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TITLE OF THE INVENTION

METHOD OF HIGH-SPEED MONITORING BASED ON THE USE OF MULTIVARIATE
OPTICAL
ELEMENTS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims benefit of U.S. Provisional Patent Application, Serial Number
60/740,054, filed November 28, 2005 and U.S. Provisional Patent Application Serial Number
60/773,276, filed February 14, 2006.

FIELD OF THE INVENTION

The present invention relates to improvements related to system design, fabrication and
operation of multivariate optical elements. More particularly, the invention relates to
methodologies of using multivariate optical computing systems to illuminate a sample in which
information about the sample can be analyzed from the reflected or transmitted light in real time
or near real time.

BACKGROUND OF THE INVENTION

Light conveys information through data. When light interacts with matter, for example, it
carries away information about the physical and chemical properties of the matter. A property of
the light, for example, its intensity, may be measured and interpreted to provide information
about the matter with which it interacted. That is, the data carried by the light through its
intensity may be measured to derive information about the matter. Similarly, in optical
communications systems, light data is manipulated to convey information over an optical
transmission medium, for example fiber optic cable. The data is measured when the light signal

is received to derive information.
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In general, a simple measurement of light intensity is difficult to convert to information
because it likely contains interfering data. That is, several factors may contribute to the intensity
of light, even in a relatively restricted wavelength range. It is often impossible to adequately
measure the data relating to one of these factors since the contribution of the other factors is
unknown.

It is possible, however, to derive information from light. An estimate may be obtained,
for example, by separating light from several samples into wavelength bands and performing a
multiple linear regression of the intensity of these bands against the results of conventional
measurements of the desired information for each sample. For example, a polymer sample may
be illuminated so that light from the polymer carries information such as the sample's ethylene
content. Light from each of several samples may be directed to a series of bandpass filters which
separate predetermined wavelength bands from the light. Light detectors following the bandpass
filters measure the intensity of each light band. If the ethylene content of each polymer sample is
measured using conventional means, a multiple linear regression of ten measured bandpass
intensities against the measured ethylene content for each sample may produce an equation such
as:

y=apta;w; +ap wo+ ... F+ajo wio (“Equation 1)

where y is ethylene content, a, are constants determined by the regression analysis, and wy is
light intensity for each wavelength band.

Equation 1 may be used to estimate ethylene content of subsequent samples of the same
polymer type. Depending on the circumstances, however, the estimate may be unacceptably
inaccurate since factors other than ethylene may affect the intensity of the wavelength bands.
These other factors may not change from one sample to the next in a manner consistent with

ethylene.
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. A more accurate estimate may be obtained by compressing the data carried by the light
into principal components. To obtain the principal components, spectroscopic data is collected
for a variety of samples of the same type of light, for example from illuminated samples of the
same type of polymer. For example, the light samples may be spread into their wavelength
spectra by a spectrograph 50 that the magnitude of each light sample at each wavelength may be

|
measured. This data is then pooled and subjected to a linear-algebraic process known as singular
value decomposition (SVD). SVD is at the heart of principal component analysis, which should
be well understood in this art. Briefly, principal component analysis is a dimension reduction
technique, which takes m spectra with n independent variables and constructs a new set of
eigenvectors that are linear combinations of the original variables. The eigenvectors may be
considered a new set of plotting axes. The primary axis, termed the first principal component, is
the vector, which describes most of the data variability. Subsequent principal components
describe successively less sémple variability, until only noise is described by the higher order
principal components.

Typically, the principal components are determined as normalized vectors. Thus, each
component of a light sample may be expressed as X, z,, where X, is a scalar multiplier and z, is
the normalized component vector for the ny, component. That is, z, is a vector in a multi-
dimensional space where each wavelength is a dimension. As should be well understood,
normalization determines values for a component at each wavelength so that the component
maintains it shape and so that the length of the principal component vector is equal to one, Thus,
each normalized component vector has a shape and a magnitude so that the components may be
used as the basic building blocks of all light samples having those principal components.

Accordingly, each light sample may be described in the following format by the combination of
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the normalized principal components multiplied by the appropriate scalar multipliers:

Xy 21 ¥Xp 2o + . . X, Zo.

The scalar multipliers x, may be considered the "magnitudes" of the principal
components in a given light sample when the principal components are understood to have a
standardized magnitude as provided by normalization.

Because the principal components are orthogonal, they may be used in a relatively
straightforward mathematical procedure to decompose a light sample into the component
magnitudes, which accurately describe the data in the original sample. Since the original light
sample may also be considered a vector in the multi-dimensional wavelength space, the dot
product of the original signal vector with a principal component vector is the magnitude of the
original signal in the direction of the normalized component vector. That is, it is the magnitude
of the normalized principal component present in the original signal. This is analogous to
breaking a vector in a three dimensional Cartesian space into its X, Y and Z components. The dot
product of the three-dimensional vector with each axis vector, assuming each axis vector has a
magnitude of 1, gives the magnitude of the three dimensional vector in each of the three
directions. The dot product of the original signal and some other vector that is not perpendicular
to the other three dimensions provides redundant data, since this magnitude is already
contributed by two or more of the orthogonal axes.

Because the principal components are orthogonal, or perpendicular, to each other, the dot,
or direct, product of any principal component with any other principal component is zero.
Physically, this means that the components do not interfere with each other. If data is altered to
change the magnitude of one component in the original light signal, the other components remain
unchanged. In the analogous Cartesian example, reduction of the X component of the three
dimensional vector does not affect the magnitudes of the Y and Z components.

4
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- Principal component analysis provides the fewest orthogonal components that can
accurately describe the data carried by the light samples. Thus, in a mathematical sense, the
principal components are components of the original light that do not interfere with each other
and that represent the most compact description of the entire data carried by the light. Physically,
each principal component is a light signal that forms a part of the original light signal. Each has a
shape over some wavelength range within the original wavelength range. Summing the principal
components produces the original signal, provided each component has the proper magnitude.

The principal components comprise a compression of the data carried by the total light
signal. In a physical sense, the shape and wavelength range of the principal components describe
what data is in the total light signal while the magnitude of each component describes how much
of that data is there. If several light samples contain the same types of data, but in differing
amounts, then a single set of principal components may be used to exactly describe (except for
noise) each light sample by applying appropriate magnitudes to the components.

The principal components may be used to accurately estimate information carried by the
light. For example, suppose samples of a certain brand of gasoline, when illuminated, produce
light having the same principal components. Spreading each light sample with a spectrograph
may produce wavelength spectra having shapes that vary from one gasoline sample to another.
The differences may be due to any of several factors, for example differences in octane rating or
lead content.

The differences in the sample spectra may be described as differences in the magnitudes
of the principal components. For example, the gasoline samples might have four principal
components. The magnitudes x, of these components in one sample might be J, K, L, and M,

whereas in the next sample the magnitudes may be 0.94 J, 1.07K, 1.13 L and 0.86M. As noted
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-above, once the principal components ate determined, these magnitudes exactly describe their
respective light samples.

Refineries desiring to periodically measure octane rating in their product may derive the
octane information from the component magnitudes. Octane rating may be dependent upon data
in more than one of the components. Octane rating may also be determined through conventional
chemical analysis. Thus, if the component magnitudes and octane rating for each of several
gasoline samples are measured, a multiple linear regression analysis may be performed for the
component magnitudes against octane rating to provide an equation such as:

y = ag +a; X1 +az Xz +a3 X3 tas x4 (“Equation 2”)

where y is octane rating, a, are constants determined by the regression analysis, and x,
X2, X3 and x4 are the first, second, third and fourth principal component magnitudes, respectively.

