




Stop Motion Microphotography of Laser Driven Plates
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Laserdrivenplateshavebeen used forseveralyears forhighvelocity shockwave andimpactstudies1,2,3,4,5. Recent
questionsaboutthe integrityandablationratesof these platescoupled with an improvedcapabilityfor microscopicstop
motionphotographyled to thisstudy.

Forthese experiments,the plateswere aluminum,coatedon theends of opticalfibers6 . A high power laserpulse in the
fiberionizes the aluminumat the fiber/coatinginterface.Theplasmathus createdaccelerates the remainingaluminumto
highvelocities, severalkilometerspersecond. We defined 'thick'or 'thin'coatings as those wherea flying plate (flyer)
was launchedvs. the materialbeing completely ionized. Herewe were specificallyinterested in thethick/thinboundary
to developdatafor the numericalmodels attemptingtopredict flyerbehavior7 , 8.

Experimental Apparatus

The experimentalapparatusof the flyer launcher(Figurei) includesa single pulse Cr:Nd:GSGGdrive laser(Allied
Signal). The entireflyer launchingapparatuswas assembledatthe SaudiaNational Laboratoriesin Albuquerqueand
transportedto Livermorefor these experiments.The laserhasa 12nspulse width and greaterthan 100mJoutput.To
maintainconstantpulsewidth andmode, the laser is operatedunderconstantdriveandtimingconditions.Variationsin
energyare accomplishedwith neutraldensity filters. The outputof the laser is focused onto the largerendof a2 meter =
long optical fiber whichtapers from1000jan to 40Qun diameter.The purposeof the taperis both to reducethe energy
densityat the input surface,limitingthepotential fordamage,andal,_ to help uniformlyfill thefiber transmission
modes. From the taperthe energy is proximitycoupled to the coated400prodiameterfiberpigtail. An uncoatedpigtail
(or thecoated pigtailafterthe coatinghas been blownoff) is directedintoa calorimeterto measurethe actualsystem
throughputand calibratea splittercoupled calorimeter.Fiberfilling andtransmissionmodes9 are also examinedthrough
an uncoatedpigtailusinga microscopeobjective coupledto CCDbased beamprofiler.
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Figure 1. Schematicdiagramof laserdrivenflyer launchingapparatus.

The Micro Detonics Facility(p.DF)was used to dynamicallyexaminethe flyers ator nearthe launchor 'jumpoff' time.
The facility was establishedat LawrenceLivermoreNationalLaboratoryfor small andmicro scale studiesof detonation
andshock wave phenomena.The technologyand apparatusof the facility grewout of LarryShaw's workwithfast gated
intensifiedcameras10and oneof the author's workin high ,peed microscopy11, 12.

MA;TER



' t
t i i

"l"he dittgn(_stic systems included the lrmnc can+era w:lh a 75rrun prt_ximity i(_.'used phut(+dit>ue intertstlicr fur huth

rcltcctivc phut(+gr:q+hy tu;d [rock lit shm.luwgraph, el'he stru;_, c;uncra _ll_tlthe streak spccgt+inulur v,+,cr¢alto+ usctl. 'rhc

l'r;int¢ ;llltl strt+';_ C;tlnur;L,_eX_Ul+il+¢the same I()cati()n on the t;trgct vic,.ving du'()tlgh a <.'()llmlt}n ()hj¢cliv¢. '['he spCCtl'Cml-

clef i_ c(mplud tc+the experiment via ,"ill ()ptical l]ber, viewing a rcgi(m pcrr_ndiculm t() the C,"IJI|Cr;.L'NIlll(J ()1 sig,hl.
llltm'firmti(m f()r the lmmc c;mict'a is pr(widcd by a pulsed hr(md band dye lamermid l()r the sUcak ¢,'unera by a ctmtinu(m._

wave argon laser. Bc_th lasers arc combined to a single coaxial beam. The dye h'L,+,cris REused t() a circular regi(m

matching the field of view of the fr,'u'ne camera, Whereas, the argon is focused to a line matching the entrance slit of the

streak camera. An overview of the facility is given in (Figure 2). For these experiments the explosives containment
chamber is not used.
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Figure2. TheMicroDetonicsFacility

