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mendation, or favoring by the United States Government or any agency thereof. The views
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High Frame Rate CCD Cameras With Fast Optical Shutters for Military and Medical Imaging Applications

NicholasS.P. King,KevinAll)right,Steven A. Jaramillo,Thomas E. McDonald, andGeorgeJ. Yates
LosAlamos NationalLaboratory

BojanT. Turko
LawrenceBerkeleyLaboratory

ABSTRACT

Los Alamos National Laboratory (I.ANL) has designed and prototyped high-frame rate
Intensified/shutteredCharge-Coupled-Device(CCD) cameras capable of operating at Kilohertz frame rates
(non-interiacedmode) with optical shutterscapable of acquiring nanosecond-to-microsecondexposureseach
frame. These cameras utilize an Interline Transfer (ITL) CCD, Loral Fairchild CCD-222 with 244
(vertical)x380(horizontal)pixels operated at pixel rates approaching 100 Mhz. Initial prototype designs
demonstrated single-port serial readout rates exceeding 3.97 Kilohertz with greate,,"than 51p/mm spatial
resolutionat shutter speeds as short as 5ns. Readoutwas achieved by using a truncated format of 128 x 128
pixels by partial masking of the CCD and then subclocking the array at approximataely 65Mhz plxel rate.
Shutteringwas accomplishedwith a proximityfocusedmicrochannel plate (MCP) image intensifier(MCPII) that
incorporateda high strip current MCP (28uA/sq.cm) and a LANL design modificationfor high-speedstripline
gatinggeometryto providebothfast shutteringand highrepetitionrate capabilities. Later camera designs usea
dose-packedquadruplehead geometry fabricatedusingen array of four separate CCDs (pseudo4-port device).
Thisdesignprovidesfour videooutputswithoptionalparallelor time-phasedsequentialreadout modes. Parallel
readout exploitsthe full potentialof both the CCD and MCPII with reduced performance whereas sequential
readout permits 4x slower operation with improved performance by multiplexing, but requires individual
shutteringof each CCD. The quad head format was designedwith flexibilityfor coupling to various image
intensifierconfigurations,including individual intensifiersfor each CCD imager0a single intensifierwith fiber
opticor lens/prismcoupledfanout of the input image to be sharedbythe four CCD imagers or a largediameter
phosphorscreen of a gateable framing type intensifier for time sequential relaying of a complete new input
image to each CCD imeger. Camera designs and their potential use in ongoing military and medical time-
resolvedImaging applicationsare discussed.

INTRODUCTION

Highframe rate focal plane array (FPA) video cameras capable of optical shutteringin the nanosecond
regimewith good shutter ratios require the use of image intensifiers. Althoughvarious electronicshuttering
techniquesare possiblewith FPA devices, most provideexposuresin the microsecondor longer regimes. The
intensifieralso provideshighersystemoptical sensitivitythan that attainablefrom the highframe rate, uncooled
FPAalone.

This paper summarizeswork inprogressutilizingMCPII coupledcamera systemsbasedon the Fairchild
CD222 interline transfer(ITL) FPA. Some discussionon upgraded camera systems is also presented. The
presentsolidstate imagingsystemsweredevelopedover the past six yearsfor use in an explosiveenvironment
withfast shockarrival (few ms) and a 500ns precursorpulseof gamma-ray and neutronradiationduringimage
formation. Subnanosecondto microsecondimage integrationtimes were needed. The basic camera sy_em
requirementsand performance are: J) Few millisecondreadoutwith a minimum of 256 X 256 FPA pixels. 2)
Fast electronicshutters(< 2us) and fast array cleadngof radiationinducedartifacts. 3) Event _ynchronous4)
Optically shutterable (subnanosecondto microseconds) with shutter ratios in excess of 10_' and 100X100
resolutionelements 5) Dynamic rangeof 8 bits.

Fiber optic couplinghas been necessaryto maximize the sensitivity since cooling and long integration
timesare not possible. Most MCPIIs have degradedresolution(eg 51plmmvs 101p/mm)when fast gateddueto
lossesin proximity-focussingfrom internal electric field degradationand spatial nonuniformityassociataedwith
gate pulsepropagationcharacteristics(Ref. 1,2).
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The applicationof these camera systemsto fast framing vs single event recordinghave resultedin
necessarymodificationsto optimize performance. High frame rates pushthe MCPII into poorgain by exceeding
the rechargetime requirementsfor the microchannelplate and phosphorexcitation/decaytime requirementsto
preventreciprocityand smear problems. A charge-transfer-efficiency(CTE) degradationof the iTL CCD may
alsocontributeto imagesmear at very high frame rates.

