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ABSTRACT 

Lawrence Livermore’s National Ignition Facility (NIF) requires a radiation tolerant video camera to remotely 

monitor varied activities in and around the NIF target chamber.  Our present suite of monitor cameras must be 

either, removed during high yield shots, requiring substantial resources or left in place which greatly reduces their 

life expectancy.  Our goal was to develop a relatively inexpensive, radiation tolerant monitor camera which could be 

left in place during high yield laser experiments yet continue to give quality data for up to (5) years of operation or 

about 250 high yield shots.  The camera was built around the CMOSIS CMV 2000 / 4000 sensor.  Camera 

components were chosen based on their radiation tolerant performance at the Cobham radiation test facility in CO 

Springs.  The prototype camera was tested both at Cobham and on the NIF during high yield shots.  We will present 

test results as well as predictions for camera life expectancy. 
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1   INTRODUCTION  

The (192) beam National Ignition Facility (NIF) laser is operated by Lawrence Livermore National Laboratory 

(LLNL) for the Department of Energy (DOE).  NIF supports the Inertial Confinement Fusion (ICF) program as well 

as many other experimental programs at LLNL and throughout the nation and weapons complex.  The large variety 

of experiments NIF supports requires many imaging cameras.  Our concern is non-scientific type monitor cameras 

which support laser alignment and pointing, beam shape and uniformity and energy sensing within and in the 

immediate vicinity of the NIF target chamber.  Table (1) shows the different type of cameras presently employed as 

monitor cameras at the NIF.  During high yield shots NIF can produce a total neutron yield of 1x1016 14MeV 

neutrons with an expectation of yields up to 7x1018.  To prevent irreversible damage the Charge Coupled Device 

(CCD’s) cameras we presently use as monitor cameras must be removed from the NIF target bay prior to high yield 

shots.  The camera removal and subsequent reinstallation takes many man hours which we’d like to reduce.  If the 

CCD cameras were left in place the high radiation environment would cause abnormally high sensor dark current as 

well as direct pixel damage.  CCD camera damage is usually exhibited by dead or ‘hot’ pixels or columns as well as 

under or over responsive pixels.  The Complementary Metal Oxide Semiconductor (CMOS) sensors are well known 

to be more radiation tolerant than the CCD type cameras1.  The 14.5 MeV neutrons are also known to cause 

permanent damage within Si lattice or Frenkel defect2.  This ‘bulk’ damage is common to both CMOS and CCD 

type detectors.  Figure (1) shows the probability of camera failure on the NIF 3.  The model of camera tested was the 

Basler shown in line 4 of Table (1).  There are locations within the NIF target bay in which the fluence will exceed 1 

x 109 (n/cm2) on a single high yield shot.  Figure (1) shows the life expectancy of a camera placed in this location 

would be essentially 1 shot if left in place.  Our goal is to leave the radiation tolerant monitor cameras in place 

during high yield shots with at least a 5 year operational lifetime. 

 

http://www.specinst.com/


 

 
 

 

 

 
Figure 1. Measured cumulative probability function for the Basler cameras exposed to 14MeV neutrons at 3.4m from target 

chamber center 4. 

 

Camera Sensor Pixel 

Size 

(m) 

Bit Depth 

Manufacture Model Type Manufacturer Size (pixels) 

PixeLink 
PL-B959G CCD Sony ICX274 1600 (H) x 1200 (V) 4.65 8 & 12 

B741 CMOS Cypress IBIS 5B 1280 (H) x 1024 (V) 6.7 8 & 10 

Illunis RMV-50M CCD KAF-50100 8176 (H) x 6132 (V) 6.0 8, 10 & 12 

Basler 
A641f CCD Sony ICX274AL 1624 (H) x 1236 (V) 4.4 8 & 16, 12 eff. 

acA2000 CMOS Ams AG CMV2000 2048 (H) x 1080 (V) 5.5 12 & 10 

Spectral 

Instruments 

SI-1000 CCD Kodak 16801E 4096 (H) x 4096 (V) 9 16 

 

Table 1.  Monitor camera and sensor types used for numerous NIF diagnostic systems. 

