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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

BBEAEHUE

TexXHUYeCcKuii Nporpecc, MOMUMO OYEBUAHLIX MPUOBPETEHMI (He Bceraa, BrpoYeEM,
3aMeyvyaeMblX HebnarofapHbiM  YerloBeYEeCTBOM), COMPOBOXAAETCS  TaKkKe U
6e3Bo3BpaTHbIMM  MoTepsiMu  (TOXKE  MOpoM  He3aMeTHbIMKM).  Tak,  LIMPOKOe
PACNpOCTPaHEHME 3MEKTPOHHBIX KaslbKyNSTOPOB MPUBENO K MPaKTUYECKU MOSHOMY
MCUYE3HOBEHWIO HEMPEMEHHOIO aTpubyTa MHXKEHEPA MHOMMX NpeablayLUMX AecATUNeTui
— norapudMUYeckon NMHENKU, U KolIMapa LWKOMIbHUKOB MNpoWbiX NeT — Tabnuy
Bpaanca. A KTO M3 uuTaTenel CMOXET BCMOMHWUTb, KOrAQ OH MOCNeAHun pas
nonb3oBasncs Konupkon? [pUHTEPbl U KCEPOKChI, CTOsILLME eABa NI HE B KaXKaow
KOMHaTe Ntoboro Mano-MasnbCku COMMAHOMO YUpeXaeHusi, 36aBuan TbICAUM U ThICSUN
MaLWMHUCTOK (TOXe Beab yxoaswasi npodeccua!), Aa M Hac, rPelHblX, OT 3TOW
rofI0BHOM 60U,

Moxoxe, 4YTO BCNea 3a 3TMMM CMMBOJSIAMMU CBOMX 3MOX YXOAST M Takue, Kasanocb 6bl,
He3aMeHUMbIE BELUW, KaK KMHO- U poTonneHKa. YxoasaTt noa Hatuckom MM3C.

B aTOM cTaTbe A NocTapalocb pacckasaTtb, Kak ycTpoeHbl M3C (npubopbl ¢ 3apsiaoBov
CBSI3bl0; B aHrnuinckon abbpesmaType - CCD, charge-coupled devices), kak OHM
BO3HUK/IM W pasBMBaIMCb W Kakoe MeCTO 3aHMMaloT cerdac. Pasymeercs, 370
N3N0XKEHNE HM B KOEN Mepe He MOXET MPETEHAOBATb Ha MOMHOTY MM 06BbEKTUBHOCTb
(B cuny orpaHu4YeHHbIX BO3MOXHOCTEM aBTOpa WM €ro MpUCTPacTHOCTM), OAHaKo,
HadelCb, MO3BONUT YAOBNETBOPUTb JOOOMBLITCTBO TEX, KTO BCErAa XOYET 3HaTh,
«a KaK OHO YCTPOEHO?»

B HAYAJIE BblJ10...

Bckope nocne Toro, kak 6bl1 M306peTeH TPaH3MCTOP WM, BMOCNEACTBMKM, NiaHapHast
TEXHOMOrns, NoaynpoBOAHMKOBbIE NPUOOPbI 3aMeHUNN BaKyyMHble, TM60 6binn 6amn3sku
K 3TOMY NMOYTKN BO BCeX 06/1aCTsIX NEKTPOHMKM, 3@ UCKITIOYEHMEM TPEX, elle A0Nro He
NOAAABABLUMXCS «KPEMHM3aUUWM» — reHepaTopHble NlaMnbl A7 MOLHbIX NepeaaTymKkoB,
BbICOKOBOJIbTHbIE NPMB0pPbI (KEHOTPOHLI, PEHTrEHOBCKME TPYOKN...) n npubopsl ans TB
— KMHECKONMbI 1 Nepegatowme Tpybku.

f nonarato, HeET HeobXO0AMMOCTU OOBACHATb, YEM TBEPAOTENbHbIA MPUEMHUK
n306paxkeHuns nydlle, YeM BaKyyMHas nepeaatowas Tpybka. [JoctaToyHO ckasaTb, YTO
npoueccop leHTMYM C ero 5 MuAAMOHaMM TPaH3UCTOPOB MOTPebNsieT 3Heprum
MEHbLUE, YEeM OAMH NaMnoBblA TpUrrep, a O MaccorabapuTHbIX MNoOKa3aTensx,
MEXaHNYECKON CTOMKOCTM U CpoKe cnyXbbl MOXHO He YynoMuHaTb. Hwudero
YAUBUTENBHOrO, YTO MOMbITKN CO3AaTb TBEPAOTENbHbIA aHANOr nepeaatoLLen Tpyoku —
nocne n3obpeteHnst komnaHmnen Texas Instruments nnaHapHon TexHonornu B 1960 r.
— He 3acTaBunn cebst xaatb. Bce Takne paspaboTku 6e3 UCKIYeHUs NpeacTaBnsv
coborn MaTpuuy OTOUYBCTBUTENBHBIX 31EMEHTOB (Kak NpaBufo, (poTope3ncTopoB 1nu
(hOTOTPAH3UCTOPOB) M CXEMbl CKAHMPOBAHWUS NO BEPTUKANM U FOPU3OHTaNN (perncTpbl
caBura Ha 6unonsipHblX, @ Mo3gHee M MNOMEBbIX TPaH3UCTOpPax). YMCno 3neMeHToB
pa3noXeHUs1 3TUX AAaTUYMKOB He npeBblwano 256 Ha 256, a Ka4yecTBO M306paXkeHns C
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HUMX 6bIIO yApYYaloWMM — KaK M3-3a HWU3KOM YyBCTBUTENBHOCTW, TaK WU, B MEPBYIO
oyepedb, M3-3a yucna AedeKkToB, CBOWCTBEHHbLIX TOrAAaLUHEMY YPOBHIO TEXHOMOTUM.
BecbMa pasgpaxatollen ans  rnasa 6bi1a U CTPYKTYpHasi HEOAHOPOAHOCTb
(BbIrNSAAEBILAS KaK MOJIOCATOCTb), CBSI3aHHasi C HEOAHOPOAHOCTBbIO  BbIXOAHBIX
EMKOCTEM LWWMWH CUYNTBIBAHMS pasHbIX CTON6UOB (MM CTPOK — B 3aBMCMMOCTM OT
OpraHu3aLum KOHKpPETHOro npuéopa).

Jlyy cBeTa 3abpezxmn, Kak 3TO YacTo 6blBaeT, C HEOXMAAHHOM CTOpOHbl. B 1970 r.
coTpyaHuku dupmbl Bell Laboratories Y. Bonn u k. CMAT B NOMCKaxX 3/1EKTPUYECKOrO
aHasora CXeM Ha UWIMHOPUYECKUX  MArHUTHbIX  [IOMEHaX MNPeaioXuIM U
NPOAEMOHCTPUPOBANIM IKCNEPUMEHTANIbHO NMPUHLMN 3apsaoBov cBsizn. CaMblii NepBbIi
M3C npeacraBnsan cobon aHanoroebi (!) peructp caBura Ha 8 3neMeEHTOB,
M3roToBNEHHbLIM no p-MOI TexHonormm € MoONMbAEHOBLIMM 3aTBOPaMW, a BCKoOpe
NOSIBUNNCL U ABYMepHble MaTpuubl. OyeHb BbICTPO CTano scHo, 4To npucywee M3C
CBOMCTBO CaMOCKaHMpoBaHua (06 3TOM 4yTb Aanblue) yCTpaHseT HeobxoAMMOCTb B
perncTpax pasBépTKM, CO34aBaBLUMX CTONbKO MNpobnem B NpeawecTBYOWMX Tunax
[AAaTYNKOB.

[anbHenwmin pbiBOK B TexHonorum u napametpax M3C 6bin cBsi3aH C MOSIBIIEHWEM
CKpbITOro KaHana nepeHoca (06 3TOM TOXe HMXE) M MPUMEHEHMEM MpPO3pPayHbIX
3N1EeKTPOAOB M3 MOJIMKPUCTAIMYECKOTO  KPEMHUS, 4YTO  Pe3KO  MOBbLICUIIO
YyBCTBUTENBLHOCTL NPUBOPOB. YXe B cepeanHe 70-X NOSIBUNUCH NepBble KOMMepYeckmne
mMaTpuubl npowussoacTBa ¢upm Fairchild, Bell 1 RCA B CLUA wn Philips B EBpore,
coBMeCcTUMble ¢ TB cTaHgapToM (T. e. UMeloLme paspelleHre no BepTukann 476 wnm
576 CTpOK COOTBETCTBEHHO [ANSI AMEPWMKAHCKOrO WM €eBPOMencKoro CTaHAapToB
Pa3MoXEHMs1 U, MO MeHbluel Mepe, 350 3/1EMEHTOB Pa3fIOXEHUS MO FOpPU30OHTanM). A
BCKOpe B SAnoHMM 6bIN0 HanaxeHo MaccoBoe MpoM3BOACTBO Hegoporux [M3C
NpUemMnNeMoro Kayectsa Ans OGbITOBOM 3MEKTPOHUKM - M Ha CMEHY KMHOKaMepaMm B
MacCOBOM NopsiAKe NpULLIN BUAEOKaMepbl.

PeBontounoHHoe Bo3aencTBue okaszanu M3C Ha acTPOHOMMIO, rAe UX MOSIBNIEHUE MO
CTENEHN BUSIHUSI CPABHMMO pa3Be 4YTO C TEM, KOTOpOe OKa3ano MNpuMeHeHue B
KayecTBe CpeacTBa perucrpaumm ¢OTOMIACTUHOK BMECTO 4efloBeYeckoro rnasa
(cobCcTBEHHO, MMEHHO acTpOHOMMS CTafia TOW MNEPBOVM OTPac/blo Ye0BEYECKON
AeATenbHOCTU, rae hoTo3MyNbCUs YCTYNMna MecTo KpeMHuto). C Apyroi CTOPOHbI, U
TpeboBaHUs, NpeabsiBNsieEMble aCTPOHOMMEN, 0COBEHHO KOCMMYECKOro 6a3npoBaHusi, K
MN3C, ctumMynupoBanu pasBUTUE TEXHONOTMM UX WM3rOTOBNEHMS, W HblHE Npubopbl C
yncnom snemeHToB 4096 Ha 4096 M C KBAHTOBbLIM BbIXOAOM 0OKOMO 90% Yyxe He
SIBNSAIOTCA 3K30TUKOM.

Hy », HakoHel, MWKpOCKONUSI B MeauuMHe M 61MONnorMm, KOMMbIOTEPHOE 3peHue u
BUAEOKOHMEPEHLIMN, CUCTEMbI OPUEHTALMM KOCMUYECKUX annapaToB WM CYMTbIBaTENU
WTPUX-KoAa, Tenedakc M CKaHep... - BCE 3TO TOXE CTaNio BO3MOXHbIM M AOCTYMHbIM
6naropaps N3C.

UTak...
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KAK >XXE OHU YCTPOEHDI?

Ans  Hayana oTtMetTuM, 4to M3C OTHOCATCA K M34enusaM  (YHKLMOHA/IbHOM
3/IEKTPOHUKM, TO €CTb UX HEeNb3s NpeacTaBUTb Kak COBOKYMHOCTb TPAH3MCTOPOB Wn
e KkoHAeHcaTopoB. CaM Xe NpYHUMN 3apsaoBOM CBA3M BeCbMa MPOCT M OCHOBaH Ha
[ABYX pPaBHO  (yHAAMEHTanbHbIX  MOMOXEHUAX: 1)  OAHOMMEHHble  3apsabl
OTTankuealTcs, U 2) pblba mnwet rae rnybxe. [Ana Hadana npeacrasuMm cebe MOI-
KoHAeHcaTop (CoKpalleHue OT CI0B MeTann - OKMCeN - NonynpoBOAHMK). 3TO TO, YTO
ocTaérca oT MOIl-TpaH3ucTopa, ecnu ybpaTb U3 Hero CTOK M UCTOK, TO €CTb NpOCTO
3NEKTPOA, OTAENEHHBIA OT KPEMHMSI C/IOEM AMANEKTPUKA. [ns onpeaenéHHocTn byaem
CYMTaTb, YTO MOMYNPOBOAHUK - P-TUMA, T. €. KOHUEHTpauus AbIpOK B PaBHOBECHbLIX
YCNOBUAX MHOrO (Ha HECKONIbKO MopsAKoB) 6osbLie, YeM 31EKTPOHOB.

Yto 6yper, ecm Ha Takon anekTpoa (€ero HasbiBalOT 3aTBOPOM) MoAaTb
NONOXMTENbHLIN NOTeHUMan? MNepBbi OTBET, KOTOPbLIN NPUXOAUT Ha YM, — KHUYErO He
6yaeT, NOCKONbKY AMSNEKTPUK He NMPOBOAUT 3NeKTpUYecTBa» — He COBCEM BepeH, nbo
3NeKTpUYecKoe none yepes AMIMEKTPUK NMPOHUKATb MOXET. W Koraa anekTpuyeckoe
none, co3gaBaeMoe 3aTBOPOM, MPOHMKasl B KPEMHUIN CKBO3b AMINEKTPUK, OTTaNKMBaEeT
NOABWXHbIE AblPKW; BO3HMKAET 06eAHEHHAs 06/1acTb — HEKOTOPbLIN O6BEM KpeMHMs,
CBOGOAHbLIA OT OCHOBHbIX HocuTeneh. [lpu napameTpax MonynpoOBOAHMKOBbIX
noanoxek, TMnnyHbix ana M3C, rnybuHa 3Tonm 06nacTu COCTaBAsieT OKOMO 5 MKM.
HanpoTuB, 3neKTpOHbl, €CNn OHW KakuM-nnbo obpa3oM (HanpuMep, B pesynbTaTe
¢oToreHepaymm) okaxxyTcs B6n3n, NPUTAHYTCS K 3aTBOPY M ByayT HakanmBaTbCs Ha
rpaHuUe pasgena OKMUCEeN-KPeEMHU HeMoCpeACTBEHHO NOA 3aTBOPOM, T.e. Kak Obl
CBaNMBAlOTCS B sIMYy, KOTOpasi COBEPLUEHHO OULMANbHO Ha3bIBAETCS NMOTEHLMaIbHOM
amo (Puc.1a). lNpy 3TOM 3N1EKTPOHbI MO Mepe HaKOMJEHUS B SIME YACTUYHO
HEWTPaNM3YyIOT 3NEKTPUYECcKoe NMone, Co3aaBaemMoe B NMOJyNpOBOAHMKE 3aTBOPOM, U B
KOHLIE KOHLIOB MOIYT MOJSIHOCTbIO €ro CKOMMEHCUpPOBaTb, TakK YTO BCE aneKTpuyeckoe
none 6yaeT NagaTb TOMbKO Ha AMINEKTPUKE, U BCE BEPHETCA B MCXOAHOE COCTOSIHWME
(Tak 4TO AENCTBUTENBHO «HMYErO He M3MEHMNOCH» - MoYTU!) — 3a TEM UCKOYEHNEM,
YTO Ha rpaHuLe pasaena 0bpasyeTcs TOHKMIN CIoN 3NEKTPOHOB.

