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Laboratory Director’s Message

The mission of Pacific Northwest National Laboratory is to transform the world
through courageous discovery and innovation. Every day, scientists and engineers at
PNNL set out to fulfill the promise of that mission by advancing scientific discovery
and delivering critical solutions to the challenges that face our nation and the world.

The science and technology we work with, create, and improve upon inspires

and enables the world to live prosperously, safely, and securely. Our investments in
Laboratory Directed Research and Development are essential to our ability to advance
our strategy and realize this mission. LDRD investments help us nurture science and
technology capabilities while capitalizing on the breadth and depth of talent that our
staff possess. This report describes how we conduct our LDRD program in compliance
with DOE objectives and guidelines. We use rigorous internal and external peer
review to maintain the scientific value and soundness of the research enabled

by our LDRD program.

With great pride in our researchers’ accomplishments, | present PNNL’s Fiscal Year
2013 Laboratory Directed Research and Development Annual Report.

Michael Kluse
Director, PNNL
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Advanced Surface Mass Spectrometry
for Characterization of Explosives

Christine Mahoney

The United States requires precise tools that
can rapidly and accurately characterize
explosive compositions. The Environmental
Molecular Sciences Laboratory (EMSL) has
state-of-the-art facilities that contain a
unique, exclusive suite of analytical tools.
Developing these facilities and tools for
national security interests will help our
government prevent and respond to
terrorist acts in a timely manner.

We intend PNNL to be a center of excellence in addressing
problems relevant to national security. As such, we are cur-
rently developing several novel methods available only
through EMSL, a state-of-the-art PNNL user facility, for
national security applications. Previous results indicated
that C-4 sample signatures from around the world could
be distinguished from each other. Specifically, this study
highlighted secondary ion mass spectrometry (SIMS) as a

work. The goal was then to use our suite of advanced
metrology tools for detailed characterization and differen-
tiation of the C-4 samples based on a combination of
unique organic signatures and trace elemental composi-
tions.

Both bulk analysis and imaging microanalysis methods
were developed for characterization of 17 different C-4
samples, where sample preparation methods were opti-
mized for each method utilized. After preparation, the
samples were distributed to various experts for method
development. A full data set was obtained from all instru-
mentation utilized. During FY 2012, we focused on devel-
oping individual methods and identification of unique
molecular and elemental signatures using multivariate sta-
tistical analysis approaches such as principal components
analysis (PCA). For FY 2013, we developed a robust method
of classification using partial least squares-discriminant
analysis (PLS-DA) for each individual method with subse-
quent Bayesian integration of probabilities. We outlined
the process using SIMS, one of the primary imaging
methods used for signature discovery in the C-4 samples,
as an example.

powerful chemical imaging
forensics tool for direct charac-
terization and differentiation of
explosive components (trace and
bulk). An infrastructure has been
developed for future collabora-
tions, a relationship particularly
beneficial for the integrity of our

ficoma o 14 {15 ER

national security.

0] Positive and negative ion large
Sample Names:  grea maps were obtained using
w2001 TH_ LI SIMS from 17 different nano-
S imprinted C-4 samples. Mass
o] 1989 _Le, spectral data were then averaged
o e ., from 12 different regions in each
' A1397 TH_L1 C-4 residual map. Peak areas
e were selected and tabulated into

L a rectangular matrix, which was

Currently, we are developing sev-
eral novel instrumentations at
EMSL and throughout PNNL for
simultaneous elemental and
molecular characterization of
materials of interest to national
security. As a starting point, we
obtained a series of composition

L4 iRy

. .

wor s subsequently imported into Mat-

lab for PLS-DA analysis, a multi-

. variate statistical approach that

it B uses the same projection meth-
ods PCA for optimization of a
classification model. The results
of PLS-DA are ideal, as they are
presented as probabilities.

ri

L e

C-4 plastic explosive samples LI
from across the country through
collaborations with the Bureau
of Alcohol, Tobacco, Firearms,
and Explosives. These samples
are commercially available and
have been characterized exten-
sively using gas chromatography-

mass spectrometry in preViOUS with hall explosives.

.73

PLS-DA statistical classification process using positive

ion SIMS. The top panel shows the scores plots for latent
variables that capture 33% and 15% of the variance in the
total dataset, respectively. The corresponding mass spectral
loadings describing the LV variance are displayed in the
bottom panel. Correlations between scores and loadings
can be seen by the ellipses, drawn in for clarity. It is
evident from this plot that the sample is highly correlated

In this particular series of 17
samples, we identified 14 unique
classes. Two “unknown” samples
were run independently of the
original dataset (e.g., several
months later) for verification pur-
poses. The samples selected were
called “unknown A” (hall explo-
sives) and “unknown B” (1994
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C-4). These samples were distributed to all methods experts
for analysis, and the results were input into the PLS-DA
algorithm containing the original training datasets. The
class was identified for each method independently using
the discriminant analysis approach described earlier. The
results are thus a series of probability matrices, plotting the
likelihoods that each unknown sample belongs to one of
the 14 classes. The classification is made based on which
class contains the highest likelihood.

In the case of unknown A
(hall explosives), only SIMS
and electrospray ionization-

One of the more disappointing aspects of this work was
that there was a surprising amount of error during the veri-
fication process. For the SIMS data, additional signatures
were observed in the unknown data that were not
observed in the original training dataset. These signatures
are attributed to contamination from the environment. For
the ESI-FTICR negative ion data, a completely different ion-
ization process (likely due to the use of a different bottle of
solvent) was observed in the unknown dataset with respect
to the training set, resulting in
the formation of a completely
different mass spectrum.

i hoH R

FTICR were able to classify
the samples correctly using
this procedure. All of the
other methods resulted in an
incorrect classification. For
unknown B (1994 C-4), the
individual classification
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Hence, while the peaks were
still informative, the model
could not possibly be followed
as the assumption of similar
data was not able to be made.
= The nano-DESI (both positive
and negative ions) data had
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results were even worse.

similar problems as did the ESI

data. Finally, the Aspex data

Only Aspex was able to cor-
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and with only a limited
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Despite this small setback,

What is important is that
when integrating these data
by multiplying the individual
probability matrices, the
noise drops out of the data,
and what is left is a more
accurate classification with a
high level of certainty. For
example, with unknown A,
once the data was integrated
from all of the methods,
most of the probabilities for the incorrect classes dropped
to zero (with the exception of a minor contribution from
1989 C-4). Even more shocking was that for unknown B
after Bayesian integration, all probabilities other than for
sample 1994 (class 5) dropped to zero, making sample 1994
the only viable class. This was particularly surprising given
the poor quality signatures that the 1994 sample provided.
It was expected that this sample would be representative of
a failed case. We conclude from these results that this type
of robust characterization can be achieved only through
the integration of the data, and that one method alone is
not powerful enough for classification purposes.
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Second step of the PLS-DA classification process through
discriminant analysis. Panel a) shows the resulting probability
matrix from the unknown sample using positive ion SIMS data.
Panel b) shows similar results using positive ion ESI-FTICR data.
Both methods predict the unknown as belonging to class 12,
though there is a significant amount of noise in the data. Panel
¢) shows the integrated data from positive and negative ion SIMS
methods, positive ion ESI-FTICR, Aspex data, and laser ablation
ICP-MS. The noise is significantly reduced, and we can be more
confidently state that this “unknown A” sample is from class 12.

the integrated data could still
identify correctly the com-
pounds with a high confidence
level, proving that this is
indeed a robust data analysis
procedure. It also shows that
these methods will be particu-
larly useful for analysis of
“dirty” samples collected in
the field.

