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1
ENERGY DISPERSION DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of U.S. Provi-
sional Patent Application No. 61/546,216, filed Oct. 12,2011,
and U.S. Provisional Patent Application No. 61/570,049, filed
Dec. 13, 2011, both of which are hereby incorporated by
reference in their entireties.

BACKGROUND OF THE INVENTION

Many analytical instruments use the intensity of light of
various colors over a range of wavelengths to study the com-
position of matter, both qualitative and quantitative. When
light interacts with matter, it may undergo many processes
including but not limited to absorption, scattering, reflection,
refraction, fluorescence, and phosphorescence. Instruments
are now available to measure the extent of these processes
with good precision and accuracy throughout the ultraviolet,
visible, near-infrared, infrared, and other regions of the elec-
tromagnetic spectrum. It is generally true that the closer a
measurement is made to the information source most related
to solving a problem, the less chance there is that delay, added
noise, or contamination will confound accurate characteriza-
tion of the system under study. Instruments that can provide a
direct and immediate benefit to the general public, however,
such as those for measuring water quality, the presence of
contamination in food, presence of common infectious bac-
teria, soil composition, or the identity of questionable sub-
stances remain uncommon and used only by those with spe-
cialized training—due, in part, to cost and ease of use.

BRIEF SUMMARY OF THE INVENTION

The invention provides an energy dispersion device and
method of use by which a member of the general public can
evaluate the physical and chemical composition of matter on
site without the need for specialize training or expensive
equipment. The invention is based on the discovery of an
arrangement of optical components based upon which an
energy dispersion device or a spectrograph such as a spec-
trometer, spectrophotometer, or spectrofluorimeter can be
constructed. The arrangement of optical components can be
used to generate a spectrum having multiple spectral orders
from which meaningful measurements and conclusions can
be obtained. This arrangement allows for real time calibration
and, thus, lessens the need for costly instrument components
such as optical benches, lenses and mirrors that have matched
coefficient of thermal expansion to maintain wavelength cali-
bration that would be necessary to obtain useful data. In
addition, the gaps between orders can be used to precisely
measure stray light allowing for modeling and compensation.
Changes in stray light levels may be interpreted to indicate
levels of particulate matter suspended in solution (a measure-
ment commonly known as nephalometry). The arrangement
of optical components provided by the invention can com-
pensate for the limited dynamic range of certain detectors,
especially imaging detectors. The energy dispersion device of
the invention can be used with a high pixel count electronic
array detector of arbitrary dynamic range and arbitrarily large
pixel count. The energy dispersion device can have a dynamic
range that is greater than the dynamic range of the detector
due to the unique arrangement of the optical components. The
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2

invention provides a more cost effective analytical instrument
that is also easy to use and therefore amenable to widespread
adoption.

In one embodiment, the invention provides an energy dis-
persion device that includes one or more double-dispersion
diffraction gratings, or two or more single-dispersion diffrac-
tion gratings. Where two or more gratings are present, they
are stacked (about-coplanar) and rotated about their normal.
When illuminated with collimated light or other electromag-
netic radiation (EMR), the dispersion device of the invention
generates multiple diffraction orders dispersed with cylindri-
cal symmetry about an observational center or origin and
observable by an array detector through a lens or other focus-
ing optic. So long as the transmission gratings are transparent
over the wavelength range of interest, the light or other EMR
may have any wavelength or set of wavelengths that the lens
can transmit and the array detector can sense (light or EMR of
other wavelengths, while present, simply goes undetected).
The dispersion device also includes a limiting aperture or
entrance aperture through which the light or other EMR can
be admitted. The limiting aperture is placed at the focus of a
collimating mirror (e.g. parabolic mirror such as off-axis
paraboloidal mirror or replica parabola) or lens (e.g. com-
pound, achromatic, apochromatic, or superapochromatic
lens) such that light or other EMR admitted through the
aperture can be collimated. Once collimated, the light or other
EMR falls on the diffraction gratings, generating multiple
diffraction orders. A lens or mirror can collect the diffracted
light and focus it onto one or more array detectors. The
dispersion device of the invention can be used with an EMR
source, for example, one that generates light or other EMR in
the spectrum from ultraviolet, visible to near infrared. The
dispersion device of the invention can be used with fluores-
cent, phosphorescent, or auto-fluorescent materials. A disper-
sion device of the invention can be used with other optical
components such as fiber optics, lenses, mirrors, or prisms, as
these optical components can be used to transmit light or
other EMR from the source to the aperture of a dispersion
device of the invention.

In another embodiment, the invention provides an energy
dispersion device comprising a limiting aperture for admit-
ting electromagnetic radiation into the device, a collimating
optic for collimating the electromagnetic radiation admitted
through the limiting aperture, and a wavelength dispersion
component for diffracting the collimated electromagnetic
radiation into a multiplicity of diffraction orders. In the
energy dispersion device, the limiting aperture is at the focus
point of the collimating optic and the electromagnetic radia-
tion admitted from the aperture is collimated by the collima-
tion optic prior to being incident on the wavelength dispersion
component. The wavelength dispersion component diffracts
the electromagnetic radiation into a multiplicity of diffraction
orders and may be a double-dispersion diffraction grating, or
a stack of two of more single-dispersion diffraction gratings;
a stack of two or more double-dispersion diffraction gratings;
or a stack selected from single- and double-dispersion dif-
fraction gratings; wherein the diffraction gratings in the stack
are about coplanar and rotated about their normal such that
each grating in the stack is rotated relative to the remaining
gratings in the stack. In some embodiments, the energy dis-
persion device includes a stack of diffraction gratings in
which the smallest angle of rotation for any grating in the
stack relative to another grating in the stack is approximately
equal for all gratings in the stack, the angle of rotation being
an angle between about 15° and about 90°, inclusive. In some
embodiments, the energy dispersion device includes a stack
of diffraction gratings in which the smallest angle of rotation
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for any grating in the stack relative to another grating in the
stack is about 15°, 22.5°, 30°, 45°, 60°, 75° or 90°. In some
embodiments, the energy dispersion devices includes a stack
of three single-dispersion diffraction gratings, each rotated
about 60° relative to another grating in the stack. In some
embodiments, the energy dispersion device includes a stack
of four single-dispersion diffraction gratings, each rotated
about 45° relative to another grating in the stack. In some
embodiments, the energy dispersion device includes a stack
of single-dispersion diffraction gratings, each rotated about
36° relative to another grating in the stack. In some embodi-
ments, the energy dispersion device includes a stack of six
single-dispersion diffraction gratings, each rotated about 30°
relative to another grating in the stack. In some embodiments,
the energy dispersion device includes a stack of one double-
dispersion diffraction grating and four single-dispersion dif-
fraction gratings, each single-dispersion diffraction grating
rotated about +30° or —30° relative to another grating in the
stack. In some embodiments, the energy dispersion device
includes a stack of one double-dispersion diffraction grating
and two single-dispersion diffraction gratings, one rotated
about +45° and the other about -45° relative to the double-
dispersion diffraction grating. In some embodiments, the
energy dispersion device includes a stack of two double-
dispersion diffraction gratings and two single-dispersion dif-
fraction gratings, each grating rotated bout 30° relative to
another grating in the stack. In some embodiments, the energy
dispersion device includes a stack of two double-dispersion
diffraction gratings rotated about 45° relative to each other. In
some embodiments, the multiplicity of diffraction orders gen-
erated by the wavelength dispersion component is between 2
and 10, inclusive. In some embodiments, the multiplicity of
diffraction orders is 2, 3, 4, 5, 6, or 8. In some embodiments,
the diffraction gratings in an energy dispersion device of the
invention have about the same separation and pitch and the
electromagnetic radiation is dispersed with cylindrical sym-
metry about the observation center or origin.

In some embodiments, the energy dispersion device
includes an electromagnetic radiation source. Some of the
electromagnetic radiation emitted by the source is admitted to
the rest of the device through the limiting aperture. In some
embodiments, the electromagnetic radiation source is a light-
emitting diode (LED). In some embodiments where an LED
is used, the energy dispersion device can also include a sensor
for determining the temperature at or near the LED pn junc-
tion. In some embodiments, the sensor can be a thermocouple
or thermistor. In some embodiments, the electromagnetic
radiation source emits or is capable of emitting fluorescent
light. In some embodiments, the electromagnetic radiation
source is autofluorescent. In some embodiments, the electro-
magnetic radiation source emits or is capable of emitting
phosphorescent light.

In some embodiments, the collimating optic of the energy
dispersion device is an off-axis parabolic mirror, replica
parabola, an achromatic or superachromatic lens. In some
embodiments, the energy dispersion device also includes a
sample holder capable of receiving a fluid, test strip, or a solid
sample. The fluid, test strip, or solid sample, if in the sample
holder, is interposed in the collimated light between the col-
limating optic and the diffraction gratings.

In another embodiment, the invention provides a single-
beam spectrophotometer that includes an energy dispersion
device of the invention. In another embodiment, the invention
provides a fluorimeter or phosphorimeter that includes an
energy dispersion device of the invention.