Using Equation 2, which may be referred to as a regression vector, refineries may
accurately estimate octane rating of subsequent gasoline samples. Conventional systems perform
regression vector calculations by computer, based on spectrograph measurements of the light
sample by wavelength. The spectrograph system spreads the light sample into its spectrum and
measures the intensity of the light at each wavelength over the spectrum wavelength range. If the
regression vector in the Equation 2 form is used, the computer reads the intensity data and
decomposes the light sample into the principal component magnitudes x, by determining the dot
product of the total signal with each component. The component magnitudes are then applied to
the regression equation to determine octane rating.

To simplify the procedure, however, the regression vector is typically converted to a form
that is a function of wavelength so that only one dot product is performed. Each normalized
principal component vector z, has a value over all or part of the total wavelength range. If each
wavelength value of each component vector is multiplied by the regression constant a,

6
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corresponding to the component vector, and if the resulting weighted principal components are
summed by wavelength, the regression vector takes the following form:

y = ag +byug +bousp +. . . thyu, (“Equation 3”)

where y is octane rating, ag is the first regression constant from Equation 2, by is the sum
of the multiple of each regression constant a, from Equation 2 and the value of its respective
normalized regression vector at wavelength n, and u, is the intensity of the light sample at
wavelength n. Thus, the new constants define a vector in wavelength space that directly
describes octane rating. The regression vector in a form as in Equation 3 represents the dot
product of a light sample with this vector.

Normalization of the principal components provides the components with an arbitrary
value for use during the regression analysis. Accordingly, it is very unlikely that the dot product
result produced by the regression vector will be equal to the actual octane rating. The number
will, however, be proportional to the octane rating, The proportionality factor may be determined
by measuring octane rating of one or more samples by conventional means and comparing the
result to the number produced by the regression vector. Thereafter, the computer can simply
scale the dot product of the regression vector and spectrum to produce a number approximately
equal to the octane rating.

In a conventional spectroscopy analysis system, a laser directs light to a sample by a
bandpass filter, a beam splitter, a lens and a fiber optic cable. Light is reflected back through the
cable and the beam splitter to another lens to a spectrograph. The spectrograph separates light
from the illuminated sample by wavelength so that a detection device such as a charge couple
detector can measure the intensity of the light at each wavelength. The charge couple detector is
controlled by controller and cooled by a cooler. The detection device measures the light intensity
of light from the spectrograph at each wavelength and outputs this data digitally to a computer,

7
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which stores the light intensity over the wavelength range. The computer also stores a previously
derived regression vector for the desired sample property, for example octane, and sums the
multiple of the light intensity and the regression vector intensity at each wavelength over the
sampled wavelength range, thereby obtaining the dot product of the light from the substance and
the regression vector. Since this number is proportional to octane rating, the octane rating of the
sample is identified. |

Since the spectrograph separates the sample light into its wavelengths, a detector is
needed that can detect and distinguish the relatively small amounts of light at each wavelength.
Charge couple devices provide high sensitivity throughout the visible spectral region and into the
near infrared with extremely low noise. These devices also provide high quantum efficiency,
long lifetime, imaging capability and solid-state characteristics. Unfortunately, however, charge
couple devices and their required operational instrumentation are very expensive. Furthermore,
the devices are sensitive to environmental conditions. In a refinery, for example, they must be
protected from explosion, vibration and temperature fluctuations and are often placed in
protective housings approximately the size of a refrigerator. The power requirements, cooling
requirements, cost, complexity and maintenance requirements of these systems have made them
impractical in many applications.

Multivariate optical computing (MOC) is a powerful predictive spectroscopic technique
that incorporates a multi-wavelength spectral weighting directly into analytical instrumentation.
This is in contrast to traditional data collection routines where digitized spectral data is post
processed with a computer to correlate spectral signal with analyte concentration. Previous work
has focused on performing such spectral weightings by employing interference filters called

Multivariate Optical Elements (MOEs). Other researchers have realized comparable results by
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controlling the staring or integration time for each wavelength during the data collection process.
All-optical computing methods have been shown to produce similar multivariate calibration
models, but the measurement precision via an optical computation is superior to a traditional
digital regression.

MOC has been demonstrated to simplify the instrumentation and data analysis
requirements of a traditional multivariate calibration. Specifically, the MOE utilizes a thin film
interference filter to sense the magnitude of a spectral pattern. A no-moving parts spectrometer
highly selective to a particular analyte may be constructed by designing simple calculations
based on the filter transmission and reflection spectra. 'Other research groups have also
performed optical computations through the use of weighted integration intervals and acousto-
optical tunable filters digital mirror arrays and holographic gratings.

The measurement precision of digital regression has been compared to various optical
computing techniques including MOEs, positive/negative interference filters and weighted-
integration scanning optical computing. In a high signal condition where the noise of the
instrument is limited by photon counting, optical computing offers a higher measurement
precision when compared to its digital regression counterpart. The enhancement in measurement
precision for scanning instruments is related to the fraction of the total experiment time spent on
the most important wavelengths. While the detector integrates or coadds measurements at these
important wavelengths, the signal increases linearly while the noise increases as a square root of
the signal. Another contribution to this measurement precision enhancement is a combination of
the Felgott's and Jacquinot's advantage, which is possessed by MOE optical computing.

While various methodologies have been developed to enhance measurement accuracy in

Optical Analysis Systems, the industry requires a system in which the spectral range of the
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illumination source can be controlled; in which light can be shined directly onto a sample with or
without fiber optic probes; and in which the reflected or transmitted light can be analyzed in real

time or near real time

SUMMARY OF THE INVENTION

A method of high-speed processing and monitoring can include moving a plurality of
portions of pharmaceutical product past an inspection point, illuminating at least one portion of
the pharmaceutical product with a spectral-specific light though an optic window, the window
configured to focus the spectral-specific light onto a portion at the inspection point, reflecting
light carrying information about the portion through at least one multivariate optical element to
produce a first signal, detecting the first signal at a first detector, detecting a deflected portion of
the spectral-specific light at a second detector, and determining at high speed at least one
selected property of the portion as it moves past the inspection point based upon the detector
outputs.

The portions can comprise pharmaceutical tablets, trays or other containers of powders,
or partially- or fully-enclosed sample containers at least partially transparent to light focused
onto the portion. The portions can move past the inspection point at a rate between about 1
portion/second and about 5 portions/second, with the monitoring occurring in real-time at high
speeds.

In another aspect of the invention, a method of high-speed processing and monitoring
includes moving a product past an inspection point; illuminating at least a portion of the product
with a light; directing light carrying information about the portion through at least one
multivariate optical element to produce a first signal; detecting the first signal at a first detector;

detecting a deflected portion of the light at a second detector; and determining at high speed at

10
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-least one selected property of the portion as the portion moves past the inspection point based

upon the detector outputs. The product in this aspect may be a pharmaceutical tablet, a
pharmaceutical powder, a liquid, a gas, an emulsion, a solution, and a mixture.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure of the present invention, including the best mode thereof to
one skilled in the art, is set forth more particularly in the remainder of the specification,
including reference to the accompanying figures, in which:

FIGURE 1 is a top perspective view of one embodiment of a real time measurement
system according to an aspect of the present invention;

FIGURE 2 is a schematic view of a concentric cavity as in FIGURE 1 in accordance with
a further aspect of the present invention;

FIGURE 3 is schematic plan view of another embodiment of a real time measurement
system according to another aspect of the present invention;

FIGURE 4A is a perspective view of a retroreflecting mirror for use in the embodiments
of FIGURES 1-3 according to a further aspect of the invention;

FIGURE 4B is an end view of the retroreflecting mirror as in FIGURE 4A;

FIGURE 5 is a schematic view of an implementation in which material(s) undergoing a
process step may be measured in real-time using the present invention;

FIGURE 6 is another schematic view of a real-time process measurement using the
present invention; and

FIGURE 7 is a schematic view of using the present invention at multiple process stages

to monitor material characteristics.