Puc.1a. O6pazoBaHue NOTEHLMANIbHON SIMbl NPY NPUIOXKEHUN HAaNpsKeHUs K 3aTBOpY.
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MycTb Tenepb psaoOM C 3aTBOPOM pacrosfiOKEH elé OAMH, U Ha Hero ToXe noAaH
MONOXWUTENbHbIA NOTEHUMan, Npu4YémM 6onblunini, YeM Ha nepsbin (Puc.16). Tak BoT,
€CIM TONIbKO 3aTBOpPbl PacnofioXXeHbl AOCTAaTOYHO 65M3KO, MX MOTEHUMasbHbl SIMbI
00beaMHSIIOTCA, W 3MEKTPOHbI, HaxoAsWMecss B OAHOM MOTEHUMANbHOM  SIMe,
rnepemeLyatoTcs B COCEAHIO, ecnu e€ noTeHuman Bbiwe (T.e. ecvM OHa rnybxe), B
MOSIHOM COOTBETCTBMM C YMOMSIHYTbIM Bbilwe (PyHAAMEHTaNbHbIM NPUHLMNOM. Tenepb
yXe AO/MKHO ObITb ICHO, YTO €C/IM Mbl MMEEM LIEMOYKY 3aTBOPOB, TO MOXHO, NMoaaBast
Ha HMX COOTBETCTBYOLUME YNPaBNSIOWME HAMNPSXKEHUSI, nepeaaBath JI0Kasm30BaHHbIN
3apsA0BbIV NaKeT BAOJIb TaKOU CTPYKTYpbI.

R

5,
b,

......_...._]5;

Puc.16. NepekpbiTUE NOTEHLMANbHBIX IM ABYX 6JIM3K0 Pacnosio)KeHHbIX 3aTBOPOB.
3apsapa nepetekaer B IMy, B KOTOPOW NoTeHUUasibHas siMa ray6xe.

3ameyaTenbHoe cBoncTBO M3C — CBOMCTBO CaMOCKaHMPOBaHMS — COCTOUT B TOM, YTO
ANS ynpaBneHusl LEeNoYKoN 3aTBOPOB Nt0601 ANIMHBLI AOCTAaTOYHO BCEro TPEX TaKTOBbIX
WWH. [encTBMTeNbHO, ANs Nepeaayn 3apsaaoBbiX NakeToB HEOO6XOAMMO M AOCTAaTOYHO
TPEX 3MEKTPOAOB: OAHOrO0 Mepefalollero, OAHOrO MPMHUMAIOWEr0O U OAHOro
M30NMPYIOLLEro, pa3aensitoWwero napbl NpUHUMAOLWMX U Nepeaatomx Apyr oT Apyra,
NPUYEM OAHOMMEHHBIE SNEKTPOAbLI TaKMX TPOEK MOTYT ObiTb COEAMHEHBI APYr C APYroM
B €AMHYI0 TaKTOBYHO LUMHY, TPeBYIOLLYIO NWLLb OAHOr0 BHELHero BbiBoda (Puc.1B). 310
N ecTb NpocTenwmmn TpéxdasHbi pernctp casura Ha M3C.

Phase 1 &
Phase 2 @r

Phase 3 - I I

Puc.1B. MpocTreiwnin TpéxcasHbin N3C-perncrtp.
3apsa B KaXKA0W NOTeHUMaNbHO iMe pa3Hbii!
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Puc.1r. TakToBble AMArpaMmmbl ynpasnieHUs TpéxdasHbIM PpErmcTpom --
3TO TpU MeaHApa, CABUHYTbIe Ha 120°.
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Puc.1a. Bup Ha perncrp «cBepxy>». KaHan nepeHoca B 60KOBOM HanpaBJ/iEeHUN
orpaHv4YMBaeTCs CTon-KaHanamum.

TakToBble AnarpamMmmbl paboTbl TakOro perucrpa nokasaHbl Ha Puc.1r. BugHo, 4yto ans
€ro HopManbHOM paboTbl B KaXAbli MOMEHT BPEMEHM, MO KpalHEW Mepe Ha OAHOM
TaKTOBOM LUMHE, AOHKEH NPUCYTCTBOBATb BbICOKMUIM MOTEHUMAN, U MO KpPalHel Mepe Ha
OfHOM — HM3KWUM noTeHuman (noteHuman 6apbepa). Mpy NOBbLILWEHUM NOTEHUMANA Ha
OZHOM LUMHE M MOHMXEHMN ero Ha Apyrov (npeabiayLlein) NpoMcxoamT OAHOBpEMEHHas
nepefaya Bcex 3apsAoBbiX MAKeTOB NOA COCeAHME 3aTBOPbI, M 3a NOMHbIA UMKk (0AWH
TaKT Ha KaXxxaon (a3Hol LWMHE) nponcxoauT nepeaada (CABUr) 3apsiAoBbIX MaKeTOB Ha
OAVIH 3MIEMEHT peruncrpa.

[ins noKanusaumm 3apsiAoBbIX NAKETOB B MONEpPeYHOM HamnpasneHn GopMUPYIOTCS Tak
Ha3blBaeMbl€ CTOM-KaHasbl — y3K1e MosIOCKN C MOBbILEHHON KOHLEHTpaLUMen OCHOBHOWM
nervpyoLLen npMMecu, naywme Baonb KaHana nepeHoca (Pvc.1a). eno B ToM, 4To OT
KOHLIEHTpaUWM NErvpytoLlen NpuMecH 3aBUCUT, NPU KakOM KOHKPETHO HanpsKeHUW Ha
3aTBOpe NoA HUM 0bpasyeTcs 0beaHEHHas 0bnacTb (3TOT NapaMeTp eCcTb He YTO MHOE,
Kak noporoBoe HanpsbkeHne MOIMM-CcTpykTypbl). W3 WMHTYUTMBHBIX COO6pPaXkeHWi
MOHSATHO, YTO YeM Oonblue KOHUEHTpaums npuMmecu, T.e. yeM 6onblie AbIpOK B
MoNynpoBOAHUKE, TEM TpyAHee MX OTOrHaTb Briybb, T.e. TEM Bbille MOPOroBoe
HanNpsDKEHWE WM XXe, NPU  OAHOM  HamnpsKEHUW, TeM HuxKe noTeHuMan B
noTeHuMansHou siMe (ecnn oHa BoobLue obpa3oBanach).

MOHATHO, YTO Ha MOJIHYIO Nepeaady 3apsiaa U3 OAHOWM SiMbl B Apyryto TpebyeTcs BpeMsi,
TaK YTO NPV BbICOKOM TaKTOBOW 4YactoTe (a ans TB cTaHgapTa OHa COCTaBNsIET B
perncTpe cunTbiBaHms 7-13 Ml B 3aBUCMMOCTM OT YMUC/A 1EMEHTOB MO FOPU30OHTANN)
3TOr0 BPEMEHM MOXET W He XxBaTuTb. BenuuuHa, nokasbiBalowas, Kakas 4acTb
3aps0BOro  naketa nepedanace B cneaylowmid  anemeHT [M3C, Ha3biBaeTcs
3(HEKTUBHOCTBIO NEPEHOCA E.
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YacTto Monb3yloTcs M CBS3AHHOW C HEW BEIMUMHOW HesggpekTuBHocTM n = 1 - €.
OAHaKo 4acTOTHble orpaHudeHnss — 3To ewé nonbeabl. bega e B TOM, 4TO ANs
cTpykTypbl M3C, obcyxaaBliencs A0 cux Mop, BCe COObITMS MPOMCXOAST B O4YEHb
TOHKOMN (AECATKM aHrcTpeM) o6nacTu y rpaHulbl pasaena okucen-kpemHuin. Ckonb 6bl
He 6blfla COBEPLUEHHOW KpUCTaNMYecKkasi CTpyKTypa MOAJIOXKKM, FpaHMuUa pasgena —
HapyLlleHne OAHOPOAHOCTU KpucCTanna, a M3 (u3MKKM TBEPAOrOo Tena M3BECTHO, YTO
BCAKOE HapyLUEHME OAHOPOAHOCTM  KPUCTA/NIMYECKOM PEWETKM  NpUBOAUT K
BO3HWKHOBEHWIO Pa3peLLUEHHbIX SHEPreTUYECKMX YPOBHEN B 3amnpeLléHHOM 30He. SCHO
YTO TaKOe HapylleHue, Kak rpaHuua pasgena, 4apoM He npoxoauT, 1 0bpasytomxcs
NpU 3TOM 3HEPreETUYECKUX YPOBHEN CTOJIbKO, YTO OHM 06Pas3yloT KBAa3MHEMNpPEPbLIBHbI
CNeKTpP, @ 3HAYUT, Cpean HUX eCTb TaKne, KOTopble CNOCOBHbI 3aXBaTbiBaTb 3/1EKTPOHbI
M3 30HbI MPOBOAMMOCTW (NIOBYLWIKW), MPUYEM BPEMS, 4Yepe3 KOTOpPOe 3axBayeHHbIi
3M1EeKTPOH BEPHETCA 06paTHO B 30HY NMPOBOAMMOCTM, 3aBUCUT OT SHEPrum NoBywKn (U
abconoTHOM TemnepaTypbl). M nonyyaeTcs, 4To, NOKa Haj AAHHOM TOYKOW rpaHMUBbI
pa3sgena Het 3apsaga (a 3To Koraa-HMbyab Aa Tak), YacTb NOBYLIEK 0cBOboXAaeTcs,
3MUTUPYS 3NEKTPOH 06paTHO B 30HY MPOBOAMMOCTW, @ Korga npuAET o4depeaHon
3apsiAoBbIM MAKET - MMHOBEHHO 3arosHAETCsl, YTobbl CHOBa 0CBO6OAUTL 3aXBayeHHble
3M1EKTPOHbI MOC/E TOro, Kak 3TOT 3apsiAOBbIM MaKeT YWEN, Tak YTO OCBOGOXAEHHbIE
3N1EKTPOHbI NOMAAAOT B 4PyroM, npuweawmnii No3aHee, 3apsaaoBbivi NakeT.

Bonee TOro, amMmccusi aNeKTPOHOB C JIOBYLIEK O6paTHO B 30HY MPOBOAMMOCTM, Kak
BCAKWMI TEMMoBOM MNpOUECC, MoABEPXEeHa TepMoAMHAMUYeckon QnykTyaummn w
NPUBHOCUT B pacrnpedesieHre 3apsiaoB Mo siueikam WyM nepeHoca. Kpome Toro, Yactb
3NEKTPOHOB, MoOMaBWasi Ha ryboKUM YpoBEHb C ANWUTESIbHbIM BPEMEHEM 3MUCCUM,
MOXET BOBCE He BEepHYTbCA (3TO Ha3bIBAeTCS (UKCUMPOBAHHLIMK MOTEPSIMU, W
0COBEHHO 3aMETHO MpU MEepeHoce MarblX 3apsiAoBbIX NakeToB). M HakoHel, 4epes
KBa3WHENPEPbIBHbIM CNEKTP NOBYLIEK NPOUCXOAUT MHTEHCUMBHAsH reHepaums TEMHOBOMO
TOKa (TennoBoOM MPOLECC CMOHTAHHOMO O6pPa30BaHUS 3MEKTPOHHO-AbIPOYHLIX Nap - K
COXaNeHMI0, MPOLIECC HEeM3BEXHbLIM NpU TeMnepaType, OT/IMYHOW OT abCoMOTHOro
HY/sl, @ HafMuMe YPOBHEW B 3anpeLLEHHOM 30He Pe3KO MOBLIWAET ero BEPOSITHOCTb).

Bce 3T HenpusITHOCTU, CBSI3aHHble C MOBEPXHOCTHLIM KaHas0M repeHoca, YAANoChb
MOMHOCTbIO (MM MOYTU MOSIHOCTBIO) YCTPaHUTb MHXeHepaMm dupmbl Philips, B 1972
rogy npeanoxuBwmnM 13C co CKpbITbIM KaHasioM. JTO pelleHve, pa3oM ybusasluee
HECKONbKO 3alLeB, OKa3anoCb HACTOMbKO yAauHbiM, 4TO C Tex nop Bce M3C
BbIMYCKAIOTCS TOSIbKO CO CKPbITbIM KaHasoM. OT 06bIYHOrO OH OT/IMYAETCS TeM, YTO B
NOBEPXHOCTHOM 06/1acTN KpeMHMs co3aaéTca ToHkmKM (nopsaka 0,3 - 0,5 mMkm) cnon ¢
NMPOBOAMMOCTbIO MPOTMBOMOMIOXXHOIO MOAMIOXKKE TWUMA M C KOHUEHTpauuen npumecu
TaKoW, YTOObl OH MOI MOMIHOCTBLIO 06EAHATLCS MPU NOAAYE HA HErO HaMpsXKeHUs Yepes
COOTBETCTBYIOLMI KOHTAKT. YTO e NPOMCXOAWT B TaKOW CTPYKType?

Ana NpocToTbl NPEANONIOXUM, YTO CKPbITbIA KaHan UMEET OAHOPOAHYIO KOHLIEHTPaLMIO
npuMMecH no Bcel rnyéuHe. Mpu NOMHOM 06eAHEHNMN CKPLITOrO KaHana B HEM OCTaéTcs
HECKOMIMEHCMPOBAHHbIN 3apsa nervpytoLlel npumecy (byaeM cumTatb €€ npumechio N-
TMNa, T. €. OCTAOTCSA NOMOXKUTENBHO 3aPSHKEHHBIE aTOMbI MPUMECH).

