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(57) Abrege(suite)/Abstract(continued):
sample, and produces an output indicative of a characteristic of the sample. Embodiments are described wherein the multiplexer

and the demultiplexer may comprise FDM or OFDM, and wherein both the excitation light and the emitted light may be encoded
using a DMA or a SLM. In some embodiments the same DMA or SLM may be used to encode the excitation light and the emitted
ight. In some embodiments excitation light may be encoded using a Walsh function, or the excitation light may be encoded using a
Walsh function and the emitted light may be decoded using an inverse Hadamard transformation.
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Abstract

Described herein is an excitation emission matrix (EEM) spectrometer and method,
comprising a multiplexer that encodes excitation light produced by at least one excitation light
source; and a demultiplexer that decodes encoded light emitted from a sample, and produces an
output indicative of a characteristic of the sample. Embodiments are described wherein the
multiplexer and the demultiplexer may comprise FDM or OFDM, and wherein both the
excitation light and the emitted light may be encoded using a DMA or a SLM. In some
embodiments the same DMA or SLM may be used to encode the excitation li ght and the emitted
light. In some embodiments excitation light may be encoded using a Walsh function, or the
excitation light may be encoded using a Walsh function and the emitted light may be decoded

using an inverse Hadamard transformation.
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Multiplexed Excitation Emission Matrix Spectroscopy

Related Applications
This application claims the benefit of the filing date of United States Patent Application

No. 62/194,919, filed on July 21, 2015, the contents of which are incorporated herein by

reference in their entirety.

Field

This invention relates generally to the field of spectroscopy. More specifically, this

invention relates to excitation emission matrix (EEM) spectroscopy.

Background

Fluorescence spectroscopy is a highly sensitive, nearly background-free technique for
chemical detection. Fluorescence detection is typically achieved by either single-line UV
excitation and dispersion of the entire fluorescence emission spectrum (e.g., laser induced

fluorescence (LIF)) or by tuning the excitation source over a wide wavelength range and

detecting the entire spectrum of emitted light as a function of excitation wavelength with a broad
band detector (e.g., excitation spectroscopy). In liquid samples excitation and emission bands

are broad, making it difficult to identify an analyte. Excitation emission matrix (EEM)

spectroscopy (EEMS) combines both techniques. The excitation wavelength is scanned and an
EEM is produced by recording a fluorescence emission spectrum at each of the many excitation
wavelengths. The EEM is used to generate a three-dimensional spectrum (resembling a

“topographical map”) that allows analytes to be distinguished in a sample of a mixture by
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separating broad fluorcscent features into key dominant spe;:troscopic components that may
correspond to the individual fluorophores, in some cases.

Determining the concentration of specific fluorophores within a mixture can prove
complicated, especially when the broad fluorescence peaks overlap. This problem can be solved
using multivariate data analysis, such as principle component analysis (PCA) or parallel factor
analysis (PARAFAC). Through such analyses the excitation emission matrix spectra can be
decomposed into its various components and hence number of fluorophores, a teat which would
be otherwise difficult for complicated mixtures.

Currently, fluorescence EEMS is typically carried out using a spectrometer that scans a
pivoting grating (or other light dispersing element) so that only a small wavelength ranges passes
through a slit to excite the sample. At each of the excitation wavelengths the spectrometer
collects the fluorescence onto a second pivoting grating and slit to direct a selected emission
wavelength to a broad band photodetector, such as an avalanche photodiode or photomultiplier.
In an alternative spectrometer the second slit and photodetector are replaced with an array
detector for higher data acquisition rates. Since array detectors tend to be less sensitive than
broad-band photodetectors the latter 1s less efficient as 1t could be. Both designs require at least
one grating that is mechanically moved. This is a time-consuming process that uses only a
fraction of the light to generate the EEM spectrum (e.g., about 1/10,000 for the former and 1/100
for the latter design, depending on the required spectral resolution and spectral range) of the light
to generate the EEM spectrum.

A solution to this problem is to utilise a variant of wavelength division multiplexing. It
each excitation wavelength is individually modulated with a unique frequency, the entire

spectrum of the light source can be used to excite the sample and all the emission collected
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simultaneously. The spectrum can then be obtained through demodulation of the resultant
signal, for example by using a Fourier transform. However, Fourier transforms require analogue
or high-bit digital modulation of light intensities and thus can be afflicted with harmonics that

interfere with one another and confound the results.

Summary

One aspect of the invention relates to an EEM spectrometer, comprising: at least one
excitation light source; a multiplexer that encodes excitation light produced by the at least one
excitation light source; a conduit that conducts encoded excitation light to a sample; a conduit
that conducts encoded emitted light from the sample; a detector that detects the encoded emitted
light; a demultipleker that decodes the encoded emitted light and produces an output signal; and,
optionally a display device that that displays the output signal.

In various embodiments, the multiplexer and the demultiplexer comprise frequency
division multiplexing (FDM) or orthogonal frequency division multiplexing (OFDM). In one
embodiment, both the excitation light and the emitted light are encoded using a spatial light
modulator (SLM) c;r a digital micromirror array (DMA). Embodiments may comprise recording
(e.g., with a photodiode or photomultiplier tube, PMT) and subsequently decoding the emutted
light signal. In one embodiment the same DMA or SLM may be used to encode the excitation
light and the emitted light. In one embodiment the excitation light may be encoded by a DMA or
SLM and the emitted light may be recorded by a photoarray detector.