DETAILED DESCRIPTION OF THE DISCLOSURE

11
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Detailed reference will now be made to the drawings in which examples embodying the
present invention are shown. The detailed description uses numerical and letter designations to
refer to features of the drawings. Like or similar designations of the drawings and description
have been used to refer to like or similar parts of the invention.

The drawings and detailed description provide a full and written description of the
invention, and of the manner and process of making and using it, so as to enable one skilled in
the pertinent art to make and use it, as well as the best mode of carrying out the invention.
However, the examples set forth in the drawings and detailed description are provided by way of
explanation only and are not meant as limitations of the invention. The present invention thus
includes any modifications and variations of the following examples as come within the scope of
the appended claims and their equivalents.

As generally shown in FIGURES 1 and 2, an optical analysis system according to an
aspect of the invention is designated by the element number 10. The system 10 is designed
around at least one application specific multivariate optical element (MOE) based on spectra
typically provided by an end-user. System design takes into account representative spectra of
compounds of interest, basic and expected concentrations of interest across a range of expected
interferents. Also, the system 10 incorporates the desired spectral regions (UV, VIS, NIR, MIR,
IR) of interest.

In the embodiment shown in FIGURE 1, the optical analysis system 10 broadly includes
a housing 12, a plurality of illumination or light sources 14A, 14B, a concentric light tube or
cavity 22, a focusing lens 26, at least one beam splitter 28, a first detector 30 including a
multivariate optical element 48 and a second detector 32. Although FIGURE 1 shows a

generally square- or rectangle-shaped, metallic housing 12 and two detectors 30, 32 arranged

12



10

15

20

WO 2007/061435 PCT/US2006/008951

therein, the skilled artisan will instantly appreciate that a variety of shapes, dimensions,
component placements and material makeup of the components can be substituted for the
examples shown according to various requirements such as government regulations, customer
specifications and the like.

As used herein, the term “light” is broadly used to mean any form of radiation or
radiative energy including, for instance, visible light or light in the infrared region. “Light” is
also referred to herein as a light signal, a light beam, a light ray and the like to mean any form of
radiative energy in the electromagnetic spectrum. Similarly, the term “transmission” can mean
transmission of radiative energy onto a surface of a sample; penetration, however slight, into a
sample such as a particulate sample or opaque fluid sample; or passage through a sample.

Moreover, as discussed below with respect to another embodiment of the invention, a
workpiece or sample W can be analyzed using a PCR-type model without the beamsplitter 28 in
an off-line approach. As used herein, the workpiece or sample W can mean an analyte
undergoing analysis over a range of conditions. The sample can be a solid or a fluid including
but not limited to a powder, a pharmaceutical powder mixed with lactose and other excipient
materials, a chemical, a polymer, a petroleum product, a solution, a dispersion, an emulsion and
combinations of these solids and fluids.

The skilled artisan will also understand that although the system can be a measurement
system operating in reflectance mode, the system can also be configured to operate in a
transmission mode in which light is shone through the sample W from an incident side of the
sample W to a similar detection system 110 on another side of the sample W. Alternatively, or
additionally, a mirrored surface 210 can be placed within the transmissive sample to reflect the

light back into the detection system 10. Therefore, the invention is not limited only to the

13



10

15

20

WO 2007/061435 PCT/US2006/008951

-examples shown in the figures.

With more particular reference to FIGURE 1, the housing 12 (shown partially in phantom
for clarity) can be metal such as stainless steel, a plastic material such as high-density
polyethylene (HDPE) or any durable material for protecting the components of the optical
analysis system 10. As shown, sampling of the sample W is accomplished through a window 13
in the enclosed optical analysis system 10. Accordingly, the enclosed optical analysis system 10
can be used in a dangerous (e.g., explosive) environment. As will be described in detail below,
the window 13 is transmissive in a known manner in a spectral region of interest.

As briefly introduced above, the illumination sources 14A, 14B are chosen to provide a
source light 34, which has a spectral range determined by a spectral range of interest for the
intended sample measurement. The illumination sources 14A, 14B are also chosen based on
reliability, intensity, temperature generation, and other factors. The illumination sources 144,
14B are also redundant to further enhance reliability. As shown in FIGURE 1, the redundant
illumination sources 14A, 14B can be oriented at 90 degrees from each other with a “50-50”
beam splitter 36 located near their center point to provide a constant source of illumination.

FIGURE 1 further shows a plurality of lenses 16A, 16B, respectively associated with
each of the illumination sources 14A, 14B. The lenses 16A, 16B are used to collect the light
signal 34 from the illumination sources 14A, 14B and to focus the light signal 34 on a modulator
or chopper wheel 18, described below. As shown, the lenses 16A, 16B are positioned to capture
as much of the light signal 34 as possible from the illumination sources 14A, 14B. Additionally,
a chopper-focusing lens 17 is used to focus as much of the light signal 34 as possible through the
chopper wheel 18. The skilled artisan will instantly recognize the lenses 16A, 16B, 17 are

selected for focal length, position, material of construction and the like to enhance transmission
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(reduce loss) of the light signal 34. For example, in the design of the optical path, if the

illumination sources 144, 14B is a lamp, slight magnification or demagnification of the source is
generally obtained at the sample W, depending on the ratios of the focal length, e.g., of the lens
16A to that placed after the illumination source 14A to collimate it. Ultimately, the image of the
illumination source 14A on the sample W is directed toward the detectors 30, 32 as described
below and again with some slight magnification or demagnification, depending on the ratios of
the focal length, e.g., of the lenses16A to that of, e.g., a lens 50 placed before the detector 30 to
focus a reflected light 46 onto the detector 30. Thus, it should be understood that there is a
relationship between the focal lengths of the lenses 16A, 16B that must be maintained in order to
make sure the ultimate image of the source-excited region of the sample W that is formed on the
detectors 30,32 is suited to the physical dimensions of the detectors 30,32.

The skilled artisan will further appreciate that the lenses 16A, 16B shown for example in
FIGURE 1 are plastic, Fresnel lenses well suited for use in an infrared (IR) region of about 1000
nanometers (nm) to about 3000nm. However, the skilled artisan will understand that the lenses
16A, 16B are not limited to only plastic, Fresnel lenses and that other types of lenses and
materials such as glass can be used for these lenses.

As further shown in FIGURE 1, the chopper wheel 18 includes a plurality of alternating
windows 38 and a plurality of alternating spokes 40. The alternating windows 38 and spokes 40
modulate the light signal 34 from about 50 Hertz (Hz) to about 5000 Hz to enable a plurality of
photodetectors 52, 56 in the optical system 10 to perform properly, as will be further described
below. As shown in this example, the chopper wheel 18 is a 10-window chopper wheel rotating
at 40 Hz, which provides a chopped signal of 400 Hz. The number and arrangement of the

windows 38 and spokes 40 and thus, the chopper frequency, are chosen based on several
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h variables, including a rate of motion of the sample material W moving past the sampling window
13; a performance characteristic of the photodetectors 52,56 and amplification system; a
predetermined sampling rate of the data collection and analysis system 10; physical properties of
a chopper motor (not shown), control system (not shown), and the chopper wheel 18 (including
material(s) of the windows 38).

