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Chapter 1 

Introduction  

1．1 Background  

Theterahertz（TH2；）regionisde毘nedaBもheftequencybetweenO．1TH慾も010T批，namelyw払㈹lengthofき0  

〃汀ト3mm．Itoccupies乱1argeportionoftbeel∝trOm墓場neticspectrumb離Ween theinた胤r¢dandmicrow紳e  

bands．TheTH2；WaVeSCanbeconsideredasfar－in良胤redradiaもion乱ndtr組もedinqu払Si－Opticsys七embec払uSe  

OrtIleirlongwelengtbs・Thewav鮎int‡1isregionhavelowpboとOnenergi餌紳rex息mp】e，abouも4meV＆も  

1THz）andtherefbredonotsubjectabiologicaltiB＄ueもOh乱rmだ最radiation・Furthermore，もheTHzreg如n払rms  

aninterestingr喝ionofthe叩eCtrum舶mOlecula．rr鰯Ona－nC鰭areinも最ぶb乱n乱However，症eT‡i芸ー級di飢iQn  

ishigh1yabsorbed bywaもer．ThiBlimit＄the各en8ing乱ndima離nginwaもeトrieh餓rnpl鰯払rrnosもbiomedie乱I  

applications．Namely，thisstrongabsorptionprohibitswav（3tr；irlSmission†hrc．11i！h；Lthi（：ktissu一：．  

Re雄ntadvancesintbegener乱tion，deも配tion，andm乱nip混乱血nofel睨もrom喝rlぬcw帥鰯inもbeT丑z  

regionarerapidlyincreasing．Them如OrapplicationsrevoIveamundtwo払ctors．The鮎鈍紘ctorissp既もr乱I  

SpeCificity・Manymaterialshavedistinctabsorptivepropen）・Or毘rlgerprinTinthisspcctralrarlgCSOthatTHz  

WaVeSCanreVealirltereStingf由turesIThisfktisrelevanttoana．pplicationミn叩eCtrO5COPy、Part主cu亘arlytime－  

domainspecもros・COpy・TheT且笈W那eSCandeterminevariouspropertiesofmaもeri乱k，SuChas紀miconductors，  

dielectrics，prOteins，andliquids．inlow－frequencyra・nge；1ヰIThesecoIldfaぐtOris！ranSmiゴSic，nprOPertie≦．  

Becauseoftheirlongwavelengths，THzwaヽ・eSaretranSparentthroughno：トmCtaliicmaterialssuchaspaper．  

WOOd，Ceramic，Semiconductor，etC．ThisallowsthepossibilityofinspeetinganobjecttllrOughtheミCnlaterials．  

Accordingtothis faj＝tOr，TH苫radiationisinterestingforappiyingtc・ima由ig．1n addi；iGn、thEさuSeOfTHz  

WaVeSismuchsafbrthanthatofX－ra）P・Consequer）ti）・，THzw飢TeSha、・ebeenu≦edfbrnor：一主nva雨pm．jriitc，ring  

Ofbiologicaltissues【i］lFurthermore、thecombinationc・ftwofictorsai三owsanappiieaミion kTnWnaSt  

dimensiona・lt・ime－domainspectroscopy・Fbrinstance，itwDuidbepcssibieミC，imagethedistribut…onofspeci5c  

proteinsorwaterintissue・Thetechniquecouldalsobeusedtoseekout・StrlユCてuraldefectsinmateriaisortc．  

detectskin cancer．  

1・2 Motivationofthisstudy  

Terahertzresearchhasbecc．meoneofmost promisingresea＝eh areasEc＞r ad、壱neききinミニl哨三丁三婆≦三！iCe1995・  

liowever，THzwaveimagingissti】1atanunde、・elopedstagebe（：at＝ゴ…fj三miTa！！｛，r三S主ユge：一mTizi芸・Pril？agた：主一幅  

amddetectingthewaves・Inthesamewa）・thatvisiblelight亡anCreateilPhL）tJgr叩1iユニdエー叩・CanT主珊Wミ：hi！！  

envelopes，THzwarescancreateimagesandtran≦miti－1ft）rma－i〔一三Itl清tisgt｝tiur三i！1：：；血enこ揖i噂a！三JT！1erL甲ica三  

隅OrXィay珊S．  

Conventionalterahertヱimagingsystetnsrel）・OtlSCan：lin箪theさanlPleミ：lミWOdimel一山：一さてOrPごこ、Ilさtrl三ぐta  

l   
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wholeimage．Eventhoughitprovidesclearimages，Onedrawbackofもhescanningrnethodistherequirement  

toscanthetarget・Thisresultsinprohibitiveacquisitiontimes・Wuetal・鮎stproposedthetwc＞dimensiona王  

im喝ingmethodbya．pplyinganelectro－Opticsamplingtechniquetoacharge－COupleddevice（CC‡））c乱meraSO  

thatthespatialdistributionoftheTHzradiationcanbedetectedinrealtime【5］・Thesign漬cantdi鮎rence  

betweenthescanningmodeandthetwo－dimensionalimaglngmOdeisthesi2＝eOftheTH認b飽mOnaSamPle  
ofinterest．Inthescanningmode，theT馳wavehastobefbcusedonsma11areaofもhesample・Sm乱uerSPOも  

sizeisusedandahigherspatialresolutionisobtained．Ontheotherhand，もhebeamsi2；eillumin乱tingonもhe  

sampleinthesecondmodeiscollimated．Thelargerbeamsizeyouuse，thelargersampleyoucanobservelThis  

meansthatthepowerofT鮎radiationisacriticalparameterfbrもhetwc＞dimensionalim乱glni，p乱rticularlyLn  

atransmissionmode．Inaddition，a＄theT鮎鮎Idinもensityincreases，athickersampleor孤higherdensityof  

moi＄tureCanbepenetrated．  

HighpowercoherentT鮎radiationisaNailableftomseveralsourcessuchasbia澄edphotoconducもive  

antennas［6，7］，Pha静matCheddihrencef士equencyrmiingin払GaSecrystal軌andrelativisもicel鳶C加ns［9ト  

Outofsources，abiaぷedphotoconduc七ivean七ennais七hemostcompac七＄OurCe・Itgiv闇ahalf・CyCleton飽rly  

monocycleelectric鮎1dpulsethathaぶbeenusedintime－domainspectroscopies乱ndstudi鰯OfRydb・erg軋もOm  

iomia七ion（10］・ThehalトcycleTHzpulsewouldhaNeaWelトde丘ned鮎IddisもribuもioninもheBPaもial弧dtime  

domains．Thismight bean advantage forthereal－tilneirnaging．Therehre、tremendous poteIlti；11illuSing  

inten＄ehalf－CyCleTH2；electromagneticpul紙8fromalargかaperturebia＄edphoもOCOnductiveantenn乱もOima酢  

Objectsshouldbestudied．  

1．3 0utline ofthe thesis   

SpaもialandもemporaldiBtributionsofthefbcusedhalf・CyCle七erahert？：PuLsewere＄tudied．Theiruniquech乱raC・  

teristicswereexplaiIledusingtheGaussianbeamtheory．Measurementoftwo－dimensiollalelectricficldbascd  

OnaIlelectro－Ol）ticsamplingtcchniquewasintroduced・Itpermitstheextractionofinfbrmationonthcpha5e  

Ofthe負eldandopensupnew po弱ibilitiesfbrcharacteri2；ingspati＆ldependent ma・terialcompo扇tion．TH盗  

fieldimage＄Ofanobjec七weretakenandanalyzedthetimedependenceofimagequdity・Withtheresults，it  

allowstodevelopahigh－SPeedimagingfbrreal－timedetectionintheTHヱregion．Al幻，Singl朗hotimaging  

performed．Thiscouldenablemonitoringsingle－timehigh－Speedeventsoccurringintheorderofsub－Picc＞SeCOmd，  

Thisthesisisorganizedasfbllows．Chapter2providesbasicinfbrmationonTHzelecrromagneticpulses．  

ThevaJiousgenerationmethodsofthepulsewillbereviewed．ThenitfbcusesonabroadbaこIdTHzpulさegen－  

eratedbyala．rge－aperturephotoconductiveantenna，Whichproducesahalトcycleeiectricpulseundera：lumber  

Ofdi鮎rentconditions．Chapter2alsocoversLhenumericalsimulationsofthegeneratingandprc，pagatingof  

theTH2：pulse．THzTime－domainspectroscopyisdescribed・ItwasusedtoobservetheftequellCy－dependent  

absc）rptionofatypicalfbcusingmaterialforT‡kradiationcal1edTPX（pol）・merh）・1pentene：11itsuiChemicals．  

Inc．）．Theperformanceofasymmetric－COnVeXTPXlensisdemonstrated．Chapter3explainshowtodetect  

THヱelectricSeldinonedimension（atthecenterofafocusedTHzbeam）andtwodimensioIIS（entirebeam！  

basedonelectro－OpticsamplingdetectionlChapter4showstheimagingofanobjectusingtheTHz員eldand  
analyzillgtheresultsミntimeandfrequencydomains・Italsointroduceshowtoimprovethespatialresolutic．n  

OftheTHzimage．ChapteT5describesthehigh－Speedimagings）PSモem，aエIdhc・WtC・imprc，Veimage qualit）・  

Obtained ftomthesystem・Chapもer6concludesthethesisanddiscussestheperspect主ヽ・e：・）fu［urereSea汀hes  

andapplicationsoftheimagingwhミchusestheTHzradiation丘omalarge－aPemlrephqTOCミ）nd11ぐ：汀ee血；てer．  

AppendixcontainsthpcomputerprogrambasedonC払rdigi【aiiIllageprC＞（：eSSing、Par！ミrl！lhril，SPatia！  

FburiertransfbrmationandGaussian6ltering．   



Chapter 2 

Basics of Terahertz Pulses 

ThischapterintroducesvariousgenerationmethodsofTHzpulses，namely，photoconductiveswitching，Op七ical  

rectification andrelativisticelectronin section2．1．1．Amongthem，thephotoconductiveswitchingmethod  

WaSChosentoproduces七rongTHzelec七ricfieldthatisoneoftherequiremen七sforhigh－SPeedTHzimaglng．  

CharacteristicsoftheTH2；Pulseradiatedfromalarge－aPerturebiasedphotoconductiveantennaatthecenter  
andonthe planetha七is normalto七hepropagationaxisaredescribedin sections2．3and2・4，reSpeCtively．  

Section2．5explainshow七omeasureffequency－dependen七beamSizeofTH2：W乱VeSin鉦ontoftheTHzemitter．  

Section2．6i11ustratesTHztime－domainspectroscopyexperimentandtheanalysis．Theobjectoftheintere＄t  

isaTPX（TbrahertztranSParen七copolymerPolymethylpentenewithlowindexofre企action）substrate．The  

experimentwasdonebefbredesigningaTPXlens七00btaintheabsorptioncoefRcient．Thelastsec七ionpresents  

theperfbrmanceofthesymmetric－COnVeXTPXlensusedinmos七Ofexperiments．  

2．1 Introduction   

2．1．1 Tbrahertzpulsegeneration  

THzradiationcanbeclassi昆edintonarrowbandandbroadbandtypes．NarrowbandTHzwavesorcontinuolユS  

WaVeSareuSual1ygenera七edfromfree－electronlasers［11】，fasセーdiodes［12】，andparametricsources［13］．The  

ParametricgeneratorisawaNelengthtunablesource・Thissectionreviewsthegenerationmechanismofthe  
SeCOndtypeofTHzradiation・Oneapplicationofafbmtosecondlaseris togenerateTHzelectromagnetic  
Pulses・Anultrashor七Pulseisusedingeneratingafastpolariza七iontranSientonasurfaceofsemiconducもOr  
Waferorinanonlinearmedium・Tbdate）therearevarious七echniq一ユeSaNa・ilablefbrthegeneratingaTH2＝Puke．  

Theremainmechanismswulbeexplainedand七heircharacteristicswiubecomparedintemsofanimaglng  
application．  

Severaltechmiquesfor七heterahert2；Pulsegenerationhavebeendevelopedsincesolidstatelaserswerein－  

Vented・Thesecanbedividedinto2mainmechanismsIi・e・）photoconduc七iveswiも血inga・ndop七icalrectification．  

Inshort，thepho七OCOnductiveapproa血employshigh－Speedpho七OCOnductorsastransientcurrentso11rCeStO  

radiatethewavesafterexcitationwithultra－Shortlaserpulseswhiletherectificationapproachuseselec七ro－Op七ic  

Cry＄tals誠reCtificationmediaandtheinverseprocessoftheelectro－OPtic（EO）e鮎ctingeneratingthew乱VeS．  

Ingeneral，Photoconductiveantennasprovideahigherterahertz＆eldthanthatusedfbropticalrectiBcation．  

Thisowestothefact七ha七Op七icalpuLses（pumppulses）areusedfbrtriggeringtheswitchtorele舶eもheenergy  

thatispre－S七oredintheantennastructureasdccoupledelectrosta七icenergy・Theoretically，thetotalpower  

Ofterahertzwavecanbehigherthanthepumpingpulseerlergy・Incontrast）theopticalrectiaca七ionprocess  

COrrVertSpartOfincidenもopticalenergyintoteral1ert21radiation．  

3   
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Photoconductive switehing 

ThegenerationofaTHzpulsethroughphotoconductiveswitchingconsisもSOfan ultrashortlighもPul駅，a  

photoconductivemediaandI）C－biasvoltage・Whenthedeviceisswitchedfrom Ho好一to uonW statebythe  

rlSlngperiodoflightpulse，atranSientcurrentatitssurfaceisproduced・Photoc息rriersareもhen払CCelerated  

bythebiasvoltage・ThisemitsTHEradiationfrombothsidesofthemediaw乱鎚r・Thetemporalshapeofthe  

surhce丘eldisastep－1ikefunction，bywhichthesteepnessofthestepisdeteTminedbytherisetimeofもhe  

opticalexcitationandtherisetimeofthemobilityinthedevice【14】・Theshortertheopticalpul＄eis、thefaster  

thecreationofelectron－holepairwillbe．Thesteepnessofthesuぬce鮎1ddeもerminestheT翫pulsewidthin  

tbe払ど鮎1d．鮎causeぬecarrierlifbtimeofasもand乱rdsemiconductoristypic扇1ymucblongert†1弧tbetime  

scaleofinterest，Onlytherisingperiodoftimかdependentmobilitya鮎ctsontheemiもtedtemporalwave払rm・In  

もhecaseofapointsourceordipoleantenna，Of8izeoftheorderof乱micronormuchsm乱Llerもhanthegener離ed  

w抑elength，tbe払raeldisproporもionalもOtbesecondtime－d即iv乱七iveofもhesはげ批e鮎Id・Ⅰも，血erぬre，prOVid鰭  

asingleTHzpulse・Inthecaseofalargesource，Ofsjzemuchlargerthanthecenterwi一VelElllgthofeInittcdTHz  

radiation，al1thepoin七＄OurCeSOftheemitterinもerf6resotha七the鮎Idisproportionaltothe鮎sttim掛deriv払tive  

oftbesu血ce鮎1d．Thetemporalsb叩eat払r鮎Idisnowahalトcycleelectricpulふet瑚・THzelecもric鮎1dis  

generatedinahighィesistancesemiconduc七Orbyapplyingadcvoltageor乱ma膚netic鮎Idr The＄egeneration  

mechanisms aredescribedas fbllows．  

1．Biased photoconduct：iveanterma  

Anul七raf由tlaぷerpul＄eilluminat燃もhesemiconductorbe掬既nもbeelecもrod髄，Cr飽tingaお酢denさ雨yormobile  

Cha∫geCarriers．Auacceleratedcha．rgesemitelectromagneticradiationlThesccharge・Carrit、rS，r怜（・hi一喝their  

maximumvelocityinlessthanpicosecondemitasingleelectricpulseshortertha11Picoゴ押（）11（1t・hこ⊥t C（・tl†aitlSa  

broadrangeoffrequencies，uPtOaf白wTH五WecanilluminatetheopticalpulscsonthcgalJSid（一りrLh－ぐ）ther  

Sidetoproducephotocarriers．Ifthewa．fbristhinenough．fbrinstance500Flm．thく汀Cis！10SiglliRca11tdiffercnce  

inpeakpowerandwa礪fbrmwhengeneratingphotocarriersatdi鮎renもSides・Themechanismofsubpico紐COnd  
electromagTleticpulsegenerationbyasemiconductorandfbmtosecondlaserpulseswasfirstdcmonst・ratedbI・  

Auston t161・Thismethodwasconsiderablyimprovedandledthegenerationofもhepul紀Withfrequencies  
exもendinguptoaftwterahertz【17トTherearetwokindsofphotoconductiveemitterdependingonthegap  
size，i．e．，alarge－apertureantennat18】andadipoleantennat193・Anumberofsemiconductorsubstrateswere  

usedforthephotoconductiveaIltenna，SuCh as GaAs，low－temperature－grOWn GaAs、a．11dlnP．TheoreLticall），．  

themagnitudeoftheneldisproportionaltothemagmitudeofbias鮎IdlThetime－dependent・eleぐtricfielda・t  

thesurfaceofemitter（nearScld）wascalculatedusingゝ1a＝Well、sequationsandOhm、slaw：6120：・Fronthe  

boundarycondiもion，もhesur払cefieldoftheTHヱradiationisgivenby  

Jミ呵qo  
gs。rf（士）＝岬ぷbi社屋   f2・1l  

Js（榊0÷（1÷、・石）、   

WhereEbizLSis the applied electricfield，恥is the freespaceimpedance！Eris thereiatived主e！ec；ric constan【  

Ofthesemiconductor，andcrs（±）isthetime－dependentsurfacephotocon血ctiTity・Thisequationsho≠・SthaLt  

iftheantennaisirradiatedwithsuHicienも1yhigh飢entoptica）1ight．i．e‥Crs（t）T70～1．！heradiationwouldbe  

SaturatedatE5。rf（t）＝－Ebias／：（1＋Jf；）・Inoもherwo＝ds、thevalueofE，。rfShc・WSSaiutationforalargevaiue  

OfcrsonaccountofcancelLationoftheiocalbias丘eldbythesurfaceBe氾asshc・W11iミIthビreh；io‡l  

揖か瑚轟駆㌫け最適翔  ‥三．3，  

WhereJ去（t）isThesurfacecurrentden5ityofthephotoeonductiTeemittpr，AeeordiIlgミC・thtY7r†・．ifhi弓hpovL・やrTH＝  

radiaもionisrequired，WeShoulduselownuentpulse5againstsaturatioI－PrOt：eSSa！一dbiasv・・主thhiさ王1、・i）！てaゞeこi31：・   
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AnotherwaytoenhancethepowerisbyusingLT－GaAslayergrownonaSI－GaAsasaphotoconductiveemitter  
withmultiple－pulseexcita七ion［6］．  

2．Photoconductiveantennainamagnetic丘eld  

Wi七houtapplyingbiasvoltage，anultrashor七OPticalpulsecangenerateTHzradiationfromacceleratedcarriers  

drivenbythesurfacedeple七ionaled［22，23］andopticalrecti丘cation［24］．Zhangeial・repOrtedTH2；Optical  

rectificationradiationemittedintheforwarddirectionfroma（111〉GaAswi七hnormalincident【25，26］・This  

methodgiveslowTHzpowerbutitcanbeenhanCedbyapplyinganeXternalmagneticfieldtothesemiconductor  

Wafersothatthemagne七ic丘eldisperpendiculartothesta七icelectricfieldwhichpointintothesurfaceofthe  
Waf6r［27］・TH2；radiationdevelopsintheforwarddirec七ionduetotheLorentzforce，insteadofbiaselectric  

forceaspreviousmechanism，Onthemovingpho七ocarriers．Besidesdrivlngtheoptical1yinducedcarriers，  

magneticReldcanchangethepolari2：ationofemittedTHzradiation．Anon－dopedInAswaferisusedasa  

photoconductortoradiateTHz丘eldinre且ectivecon丘gurationamonga，magnetic魚eld，Thisprovidesahigh  

average－pOWerTHzradiationandcontrollableellipticalpolarization［28］・However，Zhangetal・rePOrtedthe  

Saturationathighmagneticfieldaround3T［29］．  

3．DiamOndphotoconductiveswitcharray  

Asshownineq．（2．1），thepowerofTH2；radia・tionisproportionalto七hebiaselectricaeld・However，WeCannOt  

increasethe biasvol七age overthe breakdownsもrengthof七he semiconductormedia．Inourexperiment，the  

maximumbiasvoltageapplied七030mmgapisabou七20kVwithverylowopticalexcitation・Aphotoconduc七ive  
SWitch－arrayedantennawithachemicalvapoトdepositeddiamondfilmovercomesthisobstacle［7］・Itisbecause  

Of七hehighbreakdownthresholdofdiamondandtheovercoa七edgapstruCtureforpreventionofsurface艮ashover・  

Thecarrierson七hediamondsurfacewereexitedwithultrashortKr＊Flaserlight（入＝248nm）andbiased  
withaeldupto2×103kV／cm．Thisgave七hemaximumelectric丘eldoflO3kV／cm，10timeslargerthan七hat  

generated丘om七helarge－aperturebia．sedphotoconductiveantennainourexperiment，  

Op七icalrec七i丘ca七ionandphase－matCheddif艶renceftequencymixing   

ThegenerationofTHzradiationthroughopticalrec七ificationispossiblebecauseofthenoncentrosysmmetric  

natureofthemedium，Theprocessinvolvesilluminatingthemediumwithultrashortlaserpulses，CauSlnga  

time－dependent polariヱa七ionto becrea七edinthematerial．Thisind11Ced polari2；a七ionis proportional七othe  

intensityof七heexcitationpulse，andresultsin七heradia七ionofelectromagneticwaveofterahert2；bandwid七h・  

Theinducedpolariza七ionP（2）（t）ca．nbeexpressedin七ermofopticalpumpintensi七yI（t）as［15］  

x（2）∫拉）  

2  
P（2）（ま）＝  （2．3）  

Herex（2）issecondordernon－1inearsusceptibiLity・Theequa七ionshowsthatthee艮ciencyofthisteclmique  

dependsonthematerialusedandtheintensityoftheinciden七OP七icalpulse．Avarie七yofmaterialsusedin  

thismethodhavebeendemonstra七edsuchasLiTaO3，LiNbO3，ZnTb，GaAs，GaSeandI）AST（organicsalt  

4－NⅣ4dime七hyllamino－4′－N－methylstilbazoliumtosyla七e）［25，26，30－32］．Thebandwidthoftheradiationis  

inverselyproportionaltothepulsewidthoftheinciden七radia七ion．  

Thespectrumandthepl適edlユrationftomnon－PhaBematChedopticalrecti丘cationwerenotfu11ychar－  

a．cterized and thelowpower prevented widespread application・Broadbandultrashort pulses areused for  

di鮎rence－h：equenCymⅨmginaGaSecrystalinwhi血di鮎rentcomponentsoftheinpu七spectrumCOntribute  

tothephase－matChedpa．rametricprocess．TheaveragepowerisaboutlOOtimesgreaterthanthatobtained  

払rnon－Phase－ma七chedopticalrec七ifica．tionwiththesamema七erial［33］・Usingthephaぷe－ma七chedmethod，   
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Reimannetal．reportedtheregenerationofafewcycleTHzp一ユ1sewithamplitudeofmegavoltpercentime－  

ter［8］．Itcoversabroadbandoffrequenciesupto35THz・Thenumberofcyclevariesasthethicknessofthe  

GaSecrystalandthecentralwavelengthcanbeselectedftomtheangleofthecrys七al・  

Relativistic elec七ron   

RecentmethodtoproducebroadbandTHzradiationwithahighpeakandanaVeragePOWerisrelativistic  

electron．Theaveragepowerisnearly20W，SeVeralordersofmagnitudehigherthan七hepreviousso11rCeS，i・e・，  

OnOrderofpW．Theme七hodproducescoherentTHzradiationbyacceleratedelectronsisdescribedasfbllows・  

Theprocess beginswiththeultra＄hortpulsedlaserexcitationinGaAs，aSinphotoconductiveswitchingto  

PrOducebunChesofh：eeelec七roninspace，insteadofphotocarriersonthesurfaceofthesemiconductor・Using  

theelec七ron－reCOVeredlinac，VeryShortelectronbunChes（～500fb）arebroughttorelativeenergies（40MeV）in  

linac［9］．TheyarethentransverselyacceleratedbyamagneticfieldtoproducetheTHzradiation・Thebunch  

lengthde七erminesthespectralrangeoverwhichthecoheren七enhancemen七OCCurS．Theliteraturereportsthe  

SpeCtralcontente血endsuptoaboutlTHzforthe500－fgwidthelectronbunch．  

WhencoherentTH2；WaVe＄ignalsaredetectedintimedomain，theycanmapinfbrmationinamplitude  

and phase ofanObjec七in ques七ion．Thisgives access to absorption and dispersion spectroscopy．Wb can  

SelectTHzsourcetomatchwiththespectrumofinterest．Fbrins七ance，ifwewant七OStudysomethinginlow  

frequencymode，七heTHzradiationftomphotoconductiveswi七chingsourceisappropriate．Inthecaseofhigh  

ftequency，theTHzwavesなomrecti丘cationarerequested．Thespectrumof七hephotoconductiveantennais  

limitedtoaf6wTH2；While七hatfromtherecti丘cationextendsupto50THz．TheTHzwavesradiationrelative  

electronsare appropriatebrs七udyingthenonlinearproper七ies ofama・tterbecauseofもheirextremepower・  

AnothermodeofimagingusingTHzradiationisfbrinspectionwork．THzwavescanpenetrateandimageinside  

mostdielec七ricma七erials，WhichmaybeopaquetovisiblelightandlowcontrasttoX－ra・yS・Inaddition，THz  

imaging，duetotheirlowenergy，CanPrOvidealessdamaginginspection∴Tbapplythela七ermodeforreal－WOrld  

application，tWO－dimensionaldetectionisnecessaryforafastdetection．Thereforehigh－Peakpowerandlarge  

THzbeamsi2；earerequired．Thedipoleantennagivesalow－pOWerelectricfieldbecause七heefBciency丘om  

theop七icalrecti丘ca七ionreliesonexistingnonlinearcoefBcients・However，thecentralwavelengthistypical1y  

Shorterthattha，七Obtainedbythephotoconduc七iveswi七Ching．It，therefore，allowsabetterspatialresolutionof  

TH2iimages．TheTHzpulseffomphase－matCheddi鮎rence－ftequencymixingisanew七001fbrimagingbecause  

Ofitshighelectricstrength．Conventional1y，alarge－apertureantennaisused七OaChieveimagingofanobject  

intwo－dimensionalmode【34】・  

2．2 Ha路cycleterahert2；pulsesfromalarge－aperturepho七oconduc－  

tive antenna   

Inthisresearch，aPhotoconductiveswitchingantennawasusedtoproducetherequiredTHzpowerfbrimaging・  

Alarge－aperturephotoconductivean七enna，aSemiconductorat七achedwithelectrodeswith七hegapwid七hla・rger  

thantheemittingwavelengthgivesalargeTHzbeamandhigh丘eldstreng七hdependingonbiaぷVOltage・A  
GaAswa鎚rwasusedasthephotocond11CtOr．Ⅰ七emitsapproximatelyhalf－CyCleTHzpuh；eatもhe払r鮎1das  

Showninfigure2・1．Thissectiondescribesthecharac七eristicsofthehalf－CyClepulseonもhepropaga七ionaxis  

andtwo－dimensionalproBleofthefocusedTH2；beam．Agoodunderstandingofthecharacteristicsof七heTHz  

