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COMPACT, HIGH RESOLUTION THERMAL
INFRARED IMAGER

STATEMENT OF FEDERAL RIGHTS

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government for Government pur-
poses without the payment of any royalties thereon or
therefore.

FIELD

The present invention generally relates to an imager, and
more particularly, to a low cost, compact, dual-band infrared
(IR) camera system that fits within a small spacecratt.

BACKGROUND

When land vegetation or biomass (i.e., biological mass)
burns, aerosols and trace gases, such as CO, CO,, and CH,_,
are released to the atmosphere. These are important for
atmospheric composition, and these trace gases are a fun-
damental part of the carbon cycle. The irradiance from
biomass burning for flaming fires at approximately 1,000 K
and smoldering fires at approximately 600 K, both peak 1n
the atmospheric window from 3.5 to 4.0 um. See, for
example, graph 100 shown 1 FIG. 1. By comparing the
radiance at 3.5-4.0 um with the radiance at 10-12 um, the
temperature of the fire can be measured. Simply put, the
temperature of the fire can be determined by taking the ratio
of the intensity in the 3.5-4.0 um channel to the intensity 1n
the 10-12 um channel. Thus, a shortwave inirared channel at
the 3.5-4.0 um wavelength, together with a thermal channel
at 11 um, are key to obtaining better data for determining (1)
the area of the biomass-burning fire, especially for smaller
fires, and (2) the temperatures of combustion.

These two fire variables determine the types and quanti-
ties of aerosols and also the quantity of CO, CO,, and CH,
released from fires. These two channels would benefit inven-
tory-based methods for estimating fire emissions (1.e., those
not considering combustion temperatures and radiative
power) by aflording the ability to distinguish between dii-
ferent fire types such as cropland fires, prescribed forest
management fires, and deforestation fires.

However, the thermal channels on ASTER are not opti-
mized for biomass burning, while the MODIS 1nstruments
have optimally placed thermal channels with spatial resolu-

tions of 1000 m.
Thus, an alternative approach may be beneficial.

SUMMARY

Certain embodiments of the present invention may pro-
vide solutions to the problems and needs in the art that have
not yet been fully identified, appreciated, or solved by
imaging devices. For example, some embodiments generally
pertain to a low cost, compact, dual-band infrared IR camera
system (the “IR camera system”). The IR camera system
may fit within a 3U CubeSat, may be installed on the
International Space Station, may be deployed on a space-
craft, or may be operated from an aircrait. This IR camera
system may provide more detailed spatial and temporal data
for biomass burning, agricultural evapotranspiration
research, and land and i1ce surface temperatures at, for
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2

example, a 60 m spatial resolution from a 500 km orbit with
a system noise equivalent delta temperate (INEAT) less than
0.2° C.

In an embodiment, an apparatus may include an infrared
IR imaging assembly installed within a frame of a 3U
CubeSat configured to provide spatial data and temporal
data using a band ranging from 1 pm to 14 um. The IR
imaging assembly encompasses top halfl of the frame and a
bottom half of the frame 1s reserved for a power supply, data
handling and an electronic package for pointing.

In another embodiment, an IR imaging system may
include an IR 1maging assembly that utilizes a detector array
to provide spatial data and temporal data via IR spectral
bands. The IR imaging assembly may be installed within a
top half of an exoskeletal frame of a 3U CubeSat.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of certain embodiments of the
invention will be readily understood, a more particular
description of the mvention briefly described above will be
rendered by reference to specific embodiments that are
illustrated in the appended drawings. While 1t should be
understood that these drawings depict only typical embodi-
ments of the invention and are not therefore to be considered
to be limiting of its scope, the mmvention will be described
and explained with additional specificity and detail through
the use of the accompanying drawings, in which:

FIG. 1 1s a graph illustrating a ratio of fire spectral
radiances to a daytime background Earth spectral radiance
of 300 K for flaming fires at 1,000 K and smoldering fires
at 600K.