In another embodiment, the invention provides a spec-
trograph that includes an energy dispersion device of the
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invention, as well as one or more focusing lenses or mirrors
and one or more rectangular array detectors. In some embodi-
ments, the one or more focusing lenses or mirrors and one or
more rectangular array detectors have fields of view effective
to observe at least two or at least three diffraction orders
simultaneously. In some embodiments, the one or more
detectors are complementary metal-oxide-semiconductor
devices, charge-coupled devices, or charge injection devices.
In some embodiments, the spectrograph further includes a
data processor for constituting a spectrum of an image
observed based on signals recorded by the detector. It will be
appreciated by one of ordinary skill in the art that these
signals are not human-readable. Furthermore, one of ordinary
skill in the art will understand that, in order to output infor-
mation suitable for human interpretation, the data processor
may be, for example, an electronic or cybernetic processor
that receives digitized input. Suitable processors include, but
are not limited to, processors in desktop computers and laptop
computers, programmable gate arrays, dedicated microcon-
trollers and microprocessors, embedded processors in tablets
and cell phones, cloud computing, supercomputers, main-
frame computers, and client-servers. In some embodiments,
the data processor can generate a spectrum of an image
observed based on signals from at least two or at least three
diffraction orders. In some embodiments, the data processor
is adapted to utilize signals from at least two or at least three
diffraction orders to generate spectral intensities. In some
embodiments, the data processor is adapted to utilize signals
from various exposure times to determine resolution or wave-
length dispersion. In some embodiments, the data processor
is adapted to utilize signals from the detector to generate a
time sequence of images. In some embodiments, the spec-
trograph includes a light-emitting diode (LED). In some
embodiments where an LED is used, the spectrograph can
also include a sensor for determining the temperature at or
near the LED pn junction. In some embodiments, the sensor
can be a thermocouple or thermistor. In some embodiments,
the spectrograph includes a data processor for utilizing the
temperature at or near the LED pn junction to determine a
calibration wavelength.

An array detector may have digitizers built-in for digitizing
recorded signals. An array detector may also send recorded
analog signals to a digitizer in communication with a data
processor. An array detector may include a data processor for
signal processing, or may stream data to a digitizer using a
data protocol. Some digitized data may be processed in the
same enclosure as the array detector; other arrangements may
communicate data over data interfaces or protocols such as
Firewire, USB, Ethernet, GIGE, IEEE 802.11a, b, g, or n, or
Bluetooth or ZigBee.

In another embodiment, the invention provides a spec-
trally-resolving camera that includes a dispersion device of
the invention and image focusing optic effective to project the
electromagnetic radiation spectrum corresponding to an
image at the entrance aperture of the dispersion device such
that the spectrum of the image impinging on the aperture is
dispersed by the dispersion device and recorded by the cam-
era. In some embodiments, the spectrally-resolving camera is
attached to a moveable element in a manner effective for the
image focusing optic to project a sequence of images to the
aperture sequentially, randomly, or in a specified sequence in
time. In some embodiments, the image focusing optic of the
spectrally-resolving camera includes one or more mirrors,
lenses, or a combination thereof, capable of scanning various
points in a scene and projecting light from these various
points to the aperture of the dispersion device. In some
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embodiments, the image focusing optic of the spectrally-
resolving camera is a Digital Light Processor.

In another embodiment, the invention provides a method
for determining absorption by a sample. The method involves
placing the sample into a sample holder located between the
collimating optic and diffraction gratings in an energy disper-
sion device of the invention, illuminating the sample with
collimated light and determining the amount of light
absorbed by the sample by comparing the diffraction spectra
obtained in the presence of the sample with the spectra
obtained in the absence of the sample. In some embodiments,
the reference specimen may be characterized immediately
before the sample of interest is characterized. In some
embodiments, the reference spectrum may be characterized
after the sample of interest is characterized. In some embodi-
ments, the reference specimen may be characterized at a time
long-removed from the moment when the sample of interest
is characterized.

In another embodiment, the invention provides a method
for determining the diffuse or specular reflectivity of a
sample. The method involves placing the sample into a holder
illuminated by a light source such as a fluorescent light, arc
lamp, LED, or other light source, with the surface of the
sample viewable through the entrance aperture either directly
or through common optical components such as lenses, mir-
rors, volume holograms, or prisms. Light passing through the
entrance aperture then proceeds to the collimating optic and
diffraction gratings in an energy dispersion device of the
invention and, thence to one or more detectors. Reflectance is
determined in the manner commonly understood by those
familiar with the art, by comparison of the light reaching the
detector for the sample in question in comparison to that
obtained from a reference specimen. In some embodiments,
the reference specimen may be characterized immediately
before the sample of interest is characterized. In some
embodiments, the reference spectrum may be characterized
after the sample of interest is characterized. In some embodi-
ments, the reference specimen may be characterized at a time
long-removed from the moment when the sample of interest
is characterized.

In another embodiment, the invention provides a method
for measuring fluorescence that involves determining the dif-
fraction spectra of a fluorescent sample relative to a similar,
non-fluorescent sample using an energy dispersion device of
the invention. In another embodiment, the invention provides
a method for measuring the phosphorescence that involves
determining the diffraction spectra of a phosphorescent
sample relative to a similar, non-phosphorescent sample
suing the energy dispersion device of the invention.

In another embodiment, the invention provides an energy
dispersion device that includes an electromagnetic radiation
source, a collimating optic, and a wavelength dispersion com-
ponent. The electromagnetic radiation source includes a
light-emitting diode and an aperture that admits a select
amount of the electromagnetic radiation from the light-emit-
ting diode to the collimating optic. The electromagnetic
radiation is collimated by the collimation optic prior to being
incident on said wavelength dispersion component, and
wavelength dispersion component includes three double-dis-
persion diffraction gratings, stack in a coplanar orientation
and rotated about their normal, wherein two of the three
gratings are rotated +30° relative to one of the three gratings.

In another embodiment, the invention provides a spec-
trograph that includes (1) a light source such as a light-
emitting diode (LED), anarc lamp, or laser; (2) a receptacle or
holder for a sample or specimen capable of emitting, fluo-
rescing, phosphorescing, or scattering light when excited by
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the light source; (3) a collimating mirror such as an off-axis
parabola; and (4) one or more double-dispersion diffraction
gratings, two or more single-dispersion diffraction gratings or
any combination of these that can generate a multiplicity of
diffraction orders from collimated light. The multiplicity of
orders and the stray light between the orders is focused onto
a detector using a suitable lens or mirror. The detector and
suitable lens or mirror may or may not be mounted on the
spectrograph. The lens might be associated with a camera,
either integral to the camera or a demountable lens. The light
is detected by an array detector such as a charge-coupled
array or charge-coupled device (CCD), complementary metal
oxide on silicon array (CMOS array), or charge-injection
array (CID). Where a spectrograph of the invention includes
a LED as light source, no stable optical bench is needed since
the spectrograph can be self-calibrating in real time. Since the
exact peak intensity wavelength of the LED is temperature
dependent, as is the phosphorescence spectrum of any phos-
phor co-mounted with the LED semiconductor (rendering the
LED abroad-band light source), by measuring temperature at
or near the LED pn junction, the source spectrum is known
and a calibration wavelength is available (J.-C. Su, S.-F.
Song, and H.-S. Chen, “Chromaticity Stability of Phosphor-
converted White Light-emitting Diodes with an Optical Fil-
ter,” Appl. Opt. 50, 177-182 (2011)). Even in the absence of
temperature measurement, approximate calibration in real
time is feasible, as the wavelength shifts for LEDs at common
temperatures is slight.

In another embodiment, the invention provides a spec-
trograph that includes (1) a light source such as a light-
emitting diode (LED), an arc lamp, or laser, (2) a collimating
mirror such as an off-axis parabola, (3) a jig to hold in appro-
priate alignment a cuvette. Into this holder is placed a cuvette
to which is bonded, onto which is printed, or otherwise to
which is attached a stack of diffraction gratings mutually
rotated so as to generate a multiplicity of diffraction orders
from collimated light. The grating-covered face of the cuvette
is so positioned as to be facing away from the parabolic mirror
and towards any detector array. The cuvette is positioned so
that the collimated light from the parabolic mirror enters a
clear face of the cuvette and exits a clear face on the outside of
which is the bonded grating stack. As illustrated in FIGS. 9A
through 9C, the cuvette may be of the common type widely
used in spectrophotometers, or may be modified with han-
dling tabs to make it easier for a user to avoid touching the
faces of the cuvette and to assist in so designing the holding
jigto assist in orienting the cuvette correctly. The multiplicity
of orders and the stray light between the orders is focused
onto a detector using a suitable lens or mirror. The detector
and suitable lens or mirror may or may not be mounted on the
spectrograph. The lens might be associated with a camera,
either integral to the camera or a demountable lens. The light
is detected by an array detector such as a charge-coupled
array or charge-coupled device (CCD), complementary metal
oxide on silicon array (CMOS array), or charge-injection
array (CID).