More particularly, the number of windows 38 in the chopper wheel 18 can be adjusted to
provide a suitable degree of signal modulation. In one aspect of the invention, the chopper wheel
18 has open windows 38 and black spokes 40, which block the light signal 34. In another aspect,
different materials can be placed in the windows 38 to provide different spectral characteristics
for the various windows 38. Moreover, the transmission characteristic of these windows 38
could be used as further spectral elements. The windows 38 can also contain multivariate optical
elements (MOE) such as those described below with respect to a MOE 48 of the MOE detector
30.

FIGURE 1 also shows a plurality of bandpass filters or spectral elements 20 located in a
path of the light signal 34 after the light signal 34 has passed through the chopper wheel 18. As
briefly discussed above, the spectral elements 20 are selected based on a desired application; i.e.,
to analyze a particular sample W. The spectral elements 20 are chosen so that the spectral region
of illumination covers the desired range; i.e., related to a particular chemical material of interest.
For example, if 1500-2000 nanometers (nm) of light wavelengths is the desired spectral region,
the spectral elements 20 are selected to filter out wavelengths are not in that region. An example
of these spectral elements is a SCHOTT brand filter, which can be a long pass, short pass, or
band pass filter. By way of further example but not of limitation, some suitable materials for use

as the spectral elements 20 are listed in the following table.

16



WO 2007/061435

Material

Comments

cm-1

cm-1

TABLE

1

Properties of Select Transmitting Materi

g/100g

als

Hardness
Kg/mm 2

PCT/US2006/008951

°C

AMTIR

SeAsGe glass,
brittle

11000

593

2.5

170

370

BaF 2

Barium
Fluoride

66600

691

1.45

0.17

82

1280

CaF2

Calcium
Fluoride

79500

896

1.4

0.0017

158

1360

Csl

Cesium
Iodide, very
hygroscopic,
Somewhat
Toxic

42000

172

1.73

44

20

621 NA

Diamond

Type Ila,
strong IR
absorbance
between 2700-
1800 cm-1,
costly

30000

<2

24

5700

220 114

Germanium,
brittle,
becomes
opaque at
elevated
temperatures

5500

432

780

936 [1-14

KBr

Potassium
Bromide, most
widely used
for mid-IR
applications

48800

345

1.52

730 INA

KC1

Potassium
Chloride

55600

385

1.45

35

776 |NA

KRS-5

Thallium
Bromide /
Thallium
Iodide,
Extremely
Toxic!

17900

204

2.37

0.05

40

414

NaCl

Sodium
Chloride

52600

457

1.49

36

18

801 [NA

Polyethylene

For Far-IR,
swells with

625

<4

1.52

110 ]1.5-14
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some organic
solvents

Silicon

SI02  Inyoxide

50000 2315 |1.53 {0 460 1713 11-14

Silicon, strong
IR absorbance
between 624-
590 cm-1

ZnS Zinc Sulfide [17000 [690 2.2 [0 240 1830 |5-9
ZnSe Zinc Selenide [15000 (461 (2.4 |0 120 1526 i5-9

Note: To convert from wavenumber (cm-1) to wavelength (um), divide 10,000 by the
wavenumber; e.g., 5500 cm-1 is equivalent to 1.8 um or 1800 nm.

Si 8900 1624,30 (3.41 (0 1150 1420 |1-12

SWL —~ Shortest wavelength for transmission, 1mm1, 50% transmission

LWL ~ Longest wavelength for transmission, Imm, 50% transmission

RI — Refractive Index, at relevant wavelength

MP — Melting point

pH - negative log of hydrogen ion concentration

With reference now to FIGURES 1 and 2, the light signal 34 exits the spectral elements
20 and reflects off a first mirror or turning mirror 24. It will be appreciated that although the
turning mirror 24 is shown at an angle of about 45 degrees with the light signal 34 reflecting at
this angle, the turning mirror 24 can be turned to any desired angle. As known to those skilled in
the art, the turning mirror 24 can be a powered turning mirror powered by a battery, by
electricity or the like. Further description of power sources and implementation with the turning
mirror 24 is not necessary for one skilled in the art to understand this aspect of the invention.
The skilled artisan will further appreciate that although the turning mirror 24 is shown as a
unitary mirror, the invention can utilize multiple mirrors arranged in or adjustable to a variety of
positions.

As further shown in FIGURES 1 and 2, the filtered and reflected light signal 34 becomes
a reflected light 44 after being reflected by the turning mirror 24. The reflected light 44 thus

continues down the concentric sampling tube 22, briefly introduced above, in a direction of the
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-

sample W. As shown and further described below, the concentric tube 22 includes an inner
annular region (also referred to as tube or chamber) 42A and an outer annular region 42B (also,
tube or chamber). In this example, the reflected light 44 is reflected along the inner annular
region 42A. It will be understood that the illumination sources 14A, 14B and the detectors 30,
32 are shown in an exemplary orientation and can be reversed. It will be further appreciated that
the light signal 34 and the reflected light 44 are shown collimated for simplicity. However, the
light signal 34 and the reflected light 44 may not be completely collimated because the
illumination sources 14A, 14B can be extended rather than point sources.

The focusing lens 26 in FIGURES 1 and 2 is located near an end of the tube 22 proximate
the sample W. As shown in this example, the end of the tube 22 is sealed with the transmissive
window 13. The transmissive window 13 should be uniformly transmissive across wavelengths,
but if it is not, the transmission characteristics of the transmissive window 13 are taken into
account for the design of the system 10 and in particular the MOE 48. This embodiment may
include an additional focusing lens 66, which can be solid or have one or more apertures as
shown in FIGURE 1. The additional focusing lens 66 is used to focus or collimate a carrier light
46, described below, in a direction of the tube 22.

As further shown in FIGURES 1 and 2, the focusing lens 26 focuses the reflected light 44
onto, into or near the sample W via the transmissive window 13. In this example, the reflected
light 44 is focused with a focal point 0-5 mm into the sample W. In addition to isolating
components of the optical analysis system 10 from an external environment, the transmissive
window 13 further enables a mixing vessel or container C, which is being tested/sampled into, to
remain intact. As shown in this example, a one-inch (inner diameter) Swagelok® brand

connector 62, available from Swagelok Corporation, Solon, Ohio, is used to connect the optical
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yanalysis system 10 to the mixing vessel C. This arrangement permits the reflected light 44 to be

sent down the tube 22 (inner region 424), interact with the material of interest W, reflect back up
the tube 22 (outer region 42B), and be directed to the detectors 30, 32 as further described below.

As most clearly shown in FIGURE 2, a tube 58 defines an aperture 60 for passage of the
light signal 34 in a direction of the turning mirror 24. Separation of the illumination and
reflection light paths or signals 44, 46 can be further defined or separated by physically
separating the inner and outer regions 42A, 42B employing the tube 58. Any minimal reduction
in light return of the carrier light 46 described below (caused by physical occupation of a portion
of the outer region 42B by the tube 58) is offset by improvement in the amount of backscattered
radiation returned to the detectors 30, 32 without encountering the sample W.

More specifically, the tube 58 is used to reduce a non-zero background measurement.
The non-zero background measurement can occur in an optical system when a small amount of
scattered light is returned to a detector even when no sample is present. Some of the scattered
light can be reflected from a window, and some can come from the lenses themselves.