In one embodiment the excitation light is encoded using a Walsh function. In another

embodiment the excitation light is encoded using a Walsh function and the emitted light 1s

decoded using an inverse Hadamard transformation.
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In one embodiment the conduit that directs encoded cxcitation light to the sample and the
conduit that directs encoded emitted light from the sample may comprise a bifurcated fibre
probe. In one embodiment the bifurcated fibre probe comprises: an excitation end from which a
first set of optical ﬁbre’s receives excitation light; an emission end from which a second set of
optical fibres emit emitted light; and a probe end from which the excitation light is outputted
from the first set of optical fibres and the emitted light is received from a samplc by the second
set of optical fibres; wherein the first set of optical fibres at the excitation end are arranged in a
rectangular pattern; and wherein the probe compriscs a beveled window that reduces back
retlections.

Another aspect of the invention relates to a bifurcated fibre probe, comprising: an
excitation end from which a first set of optical fibres receives excitation light; an emission end
from which a second set of optical fibres emit emitted light; and a probe end from which the
excitation light is outputted from the first set of optical fibres and the emitted light is received
from a sample by the sécond set of optical fibres; wherein the first set of optical fibres at the
excitation end are arranged 1n a rectangular pattern; and whérein the probe comprises a bevelled
window that reduces back retlections.

Another aspect of the invention relates to an EEM spectroscopy method, comprising;:
using a multiplexer to encode excitation light produced by at least one excitation light source;
conducting the encoded excitation light to a sample; conducting cncoded emitted light from the
sample; detecting the encoded emitted light and using a demultiplexer to decode the encoded
emitted light and produce an output signal; and, optionally displaying the output signal.

The method may comprise multiplexing and demultiplexing using FDM or OFDM. The

method may comprise encoding the excitation light using a DMA or SLM. The method may
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comprise encoding the excitation light and decoding the emitted light using the same DMA or
SLM. The method may comprise encoding the excitation light using a DMA or SLM and
recording the emitted light using a photoarray detector. The method may comprise encoding the
excitation light using Walsh functions. The method may comprise encoding the excitation light
using Walsh functions'and decoding the cmitted light using an inversec Hadamard transformation.
Another aspect of the invention relates to optical components that couple the excitation
light to the multiplexer. In one embodiment such optical components include a fibre bundle
having a first end that is circular (e.g., substantially circular as may be determined by the
arrangement of fibres within the bundle) and a second end that is in the form of a slit (e.g., as
may be determined by'the arrangement of the fibres in one or more rows). The circular end
receives excitation light which is directed through the fibre bundle and the slit to the multiplexer,
wherein the amount of light reaching dispersive optics of the multiplexer is maximized while
maintaining a good dispersive resolution. In one embodiment, a further element is disposed
after the second end to focus disperscd light on a multiplexer component, such as a DMA. In

one embodiment the further element may comprise a translation stage.

Another aspect of the invention relates to triggering of the DMA and detector. In one
embodiment, the DMA or SLM sends a trigger signal after thc mirrors have been turncd on (or
off) to control timing of data acquisition by the detector. For example, the DMA or SLM may
send a trigger pulse after the mirrors have been turned on so that the detector may record a signal
for each encoded Hadamard mask. Suchtriggering allows embodimcnts to be run automatically,
or with minimal user input, and without cross talk between consccutive spectra. In another

embodiment, the detector may be used as a master clock and trigger the DMA or SLM to turn the

mirrors on {(or off).
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Embodiments described herein may be applied to all spectroscopy techniques in which a
sample modifies the spectrum of incident light to produce a spectrum of emitted light. Such
techniques include,* but'are not limited to, Raman scattering, Rayleigh and Mie scattering, thin
film reflection and interferometry, phosphorescence as well as variants of these methods such as
surface enhanced Raman scattering, tip enhanced Raman scattering, localised surface plasmon

resonance spectroscopy, and others.

Brief Description of the Drawings

For a greater understanding of the invention, and to show more clearly how it may be
carried into effect, embodiments will be described, by way of example, with reference to the
accompanying drawings, wherein:

Fig 1 is a schematic diagram of a spectrometer according to an embodiment described
herein;

Fig. 2 is a schematic rcpresentation of a method of génerating a Hadamard mask, wherein
m = 3, according to one embodiment;

Fig. 3 is a schematic representation of modulation and demodulation of a light source

using a Hadamard mask, according to one embodiment;

Fig. 4 is a schematic representation of generation of an EEM spectrum through Hadamard

modulation, according to one embodiment;

Figs. SA and 5B are plots showing experimental results, wherein the lines in Fig SA
represent the spectrum of a tungsten lamp light source without modulation, and the dots
represent modulated and demodulated data points for a Hadamard mask (m = 7) having 128

clements, and wherein the lines in Fig 5B represent the spectrum of a light emitting diode (LED)



10

15

20

CA 02936725 2016-07-21

light source without modulation, and the dots represent modulated and demodulated data points
for a Hadamard mask (m = 6) having 64 elements;
Fig. 6A 1s a schematic drawing of a bifurcated fibre probe according to one embodiment;
Fig. 6B is a schematic diagram of an EEM spectrometer according to one embodiment;
Fig. 7 1s a schematic drawing showing a bevelled window coupled to a fibre probe to

maximise acceptance cone overlap and reduce back reflections;