Thekeyelementof thesystemis themicroscope.Thisis comprisedof a combinationofcommerciallyavailablephoto-
graphiclenses.Fastphotographicobjectivesusedbackwardsinconjunctionwitha longfocallengthlens,resultina
diffractionlimited,longworkingdistancemicroscope.Diffractionlimitedperformanceisattainedonlywhenall lenses
areusedat theirdesignconjugates,relayelementsareusedwithintheirresolutionlimits,aberrationcreatingelementsare
minimizedandthesystemis wellaligned.Thentheresolutionlimitsof thesystemare thediffractionof theobjectiveand
the spatial freAuency response of the intensifier and streak robes. The magnifications to the frame and streak cameras are

separatelyadjustableby magnifyingrelaysafterimagesaresplit.Theidealmagnificationmatchestl_ objectivelimitto
thetuberesponse.At lowermagnificationsresolutionis lost.At highermagnificationsnoadditionalresolutionis
realized;insteadbothdepthof focusand fieldof viewarelost.Magnificationsfromthe objectto thefilmplanefor these
experimentswere 103<:for thestreakcameraand24Xfor theframecamma.Resolutionwasabout21an,overa 1.Smm
field of view. F'dm CTMAX-400) was used aq the _g medium for all cameras.



The streakspectrometerviews only one pointorintegratedregionin space dispersingthe lightin both specmun and
time. The region inthis experimentis defmedby the .22 numericalapertureof the fiber coupling the experimentto the
spectrometer.The end of the cleaved 100tunsilica fiber,was held about lmm fromthe experimentthus defining the
viewing region to abouta mmdiameterencompassingthe entireexperimentalregion. Two separateimagingconfigura-
lions were used,nearspecularreflection (Figure3a)andback fit shadowgraph(Figure3b). In shadowgraph,the illumi-
nationfight, fibercoupled fromthe laser,is aimeddirectlyinto the objectivelens. It is refocusedto a point before the
targetso that the expandingbeamboth f'fllsthefield of view at the targetand the acceptancecone of the objectiveas
definedby its numericalaperture.This last conditionis essential to realizethe full resolutionof themicroscope.

Fig 3. Experimental Configurations
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aluminumflyer, vacuumdeposited on a polishedfiber, is a specularly reflecting mirrorsurface.However,no surface
is perfectlyspecularanda diffusecomponentis always present.Some fight isreflected at angles other than specularand
thereis a stronggradientof the amountof lightreflected as the angle away from the specular in_. Additionally
thereis an apen_ function.As the lightincidenton the targetis notcollimated, light at the objective fills a cone witha
strongradialgradient.Thus if the surfaceis viewedat an angle such thatthe specular componentof the illumination
beamfalls just outside theapertureof the objective,thensmallangularperturbationson thesurfacewill reflectsignifi-
cantlymore or less light into the objective.The resultis a highcontrastimage whereextremelysmall perturbationsare
highlyvisible.
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Two versionsof thenearspecularconfigurationwere used.Both arrangementsused a 110mmF/2.0 objectivewith a
70ramworkingdistance. Interferencebetween the 50mm dia. illuminatorfocusinglens and the objective limited the
minimumangle between the illuminatorand the objective to about35° . With 15° necessary toclear the specularreflec-
tion off the objective, the targethad to be tilted about 10° from the normal to the objective. The second arrangementused
a hmgerfocal length lens for the illumination and added a small turning mirrorjust outside the apertureof the lens. This
resulted in a symmetricconfigurationwith the targetsurfacenormal to the objectiveaxis.

The streakimages were takensimultaneouslywith the nearspecularin the latterconfiguration.The only differencewas
the additionof a cylinderlens in the argonlaserbeam before combiningit with the dye laser beam.This lens causes the
argon laserto be focusedto a line on the targetwhich is thenreimagedon to Uheentranceslit of the camera.This not
only maximizesthe throughputof laser light butcreatesa confocal arrangemet,t limitingthecollection of light to only
thatfromthe targetline.

Depolarizationof thediffusecomponentof the reflected light causedthepolarizk g beamsplitterto be ineffective in
separatingthe dyeand argonbeams to the frameandstreakcamerasrespectively. Me Coumarin-500dye normallyused
runsbroadband from about480nmto 550nmoverlappingthe 514nmargonline, ptecludingspectralseparation.For
theseexperimentswe thereforeconvertedthe laserto Rhodamine-590which runsIxtween about570nmand630rimthus
allowing spectralsplitting.The Rhodaminelaseris narrowerbanded than theCoum&ingivingnoticeably more speckle
in the images.Onthe other handconsiderablymore outputenergyis availablebecauseit canbe pumpedwith the
doubledYag insteadof thetripled.

Shutteringin the ttDFis generallyregardedfor threedifferent purposes,experimentalfast gating,equipmentprotection
and personnellasersafety.Lasersafety issues arestandardhighpower considerations, with the additionalcaveat that
theynot interferewith laserstabilityor timing.Equipmentprotectionis accomplishedwitha standardelectrically driven
photographicshutterin frontof everyphotocathodedevice. The purposeof these shuttersis to protectphotocathodesand
microchannelplatesfromhighlevel roomlight illuminationorlong te/m low level laserilluminationduringalignment.
The experimentalgates are themselves multitiered. Temporalresolution of the framecamerais provided by the lns dye
laserpulse, while the 20ns gate of intensifier tube rejects self lighting from theexperiment.The streaktubeprovides its
own temporal resolution;however, it has a poor rejection ratio requiringbotha pockels cell and a fastmechanicalshutter
to preventbleedthroughof theargon laser.In the streakspectrometer,in additionto the streak tube, the microchannel
plate intensifieris also gated toprevent bleed through.The dispersionof the gratingalso providesconsiderableprotec-
tion to thespectrometertubes.