FIGURE 2 shows that the tube 58 placed around the mirror 24 before the lens 26. The
tube 58 reduces background signals by separating the excitation and collection light paths 34, 46
to minimize “cross-talk”. As shown, the tube 58 defines an aperture 60 for passage of the light
signal 34 in a direction of the turning mirror 24. As further shown, a conical extension 58A of
the tube 58 can be placed after the mirror 24 in a direction of the detector 30. A thickness of the
tube 58 should be minimized.

Also shown in FIGURE 2, the tube 58 can have specular interior and exterior surfaces as
well as a highly reflective coating 58B, such as gold, applied by electrolysis deposition,

evaporation or other thin film coating method. The coating 58B reflects rays 34, 46 that would
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-ordinarily terminate at a surface of the tube 58 back into respective optical paths from which they
came. An image of the illumination source 144, 14B may be vignetted, but the “lost” light in
the image is still focused to a spot within the zone illuminated by the illumination source 14A,
14B. Likewise, the returning light outside the tube 58 can be kept from being lost by traveling
inside an outer tube with a specular reflecting surface (not shown, but surrounding the outer light
path). This will keep light loss to a minimum while keeping the input and output paths relatively
isolated from one another.

As introduced above, the reflected light 46 shown in FIGURES 1 and 2 travels back
down the outer annular region 42A of the sampling tube 22, past the turning mirror 24. The light
46 reaches the beam splitter 28 (one of its operating positions shown in phantom). The beam
splitter 28 divides the light 46 with a neutral or gray spectrum, sending some of the light 46 in a
direction of the first or Multivariate Optical Element (MOE) detector 30 through the MOE 48,
briefly introduced above, and through a first lens 50 onto the photo detector 52, also briefly
introduced above. The beam splitter 28 sends some other portion of the light 46 through a
second lens 54 onto the other detector 56, also briefly introduced above.

As shown in the following table by example but not of limitation, some detectors suitable

for use as the detectors 52,56 include:

TABLE 2
Detector Types' | Wave Range | Detectivity Cut Off Operating
() D’ Frequency | Temperature
(Hy) X)

Pt-S PV 0.35-0.6 30 10° 295.0
Sip-nPD PV 0.4-1.0 50 10’ 295.0
Si p-i-n PD PV 0.4-1.1 80 10° 295.0
Si APD PV 0.4-0.8 80 10" 295.0
Ge p-n PD PV 0.6-1.8 50 10’ 295.0
InSb p-n PD PV 3.0-6.2 8 5x10* 77.0

PbSnTe p-n PD | PV 5.0-11.4 >15-60V/W | 10 77.0
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PbS PC 0.5-3.8 15.00 300 196.0
PbSe PC 0.8-4.6 3.00 3x10° 196.0
PbTe PC 0.8-5.5 0.16 3x10° 196.0

-InSb PC 2.0-6.7 2.00 2x10° 77.0
n-InSb PC 1.0-3.6 30.00 2x10° 195.0
PbSnTe PC 5.0-11.0 1.7 8x10° 4.2
CdHgTe PC 5.0-16.0 3.00 10° 4.2
Ge:Au PC 2.0-9.5 0.02 10* 77.0
Ge:Zn,Au PC 5.0-40.0 1.00 10° 4.2
Ge:Cu PC 5.0-30.0 3.00 10° 4.2
Si:Al PC 2.0-16.0 1.00 10* 27.0
Si:Sb PC 2.0-31.5 1.80 10° 4.0
ATGS TC 1-1000 0.030 10 295.0
(Ba,Sr)TiO3 TC 1-1000 0.011 400 295.0
Si - 0.2-1.1 - -- -
Ge - 0.4-1.8 - - --
InAs - 1.0-3.8 - - -
InGaAs - 0.8-3.0 - - -
InSb - 1.0-7.0 - - -
InSb (77K) - 1.0-5.6 - - -
HgCdTe (77K) | -- 1.0-25.0 - - --

Note 1: PV — photo transistor type; PC: photo conductive detector type; TC: pyroelectric

detector type

Note 2: (10"%cmHz"* W?)

As further shown in FIGURE 1, a gain mechanism 64 is in communication with the

detectors 30, 32 and the MOE 48. The gain mechanism 64 weights a magnitude of the property

of an orthogonal component of a portion of the carrier light 48 as described, for instance, by

Moyrick et al. in U.S. Pat. No. 6,198,531 B1 and in U.S. Pat. N0.6,529,276 B1 to Myrick.

As briefly introduced above, the beam splitter 28 is not required in an alternative

embodiment of the invention in which a signal from the sample W is analyzed using a PCR-type

model in an off-line approach. This alternative embodiment and approach is useful, for instance,

for studying signals independently. More particularly, a system substantially as described above

but without the beam splitter 28 is used to take an integral of the light on a detector similar to the

detector 30 described above. By analyzing frequency-dependent intensities, results similar to
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- those of the foregoing embodiment are produced, although possibly with a relatively slower

response time in the present embodiment.

Also, in an additional aspect of the invention as shown in FIGURE 1, a system 68 using
an electrochemical or chemometric model can be employed in conjunction with any of the
foregoing embodiments to make similar or same measurements of the light 46 reflected from the
sample W as the measurements described in the foregoing embodiments. By way of example but
not of limitation, the system 68 may be one as described by Myrick et al. in PCT Application
Number PCT/US2004/043742, based on U.S. Provisional Application Number 60/533,570, filed
December 31, 2003, which are incorporated herein by reference to these applications.

In addition to the reflectance mode described above, one or more optical analysis systems
can operate in a transmission mode in conjunction with the foregoing embodiments. In such a
case, light is directed (passes) through the sample W, e.g., a fluid sample, and collected on
another side of the sample W to enable study of particle density in the fluid in conjunction with
the chemical content described above. For instance, the system 10 can be configured to operate
in transmission mode where the light is shone through the sample W to a similar detection
system 110 as shown in FIGURE 1 in phantom for clarity). Additionally, or alternatively, a
mirrored surface 210 can be placed within the transmissive sample W to reflect the light back
into the system 10.

With reference now to FIGURE 3, a second exemplary embodiment of the present
subject matter is designated generally by reference number 110. Many aspects of the optical
analysis system 110 and related components are similar to the foregoing embodiment; thus, for
the sake of brevity, only certain differences are described below. However, to provide a full and

enabling disclosure of the optical analysis system 110, when like or similar elements and
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cemponents are not specifically described below; implicit reference is made to the foregoing
descriptions.

As shown in FIGURE 3, the optical analysis system 110 broadly includes a housing 112,
an illumination or light source 114, a chopper wheel 118, one or more spectral elements 120, a
focusing lens 126, a beam splitter 128, a first detector 130 including a multivariate optical
element 148, and a second detector 132. The optical analysis system 110 further includes an
electrical connection 160, a pressurization sensor 162 and a purge gas assembly 164, which those
skilled in the art will readily understand; therefore, further description is not necessary to
understand and practice these aspects of the invention.

With more particular reference to FIGURE 3, the illumination source 114 provides a light
134, which passes through a collecting Fresnel lens 116A and into and through the spectral
element(s) 120. In this example, the illumination source 114 is rated for at least about 10,000
hours of operation, which alleviates a need for redundant illumination sources though they may
be provided if desired. Also in this example, the collecting Fresnel lens 116A is sized to be
about 1.5 square inches and is spaced about 0.6 inches from the illumination source 114. The
skilled artisan will instantly recognize that these dimensions can be adjusted according to
particular system requirements and are not meant as limitations of the invention.