 

2   CAMERA DESIGN AND BUILD 

2.1 Camera design 

The radiation tolerant monitor camera was designed to be a direct replacement to our existing (non-radiation 

tolerant) monitor cameras shown in table 1.  Since many of the NIF monitor cameras use the Basler ace acA2000 

this was used as the model for our new design.  We strived to maintain the same physical dimensions, mounting and 

power draw as the Basler.  We also used the same CMV2000 sensor as the Basler acA2000.  We contracted with a 

small camera developer in Tucson, Spectral Instruments Inc., to design this camera using the CMV2000.  Working 

with Spectral Instruments we selected various commercial off-the-shelf components as possible candidates for 

inclusion in the camera design.  The selected components were subject to a screening process that included 

irradiation with a Co-60 source, 14MeV source and flash X-ray source.  These tests were performed at Cobham 

RAD Solutions (formerly Aeroflex RAD).  The tests were specifically designed to look for effects due to Total 

Integrated Dose (TID) and Single Event Effects (SEE).  Those components found to be most tolerant were then 

included in the board design. 

   

 

 



 

 
 

 

2.2 Camera sensor 

The CMV2000 is a high speed CMOS image sensor developed for machine vision applications.   On chip internal 

timing generation produces the signals needed for readout and exposure control yet still allowing for external 

triggering. The ‘pipelined’ global shutter of this device allows for readout during exposure. The device can support 

up to 340 fps but our radiation tolerant camera design will support up to 20 fps. The sensor also has on chip CDS 

greatly reducing fixed pattern and dark noise.5  Selected sensor parameters from the datasheet are shown in table (2). 

 

Specification Value Comments 

Effective Pixels 2048(H) x 1088(V)  

Pixel Pitch 5.5m  

Full Well Charge 13.5 Ke- Pinned photodiode pixel 

Conversion Gain 0.075 LSB/e- (13.3 e-/DN) 10 bit mode, unity gain 

Sensitivity 0.27 A/W With microLens @ 550nm 

Temporal Noise 13e- Pipelined global shutter with CDS 

Dynamic Range 60dB  

Shutter Type Pipelined global shutter  

Fill Factor 42% w/o microLens 

Dark Current Signal 125 e-/sec. @25 deg. C 

Dark Signal Non-uniformity 3 LSB/sec. (40 e-/sec.) 10 bit mode 

Fixed Pattern Noise < 1 LSB RMS  < 0.1% of full swing, 10 bit mode 

Pixel Response Non-uniformity < 1% RMS of signal  

LVDS Output Channels 16  

Frame Rate 340 fps  

 
Table 2. Specifications from the CMV2000 sensor 3. 

 

 

2.3 Camera build 

The RVT100 can accept either the CMV2000 (2048 x 1080 pixels) or the CMV4000 (2048 x 2080 pixels) sensor.  

The camera is 83mm in length and has a 44mm cross section, slightly larger than the 29mm cross section of the 

Basler, and draws approximately 5w at a 4v DC input.  The camera’s power input and trigger are supplied through a 

(8) pin LEMO connector, with the communication and controls using a LC duplex fiber optic connector.  The 

camera was designed to be conduction cooled, which allows vacuum operation.  Its’ vacuum integrity was verified 

by placing in on a 20 0C cold plate in a vacuum for a period of 4 hours.  The cameras’ power draw stabilized at 5w 

with the warmest component not exceeding 51 0C 6. 

 

When used within the NIF target chamber it is imperative to reduce any outgassing which may adversely affect the 

NIF optics.  Thus, we routinely place the RVT100 camera into a vacuum oven for extended periods for bake out.  As 

a precaution the sensor is removed during bake out.  The bakeout process has not compromised camera operation.  

With proper thermal coupling the camera has been demonstrated to operate in the 1e-6 torr vacuum levels.  Figure 

(2) shows a 3D model and picture of the RVT100 camera. 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 
 
Figure 2. Picture of the RVT100 Radiation Vacuum Tolerant monitor camera and (required) http server box. 
 

To ensure the radiation tolerance required the camera system has been split into (2) parts, the camera head and the 

http camera server box (SB).  The camera is designed to reside in the radiation environment in a powered down 

mode.  The SB, however, must remain outside the radiation environment.  In operation on the NIF the SB will reside 

in a shielded room about 50m away from the camera. The SB acts as the Ethernet interface to the camera providing 

local or global camera control.  Camera controls are directed by a web browser, proprietary manufacturer software 

or custom programs 7.  Communication between the server box (SB) and camera head is via a fiber optic interface 

using LC connections.  The camera head initiates communication with the SB by sending a ‘heartbeat’ signal which 

the SB will then echo back to the camera head.  The GigE Vision communication protocol can be used between 

computer and SB. 

