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Modern CMOS image sensor technology has provided a path for routine imag-
ing in challenging environments including consumer electronics, automotive, and 
industrial machine vision. The CMOS image sensor’s high degree of electronic in-
tegration, low power, and small size have made possible these applications, where 
temperature extremes, vibration, and shock are regularly encountered.

In this article, we discuss imaging in even more extreme environments, where in-
novative implementations of a CMOS image sensor in a system have enabled dig-
ital imaging over a wide spectral range, in environments where it was previously 
impractical.  

CMOS image sensors are routinely used in the vacuum and radiation environment 
of space, but the imaging systems employed on spacecraft are typically highly 
specialized and extremely expensive. Mechanical and optical monitoring and mea-
surement needs in terrestrial harsh environments, including those of high radia-
tion, high vacuum, severe EMP, plus strong shock and vibration, are needed at a 
reasonable implementation cost.

Application Requirements: The Challenges

Chinese Antarctic Kunlun Station
High-altitude astronomical observatories constitute one example of high-perfor-
mance digital imaging applications in terrestrial extreme environments. For exam-
ple, the 2.5 meter infrared optical Kunlun Dark Universe Survey Telescope (KDUST) 
is planned for installation at the Chinese Antarctic Kunlun Station, located in Ant-
arctica’s Dome A ice plateau at 4087m elevation where ambient temperatures 
reach -80C or less.  

Other extreme terrestrial environments include those in scientific laboratory appli-
cations such as high-energy physics and testing for space-based systems. Addition-
al examples include monitoring processes in vacuum chambers used in semicon-
ductor thin-film deposition or for nuclear fusion experiments; electron microscopy; 
and survey and inspection of ocean bottom structures and submerged equipment 
in nuclear fission power plants.
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Lawrence Livermore National Laboratory
Equipment used in research laboratories such as 
Lawrence Livermore National Laboratory (LLNL)’s 
National Ignition Facility (NIF) must cope with vacu-
um issues associated with the target chamber. The 
cameras are fielded inside the NIF target chamber 
and therefore need to meet the NIF target chamber 
cleanliness requirements. These are more stringent 
than typical vacuum cleanliness requirements to 
protect sensitive optical surfaces. Radiation chal-
lenges at NIF are in the form of extremely short, 
intense radiation bursts.

In test chambers with radiation or vacuum expo-
sure, cable feedthroughs are required to the ex-
treme environment at a cost that can be even more 
than that of commercial off-the-shelf (COTS) CMOS 
machine vision cameras. This quickly makes an ap-
parently affordable camera unaffordable. Since few 
off-the-shelf solutions exist, feedthroughs are com-
monly custom-built for the specific application. 

For high-performance digital imaging systems oper 
ating underwater, a limited wavelength range is typi-

cally used for optimum transmission through the water while minimizing backscat-
ter for best image quality. Optimizing the sensor for maximum sensitivity at the 
wavelength of illumination helps to achieve the best image quality possible.   

CMOS Scientific Cameras in Use in Extreme Environments

Earlier this decade, neutron yields at the NIF increased to the point that radiation 
damage to the sensor, and failure of the supporting electronic components, made 
the use of CCD sensors untenable. Whereas both CCD and CMOS sensors suffer 
increased dark current and noise from exposure to radiation, CCD sensors suffer 
far more due to the additional factor of loss of charge transport efficiency (a CCD 
must transport charge across the entire sensor during readout, while the CMOS 
sensor only transfers charge within a pixel).  

In response to the need for more radiation tolerant imaging systems, Spectral In-
struments developed the 1600S CMOS camera system for use in streak and fram-

Fig 1 - The Lawrence Livermore National 
Laboratory (LLNL) National Ignition Facility 
(NIF) target chamber. For scale, note work-
er in yellow helmet at left middle of photo. 
(Source: LLNL NIF)
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ing cameras and pinhole x-ray cameras. These camera systems use cooled sensors 
and are capable of precision, radiometrically accurate measurements.  During this 
development, another need was recognized for a simple “machine vision”-like cam-
era that could be used for less demanding applications, yet still survive the intense 
pulse of 14 MeV neutrons plus associated gamma and x-ray radiation. COTS ma-
chine vision cameras were being used for these applications but were destroyed at 
a rate of approximately 10% loss for each high-yield experiment.  