Pulseleadstotheimplementationof七hereal一七imeimaglngSySもem．   
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Figure2・1：TypicalTHzwavefbrmgenerated丘omal乳rge－叩erもure函1飢OCOnductiveallteIlna．  
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2・3 Propagationand払cusing  

THzpulsesgenerateduslngultrashortopticalpulseshaveaspectrumextendingfromdctoafbwTHzascan  

beseenin且gure2・2・ThewavelengthofaslgniBcantspectralportionislongcomparedtothesourceandother  

Opticalelements．ForthesereaぷOnS，thetemporalwaveた）rmOfTHz pulseisdependentontheposition，and  

Changessigni丘cantlyviapropagationa．ndfbcusingprocesses．Sincealmost applicationsofTHzpulses usea  

fbcusingoptictocollimateorco11ectthebeam，understandingofpropagation characteristicsofthepulseis  

irnportant．Inthissection，Wei11ustratethestudiesofTHzpulsepropaga七ionaroundthe払cus．Theoretical  

approachbasedonGaussianbeamtheorywasusedtoexplainthespatialproaleofeachfrequencycomponent  

andreproducetheexperimentalresults．  

Figure2．3：Schematicofopticalse七upfbrwavefbrmmeasurement・  

Figllre2．3showstheopticalsetup．Af6mもOSeCOndlaserbeamwasspliもtedintopumpandprobebeams  

atawedgebeamSPlit七er．Thepumpbeamwasthemainportion．Itwasbroughttoa＆1ter，anOp七icalchopper，  

乱neXpander，andthenilluminatedataphotoconductiveanもenna．Thespatialdistributionof七hepumpbeam  

Onもheemitterwasmeasuredusingaknife－edgeexperiment，anditwasfbundtobenearly Ga心Sianwhich  

thel！eradiuswas9．2mm．Thepumpauentiscalculatedtobe3・6jLJ／cm2．TheemittedT鮎radi乱tion  

wasfbcusedbyano阻axisparabolicgoldmirrorwhichhasafbcallengもhof152・4mm・Thedetectingcry紙al  
（ZnTe）was placed at theopもicalaxis．Itwas translatedalollgthe axis fbrobser、・ingtheTHzⅥ・aVefbrmat  

di蝕renもPrOpagationdistance．Theotherbeamthatwasre鮎cted魚・Omthebeamsplitもerwasguidedto  

Opticaldela）Pline．alinearpolari1er、andreaectedaLtapelliclebeamsplittertobecollinearwiththcTHzbeam・  

TheemiLterOfTHzradiationwasanon－dopedselni－insulatingGaAswaferwithaく110；surface．Thediameter  

andthicknessofthewa転rwere50mmand350pm，reSPeCtively．Theelecもrodeswerea．ttachedtothewafbr  

withagapwidthof30mm．ApuLsedelectricvolも喝eOf12kVwas孔ppliedtoもheelectrodes．TheEOcrysもal   
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WaStranSlatedalongtheaxisfbrobserv1ngtheTHzwavefbrmatdiffbren七propagationdistances・TheTHz  
6eldwasmeasuredevery5mmfromthefbcalpointoftheparabolicmirror（z＝0）．  
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Figure2・4：Experimentallyob七ained七emporalwaveformsofTHzpulsesatpositionE＝0（the払calpoint）to  
ヱ＝50mminstepsof5mm．  

Thechangeoftemporalwavefbrmswasdepictedinfig11re2・4・Apparently，byincreasingz，thepeakwas  

lowered，thepulsewasbroadened†andthepeakpositionwasshiftedinthenegativedirection・Thebroadening  

anddecreasingofthepeakfieldcanbeunderstoodusingGaussianbeamtheory［35】．Eachfrequencycomponent  

OfTHzradiationcanbeapproximatelyregardedaspropagatinglikeaGaus＄ianbeam．Thebeamwaistsi2：e，  

Wo，aもthefocusofanideal1ens，Whichhasafocal1engthoffisinverselyproportionaltothefrequencyL／  

as【361  

叫＝，  （2・4）  

Wherecisthevelocityofligh七invacuumandAisthesizeof七heinputbeam・Higherfrequencycomponents  
are，therefbre，focusedmoretightlyandexpandfbster七hanlowerfrequencycomponents．WhentheTHヱPulse  

propagaもesawayh：Omthebcus，thespectrumbecomesnarrowerdue七Othefhsterreductionofhigher＆equency  

COmPOnentS・Asaresult，七hepulsewasbroadened・Farawayfromthefbcus，beamsofal1frequencycomponents  

expand，Whichresultsinthereductionofmagnitudeoftheaxialwavefbrm．Theshiftofpulsepeaktoward  

negaもive七imeindicatesthattheTHzpulsehasas一ユperluminalvelocity（higher七hanthespeedoflight）．工n  

Otherwords，WeCandetectTHzradiationatthepositionfarftomtheemitterearlierthanneartheemiもter．  

Thisin七eres七ingphenomenonisexplainedbyconsideringtheoptical1engthofon－ando阻axisrays．Bothrays  

haNethesameopticalpathlengもha七the払clユS．Awayftomthefbcus，theo路・aXisrayisshorterthantheother．  

Thisre＄ultstheo阻axiscontributionof七hepulsearrlVlngfasterthanthatoftheon－aXisray・Incontrast，a  

p一ユkewhichconもainsmanycyclesoffieldoscillations，SuChasopticalpulses，0阻axisconもribu七ionarecanceled  

Outbecauseofthedestructivein七erfbrenceamongthem，andonlytheon－and neaトaXisrays contributeto  

theaxialwavefbrm．ThesimulationofpuLsepropagationontheaxiswasperfbrmedbasedonG乱uSSianbeam  

七heory・Thesimulationstarもedfromthecalculationofsur払ce丘eld乱ttheT鮎emit七erusing七hecurrentsurge   
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Figure2．5：Simula七ionresultsbasedontheGaussianbeamtheoryofTHzpropagationalongthepropagation  

aXISZ．  

model【20l・Thechangeofsimulationwavefbrmsagreeswellwi七htheexperimentalwavefbrms asshownin  
丘gure2．5．  

Insummary，thelarge－apertureantennaWithGaAsasasemiconductorsubstra七eproducesanearlyhalL  

CyCleelectric丘eld．Thepulsehasbroadspec七rumextendingfiomdctoaf6wTH2；・Sincethehalf－CyCleTHz  

pulsecontainsasignificantportionoflow－fteq11enCyCOmPOnentS，itundergoesanumberofchangesinsha・pe  

whilepropagating．Thewaveformatthefbcusisalmostsymme七ric・Inactualexperiments，thisistheclueto  

indicatethatwherethebcalpointis．ThesuperluminalvelocityofTHzpulsewasobserved・TheGaussian  

beamtheorycanexplainthepropaga七ionoftheTHzpulse・  

2．4 Spatialdis七ributionoffbcusedTHz beam  

hawidelyusedmodeofTHzimagemeasuremen七S，anObjectisplacedonthefocalplaneofarelativelyweak  

T馳beam，andtheobjec七istranslatedfbrimageacquisition［37］．Sincetheimage，inthismode，isconstructed  

pixelbypixel，aCquiringatwo－dimensionalimagebythismethodconsumesalotoftime・Tbachieverealqtime  

de七ec七ion，aneXPandedbeamOfrela七ivelyintenseTHzpulsesisusedinthatanobjectisplacedinbeampa七h・  

Inthismethod，laJge－aKeaelectro－Opticcrystals and a CCD cameraare uSed fbrthedetectionoftheTHz  

intensitydistributionsofcollectedbeam．  

Tbachievereal－timeacquisiもionofTH2；imagesofobjects，thespatialdistributionoftheobservedelectric  

丘eldshouldbeknownfirst．In七hissection，WepreSen七thetime－reSOlvedmeasurementsofthespaもialpro＆leof  

fbcusedT‡王2；fieldnearandon七hefbcalplane．Theobserved転atureswerereproducedbydi駄actionintegral  

Calcula，tions．W6alsoshowedtha七theparaxialGalユSSianbeammodelisvalidfbrthedescriptionandpredic七ion  

Ofthe七endencyoftberimg氏）rma七ion．   
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THz emitter Offlaxis   

Figure2・6：Experimentalsetupfordetectingtwo－dimensionalintensi七ydistribu七ionwithanexpandedprobe  
beam．   

2．4．1ImaglngSyStem ●  

Figure2・6showsaschema七icof七hesetupusedtoperfbrmtheTHzimaglngeXPeriment．Thelarge－aperture  

photoconductivea・ntennaisconsistedofanon－dopedsemiqinsula七ingGaAswa払rwitha（100〉surfaceandtwo  

aluminumelectrodesmechamical1yattachedtoitwithaspaclngOf30mm・Thediameterand七he七hicknessof  
thewaf6rwere50mmand350FLm，reSPeC七ively・Pulsedelectricalvol七ageof8kVwithpulsedurationoflps  

andrepetitionrateoflkH2；WaSaPpliedtotheelectrodessynchronouslywiththepumplaserpulse．  

Regenerativelyampli＆edTi：Sa．Pphirelaserpulses（Spitfire，SpectraPhysics）withdurationof150fbwere  

usedasthelightsourceintheexperiment．Thewavelengthandrepe七i七ionra七eoftheoutputoftheamplifier  

Were800nmandlkHz，reSpeCtively．Theamplifiedlaserbeamwas鮎stsplitintotwolimbsbyabeamsplit七er．  

Themainportionof七hebeamwaspassedthroughthebeamsplitterandused topump the GaAsemi七ter．  

TheremainderwasreaectedbythebeamSPlitterandusedastheprobepulsesoftheelectro－OPticsampling  

mea尽nrementS．There且ectedbeamwasguided七oadelaylinebefbrepasslng七hro11ghapola・rizer．Theprobe  

beamwasthenexpandedandcollimatedbyacombina七ionofaconvexlensandanachroma七iclenstoenslユre  
thefu11areaoftheZnTbcrystalbeing11Sed・Thep11mpbeamwasalsoexpandedandcollimatedbefbreincident  

at七heemitter．Theenergyofthepumppulsewas150pJ．Theauenceoftheplユmppulsea七thecenterof  

theemitterwas56．4FLJ／cm2．Inordertofocusandfbrmanimage，theTHzbeamwasbroughttoano阻axis  

parabolicre且ec七ingmirrorwithafocal1engthof152．4mmthatwasplacedat65mmftom七heemitter．The  
dianeterOfthemirrorwas50・8mm・Al－mm－thick〈110〉ZnTecrystalwasusedasanEOcrystal鮎rthe  
EOsamplingmeasurementsoftheTHz丘eld．Theac七iveareaonthedetec七ionpla．newas18×20mm2．The  

EOcrystalwaslocatednormal七Othepropagationdirec七ion（z）▲Thecrystalwasorien七edso七hatthe（001）  

directionwasparal1el七OtheTHzpolari2；a．tion（horizon七al）direction・Anpolarizationanalyzerwasplacedso  

that七heprobelightisblockedwhennoelec七ricaeldisapplied七0七heモニOcrystal・Thepolariza七iondirection  

Oftheanaly2；erWaSat450fromthehorizontal・Inthisconfiguration，theintensityofもhelighttra．nsmi七ted   
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Figure2．7：Experimental1yobtainedimagesoftheTHzintensi七ydistribu七iononthefbcalplaneat（a）士＝－0・72  

ps，（b）t＝－0．48ps，（c）壬＝Opsand（d）ま＝0．4ps．Eachimagecorrespondstoanareaof12×12mm2atthe  
EOcrystal．  

throughtheanalyzerisproportionaltothesquareoftheelectricneldattheEOcrystal・Thetransmittedlight  
waspassedthroughaconvexlenswithaft）Cal1engthof26．5mmandincidentonaCCDcamerasothatal／5  

imageoftheTHzintensitydistributionattheEOcrystalwasobtainedbytheCCDcamera・Thechipofthe  
CCDcamera（ElectrimEDC－2000N）contains652×494pixels，Whichthepixelsizeof7・4×7・4pm2・The  
backgroundlightintensityarisenfromthescatteringlightwithintheEOcrystal［38］wassubtractedfromthe  
acquiredimagedata・   

2．4．2 Experimen七al1yobservedtheringforma七ionof払cusedTHzbeam  

Inthepresentstudies，WePerfbrmedtwoseriesofexperimentstoclarifythespatio－temPOralcharacteristicsof  

theringfbrmation．Inthefirstone，WePlacedtheZnTecrystalattheた）Calpoint（z＝0），andobservedthe  

time－dependentspatialdistributionoftheTHzfieldonthebcalplanebyscannlngthedelaytime・Intheo七her  

seriesofexperiments，WeObservedthedependenceof七heTHzfielddistributiononthepropagationdistance・  

Inthiscase，thewholesetupoftheEOmeaslユrementS，i．e・，theEOcrystal，theanalyzer，1ensandtheCCD  

camera，WaStranSlatedalongthepropagationaxisfromz＝Oto50mm・Imagesatpositionswithnegative  

valuesofzcouldnotbeobtainedbecauseofcontactbetweenopticalelements・Thedelaytimeoftheprobe  
pulsewi七hrespectto七hepumppulsewas昆Ⅹeda七thetimewhentheTHz艮eldatthefocuswasmaximum・  
Figure2．7showsthemeasuredTHzimagesonthefocalplanewiththesizeof12×12mm2（or2■4×2・4mm2  
0nthesurfaceoftheCCDcamera）．Figure2．7（a）－（d）showthespatialdistributionoftheintensityoffbcused  

THzpulsesatvariousdelaytimes．Itisseenftom丘gure2・7（a）thata七thebeginning，the丘elddis七ribution  

fbrmsaringshape．Figure2．7（b）showsthat七heinnerrimoftheringgradual1yexpandstothecenterastime  

proceeds．Then，七heholeoftheringis毘11edandTHz鮎1dcomes七Ohave七hehighes七intensi七yatthecenteras  

shownin員gure2．7（c）．OnedimensionalintensityproBleonthehorizontal1inetha七passesthroughthecenter  

ofthisimagehasal／eradiusof3．4mm・Here，Weletthedelaytimeofthisimagetobetheorigin・After  

thistime，theもendencyofthedis七ributionchangesreverselytothedirectionmentionedabove，aSSeenin邑gure  

2．7（d）．Asymmetryseenintheimagesisat七ribu七edtothefbuowingtworeasons・Oneisthemisalignmentof  

theparabolicmirrorthatisdi鼠culttosteer・Theo七herisfundamenもalasymmetryoftheo阻axisparabolic  

mirror［39］・Figure2・8showson－ando阻axisternporalintensitypro昆IesoftheTHzpulsesob七ainedfromthe   
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Figure2．8：Tbmporalintensitypro丘1esoftheTHzpulsesreconstructedfromthesetoftime－reSOlvedimagesas  

Shownin丘gure2．7．Thedata．払reachwaveformareextractedfroma丘ⅩedpositionoflOOframesofimages．  

Thedottedlinerepresentsthedataa七thecenter（x＝Omm）oftheimage・Theotherfourwavefbrms（solid  
lines）aretakenftompointsshiftedupwardbyastepofO・37mm・  

time－dependentimaglngdatacorresponding七0figure2・7．Thedatafbreachpulseareextractedffomafixed  

posi七ionoflOOframesofimages．Theon－aXis（x＝Omm）waⅣeformhasthesmal1estpulsewidth・Thepulses  

takenattheposi七ionsfartherfromtheaxis（T≠Omm）a・relonger・Bygoingawayfrom七hecenter，thepeak  

intensitybecomessmal1erandthepulsesbroadens．Itisseenftom七hefigurethatatdelaytimeslarger七han  

abou七0．5ps，theo阻axisintensityislagerthantheon－aXisone・Itisalsothecasewithnegativedelaytime  

smal1erthanabo11セー0．5ps．Thismeans七ha七thespa七ialdistribu七ionofthein七ensityexhibitsarin計1ikeprofi1e  

atthesedelaytimesasseenintheimagesoffigure2・7・  

Astheresul七ofchanglng七heimagepositionintheotherexperiment，thespatialintensitydistribution  

ontheplanesatz＝0，20，40and50mmhasbeenshownin且gure2・9・Here，Z＝Ommcorrespondsto七he  

focalplane，Theimagescorrespondtoanarea・Of12×12mm2attheEOcrystal・Thedelaytimeoftheprobe  
pulseoftheEOmeasurementwi七hrespect七othepumppulsewas丘Ⅹedatthetime（士＝Ops）ofthepeakof  

thetemporalwaveformatthefocus．Interes七ingly，WeObtainedring－1ikein七ensi七ydistributionagaln・   

2．4．3 Numericalsimula七ionof払cused THz beam   

Inorder七OCOn丘rmtheringformationphenomenaobservedin七heexperimentalimages，WePerformednumerical  

simlユ1a七ionsoftwo－dimensionalimagesbaBedonthedi駄ac七ionintegralformula・Themeri七Ofthismodelis  

thatweneednoass－1mPtionaboutthecharacteristicofwavepropagation■ Moreover7itcanincludevarious  

detai1softheexperimen七alsetupsuchastheshapesof七heemitterortheotheropticalelementsandthespatial  

distributionof七hebias丘eldontheemit七ersurface．Acomputercodeofthevector一丘elddi鮫ac七ionintegral  

七OSimula七e七hefbcusingbyan0路axisparabolicmirroruslngthegeometricalshapeof七hemirrorsurfacewas  

newlydeveloped．Ontheo七herhand，OneCanalsomodelusing七herequisiteassumptiontha七each血■equenCy  

componentcon七ainedinaTHzpulseconductsoneselflikeaGaussianbeam・Thismodelissimplecompared  
with七heprecedingoneandincludesonlysomedetai1softheexperimentse七upbu七CanvisualiヱeCharacteristics   
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Figure2・9：Experimenta11yobtainedimagesofTHzintensiもydistributionata鮎こeddelaytime，t＝Ops，On  

theplaneat・（a）ヱ＝Omm，（b）ヱ＝20mm，（c）E＝40rnmand（d）＝＝50mm．  

OfTHzpulse払cl、1Sl‡1g．  

Current Surge Model   

Thesimula症）nStartS fmrnthccalculatiorlC）ftheTHzBeld attheantcIlnaSurface，Whichwecallthesurface  

Bel〔l・Ⅵ毎a〔1叩舶dthccurrentsurgemodel，Whichiswi〔lelyappliedto〔lescribestheTHzradiationgeneration  

PrOCeSS【1i，20トInthismodel，thetime－dependentsurface鮎1disgivenby  

Js（ま）勒  
gs。rf拉）＝一旦bias   （2・与）  

Js（輌0＋（1＋v句’   

WhereEbiこもSisthebias鮎Id，CTs弼isthetime－dependentsurfaceeonductivity，Eisthedielectricconstantofthe  

emittermedium！and r70istheimpedanceofvacuum・Wb adoptedthephenomenologicaldisもributionofthe  
bias鮎Idontheemiもtersurfaceas【143  

茸bia5もエ）＝£。＋（茸e－ぶ。）も2ェ／αj乃・  （2．6）  

Here，ther－aXisissetinthed主rectionofthebiasedBeldwithitsorlglnlocatedat七hecenteroftheemit七er，  

α＝ニ30mmistheemiもterwidthandn＝6・Thesurfaceconduetivityisgivenby【lij  

．上二、  
e（1一都  

購一宮′）ん。tげ）e叩【－（ト頼七arjdま′  （2．7）  打s椚＝   
んリ  

Whereeistheelementaleharge，RisもhereaectanceoftheopticalpumpbeamthathastheintensityofI。Pt軌  

㌔aristhecarrieri鵜time．Tbetirne－dependentelectronmobility，〃弼，isexpressedaぶ，  

〃∫トニ裾、・－ ノ上．i、一抹∵弓：汁－－一丁f．  （2・S）  

Hereさぬei王1itia旦旦ヽ－1nObiliもぎ、粧0ぎhoもCarriersphotoexcitedもOSta七eaboヽナet王Iebottomof洩econduc‡ionband  

illCre己ばeStOt主IeSはadl・一State王110bilit〉・！〃d。，0用IeCarriersaもtlleboも拍I110fthecorldtlCもiollba11dwM・1tlleCarrier  

rel弧aもiollti工11eわぎr－1．   
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Figure2・10‥Tbmporalin七ensitypro丘1esoftheTHzpulsea七thefocusobtained丘omtheexperimentaldata  
（1ineandcrosses）andasimulationwithane鮎ctivepumppulsewidthof550fs（solidline）・  

Di駄actionintegral  

Thedi駄actionintegralformulafbrthefullelectricaeldvectorisknownastheSmythe－Kircho庁di駄action  

integral［40l．Thetime－domainversionoftheelectric＆eldatpositionxandtimetisgivenby［14］  

恥亡）＝∇×／よ【nxE（Ⅹ′，トγ′′梱′・  （2・9）  

S   

Here，Sisthesurfacefromwhich七heTHzradia七ionisemiセセed，nistheinwardnormalof七heemittersurface  

andx′istheintegrationvectorontheemitter．Vbctorr／isde丘nedbyr′＝Ⅹ′－ⅩandrI＝lr’l・  

Inthesimulation，thetime－dependentelectric艮eldE（Ⅹ′，七）on七heemittersurfacewasobtainedusing  

equation（2．5）．TheGaussianSpa七ialdistributionof七hepumppulse且uencewithal／eradiusof9・2mm  

waぷincorporatedin七hecalculation・THz丘eldwaveformsonthesurfaceoftheparabolicmirrorwere7then）  

calculatedusing七hedifffac七ionintegral・Finally，七heweNefbrmsattheobservationpointsandtheelectric丘elds  

ontheobservationplanewerecalculateduslngtheintegralagain・ThesourceBeldofthisstepwastheReld  
reflectedfrom七heparabolicmirrorsurface，Whichhasatangentialcomponentequalto－1timesthatofthe  

incomingaeld・Thesurfacesoftheemitterand七heparabolicmirrorwasdividedin七0128×128sectionsin七he  
numericalin七egra・七ion・Thepulseshapeofthepumpingligbtwasass11medtobeGaussianaS  

ムp七（士）∝eXpトモ2／蒐s）・  （2・10）  

Tbsimula七etheTHzimages，WeuSedthefbllowingvalue［141：R＝0・3，e＝12・25，り0＝377n，r＝2THz，  

pi＝500cm2／V・S，陶c＝8000cm2／V・Sand7tar＝600ps・Theparame七erdescribing七hepumplaserpulse  

width，7las，Shouldbeequaltothepumppulsedurationdividedby2J訂豆．Inthesimula七ion，thisvaluewas  
modi丘edfrom七heexperimentalp111sewidthof150紘toane鮎c七ivepulsewidth，aSdescribedbelow，inorder  

tomakethesimulatedTHヱpulsewidthconsisten七Withtheexperimentalone・   
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Figure2．11：Time dependence ofthe spa七ialdistributionof七heTHzintensity obtained by the simulations  

basedonthevectorialnelddifFractionintegral．Images（a）－（d）correspondtotheexperimelltalimageso‖igure  

2．7（a）－（d）．ThegrayscaleimagesindicatethecalculatedTHzintensi七ydistributionsonthe払calplaneat（a）  

i＝－0．72ps，（b）t＝－0，48ps，（c）壬＝Opsand（d）i＝0・4ps・  

When the value ofTlas Same aSthe experimentaloneis usedinthe simulation，the calculated pulse  

durationsofthetemporalwavebrmsaremuchshorterthanthoseobservedintheexperiments・There丘）reWe  
adop七edane仔ectivepumplaserpulsewid七hof550fb，WhichresultedinthesimulatedTHzpulsewidthequal  

totheexperimentaloneatthefocus・TheexperimentalandsimulatedtemporalwavefbrmsoftheTHz鮎Idat  
thefocusareplottedin丘gure2．10．ItisseenfromtheBgurethatthepulsewidthsagreewitheachotherbut  

thepulseshapesareslightlydifferent．Thesimulatedwaveformrises fasteri11therisingstagebutdecreases  

slowerinthedecaystate・Itmaybeattributedtothescreeningofthebias員eldbvcarriersandthescattering  
ofcarriersto七heintra－bandstates，WhicharenotincludedinthemodeloftheTHzgenerationdescribedabove．  

Wら1eavetheworkofelaborationofthedynamicmodelforlaterstudies，andusethismodelofthegeneration  

processoftheTHzAeld・Inthesimulations7nOVariableparameterswereusedexceptforthepumppulsewidth・  

TheresultsofthesimulationsuslngthedifFractionintegralformulaforthetimedependenceandtheposition  

dependenceofthespatialdistributionoftheTHzintensityareshowninfigures2・11and2・12，reSPeCtively・  

Thesimulatedimagesareinaqualitativeagreementwiththoseofthecorrespondingexperimentalimagesof  

丘gures2・7and2・9・Itisapparentthattheringshapesbefbreandafteri＝Oaredi鮎rent，aSSeenin毘gure  

2．11．Thiscanbeattrib11tedto七heasymmetryofthesimulatedtemporalpulseshapeasshowninGgure2・10・   

Ga11SSian beam model   

Fbcusingcharacterisもics，SuChasた）CuSedspotsize（1／eofradius）andconfocal1eng七h，generallydependson  

thefrequency・Here，forthesakeofsimplici七y，WeaSS11me七hateachfrequencycomponentoftheTHzpulses  

emitted缶・Omthelarge－aperturePhotoconductiveantennabehavesasaGaussianbeam【3紆Ⅵ毎useasimple  

modelfbrtheopもicalcon員guration，Whereanideallenswitha払ca11engthoffisplacedatヱLfromtheemitter・  

TheGaussianbeamofeachfrequencyisassumedtohaveafrequency－independentinitialbeamsizeAatthe  

surfaceoftheemitter．ThenthebeamsizeofthecomponentwithfrequencyL′atthelensisexpressedas  

ひニL（車A1十 
（去）リコ1  

（2．1い   
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Figure2．12：PositiondependenceofthespatialdistributionoftheTHzintensityobtainedbythesimulations，  

Images（a）－（d）correspondtotheexperimentalimagesof尽gure2．9（a）－（d）・Thegrayscaleirnagesi11dicat（きthe  

CalculatedTHzintensitydistributionsontheplaneat（a）z＝Omm，（b）E＝20mm，（c）＝＝ヰOmman〔1t〔り  

z＝50mm．  
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Figure2・13‥Propagationlines（posi七ionswheretheelectric鮎1dhaslilepeakvalueきCaモcu！ated usiilgて．h哲  

Gaussianbeammodel・Thethreepairlinesstartingfromthepositionoftheideallensrepresentも王Ir紺d主添㌻舶  
ftequencycomponenもS‥0・3THz（solidlines），1．OT馳（dashedlines）and2．5T‡izfdottedlines二き，   
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Wherezo（u）isdefinedas  

Zo（〝）≡  （2．1封  

Theradiusofcurvatureofthewaveftontatthelensis  

腐乱（レ）＝ヱL（1＋晋）・  

Theradiusofcurva七ureischangedfromRtoR／bypasslngthrougha・nideal1ensas   

1 
＝ 

l  

重荷＋テ・                   月′（レ）  

（2．13）  

f2．14）  

Thee鮎ctofthefini七esizeofthelensistakenin七OaCCOuntbyassumlngthatthebeamsizeischangedfromu・  

tow′bypassing七hroughalenswithadiameterDas［36］  

1 
＝ 

2  

碩市 十評・  

Thebeamwaistanditslocationofthebea．mfbcusedbythelenscanbewrittenas  

（2．15）  

汀川佗（レ）＼2   
扁（レ）＝㌦（〝）  （2．16）  1＋  

z“リ）＝礼一月′（レ）  （2．17）  

Fbrthecalcula七ions，WeuSetheparameterssameasthoseoftheexperimentalsetup，i．e．，A＝9．2mm，  

