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CRYOGENIC THERMAL IMAGER

CROSS-REFERENCE TO RELATED APPLICATION

[e01] The present application claims priority benefit of U.S.

Provisional Application No. 63/600,323, filed November 17, 2023,

which is herein incorporated by reference in its entirety.

BACKGROUND OF THE TINVENTION

[002] In general the present invention relates to imaging,
and more particularly to a cryogenic thermal imager.

[003] In general, high-speed thermal imaging is an essential
tool for many industrial and scientific applications. However,
while complex thermal phenomena can occur on the microsecond
timescales, even the fastest commercial thermal cameras can
generally acquire only thousands of frames per second. Previous
demonstrations at visible wavelengths using specialized burst
image sensors have achieved millions of frames per second, but
these speeds have generally remained inaccessible for thermal
infrared imaging. This limitation comes from the fact that high-
performance photodetectors for mid- and long-wavelength infrared
(IR) must be constructed from low-bandgap semiconductors, and
these devices must operate at very low temperatures. Thus,
thermal IR imaging is not compatible with integrated silicon
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photodetectors, and cryogenic operation presents practical
challenges for scaling up nonintegrated implementations.

SUMMARY QOF THE TINVENTION
[004] The following presents a simplified summary of the

innovation in order to provide a basic understanding of some
aspects of the invention. This summary is not an extensive
overview of the invention. It is intended to neither identify key
or critical elements of the invention nor delineate the scope of
the invention. Its sole purpose is to present some concepts of
the invention in a simplified form as a prelude to the more
detailed description that is presented later.

[005] In an aspect, the present invention features system
including a cryostat, the cryostat including a store of coolant
and a detector assembly, a vacuum pump, and an output channel to
a analog-to-digital converter (ADC).

[006] In another aspect, the present invention features a
system including a cryostat, the cryostat including a store of
liquid nitrogen and a detector assembly positioned within the
cryostat behind an Zinc selenide (ZnSe) window, a vacuum pump,
and an output channel to a analog-to-digital converter (ADC).

[007] Embodiments may have one or more of the following
advantages.
[008] The system is designed for cryogenic operation at

liquid nitrogen temperatures, and it achieves a maximum burst-
mode frame rate of five million frames per second, which is the
fastest demonstrated imaging array for mid/long-wavelength
infrared.

[009] The system is a high-speed global-shutter thermal
imaging system with a 24V x24H pixel HgCdTe infrared focal plane
array (FPA) detector and a custom CMOS readout integrated circuit
(ROIC), including a 768-frame on-chip analog burst memory bank.

-2 -
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Each pixel contains a buffered current injection circuit and a
background current reduction circuit.

[0010] The high-speed global-shutter burst-mode thermal
imaging system is optimized for mid- and long- wavelength
infrared light (3-10 um). This is made possible by pairing a
custom CMOS readout integrated circuit (ROIC) with a mercury
cadmium telluride (MCT or HgCdTe) photodiode array.

[0611] The system achieves thermal imaging burst frame rates
as fast as five million frames per second, storing a maximum of
768 frames (153.6 pus at five million frames per second).

[e012] These and other advantages of the invention will be
further understood and appreciated by those skilled in the art by
reference to the following written specification, claims and
appended drawings.

BRIEF DESCRIPTION OF DRAWINGS
[0013] FIGs. 1A, 1B and 1C illustrate an exemplary high-speed
global-shutter burst-mode thermal imaging system.

[0014] FIGs. 2A, 2B, 2C, 2D, 2E and 2F illustrate exemplary
diagrams of a readout integrated circuit (ROIC).

[0015] FIGs. 3A, 3B and 3C illustrate dark current
subtraction.

[e016] FIG. 4 illustrates an exemplary experimental cryostat
setup.

[0017] FIG. 5A is an exemplary graph.

[o018] FIG. 5B illustrates experimental responses.

[0019] FIGs 6A and 6B illustrate spatio-temporal infrared

imaging at five million frames per second.

[0020] FIG. 6C illustrates image frames before and after a
laser line was revealed.

[0021] FIG. 6D illustrates a leading edge of the revealed
laser line moving at 79.5 um/ps.

- 3 -
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[0022] FIG. 7 1s a table.
[06023] FIG. 8 is a table.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)
[0024] It is to be understood that the specific devices and

processes illustrated in the attached drawings and described in
the following specification are exemplary embodiments of the
inventive concepts defined in the appended claims. Hence,
specific dimensions and other physical characteristics relating
to the embodiments disclosed herein are not to be considered as
limiting, unless the claims expressly state otherwise.

