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nherent to Sandia National Laboratories’
I Laboratory Directed Research and

Development (LDRD) program are the two
strategic goals of nurturing our workforce’s core
science and technology (S&T) expertise and supporting
Sandia’s national security missions. In these contexts,
LDRD investments often provide the stimulus,
sometimes the blueprints, and occasionally even the
explicit methodologies for the innovative technical
solutions that shape our nation’s defense, security, and
economic well-being. As Sandia’s sole discretionary
research and development (R&D) program, LDRD is
foundational to the future of the Laboratories’ ability to
provide “exceptional service in the national interest.”
Sustaining exceptional service implies ongoing,
uninterrupted discovery and innovation against the
backdrop of a world whose only certainty is change.

The impact of LDRD R&D on Sandia’s missions
and its contribution to the nation’s security is
multidimensional, taking forms as varied as the projects
themselves. For example, recent LDRD investments
in biosciences have enabled Sandia to bring applicable
R&D skills to biomedical research, investments that
may lead to the development of capabilities for very
early diagnosis of illness — presymptomatic diagnosis,
a notion that was barely conceivable 30 years ago. In
the area of high performance computing (HPC), LDRD
has long supported the development of novel modeling
and simulation tools that have won multiple R&D 100
awards for innovation and utilization by the broader
HPC community. Transfer of these technologies allows
end users, engineers and manufacturers to predict
the performance of their products with minimal
expenditures in actual field testing. LDRD activities

also promote workforce development by providing the
opportunity for technical staff, whether existing or
new hires, to engage in cutting-edge R&D in response
to the ever-challenging world of change that offers
context for their work. For example, groundbreaking
research efforts in the fields of optoelectronics,
materials science, and microelectronics have led to
new scientific discoveries and strategic partnerships
with DOE, DHS, DOD, EPA. Finally, LDRD is the
incubator for many innovative technical solutions for
some of our most pressing national security problems.
Research in sophisticated detection technologies,
such as advanced radars, chemical detectors and
microelectromechanical systems, have — subsequent
to their genesis in LDRD projects — been incorporated
into direct program activities and refined for specific
mission applications.

Driving all LDRD-directed research is, above all,
a vision for a more-secure, more-prosperous future.
While national security innovations cannot be planned
nor legislated,” the flexibility and forward-looking
nature of the LDRD program enables the Labs to
accomplish long-range, innovative research that direct
program funding is simply unwilling or unable to
pursue. LDRD anticipates solutions to future mission
needs by validating the fundamental hypotheses
and creating the core technologies from which such
innovations can arise. LDRD activities produce major
scientific achievements and new S&T capabilities, lead
to the creation of new programs, develop new strategic
partnerships, and accelerate technology transfer. The
case histories in this publication amply illustrate both
these contributions and the great service that LDRD-
funded research provides to the nation. %

Letter from President Harry S. Truman (1949) to AT&T president offering the company an
“opportunity to render an exceptional service in the national interest” by managing Sandia National Laboratories.

2 “None of the most important weapons transforming warfare in the 20th century - the airplane, tank, radar, jet engine, helicopter, computer, not even the
atomic bomb - owed its initial development to a doctrinal requirement or request of the military.” John Chambers, ed., The Oxford Companion to American

Military History
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Introduction

The Laboratory Directed Research & Development
(LDRD) program was the vision of a long list of
federal government agencies who felt that, at its
core, scientific innovation and creativity most
commonly emanated from researchers themselves,
and that competitive funding of such activities lay
at the heart of cutting-edge science and technology.
To demonstrate the impact of that research upon
both Sandia National Laboratories and the Nation,
we have proffered twelve case studies of LDRD
programs, showing their evolution from concept to
initial technical results and to current theoretical and
practical capabilities.

From the days of da Vinci, Galileo, and Newton,
science has been an independent activity, freely
performed by patrician scientists or funded by their
benefactors, both parties driven by incredible curiosity
to study problems and reveal mechanisms operational
in the natural world. Scientists often labored alone,
supported by the few writings that Greek and Arab
sages had left them. Universities encouraged this
style of work, independent, sometimes in small
groups, studying questions that humans had been
asking for ages. The result was a pattern of work
leading from scientific ideas birthed by the few to
research performed by the many, the foundation of the
scientific method.

In 1954 the newly formed Atomic Energy
Commission (AEC) was tasked to provide “a program
... fostering research and development in order
to encourage maximum scientific and industrial
progress.” In 1974 the AEC was reorganized, and three
years later, the Energy Research Act was passed with
a little-noticed paragraph advocating a new approach
to research. PL 95-39 stated that “Any Government-
owned contractor-operated laboratory ... may. .. use
a reasonable amount of its operating budget for the
funding of employee-suggested research projects up
to the pilot stage of development.” After thirty years
of government-sponsored research, this legislation
rekindled the age-old approach that ideas springing
from the researchers themselves needed to be a part of
the R&D mix in national laboratories.

The formal incarnation of the LDRD program
occurred in 1991 under the National Defense
Authorization Act. Section 3132 explicitly authorized
laboratory-directed research and development at all
DOE GOCO labs and devised funding to derive from
up to 6% (equivalent 8%, loaded) of all lab-targeted DOE
national security dollars. While that percentage has
varied and despite limitations, the program stands today
quite the same as it was originally conceived.