ZL＝65mm，f＝152．4mmandD＝50．8mm．The払cusingcharac七eristicsofFouriercomponentswithseveral  

frequenciesarevisuali2；edin丘gure2．13byploセセingthepropa．gationdistancedependenceofthebeamsiヱe．The  

figureshowsthepropagationlinesofbeam免・equenCyOfO．3，1．Oand2．5THz．Inthis艮gure，Weloeatethefbc＆1  

pointofthelensa七z＝0，thatis，thelensispositionedatz＝－152・4mm・Thepositionsofもhebeamwaists  

Ofthesebeamsarea七Z＝－30．80，－3・15and－0．51mm，reSpeCもively・Itisclearlyseenthatもheconfbca11ength  

Ofthelowfteq11enCyCOmpOnent（solidlines）isquitelongerthantheothers，andthecorrespondingbeamwaist  

islarger．  

Inthefo1lowing，WeeXPlaintheringfbrmationphenomenaqualitativelyusingaGaussianbeammodel．  

Whenwefbcusouraモモen七iononthefbcalplane（E＝O），andconsiderthespa七ialdistributions，i七isseenthat  

thehigh丘equencycomponentsaretightlycompressedneartheE－aXiswhilebeamsoflowftequencydistribute  

inalargerareaasshownin員gure2・13・Thisたequencydependentspatialdisもribuもionresul七Sin七heposition  

dependenceoftheTHzpulsewidthinthe七imedomainasevidencedbytheexperimentalresulもShownin£gure  

2・8・Brie恥theon－aXispulsewidthisshortestbecausei七iscomposedofabroadspec七rumincludingslgni鮎ant  

COn七ributionofhigh鉦eq一ユenCyCOmPOnen七S，Whereaspulsewidthsato路・aXispositionsarelargerduetotheloss  

Ofhighfrequencycomponents．  

Aquali七aもiveexplana七ionofthez－dependentringformationphenomenoninthesecondexperimenもis  

as払1lows・Onthefocalplane（z＝Omm），thein七ensi七ydistribution払rmsasinglepeakatま＝Ops，and  

exhibitsaring－1ikepro＆1eattimeslargerthanaboutO．5psandlessthanabouもー0．5psasshownabove．On  

theoもherhand，thepositiondependenceofthetemporalwaNefbrmsoftheTH窓pulseonもheEaXishasbeen  

reportedinourpreviouspaper［36］・Thepulsepeaktimewasfbundtobeshiftedinthenegativedirection払r  

largerpositivevaluesofヱ｝Whichhasbeena七tributedtothedi鮎renceintheopticalpa・thlength払どもheon－aXis  

ando庄一aXisrays・Becauseofthispeakshiftatpositionsoflargeエーセhedelavtimeregionwhentheringpr特別e   
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O  

Time（ps）   

Figure2．14：Thesecondderiva七iveof七heTHzin七ensitywithrespect七Otheradialparameter，r，aSafunc七ion  

Oftime・Theywereobtainedbythecalcula．七ionsusingtheGaussia．nbeammodel．Eachlineisfbr七heoptical  

pumpbeamradiusof3mm（solidline），6mm（dot七edline）and9mm（dashedline），reSPeCtively．  

appearsisalsoshiftedinthenegativedirection．Thishasbeenconfirmedbysimulationcalculationsuslngthe  

di缶actionintegralmethodasdescribedin七hefo1lowingsection．Thus，aring－1ikedis七ribu七ionisobservedeven  

ati＝Opsa七positionssufBcientlyaway打om七hefbcus．  

Wbalsousedamoreanalyticapproachtostudytheconditionfortheringformation．Aring－1ikeintensity  

distributionoccurswhenthe氏）1lowlnginequalityissa七is丘ed：  

d2拍，r）  
（2．18）  

Here，I（i，r）representstheTHzintensi七yat七imeモandradialpositionr・WbusedtheGaussianbeammodelfbr  

thecalculationofZ（i，r）atthefbcuswiththesurfacefieldparametersdescribedinsection2t4・3・Theleft－hand  

Sideofequa・tion（2・18）wascalculatedasafunctionoftimefordi鮎rentvaluesofpumpbeamradius・The  
resultsareshowninfigure2．14．Theplotsindicatethataring－1ikespa七ialdis七ributionisfbrmedinthe七ime  

reglOnWhentheplo七tedvalueispositive・Theresultwithapumpradiusof9mmshowsgoodagreementwith  
theexperimental1yobtainedtimedependence．ItisofimportanCe七hattherlngforma七ionisreproducednot  

Onlyby七hedi駄actionin七egralbutbytheGaussianbeammodel・Ⅰ七Showsthattheringfbrmationisavery  

fundamentalphenomenon．  

Itisseen丘omthe艮gurethatasmal1ersizeoftheopticalpumpbeamyieldsa・Shorterdu・ra七ionofring  

formation．UndertheGaussianbeamapproximation，thecontribu七ionofasinglefrequencycomponentto七he  

lefトhandsideofequation（2．18）issimpliaedto  

d2叩，r）  1  

r＝。∝；有，  
（2．19）   
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Figure2．15：Normalizedsecondderiva七iveofthein七ensi七yoffocusedlightpulseswithrespecttotheradial  

parameter，r，aSafunctionoftime．Itwasobtainedbythecalcula七ionsusing七heGaussianbeammodel・The  
insetpictureshowstheexpandedverticalscalearoundthezeroline（dashedline）・  

wherethebeamwaista七thefocalpointisapproximatelyexpressedas［361  

C∫  

Wら＝茄  
（2．20）  

Here，i七isassumedthatthebeamradiusdoesno七changeWhenthebeampropagatesfrom七heemittertothe  

focusingelementandtha七人≪（7TA2）／f．Fromequa七ion（2・20），WeCanObtaintheconclusionthatsmal1er  

opticalpumpbeamsizesand／′orlargerfocallengths，f，givela・rgerbeamwaistsandresultinsma11erchangeS  

in七heTHzpulsewidthato庄一aXispositions・Thisleadstoshorter七imedura七ionforthering払rma七ionorno  

ring fornzation at all. 

Withultrashortopticalpulsesofmany－CyCleduration，forexampleItheringfbrmationphenomenonhas  

beenrarelyobserved・W畠againused七heGaussianbeammodel七ocalculateelectricaledat七hefocusoftheideal  

1ensandcheckeditwith七heconditioninequation（2・18）・Thetime－dependentsecondderivativeofintensity  

withrespecttorof150－fgpulseat800nmisplot七edin丘gure2・15・Theinsetpictureshowsthe七imeregion  

whentheon－aXisintensi七yislessthantheofFaxisone（posi七ivevalues）・Itindicatesthattheringformation  

e鮎ctisnegligiblewi七hopticalmany－CyClepulsesonaccountOfverylittlecontrib一ユtion丘■Omlow一缶equency  

COmPOnentS・  

hconclusion，withaTHzimaglngSyStem，i七haぷbeenobservedthat七he七wo－dimensiona・1spatialintensit：  

distributionoffbcusedhalf－CyCleTHzpulsesformsaring－1ikeprofi1ea七acertainregionofspaceandtime・Thi  

hasbeenconfirmedbythenumericalsimula七ionsbasedon七hevec七0rialdi飴ac七ionintegralfbrmulaandthl  

Gaussianbeamapproxima七ion．Thisobservedphenomenonisattribu七edto七hebroadspectrumofhalトcycle  

THzpulseswhichincludeaslgni丘can七COntrib11七ionoflow－frequencycomponentsandthecorrespondinglarge  

centralwaveleng七hcomparedwi七hop七icalelements・Itwasshownthat七hetimedurationof七heringcanbe  

con七rolledbychanglng七hebeamSizeoftheopticalplユmpPulsesandもhefbcal1engthoffbcusingelements・   
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Probe  

卜350mm－一叫  

Figure2．16：Schematicofknifら－edgeexperimen七formeasuringtheTH2；beamsizein鉦on七Oftheemitter・  

ThespatialproBleTHzbeamemittedftomthelarge－aPer七urephotoconduc七iveantenna（3×3cm2）is  
toolargetobedetectedbytwo－dimensionalEOme七hoddirectlybecauseitisnoteasyto艮ndanEOcrys七al  

aslargeastheTH2；beam■Typical1y，afocusingcomponentisusedtoresi2；etheTHzbeam・TheTHzbeam  

is，then，meaSureda七thefbcalplaneornearbybutbefbrebeingfbcused［41トFortunately，WeCanaPplyawell  

knownopticalmeasuremen七Cal1edknife－edgescanningdetectiontoobservethe鉦equency－dependentspatial  

distributioninftontoftheemitter．Forwavesintheop七icalregion，Whatwecanmeasureis七heintensitypro丘Ie  

ofalightbeamuslngame七alplate，SuChasacutterknifborarazorblade，tOCutthebeamperpendicularto  

itspropagationdirectiongradually．Thetransmi七tedportionisfocusedtoapho七odetec七Or・InthecaseofTHz  

radiation，theelectric且eldca．nbedetected．Theftequency－dependen七SPa七ialprofileisabletobevisuali2；ed・  

Intheexperiment，aBShownisfig11re2・16）analuminumpla七e）WhichhaJSa七hicknessofO・3mm7WaS  

usedasacuttingplate・Itwasplacedat5mmffomtheTH21emitter7thesameposi七ionwhereasampleis  
insertedintheimaglngeXperiment・TheedgeofplatewaぶmOVingalongxdirection，inwhichx＝Ommis  

defined atthecen七eroftheemitter．THzwavefbrmswererecorded eachstep fromx：＝－40mmtoir＝＝20  

mm．Thescanningstepwasequalto5mm．The七emporalwaveformsofdi鮎ren七edgeposi七ionsweredepicted  

infigure2・17・Atx＞20mm，七heslgnalcouldnotbedetected・Asseenffomthegraph7七heelectric丘eld  

streng七hdeceasesaswellasthechangeofwaNeformwherex＞－30mm・TheFFTofthisset，Shownin  

＆gure2・18，yieldsinfbmationonhowtheamplit11deofeadlfrequencycomponenもChangeswiththeposition  

ofthealuminumedge．Whentheedgehadnotpassedthecen七er（z＝＝0），thepeak丘equencieswerea七0・1  

THz．Thepeak缶equenciesofremainedwavefbrmswereshifted七01ロWerbecause七hehighffequencyportions  

werealmost cuto鼠Iftheemitterandlenswereplacedmoreclosely，frequencycomponentsthataxelower  

thanO，1GHzwouldhavebeendetected．Ampli七udevaluesatftequenciesO・1，0．3，1■Oandl・5THz（along  

dashedlines）wereploセセedversusscanningdistances，Showninfigure2・19・Theplotswerein七erpolatedusinga  

cubicspinemethod．Thesizesofbeams，D，WeremeaSureda七1／eofdi鮎ren七iatedposition－dependenもⅤalues・  

Theoretically，thebeamsizeofeachfrequencycomponentisthesamewhenemit七edffomtheantenna∴托om  

theexperiment，a氏erthepulsepropaga七edforadis七anceof5mm，thebeamsizebecamebigger・Thiscan  

beexplainedasfbllows・Sincethepumpbeamsi2；eWaSmuChsmal1erthanthesiヱeOftheaperture，七helower  

componentsweremoredi駄actedou七evenneartheemi七ter・Thesecondreasonis七ha・tthescanningstepofthe  

aluminumedgewasno七fineenolユgh．Moreover，thedistanCebetweentheemiもterandlenswastoolargewhich  

wasenoughforthedi敵actionoflowfrequencycomponen七S・   
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Inconclusion，thedistributionofeachfrequencycomponentcanbemeaBuredtwakmife・edgescanning  

detection．Thebeamsi2；edependsonfrequencywhemthep11keprop喝轍郎頗酢肋mもheemitter・Theemitter  

andthelens＄houldbeclo＄ertOaVOidthedi取actionoflow鮎quencycomponerrtsthatmaya鮎ettothede＄ired  

w計㈹払rm．  
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Fig11re2．17：Knife・edgeposition－dependentTH富W椚forms・  
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Figure2．18：Fburieramplitudesoffigure2．17．  

2．6 Time－domainterahertzspectroscopy  

THzradiation丘omthelarge－aperturephotoconductiveantennawasemployedtoconductthetime－domain  
spectroscopyexperiment・ThesubstratewasofafocusingsubstratecalledTPX・ItisknownaBanOptimal   
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Figure2．19：Beamdia・meterOfsomefreq11enCyCOmpOnentS・  

dielectricwithregardtolow－losses，hardness，POWerphandlingcapability，andopticaltransparency，Whichgreatlv  

facilitatesopticalalignment・TheTPXwasselec七edfbrlens constructionbasedonliteraturereviewsand  

discussionswithotherengineersexperiencedinmillimeter－WaVeandsubmi11imeter－WaVedesign［42，43】・Inorder  

tohandleaTPXlenswithTHzpulses，theopticalpropertiesofTPXmaterialinthematterofbroadband  

frequencyrangeshouldbeenknown■  

Theexperimentalseもupfbrthespectroscopywassimilartothatshownin艮gure2・3butthesample（a  

TPXplate）waぷinsertedbetweentheantennaa・ndtheo圧－aXisparabolicmirror・Thesampleshave4・7－mmand  

9ふmmthickand80cmindiarneもer・ThebulkpropertiesofthesamplewerethenobservedbytheTHzbeam・  
ThetemporalwaNefbrmSin七heabsence（reftrence）andpresence（sample）oftheTPXweremeasuredbythe  

electro－Opticsampling．  

TheobservedwaNefbrmswereshownin丘gure2・20・Thesa・mplepulsesweredelayedbytheTPXsub－  

strate・Thishappensbecausethere鮎ctiveindexofthesamPleislargerthanthereftactiveindexofair・This  

isaverybasicfact，butiti11ustratesoneofthespecialfeaturesofTHz－TDS，thatonecandetecttheabsolute  

phaseof七heT鮎pukes．Figure2・21shows七hecomparisonofpulseshapesbyneglectingthee鮎ctofpropa～  

gationtimedelayinthesamples・Thereisnoslgnificantdi鮎renceinw那efbrms，eXCePtforthedecreaslngOf  

peakandsmallbroadeningofpulsesoftheorderoftenfbmtoseconds・ItshowsthatTPXmaterialisproper  
払raTHzexperimentbecauseofitslowabsorpもionanddispersion・Theopticalpropertiesofthematerialwere  

describedas fbllows．  

Theamplitudeandphaseofeachpulseareshownin昆gures2・22and2・23，reSpeCtively・Obviously，もhe  

ampliもudeofsamplepukesisweakerthanthatofthere鈷rencepuLse・Thisiscausedbytworeasons・Themain  

reasonisabsorptioninthesamples・Theotherisalossatthesamplein七erfaces・Forsimplicity，theabsorpもion  

COe毘cientwi11becalculatedbyconsideringonlyabsorpもion・  

Supposingthaもthemeasuredelec七ricaeldisE（t）andi七SSpeCtrumis点（山）．Thereferencewavepropa－  

gationthroughfreespacewiもhadistanceoflisgivenby  

克由）＝島e或王，  （ヱ．コ1j   
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Figure2・20：Thepulsepropagatedthroughfteespace（reference）andthroughTPXplatesofdi鮎renもthick－  
nesses（11＝4．7mm，12＝9．6rnm）．  
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F卸re2・21‥Compa血nofr壷rence（solidline）弧dsa㌣plew折血ms裾dottedl如才コ：dashedlineうwhere  
theもimedelaywasshiftedsuch七hateachpu15epeakcolnCides．   
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Figure2．22：Fburierspec七raofTHzpulsesin丘gure2・20；reference（solidline），ll（dottedline）and（l2）dashed  
line．  
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Figure2・23‥PhaseofTHzpulsesin丘g11re2．20．   
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wherek＝竺．whenthewavepassesthroughthel－thicksample，  
C  

盈（u）＝島e響一首〕△亡   

Wenowconsidertha七therefractiveindexiscomplex．Ⅰ七isgivenby［44］  

免＝れ（1＋宜モ），   

Wetherefbreget  

点（山）＝  点が寧臣碓卜盲∪△壬  

＝ 島e一明ヱe£（たれト〕加）   

Byapplyinganabsolutevaluetobothsideofeq．（2．24）thera七ioofsampleandre払rencefield，  

（2．22）  

（2．23）  

（2．24）  

謝＝e－叫  （2．25）  

General1y，absorptioncoe侃cientisdefinedby  

α＝2加東．   

Thea・bsorptionisthenglVenby七hera七ioof七hesampleandreferencespectraas  

（2．26）  

α（山）＝一回監  （2．27）  

Intheexperiment，Wehaveanalternativewayto丘ndtheabsorptioncoe缶cientfromtheratioof丘eldpasslng  

throughsamPlesofdifftrentthickness・Theabsorp七ioncoe凪cientcanbewrittenas  

In  ㌫l訟  （2．28）  α（u）＝  

Herethethicknessll＝4．7mmandl2＝9・6mm・TheabsorptioncoeBicientsversusfrequencycalculated丘om  

eq．（2．27）andeq・（2・28）areshowninfigure2・24・Ⅰ七isobviousthatvaluesofthecoe毘cientcalculatedbyusing  

thereferencespectrumarelarger七hantheotherone・TheneglectlngOfFresnel－lossatinterfacesshouldbe  

thecauseofthisinconsistence．Hence，七heexac七ⅤalueoftheabsorptioncoefRcientis七heonethatusedthe  

ratioofdi鮎rence七hi血essamplitudes・Fromthegraph，thewaveisabsorbedlessinthelow－frequencyreglOn・  

Thedramatical1yhighabsorp七ionaroundl・7THzisca11Sedbywa七ervaporsabsorption・W畠nowcalculatethe  

frequency－dependentreffactiveindex，n，fromtheTHzspectra・Italso払1lowsffomeq・（2・24）andthat  

盈（山）／克er（山）  
e掘（n」）一山△士＝  （2．29）   

盈（山）／瓦ef（山）  

Withthisequation，WeCaneXtraCtthereh：aCtiveindex  

虜（山）／風er（u）  
兢～（陀－1）一山△孟 ＝1n   

点（u）／瓦ef（u）  



27  （コ壬AアTER2．月A5JCgOダrERAmTZPt且ぶ忍ぶ  

（
己
0
＼
t
）
｝
宕
－
U
星
山
O
U
已
○
－
1
已
O
S
q
く
 
 

0．5  1．0  1．5  2．O  

Frequency（THz）  

Figure2．24：Frequency－dependentabsorptioncoe瓜cientsfbrdi飴rentcalculationmethods・  

＝i（♂－∂reり・   

Åsseenfrom丘gure2．23，七hephasedifferenceO－0，efisalmostzerointheffequencyreglOnOfinterest・There払re  

therighトhandsideofeq．（2．30）vanishes・ThismeansthattherefractiveindexofTPXisconstantalongthe  

interestingbroadbandfrequencyrangeofinterest・Hence†there企activeindexissimplycalculatedas  

塗二建 
△壬＝，  （2．30）  

C   

where△tisthedi鮎ren七delaytimebetweenthepeakofsamplepulseandtha・tOfもhereftrencep111se，Cisもhe  

veloci七yoflightinvacuum．Byuslngthetimedelayofextracted缶om丘gure2・20，i・e・7・227ps，andthesample  

withathicknessofll，七herefrac七iveindexisl．46．  

Slab Theory  

The absorptioncoe且cien七SOfTPXare calculatedwithoutconsiderationofalossaもinter払ce and a昆niもe  

もhickness ofsamplesin previous section・Wb now a・pply the theory ofwaNeinciden七upon a slabin one  

dimensiontogetmoreaccuracy・  

Nowle七，sas邑umethattheslabconsistsofisotropicmaterialhavingacomplexindexnanditsthickness  

isa．Theslabliesbetween3：＝ニOandx≧aasshowninfigure2．25．Thereffacもiveindicesoutsidetheslabare  

chosen七obe11nity．Theelectricfieldoftheincide血PlanwaNeisdescribedas  

ぷ（£）＝卑e兢エ．   

SincepartofthewavemaybereRectedbytheslab，thetotal＆eldinleftreg10nis  

旦匝）＝卑e血＋町だ‾血  

持．31き  

モ2．32）   
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O  a   

Figure2．25：Finite一七hicknessslab．   

Intheslab（0＜x≧a），E（x）＝Em，Whichisthesumofaleft－mOVingandaright－mOVingwave，Ofthefbrm  

屈m＝且よeれたェ＋β孟eれた〇  （2．33）   

Inx≧Oregion七hereisonlytherightward－mOVing七ransmit七edwave，E孟e血．ExpressionoftheunknownE；，  

EJ，E；，andEJareobtainedbyenbrcing七heboundaryconditionsattheinterfaces，X＝Oandx＝aaS［45】  

（1－ei2m転）（乃2＋1）  
町＝卑   

d   

－2（乃＋1）  
茸2＋＝  

d ’  

－ 271e伽如 
（れ－1）  

且㌃＝  
d  

－4me血（几＋1）  

埠＝  
d   

’  

wheredisde昆nedasd＝einka（nql）2－（n＋1）2．Thetransmitted鮎1dE；wasob七ainedfromaboveexperiment  

，theimaginarypartofncanthenbecalculatedusingeq．（2．37）．Althoughtheincidentfield，E［，CannOtbe  

measured，WeCanuSe七here鈷renceaeldas  

昂1   
－ 4me血（軒1）  

（2・38）  

旦ref  dei員氾  

－ 4me緑氾（笹＋2）  

d   

Usingeq．（2・38），theabsorp七ioncoe侃cients，α，arenumericalcalcula七edasshownin魚gure2・26・Thevalues  

fromdi鮎rentthicknessesagreewitheacbotherandless七hepreviouscalculation．  

Insummary，WeObservedtheabsorptioncoe且cientof七heTPXsubstrateuslngTHz七ime－domainspec－  

troscopy．TheTPXsubstratewaBteStedfbrthepurposeof一ユSingitasafbcuslngObjectfortheimaglngSetlユP．  

Thecalcula七ionsofabsorp七ioncoe缶cientwithdi鮎renttheoreticalapproachesshowthataTPXlensdoesnot  
stronglyabsorb七heTHzwavesintherangeOfO－2THz・Thelenswiththicknessof2cmallowsabout36  
percentof七heinputin七ensity七OPaSSthrough・   
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Figure2．26：Absorp七ioncoe瓜cientba眉edontheslabtheory．  

Figure2・27：Symmetric－COnVeXTPXlens（not七OSCale）．  
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2・7 TPXlensper駄）rmanCeS  

30  

TheTPXlensbrtheimagingsystemwasdesigned七ohaveafocal1engthf＝100mmた）rfocusingtheT翫  
beamh乱Ⅴingal／eradiusofelectricBeldof9．2mm．BecausetheabsorptionoftheTPXmateria11imits  

theoutputpoweroftheTH2；radiation，thecenterthicknessofthelensshouldbeconcerned・Theoretically，  

ParameterSOfathicklens（reh：aC七iveindexn，diameter4），Center七hicknessil）withsymmetricalradiirhave  

therela七ionas［46】  

1 
＿ 陀－1）2  （2・39）  

■  

Thisequa七ionisvalidwhen七helengthbetween七heprincipleplanes（denotedtc，in尽gure2．27）isequalto2；erO．  

Withedgethicknessatthecen七er，tl｝COnS七rained，thelensradiusrcanbeapproxima七edbyusingnumerical  

methodstosolveeq・（2・39）・Sofar，七helengthbe七ween七heprimarypointPtothecen七eredge，tP，isgiven  

by【46】  

γ亡1  

（2．40）  ち＝   
2仰＋ま。（几－1）●   

Realistical1y，電cisnotnegligible．Itshouldbe，therefbre，designedasthinaspossibleforlessabsorption．From  

触ure2・26，thefieldoflowerfrequencycomponentsareabsorbedlessthanthatofhigherfrequencycomponents．  

Thedramaticallyabsorptionaroundl．7THzisduetowa七ervaporsabsorption．Forinstance，at鉦equency  

l・5T馳七heabsorptioncoefRcien七αisabo11tO・5cm－1・Theratioofthecomingintensity七Othetransmiもted  

intensityatthecenterofa2－Cmthicklensis  

＝ e－n上   

e－0・5×2   

＝ 0．37．  

2．7．1 Aberration   

Inmonochromaticligh七therearesphericalaberra七ion，aStigmatic，COmaanddistortion・Inpolychromaticlight  

thereiso七heraberrationthatariseswhenalensisusedtofbcuslightcontainingmultiplewavelengths，Cal1ed  

Chroma七ic aberration．Basical1y，theindex ofrefractive ofamaterialis afunctionoffrequency，known as  

dispersion．FtomSnell’slawnlSinOl＝n2SinO2，itcanbeseentha七1ightraysofdi鮎rentwavelengthsorcolor  

Wiuberefracteda七di鮎rentanglessince七heindexisnotconstant・Because七heindexofrefractionishigher  

hrlowerfrequencywaⅦS，thesearefocused closer七Othelensthanhigherf士equencywaNeS・InTHz pulses  

COntainingbroadbandftequencycomponents，thefactthatlower丘equencycomponentsarefbcusedcloserto  

七helens，aSShownin丘gure2．12，doesnot ariseftomもhechromatic aberration．Thisisbecauseofthe払ct  

thattherefrac七iveindexof七heTPXlensiscons七antinthein七eres七ingTHz丘equencyrangeascanbeseenin  
figure2．23．Notonlythefocal1ength，butthebeamwaistoftheTH2；WaVeSakodependsontheftequency・Even  

theo掛axisparabolicisusedasa・fbcusingelement，itprovidesthesame七endencyasdescribeinsection2．3．  

Thisconfirmsthat七helensdoesnothavechromaticaberration・Howeverthefbcal1engthofeach丘equency  

COmPOnentCanbealignedat七hesameposi七ionusinga七erahert2；binarylens［47］．   

2．7．2 Di取ac七ione鮎c七s   

Di缶actione蝕ctもraditionallyclassi丘edintoeitherFresnelorFraunhofbr七ypes，Ftesneldi飴actionisprimar－  

ilyconcernedwhentheilllユminationsourceisclose七Oa・di駄ac七ionobjectoraperture．Onもheo七herh乱nd，  

Fraunhofbrdi駄ac七ionhappenswhentheobject（oraper七ure）isilluminatedwithaninanitesource（plane一ⅣaNe  

illumination）and七heligh七issenseda七anin丘ni七edistance（far鮎1d）ffom七hisobject・Alensorlenssystem   
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Ofin丘nitepositivefocalplanwithplane－WaVeinputmapsthefaraelddi駄actionpatternofitsobjectonto  

thefbcalplane．There氏）re，Ftaunhoferdi缶actiondeterminesthelimitingperfbrmanceofphysicalsystems・  

Moregenerally7atanyCOnJugateratio，far－fieldanglesaretransformedintodisplacementsinもheimagepla・ne・  

Fraunhoferdifhactionatacircularaperturedic七ates七hefundamentallimitsofperfbrmanceofcircularlenses．  

Inmonochromaticlightwi七hawavelengthof入，thespo七Sizeofacircularlensthatcausedbydi取actionis  

d＝2・44入げ／＃），  （2・41）   

Wheredisadiameterofthefocusedspo七produced丘omplane－WaVeillumina七ionamdf／＃，Cal1edf－number，is  

thera七ioofthefocal1engthofthelenstoitsclearaperture（e鮎ctivediameter）・Thecentralspotisknownas  

theAirydisc・TheformationofAirydisccanbedescribedbyconsideringtra，nSVerSeWaVenature．WheIIWaVeS  