[0025] The present invention described herein is a high-speed
global-shutter burst-mode thermal imaging system which is
optimized for mid- and long-wavelength infrared light (3-10 pm).
This is made possible by pairing a custom complementary metal-
oxide semiconductor (CMOS) readout integrated circuit (ROIC) with
a mercury cadmium telluride (MCT or HgCdTe) photodiode array. The
thermal imaging system achieves thermal imaging burst frame rates
as fast as five million frames per second, storing a maximum oOf
768 frames (153.6 ps at five million frames per second).

[0026] The focal plane array (FPA) has a 24 x 24 pixel array
at a 30-micron pitch in a common-cathode arrangement. The pixel
pitch is close to the diffraction-limited resolution for the
Long-Wave Infrared (LWIR) focusing optics, and the FPA and ROIC
memory bank are sized to capture dynamic failure events within
solid materials, such as transient shear band formation.

[0027] HgCdTe photodetectors can have excellent infrared
sensitivity, but their small bandgap means that active cooling is
needed to optimize the noise and dark current. Thus, the imaging
system is designed to operate within a liquid nitrogen cryostat,
at approximately -196 °C (77 °K). To minimize wiring overhead



WO 2025/106982 PCT/US2024/056402

and parasitic capacitances, the imaging system is designed with
CMOS ROIC to interface directly with the FPA inside the cryostat.
[0028] In general, a cryostat is a vacuum insulated sample
environment that uses liquid cryogens, such as nitrogen or
helium, or a mechanical cooler to cool the temperature of a
sample.

[0029] Referring now to FIGs. 1A, 1B and 1C, an exemplary
high-speed global-shutter burst-mode thermal imaging system
illustrated. FIG. 1A illustrates an exemplary die photo of the
custom cryogenic CMOS ROIC for infrared imaging. FIG. 1B is an
illustration of the imaging system 10. An infrared FPA is bump-
bonded to the ROIC, and the detector assembly is positioned
within a liquid nitrogen cryostat behind an optical window. FIG.
1C illustrates an architectural diagram of the signal paths
within the ROIC supporting high speed burst imaging.

[0030] The CMOS ROIC has an architecture to support image
acquisition at millions of frames per second. To directly
digitize five million frames per second for all 576 pixels would
imply a digitization bandwidth of 2.9 GS/s, but since the ROIC is
positioned within a cryostat, there are constraints on the
system’s size, wiring, bandwidth, and power dissipation.
Therefore, instead of real-time digitization, the ROIC is
designed with on-chip analog burst memory banks. A simplified
illustration of the overall ROIC data path is shown in FIG. 1C,
and an illustration of the acquisition sequence is shown in FIG.
3A. The photocurrent from each pixel is amplified, and bursts of
samples are written in parallel to the capacitive memory banks.
The stored frames are later read out serially from the chip at a
reduced speed. Compared to the on-chip real-time burst write
speed, the readout is serialized and time-stretched by several
orders of magnitude.
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[0031] In FIGs. 2A, 2B, 2C, 2D, 2E and 2F, exemplary diagrams
of the ROIC are illustrated. More specifically, FIG. 2A
illustrates a pixel cell schematic and FIG. 2B illustrates a
pixel layout, including the flip-chip photodiode contact pad. The
ROIC has 576 pixel amplifiers. FIG. 2C illustrates a memory cell
schematic and FIG. 2D illustrates a memory cell layout. The ROIC
has a total of 442,368 memory cells to support up to 768 frame
burst captures. FIG. 2E is a schematic of the amplifier used in
pixels and FIG. 2F illustrates simulated memory cell leakage from
room temperature (300 °K) to liquid nitrogen temperature (77 °K).
[0632] FIGs. 3A, 3B and 3C illustrate dark current
subtraction. More specifically, FIG. 3A illustrates a summary of
the overall timing for burst acquisition and serialized readout.
FIG. 3B illustrates how the preamplifier is placed in feedback to
memorize the dark current in the learning phase. FIG. 3C
illustrates how the subtraction circuit removes dark current and
ambient background signal.