As further shown in FIGURE 3, the light 134 passes through the spectral elements 120,
which filter out undesired wavelengths to define a desired spectral region, e.g., 1500-2000 nm, in
order to target a particular chemical material of interest. The light 134 is focused by focusing
Fresnel lens 116B, which is also sized to be about 1.5 square inches and spaced about 1 inch
from the chopper wheel 118. As shown, the chopper wheel 118 reflects a portion of light 134 as

a calibration or reference light 135 and a transmitted light 144. Calibration light 135 is
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collimated by lens 158 before reflecting from a first mirror 124A through an adjustable aperture
112B in a bulkhead 112A of the housing 112. The aperture 112B is adjustable to dictate a
desired amount of the calibration light 135. Finally, calibration light 135 impinges on beam
splitter 128 thereby sending a portion 135A of calibration light 135 to the first MOE detector 130
and a portion 135B of calibration light 135 to the second or baseline detector 132.
FIGURE 3 further illustrates that transmitted light 144 passes from the chopper wheel 118 into a
collimating Fresnel lens 136, which in this example is sized to be about 1.5 square inches and is
spaced about 0.6 inches from the chopper wheel 118. The transmitted light 144 passes through
another adjustable aperture 112C in the bulkhead 112A and impinges upon a second mirror
124B, which directs the transmitted light 144 toward a sample in a container C, such as mixing
vat or blender. The skilled artisan will recognize that the container could be a conveyor belt or
other device for holding or transporting the sample and is not limited to an enclosed container.
As shown in FIGURE 3, the transmitted light 144 is focused by the focusing Fresnel lens
126, which in this example may be round and about 15/16 inches in diameter and is adjustable
with an inner tube 122. Also in this example, lens 126 may be positioned about 0.6 inches from
an outer surface of the container C. As shown, the transmitted light 144, now focused, passes
through a transmissive window 113, which in this example is approximately 1 inch in diameter
and with an anti-reflective (AR) coating disposed on one or both sides of the lens 126. The AR
coating ensures that the chemical process in the container C does not interfere with the
measuring process of optical analysis system 110. Thus, the transmitted light 144 enters the
container C and reflects from the sample as a carrier light 146. The sample can be a moving
mixture such as aspirin and an excipient being blended in real time, or a plurality of tablets

passing by on a conveyor belt at high speed.
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* FIGURE 3 further illustrates that the carrier light 146 is directed by the tube 122 ina
direction of the first detector 130. Eventually, the carrier light 146 impinges on the beam splitter
128 and a portion passes in a direction of the detector 132 for baselining with the portion 135B
of the calibration light 135. Another portion of the carrier light 146 passes through MOE 148,
which as noted above, has been selected for the chemical of interest based on the various
components of the system 110. Finally, that portion of the carrier light 146, having passed
through the MOE 148, is focused by lens 150 and received by the detector 152. As described
above, the two signals collected by the detectors 132 and 152 can be manipulated, e.g.,
mathematically, to extract and ascertain information about the sample carried by the carrier light
146.

Turning now to FIGURES 4A and 4B, detailed views of a collimating mirror 226 are
shown. In this example, the mirror 226 has a first end 226A and a second end 226B and is
generally cylindrically shaped. The mirror 226 is also coated with a reflective surface such as
aluminum (Al), gold (Au), other elements and materials or combinations thereof as dictated by
the desired spectral region. The skilled artisan will appreciate that other shapes and reflective
coatings can be provided to meet specific design requirements and characteristics of the target
sample; thus, the mirror 226 is not limited to the exemplary embodiment shown in FIGURES 4A
and 4B.

With reference to FIGURES 3, 4A and 4B, the mirror 226 is useful for analyzing
translucent, liquid samples, for example, since liquids, in contrast to powders, do not readily
create a diffuse reflectance to produce the desired carrier light 146 as shown in FIGURE 3. By
way of example operation, the lens 126 in FIGURE 3 may be removed and replaced with the

mirror 226 for liquid sample analysis. Accordingly, as the light 144 passes through the mirror
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226, the light 144 is collimated into the liquid sample in the container C. The carrier light 146
reflects from the liquid sample and returns through the first end 226A, which defines a conical
shaped depression or indentation 226C. The conical shaped indentation 226C acts to diffuse the
carrier light 146 in a manner similar to the example shown in FIGURE 3. Accordingly, a portion
of the carrier light 146 is directed through the MOE 148 as described above. Again, the skilled
artisan will appreciate that the invention is not limited to this exemplary arrangement. For
example, the system can be arranged with the mirror 226 and the detectors 152, 156 on an
opposing side of the container C such that the light 146 passes through the liquid sample into the
mirror 226.

Dynamic Real-Time Detection and Measurement

The functionality of the MOC system 10 or 110 as described above allows for the
collection of the entire spectral range of testing simultaneously. This fact is notably different
than either a system based on either a scanning lamp or detector system or a discrete diode array
detection system. The ability to monitor over the complete spectral range of interest opens up a
re-definition of the term “real-time” measurement and analysis.

For instance, true real-time process measurements are possible. “Real time” refers to
obtaining data without delays attendant to collecting samples or delays due to lengthy computer
processing of measurement signals. In embodiments disclosed herein, process data can be
obtained in an instantaneous or near-instantaneous manner through using the disclosed
measurement techniques to directly monitor materials of interest while such materials are
undergoing process steps. Long delays due to processing of measurement signals are avoided by
optically processing the light as it is reflected from the material(s) of interest.

Although specific examples disclosed herein present monitoring the blending of a
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-powdered material and examining solid tablets, the general concept can be extended to other
phases. The present system can be utilized in analyzing solids, solutions, emulsions, gases, and
dispersions, for example. In addition, while exemplary embodiments discussed herein use
reflectance measurements, measurements in a transmission or transflectance mode would also be
appropriate.

One of ordinary skill in the art will recognize that differing applications may require
modifications and alterations to certain components in order to take full advantage of the
presently-disclosed systems. For instance, more diffusion of light has been observed in solid
powders relative to liquids; accordingly, different lenses may be needed when a liquid is
monitored in order to account for such variations and achieve more accurate measurements.

The presently-disclosed technology can be applied to real-time measurements for a range
of industrial applications. These include, but are not limited to monitoring of the blending of
pharmaceutical powders, including excipients, additives, and active pharmaceutical materials;
blending of other powders, including food and chemicals; monitoring dispersions and bi-phasic
mixtures (such as insulin, emulsions); and oil and gas applications, including analyzing water
content in oil, or oil content in water.,

Inclusion of a transmissive window provides physical separation between the measuring
device and the process or material being tested. Therefore, this window allows for in-line
measurement and/or non-invasive measurement of parameters such as chemical functionality,
including alcohol content of petroleum fractions or tackifier resins. Environmental applications
are also conceivable, such as stack gas analysis, including measurement of NOx, SOx, CO, CO2,
or other gases in a gas stream; wastewater analysis and treatment monitoring; and hazardous

substance monitoring applications such as mercury vapor detection.

28



10

15

20

WO 2007/061435 PCT/US2006/008951

Real time measurement of powder mixing

As noted above, MOC technology can be used to monitor a wide variety of materials as
the materials are subjected to different processes. For instance, the mixing of powders can be
monitored. As materials are blended, the existing art does not allow for continuous, real-time,
in-line measurement. Current limitations are the result of several factors including: moving of
the powders being measured during the course of data acquisition and the need to connect
analytical equipment to the measurement point using fiber optic cables. This optical analysis
system is designed to allow for instantaneous measurement using a measurement point located
on the vessel.