©J1. NasoBckuin, E-mail: leo@inbox.ru
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

Kpome Toro, obegHéHHas obnactb 6yaeT npocTupaTbhCs U B NOANOXKY, Kak u ans MN3C
C MOBEPXHOCTHbIM KaHanoM, MPUYEM B MOANOXKKE 3apsii HECKOMMEeHCMPOBaHHON
npumecn - oTpuuaTenbHbIM. PacnpeaeneHve noteHUMana npu TakOM CTyrneH4YaToM
pacnpegeneHun ob6bEMHOrO 3apsida, Kak crneayeT u3 ypaBHeHus Jlannaca, 6yaer
KYCOYHO-rapabo/myeckuM C MaKCMMyMOM MOTEHUMana, NexaleM Ha HeKOoTOpOoW
rnybuHe oT rpaHuubl pasgena (dakTnyeckn B6IM3M MeTanypryeckon rpaHuubl pn-
nepexo/ia CKpbITbIM KaHan - NOANIOXKA; CM. Puc.2a).

HervoMoegr i oBEaEELIE
Hecrxomunencupopauunf
2E0AN IDHMeCeR
L
=i Obenuénman obmacTte
] //'
A

Puc.2a. PacnpegeneHue 3apsafoB B CKPbITOM KaHase.

p
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|
|
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|
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. |
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Puc.26. PacnpegeneHune noteHumnanos B M3C co CKPbITbIM KaHAJIOM: NMPU OTCYTCTBUMU
CUIHANILHOIO 3apsAAa, C CUrHA/IbHbIM 3apsA0OM M NMpy (hMKCaLMKM NOBEPXHOCTHOIO NMoTeHUMaNa.
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

Bcé. 3apgaua peweHa. Beab Tenepb CUrHasbHble 3MEKTPOHbI COBUPAOTCS MMEHHO B
obnactu MakcMMyMa noTeHumana, HemTpanusys No Mepe HaKoMIEHUS! aTOMbl MPUMECU
(3enéHass nuHMs Ha Puc.26; 3TO, B 4YaCTHOCTM, O3HA4YaeT, 4YTO MaKCMMasibHas
MIOTHOCTb  HAKOM/IEHHOrO 3apsid@ He  MOXET  MpeBblWaTb  MOBEPXHOCTHOW
KOHLIEHTpaLumn npumecn - nopsiaka 1,5%10'% cm™), u He gocturatoT rnosepxHocTu. A
3HAUMT, yXOAST BCe OTpULATENbHbIE MOMEHTbI, CBSI3aHHble C B3aUMOAENCTBMEM
3apsI0BOr0 MakeTa C rpaHvuen pasgena. [ns [AanbHEMLLEro M3N0XeHUs OTMETUM
eweé, 4YTto noTeHuuan KaHana B MaKCMMyMe MpOonopuMOHaneH [03e JiermpoBaHus
KaHana.

CTeneHb COBEPLUEHCTBA KPUCTa/SIMYECKON PELETKM B COBPEMEHHbIX MaTepuanax
BECbMa BbICOKA, M HblHE 3(PdeKTUBHOCTL nepeHoca B M3C cO CKpbITbIM KaHANIOM
(cobcTBeHHO, Aanee pedb 6yaeT nATKM TOMNbKO O HUX) AOCTUraeT B Jyylimx npubopax
noTpsicalomx BeanunH 99,9999% (uam n = 10° Ha nepeHoc), T.e. mocie Thicsum
NepeHOCOB UCKaXeHUs OT HeaddekTMBHOCTU cocTaBnsatoT 0,1%. JocTturaercs 3To He
TONbKO M3-3@ KpanHe HU3KOW MIOTHOCTW NIOBYLUEK B 06bEMEe MONYNpOBOAHWUKA, HO U
M3-3a TOro, YTO NEPEHOC MPOUCXOAUT HA HEKOTOPOM YAANeHUN OT 3aTBOPOB, @ 3HAUMUT,
CTaHOBATCA 3aMeTHbIMU AByMepHble 3deKTbl - INeKTpMYeckoe nose o4HOro 3aTeopa
NPOHWKAET NOA COCeAHWUM, CO3AaBas TEM CaMbIM AperichoByto COCTaB/SIOLLYIO NEPEHOCA
(TAHyWwee none), 4TO BbLITArMBaeT 3apsa ropasfo bbiCTpee, YeM MpOCTO TernnoBas
ndady3mns, Tak UYTO YacTOTHble orpaHuyeHus 3PdeKTUBHOCTU B AMana3oHe 4acToT,
XapaKTepHOM Ans TeNeBU3NOHHbIX MaTpuL, NPaKTUYECKN HE3AMETHBDI.

OtMetTuM ewé oaHo oTimumne M3C co cpblTbiM KaHanoM oT M3C ¢ noBepXHOCTHLIM
KaHasioM: YpPOBHM YMNPaBASlOWMX HanpsXkeHWn Ans HuxX  GunonsipHble, T. e.
HanpsbkeHne 6apbepa - oTpuuatenbHoe. lNpuyéM Npyv HEKOTOPOM €ero 3HayeHuu
NnoTeHUMan Ha rpaHuue pasaena AOCTUraeT HyNs U Aanblie U3MEHSATLCS He MOXET, Tak
Kak AbIpKM M3 CTOM-KaHana 3arnosfiHsAT NMOBEPXHOCTb, 3akopaymBas eé€ Ha CTonop U
3KpaHMPYs KaHan OT JAafibHEMLIEro W3MEHEHMUsI 3NEKTPUYECKOro Mons 3aTBopa. 3TO
SIBNEHNE Ha3blBAETCA hmKcaLmeri NoBepXHOCTHOro noTeHumnana (pin) u Mcnonb3yercs B
M3C c BupTyanbHOM ¢ason u T. H. npubopax MPP (multi-pin phase), 0 4éM Mbl eweé
noroBopuM. U ewé: CKpbITbIM KaHan HEBO3MOXHO 3aKpbiTb;, KakK TONIbKO HacTynaeT
(ukcauus, aanbHellee N3MEHEHNE NOTEHUMANA KaHana NpekpaLLaeTcs.

Tenepb, Npexae, YeM pacckasaTb O TOM, KaK U3 OAHOro perncrpa caenatb ABYMEPHYHO
MaTpuLy, HECKONbKO C/IOB O TOM, KaK, COOCTBEHHO, BbIFNAAUT CTAHAAPTHbIN
TENEBU3MOHHbIA CUrHanN 4epHo-6enoro TeneBuaeHus. Mbl He Gyaem yrnybnartbcs B
AetanM TOro wnuM uHoro TB craHmapta, a paccMoTpum  obwme  npuHUMNGI
¢dopMmnpoBaHusa curHana.
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

Buneocurzan
CTPOKH

U

ObparaLi 2o 0o Kanpy (KagpoBrf racAni)

CObpaTHe# xom 0o CTpodHEE
CTPOKE (CTpOYHEH CHHEEP G HMITYIECE
TACALHIT)

MOCMOTPUM Ha 3TOT PUCYHOK, rAe CXeMaTU4yHO u306paxkéH TB curHan. OH copepxut
BMAEOCUTHanNbl OTAENbHbIX CTPOK, pa3denéHHble WHTepBanoM obpaTHOro xoga no
CTpoke (CTPOYHBIN racAaLmMin MHTEPBaA), HEOBXOAMMBIM ANS TOr0, YTOObI 3NEKTPOHHbIN
Ny4 KaK B KMHECKOMe, Tak U B nepeaarolein kamepe (BCMOMHUM, YTO 3TOT CTaHAapT
BO3HMK JOCTATOYHO AABHO, B 3MOXY BaKyyMHbIX NpMbOPOB) ycnen BepHyTbCs K Havany
cnegyrowlen  ctpokun. Bo  BpemMsi 3TOro wHTepBana MoOAAeTC W CTPOYHbIN
cuHXpouMmnynbCc  (OH  ¢opMupyeTcs He CcaMuMM  AaTyYMKOM  u306paxkeHus, a
3aMelmMBaeTCl B CUIHan  3MEKTPOHHbIMM  CXeMaMuM  Kamepbl).  YpOBEHb
CUHXPOUMMYNbCOB NPUHAT 3a 0 B, ypoBeHb 4epHOro B BWAEOCUrHane CoCTaBnsieT
0,33 B, ypoBeHb racawero — 0,3 B (30 MB pa3Huubl 06pasyloT T. H. 3aliMTHbLIN
MHTEepBas), MaKCMMasbHbIN YpOBeHb BuaeocurHana (ypoeeHb 6enoro) — 1,00 B. Korga
nepeaaHbl CUrHanbl BCeX CTPOK OAHOMO Mofs, HaYMHAeTCs GopMMpOBaHUe KaapoBOro
racsawero uHTepsana. CTpouYHble CUHXPOUMMYNbCbl B 3TO BPEMS MpPOAO/KAOT
opMupoBaTbCcs, 4TObbl He CHbuMBaTb CXeMbl CTPOYHOM pa3BEPTKM KuHeckona (B
peasibHOCTM MX 4acToTa Ha KOpPOTKOe BpeMs, paBHoe 2,5 ANnuUTenbHOCTU CTPOKW,
yABavMBaeTCs, a MONSIPHOCTb MHBEPTMPYETCSl, u4TOObl 0603HAUNTL  KaapOBbIN
CUHXPOMMNYSbC), @ BUAEOCUIHaN He GopMmUpyeTcs. 3aTeM, N0 OKOHYaHUWM KaapoBOro
racsiliero, Ha4YMHaeTCa NPSIMON xoA4 NO Kaapy ANs cnepytowero nons. Mo npuHaTomy,
Hanpumep, B EBpone cTaHaapTy Mnepuoa CTPOYHOM Pa3BEPTKM COCTaBNsSieT 64 MKC,
ANUTENBbHOCTb NPSIMOro XoAa no CTpoke — 52 MKC, AnUTeNbHOCTb 06paTHOro xoaa no
CTpoke — 12 MKC, a OAMTeNbHOCTb KaapoBoro racswero — 25 crpok. pu 3TOM B
KaXaoM none umeetcs 312,5 CTpoku, n3 KoTopbiXx 287,5 — akTUBHbIE, T. €. UMelLne
BMaeocurHan (NonCTPOKN BO3HUKAET M3-3a TOro, YTO NOSIHOE YMCIIO CTPOK B Kaape Ans
YepecCcTPOYHON pa3BEPTKN HEUYETHOE — 625).

Tenepb BepHEMcA K CTpykType aAByMepHon MaTpuubl M3C. MpocTerumnin eé BapvaHT
n306paxxéH Ha Puc.4a. B HEM MOXHO BbIAENUTbL ABa BEpPTMKASIbHBIX peErnMcTpa casBura
Ha M3C, obpasyowme CeKUMo HAKOMMNEHMS U CEeKUMIO XpPaHEHWUSI C PaBHbIM YMC/IOM
CTpok (Kaxkaasi CTpoka cekumu obpa3oBaHa OAHOM TPOMKOWM  3MEKTPOAOB),
FOPU30HTaNbHbIA PErucTp CABWUra U BbIXOAHOE YCTPOMCTBO. PaccMoTpuMm noapobHee
paboTy TakoW CTPYKTYpbI.

©J1. NasoBckuin, E-mail: leo@inbox.ru
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Puc.4a. Mpocreiilian cTpyKkTypa AByMepHoi MaTpuubl NM3C.

B TeueHne BpeMeHM NpsIMOro XoAa Mo Kaapy CEKUMS HAKOMIEHUSt CTOUT, T. €. Ha Heé
NOJAIOTC HEM3MEHHbIE HAMPSHKEHMs, (OpMUPYIOLIME MOTEHUMANbHbIE SMbl TOMBLKO
NnoA OAHWM 3MEKTPOAOM KaXAOM TPOMKKM, CKaXXeM, NMoA 3MEKTPOAOM nepBon ¢asbl
(VS1), npuyém noTeHumanbHble sMbl 06pa3yloTCS BO BCEX 3/IEMEHTaX BCEX CTPOK
cekumm. Mo ropusoHTann OTAENbHbIE SYEHMKMU HaKOM/IeHMs OTAENEHbI CTOM-KaHanaMu
(BblAeneHbl Ha PUCYHKE KpacHbIM LBETOM). M306paXkeHne, NpoeumpyeMoe Ha CeKLmio
HaKOMMIEHMSI, BbI3bIBAaET (POTOreHepaumio - 06pa3oBaHNE 3MNEKTPOHHO-AbIPOYHBIX Map.
Mpu 3TOM (hOTOreHepUpOBaHHbIE 3NIEKTPOHbI OCTAKOTCA B MOTEHUMANbHON SIME, AblpKU
)K€, COOTBETCTBEHHO, YMAYT B MOANOXKY WM B BAOSIb MOBEPXHOCTU B CTOM-KaHasbl.
TakuM 06pasoMm, noa AENCTBUEM CBETA B AYeliKaxX HaKanIMBAETCA 3apsAoBbii penbed,
T.€. B KaXI0OW siueilke cobupaeTcs 3apsi, NponopuUMOHalbHbIi €€ OCBELEHHOCTU U
BPEMEHW HaKOMIEHUS.
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

Mo OKOHYaHUM NPSIMOro XoAa Mo Kaapy Ha 06e CeKLMM NoAATCA TaKTOBbIE MMMY/bChl,
BbI3blBAOLLUNE CHMHXPOHHbIV NEPEHOC 3apsAdad, NPU 3TOM BaXKHO (M 3TO MOKa3aHO Ha
pUCyHKe), 4To 06e cekuuM 06pasyloT HenpepbiBHbIM perncTp casura. Mocne uucna
TaKTOB, PaBHOrO YMC/Y CTPOK B KaXXAOW CeKUuMM (HamOMHUM, UYTO KaXKaash CTpoKa
obpa3oBaHa TPeMs 3/1eKTPoAaMMn), BECb HAKOMEHHbIV 3apsaAoBbli penbed LeNMKoM
NEPEMECTUTCA B CEKLMIO MaMSTW, 3aKPbITyl0 OT CBETA, @ CEKUMSt HaKomnneHus byaet
OuYMLLEHA OT 3apsida. ITOT NEPEHOC CEKLMM B CEKLIMIO MPOUCXOAUT AOCTAaTOYHO BbICTPO
(dhakTMUECKM OH 3aHMMAET Masyto YacTb BpeMeHu 06paTHOro xoaa no kaapy). Teneps,
BO BpeMsl C/eaylolWero UuMkia HakomneHus (3To cnegytolee rosie  KaapoBou
Pa3BEPTKM), CEKLMSI HAKOMEHMS HAKAMNIMBAET CNeaylolWwmin Kaap M306paxeHns, a u3
CeKUMM NaMaTH 3apabl NOCTPOYHO, BO BpeMsi 06paTHOro Xoza Mo CTPoke, NepeaatoTcs
B FOPW3OHTasNbHbIN pernctp (Kaxabli 3NMEMEHT PerucTpa MMeEeT 3apsiioBYI0 CBSI3b C
COOTBETCTBYIOLIMM CTONMOGLIOM CEKUMU MaMsaTW, U 33 OAMH pa3 nepedaétcs oaHa
CTPOKa), M 3aTeM BbIBOAATCA B BbIXOAHOE YCTPOMCTBO PErMcTpa 3a BpeMsl NpsIMOro
XoAa no cTpoke, cdopMupys BuaeocurHan. O BbIXOAHOM YCTPOMCTBE Mbl MoApo6Hee
MOrOBOPUM HUXE.