[0033] Each pixel in the ROIC contains an integrating
preamplifier, dark current subtraction circuit and output buffer
as shown in FIG. 2A. One benefit of the hybrid FPA/ROIC assembly
is that we can achieve a high optical fill factor while still
having area within each pixel for signal conditioning circuits.
[0634] The photocurrent is acquired with a high-speed buffered
direct injection (BDI) circuit, which buffers the photocurrent
during the brief exposure time and regulates the photodiode anode
to maintain a constant reverse bias (typically 50 mV). The
amplifier is implemented with a folded structure as shown in FIG.
2E. The common-mode voltage is held above 1.5 V in order to keep
M1 in saturation while the signal current is integrated onto Ci..
The source follower is designed to buffer the integrated voltage
into the pixel’s burst memory cells, with a bandwidth >50 MHz.
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The BDI current buffer has a bandwidth >200 MHz and consumes 216
uW, while the source follower takes 35 pW in each pixel.

[0035] Even at low temperatures, HgCdTe photodiodes can have
relatively large reverse leakage currents, and their dark current
can vary significantly as a function of temperature, experimental
conditions, and device variation. To help tolerate this leakage
current, the ROIC implements an adaptive subtraction circuit,
which “memorizes” the experimental dark current in each pixel in
the moments before the signal acquisition. The system is designed
to acquire burst videos of brief transient high-temperature
events, and thus the time shortly before the burst capture can
provide an useful quiescent background.

[0036] Initially, Vsp = 0, both M2 and M3 [FIG. 2A] are off,
and I, 1s dominated by the dark current (I, ). During the
background learning phase, @s;, = 1, and the pixel current is
directed to charge up a small capacitor (Csyw = 193 f:), whose
voltage increases until Igy = Igak - M3 is maintained in the
linear region, serving as a degeneration resistance on M2 , and
the bias value of V, determines the upper limit of the
subtraction current range. Dummy switches are used to minimize
the charge injection on Csp. Since the transient burst capture
lasts less than 160 us, and the ROIC is operated at cryogenic
temperature, the leakage from Cs, is not significant.

[0037] When the pixel transitions to its active phase [Qsw =
0, FIG. 3B], Vsw Stays unchanged, and I, continues to represent
the memorized dark current. During burst image acquisition, Isignat
thus represents changes in the photodiode currents compared to
the memorized background current (Isignat = Ipixet — Isw), which can
help to increase the useful dynamic range. An experimental
measurement of the input-referred signals from one pixel
with/without the background subtraction is shown in FIG. 3C, as a
function of reverse bias voltage.

-7 -
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[0038] Based on the FPA pixel area, optical magnification, and
models of the 3-10 pum thermal emissions, the integration
capacitor was selected to be Cint = 750 fF. The pixel integration
time (shutter speed) per frame is programmable, with typical
values of 75-125 ns. At the end of each integration period, the
integrated output voltage from each pixel is sampled into the
memory bank. No mechanical shutter is required during the
recording.

[0039] The on-chip frame memory is implemented as a series of
capacitor banks as shown in FIG. 2C. Each memory cell has Cuem =
32.6 fr plus switches and logic within 6.61 pum x 6.1 pm, and
there are 768 cells available for each pixel. Thick-oxide devices
were used as switches to minimize leakage, while dummy switches
were implemented to reduce the charge injection. Despite the
small capacitances, the low-temperature operation mitigates
concerns about charge leakage. Representative leakage simulations
are presented in FIG. 2F, showing that while the leakage would be
significant at room temperature, at liquid nitrogen temperatures
the leakage is dramatically reduced. After an experimental burst
capture, the memory bank can be read out in a few seconds.

[0040] One potential source of readout error comes from the
large size of the overall memory bank, where the parasitic
capacitances in the wiring could cause charge sharing issues
during readout that decrease the dynamic range and SNR. To reduce
charge sharing effects, the ROIC has voltage buffers in the
readout paths. Adding buffers to every single memory cell would
have cost too much area and power, so output buffers are instead
shared by sets of 64 memory cells.

[0041] The memory can be used in groups of 1, 4, 8, or 16
cells per sample, yielding a storage capacity of 768, 192, 96, or
48 frames. In addition to reducing charge sharing effects,
grouped memory cells can also improve the KTC noise. However, at

- 8 -
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77 °K, the 1/f noise is comparable to the kTC noise, and thus
improvements from combining memory cells can be marginal. Before
its output from the ROIC, the readout signal is buffered to fully
differential to suppress interference and ground loops between
the cryostat and the data acquisition system.

[0042] In FIG. 4, an exemplary experimental cryostat setup is
illustrated. Inside a liquid nitrogen cryostat, the FPA+ROIC
detector assembly is mounted behind an optical window. Outside
the cryostat is an accompanying data acquisition board with an
ADC and FPGA.