During FY 2014, we will con-
tinue multi-technique data analysis from the previous year
and apply advanced statistical analysis approaches devel-
oped in 2013 for the determination of more robust signa-
tures. After obtaining relevant biological samples, we will
characterize and image molecular distributions and con-
tent as well as perform trace elemental mapping in
selected microbial samples.



Advanced Switching Concepts Applied to a
Structure for Lossless lon Manipulations (SLIM)

Richard D. Smith

This project seeks to develop and initially
demonstrate an advanced ion switching
concept to a structure for lossless ion
manipulations (SLIM) device.

The roles of mass spectrometry and other instrumental
approaches based on ion measurements are continuously
expanding in many fields of science. New opportunities to
impact these fields significantly are becoming limited by
the conventional approaches currently used for ion manip-
ulations, in particular the expensive fabrication as well as
highly “lossy” nature. Possible applications include use in
conjunction with massively parallel mass spectrometry
analyzers, a development that would provide orders of
magnitude gains in 'omics applications. As ion manipula-
tions become more sophisticated, conventional instrument
designs and ionoptical approaches become increasingly
impractical, expensive, and inefficient.

The primary objective of this project is to simulate and
test a switching concept in SLIM device. The switch is a
cornerstone in developing the SLIM device and will enable
complex ion manipulation. The SLIM devices we envision
make use of near lossless RF confinement to focus,
transport, and trap ions in low pressure regions and are
advantageous to ion mobility separations and gas phase
reactions. Because SLIM devices will allow electric fields
and timing to be controlled and enable sophisticated ion
manipulations to be realized, essentially allowing complex
integrated circuits to be constructed in the gas phase in a
completely novel fashion.

Switch lace

Switch guand
ahectrocle

Switch configuration in SLIM device

Aim 1: Model ion motion inside the SLIM device. lon
simulations software was used to calculate ion trajectories
through the different switch configurations. In addition, a
switch configured according to SLIM design concept was
constructed. By applying appropriate RF and DC potentials,
field gradients can be applied that can switch ions into an
orthogonal board from its initial location. The key chal-
lenges for optimum switch performance are the timing
needed to switch the ions into the next section (dependent
on ion mobility) and achieving the switch with minimum
or no loss of time resolution.

At operating pressures of 4 torr, ions of standard mobility
values (~1 cm?/V.s) need a voltage bias of 100 V applied for
at least > 50 us to the switching guard electrode. If the
voltage is lower or switch time is shorter, the ions do not
see the switching gradient, and efficiency is not 100%. Once
ions switch into the orthogonal SLIM board, the critical step
is identifying resolution loss while ions execute a turn. lons
at different positions and an ion packet executing a turn
travel different path lengths (commonly known as the race-
track effect). This leads to loss of time resolving power

(i.e., the ion packet becomes more diffuse in time after the
turn). The loss must be minimized while ions execute turns
in order for a complex device like ion cyclotron with multi-
ple switches and turns to be effective in high resolution
separation or for other complex ion manipulations.

To achieve the best switch design, different configurations
were evaluated for performance. The time resolution in a
T-section while ions travel in the straight path was calcu-
lated at 13, which served as baseline. When ions executed
the switch and turned, the resolution was calculated as 12.
The slight loss of resolution is from ions executing a wide
turn. By increasing the field penetration into the straight
section from the fields in the orthogonal T portion, there is
potential for making ions execute sharper turns and avoid
loss of resolution. A second design was evaluated on which
the length of the switch trace was increased to allow ions
to feel the switch gradient and thus make a more sharpe
turn. A third design with orthogonal electrode inserted
inside the straight portion can also provide better field
penetration. SIMION simulations help us to see the relative
benefits and caveats in each of these concepts.

The resolution with a long switching electrode was calcu-
lated as 13. The improvement in resolution is marked;
however, there is increase in ion loss during switch. This is
presumably due to the fact that there are several adjacent
electrodes with same RF phase due to the orthogonal posi-
tioning of the switch electrode. This leads to drop in the
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pseudo potential well confining the ions. Increasing the
length of switch electrode is detrimental due to poorer
pseudo-potential field though the relative field strength of
DC focusing is higher resulting in better resolution. This
loss in signal becomes more predominant when an insert
electrode is added to further achieve field penetration as
tested in the third design. This increased loss leads to loss
of resolution, even though hypothetically an increase in
resolution is anticipated.

Aim 2: Fabricate and test a SLIM device with advanced
switching. We will design and fabricate a SLIM device
based on results obtained from Aim 1. We will also

n Advanced Sensors and Instrumentation

evaluate the performance of the SLIM device in terms

of sensitivity and efficiency of ion transport during the
switching. In addition, the evaluation will include finding
the optimum experimental parameters to maximize ion
mobility separation.

The electronic circuitry for two switch configurations based
on SIMION simulation from Aim 1 was designed using Eagle
software and was sent for fabrication. The vacuum housing
that will be used to evaluate the switch was also fabricated.
Efforts are currently underway to evaluate and test the
switches. We anticipate completing Aim 2 in FY 2014.



Alpha Coincidence Techniques

for Actinide Assay

Glen A. Warren

The effectiveness of conventional measure-
ment techniques for environmental monitor-
ing is limited by background and other
interferences. This project will develop and
demonstrate a new concept in radiation
detection that disentangles these interfer-
ences and reduce background to improve
our ability dramatically to assay environ-
mental samples.

Examples abound of how actinides have been used in envi-
ronmentally related studies. By measuring the ratio of 2°Pu to
9Py for example, one can determine whether a source is con-
sistent with local or global fallout. Transuranics are strongly
associated with particulates in water so that they can be used
to study scavenging, the removal from water by attaching to
particulates. The activity of plutonium as a function of depth
beneath the sea floor surface has been used to measure bio-
turbatory processes that mix the surface
into the rest of the sea floor. Likewise,
other elements have been used to date
fossil corals or carbonate rocks and
study seasonal variations in river and
sediment flow. Sample preparation
requires time, resources, and people to
complete. While the effort required to
complete a few sample preparations
may not be particularly arduous, there
are many studies in which thousands of
samples are collected, as some environ-
mental science questions require easily
scalable measurement techniques.
Thus, minimizing sample preparation is
an important aspect of the overall envi-
ronmental monitoring effort.

