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1.0     INTRODUCTION 

This report describes the second year of work conducted under this project, between 13 June 
2001 and 12 June 2002. The organization of the report is as follows: 

1. Introduction 
2. Aims 
3. Findings of the Livestigator during Y2 
4. Chronological list of written publications 
5. List of professional personnel associated with the project. 
6. Related Activities: Meetings/Conferences 

2.0     AIMS 

Broadly, the purpose of this project is to explore the idea of using simple optical elements to do 
the job of more complex and costly spectroscopic hardware in measuring chemical 
concentrations and determining chemical composition via optical spectroscopy. Work of this 
type is called multivariate optical computmg, a name given it in a 1998 publication m the joumal 
Analytical Chemistry and in a demonstration article pubUshed in Analytical Chemistry under this 
project in 2001. 

The underlying theme of this work is that the spectroscopic patterns that provide meaningful 
chemical information in complex systems can be encoded into the spectrum of a simple optical 
interference filter. To ascertain whether this is feasible, and if feasible then under what 
conditions and with what certainty, this project explores the basic theory of multivariate optical 
computing as well as the materials, algorithms and systems used for bringing the concept to life. 

In pursuit of this aim, the USC research team undertook a wide variety of investigations during 
Y2. Among these were study of the spectroscopy of mixtures of organophosphorus compounds 
and other organic liquids, development of tools to fabricate optical elements more precisely, 
evaluation of a new algorithm for design of imaging elements, development of a system to 
permit measurement of organic compounds in. the near-infrared, investigation of the 
spectroscopy of bacterial spores and of envelope paper and other postal materials, developnient 
of a prototype system for measuring the presence of bacterial spores on paper, initial 
investigation of the spectroscopy of bacterial spores for the purpose of distinguishing spore types 
from one another. The following report describes some of the salient features of the work during 
Year 2. 

'ftse -OS- Ei'f I 



3.0    FINDINGS OF THE INVESTIGATOR DURING YEAR 2 

3.1      NIR SPECTROSCOPY OF MIXTURES OF ORGANOPHOSPHORUS COMPOUNDS AND 

OTHER ORGANIC LIQUIDS 

We demonstrated that multivariate optical elements can be designed for determinations based on 
the near-infrared C-H overtones of organic compounds. 

Samples of dimethylmethylphosphonate (DMMP) and ethyl acetate in carbon tetrachloride 
solvent were prepared according to random nxmiber generation. Optical transmission spectra 
were measured on a Mattson hifmity AR-60 FTIR/FTNIR spectrometer in 1-cm pathlength 
quartz cells with air reference. Candidate detectors for the NIR spectral window were selected. 
These were Germanium photodiodes manufactured by Sciencetech, Lie. A light source 
consisting of a 6W/6V lamp (Linos Photonics) was measured as a candidate illumination system 
for point measurements. Measurements of spectral radiance of candidate light sources and 
spectral efficiency for candidate detectors were made with an Optronic Laboratories calibration 
system. 

Figure 1 shows the experimental setup for implementing the single-filter design in a simple 
transmission measurement. In this system, a spatial filter and coUimating lens is used to restrict 
the angular dispersion of light reaching a single filter. A single optical element is used in a 
beamsplitter arrangement, with part of the light passing through the sample being reflected and 
part being transmitted. The spectrum of the 45-degree optical element is designed to be precisely 
T(D)=0.5 +/- L(n), where T is the filter transmittance and L is proportional to the loading of a 
spectral vector obtained via principal components regression of a chemical system. The 
reflectance is adequately represented by R(A,)=0.5 -/+ L(k). The difference between these values 
is proportional to the spectral regression vector, while the sum of the two is independent of the 
spectral vector. 

MOB 

T = 0,5 + IV2 

Detector 
-    Bandbass 

S^'^  selection 

Lignt source 

R = 0.5-L/2 
Figure 1. Schematic diagram of a simple single-element system for the prediction of chemical 
properties based on the transmission spectroscopy of samples in cuvettes. In this design, MOE is 
the multivariate optical element, the bandpass selection filters are simple colored glass filters that 
roughly limit the spectral window, the detectors are matched, T and R stand for transmittance and 
reflectance on the scale of zero to one, and L is the scaled regression vector of the MOE. 



The optical computation of chemometric predictions is inherently radiometric in nature. 
Absorbance is non-linearly related to the intensity of light passing through a sample and is 
difficult to represent exactly. Sample transmittance is directly related to radiometric quantities in 
our measurement scheme. Unfortunately, while Beer's law relates absorbance linearly to 
concentration, sample transmittance is not as simply related. Therefore, the number of principal 
components required to describe a radiometric data set is greater than the number of independent 
species. 