Accuratecross timingof the flyer drivelaser was accomplishedby driving both the pumpand Q-switch triggersdirectly
from thepDF liming system.To calibrate the cross timinga fastphotodiodewasplacedat the experimentlocation to
simultaneouslyrecordthe arrivalpulses througha barepigtailandthe lns dye laser illuminationpulse which is the
systemtimingreference. This is also used to calibratethe fast photomultiplierat the drivelaser.

The timingcalibrationandsynchronizationwas complicatedby thejitterbetween thesystems. Greatcare was takento
minimize the Q-switchjitterof both the flyer driveandthe illuminationlasers. However,the cavity buildupjitterin both
lasersresultedin a 5-10nsrelativejitter.Althoughwe could measurethe timing to within0.5ns we could notpredictthe
experimentsto betterthan :_.5ns.As a result, experimentsat timesclose to thelaser beamimpacton the flyer, were
conductedby settinga fixed nominaldelay, thendoing severalshots allowing the jitterto sample thetemporalspace.

Experiments

Experimentsreportedherewere conductedin severalweek long sessions fromMay 1993 throughMarch1994. An
experimentalconfigurationorcamera setupgenerallytooka few hoursto assembleandalign. Once functionalwe were
generallyablem fire twelve to sixteen shots a day, includingdataarchivingandf_m processingtime.

Experimentalparametersincludea full drive laserenergy of about 30mj,incidenton the flyer. We also conductedhalf
andquarterenergyexperiments.The flyers usedwere .251_n,lgm and 4/.unthick.The dye laser for the frmneillumina-
tions was typicallyrunat about.5mj,at the laser.The laser was focusedto aone millimeterspot on the targetand neutral
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dcnsnty filters (typically NI) !-2) m the laser heron were used to adju.,,t c×p_sure, l'olar¢fid 'I'ypc 52 (ASA 4(X1)w_,_used
to set exp<_sures I_Htile Kodak TMAX-4(_0 data collection film. The extreme dyn;unic range of the TMAX film (linear
nearly tc_density 4) makes it highly fc_rgiving of experimental surprises and pulse tc_pulse illumination level eh_mges. In
some siluati_ns w¢ push the film to ASA-160(), at which lime Polaroid Type-57 ix used I'_wselup.

Initial experiments used only the frame camera in the fu'st near specular conllguration. These experimenus revealed a
complex pat(ern impressed on the flyer at jump off (Figure 4) 1"he experimems did not, for the most part, damage the
surface of the fiber pigtail from which the flyer had been launched. Consequently we were able to u_ a beam profiler to
examine the lair beam at the fiber surface. The comparison of the profiler image with the dynamic image of the flyer
surface suggested that the fiber optic transmission modes cau_ the patterning (Figure 5). A few 250_tm diameter coated
pigtails were available. However, the best matching taper had only a 200tam diameter. The results featured a low order
mode caused by the improperly matched taper. Fewer, coarser higher order structures ob_rved are consistent with fewer
modes in a smaller fiber

(Figure 6).

Preshot 20ns after laser peak.

Figure 4. Near swxulm" images of laser launched flyer.

Note! In the pmshot, the flyer is the smooth central region, the pockmarked region surrounding it is the fmlle holding the
fiber.

Co)

Figure 5. Compmison of a.)flyersurfaceatpeakof laser pulse with b.)beam profile of subsequent laser pulsethrough
samenberpigtail.



Figure6. 250ttmfiber/flyera,)lns beforepeakof laserpulse, b.)subsequentbeamprofile.The crackseen in the profile
was not seen in the preshot.

Depth of focus andjitterprecludedexamining theflyerstravelingtowardsthelens atmore thana few nanosecondsafter
jumpoff. Also the reflectiveconfigurationgave no informationas to the depthof the observedstructures.We therefore
switched to the shadowgraphmode with the flyertravelingperpendicularto the objective,The images(Figure7) were
predominatedby the plasmaabsorption.The disturbancefrontwas surprisinglyfiat. If one could believe that the pertur-
bations in the frontwere just those of the flyer then they were not largerthanabout8_tm.Even moreinterestingis that
once createdthey did notappearto grow in more than50ns afterjumpoff. This we interpretedasdue to residualstrength
in the flyer.