Any alpha-decaying radioisotopes have
significant interferences when using
current alpha-spectroscopy capabilities.
By measuring other signatures that are
generated in coincidence with the alpha particle, one can
increase the probability of removing interferences between
different radioisotopes. A good example of an isotope that
may benefit from this approach is 22Pu. Plutonium-238 is

not typically measured with mass spectroscopy techniques
because of interferences with much larger quantities of 28U,
while it cannot be measured using alpha-spectroscopy with-
out chemical separations because of interferences with alphas
from 2'Am. A system able to measure particles in coincidence

Conceptual drawing of coincidence detection
system, in which coincident s and electrons
are measured in separate silicon-based detector.

with alphas from 2*Pu may eliminate the need for chemical
separation and enable large-scale assaying of such samples.
Thus, the project goal is to develop a radiometric assay system
for alpha-decaying radioisotopes that focuses on coincidence
signatures to increase specificity of the system.

To assay actinides in environmental samples simultaneously
and rapidly, we are developing a detector design capable of
observing coincidences between conversion electrons and
alpha particles to conduct isotopic-specific assay on complex
samples. The first year of the project is an initial scoping study
to evaluate the type of detection methods that could be
utilized. In the second year, a more thorough examination

of the impact of the sample, both in terms of preparation

and background contributions, will be completed. In addition,
initial empirical measurements will be conducted. For the
third year, a demonstration of the detection concept on a
prototype detector using an application-relevant sample

will be completed.

The objective of this project is to demonstrate a new detection
modality that could significantly enhance radiometric assay
capabilities for a variety of applications requiring assay of
actinides in complex samples. This new
approach has the potential to signifi-
cantly reduce assay time, provide new
sample diagnostic capability and be a
fieldable technology. In FY 2013, we
completed an initial scoping study to
understand various aspects of design-
ing the detector system. These aspects
include an improved understanding of
the signatures, an understanding of the
substrate impact that holds the sample,
and a comparison of two basic detector
approaches: dual-gas proportional
counters and double silicon-based
detectors. The most important finding
was that in the absence of background,
the approach should achieve reason-
able measurement uncertainties in a
few hours for relevant samples.

The effort for FY 2014 will focus

on evaluating the feasibility of our
measurement approach for a realistic sample. Understanding
the strength of the coincidence signal in a sea of background
is a universal issue for detector design. Even though observing
coincidence signatures reduces the background, accidental
coincidences formed by two unrelated decays creates a
background above which the system must be able to

observe the true signal. We will evaluate the feasibility

of the measurement approach by considering the impact

of the background.
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Controlled Datasets to Inform the Study of
Sensor Degradation for CBRNE Signature

Marvin G. Warner

This project is developing a process for the
study of sensor degradation under a specific
set of operational conditions. If successful,
we will have developed a streamlined, for-
malized process to study the degradation
and drift of signatures arising from physical
sensor measurements. This will be broadly
applicable across many application domains
and will have impact on our ability to deter-
mine the operational reliability of a given
platform and the signature it measures.

Measurements taken by a physical sensor are a composite
of features derived from the target phenomenon, operating
environment, and the sensor itself. Signature detection
entails interpretation of the measurement data and requires
a fundamental understanding of how each of these impacts
the observed measurements. This project seeks to utilize
statistical design of experiments to avoid the explosion of
experiments that arises from a full factorial exploration of a
large number of variables. To that end, we are parameteriz-
ing the possible environmental and sensor effects on mea-
surements and plugging them in to a variety of different
experimental design models prior to performing the
experiments in the laboratory.

The combination of subject matter expert (SME) driven input,
statistical design of experi-
ments, and focused laboratory
experimentation allows us to
assess the relative impact each
parameter has on the
observed measurement data,
and determine how an under-
standing of measurement
effects can be used to improve
signature detection making
and decision making capabili-
ties. To accomplish this goal, a
suite of measurement systems
representing fundamental
classes of physical measure-
ment (e.g., mass loading, elec- Do
tro-optical, electrochemical) B
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relative impact of different
parameters remains the same
(generalizable) or differs across
sensor classes.
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The relative effect of humidity on the IMS signal over time for a
chemical agent surrogate (DMMP), whose peaks appear as the intense
(red/yellow) peaks but begin to diminish over time and drift as effect

In FY 2012, the bulk of our efforts focused on investigating
the effects of signature drift and degradation on our ability
to detect explosives and chemical agents using ion mobility
spectrometry (IMS). IMS is a ubiquitous analytical instrument
deployed in numerous operational environments (e.g., air-
ports and forward deployed military bases) and is used pri-
marily to screen for the presence of explosive chemicals and
precursors. Specifically, IMS was chosen as a platform where
it was relatively straightforward to identify both the relevant
operational conditions as well as potential confounders that
could make measurement of signature difficult. In the first
year of this effort, we chose to examine the effects of analyte
concentration, humidity, and a single confounder, diesel fuel.

Once the appropriate degradation parameters and their
relatively magnitudes and ranges were determined through
exhaustive SME polling, a three-factor experiment was
designed in FY 2013 to investigate the interplay of each

of these variables and to determine what the operational
envelope — the range of conditions where signature detection
occurs with near 100% confidence — was of the IMS system.
One such experiment was conducted to determine the effect
of the relative humidity on our ability to detect and classify a
signature of a chemical agent surrogate (dimethyl meth-
ylphosphonate, DMMP). While it is known that humidity can
cause shifts in peaks in an IMS spectrum, using the experi-
mental design described above, we determined not only the
effects of humidity but also how humidity and other degra-
dation parameters (i.e., signature concentration and the pres-
ence of confounders) interact to cause signature drift and
degradation. Using this method, we found many interdepen-
dencies among the degrada-
tion parameters. This leads to
a powerful experimental
design process that can greatly
assist in determining how well
a sensor such as IMS will oper-
ate under a variety of environ-
mental conditions.

In FY 2014, we will continue
to develop the experimental
design process through the
application of lessons learned
in the IMS example given
above to a wide range of dif-
ferent signature measurement
challenges. In addition, we
will focus some of our efforts
on effective ways to capture
SME input to streamline the
experimental design process.

<]
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of the relative humidity. The y-axis is an arbitrary signal intensity.
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Isotope Enrichment using a Structure for
Lossless lon Manipulation (SLIM) Device

Richard D. Smith

This project seeks to develop and initially
demonstrate the potential of novel structure
for lossless ion manipulations (SLIM) tech-
nology for isotope enrichment.