In addition, the dynamic range (ratio of most intense mea-
surable signal to weakest measurable signal) of a dispersion
device or spectrograph of the invention is greater than the
dynamic range of the detector alone. Due to differences in
diffraction efficiency as a function of angle and due to vignett-
ing of optical transmission through the gratings and lens, the
relative intensity of spectra differs from orderto order, as does
the dispersion (spatial spread of wavelength display). Some
spectra may saturate the detector, while others are in the
detector’s linear range, and still others are lost in stray light or
dark signal. As a consequence, the dynamic range of a dif-
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fraction device or spectrograph of the invention is the product
of'the dynamic range of the detector and the ratio of through-
put between the brightest and dimmest orders observable at
once.

Dispersion devices have been patented by D. Brady et al.
that use a large opening instead of a narrow slit to admit light
to an energy-dispersing device such as a filter, grating, or
prism. Light then falls on a Hadamard mask, a programmable,
binary shutter allowing passage of selected combinations of
wavelengths onto, e.g., a charge-coupled array detector.
Although the throughput of these devices is higher than for
similar resolution grating spectrographs of conventional
design, and the Multiplex or Jacquinot Advantage of these
devices allow for improved precision and throughput com-
pared to conventional designs, unlike the invention, the
dynamic range of measurement in the Brady dispersion
device is similarly restricted because the dynamic range of the
detector.

Any feature or combination of features described herein
are included within the scope of the present invention pro-
vided that the features included in any such combination are
not mutually inconsistent as will be apparent from the con-
text, this specification, and the knowledge of one of ordinary
skill in the art.

Unless otherwise defined, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this invention
belongs. In case of conflict, the present specification, includ-
ing definitions, will control. In addition, the materials, meth-
ods, and examples are illustrative only and not intended to be
limiting. Although methods and materials similar or equiva-
lent to those described herein can be used to practice the
invention, suitable methods and materials are described
below.

All patents and publications referenced or mentioned
herein are indicative of the levels of skill of those skilled in the
art to which the invention pertains, and each such referenced
patent or publication is hereby incorporated by reference to
the same extent as if it had been incorporated by reference in
its entirely individually or set forth herein in its entirety.
Applicants reserve the right to physically incorporate into this
specification any and all materials and information from any
such cited patents and publications.

Other features and advantages of the invention will be
apparent from the following detailed description and from the
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a perspective view of the layout of the compo-
nents of a spectrograph according to one embodiment of the
invention. FIG. 1B is a plan view of the same layout.

FIG. 2 illustrates examples of a single-dispersion diffrac-
tion grating, a double-dispersion diffraction grating, and
three transmission gratings stacked and rotated about their
common normal axis.

FIG. 3 is a magnified view of a small section of the stacked,
mutually-rotated gratings of FIG. 2, showing many groove
periodicities.

FIG. 4 is an example of a starburst spectrum generated by
a spectrograph of the invention and shown in monochrome/
gray scale.

FIG. 5 shows the origin of multiple diffraction orders for a
single, linear diffraction grating.

FIG. 6 shows the origin of multiple diffraction orders for a
single, bi-linear double-dispersion diffraction grating.
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FIG. 7 shows multiple orders for a set of three-stacked,
double-dispersion diffraction gratings.

FIG. 8 provides an example of the relative throughput at
various wavelengths obtained from a simulation of the
throughput of multiple orders for a set of three stacked,
double-dispersion diffraction gratings.

FIG. 9A is a perspective view of a bonded cuvette accord-
ing to an embodiment of the invention, where stacked, mutu-
ally rotated gratings are bonded directly to the output face of
a common spectrophotometer cuvette.

FIG. 9B is a perspective view of a single-tab bonded
cuvette according to an embodiment of the invention, similar
to that in FIG. 9A but with a handling tab molded as part of the
cuvette.

FIG. 9C is a perspective view of a double-tab bonded
cuvette according to an embodiment of the invention, similar
to FIGS. 9A and 9B, but where two handles are molded into
the cuvette.

FIG. 10 is a perspective view of a temperature sensor
positioned on an LED according to an embodiment of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

The invention provides an energy dispersion device that
uses the intensity of electromagnetic radiation (e.g. light of
various colors over a range of wavelengths) to evaluate the
composition of matter. The dispersion device of the invention
can be coupled to a multi-pixel detector. The invention also
provides a method of using the device that is based on spectral
information related to intensity/wavelength of electromag-
netic radiation.

Components & Layout

An energy dispersion device of the invention includes a
limiting aperture for admitting light or other electromagnetic
radiation (EMR), collimation optic, and wavelength disper-
sion component, i.e., diffraction gratings. The device can also
include a light or other EMR source, sample holder, focusing
optic and detector. The components are arranged so that the
light or EMR is collimated before it reaches the wavelength
dispersion component. Collimation can be performed with a
single optic, for example, a parabolic mirror such as an off-
axis parabola or replica parabola or low-chromatic-aberration
aspheric (e.g. compound) lens. The collimated light or other
EMR can be directed through a sample holder, for example, a
1 cm path length cuvette of common design. Alternatively, the
light or other EMR from a sample or reference can be focused
through an aperture of suitable size at the focus of the para-
bolic mirror or at the focus of a compound, achromatic, apo-
chromatic or superapochromatic lens. In either case, the pre-
dispersion portion of the instrument includes: optionally, a
light source; limiting aperture; collimation optics; optionally,
a sample holder and sample. Light or other EMR is then
incident on a stack of transmission diffraction gratings that
generate many diffraction orders that can be observed with a
low-aberration lens and array camera, for example, a CMOS
camera, a charge-coupled array, charge-injection array, diode
array, or several such arrays.

The power source for the energy dispersion device can be
aUSB port on, e.g., a computer, cell phone, or digital camera.
The USB2 port is typically rated as a source for 20 mA at 5'V.
This is sufficient to power some common light sources, such
as a white LED. The power source can also be a battery such
as a lithium ion battery, or a power supply such as an AC
adapter.
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FIG. 1A is a perspective view of an example of a layout of
a spectrograph 100 according to one embodiment of the
invention. FIG. 1B is a plan view of the same layout. The
components of the spectrograph 100 include a light source
110, a limiting aperture 120 to admit light from the light
source 110 to the remainder of the instrument, a collimation
optic 130, a sample holder 140, a stack of gratings 150, a
focusing optic 160, and an array detector 170. The light
source 110 is shown as an LED. The distance between the
limiting aperture 120 and the collimation optic 130 is such
that light reflected from the collimation optic 130 to the
sample holder 140 is collimated. The collimation optic 130 is
shown as an off-axis parabolic mirror with an off-axis angle
of approximately 30°. In this layout, the sample holder 140
can be a cuvette of common design. The stack of gratings 150
is shown as a stack of three mutually-rotated, about co-planar
double-dispersion transmission gratings. The focusing optic
160 is shown as a lens. The array detector 170 can be a CMOS
camera. The dashed line is the optical axis, passing through
the limiting aperture 120 and through or about through the
centers of the limiting aperture 120, the collimation optic 130,
the sample holder 140, the stack of gratings 150, and the
focusing optic 160. The optical axis may intersect the center
of'the array detector 170, but may not do so in some embodi-
ments. The optical axis, as known to those skilled in the art, is
not a physical, tangible object. The components are enclosed
in a case or housing to keep undesired (stray) light away from
the system as is known to one skilled in the art of spectrom-
etry. It is apparent to one skilled in the art of spectroscopy that
light baffles and a case or housing for the components are
omitted for clarity.

The light source 110 and sample holder 140 can be built
directly into the spectrograph 100. The light source 110 can
be any source of visible light or other electromagnetic radia-
tion as described herein. Alternatively, fiber optics can be
used to remotely observe absorption, fluorescence, reflection,
or scattering from a remote light source, in which case, the
distal end of a fiber can be used to input light from the remote
light source to the cross-dispersion apparatus at the location
of'the limiting aperture 120. The limiting aperture 120 can be
a pinhole or other small aperture as described herein. The
collimation optic 130 can alternatively be an off-axis para-
bolic mirror with an off-axis angle of 60° or 90°, or can be yet
other alternate embodiments as described herein. The sample
holder 140 can alternatively be positioned behind the limiting
aperture 120, or a sample may be incorporated into embodi-
ments of the invention by other configurations as described
herein. The stack of gratings 150 can be any combination of
gratings as described herein. The focusing optic 160 can
alternatively be any lens, mirror, or other optic suitable for
focusing light as described herein. The array detector 170 can
be any suitable detector or electronic camera as described
herein.

Light or Other Electromagnetic Radiation (EMR)
Sources

The light or other EMR source can be a light-emitting
diode (LED), tungsten-halogen lamp, deuterium lamp, elec-
troluminescent panel, or fluorophore or phosphor indirectly
illuminated with a light-emitting diode, laser, or any of the
light or other EMR sources already listed or commonly used
for spectrometric applications. The light or other EMR source
can be a white LED that can be used to generate a continuous
spectrum from approximately 410 nm to approximately 700
nm. The LED can be one that produces a stable spectrum at
fixed temperature over long periods oftime, e.g., hundreds of
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hours at high precision or up to 50,000 hours before burn-out.
An example of a useful LED is the RL-5-W5020 white LED
that produces a continuous spectrum from 420 to 720 nm,
with peak emission from a blue LED (i.e. primary source
LED) near 450 nm; broad green to red emission due to a rare
earth aluminum oxide phosphor, similar to that used in fluo-
rescent lightbulbs.