FIGS. 2A-2C are cross-sectional views illustrating an IR
imaging system, according to an embodiment of the present
invention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(Ll

Embodiments of the present invention generally pertain to
a dual band IR 1maging system (the “1imaging system™). For
purposes of explanation, the 1maging system may be seli-
contained, and may fit within the top two-thirds of a 3U
CubeSat envelope 1n certain embodiments. However, 1n
other embodiments, the 1imaging system may be installed on
the International Space Station or may be deployed on
another orbiting or airborne platform.

FIGS. 2A-2C are cross-sectional views illustrating an IR
imaging system 200, according to an embodiment of the
present invention. In FIG. 2A, IR imaging assembly 202 in
some embodiments 1s self-contained to fit within top portion
252 of an exoskeletal frame 250 of 3U CubeSat envelope.
For example, IR 1maging assembly 202 may be inserted
within top two-thirds portion 252 of exoskeletal frame 250.
The bottom portion, or bottom one-third portion, 254 of
exoskeletal frame 250 may be vacant and reserved for a
power supply, electronics for data handling, and other elec-
tronics for pointing.

Referring to FIG. 2B, IR mmaging assembly 202 may
utilize a strained-layer super lattice (SLS) GaSb/InAs broad-
band detector array (the “detector array”) 204 having an
array format of 640x512 1n some embodiments. In other
embodiments, the array format may be 1 kx1 k, 4 kx4 k, or
any array format that would be appreciated by a person of
ordinary skill 1n the art. Detector array 204 in some embodi-
ments may respond to normal incidence light, and also have
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quantum efliciency, or sensitivity, that 1s greater than 30
times that of a quantum well infrared photodetector.

IR mmaging assembly 202 may also include telescope
optics and have two IR bandpass filters centered at 4 um (for
fire detection) and 11.0 um (for thermal and evapotranspi-
ration Earth science). In some embodiments, IR imaging
assembly may include hyperspectral filters, or any other type
of filter that would be appreciated by a person of ordinary
skill 1n the art. It should be appreciated that a 3.5 to 4.0 um
wavelength 1s key to obtaining better data for biomass
burning and determining the radiative power of fires and the
temperatures of combustion. These two fire variables that in
turn determine the types and quantities of aerosols released
and also the quantity of CO, CO,, and CH, released from
fires. This channel may also benefit inventory-based meth-
ods for estimating fire emissions (1.e., those not considering
combustion temperatures and radiative power) by aflording
the ability to distinguish between different fire types such as
cropland fires, prescribed forest management fires, and
deforestation fires.

To define the fire sensing spectral band (approximately
3.5 to 4.5 um) and the land-surface temperature band
(approximately 10.5 to 11.5 um), two bandpass filters are
placed above detector array 204. For example, 1.0 um
bandwidth bandpass filters are placed approximately 200 um
above detector array 204 1in some embodiments. By way of
example, each bandpass filter covers one-half of detector
array 204 converting the single 640x512 array into two
sections, each 640x256. This will provide a 38 km swath
width (from a 500 km CubeSat orbit) in certain embodi-
ments.

IR 1maging assembly 202 may also include an IR camera,
which includes a first mirror 208, second mirror 210, and a
sensor chip assembly (SCA). The SCA may include the SLS
detector hybridized to a silicon readout integrated circuit
(IC) 1n some embodiments. In certain embodiments, the
SCA 1s mounted to a metalized, patterned substrate and wire
bonded to pads leading to the edge of the metalized, pat-
terned substrate.

The IR 1imaging assembly 202 may place a focal plane 206
between primary mirror 208 and secondary mirror 210. This
saves payload length by letting the cold tip of cryocooler 212
protrude into the telescope volume. In some embodiments,
IR 1imaging assembly 202 may have a 21 cm focal length
with a 4.4 degree cross-track field of view (FOV).