Figs. 8A-8C show spectra of sulforhodamine 640, 1x10> M in HPLC grade methanol
using a DMA Hadgmard EEM spectrometer (Fig. 8A, 128 pictures; Fig. 8B, 256 pictures)
according to an embodiment described herein, and using a Varian Cary Eclipse spectrometer
(Fig. 8C);

Fig. 9A shows spectra of columns of mirrors on a DMA obtained by sequentially turning
the mirrors on in a column-by-column line scan;

Fig. 9B 1s a plot of the full width half maximum (FWHM) obtained from the spectra of
Fig. 9A;

Fig. 9C 1s a plot of the average FWHM over the columns;

Fig. 9D shows the calibration spectra obtained by plotting the emission wavelength

against the excitation wavelength;

Figs. 10A-10C show spectra of sulforhodmine 640, 5x10™ M in absolute ethanol,
obtained using a DMA Hadamard EEM spectrometer (integration time 900 ms) according to
embodiments described herein (Figs. 10A and 10B), and using a Varian Cary Eclipse

spectrometer (Fi1g. 10C);
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Fig. 11 shows spectra of sulforhodmine 640, 5x107 M in absolute ethanol obtained using
a DMA Hadamard EEM spectrometer with an integration time of 90 ms, according to an

embodiment described herein; and

Figs. 12A and 12B are diagrams of a fibre probe with a fibre bundle and quartz spacer,

according to one embodiment.

Detailed Description of Embodiments

The challenges presented by multiplexing in absorption spectroscopy and in emission
(e.g., fluorescence or Raman) spectroscopy are usually moved to the detection side. For
example, the broad spectrum transmitted (for absorption) or emitted (for fluorescence or Raman)
trom the sample is typically directed to a dispersion element such as a grating or prism. The
output from the grating can then be directed either towards an array (imaging) detector or
through a scanning grating and slit to a broad band detector. Depending on the light intensity an
array detector is able to collect an entire spectrum in less than a second without any moving
parts, whereas a scanning grating may requirc from seconds to minutes to acquire a spectrum
depending on the required spectral resolution, the efficiency of the detector, and the light
intensity. When collecting fluorescence EEM spectra one can scan either the excitation
wavelength and record the fluorescence spectrum using an array detector, or one can scan both
wavelengths using two tuneable gratings. Compared to a point-by-point scanning instrument,
using an array detector would present an increase in acquisition rate by one or two orders of
magnitude.

Fluorescence EEM spectroscopy using a two-dimensional array detector is also possible.

The excitation light may be spatially dispersed and a sample illuminated with a “rainbow™ ot
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colours. For each of the excitation colours the fluorescence spectrum can then be obtained on a
large grating and projected onto a broad band 2D photo detector such as that of a CCD or CMOS
chip. If the excitation light 1s dispersed along one spatial axis of the 2D photodetector and the
emission light is dispersed along the second axis of this detector, the resulting image is identical
to the EEM spectrum. This technique works for large, homogeneous static samples with low
scattering and provides a fair spectral resolution. However, there is constderable cross talk
between channels, and the method cannot easily be fibre-coupled.

In some embodiments, digital (e.g., 2-bit) modulation tags are employed to identify the
wavelengths. Here, each wavelength is modulated with a specific pseudo-random sequence of
I’s and O’s, and the si gnal from the photodetector 1s demodulated using the known pseudo-
random codes.

In the simplest approach separate individual light sources, such as lasers or light emitting
diodes (LEDs) are modulated — each with a different on-off sequence. In another approach to
such digital encoding either a spatial light modulator (SLM) or a digital micromirror array
(DMA), also referl;ed to as a digital micromirror device (DMD), may be used. An SLM isa
switchable filter array, typically based on the modulation of liquid crystals that permits a
spatially resolved modulation of light intensities. A DMA is an array of hinge-mounted
microscopic mirrors, ecach mirror able to be individually switched between “on™ and “off” states
as determined by the position of the mirror. A DMA is typically fabricated on a semiconductor
substrate (e.g., compleﬁentary metal oxide semiconductor, CMOS) memory layer. For each
mirror, a voltage can be applied to the memory layer. After a tri ooer signal, the mirror i1s then

free to rotate through electrostatic attraction between the mirror and memory cell.
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While digital encoding using separate light sources is straightforward, a grating 1s
required to modulate wavelengths independently using a SLM or a DMA. As to digital
encoding, briefly, the rainbow from the fixed dispersion elements is projected onto a SLM or
DMA such that each column is irradiated with a different colour and the same row elements 1n
each column are exposed to the same colour. For example, in a DMA the mirrors in each
column of the array (corresponding to a single colour) direct the light either to a beam dump or
to a second grating that serves to combine the colours into a beam of “encoded” white light.

As used heréin,-the term “rainbow” is intended to mean a portion of the electromagnetic
spectrum comprising two or more colours of light.

As used herein, the term “colour” is intended to mean a portion of the electromagnetic
spectrum whose width is defined, for example, by the spectral bandwidth ot one or more l1ght
sources, or by the spectral bandwidth associated with a column of micromirrors in a DMA, or the
spectral bandwidth of a selected clement of a SLM.

In one example, shown schematically in Fig. 1, white light 1 is directed onto a dispersion
grating 2, which reflects the spectrum of the white light source onto a DMA 3. A portion of the
DMA is shown enlarged at 3a. Columns of micromirrors 4a, 4b, 4c, etc., then are switched
according to an engoding pattern to direct specific wavelengths towards a second grating 5,
which recombines the éolours to create an encoded white light spectrum 6. This encoded light
may be directed to a sample to perform absorption/transmiséion spectroscopy or scattering

spectroscopy. In various embodiments the encoded light is directed to the sample, and/or
reflected light is directed from the sample, via a conduit that may comprise one or more optical

components including, but not limited to, a waveguide, at least one tibre, a mirror, and a prism.