The value and impact of a government or industrial
R&D program manifests in a multitude of ways. New
solutions bring the national laboratories different skills
and capabilities that both solve existing problems and
address problems heretofore believed insoluble. They
thus result in operational changes in our national
security systems and in new programs and program
funding. The face of warfare changes from intelligence
gained on the field to images sent back from Unattended
Aerial Vehicles. Communications move from delicate
desktop electronics to radiation hardened CPUs on
earth-orbiting satellites. Chemical sensors evolve
from bulky bench-top devices to hand-held, 1-minute-
analysis chem labs on a chip, sniffing out toxic terrorist-
delivered vapors.

Impacts also take the form of increased patent
activity, R&D100 Awards, and a growth in the number
of publications and citations. Lastly, LDRD provides
early career employees the opportunity to prove
themselves in the arena of competitive proposal
funding, to remain intellectually invigorated, and to
leave behind a legacy of innovation.

Not all LDRD projects were as successful as those
herein, but that process of weeding-out successes and
failures is integral to high-quality science, in which
we learn as much from the hypothesis disproved as
from the hypothesis confirmed. These projects and
programs are the paradigm for R&D investments.
They exhibit the means by which research takes risks
in extrapolating prior results and in intuiting new
problem-solving directions. We at Sandia hope they
demonstrate the nucleus of an idea generated by one
person, communicated to others, and performed by
multidisciplinary teams, by which we may grow as a
community and thrive as a nation. *

LDRD Impacts on Sandia and the Nation 5
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Fine-sculpting the Details
on a Classic
Synthetic Aperture Radars

Imagine waves of Nazi bombers flying across
the English Channel, undetected, leaving the
British with no means to prepare themselves
for the defense of their homeland during
World War II. Gratefully, however, during the
mid-1930s, Robert Watson-Watt of the British
Radio Research Station had first demonstrated
the capabilities of radar for aircraft detection.
This led to the famed Chain Home pulsed
radar established along England’s southern and
eastern coasts to search for incoming aircraft.
It is conceivable that the Battle of Britain might
have turned in favor of the Nazis, changed the
course of history, had it not been for the ability
of the British military to adapt the theoretical
basis for radar into functional radar —
detectors alerting them to implement defenses
against the Nazi bombings — and assisting the
citizens of England to take timely measures to
withstand those attacks.

During the post-war 1950s timeframe,
a key radar development occurred at the
Goodyear Aircraft Co. in the form of Synthetic
Aperture Radar (SAR). SAR quickly became
an alternate imaging modality to airborne
photography, able to see through clouds and
operate during inclement weather. By the
1980s, SAR’s initial resolution in the 10s of
meters had been improved to a remarkable 30
cm (approximately capable of distinguishing
two objects only about one foot apart). The
development of maneuvering re-entry vehicles
with long flight times and targeting scenarios
requiring higher precision than possible
from inertial navigation were being explored,
demanding full radar imaging for guidance
and course correction. This issue and other
factors concerning a requirement for greater
targeting precision than possible with inertial

8 SANDIA NATIONAL LABORATORIES

navigation comprised one set of SAR drivers.
SAR’s additional importance to large-area
image formation and terrain profiling ensured
its sponsorship. This combination of factors
drew Sandia scientists and engineers into the
SAR arena by the early 1980s.

Sandia’s 25-plus-year role in SAR includes
contributions in antennas, miniature
electronics, precision navigation, guidance,
and digital signal processing. In turn, LDRD’s
impact on SAR has taken many forms, but
in most cases has served as enabler of new
technologies, permitting drastic improvements
in resolution, size and weight, image quality,
and processing speed. As early as 1983, Sandia
was investing in an improved SAR-based
directional altimeter, with improvements
in terrain mapping, strip image mapping,
and real-time processing following shortly
thereafter. SAR systems take advantage of
the long-range propagation characteristics of
radar signals and the information processing
capability of modern digital electronics to
provide high-resolution imagery, in real time,
with minimal constraints on time-of-day
and atmospheric conditions — SAR can see
through clouds and smoke — and leveraging
the unique responses of terrain and cultural
targets to radar frequencies.

Most commonly implemented by an
aircraft, SAR transmits a wide-bandwidth
radar signal and then receives a radar echo
(returned signal) from an array of objects
scattered along the ground, below. Each ground
point returns a radar signal over a large angular
sector, and the airplane acts as an extended
antenna by continuously collecting data along
its flight line, albeit at slightly different times.

An MQ-1 predator, Unmanned Aerial Vehicle (UAV), exemplifying the type of carrier that might be utilized for

current iterations of Sandia’s miniSAR radar package.

This effectively produces a receiving radar
aperture that may be hundreds of meters

long or more — the synthetic aperture. By
analogy, imagine holding the shutter open on
the lens of your digital camera, pointed out
the passenger-side window as your friend’s

car moves along a road. Image after successive
image would register on the camera’s chip,
each superimposed on the prior images. Your
lens has become super-wide-angle, taking-

in much more territory than it otherwise
could, but the photographic information on
the chip is a tangled mass of images — which
could be untangled, if the camera “knew”
exactly at what instant of time each image

was captured. In the same sense, for the
successively collected radar echoes in SAR,
reconstruction algorithms must piece together
the reflections from the many points on the
ground, recovered over an airplane’s flight line,

and produce full 2D and 3D images in nearly-
real-time.

In addition to resolution and operational
speed, it was physical size that explicitly began
to drive SAR modifications. During 1986-1991
the US Army sponsored development of
STARLOQOS, a real-time SAR with image-
formation and automatic target recognition of
multiple and simultaneous targets. At 500 Ib,
this system was a significant improvement over
the prior 2000-1b SAR, which did not offer real-
time processing of SAR imagery. But power
requirements were high, and antenna gimbals
had relatively short lifetimes. In 1996, General
Atomics Inc. (GA) initiated the Lynx program
to reduce system size and weight, even further
in order to accommodate the small unmanned
aerial vehicles (UAVs) entering common use.
Sandia delivered the first prototype compact

LDRD Impacts on Sandia and the Nation 9
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A Sandia staff member mounts a miniSAR package on an unmanned

aerial vehicle.

