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JlaHHBIN NWUIJIOM COCTOMT W3 JByX uacteil. Pabora Haj mepBoil yacTbio
Benach B Jabopatopuu Kadenpbl, ee Tema: «MeToabsl cTaOMiIM3alUd HHU3KHUX
TeMIlepaTyp C MOMOIIbIO 3JeMeHTOB llenbThe». B Hell omuchiBaeTcsl co3laHue
CUCTEMBbI OXJIaXAeHUs (OTOAETEeKTOpa, KOTOPBIM HCIONb3yeTCsl B CHUCTEMax
KBaHTOBOM Kpurnrorpaduu.

Bropas yacte numiioMa Opliia HamMcaHa Mo pe3yibTataM padoThl, KOTOpast
MpoBOAWIIACHE BO BpeMsi Moero mpeoOwiBanus (sHBapp 2004 — wurons 2004) B
Hopsexxckom yHuBepcutere Haykd W TexHosnorud (NTNU, r. Tponxeiim) u
¢unaHcupoBanace HopBe)XCKMM TocynapCTBEHHBIM 00pa30BaTEeNbHBIM 3aeMHBIM
¢onnom (State Educational Loan Fund). Tema sToii yactu: «IKCHEpUMEHT IO
KBaHTOBOH mepenave kimoda» («Quantum Key Distribution experiment»). B neit
OMKCHIBAaeTCSl yCTaHOBKAa JJI KBAHTOBOW Mepenayd Kioda ¢ (a3oBbIM
KOJMPOBAaHWEM, €€ MpOorpaMMHOE oOOeclieueHne W pPe3yibTaThl MPOBEIACHHBIX

OKCIIEPUMEHTOB. OTa 4acTh IIpuBEJCHA Ha AHTJIMMCKOM SI3bIKE.



1. BBeaenue

HenpepsiBHOE COBEPIIEHCTBOBAHUE TE€XHOJIOTUH IIPOU3BOACTBA
paguomMaTepuanoB U NMIPUHLMUIIOB KOHCTPYUPOBAHUS alnapaTypbl IPUBEJIO K TOMY,
YTO MAapaMeTphbl 3HAYUTEJIBHOIO YHCIa PaAUOyCTPOMCTB, NMPEJHA3HAYEHHBIX IS
paboTel B OOBIYHOM HHTEpBaJle TeMIEeparyp, HNPUOIU3MWINCH K TEOpPeTHUECKU
JOCTH)KUMOMY TIpefiesly. JTO O3HayaeT, 4YTO BO3MOXHOCTH, OIpefesieMble
CBOMCTBaMHM BELIECTB, U3 KOTOPHIX U3TOTOBJIEHBI KOMIIOHEHTHI PaJuoaIapaTypsl,
IIp¥ KOMHATHBIX TEMIIepaTypax BO MHOIOM YK€ Hcueplassl. lcrosnap3oBaHue
HU3KUX TEMIIEpaTyp MO3BOJSET MPEOJOJIETh 3TO MPEMSITCTBUE U OTKPHIBAET HOBBIE
IYTU B pa3pabOTKe pagro3IeKTPOHHBIX CUCTEM.

B nocnenHue roael mo BceMy MHUPY AaKTHMBHO pa3paldaThIBAIOTCS CHUCTEMBbI
KBaHTOBOM kpumnrorpapuu. B nabopatopun kadeapsl BenyTcst pabOThl IO
co3aaHnio (HOTOAETEKTOPOB Ui CHUCTeM KBaHTOBOW KpunTorpaduu. TpeboBanue
BBICOKOM UYyBCTBUTEJIBHOCTH, BIUIOTH O PErHCTpallil eAMHUYHBIX (OTOHOB, U
HU3KOIO YPOBHSI JIOXKHBIX cCpabaTblBaHUH MPUBOJUT K HEOOXOAUMOCTH
UCITOJIb30BaHUSl B KaueCTBE YYBCTBUTEJIBHOIO 3JIEMEHTa JABUHHOIO (OTOAMOMA,
OXJIAXKJEHHOTO 10 HU3KMX TeMIeparyp. Tak Kak XapakTepUCTUKH (oToauona
CUJIBHO 3aBUCST OT TE€MIEpaTypbl, €e HeOoOXOAUMO CTa0WIN3UPOBaTh C BBICOKOMH
TOYHOCTBIO. THITOBBIE 3HaYeHHs pabounx Temrepatyp doroanonos -50...-80 °C
IIPY TOYHOCTH €€ MOANEPKAHUSA He XyXKe JNECIThIX J0Jei rpaayca.

[Ipn wccnenoBaHWM — SKCIEPUMEHTANBHBIX  MoAeNiell  (OTOAETEeKTOPOB
HEOOXOAMMO TaKXe HM3MEHEHHE TeMIeparypbl, YTO MOBbIIIAET TpeOOBaHUS K
ONTUMH3ALNHN MEPEXOJHBIX IPOLECCOB, BOSHUKAIOIINX B CUCTEME PEryJINPOBaHUS.
Bce 310 B codeTaHny ¢ BBICOKOM TOYHOCTBIO NOAJNEPIKAHUS TeMIIepaTyphbl BILUIOTh
0 TpefelibHO HU3KUX 3HaueHuid, TpeOyeT TIIATEJBHOIO pacuera U
SKCIEPUMEHTAIbHOM MpPOpabOTKM HE TOJIBKO 3JIEKTPOHHOM YacTH CHCTEMbI
OXJIOKJIEHHUSI, HO U KOHCTPYKLIMU yCTPOUCTBA.

Takum 06pazom, 11eTbI0 TaHHOW PaOOThI SIBIISETCS:



- CO3/1aHWe aBTOHOMHOW W KOMIIAKTHON CHUCTEMBI OXJaXIeHHs (HOTOIUOIOB
10 Temrepatypsi -50...-60 °C;
- pa3paboTka cucTeMbl aBToMmaTudeckoro perynupoBanusi (CAP) nans

HOEePIKaHKs 3aJaHHOM TeMIIepaTyphl (POTOAMOI0B ¢ TOYHOCTEIO 10 0.1 °C.

B NTNU Benytcs paboThl MO CO3[aHHIO KBAaHTOBOW KpHUIITOrpaduuecKoin
CUCTEMBI Tiepelayu Kiouda ¢ (pa3oBbIM KOoAUpoBaHHEeM. JTa pabora TpeOyeT He
TOJIBKO HAaCTPOWKHA ONTHYECKMX KOMIIOHEHTOB, HO M HAHMCaHUS MPOTPaMMHOIO
obecrnieuenus. B Moro 3aiady BXOAMIO CO3AaHKe MPOTPAMMBI ISl OCYIIIECTBICHUS
nepefadrd Kiroya MeXay ABYMsI O0OBbeKTaMHM W BBIYHMCIICHUS MPOILEHTa OLIMOKHU
(QBER (Quantum Bit Error Rate)), a Ttakxe peanusanus OJIOKUPOBKHU
CONPOBOXKIAOIIEro uMIyJibca curHaia (afterpulse blocking) Ha mporpammHoM
ypoBHe. Heob6xonumo 6bu10 nonyunts 3HaueHne QBER<11%.

Taxke B aWIUIOME pPacCMOTPEHBI TPHUHIUIBI KpUNTOrpaduu, TPUBEACHO
CpaBHEHME KJIACCHMUECKMX M KBAHTOBBIX KpPHUITOCHUCTEM, U OOBSCHEHO

NpEeUMyI€CTBO KBAHTOBBIX CUCTEM C (1)a3OBBIM KOIWPOBAHUEM.



2. O030p JauTEpaTYpHI

2.1 Metoabl cTAOMAM3AUMM HHU3KHX TeMIepaTyp ¢ TIOMOIIbIO

njieMeHTOB IleibThe

2.1.1 MeToasb! oxJIasKaeHHSA

[lo cnocoOy momydeHuss Xojoja ILMKJIbl KPUOTEHHBIX YCTaHOBOK
MOAPA3NAEIAIOTCS HA TPU TPYINbI, KaXAas W3 KOTOPBIX BKIOYAET pPsifi THUIIOB B
3aBUCUMOCTH OT ITpoLiecca OXJIAXKACHUS.

1. Huknael [y TEepMOMEXaHUYECKOM CHUCTEMBl, B KOTOpPOH pabouum

BEILIECTBOM SIBJIIETCS I'a3 WU KUIKOCTD.

2. Iukibl ¢ nCcnonb30BaHNEM paboyero BellecTBa B TBEPAOM COCTOSIHUM.

3. IIpoune nuknsl. K 3T0M rpynme MOXHO OTHECTH LIMKJIbI, OCHOBAHHBIE HA
MCIIOJIb30BaHUU OCOOBIX CBOWCTB TaKOro pabo4yero BelecTBa KaK M30TOIIbI
resus.

Cxatme Tra3a sBHSETCS HEOOXOOUMBIM M BaXXHEHIIMM  MPOIECCOM
XOJIOIMJIBHOTO LIMKJIA TIPY UCIOJIb30BaHNHU ra3000pa3HbIX padbouux Tein. [Iporeccsl
CXKaTHs peau3yloTCs B KOMIIPECCOPHBIX MAaIlMHAX M MOIYT MpPOTEKaTh IO-
pa3HOMYy B MalllMHaX pPa3jMYHbIX TUIIOB. AHAIW3 3KCHEPUMEHTAIBHBIX JaHHBIX
CYLLIECTBYIOIIUX pePpuxepaTtopoB, padoraromux no uukiam Jxoyns-TomcoHa,
Knona, obparnomy mukiny Ctupnunra, Mak Marona-/[xuddopnaa, mokassiBaer
NPUHLUIINAIBHYIO TPYJHOCTb IIPU KOHCTPYUPOBAHUU BCEX KPUOTE€HHBIX I'a30BBIX
ycraHoBok: ymeHblieHue KIIJ[ u ymeHbIIeHHe XO0JI0AONPOU3BOAUTENBHOCTH MPU
MUKPOMUHHATIOPU3ALUU KOHCTPYKLUH.

DJEeKTPOHHBIE OXJIAJUTENHN JIFOOOT0 THIA OTJIMYAKOTCS OT ra30BbIX MAllMHHBIX
oXJIaIUTeNe OTCYTCTBHEM MEXaHHYEeCKMX IMOJBIKHBIX JeTajeil, 0O0beMHBIX
nosocted u T. A. IloaTromy pasmepHsblii ¢akTop, OrpaHUYMBAIOIIMNA CO3/1aHUe
ra3oBbIX MUKPOKPHUOTE€HHBIX YCTaHOBOK MUHUMAaJIbHOU
XOJIOAONIPOU3BOAUTENIBHOCTH, B JJIEKTPOHHBIX — HE SBISIETCSl OrPaHUYEHUEM.