丘omthesecondarysource，atthesurfaceof七helens，havethesamevibration，theiramplitudesareadditive・  

Therefore，WeCanSeeaSabrightspot．Thedarkareaaroundthediscoccursbecausetheluminousamplitudes  

CanCeleachotheroutandadduptozero．Basical1y，theAirydiscissurroundedbyanumberofmuchbright  

rlngS・Eachringisseparatedbyacircleofzerointensity．Thismeansthattheamplitudeofvibrationsis  

OnCeagainadditive・InTHzpulsescomposedofmanywaveleng七hs，thepa七ternof七heAirydiscsurrounded  

byrlngSisdi組cult七00bserve．However，decompositionofthepulsemightrevealthepa・ttem・Tbobserve  

thedi駄actione鮎c七0wing七0七heTPXlens，七heelectricfieldimageswere七akena七variousdelaytimesand  

transformedinto七heffequencydomain．In七heexperiment，OneSetOf七hetime－dependentda七awascomposed  

Of200imageswithatemporalresolutionof33f岳．Theimagesofsingle－frequencywaverepresentabrightdisc  

athigher丘equencycomponents・ThechangeOfdiscsizeobeysthetheoreticalprediction，eq・（2・41），namely  

thediscissmallerwhen七heh：equenCyincreases．Experimentallyobtainedspotsizesonthefocalplanecould  

notbecomparedwi七hthetheoreticalonesbecausetheop七icalsetupwasno七properenough七oge七aunifbrm  
disc，reSultingdistributionoftheTHzbeamwasnotuni払rmaswell．However，theevolutionofthediscata  

fixedfrequencyalong七hepropaga七ionaxiswas丘rs七Observed・Figure2・28dictates七hepropagationdependence  

OftheAirydisc atafrequencyofO．75THz・Inaddition，ringssurroundingtheAirydishhaNebeenclearly  

Observed，Particularlynearthefocalplane．Fourieramplitudeimagestakena七adistanceoflOmmbehind七he  

focusaredisplayedin丘gure2．29．  

2．8 Conclusions   

BroadbandpropertyoftheTHzpulseglVerisethesigni丘cantlydi鮎renceinfocal1engthandspo七Sizeofeach  

丘equencycomponentwhenthepulseisfocus・Itissimi1artothesphericalaberration七ypical1yencounteredby  

amonochroma七icwaveinslnglelenses．Ⅰ七1eadsto七hequestionhowtofindtheactualfocalpointoftheTHz  

beams．Ftomexperimentalobservaiions，thereare七womethods七0figureou七wherethefbcalposi七ionis．One  

ismeasuringafbcusedwave払rmonthepropaga七ionaxis・ThestudiesofTHzpulsepropagation，insection2．3，  

showtha七thewaveformat七hefbcushasahighestpeakfieldandasymmetryshape．Theotherme七hodis  

observingtheformationofthering・Itcanbeperfbrmedby七hefixingtheobservationplaneandvaryingthe  

timedelaytopeer七heformation・ItmlユStbesymmetryinspaceandtimeaもthefocalplane．Inotherwords，  

with七hesameperiodoftimedelayfromthepeak七ime，thesizeofringbeforethepea．ktimeislarger七hanthat  

observedafterthepeak七imeatthatapositionbe七Ween七helensanditft）Calpoint・Similartothepositionfar  

forwardftom七hefocalplane，theringsizeofthetimedelaylaterthanthepeaktimeislarger．Practical1y，  

thearstmethodismoreconvenien七becausewecancomparefrom七henumericalpeakvalue．Whilethesecond  

methodtakemoretimetofind七heactualsizeofthering．However，itismoresuitableforthemeasurernent  

thatrequires七wo－dimensionaldata，nOtOnlytheon－aXisda七a．Fortunately，七hereisaninstrumen七that can  

detecttheintensityofwaNeSintheTHzregiondirectlycalledabolometer．Itismuchmoreconvenientmethod   
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Figure2・28：Propagationdis七ancedependenceofAirydiscat：（a）z＝－10mm，（b）z＝Omm（focus），（c）＝  

＝10mmand（d）z＝30mm．TheimagesaretakenataftequencyofO．75THz．   

ほ－d  O．D引217   
、★十 ∴†十★∵∴      白  

2卜b  軋0封薫1  

Figure2・29：Airydiscsurroundedbyringsofthefbcusoffrequencyl・44THz（a）andl・74THz（b〕atdistance  
z＝10mmfromthehcus．   
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ft＞rfindingthefbcus・  

Theimage ofsinglewaNelength，Obtained byFburier transformationoftheseries oftime－dependent  

imaged，repreSentSWellknowndi缶actionlimi七ca11edAirydiscaswellasringssurroundingit・Thislimitsthe  

Sizeofinterestingobjectwhentheimageisanalyzedin七hefrequencydomain．Thegreaterdetai1hasbeen  

describedinsection4．4．  

Thetime－domainspectroscopyofTPX has beenperfbrmedin thelow－frequencyregion，yielding七he  

frequencydependenceofabsorptionandacons七antrefractiveindex．Theresultsofthisexperimentarenecessary  

factorsfordesigningaTPXlensintheimaglngSyStemOfalargeTHzbeam．TheperfbrmanceoftheTPXlens  

usedintheimagingwasdescribed・Thedi放actionlimi七Ofeach血・equenCyisdi鮎rent．Therefore，thevisionin  

frequencydomainreliesonthedimensionoftheobjectofinterest．   



Chapter 3 

Tbrahertz Electric Field Detection  

Thischapterdescribeshowtomeas11reTH2；electricfield．W邑haveusedtheelectro－Opticsamplingmethod  

todetectaTHzwavefbrm．Thismethodistheonlyonethatcanbeappliedtoobservethespatialproaleof  

theTHzbeam．Theelectro－OP七ice鮎ctofnonlinearcrys七al，eSPeCial1yZnTbcrystalisexplained．TheTHz  

WaVeformswereobservedusing七heelec七ro－OPticbalancedetectionmethodasexplainedinsection3．2．Thelast  

SeCtionexplainstwo－dimensionalfielddetectionwhichwasusedfbrTHzimaging・  

3．1 Introduction   

Afewme七hodshavebeenproposedfordetec七ingT馳radiation．ThedetectorthatmeasuresTHzintensity  

directlyisabolome七er．Thereare七WOme七hodstomeasuretheTHzelec七ric鮎1d．Oneisthereverseprocessof  

photoconductiveantenna，Whichcal1edpho七OCOnductivesensor・WhenaTHzbeamradiatesonasemiconduc－  

torsurface，itdrivesf吏eecarriersgeneratedbyanopticalprobebeam．TheTHz触disprovidedbydetecting  

thechangeofcurren七．This七echniqueisusual1yopera・tedwithaphotoconductiveantenna・Theopもicalcon丘g－  

urationofthesystem，uSlng七hephotoconductiveswi七Chingforemissionandradiaもion，istypical1ysymmetrical．  

hotherwords，thepositionofde七ec七orisequivalent七Otha七Oftheemitter．Itis七herefbresuitablefbrstudy－  

1ng七hegenerationmechanism・ThedisadvantaJgeOfthephotoconduc七ivesensoristhatittypical1yrequires  
micro－fabrica七iontechniquestomakesmalLgapelectrodesonsemiconductors・Theothermethodiselectro－  

opticdetection．Ⅵ屯usedthismethodtomea＄uretheTHz丘eldinexperimen七S・Theoutstandingadvantage  

ofthismethodisthatcanbemodifiedtoconduc七two－dimensionalTHzimaglng．Thedetectionmechanismis  

describedindetai1asfb1lows．  

Electro－OP七ic detectionis a，SeCOnd－Order nonlinear opticalprocessinwhich an applied electric昆eld  

induces a reftactive－index changein an electro－Op七icmaもerial．The refractive－index changeis proportional  

totheappliedfield（Pockelse住もct）・Ⅰ七a鮎ctstheellipticityofacircularlypolarizedprobepulsethatisco－  

propaga七ingthro11ghthesamematerial・Thechangeofellipticityismeasuredwithapolarizingbeamsplitter  
that separatesthetwo orthogonalpolariza七ions oftheprobebeam．Abalancephotodetectormeasuresthe  

intensi七ydifftrencebetween七hetwocomponentsandgivesaslgnal七hatisdirec七1yproportionaltotheelectric  

鮎1d．Byvarying the delaybe七WeentheTEzpulse andtheprobe pulse，OneObtainsthecompletetime－  

dependen七elec七ric五eld．TheEOde七ec七ionisemergingasthemos七popularchoicefbrTH2；detection．There  

aretworeasonsfbr七his：First，thesignaltonoiseratioishigh．Second，electro－Opticdetectionissuitablefbr  

signalswithalargebandwidth（upto70T馳亘呵）・恥rtheEOde七ection，Zinc－blendcrystalssuchasZn二指  

andGaPareoftenused・ZnTeisverysui七ablebecausei七Srefta・Ctiveindexinもhefar－IRiscomparabletothe  

near－IRrefractiveindex，reSul七inginrela・tivelye尻cientTHzdetection．Theo七herkindofEOcrystalsuchas  

LiTaO3andLiNbO3CanalsobeusedfbrTHzde七ec七ion，b11tthereisasevereもhegroupvelocitymismaもCh  

34   
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betweentheTHzpulseandtheprobepulsein七hesecrystals．Thisproblemisreducedtoasmal1amountin  

ZnTe，reSultinginasigniBcan七1yimprovedtimeresolution［49］．  

WbdescribethemeasurementofTHzelectric鮎1dusingtheEObalancedetection・Inthisresearch，  

Zn恥isusedaselectro－OPticcrystalthatexpressesthelinearelectro－Optice鮎ctwhileaTHzpulseispasslng・  

Thee鮎ctoftheelectricaeldonthepropagationismos七COnVenientlygivenbythechangeSintheconstants  
l／n芝，1／n…，1／n望oftheindexellipsoid，  

十＝1，  （3・1）  

Wherethedirectionこじ，y，andzarethemajoraxesofellipsoid．Theequationoftheindexellipsoidinthe  

presenceofelectric丘eldcanbeexpressedas払1lows，   

（嘉）1か（嘉）2y2＋（嘉）3Z2＋2（嘉）4yZ十2（嘉）5霊Z＋2（嘉）6耶1， （3・2）  

where（嘉）1＝去，（嘉）2＝毒，and（嘉）3＝嘉inthec誠eOfnoappliedReld・Thelinearchangeinthe  
（嘉）壱  

coefBcients   i＝1，・・・，6duetoanarbitraryelectricfieldE（E。，Ey，Ex）isde丘nedby  

3  

△（嘉） 
＝鱗  

（3・3）  

i  

ForthecrystalsofthezincblendclassasZnTe（poin七groupsymmetryof如m），七hechangeofcoe餓．cients  

（嘉）豆  
Canbewrit七enas［35］，  
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wherer41intheelementofelec七ro－Op七ictensor．Usingeq．（3．2），WeOb七ain七heequationof七heindexellipsoid  

inthepresenceofthefieldE（EE，Ey，EE）as  

（嘉）1み（嘉）2y2＋（嘉）3Z2＋2γ4伽十2r41月抑2r4伽＝1・ （3・5）  

SincetheZnTeisa・nisotopiccrys七al，thecons七antsinvoIvedinthe鮎stthreetermsdono七dependonthe昆eld．  

TheyaRetakenasn＝＝ny＝nヱ＝no・Theremaindersaremixed七erms，i・e・，yZ†エEand3：y・Thismeans  

七haモモhemqjoraxesofthee11ipsoid，withtheappliedReld，arenOlongerparal1elto七he霊，y，andヱaXeSOfthe   
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CryStal．Itbecomes，七hen，neCeSSary七0findthedirec七ionsofthenewaxesinwhichwecandeterminethee鮎ct  

Ofelectromagnetic丘eldonthepropagationoftheprobepulse．Ⅵ屯nowconsidertheproblemof丘ndinganew  

COOrdinatesystem－X′，y’，Zしinwhidltheequationofellipsoid（3．5）containsnomixedterms■Tha七is  

十＝ 1，  （3・6）  

Wherex′，y′andz′arethedirectionsofthemajoraxesof七heellipsoidinthepresenceofanex七emal鮎1d・  

Equation3・5canbeexpressedinthequadraticform  

（3・7）  札笹句ニ1，  

so that 
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（3・8）   

Ifthevectorfromtheorigintoapoint（xl，y2，X3）on七heellipsoid（3・7）isdenotedbyx（勘，X2，X3），thenthe  

VeCtOrNwithcomponen七s  

」Ⅵ＝giブ勺  
（3・9）  

isnormaltotheellipsoidatR．Wらnextapply七helas七res111t七Odeterminethedirectionsandmagni七udesof  

theprincipleaxesoftheellipsoid（3．7）・Sincetheprincipleaxesarenormaltothesurface，WeCandetermine  

theirpoin七SOfin七ersec七ion（xl，3：2，X3）withtheelユipsoidbyrequiringthatatsuchpointstheradiusvectorbe  

Paral1eltothenormal，tha七is，  

（3・10）  孔明＝g〇i，   

whereSisaconstantindependentofi・W王itingouteq・（3・10）incomponentformfori＝1，2，3gives  

（ぶ11－g）諾1＋g12ご2＋g13ご3 ＝ 0  

量1ご1＋（戟2－β）ヱ2＋量3諾3 ＝ 0  

烏1∬1＋量2ご2十（量3－g）£3 ＝ 0・   （3・11）  

ThesearehomogeneousequationsfortheuIlknownsxl，X2）andx3・Anontrivialsolutionexistswhenthe  

determinantofthecoe氏cientsvanish，thatis，  

det【扶ゴー朗jゴ］＝0・  （3・12）  

ThesetofS／，S／／，andS／／listheeigenvalueofthematrixS，Whilethevec七OrSXJ，Ⅹ／／andX／／／are七heir  

eigenvectors・Ifweexpresstheequa七ionoftheindexe11ipsoidinthenewcoordinatesystemwhoseaxesare  

paral1eltoX／，Ⅹ／／）andX／／／，itbecomes  

g／£／2＋β／／封／2＋β／／／z／2＝1，   

where七heunitvectorsx／，yI，andx／aretakenasparal1eltoX／，Ⅹ／／，andXr／／，reSPeC七ively・  

（3．13）   
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3．2 Electro－OPticbalancedetection   

3・2・1 Electro－Op七iccrystal  

37  

Figure3．1：0rientationoftheZnTbcrystalusedfbrwavefbrmdetection．  

Wbusedtheelectro－OpticbalancemethodfordetectingaTHzwavefbrmonthepropagationaxis・The  
probebeamwaBfocusedwithaglasslenswithafocal1engthof300mmintothecenもeroftheTHzbeamon  
theEOcrystal・Therefbre，Onlyasmal1por七ionoftheTHzbeam，Whichiscomparabletothesizeoffocused  

PrObebeam，WaSdetected・TheTHzelec七ricReldwaぷappliedinthe（001）directionasshownin点gure3．1，the  

Jonesvectorofthe丘eldis  
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（3．14）  

Equa七ion（3・5）becomesthus  

ェ2＋封2＋ご2  
＋2r41勒Hzご甘ニ1．  （3．15）  

Consequently，SijCanbewrittenas  
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（3・16）  

0
 
 

Accordingtoeq・（3・12），theeigenvaluescanbecalculatedftom  

一 β  

γ41敢Hz  

γ41βrH乞  0  

一ぶ 0  （3．1ア）  ＝0．  

一g   0  0  

Itgives   

1  

苛  

1  

＋r4諸TH2  
碕  
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1  

‾γ41勒Hz・  

帝  

g／／／  （3．18）  

TheirelgenVeCtOrSareglVenintermsofcrystalaxesas  

Ⅹ
 
灯
 
㌢
 
 

柁
 
 
 

ニ
 
 

＝ Ⅹ＋y   

Ⅹ－y・  

Itisclearfromeq．（3．19）thatinordertoputtheequa七ioninadiagonalformweneedtochooseacoordinate  

SyStemX／，yl）Z／wherez／isparalleltoz・Theotheraxesarerelatedtothexandyaxisbya450rotation・The  

indexofrefractionfbrthenewcoordina七earethenwrittenas   

1 l  
一－ 

石盲石 
γ41勤翫，  

1 1  

研‾訂 ＋γ41助Hz，  

1  1  

mヱ′2 mo2■   

Equation（3．15）inthenewcoordinateis  

（志一 価Hz）£′2＋（志十γ41且⇒封′2・志ヱ′2＝1  

Thelengthofご′－a3dsis2n。′．Byassumlngr41E≪n喜，WeOb七ain  

几。′ ＝  乃。抽  

＝m。＋γ41‰  

（3．20）  

（3．21）  

（3．22）  

and，Similarly，  

几甘′＝ れ。一γ4伽z，  

几ヱ′ ＝  乃0．  （3・23）  

Accordingtoeq．（3．19），thehorizontalandverticaldirectionsinthelaboratoryframearez／andご′，reSPeCtively．  

Figure3．2（c）depic七S七hedirectionofthesecomponents・W邑nowconsiderthatthehorizontalandverもical  

directionsinthelaboratoryffamearex－andy－aXeSaSShownin員gure3．2（c）・Whentheprobelightof七he  

linearpolarizationat45O七oei七herprinciplea・ⅩeSPrOpaga七esintheZnTecrystalappliedbythez／－pOlarized  

THzfield，thecomponentsofthelightalongthehorizon七algainsthephaseretardation，0，OVerthedistanceL  

COmPared七Otheverticalby  

β ＝ βヱ′－βェ′  

＝ △mエ  
C  

三二＝一ニニニ   
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汀几喜γ41エ  

）  

（3．24）  動地．  

Therefore，WeCanmeaSuretheTHzfield，ETHz，byde七ectingthephaseretardationbetweenthetwocomponents  

Oftheprobepulsehavingawaveleng七h入．Thedetectorpartwa点COmpOSedofalinearpolarizer，aZn了もcrystal，  

aquarter－WaVeplate，aWbllastonprism，andbalancephotodiodesasshownin丘gure3・2・ThequarteトWaVe  

Platewas adjusted sothat七heopticaxisalignsalongtheprinciple axesofthelaboratoryftame・Hence，  

Circularlypolarizedlightisproducedbypassinglinearlypolarizedlightthrough七hequarter－WaVepla七eatan  

angleof450totheopticaxisofthepla七easshownin艮gure 3．2（a）．Infact，Whenthepolarizedlightpasses  

throughtheZnTbcrystal，itisslightlymodulatedby七heintrinsicbirefringenceinthecrys七al・However，by  

re－a亘iustingtheopticaxisofthequarter－WaVeplate，thepolariza七ionstateontheprobelightbefbregoing  

throughtheWollastonprismiscompletelycircular．TheWb11astonprism，Whichisac七ual1yapolarizingbeam－  

SPlitter，SePara七esthebeamin七00rthogonalpolarizationcomponents．Attheend，thedi鮎renceinintensity  

△Ibetweentwocomponents，i．e．x′′andy′′in丘gure3．2（c），WaSdetectedbyadi鮎rentialphotodiodes・The  

Slgnalh：Omthediodeswassenttoalock－inampli且erthatwassynchroni2；edwithanop七icalchopperplacedin  

thepumpbeampa七h．TheamplifiedsignalwasrecordedbyaPC．Thesignaliszeroin七heabsenceoftheTHz  

aeldbecausetheintensityofthex／andy′componentsare七hesame＄hownin邑gure3・2（b）・WhenTHzelectric  

aeldper七urbsthecrystalsimultaneouslywiththeprobepulse，therefractiveindexofthecrys七alisalteredvia  

theelectro－Opticeffec七．Conseqlユently，thelinearlypolarizedopticalprobewillbemodulatedbytheT‡izfield・  

Thepolarizationofthe七ransmit七edbeamisthenchangedtobeellipticasillustra七edin艮gure3・2（b）・When  

thislightpasses七hrough七heWbllastonprism，七heintensi七yof〇′′andy′Icomponen七saredi鮎rent・Varylng  

the七imedelaybetweentheprobepulseandtheTHzpulse）i七al1owsscanning七hewholeTH2；pulse・  

九／4  Wollaston Photodiodes Polarizer  

三三二  

EO crystal 

説  

Figure3．2：Op七icalcomponentsofelec七ro－OP七icbalancede七ectionintheabsence（a）andthepresenceofTHz  

field（b）．Theprincipleaxesof七hepolariza七ionftamedepictsin（c）・   
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3・2・2 Polarizationstateofprobepulses  

WedescribehowtheTHzfieldisexpressedintermofsignaldetectedbythedi鮎rentialphotodiodesusing  
Jonesvectorsand matricesasfbllows．   

1・Thehorizontalpolarizedprobebeamisrepresen七edby  

（3．25）  

2・Thelightwasもhenpassedthroughalinearpolarizerwhichorientedat45O tothex′′andy′′axes，aS   

Shownin丘gure3．2（a）and（b）・ThetransmissionmatriⅩOfthepolarizeris  

町   打  

COS－  
4  

．     Sln－  
4   

汀 打  

． ‾Sln COS‾  
4  

（3・邦）  Tp＝  

3・ThetransmissionmatrixoftheEOcrystalwhichhaB七hephaseretardationObetweenthex′′andz′′axes   

is  
e紺／2  0  

0  e一紺／2  

（3．27）  Te。＝  

4．Thequarter－WaVePla七edwhichthemajoraxesareparal1elto七hex′′andz′′directionisrepresentedby  

the  

T入／4＝［eiニ′4e一己′4］・   （3・28）  

5．Theprobelightwaspassed七hroughalinearanalyzerthatcrossedtothepolarizer・Thematrixrepresent   

theanalyzeris七hus  
汀 打  

． COS ‾Sln‾  
4  

（3．29）  
7r  

COS－  
4  

Theelec七ricfieldalong七hex／／andz／／axesisgivenby  

軋u£＝TaTe。TpEin・   

TheintensitiesoftheprlmeCOmpOnentSare  

（3・30）  

cos2芸（∂十芸）  

sin2（β＋）  

（3・31）  

Thedi鮎renceofin七ensi七ythaもthepho七Odiodesdetec七is  

△J＝ん′′－ム′′＝ふsin∂，  （3．32）   
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whereJb＝E8．Fromthesection3．1，T鮎Aeldcanbecalculaiedffomeq．（3．24）as  

41  

（3・33）  且TIIz＝  

Substi七u七ingOineq・（3・32）toeq・（3．33），七hemagni七udeofTHzelectric丘eldisexpressedin七ermoftheprobe  

intensitylbandthedi鯉bren七intensi七y△Ias  

翫＝ sin－1（筈）・  （3・34）  

Inourexperiments，forexample，thew抑elengthofprobelightis800nm，therefractiveindexofZnTbis2・83，  

r41【35】is3．9×10‾12m／V，thelengthofZnTeislmm，七hemagni七udeofTHzissimplyas  

βmk＝2加rl 
（訃  

（3・35）  

Itshouldbenotethat，intheexperiment，theprobeintensityismeasuredlb，meabyuslngOneOfthediodes・  

Therefore，thefieldisglVen  

（志）・  
∬THヱ＝27．5sin－1   （3．36）  

3．3 Two－dimensionalelec七ric負eld detection   

3．3．1 Electro－Opticcrystal  

Inprevioussection，thede七ectionofanaxialTHzfieldwasdescribed・Ⅵ屯nowconsiderthemeasurementof  

THzfielddis七ributiononaplanewhichisperpendicular七0七hepropagationd正ection．Theprincipleofdetection  

issimi1artothepreviousmethod，namely，theelectro－OPticeffect・Thedi圧erencesare：（1）theprobebeamwas  

expandedso七hatitcoverstheTH2；beamthatradia七eson七heEOcrystal，（2）七heTHz鮎1dwasappliedinthe  

（1io）directionand（3）thesignalwasco11ec七edbyaCCDcamerains七eadofthedi鮎ren七ialphotodiodes・The  

（00r）  

Figure3・3：OrientationoftheZnTecrystalused払r七WO－dimensionalelectric鮎1ddetection■   

THz丘eldiswritteninavectorた）rmaS  

（3・37）   
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SubstitutingET肋intoeq・（3・5）yields  

（嘉ト2＋（去）封2＋（嘉）z2＋浦r41動脚一膏γ4伽霊Z＝1・ （3・38）  

ThematrixSijbecomes  
1  

一γ41勒Hz  
誘  

l  

γ4動地  
誘  

1  

7202 

（3・39）  

1  

－こ三ー＝ニニニニニ＝  

Theeigenfunctionsand七heeigenvaluesofSijCanbecalculatedformdet〔Sij－S6ijl＝0：  

1  

‾γ41触‡  
誘  

1  

41ぷTHz  

l   

一 

訂 
方  

一ぶ  0   

0  一ぶ  

1 1  ‾41駄Hz41月  

（3．40）  ＝0  det  

ThisglVeStheelgenValuesasb1lows：  
1  

βJ＝－  

mo2  

g′′＝十γ41助Hz  

g′′′＝一 γ41翫  

ThecorrespondingelgenVeCtOrSare  

ズ／＝£＋封  

1 1  

ズ′′′＝ 
ズ′′＝ず＋戸封＋z  

諾一y＋z，  
誘誘  

where（x，y，、Z）istheoldcoordina七esys七em・Theindexesofre丘activeinthenewcoordinatesystemare   

1 l  
一－ 

石盲石 
γ41動態  

1 1  
一 

有言石 
＋r41触z  

l  l  
＝  

陀ヱ′2 mo2  

Theellipsoidequa七ionbecomes  

′2 

（志－ γ41翫）ェ′2十（嘉一γ41‰）封′2＋志z＝1・  

（3．41）  

（3．42）  

（3・43）  

（3．44）  

The王bllowingmethod describes how to measure七he electric丘eldin two dimensions．Usuallvwhen   
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Obtainingatwo－dimensionalimage，aCCD hasbeenusedforreal七imeimaging．Up七onow，thereis no  

literaturepresentingamulti－Channellock－inamPlifierforCCDsignal．TheS／Nratioshouldbeconsidered  

When usingaCCD camera・Accordingtothecha，ngeOfpola，rizationwhenTHzneldisappliedtoanEO  

CryStal，THzintensityprofi1ecanbemeasuredusingapolari2；erandananalyzerwithanEOcrystalplaced  

betweenthem．Butphasein払mationcanno七beobtainedbythismethod．W占appliedtheaeld－1ineardetection  

methodofnonlinearopticalsignalusing七hepolarizationchangeoftheprobelight．Thismethodiscalledan  

Opticalheterodynedetec七ionmethod（OHD）．Ⅰ七wasintroducedbyEesleyandLevenson［50，51］．Theyused  

themethodformea5uremen七softheRaman－inducedKerre鮎ct・Jiangeまal・in七roducedthistechniqueto  

TH2；丘elddetectionusingtheEOsamplingmethodandderivedtheoptimalbiaspointundertheexistenceof  
backgroundligh七［38］．However，七hetechniquehadnotbeenappliedtodetecttheTHzfieldintwodimensions．  

Two－dimensional丘elddetectionisdescribedasfollows．   

EOcrystalquarter－WaVePlate Analyzer CCD  
Camera  

Polarizer  

三1二  

Figure3．4：Opticalcomponentsoftwo－dimensional丘elddetectionintheabsence（a）andthepresenceofTHz  

aeld（b）・Theprincipleaxesofthepolarizationframedepictsin（C）・  

Theschematicofopticalcomponen七SfbrdetectingtheTHzfielddistribu七ionisshownin丘gure（3．4）．  