From this need, the Spectral Instruments RVT100 was developed, using similar 
architecture and selected radiation-tolerant components as the 1600S, but with-
out the sensor cooling requirements and using a much more cost-effective sensor. 
Care was taken in the design to provide for conductive cooling of electronic com-
ponents to the camera case, careful selection of materials in the camera head, and 
a protocol of cleaning the camera head components to make possible the use of 
the camera head in the NIF target chamber’s high vacuum without harmful outgas-
sing. The camera withstands 1 x 1016 neutrons at a distance of 5m -- amounting to 
~ 1 x109 (n/cm2) -- or about 1 Rad(Si) total dose and continues to operate normally 
after each experimental shot.  

The RVT100’s design philosophy places as few electronic components as possible 
in a camera head that operates in the radiation/vacuum environment. This both 
minimizes the number of components placed in a damaging environment (radia-
tion) and minimizes power dissipation where it’s most difficult to deal with (vacu-
um). The camera head connects to a separate GigE Vision Camera Server outside 
the harsh environment via a fiber optic data connection up to 500m in length. 
The Camera Server connects to a computer using Gigabit Ethernet for control and 
data. A recently-added feature is a dynamically adjustable power supply for the 
camera head that maintains adequate voltage headroom for operation, while min-
imizing heat dissipation – especially important in vacuum environments.  

The RVT100 uses a COTS image sensor with a 5.5 micron pixel size and a 1088 x 
2048 or 2048 x 2048 image format. It’s available as either color or monochrome, 
and the monochrome version can be modified to remove the microlenses to make 
the part sensitive throughout the UV and soft x-ray region up to 10 keV energy.  
This makes the camera system useful for far more than normal visible light imag-
ing.  

This combination of a flexible image sensor in a camera system that is radia-
tion-tolerant, EMP-resistant, and operable in a high vacuum gives researchers a 
new tool for solving challenging imaging problems. 



© 2020 Spectral Instruments 4 Imaging Applications in Extreme Environments

Applications Using the RVT100

NASA
At the National Aeronautics and Space Exploration (NASA) satellite test facility, for 
example, scientists did a functional test of the RVT100 in a vacuum chamber  at 
temperatures as low as -143°C. This was in preparation for possible testing with 
the Thermal Infrared Sensor 2 (TIRS-2), a two-band thermal imaging sensor that’s 

one of the instruments in the Landsat 9, expected to launch in December 2020. 
NASA also plans to use the RVT100 to provide optical metrology of its Stimulus Of 
Ray Cones (SORC) system with the Wide Field Instrument (WFI) of the Roman Space 
Telescope, formally known as the Wide Field Infrared Survey Telescope (WFIRST). 
SORC’s purpose is to provide a means of optical verification of WFI requirements. 
The camera will operate in a vacuum chamber and cold (220K) thermal environ-
ment. It will acquire images of targets on various filter elements and a reference 
alignment tool to relay positional knowledge.
 

Fig 2 - Vacuum chamber system at NASA Goddard Space Flight Center 
used to test the Spectral Instruments, Inc. RVT100 camera. Camera 
remained operational to -143°C while under vacuum. (Source: NASA)

Fig 3 - RVT100 camera being installed in a vacuum chamber for low 
temperature testing at NASA Goddard Space Flight Center.
(Source: NASA)
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SLAC
Another extreme environment application 
uses the new camera at the world’s first 
hard x-ray free-electron laser, the Linac 
Coherent Light Source (LCLS), at SLAC Na-
tional Accelerator Laboratory. The camera is 
mounted on a microscope within a 2m di-
ameter vacuum chamber, at ~10-5mbar.
  
The microscope, with the camera on it, is 
looking at the interaction point of an optical 
laser (either a highly intense Ti: Sapphire la-
ser, or a highly energetic Nd:Glass laser) and 
the LCLS X-ray laser. The optical laser creates dense plasma or matter under high 
dynamic pressure, and the X-ray laser is used to investigate with diffraction or im-
aging. The overlap of the optical beam and the X-ray beam on the sample is critical 
since the spots can be very small (a few microns). Therefore, the microscope must 
be close to the sample in the vacuum chamber to ensure the laser spots overlap.

Argonne National Laboratory 
The RVT100 cameras will be used to moni-
tor the laser beam and the electron beam at 
the Argonne National Laboratory Wakefield 
Accelerator Facility (AWA).  Both gamma 
rays and X-rays are present.  Previously the 
laser measurements are done far from the 
target location and are often done when the 
beam is off. However, they would like to add 
the capability to take laser profile data from 
a splitter while running the electron beam 
(part of the upgrade plan) so there will be a 
need for a level of radiation tolerance.