QHCKTpOHHBIe MCETOAbI OXJIAKACHUA TIPUHOUIIMAJIBHO OTIMYArOTCA OT BCEX



U3BECTHBIX TE€M, UYTO TMPHU HUX MCIOJb30BAaHUU DJIEKTPUYECKas DSHEpPrus
HEIOCPEICTBEHHO CO3/1aeT TeIUIOBOM MOTOK ©e3 NpHMEeHEHUs Kakoro-imodo
JBIDKYILErOCS  KUJKOTO WM Ta3zoo0pa3Horo paboudero Tena. IllosTomy
AJIEKTPOHHBIE OXJIAUTENN He HYXAAIOTCs B OOCIYy)KMBaHUM U PEMOHTE U MOTYT
paboTaTh UIMTENBHOE BpeMs, MO3BOJISAS B MPUHIUIE OObEIUHUTH SJIEKTPOHHBIN
MUKPOOXJIAAUTEIb C DJIEKTPOHHOU CXEMOM B OJJHOU KOHCTPYKLUH.

Cy1iecTByIOT 1Ba 3JIEKTPOHHBIX METO/a MOIYYEHUsI KPUOTE€HHBIX TEMIEpaTyp:
C OTCYTCTBMEM IepeHOca HOCUTEeJed 3apsiia M C HUCIOJIb30BAaHUEM SIBJICHUUN
nepenoca [1,2]. K nmocnenneMy OTHOCHUTCSI TepMO3JIEKTpUUeCcKHi MeTo (3 deKT
IlenbThe).

TpebGoBanre aBTOHOMHOCTH (OTOAETEKTOpa W MallbIX ero rabapuToB He
MI03BOJISIET UCIIOIB30BATh JJIS JOCTHIKEHUST HU3KUX TEMIIEpPaTyp CIKUKEHHBIE ra3bl
Y KOMIIPECCOPHBbIE XONOAWIbHUKU. Takum obpa3om, Hanbosee MOAXOAAIUMU JIJIs
UCIIOJIb30BAaHUSI B TaKUX CHCTEMax SBISIFOTCS TEPMOSJIEKTPUUYECKHEe MOIYJIH,
paboratoue Ha ocHoBe 3¢ ¢ekra [lenpThe. ITU MOAYNIU CEPUIHO BBINTYCKAIOTCS
POMBILUIEHHOCTBIO, HaJeKHbl U HAXOASAT LIMPOKOE NMPUMEHEHHE B Pa3IMYHBIX

YCTPOUCTBAX.

2.1.2 D¢dexrt HeabTbe

B ocHOBe MeTo/1a TEPMO3IEKTPUUYECKOTO OXJIaXAeHUS JeXKUT 3P dekT [lenpThe
(1834 r.), KOTOpPBIN 3aKiIrOUaeTcsl B BbIJIEEHUN (WJIA MOTJIOIIeHUH) TerIoThl Q B
MecTe KOHTAKTa JBYX pPa3INYHBIX MPOBOJHUKOB, BKIFOUEHHBIX B JIEKTPUUECKYIO
Lernb, IpU MPOXOXKJIESHUU Yepe3 Hee IJeKTpuueckoro Toka. Paboueli cpemoit B
TaKOW DJIEKTPUYECKON IIeMM W3 JBYX pPa3HOPOIHBIX IPOBOJHUKOB SIBIISETCS
AJIEKTPOHHBIA Tra3, KOTOPHIA IMEPEHOCUT 3IHEPryui0 OT XOJIOJHOTO KOHTaKTa K
teromy. Dddext [lenpThe y MeTaIIOB HEBENUK, TOTJA KaK y TMOIYIPOBOIHUKOB
OH BO MHOTO pa3 BBIIE; OCOOCHHO 3HAYUTEICH OH B IMapax pa3HOPOIHBIX
MOJIYTIPOBOJHUKOB  JIbIpodyHOro (p) W dnekTpoHHoro (n) Ttuma. Cxema
TEPMODJIEMEHTa, COCTOSIIIIETO W3 JBYX IIOCJIEOBAaTEIbHO  COEAMHEHHBIX

MOJIyITPOBOJHUKOBBIX BeTBel A u B, mpuBenena Ha puc.l. Ilpu npoxoxneHuun



TOKa morjolaeTcss Terota @, mpu Temieparype 7, Ha XOJOJAHOM KOHIIE
3JeMeHTa U BblaensieTca Temnota @, npu temneparype I, Ha TEIJIOM KOHIIE.
KonuuectBo TemiaoTsl MpsiMO MPOMOPLUUOHAIBHO TOKY, MNPOXOASIIEMY 4Yepes
TepMoIapy:

Q =111, rne II — xo>pdunment [lenpThe.

Tx

Puc.1 Cxema TEPMOIBJICMCHTA, COCTOAIICTO U3 IMapPhbI ITOJYIIPOBOJHHUKOB

Koadpdumuent I MoxHO BbIpa3uTh uepe3 koddduiument a tepmo-2/1C;
tepMo-DJIC E = a'T , 3aecy T — Temneparypa cnasi. [Ipuuem, IT = a-T. Ilonnyto
tepmo-2JIC mapbl npoBoAHMKOB A u B ompenenstoT Kak pa3HOCTh HX
aOCOJIIOTHBIX 3HAYEHUH JIJISl KaXXIOro MPOBOJHUKA; TIPU 3TOM a = a4 — ag. Takum
o0Opa3om, TemioTa, MorjioliaeMas B eIUHHUILy BPeMEHHU Ha XOJOJHOM KOHIIE, T.e.
XOJIOZIOTIPOU3BOAUTENBHOCTD AJIeMeHTa (IIPU OTCYTCTBUU MOTeph), BT

Oox=(a4—ap)I'T,.

VYBenuyeHwe CWIBI TOKa MPUBOAUT K pocty @, , HO OIHOBPEMEHHO
YBEJIMUMUBAIOTCA U MTOTEPH 32 CUET HKOYJIEBOU TEIIOTHI:

ng = 1/2'12'R .



Jlpyroii ICTOYHHK TTOTeph 00YCIIOBIICH TEIJIOMPOBOAHOCTEIO BETBEH dIeMeHTa
Or=K«(T,-T,,rne K= Z% f (A- xoaddunyeHt termonpoBoaHocTy; [ u f

— COOTBETCTBEHHO JJMHA W IUIOLIAAb IIOMEPEYHOT0 CEYEeHUsS KaXJ0d BeTBU
TEPMO3JIEMEHTA).

VYpaBHeHue TersoBoro OajaHca Al KOHTaKTa, HaXOMSIIErocss B XOJOJIHOMN
30HE, MPU OTCYTCTBUH TEIUIONPHUTOKA U3 OKPYIKAIOLIEeH cpebl 3aluIlieM B BHIE

(as—ag)IT=Qc+ %l 'R+ K(T,~ T,
rae Q, — nose3Hslii 3pHeKT oxXIaxaeHus, ooecreurnBaeMblii TEPMO3JIEMEHTOM.

MuHHMalTbHO BO3MOXHYIO Temnepatypy MoxHo Ty noctuub npu Q.= 0, Toraa
COOTBETCTBYIOIIIAsi pa3HOCTh TeMIIepaTyp paBHa

T,—T.={(ay—ag)l'T.— %FRYK.

[TosToMy, ecnu TepMOdJIEMEHT WCIONB3YeTCsS MJis OXJKIEHUS, TO JJIs
a3 pekTuBHON pabOThl HEOOXOAMMO 00CCTIEUUTh OSCIPENATCTBEHHOE pacCerBaHUe
MOIIIHOCTH Ha ropsiuem cmae [1].

Otrcroga MOXXHO HAaWTH ONTUMAIBHYIO CUILy TOKa I,y , COOTBETCTBYIOLIYIO
HauOobIIeH pa3sHOCTH TeMIIepaTyp.

Iopt= {(aA - aB)°Tx}/R .

JIis  mpou3BOJCTBA TEPMOAJIEKTPUUECKUX MOJYyJIed HCIOb3yeTcs CIUIaB
TeTypa W BHCMyTa ¢ Jo0aBKaMu celleHa W CypbMbl. CIWTKHA BBIPAIIEHHOTO
MaTepuaia Hape3aloTCs Ha MPSIMOYTOJIbHbIE BETKHM C KBaJpaTHBIM CEYEHUEM.
[TocnenoBatenbHO COENWHEHHBIE ABE BETKH Pa3HOW MPOBOAMMOCTH 00pa3yloT
TEepPMOAJIeKTprUYecKyto mapy (puc.2). s u3roToBieHHs TEpMOIIEKTPHUUIECKOTO
MOAYJISl TEPMOIJIEKTPUUYECKHUE TMapbl COCIUHSAIOTCS IMOCJeNI0BaTeIbHO IO TOKY
(mapannenbHO MO TEIIOBOMY IMOTOKY) MEXIy JBYX KepaMHUecKHX IUIaCTHH.

BuyTpennsis ctpyktypa moxayiis [lenbThe npencraBineHa Ha puc.3 [3].
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Xononq

Tenno

Puc.2 Monayins [lenbThe Ha MOMYNIPOBOAHUKAX p- U h TUNA

HONOAHEA
CTOpOHE

MOYNEDEOIHHE

; /
P03 pommpoenasm
M=THNa

ABOEOAHNE
(medes)

H3D.I'IF.|'I'OFI
(KEpaMEEE)

Puc.3 Ctpykrypa monyns IlensTee

VBenuuenus: 3pPEeKTUBHOCTA U TEMIIEPAaTypHOIo Iepernajga MOXHO JOCTUYb
Npy  HCIOJB30BAaHUM MHOTOKAacKaJHbIX cXxeM. B kackagHoit TepmoOarapee
HECKOJIbKO 3JIEMEHTOB MOCIeA0BaTeIbHO OXJKIAT APYr Apyra; IOJE3HbIN
ahdexT co3maeTcs Ha HUIKHEM IePBOM KacKaje. XOJIOAHBIM KOHeI] BTOPOro
KackaJia OTBOJUT TEIJIOTY OT MEPBOTO U, B CBOIO Ouepe]lb OXJIKIAaeTCsl BEPXHUM
TPEeThUM  KacKaJoM, IEepelalollMM B  OKpPYXaloUlyl0 Ccpely  TeIIoTy.
TepMonneMeHTbl B 30HE€ KOHTAKTa 3JIEKTPOU30JIMPOBaHbl OAWH OT apyroro. C
yBeJIMYeHUEM 4YHClIa CTyNeHed OTBOJia TEeIJIOTHl XOJOMWUIBHBIN KO3 GhUIIMEeHT

CyLIeCTBEHHO Bo3pacTtaeT [1].
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2.1.3 OcoGennocTu npumenenus moay.Jieii [leabThe