-10 -
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In order to perform EEM spectroscopy the encoded light is directed towards a sample and
1ts emission 1s detected. Three different detection schemes may be implemented. For example, a
DMA may be used to encode the white light for cxcitation of the sample and a fluorescence
spectrometer consi‘sting of a fixed grating and array detector may be used to record the dispersed
fluorescence spectré for each of the encoding patterns. Alternatively, a second grating and DMA
(e.g., as shown in Fig. 1) may be used on the fluorescence emission side of the EEM
spectrometer to encode the emission colours analogous to the excitation colours for detection 1n a
single broad band detector. Two of such multiplexing units are used. One is used to encode the
excitation light and the sccond unit encodes the fluorescence. Each pixel in the EEM spectrum is
therefore doubly encoded. For simplification, passive optical components (e.g., lenses) are
omitted 1n this description. Finally, the same DMA may be used {for encoding both the excitation
light and the fluorescence emission. In this case the excitation light and emission light may be
directed towards a ditterent region on the same DMA.

Digital micronﬁrror arrays have been proposed previously for use as a tuneable slit in
fluorescence spectroscopy, and in emission spectroscopy using frequency encoding together with
a FT transform. However, this is the first report of a DMA used for EEM spectroscopy, and the
first report of using a multiplexing scheme together with a detector for high-sensttivity and rapid
acquisition of 2D spectra.

Fluorescence and phosphorcscence lifetime measurements may be made with the same
setup as long as the intensity decay of the fluorescence signal is time-resolvable for each of the
excitation-emission wavelength pairs, i.e., for each “pixel” in the EEM image. If the excitation

wavelength 1s encoded using a modulation scheme, as described above, the lifetime measurement

-11 -
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may be made at each of the fluorescence wavelengths and then correlated to the excitation
wavelengths using the same inverse transformation.
Embodiments described herein employ a Hadamard transform (HT) instead of a Fourier

transform, and thus overcome the drawbacks associated with sine functions.

The Hadamard transform (HT) 1s a binary equivalent of the analogue Fourier transform
(FT). Instead of using sinc functions as in FTs, the HT uscs a set of Walsh functions, which are
binary with values 1 and -1. The Walsh functions are mutually orthogonal and the Hadamard
matrix 1s constructed as a square symmetric matrix from rows and columns of Walsh functions.
The HT involves multiplying a signal (dimension of 2™) with the Hadamard matrix Hy,, where m

1s the number of bits. The elements of the Hadamard matrix may be obtained from

1
2m/2

(H,),, == 1" (1)

where / and j represent the indices within the Hadamard matrix and i.j represents the binary dot

product of i and j. For example, a 2-bit Hadamard matrix H,, 1s:

11 1
o :_l 1 -1 1 -1 )
2111 -1 -1
1 -1 -1 1

.

The orthogonality of the Walsh functions implies that H* = I and the intensities (or
spectra) recorded at differing wavelengths (or times) will not affect one another; unlike the

eftects of harmonics in FTs. For a binary Hadamard transform as applied to the “on’ and “off”

states of the mirrors in a DMA, the values of -1 are replaced with zeros

~12 -
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Computers are able to decode HT encoded signals much faster than their FT equivalents

and decoding can frequently be done in real-time.

According to embodiments described herein, the Hadamard mask may be applied to the
wavelength spectrum of the excitation light source using a DMA. However, other contigurations
will be apparent to those of ordinary skill in the art.

One embodiment provides EEMS based on modulating the intensity of each excitation
wavelength and, independently and separately, of each emission wavelength, using two different
Hadamard masks. Each excitation-emission wavelength pair is therefore encoded by a product
of two Walsh func;[ions. A photodetector records a superposition of all the frequency-encoded
light signals, and a fast algorithm then de-multiplexcs the signal into the wavelength pairs. By
knowing the specific modulation frequency assigned to every wavelength pair the detected signal
1s demodulated to produce the whole EEM spectrum. This embodiment requires either
separately modulated light sources such as lasers or LEDs or a DMA (or SLM) combined with a
grating to encode the excitation wavelengths as well as a second DMA (or SLM) and grating to
encode the emission wavelengths. In an alternative embodiment, the emission light 1s passed
through the same grating and onto the same DMA (or SLM) but strikes a differently encoded
section of the DMA (or SLM) to encode the emission light.

In another embodiment, the excitation light is encoded with a Hadamard mask using a
DMA (or SLM) and dispersion grating, and all emission wavelengths are collected in an array

spectrometer. This embodiment simplifies the optical alignment and reduces the cost, since

- 13 -
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currently a DMA is more expensive than a spectrometer. This embodiment also increases the
optical throughput by a factor of two, since with each pass over a DMA, one-half of the

wavelengths have to be rejected.

Embodiments described herein have applications in fields such as, but not limited to X-

ray, ultraviolet, visible, near-infrared, infrared, and terahertz spectroscopy.

Embodiments will be further described by way of the following non-limiting Examples.