Measurement of absorption, reflection, scattering, and
luminescence can be performed in the visible range, though
measurements at wavelengths down to 300 nm are also pos-
sible. Thus, the light or other EMR source can be a 300 nm
white LED with two phosphors, one to cover the 300-470 nm
region and the other yttrium aluminum oxide or other similar
material, so that emission covers the region in which common
transparent polymers are transparent. A light or other EMR
source can consist of two, closely-spaced LEDs, one with a
wavelength at or near 300 nm and the other with a wavelength
at or near 450 nm, each phosphor- or fluorophor-overcoated,
so that the entire visible and polymer-transparent ultraviolet
spectrum can be generated simultaneously. Regardless of
wavelength range, the source is selected to be sufficiently
bright to produce a useful image quickly, to minimize the
effect of dark current in the array detector.

In some cases, the light or other EMR is derived from the
sample to be analyzed. In fluorescence or phosphorescence,
for example, a substance absorbs light or other EMR of one
wavelength and emits light or EMR at a different wavelength.
In bioluminescence, the light is emitted by a living organism,
while in chemiluminescence, the light emitted is a result of a
chemical reaction.

In some cases, the light or other EMR can be obtained by
the image focusing lens or mirror of a camera or telescope
aimed at a selected object, scene, region in space or EMR
signal. The light or other EMR can be obtained by directing
the image focusing lens or mirror to a specific point in space
and time. Alternatively, the light or other EMR can be
obtained over a period of time, region of space or sequence of
events. As such, the image focusing lens or mirror can be a
part of a spectrally-resolving camera that is attached to a
moveable element, thereby, permitting the camera to scan a
selected scene or region of space. Alternatively, one or more
of the focusing lens or mirror can scan a selected scene or
region in space to obtain spectral data.

In all cases, the light or other EMR can be concentrated to
a small spot at which is positioned a small, limiting aperture
through which the light or other EMR effuses into the rest of
the instrument. Apertures in the range of 25 pm to 200 pum,
inclusive, can be used. For example, a nickel film pinhole
aperture of diameter 50 pm can be used. Where the light or
other EMR is derived from the sample to be analyzed, no
sample cuvette is interposed in the collimated light between
the pinhole and the gratings. For fluorescence measurements,
the sample can be located directly behind the pinhole and
illuminated with a selected range of wavelengths. Only fluo-
rescent light admitted through the pinhole is collimated and
diffracted. Phosphorescent samples are also placed directly
behind the pinhole so that only phosphorescent light admitted
through the pinhole is collimated and diffracted. Similarly,
for reflectance measurements, the sample can be positioned
behind the pinhole and illuminated with a continuum source.

Collimation

In the invention, diffraction gratings are illuminated with
collimated light. Since light from a point source (e.g. light
through a 50 um pinhole or limiting aperture) is to be colli-
mated, a parabolic mirror or compound, achromatic, apo-
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chromatic or superachromatic lens can be used. Examples
include an off-axis parabolic mirror or replica parabola,
which are convenient from an engineering and instrument
footprint view. To collimate light or other EMR admitted
though a point source such as a pinhole or limiting aperture,
the pinhole or limiting aperture is placed at the focus of the
lens or mirror. The pinhole or aperture can be placed behind
the collimating mirror or lens.

All wavelengths to be detected are collimated, with beam
width sufficient to fill (or nearly fill) the width of the sample
cuvette (if used), and to fill (or nearly fill) the width of the
diffraction gratings observed by the camera. Although some
departure from perfect collimation is characteristic of optical
systems, excessive lack of collimation is minimized so as to
avoid the increased stray light/decreased resolution that leads
to limited instrument performance.

Absorption Sample Cell, Fluorescence Cell,
Reflectance

For absorption measurements, the sample can be placed in
the collimated beam between the collimating optic and the
diffraction gratings, typically close to but not in contact with
the diffraction gratings as shown in FIGS. 1A and 1B. The
sample can be placed in a square or rectangular cuvette made
of quartz, glass, or transparent polymer. Absorption measure-
ments can be performed with collimated light transiting the
cuvette. Alternatively, in embodiments of the invention, dif-
fraction gratings may be attached to, imprinted upon, or oth-
erwise formed with the cuvette as shown in FIGS. 9A through
9C, so that the spectrum is, in effect, dispersed as collimated
light exits the cuvette. For example, diffraction gratings may
be glued to a face of the cuvette, printed upon a face of the
cuvette, or embossed upon a face of the cuvette. A bonded
combination of a cuvette with diffraction gratings may be
disposable or reusable.

FIGS. 9A through 9C are perspective views of embodi-
ments of the invention in which the stacked, rotated gratings
are bonded to the transparent face of a sample holder or
cuvette. FIG. 9A shows a bonded cuvette 914 according to an
embodiment of the invention, where a stack of mutually
rotated gratings 18 is bonded directly to the output face 17 of
acommon spectrophotometer cuvette 16. The clear face 15 of
the spectrophotometer cuvette 16, through which light enters,
has no gratings or other coatings (except, perhaps, an anti-
reflection coating). FIG. 9B shows a single-tab bonded
cuvette 924 according to an embodiment of the invention,
similar to the bonded cuvette 914 of FIG. 9A, but with a
handling tab 21 molded as part of the cuvette. FIG. 9C shows
adouble-tab bonded cuvette 934 according to an embodiment
of'the invention, similar to the bonded cuvette 914 of F1G. 9A
and the single-tab bonded cuvette 924 of FIG. 9B, but where
two handles 22 and 23 are molded into the cuvette. FIGS. 9B
and 9C show embodiments that assist users in keeping the
grating-covered face clean and simplifying design of cuvette
holders which correctly orient the grating-covered faces as
the face through which light exits towards a detector. For
clarity, only the groove orientation for a single double-dis-
persion diffraction grating is shown in the sketch. A stack of
two or more gratings is present by implication.

For fluorescence, phosphorescence or reflectance mea-
surements, a sample that fluoresces, phosphoresces, or
reflects light (specularly or diffusely) is placed behind a lim-
iting aperture—in the location of the light source 110 shown
in FIGS. 1A and 1B. In this case, fluorescent, phosphorescent
orreflected light that is admitted through the limiting aperture
is collimated before it reaches the diftraction gratings (fluo-
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resced or reflected light is inherently not collimated as it is
emitted or scattered over a wide range of angles). In some
embodiments, a sample to be used for fluorescence or phos-
phorescence measurements can be placed in a capillary. The
capillary can be illuminated with a light source tuned to a line,
band, or region capable of exciting the desired optical pro-
cess. The light can be projected axially down the capillary or
transversely across the capillary. The illumination can be
focused and masked so as to avoid getting exciting light into
the region of the device beyond the limiting aperture. As
known to one of skill in the art, the geometry useful for
fluorescence or phosphorescence measurements can also be
used for chemiluminescence or bioluminescence analysis.

For reflectance measurements, generally known illumina-
tion geometries will generate a light beam that can be directed
towards or focused through the limiting aperture.

Diffraction Gratings

To separate a light beam into its spectrum (a distribution of
the amount of light as a function of frequency, energy, or
wavelength of the individual photons), a diffraction grating
can be used. A diffraction grating can be made using numer-
ous methods known to those of skill in the art. For example, a
diffraction grating can be made by diamond scribing soft
metals and replicating the resulting corrugated pattern onto a
substrate, by exposing photoresists to interference patterns
generated by lasers and appropriate additional optics, or by
generating a hologram in photographic or polymer film.

Diffraction gratings can reflect or transmit light. Reflection
gratings, as well as single transmission gratings can be used in
spectrographs, spectrometers, and spectrophotometers, as
known to those of skill in the art. The diffraction gratings used
in the invention can be reflection gratings, transmission grat-
ings, phase gratings embossed on a transparent polymer such
as mylar, holographically recorded in a material (holographic
film) or any combination of these. The pattern of colors fol-
lowing such gratings varies with angle, as the grooves or other
patterns in diffraction gratings cause phase shifts in the elec-
tromagnetic waves of the incident light beam. The equation
governing spreading of wavelengths (or dispersion) by indi-
vidual diffraction gratings is known to those skilled in the art.
For an individual grating,

nh=d(sin o+sin )

ey
where n is the diffraction order and an integer, 2 is the wave-
length of light in the medium in which the grating is immersed
(typically air, but any transparent substance is plausible), d is
the width of a single groove or line of the grating, o is the
angle between the normal to the grating surface and the inci-
dent light ray, and  is the angle between the normal and the
exiting light ray, i.e. angle of diffraction from the grating,
measured with the same handedness as a. The sign conven-
tion in this equation is that, when n=0, a=—.