Cpa3sy oTMETMM OAHO BaxxHOe 06CToATeNbCTBO. epBble MaTpuubl BbIrSAenM UMEHHO
TaK, KaK MOKa3aHO Ha PWUCYHKe, C 3neKkTpoaamu, chopMUpOBaHHLIMKM M3 MeTanna
(MonubaeHa). MoHATHO, YTO Anst obecneyeHns 3apsaaoBoM CBA3M U BO3MOXHO MOSIHOMO
nepeHoca 3apsda OT 3aTBOpPa K 3aTBOPY 3a30p MeXAy HUMM He Mor 6biTb H6onblunM,
YTO MNPMBOAMMIO K KpalHE HWU3KOW YyBCTBUTENbHOCTW: AENCTBUTENIbHO, MOYTM BCS
nnowazb 3/1eMEHTa OKa3blBasacb HEMPO3payYyHoM Ana ceeta. Kpome Toro, npu WwupuHe
3a30pa 2 MMKPOHAa W CYMMapHOM ero A/vHe Ans BCeM MATpUlbl HECKOJIbKO METPOB
BECbMa BEPOSITHO 3aMblKaHMe MeTannvyecknx a3 Apyr Ha Aapyra, 4To NpuMBOAUT K
notepe paboTocnocobHOCTM MaTpULbl.

PagukanbHbIM BbIXOAOM CTano npegnoxeHHoe B 1974 r. K. CekeHoMm 1 M. TomnceTTom
n3 Bell Labs wucnonb3oBaHWe 31eKTPOAOB M3 MOMKPUCTANINYECKOrO KpPEMHMS,
Mpo3payHOro Moyt BO BCEM BMAUMMOM AManas3oHe. B Takux npubopax ans
opMupoBaHus  TpéxdasHom CUCTEMbl  3M1IEKTPOAOB  WCMOMb3YTCA  TpwU
NoCneaoBaTe/lbHO HAHOCMMbIX Ha MOAMNOXKKY YPOBHSI NO/IMKPEMHUS, KaXXAbIN Ansi CBOEW
da3bl, KoTOpble nocne hOpMUPOBaHUS 3MEKTPOAHOMO PUCYHKA OKMCASOTCH. YTOObI
NPy OKUCNEHUN MONIMKPEMHUSA HE U3MEHANAch TOMWMHA NOA3aTBOPHOIO AM3NEKTPUKA,
B COBPEMEHHbIX NMpubopax OH AeNaeTcs ABYXC/IOMHbIM — OKWUCEN + HUTPUA KPEMHUS
(SisN4). MepBble e npubopbl C MOAMKPEMHMEBBLIMM 3aTBOpaMM MNPEB30OLWWIN MO
YyBCTBUTENBHOCTM BaKyyMHble Tpybkum wu paxe QotoaMynbcnio. Kpome Toro,
BblPaLLEHHbIN Ha KaXA0M C/I0e MOJIMKPEMHUS U30NMpyLoLwmii okucen (cm Puc.5a) pesko
CHM3WN BEPOSITHOCTb MeX(a3HOro 3amblkaHusl, @ MexdasHblii 3a30p YMEHbLUMCS [0
0,2 MKM - TONWMHBI MeXda3HOro okncna.

Tenepb, MHe Ka)XeTCsi, HacTaslo BpeMsl MOroBOpUTb O JOCTOMHCTBAX WM OrpaHUYEHUsIX
M3C Boo6LIE U AAHHOW CTPYKTYpbl B YaCTHOCTU. PasyMmeetcs, oblime npeuMyllecTsa
nepexoaa OT BaKyyMHbIX NpubopoB cpasy Kk WC BbICOKOW CTENEHU WHTerpauuu
OYEBUHbI U HE HYXAAITCA B KOMMeHTapusix. OCTAaHOBMMCSI Ha MeHee O4YEBMAHBIX (a
AN HEMOCBSILLEHHBIX, BO3MOXHO, U NMPOCTO HOBbIX) MOMEHTAX.
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Mpexxae BCero OTMETUM XXECTKMI pacTp. B Tpybkax pacTp co3aaBascs CKaHUPYHOLLMM
3NEKTPOHHBIM Iy4OM, U €ro reoMeTpuyeckoe KauyecTBo 3aBMCeNo OT Macchbl hakTOpOB -
JIMHENMHOCTM  HaMpsXKEHUN pa3BEPTOK, CTabWIBLHOCTU MUTAIOWMX  HaNPSXKEHWN,
TemnepaTypHbIX 3ddekToB U T. A. B TBepaoTenbHbiX npubopax pactp 3aaaétcs C
BbICOKOM TOYHOCTbIO B MpOLECCE M3rOTOBMEHUS CTPYKTYpbl npubopa, Tak uyTO
reoMeTpuyeckme WCKaXKeHUs MoJly4aeMoro m306paxkeHust onpeaenstoTcs TONbKO
KayeCTBOM OMNTUKW.

C »ECTKOCTbIO pacTpa CBsi3aHbl M TakMe AOCTOMHCTBA, KakK OTCYTCTBUE MUKPOGOHHOIro
appekta (T.e. U3MEHEHWs NapaMeTPOB 3MEeKTPOBaKyyMHOro npubopa Wu3-3a
aKYCTMYECKOro BO3AENCTBUSI) U HEYYBCTBUTENbHOCTb K MarHUTHbIM 10/1SM — a BeAb
NCKaXxxeHns1 B Tpybkax, ecnm He NpMHUMaTb CreumanbHbiX Mep, MO BO3HUKaTb AaXe
OT U3MEHEHMNS €€ MOJIOXKEHNS OTHOCUTESIbHO MarHUTHOro rnons 3emnu!

Ewé oaHO AOCTOMHCTBO — OTCYTCTBUE 3(pdpekTa BbikuraHus. B Tpybkax upesmepHo
APKUI cBET (HanpuMep, Cly4YarHO MOMaBLUKMMA B MOJE 3PEHUS SAPKMN UCTOYHMK CBETA
unu, He npueean 6or, ConHuUe), NPUBOAMA K BbDKMIAHWUIO — ANIUTENIbHOMY, @ MHOTAa U
HeobpaTMMOMY MW3MEHEHWIO MnapaMeTpoB (oTokaToaa — W M306paxkeHue 3Toro
ncTouHuka (Npu4ém HeraTMBHOE) elwé Aonroe BpeMst MOXHO 6bino HabnoaaTtb, Aaxe
HE OTKpblBasi 06beKTMB... EWE 0oAMH HenpusiTHbI 3(PhEKT, CBOMCTBEHHLIN Tpybkam
(kctaTn, 1 HOTOPE3NCTOPHLIM MaTpuuaM) M MOMHOCTbIO oTcyTcTBYOWMM B M3C —
MHEPLUMOHHOCTb. MHOrne, BEpPOSITHO, BMAENM XBOCT, TAHYLIMWCA 3@ M3006pakeHMeM
APKOW naMmnbl NPV NaHOpPaMMpOBaHUMKM  Kamepbl. VIMEHHO Tak nposiBAseTcs
MHEPLUMOHHOCTb TPYOKM — Aaxe Nocie MCYE3HOBEHUSI OCBELLEHHOCTU JaHHOM TOUKM
(oTokaToAa curHan c Heé€ He crnagaeT MrHoBeHHO. B MaTpuuax M3C HaKonieHHbIN
CUrHanbHbIA 3apsii, MO/IHOCTbIO BbIBOAUTCS MPW MEpPEeHoce Kaapa — M K Hadany
cneayroLen aKCNo3nLMN CEKLMSI HAKOMIEHUS KaK HOBEHbKasI.

Mo cpaBHEHWIO C TBEPAOTENbHBLIMM NpUbopamMm ¢ KoopanHaTHOM aapecaumen (KA) N3C
CUIbHO BbIUMPBLIBAOT B OAHOPOAHOCTM CWUrHana, TaK Kak BCe 3apsiaoBble MaKeTbl
LAETEKTUPYIOTCS O4HMM ycunuTenem (BCMOMHMM, 4TO B npubopax ¢ KA Kaxabin
cTonbel UMEEeT CBOM YCUNUTENb - CO CBOMM KO3(PMDOUUMEHTOM ycunenus). MoMuMo
OOMHAKOBOro ANs1 BCEX 3apsiAoBblX MaKeToB KoadduumeHTa npeobpa3oBaHus 3apsaa-
HanpsbkeHue, ycunutenb [3C xapakTepusyeTrcs M 3HAYUMTENbHO MEHbLWM MO
CpaBHeHMIO C MaTpuuamm C KA wymoM (3TO CBSI3aHO C BEIMUMHOM EMKOCTU
npeobpasoBaHms, 0 YEM Mbl eLLE NOroBOpUM).

M ewé oaHO AOCTOMHCTBO MO CPABHEHUIO C KOHCTPYKLMEN, O KOTOPOM pedb MONAET
HUXXE: BCA M/OWaAb CEeKUMM HaKonieHust sBnsieTcss (OoTOUYBCTBUTENIbHOW, T. €.
KoadpuumeHT 3anonHenus (fill factor) paseH 100%. 3Ta 0cCobeHHOCTb Aenaet
nNpubopbl AaHHON OpraHM3auMm MOHOMOMMCTaMM B aCTPOHOMMM M BOObLUE Be3ae, rae
naét 6opbba 3a YyBCTBUTENBHOCTD.

Mpn Bcell HECOMHEHHOW MPOCTOTE, Y MaTpuL, C PacCMOTPEHHOM opraHuzaumen (OHu
Ha3sbiBatoTCa [13C C KagpoBbiM MEPEHOCOM) €CTb OAWH CYLUECTBEHHbIA HEAOCTATOK —
CobCTBEHHO, caM kaapoBbin nepeHoc (KIM).
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

TakToBas 4acToTa, nogaBaemMas Ha cekumm Bo BpeMsi KIl, cocTaBnsieT, kak npasuio,
Heckonbko coT KI'y (peako 1-2 MIW), 4To CBSI3aHO C 60MbLION EMKOCTbIO (ha3 cekuui
(ao 10 000 n®) n TeMm, 4TO CaMM INEKTPOAbI UMEIT pacnpeaenéHHble MapameTpbl
(RC), 1 TakTOBble MMMNYNbLChI MPU MX BbLICOKOW YacTOTe MOryT NPOCTO He AOUTM A0
cepeauHbl anekTpoda. Pa3 Tak, To Kl 3aHMMaeT cyLiecTBeHHOe BpeMs — Aonm Mc. Ecnim
Tenepb y4yectb, 4To BO BpeMsi KI1 ceKkumsi HakomeHus OCTaéTcs OCBELLEHHOM, TO
SIpKME Y4aCTKM M306paXkeHns yCneBatoT AaTb BKaA B UyXKOM 3apsfloBblf MAKET Aaxe
3a TO KOPOTKOE BpeMsi, KOrAa OH MpOXOAWT 4yepe3 HUX. Tak Ha curHane nosiBnsieTcs
CMa3 — BepTUKalbHbIM Cief OT SIPKUX Y4aCTKOB M306paXkeHnst pa3MepoM BO BeCb Kaap.
[Ans 60pb6bl C HAM NPUMEHSIIOTCS pa3Hble YXuUWpeHus. Tak, B MasloKaapoBbiX cucreMax
(NpUKNagHble CUCTEMbI C HA3KOM KaapoBOW YacTOTON; SIpKUMA NpUMep, acTPOHOMUS, rae
BPEMS HaKOMEHUs1 COCTaBASIET MOPOM 4Yacbl) UCMONb3yeTCs MeXaHW4ecKui 3aTBop,
WK Xe, ecnn eCTb BO3MOXHOCTb, NMPOCTO OTK/IOYAIOT UCTOYHWUK CBeTa. B ymgposbix
Kamepax pNsi KOMMeHcauuMu cMmasa MCMosb3ytoTcs AOCTAaTOMHO MPOCTble anropuUTMbl
06paboTkn n3obpaxkeHnss (OTAENbHO 3aNOMMHAETCS KapTMHKA CMa3a — e€ MOXHO
NOMyYnTb, HaNpUMep, Npu HyJIEBOM BPEMEHWN HAKOM/EHMS — M 3aTeM OHa BblYMTAETCA
N3 «CyMMapHoro» mnsobpaxeHnusi). OgHako paavkanbHO npobnemMa cMmasa pelaeTcs B
npubopax C MEXCTpPOYHbIM nepeHocoM (M), 3aBoeBaBWMX AOMUHMpYIOLLEe
NOSIOXXEHNE Ha pblHKE GbITOBOM BMAEOTEXHMKKN (CM. Pnc.46). B oTnnume ot matpuu C
KM, dyHKUMM HakonneHusl 3apsgaa M ero nepeHoca 3decb pasjeneHbl. 3apsag u3
3N1EMEHTOB HaKonneHns (Kak npasunio, GoToanoabl — OHU Toxe obnaaatoT EMKOCTLIO U
CnocobHbl HakannueaTb 3apsa!) nepenaétca B 3akpbiTble OT cBeTa MN3C-pernctpol
nepeHoca, T.e. CeKums nepeHoca Kak bbl BCTaBeHa B CEKLMIO HAKOM/EHWS.