Theinputlaserbeamwaslinearlypolarizedinhorizontaldirection．Itwasreaectedatapelliclebeamspli七ter  

andsenttoco11inearwiththeTHzbeam・W毎adoptedaquarter－WaVePlateasacompensator．Itwasplaced  

between the EO crystalandana．nalyzer．Without using a，quarter－WaVe Plate，the＆eld－1inear THz wave  

detectionhasbeenrepor七ed［5］．However，thelocaloscillationoriginates丘om七hepolarizationrotationofthe  

probelightduetothesma・11birefringenceintheEOcrystalcannotbeop七imi2；edinacontrolledmanner．Using  

thequarteトWaVeplate，thelocalosci11a七ioncanbecon七rolledin七ha七themodulationintheEOisoptimized．  

W畠adjusted七he臨staxisof七hequar七er－WaVePlatetobeparal1eltotheincidentlightpolarization．   

3．3．2 Polari2；ations七ateofprobepulses  

Theopticalcon丘g一ユrationofthephase－SenSitiveelec七ro－OP七icdetectionwillbedescribing・TheprlnCiplecoordi－  

na七eischosentobecollinearwith七helaboratoryframesothatthex，yandzaxesalignalongthehorizontal，  

verticalandpropagationdirec七ions，reSpeC七ively・Jonesvectorsandmatricesrepresentthepolarizationstaもe  

oftheprobelightasfo1lows・   
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1・Theinputprobebeamislinearlypolarizedalong七he諾aXi＄；namely，thepolarizationisinthe（1io）   

directionoftheEOcrystal．Werepresenttheinput丘eldbyacolumnvector  

（3．45）  

2・WhentheprobelightpassesthroughtheEOcrystal，theelec七ric丘eldcomponentsalongthe（王10）and  

（‡Io）direc七ionsaremodulatedwithphaseretardation20dueto七hepresenceofaTHzfieldalongtheT   

axis・AssumingR仲）isthero七ationmatrix，Whichrotatesthecoordinates：ご，ytOthenewcoordinates   

3：′，y′byanangleゆaboutthezaxis，thetransmissionmatrixofthecrystalis  

Teo＝R‾牛芸）聖匝（一芸）  

＝［ 票…≡紺誓eヱ♂］［ ］  

cosO  －isinO  

一宜sin（） cosβ  
（3・46）   

Here，T盟）istheJonesmatrixoftheEOcrystalintheframealongitsopticalaxes．  

3・Thetransmittedbeampassesthroughaquar七eトW乱Vepla七ewhosefastaxisisadjustedtobeparal1elto   

thexaxis，Therefbre，itstransmissionmatrixis  

T入ノ4＝［e宣言′4。一三／4］・   （3・47）  

4．Theprobelighもisthen七ransmit七ed七hroughalinearanalyzerthatisrota七edby七heangle∂fromthey   

axis．TheJonesmatrixof七heanaly2；erbecomes  

R‾1（∂）T㌘）R（古）  Ta   

「
し
 
 
 

］
 
 n

U
 
1
 
 

0
 
0
 
 
 

「
 
 
 
 
 
－
 
 
 
 
一
l
L
 
 
 

r
」
 
 
 

cos∂  

－Sin∂  

cos∂ －Sin∂  

sin∂ cos∂  
］
 
 sin2∂  －Sin∂cos∂  

－Sin∂cos∂  cos2∂  
（3．48）  

Therefore，theou七Pu七PrObe丘eldisdescribedby  

＝ TaT入／4Te。軌n・   

TheCCDcamerade七ectstheoutputintensity  

J＝悔12＋悔l2．   

Bysubs七itu七ingthetransmissionma七ricesand七hevec七Orintoeq・（3A9），WeOb七ain  

J＝克sin2（∂＋町   

（3・49）  

（3・50）  

（3・51）   
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WhereIb＝E8．Ifweconsiderthescatteredligh七intheEOcrystal，叩1b，andassumethatJ6landl8laresmall，  

eq・（3・51）becomes  

J＝瑚叩＋（∂＋β）2】．  

SubstitutingZb＝Io（り＋62）ineq．（3．52），Weget  

トム＝ム（2舶＋β2）．   

Therefore，thephaseretardationOin七hecrystalis  

（3・52）  

（3・53）  

／ 才一rb げ＋丁  （3・54）  β＝－∂土  

SinceOshouldbesmal1whenIqIbissmal1，Wehavetopickuponlythepositivesignineq．（3．54）．TheTHz  

Beld，ETHz，isrelatedto七hephasere七arda七ion，0，by  

（3・55）  且THヱ＝   

Themagnitudeofthesmal1angle6thatoptimi2；eS七hemodula七ionintheEOcrystalwasdeterminedbythe  
modula七iondepthas［381  

ゐ≠0－ゐご0  
（3・56）  7＝   

わ≠0＋わ＝0  

Inoursystem，theangle6wasfoundtobeO．02degree［52l．   

3．4 Conclusions   

Theelectro－OPticdetectionwasused七omeaslユre七heTH2；丘eld・Theelec七ro－OP七icmediawasaZnTeerystal・  

THzfielddetec七ionwasconductedintwomodes；（1）onedimensionalTH2＝fieldonthepropaga七ionaxisor  
theaxialTHz丘eldwavefbrmand（2）two－dimensionalTH2；fieldor七hespatial鮎1ddis七rib11tionontheplane  

thatisperpendicularto七hepropa・gationaxis・Theaxialfieldwasmeasuredbyfoc一ユSingtheprobebeamto七he  

CenterOftheTHzbeama，ndusing七hebalancedetectiontechnique．Thespatialdis七ributionofTHz昆eldwas  

mappedbytheexpandedprobebeama七theEOsuぬceandcapturedbyaCCDcamera・Thedirectionof  
TH2；fieldappliedtothecrystalwasnotthesameinthe七WOdetectionmodes・However，byvarylngthedelay  

timebetweentheTH2；p111seandtheprobeplユ1se，七he七emporalwaveformcanbeobtainedindependentlyffom  

七hedetectionmode．   



Chapter 4 

ElectricFieldImaglng                                                               ●  

4．1Introduction   

THzradia七ion丘omthelarge－aPerturePhotoconduc七iveantennawasusedtoimageobjectsbydetectingelec七ric  

鮎Iddis七ribution．Ftomsection2．4weknowthat七hedistributionoftheTHzbeamvariesoverbytimea．nd  

SpaCe．WhentheTHzbeamisusedtoimageanobjec七inquestion，i七isnecessary七oknowthee鮎ctonthe  

imageoftheobjec七．ThereisonepreviousstudythatusesthesameTHzsourceeventhroughthesizeofthe  

emitteraredi鮎ren七［34］・Theyima・gedobjectsbyde七ec七ingthein七ensityprofi1e・Intheirexperiments，the  

timedelaybetweentheTHzpulseandtheprobewasfixed．Op七imizationofthe七imedelay七00btainthebest  

imagequali七yhowever，hasno七beeninvestigated．Theoptimized七imingis七heimpor七antfac七OrinafiⅩed－time  

delaymode．Theadvantageofthismodeis七ha七enablesinsitus七udiesofdynamicprocessesorhigh－Speed  

Single－timeeventsatahighh：amera七e［53］・Inthepresentimaging，thedistribu七ionofTHzelectricfield，nOt  

theintensity，WaSde七ec七ed．Therefbre，i七isabletobeanalyzedin七hefrequencydomain・Frequency－reSOlved  

imagescaningeneralyieldbe七terresolutionalthoughtheiracquisitiontimeshouldbemuchlongerthantha・t  

forthe丘Ⅹed一七imeimage．Byscanning七hedelaytimeandFc＞uriertranSfbrmingthe七emporalwavefbrmsofthe  

THzaeldateachposi七ion，frequency－reSOlvedimagescanbeobtained・  

Thischap七ershowstheresultsoftwoexperimen七sconcerningtheuseofintensehalf－CyCleTHzpulsesfrom  

alarge－aPertureantennainimaging；delay一七imeoptimizationandftequency－reSOlvedimaging・Phase－SenSitive  

detection七echnique【36，38】wasusedtodetect theelectric＆eldimageofametalobjectinatransmission  

mode・Digi七alprocessingwasin七roduced七Oeliminate七heart血ctsf士omanon－unifbrmTHzbeampro丘Ie・  

Thischap七erin七roduceshowtoimprovetheresolutionoftheTHzimagebyconsidering七heextinguishing  
oflow－fteq11enCyCOmPOnentS．Twoexperimerrtswereperhrmed；（1）replacingthepho七OCOnductivema七erial  

byalow－temPera七uregrownGaAswa・fbrinsteadyofasemi－insula七ionGaAswaferand（2）usingBltering  

low－ffequencycomponentsbyhexagonalclosedpackcircularholearray・  

4．2 ImaglngSyStem   

Figure4・1illus七ra七estheexperimentalsetup・Theopticalsourcewasaregenerativelyampli丘edTi：Sapphire  

laserwi七h a150fs pulsewidth，800nmcen七ralwaveleng七h，and alkHz repetitionrate．Thelaser beam  

wasdividedin七oamajorintensi七yportionbrthepumpbeamandaminムrportionfbr七heprobebeam．The  

pumpbea・mWaSSpatial1yexpandedandillumina七edalarge－aPert11repho七oconductiveantenna，COmpOSedof  

asemi－insulatingGaAswaf6rand七WOaluminumelectrodeswitha3－Cmintergapspacing．Apulsedhighbias  

voltagewasapplied七0七hewafbrthrolユghtheelectrodes・Thepumppulsescrea七edcarriersin七heintergaparea，  

1eadingtothegenera七ionofTHzradiation・Inthisstudyっthepumppulseenergyandthebiasvoltagewere  

46   
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Sample TPXlens   

Figure4．1：Schematicofexperimentalsetupfortwo－dimensionalelectricfielddetection．LAPA：large－aper七ure  

photoconductiveantenna，EO：elec七ro－Op七iccrystal（ZnTb），入／4：quarter－WaVePlate，P：POlarizer，A：pOlariza－  

tionanalyzer．  

500pJand5kV，reSPeCtively．TheTHzbeamemiセセedfrom七hephotoconductiveantennapassed七hrougha  

Sa・mpleobjectandalensmadeofTPXpolymer．TheTPXlensandanEO crystalwereplacedsothatthe  

3：2imageoftheobjectwasformedontheEOcry＄七al．Thefocal1engthof七helenswasf＝98．3mmandits  

diameterwas80mm．Theobjectanditsimageposi七ionweresetatz＝－5f／2andz＝＝5f／3，Whenthelens  

WaSplacedatz＝0．  

Thespatialdistribu七ionof七hereffac七iveindexmodulationin七heEOcrystal，Whichisproportiona11to  

theTH2；electric丘eld，WaSmapPedby七heprobeopticalpulseson七Oa CCD camera．Bygeneratingalocal  

OSCillator丘elduslnga．quarteトWaVeplate，Wedetectedthe2Dfieldimagewithhighsensi七ivity．Theprobebeam  

Wentthroughadelaylineandwaslinearlypolarizedinthehorizontaldirection・Thebeamwasthenexpanded  
andled七OtheEOcrys七albyapelliclebeamsplitter．Al－mm－thick（110〉ZnTecrystalwithanareaof18×20  

mm2wasusedas七heEOcrys七al・TheopticaJIcomponen七placedimmedia七elyaftertheEOcrys七alwasdi鮎rent  

ftomthatusedintheconventionalTHzin七ensitydetectionmethod［54］・Intheconventionalme七hod，theEO  

CryStalisfo1lowedbyapolarizationanalyzer七hatisorien七edperpendicularlytothepolarizerorientation・In  

thisstudy，a，quarter－WaVePlatewasadditionallyinser七edbe七WeentheEOcrystalandthecrossedanalyzerfbr  

theelectricfielddetection．Theaxisof七hequarter－WaVeplatewasadjus七edtobeparal1el七Otheaxisofthe  

POlarizer．Thea．naly2；erWaSthenrotatedwithasmal1angle，6，inorder七OindllCealocaloscillatorfield，Which  

isaphase－Shiftedfractionof七heprobelight．Thismethodisdescribedinsection3・3，Thephaseretardation  

angleof七heprobelightduetotheEO e鮎ct，0，Whichisproportional七OtheTHzelectricfield，hasbeen  

expressedineq．（3・54）．Fromtheequation，WeSee七ha・tbothpositiveandnegativeelectricaeldscanbedetected  

dependingontherelationbctweenZandIb・Thesensitivi七yofthisdetectionmethodisbetterthanthatof  

theconventionalintensitydetec七ionmethod．Thelargestmagnitudeofthenegativeval11eOfOdetecta・blewi七h  

七hisme七hodisM6ascanbeseenfromeq．（3．54）．Iflargerphasemodula七ionisexpected，theorientationangle，  

6，muStbesetatalargervalueoranegativevalue．Thespatialdis七ributionof七heprobelightin七ensityonthe  

EOcrystalwasimagedontotheCCDdeviceusinganoptical1ensbyredlユCingtheima・geSi2；ebyafactorof5．  

Theexposuretimeofthecamerawassetto30ms，Whichcorrespondstotheaccumula七ionof30shotsofTHz  

pulsesforasingleimage・  

4．3 Time－reSOIvedimages  

Spatialand七emporalprofi1esofTH2；pulsesdependverymuchonthepropaga七ingandobservingcondi七ions  
becausethebulkoftheirenergyportioniscomposedoflow－frequencycomponen七S［36］・Tc・Obtaingoodimage  

qualityinTHzreal一七imeima＄1ngwitha・fixed七imedelay，thedependenceoftheimagequali七yon七hedelay  

timemustbeunderstood．Thissec七iondescribestherelationshipbe七weentheimagequalityandtheon－aXis  

THzwaveform．   
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Chapter2describedhowthewaNeformofhalf・CyCleTHzpulseschangesduringitspropaga七ioninftee  

SPaCeandduringfbcusing【36］・Inthisexperimentalsetup，theTHzwaveemittedh・Omthelarge－aperture  

antennabehaveslikeaplanewaveandisfocusedat七hefbcalpointoftheTPXlensintheabsenceof七he  
SamPle・ThetemporalwavebrmoftheT馳pulseatthe払calpointisexpected七Obeapproximatelyahalト  
cycle．Since七heobservationplaneisfarffom七hefocalpoint，aWaVeformSimilar七Othetimein七egralofthe  

half－CyCleshapeisexpec七ed七Obeobservedresul七ingftom七hedi飴actionofhigh一致equencycomponents・Wb  

measuredtheon－aXis七emporalTHzwave丘）rmS atZ＝fandz＝5f／3withoutsampleobjectsusingthe  
conventionalbalanceddetectionmethod．ThedistancebetweentheantennaandtheTPXlenswasretainedas  

in七heimagingexperiment，i．e．，300mm．Figure4・2showsthewaveformsobtained・Sincethemeasurements  

wereperformedseparatelyfromtheimaglngeXPerimen七＄，thevalue＄Ofthedelaytimesdonotcorrespondto  

thoseoftheimageda七a■ThewaNefbrma七thefocalpoin七wasfound七obeapproximatelyha路cyclehavinga  

tai1wi七hasmal1negativevalue．Theexistenceofthenegative七ai1showsthatlow－frequencycomponentsare  

di缶・aCtedoutfromthebeampathbeforebeingfbcusedwhilehigh一正equencycomponentsarenot・Byplacing  

thelensclosertotheTHzsource，a．Cleanerhalf－CyClewavefbrmwasobservedatthefocalpoint・Thewavefbrm  

Observedontheimageplaneiscomposedofaslow（about6ps）rise，a払stdecrease，andanegativetai1which  

isalmostcons七antintheobservation七imewindow．ImaglngmeaSlユrementSWereCarriedoutin七hedelaytime  

regionbe七ween2andlOps，Whichrough1ycorrespondedtothedelay七imeregionfromOto8psin七heimage  

data，Whereasignifican上土emporalchangeinTH2ifieldisobserved・Thewaveformsallowedustounderstand  

thecharacteristicsofTH2；radia七ionin七hisimagingsystemandunderthetemporalrangeofobservation・  
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Figure4．2‥A裏alwaNefbrmsonthefocalplane，Z＝f，（do七tedline）andontheimageplane，Z＝5／3f，（solid  
line）measuredusingtheconven七ionalbalanceddetectionmethod・  

Using七hisTH2；Pulse，WeOb七ainedtime－reSOlvedfieldimagesofanObject・Thesampleobjectusedwas  

ametalrodconcealedinapaperbox．The diame七erof七herodwas2mm・Theboxhad adimensions of  

6．8（wid七h）×2・0（七hickness）×10・0（heigh七）cm，and七he七hicknessof七hepaperwasa・bout500FLm・This  

boxwasplaced atlO mmftomtheTH2emiセセerwiththelarges七faceparal1eltotheemi七tersurface・The  

metalrodwasa．ttadledinthediagonaldirection七Otheinsideofthe払ceoftheboxtha七isneares上土0七heTHz  

antenna．Wi七hou七therod，七heTH2；PulsewavefbrmobservedontheimageplaneusinganEOsamplingmethod   
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underwentlittlechange・Itsshapeoramplitudewasnotalteredbytheinsertionofthepaperbox．andonlya  

l・17psdelayinthepeakarriⅤaltimewasobserved．Wedetected七he2Ddistributionintheintensityofthe  

PrObebeamL），七hebackgroundintensityIbandthe七irne－dependentsignalintensityI．Bysubsもiもutingthem  

intoeq・（3・54），theTHzaeldimageswereobtained．Figure4．3illustratesgrayscalemappingsoftheelectric  

fieldimagesobtainedatseveraldelaytimeswithou七（ref6renceimages：1eftcolumn）andwith（sampleimages‥  

rightcolumn）themetalrodinthebox．Whenthesampleobjectwasremoved，thedelaytimedependenceofthe  

0．007063  ー0．000984   

Fi糾．re4．3：Leftcolumn：ref6renceimages；elec七ric丘elddistributionsobtainedwithanemptypaperbox＝aSan  

object．Rightcolumn：SamPleimages；fielddistributionsobtainedusingametalrodinthepaperbox・lmages  

in（a）and（b）wereob七ainedatadelaytimeof5・Ops，the（c）and（d）a七5・7ps，and（e）and（f）at6・Ops・These  

delaytimescorrespondto七hoseinfigure4・4■Thecolorcodingindicates七hevalueofTHz－鮎1d－inducedphase  
modulation，0，inequation（3，54）．Eachimagecorrespondstoanareaof27×27mmontheobjectplane・   

spatialdis七ributionofもheTHzReldwastobehavedsimi1arly七0七hatreportedinapreviousworkt叫，aSShown  

intheleftcolumninfigure4．3．Theimageshowninfigure4．3（a）corresponds七othepeaktimeoftheTHzpulse  

wave王brma七thecenterof七hebeam．Inthetimewindowshownhere，ahole，theblackareaat七hecenterof  

THzbeam，aPPeared，aSin丘g一ユre4t3（c），andbecamelargerasthedelay七imeincreased，aSin邑g11re4・3（e）・The  

existenceofadarkareaa七therigh七bot七omcornerinal1imagesisat七ributedtoaninhomogeneityof七hepellicle  

beamsplitter．Thereaec七ivi七yofthebeamspli七terhadasmal1ervalueinthisarea・Theambiguousimages  

maybecausedbyal郡VSignal一七0－nOiserahioofapproxima七ely16dBandby七hequalityoftheEOcrystai・‡n  

邑gure4．3（b），Whichis七heimageofthesampleobjectobtaineda七thesamedelaytimeasthatof員gure4・3（a），  

theshapeoftherodisno七Observedclearly・A七timesla七erthan七hepeak，aSShowninBgures4・3（d）and4．3（f），  

wecanascertaintherodasadarkareainthesampleimages，althoughitswidthinimage（f）ismuchlargerand  

thelengthisshor七erthanthoseof七heac七ualobjec七・Theseartifac七scanbeexplainedby七heringphenomena，  

i．e．，払cusedhalトcycleTHzpulses fbrmlikeanannualringbecauseoffrequency－dependen七fbcalbeamsize   
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describedinsection2．4andamajorportionoflong－WaVelengthcomponen七s．  
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Figure4．4：Temporalwaveformsex七ractedfromthecentralpixelsofimagesinfigure4・3：reference（dotted  

line），SamPle（solidline）．Thedot七edlineshowsthewaveformobservedwithanemp七ypaperboxasanobject，  

and七hesolidlineshowsthatobservedusingame七alrodinthebox．Theinsetshows七hetime－derivativeof七he  

phasemodulation．  

Thisexperimentindicates七hatanappropriatetimeperiodexistsfbrobserv1ngaClearimageofanobject・  

Weextrac七edthe七emporalwaⅣeformsoftheTH曳fielda七thecenteroftheimagefromaseriesofimagestaken  
atevery33fsofdelaytime．Figure4・4showsthew肝eformSObservedwithandwithoutthemetalrodinthe  

paperbox・Theinsertshows七hetime－derivativeof七hephasemodulation・Tbobtainthetime－derivativecurves）  

theoriginalwa代formsweresmoothedbylow－PaSS丘1teringbelow4THzintheFburierdomain・ⅥたⅣefbrms  
werealsoextracteda七several0掛axispoints，al七houghtheyarenotshownhere．Theo抒・aXiswaveformswere  

similartothoseobservedon－aXiswithdi鮎rencesinarrivaltimeanddura七ionofthedecrease．Theappropriate  

timeof5．7－5．8ps，Whichwasusedtoobserve七heimagein丘gure4・3（d），COrreSpOndstothetimewindowwhere  

thetemporalchangeintheTHzfieldwaslargest（seepeaksin七hetime－derivativeof七hephasemodulationin  

theinsetoffigure4．4）．Interestingly，i七WaSnO七theperiodwherethedi鮎rencebetweenthetwowaveformsis  

largest，i・e・，arOund5ps・ThisobservationcanbeexplainedbyconsideringthespectrumOftheha路cyclepulse・  

Since七heamplitudeoflow－frequencycomponentsisrela七ivelyhigh，thiscontributestothestrengthoftheTHz  

Reld，ParticularlyatthepeakintheTHzpulse・Forthisreason，WeCannO七observetheobjecta七thepeaktime  

becausethelow－frequencycomponen七Sdeteriora七ethespatialresolu七ion・Ino七herwords，theamplitudeofthe  

high－frequencycomponentsislargesta七thedelay七imewiththes七eepes七tranSientsintheTHzfield・  

Wらintroduceddigitalprocesslng七oelimina七ethear七ifactswhicharetheresul七from七hecha・raCteristics  

ofthefocusedTHzbeamitself．Thiswasaccomplishedbyconsideringthedi鮎renceandtheratioofsample  

imagesobtainedbypasslngtheTHzbeamthroughtherodinsidetheboxwithrespec七to七herefbrenceimages  

withouttheroda七thesameもimedelay・Intheleftcolumnof且gure4．5，thedi鮎rencesbe七Weentheimages  

are shown．These wereobtained by subtracting七he refbrenceimage data丘omthesampleimage data at  

thecorrespondingtimedelay・Divisionimages，Whichwereobtainedbydividing七hesampleimagedataby  

there払renceimageda叫areshownintherightcolumnof且gure4・5・Witha七imedelayof5．O ps，Which   
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COrreSpOndstopeaksin七heTHzwaveforms，themetalrodappearsasarounddarkareainthedi鮎rence  

imageshowninfigure4．5（a），Whiletherodinthedivisionimageatthesamedelaytime，丘gure4・5（b），isnot  

Clear．Atthisdelay七ime，thedi鮎renceintheBeldwithandwithouttherodislargebuttheratioisnot，Which  

Canbeverifiedby丘gure4A．Aroundthepeaktime，thetemporalchangeinTHzfieldisrelativelysmal1・The  

THz丘eldaroundthepeaktimeiscon七ributedtomainlybylow－ftequencycomponents．ThiscaneXPlainthe  

lowspatialresolutionobservedinfigure4・3（d）．Theshapeof七herodwasbestreproducedat5・7ps，bothfbr  

thedi鮎renceanddivisionimages，aSShowninfigures4．5（c）and（d）・Thedivisionimageproducedanobject  

Shadowcloserto七heactualsampleshapethandid七hedi鮎renceimages．Thesmudgeatthecentralareaof  

imagesat6．Ops，aSShownin丘gures4．5（e）and4・5（f），isa七tribu七ed七OthecharacteristicofthefbcusedTHz  

beamitselfasmentionedpreviously．  

－0．003  －0．002 0．1  2．O   

Figure4・5：Leftcolumn‥di鮎renceimages，Ob七ainedbysub七ractingftomthesampleimagedatain£gure4．3  

七heref6renceimagedataa七respec七ivedelay七imes・Rightcolumn：divisionimages，Obtainedbydividingthe  

SamPleimagedatabythereferenceimageda七a・I）elaytimesa七eachlineare七hesameasusedinfigure4．3．  

Inconclusion，thedominanceoflow一缶equencycomponentsofahalf－CyCleTHzpulsedoesnotallowthe  

Objec七tobevisualizedoveralldelay七imes■ FbrareaL七imeimagingsys七em，thetimedelayshouldbefixed  

ata七imewhen七heTHz丘eldchanges rapidlywith七ime・lmageprocesslngbydividing七hesampleimage  

by七heref6renceimagegavethebestresul七becauseoftheabsenceofaTHzbeampro員1ee鮎ct，aSSeenin  

短ure・4・5（d）・However，this methodlimi七ssomeapplica七ionsinwhichenvelopescannot besepara七edfor  

recordingtheref6renceimage・Thisproblemcanbesolvedifoneknowsthedifferenceindelaytimes，△ま，When  

theTHzpulsegoesthrough七heenvelopeandair・Assumingtheenvelopeishomogeneousandtha七theTHz  
beampro丘1eisno七changedafterpassage，thereferenceimagecorresponds七0七heair－paSSingTHzimage七aken  

atadelaytimeadvanCedby△まwi七hrespectto七hedelaytimeoftaking七hesampleimage・   
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4・4 Frequency－reSOIvedimages  

BesidesenablingweakTHzsignaldetection，theOHDmethodhastheadvantagetha七aeldamplitude and  

relative phaseat speci丘cfrequenciescanbeobtainedbyFouriertransformation・Byscannlng theoptical  

delaybetweenthepumpandprobepulses，WeObtainedtheT‡‡zBeldwaveformateachpositionintheimage  

Simultaneously・All七hewave氏）rmSWereFc）urier七ransfbrmedtoyieldffequency－reSOlvedTHzimages．The  

CalculationoftheFourier七ransfbrmationdealingwith200framesoftime－reSOlveddatatakesonlyaf6wminutes・  

EachframewasresoIvedto123×123pixels．Inもhecalculation，theelec七ricaeldimageswereArstcalculated  

ffom theobserved data．Thenthetemporalwaveformwasextracted ateachspatialpoint缶om aseriesof  

time－reSOlvedimages andpaddedwithzerostoalengthoflO24beforecalculatingone－dimensionalFc）urier  
transfbrmation・TheFburieramplitudeimageatO．35T翫fbrtheemptyboxusedastheobjectandthatof  

themetalrodintheboxareshownin丘gures4・6（a）and4・6（b），reSpeCtively・Whentheftequencywasscanned  

frornlowもOhighffequencies，七hesampleobject鮎s七fain七1yappearedaroundO．2THz，Whichcorrespondsto  

thecentralftequencyofthesystembandwid七h．Although七hespec七ralimage（b）showstheobject’sshapemore  