Figure 2 shows the NIR absorption spectra for two organic chemicals, DMMP and ethyl acetate 
(EA), and carbon tetrachloride solution in the region between 1,000 and 2,500 nm. Figure 3 
shows transmission spectra for a series of 40 mixtures of these compounds, mixtures in which 
the concentrations of the two compounds are varied independently of one another based upon a 
random number generation. DMMP was arbitrarily selected as the analyte, while EA was treated 
as a random interferent. These 40 mixtures provide a starting pomt for development of a suitable 
regression vector for DMMP that could be incorporated into a single-element multivariate optical 
element (MOE). 
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Figure 2. Absorption spectra for solutions of two chemicals, DMMP and EA,used in this report. 
Carbon Tetrachloride is superimposed on both spectra to show no interference in the C-H region 
(-5,250-6,250 cm"'). 
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Figure 3. Transmission spectra for 40 mixtures of DMMP and EA using random concentrations of 
both compounds. The maximum concentration of each was limited so that absorbances of the two 
compounds individually would not be more than 0.4 in the C-H region (~5,250-6,250 cm"). 

Before calculation of a regression vector, the transmission spectra were converted into system 
units by measuring the spectral radiance of the light source to be used for illumination of the 
sample, the transmittance of an idealized spectral bandpass filter set, and the spectral sensitivity 
of the detector selected for the measurement. The product of these factors with the sample 
transmittance spectra gives the system-corrected spectra shown in Figure 4. 
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Figure 4. Sample spectra used for analysis. These data are based on the transmission spectra in 
Figure 3, plus the spectral radiance of the tungsten light source, the spectral sensitivity of the 
germanium detectors, and the transmission spectra described in the experimental section. 



The results of a 4-factor principal components regression of the data in Figure 4 are shown in 
Figure 5. In this figure, triangles represent validation samples, while black dots represent 
calibration samples. The standard error of prediction (SEP) for this calibration is 0.0310 }iM. 
The regression vector that produces this calibration is shown in Figure 6, normalized to unit 
length. This vector could be used to design a MOE by appropriate scaling. The scaling of the 
vector into the MOE is somewhat arbitrary, limited only by a need to end with realistic 
transmittance values. 
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Figure 5. Calibration based on Figure 4 data.  Filled Circles:   Calibration set.  Open Triangles: 
Validation set. SEP = 0.0310 jiM for the validation set. 
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Figure 6. Regression vector for the calibration shown in Figure 5. The vector has been scaled to 
unit length. 

In a second and more promising approach, random nimiber generation produces a random 
multilayer structure that is then used as a starting point for an in-house algorithm that iterates this 
structure to find a result that can be characterized as "the best solution at this level of 
complexity". The in-house algorithm uses the original data (Figure 4) to optimize the structure 



of the MOE coating in a way that minimizes the SEP. Figure 7 shows the "vector relaxed" 
result, although the "relaxed" resuU is very different from the target based on the regression 
analysis that is given in Figure 5, the SEP produced by this vector is similar, 0.0643 ]xM. This 
relaxed design has the benefit of creating a thinner filter in comparison to the direct design, 
having a total thickness near 2.5 micrometers vs. 26 micrometers for the direct design, and 
requiring significantly less computation time. 
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Figure 7. MOE transmission spectram at 45 degrees angle-of-incidence based on vector relaxation 
from a partial direct solution as described in the text. This solution can be construed as the best 
solution at this level of complexity in the MOE. This design should give an SEP of 0.0643 pM. 

3.2      DEVELOPMENT OF TOOLS TO FABRICATE OPTICAL ELEMENTS MORE PRECISELY 

Deposition-correction algorithms. All new algorithms for design require two formats. The first 
is a pure MATLAB code written for design. The second is a LabVIEW-linked MATLAB code 
that performs online redesign of the MOE during production. Each time that we describe a new 
development in our algorithms, it must be mirrored in the LabVIEW-linked codes that are used 
to fabricate coatings. At the moment, our system works to "correct" the thicknesses are all 
remaining layers for errors in the fabrication of preceding layers. If a modified MATLAB code 
were not mirrored in Lab VIEW, these redesigns would be to a different set of criteria than 
desired - an imaging MOE could be redesigned as a single-angle MOE, for instance, during 
fabrication. 

Inclusion of substrate absorbance in algorithms. As our work moves first into the NIR and then 
into the MIR, our original assumption of non-absorbing substrates becomes invalid. The effect 
of this is to change the way that the Fresnel reflectivity calculation is done (now it must be a 
complex calculation instead of a real calculation) at both interfaces, and multiple reflections must 



be accounted for by a modified infinite series. No longer do reflectance and absorbance sum to 
unity, which was an assumption of our earlier work. 