PEI‘HCTPH ECPTHEAIEHOIO [IEpEHOCA

P 4 ) 4

SIEMEHTE 1¢|r ‘+|' _'I_ 1*|'

HakoOIeHHA —— T T—> — T—>

| | |

N v K2 v

S~ T + — +

| | |

v v $ v

| | |

¥ v $ ¥

| | | |

Bro v v v v
. 4 -

TopusonTanc el pECHOTE CUHTHEAHHA

Punc.46. NMpn6opbl C MEXCTPOUHLIM NEPEHOCOM.
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

Tenepb nepeHOC 3apsAoBoro penbeda Bcero Kagpa NpoMcXoamuT 3a OAMH TaKT, U CMas,
CBSI3aHHbIM C MEpPEeHOCOM, He BO3HMKaeT. YTobbl NobOpoTb elWé M UCKaXKeHus,
BO3HMKAlOLLME M3-3@ MOMafaHusi B KaHasbl nepeHoca HocuUTenel, reHepupyeMbix B
rnybuHe noanoXku (ecnu TONbKO He npuMmeHsieTcs ¢unbtp UK oTceukn — a B
BMAEOKaMepax OH BcCerga npuMmeHsieTcs), K matpuue ¢ MM pobasnserca ewé oagHa
cekuMs namsiTM C COOTBETCTBYHOLWMM 4MCIOM 3neMeHToB (Puc.4B). CmMa3 B Takom
MaTpuLe CO CTPOYHO-KaapoBbIM nepeHocoM (CKIT) npeHebpexumo man.

Mo cpaBHeHuto ¢ matpuuammn ¢ KI dakTtop 3anonHeHus B Matpuuax ¢ MIT unm CKI
NPUMEPHO BABOE MEHbLUE, TaK KaK OKOSIO MOJIOBMHbI Niowaan hoToUyBCTBUTENbHOM
NMOBEPXHOCTM 3aKpbITO OT cBeTa. YTobbl noBbicuTb 3dekTMBHOCTL cbopa OTOHOB,
MCNONb3yeTCs MUKPOPACTP - MaccmB Hebonblwmx nMH304ek. OH dhopMupyeTcs O4YeHb
MPOCTO: Ha MOBEPXHOCTb MIACTMHbI C YXXe (hOPMUPOBAHHLIMU CTPYKTYpaMu MaTpuubl
HAHOCMTCA C/IOM OMTMYECKOW NErkonsiaBKoM MnacTMacchl, M3 KOTOPOro METOAOM
doTonuTorpacdmm BbIpe3aloTC M30/IMPOBAHHbIE KBAAPATUKK, NeXalme Had KaXabiM
3/IEMEHTOM. 3a30p MeXAy OTAENbHbIMW KBagpaTMKaMuM HeBENMK. 3aTeM MlacTuHa
HarpeBaeTCs, MJlacTMacca MOAMNIABNSETCS M MOBEPXHOCTb OTAE/bHbIX KBagpaTMKOB
npuobpetaetr 6nm3kylo K cdepuyeckon GopMy, OKycMpys NpUXoasalmMin Ha eé
NOBEPXHOCTb CBET TOYHO Ha (hOTOUYBCTBUTENbHbIN 31EMEHT MaTpuubl. [MonyyaeTcsa BoT
yto: (Mnnoctpaumm 0. Pesnya)

| Nanalouni ceer |

nognoka

Puc.4B. lononHuTenbHas ceKuusa naMaTv K MmaTtpuue c M.
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

YTO OHM YMEIOT?

Mepeiaém Tenepb K pacckasy o napametpax u xapaktepuctukax MN3C. Mpexae Bcero
OCTQHOBMMCS HA WX CMEKTpasibHbIX XapaKTEPUCTUKAX — 3aBMCMMOCTU BbIXOAHOMO
CWUrHana oT ANMHbI BOJHbI, UMW, YTO SKBUBANIEHTHO, KBAHTOBOM BbIXOAE — KOJIMYECTBE
(hOTO3MEKTPOHOB Ha OAMH (hOTOH MaAAIOLLErO U3MTyYEHUs.

CnekTpanbHasi xapakTepuctuka (CX) M3C onpeaensietcs, NPUYEM MyNbTUNIMKATUBHO,
ABYMSi (haKTOpaMu - TMPOXOXAEHWEM CBETA 4Yepe3 3MEeKTPOAHYI CTPYKTypy W
cdoToreHepaumnel,,  Bbi3BaHHOM  MOr/IOIWEHMEM  CBETA  HEMOCPEACTBEHHO B
NoNynpoBoAHUKe (BHYTPEHHMIA KBAHTOBbIN BbIXOA). HauHEM C nocneaHero.

MornoleHne ceeTa B NOMNYNPOBOAHMKE OMUCLIBAETCS KOI(GDULMEHTOM MOr/I0LEHNS —
BEMYNHOW, OBPaTHOM ANMHE, HA KOTOPON MHTEHCMBHOCTb M3/TyYeHWs NajaeT B e pas.
[lanee, doToreHepaumio BbI3bIBAOT TOMBbKO (POTOHbI C 3HEpPruen, npeBbilLatoLen
LWMPUHY 3anpeLéHHON 30Hbl - 0Kk0M0 1,2 3B (4TO COOTBETCTBYET A/IMHE BOJHbI YyTb
6onble 1,05 MkM — 310 6nMkHMIM UK anana3oH). ®OoToHbI C 60Nbluel ASIMHOW BOJHBI
NMPOCTO HE MOr/IOWATCA M COOTBETCTBEHHO HE AAlOT BKIaAa B BbIXOAHOW CUrHan, a
AnvHa ~1,05 MKM OKasblBAeTCs KpacHOM rpanuuen gotoaddekta B KpeMHun. Mpu
YMEHbLUEHMN AJINHBI BOMHbI KO3(PMUUMEHT NOMNOLWEHNS NOCTENEHHO PacTéT; Tak npu
A = 1 MKM cBeT 3aTyxaeT B € pa3 Ha 100 mMkM, npu A = 0,7 MkM (KpacHbIi LBET) Ha 5
MKM, @ npu A = 0,5 MkM (3eneHo-rony6oi) Ha 1 MKM. YTO e u3 3Toro cneayer?

BcnoMHuM, uTo rnybuHa obeaHEHHOro cnos (rnybuHa, Ha KOTOPYIO pacnpoCTpaHsieTcs
aneKTpuYecKkoe nosne 3aTeopa Braybb MoNynpoBOAHMKA) - OKOMO 5 MKM. SICHO, YTO Ans
CBETA, KOTOPbIMA LIENIMKOM MOrNOLWAETCS BHYTPY 3TOro cost (Npu AnvHE BOSHbI MEHEE
npumepHo 0,6 MKM), BHYTPEHHWWA KBaHTOBbIA Bbixoa 6yaeT noutn 100%, Tak Kak
NPOUCXOAUT MIHOBEHHOE pa3fesieHne 3MeKTPOHHO-AbIPOYHBIX Map 3NEeKTPUYECKUM
noneMm. na 6onee ANMHHBLIX BOSH 3HauuTenbHas Ao0ns (POTOHOB MOrNOWAETcs B
HEWTPaNbHOM MOAJMIOXKE, OTKyZAa HOCUTENM MOMyT MOMAcTb B MOTEHUMaNbHbIE SMbI
TONMbKO 3a CYET TennoBon AMddY3nM — Ha YTO LIAHCOB TeM MeHblue, YeM rnybxe
pOAMICS KaXKAbI KOHKPETHbIA 3M1EeKTPOH. Hapo eweé yyecTb, 4TO cama Moa/ioxka no
CBOMM CBOMCTBAM HEOAHOPOAHA.

Tak npakTuyeckn Bce 3anagHble Npubopbl M3rOTaBAMBAOTCA Ha 3MNMTaKCUanbHbIX
MOANIOXKaX C TOMLMHOM 3nuTakcuanbHoro cnos 10-12 MkM, a poccuiickne M3C - Ha
NOANOXKaX C BHYTPEHHWM reTTepupoBaHMEM (3TO CrneuManbHbIi npouecc, npwu
KOTOpPOM AedeKTbl KPpUCTaN/IMYeCKon PeLLETKN 3aroHaTCs Brlybb NOAMOXKM, TaK YTO
NOBEPXHOCTHBIN CNOM TONLMHOM 0KOI0 20 MKM CTaHOBUTCS CBO60AHBLIM OT AeeKTOB).
B 06omx 3Tnx cnyyasx Bpems Xu3HM CBOBOAHLIX HOCUTENEN BHE MOBEPXHOCTHOMO C/10s1
Yype3BblYaHO Masno, M OHM MPOCTO HE YCMEBaT NOnacTb B NOTEHUMAsbHbIE SMbl. ITO
elweé 6onblue CHMXAET BHYTPEHHMI KBaHTOBbIM Bbixoa M3C Ans ANIMHHOBOJIHOBOMO
y4yacTka cnekrpa.
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

[Ans o4eHb KOPOTKUX ANMH BONH (MeHee 270 HM) 3Heprus (bOTOHOB AOCTaToOYHA ANst
reHepaummn AByX 3N1EKTPOHHO-AbIPOYHBIX Map, TaK YTO A HUX BHYTPEHHWUIA KBAHTOBLIV
BbIXOZ, Ha NepBbi B3rnag, MoxeT npesbiwatb 100%. YBbl, HET B MMPEe COBEPLUEHCTBA,
M rpaHuUa pa3gena OKWUCEN-KPEMHUIN — SpKU TOMy npumep. MNpy KOPOTKUX AnMHaXx
BOMH KO3(MUUMEHT MOrMOWeEeHNss CTaHOBUTCA HACTONMbKO 60nblumMM, a AfvHa
MOr/IOWEHNST  HACTONbKO  MasieHbKOW, 4YTO CTAHOBSITCA  CYLLECTBEHHbIM  BKNaj
NOBEPXHOCTHOM PEKOMOMHALMKM, TO €CTb TONbKO YTO POXAEHHbLIE Mapbl yCneBaloT
peKoMOMHUPOBaTb, HE YCNeB pa3denuTbCs. Tak YTo B 061aCTU KOPOTKMX ANWH BOJH
BHYTPEHHMI KBAHTOBbIV BbIXOA TOXE MaZaeT, XOTS U He A0 Hyns.

HUTpKA KperHKMA

JBYOKMCE KPEMHIKA

CKpbITBIA KaHan

MopgnoxkKa

(—\ Hutpua KpeMHUA
BupTyanbHbIA

3aTBOpP

i \CKphIThlﬁ KaHan / | . l
| \ /

9 BupTyaneHaA AMa y

Okucen KpemMHUA

Puc.5. Ceuenune TpéxcasHoro N3C c anekTpogamm u3
MOJIMKPUCTAJI/INYECKOro KpeMHusi (BBepXy) U C BUPTyasibHOM ¢pa30ii (BHU3Y).
OKO0/10 NONIOBMHbI MNIOLWAAN SA4EeUKN CBO60AHO OT NMOJIMKPEMHMS.

Tenepb MOroBOpuM O MPOMYCKaHWM CBETa 3MEKTPOAHOW CTPYKTypol. Kak MOXHO
cyautb no Puc.5a, roe cxematMyHO um306paxkeHO ceveHune TpéxdasHoro M3C ¢
NOJIMKPEMHEBbLIMM 3aTBOPaMM, CBET, Mornagas B MOMYNPOBOAHUK, MPOXOAUT 4epes
HECKONbKO C/IOEB C pa3fiMyHbIMM OMTUYECKMMUN XapaKTEPUCTUKAMK, TaK YTO Hen3bexxHa
ero nHtepdepeHumnsi, 6naro YTo TOMLWMHA 3TUX CNIOEB COM3MEpPMMa C ASIMHON BOJHbI. U
pencteutensHo, CX M3C poBonbHO npuuyanuea. [anee, NOAMKPUCTaNIMYECKUN
KPEMHWI, M3 KOTOPOro CAenaHbl 3MeKTPOAbl, COBEPLUEHHO Henpo3payeH B 0b6nactu
AnvH BonH Ao 430-450 HM (cuHuM 1 duoneToBbin UBeTa). B ntore CX 06bl4HOro
TpéxdasHoro M3C ¢ NOAMKPEMHEBLIMM 3aTBOPAMM BbIFMSAUT TaK, KakK MOKa3aHO Ha
Pvc.6 kpacHOWM NuHKMEN.
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Punc.6. CneKkTpanbHble XapaKTEpPUCTUKN abCoNoTHOro KBAHTOBOIO Bbixoaa:
o6biyHoro MNn3cC, ’
C ocBelleHueM Cc 06paTHOI CTOPOHbI NOAJI0XKKMK, C BUPTYyasibHOW (ha30id.

Ncnonb3osaHue ¢doTtoamoaos B Matpuuax Ml n CKIM 3HaumTensHo ynydwaet CX M3C,
0COBEHHO B KOPOTKOBOJIHOBOM 4YacTW CMEKTpa, MOCKONbKY YXOAST Npobnemsl,
CBSI3aHHbIE C 31eKTpoaamMn. MIMEHHO 3TO 06CTOATENbCTBO MO3BONSET TaknuM npubopam
ycrnewHo pabotaTth B BelwaTenbHbIX M ObITOBbIX KaMepax LBETHOro TenesunaeHus. B
KaMepax MpuKNagHoOro M Hay4yHOro HanpasfeHus, rae AOMUHUPYIOT BCE e Npubopbl €
KIN, NnpuMeHSI0TCA COBEPLLEHHO ApYyrue Noaxoabl.