The primary objective of this project is to explore and ini-
tially demonstrate the potential for novel SLIM devices,
very recently conceived at PNNL, as alternative platforms
for isotopic enrichment. The new SLIM devices separate
ions based on ion mobilities rather than mass to charge
ratios. They offer the attractions of not requiring high vac-
uum, needing only low levels of energy for ionization and
operation, and being inexpensive to construct. SLIM devices
use RF and DC potentials applied to patterns of electrodes
on two parallel planer surfaces to control ion motion and
manipulate ions. The basic manipulations include control-
ling the ions path, switching, etc. as well as trapping and
accumulating ions, and providing the potential for con-
struction of much more complex devices and more sophis-
ticated manipulations due to their lossless nature. Of
particular note is that these devices can be fabricated using
conventional printed circuit board (PCB) technologies.

This initial LDRD effort has supported the initial reduction
to practice of the SLIM concept, which we believe has
broad potential utility. However, the overall objective of
this project is to initially explore the application of SLIM
technology to the area of isotope enrichment. The research
aims to address two key questions that will determine the
applicability of the SLIM technology for isotope enrich-
ment: the ability to separate isotopes of interest with the
ion mobility separation power of the SLIM device, and
determine if sufficient ion currents are achievable without
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degrading the necessary ion mobility separation power.
The project has three key aims designed to provide an eval-
uation of SLIM technology for isotopic enrichment. The
progress under each aim is described below.

Aim 1: Experimentally determine the extent of isotopic
separation obtainable using surrogate species (e.g.,
potassium isotopes). To determine the feasibility of sepa-
rating isotopes with ion mobility spectrometry (IMS),
sodium containing ions were analyzed using an existing
IMS-MS platform with a 1-m drift cell and resolving power
of ~50. The mass spectrum of a sodium chloride solution
showed peaks for both Na,**CI* and Na,”CI* species, allow-
ing the evaluation of how a 2 Da difference in mass due to
the chlorine isotopes changed the drift times of the Na,CI*
ions, providing a potential basis for separation. The mea-
surement of IMS drift times for each species indicated a
shift (i.e., separation) between the two isotopes in line with
expectations from theory, a mobility difference of ~1.5%.
Although resolution was insufficient to separate the two
species completely, partial separation shows that enrich-
ment is feasible. This indicates that full isotopic separations
should be obtainable with the SLIM cyclotron concept we
have developed. Currently, high resolving power IMS sepa-
rations (>100) have been limited by low sensitivity and by
requiring high pressures and low temperature. The small
size and lossless nature of SLIM devices offer a promising
avenue for increasing IMS resolving power and providing
separations that are presently unachievable.

Aim 2: Conduct simulations to determine if ion currents
achievable are sufficient to support utility of SLIM type
devices for isotopic enrichment based upon ion mobhility
separations and if separation power can be maintained
in presence of the applicable space charge. We con-
ducted modeling and simulations calculations to explore

The mass spectrum (left) and drift time plots (right) of Na,**Cl* and Na_¥’CI* species illustrating the shift in drift time between the isotopes.
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the achievable ion currents. Our experience has shown that
the primary limitation on the IMS separation resolving
power will arise due to coulombic interactions of ions. Cou-
lombic repulsion leads to the ion cloud expansion that will
contribute an additional effect to the diffusional broaden-
ing that will degrade separations if excessively high cur-
rents are utilized. Thus, such calculations provide a fast
route to optimizing the combination of ion current and
separation power needed for a specific separation. To
achieve maximized ion currents while preserving a resolv-
ing power sufficient for the isotope separation, it is neces-
sary to configure the SLIM device to limit coulombic effects.

A trial SLIM configuration assumed an IMS separation
region 1 m long orthogonal to the ion injection direction.
The device is filled with nitrogen at 4 Torr (the condition
studied experimentally with the prototype SLIM device
under Aim 3). The electric field used for IMS separation is
100 V/cm, below the breakdown voltage limit for pressure
conditions. lon mobility K = 500 cm?/V s (calculated for
m/z 40, z=1, p=4 Torr N,). The coulomb expansion of the
cylindrical ion packet calculated for such a configuration is
r=8.3 mm, for the IMS resolving power of 60. The ion cur-
rent maximum was ~10 nA, corresponding to a total ion
count of separated ions 6 x10" ions/sec. To increase the
ion current further, we can utilize a stack of such devices.

We also used simulations to explore if SLIM devices can
provide sufficient resolving power to completely separate
isotopic species based upon their mobilities. SIMION was
used to study ion transmission in a simple SLIM “straight
section.” The total length of the section modeled (10 mm
trace width with 5 mm board gap) was 76 mm and
assumed a drift field for the ions in the device of 13V/cm
(close to the experimental value used under Aim 1). lons
with nominal masses 50 and 52 were used to study the iso-
topic separation in the SLIM section. The estimated ion
mobilities based on hard sphere model were 0.20 cm?/V-s
and 0.19 cm?/V-s, respectively. Initially, the ion confine-
ment and transmission efficiency were studied for the low
m/z ions by varying the trapping RF frequency at 150V RF
amplitude assumed. At conventional RF frequencies of
~10° Hz, low m/z ions are not confined and are lost to the
electrodes. At 5x10° Hz, ions are effectively confined and
transmitted. The corresponding arrival time distribution
was calculated for the SLIM mobility cyclotron conditions
and showed that more than adequate resolution (~960) for
baseline ion separation was achievable.

Aim 3: Obtain experimental verification that ion current
and resolution performance from Aims 1 and 2 can be
achieved. The key effort this FY involved the implementa-
tion and evaluation of an actual SLIM device. In the initial
work, a vacuum housing was designed and fabricated to
accommodate a small SLIM device (which we note used
smaller dimensions than the system modeled under Aim 1,
and thus constrained to lower maximum currents that can
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be estimated to be a few nanoAmps). The fabricated hous-
ing was successfully tested for its vacuum seal. This SLIM
device was integrated with an ion funnel trap for connec-
tion to the electrospray ion source and a “rear” funnel and
quadrupole for coupling to an Agilent TOF mass spectrome-
ter (MS). The SLIM building blocks were designed and fabri-
cated by printed circuit-board technology (PCB) technology.
The initial device consisted of elements the provided a
short 30 cm straight section. System-control software was
written in C# to allow the control of all voltages. The soft-
ware also enabled acquiring data from the MS into an ana-
log-to-digital acquisition card.