Typically, light is collimated so that all light rays imping-
ing on the grating are parallel. This is geometrically equiva-
lent to placing a light source an infinite distance from the
grating. In practice, a finite-sized optic can be used. The
incident light, which is collimated, reaches the gratings at
a=0. At the first grating, equation 1 can be simplified to:

nh=d sin @

Ifthe gratings used have 500 grooves per mm and a d value
of 2 pum, for dispersion in a single direction (symmetrical
about f=0), then for the ends of the spectra:
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n B for A =400 nm B for A =700 nm
0 0 0
1 11.57° 20.49°
2 23.58° 44.43°
3 36.87° >90°
4 53.13° >90°

The values in the table show that 2nd order is the highest
complete order for single gratings where diffraction is along
the x or y axes. To see the full second order spectra, the lens
must be close enough to the grating to pick up a 90° swath of
solid angle. It is likely focused at infinity so that the spectra
appear to radiate from the LED.

FIG. 5 shows the origin of multiple diffraction orders for a
single, linear diffraction grating, illustrating the incident, col-
limated light 510; the diffraction grating 520; the zero-order
diffracted light 530, where n=0, so the beam is undeviated;
the first-order diffracted light 540, where n=1, so [ approxi-
mately equals 14.48°; the second-order diffracted light 550,
where n=2, so § equals 30.0°; and the third-order diffracted
light 560, where n=3, so § approximately equals 48.59°. The
incident light 510, typically polychromatic, is construed as
monochromatic for the purpose of illustration. This assumes
that light is normally incident on the grating, a 500 lines per
millimeter grating period (2 micrometer groove spacing), and
a wavelength of 500 nm. In this case, the grating equation is
n 500 nm=2000 nm sin f, or sin §=0.25n. For this wavelength
and groove density, n=4 emerges at $=90°, tangent to the
grating surface. Negative orders also appear, but are not
shown.

When dispersion is in two dimensions, diffraction from the
original beam can be oriented at angles other than 0° and 90°.
Ifn=1 in both the x and y directions, the overall dispersion in
the (1,1) spectrum is expanded by (12+1%)'?=2""2, as per the
Pythagorean theorem. If two wavelengths are separated by 1
mm in x direction, they are also separated by 1 mm in the y
direction, and thus by 1.414 mm along the axis of the spec-
trum, 45° to either axis. Thus, better resolution can be gener-
ated between the axes than on the axes, all else being equal.

FIG. 6 shows the origin of multiple diffraction orders for a
single, bi-linear double-dispersion diffraction grating. This is
viewed perpendicular to the optical axis and only one quad-
rant (all positive orders) is shown, with zero order for both
horizontal and vertical dispersion at the lower left. Orders in
the x direction correspond to item numbers 530, 540, 550, and
560 in FIG. 5. The effective order number is

\/nxz+ny2.

For the example with 500 nm light and 2000 nm groove
spacing, the maximum visible order is for effective order <4.
Variation of dispersion with order number is not shown.

Thus, while a given wavelength may diffract into many
orders n,n=0, 1, 2, . . ., the relative positions of these orders
is well defined in terms of the grating groove width d, the
incidence angle of all incoming wavelengths, o, and the n and
A dependent angle 3. If light is normally incident on a grating,
a=0 and nA=d sin . Since d is fixed at the moment of
manufacture, the various values of n can be readily identified.
Furthermore changes in d, due to mechanical stress, tempera-
ture or humidity, can be regressively fitted by simultaneously
observing multiple orders.

To generate a number of cylindrically-arranged multiple
diffraction orders, a sequence of reflectance gratings or a
stack of transmission diffraction gratings (which may be sim-
pler and least expensive) can be used. Gratings having linear,
parallel rulings or crossed, “double dispersion” rulings can be
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used. At least one double-dispersion diffraction grating or a
stack of two or more single- or double-dispersion diffraction
gratings can be used in a device of the invention. Furthermore,
a combination of single- and double-dispersion diffraction
gratings can also be used. The separation and pitch of the
gratings in the stack are generally the same so dispersion is
approximately  cylindrically-symmetrical.  Intentionally
using different spacings for different gratings yields non-
cylindrical symmetry, but otherwise works in a similar man-
ner, as is obvious to one with skill in the art. Where more than
one grating is used, the gratings are stacked in about a co-
planar orientation and rotated about their normal. Thus, each
grating is rotated with respect to each of the other gratings in
the stack. The gratings can be rotated at any angle, provided
that the smallest angle of rotation for all gratings in the stack
is approximately equal.

For example, according to embodiments of the present
invention, a stack of two, three, four, five, six or nine single-
dispersion diffraction gratings rotated about their normal
with respect to each of the other gratings can be used in a
device of the invention. Where a stack of two single-disper-
sion diffraction gratings is used, each grating can be rotated
90° with respect to the other grating such that the stack
resembles a cross-dispersion grating. Where a stack of three
single-dispersion diffraction gratings is used, each grating
can be rotated +60° or —60° with respect to the other two
gratings in the stack. Where a stack of four single-dispersion
diffraction gratings is used, each grating can be rotated 45°
with respect to another grating in the stack such that the stack
resembles two cross-dispersion gratings rotated about their
normal at 45°. Where a stack of five single-dispersion diffrac-
tion gratings is used, each grating can be rotated 36° with
respect to another grating in the stack. Where a stack of six
single-dispersion diffraction gratings is used, each grating
can be rotated 30° with respect to another grating such that the
stack resembles three cross-dispersion gratings, each rotated
about their normal at 30° with respect to another grating in the
stack. Where a stack of eight single-dispersion diffraction
gratings is used, each grating can be rotated 22.5° with respect
to another grating in the stack. Where a stack of nine single-
dispersion diffraction gratings is used, each grating can be
rotated 20° with respect to another grating in the stack.
According to these embodiments of the present invention, a
smallest angle of rotation between any two gratings in the
stack of two, three, four, five, six, eight and nine co-planar,
single-dispersion diffraction gratings may be 90°, 60°, 45°,
36°,30°, 22.5° and 20°, respectively.

Alternatively, according to embodiments of the present
invention, a stack of co-planar, double-dispersion diffraction
gratings rotated about their normal can also be used. Where
two double-dispersion diffraction gratings are used, one grat-
ing can be rotated 45° with respect to the other. Where three
double-dispersion diffraction gratings are used, each grating
can be rotated 30° with respect to another grating in the stack.
Where four double-dispersion diffraction gratings are used,
each grating can be rotated 22.5° with respect to another
grating in the stack. Where five double-dispersion diffraction
gratings are used, each grating can be rotated 18° with respect
to another grating in the stack. Where six double-dispersion
diffraction gratings are used, each grating can be rotated 15°
with respect to another grating in the stack. Where nine
double-dispersion diffraction gratings are used, each grating
can be rotated 10° with respect to another grating in the stack.
According to these embodiments of the present invention, a
smallest angle of rotation between any two gratings in the
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stack of two, three, four five, six or nine co-planar, double-
dispersion diffraction gratings may be 45°, 30°, 22.5°, 18°,
15° and 10°, respectively.

A combination of single- and double-dispersion diffraction
gratings can also be used. For example one double-dispersion
diffraction grating and two or four single-dispersion diffrac-
tion gratings can be used. Where the double-dispersion dif-
fraction grating is stacked with two single-dispersion diffrac-
tion gratings, all rotated about their normal, one single-
dispersion diffraction grating can be rotated about +45° and
the other —45° with respect to the double-dispersion diffrac-
tion grating. Where the double-dispersion diffraction grating
is stacked with four single-dispersion diffraction gratings, all
rotated about their normal, each single-dispersion diffraction
grating can be rotated about +30° or -30° with respect to an
axis of symmetry of the double-dispersion diffraction grating.
In addition, two double-dispersion diffraction gratings can be
used with two single-dispersion diffraction gratings. In this
case, the gratings can be stacked and all rotated about their
normal such that each grating is rotated about 30° with respect
to another grating in the stack.

FIG. 2 shows examples of a common, single-dispersion
diffraction grating 210 with rulings, phase variations, or other
periodic structures all parallel to each other and parallel to one
edge of the grating, and of a double-dispersion diffraction
grating 211 with rulings, phase variations, or periodic struc-
tures in two, typically perpendicular, directions.

FIG. 2 further shows the orientation of a double-dispersion
diffraction grating at a fixed orientation 220, and two nomi-
nally identical double-dispersion diffraction gratings rotated
+30°, respectively 221 and 222, relative to the orientation of
the first.

FIG. 2 further shows a stacking of three double-dispersion
diffraction gratings, where excess material outside the geo-
metric boundary of the unrotated grating is shown both
untrimmed in an untrimmed stack 230 and trimmed for
mechanical convenience in a trimmed stack 240.

FIG. 2 further provides a magnified view 242 of one set of
lines, showing spacing d and larger structures created by one
set of rotated grooves.