Oxnaxparolye ycTpoilcTBa Ha OCHOBE TEPMOAJIEKTPUYECKUX MOJyJei
BBITIOJHSIOT Te e (YHKIUH, YTO W TPAAULHMOHHBIE KOMIIPECCUOHHBIE WU
abcopOLMOHHBIE arperatbl X0JIOAUIBHUKOB, padoTarolle Ha OCHOBE XJIa/lareHTOB.
OpnHako KCIOJIb30BaHNE TEPMOAIIEKTPUUECKUX MOy e, MPeCTaBISIOIINX COOOH,
0 CyTH, TBEPAOTENbHbIE TEIIJIOBbIE HACOCKHI, UMEET P/l MPEUMYIIECTB:

OTCYTCTBHE B OJIOKE OXJaXACHUsS IBUXKYLIMXCA dYacTed M pabouyeit
KUJKOCTH;
- OecIIyMHOCTb paOOTHI;
* MaJIblil pa3Mep U BeC OXJaKJaroLlel CUCTeMbl, BO3MOXXHOCTh ITOCTPOESHMUSI
MHUKPOMHUHHATIOPHBIX OXJIaIUTENeH;
* BBICOKasi HaJIe’KHOCTh TEPMOIJIEKTPUUECKOI0 MOJTYJIs;
JeTKOCTh YIPaBICHUS W BO3MOXXHOCTh TMPELU3MOHHOW pPerylnpOBKU
TEeMIIEpaTyphl;
* HU3Kasi CTOUMOCTb IIPU BBICOKOM 3()(heKTUBHOCTH paboThI;
* BO3BMOXKHOCTB PaOOTHI B TFOOOM TIOJIOKEHHH.

VYka3aHHble MperMyILIecTBa JeJaloT TEPMOAIEKTpPUUYECKHe MOJyJIM OYeHb
HOIYJISIPHBIMU, YTO MTOATBEPK1aeTCs IOCTOSIHHBIM POCTOM CIIPOCa HAa HUX BO BCEM
MHpe ¥ BO3HMKHOBEHHEM HOBBIX OOnacTeil mx ucmoib3oBaHus. OgHAKo eciu
IOpUBeIeHHble  Bbllle  (aKTOpbl HE  SIBISIOTCS  JOMUHUPYIOUIUMH, TO
TEPMOAJIEKTPUYECTBO HEJIb3sl pacCMaTpUBaTh KaK €IMHCTBEHHBIN cioco0 perieHus
BCeX MpoOJieM OXJaXAeHUs, U TpU BbIOOpE MPUHIMUMNA OXJKASHUS ISl JaHHON
KOHKPETHOM 3aJauu cledyeT pYKOBOJCTBOBATbCS CpaBHEHUEM pa3IMUYHBIX
MPUHLINAIIOB IO KpUTeputo "3 (PeKTUBHOCTH/CTOUMOCTD" [3].

Kpome mnepeuncneHHbIx mnpeumyllecTB, Monyiau IlenbTtee oOnamaroT u
CHeru(pUIeCKIMH CBOWCTBAMH, KOTOpble HEOOXOIMMO YUYWUTHIBATh MpPU HX
9KCILTyaTaluu:

- Monynu [lenpThe, BelIeNsIONIME B ITpoLiecce padOThl 00JIBLIOE KOJUYECTBO

Teruia, TpeOyIoT HaJIM4YMs B COCTaBe Kyjepa COOTBETCTBYIOIINX PaJnaTOPOB

N BCHTHIIATOPOB, CITOCOOHBIX 3(1)(1)6KTI/IBHO OTBOOUTDH M30BITOYHOE TEILIO.
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I[Ipy >TOM TEpMOINIEKTPUUECKHE MOMAYJIM OTJIMYAIOTCS OTHOCHUTEIBHO
HU3KUM  KO3(M(UIIMEHTOM TIOJIE3HOT0 JIEUCTBUSA, W CaMH SBJISIOTCS
WMCTOYHHMKAMU Teria. Mcnonb3oBaHue JaHHBIX MOJYJIEH B COCTABE CPEACTB
OXJIQXKACHUS DJIEKTPOHHBIX KOMIIOHEHTOB BBI3BIBAET 3HAUUTENBHBINA POCT
TeMIepaTypbl BHYTpH OJIOKa, YTO HEPEeAKO TpeOyeT MOIMOTHUTEIBHBIX Mep
Y CPEeACTB JJIsl CHUXEHHSI TeMIepaTypbl BHYTpU Kopmnyca. B mpoTtuBHOM
clydyae TIOBBIIIIEHHAs TeMIleparypa co3faeT TPYAHOCTH HJisg paboThl He
TOJBKO OXJIAXKJAae€MBIX DJJI€MEHTOB M HX CHUCTEM OXJIAXJACHHUS, HO H
OCTaJbHBIM KOMIIOHEHTaM mpubopa. Takxke HEOOXOJUMO OTMETUTh, UTO
Monynu llenbThe SIBIAIOTCS CPaBHUTENBHO MOIIHOM JOMOJHUTEIBHOM
Harpy3Kou Jj1st 6J10Ka MUTaHUS.

- Mopayns IlenpThe, B cllydyae ero BbIXOJa U3 CTPOs, H3OJIUPYET
OXJIQXKTaeMblld JJIEeMEHT OT paauaropa. OJTO TPUBOAWT K OBICTpOMY
HapyIIeHUIO TEIMJI0BOTO peKrUMa 3alllUIaeMoro 3JieMeHTa, 0COOEHHO B TOM
clydae, KOrjJa OH caM SIBJISIETCS HMCTOYHMKOM Terla (Hampumep, IpU
OXJIXKJIEHUU MUKPOCXEMBI Mpolieccopa).

- Huzkue temnepatyphbl, BO3HUKAIOIINUE B Mpoliecce paboThl XOJOAMIHLHUKOB

HGJ'[BTBC, CHOCO6CTBy}OT KOHICHCAlIMU BJIar U3 BO3yXa.

2.1.4 Tenaoun3zoasinus

Teopust TemnmooOMeHa — 3TO Hayka O IMpoleccax IepeHoca TeruioThl B
MPOCTPAHCTBE C HEOJHOPOIHBIM pacmhpeneineHueM Temmeparyp. K ocobomy
CIy4dar TEIJIOMPOBOJHOCTH B KPUOTEHHBIX CHCTEMax OTHOCHUTCS IIepEeHOC
TEIUIOTBI B pa3lMYHBIX BHUAAX TemioBoM wu3ojsiuuu. [lepeHoc TennoThl
TEIUIONPOBOAHOCTBIO SIBIISIETCS XapaKTePHBIM JJIsi TAaKUX BUJOB TEIJIOM3OJISALINH,
KaK TEeHOIJIACThI, ra30HAMNOJHEeHHbIE MOPOIIKOBbIE W BOJOKHUCThIE MaTepHUalbl,
BaKyyMHUPOBAHHbIE MOPOIIKOBbIE W BOJOKHHUCTbIE MaTepualbl, MHOTOCJIOWHbIE
m3onsanuu. OObIYHAS TEIJIOM3OJISAINUS HUMEEeT 3EPHUCTYIO, BOJOKHUCTYIO WIIU
STMEUCTYIO CTPYKTYPY W HaXOAMTCS TOJ] aTMOC(EpPHBIM JaBJIeHUEM, B OTINYUE OT

BaK}/}/MHOﬁ. Hepe‘{I/ICJ'IeHHBIe N30JIUU PACIIONIOKEHBI B ITOPAAKE YIIYHIICHUA UX
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CBOKCTB W yBelIW4eHUs MeHbl. B momonHeHne K 3¢ ()eKTUBHOCTH BHIOOP M3OISAIIUN
JUISL KaX0r0 KOHKPETHOTO Cilyyasl olpenessieTcsi Kak KOMIIPOMUCC MEXIy LIEeHOM,
TE€XHOJOTMYHOCTBIO, BECOM, IPOYHOCTHIO U JIp.

Marepuaibl, UMeLIHe TEIONPoBoAHOCTE Anpu ¢ = 50...100 °C MeHblre
0.25 Bt/(m'K), Ha3zpBaroTCs Teruion3onsitopaMu. HekoTopelie TerIon30IupyoIre
MaTepHuayibl UCIOJIb3YIOTCSI B UX €CTECTBEHHOM COCTOSHUM (TIpoOKa, OMWIIKH,
ClIofa), Apyrue MojydyaroT UCKYCCTBEHHO (MHUHepasbHasl BaTa, CTEKJSIHHAs BaTa).
Xopolye TeIUIoU30JsTOPhl  TONydaloT MpU  J00aBIEHUH MEHOO0OPpa3yoIINX
BEIIECTB K pa3jM4YHbIM XHUMHUKaTtaMm. Takue Marepuanbl  Ha3bIBAIOTCS
neHoractamu.  Hampumep, nenommactel  K-40 w IIV-101  mmeror
teronpoBoaHocTh 0.046 1 0.057 B1/(M-K) cooTBeTcTBeHHO [4].

MexaHu3M Tmepefadd TEIUIOTHI 4Yepe3 TaKyl JUCIEPCHYIO Ccpefqy, Kak
TEIJIOM30JIALMST  HOCUT  CJIOXHBIA  XapakTep W  Ompejaensercs  psaoM
COCTaBIIIOLINX, @ UMEHHO TEIUIONPOBOJHOCTBIO TBEPABIX YACTHI], KOHTAKTHBIM
TEIJIOOOMEHOM B MecTaX KacaHusl 4YacTUL WM CJOeB, KOHBEKUUEH U
TEITONPOBOJAHOCTBIO ra3a, U3IyUYEHHEM MEeXIy YaCTUIaMHU.

Urak, xak yxke ObUIO CKa3aHO ToJlydaeMmble B Tpolecce padoTbl MoAyJjei
[lenpThe, HU3KHE TEMIIEPATypPbl CIOCOOCTBYIOT KOHAEHCALIMM BJIard M3 BO3IyXa.
DTO MPUBOAUT K HEOOXOAUMOCTHU TIIATENHHO U30JIUPOBATH OXJIAXKAAEMblid OOBEKT.
Y4YuThIBas CTOUMOCTH, JETKOCTh B 00paOOTKe W TEIUIONPOBOJHOCTh B KadeCTBE

TCIJIOU30JIATOPA OBLT BBI6paH IICHOILIACT.

2.1.5 U3mepenne TemnepaTtypsbl

N3mepenune Temmeparypbl BellleCTBa OCHOBAHO Ha W3MEHEHUU (DU3UUYECKUX
CBOWCTB Tejla, HaXOJSILIErocsi B TEIJIOBOM KOHTAaKTe€ C KOHTPOJUPYEMBIM
BeIlIECTBOM, B 3aBUCUMOCTH OT U3MEHEHUS TEMIIepaTyphl.