First SLIM experiments involved passage of ions from the
ion source through the SLIM device and to the rear funnel
to evaluate the transmission characteristics of the device
and ion mobility separation. The initial experiments uti-
lized a Faraday cup for ion current measurements and
which revealed successful transmission of ~500 pA ion cur-
rent through the SLIM device; this is a level of ion current
higher than that of ion current from our PNNL-developed
ion mobility separation (IMS) platform. We believe that
refinements to the interfaces with both the ion source and
the MS will enable higher currents to be transmitted. The
SLIM device was
then successfully
coupled to the MS
to characterize the
ions and the sensi-
tivity of this initial
device. Initial exper-
iments revealed a
broad range of ions
of different m/z can
be successfully
transmitted through
the device in a loss-
less fashion (after
some initial losses
at the ion source interface as expected due to a mismatch
in this initial work for the effective m/z or mobility ranges
confined by the ion funnel and the SLIM device). lon mobil-
ity separations that could be achieved in this short SLIM
device were also evaluated. Initial results indicated a
resolving power of ~18-20 for the 30 cm long straight SLIM
device, which is ~65% of the maximum theoretically
achievable resolving power. Experience indicates that the
less than theoretical resolution is likely due to the limita-
tions of the initial design of the interface between the SLIM
device and MS, and that a resolving power > 90% of the
theoretical resolving power should be achievable.

Initial SLIM device fabricated 30 (cm drift
cell) shown coupled with conventional
electrospray ion source (right) an Agilent
TOF MS (left).

Our initial efforts have been highly supportive of the
potential for SLIM devices and have indicated potential
utility for isotopic enrichment that will be explored in more
detail under the planned Year 2 efforts.



Knowledge-based Automated DIDSON
Data Extraction for the Assessment of Smolt

Sized Salmon

Kenneth D. Ham

Automated data extraction for fish behavior
from DIDSON multibeam imaging sonar
creates new possibilities for studying how
fish interact with dam structures. The tools
we created help make it practical to
evaluate actions that are intended to

make dams more fish-friendly.

Multibeam imaging sonar provides a way to peer into an
otherwise murky underwater environment. Few other
options exist to observe fish behavior under field conditions
where water clarity can be low, and adding artificial lighting
might influence behavior. Merely observing behavior can be
useful, but the factor limiting rigorous studies of fish behav-
ior is the extensive amount of human observation currently
required to process the multibeam imaging data. Analyzing
behavior recorded with the imaging device requires a pro-
hibitive amount of time to evaluate using human observa-
tion.

The goal of this project is to speed and automate processing
of fish behavior to reduce the need for human intervention,
allowing for extensive observation times to be rapidly
reduced to useful information. We created software tools
that allowed fish behavioral information to be automatically
extracted from DIDSON multi-beam imaging data files. The
software parses the raw files and extracts header informa-
tion that describes how the instrument was configured to
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The original noise level image (left) to one modified by the software
developed in this project (right), including some automated tracks
ending at the current frame.

properly orient the echo data in space and time. Display of
the raw file as video is an option, but this project imple-
mented two key approaches that greatly enhance the ability
to observe the behavior of fish after processing is completed.
A cross-talk filter removes internal interference among the
beams of the device to improve the ability to locate and
observe objects. In the absence of this filter, the echo of an
object sometimes bleeds across multiple beams. After the
filter is applied, only the strongest echo location remains.

The second approach to improving signal-to-noise ratio was
peak detection. By computing a temporal distribution of
echo strengths for each range-beam cell within the sampled
area, it was possible to create a threshold for echo strength
below which lesser echoes could be ignored. Actively moving
fish, however, create echoes with strengths well above the
threshold unless there is a large stationary object in the field
of view. Peaks are retained if their echo strength falls more
than three standard deviations above the background level.

In addition to improving the ability of humans to observe
fish, removing cross talk and identifying peaks facilitates the
automated identification of fish behavior. To capture behav-
ior, it is necessary to identify the peaks created by a single
organism across multiple frames. To associate the echoes of
each individual through time, an algorithm tracks strong
reflectors (peaks) in the sonar data. The Kalman filter was
chosen for the algorithm because it is an established method
for tracking changes in state (in this case, position) of a ran-
dom process (e.g., a fish swimming). The openCV library
implementation of the Kalman filter was initialized with a
definition of the process state vector, measurement matrix,
and values for process and measurement noise. The filter
uses inputs to predict the next position of each active track
in a new frame and the uncertainty around that position.
Detection closest to the track’s predicted position was
assigned if the difference between the detected and pre-
dicted positions was less than 15 pixels. This threshold was
chosen based on trial and error; a future improvement
would be to calculate a threshold based on expected size of
the fish, process noise value, and data resolution. In addi-
tion, each track that accrues a minimum number of echoes
is stored along with statistics that include origin, direction,
speed, variability, and mean echo strength. These data allow
further evaluation about whether individual tracks are perti-
nent and if behavior is consistent with expectations.

Further development is warranted to incorporate additional
multi-beam imaging sonar device file types into the list of
those able to be processed. Software application to real-
world situations will likely reveal additional opportunities
for improvement.
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Laser Ablation Capillary Absorption
Isotopic Sampling

Spectrometer for Trace
and Imaging

M. Lizabeth Alexander

The goal of this project is to advance laser
ablation-capillary absorption spectrometer
(LA-CAS) system development to perform
stable isotope measurements at a level of
precision and accuracy required for detec-
tion and imaging in key DOE research areas
such as biogeochemistry, atmospheric sci-
ences, and genomic sciences.

Precise measurements of stable isotope ratios are well
established as a valuable tool for basic areas of chemistry,
biology and geology as well as forensics and medicine
applications. The current workhorse for stable isotope
measurements of lighter elements (hydrogen, carbon,
nitrogen, and sulfur) is the isotope ratio mass spectrometer
(IRMS) coupled with traditional analytical techniques for
sample preparation and introduction such as a gas
chromatograph (GC), elemental analyzer (EA), or offline
methods. In recent work, we reported the use of LA-IRMS
as a method for spatially resolved isotope analysis of
samples. These measurements showed precision and
accuracy consistent with IRMS measurement but required
a much smaller (~1000-fold) sample size than traditional
EA-IRMS. Most recently, we used a prototype LA-CAS that
combines previous LA-IRMS work and carbon isotope
measurements by IR spectros-
copy into a single instrument.

The development of the LA-CAS
was motivated by the need to
track nutrients in microbial
communities at the scale of
one to tens of organisms, or
near 1 u in size. Carbon
isotope measurements provide
one method of tracking nutri-
ents from sources with differ-
ing 3C/"2C ratios such as C3 vs.
(4 plants. The amount of

carbon in this small areaisless = = Tl e
than a picomole (pmol), far = ]
below the detection limits of
IRMS (5-10 nanomoles [nmol])
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or current IRIS systems (100-200 nmol). Our results further
demonstrate that there is no loss in sensitivity when cou-
pling LA to the CAS in a flow-through system ideal for the
imaging application intended for LA-CAS. Previous results
of CAS with the gaseous CO, standards system demon-
strated molar detection of 100 pmol at levels of precision
sufficient to distinguish isotope ratios from different nutri
ent sources without the need for expensive, time-consum-
ing isotopic labeling. Further improvements lowered
detection to 2 pmol, and improvements are underway
that are expected to measure carbon isotopes at the
100-200 femotmolar level.