Self-clockingsample and hold circuitrywas designed using"constant fraction"techniquesto followthe
individualpixelcharge amplitudesas functionsof pixelclock rate and charge. This technique was essentialto
assurepropersampling of slew rate limited plxel charge where peak amplitudesvary with both Input optical
Intensityand plxel frequencyreadout.

HIGH-SPEED IMAGING APPLIED TO MINE DETECTION

One of the more technologicallydemanding applicationsfor high-speed imaging is in the area of military
reconnaissancefor mine field detection. The basicconcept is to identify,with a highdegree Ofcertainty,a mine
field via a lowflyingjet aircraftutilizing highspeed,shutteredelectroniccamera systems. The area of interest is
Illuminatedwith a pulsed laser, the reflected image captured, and the data transmittedto an analysis center
where it is examinedto determine the presenceor absenceof mines.

An aitemative missionwouldbedetectingsubmerged minesin a broad oceanarea with a helicopterand
the high-speedgating capability of the systemusedto determinedepth. The Imaging system must be relatively
smalland light-weightto be able to f'_into the aircraft,have sufficientlyhighspeed to imagethe area covered by
the aircraft, and have adequate resolution to identify mines or other items of interest. The most extensive
requirementsfor such a camera system is a frame rate of approximately 3500 frames per second, a scene
resolutionof 256X256 image elements, Inter scene dynamic range of 10bits, and shutteringcapability of 5ns.
We have developeda variety of prototypecameras for thisapplicationbasedon the previouslyde._..ribedCCD
camera system coupledto differentMCPII configurations.

The camera can be operated in progressiveat a readout rate of up the to 70 Mpixels/s,which resultsin
a frame readout time of approximately 1.6 ms for the entire array of 244 X 380 pixels (Ref 3). The camera
electronics is designedto operate at a 100 Mpixels/srate; however,the CCD222 can only be usefullyoperated
at a peak readout rate of 70 Mpixels/s due to bandwidthlimitations of the on chip output amplifier. Image
intensifiersare employedto achieve the high-speedshutteringneeded for the experiments. With conventional
image intensifiers,as shorter electricalshuttergatesare usedto achieve the required 1- to 10-nsshutterspeed,
turn-onand turn-offdelays and nonuniformitiesare often encounteredthat are due to the lowbandwidthof the
electrical path of the gate pulse. This problem has been ameliorated by design modificationsof the image
intensifierthat include increasingthe effective conductivityover the the photocathodeand providingparallel
plate transmissionlines into the intensifier. With these techniques, gate widths in the subnanosecondregion
can be achieved. (Ref 4)

The designphilosophyfor the presentcamera systemsfeaturessurface mounttechnologyfor high-
speedoperationin bothanalog anddigital circuitry.

Specialized clock driver/level shifting circuits were designed utilizing "charge dump" techniques to
quicklycharge/dischargethe CCD's vertical and horizontaldock lineinput capacitancesandthen remainidle for
most of the actual clock period (duration). This approach reduces power di_pation significantlyover that
achievedby conventionalfull dutycycle switchingdrivertechnologyemployed in manycamera designs.

The manufacturer believes that a redesignof the CCD222 could be carded out relatively easily to
incorporatea wider bandwidthoutputamplifierand achievea pixel readout rate well over a 100 Mpixels/s. This
would allowa frame readout rate of approximately1000 frames/s of a 244 X 380 pixel array or approximately
1500 frames/sof a redesigned256 X 256 pixelarray.

The current cameras can be operated at standardRS170 televisionrates and accept external clock and reset
signals. This makes the camera easily adaptable to a wide range of operating requirements and permits
syncrhonizingit withrandomlyoccurringevents forsinglefield recordingof transientoptical phenomena. In the
RS170 mode, the camera has been used to record data from a "tank test" where targets were submergedin



waterat varyingdepths Water depthswere discriminatedwith a delayed gate pulse. Widths of 5 and 10 ns
were employed and the data compared at the two widths. The next step in the project is to carry out similar
testsin anocean environmentfrom c pier.

