTF consists of a vinyl-coated steel walled
tank measuring 6 m X 6 m X 4 m deep, with 12 clear
Plexiglas windows in the tank walls, each window being
3 m X 1-1/2 m X 10 cm thick. Within this tank, we used
50 fabric-coated aeration tubes, each one 5 m long,
placed 10 cm apart on the tank floor and fed from both
ends by a filtered compressed air supply. These tubes
continuously injected bubbles of a wide size distribu-
tion into the water volume, which would then rise to
fill almost the entire volume of the tank. Depending
on the air overpressure applied to the aeration tubes,
the tank would contain from 7 to 70 million bubbles,
which translates into void fractions of between 0.0002
and 0.002. At the center of the water volume we then
used acoustic transducers to transmit narrowband
acoustic signals, which we would then detect on hydro-
phones positioned at precisely measured distances from
the sources. The time of flight and received intensity
were measured directly from a comparison of the data
recorded at a monitoring hydrophone placed next to
the source and those recorded at the various receivers.
The absolute phase of the signal’s carrier frequency at
the receiver can be inferred from the data and the phase
velocity thus determined. Comprehensive acoustic data
sets were collected for several void fractions between

0.0002 and 0.002, multiple salinities, and covering
frequencies from 1 kHz (which is far below bubble
resonance) up to 100 kHz (which is far above bubble
resonance) in 100 Hz increments. Coincidentally, an
underwater camera was used to capture bubble images
alongside a calibration scale, and these were later used
to generate numbers for the bubble size distributions,
and to verify the void fraction measurements made
from air flow meter and bubble rise time measure-
ments.

[Sponsored by ONR]
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The Gamma Ray SKy as Seen by Fermi

the high energy space environment in gamma rays. Its
primary instrument, the Large Area Telescope (LAT),
boasts unprecedented sensitivity as it surveys the sky in gamma
rays, which are particles of light with energies from tens of
millions to hundreds of billions of times greater than those we see
. with the human eye. NRL designed and built the LAT calorimeter,
which measures gamma energies, and it has already enabled
NRL researchers to study newly observed phenomena from
sources as close as the Moon and Sun to others as far as the
most distant galaxies. Within our own galaxy, LAT has discovered
dozens of new pulsars, stars whose repeating emissions can be
used as ultra-precise chronometers.
Measurement of gamma radiation provides unique insight
into the most energetic processes operating in our universe,
yet this radiation cannot penetrate the Earth’s atmosphere.
Since the 1960s, scientists have attempted to study the sky in
gamma rays, first from balloons, then from satellite instruments,
and finally from advanced space telescopes. The Fermi LAT
has transformed gamma ray observations from the equivalent
of grainy black and white snapshots to the equivalent of high
definition color movies.

NASA’S Fermi Gamma-ray Space Telescope is exploring
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Opening a New Window on the
High Energy Space Environment
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energy space environment in gamma rays. Successfully launched from Florida on June 11, 2008, the spacecraft and

The Fermi Gamma-ray Space Telescope, NASA’s newest observatory, has begun its mission of exploring the high-

its instruments passed their orbital checkout and commissioning with flying colors. Fermi’s primary instrument, the
Large Area Telescope (LAT), is now surveying the gamma-ray sky at energies from tens of millions to hundreds of billions
of times greater than those we see with our eyes. With its unprecedented sensitivity and sky-survey viewing, the LAT is
revolutionizing our understanding of the near-Earth environment and distant universe in energetic gamma rays, the most
penetrating type of electromagnetic radiation. NRL scientists designed and built the LAT calorimeter, which measures the
energies of the gamma rays, and led the commissioning of the LAT on orbit. NRL also provided facilities and technical
support for the environmental testing of the instrument and observatory.

WHY OBSERVE IN GAMMA RAYS?

For the last 400 years, astronomers have observed
the sky using the latest technology to understand the
fundamental processes that drive the Sun, the solar
system, and the distant stars and galaxies. Observations
from radio waves through X-rays have shown that the
bulk of the emission from the Sun and stars is thermal
radiation, but they have also revealed unexpected non-
thermal processes associated with highly relativistic
particles. Well above the thermal regime, gamma-ray
observations are a direct probe of radiations from
the most energetic, non-thermal processes operating
throughout the universe — in our Sun, around highly
magnetized neutron stars, in jets from black holes and
exploding stars in our Milky Way galaxy, and in jets
from distant galaxies.