[0043] The ROIC has a total area of 26 mm? , and at its peak
activity level it dissipates 0.25 W while bursting at five
million frames per second. The 24 x 24 pixel array has a pitch of
30 ym and occupies ©.54 mm* , while the large memory banks occupy
18.7 mm? . The FPA is indium bump-bonded to the ROIC, and the
ROIC is wire-bonded to a ceramic pin grid array (CPGA) package in
a cavity-down configuration.

[0044] The backside of the ceramic package is placed in
contact with the cold finger of the liquid nitrogen cryostat. A
cold shield is also positioned around the detector, reducing the
background thermal noise from the directions other than the
cryostat’s optical window. The assembly is mounted on the
backside of a circuit board inside the cryostat, with an opening
for optical access. Power, control, and signal lines are routed
out of the vacuum chamber through custom cables. Outside the
cryostat, a room-temperature data acquisition board hosts an ADC
and FPGA with an USB 3.0 interface. System control and
acquisition are managed through a Python environment. With a
readout speed of 250 000 samples/sec, the full burst frame bank
can be digitized in less than 1.8 s. At 77 °K, the measured
memory cell leakage over this time is < 0.01% FS.



WO 2025/106982 PCT/US2024/056402

[0045] FIG. B5A 1is an exemplary graph illustrating temperature
sensitivity of one pixel, measured with a black-body source. FIG.
5B illustrates experimental responses to transient 1-10 pus
optical pulses from a TTL-modulated infrared laser diode.

[0046] The ROIC has an analog conversion gain of 0.21uV/e and
a maximum capacity of 2800 ke. In FIG. 5A, we characterized the
image sensor’s temperature response with an infrared black-body
reference, with a target emissivity of 0.95. A liquid-cooled
aperture was installed in front of the target, and the
temperature of the target ranged from 100 °C to 500 °C,
corresponding to 3.75-7.77 pm peak emission wavelengths. It is
worth noting that the exact curvature of the response is a
complex function of the focusing optics and detector
responsivity, and these measurements were made with a simple two-
lens configuration that was not optimized for chromatic
aberration.

[0047] A first experimental demonstration of high-speed
transient IR capture is presented in FIG. 5B. An infrared laser
diode was modulated with TTL logic, while the ROIC performed a
burst acquisition at 5 m frames per second. The measured turn-on
time of the laser pulse is less than 1 ps, and the system can
easily resolve optical pulses between 10 and 1 pus.

[o048] FIGs 6A and 6B illustrate spatio-temporal infrared
imaging at five million frames per second. A chopper wheel was
spinning at 200 cycles/sec, periodically revealing an IR laser
line on the imager. In FIG. 6C, image frames before and after the
laser line was revealed. In FIG. 6D, leading edge of the revealed
laser line was moving at 79.5 um/us.

[0049] We pointed a static line-profile IR laser module at the
FPA through the cryostat window, and modulated the light path
with an optical chopper. With the chopper rotating at 200 Hz, the
2.5-inch radius blades are expected to be traveling at 79.8

- 10 -
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um/ps. Burst image sequences measured the IR laser line emerging
from behind the chopper blade at 79.5 um/pus.

[0050] A comparison with state-of-the-art high-speed IR
imagers is shown in Table I in FIG. 7, and a performance summary
is shown in Table II in FIG. 8. This work is the fastest
demonstrated MWIR/LWIR imaging array, with a uniquely designed
burst-capture CMOS ROIC co-located with a cryogenic FPA.
Extending MWIR/LWIR thermal imaging to MHz frame rates with this
high-speed infrared detector and its custom ROIC offers new
opportunities to understand forces at the microscale and to
design new materials.

[0051] In summary, the high-speed global-shutter thermal
imaging system with 24V x 24H resolution supports burst capture
of up to 768 frames at up to five million frames per second.
[0652] In the foregoing description, it will be readily
appreciated by those skilled in the art that modifications may be
made to the invention without departing from the concepts
disclosed herein. Such modifications are to be considered as
included in the following claims, unless the claims by their
language expressly state otherwise.

- 11 -
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WHAT IS CLAIMED IS:

1. A system comprising:

a cryostat, the cryostat comprising a store of coolant and a
detector assembly;

a vacuum pump; and

an output channel to a analog-to-digital converter (ADC).

2. The system of claim 1 wherein the coolant is liquid nitrogen.

3. The system of claim 1 wherein the detector assembly is

positioned within the cryostat behind an optical window.

