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The Lawrence Livermore National Laboratory has designed, constructed, and 

fielded a compact CCD camera system for use on the Six Inch Manipulator (SIM) at 

the Nova laser facility. The camera system has been designed to directly replace the 

35 mm film packages on all active SIM-based diagnostics. The unit’s electronic 

package is constructed for small size and high thermal Gonductivity using proprietary 

printed circuit board technology, thus reducing the size of the overall camera and 

improving its performance when operated within the vacuum environment of the Nova 

laser target chamber. The camera has been calibrated and found to yield a linear 

response, with superior dynamic range and signal-to-noise levels as compared to 

T-Max 3200 optic film, while providing real-time access to the data. Limiting factors 

related to fielding such devices on Nova will be discussed, in addition to planned 

improvements of the current design. 

Introduction 

SIM based time resolved, two-dimensional x-ray imaging cameras are widely 

used as diagnostics for laser experiments on the Nova laser at the Lawrence 

Livermore National Laboratory’. The Nova target chamber has been constructed such 

that various diagnostics may be installed within the target chamber through seven 

different SIM tubes. Diagnostics are configured as self-contained, portable units with 

accompanying mechanical and electrical connections. Typical x-ray imagers are 

configured as a pinhole camera or spectrometer, with a microchannel plate (MCP) 



used for photon conversion to electrons (photo cathode), gating and amplification, a 

phosphor screen for conversion of electrons into visible photons, and connective fiber- 

optics used to deliver the image to a recording medium . Conventional 35 mm film 

has been the standard recording medium for many years, however with the advent -of 

the charge coupled device (CCD), many improvements over film are possible. 
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The CCD camera provides immediate feedback, allowing focusing and trouble 

shooting of the system to proceed more quickly than would be possible with film. The 

CCD's. photoresponse is linear (gamma = 1) with a dynamic range that can exceed 15- 

bits (32,OOO:l) when cooled, and its output is directly compatible with digital recording 

for easy data display and analysis using a personal computer. In addition, errors 

introduced on film during manufacturing, handling, developing, or digitizing are 

avoided. 

I nstr urn e n  t Design 

SIM-based diagnostics on Nova are located within the target chamber, very . 

close to the object which is to be imaged. This imposes a particularly tight size and 

vacuum compatibility restriction on the diagnostic. A physically small camera has 

been developed by incorporating field programmable gate array electronics to perform 

the function of a large number of less dense integrated circuits . This provides 

reduced power dissipation and increased operational flexibility. 
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The CCD array used in the current configuration is composed of 22.5 pm 

square pixels with an image format of 1152 x 1242 pixels, as shown in Figure 1. The 

camera dimensions (without fiber optic reducer) are 60x60~75 mm. The analog video 

signal from the CCD is amplified and dc restored before being sent to the camera 

controller where it is digitized to 12 bits at 500 kHz, and transmitted to a personal 

computer via a serial data link. The CCD is operated in non-MPP mode to increase its 

dynamic range (full well capacity) when cooled; though it is currently being operated 
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uncooled with a measured dark current of 800pA/cm* at an ambient temperature of 

30'C. This accounts for 600 counts of shading across the image for a typical data 

acquisition cycle when operated at 12-bits. 

Figure 2 shows the SIM-based camera which is composed of four sections. The 

front end (not shown) consists of a removable cone which holds a pinhole array, the 

length of which determines the camera magnification. The cone is attached to the 

frame of the camera which is followed by a gated imaging module that contains an 

MCP, and a phosphor screen. This section is followed by the CCD camera module, 

and the imager support electronics. 