Jliis u3MepeHus TemriepaTypbl HeobxoauMo peodpazoBaTh rpaaychl Llenbcus
(KensBuHA) B Apyryto, 6ojee ymoOHYIO JUIsi KOHTPOJS (PU3MUYECKYIO BEJTUUHHY.

YCTpOfICTBO, BBIIIOJIHAIOIICC TaKoOC Hp€06p3,30BaHI/Ie, Ha3bIBACTCA OAaTYHMKOM
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temnepaTypbl. OCHOBHOE Ha3HayeHUE AATYMKOB — CIYKUTh BOCHPUHUMAIOIIUMU
a7ieMeHTaMu TPUOOPOB KOHTPOJISI U aBTOMAaTUYECKOTO PEryJIUPOBaHHUS.

Haubonbiiee mnpumMeHeHHe UMEIOT  JAaTYUMKH, UCIIONB3YIOIIME  TaKue
¢bu3nyueckue SBICHUS, KaK TEIUIOBOE pacllMpeHue, W3MEeHEeHHe 3JIeKTPUYEeCKOM
MPOBOANMOCTH BellleCTBa U MOsIBIeHHe KOHTakTHOU Tepmo-IJIC.

VYuuTeiBass HEOOXOUMOCTh aBTOMAaTUYECKOTO PEryJIMPOBaHUS TEMIIEPATYPHI, a
TaK)ke KOMITAKTHBIE pa3Mepbl XOJOJWIbHUKA HCIIOJNb30BaHWE PTYTHBIX U
MaHOMETPHUUYECKUX TEPMOMETPOB He MPEJCTABISIETCS BO3MOXKHBIM.

[IpumeHeHre TEpPMORNIEKTPUUECKUX AATYMKOB (Tepmomap) Uisi U3MEpeHUs
TeMIepaTypbl OCHOBAaHO Ha BO3HUKHOBeHHMHU TepMo-O/IC B snekTpudecku
COEJMHEHHBIX Pa3HOPOJHBIX MPOBOJAHUKAX MPHU YCIOBUM Pa3HOCTU TeMIepaTyp
MEXJy TOouKaMu HUX coeauHeHus. OOuH chail pa3HOPOIHBIX IPOBOJHHKOB
Ha3bIBACTCS TOPSIYUM WK pabOYMM KOHIIOM, a APYTOW XOJOAHBIM WA CBOOOTHBIM
koH1loM. Bennuuna tepmo-2/JIC pazBuBaemasi TepMonapoii, 3aBUCUT OT MaTepurasa
3JIEKTPOJIOB U OT pa3HMIIbI TeMIiepaTyp pabodero u cBobonHoro crnaes. [loaTomy
MIpU U3MEPEHUU TeMIlepaTypbl HEOOXO0AUMO CBOOOHBIN criail MOJAepKUBaTh MpPU
MOCTOSIHHOM TeMIlepaType.

Cnenyromuii  crmoco® COCTOMT B MNPUMEHEHHUHU MOJIYIPOBOJHUKOBBIX
TEPMOMETPOB COMpPOTHUBIEHUS (TepMUCTOPOB). OH OCHOBAaH Ha HCIOJb30BaHUU
U3MEHEeHUS UX JJIEKTPUUECKOT0 COMPOTUBIIEHUS B 3aBUCUMOCTH OT TeMIIepaTyphl.
DTa 3aBUCHUMOCTh BBIpaKaeTcsl SKCIOHEHUMAIbHBIM 3aKOHOM, YTO CO3JaeT
TPYAHOCTH MPU UX UCTOJIB30BAHUU B KAaUECTBE NaTUUKOB TEMIIEPATYPHI.

Tako# mpoGiemMbl He BO3HUKAET y TOJyITPOBOJHUKOBBIX JUOJOB. 3aBUCUMOCTb
COINPOTUBJIEHUS UX MEPEX0JIOB OT TeMIIepaTyphl MO3BOJISIET C YCIIEXOM MPUMEHSITh
WX B KauecTBe HaTYMKOB Temrmeparypbl. M3-3a HennHeNMHOCTH BOJBT-aMIEpHON
XapaKTepUCTUKUA JHOJIOB MJII U3MEPEeHUs TeMIepaTypbl HCHOJIb3YIOT JIMHEHHYIO
XapaKTepUCTUKY W3MEHEHHUsI HamnpspDKeHUs Ha JuojJe B 3aBUCUMOCTU OT €ro
TEeMIIepaTypbl MpPH IOCTOSIHHOM 3HAY€HWU TOKa, MPOTEKAIoLEro B MPSIMOM
HarpaBJieHUH depe3 nepexo. [locTosHCTBO Toka JOCTUTraeTcs Mocae0BaTeIbHbIM

BKIIIOUCHUECM JHOJa H OOJIBIIIOr0 aKTUBHOI'O COIMPOTUBJICHUA B LOCIIb C
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WCTOYHUKOM TIOCTOSIHHOTO HamnpsDKeHHs. TOK, NOpOTEeKaroIHWi dYepe3 AUOJ,
yCTaHaBJIMBAIOT Topsiaka 1-2 MA, Tak Kak OOJNBILION TOK MPUBOJIUT K OILIMOKE
U3MEpEeHHUsl TeMIlepaTypbl BCIEACTBUE BHYTPEHHEr0 pa3orpesa Auoja [5].

Tak>ke MOXKHO MCIOJIb30BaTh IJIATUHOBBIN TepMOMETp cornpoTuBieHus. Ho on
CTOUT JIOPOKE.

Takum oOpazom, B HalleM ciydae ObUIO pElIeHO MPOU3BOJUTH HU3MEpEHUE

TEMIICPATYPHI IIPH ITOMOIIHU ITOJIYIIPOBOAHUKOBOI'O AXOAA.

2.1.6 ABTOMaTH4YecKoOe peryJiMpoBaHue

PaboTa m060¥ TeXHOIOTUYECKON yCTAaHOBKH, arperaTa Uik TeXHOJIOTHYeCKOTo
00beKTa XapaKTepu3yeTcs pazIMYHbIMU (U3UUYECKHMMHU BeJIMYMHAMH, HalpUMep
TeMIlepaTypol, NaBlieHHeM, pacxoioM BelnectBa u T. 1. Jns oOecrneueHus
OTNITUMAIPHOTO peXuMa WX pabOThl AT (U3WYECKHE BEIWYUHBI JIOJDKHBI C
ONpe/IeIeHHON TOYHOCTBbIO TMOJJEPKUBAThCS HAa 3alaHHOM ypOBHE WJIU
U3MEHSThCS IO ONpeNesIeHHOMY 3aKOHy. JTa 3aJadya MOXeT OBbITh YCIEeIIHO
pelieHa ¢ MOMOIIBI0 UCTI0JIb30BaHUSI aBTOMAaTUUE€CKOTO PEryJIMpPOBaHMUSL.

Kommnekc TexHuUyeckux cpelnctB (YCTPONCTB), MPUCOEAUHSEMBIX K
peryiaupyeMoMy OOBEKTYy W oOOecrneunBaroluX aBTOMaTHYecKoe MOoJep:KaHne
3aJJaHHOTO 3HAY€HUs] €ero peryjJupyemMoil BeJlMYMHbl WJIM aBTOMAaTUYECKOe
MU3MEHEHHeE ee MO 3aJJaHHOMY 3aKOHY, Ha3bIBAIOT A8MOMAMUYECKUM Pe2yIiamopOoM.

B ofmeM cityqae COBOKYMHOCTh yMpPaBiIsIeMOTro 00BEeKTa W aBTOMATHYECKOTO
YIPaBISIOUIEIO0 YCTPONCTBa, OMNpeeleHHbIM 00pa3oM B3aUMOJEHCTBYIOIINX
MEXTy COOOM, Ha3bIBAIOT A8MOMAMU4ecKkoll cucmemoti. ABToMaTudecKkas cucteMa
C 3aMKHYTOW LIeTbIO BO3JEHCTBUS, B KOTOPOHM ympaBisiollee (peryiupyroiiee)
BO3JIelicTBHE BbIpabaThiBaeTCsl B pe3yJibTaTe CpPaBHEHUS HCTUHHOTO 3HAYEHUS
yrpasisgeMoil (peryiupyemMoi) BeIWYUHBI C 3aJaHHBIM (MpelNucaHHbIM) ee
3HaYeHUEeM, Ha3bIBaeTCsl cucmemot aemomamuyecko2o pe2ynuposarus (CAP).

[To  ¢yHKIMOHaNTbHOMY  Ha3HAaY€HUIO  TpU  pa3paboTKe  CUCTEM
aBTOMATUYECKOIr'0 peryjJMpoBaHusl Hamboliee UPOKO MPUMEHSIOTCS CIeayrolue

QJICMCHTHEI.
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llepsuunvie uzmepumenvrvie ycmpoticmea (1Y) (Odamuuxu) — >10eMeHTHI,
U3MepAIoNIe 3HaYeHUEe peryJupyeMoil BelWYMHbI U Mpeodpasyrolre uX B
SKBUBAJICHTHBIC 3HAYCHUS CUTHAJIA, KaK TPAaBWIIO, APYroi (pu3ndecKod MpUpoIbI,
Oosiee y10OHOM JJIsl MOCeAyIoIIel nepeauu U UCTOIb30BaHMUS.

Yempoticmea, dopmupyrowue 3aKOH DpecynuposaHusl (YD3P)
(bynrkyuonanohsie npeobpazosamenu) — 3TO TpeodOpa3zoBaTeIN, KOTOpbBIE IPHU
MOCTYIJIEHUW Ha BXOJ| CUTHaja (OPpMUPYIOT Ha BBIXOJE M3MEHEHHE CUTHalla BO
BpPEMEHH I10 OIpe/IeJICHHOMY 3aKOHY.

Yeunumenvnvie ycmpoiicmea (YY) — 3T0 ycTpolCTBa, peAHaA3HAUYCHHbBIE IS
YCWJICHHS B Cllydae HEOOXOIMMOCTH MOCTYMAIOIIUX CUTHAJIOB.

CpasHnusarowue ycmpoiicmea (CY) — 31eMeHTbl, CpaBHUBAIOIIME 3HAUYEHUS
IBYX (WU HECKOJBbKHUX) CUTHAJIOB. BBIXOJHON CUTHANl 3TUX 3JIEMEHTOB paBeH
Pa3HOCTH TIOCTYMAIOIINX HAa X BXOJ CUTHAJIOB.

3aoarowue ycmpoiicmea (3Y) — 31€MeHThI, ¢ MOMOIIBIO KOTOPBIX OnepaTop
yCTaHaBJIMBAET 3aJlaHHOE 3HAaYEHHUE PEeryJupyeMoil BeIUYUHBI.