Example 1. DMA Hadamard EEM spectrometer

In this example a compact spectrometer (USB2000+, Ocean Optics, Inc., Florida, USA)
was reconfigured. In its original configuration the spectrometer collimates the light from a
multimode optical fibre onto a one-dimensional (1D) CCD array at high resolution using a
reflection grating and a series of optical elements. The CCD array was removed and replaced

with a DMA (VIALUX Chemnitz, Germany, V4100 XGA UV module, 1024 x 768

micromirrors, 13.6 um pitch based on Texas Instruments DLP technology) to encode the

excitation light. The Hadamard mask was generated and displayed on the DMA using custom

designed MATLAB® (The MathWorks, Inc., Natick, Massachusetts, USA) codes. The

Hadamard mask was generated using a Hadamard matrix of order 2™ as shown in Fig. 2 where,
for 1llustration purposes, m =3 and the DMA micromirrors are grouped into 8 segments. With

the available DMA the Hadamard matrix may be scaled up to 1024x1024 (m =10). At this

resolution each DMA column may be coded individually.

Referring to Fig. 2, in Step 1, since the DMA can only encode binary images in which

mirrors can only assume two stable positions, for all Walsh functions (except for the unity

- 14 -
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function) one-half of the light is directed into a beam dump (i.e., the “rejected” light). However,
if a Second detector 1s used to collect the rejected light, a parallel measurcment of, e.g., a
reference or calibration sample, may be made. In Step 2, each row in the loading matrix
generates a mask that i1s displayed onto the DMA as an image. The columns are spread along the
1024 pixels, while all the rows have the same value. As the columns on the DMA represent a
different wavelenéh of light, only the “on” (+1) values are detected for each image, creating a
mask.

Fig. 3 shows how the emission profile of the light source may bec modulated and
demodulated using the DMA. The Hadamard masks are displayed sequentially as separate
images on the DMA (Fig. 2). Each image produces a unique combination of excitation
wavelengths., After irrédiation of the sample a corresponding emission (or absorption or
transmission or scattering) spectrum is produced whose contributions arise only from those
wavelengths that strike the DMA where the mirrors are on (+1) and not where the mirrors are off
(0). To obtain the emission spectrum of the light source S from the modulated data HS, each
spectrum from an image on the DMA is collected (Step 1), and then integrated and placed into an
array E, where the inde;x of the array corresponds to the image / spectrum number (Step 2). At
Step 3 the spectrum of the light source is obtained by multiplying E with the inverse of the
binary Hadamard matrix H (Equation 3). For example, to encode the emission spectrum of a
light source — here represented as rows in a matrix S where all rows are identical — each
wavelength is modulated separately by an individual row of the Hadamard matrix. The resulting

sequence of spectra is represented by the Hadamard product giving matrix HS in which each row

represents a spectrum

-15 -
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If only the integrated intensity of each spectrum is measured, then the intensity for each

mirror configuration can be represented by the column vector:

- 1
2H,S,
e
E]l=| © |=H,x ()
: j.
2 HS
k=1 "
5 The spectrum of the light source, (S1...S;), can be obtained by multiplying E with the
inverse of the binary Hadamard matrix
- -
WS ) * ZHILSk
L k=1
. _ H;'j—l X r (6)
S :
- g ZHckSk
| k=l A
Encoding and decoding of the light source spectrum may be useful when rccording
retlection, transmission or absorption spectra.
10 When the encoded excitation light HS is used to excite fluorescence in a sample, the
resulting fluorescence matrix F is given by:
CH\S, H 5, HUSj A fu
| H:’ISL Hz’ij N Sl }(I:{ |
[HS|[M]|=[F]
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where Mj; i1s the fluorescence intensity at the wavelength ;7 with normalized excitation at
wavelength i, i.e., the desired EEM spectrum. Each row of matrix F represents the fluorescence
spectrum for a given mirror configuration. To demodulate F into the EEM spectrum [M]1?, the
transpose of [F], i.é., [F]', is multiplied with the transpose inverse of the source weighted

Hadamard matrix [[HS] |7

M]" =[F]"[[us]" ] (3)

A program may be written to generatc Hadamard matrices using equation (1), and to decode the
fluorescence signal [F} thereby generating the EEM spectrum [M] according to equation (8).

Fig. 4 shows how an EEM spectrum M may be produced using the Hadamard transform
technique. Each Hadamard mask displayed by the DMA generates a modulated excitation
spectrum HS which, at Step 1, produces a characteristic fluorescence spectrum after interaction
with a fluorescing sample. At Step 2 these fluorescence spectra are collected into a 3D array of
spectral data F which contains the fluorescence intensities as a function of Hadamard mask index
and emission wavelength. At Step 3, to demodulate F into an EEM spectrum M, the Hadamard

index 1s converted to excitation wavelength through multiplication of the transpose of F, with the
transpose inverse of the weighted Hadamard matrix [[HS]']’ (equation (8)). This operation may

be executed using MATLAB or other suitable software so that the EEM spectrum can be
generated from the modulated fluorescence rapidly, e.g., typically within 15 s or less for a 6-bit

matrix and non-optimized code.