Spatially resolved isotopic measurements on this scale

can find a wide range of applications. For instance, this
approach could be utilized for performing detailed tracking
of labeled substrates through a stratified microbial mat,
probing the stable isotopes of microfossils embedded in a
rock matrix, assist in performing individual analysis of pro-
karyote and eukaryote communities such as in the rhizo-
sphere or microbiome. A key advantage of this system over
previous spatially resolved work is the improved sensitivity
over an IRMS-based method. The enhanced sensitivity of
the LA-CAS system over LA-IRMS will permit coupling to
smaller sample spot sizes, thus enhancing the spatial
clarity of such measurements and permitting probing of
smaller systems.

The real-time compensation for thermal drift and the soft-
ware development for rapid summing and peak integration
were successfully completed with the exception of auto-
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Peak integration and isotope ratio calculation



mating the cursor control for peak selection and the data
storage process. Results were achieved using a National
Instruments system crate and software to average absorp-
tion signals of small sets of sweeps and then using software
to realign any peak drift to the known line frequency cen-
ter, followed by obtaining an average for the entire period.

Hardware improvements to reduce thermal and mechani-
cal drift are now half complete. The increased flexibility of
a new fiber material allowed it to be coiled around a form
and thermally insulated. The remaining part of this task is
to add active temperature control. An additional benefit
realized with the fiber (which also has an improved tapered
design) is a significant reduction in optical feedback, allow-
ing a much smaller heat source to be used in the optical
isolation stage and reducing problems with thermal stabil-
ity. We additionally demonstrated the conductance limited
interface that will allow imaging down to 25 p. Ultimately,
we anticipate that adding a cryogenic interface would
achieve a resolution of 2 p.

The identification and purchase of an appropriate QC laser
became necessary when the existing Alpes Lasair laser for
€O, became unstable. The frequency slew rate was nonlin-
ear and not constant, resulting in large apparent shifts in
frequency. This resulted is a dependence of output power
vs. frequency, which translated into a large slope in the
baseline that dictated the use of 2f detection resulting in
bipolar peak shapes.

A new QC laser was purchased from Adtech that eliminated
these problems and demonstrated much improved linear-
ity in slew and reliability as well as access to a frequency
region with higher CO, absorption strength that will trans-
late to higher sensitivity. The significantly reduced slope in
baseline allows 1f detection, simplifying data collection
and improving sensitivity. An additional benefit is that
Adtech is willing to make QC lasers for other frequencies
needed to measure other light isotopes. This was a task
projected for FY 2014 and is now 50% complete.

PN13097/2578
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Millimeter-wave Shoe Scanner

Justin Fernandes

To eliminate the need for personnel to
remove shoes before being screened in air-
port security, we are integrating an array
into the floor of the current millimeter-wave
advanced imaging technology portal.

According to the International Air Transport Association in
a survey of 142 airports prior to September 11, 2001, about
350 people passed through security checkpoints every
hour. Clothing divestment, especially footwear, is a signifi-
cant impediment to efficient airport screening. Reduced
throughput in security checkpoints increases inconvenience
to passengers, ultimately leading to lost revenue for air-
ports and lost productivity for the general economy. A foot-
wear scanning solution would increase security scanning
throughput via decreasing the load on operators scanning
objects passing through carry-on luggage CT scanners. To
our knowledge, there have been no efforts to develop
imaging-based footwear screening, although there have
been several attempts to create a capability that looks for
chemical, magnetic, and low-frequency electromagnetic
signatures. The objective of this project is to develop a mil-
limeter-wave imaging based footwear screening technology
that can be licensed to a third party for development and
field deployment.

Initial work included performing an imaging system
parameter optimization, which included system band-
width, antenna polarization, and physical scanning geome-
try. The optimal single element system was used to scan
multiple shoe types containing various types of threat sim-
ulants. An initial imaging database was constructed, and
manual detection of abnormal metallic and non-metallic
materials in a wide variety of shoes was performed. Algo-
rithms leveraging the 3D nature of the data were devel-
oped and have been shown to increase contrast between
nominal and anomalous shoes in many cases. New volu-
metric visualization techniques have been tested and used
to increase ability to visually detect abnormalities embed-
ded within shoes. Some of these methods use preprocess-
ing techniques that format 3D point cloud data to surface
meshes, which is the standard for the application of fea-
ture extraction algorithms based on surface characteriza-
tion and intrinsic geometric distances.

During FY 2013, we made significant technical progress.
The design and modeling of antennas radiating into a
dielectric half-space was performed. The antenna design
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was chosen used based on simulated electromagnetic
parameters. An impedance matching layer located in
between antennas and footwear soles was researched, con-
structed, and tested. A hybrid fast Fourier transform (FFT)-
based generalized synthetic focusing technique (GSAFT) and
pure GSAFT imaging algorithms were developed and used
to reconstruct data obtained from the new sparse array
design. A half-space focusing algorithm was written to
focus images generated by system located free space illu-
minating objects in a dielectric half-space. A real-time foot-
wear imaging system has been created via integration of
the final impedance matching configuration with a new
millimeter-wave sparse imaging array. A high frequency
structure simulator was used to model different antenna
configurations radiating into a dielectric half-space. Based
on these results, a final antenna configuration was deter-
mined and is being used to image footwear through an
impedance matching layer.

Multiple impedance matching layers have been researched,
constructed, and tested. Image volumes of multiple types
of footwear with each impedance matching configuration
have been obtained. The images were evaluated qualita-
tively to determine the optimal impedance matching con-
figuration. The final configuration has been shown to
improve image quality significantly and increase the
detectability of multiple threat objects.

The final integration of a sparse millimeter-wave imaging
array with the impedance matching layer has been per-
formed. Due to the physical requirements of imaging
within footwear, a hybrid focusing technique using GSAFT
and FFT has been developed and implemented in imaging
software. This algorithm reduces/eliminates artifacts due to
the quasi-monostatic assumption violation in close range
imaging applications. An additional half-space focusing
algorithm has been developed and is being integrated into
the software. Both of these focusing techniques will
increase imaging capabilities. The final integrated footwear
imaging system will be tested on actual humans wearing a
diverse set of footwear. These results will test the effective-
ness of the new imaging algorithms and impedance match-
ing layer.

We have shown that an impedance matching layer signifi-
cantly improves image quality in the footwear scanning
application. With the results obtained with this effort, mar-
keting is underway with a company to license this unique
technology. The next step will be to create another imped-
ance matching layer that would be resilient to a realistic
footwear scanning scenario.