The RVT100 cameras will also be used to im-
age the electron beam at various points along the beamline. This is accomplished 
by inserting thin 2” diameter YAG(Ce) scintillator screens,  backed with 45 degree 
mirrors and then looking at the light generated from the screens (emission peak 
is 550 nm). By analyzing the intensity distribution, the transverse electron distri-
bution and rms beam size can be determined. The cameras are usually positioned 
tangential to and below the beamline to reduce the radiation.

Fig 4 - The Matter in Extreme Conditions (MEC) hutch of SLAC’s LCLS 
Far Experimental Hall.  The MEC instrument gives scientist the tools to 
investigate extremely hot, dense matter at, for instance, the centers 
of stars and giant planets.  (Source:  Photo by Matt Beardsley/SLAC 
National Accelerator Laboratory)

Fig 5 - The Argonne Wakefield Accelerator (AWA) Facility.  The AWA of-
fers a potentially new path for construction of the next generation of  
particle accelerators.  Cameras like the vacuum compatible and rad 
hard RVT100 are critical to image the electron beam at various points 
along the beamline.  (Source:  Argonne National Laboratory)
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2G Robotics
For underwater salt and freshwater applications, often in deep water ocean bot-
tom depths of up to 6,000m and pressure of 8,800psi, 2G Robotics has developed 
laser scanners using digital camera systems. These scanning systems for offshore 
and subsea inspection have been deployed on all seven continents from the Cana-
dian Artic to Antarctic lakes. Uses include detailed mapping, surveying and inspec-
tion of ocean wrecks, critical infrastructure, and submerged equipment in nuclear 
power plants. 

The company’s current laser scanners work by projecting a laser line onto the tar-
get and capturing reflections in a camera module. The scanner rotates to move 
the laser line across the target and builds up a complete 3D model with millimeter 
accuracy.

2G Robotics has performed initial testing on an RVT100, with promising results, to 
further improve performance and longevity for use in a radiation-hardened laser 
scanning system currently being developed for nuclear power plant inspection. 

The company plans on further testing of the Spectral Instruments RVT100 cam-
era to ensure it operates in the extreme radiation environment near the reactor 
core, and at the rates and sensitivity levels required to work as a reliable and ro-
bust component in its new inspection system. 2G Robotics has told us that their 
research found that the RVT100 is the only machine vision camera available that 
combines radiation hardening, a GigE-interface, OEM-readiness, low power use 
and a small enough form factor for its new nuclear inspection systems’ needs.

Fig 6 - Example of deep water scan of a submarine wreck using 2G Robotics’ laser scanning and camera systems. 
(Source: 2G Robotics)
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Conclusion 

The CMOS image sensor, combined with radiation hardened electronic design, 
has made possible a leap in the performance of imaging systems in what may be 
the ultimate harsh environment – space. We have illustrated that the same sensor 
technology, combined with innovative electronic design, is making it practical to 
implement digital imaging solutions in harsh environments on earth; in the labora-
tory, in the factory, and in other places where it simply was not feasible in the past. 

This is only the start of what can be achieved. Sensors with higher resolution, 
greater spectral range, sensitivity to subatomic particles, and higher frame rate, 
are all possible for applications ranging from the study of nuclear processes to the 
quality control of vacuum web coatings. In between these extremes are a host of 
potential applications such as monitoring the position and temperature (using an 
infrared sensitive sensor) of samples in electron microscopes, monitoring the posi-
tion of optical, x-ray, and electron beams in synchrotrons, and measuring the ve-
locity and trajectory (using high speed sensors) of mechanical assemblies in semi-
conductor wafer handling equipment.  

Links
National Ignition Facility (NIF)
NASA Thermal Infrared Sensor 2 (TIRS-2)
Roman Space Telescope
Linac Coherent Light Source (LCLS)
2G Robotics
SLAC
Argonne National Labs

Fig 7 - Example collected by 2G Robotics while scanning for defects in the fuel rod assembly in a spent nuclear fuel pool. According to 2G 
Robotics’ customer, scanning applications in the spent fuel pool can range from levels of 10-1000 mSv (millisievert).
(Source: 2G Robotics)