Clearly七hanthetime－reSOIvedimageshowninfigure4．3（e），七hewholerodisnotrevealed．Thisisattributed  

tothenonquniformspa七ialdis七ribu七ionoftheTHzReld．Ⅵ屯correctedfbr七hise鮎ctbydividingimage（b）by  

therefbrenceimage（a）・Theresul七isshowninfigure4＝・6（c）・Ⅰ七canbeseenclearly七hat七hedivisionimage  

uncoveredtheentireshapeof七hesamplein七heobservedarea．Figure4．6（d）isthedivisionimageofthesame  

SampleatO．53THz．In七eres七ingly，thedarkareain七hisimagecorrespondstotheboundaryof七heobjec七・This  

Can beattribu七edto七hecomplexs七ruC七ureofahigh－ftequencyampli七udeproRleoftheTHz pulsewhenthe  

THzpulsepassesthroughthelens，aSObservedbyMat七heweまal・［55】・  

0．0  2．O   

Figure4．6：Fburieramplitudeimagesanddivisionimages・（a）istheFourieramplitudeimageatO・35T鮎  

calcula七edftomtheimageseriesobtainedusinganemp七yboxa＄theobjectand（b）is七ha七Obtainedusinga  
me七alrodinthebox．（c）is七hedivisionimagea七0・35T馳，i・e・，image（b）dividedbyimage（a）and（d）isthe  
divisionimageatO・53THz・  

Figure4・7showstheshadowofa4－mmaluminumslapattachedonpaperasampli七udeandphaseimages  
ofsomeftequencycomponents・Itindicatestha七bo七hamplitudeandphaseinformationexpresstheexistence  

oftheslab．Interes七ingly，atafrequencyofO・261THztheamplitudeimagein丘gure4・7（a）showspalearea  

indicatingaluminumslab，While七hephaseimage丘gure4・7（b）appearsasbrightarea・Thismeansthatthe  

phaseimagewouldrevealsomeinfbrmationthatisabsentin七heamplitudeimage・   
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Figure4．7‥Amplitude（1eftcolumn）andphase（righ七COlumn）imagesofaluminumslabattachedonpaperat  

frequencyO．26TH2；（a・）and（b），0・49THz（c）and（d），0・64THz（e）and（f）・   
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ThefbllowingexperimentwasperformedtoobserveOthershapesinthefrequencydomainandtoconfirm  

theedgelmageSathighftequenciestha七werefoundinthepreviousexperiment．Thesampleswerethealuminum  

platesthatwerecutintotriangularandcirc111arshapesanda七ta血edtosti仔paper．Eachsideofthetriangle  

WaSlOmmlongandthediameterofthecirclewaslOmm・Figure4・8showsspectralimagesoftherefbrence  
（paper），七riangleandcircleatseveralffequencies．Theref占renceimageatftequencyO．7infigure4．8（c），We  

CarLClearlysee七he艮rst－OrderdiffractioncalledanAirydisc．Inotherwords，thewavesa七anysecondarypoint  

SOurCeOnthelensaccordingto，Huygens，sprincipleareinphaseat七hebrigh七areaandoutofphasein七hedark  

area・Basical1y，theradiusof七hediskisinverselyproportionaltotheftequency，aSeXplainedinsec七ion2．7．2．  

Theimagesa七0・38THzshownin丘gures4．8（d）and（g）andthoseatO．5THzshownin且g11reS．4．8（e）and4・8（h）  

reproduce七hesampleshapesasdarkregions．HowevertheimagesatO．7THzinfigures4．8（f）and4・8（i）show  

theobjec七S7boundariesasdark七races・Inthereferenceimage丘gure．4．8（c），七heelec七ricfieldinthecentralpart  

islow，aSShownby七hedarkarea．Itcanbepresumedthatthespa七ialaelddistribu七ionof七heT鮎beamis  

notGaussian－1ikeatsomef上equenciesbecauseofthesphericalaberrationofthethickTPXlensusedinthese  
experiments・ThiscauseddifRcultiesiniden七i＆ingcircularobjectsshownin丘gure．4．8（i）・Theimagequality  

WaSimprovedbydividingthesampleimagebythereftrenceimage，although七heresultisno七Shownhere．  

Figure4・8：Tbprow‥referenceimages；Fburieramplitudedis七ributionsobtaineduslngStifFpaperalone・Mid－  
dleandbo七tomrows：SamPleimages；Fourieramplitudedistributionsobtaineduslngtriangularandcircular  
al1ユminumSheetsa七tachedtothestiGpaper，reSPeC七ively．Theleft，middleandrigh七columnsshowfteqlユenCy－  

resolvedimagesatO－38，0・50andO・70THE，reSpeC七ively．SincediBrencein七hesignalamplitudeamongthese  

丘equencycomponen七sislarge，thesamegreyscalelevelisusedonlyin七hesamecolumn・  

hconclusion，the七wo－dimensionalelectric丘elddetec七ionpermitsspectralimages．Thisleadsto七he  

possibilityofanalyzingpositionqdependent proper七ies・W占experimental1yperfbrmedtheima，glng Ofmetal  

objec七Sbydetec七ing七ransmi七tedelectric＆eldon七heimageplane．Therefore，thedetectedimagesrepresent  

theshadowofinterestingobjects・Fromtheexperimen七S，Wefoundtha七spectralimagesgavehighcontra軋  

However，丘equency－reSOIvedimagesoftheT馳beamwhi血isfocusedbyalensareno七uniformduetodi鮎rent  

di缶actionlimi七SOfeachfrequencycomponent・Thisa鮎c七s七heshadowimageoftheobjectinquestion．Asa   
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result，thenormalizationwiththerefbrenceimageisnecessaryforthisimagingcon丘guration，Particularlyfor  

acircularobject．  

4・5 Spatialresolutionimprovement   

4．5．1Ⅰノr－GaAs an七enna   

WhenaGaAswafbrisusedasaphotoconductivematerialfbralarge－aperturea・ntenna，itgivesahalf－CyCle  

electromagneticpulse・ThetemporalshapeofTHzpulsedependsonthemobilityofcarriersinthesubstra七e・  

Thefluentofopticalpulseandthe七ypeofsubstra七e，therefore，de七erminethewavebrmofTHzpulse【6j．The  

CentralfreqlユenCyOfTHzpulseftomtheGaAssubstrateisveryclosetodc，namelyaboutO．3mm・Inview  

Oflongwavelengthcomponen七S，itprovideslowspa七ialresolutionifthepulseisusedforimaging，SeeChapter  

3・Wbchangedthesubs七ra七einorder七omove七oahighercentral丘equency．Low－temperaturegrOWnGaAs  

（uT－GaAs）waschosenfor七hispurpose．Thelife七imeofpho七ogeneratedcarriersofI昔－GaAsisestimatedto  

belps，andthetypicalⅤaluefbrGaAsisoverlOOps［56］．Theoretical1y，higher打equencycomponentscan  

beenhancedusingI∬－GaAssubstrate［57］．Thisis七hee鮎ctoftemporalchangeinmobilitytwice，risingand  

decaylng，inthetimescaleofin七erest，i．e．，1ps．SincetheTHzwaveformin七hefarfieldisproportional七Othe  

timederivativeofmobility，七hepulseshapeemitted fromaLr－GaAs antennabecomes onecycleat thefar  

aeld．ThisglVeSthecentralftequencyshifttobehigherin丘equencydomain．  

ALトGaAsisproducedusingmolecularbeamepitaxyofGaAsatlowtemperaturesubstratetemperature  
（180－300OC）duringgrowinginanexcessAsaux．Itis，then，fo1lowedbyahightemperatureanneal（400－800QC）  

forshortperiod七ime【58】．Controlofthemobilityandcarrierli鈷timeisaccomplishedbyvaryingtheanneal  

temperatureandtime．Longer annealtimeleads七O highermobili七y andlonger carrierlifetimebecause of  

longerAsclus七erseparation．Inaddition，pho七OeXCi七edcarrierlifetimesalsoincreaseswi七hincreasinganneal  

temperaturet59］・  

Wらused a fas七photoconductivelayer epitaxially grown on GaAs as a．photoconductive media and  

detectedtemporalTHzwaveforms a・tthefocalpoint ofaTPXlens・Thel－FLmthickLT－GaAslayerwas  
epitaxiedonaGaAswaferwhi血hasathicknessof500pm・TheLT－Waferwas払bricatedwithannealtimeis  
lOminutes．Theca，rrierlifetimeis，七herefore，Short．Thediameterofthewaf占rwas50mm・Ⅰ七WaSpurChased  

丘omE＆Mcooperation．ThemeasuredwaNefbrmswereshownandcomparedwith七hoseobtainedffomGaAs  

emitterinfigure4．9．Pumpauentwasvariedfrom7・52七0255・73pJ／cm2・Theplo七SWereVerticalshifted，  

exceptthelowestpumpenergy・Thepulseshapesatthesamepumpenergyareabitdi鮎ren七・ThewaNeforms  
oftwoemittersbecamemorecloserwhen七heopticalenergywasincreased．Thatmeans七heop七ical1ightcan  

penetratedeeperinsidewithhighenergyandgeneratephotocarriersatthesecondlayer，i・e・，GaAs・Fburier  

trans払rmationofthepulsespumpedat7．52pJ／cm2wasplottedin員gure4・10Thereisnosigni丘cantlychange  

incentral丘equency．  

Inthenextexperiment7WekeptthepumpRuentasacons七arrtandobserved七hee圧ectofthebiasvoltage  

onthewavefbrm．TheGaAsandI∬一GaAsantennaBWereeXCitedwiththeauen七OfO．94pJ／cm2．Theemiセセed  

THzpulsesof2－kVbiasedand8－kVbiasedvoltagesareshownin丘g11re4・11・Thegraphshowsthatthestrength  

ofbiasvol七agedoesnota蝕cttoelectronbehaviorin七heLX－Ga・As・Astheresults，thecentralfrequencyof  

THzpulsecannOtbeshiftedtohigher丘equencyby払bricatinglFLmIH－GaAslayeronaGaAswa鹿r・  
Carrierlifetimeo‖∬－GaAswasmeasuredandcomparedwith七ha七ofGaAsusingapump－PrObeexper－  

iment．Theopticalpumpandop七icalprobep一ユ1seswerebrought丘omamode－lockampli鮎dTi：Sapphirelaser  

andfbcusedonthesurfaceofasampleinreaectiveconfiguration・ThespotsizeofthepumpplユIsewas49，64  

FLmrneaSuredusingaknif6edgeexperimen七・Theprobepulsespassedthoughanop七1Caldelayline・Thepump  
pulseswereguided七OanOptical血opperthatitstimingwassynchronizedwiththelaserclocka・tafrequency   
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Figure4・9：Pumpnuent－dependentwaveformsofGaAs（dottedline）andLT－GaAs（solidline）photoconductive  
emitters．  
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Figure4・10‥Fourieramplitudesofthewaveformsin丘gure・4・9atapump艮uentof7．52pJ／cm2．   
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Figure4・11：WaNe払rmsofGaAs（doセセedlines）andLT－GaAs（solidlines）emittersatbiasvoltagesof2and8  
kV．   

Of500Hz・Thepumpandprobefluen七werel17・60andl12・38pJ／cm2，reSPeC七ively．Carrierdensity，n，Can  

becalculated as  

m＝Ax訂（筈）・  （4・1）  

Here，Ais七heabsorptioncoe氏・Cientofsample，Fisauent，disskindepth，hisPlanck，sconstant，Cisthe  

Velocityoflightinvacuum，and入isthewavelengthofexcitation．Theabsorptioncoe抗cientsofGaAsand  

LT－GaAsarebo七hO・7［60］・ButtheskindepthofGaAsisIFLmWhilethatofIX－GaAsisO．7FLm［61】．The  

CarrierdensitiesofGaAsandLT－GaAswith800－nmpumpingwere3・316×103and4・737×103，reSPeCtively・  

Theopticalsetupofpump－prObee＝Perimentisdepictedinfigure4・12■Thephotoexcitedrespondsofcarriers  

Figure4・12：Opticalsetupforthepump－PrObeexperiment．   

OnGaAsandLJ－GaAswereplottedinfigures4・13and4・14，reSPeCtively・Thedecaywascurve飢tedwiththe  

hnction  

拍）＝Cl＋c2eXpト士／c3）．  （4．2）   
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Thedecaycoe毘cient7C3，OfGaAsisfasterthatofLT－GaAs，i・e・，14・5forGaAsand18・3fbrLT－GaAs，but  

thecarrierlif6timesofbothmaterialswereaboutlOOps・Figure4・15shows昆nescaleoftimedelayatthe  

rlSlngperiodbetweenOto840f白・Sharpcoherencespikeswereobservedinbothresponsesignalsduetothe  

Shortcoherenttime・Besides七hephenomena，theslgnalsaresimilar・Asaresult，itseemsthattheexcitation  

Pulsepenetratesintothesubstrate，Verylowdecaylngelectronandholepopulationsaregenerated，andthe  

Performanceoftheemit七erisdegraded・For aGaAs epitaxiallayer，theabsorp七ioncoe尻cient at800－nm  

WaVelengthisaboutlpm［62】・There払re，ifthethicknessoftheepitaxial1ayerisIIlm，about30％oftheligh七  

isabsorbedintothesubstrate・Inordertoreducesubstrateabsorptionbelow5％，atleast3pmoftheepitaxial  

thicknessisrequired・  
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Figure4．13：Respond ofphotoexcited carriers on GaAssurfacewithop七icalpumpandopticalprobe．The  

餌entofthepumpandprobepulsesarel17．6andl12．38iLJ／cm2，reSpeCtively．Thegraythicklineshows  

Curve丘ttingofthedecaywi七hacoe紀cientof14・5ps．  

4．5．2 High－PaSSfiltering  

In TH2；imaging byscanning method，a tWOqdimensionalimageis constructed ftom characteristics ofTHz  

waveformtha七passedthoughasample，Whichistranslatedonthefocalplane，thespatialresolutionofthe  

imageisdeterminedby七hespo七SizeoftheTHzbeama七thesampleposition・Toachievehighresolutionby  
uslngalargeNAlens，along七imeisrequiredto completeawholesample・‡nthecaseoftwo－dimensional  

imaglngmOde，七hespatialresolutionisdeterminedbythepeakwavelengthofthespectrum・Usingahalトcycle  

THzpulsefromabiasedlarge－apert11rephotoconductivean七enna，七heresolutionisoftheorderofami11imeter．  

Inourexperiment，七hepeak鉦equencyisaboutO．2THzcorresponding七oawaveleng七hofl．5mm．Asit has  

alargeresolution，｝itovercomes七heobstacleofde七ec七ingasmallobject．Inobjec七iveinthissectionwasto  

investigateonewayforimprovlngthespa七ialresolutionofthetwo－dimensionalimaglngbyusingahigh－paSS  
昆1ter．Theore七ical1y，thelowfrequencycomponentsthatblurtheimageofanobjectwillbecompressed．The  

simpleway七OCutundesiredlongerwaⅣelengthoutistopass七hepulsethoughametal1ichole．Adjustingthe  

sizeof七hehole，aCu七OfFwaNelengthcanbeselec七ed［63］・However，七heoveral1Beldstrengthwi11bedecreased  

grea七1y・Tbovercomethisdisadvantageっmetal1icholearrayshasbeenadoptedforalteringelectromagnetic  

wavesinTHzregime【64，65】・nanSmissionandphase－Shiftcharacteristicsofthe触erweres七udiedwithT翫  

七ime－domainspec七rome七er［66］・However，thespatialdistributionof七ransmit七edbeamhadnolongerbeen   
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Fi訃Ire4・14：RespondofphotoexcitedcarriersonLT－GaAssurfacewithopticalpumpandopticalprobe．The  

fluentofthepumpandprobepulsesarel17．6andl12，38FLJ／cm2，reSpeCtively，Thegraythicklineshows  

CuIVe翫tingofthedecaywithacoefRcientof18．3ps．  
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Figure4・15‥Respondsofpho七OeXCitedcarriersonGaAs（dottedline）andLT－GaAs（solidline）surfaceatrising  

in員nescaleof丘gures4．13and4．14．   
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studied．Inthissection，thestudiesoftwo－dimensionalpro丘1eofBlteredTHzradiationwillbeillustrated．The  

alteredTHz鮎Idwasalsousedforimaginganobject・nade－0ぽofusingtheBlterinaimagingsystemwi11be  

Stated・Thetheoreticalapproachofaholearrayalterwi11bedescribedasfollows・Thefrequencydependence  

Figure4．16：Schematicofhexagonal1yclosepackedfilter・drepresentsdiameterofcircularholes，Sisthe  

verticalspacing，histhehorizontalspaclng，arePreSentStheunitcellareaっandbrepresentscircularopenlng  

areaperunitcell．   

ofthetransmissionhracircularholeisdeterminedbytheholediameterd，theholespacingdistances，and  

platethicknessl．Forfrequencybelowthecutofffrequency ucthe＆1七eractsasaplanemirrorwithavery  

lowleakrate，Whichisdependsonl．Alargerlgivesalowerleakrate・TbcalculatethecutofFfrequencyfor  

acircularholearrayspla七e，WeuSedtheboundarycondi七ionsofahollowwaNeguideinMaxwell’sequations・  

Assuming，electromagneticw叩eE（z，士）＝Eoexp（iu士一7Z）propagatinginsideasingleholeorientedalongthe  

z－direction，thewewesa七isaestheboundaryconditions：E3ls。fac。＝0forTM－mOdesand旦駕控Es。rfa。e＝Ofor  

TE－mOdes，Wherenisnormaltothesurfaceofthewaveguide［67］・Thecomplexpropagationfactorisde艮ned  

intermoffrequencyas  

7＝誓仰・  （4・3）  

Bel。Wthecuto圧frequency，U＜U。，thepropagationfactor7isreal，thewzweis，then，E（z，U）＝Eoexp（一撃仰）・  

Thatmeansi七isat七enuatedorevanescent・Abovethecu七0圧丘equency，Z／＞L／rmc，thepropagationfactorbe－  

COmeSimaginary・ThewaveobeysE（z，U）＝Eoexpト呼仰）・Inthisce，thewavecnPrOpagate  
inthewaveguidewithoutlossbutthephasechanges・Thecuto仔frequencyisslmPletosoIvelnCylindrical  

coordinateyieldingaBesselfunc七ion・ThedominantprOpaga七ionmodeincircularwaveguideisTEllWiththe  

Cu七OfFたequency，  

レc＝1・841，  （4・4）  

wheredisthediame七erof七hehole．Thevaluel．841is七hezeropoleofBrstderivativeofW6berfunction（the  

BesselfunCtionof七hesecondkind）．Fbrexample，thecuto仔frequencyofl－mm－diame七erholeis175GHz・  

Typical1y，anhexagonal1yclosepackedpat七ernisusedforproducingaregular七WO－dimensionalgridstructure－  

shownin員gure4．16．Becauseofthiscu七0圧behavior，七heholearrayactsashigh－PaSSalter，Whichreaects  

belowthecu七0圧frequency・However，the七ransmi七tedf王equencybandwid七hislimi七edbecausethehexagonal  

holearrayrepresentsatwo－dimensionalgratingthatforceselec七romagneticwaveswithfrequenciesgrea七erthan   
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thedi駄action丘equencyLtlifrtObedi敢ac七edintothearstgratinglobe［68］・Atnormalincidencedi軌ac七ion  

intotbe鮎stlobeappearsat  

C  

2c  

β、乃●  

〃di仔   

（4・5）  

Fbroptimumdesignitisnecessary七OCalcula七ethediffrac七ionlimit，namelymaximlユmfrequencyoftransmitted  

band，Ofthefi1ter・Ingeneral，thespaclngSShouldbesmal1eno11ghtopreventsignificantpowerradia七iontothe  

丘rstgratinglobe・Anotherparame七erthatweshouldpayattentionfornlterdesignis七hepowertransmission・  

Itcanbeapproximatedbyconsideringthegeome七ryof七healterorbysolvingMaxwell，sequations［67］・From  

thetriangleareainfig11re4・16，thepowertransmissionisglVenby  

，
〇
一
α
 
 

ニ
 
 

r
 
 

去（誓）′（笥  

蒜（…）2・  
（4．6）  

Intheexperiment？WeuSedtwoRlters，Wi七hdiffbrentholediameters，SpaCingdistanCeSandthethicknesses，  

asshowninfigure4・17・Onewasameshofaspeaker，Withd＝1mm，S：＝1．5mmandcuto圧■frequency  

L／c＝176GHz，Cal1edaspeakerfi1ter．Theotherwasdesignedforwiderbandwidthandinthatthediameter  

WaSbiggerwhilethespacingdistancewasshorter．Thediameterand七hecuto庁ftequencywerel．4mmand  

126GHz，Cal1edagrillfi1ter．The且1terswereplaceda七adistanCeOf5mmftomtheemit七er．FilteredTHz  

fieldwasfocusedbytheTPXlens，Thewaveformsthatpassed七houghthe丘1tersweremeasuredatthefbcal  

POintz＝fanda七z＝3／2f（thepositionofimagingplanewhendotwo－dimensionalimagingofanObjec七）．  

In丘gures4．18and4：．19thewaNeformsofreferencepulsesarerepresenteda5thedoモモedlines．Thesolidlines  

andthedashedlinesshow七hesamplepulses，Whichwereobtainedbyplacing七hedi鮎ren七filtersintheTHz  

beampath・BytakingtheFburier七ransfbrmofthesetimedomaindata．Oneobtainsthecomplexamplitude  

SPeCtrumETHz（z／）informofbothmagnitudelETHziandphase4）（z／）．ThemagnitudesIETH2Iaredisplayedon  

therighthandsideof丘gures4・18and4．19．A七thefbcalpoin七，themainpeakswerereducedto40％and35％  

Oftheref6rencepeakwhenthesamplepulsespassedthoughthegri11fi1terandspea，keralter，reSpeCtively．The  

negativeportionsofthemweredeeper．Moreover，thetailsvibratedwithlongperiod・Thecuto庁frequencies，  

measuredfrom七heexperimentalresults，Were165GHz払rthegri11filterand180GHzforthespeaker丘1七er．  

Thecu七0圧frequencyofthegri11fi1terwashigherthantheoreticalvalueby39GHzwhilethatofthespeak  
丘1tergivethenearerone・Sincethegri11＆lterareawasdesignedtoexactly鮎七OtheTHzemittersize，i．e．30  

×30mm2，theportionoflow－ftequencybeamS七hatd漁actstobelarger七hanthefi1terareawereblocked．  

Thereforethecuto庁缶equencyugishigher七han七hetheore七icalapproach・At七hecen七erofimaglngPlane，aS  

Canbeseeninfigure4・19，WeCanObservethesigni丘cantchanges七0七hesamplewaNefbrms，namelythepeaks  

haveinversephaserespected七Otheref6rencepulse（dot七edline）andthevibra，七ionoftheirtai1s．Itseemstha七  

thefrequencycomponentsthatarehigher七han250GHzweresuppressed．  

Thera七iooftheseFburiertransformedsampleandreferenceda七arepresents七hemagnitudetransmittance  

Ofthealters，T＝悔ampl。（z／）l／lErefbrenc。（u）f・The七ransmittanceofdi鮎rent五1tersmeasuredatz＝f（七op）and  

atz＝3／2f（bot七om）areshowninfigure4．20．Below七hecu七o庁hequencies，七hetransmittanceswerereduced  

rapidly・However，a鮎quencybelow50GHzseemsno七tohavebeen＆1tered・Thisiscausedbyincluding  

time－domainda七awi七hlongperiod，inwhich七hevibra七ione鮎ctofthe＆l七erwasadded・Thedepressionof七he   
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transmittanceinpassingbandofthegri11fi1ter（144－220GHz）wasalsofoundinotherliteratures［65，69］．The  

transmittedbandwidthsofthegrillfilterarewiderthanatoftheotherfilter，aStheoreticalprediction，because  

Ofshorterspaclngdistance．  

●●●●●●  
●●●●●●●  
●●●●●●  

●●●●●●●  
●●●●●●  

●●●●●●●  
●●●●●●  

●●●●●●●  

帥  掴  

Figure4・17‥CircularholearaySforfilteringlow－frequencycomponents：（a）themeshofspeakerwiththehole  
diameterd＝1mm，thespaclngdistances＝1・5mmandthethicknessl＝0・5mm；（b）thedesignedgri11丘1ter  

withd＝1．4mm，S＝1．6mm，andthethicknessl＝1mm．Thecutofffrequencyofthespeakerfi1terandthe  

grillfilterare176and126GHz，reSpeCtively．  

Thefielddistributionoffi1teredTH2；beamwasobserveduslngthegri11fi1ter．Themeasurementwas  

performed at thefocalpoint ofTHz beam uslng a THzlens with98．3－mmfocallength．Tb observe how  

thelow－paSSfilteryieldseachfrequencydistribution，Theimagesofelectricfieldweredetectedvaryingthe  

timedelay．Thetemporalresolutionofthisexperimentwas40鈷．Theseriesoftime－dependentimageswere  

transformedintofrequencydomain．Figure4．21showsFburieramplitudeimagesofthereferenceTHzbeam  

whilefigure4．22showsthatoffi1teredTHzbeam．Itisobviousthatthelowestfrequencycomponent（dc）in  

figure4．21isbrightestbutnotforthefi1teredbeam．Thebrightestimageinthefilteredserieswasfoundat319  

GHz．Ftomtheresultsshowninfigure4．22，WeCanCOnCludethatthegri11fi1tercutthefrequencycomponents  

belowl16GHze鮎ctively．  

Ⅵ屯usedtheoutputfieldfromthegrillfiltertoimageasample．Themetalrodwithadiameterof2  

mmwasusedasasample．Itwasinsertedjustbehindthe丘1ter．WbdetectedtherefeienceTHz丘eldimages  

Ofnon－Sample，aSShownin丘gure4．23，andthefilteredTHzfieldwiththesampleplacedbetweenthebeam  

pathbyvaryingthetimedelay，figure4．24．Ⅵねcanseethatthesizeoftheimagewithoutusingthefi1ter  

Variedwhenthealongdelaytimewasincreasing（fromlefttoright）whiletheotherdidnot・ThisisbecauseOf  

thepresenceoflowffequencycomponentsthathavewavelengthlongerthatthesampledimension．Eventhe  

blurduetothelowfrequencycomponentscanbeeliminatedbydividingwiththereferenceimagesyielding  

theactualsamplesizebutitistimeconsumlng．Theimageinfrequencydomainconfirmsthee鮎ctofusing  

thefi1ter．Figure4．25showstheimagesat288GHzatofthereferenceTHzbeam（a），themetalrod（b），the  

filteredTHzbeam（c），andthemetalrodusingfilteredTHzbeam（d）．Ⅵ屯canClearlyseethatthecontrastof  

themetalimageinfigure4■25（d）isbetterthan（b）whichthefilterwasnotused・Thereforetheusingofthe  

filteriscomparativewiththedividingprocessbutislesstimeconsuming．Thismethodisusefu1forareal－time  

detectioninthecasewhereahighpowerTHzsourceisavailable．   
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Figure4．18：Temporalwavefbrms（1eft）andtheirFburieramplitudes（right）ofthereferencepulse（dotted  

line）andthefi1teredpulsebythegri11nlter（solidline）andbythespeaker丘1ter（dashedline）・Thedatawere  
measuredatthefbcalpointofthelensusingEOsamplingdetection・  
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Figure4，19‥TemporalwaNeforms（1eft）and七heirFourieramPlitudes（right）of七heref6rencepulse（dotted  
line）andthealteredpulsebythegrill艮1ter（solidline）andbythespeakeralter（dashedline）・Thedatawas  
measuredatadistance3／2ffromthelens・   
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Fi釘1re4．20：Powertransmittanceofdi鮎rent丘1ters：grillalter（solidline）andspeaker丘1ter（dashedline）・The  