Explicit calculation of reflectance in algorithms. Thin fihns and substrates both exhibit 
absorbance in the NIR and MIR regions. Since reflectance and transmittance no longer sum to 
unity, they must each be explicitly calculated. The computation is complex both in the 
numerical sense and in the coding sense, since absorbance and non-normal incidence each cause 
calculations to be more difficult and time-consuming. Fortunately, a major text by MacLeod of 
Arizona State University provides details on the theory behind these calculations. 

3.3      EVALUATION OF A NEW ALGORITHM FOR DESIGN OF IMAGING ELEMENTS 

In Yl, we developed an algorithm that should design imaging multivariate optical elements. In 
Y2, we tested this idea out. 

Figure 8 below shows an experimental design for a mixture of two organic dyes that absorb in 
the visible region. We selected these dyes because we were familiar with them fi-om our earlier 
point-measurement demonstration. 

A Quick Walk-Through: A Visible Imaging System 
for an Anafojk in a Mixture Solution Concentration Grid 
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Figure 8. Bismarck Brown and Crystal Violet dyes, the experimental concentration grid 
measured, and the experimental transmission spectra of a set of samples on which an imaging 
MOE was based. 

Figure 9 shows the result of convolving the spectra of the dyes with the system response 
measured for a specific experimental apparatus (shown below). These spectra were input to the 
IMOE design algorithm, and a response shown in the Figure 9 was obtained for a theoretical 14- 
layer filter, averaged over all angles within the cone of acceptance of the optical system. 
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Figure 9.   Convolved BB/CV spectra with theoretical predictability for an imaging IMOE 
system. 

Figure 10 shows the spectral profile and regression vector expected for the IMOE theoretically to 
give the results shown in Figure 9. The standard error in prediction is shown in the Figure 10 as 
a function of the designed angle. The asymmetric nature of the result is not unexpected because 
of the way the spectral vector varies as the angle of incidence changes. 
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Figure 11 shows the experimental result for the IMOE spectrum. This IMOE was constructed 
with monitoring at normal incidence. This experiment taught us that a theoretical result requires 
measurement at the same angle of incidence that will be used in the experimental application of 
the MOE. 

IMOE Transmission IVofile @ 45" 
80 H 

Red Edge Nfismateh 

Figure 11. Experimental vs. theoretical IMOE spectra. 

The optical system used for the tests is shown in Figure 12. A single camera was used with a 
fixed mounting, and a swiveling sample arm was tested. Two sequential images were acquired 
and evaluated off-line. 

First Imaging Test Setup 

Figure  12.    Outline and photograph of a swiveling optical mount for testing the IMOE 
performance. 

The performance was measured with a standard and sample sandwiched together in the sample 
compartment. Two images were acquired, one in transmitted light, one in reflected light. Figure 



13 shows an example set of images, with the differences in the image shown as T-R in the same 
figure. The T-R figure is color coded to indicate positive or negative differences. 

Figure 13. T, R and T-R images from the Figure 12 setup. 

Figure 14 shows a series of images with increasing analyte concentration and random interferent 
concentration. We found in these studies that IMOEs do function, but that a simple T-R design 
does not adequately take uneven illumination of the scene into consideration. Li other words, a 
different approach to quantitatively interpreting IMOE results was needed. This has now lead us 
toward a concept we call the "panoptical" sensor, because this permits us to evaluate many 
different types of samples simultaneously using a single IMOE. 

Increasing ^alxJte Concentration with Random lolerfjima! Concentration 
Figure 14.   Increasing concentration of analyte in the right-hand sample leads to an increasing 
result from the IMOE, even when an overlapping interferent is present in a random concentration. 

10 



3.4 DEVELOPMENT OF A SYSTEM TO PERMIT MEASUREMENT OF ORGANIC 

COMPOUNDS IN THE NEAR-DSfFRARED 
Calculations have been made which show the practicality of fabricating a MOE filter which will 
demonstrate for the first time that the optical computing technique will be useful for analyzing 
mixtures at near infirared (NIR) wavelengths. This technique was first demonstrated by this 
laboratory for two dyes absorbing in visible wavelengths and was published as the cover article 
in Analytical Chemistry in March, 2001. A host of factors influence the achievability of useful 
NIR MOEs. Among these are knowledge of the optical constants of materials, ability to monitor 
deposition processes in the NIR, and - perhaps most critically - the availability of good spectral 
limiting filters. The NIR absorbance of organic compounds is by no means spread evenly 
through the NIR region, but is concentrated in specific portions of the electromagnetic spectrum. 
The C-H overtone region near 5500 cm-1 energy is one region of particular significance - it is at 
a low enough energy to be relatively intense, yet at a high enough energy to be detected with 
relatively high-quality germanium detectors. The main difficulty we have faced in using this 
region for NIR measurements is that spectral limiting is necessary. Germanium detectors (and 
all other detectors for this region) are not limited to detecting the narrow region containing the C- 
H overtone. Instead, they detect wide swaths of the electromagnetic spectrum outside the region 
of interest. As was done in the visible tests, a set of bandpass fihers was necessary to restrict the 
measurement. Interference filters are not suitable for this task, since there is too much variability 
in them. Colored glass fihers, unfortunately, are not available with much selectivity in the NIR 
region. The best colored glass combmation we could identify only restricted the wavelengths 
detected to the 1000-1800 ran region - still a very large spectral window when we only need 
about 50-100 nm of that region. 