SAR to GA in 1999. The sensor offered one-
to ten-foot resolution stripmap capability
and spotlight (higher-resolution, single-

area imaging) resolutions as high as four
inches, with a maximum range of 25 to

85 kilometers. Lynx® was packaged in two
subassemblies, eventually weighing less than
85 1b. Sandia’s relationship with GA and the
Lynx radar continues to this day.

As regular sponsors worked to build more-
effective operational SAR systems, LDRD
began to fund many improvements, which
further reduced package weight, and also,
added multiple new imaging capabilities.
With the advent of UAV-mounted SAR came
both further size reduction and the ability
to image moving targets, creating true radar
videography. In FY 2000, a three-year LDRD
project aimed at improving system efficiency
and reducing size and weight was accompanied
by a supplementary LDRD to fabricate a
new compact digital receiver, a miniaturized
waveform synthesis prototype, and an
advanced application-specific integrated
circuit. To complete size reduction and
enhance on-line processing, an FY2004-2006
LDRD developed a highly modular software
architecture and advanced image formation
algorithms for lower-resolution images.
Together, these efforts enabled the first
demonstration of the Sandia MiniSAR, a fully
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functional radar with a total weight of less than
30 Ib, which first flew in 2005.

MiniSAR required several more steps
to truly demonstrate its value. During
FY2004—-2006, an LDRD drove down
processing time and continued to reduce
size. It developed new image-formation
algorithms and implemented miniaturized
field programmable arrays to speed image
reconstruction. Smaller electronics along
with enhanced autofocus algorithms further
reduced size. MiniSAR exhibited unequaled
image quality and resolution, achieving four-to
five-fold reductions in size, weight, and cost,
while providing the nation with a SAR offering
stunning new applications for tactical warfare
systems.

LDRD has also pursued real-time scene
imaging — the ability to provide continuous
imaging, a video, of moving targets on the
ground. An FY2001-2002 project focused on
speeding data acquisition so that images could
be processed and reconstructed at video rates.
The project team was able to demonstrate the
capability for collecting VideoSAR data in
several modes and automatically processing
these images to any azimuth resolution and
pixel spacing. However, VideoSAR images
contained so much information that radar
operators and ground stations were unable
to absorb them in real time. In response, new
graphical user interfaces were developed to
visually queue users to moving targets by
way of tracking algorithms able to display
the direction, speed, and size of a moving
target. Developers expect to incorporate the
capabilities generated under this project in
most future SAR systems.

The most recent LDRD projects have
concentrated on developing better moving-
target imaging and improved image resolution.
For example, “Enhanced Inverse SAR” (ISAR)
seeks to coherently process a set of radar-
pulse echo data to image a target object whose

*
wi
&
L4
L
-
;

L

oy

SAR Image of the riparian ecosystem (“Bosque”) and farmlands bordering the Rio Grande River. Both front and

rear covers of this publication show SAR images of Washington, DC.

motion is unknown, data-driven algorithms
compensating for the relative motion between
radar and target. Another recent LDRD is
attempting to lower the spectral noise floor
and sustain the exceptionally high dynamic
range expected in SAR systems, perhaps
ultimately permitting the clear discrimination
of images of small targets in an urban
environment or other cluttered landscape.

The LDRD program has helped to drive
the maturation of Synthetic Aperture
Radar at Sandia from the physically
massive system of the past to the miniature
system of the present, while maintaininig
extraordinary image quality, enabling the
Laboratories to offer the nation capabilities
that were otherwise unexpected, by
combining small size with a UAV platform.

LDRD projects have reduced size and

cost while concomitantly increasing
performance, adding video capabilities

to extraordinary resolution. Against an
operational platform provided by agency
sponsors, LDRD’s complementary offering
became the ingenuity to both technically
innovate and to spotlight new applications.

From the early radars of the Battle of
Britain to today’s remarkable technology,
MiniSAR systems, often flying on UAVs,
are now crucial to the war against global
terrorism, including the security of US
borders. Future applications, such as
search-and-rescue, ensure that Sandia’s
investment in SAR will both continue
operationally and will continue to pay
dividends to the nation. *

LDRD Impacts on Sandia and the Nation
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Securing Our
Infrastructures
NISAC

Microeconomics, energy supply
availability, border security, and most
importantly, communication infrastructure
as it interconnects all other critical US
infrastructures: these are but a few of the
national-security areas impacted by the
modeling efforts of National Infrastructure
Simulation and Analysis Center (NISAC).
Established by Sandia and Los Alamos
National Laboratories in 2000, and currently
funded by the Department of Homeland
Security’s (DHS) Office of Infrastructure
Protection, the center’s roots were nourished
by ingenuity and foresight dating back to a
spate of LDRD-funded projects in the mid-
to late-1990s.

Moreover, LDRD continues to fund
leading-edge forays into modeling initiatives
that both support NISAC efforts, and
— according to manager Lillian Snyder
— support the advancement of staff and
program capabilities amid a seemingly
endless natural disaster—provoked flurry
of demands for near-instantaneous event
analysis. As evidenced by the mathematical
complexity of NISAC’s models, each
infrastructure represents a complex adaptive
system — much like a human body, or
an ecological community. As such, these
systems are susceptible to remarkable and
often counterintuitive and unanticipated
evolutionary outcomes, as well as to
cascading failures, be they organ failure,
biological extinction, influenza epidemics,
electrical blackouts, or liquidity loss in

SANDIA NATIONAL LABORATORIES

payment systems. One key revelation of late-
20th Century Dynamical Systems Theory
mathematics is that such systems, natural
and man-made alike, can be similarly
modeled, yet are fraught with uncertainty,
accessible only to probabilistic prediction.