Experimental Data Characterization and Discussion 

The gated x-ray MCP camera with a CCD imaging system has recently been 

fielded on Nova during full system shots in an effort to debug its operation, and to 

obtain data for comparison to film-based cameras. Figure 3 shows a schematic 

diagram of an experimental configuration frequently used on Nova in which two laser 

beams of wavelength 0.53 pm are used to irradiate a titanium foil to produce 4.7 keV 

(soft) x-rays. Random phase plates were used on the laser beams to improve the 

uniformity of the x-ray emission. Laser beams irradiated on the titanium foil produce a 
1 high density plasma which expands and emitsstrong x-rays. If a relatively thin foil is 

used as a target, x-ray emission from both sides of the foil is expected . The intensity 

of the x-ray transmission through the titanium foil depends on the opacity of the 
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material (the absence of radiation can be explained in terms of the opacity due to inner 

electron shell photo ionization which strongly attenuates photons in a given energy 

band). Tungsten fiducial wires glued to the titanium foil further attenuate x-rays and 

allow spatial scale information to be obtained. Two similar gated x-ray cameras were 

used to image the titanium foil during a system shot. One camera acquired data with 

conventional T-MAX 3200 optical film, the other acquired data with the CCD system. 
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With the exception of the recording media, both cameras were configured with similar 

mechanical and electrical components, shielding and 2x magnification snouts. 
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Figure 4 shows a gated x-ray image of the titanium foil with fiducial wires taken 

by a film-based camera (a) and a CCD-based camera (b). The images were obtained 

1.7 ns after the laser beams were incident on the foil. The image from the film-based 

camera has been digitally corrected for both the non-linear response of the film, and 

an 18 degree tilt of the foil relative to the imager. Similarly, the image from the CCD- 

based camera has been digitally correct to account for the 18 degree tilt, and a 22 

degree off-axis rotation. The buildup of dark current within the CCD image was 

removed digitally by subtracting the signal from a vertical lineout obtained in a region 

on the CCD that was not illuminated. Visual inspection indicates a speckled 

appearance of the film-based image. In comparison, the CCD-based image is smooth, 

and additional information can be seen. A 50 pm alignment ho leh  the center of the 

fiducial triangle is visible, in addition to the outline of the titanium foil which is 

attenuating the x-ray-producing plasma on the opposite side. 

Quantitative comparison of the image data is obtained from a vertical lineout of 

the exposure taken over a specific horizontal thickness as shown in Figure 5. Based 

on different digitization schemes, the film-recorded image was digitized at a resolution 

of 10.7 k0.2 pm/pixel whereas the CCD image was digitized to 16.1 k0.4 pm/pixel. 

Lineout comparisons shown in Figure 5 were thus made using an averaged lineout of 

3 pixels for the film data (a) and 2 pixels for the CCD data (b), giving an equal lineout 

width of 32.2 pm at the source plane. Both lineouts were centered at +65 pm on the 

image horizontal axis. Background levels were subtracted from the data and the 

exposures were normalized to unity. A three-parameter gaussian function was 

separately fitted to the data by minimizing the root-mean-squared (rms) values 

obtained on opposite sides of the gaussian in a defined region chosen to avoid the 

tails of the gaussian and the attenuated signals due to the fiducial wires. From the 



film-imaged data shown in Figure 5 (a), the rms deviation of the lineout to the gaussian 

distribution was calculated between the region -1014 pm to -480 pm which yielded a 

value of 0.18 and between the region from 267 pm to 800 pm which yielded a value of 

0.17. Similarly, from the CCD-imaged data shown in Figure 5 (b), the rms deviation of 

the lineout to the gaussian distribution was calculated between the region -1 126 pm to 

-332 pm which yielded a value of 0.056 and between the region from 303 pm to 

1097 pm which yielded a value of 0.047. The CCD signal-to-noise ratio is thus three 

times that of the film. 