Pezynupyrowue  opeaner  (PO) —  ycTpoiicTBa,  HEMOCPEACTBEHHO
BO3JIEHCTBYIOIIME Ha OOBEKT pEeryJupoBaHUs i MOAAEpPXKaHUS 3aJaHHOTO
3HAUEHMsI peryJupyeMoi BeTUUMHbI UM U3MEHEHHUS ee 10 3aJJaHHOMY 3aKOHY.

Hcnonnumenvrvie mexanuzmer (MM) — ycTpoiicTBa, BO3JEUCTBYOILME Ha
PEeryJIupYyIOIUA OpraH U W3MEHSIOLIUME ero COCTOSIHHE B CTOPOHY JIMKBUJALUU
OTKJIOHEHMsSI PETYIMPYeMON BENWYMHBI OT 3aJaHHOTO 3HAYCHHs WM 3aKOHa ee
U3MEHEHMUS.

Obvexm pezynuposarus (OP) — 00BbEKT, SBISIONIMICS COCTABHBIM 3JIEMEHTOM
CHUCTEMBbI aBTOMAaTHYECKOTO PETYIUPOBAHMUS.

Ha puc.4 B oOmem Buze npencrabieHa GyHKIMOHANIbHAS CTPYKTYpHasl cxema

CAP [6].
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Puc.4 Tunoas ctpykrypHas cxema CAP

2.1.7 Buasl CAP

Hawnbonee pacnpocTpaHeHHBIMU 3a/ladaMd, KOTOPBIE pPEIIafoT CHUCTEMBI
ABTOMATHUYECKOTO peryJMpoBaHUsl, SIBISIOTCS CTaOWIM3alusi, BBIMOJHEHUE
3aJTaHHOW TIPOTPaMMBI U CIIeKEHUE.

Cuctembl, IOIEP)KUBAIOIINE TTOCTOSSHHOE 3HAYEHUE yIPABISIEMONW BEIMYUHBI
npu U3MEHSFOLIUXCSI BO3MYIIAFOIINX BO3JIEACTBUSIX Ha3bIBAIOTCS
CMaOUNUUPYIOWUMU CUCEMAMU.

Cucrembl, HU3MEHSIONIME YIPaBIsSEMYyIO0 BeJIMYMHY IO 3apaHee 3aJaHHOMU
porpamme, Ha3bIBAIOTCS NPOSPAMMHBIMU CUCTEMAMU.

Cuctemsl, ynpaBiseMasl BEIMYAHA KOTOPBIX BOCIPOU3BOJUT HW3MEHSIOIICECS
3a/1aroliee BO3AeCTBUE, HA3bIBAIOTCS Cle0auuMU CUCMEMAMU.

B psine cnydaeB cama cuctema B MpoIlecce YIpaBlIeHUs JT0DKHA MPOU3BOIUTH
MOWCK TaKOTO TpeOyeMOoro 3Ha4eHHs, KOTOpoe HeOOXOAMMO B JaHHBIH MOMEHT
BPEMEHHU BBIJIEP)KUBATh, YTOOBI PeXHUM paboOThl ympaBiseMoro o0ObekTa ObLI
ONTUMANBHBIM TI0 ONpEeNeJIEHHOMY TapameTpy. laKue CHCTeMbl Ha3bIBAIOTCS
9KCMPEMANbHbIMU.

B Tex ciywasx, xoria 3aKOH M3MEHEHHUs MapaMeTpoB OOBEKTa BO BpeMEHU
3apaHee XOpOIIO W3BECTEH, MOXXHO pacCUWTaTh, KaK M KOTJa HYXXHO MEHSTH
napamMeTpbl  YOpaBJSIOLIErOo  YCTpOWcTBa,  YTOOBI ~ KayecTBO  pabOThI
ABTOMATHYECKON CHCTeMBl B IIEJIOM OCTAaBAJIOCh HEM3MEHHO XOopomuM. Ecimm xe

COCTaBJICHHE TaKOM nporpaMMmMbl  OKa3bIBACTCA HCBO3MOJKHBIM  BCJICICTBUC
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HE3HAHWs WCTUHHOIO 3aKOHAa WM3MEHEHHsI XOTs Obl HEKOTOPBIX MapaMeTpoB
00BeKTa, TO NPUOEratoT K MOCTPOCHUIO CAMOHACMPAUBAIOUETUCS CUCEMDI.

JUia  pemieHWss MOCTaBJI€HHOM mepel HamMu  3aJaud  [PUMEHSeTCs
cmabunuzupyoujas CUucTeMa peryjiupoBaHusl.

Tenepp paccMOTpUM KacCU(PUKALMIO aBTOMATUYECKUX CUCTEM IO XapakTepy
BHYTPEHHUX JWHAMHUYeCKHX TmpoueccoB. (OCHOBHBIMM NpPHU3HAKAMU TaKOTO
JeJIeHUS SIBIISIOTCSL:

- HeNpephIBHOCTb WJIM JUCKPETHOCTh (TIPEPBIBUCTOCTh) AMHAMUYECKUX

IIPOLIECCOB BO BPEMEHHU;
- JIMHEWHOCTb WJIM HEJIUHEMHOCTh YPaBHEHUW, ONMUCBHIBAIOIIMX AWHAMHUKY
IIPOLIECCOB yIIPaBIICHHUS.

[IpumeHuTenbHO K TIOCTaBJIEHHOM 3ajade Hac OyIyT MHTepecoBaTh
HenpepuviHbie NTUHeliHble CUucmeMbl aBTOMaTUUYECKOT0 peryInpoBaHusl.

Cucmemotu Henpepbl8HO20 Oelicmeus NI HENPEePbIBHON CUCTEMOI Ha3bIBaeTCA
Takas CUCTEMA, B KaXIOM W3 3BE€HbEB KOTOPOH HENPEPHIBHOMY W3MEHEHUIO
BXOJHOM BEJMYMHBI BO BPEMEHUM COOTBETCTBYET HENPEPhIBHOE HW3MEHEHUE
BBIXOJHOM BeJW4uHbL. [Ipy 3TOM 3aKOH M3MEHEHMS BBIXOJAHOW BEIWYUHBI BO
BpEMEHU MOXeT ObIThb MPOU3BOJIBHBIM, B 3aBUCHMOCTH OT ()OPMbI MU3MEHEHUS
BXOJIHOM BEJIMYMHBI U OT BU/Ia YpaBHEHUsI JUHAMUKH 3BEHA.

JIuHeiiHOW cuCcTEMOHM Ha3bIBaeTCsl Takash CUCTEMa, ITOBEJEHUE BCEX 3BEHBHEB
KOTOpPOM BIOJIHE ONMCHIBAETCS JIMHEHHBIMU ypaBHEHUSMU (aJreOpandecKUMH M
nuddepeHIMaTbHBIMUA WM PA3HOCTHBIMU). /711 3TOTO Mpeskie Bcero Heo0Xoumo,

YTOOBI CTAaTHYECKUE XapPaKTCPUCTUKU BCCX 3BCHLBEB CHCTCMbI ObUTH JTMHEWHBIMH

[7].

2.1.8 YcroiiuuBocth CAP

YcTolunBOCTh SIBNISIETCS OJTHUM U3 TJIaBHBIX TPeOOBaHUM, MPEIbIBISIEMbIX K
aBTOMATHYECKHUM CHCTEMAaM.

OcHoBHbiM HazHaueHueM CAP B Hamem ciydae sBISIeTCS MOJAJAEp)KaHUe

3a/IaHHOTO TIOCTOSIHHOTO 3HAuYeHHUs peryjMpyeMoro mnapamerpa (TeMiepaTyphl).
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Ilpy OTKIOHEHWHM B JAaHHBII MOMEHT BPEMEHH PEryJMPYEeMOro IapameTpa OT
3aJaHHOI0 3HAYE€HHUs, YTO MOXET MPOU30WTU WIM B PE3yJbTaTe IOSBICHUS
BO3MYIIAIOIIMX BO3JEMCTBUM HA CHUCTEMY, WJIM NPUA HU3MEHEHUU 3aJaHHOIO
3HAYEHUS PETyJMPYEMOU BEJIWYMHBI, aBTOMAaTUYECKUU PEryssiTOp BO3JEHCTBYET
Ha CHUCTEMY TakuM 00pa3oM, YTOObI JIMKBUIUPOBATH 3TO OTKJIOHEeHHe. B cucteme
BO3HUKAET IIEPEXONHBbIA  MPOLECC, ONpeAeiseMbld ee  JIMHAMUYECKUMU
CBOMCTBaMU.

Ecnu mociie okoHYaHHST MEPEXOAHOTrO MPOLECca CUCTEMAa CHOBA MPUXOIWUT B
IIepBOHAYAJIBHOE WJIA JPYyroe pPaBHOBECHOE COCTOSIHUE, TO TaKyK CHUCTEMY
Ha3bIBAIOT YCMOUYUBO.

Ecnu mpu Tex ke yclOBUSX B CUCTeMe WM BO3HHMKAIOT KoJieOaHMsS CO BCe
BO3PACTAOLIEH aMIUIMTYIOW, WM MPOUCXOAUT MOHOTOHHOE YBEJIMYEHHUE
OTKJIOHEHUS PETyJIUPYEMOW BEIIMYUHBI OT €€ 3aJJaHHOI0 PAaBHOBECHOI'O 3HAYEHMUS,

TO CUCTEMY Ha3bIBaIOT Heycmouyugol [6].

2.1.9 KayecTBO npoueccoB peryJJupoBaHHs

YcToluuBOCTh SIBNIsieTC HEOOXOIMMBIM, HO HE JOCTAaTOYHBIM YCJIOBHEM
pabortocnocobHocT CAP, nmockonpKy B yCTOWYMBOM crucTeMe MOTYT BO3HUKATh
OYEeHb MEIJIEHHO 3aTyXarollHhe, [JIMTeNIbHble IepexXoAHble IpolecCchl, U ee
npuMeHeHrue OyzaeT orpaHuyeHo. Bo3HukaeT HeoOXOAMMOCTh KOJWYECTBEHHO
OLICHUTH Ka4eCTBO MPOLECCOB PETyINPOBAHUS MTPH YCTOWUMBOM pabOTe CUCTEMBI.
OHo, KaKk mpaBuJIO, OLEHUBAETCS MO MepeXOAHON PYyHKIUU cucTeMbl. OCHOBHBIMU
NOKa3aTeNsIMM KadyecTBa SIBJISIFOTCSL BpeMsl peryjiMpoBaHMs, MepeperyjupoBaHue,
K0J1e0aTebHOCTh M YCTaHOBUBIIAsACS omMOKa. [ Hac riaBHOE 3HaYeHUE UMeeT
YCTaHOBHUBIIAsICS OLIMOKA, a Tak)Ke BPeMsl PEeryJupoBaHUs HE JOJKHO OBITh
CJIMIIKOM OOJIBIINM.