Now occupying its own edifice on the
Sandia, New Mexico, campus (the first building
funded by DHS), NISAC’s roots in LDRD
were extensively ramified through a fertile
soil of ideation — the realization by Snyder
and other Sandia staff of the critical nature
of cybersecurity, underpinning all other US
infrastructure security. President Clinton had
defined eight critical infrastructure areas,
but much of that infrastructure was under

A NISAC model of the interactions among

global markets.

private ownership and much of that ownership
was narrowly focused on its own slice of the
market. By contrast, Sandia staff perceived that
the interconnectivity among these physical
and economic entities was already large and
“growing exponentially,” according to Snyder,
and that a national laboratory was well-
positioned to see the overview.

Hence LDRD-funded projects in 1996
through 1999, focusing on decision support
systems for physical infrastructures and
on modeling interdependencies in US
infrastructures, resulted in the identification
of key modeling approaches such as agent-

based modeling and risk-based characterization
of vulnerabilities. For example, a mid-

1990s initiative, ASPEN, an agent-based
simulation model of the U.S. economy, began
to interrogate the strategy of developing
quasi-independent software agents. Each

such agent possessed built-in reasoning and
evolutionary learning-algorithm capabilities
representative of decision-makers in a variety
of critical infrastructure networks such as the
electric grid, fuel-supply, rail transportation,
banking and finance infrastructure. This
multiple-microeconomic-agent course began
to permit researchers to use massively parallel
computing resources to simulate the critical

LDRD Impacts on Sandia and the Nation
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Water Supply Electrical Emergency Communications Gas & Oil

Systems Energy Services Storage &
Delivery

The diversity of infrastructural elements modeled by
NISAC in the context of global interconnectivity.

interdependencies that, in the real world, can
have devastating domino effects in major
crisis situations. The approach represented

a significant departure from prevailing
macroconomic modeling. An overarching
theme was that the communication
infrastructure and its vulnerabilities were

a key to interconnecting the other critical
infrastructures. Today’s preponderance

of internet-based communication and the
astounding growth of internet-based business
transactions are testament to the prescience of
these premillennial LDRD-funded projects.

Beyond interdependency, another
developing theme became fast-analysis of
emergency-response situations. During the
California energy crisis of 2000-2001, for
example, a fast-analysis infrastructure tool
— one that linked up existing predictive
tools — was developed and utilized. This
prototype of what would become NISAC’s Fast
Analysis Infrastructures Tool (FAIT) allowed
infrastructure owners to submit situational

14 SANDIA NATIONAL LABORATORIES

Banking & Government
Finance Operations

Transportation

information and obtain predictive answers,
in response.

At its inception, NISAC was funded in the
Federal budget by a relatively meager allocation,
split between Sandia and Los Alamos. But with
the events of 9-11-2001 came DHS and the
inclusion of NISAC into the executive order
that created the new federal agency. An annual
allocation of $16 to 25M has been written into
the DHS budget to support the center’s activities
since DHS was established. And although
ASPEN has continued to evolve and, in its ever-
refined versions, finds application to a diversity
of modeling initiatives, some LDRD funded,
NISAC itself has assembled an impressive
variety of modeling and simulation tools for
use by both its own staff and by geographically
separated decision-makers who must collaborate
in crisis management. Frequently, with 17
areas of infrastructure analysis, simulation
and response, the center’s activities demand an
amazingly rapid response based upon predictive
tools such as FAIT and the Secure Synchronous

Collaboration framework, part of the agency’s
mandate to provide real-time assistance to crisis
response organizations.

In some sense, this increases the demand
for assistance by LRDR-funded projects to
help scientists extend the range of possibilities
inherent in their modeling toolboxes through
developmental research, initiatives that
provide resources for policymakers over
the longer term. For example, N-ABLE
models the economy at the microeconomic
level of individual businesses, answering
economic policy questions about the effects
of infrastructure disruption, while N-SMART
focuses specifically on the effects of disruptions
in the communications infrastructure.

NISAC’s current Port Operations Simulator
tool evaluates the short-term effects of
shipping container and port security policies
on port operations, and together with its
Economic Simulator, attempts to uncover
potential problems in port-related national
security and international trade policies and
to unearth viable solutions before problems
occur. Developmentally underpinning such
current software toolboxes are projects such
as the Borders Grand Challenge (2002 through
2004). That LDRD-funded project assembled
comprehensive simulation capabilities that took
into account an enormous range of positive
and negative impacts in allowing modelers to
predict the outcomes of possible scenarios —
including a diversity of sensor interrogations
— for controlling the flow of individuals and
goods across US borders by land, sea, and air.
Delays, operational costs, altered incentives to
suppliers and shippers to utilize such portals
all factor into potential impacts, and of course,
potential national security outcomes. One
can barely imagine the number of possible
permutations, making it clear why such
models demand such huge investments in
computing power. The Grand Challenge was
able to develop “high-quality targeted studies”
according to project manager Dan Horschel.

NISAC model of banking transactions

E Ao

Predictive simulation of Gulf-Coast hurricane impacts

What remains is an as yet unrealized need
for extension of the research to a nationwide
level, where all US ports could be included
in predictive simulations of economic and
security impacts.