Thus, in one embodiment, the diffraction gratings can be a
stack of'three plastic film, double-dispersion, phase gratings.
Each grating’s rulings can be rotated, for example, approxi-
mately 30 degrees of arc with respect to the rulings of the
adjacent grating as shown in FIG. 2. In this case, each grating
can generate multiple orders as shown qualitatively in FIG. 6.
For a particular set of parallel rulings, several diffraction
orders disperses such that the rulings seem to be parallel to an
axis about which the different colored rays pivot. For a par-
ticular wavelength A, assuming collimation of incident light,
all integer values of m such that mA=d sin [} gives rise to
observable light provided that ImA/di<l and that §§ falls
within the acceptance angle of the lens interposed between
the gratings and the detector. Wide angle lenses, suitably-
positioned, record more orders than narrow angle lenses. The
perpendicular rulings also give rise to diffraction, and to
spectra that are perpendicular to those generated by the first
set of parallel rulings mentioned. Thus, m,A=d sin 3, for
dispersion from rulings parallel to the Cartesian y axis, while
m,A=d sin B, for dispersion from rulings parallel to the Car-
tesian x axis. In addition, there are intermediate orders due to
diffraction from both ruling axes; m g=d sin 8, with
m,;2=m,2+m 2. Inthis case, any pair of integers (m,, m,) can
apply, restricted only by Im,_A/dI<1. The operation of a single
double-dispersion grating, as described here, is well known to
those skilled in the art.
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Because there are multiple gratings, each one sets up its
own dispersion pattern as described above. In addition, dif-
fraction from patterns created by the grating stack can add
orders, ghosts, and other anomalies to the diffraction pattern.
Any portion of the grating stack that generates repeated struc-
tural patterns can give rise to diffraction phenomena. As
shown in FIG. 2, the rotation of one grating with respect to
another by 30° creates structures with scales both coarser and
finer than the rulings of the gratings. In cases where plastic
film gratings are used, the long-range coherence of the rulings
can be poor, but the stray light can be indicative of the level of
total light. In the zoomed-in sketch of groove alignment in
FIG. 3, features that are smaller or larger than d, the nominal
groove spacing (spacing between the darker lines in the
sketch) can be seen. From Euclidean geometry, for 30-60-90
right triangles, features on many scales including but not
limited to 22 d, 3V/%/2 d, d/2, 3d/2, etc. can be seen. Thus
many families of diffraction orders can be obtained.

A spectrum showing the many orders, stray light between
orders, varying dispersion in the various families of orders,
and multiple orders with similar or identical dispersion, thus
allowing signal averaging from many pixels, is provided in
FIG. 4. The multiple families of orders allow calibration of
wavelength from data obtained in each readout of the detec-
tor. The multiple families of orders can be averaged to
improve photometric precision. The varying throughput
among orders means that the same wavelength’s intensity can
be measured over a dynamic range approximated by (dy-
namic range of individual pixels) times (throughput range for
a wavelength in various orders). If the signal is so intense that
some orders saturate for a given exposure, orders with lower
throughput can still give linear response. If the signal is so
weak that some orders are invisible, the stronger orders can
still give usable data. There is an approximately inverse rela-
tionship between dispersion/resolution and throughput.
Thus, strong signals can be interpreted at higher resolution
than weak signals, with the optimum tradeoff discerned after
the data are obtained. Thus, the invention allows for the
potential real-time trade-off among throughput, resolution,
signal averaging, dynamic range, and detector characteristics.

Where plastic film diffraction gratings are used, the
mechanical quality of these gratings can result in poor spatial
coherence and few, repeatable, long range (spatial), high fre-
quency (inverse spatial) rulings. However, the significant
stray light that can be generated, giving between-order data,
can be used to determine total light throughput in the system
and assist in normalization of light intensity within orders.
The stray light can also serve as a background which is
subtracted from within-order spectra.

Thus, the diffraction gratings in an energy dispersion
device or method of the invention can be a set of three double-
dispersion transmissive phase gratings, rotated, for example,
approximately, 0°, or + or =30°, 45°, 60° or 75°, with respect
to a reference axis. Other rotation angles, a number of grat-
ings other than three, or two or more single-dispersion dif-
fraction gratings can also be used. Any number of dispersion
directions of two or higher can be used so long as all the orders
are observed by one or more detectors, including array detec-
tors, simultaneously.

FIG. 7 shows multiple orders for a set of three-stacked,
double-dispersion diffraction gratings. The effect of angular
spacing variation with order is included and all inter-order
angles are assumed to be multiples of 30°. Only a subset of
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expected orders, i.e. those diffracted by a single direction of
the double-dispersion diffraction gratings, is shown. That is,
in the effective order number,

\/nxz+ny2,

only one of n, or n, is non-zero. Simulated spectra show
intensity (vertical axis) as a function of position on an x-y grid
of pixels on an array detector. The modeled detector has 4
megapixels (2000 by 2000 pixels), and dispersion was chosen
to show all orders -2 to +2 and parts of orders +3 and -3 in the
horizontal (x) direction.

FIG. 8 provides an example of the relative throughput at
various wavelengths obtained from a simulation of the
throughput of multiple orders for a set of three stacked,
double-dispersion diffraction gratings. Simulated spectra
show intensity (vertical axis) as a function of position on an
x-y grid of pixels on an array detector. The modeled detector
has 4 megapixels (2000 by 2000 pixels), and dispersion was
chosen to show all orders -2 to +2 and parts of orders +3 and
-3 inthehorizontal (x) direction. All the orders shown in FIG.
7, as well as some of the intermediate orders diffracted by
both axes of the double-dispersion diffraction gratings, are
shown. That is, cases where n,=n,, that were not included in
FIG. 7 are included in F1G. 8. Additional orders where n,=n,,
and neither n, nor n,=0 are not shown.

Focusing Transmitted Light or EMR, Spectrum
Image Formation & Detectors

After traversing the gratings, a lens or mirror can be used to
collect diffracted light and focus the multiplicity of diffracted
orders onto one or more array detectors, for example, a
CMOS or CCD detector. For plane transmission gratings that
produce spectra that are virtual images, appearing to float in
space behind the grating, a lens or mirror can be used to form
an image on a detector, which is then recorded electronically.

The lens can be placed with respect to the gratings so that
the range of diffraction angles observable is approximately
equal to the acceptance angle of the lens, i.e., positioned so its
field of view matches the desired range of diffraction angles.
Focus can be set so that the point spread function of the
diffracted spectra has a minimum radius or, if the lens pro-
vides non-uniform imaging across the visible field, minimum
point spread function radius over some portion of the
observed field. Resolution is a function of focus/point spread
function radius, as spatial blur corresponds to angular blur of
the image. As known in the art, for diffraction gratings, the
dispersion, dA/df=d cos 3/m,, Thus if a lens has a field of
view across an angle 0, and the detector has N pixels across
the field of view, ignoring assorted image aberrations and
distortions, the angular resolution df} is approximately 6/N
meaning the best resolution within a given order is approxi-
mately dA,,.,=d cos f df/m_,=d cos B 6/N m, . If the angular
blur of the lens diffuses an image across p pixels, then the
resolution, absent additional data processing, degrades to
dAys,,=d p cos B 8/N m, ;. Algorithms that can improve the
effective resolution of blurred spectra are well known to those
skilled in the art of spectroscopy.

While a dispersed set of spectra can be easily discerned by
a camera/detector combination focused at infinity, the virtual
image of the spectrum is not at infinity. For a grating of width
a and distance to the apparent source of L, Ives’ equation (H.

20

25

30

35

40

45

55

60

65

18
E. Ives, “Note on the Location of the Spectrum Formed by a
Plane Transmission Grating,” J. Opt. Soc. Amer., 1, 172-176
(1917)) can be recast as follows,

( A +(sin2ﬁ+a2 —Zasinﬁ]m]]

acos|aresin| = +| ———————
TG

=L d 1+ a? —2asinf

- ‘n(/l (sinzﬁ’ +a? - Zasinﬁ’]m]
aesma * 1+ a2 - 2asinp -

sinf

arcsin(/gI - sinﬁ’)

where

w grating width (mm)

L Light source—grating separation (mm)

L' Apparent distance from grating to virtual, dispersed
source position

o w/2L

[ Grating rotation angle.

So long as [} is small, the source can appear to be at infinity
due to the effects of the collimating off-axis parabola. At high
angles, however, the source position shifts so that the camera
lens cannot be set to infinity, but must be adjusted to optimize
the focus. Resolution can be optimized by moving the
entrance aperture closer to or farther from the collimating
mirror to adjust beam divergence, in combination with opti-
mum focusing of the focusing lens or mirror. Ifthe “starburst™
of'spectra, as shown in FIGS. 4, 7, and 8, are not centered on
the detector, software can be used to adjust the image. An
off-center image can also provide greater intensity dynamic
range than an on-axis image (while reducing precision under
some levels of illumination due to the invisibility of some
dispersion-degenerate spectra).