CaMblil NpPOCTON - HaHeceHWe NMMHOMOpa, CneumanbHOro BeLeCTBa, NPO3payHoro
ANS ANTMHHBIX BOSTH, HO NpeobpasytoLero KOpOTKOBOIHOBbLIN CBET B KBaHThI C 60/bLUen
AJIMHOM BOMHbI. ITOT NpréM no3sonseT pacwupuTtb CX M3C B cuHO0 M YO obnactb
cnektpa (Ha Puc.6 nokasaHo XENTbIM LBETOM), He 3aTparueasi, BNpo4yeM, cpeaHe- u
LANVMHHOBOJTHOBYO YacTb CX.
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MPUBOPHI C 3APSIJOBOW CBSA3bIO: MPELIM3VMOHHbIV B3rN1S4 HA MUAP

CyLLeCTBEHHbIM HEAOCTAaTKOM 3TOro Crocoba ABMAETCA OrpaHUYEHHbIN TEMMNEPATYPHBIN
AManasoH paboTbl Takoro npuéopa — NOMUHOMOPHbIE MOKPLITUS HE BblAEPXUBAIOT
rny6okoro oxnaxaeHus (aBTopy MpYXOAMNOCh BMAETb, BO YTO MPEBPALLAETCS TAKOe
MoKpbITUE nocne oxnaxaeHus go -100°C). A pa6oTa c rny6okuM oxnaxaeHueMm (o
MPUYMHAX YEro Mbl ELLE MOroBOPUM) — CUTYaLMSA [OBOJIbHO PacrpoCTpaHEHHas...

BTopolt cnocob, noxanyi, camblil TPYAOEMKUIA U AOPOroM, HO MMEHHO OH MO3BONSIET
[06UTbCA haHTacTnyeckmnx pesynbtatoB. COCTOMT OH B TOM, YTO Kpuctann M3C, yxe
nocne M3roTOBMEHUS, YTOHbLUAETCA A0 TOMWMHLI 10 MKM 1 MeHee (M 3To nNpu pa3Mepe
Kpuctanna B HECKONbKO CaHTUMETPOB!), a CBET nagaeTr Ha 06paTHyl CTOPOHY
MOA/IOXKM, CrneumanbHbiM 06pa3oM 06paboTaHHyto. [pU CTOMb TOHKOW MOANIOXKKE
HOCUTENu YycnesaloT A[06paTbCsl A0 MNOTEHUManbHbIX AM  (HAamOMHMM, 4YTO OHU
MPOCTMPAIOTCA Ha rNybuHy A0 5 MKM), @ NOnHoe OTCYTCTBME KaKWUX 6bl TO HWU 6bINo
3M1EKTPOAOB rAPaHTUPYET, YTO MPaKTUYEeCKM BeCb CBET, 3@ WCKIKYEHMEM MOTepb Ha
OTpaXeHue, MPOHUKAET B KPEMHUN.

KBaHTOBas 3(pdeKTMBHOCTb Takux MaTpuy (3enéHas kpuBass Ha Puc.6) pocturaer
nHoraa 90%, a cnekTpanbHbIM AMana3oH npoctupaetca ot 180 go 950 HM. MMeHHO
TakMe MaTpuubl, HECMOTPSI Ha [AOPOroBuM3Hy (MOPON HECKOSIbKO AECATKOB ThICSM
[0NNapoB — XOTA YTO 3TO 3a AEHbr, eC/iv CaM Teneckon CTOUT COTHU MWASIMOHOB!),
MPUMEHSAIOTCA B OONbLINHCTBE CepbE3HbIX aCTPOHOMMYECKMX MPOEKTOB, BK/IKOYast
KOCMUYeCKMA Teneckon «Xabbn» mnu HeaaBHO MOCTPOEHHY KOXHyto EBponenckyto
O6cepBaToputo B Ynnm ¢ HECKONBbKUMK 8-M Teneckonamu.

W, HakoHel, TpeTuih cnocob ynydweHns CrneKkTpanbHbiXx Xapaktepuctnk [M3C -
BUpTyanbHas ¢asa, cnocob, npeanoxeHHbin B 1980 roay SpocnaBoM XMHEYEKOM, B TO
BpeMs paboTaBwnM B pupme Texas Instruments, ana amepukaHckoro npoekta Galileo
MO 3anycKy KocMm4yeckoro annapata K tonutepy. CyTb 310ro cnocoba B TOM, YTO OANH
n3 3nekTpoaoB 06bl4HOro M3C 3aMeHsIETCS Ha MENKUA CNov p-Tuna (BUMPTYasbHbINA
3aTBOp) HEMOCPEACTBEHHO Ha MOBEPXHOCTM KPEMHMSI, 3aMKHYTbIM Ha CTOM-KaHasbl
(cam XnHeuek Mmoaudurumpoan asyxdasHbin M3C; asTopy 6amxe M3C ¢ BUpTyanbHOW
(ba3on, nonyyeHHble U3 06bIYHLIX TPEXda3HbIX — cM. Puc.56).

[lo3a kaHana noa BUPTyanbHbIM 3aTBOPOM Aenaetcs 6onblue, YeM noj TaKTOBbIMM
3aTBOpaMu. BcnoMHMM TO, YTO roBopunock nNpo M3C co CKpbITbIM KaHanoM Mo rnoBoay
(ukcaumm NOBEPXHOCTHOrO NOTEHLMANa U 3aBUCMMOCTY FNTyOUHbI NOTEHLMANBHOMN SIMbI
OT [03bl NlerMpoBaHusa KaHana. CTpyKTypa C BUpPTyasibHbIM 3aTBOPOM, 3aMKHYTbIM Ha
NOAJ/IOXKKY, C TOYKM 3PEHUS KaHana nepeHoca He OT/IMYAETCs OT COCTOSIHUS puKcaumm
B 06bl4HOM [M3C cO CKpbITbIM KaHanoM. Ecnm K ToMy e BblbpaTb 403y NerMpoBaHus
KaHana B 06/1acT BUPTYanbHOM SiMbl HaaexalmM obpa3oM, TO NOTEeHUMan kaHana B
HeW byaeT cpeaHuM Mexay siMoM M 6apbepoM MoA TakTOBLIMM 3/1EKTPOAAMM, TaK YTO
YCNoBUS AN151 TaKTUPYEMOro NnepeHoca 3apsaa COXPaHSoTCS.
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JIOCTOMHCTBA TAKOM CTPYKTYpbl HECOMHEHHbI. 10 CpaBHEHUIO C 06bIYHbIMK M3C, B Hel
OKOJI0 MOJIOBUHBbI MJIOWAAM SYENKM CBOBOAHbI OT MOJIMKPEMHMS!, OTCHOAA BbiCOKas
YYBCTBUTENIbHOCTb B CMHEN 1 YO obnactu cnekTpa (TeopeTnyeckn aaxe u Ao MArkoro
peHTreHa). BMecTe ¢ TeM AOCTUraeTcs OHa MpU OCBELLEHUN C (PPOHTANIbHOM CTOPOHbI
MOAOXKKM, YTO SIBHO MOSIOXKUTENbHBbIM 06pa3oM Cka3bliBaeTcs Ha ux ueHe. Ewé M3C c
BMPTYanbHON ha3on No NpuHUMNY AEUCTBUS OTHOCATCS K npubopam ¢ MPP (Multi-Pin
Phase), Ho 06 3TOM HUXe, TaM, rae peyb NOMAET O TEMHOBOM TOKE.

S He Mor He ynoMmsiHyTb 3gecb M3C ¢ BMpTyanbHOM (a3omn, MOCKOSbKY MMEHHO 3TUM
TMNOM NPMBOPOB S MMEID YeCTb 3aHMMATbLCS yXXe MHorune roapl (9 n He obewwan 6bITb
6ecnpucTpacTHbIM...). T NpubOpbLI, B YacCTHOCTKM, YXKe MHOro feT UCMONb3yTCs B
CUCTEMaX OpWMEHTALMM POCCUMCKUX KOCMMYECKUX annapaToB (3BE3AHblE AATUMKM), U
MMEHHO Ha HMX B 1986 r. 6b1110 BNepBble B MUpe MOy4YeHO AeTanbHoe M3obpaxkeHue
komeTbl Mannes (npoekt BEIA).

MNMorosBopuMm Tenepb 0 Apyrux napametpax M3C (npo HeadhdEeKTUBHOCTL NepeHoca U
CNeKTpasbHble XapaKTEPUCTUKN Mbl YXKe MoroBopunmn). 3aecb 6yayT obcyaaTbCsl Kak
CaMy MapaMeTpbl, TaK U Te Mepbl, KOTOPbIE MPUMEHSIOTCA ANS UX YNy4dLIEHNS.

1. TeMHOBOM TOK

Kak yxe ymnoMuMHanocb, TEMHOBOM TOK - 3TO pe3ynbTaT CMOHTAHHOM reHepauuu
3N1EKTPOHHO-ABIPOYHbIX Nap U eCTb sfBNeHue HensbexxHoe, oaHako 60poTbCsS C HUM
MOXHO. [leno B TOM, YTO TeopeTuveckas Be/MyMHa TEMHOBOIO TOKa AN KPeMHUS
(ecnu 6paTb B pacY€T TONbKO MPSIMYIO FEHepaLMio Yepe3 3anpeLléHHYO 30HY) KpanHe
Mana, U Ha camoM pene TeMHoBon Tok B M3C (kak u obpaTHble TOKM B ApPYrux
KpeMHMeBbIX  npubopax) onpegensieTcs  ABYCTaAMMHOW  reHepauven  yepes
NMPOMEXYTOYHbIE SHEpreTMyeckme YpoBHM B 3anpelléHHOM 30He. [MOHSATHO, YTO YeM
MEHbLLUE KOHLEHTpaUMsl 3TUX YPOBHEW - @ OHa ONpeaensieTcs KayecTBOM MCXOAHOMO
KPEMHWS, YNCTOTOM PeaKTUBOB U CTEMEHbIO COBEPLUEHCTBA TEXHOMOMMMN - TEM MEHbLLE
TEMHOBOM TOK. [MOHATHO TaKXxe, YTO rpaHuuUa pasaena, rae 3TUX YpPOBHEW 3aBeAoMO
MHOro, AaéT 3aMeTHO 6oMbLUMIA BK/1aa B TEMHOBOM TOK, YeM 06bEM. W BOT 34€Chb-TO U
Hago BCMOMHUTL Npo MPP-npubopbl. Ux oTanume ot 06biyHbIX M3C B TOM, 4TO MoA
OHOM M3 TaKTOBbIX (hba3 [A03a KaHana yBeMyeHa, COOTBETCTBEHHO M MOTeHuMan
KaHana npu dukcauun Gyaet Bblwe. TakuMm obpas3oMm, aaxe ecnn Ha Bcex dasax
HanNpshDKeHWe Ha 3aTBOPE TaKOBO, YTO MOBEPXHOCTHbIM MOTeHuMan (UKCUMPOBaH, B
KaHane nepeHoca NOTEeHUManbHbIN penbed CoXpaHseTcs, a 3HauuT, BO3MOXHO
/IOKaNIN30BaHHOE HaKOIJ/IeHNe 3apadoBbiX MakeToB. [MOBEPXHOCTb Xe 3aMKHyTa Ha
NOAJIOXKKY N UCK/TIOHAETCS U3 NpoLuecca reHepaunm TEMHOBOIO TOKa.

B HacTosilee BpeMsi TUNOBbIE 3HAYEHMUS TEMHOBOIO TOKa ANs Nnyywmx 3anagHbix M3C
COCTaBNSAIOT NPV KOMHATHOI TemnepaType CoTble A0AN HA/CM?, AN HECKONbKO COTEH
(VHoraa THICSYM) 3NEKTPOHOB Ha SYEMKy B CeKkyHay. M ecnu ana BewaTenbHOro u
6biToBOro TB (BpeMsi HakonneHus 20 unm 40 MC) Tako TEMHOBOM TOK HE3AMETEH, TO
ANS HayYHbIX MPUMEHEHWI, FAe PEerncTpupyroTcs MOTOKM B AeCATOK (DOTOHOB Ha
3/IEMEHT, AaXKe CTOMb HU3KUA TEMHOBOM TOK Henpuemnem. [encTBUTENbHO, BpeMs
HaKOMMEHUsI B MaNOKaApoOBbIX CUCTEMaX, CKaxeM, (OnyopecueHTHOM MUKPOCKONUM
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AOCTUraeT MUHYT, @ B aCTPOHOMWUW, KOrAa HYXHO MONyYWUTb CreKkTp 3Be3abl 20-i
BE/IMYMHbI (COBEPLUEHHO TUMOBOE AeN0), - YacoB. B 3TOM Cnyyae Ha NOMOLLb NPUXOAUT
oxnaxaeHve MaTpuu. Kak BCSKMM TepMOAMHAMUUECKMI Mpouecc, TEMHOBOM TOK
CUNbHO 3aBUCUT OT abCOMOTHOM TeMnepaTypbl; MPUHSATO CYATaTb, 4YTO Mpu
YMeHbLUEHMN TemnepaTypbl Ha Kaxable 7-8 rpagycoB OH yMeHbluaeTcs Basoe. [ns
rnybokoro oxnaxaeHus (B acCTPOHOMMYECKMX CUCTEMax) MWCNONb3ylTCs a30THble
KpuocTaTbl, rae matpuubl oxnaxgatotcs ao -100°C. Onsa 6onee npocTbiX CUCTEM
NPUMEHSIETCS TEPMO3MIEKTPOHHOE OX/aXKAEeHMe C UCMonb3oBaHMeM bGaTapel MenbTbe,
KoTopble cnocobHbl 0becneunTb nepenag B 70°C npu nogade HanpshkeHust B 5-6 B, Tak
YTO TemnepaTypa KpucTasia npu KOMHATHOW Hapy>XHOWM OKasbiBaeTcs okono -40°C.
TeMHOBOW TOK MpW 3TOM YMEHbLUAETCS A0 ~1 3M1EeKTPOHa Ha SYEnKy B CEKyHAy. ITu
6atapen CTONb KOMMAKTHbI, YTO MOHTUPYIOTCS HENoCpeACTBEHHO B OAWH KOpnyc
BMecTe ¢ kpuctannoMm M3C. Takue oxnaxkaaemble NpUbOpbI LMPOKO BbIMYCKAKOTCA Kak
B CLLA (Hanpumep, ¢pupmon SITe Technology nnm Hamamatsu Photonics) u B EBpone
(EEV, BennkobpuTtaHus), Tak n B Poccun (prpmMa «2nekTpoH-OnTpoHuk», CI16).