Miniaturization of Multi-Modal Regenerative

Feedback Sensor

A. Mark Jones

The objective of this project is to develop
and miniaturize a class of multi-modal
sensing platforms based upon regenerative
feedback resonator circuits. It is envisioned
that this technology could be deployed as
unattended wireless sensors for national
security applications.

This project was initiated because it was discovered that
material-loaded regenerative feedback resonator circuits
under evaluation as radiation detectors exhibited unique
responses to other phenomena during characterization.
The circuits were originally intended to sense transient
changes in detector material electromagnetic properties
induced by ionizing radiation. However, prototype configu-
rations demonstrated surprising sensitivity to a variety of
other stimuli, including acoustic pressure, human proxim-
ity and motion, visible light, electromagnetic fields, and
temperature. Recognizing the potential for multi-signal
detection, we began to explore the use of these circuits

in the broader context of national security missions.

The simplest implementation of the circuit being investi-
gated consists of a microwave amplifier
with a material-loaded cavity resonator in
the feedback path and a directional cou-
pler to measure the resonant behavior of
the loop system. Other components may
include a phase shifter for precise fre-
quency control and a band-pass filter to
reject undesired resonant modes. The
sensing mechanism is produced by inter-
action of the resonator with the external
environment. The circuit is compatible
for use with any two-port resonator
element, and we have utilized 3D and
planar split-ring resonators as well as
resonant patch antennas.

The regenerative feedback technique has
been widely used to increase sensitivity
and frequency selectivity of radio receiv-
ers. These circuits are attractive because
of their simple, low-cost topology and
ability to generate dynamic quality fac-
tors many orders of magnitude higher

than those quality factors available from  3mera flashbulb.

resonators used in a passive configuration. For example,
we have measured dynamic quality factors as large as
15 million for material-loaded circuit prototypes. The
sensing circuit can be compact and designed to transmit
wirelessly real-time frequency response to a receiver
located a safe distance away from the deployed sensor.

Our first step was to perform a baseline evaluation to
assess the response of early prototype sensors to acoustic,
electromagnetic, and proximal inputs. For each modality,
we identified relevant sensor characterization methods to
collect the appropriate standardized data. After reviewing
the results, we selected human proximity and electromag-
netic emissions as the modalities for detailed research
and design efforts. It is expected that investments in
these sensing configurations can be readily leveraged

for other modalities.

We made significant progress in understanding and
miniaturizing the multi-modal sensor in FY 2013. Using

a combination of 3D finite element electromagnetic
simulations and experimental investigations, we examined
sensor phenomenology, including resonator modal behav-
ior, dielectric material loading effects, and transduction
mechanisms. Excellent agreement was obtained between
simulated and measured characteristics of the various

Example instantaneous frequency response of multi-modal sensor prototype configurations
captured using a real-time spectrum analyzer for various inputs: (a) carrier frequency

shift due to human proximity, (b) sideband structure due to electromagnetic emissions,

(c) frequency modulation due to human voice, and (d) broadband frequency shift due to
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resonator configurations. Additionally, research revealed
that the proximal sensor modality operates as a short-
range radar transceiver, where the resonator functions as a
reciprocal antenna that transmits and receives propagating
waves. The phase shifts corresponding to reflected signals
from nearby objects are converted into excursions from the
nominal carrier frequency. In addition to proximity sens-
ing, direct detection of incident electromagnetic signals is
enabled by the self-mixing operation of the amplifier as it
is driven into its nonlinear regime. The received signals
appear as frequency-modulated sidebands on the carrier
frequency. We performed a literature review of active inte-
grated antennas and self-mixing oscillator antennas to
understand resonator radiation characteristics and phase-
noise stability for these related configurations.

The sensor form factor was reduced from bulky initial pro-
totypes consisting of coaxial components to a small printed
circuit board and resonant patch antenna operating near

2 GHz. This more compact design exhibited significantly
improved performance for both proximity and electromag-
netic inputs when tested using the characterization
methods from the baseline evaluation. In addition, we
confirmed that the sensor can detect human presence and
movement through internal walls of typical office build-
ings. We performed a preliminary demonstration of the
use of multiple identical sensors operating in wireless exfil-
tration mode with external directional antennas to detect
and track movement through an area. This simultaneous
operation was possible because the sensor was designed to
enable precise tuning of the frequency response of the
regenerative feedback circuit.
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After confirming the successful operation of the 2 GHz
printed circuit sensor, we designed the next iteration of the
multi-modal sensor. To miniaturize the form factor and
maintain performance, the operating frequency was
increased to 5.8 GHz and the resonant patch antenna and
feedback circuit were placed on opposing sides of a multi-
layer circuit board. The overall dimensions of the 5.8 GHz
sensor are 50 mm X 50 mm X 2 mm. The resonator ele-
ment was designed using electromagnetic simulation.

Our efforts on this project during FY 2013 resulted in the
publication of a peer-reviewed journal article in Review of
Scientific Instruments on the use of this technique for
detecting transient changes in electromagnetic properties
of semi-insulating and magnetic materials. We will pursue
additional technical publications during the second year of
the project. Additionally, the technology from this project
relates to patent pending IPID 30048-E.

For FY 2014, we plan to fabricate and test the 5.8 GHz min-
iaturized multi-modal sensor. In addition to performance
characterization, we will examine further the operation of
multiple resonators in concert to monitor an area of inter-
est, which will require determining the optimum approach
to integrate a directional antenna for wireless transmission
of the real-time signal. Other planned research areas
include investigating options for low-power sensor opera-
tion, such as power harvesting and energy storage, devising
methods to separate desired signatures from undesired and
environmental background effects, and exploring the use
of non-radiating resonators for applications in measure-
ment science.



Mossbauer Spectral Imaging

Lucas E. Sweet

Actinide Moéssbauer spectral imaging is a
novel concept targeted at improving the
limit of detection and chemical characteriza-
tion of actinide-containing solids. This
development has the potential to be a

new tool in the field of radioactive

material detection.

Mossbauer spectroscopy has been an underutilized chemi-
cal characterization technique for a couple of reasons.
First, the radiation sources required to probe actinide
nuclear resonances have been difficult to prepare and
required significant radiological material handling infra-
structure. Second, this has been a bulk solid analysis
technique that required up to several days for a single
spectrum to be collected on a sample. At these sample
quantities and data collection times, other analytical tech-
niques are more effective for chemical characterization.

Recent advances in iron (*’Fe) Mossbauer spectroscopy have
drastically improved the detection limits and data collec-
tion efficiency. These advances include the use of gamma
detectors that have high spatial resolution, gamma-ray
focusing optics, and technologies for Mossbauer measure-
ments using high flux synchrotron light sources. Our focus
is to apply these new advances in iron to actinide Moss-
bauer spectroscopy. These developments are intended to
produce a novel ultra-sensitive characterization technique
for actinide-containing solids that can have applications
in nuclear safeguards and nuclear non-proliferation.