Software can be used to analyze the data presented by the
multiple, generated spectra. For example, software can be
used to calibrate the spectrograph using the known spectrum
of the LED light source. Where the brightest wavelength of
the LED is known, the location of the brightest spots of each
family of orders gives ready access to places where a known
Ap 5D, prightesi=0 810 fm,J/m ;. The peak wavelength of LEDs
is known to be temperature-dependent, but the measurement
of source temperature can be included in calibration algo-
rithms. FIG. 10 shows a temperature sensor 112, such as a
thermocouple or thermistor, positioned at a light source 110,
shown here as an LED, for the purpose of measuring source
temperature.

Array detectors typically used in spectrographs and related
instruments can be used with an energy dispersion device or
spectrograph of the invention. Charge-coupled detectors
(CCD) can be employed for low-light-level detection such as
that in atomic emission, fluorescence, phosphorescence,
Raman and Brillouin scattering, as these array detectors have
low read noise (1-10 electrons per pixel) allowing for detec-
tion of weak signals. Diode array detectors can be used for
absorption measurements, as these detectors generally have a
high full-well capacity (typically in excess of 100 million
electrons e.g. up to 500 million electrons) that allow for
precise measurement of small differences between large
numbers of photons. The widely available, high-pixel-count
consumer cameras fabricated with CMOS technology such as
digital cameras and cell phone cameras, as well as the low-
noise, high readout speed CMOS camera, also can be used
with the energy dispersion device or spectrograph of the
invention. Thus, in some embodiments, an energy dispersion
device of the invention can be used with a cell phone camera
or digital camera.
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Applications

The energy dispersion device, spectrograph or method of
the invention can be used to determine the quantitative and
qualitative composition of matter using spectral information
obtain from thermal emission, chemiluminescence, biolumi-
nescence, triboluminescence, fluorescence, phosphores-
cence, absorption, specular and diffuse reflection, Raman
scattering, Brillouin scattering, Rayleigh scattering, light-
emission from semiconductors, and light amplification by
stimulated emission of radiation The energy dispersion
device, spectrograph or method of the invention can be used
to characterize matter by measuring, for example, the
elemental composition of a solid, liquid, or solution; the
concentration of molecular or ionic solutes in solutions; or the
concentrations of multiple molecular or ionic solutes in solu-
tions. The energy dispersion device, spectrograph or method
of the invention can be used to characterize matter by identi-
fying molecules from their spectral characteristics and mea-
suring the rates or mechanisms or reactions of molecules with
each other through changes in their spectral characteristics in
time or space. The energy dispersion device, spectrograph or
method of the invention can be used to determine molecular
species in solution or amorphous or crystalline solids.

The energy dispersion device or spectrograph can be used
as a spectrophotometer or spectrofluorimeter when coupled
with a wide-angle camera. The energy dispersion device or
spectrograph of the invention can also be used for observation
of molecules that are being separated if the separating device
is in the form of'a capillary column for liquid chromatography
or capillary electrophoresis. The energy dispersion device or
spectrograph of the invention can be used in place of any
colorimetric measurement for a less subjective determination
of pH or the presence of an analyte such as, for example,
haemoglobin, nitrite, protein, glucose, urobilinogen and
ketones. The energy dispersion device, spectrograph or
method of the invention can also be used in conjunction with
technologies involving nanoparticles or LED-pumped fluo-
rescence resonant energy transfer. A device of the invention
can be included in a kit that also contains other reactants (e.g.
nanoparticles) or specifics for interpreting various tests (e.g.
in the form of bar or QR codes).

The energy dispersion device of the invention can be incor-
porated within a stationary or roving camera or telescope. As
such, the image focusing optics (lens or mirror) or the sta-
tionary or roving camera or telescope can be used to project
the light to the limiting aperture of the energy dispersion
device. The image focusing optics can include one or more
scanning optics allowing the camera or telescope to obtain
spectral information over a period of time or span of space or
region.

Specific embodiments of the invention are described in the
following examples, which do not limit the scope of the
invention described in the claims.

EXAMPLE

A spectrophotometer was constructed using, as a light
source, a white LED (RL-5-W5020), which produces a con-
tinuous spectrum from 420 to 720 nm, with peak emission
from the blue, primary source LED near 450 nm (the LED is
manufactured with an overcoat containing yttrium aluminum
oxide phosphor which generated light over the remainder of
the visible spectrum). The LED was powered by a lithium ion
battery (CR2032). The LED back-illuminated a 50 microme-
ter diameter pinhole in a thin metallic disk, positioned one
focal length from a 30° off-axis paraboloidal reflector (Ed-

20

25

30

35

40

45

50

55

60

65

20

mund Scientific NT63-180). In addition, a plastic spectropho-
tometry cuvette and two-dimensional, holographic transmis-
sion gratings (Rainbow Symphony Store #01602 gratings
with parallel lines 500 per mm) were used. In the experiment,
three of these double-dispersion diffraction gratings (gratings
in which the patterning is two-dimensional so that dispersion
is in both vertical and horizontal directions) were stacked and
rotated 30° about their normals. The first grating was placed
some distance from the LED/cuvette combination so as to
receive nearly collimated light (if light is collimated, the light
forms a beam, so throughput is independent of the distance
from the cuvette to the grating). The crossed gratings were
placed at the plane of the CMOS camera’s main lens (as close
as possible to the lens). The spectra generated were obtained
using a three megapixel OmniGraphics CMOS camera and
controller (OV3642-ECJA-BAOA) using its auto-exposure
control.

Since the three co-axial, 30°-rotated, double-dispersion
diffraction gratings gave rise to dispersion in the vertical and
horizontal directions, instead of a single value for n, one has
n, and n,, the order numbers in x and y directions (taking z as
the direction of collimated light propagation). In addition to
the expected orders, intermediate orders were also obtained.
For example, at 45° between the x and y axes, n,=1, n,=1 for
an effective order of

\/nxz+ny2:\/ 2,

Analysis of the spectral data showed that stacking several
diffraction gratings, rotated about their normals, overcame
the problem of low areal coverage and limited dynamic range
for CMOS cameras. The spectrum in FIG. 4 showed a large
number of orders filling a large portion of the array. In the
range of dispersions observed, low orders (as is expected)
have low linear dispersion, while higher orders have higher
dispersion, as well as lower throughput. Thus, one has a
trade-off. For measuring high concentrations (fluorescence)
or reference intensity (spectrophotometry), the signal aver-
ages of dozens of orders at high resolution can be used to gain
precision. For low concentrations (fluorescence) or absor-
bance of concentrated solutions, higher-throughput, lower
dispersion spectra can be used. Thus, the dynamic range of
the spectra is not limited by just the grating throughput or just
the camera dynamic range—it is a product of the two dynamic
ranges. Further, the large number of orders reflected many
instances of the 450 nm LED peak. Therefore, one can deter-
mine centering and orders without knowing, in advance,
where the image may lie.

The diffraction gratings, having been illuminated in colli-
mated light, originated interfering waves from the entire illu-
minated area. Because common cuvettes are 10 mm wide,
only a 9 mm diameter region of the gratings was illuminated.
A wide-angle lens, placed 8 mm from the grating, allowed for
observing diffraction angles up to tan~"(4.5/8)=29°. Since the
acceptance angle of the camera lens was 24°, the field of view
of'the camera matched the range of diffraction angles. While
the source of light did not appear at infinity, it did appear
sufficiently distant that a far field, wide-angle lens (which is
common in many consumer devices) was sufficient to gener-
ate the observed image. For a 3 megapixel image, the useful
illuminated area is a share of approximately 1500 pixels on a
side. Each pixel sees a range of approximately 2.3 minutes of
arc, blurred by optical aberrations and, potentially, Fraun-
hofer diffraction. Bigger array detectors would be optimally
used with even shorter focal length, wider angle lenses. The
reduction in intensity for higher orders is due to several
causes, including, at least, the changes in dispersion with
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order (intensity falls as the reciprocal of the effective order
number), differences in diffraction efficiency with angle f,
and optical vignetting.

Other Embodiments of the Invention

While the invention has been described in conjunction with
the detailed description, the foregoing description is intended
to illustrate and not limit the scope of the invention, which is
defined by the scope of the appended claims. Other aspects,
advantages, and modifications are within the scope of the
following claims. Thus the specific methods and devices
described herein are representative of preferred embodiments
and are exemplary and not intended as limitations on the
scope of the invention. Other objects, aspects, and embodi-
ments will occur to those skilled in the art upon consideration
of'this specification, and are encompassed within the spirit of
the invention as defined by the scope of the claims. It will be
apparent to one skilled in the art that varying substitutions and
modifications may be made to the invention disclosed herein
without departing from the scope and spirit of the invention.
The invention illustratively described herein suitably may be
practiced in the absence of any element or elements, or limi-
tation or limitations, which is not specifically disclosed herein
as essential. The methods and processes illustratively
described herein suitably may be practiced in differing orders
of'steps, and are not restricted to the orders of steps indicated
herein or in the claims.

As used herein and in the claims, the singular forms “a,”
“an,” and “the” include the plural unless the context clearly
dictates otherwise.