Glimpses of the sky in gamma rays have come from
pioneering balloon flights and the OSO-3 spacecraft in
the 1960s, from SAS-2 and COS-B in the 1970s, and the
EGRET telescope on the Compron Gamma Ray Obser-
vatory in the 1990s. In mapping the full sky, EGRET
expanded the list of gamma-ray sources to a few
hundred objects. However, because of the limited sensi-
tivity and long exposures required to make those maps,
we have only modest snapshots of the non-thermal
engines that drive these objects. Now the technology is
in place with the Fermi Large Area Telescope (LAT) to
take what amounts to color movies of the most violent
and extreme environments in the universe.

We can find an example of energetic, gamma-ray-
producing processes close to home, in solar flares. Solar
flares are explosions that occur in the atmosphere of
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the Sun, emitting radiation over the full range of the
electromagnetic spectrum, from radio to gamma rays.
The energy released in a solar flare in a few tens of
seconds can be greater than 10°2 ergs, enough to meet
the energy demand of the United States for 100,000
years. At the Earth, the phenomena can disrupt radio
communication, damage satellites and destabilize their
orbits, cause failures in long-distance power lines,
change the terrestrial magnetic field, and even endanger
astronauts. The potential impact of such solar activity
on DoD assets and enterprises is clear.

High-energy gamma-ray observations of solar
flares will open a new, unexplored energy domain for
flare science, possibly revealing new processes associ-
ated with ion acceleration, transport, and interaction
in flares. It will certainly provide critical additional
tests and constraints on our understanding of the flare
process.

THE FERMI GAMMA-RAY SPACE TELESCOPE

Gamma rays are the most energetic and most
penetrating type of electromagnetic radiation and have
no trouble crossing the billions of light-years through
most of the visible universe or passing through dust
lanes and gas clouds that block X-rays and most lower-
energy radiations from reaching us. Nevertheless, they
cannot penetrate the dense atmosphere of our Earth.
To see them, we have to launch specialized telescopes
into space.

The Fermi Gamma-ray Space Telescope, known
before launch as GLAST, the Gamma-ray Large Area
Space Telescope, carries two scientific instruments cov-



ering more than a factor of 10 million in energy across
the electromagnetic spectrum. It is the first gamma-ray
observatory to survey the entire sky every day, and the
first with high sensitivity. As such, it provides a unique
opportunity to study the ever-changing universe at
extreme energies. Figure 1 shows the Fermi telescope
being prepared for launch, and Fig. 2 shows the June
11, 2008, launch of the Delta II rocket that bore the
Fermi telescope.!

The primary instrument on Fermi, the Large Area
Telescope, is a state-of-the-art, wide-field-of-view
imaging spectrometer for high-energy gamma rays
from approximately 20 million electron volts (MeV)
to greater than 300 billion electron volts (GeV), to use
the conventional units of energy in this regime. (For
comparison, photons of visible light have energies of
a few eV.) The LAT will collect more than 100 times
the number of gamma rays of the previous-generation
instrument, the Compton EGRET, more than 30 million
every year. Its field of view (FOV)) covers approximately
20 percent of the sky at a time — roughly the same as
the human eye — and it surveys the entire sky approxi-
mately every 3 hours. This capability is extremely
important, as one of the primary conclusions from
EGRET was that the gamma-ray sky is extraordinarily
variable. Every week, the LAT achieves the same source
sensitivity that EGRET reached only after its entire
nine-year lifetime.
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The 3000-kg LAT was designed and manufactured
by an international collaboration under the leadership
of Stanford University. The Stanford Linear Accelera-
tor Center (SLAC) managed the overall program and
integrated the substantial hardware contributions from
institutions in France, Italy, Japan, Sweden, and the
United States.