Modulation of the spectrometer’s tungsten-halogen light source (Fiberlight, 3100,
Boxborough, MA) was carried out using the fibre-coupled grating as the dispersive element.
Figs. 5A and 5B show the results, wherein the line in each plot represents the emission spectrum

without modulation (i.e., all the mirrors are on, so that the DMA acts as a conventional mirror).
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Since the modulated light that is reflected by the DMA is rectangular in shape, 1t cannot
be etfficiently coupled into the circular end of a conventional fibre probe or fibre bundle.
Theretore, to maximise overlap and increase collection of the excitation light, a bifurcated probe
was designed and built where the ends of the excitation fibres were arranged in a rectangular
pattern as shown in Fig. 6A. The bifurcated probe 60 in Fig. 6A was designed to be sensitive to
EEM fluorescence from both strongly and weakly absorbing samples, indicated schematically at
67 and 68, respectively. In the embodiment of Fig. 6A, 61, 62, and 63 denote the excitation,
probe, and emission fibre ends, respectively, with corresponding inset photos 61a, 62a, and 63a.
Excitation and emission fibre bundleé 64, 65, respectively, are combined into the bifurcated fibre
bundle at the probe end 62. A quartz window 66 was attached to the probe end 62 so that the
acceptance cones of the excitation and emaission fibres overl-ap. Fig. 7 1s a drawing showing a
close-up of a probe end with such a window. This ensures that fluorescence occurring at the
surface of the fibre probe is detected, since, in highly reabsorbing or scattering samples, primary
and secondary absorpti'on can lead to a large loss of information. To further improve
performance, the window, which may be of, e.g., quartz, or UV-fused silica, etc., may be

bevelled to maximise acceptance cone overlap and reduce back retlections.

In Fig. 7, a fibre probe end 100 is applicd to a sample 110. A quartz window 102 of

length L is disposed on the probe end. The distance for reabsorption (in the absence of the
window) 1s shown \as D. The window length L may be long enough to ensure overlap of all the

acceptance cones, while the minimum length L may be the distance between the acceptance cone
overlap and the fibre end, i.e., the minimum length L may be equal to D. The actual length
depends on the numerical aperture of the probe and the distance between the fibres. For

example, L may be up to several mm. The bevel angle a may be optimized to minimize or
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eliminate the back reﬂéctions, and this depends on the refractive index of the window and the
amount of reabsorption of the sample. Since the refractive indices of the window and of the
sample are likely to be different, a Fresnel reflection is produced, sending the excitation light
back to the probe. This becomes more pronounced as the refractive index difference between the
window and the sample increases, and the critical angle of reflection depends on this refractive
index difference. Without the bevel excitation light will be reflected back to the collection fibres
of the probe, which is undesirable. The bevel prevents the reflected light from entering the fibre
probe. Thus, the angle of the bevel may be selected to minimize the amount of reflected light
reentering the probe based on the refractive index difference. For example, in one embodiment a

bevel of 81° was selected for use with a sample of lubrication oil.

To test the instrument and calibrate the wavelengths the DMA was used to sequentially
select each of the 128 wavelength blocks and direct the light to a spectrometer. The total
excitation bandwidth was about 200 nm. The rectangular probe provided coverage of
substantially the entire excitation spectrum of a sample. The excitation spectrum was then
obtained by modul éting the DMA using the Walsh functions that constitute a 2™-clement

Hadamard matrix with m = 3 to 8. The upper limit of m is given by the number of elements of

the DMA or SLM. After inverse Hadamard transformation the reconstructed spectrum was

obtained and overlaid as dots as shown in the examples of Figs. SA and 5B.
An embodiment of an EEM spectrometer is shown schematically in Fig. 68B. A hght

source 70 produces excitation light which is directed into a conduit 71, such as a fibre bundle.
The fibre bundle directs the excitation light to a dispersion grating 72, and the light then reaches
a DMA 73. In this embodiment, encoded light, shown by dashed lines, is directed through a pair

of off-axis parabolic mirrors 74a, 74b, to the excitation end 75 of a bifurcated probe 76. The
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encoded light 1rradiates a sample 78, and fluorescence from the sample 1s directed through the
emission end 77 of the probe 76 to a spectrometer 79.

The probe was uscd to measure the excitation-emission matrix spectrum of the dye
sulforhodamine 640. Sulforhodamine 640 was chosen for its absorption range, centred at 580
nm, which is near the centre of the excitation light source spectrum. A custom built code was
written in MATLAB to control the DMA and spectrometer and to acquire the EEM tluorescence
spectra. A second MATLAB code converted the modulated raw data into the EEM spectrum, as
described above with reference to Figs. 2-4. This code took about 19.8 s to run using a personal
computer (Intel Core 17-2600 CPU @ 3.4 GHz). The EEM spectra obtained are shown 1n Figs.
8A and 8B. For Fig. 8A, the Hadamard matrix had an order of m =7, 1.¢., 1t used 123 elements
with an integration time of 2 s cach, giving a total data acquisition time of 4 min 10 s. For F1g.
8B, an m = 8 Hadamard matrix used 256 elements with an integration time of 2.5 s each, giving a
total data acquisitien time of 10 min 25 s. For comparison, Fig. 8C shows the EEM spectrum ot
sulforhodamine 640 (1x10~ M) in HPLC grade methanol, obtained using a Varian Cary Eclipsc
spectrometer (slit size was 5 nm, PMT was set to 680 V, scan rate of 2400 nm / min, and auto

filters on, total scan duration of 85 min). Thus, the DMA Hadamard EEM spectra were recorded

in a fraction of the time required by the Varian Cary Eclipse spectrometer.

In another experiment the Hadamard EEM spectra were enhanced by replacing the
pinhole in the reconfigured Ocean Optics USB-2000 (i.e., the dispersion element) with an array
comprising 11 multimode fibres (core 400 um, cladding 440 um), which were arranged 1n a
single row. This increased the amount of light entering the sample and consequently the

fluorescence intensity, while maintaining a good dispersive resolution on the DMA. A
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translation stage was added between the dispersion grating and the DMA so that the dispersed

light could be optimally focused on the DMA.