That such massively parallel modeling and
simulation efforts are actually effective was
evidenced during Hurricane Katrina, when the
final 2006 White House report praised NISAC
models for their prediction of supply-chain
reconfiguration during recovery efforts and
called for expanded NISAC presence in such
emergencies. Since then, the center has been
involved in subsequent hurricanes, and the
recent wildfires in California. From scientific
inspiration to perception of need through
LDRD-funded research to fully realized tools
serving the nation, NISAC clearly exemplifies
the role of LDRD funding in the process by
which Sandia serves the interests of its ultimate
stakeholder, the US taxpayer. *

LDRD Impacts on Sandia and the Nation 15



Miniaturizing Sensors
and Mechanisms
Micro-accelerometer Development
Supports MEMS

From its beginning, Sandia’s LDRD

program has supported development of
microelectromechanical systems (MEMS)
technologies. Each MEMS is a very small,
self-contained device integrating electrical and
mechanical components in order to detect a
change and respond with a micromechanical or
micro-electrical control that has consequences
in the macroscopic world. For example,
imagine that you drop your laptop computer
while attempting to place it in its carrying case.
Before it hits the ground, it has automatically
shut down its hard drive: a MEMS inertial
sensor inside your laptop, that detects its
acceleration toward the floor has responded
with a shut-down control signal so that the
read-write heads don’t crash down on the hard
drive’s spinning platters. In addition to this
MEMS “accelerometer,” (acceleration sensor)
other MEMS devices include microscale
versions of gyroscopes, robots, engines, locks,
transmissions, mirrors, actuators, optical
scanners, fluid pumps, transducers, and
chemical, pressure, and flow sensors.

Applications continue to emerge as existing
and newly developed MEMS are applied to
the miniaturization and integration of devices
that traditionally have been built on more
conventional scales. To accomplish such feats,
MEMS extend the fabrication techniques
originally developed for the integrated circuit
(microchip) industry to add mechanical
elements such as beams, gears, diaphragms,
and springs. Such devices sense, control,
and activate mechanical processes on the

SANDIA NATIONAL LABORATORIES

microscale, functioning individually or in
arrays to generate their observed effects in our
everyday world.

Using the outputs of accelerometers,
inertial navigation systems are self-contained
units that can automatically determine the
position, velocity, and attitude (angular
orientation in space) of a moving vehicle or
other object; for example, an accelerometer
system determines whether the negative
acceleration of your auto during impact is
sufficient to warrant deployment of the airbags,
and the newest computer gaming systems
that feature virtual reality sports require
multiple MEMS accelerometers. But beyond
personal transportation and computer gaming,
development of MEMS-based inertial-sensor
systems supporting space missions, robotics,
and weapons deployment have been the
subject of many LDRD projects, and these have
been a core contributor to the Laboratories’
development of MEMS products, processes,
capabilities, and expertise. This has often been
true even when projects have not achieved
every one of their individual technical goals.

Ernie Garcia has been developing MEMS
at Sandia since the 1980s. Over that timespan,
Garcia’s team has participated in several
LDRD projects, including a three-year effort
that began in FY1997. Leveraging Sandia’s
experience in inertial sensor and subsystem
development and strong capability in surface-
micromachine structures and circuitry, the
team’s ultimate vision was to develop a low-

Sandia developed mini-robot, occupying 1/4 in® and weighing less than an ounce — possibly the smallest untethered

robot ever created; MEMS inertial guidance offers the potential of fully autonomous operation.

cost “inertial guidance system on a chip” that
could provide attitude, velocity, and position
for short-term tactical missile or robotic
guidance applications. The project plan
included the design, development, and testing
of an accelerometer and a gyroscope (spatial
orientation sensor), that would be fabricated
using surface-micromachined, monolilthic
silicon microchip manufacturing technology.

The ultimate goal was fabrication of an
integrated sensor, in which accelerometer,
gyroscope, and electronics would be
incorporated into a single chip. The
team identified and evaluated concepts,
fabricating prototypes for the mechanical
parts of accelerometer and gyroscope
while maintaining separation between
micromechanical components and electronics
chips. Impediments to microscale fabrication
of these devices can be daunting — both

accelerometers and gyroscopes require proof
(or reference) masses, that is, objects that
inertially resist motion in a known fashion. In
the case of a micro-gyroscope, the mass must
rotate, such that changes in its orientation
become a measure of the angular forces acting
on it, and therefore of any change in its spatial
orientation.

The gyroscope work progressed with relative
ease. The team accomplished development,
fabrication, and testing of a prototype device
that used MEMS micro-engines as drivers
for the rotating mass (rotor), and developed a
concept for a gas bearing (to reduce friction
during rotation). Fabricating an accelerometer
with great enough proof mass presented a
major materials challenge, and the team chose
an engineering technique known as silicon
micromolding. Binding of the accelerometer
mass to the underlying substrate via stiction

LDRD Impacts on Sandia and the Nation
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SEM image of micromachined free-rotor microgyro for application in an
inertial sensor unit.

MESA West

SEM image of a prototype grooved proof mass designed and fabricated
for testing in a levitated 3-D micro-accelerometer.

(a type of friction) continued to be
a problem, however.

The project made excellent technical
progress, and the team improved key
MEMS fabrication processes as a result,
but the accelerometer problems proved
insurmountable within the timeframe of the
project. Even so, among the project’s technical
achievements were the first-of-its-kind
demonstration of a micromachined rigid body
gyroscope — using a Sandian micro-engine
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to spin a microsuspended rotor. Palpable
contributions thus ensued to development of
the Sandia Ultra-planar, Multi-level MEMS
Technology (SUMMIT™) fabrication process.
SUMMIIT V7, the latest level of deployment,
is a five-layer polycrystalline silicon surface
micromachining process that is among the
most advanced approaches to fabrication of
MEMS devices.