Hy u, HakoHeu, B uMdpoBbiX cucteMax Ha M3C, MOCKONbKY XapaKTepUCTUKa €ro
OT/IMYAETCS BbICOKOW JIMHEMHOCTbIO, MOXHO MPOCTO 3arMOMWHATb TEMHOBOW CUrHan
(Npwn AaHHOM TeMnepaType U AAHHOM BPEMEHM HAKOMMEHMS), @ 3aTEM BblUMTATb €ro U3
pe3yNbTUPYIOLLErO.

2. HeogHOPOAHOCTb YYBCTBUTEJIbHOCTHU

MoBTOPIOCb, HET B MMPE COBEPLUEHCTBA. A NOToMy s4elikn M3C MMeT HEOAMHAKOBYHO
YyBCTBUTE/IbHOCTb, T. €. Aa)Xe Npu abCcoNtTHO OAHOPOAHON OCBELLEHHOCTU CUMIHan C
HWUX pa3Hbli (MHOrda 3TOT 3(deKT Ha3blBAOT reoMeTpuyeckuM LwymoMm). BenununHa
3TON HEOAHOPOAHOCTU HEBENMKA M 00bIYHO He MpeBblwaeT 1-5% (Ans pasHbIX TUMOB
npubopoB), Tak 4TO, CKaxeM, B 0bObluHbIX TB KaMepax e MOXHO npeHebpeub. B
Hay4HbIX cucTtemax, rae Tpebyercs Bbicokas (POTOMETPUYECKAst TOYHOCTb, NMPUMEHSIIOT
AOBOMLHO ~ MPOCTOW  anropuTM  KOPPEKUMM  HepaBHOMEPHOCTWU.  [ocKonbKy
YyBCTBUTENbHOCTb KaXKA0ro MHAMBMAYANbHOMO 3M1eMeHTa - (PMKCMPOBaHHAs BEMYMHA,
TO ANd e€ KOppeKuMM Mpu HEKOTOPOM pPaBHOMEPHOM OCBELEHHOCTM 3anoMMHAOT
CUrHanbl CO BCEX 3M1eMeHTOB npubopa - U UCNOMb3YKT WMX KakK KO3(PUUMEHTbI
KOppeKkunn npu BCeX MNOCNeayowmx 3kcnosuumax. lpeasapuTenbHO, pasyMeeTcs,
NPOBOASAT KOPPEKLUMIO TEMHOBOIO TOKa.

3. lWymMmbl.

HauHéM c TOro, 4YTO WYMMT caM cBeToBOM mMoTok (Aa-paa!). To ecTb uucno
(bOTO3NEKTPOHOB, HAKOMIEHHOE B SIYENKE, ONpeaeneHo C TOYHOCTLIO A0 KBaApaTHOro
KOpHA M3 Mx umcna (ctatuctuka lMyaccoHa). Hanpumep, 3apsipoBbii naket B 10000
3NIeKTPOHOB OT Kagpa K Kagpy 6yaeTr ¢nykTympoBaTb CO CpeAHeKBaApaTU4ECKUM
OTKNOHeHneM B 100 31ekTpOHOB. TOYHO TAKOM e CTaTUCTUKE NOABEPXKEH U TEMHOBOM
CUrHan, W, cnepoBaTeslbHO, CYMMapHbI (CBETOBOW + TEMHOBOM). JTO, OAHAKO, He
CHMMaET 3aJaun CHWXeHUs WwyMoB cobcTBeHHO M3C, NOCKONMbKY 4acTo MpUXOAUTCS
paboTaTb C curHanamm B AecaTok (DOTOHOB Ha siuelKy (K cyacTbto, He B TB cuctemax).
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[ns  KayecTBeHHbIX NPUOOPOB, rAe HU3KM TEMHOBOM TOK U He3dpdeKTUBHOCTb
nepeHoca, AOMUHMPYIOLIMM MCTOYHMKOM LyMa OyaeT BbIXOAHOE YCTPOMCTBO.
ObpaTtnmcs ewwé pas Kk Puc.4a n nocMOTpMM Ha BbIXOAHOE YCTPOMCTBO. OHO COCTOUT U3
€MKOCTM CUYMTbIBaAHWUS, Kak NpaBwufo, AuoAa, TpaH3ucTopa cbpoca Q; M BbIXOAHOrO
yeunutenst (06bIYHO 3TO ABYXKACKaAHbI MCTOKOBbIV MOBTOPUTENb C BbICOKMM BXOAHbIM
nmneaaHcom). PaboTtaeT Takoe BbIXOAHOE YCTPOMUCTBO Tak. MMNynbc cbpoca coeamHsieT
AMoA C WUCTOYHWMKOM OMOPHOro HanpshkeHust Vegr, MOCNE 4ero TpaH3ucTop cbpoca
3aKpbIBAETCSH, M AMOA4 OKa3blBaeTCa [1aBamolmM, T.e. €ero noTeHuuMan MoXeT
N3MEHATBCS MpPU MOCTYMNSIEHUN B HEro 3apsiia - U OH U3MEHSETCS MNpu Creaylowem
TaKTe MnepeHoca 3apsda B perncrpe. 3TO M3MeHeHue noTeHumana nepenaércs Ha
BbIXoA4 nNpubopa uepe3 ycunurens.

Tak BOT, hyHAAMEHTaNIbHbIM CBOMCTBOM CUCTEMBI KNtOY - KOHAeHcaTop (B cnyyae M3C
3T0 TpaH3ucTop Q; v nnasatowas avdady3ns) SBASETCS TO, YTO KaXAablh pa3 nocne
pa3MblKaHMSl K/lOYa WMCXOAHbIN MOTEHLMan CUMTbIBAlOWLEN EMKOCTU 6yA€eT pasHbiM,
NpuyYéM  cpegHekBagpaTuyeckass BeMuMHa  3Toro  Wwyma (OH  HasblBaeTcs
ycTaHoBoYHbIM) paBHa (KT/C)Y?, a skBuBaneHTHbIN Wwymosol 3apaa — (KTC)Y?, roe k —
nocTtosiHHaa bonbuMaHa, T — abcontoTHas Temnepatypa, @ C— EMKOCTb CYMTbIBAIOLLENO
y3na. Mpn KOMHaTHOM TeMnepaType YCTaHOBOYHbINM wWwyM paseH 400CY%, ecm C - B
nukocdapaaax. Mpu aTom cam curHan nponopuunoHaneH 1/C. Crano 6biTb, YeM MeHbLle
E€MKOCTb, Ha KOTOpPOM AeTekTUpyeTca 3apsa, TeM  6onblie  OTHOLEHWe
CWUrHas/yCTaHOBOYHbBIM WYM AN A@HHOMO CYMTbIBAKOLLEro yCcTpoicTBa. MIMEHHO 3aech
KpoeTcsa npeumyliectso M3C no cpaBHEHMIO C MNpeawecTBYIOWMMM AaTuMKaMu, rae
3apsi C 04HOro aneMeHTa nonagan Ha obLyyro A/151 BCEro CTonbua WnHY.

BennunHa EMKOCTU cumTbiBaHUS B coBpeMeHHbIX M3C pgocturaet 0,01-0,03 nd, 4to
COOTBETCTBYET YCTAHOBOYHOMY LWYMYy MnpuMepHO B 40-70 3neKTPOHOB. [ns MHOrMX
MPUMEHEHNA TaKOW YPOBEHb LUyMa TMPUEMNIEM, OAHAKO CYLIECTBYET METOA,
NO3BONSIOWMIA NMPAKTUYECKM MOMHOCTLIO YCTPaHWUTbL €ro. ITOT MEeToA NpPeanoXeH M.
Yantom n gpyrumm u3 dupmbl Westinghouse B 1974 n HOCUT Ha3BaHWe JBOMHOM
KOppennpoBaHHOW BblbOpku. Bpaymaemcs ewé pa3 B TO, Korga nOSIBNSIETCS
YCTaHOBOYHbIN LIYM: 110C/1€ pa3MblKaHUsl TpaH3McTopa copoca (0TMedy elwé pas, yuTo
«MNOCNe» He 3HAYUT «K3-3a»; MPUYMHA YCTAHOBOYHOMO LWyMa - B (PyHAAMEHTANbHbIX
TEPMOANHAMMYECKNX 3aKOHaX), HO 40 NOCTYNNEHMS 3apsaaa B NiaBatowmin amoa.

MOCTynneHWe CUrHanbHOrO 3apsida BbI3bIBAET TOMbKO M3MEHEHME TNOTeHUMana
nnasawowen anddysmmn, M ecnM NpeaBapuTENbHO  3aMOMHUTL  HaMpsKeHue
YCT@HOBOYHOIO LyMa, TO MOTOM €ro SIErKO BbIYECTb U3 PE3Y/ILTUPYIOLLErO CUrHana u
TEM CaMblM MOSIHOCTbIO ero (LyM) YCTpaHuTb. MeToa [ABOVHOW KOppenvMpoBaHHOM
BbIGOPKM CTan (aKTUYECKM CTaHAApPTHbIM METOAOM MpeABapuUTeNbHOW 06paboTku
CUrHana ans BCEX MasnoKapoBbIX CUCTEM, PabOTAOWMX HAa CPABHWUTENIbHO HU3KMX
TaKTOBbIX YacToTax, Aa M BO MHOrmMx TB kamepax.
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OcTaéTcs ToNbKO LWYyM COBCTBEHHO BbIXOAHOroO yeunutens. OH UMeeT ABe KOMMOHEHTbI:
TaK HasbiBaeMbli wym 1/f, npucywmn MOIM-TpaH3McTOpaM, crnekTpasibHas NAoTHOCTb
KOTOpOro, Kak crneayeT W3 Ha3BaHusl, pacTéT B 06/1aCTU HU3KUX YacTOT U CUbHO
3aBUCUT OT CTEMeHM COBEPLUEHCTBA TEXHOIOMMYECKOro npouecca, U TemnioBOM LyM
KaHana TPaH3UCTOpOB, UMEIOLWMI paBHOMEpPHbIN (6enbi) cnekTp. LLym 1/f BO MHOrom
NoJaBNSeTCA CXEMOW [ABOMHOM KOPPENMpPOBaHHOM BbIGOPKKM, KOTOpas CAYXWT
(pUNbTPOM BEPXHUX YACTOT, NPUYEM CTeneHb NOoAABMEHMS 3aBUCUT OT COOTHOLUEHWUS
TaKTOBOM YacCTOTbl M 4acTOTbl M3/I0Ma CrNeKTpasibHOM XapaKTEPUCTUKWM MIOTHOCTU
wyma. O6bIYHO KOHCTPYKUMS BbIXOAHOMO YCUAUTENS ONTUMU3UPYETCS C TOUKU 3peHust
AOCTUXXEHMSI MMHUMAlbHOIO 3KBMBASIEHTHOrO LYMOBOrO 3apsiia ANs AaHHbIX YCI0BUM
NPUMEHEHMS, @ MOJSHBbIN 3KBMBANEHTHBIV LUIYMOBOM 3apsa 3aBUCUT €Lé U OT TaKTOBOW
yacTtoTbl pabotbl M3C. [Ans coBpeMeHHbIX npubopoB Ha 4actoTe nopsaka 100 Ky
TUMNOBbLIM CYMTAETCS LUYM BbIXOAHOrO ycunuTens 3-6 3neKTpoHOB (Npu oxnaxaeHun), a
B Nyywwmnx npubopax gocturaeTcs umdpa 2 anekTpoHa. MocKonbKy 3apsia HacbIWweHus
(MakcuManbHasi BenvuMHa 3apsfoBOro NakeTa, nepeaaBaeMoro 6e3  McKaXkeHun)
CoCTaBnseT, kak npasunno, 200-500 ThiC. 311EKTPOHOB, TO ANHAMMYECKUA aAnana3oH M3C
pocturaet npuMepHo 100-110 ab; 310 npumepHo 18 wnm 19 6ut. Kcrtatu,
AMHAMUYeCKUA amanas3oH ayamo-CD - Bcero nvwb 16 6uT. BnpoyeMm, W3BECTHbI
3KCMEPUMEHTANIbHbIE  KOHCTPYKUMM YCUNIUTENEW C  LWYMOM... 3aXMypbTecb... 0,5
3NEeKTPOHA. TO eCTb 3NEKTPOHbI CUUTAIOTCS MOLUTYYHO.

MNMocnenHee, 0 4éM xoTenocb 6bl pacckasaTb B OTHOLEHUN napameTpos M3C, —
4. AHTU6NIIOMUHI, UIN YCTOMUYMBOCTDb K JIOKaJIbHbIM NepecBeTKaM.

Te, KTO Haweén B cebe cunbl gouUTaTb A0 3TOr0 MecTa, BEpOSITHO, €Wé MOMHSAT
3aMeyYaHne O TOM, 4YTO W3-3a $SBNEHUS (PUKCauMM MNOBEPXHOCTHOrO MNOTeHUMana
CKPbITbI KaHa/l 3anepeTb Hesb3s. UTo e byaeTt npoucxoautb B siuenke M3C, koraa
3apsia B Hel byaeT pactu u pactu? BepHémcst k Puc.2. Ha HEM nokasaHo, YTO C pOoCTOM
CUrHaNbHOro 3apsiAa B NOTEHLMANIbHON siMe MOTeHUMan KaHana B HEl YMEHbLUAETCS], U
KOrga OH AOCTUIHET 3HaYeHUs1 NoTeHumMana B KaHane no CoCeHMUM 3/1eKTPOAOM, 3apsa
MPOCTO HAYHET NepenvBaTbCA Yepe3 3TOT HEe3arnepTbid YYacTOK KaHana B COCeAHWUM
3NeMeHT - npuyém B o0b6e CTOpOHbl. Ha wm306paxkeHnn 3TO NposIBNSIETCS B BuAae
BEPTUKANbHOrO pacrnibiBaHUS SAPKUX JeTanen wu3obpaxkeHus. ITo SBNEHME W
Ha3blBaeTCsl onTuuyeckor nepecsetkoyi (blooming), n ecnn B cuctemMax perucrpauuu
CnabbIX CUrHANOB C HUM eLlé MOXXHO MUPUTLCS (B CUITY HEBbICOKON BEPOSITHOCTU C HUM
CTONKHYTbCS M BO3MOXHOCTM U3MEHUTb BPEMSI HAKOMIEHNS), TO B Kamepax anst TB oHo
COBEpLUEHHO HeaoMyCTUMO.