During FY 2013, we purchased the typical components
used in Mossbauer spectrometers, made modifications,
and explored alternative measurement geometries aimed
for improvements in detection limits and decreases in data
collection times. One of the key and most significant steps
this year was to evaluate options for gamma detectors in
this instrument. The typical gas proportional detectors
used for >’Fe Mossbauer have poor counting efficiencies
for the energy of the gamma rays analyzed in actinide
Mossbauer measurements. After carefully evaluating the
efficacy, speed, and energy resolution of our detector
options, we chose a CdTe detector, which was then
integrated into the spectrometer originally designed

for a specific gas proportional counter. We confirmed

that this new detector configuration would allow for

the high efficiency detection of the correct gamma-ray
lines for performing all of the actinide isotope

Mossbauer measurements that we are targeting.

After the CdTe detector was integrated, we explored alter-
native measurement geometries hoping to add additional
efficiency and improve system detection limits. We used a
computer model to test several different measurement
geometries and compared real data collection efficiencies
of some of these geometries using our spectrometer.
Because our Mossbauer spectrometer was set up for trans-
mission mode measurement geometry, we reconfigured
the system to perform measurements in a backscattering
geometry that improves detection limits for small
particulate sample types, even though this is less

efficient for bulk powder samples.

We made progress on several other fronts. A sample holder
was made to analyze radioactive samples in a contained,
safe manner, along with custom adaptors to incorporate a
variety of gamma-sources necessary for different actinide
Mossbauer measurements. A cryostat was custom designed
for low temperature measurements essential for actinide
Mossbauer. We also tested ways to increase the signal to
noise ratio using lock-in-amplification algorithms.

For FY 2014, we plan to complete the Mossbauer spectrom-
eter that is capable to measuring nuclear resonances of
Z7Np and then add the capability for 28U nuclear reso-
nances. Able to measure multiple isotopes simultaneously
or serially, we will also gain the ability to perform isotopic
ratio quantification, which will be a new use for this tech-
nique. Looking further ahead, we plan to add the imaging
component through the combination of detectors with
high spatial resolution and gamma-ray focusing optics.
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The current state of the actinide Mossbauer spectrometer being
developed has a CdTe detector and backscattering geometry to
improve the limits of detection and data collection efficiency.
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Optical Fiber Sensing System for Process
and Health Monitoring (Stain and Strikes)

Mark E. Jones

This project investigated optical fiber
sensors toward the goal of improving
the composite manufacturing process
specifically used to produce blades but
also applicable to manufacturing nacelles
and hubs.

To enable offshore wind efforts and gain acceptance for
renewable offshore projects, the cost competitiveness of
power generation needs to be demonstrated. While many
factors influence cost, a large part of manufacturing
expense is tied to scrap materials that do not meet specifi-
cation, and single- component failure to meet specification
is a significant issue. Composites are primary materials used
in offshore structures because they meet size, operational
environment, and lifetime/servicing constraints. Tradition-
ally, these large composite parts are made through a mold-
ing process where epoxy or polyester is injected into molds
that contain glass or carbon fibers. After wetting, the parts
are cured. A primary cost and/or performance issue results
where voids form in areas where resins fail to flow. By
inserting optical fiber sensors, these fibers inherently
become a part of the composite structure.

For this project, our research team performed small-scale
experiments on how embedded optical fibers can be used
without modification through the lifecycle of the compo-
nents to determine strain for health monitoring and perfor-
mance-driven maintenance. With no modifications and
minor changes to the demodulation algorithms, high fre-
quency point sensors can be created to monitor for bird
strikes. We will use the results of this project to develop a
comprehensive optical fiber approach to measure and

Edge Filter Demodulation of LPG Signal
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Measured intensity through a spectral edge filter with the sensor in
air and water.
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improve the manufacturing process of turbine blades and
to demonstrate sensor and fiber interrogation methods that
span multiple frequency regimes. New demodulation con-
cepts will allow spatial evaluation of strain loads and high
frequency monitoring of bird strikes.

During FY 2013, we determined the optimal grating specifi-
cations using MATLAB modeling approaches. The sensitivity
that an optical fiber has toward the surrounding materials
is dependent on how much of the light is able to extend out
of the fiber. This condition is determined by the type of
optical fiber used, the wavelength of light, and the grating
period. We designed gratings using commercial communica-
tions-grade fibers that leverage low cost due to a high vol-
ume production
market. Based
on design
parameters, we
identified COTS
vendors able to
produce the
gratings, and we
built an interro-
gation scheme
to measure
performance.

Sensor being
interrogated using
an optical spectral
analyzer (OSA).

Another accomplishment was demonstrating two interroga-
tion techniques. Our team illuminated gratings with white
light sources and used a spectrum analyzer to measure
spectral changes with fiber wetting. We proved that edge
filters can be used for a high frequency, intensity-based
signal interrogator. Specifically, the team used a scanning
narrowband laser to filter the grating signal along its linear
sideband. This configuration can be used to measure

high frequency events (such as strikes) that occur in
composite structures.

Because of delays in grating fabrication and receipt of
epoxy resins, the in-structure tests were restricted. We did,
however, perform limited composite layups for resin trans-
fer molded parts. Fiber placement techniques were lever-
aged from other active projects, limiting the optimization of
grating placement. Resins were identified that will interact
most optimally with the fiber cure grating-based sensors.



Platform for High-Throughput Determination
of Enzyme Kinetic Parameters for Hemicellulose

Saccharification

Ryan T. Kelly

We are developing an analytical platform
based on droplet microfluidics coupled with
ion mobility spectrometry/mass spectrome-
try (IMS/MS) to monitor the reactions
involved in the enzymatic breakdown

of biofuel precursors.

With increasing efforts to develop viable biofuel alterna-
tives to fossil fuel energy sources has come the need to
understand the fundamental enzymatic reactions involved
in natural lignocellulose degrading systems as well as to
screen rapidly recombinant libraries of engineered glyco-
side hydrolases for feedstock degradation efficiency. Exist-
ing methods to monitor enzymatic saccharification are low
in throughput, often involving liquid chromatography sep-
arations or fluorescent labeling, and require large amounts
of material. We are developing a platform to monitor deg-
radation efficiency with much higher throughput and with
minute amounts of reagents. The platform will enable lig-
nocellulose degradation to be measured in a label-free,
high throughput fashion, providing improved fundamental
understanding and a means of optimizing processes
relevant to biofuel production.

The platform is based on droplet microfiuidics coupled
with IMS/MS. Picoliter to nanoliter sized volumes compris-
ing enzyme, substrate, and dilution buffer are controllably
dispensed into an immiscible oil stream. Rapid mixing of
enzyme and substrate droplets upon contact initiates the
degradation process and the reaction takes plac