In another FY 2001-2003 project,
Frank Peter and his team envisioned the
possibility of using MEMS as the basis
for a major improvement in the state-of-
the-art of accelerometers for tactical, and
possibly navigation grade, inertial guidance
applications. Peter’s innovation employed a
spinning mass (rotor) suspended in either
a vacuum or a fluid-filled cavity. The rotor
position was sensed capacitatively — changes
in position registered as changes in voltage
within an electrical circuit — and actuated
electrostatically in six degrees of freedom. The
electronic measurement and control circuitry
used custom electronics chips surface-bonded
on the outside of the sensor body.

The project team decided to utilize a
hybrid MEMS fabrication approach that would
free them from the limitations of any given
silicon chip fabrication process, and thereby,
expanded the range of design options (e.g.,
material choice, feature size, and thickness)
available to them. Because of this, their
final design realized many favorable device
attributes, ultimately resulting in increased
device sensitivity and reduced mechanical and
electrical noise, key attributes for any device of
this type.

Successful demonstrations led to the design,
fabrication and testing of several prototype
accelerometers. However, process integration
challenges during fabrication of the prototypes
led to several modes of catastrophic failure.
And although Peter’s team was able to resolve

The setting sun reflects off the glass of the cylindrical training center attached to Sandia’s new MicroLab
building, the second of three to come online of $500 M MESA project. (Photo by Bill Doty)

a number of these problems, short circuits
that damaged critical electrode assemblies
remained unresolved.

Peter remains convinced that the overall
design concept is sound, but further work is
needed to address the unsolved fabrication
and process integration issues on the rotor
electrodes. As was the case for Garcia’s earlier
LDRD effort, the design and fabrication of
prototype accelerometer hardware drove
successful development and refinement
of several entirely new MEMS fabrication
processes, many of which have commercial
value and represent important enablers for
the realization of a wide range of potentially
important microdevices.

Based, in large measure, on LDRD-
supported advances in specific MEMS devices,
such as inertial sensors and accelerometers,
and driven by the enabling technologies that
these LDRD projects have spawned, Sandia’s
commitment to and investment in MEMS has
continued to grow. Indeed, the Lab’s most recent

expression of these values has taken the form

of the Microsystems and Engineering Sciences
Applications (MESA) project, which was
formally dedicated on August 23, 2007. As the
largest infrastructure project in Sandia’s history,
costing $518 million, the 400,000 square-

foot complex is made up of three individual
buildings: the Microelectronics Development
Laboratory and MicroFab; the Microsystems
Laboratory; and the Weapons Integration
Facility. R&D activities in MESA support both
classified and unclassified work. In addition

to fabricating electronic circuits, the MESA
facility also makes MEMS for advanced security
systems, sensors, guidance systems, and other
applications.

Among his comments at the dedication
ceremony, Sandia Director Tom Hunter noted,
... [MESA] will allow this Laboratory to develop
little things that you cannot see that do things
you cannot imagine.” Sandia’s LDRD program
continues to contribute to the development of
unique cutting-edge MEMS technologies that
make those little things possible. *
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The Oil of the 21st Century

Global Water-security Initiatives

Safety, security, and sustainability:

the thematic triad that serves as an
organizing focus for Sandia’s current array
of activities in water resource management
defines an enormous range of R&D, much of
which has its roots in LDRD-funded projects.
From simulating watershed dynamics to
modeling and assessing infrastructures, to
developing water-purification methodologies,
Sandia scientists have springboarded LDRD
projects into a diverse array of programs and
partnerships answering the challenge of a
global crisis that promises to be to the 21st
century what oil was to the 20th.

Although the late 1990s provided the
discussion hotbed ignited by Sandia’s
realization of the magnitude of forthcoming
domestic and global water issues, it was FY
2001 before the embers of that hotbed fueled
the initial group of LDRD projects. Since
then, those first endeavors have reduplicated
and grown to engage the resources of 17
Laboratory centers at one time or another,
according to Senior Manager, John Merson.
A comprehensive strategic planning effort led
to a portfolio of themes — “a well-integrated
strategy was our intent from the very
beginning,” recalls former Geosciences and
Environment Center Director, Peter Davies.
That portfolio began with infrastructure
physical security risk assessment, whose

Geopolitical destabilization with concomitant
permissive growth of terrorism made water-
scarcity issues an urgent matter for a national
security laboratory. With mid-latitude river
basins stressed throughout the world, water-
management projects, although initially
carried-out in the US, were globally relevant
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obvious necessity was revalidated by 9-11-2001.

to the extent that they provided a test bed for
other locales potentially harboring sources of
international terrorism.

Prompted by 9-11, the EPA requested that
Sandia assess the water security of major US
cities. Initially possible only on a limited basis,
Sandia’s longer-term response was to prototype
training methodologies and risk-assessment
tools that self-proliferated, such that in addition
to assessment of seven major municipal
systems, ultimately, approximately 90% of US
cities with greater than 100,000 connections
in their water systems were analyzed. The
EPA’s National Homeland Security Center in
Cincinnati has been a major partner and source
of funding in this national effort.

FY 2001-2003 LDRD-funded initiatives
ranged from dynamic simulation modeling
of watersheds to providing regional water
managers with policy and management
options, to sensor initiatives for monitoring
EPA-regulated compounds such as arsenic.