BopoTbcst € 6MOMMHIOM MOXHO TOMbKO Pa3paboTkolr creumanbHON KOHCTPYKLMK
auelku. MNepsbii cnocob (ropu3oHTanbHbIA AHTUBMIOMUHI) COCTOUT B TOM, YTO BAO/b
Kaxxgoro cronbua ¢OoTOYYBCTBUTENbHLIX SYEEK MNPOKIaAblBaeTCsl y3kasi CTOKOBasl
obnacTb, Haxoaswasics nog 60MbLUMM MONOXUTENbHLIM MOTEHUMANOM U OTAENEHHas
OT HaKanJuBaloLWeN CUrHasbHbIA 3apsaa NOTEHUMANIbHOM SIMbl HEKOTOPbLIM 6apbepoM,
NOoTeHUMan KaHana B KOTOpPOM (MHOraa ynpaBnsieMbl OTAENbHLIM 3aTBOPOM) BbILLE,
YeM B 3aMepToM KaHane, OTAENAWEM s4Yelku Apyr oT Apyra. B 3tom cnyuae
M36bITOYHBIA 3apsaa 6yaeT nepenuBaTbCs B CTOK, M UCKAXEHWS CUIHaNa B COCEAHMX
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3MIEMEHTaX He BO3HWMKaeT. EcnmM ucnonb3yeTcs cneumanbHblil 3aTBOP YNpaB/ieHus
aHTUONIOMUHIOM, TO MOSIBASIETCS BO3MOXHOCTb MPUHYANTE/IbHOM OUYUCTKU 3apsifa U3
HAKOMUTENbHON sfYelkn aaxe 6e3 e€ nepenosiHeHMsi, YTO eCTb He 4YTO WMHOe, Kak
3/IEKTPOHHAS PErynpoBKa 3KCro3uLmu.

LleHoM  ropv30OHTaNbHOrO  aHTUOMIIOMUHIA  SIBNSIETCS  HEKOTOPOE  CHMXKEHMe
koadduumneHTa 3anonHeHns (06nacTb CTOKa, SICHO, HE MOXET AaTb BKaA4 B CUrHan), u
yBe/iMyeHne pa3MepoB SAYerku, 4TO AN NpubopoB C ManbiM pa3MepoM  SYErKM
Henpuemnemo. B Matpuuax ans TB, rae pa3mep sueliku, kak npaeuno, MeHee 10 MKM,
Ans 60pbbbl C GMIOMMHIOM NPUMEHSIETCA APYroM, BecbMa M3O0LWPEHHBbIM CMocob -
BEPTMKa/bHbIA aHTUBNOMUHT. py 3TOM CTOKOBasi 061acTb pacnonaraercst He psaoM,
a Mo HaKoMUTENIbHOM SYEMKOW, CNeaoBaTeNIbHO, YBENMYEHUS MOWAAN SYENKU He
TpebyeTca. Sueiika 34ecb UMEET CTPYKTYpY HEe MPOCTO N'p, Kak B 06bIYHOM CKPbITOM
KaHane, a n'pn’, NpUYEM CpeaHWUn p-CNoW CIYXUT Kak 6bl  «MOASIOKKOW», a
COBCTBEHHO N--MOANMOXKA — CTOKOM aHTMbnoMMHra. Kak MOXHO pJorafaTtbCsl, B
OTCYTCTBME 3apsila BEPTUKANIbHOE pacrnpeaeneHne noTeHuMana B TakoW CTPyKType
NpU CTYNeHYaToON annpoKCMMauMu pacnpegeneHus npuMecen no rnybuHe 6yaet
KyCOYHO-Mapabonnyeckmm ¢ OAHUM MaKCMMyMOM U OQHWUM MUHMMYMOM NOTeHumana, u
npv NpaBWIbHOM BblI6Ope NapaMeTpoB NlerMpoBaHus CNOEB (M Mpu TLATENbHOM WX
cobnioaeHMn B npouecce M3roToBneHus!) M36bITOYHbIM 3apsg U3 saueliku byaeT
CNMBaTbCS He BO6OK, a BHM3. [TnaTon 3a 3TO, MOMUMO C/IOXXHOM TEXHONOTMK, SABNSIETCA
cvnbHbI cnag UMK yyBcTBUTENbHOCTM Npubopa (6onbluasi Yactb MK ¢hoToHOB, ecnu
NMOMHUTE, MOr/IOWAETCS Ha 3aMETHOM NybuHe OT NOBEPXHOCTU) U HEKOTOPLIM Craj B
KpacHoM o6nactu, BnpoyeM, BosHe npuemneMblii. Motepsi xe UK 4yBCTBUTENLHOCTU
Anst NpubopoB LBETHOrO TeENeBMAEHUS, NpaBo Xe, beaa Heeenukas.
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YTO ELLE?

MHoroobpa3sue M3C He ncyepnbiBaeTcsa pacCMOTPEHHbIMU B 3TOM 0630pe Tunamu. Tak,
LUMPOKOE pacrnpoCTpaHeHMe HaxoaaT nuHenkn M3C - Kkak Ans  CYMTbIBAHMS
OAHOMEPHbIX N306paXkeHnin (HanpuMep, WTPUX-KOAbl), TaK U B CUCTEMAX, rAe UMeeTcs
MexXaHn4yeckas pa3BEpTka No oAHOW KoopauHaTte. lNpocTenwme npumepsl - Tenedakc u
CKaHep. MeHee O04YeBMAHbIE TMPUMEHEHMSI - CUCTEMbl HabnOAEHMSI 3a 3EeMHOM
NMOBEPXHOCTbID C KOCMMYECKMX annapaTtoB WM CaMONéTtoB, rAe WCrnonb3yeTcs
ABWXeHMe camoro annapata OTHocuTenbHO 3eMnu. Kak npaBuno, HakonuTenbHbIMU
anemMeHTamMn B [M3C-nuHelkax cnyxat dotoavoabl; no obe CTOPOHbI OT JIMHENKM
HaKOMNUTENbHbIX 3/IEMEHTOB PacnofaratoTCa PerncTpbl CYNTbIBAHUS (COOTBETCTBEHHO
ANS YETHbIX N HEYETHbIX 3NIEMEHTOB — OW/IMHENHas opraHuzayms). HomeHknaTypa
BbIMyCKAEMbIX Cenyac NMHEEK AOBOJSIbHO LUMPOKA, @ YMCIO 3N1IEMEHTOB Konebnetcs ot
1024 po 8192.

Pa3HOBMAHOCTLIO NPUBOPOB AN CUCTEM C MEXaHUYECKOW PasBEPTKOM SBNSOTCS
npubopbl B3H — C BpeMeHHOW 3aAepXXKOM W HakornneHueM. WMx opraHusaums
TOXAECTBEHHA oAHOCeKLMOHHBIM M3C ¢ KI1, HO OTANYAOTCA OHU PEXXMMOM TAaKTUPOBKU
No BepTUKanuU: CeKuus TaKTUPYETCA HEerpepbIBHO, NPUYEM TaKTOBas 4acroTa
noabvpaeTcs TakoW, 4YTO CKOPOCTb MepeMelleHnst 3apsaoBoro penbeda paBHa
CKOPOCTM NnepeMeLleHns N306paXkeHns; Npy 3TOM KaXKabl 3N1IeMeHT n30bpaxkeHns Aaét
BKIaA B O4AMH M TOT XK€ 3apsadoBbli MAKET, 4YTO, OYEBUAHO, YBENNUYMBAET
YyBCTBUTENbHOCTb B3H no cpaBHEHMIO C 0ObIYHBIMM NIMHEMKAMW B YMCIIO CTPOK pas.
MiMeHHO B3H LWMPOKO NPUMMEHSAIOTCS B KOCMMYECKON annapaTtype Ans HabnoaeHus 3a
3EMHOW MOBEPXHOCTbIO. YMCNO CTPOK B Takux npubopax konebnetca ot 64 go 256, a
4YMCIO 3/IEMEHTOB NO ropu3oHTanu — ot 1024 no 4096.

A Boobue npuéMHMKN n30bpakeHnss — He eauHCTBeHHoe npuMmeHeHune M3C. Tak,
pobasme k pernctpy M3C yCcTpoOMCTBO BBOAA 3NIEKTPUYECKOrO CMIHANa, Mbl MOYYMUM
aHasioroByro JIMHUIO 3afep>Kku, NMPUYEM BpeMsl 3aepXXKN OnpeaensieTcsl Kak Ymciiom
3/IEMEHTOB PerucTpa, Tak M TakTOBOM YaCTOTOM, @ 3HAYUT, MOXET JIErKO U3MEHSITLCS.
[anee. B kayecTBe anemeHTa permcrpaumm 3apsaoBoro naketa MOXHO MCMOonb30BaTb
He TONbKO MnaBaloLyto AMddy3nio, HO M NNaBaloWMIN 3aTBOP, XapaKTePU3YHOLLMICS
HepaspyLiarLmm CYNTbIBaHNEM, T.e. NONYYUTb PErUCTP C OTBOAAMWU. Takme perucTpbl
ABNAOTCS OCHOBOW TpaHCBEPCaslbHbIX (p1/IbTPOB, LUMPOKO NMPUMEHSBLUNXCS, HAanpuMep,
B 06paboTke paanMONOKaLUMOHHbIX CUrHAsOB.
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YTO AAJIbLUE?

Henb3s cka3aTtb, 4To cenyac M3C aoCTUrnn CoBEpPLUEHCTBA, XOTS 3a UCTEKLWME roabl B
TEXHOMIOrMM UX WU3rOTOBMIEHMSI U OblN AOCTUIHYT NOTPsACAloWmMin nporpecc. [lManasoH
BbINyCcKaeMbIX MpubOpPOB OXBaTbIBAET KaK MUHMATIOPHbIE MaTpuLbl C LIAFOM 3/1EMEHTOB
npumepHo 3 Ha 5 MKM (ogHa u3 nocnegHux paspaboTok Sony), Tak U rUraHTckue
KpucTanibl opMaToM 5 TbIC. Ha 5 TbIC. 3N1EMEHTOB 1 pa3MepoM KpucTasnsa noytu 8 Ha
8 cm (dbmpma DALSA, KaHapa). He 3a ropamm M nosiBNeHWe OAHOKPUCTaNbHbIX
npubopoB ¢opmatoM 8 Ha 8 TbICAY 3MEMEHTOB, TOrAa kak cenyac npubopbl
ceBepx6onbluoro dopmaTta (3T aCTPOHOMbI HEHACITHbI...) COBMpaOTCS U3 ABYX WU
YeTbIpEX OTAENbHbIX KPUCTAN/I0B, MOHTUPYEMBIX BCThIK Ha obLlee OCHOBaHue.

Pasymeetcda, y M3C ectb u cBon npobnembl. Camas cepb€3Hast M3 HUX -
cneumdunyeckas, HM Ha YTO He MOoXoXKasl TEXHOMOrMUS M3roTOBNIEHUSI U Ype3BblYalHO
XécTkune TpeboBaHMsA K OAHOPOAHOCTM UCXOAHOrO KPEMHUS U CTeneHu COBepLUeHCTBa
TEXHONOrMYeckoro npouecca. Ecnn npu npomssoacTese UMdpoBbIX NpnbopoB pa3bdbpoc
MapamMeTpoB MO MAaCTUHE MOXET AOCTUraTb HECKONbKMX KpaT 6e3 3aMeTHOro BAvsHUS
Ha napaMeTpbl Mony4aemblx NpubOpoB (MOCKONbKY paboTa MAET C AUCKPETHbIMU
YPOBHSAMU HanpsikeHust), To B MN3C M3MeHeHWE, CKaXXeM, KOHLIEHTpaLMK nernpyoLlen
npumecn Ha 10% yxe 3aMeTHO Ha u3obpaxeHun. CBon npobnembl aobasnser u
pa3Mep KpucTania, N HEBO3MOXHOCTb pe3epBUpoOBaHus, kak B BUC namsaTu, Tak 4to
AedeKkTHble y4yaCTKM MpUBOAST K HErogHOCTM BCero Kpuctanna. Cneunduyecknm
OFpaHUYEHMEM SABASIETCS U MPUCYLLMA UM MO NPUHLUMNY AEACTBUS NOCNEA0BATESNbHbIN
BbIBOA MH(OPMaLMK, TOrAa Kak B psiae NPUMeEHeHUN (HanpuMep, onTUYeckue CUCTeMbI
HaBeAEHNUS MM YCTPOMCTBA OPWMEHTaLMM KOCMUYECKMX anmnapatoB) yaobHee MMETb
[AATYMKM C NPOMU3BOSIbHBIM OMPOCOM. BCé 3TO npuBeno K ToMy, YTO B NocreaHue roabl
3aMeTHbIN MHTEepeC NPOSBASETCS K T. H. NpubopamM c akTnBHOM suenkon (APS — active
pixel sensors), usrotaBnMBaemMbiM Mo ctaHaapTHon KMOIl-texHonoruu. Moka ycrynas
no cesoum napametpam [13C, 3TM npubopbl 6bLICTPO nporpeccupytoT. B 6yaywem,
BEPOSITHO, NMPOM30NAET ONpeaenéHHoe pa3faefieHne «30H BAUSHUS» KaXAoro U3 3Tux
Knaccos NpnbopoB, a MOXET 6bITb, NOSABUTCS YUTO-HMOYAb COBEPLUEHHO HOBOE.

Hy 1 4yTobbl BCE € 3aKOHYMTb Ha OMTUMUCTUYECKOM HoTe... HepaBHO dumpma Sony
aHoHcuposana Microblock CCD - ueTHyto M3C-MaTpuuy 1 umncet ynpasnexus M3C n
06paboTkM BUAEOCUIHANa, CMOHTMPOBAHHbIE B €AMHbIA KOPMYC CO BCTPOEHHbIM
nnacTMaccoBbiM 06bekTMBOM. Ha Bbixoge (OpMUpYeTCs CTaHAapTHbI TB curHan.
Pa3mep aTol yBeTHOM Tenekamepbl — 18,3 Ha 18,3 Ha 7,3 munaumetpa.

Bbl NOMHWTE, KaK BbIrNsAeny Tenekamepbl kakux-Hubyab 10-15 aeT Haszaa?

MoyyBCTBYMTE pasHULL.
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