HOW THE INSTRUMENT WORKS

Far too energetic to be focused or captured using
conventional optics, gamma rays require technology
adapted from ground-based particle accelerator experi-
ments and medical imaging systems. A high-energy
gamma ray interacts with matter by converting some
of its energy directly into a matter and anti-matter pair
of charged particles, an electron and a positron. The
remainder of the energy of the gamma ray becomes the
kinetic energy of the electron-positron pair and carries
the pair forward in the direction of the gamma ray at
ultra-relativistic speeds. By tracking the electron-posi-
tron pair, we can therefore measure the direction of the
incoming gamma ray. As the pair passes through more
material, it multiplies and cascades into a family of
charged particles and photons in an “electromagnetic
shower,” depositing its energy in a well-understood
profile. By measuring the profile of energy deposition,
we can measure the energy of the original gamma

FIGURE 1

The first half of the payload fairing is
moved into place around the Fermi
observatory as the vehicle is prepared for
launch. (Credit: NASA - Jim Grossmann.)
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FIGURE 2

Fermi Gamma-ray Space Telescope launches from the Cape
Canaveral Air Force Station aboard a Delta Il Heavy rocket
onJune 11, 2008. (Credit: United Launch Alliance — Carleton
Bailie.)

ray. Celestial gamma ray sources are, unfortunately,
not particularly bright objects, and their emissions
are dwarfed by high fluxes of charged particles in low
Earth orbit. Therefore, a gamma ray telescope must
be extremely efficient at identifying and rejecting this
charged-particle background.

Following on these concepts, the LAT (see Fig. 3)
consists of three detector subsystems — a tracker
to convert the gamma ray and image the electron-
positron pair, a calorimeter to measure the energy and
profile of the electromagnetic shower, and a covering
anti-coincidence detector to help identify background
charged particles. The tracker contains multiple layers
of thin tungsten foil converters and silicon strip detec-
tors to track the electron and positron. The calorimeter,
which was developed and assembled at NRL, consists
of multiple layers of scintillating cesium iodide crystals,
which are dense enough to develop and contain most
of the electromagnetic shower.

The shower of particles through the cesium iodide
produces flashes of scintillation light proportional
to the energy deposited in the crystals. This scintilla-
tion light is then converted by photodiodes bonded
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FIGURE 3

Artist's rendering of a gamma ray converting into an
electron-positron pair within the Large Area Telescope
tracker. Precise measurement of the direction of the

pair in the tracker gives the direction of the incoming
gamma ray. The pair propagates into the calorimeter
and cascades in an electromagnetic shower (not shown)
that deposits the energy of the gamma ray into the
calorimeter. The tracker and calorimeter are modular
assemblies of 16 identical towers.

to each crystal into electrical signals that are digitized
and recorded on board. The cesium iodide bars are
arranged in two orthogonal directions (see Fig. 4) to
image the development of the shower within the calo-
rimeter — improving the energy measurement — and
to help reject background particles, since their pattern
of energy deposition is different from that of gamma
rays.

The accuracy of the energy measurement is largely
determined by the ability of the calorimeter to collect
all the energy from the cascade of particles in the
electromagnetic shower. The penetrating nature of
these particles means that a massive detector is required
to stop or capture them. The LAT calorimeter is assem-
bled from more than 1500 thallium-doped cesium
iodide, CsI(TI), crystals totaling 1350 kg, about half of
the weight of the entire LAT instrument.

Because the gamma-ray flux from celestial sources
is small, gamma-ray telescopes must be very large: the
square LAT “aperture” is 1.8 m on a side. Even in this
large, state-of-the-art telescope, the brightest persis-
tent celestial source registers only one photon every 4
minutes, and the total rate of celestial gamma rays in
the LAT FOV is only about one per second! (Transient
events such as solar flares and gamma ray bursts can,
however, be orders of magnitude brighter.)

Digitized signals from the calorimeter, tracker,
and anti-coincidence detector are processed by the
LAT’s three onboard computers. Conservative pattern-
recognition algorithms developed from extensive



FIGURE 4

Exploded rendering of a calorimeter module containing an
array of Csl(T1) scintillating crystals with electronic readout. The
full calorimeter consists of 16 of these modules.

Monte Carlo simulations