Spikes払undabovel・5THzwerea鮎ctedbywa七ervaporabsorption，Whichdidnotinvolveinpassedband．   
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Figure4・21：Ftequencyamplitudeim喝eSOfthereferenceTHzbeam．Theyweretransformedfromthe＄eries  

Of200time－dependentfhmes．TheexposuretimeoftheCCDcamerawa居SettObe30ms．   
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Figufe4・22：Ftequencyamplitudeim喝e80fthefi1teredTHzbeamusingthegrillfi1ter．  
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FigTre4・23：Time－dependentimagesofthereferenceTHzfield（a）－（c）andthatoftheTHzfieldwhichthe  
sample，i．e．themetalrodwith2－mmindiameter，WaS．placedbetmenitsbeampath（d）－（f）・Thetimestepof  

di鮎rentcolumnwas240f岳．Theimagesinthesamecolumnweredetectedatthesamedelaytime．Theimage  

sizewas27×27cm2correspondingtoareaontheobjectplane．   
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Figure4．24、：Time－dependentimage＄OfthefilteredTHz丘eld（a）－（c）andthatofthefilteredTH盗fieldwhen  

thesamplewasplacedbetweenitsb占ampath（d）－（f）．Thegrill＆lter，aSShowninfigure4・17wasinserted  

betw恍ntheTHzemitterandthesample．ThetimedelaywerethesameaBuSingwhendetectedtheimagesin  

丘gure4．23．   



CだAPTER4．比丘CてHWダ胤ヱ）皿4AG上ⅣG   68  

ト 
「   

‾ ‾   
（已）  

Figure4・25：TheFburieramPlitudeimagesat288GHzofthereferenceT馳beam（a），themetalrod（b），the  

丘1teredT馳beam（c），andthemet＆lrodusingfilteredTHzfield（d）．   

4．6 Conclusions   

TwD－dimensionalTHzimaglnguSlnghalf－CyCleelectromagneticpulsesfromalarge－aperturebiasedphotocon－  

duc七iveantennaWaSperformed・Itwasfoundthatthebestim呼SOfanobjectwereobtained註tthedelaytime  

WithsteeptranSientsintheTH2；field・This簸泡tureprOVidesapossibilityofreal－timeimaEingby丘Ⅹingthe  

timedelayatthetimewhenarapidchangeinTHz丘eldoccursi皿Whichitisnecessaryforobservingamoving  
Object・Thefrequency－reSOIvedimage写ShowthepresenceofanObjeetatlowfrequencycomponentswhilethe  
im喝eSOftheiredgeswerefoundatcomparativelyhighfrequencies．  

WbdidtheexperimentforimprovingthespatialresolutionusingtheLT－GaAswaferasaphotoconduc七ive  

materialinsteadofaGaAswaferandusingthehighーpaS＄Glters．ThefirstattemptdidnotachieⅦtheaim  

bcausetheI∬－GaAslayeronthenormalGaAswaferthatprovidesshortcarrierlifetimeisnotthickenough．  

Thereforethebulkcarrierbehaviordoesnotchangedasthehypothesisthats11pPOSeSthatshortcarrierlifetime  

WOuldcausebroaderspectrumandshi氏thepeakfrequencyもObehigher．Howeverthecarrierlifetimeofthe  

a址erna七ivewaferwasconfirmedbythepump－prObeexperimentsthatthereisnosigni鮎antdi鮎renceftomthe  
normaltypeGaAswafer・Fbrtheothermethod，Wefoundthatthefilteractsa8aband－pa展Sfilter．Practical1y；  

thetperformanceoffi1terinfrequencydomainissimilartodividingthesampleimagewiththerefereneeimage・  

机1rthermore，thefi1terisapplical）leforthepreciselybandfortwo－dimensionalspectroscopy．   
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5．1 Introduction   

Withthelonghistoryofopticalimaging，high－SPeeddetection，i．e・，uPtOafbw七housandframespersecond  

（fps），hasbeensuecessfullyandwidelyappliedtobasicresearchandeverydayoccurrences．FoTinstance，ithas  

beenusedtoexaminethesplashofawaterdroporstopsucheventssuchastheimpactoftennisbal1witha  

racketandtheburstofaballoon．InTH2：region，increasingtheframerateisoneofimaglngChallengesbecause  

ita1lowsthemonitoringofsirlglc－timeeventsoccurrlngatahighspeedsuchasexplosionandlaserabla烏on・  

In thischapter，We describe how toirnprove thecapturlng rate up tOlOOO fps．Since thelaser systemwas  

OPeratedat arepetitionrateoflkHz，theimageisthenaslngle－ShotoftheTHzpulse．Theslgnificanceof  

thesingle－ShotimaginglSeXplainedinもhesecondsec七ion・AmovieofamovlngObjectwasobtaineduslnga  
SlngleTHzpulseperframe．Theoneproblemofhigh－SPeedimaginglSthatnoiselevelisashighasthesignal・  

WbappliedsomedigitalimaglngprOCeSSeStOenhancetheimagequality，eXPlainedinsection5・4・   

5．1．11－kHzimaglng ●   

Realrtimeor two－dimensionaiTHzimagingwas鮎s七demonstratedbyWu eial．［5】・Theyobtainedatwo－  

dimensionalintensity distribution ofa focused THz beam uslng an electro－Optic sampling technique and a  

thermoelectricallvcooled CCDcameraataframerateof38fps，Whichiscomparabletothatofastandard  

television（30年）S）．The electric邑eld detection technique and acapturing rate up to69fpswereused to  

performspatio－ternpOraldetectionoffew－CyCleTHzpulsesin1999byJiangandZhangi70］．However，arepOrt  

aboutimaginganobjectwiththetwo－dimensionalsystemhadno七beenreportedunti12002・THzimagesof  
stationaryandmovingsampleswereobservedataftamerateof30fpsand10fps，reSpeCtively［3耳Obviously，  

the accumulaもionofalargernumberofTHzpulsesperframeandalowerframerateprovidehigherirnage  
quality．However，itismeaningfultoachieveTHzimagingatahighframerate，Whichiscomparabletoan  

opticalframeratefbrinvestigatingultrafastphenomena・However，thedataaCquisitionisnotlimitedonlyby  

thespeedoftheimagedetector，butalsobvtheintensityoftheTHzradiation7detectiontechnique，andtiming・  

Recently，Miyamaruetal．reporもedahigh岬たame－ratemeaSurementOfaTf王zbeampro員1eatlOOO毎susinga  

COmplementarymetaト0Ⅹidesemiconductor（CMOS）camerat53トHowever，in七heirreporも，halfofもheimage  

da鳥awereusedasreferencedfbrasubtracもiondeもec七ionmodeyieldinghighsignal－tOnOiseratioachievement  

andasamplehasnotbeenimagedaもahigbframerate．  

1－kHzimagingsystemrequiresahighTHzradiationsource，aSenSitivedeteetiont・eChniqueandahigト  

69   
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Speedcamera・Thelarge－aPer七urebiasedphotoconductiveantennaprovidesahighenoughelectricfieldstrength  

todotheimaging・Wbusedthephase－SenSitiveelectro－OPticsamplingtomaptheTHz丘eldonanobservation  
plan七oanopticalsignala5describedinchapter3．Theoutputsignalwasthencapturedby七hehigh－Speed  

CCD camera．Thecapturetimingofthecameraneedstobeproperlysynchronizedwiththeopticalprobe  

pulse．   

5．1．2 Single－Shotimaglng ●   

Theacquisitionoftwo－dimensionalimagescanbeachievedinrealtimeusingelectro－OPticsamplingmethod  
andaCCDcamera・Theresponse七imeofanEOcrystalisnegligiblebecauseanindexofreffactionchanges  
alongthepropagationofTHzpulse・Itallowstheobserva七ionontheorderofprobepulsewidth，i・e・，150鈷in  

OureXPeriment）iftheima・geistakeninoneshot・TheimaglngOfaslngle－imageTHzpulsewasidealbecause  

thepowerofaslngleTHzpulsewasnotenoughtoinducedetectablephasechangeintheprobepulse・The  
requirementofacleansignalandgoodimagequalityisanotherreasonthatTHzimagesweretakenwithalong  

integrationtime【34］・Inthisresearch，wi払七hehelpofhighbiasvoltagein七heTHzgenerationprocessand  

highsensitivityofthephase－SenSitiveelectro－Op七icsampling，thesingle－ShotTHzimaginghasbeenachieved．  

5・2 Imagingsystem  

Figure5・1：Schematicof七heexperimentalsetup・LAPA：large－aperturephotoconduc七iveantenna，BS：Pellicle  

beamspli七ter，EO：electroopもiccrystal（ZnTb），入／4‥quarter－WaNeplate，P：pOlarizer，A‥pOlari2；ationanalyzer・  

TheexposuretimeoftheCCDcameraisO．5ms．  

Theschema七icoftheexperimen七alse七upisshownin丘gure5．1．Itissimilartothatusedfbr七hetwo－  

dimensionalimagingdescribedinpreviouschap七er，eXCePt七heCCD cameraandsynchroni2；edtiming・The  

highーSPeedCCDcamera（Photron，FASTCAM－PCI2K）allowsalatencyffom七he七riggerpulsetostartof  

exposureofO．5mswhenalaserprobepulseillumina七es．Anexternaltriggerwascons七ructed七Ohave30u七put  

Signals七OCOntrOlthe七imingofTi：Sapphirelaser，七hehigh－VOl七agegenera七Orand七heCCDcamera・Eachpor七  

hasowndelaycon七roller．Figure5．2shows七hetimechartofdetection・Theinpu七Signalandopticalsignalare  

SynChronousby七heexternal七rigger．Theinternalsignalisreleasedby七heCCDcomponent・Theoutputthat  

indicatestheexposuretimeisreadoutasfbrnormalopera七ion．Thefu11si2；eOftheCCDchipis512×480  

pixels（3・79×3．50mm2），Withapixelwellsizeof7．4×7．4pm2．   
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Figure5・2：Timechartoftheimagingopera七ion・Theinputsignalandtheopticalsignalarecon七ro11erby  
anex七ernaltriggerwhichthetimedelaybetweenthemisadjus七able・Theinternalsignalisgeneratedfrom  
theCCDcomponen七・Theoutputsignalisusedfora軸us七ing七hetimingofprobepulsetobein七heexposure  
period．   

5・3 Snapsho七sofmovingsamがes  

lmagesofasampleobjectwereobtaineda七thedelaytimewhenthe七emporalchangerateintheTHzfieldwas  
highestasdescribedinchapter4・TheTHzwavedistributionontheobjectplanewasimagedontotheEO  
CryStal．Theprobepulsesmappedthef6a七ureonthecrys七altoCCDcameraaccordingtothephasemodulation  

inducedby七heTH曳6eld．  

Alarge－aperturePho七OCOnductiveantennaenablesalargebeamsizeandahighelectricfieldwhenbiased  

Withahighdcvoltage．WhenaGaAswaf6risusedasapho七OCOnductor，i七givesalmosthalf－CyCleelectric  

pulses［6，36］・Thismakestheirspectrahaveapeakneardc■Figure5・3depic七Sthegenera七edwavefbrm（dashed  

line）measuredatthefbcusoftheTPXlens，Z＝0，uSinganEOsamplingmethod・TheinsetshowsitsFourier  

amplitude（dashedline）．Ascanbeseenffomthegraph，七hespatialresolutionoftheimagingusingthisTH21  

pulse，de七erminedbyahaLfofthecen七ralwavelength，islimi七edataboutlmm．Theaxialwavefbrmonthe  

imageplaneoftheimagingcon丘gura七ion，a七z＝＝49・2mm，WaSmeaSuredusingthesamemethod，aSShownin  

thesamefigure（solidline）・Apparently，i七devia七es丘omtha七measuredatthefocalplaneinwhichithasalong  

riseandafastdecay．Thisistheresultoflargedi駄ac七ioninhigh－freq11enCyCOmpOnentS，aSCanbeseeninthe  

insetof丘gure5．3．Imagesofasampleobjec七COuldbeascertainedatthe七imewhenthetemporalchangeratein  

theTHzfieldwashigh，namelyO．2－0．8psinthegraphbecauseof七hedominanceofhigh－ftequencycomponents  

inthistimeregion［71】・The鮎1ddistributionontheobjectplanewasimagedontotheEOcrys七al・Theprobe  

Pulsesmappedthefta七ureonthecrys七altotheCCDcameraaccording七Othephasemod一ユ1ationinducedby  

theTHzfield．Thespa七ialintensitydis七ribu七ionof七hemodulatedpulses，I，WaSObtainedbytheCCDcamera．  

TheTHzelectric鮎1dwas七hencalculatedbysubstitutingtheprobeintensitylb，Opticalbackgroundintensi七y  

ん，and∫intoeq．（3．54）・  

Wecapturedimagesofamovingobjecta七aframerateashighaslOOOfps．Thesampleobjectwasa  

metalrodof2．6mmindiame七er．Therodwashungbyastringand，Whena七res七，Placedvertical1yatthe  

centeroftheTHzbeamatadis七anceof3f丘omtheTPXlens・Real－timeimagesoftherod，Whileswinging，  

wereobtained．TheCCDcameracapturedanimageforeachprobepulse七ha七mappedTHzBeldontheEO   
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Figure5・3：NormalizedTHzwavefbrmsmeasuredatthe払cus，Z＝0，（dashedline）andatz＝49．2mm（solid  

line）usinganEOsamplingde七ection．Thesecondand七hirdpeaksarethere鮎c七ionofthemainTHzpulse  

insidetheGaAswaf6randinsidetheEOcrystal，reSpeC七ively．TheinsetshowstheirFburieramplitudes．  

CryStal．TheTHzimageshowstheshadowofthemetalrod，aSthedarkarea，WhereTHzwavescouldnotpass  

thougb．  

Theresultingimageswere contaminatedby avarietyofnoisesources，Par七icularlysigniBcant among  

them w・aS tha七ffom the CCD camera．In this experiment，Pho七On nOise and thermalnoise were dominant  

becausetheprobepulsewasweakandtheimagesweretakenatahighframerate・Thisphotonnoiseoccurred  
becauseofincorrectcountingofthesamenumberofphotonsfbrconsecutiveたames・Inaddition，thermalnoise  

wasftomastochasticsourceofelec七ronsinaCCDwell．0七hernoisecame丘omlaserinstability．Thesenoises  

Canbereducedbyimageprocesslng・  

Whentheimagequalityislow，alevel－detectingmethod cannOt丘ndtheobject reliably・Therefore，  

imageprocessingwasdesignedaccordingtotheた）1lowingsteps：（a）correct fbrnon－uniformityintheTHz  

beamand（b）suppressnoise．Thee鮎ctofthedarkholeatthecenteroftheimages，Whichwasattributed  

tothefoc11Singcharac七eristicsofhalLcycleTHzpulses［54】，WaSreducedbydividing七heimagedatabythe  

refbrenceaeldimage，namelytheimageoftheTHzaeldwhenthesampleobjectwasremoved・Theresultant  

imagesareshowninfigures5．4（a）and5・4（b）・lmage（b）wasob七ained20msa氏erimage（a）・Theyhavebeen  

cropped，in七0120×100pixels，tOShowtheareasurroundingthesubjectofthein七erest，COrreSPOndingto  

dimensionof8．8×7．4mm20ntheobjectplane．ThisprocessrevealedtherealshaJPeOftherodasadark  

area．  

TheuseoftheGaussiankernelfbrnoise丘1teringhasbecomepopula．r．Thishasbeenappliedtoseveral  

areassuchasedgefindingandscalespaceanalysis・Sincecommercial1yavai1ableimageprocesslngSOftware  

typICauya鮎ctsonlyoneimageata七ime，Weimplemen七edacomputerprogramthatcanmanipulatethewhole  

setoftheimagesatone七ime．Thisprovidesane凪cientconceptualframeworkfbrimageprocessingtasks・The  

actionoftheGaussianfi1tertoaslngle－Shotimagehasbeenexplainedingreatdetai1infb1lowingsec七ion・The  

resultsofapplying七heGaussianalteroperatorwiththevarianCeOflareshowninfigures5A（c）and5・4（d）．  

Obviously，Gaussianalteringproducedclearerimages・Itshouldbenotedthatalargervalueofvariancein   
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1．13  1  

（c）   

1   

コ＿（●d）  

1．58   

Figure5・4：Divisionimages（a）and（b）；Obtainedbydividingthesampleimageby七heref6re㌣Ceimage・Image  
（b）wasobtained20msafterimage（a）・Images（c）and（d）aretheresultsofapplyingaGausslanfi1七eroperator  

toimages（a）and（b），reSpeC七ively・Theupperandlowerbarsindicate七hegrayscalefortheupperandlower  

images・ThevaluesofeachimagearemappedtopercentilerangelO％－90％．  

Blteringmakestheimagemoreclearerbutsharpedgesandspecularhigh1ightsmaybesoftened．Thecalculation  

processestookO．5secondperframeonaPC．Figure5．5showsmoresnapsho七SOftheGaussian＆l七ereddata  

representingthemovement oftherod丘omlef七torigh七in56ms．Thetimeintervalbetweentwo adjacent  

imageswasselectedtobe7msfbrobservlngthechange．Frequencycomponen七S七ha七CanreSOlve七heobjec七  

WereOnlyた）undinthecentralareaof七heimage．Thepar七Of七herodtha七wasou七Of七heTHzbeamorina七  

thenonactiveareaoftheEOcrys七al（therightbot七OmCOrner）appearedbright・Thiseffectcanbeseeninthe  

Photographsa，t49and56ms．  

5．4Image enhancemen七  

Anyimage acquired by op七ical）electro－OPticalorelectronicwavesislikelyto bedegraded by thesenslng  

environment．The degradationsmaybeintheformofsensornoise，blurduetocameramisfocus，relative  

object－Camera mOtion，random a七mosphereturbulence，and so on・Image enhancement ref占rs七O Sharpen  

imagesf6aturessuchasedges）boundaries，OrCOntraSttOmakeagraphicdisplaymoreusefu1fbrdisplayand  

analvsis．Theenhancementprocessshouldnotincreasetheinherentinfbrmationcontentinthedata・Butit  

shouldincreasetherangeofchosenfea七uressothatcanbedetectedeasily・Theimageenhancementincludes  

graylevelandcontrastmampulation7nOisereduction，edgecrispenlngandsharpenlng，昆1七ering，interpola七ion  

andmagnification，PSeudocoloring，andsoon［72］・Amongthesemethods，WeChosethe丘1teringtoreduce  

nOISeS．  

5．4．1 Normaliヱa七ion   

Thespatialdis七ributionofTHzbeamdependsontha七ofitslaserpump beamwhichisassumed七obea  
Gaussianshape．Itleadstothefac七tha七theobserv1ngbeamisno七SPa七ial1yunifbrm・Thereforeprojectionof   



C打APT且R£．REAエーTガ止Eヱ汀（；茸・5PEEかTERA月ERTZJMA（；上ⅣG  74  

Figure5・5：Snapshotsof七hemovieshowingthe七ranslationofthemetalrodfromlefttorigh七wi七ha．七ime  

intervalof7ms・Theplo七parameterswerethesameasusinginfigure．5．4．  

anobjectdoesnotoweto七heobjec七shapealonebutisalsocontamina七edby七hecon且gurationofthefocused  

THzbeam・TheTHzimageof七heobjectcanbeimprovedbydividingbytheTHzimagewithou上土heobjec七．  

The丘gure5・6showstheimprovemen七Of七hisac七ion・Theblackregiononfigure5・6（a）indica七es七hehole打om  

thefocuslngOfTHzpulseandthepresentoftheobject，i．e．，七herod．Itisnotclearwhere七herodis．Butwe  

CanSeeObviouslyinnormalizedimage，昆gure5・6（b），that七herodwashangedvertically・  
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Figure5．6：Single－Shotimagesofthemetalrod：（a）elec七ric丘eldimage（b）thera七iooftheelec七ric丘eldimage  

oftherodandtheTH2iimagewithoutsample・  

5．4．2 Noises from a CCD camera   

Imagesacquiredthroughmodernsensorsmaybecon七aminatedbyavarietyofnoisesources，Particularlythe  

useofmodernCCDcameraswherephotonsproduceelectronsthatarecommonlyreferredtoasphotoelectrons．  

Noises缶omaCCDcameracanbeclassi員edinto6七ypes，i・e・，Photonnoise，thermalnoise，OneChipelectronic  

noise，KTCnoise，ampliaernoise，andquantiza七ionnoise【731．Inourexperiment，photonnoiseand七hermal  

noisearedominan七becausetheintensi七yofonelightpulseisverylowandimagesare七akenwi七hfas七Speed．We  

cannotassumethatinaglVenPixelfbrtwoconsecu七iveframes，七hesamenumberofphotonswi11becounted．   
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Thepho七OnnOiseisthentheproduced．Anadditional，StOChasticsourceofelec七ronsinaCCDwellisthermal  

energy．Electrons canbefreedfromtheCCDmaterialitself七hroughthermalvibrationand then，traPped  

intheCCDwell，beindistinguishableh）m“true”photoelectrons・BycoolingtheCCDchipitispossibleto  

reducesigni丘cantlythenumberof”thermalelec七rons”．  

TheCCDcameramodelFASTCAM－PCIofPhotronLtdhasbeenusedtocapturelaserlightpulseby  

PulseoraboutlOOO鈷・ameSperSeCOnd（fbs）．The CCD chipsizeis512Ⅹ480pixels．Forthe highspeed  

Capturing，i・e・，1000fbs，Onlyoneportionof七heCCD，namely，256（horizontal）Ⅹ120（ver七ical）pixelsisac七ivel  

Thetimingofthecameraissynchronizedwiththelasersystemandthebiasvoltagegeneratorbyanexternal  

trigger．Figure5・7displaystheintensi七yofprobepulse．Obviously，WeCanSeethehorizontal1adderlines，i．e・，  

black，White，black，andsoon，intheimage．Thiserrormaybecausedbythemannerofdataarereadfromthe  

CCDchiptotherecordingmedia・Theaverageexceedvalveofwhi七elinesis25・Wecangetridoftheerror  
bysubtracting七heexceedvaluewhile七ransfbrmlngftomaBMP61etoaTEXT点1e．  

Figure5．7‥Intensityofasingleprobepulse（a）rawimage；（b）enhancedimagebysubtractingtheexceed  

val11e．  

In昆gure5．7，WeCanSeethenoiseson七hetopzoneoftheimages．Thenoisearisesattheupper201inesof  

everyimage・Theimagesin七hisdocumentwerecut七heuppernoisecontainedlines，eXCePtfigure5．7．Another  

noiseoccursal1pixelsinsomeimages，Calledadditivenoise・Theintensityoftheimagesareslgn損cantlyhigher  

that七heirneighbors，Seefigure5■8（a）・Thebrightimageshappenataroundthe20七h缶・ameandevery200  

framesafterward．Onecancleanthisnoisebu七sub七ractingexceedvalueinthestrange丘ameatallpixelsbut  

theexceedvaluesofeachimagearenot七hesamevalue．Sowecannotprogramtoclean七hiskindofnoiseouも  

automatical1y．If七hesequenceda七aaretakenin七oconsideration，thesもrangeimagemaybereplaced byits  

neighborimageorby七heaveragedimageoftwoneighbors・Theotheruncontrollablenoisescanbereducedby  
fil七eトbasedopera七ionsasfbllows．   

5．4．3 Filtering  

Filteringcanbeopera七edbothin spatialand frequencydomains．Frequencyfi1teringismore appropriate  

ifno straightfbrward kernelcanbefbundin七hespatialdomain，andmayalso bemoree氏cien七．Thefi1ter  

perfbrmanceisdescribedas氏）1lows．Figure5．9showsimages七hatwereappliedbyvarious触ers．TheGaussian  

丘1tercrea七edsmootheningresultandnoiseenhancement・Thiscanalsoberegardedasalow－PaSSreSultwhere  

thelowspecialfrequenciesarepreserved・Maximumandminimumal七erscanbeusedforeliminationofsalt  

（highvaluenoise）andpeppernoises（lowvaluenoise）・Themaximumfi1terworkswhenthenoiseislow・Value  

Orthepeppertypeandtheminimumfi1terworksbestforhighvaluenoise（salttype）．Theresul七imagedof  

applyingthesealtertotheimageinfigure5・4（b）areshownin短ures5・9（b）and5・9（c），reSpeCtively．Percen七ile  

丘1terreliesonrankingthedata，SuChastheminimum，maXimumormedian■Theimageshownin昆gure5．9（d）  

isamedianfilterlGaussianderivativefiltercombinesderivativeoperaもOr，Whichusedfbredgedetection，and   
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Figure5・8：Additivenoise（a）normalimage（b）noisyimage・Theimagesizeis120xlOOpixels．   

Figure5・9：Imagesoftheme七alrodopera七edbyvariousfi1ters：（a）Gaussian，（b）Maximum，（c）Minimum，  

（d）Percen七ue，（e）Ga一ユSSianderiva七iveand（f）Kuwaha・ra・Theal七ersoperatedon七heimagein丘gure5．6（b）by  

usmg七heimageprocessingpackageinMatlab・   
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Gaussiansmoothingshownin艮gure5・9（e）．Kuwahara鮎terisanedge－PreServingBlter，Whichsmoothensan  

imagewithoutdisturbing七hesharpnessandpositionofedges，aSinfigure5．9（f）．   

Frequencydomainofimage  

Theftequencydornainisaspaceinwhicheachimagevalueatimageposition（u，tl）representstheamountthat  

theintensityvaluesinimagevaryoveraspeci員cdistancerelatedto（u，t・）・Intheftequencydomain，Changes  

inimagepositioncorrespondtochangesinthespatial＆equency・Fbrexample，thefrequencyO．1（orlperiod  

everylOpixels）meansthatinthecorrespondingthespa七ialdomainimagethein七ensityvaluesvaryfromdark  

t・01ightandbacktodarkoveradistanCeOflOpixels・Onewouldre知tothenumberofpixelsoverwhich  
PatternrePeatS（i七SPeriodiciもy）inthespatialdomain．Thespatialftequencydomainisinterestingbecause：  

1）itmaymakeexplicitperiodicrelationshipsinthespatialdomain，and2）someima．geprocessingoperators  

aremoreefBcientorindeedonlypracticalwhenappliedin七hefrequencydomain・Inmostcases，theFburier  

tran沌）rmisusedtoconvertimagesfromthespa七ialdomainin七Othe缶equencydomainandvice．versa・   

恥eql旭nCyFil七色r   

Frequency餌teringisbasedon七heFburierTransfbrm・Theoperatorusual1ytakesanimageandaBlterfunction  

intheFourierdornain・Thisimageis七henmultipliedwiththeRl七erfunctioninapixeトby－Pixelfashion：  

月（叫U）＝A（叫V）ガ（叫tり  （5・1）  

WhereA（u，γ）istheinputimageintheFourierdomain，H（u，V）thealterfunc七ionandB（u，V）isthe昆Itered  

imagc・Tbobもaintheresultingimageinthespatialdomain，B（叫V）hastobere－tranSfbrmedusingtheinverse  

Fburier取ans払rm・Sincethemul七iplicationintheFburierspaceisidentical七O COnVOlutioninthespatial  

domain，allたequencyfilもerscanin地eorybeimplementedas乱Spaもi扇蝕er．  

The払rmofthe丘1terfunctionde七erminesthee鮎ctsoftheoperator．Therearebasical1ythreedi鮎ren七  

kindsof触ers：low－PaSS，high－PaSSandband－PaSSalters，   

1・Low－PaSS£1ter attenua七es highfrequencies and retainslow打equencies unchanged．Theresultinthe  