(c)

Figure7. Shadowgraphsof flyerrising frombottomof image,at timesafterlaserimpactof; a.)30ns,b.)60ns, c,)120ns
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q_nepredominanceof plasmaeffectsespeciallyin thelatertime images suggestedaddingthe steakspectrometer.The
spectrogram(Figure8) shows a strongearly timerapidlydecayingcontinuum.A strong aluminumline appears withboth
broadenedemission andabsorptionstructures.Fourhighlybroadenedandas yetunidentifiedlines also areevident.The
mostsurprisingresult was a late time flash.The flashwas observedin all of the half dozenspectrarecordedbut its
timingvariedfromabout80ns to over 120nsafterjump off.

Hg577, 579
Dye laser560
Hg 546

Hg435

Hg 404
A1394, 396

Figure 8. Streakspectrogramof plasmabehindlaserdrivenflyer. The dye laserpulse shows upat 560 nm
indicatingtherelative timeof the image. The mercury(Hg) lines area calibrationspectnnnaddedbefore
theshot. Temporalresolutionis broadenedto 15 ns by astigmatismof thespectrograph.

Returningto thesecondreflectiveconfigurationandaddingthe streak camera,we were able to recordthe entire vapor-
izationprocess of a thin flyer (Figure9). In thecaseof thin flyers, all the streakrecordsshowed the initial deformationof
theflyerfollowed by a dramaticdarkeningor loss of refle._vity. This was rapidlyfollowed by a strong,expanding,self
luminosity.For thickflyers the initialdefmmationappearsstableuntil the illuminationis lostas the flyer moves outof
riteconfocalregion. A radiallyexpmulingluminosityis also observedoutside the flyerarea(Figure10).



Figure9. Responseof a thinfoil to high powerlaserimpulse.The frameimages fromleft to rightshow the initial
deformation,vaporizationthenionizationof thefoil. The curvesuperimposedon thestreakrecordis the temporalprofile
of thedrive laserpulse.
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Figure 10. Streak records of the response of a.)0.25$un, b.)llxm and c.)41an foils.
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Capturingall the thin flyerphaseson the framecamerawas tricky,because the residuallaserjitterwas largerthanthe
darkphase.Thus we hadno aprioriknowledge when the framewouldoccur.Consequentlywe couldnot adjustexpo-
sures for the verylarge brightnessdifferences in each phase.Oursolution was to expose for minimum useful exposurein
thedarkphase thendevelop the f'dmnormally.Relyingon the dynamicrangeof the film and contrastmodification in the
printingprocess,we were ablerecoveruseful images fromeachphase.We are able to extractthe exact timing relation-
shipsafterthe fact, fromfiducialdataon the film, digitizerandoscilloscope records.As crucial timingdata was on the
f'dmwe couldnot use thatdata to adjustourdevelopmentprocess.

The frameimages revealedstructurecarryingthroughthe darkphasebut the luminousphase is virtuallystructureless.In
one imagein the luminousregionthere appeared to be a sprayof residualaluminum particlesor droplets.However, this
resultcould also be interpretedas grainclumpingin thefilm emulsion.The image was extremely dense in thatregionof
thenegativeandwas printedatmaximumcontrast.

Comments

Ourinterlaetationof thethreephases is thatan aluminumplasma is initiallyformedat the fiber/ flyer(silica/aluminum)
interface.As the flyerlifts off the silica, it is mechanicallydeformedby localizedenergydensityperturbationscaused by
thefiberpropagationmodes.The deformationis arrestedby the strengthin the metal layerbefore muchmaterial is lost.
Additionallaserenergy is absorbedby the plasma. The expandingplasma acceleratesbutalso erodes the flyer. If thereis
sufficientenergy,or theflyeris sufficientlythin, the front surfacefirstvaporizes(darkphase) then ionizes (luminous
phase).The frontface of thethick flyernevervaporizesbutis accelerated with the plasma expandingradiallybehindit.
It is interestingthat in over fortyshots flyerseither remainedsolid orappearedto transitionto the ionized phase. None
remainedin the darkphaseandtherewas only thehint of residualparticlesor droplets in the luminous phase.

At thepresenttimewe do notunderstandthe late timeplasmadynamics or the origin of the late flash.A late time pulse
from the driverlaser/fibersystem was looked for, butnot observedat energies down to 10.3 of the initial pulse. The
stochastic timing of theflash tends to preclude an optical system effect. The shadowgraphimages seem to indicatea
backwardpropagatingplasmathat is larger than the flyerin diameter.Itis possible thatthis plasmaimpacts the surface
of the fiberionizing morealuminum from the ferruleregion creating the flash.We hope to revisit these issues in future
experiments.
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