HIGH FRAME RATE CAMER.9,DESIGN OPTIONS

A PrototypeCamera (four time-phased875-Hz frame rate cameras)
The first prototype camera system (our most conservative approach) was designed to use four

individual cameras operated in a pipeline mode. Each camera uses one CCD 244(V) by 256(H) pixels
(FairchildCCD-222) at a clock rate that achieves 875 fls. Each head reads out in serial fashion to individual
video ports. To providean effective 3500fls, all CCDs are in syncbut each is consecutivelyphase shifted by
approximately286 us, the "Gatling Gun" scheme. Each CCD requires its own image intensifier,which is
sequentiallyshutteredat the 875 fls rate. This design can use a standard(1 to 2 uA/cm2 ) strip currentMCPII
with available relatively short persistence phosphorsto prevent smearing between successiveframes. This
accumulationof latent images causes smear.

The image transfer system to the four MCPII can be either an active framing tube or a passive
"pyramidal" splitter. The former, while more complex, results in no loss in sensivity while the latter, at a
minimumgives a lossof 4 insensitivity.

B. PrototypeCamera (foursegmentfour port3500-Hz frame rate camera)
Our second prototypeemploys an image splitterin which the MCPII phosphorimage is split into four

quartersand each quarter is read by a 128x 128 camera operatingat 3500 fls. Lightto the unusedarea of each
CCD is blocked by using an opaque coating. An alternativeimage splitter uses a coherent fiber opticbundle
butt-coupledto the MCPII phosphorand split into four segments, which are then coupled to the four CCDs.
Either ef these designs require the use of a single high-stripcurrent (10-50 uA/cm2) MCPil with short
persistence(Approximately100 nsto 200 nse-fo;ddecay constants)P-46 or P-47 phosphor(Ref. 5).

A common control unit ddves four identical camera aheads with CCD-222 sensors. The control unit
provides camera frame rate synchronismwith the laser period and MCPII gate timing to coincide with laser
pulsearrival.

MEDICAL X-RAY IMAGING

High speed X-ray imaging is needed for medical research; as this capability becomes available to
researchers,we expect to see developmentof high-speedimagingwithinhealthcare as well. The projectbeing
described is a feasiblity study to investigate and validate concepts being considered for a specific study
involvingapplicationof highspeed X-ray imagingto dynamicboneandjoint research.

The applicationof the current high frame rate ICCD camera to a desired 1000fps X-ray imaging
applicationplacesdifferent requirementsthan presentedabove on the camera system due to alternative types
of X-ray sources (pulsed or continous)as well as the complication of X-ray to light conversion. The time
response and large format, high spatial resolutionof the X-ray to ligltt converter are significant factors in
achieving an optimum system. The emphasis presentedhere will be a discussionof limitationsin the initial
experimentsdue to finite resolutionin the camera system,CCD architecture,and time responseof the X-rayto
lightconverter. A more detail review of the initialexperimentsis given in reference 6. The prototypeX-ray
camera system is comprisedof a Precise Optics X-ray Image Intensifier lens coupled to the ICCD camera
systemdescribedabove (see figure ). Frame ratesof 1.Sins/frameand 100us MCPII optical shuttertimeswere
used. Standard CsllphotocathodeX-ray to photoelectronconversionis usedwith electrostaticfocussingontoa
P20 phosphor. The acceleratingvoltagein the convertertubeis 25KV. Typical spatial resolutionof such X-ray
tubes is 41p/mmover a 300mm imagingarea resultingin approximately401p/ramon the P20 phosphorscreen
after a 10:1 demagnification. As a result,the ICCD camera will degrade the spatial resolutionof the system
unlessa restrictedFOV ou the P20 phosphorscreen is coupledonto the full 18mm MCPII format. No attempt
wasmade in initialteststo optimizethe spatial resolutir)ninthismanner.
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The pdmary objective was to demonstrate that optical shuttering of _.;ielight from the X-Ray Image
Intensifier,P20 phosphorcouldeliminate motion blur as well as obtainingimages under shuttered conditions

._withavailable X-ray intensities. The test system involved a rotating wheel between the X-ray source and
camera system with imbeddedPb attenuatingspheres. Velocities of the Pb spheres(6.35mm, 4.5ram, 2ram
diameter) were typically 8.5m/s such that 100us shuttertimes resultedin 2 resolutionelements(re) of "moUon
blur"comparedto a typical 16re Image of a 6.35mm sphere. The X-ray source was operated in the DC mode.
Frame rates of 650 per second from the ICCD camera were recorded with a TeK RTD710 with extended
memory (Data Cache System).

Currenttests of the X-ray image intensifierare beingperformedwitha nanosecondpulsedX-ray source
to measuretime response,resolution, and sensitivityvs X-ray intensity. Modifiedcoupling of the ICCD is also
being carded out to better assesselectronic readout requirementsfor resolution. This will permit obtaininga
modifiedsystemoptimized for 1000fpsapplications.
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