Alook at FIG. 2C shows an optical ray trace of a front-end
IR assembly 1 an imaging system 200, according to an
embodiment of the present mvention. Simply put, FIG. 2C
demonstrates that the rays fall within a width of the detector.
In these embodiments, primary mirror 208 may fit within an
available 10 cmx10 cm CubeSat cross-section and maximize
light collection and resolution. The optical axis of primary
mirror 208 may be oflset slightly from the CubeSat center-
line, allowing cryocooler 212 to fit within payload 230. In
some embodiments, vacuum housing 228 may provide ther-
mal ambient 1solation necessary for cryogenic operation of
the detector array.

Primary mirror 208 may collect light from the end aper-
ture (or distal end) of the CubeSat. In some embodiments,
primary mirror 208 may have a cut-out 1n 1ts center and may
be placed over a cold finger stem 214 of cryocooler 212. In
certain embodiments, cold finger stem 214 may be the
thermal link between the engine of cryocooler 212 and the
interface of detector array 204. Also, 1n some embodiments,
detector array 204 may be attached to the tip of cold finger
stem 214. The SCA subassembly 1s epoxied to a cold tip of
cryocooler 212 1n some embodiments.
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Background blocker 226 1n some embodiments 1s a tem-
perature-controlled circular disk located behind the second-
ary image, and may obscure light coming from the scene that
would otherwise reach the focal plane without following the
optical path through the telescope. Background blocker 226
may minimize background intensity in variations in the
detected signal.

After the light 1s focused by secondary mirror 210, the
light passes through a warm vacuum window (or IR win-
dow) 216 and then through a cold blocking filter 218 to
minimize the background flux. Cold blocking filter 218 may
form the aperture of a cold vacuum enclosure 220 (see FIG.
2B) inside the vacuum shroud, and may be combined with
a field-tflattening lens that optimizes imaging at detector
array 204.

As discussed above, two bandpass filters, each covering
one-hall of the detector array 204, are mounted approxi-
mately 200 um above the array surface in a filter holder
mounted directly to focal plane 206. The bandpass filters are
cooled by being in thermal contact with the focal plane.
Cooling of the filters 1s necessary to minimize thermal
loading from out-of-band wavelengths. This configuration
allows cryocooler 204, camera head and telescope to be a
very compact and integrated unait.

In some embodiments, detector array 204 may be cooled
to approximately 67 K by a cryocooler 212. Cryocooler 212,
which may be a mechanical cryocooler, may range in
operating temperature from 150 K to 30 K depending on the
operating conditions and detector requirements. By using
cryocooler 212, the need for liquid cryogens 1s eliminated.
Additionally, cryocooler 212 1s extremely lightweight, com-
pact, has low operating power requirements and 1s relatively
Inexpensive.

In some embodiments, a frame (not shown) containing
two bandpass filters 1s positioned and secured approximately
200 um above the detector surface. A metal vacuum shroud
containing electrical feedthrough pins 222 may be welded to
the base of cryocooler 212. The metalized, patterned sub-
strate may be wire bonded 224 to feedthrough pins 222 that
penetrate the shroud. A shroud cover, which includes an IR
window, may be welded to the shroud body. Once
assembled, the entire shroud volume may be evacuated, and
the body tube 1s sealed by pinching it closed. Although not
shown, a wiring harness may connect a camera electronics
control box through a cut-out from primary mirror 208, to
soldered feedthrough pins 220 on the shroud of cryocooler
212. In some embodiments, the entire imager payload may
be mounted 1n an aluminum box, which mounts directly mnto
the frame of the CubeSat.

The 1mager electronic system (IES) may operate the
imager and collect and display data. By controlling the
integration time, gain, and detector bias voltage, targets
ranging 1n temperature from 200 K to 1200 K (snow/ice and
fires) may be captured.