OgHuM W3 METOAOB YIYYIIEHHS] TOYHOCTH CHCTEM AaBTOMAaTHYECKOIro
peryiupoBaHUsl SIBJIsIETCS MOBBILLIEHUE MTOPsIIKa acTaTU3Ma.

OTHOCHUTENBHO 3aJalOLEro BO3JEWCTBHUS CHCTEMY NPHUHSITO Ha3bIBaTh

CI’I’lClWlLl'—l@CKOMv, €Clin IIpHu JI000M  ITOCTOSTHHOM 3aJarolcM BOBHQFICTBHPI
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YCTaHOBUBILAsCA OLIMOKA PEeryJMpoBaHMs He paBHa Hymro. Ecnu ke mpu ro60oM
MOCTOSTHHOM 3aJalollleM BO3JeCTBUU yCTAaHOBUBIIASCS OIIMOKA peryJMpOBaHUs
paBHa HYJIIO, TO TAKYIO CUCTEMY Ha3bIBAOT ACMAMUUECKOU.

Tak, acTaTuueckasi cucTeMa NepBOro TMopsiaka 6e3 yCTaHOBUBIICHUCS OIIUOKH
0oTpabaThIBaeT MOCTOSHHBIE 3a/Iaf0Ie BO3JACHCTBUS, HO UMEET yCTaHOBUBIIYIOCS
OIMMOKY TIPH 32/1af0IIEeM BO3JICHCTBUN, U3MEHSIONIEMCS C TIOCTOSTHHOW CKOPOCTBIO.
AcTtatudeckass CHUCTeMa BTOPOro Topsaka ©Oe3 YCTaHOBUBIICHCS OIIMOKHU
oTpabaThiBaeT Kak IIOCTOSHHbIC 3a/lalollue BO3JEUCTBUSA, TaK U 3aJarollue
BO3JICUCTBUs, HU3MEHSIOIIMECS C  IIOCTOSHHOM  CKOPOCTBIO, HO  HUMeEET
YCTAHOBUBIIYIOCS OIIMOKY TMpH MW3MEHEHWM 3aJalollero BO3JCHCTBHUS ¢

MOCTOSIHHBIM yCKOpeHHeM |8, 9].

2.2 Quantum key distribution experiment: cryptography overview
2.2.1 Abstract

This report describes tests of fiber-optic quantum key distribution (QKD)
system. Phase coding, BB84 protocol, active phase tracking in the interferometer
and software-based afterpulse blocking for APD single-photon detector were
implemented. Although the best recorded quantum bit error rate (QBER) was 4%,
the system was unstable and QBER fluctuated in the 4% to 13% range during the
experiments. Replacement of defective electronic and optical parts is necessary
before a better QKD demonstration can be made. A detailed description of the set-
up and software is included. This report also reviews the principles of
cryptography, compares classical cryptosystems and QKD systems, and explains

the advantages of using phase-coding QKD set-up.

2.2.2 Introduction

Cryptography is the art of devising codes and ciphers, and cryptanalysis is the
art of breaking them. Cryptology is the combination of the two.

Cryptography has a long history of military and diplomatic applications, dating

back to the Babylonians. Even then people tried to find a way to exchange
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messages in absolute secrecy. Nowadays, cryptography is becoming increasingly
important in commercial applications for electronic business. Sensitive data such
as credit card numbers and personal identification numbers (PINs) are routinely
transmitted in encrypted form.

The best-known application of cryptography is secure communication.

2.2.3 Classical Cryptography

Cryptography is the art of hiding information in a string of bits that are
meaningless to any unauthorized person. To achieve this goal, an algorithm is used
to combine a message with some additional information — known as the “key” — to
produce a cryptogram. This process is called “encryption”. For a cryptosystem to
be secure, it should be impossible to unlock the cryptogram without the key.

Usually the party that encrypts and transmits messages is called Alice, and the
party that receives it is called Bob. There is also Eve — an unauthorized
eavesdropper.

Cryptosystems come in two main classes — depending on whether the key is
shared in secret or in public.

In asymmetrical systems Alice and Bob use different keys (public key for
encryption and private key for decryption). They are also known as “public-key
cryptosystems” and were proposed in 1976 by Whitfield Diffie and Martin
Hellman [10]. Bob chooses a private key and keeps it secret. Then he computes a
public key from it and openly publishes this key. Alice uses it to encrypt her
message. She transmits her encrypted message to Bob, who decrypts it with the
private key [11].

One such cryptosystem is RSA, which was proposed by Ronald Rivest, Adi
Shamir and Leonard Adleman in 1977, and therefore has this name [12]. With
RSA Bob generates his public key by multiplying two very large prime
numbers.Anyone with the public key can send secret messages, but only Bob who

knows the private key can read them. To decode you need the two large prime
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numbers Bob used to create the public key in the first place. These two numbers —
which Bob keeps hidden from everyone, even Alice — constitute his private key.

If Eve intercepts Alice’s message, she can’t read it, because she doesn’t have
Bob’s private key. Eve’s only hope of breaking the code is to work backwards,
trying to deduce the private key from the public key. But Bob’s primes are so large
that Eve needs decades to figure them out [13].

But there are drawbacks with the RSA system. There is no guarantee that the
factorisation algorithm doesn’t exist. If it exists Eve could factorise numbers
quickly. The second drawback is if a quantum computer is constructed in the
future, the security of much of the conventional cryptography can be questioned,
because recent work in quantum computation shows that quantum computers can
factorise faster than classical computers [14].

Symmetrical ciphers (secret key cryptosystems) require the use of a single key
for both encryption and decryption. Such a “one-time pad” system was proposed
by Gilbert Vernam in 1917 and published in 1926 [15]. In this scheme Alice
encrypts a message using a randomly generated key and then simply adds each bit
of the message to the corresponding bit of the key. The scrambled text is then sent
to Bob who decrypts the message by subtracting the same key. The problem with
this system is that it is essential for Alice and Bob to possess a common secret key,
which must be at least as long as the message itself. They can also only use the key
for a single encryption — hence the name “one-time pad”. Furthermore, the key has
to be transmitted in some trusted ways, such as a courier, or through a personal
meeting between Alice and Bob [11].

The most popular standard symmetric algorithm of data encoding is DES (Data
Encryption Standard). The algorithm is developed by IBM, and in 1976 it was
recommended by the National Bureau of Standards (NBS), the predecessor to
today's National Institute of Standards and Technology (NIST), to usage in open

sectors of economy. The essence of this algorithm consists in the following (Fig.5).
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| L | R | initial block 64 bits

| R | L+R |

| bit-by-bit replacements and swaps | resulting block

Fig.5. DES coding algorithm

The data are encrypted block by block. Before encoding any form of a data
representation will be transformed in a numerical form. The block of the data by a
size of 64 bits comes to an input of the coding function. Then it is bisected on left
(L) and right (R) parts. At the first stage the right part of the initial block is located
on a place of the left part of the resulting block. The right part of the resulting
block is calculated as the modulo 2 sum (operation XOR) of the left and right parts
of the initial block. Then on the basis of a random sequence under the defined
scheme in the obtained result the bit-by-bit replacements and swaps are fulfilled. A
DES key consists of 64 binary digits ("O"s or "1"s) of which 56 bits are randomly
generated and used directly by the algorithm. The other 8§ bits, which are not used
by the algorithm, may be used for error detection. The 8 error detecting bits are set
to make the parity of each 8-bit byte of the key odd, i.e., there is an odd number of
"1"s in each 8-bit byte.

There have been several criticisms directed at DES, including its inadequate
56-bit key length and an alleged trapdoor inserted by the NBS [16]. Despite these
gripes and further claims of attacks, DES has withstood the test of time, until
recently: in January 1999, a cobbled-together network of 100,000 PCs cracked a
DES-encoded message in slightly less than 24 hours. Therefore application of its
strengthened variant called Triple-DES begins, which includes triple encoding with
usage of two different keys. But it is necessary to pay for it in productivity —
Triple-DES requires three times more time, than usual.

Triple-DES is DES, used three times on one block of the data, using different

keys, except that the second operation passes in the return order in the decryption
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mode. Basic disadvantage Triple-DES is that it provides rather small productivity
of applications. The standard Triple-DES, which has more cycles of encoding, than
for DES (in fact, it means triple application of DES algorithms to the initial text
with usage of two or three different keys — with length of 112 or 168 bits),
supports three times smaller speed.

One more weak place for DES and Triple-DES is the application of blocks of
length 64 bits. For support of efficiency and safety it is desirable to use blocks of
greater length.

Because of these disadvantages Triple-DES could not become the candidate
for long-term application. In 2001 NIST has released the standard AES (Advanced
Encryption Standard), known as FIPS 197 [17, 18]. It provides block encryption of
length 128 bits and application of keys by a size 128, 192 and 256 bits.

Similar, that the version AES with a key length of 128 bits is realised today
most frequently. Such key size is sufficient for support of a level of safety
necessary for the majority of applications, and requires less time for data
processing, than at usage of longer keys. These days there are no known loopholes
neither in AES, nor in Triple-DES, and the level of safety is directly proportional
to a key length of encoding.

According to AES, the entry objects for processes of encryption and
decryption are single 128-bit blocks of the data. This block will be transformed to
a matrix by a size 4x4 byte, which is named as the array of states. It will be
updated on each cycle of coding or decoding. At a completing stage of the process
the matrix of states again will be transformed to linear string of 128 bits. The
similarly 128-bit key is perceived as a square-law matrix, which size is measured
in bytes. 10 linear keys are shaped from it, what needs 10 operation cycles. The
typical cycle consists of four phases.

As in the majority block coding devices, the algorithm of decryption uses the
extended key in the return order. However algorithm of decryption is not identical

to algorithm of encoding.
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So we can see that a fundamental problem exists. In principle, any classical
private channel can be monitored passively, without the sender or receiver
knowing that the eavesdropping has taken place. For example, a key carried by a
trusted courier might have been read en route by a surreptitious high-resolution x-
ray scan or another sophisticated imaging technique without the courier’s
knowledge. More generally, classical physics allows all physical properties of an
object to be measured without disturbing those properties. So classical theory
leaves open the possibility of passive eavesdropping [19].

And other problem exists — sometimes we want to keep a secret forever, but
Eve can wait many years until we have more powerful computers, to break our

code. So by using classical cryptosystems our message is not completely secret.

2.2.4.Quantum Cryptography

In contrast to classical, quantum cryptography (QC) is based on the
fundamental postulate of quantum physics that “every measurement disturbs a
system”. So it is possible to design a quantum channel, that carries signals based
on quantum phenomena in such a way that any try to monitor the channel disturbs
the signal in some detectable way. The effect arises because in quantum theory,
certain pairs of physical properties are complementary in the sense that measuring
one property disturbs the other. This statement known as the Heisenberg
uncertainty principle, named after its discoverer, the German physicist Werner
Heisenberg.