The terms and expressions that have been employed are
used as terms of description and not of limitation, and there is
no intent in the use of such terms and expressions to exclude
any equivalent of the features shown and described or por-
tions thereof. Various modifications are possible within the
scope of the invention as claimed. Thus, although the present
invention has been specifically disclosed by preferred
embodiments and optional features, modification and varia-
tion of the concepts herein disclosed may be resorted to by
those skilled in the art, and such modifications and variations
are considered to be within the scope of this invention as
defined by the claims. In addition, the invention has been
described broadly and generically herein. Each of the nar-
rower species and subgeneric groupings falling within the
generic disclosure also form part of the invention.

What is claimed is:

1. An energy dispersion device, comprising:

a limiting aperture;

a collimating optic; and

a wavelength dispersion component, wherein:

said limiting aperture is positioned at the optical focus
point of said collimating optic;
said limiting aperture admits electromagnetic radiation
incident on said collimating optic;
said collimation optic collimates said electromagnetic
radiation to be incident on said wavelength dispersion
component;
said wavelength dispersion component comprises a
stack comprising two or more diffraction gratings;
wherein each diffraction grating in said stack is
selected from the group consisting of single-disper-
sion diffraction gratings and double-dispersion dif-
fraction gratings;
wherein each diffraction grating in said stack is about
coplanar with each other diffraction grating in said
stack; and
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wherein each diffraction grating in said stack is
rotated about its normal such that it is rotated rela-
tive to each other diffraction grating in said stack;
and
said wavelength dispersion component diffracts said
electromagnetic radiation into a multiplicity of dif-
fraction orders.

2. The energy dispersion device of claim 1, wherein, for
each diffraction grating in said stack, among its angles of
rotation relative to each other diffraction grating in said stack,
there is a smallest angle of rotation; wherein said smallest
angle of rotation is approximately equal for all diffraction
gratings in said stack; and wherein said smallest angle of
rotation is between about 15° and about 90°, inclusive.

3. The energy dispersion device of claim 2, wherein said
smallest angle of rotation is about 15°, 20°, 22.5°, 30°, 45°,
60°, 75° or 90°.

4. The energy dispersion device of claim 1, wherein said
stack comprises three single-dispersion diffraction gratings,
each diffraction grating in said stack being rotated about 60°
relative to another diffraction grating in said stack.

5. The energy dispersion device of claim 1, wherein said
stack comprises four single-dispersion diffraction gratings,
each diffraction grating in said stack being rotated about 45°
relative to another diffraction grating in said stack.

6. The energy dispersion device of claim 1, wherein said
stack comprises five single-dispersion diffraction gratings,
each diffraction grating in said stack being rotated about 36°
relative to another diffraction grating in said stack.

7. The energy dispersion device of claim 1, wherein said
stack comprises six single-dispersion diffraction gratings,
each diffraction grating in said stack being rotated about 30°
relative to another diffraction grating in said stack.

8. The energy dispersion device of claim 1, wherein said
stack comprises one double-dispersion diffraction grating
and four single-dispersion diffraction gratings, each single-
dispersion diffraction grating in said stack being rotated
about +30° or —30° relative to another diffraction grating in
said stack.

9. The energy dispersion device of claim 1, wherein said
stack comprises a double-dispersion diffraction grating, a
first single-dispersion diffraction grating, and a second
single-dispersion diffraction grating, wherein said first
single-dispersion diffraction grating is rotated about +45°
relative to said double-dispersion diffraction grating and said
second single-dispersion diffraction grating is rotated about
-45° relative to said double-dispersion diffraction grating.

10. The energy dispersion device of claim 1, wherein said
stack comprises two double-dispersion diffraction gratings
and two single-dispersion diffraction gratings, each diffrac-
tion grating in said stack being rotated about 30° relative to
another diffraction grating in said stack.

11. The energy dispersion device of claim 1, wherein said
stack comprises two double-dispersion diffraction gratings
rotated about 45° relative to each other.

12. The energy dispersion device of claim 1, wherein said
multiplicity of diffraction orders is between 2 and 10, inclu-
sive.

13. The energy dispersion device of claim 1, wherein said
multiplicity of diffraction orders is 2, 3, 4, 5, 6 or 8.

14. The energy dispersion device of claim 1, wherein said
diffraction gratings have about the same separation and pitch,
and wherein said electromagnetic radiation is dispersed with
cylindrical symmetry about an observational center or origin.

15. The energy dispersion device of claim 1, further com-
prising an electromagnetic radiation source, wherein the elec-
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tromagnetic radiation emitted by said electromagnetic radia-
tion source is admitted through said limiting aperture to the
collimating optic.

16. The energy dispersion device of claim 15, wherein said
electromagnetic radiation source is a light-emitting diode.

17. The energy dispersion device of claim 16, further com-
prising a temperature sensor positioned at or near the light-
emitting diode pn junction.

18. The energy dispersion device of claim 17, wherein said
temperature sensor is a thermocouple or thermistor.

19. The energy dispersion device of claim 15, wherein said
electromagnetic radiation source emits or is capable of emit-
ting fluorescent light.

20. The energy dispersion device of claim 15, wherein said
electromagnetic radiation source is autofluorescent.

21. The energy dispersion device of claim 15, wherein said
electromagnetic radiation source emits or is capable of emit-
ting phosphorescent light.

22. A spectrograph comprising the energy dispersion
device of claim 15, one or more focusing lens or mirrors, and
one or more rectangular array detectors.

23. The spectrograph of claim 22, wherein said one or more
focusing lens or mirrors and said one or more rectangular
array detectors have fields of view effective to observe at least
two diffraction orders simultaneously.

24. The spectrograph of claim 22, wherein said one or more
focusing lens or mirrors and said one or more rectangular
array detectors have fields of view effective to observe at least
three diffraction orders simultaneously.

25. The spectrograph of claim 22, wherein said one or more
detectors are complementary metal-oxide-semiconductor
devices, charged-coupled devices, or charged injection
devices.

26. The energy dispersion device of claim 1, wherein said
collimating optic is an off-axis parabolic mirror or replica
parabola.

27. The energy dispersion device of claim 1, wherein said
collimating optic is an achromatic or superachromatic lens.

28. The energy dispersion device of claim 1, further com-
prising a sample holder capable of receiving a fluid or a solid
sample, wherein said fluid or solid sample, if in said sample
holder, is interposed in the collimated light between said
collimating optic and said diffraction gratings.

29. The energy dispersion device of claim 28, wherein said
stack is bonded to said sample holder.

30. The energy dispersion device of claim 29, wherein said
stack is glued to a face of said sample holder, printed onto a
face of said sample holder, or embossed onto a face of said
sample holder.

31. A method for determining absorption by a sample,
comprising:

placing said sample into the sample holder of claim 28;

illuminating said sample with collimated light; and
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determining the amount of light absorbed by said sample
by comparing the diffraction spectra obtained in the
presence of the sample with the spectra obtained in the
absence of the sample.

32. A single-beam spectrophotometer comprising the
energy dispersion device of claim 1.

33. A fluorimeter or phosphorimeter comprising the energy
dispersion device of claim 1.

34. A spectrograph comprising the energy dispersion
device of claim 1, one or more focusing lens or mirrors, and
one or more rectangular array detectors.

35. The spectrograph of claim 34, wherein said one or more
focusing lens or mirrors and said one or more rectangular
array detectors have fields of view effective to observe at least
two diffraction orders simultaneously.

36. The spectrograph of claim 34, wherein said one or more
focusing lens or mirrors and said one or more rectangular
array detectors have fields of view effective to observe at least
three diffraction orders simultaneously.

37. The spectrograph of claim 34, wherein said one or more
detectors are complementary metal-oxide-semiconductor
devices, charged-coupled devices, or charged injection
devices.

38. A spectrally-resolving camera, comprising:

the energy dispersion device of claim 1; and

an image focusing optic effective to project the electro-

magnetic radiation spectrum corresponding to an image
impinging on said limiting aperture of said energy dis-
persion device, such that said electromagnetic radiation
spectrum is dispersed by said energy dispersion device
and recorded by the camera.

39. A spectrally-resolving camera of claim 38, wherein
said spectrally-resolving camera is attached to a moveable
element in a manner effective for said image focusing optic to
project a sequence of images to said limiting aperture of said
energy dispersion device sequentially, randomly, or in a
specified sequence in time.

40. The spectrally-resolving camera of claim 38, wherein
said image focusing optic comprises one or more mirrors,
lens, or a combination thereof capable of scanning various
points in a scene and projecting light from said various points
to said limiting aperture of said energy dispersion device.

41. The spectrally-resolving camera of claim 38, wherein
said image focusing optic comprises a Digital Light Proces-
SOf.

42. A method for measuring fluorescence comprising
determining the diffraction spectra of the fluorescent sample
relative to a similar, non-fluorescent sample using the energy
dispersion device of claim 1.

43. A method for measuring phosphorescence comprising
determining the diffraction spectra of a phosphorescent
sample relative to a similar, non-phosphorescent sample
using the energy dispersion device of claim 1.
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