Spatialdomainisequivalenttothatofasmoo七hingfiL七er；aStheblockedhighfrequenciescorrespondto  

Sharpintensitychanges，i・e・，tOthe丘ne－SCalede七aiLsandnoiseinthespatialdomainimage．  

2．High－paSSalteryieldsedgeenhanCemen七Oredgede七ectioninthespatialdomain，beca．useedgescontain  

rnanyhighfrequencies・Area50frathercons七an七gray－1evelconsist ofmainlylow丘・equenCiesandare  

therefbresuppressed．  

3．Band－paSSattenuateSVerylowandveryhigh缶equencies，butretainsamiddlerangebandoffrequencies・  

Band－paSS艮Iteringcanbeused七oenhanceedges（suppressinglow丘equencies）whilereducing七henoise  

aももhesame七ime（aも七enuatinghighffequencies）．   

BetterresultscanbeachievedwithaGaussianshapedal七erfunction．AGaussia，naltersmoothesanimageby  

Calculatingweightedaveragesina．鮎七erbox・Theadv弧七ageisthaセセheGa．ussianhasthesameshapeinthe  

SPatialandFburierdomainsandtherefbredoesno七incurtheringinge駄ctinthespa七ialdomainofthe且1tered  

im喝e．  

Gaussianfi1ter   

Theuseofもhe Gaussiankernelfbrsmoothinghas becomeextremelypopular．Thishastodowithcertain  

PrOPertie＄OfもheGaussian（e．g．thecen七ral1imi七theorem，minimumspace－bandwidthproduct）aswellas   
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severalapplicationareassuchasedge丘ndingandscalespaceanalysis．TheGaussianfi1terinspatialdomainis  

expト孟））・（去expト基）），   （5・2）  

（完  
坤Ⅶ）＝し衰  

whereo・isvariance．Ⅵ毎canoperateGaussian飢terbothinspatialandfrequencydomainsasfollows．  

⑳Convolutioninspatialdomain  

Convolutionprovidesawayof’multiplyingtogether’twoarraysofnumbers，general1yofdi鮎rentsizes，  

butofthesame dimensionality，tO PrOduce athirdarrayofnumbersofthesamedimensionality．The  

COnVOlutionisper払rmedbyslidingthekernelovertheimage，generallystartingatthetopleft corner，  

SOaStOmOVethekemclthrougha11thepositionswherethekernel丘tsentirelywithintheboundaries  
Oftheimage．Eachkernelpositioncorrespondstoasingleoutputpixel，thevalueofwhichiscalculated  

bymultiplyingtogetherthekernelvalueandtheunderlyingimagepixelvalueforeachofthecellsinthe  

kernel，andthenaddingal1thesenumberstogether．  

◎Multiplicationinftequencydomain  

Basedoneq．5．1itappearspossibletoachievetheresultasfb1lowlng   

i）computeA（u，V）＝F（a（x，y））   

ii）multiplyA（u，V）bytheprecompu七edH（u，V）＝F（h（x，y）l   

iii）compu七etheresultb（x，y）＝F－1（A（u，V）H（u，V）†，  

WhereF（）isFburiertransfbrmopera七Or・   

Gaussianfi1七ering   

Thefollowingprocedureusestheimageshownin丘gure5．6・InordertoperfbrmFFT（FastFburierTransfbrm）  

insteadofthemuchslowerDFT（Discre七eFourierTtansf6r）theimagemus七betransfbrmedsotha七thewid七h  

andheightareanin七egerpowerof2・Thiscanbeachievedinoneoftwoways；SCalingtheimageuptothe  
nearestin七egerpowerof20rZerOPaddingtothenearestintegerpowerof2．Thesecondoptionwaschosen  

heretofacilitatecomparisonswiththeoriginal．Theresul七ingimageis256Ⅹ256pixels，Shownin触ure5・10・  

Figure5．10：Divisionimagewi七hzeropadding．  

Thefollowingbrieaydescribeshow七OPerfbrmspatialFburier七ranSfbrm・Themos七COmmOnaPPlication  

is払rimageprocesslngWhereeachval11einthe array represents to apixel，七herefbre七herealvalueis the  

pixelvalueandtheimaglnaryValueisO．TwodimensionalFouriertransformssimplyinvolveanumberofl  

dimensionalFouriertransfbrms．Moreprecisely，a2dimensional七ransfbrmis achievedbyfirst七ransforming   
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eachrow，replaclngeaChrowwithi七StranS払rmandthentransた）rmingeachcolumn，replaclngeaChcolumn  

Withitstransform・Thedefaultorgamizationofthequadran七S鈷・OmFFT（spatialfrequencydomain）routinesis  

asfigure5．11．HereTisthepixelsizeinspa七ialdomain，MandNarethenumberofpixelsinhorizontaland  

」書⊥M／2T  －1／T  

Figure5・11：ThedefaultorganizationoftheqlユadrantsfromFFT．  

0．0皿19フ  0．0〔IO197   

Figwe5・12：Fburiertransfomedimageof丘gure5・10indefaultorga血zation（a）allvalues，A【u，V］（b）the  

maximl皿Ⅴalueoftheimageissettobel．   

Verticaldirec七ions・Thedc（frequency＝0）isinthecornersoftheimage．Themagnitudeofthe2dimension  

FFToffigure5・10isdisplayedin丘gwe5・12（a）・Wecanseethatthedc－Ⅴalueisbyfar七helargestcomponent  

Oftheimage・However7thedynamicrangeoftheFou∫iercoe缶cients，i・e・，thein七ensi七yvaluesin七heFburier  

imageっis toolargecomparedwiththeminimunVal11e，SeeCOlorbarbelow七hepicture，thereforeallother  

Valuesappearasblack・Ifwese七themaximumvalue七obel，WeOb七ainfigure5．12（b），Figlne5．13hashad  

七hequadran七sreorganizedsoastoplacedcinthecenterof七heimage・  

GivenaGalユSSianfi1七erh［3：，y］ofdimensionMxNinspa七ialdomain，WeWinconsiderthecoordinate  

［x＝0，y＝0］tobeinthecen七erof七he丘1terma七rix，h・Thecen七eriswe11－de五nedwhenMandNareodd；  

forthecasewheretheya：eeVen，WeuSetheapproximation［M／2＋1，Ⅳ／2＋1］forthecenterofthema七rix．  

TheGaussiankernelwhichhasvariancelistrans払rmedandi七Smagnitudein鈷・equenCydomainisshownin  
員gwe5・14・Nextstepsism山七iplyingtheelementofA（u，V）andH（u，V）pixelbypixel，nOtmatrixmultiplication  

PrOduction，andre－tranSた）rmingtospa七ialdomain・Thefinalimageisillustra七edin負gure5・15（a）．However  

therealimageshouldbere－arrangedandcuttosameSizewithbeginnmg皿age，Or120×100pixels，aSin  

figwe5・15（b）・Thelowvaluesatthreeedgesoftheimageareprobablythee鮎ctofslidingcenterof七he  
Gaussian丘1ter・Largervalueofvarianceinfi1teringmakestheimagesmoother・Thefi1teredimageshows   



C＃APT且R5．且EAエーTm4五月TG月二5P且ガロアERA茸ERTZ皿4AGJⅣG  80  

0．ロロ0197  1   

Figure5・13‥Reorganizedquadrantsof七heFourier七ransformedimageofagure5・12（b）・  

寧日胃l□醐一組戯前郷秘録翫噺拘  

O O．ロ15占25   

Figure5．14：Magni七udeofGaussian昆Iter，H［u，V］・  

1．1  

（a）  （b）   

Figure5．15：（a）Re－tranSformedimage，（b）Al七eredimage・Theimage（b）isresized，itisthereforelarger七han  

itscompositionsintheimage（a）．   
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improvedcontras七attheobjectregion．  

81  

5．5 Conclusions   

トkH2；THz BeldimaglngWaSperformeduslngaSingleopticalpulseforprobing．Thisstudyhasexpanded  

thevi＄ionofmonitoringslngle一七imeeventsinTHz丘equencyreglme．Ame七alobjectthatTHzwavesca，nnOt  

passthroughwaschosentosimulatea．slngle－timeeven七byvibratingontheobjec七PlaneoftheTPXlens．  

Thisexperimentleads七othepossibilityinobserv1ngamOVlngObjectconcealedinaTH卦血ansparentcontainer  

SuChasapaperorplasticbox・Anotherpossibilitytoapplythenon－destruC七iveimaglngSyStemistoseethe  

movementofbiologicalmaterials．SomeexperimentsofbiologyneedtoobserveaPlantindarkcondi七ion．If  

theplan七iscoveredbyaTHz一七ransparentmaterial，THzwavescanidentifyorientationandmovementinside  

baBedonthe払c七thattheinteres七ingobjec七absorbsTHzwaves．  

Becausetheprobeligh七isaslnglepulse，itisweakmodulatedbyaTH2；Pulse．Therefore，thesignalis  

COmpa・ra七ivetoanoiselevelfrom七heCCDcameraandinstabilityofthe王asersystem，theimagequalityha5tO  

beenhanced・Firstly，七heTHzimagewasdividedwiththerefもrenceimagetodistinguishsampleinた）rmation  

fromTHzbeamprofi1e．Then，aGaussian丘1terwasappliedtoelimina七ethenoises．Asaresult，Observation  

Ofhigh－Speedeventswi七hTHzradiationisreali2：edatatemporalresolu七ionoflmsfbrthefirs七time．   



Chapter 6 

Conclusions  

Thisthesishasdiscussed七hepotentialperfbrmanceofutilizingin七ensehalf－CyCleTHzradiationappliedto  

two－dimensionalimaging・TheTHE radiationwasgenerated丘omalarge－aper七urebiasedphotoconductive  
antenna・Themainadvan七ageofthissourceisthatitprovideshigh－POWerTHzradiation．Thepropagation  

Characteristicsof七heTHzpulseweredescribedinchapter2・The七emporalwave払rma七aglVenpOSi七ioncan  

benumericallysimulatedbyconsideringtheGaussianbeamPrOaleofeachftequencycomponen七・Chapter  
2alsomentionswhy七heintensitydistributionof七hefocusedbea・meXPreSSeSanannularprofi1eatacertain  
regionofspaceandtime・Thereforel七hebasicknowledgea・bouthalf・CyCleTHzpulses七hathadbeenusedfor  

theimagingwa5Wellunderstood・Knifb－edgeexperiment，aWellknownmethodformeasuringanopticalbeam  

Size，WaSappliedtoobservetheh：equenCydependenceofT馳beamprofilein払ntoftheemitter．Thebeam  

Sizeofthewaveshavingfrequencyhigher七ha・nlTHziscomparativetoal／ediameteroftheopticalpump  
beam，i・e・†about19mm・AbsorptioncoefRcientofTPXwasmeasureduslngtime－domainspectroscopyina  

frequencyrangeofO－2THz．  

ThemeasurementsofTHzelectricfielda七thecenteroffbcu・SedTHzbeamandon七heplanetha・tis  
Perpendicular七Othepropagationaxisweredescribedinchapter3・TheyarebaBedonelectro－OPticsamPling  

te血nique・Thechangeofpolariza七ionofprobelightwhichmodulatedbytheTHzelec七ric＆eldandbyoptical  
COmPOnentSWaSdescribedindetail・Usingthetechnique，tWO－dimensionalTHz鮎1dimagesofa．nobjecthave  

beendetectedbyaCCDcamera・7mentionedinchap七er4・Theuniquetime－dependentaelddistributionof  
thefocusedT馳beamleads七otheshapeof七hesampleobjectdependingonthetimedelayandlimi七Sthe  
periodofimagingofanobject・W占can丘ndtheoptimaltimeforimagingwithgoodimagequality．Thisshows  

thattheproblemof七ime－dependentimageshapeshasbeensolved・Fur七hermore，Fc＞uriertransfbrmationof  

thetime－dependen七imageseriespermi七sffequency－reSOlvedimages・Imagecon七rastinthefiequencydomain  

isbet七erthanthatin七hetimedomain・Interestingly，SOme＆equencycomponentsrepresen七theedgeofthe  

Object・Since七heTHzpulseiscomposedofbroadband＆equenciesand七hepeakfrequencylocatesnearDC，the  

SPatialresolutionislowasaboutlmm・Usingthefactthatthehigherpea・kftequencythehigherresolutionis，  

500－PmI∬－GaAssubstra七eonaGaAswafbrwa5employedasaphotoconductiveconduc七or・Theore七ical1y，it  

enhancestheelectricfielda七high缶・equencycomponentsbecausethecarrierlifetimeisshorter七han七heGaAs  

WaferaboutlOOtimes・HowevertheI∬－GaAswasnotthickenough，thepumplightpene七ra七edtotheGaAs  

layerandgeneratednumberofnormaト1if如imeelectrons．Asaresult，七hespectrum丘omthenewemitteris  

notsigni丘cantlydiffbrent丘omthe払rmerone．Anotherat七empttoimprove七heresolutionisusingmetal1ic  

holearrays・Theffequency七hatisbelowthecuto仔ftequencyoftheholeattenuatedbut七hereisahighest  

transmissionffequency・Thisiscaused缶・Omthefactthat七hearraysbehaveasagrating・Therefbre，me七al1ic  

holearrayscanbeusedasband－PaSSfi1ter．  

Using七otheoptimizedtiming，dynamicprocessesoramovingobjec七Canbeimagedat七he丘Ⅹedtime  

delayasdescribedinchapter5・Single－ShotTH認ima・gingwasachievedwithintenseTHzpulsesfromalarge－  

82   
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aper七urephotoconductiveantenna，七hesensitivedetectiontechniqueanda臨sレspeedCCI）camera．Itallows  

ObservingultrafastdynamicprocessesoccurrlnglnaPrObepulsewidth，namelyontheorderoffemtosecondor  

picosecond．Imageprocessing，i・e・Gaussianfiltering，WaSapPliedtoasingle－ShotTHzimagefortheelimination  

Ofnoisesandedgeenhancement・ComputercodesinCthatcanmanipula七etheentiresetofimagesatone  
timea．readdedinappendix・ImageTH2；mOviesofanobjectwerearstperformedataframera七eashighas  

lOOOframespersecond・ThisopensthedoorofultrafastimaginginTHZreglme．Thefutureresearchshould  

payat七en七iontoimprovlngthespatialresolution．  

TheperspectivestepplngtOWard七hereaトworldapplicationofthisresearchisasfollows．   

1・Thehigh－SpeedTHzimagingallowsobservingultrafastandsingle－timeeven七Stha七Opaqueinatother  

SpeCtrumreglOnS・  

2t Thehigh－POWerTHzsourcerequiresaregenerativeampli昆erfortheopticalseedandhigh－biasvoltage  
generator・TheimaglngSyStemmightbeappliedforthesecuritychecksifthesizeoftheequipment＄Can  
bereduced．  

3・TheimaglngSyStemwi11bemorepractica11yusedifitcandetectanobjecthaving七hesamesizeasa  
credit card．  

4・Moreworkneedstobedone七oimprovethespa七ialresolutionsuchasbyred一ユCingthepoweroflow－  

ffequencycomponentsandexpandingtheTHzbeamsize．   



Appendix A 

Gaussian別tering  

＃まncllユde  

♯include  

＃まncllユde  

＃include  

＃incl11de  

＃incllユde  

くs七dio．b＞  

＜ma七b．b＞  

＜s七ring．b＞  

＜stdlまb．b＞  

くexcept・b＞  

くiostream．b＞  

＃defまne P工4．＊ atan（1．）  

＃de出neⅣvid也120 ／／originalborizon七aldimension  
＃de王ineⅣh扇畠btlOO／ノoriginalver七icaldi皿enSion  
＃de王ine Fn血ber 256／／dimensionbefore transforming   

do－止1e da七a［Ⅳbdgbセコ［伽idtb］；  

dol止1e re＿r［Fnu血ber］【Fm血ber］，iznJ【Fnl血ber］［Fnu血ber］；  

main（）（  

double FFT21〕（dodble＊＊，dodble＊＊，int，in七，in七）；  

double gauss（doⅦble，do－止1e）；   

in七i，j，k，nd，1r，n＿七e甲；  

cbar diェ・1［150］，neⅦ也irl［150］，董ilel［150］，file2【150］；  

Cbar c；  

do止ble temp，te叩1，Sigma，Ⅹ，y；  

do止ble＊吋e，＊♯in，／＊＊吋e＿r，＊＊im＿r，＊／＊＊董t＿re，＊＊ft＿im；  

FILE＊fI）1，＊王p2；   

ノ／工np－ユt folder  

StrCPy（dirl，一．C：＼＼vork＼＼th2＝data＼＼Te叩＼＼031106＼＼kunimove＿divide＿neW＼＼1t）；  

ノノOn七pnt王01der  

strcpy（n印dirl，－－C：＼＼wo王女＼＼tbヱdata＼＼T創甲＼＼031106＼＼k－止i＿IP＼＼‖）；  

Ⅵd＝（Fm血er一肌e土由t）／2；  

1r＝くアnl皿血er一対vidtb）／2；  

n＿te叩＝アユl血ber／2；  

七e叩1ギ血er＊1・0；  

re＝n印do血1e＊［F血er］；  

in＝neV donble＊［F血色エコ；  

f七＿re＝n甜donble＊〔FⅧber］；  

f七＿imニn甜dolユble＊【Fnl刀nber］；  

for（1＝0；iくFn血ber；i＋＋）（  

84   
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re［i］＝neW double［Fnl皿ber］；  

im【土］＝neW dollble【FnⅦ血erコ；  

ft＿re［土］＝neW do心ble［Fmmber］；  

ft＿im［土］＝neW do止ble［Fnl血ber］；  

）  

／／Ma瓦e Gaussian filter a皿d七rans董ormi七  

Slgma＝1・0；  

董or（i＝0；iくFnumber；i十十）I  

for（j霹0；j＜Fnumber；j＋＋）〈  

Ⅹ芸ト（F血er／2．0）；  

y＝j－（Fn血ber／2．0）；  

f七＿re［i］［j］ニgalユSS（Ⅹ，ぬgma）＊gau眉S（y，Sigma）  

王七＿im［i］［j］茅0．0；  

）  

）  

FFT2D（f七Je，董t＿im，FnⅦnber，Fmmber，1）；  
for（i＝0；i＜Fn11mber；i＋＋）（  

for（jま0；jくFnumber；j＋＋）（   

王t＿re［i］〔jコ≦王t＿re［i】［j】／te叩1；  

f七＿im［i］［j］＝ft＿im［ま］［j］／七e叩1；  

‡  

〉  

／／Load data  

for（k＝1；k＜1000；か＋）（  

sprin七f（filel，‖＼鵠女鹿idv＼鵠04d・七Ⅹt‖，dirl，k）；  

i董（（坤1：＝王Open（董ilel，川ごり）＝＝mL）（  

print王（t－Ca皿0七open王ile：1s＼n川，filel）；  

C＝getCbば（）；  

exitく1）；  

〉  

for（i；0；iくHもeigbt；i＋十）（  

如r（j＝0；jくⅣvidtb；j＋＋）（  

王scむば（坤1，一■＼‰1王，－－，＼胱enp）；  

data［i］［j］＝七enp；  

）  

‡  

fclose（fpl）；  

／／ex七end piヱels from120Ⅹ100七025蝕256  

董or（i＝0；iくじd；ま＋＋）†  

for（jこ0；j＜Fnl皿ber；j＋＋）‡  

re［i］［j］＝0．0；  

im［i］［j］芝0■0；  

）  

）  

王or（i三＝nd；まくud＋封もeま畠bt；i＋＋）†  

餌r（j＝0；j＜Fm血ber；j＋＋）（  

i董（jく1rllj＞く1T＋Nvid七h））（  

re［i］［j］＝0．0；  

im［土〕［j］＝0．0；  

）  

else（  

re［i】［j〕芦data［トndコ［j－1r］  

im［i〕【jコ＝0・0；  

）  

‡  

）  

／／Top  

ノ／班iddle  
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如ご（i＝ud＋Ⅳbeigbt；iくFn血ber；土＋＋）（  

for（j＝0；j＜Fn血ber；j＋＋）‡  

re［i］【j］＝0．0；  

im［i］［jコ＝0．0；  

）  

）  
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／／below  

／／Forward Fourier trans董orm  

FFT2Ⅰ）（re，im，Fnumber，Fnumber，1）；   

／／Hul七iply vltb Ganssian f一皿C七ion   

for（i＝0；i＜Fnl血ber；i＋＋）（  

董or（j＝0；jくFn血ber；j＋＋）1  

re［i】［j〕＝批＿re［i］［j］吋e［i］［j］づtJm［i】［j］＊im［i］［j】；  

土m［i］［j］＝ft＿im［i】［j】吋e［i］【j］＋ft＿re［i］［j］＊im［i］〔j］  

）  

）   

／／Backward Fourie工・Tra皿Sform  

FFT2D（re，im，Fm血ber，Fnumber，－1）；   

／／Arrange data  

for（i芸0；i＜n＿七e叩；レ＋）1  

for（j三0；j＜n＿七色mp；j＋＋）（  

re＿ご［i］［j］＝re［i＋n＿te叩］［j＋n＿te叩コ；  

im＿r［iコ［j］＝im［i＋n＿七emp】［j＋n＿temp】；  

re＿r［i］［j＋n＿七emp］＝re［1＋n＿七emp］［j】；  

im＿ご［i］［j＋n＿七emp〕＝im【i十n＿七emp］［jコ；  

re＿r【ま＋n＿temP］［j〕＝re［i】［j＋n＿七emp】；  

im＿ご［i＋n＿temp］［j］＝im【i］［j＋n＿temp］；  

re＿ご［i＋n＿七e叩］［j＋n＿七e叩］＝re【i］［j］；  

im＿ご［i＋n＿temp】［j＋n＿七emp】芸im【i］［j］；  

）  

〉   

／／Clユt eX七ended par七S and wri七einto a flle  

for（i＝nd；iく刊d＋meigbt；i＋＋）1  

for（j＝1r；jく＝1r＋Ⅳ甘idtb；j＋＋）（  

data［トⅦd］［j－1r］＝re＿ご［i］［j】／templ；  

）  

〉  

Sprin七重（file2，tへ笑srm董＿＼笑04d．txt‖，neWdirl，k）；  

if（（fp2＝fopen（f土1e2，t■wt－－））＝＝mL）（  

prin七f（t－Ca皿0七Open file：＼鵠s＼n‖，王ile2）；  

Cニge七Cbar（）；  

exit（1）；  

）   

for（ま＝0；iく馳ei畠b七；i＋＋）‡  

for（j＝0；j＜伽idtb；j十＋）（  

王printf（fp2，‖＼阻f－t，data［土］［j］）；  

i董（j！瑚ぬ此b－1）fprin七王（fp2，－t，‖）；  

else王prin七重（董p2，tへn一っ；  

‡  

1  
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董close（fp2）；  

Pr土n七王（－I＼鵠d‖，k）；   

）  

r¢七urn O；  

｝  
′＊－－－－－－－－－－－…－－－－－－－－－－一－－－－－－－－－－－－－－一一－一叫－－－－－－－－－一一－－－－－－－－－－－－－－一一－－   

Perform a2D FFTinplace givena・CO叩1ex21）旺ray  
The direction dir，1for forvard，－1for reverse   

Tbe size of七be array（nx，ny）  

＊／  

dotible FFT2D（dodble＊＊re，dolible＊＊im，int nx，int ny，int dir）  

｛  

do止1e FFT（donble＊，dollble＊，int，in七）；   

inti，コ；  

do止ble＊real，＊imag；  

／＊Tra皿Sform七be rows＊／  
realニnev do止ble［nヱ］；   

imag＝neW do止ble［nx］；   

if（real＝＝mLlli皿ag＝＝mmL）（  
prまntf（●■＼n Tbereis memory problem－り；  

exit（1）；   

‡  

王or（i＝0；土くny；i＋＋）1  

王or（j三；勘jくnx；j＋＋）（  

real［jコ 芸re［iコ［j〕；  

まmag［j］ニim［ま］［j］；  

†  

FFT（real，im∈唱，nX，dir）；  

for（j芝0；jくnヱ；j＋＋）（  

re［iコ［j］雲real［j］；  

im［iコ［j］＝imag［j〕；  

〉  

）  

delete［］real；  

dele加〔］imag；  

／＊Trans董orm七he colums ＊／  

re故ごneW do止ble［nyコ；  

まmag‡neV do止bl¢［ny］；   

if（real＝＝mL】limag認＝】椚几L）（  

print王（－へn Tbereis memory problem”）；  

exi七（1）；  

）  

王or（j＝0；jくnx；j＋＋）1  

for（1ご0；iくny；i十＋）（  

real［i］ご＝：re［i］［j］；  

im三唱［i］ニュm［i］［j〕；  

〉  

FFT（real，imag，ny，di工う；  

王0て（iニ0；iくny；i＋＋）i  

re［i】［j］＝real［i】；  

im〔i］［j］＝imag［i］；  

）  

‡  

delete【］real；  

delete［］imag；  

re七m O；  

｝  

87   



AアP且ⅣかⅨA．GA亡侶5ヱAⅣ椚工了て古見上ⅣG  

double FFT（do11ble＊dr，double＊di，int NⅣ，in七Sign）（  

in七i，コ，m，皿aX，S七ep；   

double wT，Wi，Vpr，Wpi，Wtemp，tbeta，tenPr，te叩1，Sn；   

コ＝0；   

董or（i；…0；iくm；i＋＋）（   

if（j＞i）（  

temprゴdr［j］；  

七e叩i＝di［j】；  

血［j］さdご［i］；  

di［j］ごdi［iコ；  

血［i］＝temPr；  

di［i】雲tempi；  

）  

m＝ⅣⅣ／2；  

血ile（（m＞＝1）＆愈（j＞『n））（  

〕‾＝  m；  

m／＝2；  

〉  

j ＋＝m；   

）   

nmaヱ＝1；   

血ile（ⅣⅣ＞皿aX）（  

S七ep＝2＊皿maX；  

tbeta車PI／（ぬgn＊m弧）；  

Sn＝Sin（0．5＊tbeta）；  

WPr＝－2晦n晦n；  

Wpi＝Sin（t血eta）；  

Vr＝1；  

Ⅶi＝0；  

for（m＝0；mくmmaヱ；m＋＋）（  

如r（i＝m；iくⅣN；i＋＝如ep）‡  

j＝i＋皿aX；  

七色npr＝Vr＊dご［jトwi＊di［j】；  

te叩ま＝Vr＊di【j］＋甘ま＊dr［j］；  

dr［j］＝dご［i二トセe叩ご；  

di［j］＝di［ま二卜tempi；  

dr［ま］＝血［i］＋七empr；  

di［iコ＝dま［i］＋tempi；  

）  

Vtemp＝Wr；  

Ⅵ■＝Wr＊叩ご－Wi呵甲i十Ⅵ■；  

Wi＝＝ぬ＊叩ご＋wte皿p＊wpi＋wi；  

）  

皿maX＝Step；   

）   

retⅧrn O；  

）   

double ganss（do止ble x，do止ble sig）（  

do止ble y；  

y；eXpトⅩ叱／（2．0＊sig＊sig））／（sig＊s平七（2＊pI））；  

Te七urn（y）；  

）  

VOid de＿allocate2董（do血1e＊＊da七a，int ny）1／／dele七色pointer  

88   

如ご（inti＝0；iく叩；i＋＋）  

dele七e［〕data［i］；   

dele七e［］da七a；  

／／STEPl：DELETE THE COLⅥ灯S  

／／STEP2：DELETE THE ROWS  

）  
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