A riparian (river) ecosystem — the Rio Grande — in the midst of surrounding desert carries precious water for

irrigation, ranching, and domestic use.

The 2001 change in EPA’s arsenic regulation
—from 50 ppb to 10 ppb allowable — was
rightly perceived as having huge financial and
technological impact, particularly on small

to medium-sized water-management regions.
With follow-on funding from DOE and
AwwaRF (American Water Works Association
Research Foundation), a partnership of Sandia,
AwwaRF, and New Mexico State University/
WERC evaluated designs for arsenic removal.
Sandia’s long history with understanding fate
and transport of materials flowing through
porous media provided a solid foundation

for performing calculations and engineering
materials.

“The roots of the modeling and water
management initiatives are clearly in LDRD,”
asserts Davies. As part of the initiative, several
community-based projects were initiated, using

a Sandia-developed resource-planning toolbox
to assist mangers, water professionals, and

the public to examine alternative solutions to
regional issues (collaboration with the Utton
Center of UNM School of Law). A Middle Rio
Grande Project engaged several north-central
NM counties, then, later, extended into Mexico,
and indeed, these tools were later used as far
away as the Middle East. Modeling initiatives
have since spread to other partnerships in
Europe and Asia.

In FY 2002, desalination initiatives became
part of the LDRD investment in foundational
capabilities, and they vividly highlight the
foresight of LDRD in spurring crucially vital
science and technology. With 97% of the
world’s water either saline or brackish, a key
realization was that tapping those resources
would require new technological approaches.
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Computer model of a cell membrane showing an aquaporin protein (gold) with water molecules (blue

boomerang shapes) in single-file transit through its transmembrane channel. Salts are excluded, only water

allowed to transit — exactly the desired properties of desalination membranes. (Image courtesy of Emad

Tajkhorshid, University of lllinois, Urbana-Champaign).

Currently employed reverse osmosis (RO)
desalination technologies had originated in

a burst of federal funding during the 1960s
and 1970s, and that funding stream had
subsequently dwindled to barely a trickle.
Therefore, while the scientific initiative

moved forward, a parallel collaborative
interaction with the Bureau of Reclamation
produced the 2003 Desalination Roadmap,

a critically important document. National
Academy of Sciences review of this early
roadmap reinforced the importance of future
desalination technical challenges and suggested
that additional work remained in fully framing
the depth of associated scientific challenges.

This 2003 roadmap and the national
dialogue it created served as a catalyst,
putting desalination back on the map in the
US. Congressional support for desalination
research through both the Bureau of
Reclamation and Department of Energy led
to the formation of the National Desalination
Task force, a partnership among Sandia,
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the Federal Bureau of Reclamation (BOR),
AwwaRF, and the WateReuse Foundation. In
addition to the approximately $10M of federal
funding over the period 2004 —2007, the
Water Resources Department of the State of
California also granted task force partners
$1M for a study in that state, with the task
force itself matching that grant.

The significance of the partnership
between Sandia and the Bureau of
Reclamation cannot be overemphasized.

The National Desalination Research facility in
Alamogordo, NM is now poised to investigate
both cutting-edge desalination methodologies
and measures for the disposition (and
hopefully even the reclamation) of the
concentrated brine byproduct of desalination.
With the assistance of Senators Domenici
and Bingaman, the facility’s recent grand
opening signals the ongoing forward motion
of Sandia’s water initiative. And the external
funding from the BOR, and DOE (through
NETL, the National Energy Technology
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Laboratory) is one example of the return on
investment from LDRD funding.

And while the nation anticipates the
impending publication of the follow-on Water
Purification Roadmap, LDRD resources have
been laying foundation in other arenas. Life
science now occupies a good deal of LDRD
attention. For cells utilize protein water-
channels (aquaporins) that can likely teach
membrane developers a thing or two about
desalination. On the flip-side, contaminating
drinking water with disease vectors like V.
cholera is a lingering threat, and the fouling of
desalination membranes by microorganismal
growth is one of several technological
challenges facing developers.

In light of these daunting challenges,
Sandia has engaged in several international
partnerships, even to the inclusion of the
Middle East, where, for example, Turkish
dam-construction projects near the headwaters
of the Tigris River have frequently produced
tension with its downstream neighbors, Syria
and Iraq. The necessity for such research
and the need to continue to secure follow-on
funding is clearly illustrated by two facts that
transcend water issues” high-profile status:
First, 40% of the cost of desalination is energy
— one can no more readily separate energy
and water than one can disjoin photosynthesis
and sunlight. Second, desalination produces a
concentrated brine as a byproduct. So although
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a recently opened El Paso, TX desalination
facility yields 30 million gallons of drinking
water per day, it also produces 3- to 6-million
gallons of brine per day that must be reutilized
or disposed of.