Although not shown 1n detail, 1n some embodiments, the
output “dual purpose harness™ 1s connected to the multipur-
pose connector. The harness may be connected to a com-
mercially 110 VAC power adapter in some embodiments.
The power adapter may provide 16 VDC. The harness may
also be connected to a laptop computer to display real-time
imagery. The 16 VDC may power cryocooler 212 and also
be converted to regulated 3.3 and 3.5 VDC supplies for the
analog and digital control lines.

A field programmable gate array (FPGA) may generate
the timing sequence for runmng IC. The IC may include four
parallel analog outputs and these signals may then be
digitized with four 14-bit analog-to-digital converters. The
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analog data may be amplified (by the 4 pre-amps) and
converted to 14-bits at 20 million words/channel-second. In
some embodiments, the array may include 327,680 pixels so
at this rate up to 61 frames per second can be acquired. This
clectronics system may be directly interfaced with a user
interface laptop computer, which may control the camera
parameters, such as the integration time and detector bias,
and may also provide the science data output as .tiff or FITS
files for easy data management and analysis. This electronics

system may support ground and aircrait testing and verifi-
cation

Push-Broom Mosaic Imaging

Imaging may be performed 1n a push-broom mode, with
snapshots taken at intervals that permit full mosaic recon-
struction of the scene. In a thermal 1maging mode, the frame
integration time 1s 1 ms, short enough to prevent smearing
the 60-m ground resolution. In a fire characterization mode,
much shorter integration times are used, together with
decreased bias tailored to avoid saturation. As discussed
above, the detector array 1s divided into two equal pixel
areas, each half imaging through a bandpass filter. The scene
may be scanned in the push-broom mode with the 640-
dimension in the cross-track direction. In both observing
modes, an 1image 1s taken once per second so that a snapshot
1s recorded twice per image width on the ground. A 15
kmx38 km scene may be imaged in both bands every two
seconds. Spacecrait roll may be used to achieve cross-track
pointing to reach target scenes that are off the nadir line.

Sensitivity

In some embodiments, 1n the thermal imaging mode, a
signal-to-noise (S/N) may be 1 the 11 um channel of over
1000 on a 250 K target with an integration time of 1 ms. The
target signal may be determined by integration time, target
radiance, telescope throughput, transmission of the lens and
filter, and quantum efliciency of the detector array. The noise
may be dominated by the dark current and the background.
The dark current may be measured using a few rows of
blackened pixels on the array. Background radiation may be
mimmized by the cold bandpass filters, but fluctuations in
the background may limit the S/N. Fluctuations may be
controlled by a uniform panel that fills the field of view of
the cold stop. The temperature of the background panel (to
0.1 K) 1s measured to determine the background level and
digitally subtract 1t from the total signal. In the fire charac-
terization mode, the gain and integration time may be
adjusted to keep from saturating the detectors on bright

(1000 K) fires. The S/N on burning sites will exceed several
hundred.

Some embodiments of the present mnvention pertain to a
small and highly accurate thermal imaging system that
provides detailed information about thermal changes cur-
rently occurring within the Earth system. The thermal imag-
ing system provides temperature and tlux retrievals required
for evaluating climate models used to predict future
changes. In some embodiments, thermal 1imaging system
may be designed for satellite, aircraft, and ground measure-
ments, and may address two key Earth science climate
questions and one key applied science objective. The ther-
mal 1maging system may also provide (1) greatly improved
carbon and aerosol fluxes from biomass burning by accu-
rately mapping all fire sizes and their respective combustion
temperatures; (2) spatially-detailled surface temperature
maps ol ice that will enable geophysical understanding of
ice sheet surface melt processes for the first time; and (3)
improved thermal data needed to maximize agricultural
water use elliciency, thus conserving water resources on an
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increasingly parched planet where agricultural production
must be maximized to feed and clothe expanding popula-
tions.