Spectra of each column of mirrors on the DMA may be obtained by sequentially turning
the mirrors on in a column-by-column conventional line scan of the DMA (see, e.g., Fig. 9A).
The excitation wavelengths may be calculated by determining the central wavelength of the
Gaussian fit for each column. This fit also gives the full width half maximum (FWHM), which
allows calculation of the dispersive resolution on the DMA for cach column (see Fig. 9B). Fig.
9C, which shows the average FWHM over all columns, shows that the average resolution 1s
limited by the DMA and converges to 23 nm. Consequently, for this embodiment, there 1s no
additional resolution advantage in increasing the number of excitation channels to over 6-bit (64
images), i.€., a 6 x 6 Hadamard matrix provides optimal resolution at the maximal data
acquisition rate. Fig. 9D shows the calibration spectra obtained from this embodiment. The

excitation wavelength axis obtained from the Gaussian fits give a matching linear response when
plotted against the emission wavelength — 500 nm excitation matches 500 nm emission — as

expected when detecting scattered light from a white surface.

The excitation range of this embodiment was between 440 — 660 nm, and the excitation
maximum was around 590 nm. Accordingly, sulforhodamine 640 was selected as a suitable
compound to test this embodiment. As a reference, spectrum of sulforhodamine 640 5 x 10° M

in ethanol is shown in Fig. 10C as obtained using the standard EEM scanning technique (Varian

Cary Eclipse).

Using this embodiment, the Hadamard fluorescence spectra of the same solution ot

sulforhodamine 640, shown in Fig. 10A were obtained using an integration time of 900 ms for
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cach of the 2™ exposures (m = 3-8). The acquisition time for each EEM spectrum is the
integration time multiplied by 2" (number of images). Therefore, it takes 7.2 s for a 3-bit
modulation, and 57.6 s for a 6-bit modulation. As can be observed, the Hadamard spectra (Fig.

10A) match those of the Varian spectrometer (Fig. 10C) while taking only a fraction of the time

to complete (1.e., 1 minute vs 2 hours).

To better compare and show the advantages of the Hadamard embodiments described
herein, conventional 1iﬁe scans using the same bit rates (3-8 bit) and sulforhodamine 640 solution
were obtained, and are shown in Fig. 10B. These spectra were acquired with the DMA based
embodiment described above, but the columns of mirrors were turned on sequentially — the
same way that the calibration scans were performed. This simulated a conventional scanning

light source, similar to the technique employed by the Varian spectrometer. As before, the total

data acquisition time per EEM is 900 ms x 2"

To further highlight the advantages of Hadamard-based embodiments, further spectra (3-
8 bit) were collected for sulforhodamine 640, with the integration time reduced to 90 ms (Fig.
11). With this integration time only 5.76 s were required to obtain a 6-bit (64 1mage) spectrum.

This is comparably fast and highlights the technique’s ability for real-time EEM measurning ot

samples. However, using such short integration times with a conventional line scan EEM

produces a signal that 1s too low and too noisy to interpret (data not shown).

Spectra obtained by sequentially switching each of the columns “on”; i.e., by scanning
the excitation source in a conventional line scan match those of Figs. 8A, 8B, and 9D,
respectively — but have significantly lower intensity and higher noise (accordingly, the spectra

are not presented). This 1s due to the difference in the amount of light directed into the sample
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for each method. For the line scan method, a higher bit number corresponds to a smaller column
width, and a smaller fraction of light reflected. Due to the nature of the Walsh functions, in the

Hadamard sequence — irrespective of the bit ratc — exactly half of the total light reaching the

DMA 1s reflected per image.

Example 2. Further Embodiments

It 1s expected that performance of the embodiment described above may be improved
when using a more powerful light source or pulsed light source to obtain a stronger tluorescence
signal. A more segsitive array spectrometer based, e.g., on a thinned CCD array chip will also
increase the si gnal-—to-ﬁoise ratio. Refinements to the MATLARB (or other) code will allow EEM
spectral acquisition and demodulation of the signal to be done simultaneously and continuously.
Such optimization is expected to allow monitoring EEM spectra in real-time. Further, excitatton
wavelengths may be extended into UV for usc in further applications. Also contemplated is an
embodiment with simultaneous Hadamard-encoding of the excitation and emission light using a
single photo multiplier tube (PMT) detector. PMTs are much faster and more sensitive than
CCD arrays and this is expected to allow to sensing analytes in situ and 1n real-time.

The EEM spectrometer may be simplified and made more compact by using multiple
(e.g., 8 or 16) different wavelength LEDs or lasers to cover targeted regions of the UV-NIR-IR
spectrum. In such an embodiment, each light source is separately modulated by switching the
sources on and oft, according to the Walsh tunctions that constitute a Hadamard mask.

Fluorescence may be collected using a bifurcated fibre bundle and detected using a spectrometer

(e.g., a compact Ocean Optics or Avantes UV-NIR spectrometer).
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This embodiment may not have as high a spectral resolution as the DMA Hadamard
spectrometer, but for measurements of known analytes it may provide the required information.
In addition, UV LEDs and lasers permit measurements in the UV region of the spectrum, which
are currently complicated by the reduced reflectivity of the commercial micromirrors in this
range. Embodiments may employ newly-available intense LED light sources at wavelengths
below 280 nm for this purpose.