4. The system of claim 3 wherein the optical window comprises

Zinc selenide (ZnSe).

5. The system of claim 3 wherein the detector assembly comprises
an infrared focal-plane array (FPA) bump-bonded to a readout
integrated circuit (ROIC).

6. The system of claim 3 wherein the readout integrated circuit
comprises:
a pixel amplifier/integrator; and

analog burst memory banks.

7. The system of claim 6 wherein the amplifier/integrator is
implemented with a folded structure.

8. The system of claim 6 wherein the analog memory banks are

implemented as a series of capacitor banks.

9. The system of claim 8 wherein a photocurrent from each pixel

- 12 -
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received from the infrared focal-plane array (FPA) is amplified
and bursts of samples are written in parallel to the analog
memory banks.

10. A system comprising:

a cryostat, the cryostat comprising a store of liquid
nitrogen and a detector assembly positioned within the cryostat
behind an Zinc selenide (ZnSe) window;

a vacuum pump; and

an output channel to a analog-to-digital converter (ADC).

11. The system of claim 10 wherein the detector assembly
comprises an infrared focal-plane array (FPA) bump-bonded to a
readout integrated circuit (ROIC).

12. The system of claim 10 wherein the readout integrated circuit
comprises:

a pixel amplifier/integrator; and

analog burst memory banks.

13. The system of claim 12 wherein the amplifier/integrator is
implemented with a folded structure.

14. The system of claim 12 wherein the analog memory banks are
implemented as a series of capacitor banks.

15. The system of claim 14 wherein a photocurrent from each pixel
received from the infrared focal-plane array (FPA) is amplified
and bursts of samples are written in parallel to the analog
memory banks.

- 13 -
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FIG. 1A
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FIG. 1B
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TABLE 11
ROIC PERFORMANCE SUMMARY

Technology node

180nm 1P6M CMOS

Die size

6.5mm X 4.1mm

Pixel pitch 30 pm
Max capacity 2,800 ke
Conversion Gain 0.21puV/e

RMS noise
(ROIC only)

1.37 ke (1 cell/sample)
1 ke (16 cells/sample)

RMS noise
(ROIC + FPA)

2.4 ke (1 cell/sample)
2.28ke (16 cells/sample)

FPN 0.3% of full capacity
Dynamic range 6178dB
SNR 50.2dB

Power consumption

0.25W @ 5M fps
434uW per pixel

FIG. 8

14/14




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2024/056402

A.

CLASSIFICATION OF SUBJECT MATTER

IPC: HO4N 23/23 (2024.01); HO4N 23/52 (2024.01); HO4N 23/20 (2024.01); GO3B 17/55 (2024.01)

CPC: HO4N 23/23; HO4N 23/52; HO4N 23/20; GO3B 17/55

According to International Patent Classification (IPC) or to both national classification and IPC

B.

FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 2007/0081162 A1 (ROLLER ET AL.) 12 April 2007 (12.04.2007)

Y entire document, especially FIG. 2, FIG. 4, para [0002], [0034], [0044] 1-5,10-11

A entire document 6-9, 12-15
US 2006/0097146 A1 (STROBEL) 11 May 2006 (11.05.2006)

Y entire document, especially FIG. 1, para [0024], [0032] 1-5,10-11

A entire document 6-9, 12-15
US 5,382,797 A (KUNIMOTO ET AL.) 17 January 1995 (17.01.1995)

Y entire document, especially FIG. 1, col 1, In 53-61, col 3, In 47-col 4, In 1 5,11
US 5,382,797 A (KUNIMOTO ET AL.) 17 January 1995 (17.01.1995)

A entire document 6-9, 12-15

D Further documents are listed in the continuation of Box C.

D See patent family annex.

*®

[N

“y”
“RY

“L”

“Q”

“p»

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application

earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later than
the priority date claimed

“

“x

“y®

&

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand the
principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search

03 January 2025 (03.01.2025)

Date of mailing of the international search report

21 January 2025 (21.01.2025)

Name and mailing address of the [SA/US

COMMISSIONER FOR PATENTS
MAIL STOP PCT, ATTN: ISA/US
P.O. Box 1450

Alexandria, VA 22313-1450
UNITED STATES OF AMERICA

Facsimile No. 571-273-8300

Authorized officer

KARI RODRIQUEZ

Telephone No. PCT Help Desk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2022)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - drawings
	Page 16 - drawings
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report