The thermal 1maging system may have a broad IR spectral
coverage ranging from 3 um to 13 um, and have a large array
format that 1s upward scalable. The thermal 1maging system
may be compact, small and light weight, with low power
requirements (e.g., approximately 12 W). The thermal imag-
ing system may be configured to a single-band, multi-band,
or hyperspectral in some embodiments.

The thermal 1imaging system may be applied to a variety
ol space missions for Earth and space science. For example,
the thermal 1maging system may measure a size of a fire and
combustion temperatures for fires from approximately 60 m
from space. Thermal 1maging system may provide an
increase geophysical understanding of the ice sheet melt
dynamics and may process the same from approximately 60
m from space. In another example, the thermal 1maging
system may measure spatial and temporal water consump-
tion of wrrigated agriculture from approximately 60 m from
space.

The thermal imaging system may have high resolution for
airborne science, e.g., approximately 12 cmx12 cm/pixel at
1 km altitude. For example, the thermal imaging system may
aid forest fire control eflorts from aircraft at approximately
less than 0.5 m spatial scale. The thermal imaging system
may also measure component temperatures of shadow, crop
canopy, and soil elements individually. The thermal 1maging
system may generate 1images of evapotranspiration and other
energy balance fluxes at less than 0.5 m over flux tower sites
and experimental fields. The thermal 1imaging system may
also 1improve rrigated agricultural water use etliciency.

The features, structures, or characteristics of the invention
described throughout this specification may be combined 1n
any suitable manner in one or more embodiments. For
example, reference throughout this specification to “certain
embodiments,” “some embodiments,” or similar language
means that a particular feature, structure, or characteristic
described in connection with the embodiment 1s 1included 1n
at least one embodiment of the present invention. Thus,
appearances of the phrases “in certain embodiments,” “in
some embodiment,” “in other embodiments,” or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined 1n
any suitable manner 1n one or more embodiments.

It should be noted that reference throughout this specifi-
cation to features, advantages, or similar language does not
imply that all of the features and advantages that may be
realized with the present invention should be or are in any
single embodiment of the invention. Rather, language refer-
ring to the features and advantages 1s understood to mean
that a specific feature, advantage, or characteristic described
in connection with an embodiment 1s included 1n at least one
embodiment of the present mvention. Thus, discussion of
the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described features, advantages, and
characteristics of the invention may be combined in any
suitable manner 1n one or more embodiments. One skilled 1n
the relevant art will recognize that the invention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized in
certain embodiments that may not be present in all embodi-
ments of the mvention.

22



US 10,306,155 B2

7

One having ordinary skill in the art will readily under-
stand that the invention as discussed above may be practiced
with steps 1 a different order, and/or with hardware ele-
ments 1 configurations which are different than those which
are disclosed. Therefore, although the invention has been
described based upon these preferred embodiments, 1t would
be apparent to those of skill in the art that certain modifi-
cations, variations, and alternative constructions would be
apparent, while remaining within the spirit and scope of the
invention. In order to determine the metes and bounds of the
invention, therefore, reference should be made to the
appended claims.

The 1nvention claimed 1s:

1. An apparatus for determining temperature and size of
a fire by measuring observable characteristics of a fire from
a satellite, the apparatus including a sensor, comprising:

an infrared (IR) i1maging assembly 1installed within a

frame of a 3U CubeSat configured to provide spatial
data and temporal data using a band ranging from 1 um
to 14 um, wherein

the IR 1maging assembly encompasses top half of the

frame and a bottom half of the frame 1s reserved for a
power supply, data handling and an electronic package
for pointing,
means for determining temperature and size of a fire by
measuring fire variables from a biological mass that
releases aerosols and trace gases into the atmosphere;

further including means for evaluating a ratio of measure-
ments of flaming and smoldering fires; and

means for comparing a ratio of measured fire variables to

determine the type and size of a fire; wherein the band
comprises a first band and a second band,
wherein the first band comprises a wavelength ranging
from 3.5 um to 4.5 um for fire detection and the second
band comprises a wavelength ranging from 10.5 pum to
11.5 um for thermal smoldering fires;

wherein the IR 1imaging assembly further comprises a first
bandpass filter and a second bandpass filter configured
to convert a single array comprising a predefined pixel
format 1into a first section and a second section, to
define the first band and second band.