Looking to the future, a key remaining
question is where Sandia should invest its
resources to build the capabilities that enable
it to remain on the cutting edge? Sandia has
built a very strong working relationships with
EPA, and is a key R&D player in this arena.
Partnerships with the Bureau of Reclamation
and the National Desalination Task force offer
other examples. As Sandia develops these
partnerships, the Laboratories must also
continue their work to anticipate the future
— the technical challenges that will emerge
as pressure continues to mount on water as a
strategic resource. Clearly, bringing the cost
of desalination into the range of current
water-treatment is one area for ongoing
investment. Current Sandia research
initiatives — such as its participation in
NSF Science and Technology Center for the
Sustainability of semi-Arid Hydrology and
Riparian Areas (SAHRA) — suggest that the
ongoing refinement of modeling toolboxes
for local decision-makers is another activity
imperative to the preservation of domestic
and global water security. Undoubtedly, as it
has before, LDRD will support whatever is the
next great science or technology in this ever
more crucial arena. *
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Shielding Delicate Electronics
Radiation-hardened Electronics and LDRD Adaptation

Since the advent of both atomic weapons
and orbiting satellites, electronics designers
have had to face the issue of how to sustain
operation in the presence of damaging
radiation to delicate, miniature electrical
components. As an example, on September 6,
1976, Viktor Belenko, a Russian pilot, defected
to Japan in his Soviet MiG-25 jet, permitting
Western governments their first look at this
fast, maneuverable technology. To the surprise
of Belenko’s interrogators, they found that most
on-board avionics in this advanced aircraft
utilized vacuum tube technology, not solid-
state electronics. Beyond ruggedness and

easy replaceability, such vacuum components
were highly radiation hard. That is, they could
continue to operate properly even in a high-
intensity radiation environment.

Whether passive resistors, capacitors, and
coils, or today’s fully integrated circuits, the
issue of radiation-hardness is key to both US
national security and our space program. A
nuclear blast could send a pulse of radiation
(in the form of gamma rays and neutrons) large
distances from the explosion. Additionally,
satellites in orbit inevitably accumulate a
large dose of gammas, neutrons, and charged
particles from the sun over the years of
their operating lifetime. Since the mid-60s
Sandia researchers have worked to reduce the
sensitivity of control systems, communications
systems, firing sets, and sensors, to such
damaging radiation impacts, thus preserving
the integrity of such control systems under
these extreme conditions.
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While LDRDs have only impacted this
program since 1991, radiation hardening of
electronics was actively pursued at Sandia,
largely under wraps, during the 1960s and
1970s and continues today. The US military
was the Laboratories’ primary customer,
working closely with Sandia and several
commercial vendors to find new materials
and to understand radiation damage
physics. The problems were intimidating.
Passive components could change their
electronic values or simply short out.
Active components, like transistors, could
switch from off to on or reverse, ceasing
proper circuit operation. Integrated circuits
consisting of millions of transistors could
cease communicating internally and
externally.

Gamma rays, neutrons, and charged
particles have the nasty habit of kicking out
free electrons and creating sinks for other
charges, wherever they are halted by the
atoms of an absorbing material. If they stop
in an electronic material, they leave behind
a path or collection of electrons that can
switch on a transistor, open an electronic
gate, change a resistor’s value, add an
unexpected “bit” to a computer calculation,
destroy the solid-state memory, or short out
a capacitor. To thwart this, researchers at
Sandia have used LDRDs to study different
materials such as silicon-on-oxides, gallium
arsenide, germanium, chalcogenide, and
others, which restrict the flow of such
induced free charges and limit the damage

when compared to silicon. Some materials,

like the chalcogenides (sulfur, selenium, and
tellurium exemplify chalcogen elements) use
physical phase changes rather than charge
storage for memory retention. Others use
optical interconnects to maintain intra-
circuit communications.

In the 1960s, the market for electronics
in the US was in the $100-200 M range.
The DoD was the largest customer and the
simplest approach to hardening was to pre-
irradiate electronics to attempt to saturate
the damage level, that is to “pre-damage”
the material while retaining functionality.
Such treatment reduced circuit gains, but it
also precluded or severely limited further

A drawing of the Mars Rover is backdropped by a colorized Galileo-
generated photo of Callisto, one of Jupiter’s four largest moons and its
orbitally most remote. NASA technologies like Galileo and the rovers
require radiation-hardened components, enabling them to functionally
persevere in the high-radiation environment of space.

damage. Since most commercial electronics
manufacturers were selling to the military,
they closely worked with Sandia to radiation
harden (“rad-harden”) their products.
However, by the mid-1970s, as very large
scale integration circuitry was taking off,
the consumer electronics market exploded
to a $150B industry. By the early 1980s,
commercial vendors had almost completely
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The Simpson Desert, Australia, a colorized image produced by the

spacecraft Galileo before it departed earth en route to Jupiter.

turned away from the military market, which
was now only a bit player.

Today, only Sandia and Honeywell
remain contributors to the radiation
hardened electronics manufacturing market,
developing new solutions to reducing
component size and increasing capability
in the high-dose and pulsed-radiation
environments. Sandia supplies rad-hardened
components to customers, such as NNSA,
NASA, the Navy, and the Air Force for
aerospace and weapons applications. The
Laboratories will purchase commercial
parts or buy electronics to drawings, and
build electrical simulations of these circuits.
Beyond these commercial, off-the-shelf
components, Sandia designs and fabricates
radiation-hardened, application-specific
integrated circuits for the customer’s end use.

A significant contribution to the NASA
space program is exemplified by the
spacecraft, Galileo, which carried out an
investigation of the planet Jupiter and its
moons during the 1990s. Sandia designed,
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fabricated, and tested the radiation-hardened
integrated circuits on the spacecraft, which
returned enormous quantities of data

from highly challenging radiation-filled
environments such as that of the Jovian
moon, lo, to which Galileo passed in rather
close proximity.

LDRD has contributed to the development
of new concepts for rad-hardened computer
memories, sensors, interconnects, and
capacitors, primarily, although not
exclusively applied to nuclear weapons
and avionics. A 1996 project addressed
processing techniques for silicon-on-
insulator memories that were based on the
presence of defects to reduce the transport
of radiation-induced charges. Today, such
memories are commercial off-the-shelf
products. During 2003-2004, a new concept
was examined to produce highly radiati