Quantum cryptography allows two physically separated parties to create a
random secret key without a courier’s help. The key distribution problem can be
partially solved using the idea of quantum key distribution (QKD).

Quantum cryptography began with the work by Stephen Wiesner called
“Conjugate coding”. This paper was written in about 1970, but was unpublished
until 1983 [20]. At that time Charles Bennett and Gilles Brassard, who were

familiar with Wiesner’s ideas, produced the first and best-known QKD protocol,
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usually called “BB84”. It was published in 1984 [21]. So for best understanding of
QKD, it will be useful to describe this protocol.

Assume that two people wish to exchange a message securely. They are
connected by a quantum channel and a classical public channel. If single photons
are being used to carry the information, the quantum channel is usually an optical
fibre. The public channel can be any communication link, such as a phone line or
an Internet connection. We can also use an optical fibre for the public link. In this
case both channels differ only in the intensity of the light pulses that code the bits:
one photon per bit for the quantum channel, hundreds of photons per bit for the
classical public channel.

When a photon is on the move, it vibrates and the angle of vibration is called its
polarization. A polarizer is simply a filter that permits certain photons to pass
through it with the same oscillation as before and lets others pass through in a
changed state of oscillation or blocks them.

Alice has a polarizer that can transmit the photons in any one of the four states
mentioned. In fact, she can choose either rectilinear (vertical and horizontal) or
diagonal (upleft/rightdown (+45°) and upright/leftdown (-45°)) polarization filters.
She sends a series of photons down the quantum channel and swaps her
polarization scheme between rectilinear and diagonal filters for the transmission of
each single photon bit in a random manner. In doing so, the transmission can have
one of two polarization states that represent a single bit, either 1 or 0, in either
scheme she uses. Alice also records her choice.

Bob has two analysers. One analyser allows him to distinguish between
horizontally and vertically polarized photons. The other allows him to distinguish
between photons polarized at +45° and -45°. Like Alice he selects each polarizer in
a random manner. He also writes down which analyser he used and what it
recorded. Bob must choose to measure each photon bit using either his rectilinear
or diagonal polarizer: sometimes he will choose the correct polarizer and at other

times he will choose the wrong one.
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Suppose Bob uses a rectilinear polarizer to measure diagonal photons (£45°). If
he does this, then the photons will pass through in a changed state, there is 50%
chance that he will find the photon in either the +45° channel or the —45° channel.
Even if he finds out later that he chose the wrong analyser, he will have no way of
finding out which polarization state Alice sent.

On Fig.6 you can see example of quantum key distribution, where photons
polarized at horizontal and +45° represent 0, and photons polarized at vertical and -
45° represent 1.

After exchanging enough photons Bob announces on the public channel the
sequence of analysers he used, but not the results that he obtained. Alice compares
this sequence with the list of bits that she originally sent, and tells Bob on the
public channel on which occasions his analyser was compatible with the photon’s
polarization [11]. Alice and Bob then discard all the photon measurements where
he used the wrong polarizer. Now they have a sequence of Os and 1s that is on
average, half the length of the original transmission. We can use these bits to
generate a key, and send encrypted messages to one another.

To assess the secrecy of their communication, Alice and Bob select a random
part of their key, and compare it over the public channel. Obviously, the disclosed
bits cannot then be used for encryption any more. If their key had been intercepted
by an eavesdropper, the correlation between the values of their bits will have been
reduced. For example, if Eve has the same equipment as Bob and cuts the fibre and
measures the signal, she will always get a random bit whenever she chooses the
wrong analyser, i.e. in 50% of the cases. But having intercepted the signal, Eve
still has to send a photon to Bob, to cover her tracks. Therefore in half of the cases
in which Alice’s and Bob’s analysers match, Eve will have sent a photon that is
incorrectly polarized. However, in half of these cases, the photon will accidentally
leave Bob’s analyser through the correct channel, in which case, Eve’s presence

goes undetected. The point is that if Eve had been listening in, one in four of

28



([11] woxy payuraday]) [0o0101d 89 “W31] pazirejod yim uondLiouy "9-31q

— T0OT WIdYpuoa],

00— 1L —-—001L—00 1 — — | 9o5usanbasjq paulelay
0O0LOOOLLOOL OO I uswainseaw s.qgogd
DEDEOODEBDED BB @ sisequoidssp s.qog
OLLLOOLLODO l 0 L @2o%uanbss g s.a2ly

_ 204nos 1ybi

R

sJ3)|)} uonezuejod

siseq hﬂwwﬁm hvﬂ@%“lr’/“hw // Bn |EDILSA-|EIUOZIIOH

-|EJUOZIIOH - ll’ sJa)|j uonezuejod
_

|leuobeiq]
siseq Jojoalap
leucbeiq

uonnqusip Aay wnuenp

o

6¢C



Alice’s and Bob’s bit values would disagree. In other words, her eavesdropping

strategy could be easily detected [11].

If we have noise, which may occur randomly or may be introduced by

eavesdropping, we should use an error correction procedure. When noise exists,

the polarization observed by the receiver may not correspond to that emitted by the

sender. In order to deal with this possibility, Alice and Bob must ensure that they

possess the same string of bits, removing any discrepancies. In the Bennett

protocol error correction is:

)

2)

3)

4)

S)

6)

7)

Alice and Bob agree on a random permutation of bit positions in their

strings (to randomise the locations of errors).

The string is partitioned into blocks of size K (K is ideally chosen so that

the probability of multiple errors per block is small).

For each block, Alice and Bob compute and publicly announce parities.

The last bit of each block is then discarded (to avoid leaking any

information to Eve).

For each block for which their calculated parities are different, Alice and

Bob use a binary search with log(K) iteration to locate and correct the

error in the block.

To account for multiple errors that might remain undetected, steps 1-4 are

repeated with increasing block sizes in an attempt to eliminate these

errors.

To determine whether additional errors remain, Alice and Bob repeat a

randomised check:

- Alice and Bob agree publicly on a random assortment of half the bit
positions in their bit strings.

- Alice and Bob publicly compare parities (and discard a bit). If the
strings differ, the parities will disagree with probability V5.

- If there is disagreement, Alice and Bob use a binary search to find and
eliminate it, as above.

If there is no disagreement after / iterations, Alice and Bob conclude that

their strings agree with low probability of error (27) [22].
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In addition to error correction to reduce the amount of information that Eve
may have obtained, Alice and Bob use a procedure known as “privacy
amplification”, in which several bits are combined into one.

But there is a problem in using the polarization states of photons for
distribution of a key, because we have the polarization transformation along the
optical fibre. This means that a real fibre-based QC system would require active
polarization adjustment. Even replacing standard fibres with polarization
maintaining fibres doesn’t solve the problem [23].

There is an alternative scheme that is more suitable for long distances, based

on differences in phase instead of differences in polarization of photons.

2.2.5 Phase coding QKD system

A phase coding QKD set-up was developed in 1993 by Paul Townsend and
colleagues at British Telecom [24]. They also used BB84 protocol. In this scheme
Alice and Bob use identical unbalanced Mach-Zehnder interferometers, in which
one arm is longer than the other. Interferometers are connected in series by a single
optical fibre, and both have a phase modulator (PM) in a short arm. Alice’s
interferometer is combined with a single-photon source, while Bob’s one is
combined with photon-counting detectors (Fig.7).

Pulses that go down the short arm in Alice’s interferometer and then the long
arm in Bob’s interferometer, interfere with pulses that follow the long arm first and
then the short one. When Alice sends her message, she randomly applies phase
shifts of 0, /2, ® or 37/2 to her photons. Bob only has the option of applying a
phase shift of /2 or none at all. If Bob applies no phase shift, he can work out
whether Alice’s photon has a phase shift 0 or . On the other hand, if Bob applies a
phase shift of /2, he can distinguish between Alice’s choice of /2 and 37/2. After
the message has been sent, Alice and Bob compare their settings using the public
channel. When the difference in phase is equal to 0 or mw, Alice and Bob use
compatible bases and they obtain a deterministic result. A secret key can therefore

be established by interpreting phase shifts of 0 and ©/2 as “0”, and © and 37/2 as
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“1”. When the phase difference equals 7/2 or 31/2, the bases are incompatible and
the photon randomly chooses which port it takes at Bob’s coupler. Incompatible

measurements are discarded (Table 1) [11,23].

Bob

)
44% Counts

APD

Fig.7. Double Mach-Zehnder implementation of an interferometric system
for quantum cryptography (LD: laser diode, PM: phase modulator, APD:
avalanche photodiode) (Reprinted from [23])

Alice Bob
Bit value 0A Op QA-Pp Bit value
0 0 0 0 0
0 0 /2 3m/2 ?
1 0 T 1
1 T /2 /2 ?
0 /2 0 /2 ?
0 /2 /2 0 0
1 3m/2 0 3m/2 ?
1 37/2 /2 T 1

Table 1. Implementation of the BB84 four-states protocol
with phase encoding
After that Alice and Bob apply error correction and privacy amplification as
in polarization encoding. This scheme requires a polarization control too, because
two pulses in Bob’s interferometer interfere perfectly only if they are in the same
polarization state. But it is not so sensitive as the polarization encoding scheme.

Another problem is that the arms in the two interferometers have to be adjusted so
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that the differences in the path length are the same. These differences also have to

be kept stable [11].

2.2.6 Experimental QKD

QKD is an active experimental field. The first working prototype, constructed
in 1989 at IBM in Yorktown Heights, New York, transmitted quantum signals over
32 cm of open air (the results were published only in 1992 by Bennett, Bessette)
[25]. Since then, tremendous progress has been made. Today, various groups have
shown that quantum key distribution is possible, even outside the laboratory.

For example, Antonie Muller and co-workers at the University of Geneva
have used polarization coding system to perform QC experiments over optical
fibres (1993) [26]. They created a key over a distance of 1100 meters with photons
at 800 nm. In order to increase the transmission distance, they repeated the
experiment with photons at 1300 nm (1995) and created a key over a distance of 23
km [27]. An interesting feature of this experiment is that the quantum channel
connecting Alice and Bob consisted of an optical fibre part of an installed cable
used by the telecommunication company Swisscom for carrying phone
conversations. It runs between the Swiss cities of Geneva and Nyon, under Lake
Geneva. This was the first time QC was performed outside of a physics laboratory.
These experiments had a strong impact on the interest of the wider public in the
new field of quantum communication.