Alternatively or in addition to the above-mentioncd fluorescence, the system may also be
used to monitor phosphorescence, Raman signal, stimulated-Raman signal, resonance-enhanced
Raman signal, and surface-enhanced Raman signal. Also, in addition to light emission,
absorption and transmission may also be monitored by reconfiguring the fibre probe for
transmission measurements. Figs. 12A and 12B show an example of such a probe. Modulated
light emitted from a fibre bundle (e.g., similar to that shown in Fig. 6) passes through the sample
and 1s then colIectéd at a prism P to be recoupled into the fibre bundle and detected by a PMT
detector. The fibre bundle may have, e.g., 16-32 interleaved emission and collection fibres.
Depending on the analyte, the sample’s absorption spectrum may thereby be obtained atter an
inverse Hadamard transform of the signal at the detector. Sudden changes in transmission at all

wavelengths indicates the presence of particulates in the probe volume. Scattering by
particulates may be detected using two or more additional probes with photodetectors at each

fibre. Accordingly, the spectrometer is useful for measur*ing the concentration of solid particles

in solution.

All cited publications are incorporated herein by reference in their entirety.
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Equivalents

While the invention has been described with respect to illustrative embodiments thereof,
1t will be understood that various changes may be made to the embodiments without departing
from the scope of the invention. Accordingly, the described embodiments are to be considered

merely exemplary and the invention is not to be limited thereby.
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Claims
1. An EEM séectr‘ometer, comprising:
at least one excitation light source;
a multiplexer that encodes excitation light produced by the at least one excitation light

5  source;
a conduit that conducts encoded excitation light to a sample;
a conduit that conducts encoded emitted light from the sample;

a detector that detects the encoded emaitted light;

a demultiplexer that decodes the encoded emitted light and produces an output signal;
10  and, optionally,

a display device that that displays the output signal.

2. The EEM spectrometer of claim 1, wherein the emitfed light is produced by at least one
of luminescence, scattering, and transmission.

15
3. The EEM spectrometer of claim 2, wherein the luminescence comprises fluorescence,

and/or the scattering comprises Raman scattering,.

4. The EEM spectrometer of claim 1, wherein the multiplexer and the demultiplexer

20  comprise FDM or OFDM.

5. The EEM spectrometer of claim 1, wherein both the excitation light and the emitted light

are encoded using a DMA or a SLM.
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6. The EEM spectrometer of claim 5, wherein the same DMA or SLM is used to encode the

excitation light and the emitted light.

7. The EEM spectrometer of claim 1, wherein the excitation light is encoded by a DMA or

SLM and the emitted light is recorded by a photoarray detector.

8. The EEM spectrometer of claim 1, wherein the excitation light is encoded using a Walsh
function.
9. The EEM spectrometer of claim 1, wherein the excitation light is encoded using a Walsh

function and the emitted light is decoded using an inverse Hadamard transformation

10.  The EEM spectrometer of claim 1, wherein the conduit that directs encoded excitation
light to the sample and the conduit that directs encoded emitted light from the sample comprise a

bifurcated fibre probe.

11.  The EEM spectrometer of claim 1, further comprising a bifurcated fibre probe.

12. The EEM spectrometer of claim 11, wherein the bifurcated fibre probe comprises:

an excitation end from which a first set of optical fibres receives excitation light;
an emission end from which a second set of optical fibres emit emitted light; and
a probe end from which the excitation light is outputted from the first set of optical fibres

and the emitted light is received from a sample by the second set of optical fibres;
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wherein the first set of optical fibres at the excitation end are arranged in a rectangular
pattern; and

wherein the probe comprises a bevelled window that reduces back reflections.

5 13. A bifurcated fibre probe, comprising:
an excitation end from which a first set of optical fibres receives excitation light;
an emisston end from which a second set of optical fibres emit emitted light; and
a probe end from which the excitation light is outputted from the first set of optical fibres
and the emitted light is received from a sample by the second set of optical fibres;
10 wherein the first set of optical fibres at the excitation end are arranged in a rectangular
pattern; and

wherein the probe comprises a bevelled window that reduces back retlections.

14. An EEM spectroscopy method, comprising:
15 using a multiplexer to encode excitation light produced by at least one excitation light
source;
conducting the encoded excitation light to a sample;
conducting‘encoded emitted light from the sample;
detecting the encoded emitted light and using a demultiplexer to decode the encoded
20 emitted light and produce an output signal; and, optionally

displaying the output signal.
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15. The method of claim 14, comprising multiplexing and demultiplexing using FDM or

OFDM.
16. The method of claim 14, comprising encoding the excitation light using a DMA or SLM.

17. The method of claim 16, comprising encoding the excitation light and decoding the

emitted light using the-same DMA or SLM.

18.  The method of claim 14, comprising encoding the excitation light using a DMA or SIL.M

and recording the emitted light using a photoarray detector.
19.  The method of claim 14, comprising encoding the excitation light using Walsh functions.

20.  The method of claim 14, comprising encoding the excitation light using Walsh functions

and decoding the emitted light using an inverse Hadamard transtformation.

21. The method claim 14, comprising using a bifurcated probe to direct encoded excitation

light to the sample and to direct encoded emitted light from the sample.

22.  The method of claim 21, comprising using a bifurcated fibre probe wherein the probe

~comprises a bevelled window that reduces back reflections.
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