To measure the composition of the mixture of powders during blending, the system is
located in a position to shine the sampling beam into the mixture. An exemplary implementation
of such a measurement technique is illustrated in FIGURE 6. Optic head 510 includes housing
512, requisite MOESs and spectral elements to obtain desired information about the material of
interest, and is generally configured and constructed in accordance with the embodiments
discussed above in conjunction with FIGURES 1-4,

In discussing various embodiments below, the term “optic head” is used in place of the
term “measurement system” in referring to the light, lenses, spectral elements, and detectors of
the optical computing unit discussed above. As will be apparent to one skilled in the art, a
complete measurement system may utilize several instances of the optical computing unit, and so
the term “optic head” is used as a shorthand reference to a single instance of the optical
computing unit.

Optic head 510 is connected via umbilical 514 to an appropriate power supply and

analysis computer or computers, also configured in accordance with the principles of
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multivariate optical computing analysis. A process point, in this illustration a mixing blender
bowl 522 containing mixture 524, may thereby be monitored via optic head 510.

A port/connection 520, in one exemplary embodiment a Swagelok ® brand
pharmaceutical-grade stainless steel port (available from Swagelok of Solon, Ohio), connects the
opening 518 of mixing blender bowl 522 therein to optic head inlet 516. Inlet 516 includes the
window (13 or 113 in the embodiments discussed above) through which light is transmitted and
reflected for materials analysis while keeping the material monitored separate from the internal
components of the optic head.

In one embodiment, an optic head can be configured to monitor the concentration qf a
mixture of aspirin and lactose. A sapphire window is located at the end of optic inlet 516 for
interrogating the powder, and the optic head is configured with multivariate optical elements
designed to monitor aspirin concentration. A 20-watt Gilway lamp is modulated using Smm
D20 and 5mm Germanium spectral elements, and the modulated light is directed into the
powder. The reflected light from the powder is directed through the multivariate optical
elements onto a PbS detector. A portion of the modulated light, as discussed above, is preferably
directed into a second detector. The resulting PbS detector signal can be compared against the
second detector signal in order to determine the concentration of aspirin.

For instance, a concentration graph such as that illustrated at 526 in FIGURE 5 may be
obtained, showing the rise in aspirin concentration as it is added and the leveling-off as the
mixing process continues.

Embodiments in which transmitted light is measured would utilize two ports, preferably

located opposite one another with the measured sample passing between the two ports.

Real time measurement of chemicals/flowing materials

30



10

15

20

WO 2007/061435 PCT/US2006/008951

. Other embodiments of the present invention include real time measurement of flowing
materials. In such embodiments, the sampling window(s) may be located on a pipe or vessel
such that interrogating illumination can be applied to the material. For instance, a port similar to
port 520 in FIG. 5 could be included on a pipe to allow for sampling of the material inside the
pipe. The window may be positioned directly on the pipe, or on a small diversion away from the
main flow path, as appropriate under the circumstances. Such embodiments could also include
sampling of vapor systems within a stack to monitor combustion gases or flowing process stream
such as water containing other materials.

Real time measurement of moving containers

Still further embodiments of the present invention include the real time measurement of
materials in containers, such as vials or bins where the container is either at least partially open
to the outside environment or transmissive to the sampling illumination. Such containers could
be stationary or in motion. A container could also include a conveyor or trough carrying
material. Typical applications could include the monitoring the progress of a chemical reaction
or the content of samples moving past a measurement location.

For instance, FIGURE 6 illustrates a plurality of samples 552 positioned on a rotating
disc conveyor 550, One of ordinary skill in the art will recognize that the samples may be
positioned on a conveyor belt or moved using another automated conveyance, depending upon
the particular testing circumstances and environment. The samples 552 are illustrated as tablets
in FIG. 6, which could include capsules, caplets, pills, and other individualized units of
pharmaceutical (or other) product.

As shown in FIGURE 6, tablets 552 are rotated into the view of optical inlet 516’ for

optic head 510°, which as discussed earlier, includes housing 512° and umbilical 514°, as well as
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) requisite internal components, filters, and MOEs to perform the desired testing operations.
Embodiments of the present invention may be configured to monitor around 5 tablets per second,
with the tablets in continuous motion.

As discussed in conjunction with the optic head of FIGURE 35, in one embodiment, a PbS
detector can be used in conjunction with a sapphire window and D20 and germanium spectral
elements to monitor the concentration of aspirin and lactose. Unlike the system in FIGURE 5,
the sapphire window of the optic inlet 516 is positioned above the samples such that the beam of
light is focused downward onto the samples on the conveyor belt. However, the optical
principles remain the same. Graph 528 represents exemplary results that would be obtained by
samples of varying concentration of aspirin, with each spike representing when a sample is in
full view of the optic head 510°.

Samples 552 may comprise the actual samples to be measured, such as the tablet end-
product illustrated in FIGURE 6 and discussed below in conjunction with FIGURE 7. However,
one of ordinary skill in the art will recognize that samples 552 may also comprise transparent
containers and the like, which may contain a dispersion or suspension of a solid material in a
liquid or a solution, or solid materials. For instance, trays of powder can be placed on an
automated conveyance and brought into view of optic head 510’ in a similar manner.

Instead of moving samples 552, one of ordinary skill in the art will note that
measurement device 510’ could be repositioned to examine the samples 552 by appropriate
machinery such as overhead tracks, robotic arms, and the like. The skilled artisan will recognize
that in such cases , appropriate care would preferably be taken to ensure that force levels applied
to the measurement device and its internal components remained within tolerabie levels.

Integrated Real-Time Process Management Using MOC Systems
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An illustration of one embodiment of real-time process management is found in FIGURE
7. A plurality of optic heads 710 are shown integrated into various process steps 720, 730, and
740. Process steps 720, 730, and 740 can represent stages or steps of any number of industrial
operations in which materials are handled or manipulated, and in which physical state or
compositional data is desirable. In accordance with the system embodiments discussed above,
each optic head 710a, b, ¢, d, e is provided with MOEs and other optical components specifically
tailored to the materials characteristics which are to be monitored at each step, and interfaced
with the process control computer(s). The analysis data ultimately provided by collection points
710 is shown at 722, 724, 732, 742, and 744. Such data can be obtained using single or multiple
process control computers configured to collect, analyze, and otherwise handle the data from the
detectors within the optic heads in accordance with the principles of multivariate optical
computing discussed above.

Assume, for example, that process steps 720, 730, and 740 represent various stages in a
pharmaceutical manufacturer’s production line for blending powder and forming tablets. The
skilled artisan will recognize that pharmaceutical manufacturing often entails strict control and
monitoring of material composition and mixing at every stage of production.

The initial steps of obtaining and readying component materials in a pharmaceutical
process could be represented at 720. Optic head 710a could be used to monitor the incoming raw
materials in trays or on conveyors and provide inspection and quantification data 712, such as
purity data. Optic head 710b could be configured to the monitor incoming material(s) as they
undergo an initial process stage, for example, providing chemical drying characteristics 724 as
the raw materials are dried.

Process step 730 could represent mixing of active and excipient components into a
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pewder, and optic head 710c could provide data 732 on mixing progress. For instance, optic
head 710c could be interfaced with the mixing container and provide data tracking active
ingredient concentration over time as shown in FIG. 5. Based on such concentration, requisite
steps could be taken to ensure the optimal amount of active component is in the resulting mix or
otherwise adjust the mixing process by altering temperature or the like.

Step 740 could represent pressing tablets, with optic heads 710d and 710e positioned
above a conveyor moving the completed tablets, and providing data 742 on tablet components
and homogeneity, and data on coating thickness and uniformity 744.

Step 750 represents the final portions of the manufacturing process which are not
monitored, such as packaging. One skilled in the art will, of course, recognize that step 750
could represent the entry into a different process which is itself monitored by one or more optical

analysis systems.