2. The apparatus of claim 1 wherein the first bandpass
filter and the second bandpass filter comprise a predeter-
mined bandwidth and are placed at a predefined distance
above the detector array.

3. The apparatus of claim 1, wherein the first bandpass
filter and the second bandpass filter are in thermal contact
with a focal plane, cooling the first bandpass filter and the
bandpass second filter.

4. The apparatus of claim 1, wherein the IR i1maging
assembly comprises

a focal plane placed between a first mirror and a second

mirror to save a length of a payload.

5. The apparatus of claim 1, wherein the IR imaging
assembly comprises

a {irst mirror configured to collect light from a distal end

of a CubeSat;

a second mirror configured to focus the light, wherein

the focused light passes through a vacuum window and a

cold blocking filter to minimize background flux.

6. The apparatus of claim 5, wherein the first mirror 1s
oflset from a centerline of the CubeSat, allowing a cryo-
cooler to fit within a payload.
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7. The apparatus of claim 5, wheremn the first mirror
comprises a cut-out in a center of the first mirror, allowing
the first mirror to be placed over a cold finger stem of a
cryocooler.

8. The apparatus of claim 7, wherein the cold finger stem
provides a thermal link between an engine of the cryocooler
and an interface of a detector array.

9. The apparatus of claim 6, wherein the cryocooler
comprises an operating temperature ranging from 150 K to
30 K depending on operating conditions and a detector array.

10. The apparatus of claim 6, wherein the cryocooler 1s
configured to cool detector array.

11. An infrared (IR) imaging system for determiming
temperature and size of a fire by measuring observable
characteristics of said fire from a satellite, comprising:

an IR mmaging assembly utilizing a detector array to
provide spatial data and temporal data via IR spectral
bands, wherein

the IR 1maging assembly 1s installed within a top half of
an exoskeletal {frame of a 3U CubeSat;

means for determining temperature and size of a fire by
measuring fire variables from a biological mass that
releases aerosols and trace gases into the atmosphere;

turther including means for evaluating a ratio of measure-
ments of flaming and smoldering fires; and

means for comparing a ratio of measured fire variables to
determine the type and size of a fire; wherein the band
comprises a first band and a second band,

wherein the first band comprises a wavelength ranging
from 3.5 um to 4.5 um for fire detection and the second
band comprises a wavelength ranging from 10.5 um to
11.5 um for thermal smoldering fires;

wherein the IR 1maging assembly further comprises a first
bandpass filter and a second bandpass filter configured
to convert a single array comprising a predefined pixel
format into a first section and a second section, to
define the first band and second band.

12. The apparatus of claim 11, wherein the detector array

comprises an array format of at least 128x128.

13. The apparatus of claim 11, further comprising:

a lirst bandpass filter and a second bandpass filter, each
covering one-half of the detector array, configured to
convert a single array into an array with two section.

14. The apparatus of claim 13, wherein the first bandpass
filter 1s placed above the detector array to define the spectral
band and wherein the second bandpass filter 1s placed above
the detector array to define the temperature band.

15. The apparatus of claim 11, further comprising:

an IR camera comprising
a first mirror,

a second mirror, and
a sensor chip assembly (SCA).

16. The apparatus of claim 15, wherein the first mirror 1s
oflset from a centerline of the CubeSat, configured to collect
light from an end aperture of the CubeSat.

17. The apparatus of claim 15, wherein the second mirror
1s configured to focus light collected by the first mirror, and
pass the light through a cold blocking filter to minimize
background tlux.

18. The apparatus of claim 15, further comprising:

a focal plane placed between the first mirror and the

second mirror to reduce a length of a payload.
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