 

3 Results of NIF Radiation testing 

 

3.1 NIF test results 

To test the cameras radiation tolerance it was exposed to the NIF prompt radiation dose produced from (2) high yield 

shots.  The camera was powered down during the shot and after each event a total sensor histogram was obtained, as 

shown in figure (3).  Camera dark current measurements were performed approximately 1 week after each shot.  The 

longer tails in the post exposure histograms show higher background levels after each subsequent exposure.  This is a 

clear indication of induced sensor damage.   



 

 
 

 

 

Figure 3. Histograms from the RVT100 camera before and after successive NIF exposures on high yield shots.  Note the extended 

tail showing increasing pixel damage due to sensor radiation damage.  The mean pixel value is very close to that shown in table 1 

of 125e-/sec.  The fluence levels were derived from the total neutron yields (Yn) of 1.05 x 1016 and 7.97 x 1015 respectively. 

A Monte-Carlo estimation, figure (4), of absorbed Displacement Damage Dose (DDD) from the 14MeV neutrons by 

the sensor for each shot is 5.15 and 3.91 Rads(Si) for a total of 9.06 Rad(Si) 8.  A recent study using 185 MeV protons 

(DDD) up to 70krad (SiO) on a near identical sensor demonstrate that this sensor continues to operate at very high 

fluence and energy level 9.  One other study10 shows the DDD similarity between high energy proton and neutron 

exposure in this (near identical) CMOS sensor.  A unique feature presented by the NIF radiation dose which cannot 

be easily quantified elsewhere is the dose rate.  For example, the dose rate for the first high yield shot, above, is 

approximately 2 x 109 Rads(Si)/sec. 

 



 

 
 

 

 

Figure 4. Results from a Monte-Carlo (MCNP) simulation of expected energy deposition in silicon at 3.4m from TCC on a NIF 

high yield shot, direct line of sight, no shielding.[9] 

One of our main concerns is the expected lifetime of this camera in the NIF radiation environment.  To better assess 

the camera life expectancy, we take the inverse of the integrated histogram shown in figure (3). We refer to this 

normalized curve as the reverse sum histogram (RSH) 11.  The RSH shows the fractional number of pixels with a given 

count value.  The measured RSH’s and fit to these curves is shown in Figure 5.  The fit curves are produced by the 

correct choice of (4) parameters ( , a) shown in equation (1). 

𝑅𝑆𝐻(𝑥;  𝜇, 𝜎, 𝜏, 𝑎) =  ½ + erf(𝐵) +  𝑎 [erf(𝐵) – erf(𝐴)] + (1 − 𝑎)[ { 𝑒𝑥𝑝 − ((𝑥 − 𝜇)/2) exp (½ (
𝜎

𝜏
)

2

}/2] 

[1 +  erf (𝐶)] (1)  

Where; A= (x-)/(22), B = ((x-(1-))/2), C = (t(x-m)-2)/22 .  The choice of parameter (a) which is a 

weighting factor has a linear dependence on neutron yield, as described in reference [9].  The number of damaged 

pixels is given by equation (2). 

ndamaged = ntotal x (1-a)  (2) 

  



 

 
 

 

 

Figure 5. Reverse Sum Histogram (RSH) plot for the RVT100 camera.  The curves represent the measured and curve fit for (3) 

exposure levels of the radiation tolerant RVT100 camera. 

 

Figure 6 shows the percentage of damaged pixels for the RVT100 camera as a function in incident neutron fluence 

(n/cm2).  The linear fit shows a slope of 5.2972 x 10-10 (cm2/n).  Assuming a maximum acceptable pixel damage limit 

of 10% this would yield a total neutron fluence of 1.90 x 1010 (n/cm2) before the sensor would need to be replaced.  

Using this data, the camera user can predict the camera lifetime based on expected neutron fluence/shot and 

permissible level of sensor damage. 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

Figure 6.  Percentage of pixels affected in the RVT100 as a function of by NIF neutron fluence.   

 

 

4 Summary 
 

Lawrence Laboratory National Security in collaboration with Spectral Instruments Inc. have developed a radiation 

tolerant monitor camera for use on the NIF.  This camera has been tested on several NIF high yield shots and has 

found to be quite radiation tolerant.  Our initial specifications for radiation tolerance was given as camera operational 

after exposure to > 109 (n/cm2) at 14MeV neutrons.  We have met this goal and have a sound prediction for life 

expectancy of this camera / sensor combination in the NIF radiation environment. 
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