The invention may be better understood from the following tests and examples.

Example I/ System I

A first breadboard system was constructed and used to test a mixture of powders.

System I components:

Illumination: 20W Gilway lamp

Spectral elements: Smm deuterium oxide (D,0), Smm Germanium
Optical window: fiber optic probe

Detector: InAr detector from Judson

MOE: specific to test

Procedure and Results of static testing using System I

A powdered sample with a known composition was placed in a dish and the fiber optic probe

34



10

15

20

WO 2007/061435 PCT/US2006/008951

was placed in contact with the powder. The output of the detectors was monitored and recorded.

Example IT / System I

A system similar to the optical analysis system 10 shown in the figures was constructed and used
to make static measurements on aspirin/lactose.

System II components:

Ilumination: 20W Gilway lamp

Spectral elements: 5mm D20, Smm Germanium

Optical window: none

Detector: PbS detector from New England Photoconductor
MOE: specific to test conditions.

Procedure and Results of static testing using System IT:

A powdered sample with a known composition was placed in a dish and the system light beam
was focused on the powder. The output of the detectors was monitored and recorded.
Aspirin/lactose samples covering the range of 100% aspirin to 100% lactose were tested.

Example IT1 / System II1

A system similar to the optical analysis system 10 shown in the figures was constructed and used
to make dynamic measurements on aspirin/lactose.

System I components:

INumination: 20W Gilway lamp

Spectral elements: Smm D20, Smm Germanium

Optical window: sapphire window

Detector: PbS detector from New England Photoconductor

MOE: specific to test conditions.
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Procedure and Results of dynamic testing using System I

The Aspirin/Lactose testing was made on a mixer bowl containing lactose and the system
measured as aspirin was added to the system and mixed. Specifically, lactose powder was placed
in the bowl of a mixer and the measurement system was attached the bowl using a Swagelok®
brand fitting. A sapphire window was used to contain the powder in the bowl and allow the
system to interrogate the powder. With the mixer turning, known amounts of aspirin were added
and the system output signal was monitored and recorded. Aspirin was added in several
allotments to about 37% final aspirin concentration.

Example IV / System IV

A system similar to the optical analysis system 10 shown in the figures was constructed and used
to make static measurements on aspirin/lactose.

System IV components:

Nlumination: SW Gilway lamp

Spectral elements: Smm D20, 5Smm Germanium

Optical window: none

Detector: PbS detector from New England Photoconductor
MOE: specific to test conditions.

Procedure and Results of dynamic testing using System JII:

Similar to the examples above.

Although the invention has been described in such a way as to provide an enabling
disclosure for one skilled in the art to make and use the invention, it should be understood that
the descriptive examples of the invention are not intended to limit the present invention to use

only as shown in the figures. For instance, the housing 16 can be shaped as a square, an oval, or
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in a variety of other shapes. Further, a variety of light sources can be substituted for those
described above. It is intended to claim all such changes and modifications as fall within the
scope of the appended claims and their equivalents. Thus, while exemplary embodiments of the
invention have been shown and described, those skilled in the art will recognize that changes and
modifications may be made to the foregoing examples without departing from the scope and

spirit of the invention.
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That which is claimed is:

1. A method of high-speed processing and monitoring, comprising:
moving a product past an inspection point;
illuminating at least a portion of the product with a light;
directing light carrying information about the portion through at least one multivariate
optical element to produce a first signal;
detecting the first signal at a first detector;
detecting a deflected portion of the light at a second detector; and
determining at high speed at least one selected property of the portion as the portion
moves past the inspection point based upon the detector outputs.
2. The method as in Claim 1, wherein the product includes a pharmaceutical tablet.

3. The method as in Claim 1, wherein the product includes a pharmaceutical powder.

E

The method as in Claim 1, wherein the product includes a liquid.

W

. The method as in Claim 1, wherein the product includes a gas.
6. The method as in Claim 1, wherein the product includes an emulsion.
7. The method as in Claim 1, wherein the product includes a solution.

8. The method as in Claim 1, wherein the product includes a mixture.

e

A method of high-speed pharmaceutical processing and monitoring, comprising:
moving a plurality of portions of pharmaceutical product past an inspection point;
illuminating at least one portion of the pharmaceutical product with a spectral-specific
light though an optic window, the window configured to focus the spectral-specific light onto a
portion at the inspection point;

reflecting light carrying information about the portion through at least one multivariate
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-optical element to produce a first signal;
detecting the first signal at a first detector;
detecting a deflected portion of the spectral-specific light at a second detector; and
determining at high speed at least one selected property of the portion as the portion
moves past the inspection point based upon the detector outputs.
10. The method as in Claim 9, wherein the portion is a pharmaceutical tablet.
11. The method as in Claim 9, wherein the portion is a quantity of pharmaceutical powder.
12. The method as in Claim 9, wherein the portion is a chemical sample in a closed container,
the container at least partially transparent to light focused onto the chemical sample.
13. The method as in Claim 9, wherein the portion is moved past the inspection point in at
least 10 seconds.
14. The method as in Claim 9, wherein the portion is moved past the inspection point in at
least one minute.
15. The method as in Claim 9, wherein at least 10 portions per second are moved past the
inspection point.
16. A method of processing and monitoring a solid phase, the method comprising:
moving a solid product past an inspection point;
illuminating the solid product with a spectral-specific light though an optic lens;
reflecting light from the solid product through at least one multivariate optical element to
produce a first signal, the reflected light carrying information about the solid product;
detecting the first signal at a first detector;
deflecting a portion of the reflected light in a direction of a second detector, the second

detector configured to detect the deflected portion; and
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- computing at high speed at least one selected property of the solid product as the solid
product moves past the inspection point based upon the detector outputs.
17. The method as in Claim 16, wherein the solid product is a pharmaceutical tablet.
18. The method as in Claim 16, wherein the solid product is a quantity of pharmaceutical
powder.
19. The method as in Claim 16, wherein the solid product is a powder mixture in a closed
container, the container at least partially transparent to light focused onto the powder
mixture.
20. The method as in Claim 16, wherein the solid product is moved past the inspection point
in at least one minute.
21. The method as in Claim 16, wherein the solid product is moved past the inspection point
at a rate of between about 1 product per 10 seconds to about 10 products per second.
22. A method of processing and monitoring a chemical, the method comprising:
moving a chemical past an inspection point;
illuminating the chemical with a spectral-specific light though an optic lens;
reflecting light from the chemical through at least one multivariate optical element to
produce a first signal, the reflected light carrying information about the solid product;

detecting the first signal at a first detector;

deflecting a portion of the reflected light in a direction of a second detector, the second
detector configured to detect the deflected portion; and

computing at high speed at least one selected property of the chemical as the chemical
moves past the inspection point based upon the detector outputs.

23. The method as in Claim 22, wherein the chemical comprises a plurality of discrete
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24.

25.

26.

27.

28.

portions.

The method as in Claim 22, further comprising the step of moving the portions past the
inspection point at a rate of between about 1 product per second and about 5 products per
minute.

The method as in Claim 22, further comprising the step of moving the portions past the
inspection point at a rate of about 1 product per minute.

The method as in Claim 22, further comprising the step of moving the portions past the
inspection point at a rate of at least one portion per second.

The method as in Claim 22, further comprising the step of moving the portions past the
inspection point at a rate of at least five portions per second.

The method as in Claim 22, wherein the plurality of discrete portions are disposed in

closed containers, the containers at least partially transparent to the spectral-specific light.
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