We believe we have solved this very serious problem with a new type of optical longpass filter 
based on the solid-state absorbance of the element germanium. The detectors we use are limited 
to about 1800 nm because that's where the absorbance of germanium becomes too low to be 
useful for a detector. However, the absorbance of germanium is actually quite low at 1800 nm, 
so that a thin film of the material should have nearly total transmission there. The attenuation 
becomes very great near 1600 nm, so that a germanium fihn should allow us to restrict the design 
of MOEs for the NIR to only a 100-200 nm wide region. Since pure germanium is a very 
controllable material, we should be capable of making very reproducible fihns of the material 
ourselves. This is a major development that will allow us to isolate a smaller spectral window 
with important chemical group absorbances in it. The consequence of using a smaller total band 
is that the design of MOEs can be dramatically simplified. 

11 



Example: Band selection for NIR measurement of 
compounds 

2200 

Wavelength (mn) 
Figure 15. Combination of detector cutoff and film transmission characteristics of a germanium 
thin film provides a spectral window centered on the C-H region of organic compounds. 

Our initial work with germanium filters has shown that, with little effort, we can produce filters 
that perform better than those that are commercially available. We are still in the process of 
perfecting our methods. 

3.5      INVESTIGATION OF THE SPECTROSCOPY OF BACTERIAL SPORES AND OF 
ENVELOPE PAPER AND OTHER POSTAL MATERIALS 
The lab was prepared for entering into the problem of biological identification of microparticles 
using IR MOE fihers. An inverted biological microscope is in place, and an IR (reflecting 
optics) microscope were ordered and placed into operation. Arrangements were made to obtain 
prepared microorganisms of various important species. IR spectra were obtained of various spore 
types, and measurements of the spores dispersed onto paper were performed. 

Figure 16 below shows an example of the reflectance spectra of BG spores vs. standard envelope 
paper. 

12 



(BG) is distinctive from paper in two regions 
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Figure 16. Reflectance spectra of bacterial spores of B. Globigii and a series of standard papers. 
The inset photograph shows a NIR reflectance image of BG samples and a standard white paper 
envelope in the 1500 nm region. As expected from the spectroscopy in this figure, smudges of BG 
are observed on the paper as increased reflectance in this region compared to the paper. 

Based on the results of our studies, it was apparent that standard paper had greater reflectance 
than spores in the UV-blue region, but a lower reflectance in the 1500 run region. The 
differences in the MIR region were also quite pronounced. 

3.6      DEVELOPMENT OF A PROTOTYPE SYSTEM FOR BACTERIAL SPORES ON PAPER 

Based on our results above, an IMOE was designed for spores based on the UV-blue region 
because we had in our possession several small blue-sensitive CCD cameras. Figure 17 shows 
the layout of the system, using a twin periscope design to produce two images together on the 
same camera simultaneously, rather than two separate images that had to be collected 
sequentially as done earlier with the fu-st prototype for imaging analysis. 
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Figure 17.  A twin periscope optical system with a small mirror was used to project two images 
onto the same camera elements simultaneously. 

The final appearance of the "spore camera" is shown in Figure 18 below. 

Figure 18.  The "spore camera" based on the design of Figure 17 is shown with LEDs for light 
sources and a handheld computer attached for data display. 

An example of the images acquired from the camera are shown in Figure 19. 
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Figure 19. Images in reflected and transmitted light from the "spore camera" in figure 18. The 
subject here is a standard envelope with a stain of BG spores. Both images are of the identically 
same area wand were recorded simultaneously. These are from an individual frame of the camera. 
The difference in the two images is a marker of where spores are present. 

3.7 INITIAL INVESTIGATION OF THE SPECTROSCOPY OF BACTERIAL SPORES FOR THE 
PURPOSE OF DISTINGUISHING SPORE TYPES FROM ONE ANOTHER 

The laboratory began developing some expertise at recording infrared spectral of bacterial spores 
of different types with the intention of pursuing a project to determine whether spores are 
differentiable based on their infrared specfroscopy. By the end of Y2, a student had begun work 
on this project and was recording initial data. An example of an infrared microspectroscopic 
measurement of B. Subtilis spores is shown below as Figure 20, with a comparison to standard 
envelope paper. 

- standard envelope 

I I     —~ I I I I 
1000       1500      3000      3S00      3000      3500       4000 
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Figure 20. IR microspectrograph of B. Subtilis spores compared to standard paper. 
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