The analysis conducted thus far indicate the superiority of the CCD system over 

conventional T-Max 3200 optical film. CCD arrays produce a linear response to a . 

linear photon fluence, contrary to the inherent- non-linear behavior of film which must 

then be corrected for. The dynamic range of the current, uncooled CCD system is 

limited to 10 bits (1,000:1), however recent tests have indicated 15 bits (32,OOO:l) may 

be obtained for cooled arrays with minimal (0.1 pNcm2) dark current. The dynamic 

range of the film-based imagers is estimated to be a maximum of 8 bits (256:l). The 

signal-to-noise ratio of the CCD system has been shown to be 3 times larger than that 

of film. CCD-based diagnostics eliminate the need to.remove the instrument from the 

target chamber to reload the film pack; CC-D data is available to the experimenter 

immediately, with no need to process and digitize film. Additionally, film-based Nova 

diagnostics are routinely calibrated with a dc x-ray source. Film is known to respond 

differently to an equal cumulative photon dose if the integration time is varied; this is 

known as ‘reciprocity failure.’ Our tests have shown that this ‘reciprocity failure’ is not 

observed for cooled CCD’s with equivalent dose exposures ranging from 1 ps to 1000 

s . Development of CCD systems for use on Nova diagnostics is proceeding in a step- 

wise fashion and the initial results are encouraging. 

. 
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Future Work 

A number of improvements to the present camera design are currently being 

made. These improvements include the following: 

(1) Work is in progress to reduce the dark current of the CCD array by cooling 

via a ThermalElectric (TE) cooler. In the present configuration, a TE cooler is attached 

to the CCD array however additional wiring is required to power the unit when in the 

SIM tube. The TE cooler dissipates approximately 1OW when cooling the CCD to 

-2O'C. With the camera head placed in the vacuum target chamber the only way to 

remove this excess heat from the TE cooler is through conduction to a thermal mass 

(liquid coolant is not desirable within the chamber, and the package size is too small 

for radiative cooling). Current design efforts are underway to transfer the TE exhaust 

heat to the aluminum structure of the SIM cart, taking advantage of its radiative surface 

area before the temperature of the CCD camera chassis reaches 50 "C and the TE 

cooler shuts off. Testing has also indicated that when the CCD is cooled to -30 "C and 

the 16-bit mode is selected, the dark current is reduced to below 38 counts (out of 

65,536 counts) allowing for a dynamic range of 15 bits to be obtained. 

(2) A P-11 phosphor coating is currently used at the MCP image intensifier 

output. This phosphor produces photons at a wavelength of 430 nm which allows for 

efficient coupling with the sensitivity of optical film, but at a greatly reduced 

responsivity for the CCD, whose spectral response peak is near 700 nm. A 700 nm 

scintillator is currently being produced for use as the output of the MCP image 

intensifier. The responsivity of the CCD array will increase from approximately 20 

mA/W to nearly 250 mA/W, when this scintillator is installed. The responsivity is for the 

CCD only, the overall system responsitivity must include the conversion efficiency of 

electrons in phosphor, which is currently undergoing testing. 

(3) In its present configuration, the CCD controller is located external to the 

target chamber, thus restricting the use of the diagnostic to two SIM ports. This 
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controller is currently being integrated onto the diagnostic SIM cart to increase 

instrument flexibility for operation in all SIM ports. 
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Figure 1 

Photogragh of the CCD camera head 



Figure 2 

Photograph of the CCD mounted 
on the x-ray framing camera 
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Figure 3 

Schematic diagram of the experimental configuration. Two laser beams impinge upon 

a titanium foil to produce x-rays which are then imaged by two separate high-speed, 

gated, x-ray, pinhole cameras. One camera contained a conventional film package 

with T-Max 3200 optical film, the other contained a CCD system 
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T-Max 3200 Image 
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CCD Image 
255 

- 
204 

I .  3- 

153 

- 
102 

\ 

51 

0 
8 Bit gray scale 

-1 6001 200 -800 -400 0 400 800 1200 16002000 

Figure 4b 

Figure 4a was obtained by a film based x-ray framing camera, while figure 4b was 
obtained by a CCD-based x-ray framing camera. 
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Figure 5b 

Vertical lineouts of image data provided by (Figure 5a) a film-based x-ray 
framing camera, and (Figure 5b) a CCD-based x-ray framing camera. 
Three-parameter gaussian profiles are used to obtain estimate of relative 
signal-to-noise ratios. 
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