In 1993 Paul Tapset and John Rarity of DERA, the Defence Evaluation and
Research Agency (Malvern, England), working with Paul Townsend, were the first
to test the double Mach-Zehnder implementation of an interferometric system with
phase coding over a fibre optic spool of 10 km [24].

In 1995 Christopher Marand and Paul Townsend improved the transmission
distance up to 30 km [28]. It is useful to describe this set-up in detail because our
set-up is similar to it. Since true single-photon states are difficult to generate in
practice, they utilize instead the nonorthogonal phase states of weak coherent

pulses in an interferometer. The experimental system shown in Fig.8 is based on a
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Mach-Zehnder device in which the source is a 1.3-um-wavelength semiconductor
laser that generates 80-ps-duration pulses at a repetition rate of 1IMHz. The laser
output is strongly attenuated so that the average photon number of the pulse pairs
entering the transmission fibre is ~0.1. This system is formally equivalent to a
simple Mach-Zehnder interferometer with a phase modulator in each spatially
separated arm. However, by use of time and polarization division to separate the
individual paths in a single long-transmission fibre, the device can be many
kilometres in length and yet still remain stable against environmental
perturbations. Although polarization division alone would be sufficient to separate
the two components, the addition of time division means that the error rate in the
system is less sensitive to small changes in output polarization from the
transmission fibre. Pulses leaving the interferometer are detected with a time
correlated photon-counting set-up, which is based on a liquid-nitrogen-cooled
germanium avalanche photodiode (APD). The device is operated in Geiger mode,
with the above-breakdown bias gated on for ~100 ns (every 1us) synchronously
with the laser source. Coupling between the interferometer and the APD is
provided by a low-loss polarization multiplexer, and pulses arriving from the 1 and
0 output ports are distinguished temporally by means of a fibre delay loop.

Both polarization and phase coding systems require active compensation of
optical path fluctuations (such as polarization and interferometer phase shifts). But
there is another so called plug & play auto-compensating set-up [23].

The first experiment on such a system was in early 1997 and a key was
exchanged over a 23 km installed optical cable [29]. After that in 2002 D. Stucki,
N. Gisin and co-workers with id Quantique SA company presented a fibre optical
QKD system, which works at 1550 nm and is based on the plug & play set-up.

They performed a key exchange over 67 km between Geneva and Lausanne [30].
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Fig.8. Marand-Townsend interferometric quantum key distribution scheme

(Reprinted from [28])

There has also been progress in free-space cryptographic transmission, with
the eventual goal of satellite-borne QKD. C. Kurtsiefer and co-workers have
recently transmitted a secret key between two mountains separated by 23.4 km in
south Germany [31]. This marks a step towards accomplishing key exchange with

a near-Earth orbiting satellite and hence a global key distribution system.
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3. PazpaboTka oxJaaureas
3.1 BbIOOp KOHCTPYKIHH OXJIAAUTEsI

B cBsa3u ¢ Tem, 4uro HaM HEOOXOAWUMO TIONYYUTh JIOCTATOYHO HU3KHE
TEeMIIepaTypbl, W TMPU OSTOM YCTPOWCTBO JOJDKHO OBITh KOMIAKTHBIM, OBLIO
MPUHATO pEUIeHWE MCIOJb30BaTh 3JIeMeHThl [lenbThe. DTU 3JEMEHThl HUMEIOT
CBOMCTBO cO37aBaTh Pa3HOCTh TeMIlepaTyp MEXAY CBOMMM MOBEPXHOCTSIMU MOJ
BO3/IEHICTBHEM TMPOTEKAIOIIEro 4Yepe3 HUX ToKa. TakuM o0pa3oM, MBI MOXeEM
W3MEHSTh TeMIIepaTypy BHYTPH XOJIOJWJIbHUKA, MEHsSI MNPOTEKAIoIUi dYepes
snemenTsl IlenbTbe TOk. HMX mpuMeHeHWe OONEryuT coO3JaHUE CUCTEMBbI
perynupoBaHus. s TOCTHXeHUs Oojiee HU3KUX TeMmIlepaTyp Oblia BbIOpaHa
JIBYXCTyIeHYaTasi cXeMa OXJaXIEHUS: «BEPXHsIS» CTYNeHb ISl OXJIKACHUS
00BbeKTa U «HWXKHSS» CTYNEeHb IS OXJIAaXICHUS «BepxHei» cTymenn. Ho omHmx
a7eMeHTOB [leabThe HEAOCTAaTOUHO, TaK KaK OT «HUYKHEI» CTYNEeHH HEeOOXOIUMO
OTBOJUTH TEIJIO. DTO CBSI3aHO C UX MPUHLHUIOM padOThl: YeM XOJIOJIHEE OJIHA U3
MOBEPXHOCTEH AyieMeHTa, TeM OyAeT XOJOoAHee U ApyTasl.

[lepBoHavasibHO ObLTa peaqu3oBaHAa KOHCTPYKIMS C OTBOJOM TeIia OT
HIDKHEW CTyINeHW MpU MOMOILIM BOJSHOro oxjiaxiaeHus (puc.9). Boma mpoxogut

CKBO3b paauaTop, OTBO,Z[SIH_[I/Iﬁ TEILIO OT «HUXKHEM» CTYIICHH.

MeTannunyeckune

NAaCTUHDbI OnemMeHTbl

MenbTbe

Puc.9 Cucrema ¢ BOOSIHBEIM OXJIQXKIEHHEM
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BHyTpu BepxHeil MeTalsIM4ecKol MIaCTUHBI HAXOAUTCS OXJIaXIaeMblii 00ObEKT
(boToamon) U JATYMK TeMrepaTyphl (TOTYyITPOBOHUKOBBINA TUO.).

Jlns  «HWKHeW» CcTyneHd ObTM ucnonb3oBaHbl 2 moxyis FROST-73
(Inax=6.2A, Upax=16.5B). Ins «Bepxueit» — 1 momyas TURBO-1,5 (I.=3.1A,
Umna=31.4B). Ho skcnieprMeHTHl Moka3ajiu, YTO He YJaeTcs MOJHOCThIO OTBECTU
TEIUIO, BhIAETISIONIeeCs] Ha MOYJISIX MPH MaKCUMAIbHBIX peKUMaX. ITO MPUBOAUT
K TeperpeBy MoIyJedl U TOBBIIICHUIO TeMIlepaTypbl. JKCIEPUMEHTAIbHO
MOJlyuYeHHbIe ONTHMAaJbHBIE 3HAUEHWS TOKOB M HAaNpPSHKeHWH sl oOecreueHus
HU3Kkux Temrepatyp TakoBbl: FROST-73 (I=5.4A, U=12.5B), TURBO-1,5
(I=1.5A, U=10B).

[Ipnu TakoM crmocobe oOTBojga Temjga OT HIDKHEH CTyNMeHHu Tocie
TETJIOU3O0JIALIMM KOHCTPYKLMH MPU MOMOIIM TMEHOIJIacTa BHYTPU XOJOJUIbHUKA
Obla moiyueHa temieparypa —57 °C. VCTpOMCTBO MOMYYHIOCH KOMITAKTHBIM:
qiuHa — 11 oM, mmupuHa — 6.5 cM, BbIcOTa — 5 M. DTOT TUI OXJIKICHUS SBIISIETCS
3¢ PeKTUBHBIM, HO TpeOyeT MOAKIIOUEHHUSI K BOJOMPOBOAY, YTO HE YIAOBIETBOPSET
TpeboBaHNIO 00 aBTOHOMHOCTH.

[TosTOoMy AJis OTBO/AA Teljia OT «HWKHEW» CTYNEeHHU ObLIO MPUHSATO pellleHue
MCIIOJIb30BaTh BO3/YIIHOE OXJIaXJeHue. B KOHCTpyKLHIO Takoro Turma BXOAST 4
BEHTWJISITOPA, YCTaHOBJEHHbIE Ha paguaTopax, U 2-X CTyleHdYaras cucTemMa W3
anemeHToB [lenbThe (puc.10). 3nech BHYTpU IIEHTPaTbHON IMJIACTUHBI HAXOJUTCS
OXJIAKJaeMblid OOBEKT U JAaTUYUK TeMIepaTypbl. PazMepsl XonoauipHUKA: AJIMHA —
18 cm, mupuHa — 8 cM, BeicoTa — 20 cMm .

B BoznmymHoOM BapuaHTe ISl HUXKHEH CTyneHW ObUIM MCIOJIb30BaHbl 4
monynst  FROST-73 (Iha=6.2A, Up=16.5B). Jlns  «Bepxueir» — 2
JBYXCTYT€HYaThIX MOy JIS BULLFINCH (Inax=8.8A, Unax=8.9B).
DKCIepUMEHTAIbHO TOJlyYeHHbIe ONTHMaJbHble 3HAUYEHHUS pPabOUMX PEKUMOB
oxnanurens tTakoBel: FROST-73 (I=4A, U=12.6B), BULLFINCH (I=5A, U=6.6B).

JleTeKTop ¢ BO3yIIHBIM OXJIAKIESHUEM SIBIISIETCSI aBTOHOMHBIM U YJIOOHBIM B
SKCIUTyaTallii, HO OH He JaeT TaKuX HU3KHUX 3HAUYCHUU TeMIiepaTyp Kak BOZISHOM.

Tak, mocJie TEIIOU30IIAIMU OBLIO MOJIyYeHO 3HaYeHre TeMmeparypsl —52 °C.
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BeHTunsTopsbl

MegHble
NnnacTUHbI

PagnaTtopbl

V\ /V
BeHTunaTopsbl

Puc.10 Cuctema ¢ BO3AYIIHBIM OXJIaXKIEHUEM

VYuuThiBasi BCe IUIFOCHI U MHUHYCBhI BO3AYLIHOTO M BOJASIHOTO OXJIQXKIEHUS,
OBLJIO TNPUHATO pelIeHHe O LeJecOOOpPa3HOCTH HCIIOJIb30BaHUS 3aMKHYTOI'O
KOHTypa BoAsHOro oxnaxaenus. Ha puc.11 mpencraBnena OIok cxema TaKoOro
BapHaHTa.

B koHType, BMecTo BoAbI OblT Mcnoib30BaH Tocod A40. Takas 3amena Oblia
BbI3BaHa T€M, UYTO B XOJI¢ SKCIIEPUMEHTOB 3HAU€HHE TeMIIepaTyphbl OXJIaXKIAroIen
xunkoctd  omyckanock Hmwke 0 °C. CrpenoykaMd Ha pHUCYHKE ITOKa3aHO
HaIpaBlieHUE IBIKEHUS TOCOJIA TI0 COeIMHUTENBHBIM TpyOKaMm.

Tenepp nepeiiieM K ONUCAHUIO OTAEIbHBIX OJIOKOB CUCTEMBI OXJIaXKICHUSI.

brok, mpenHasHaueHHBIH ISl OXJIaXKIEHHUs HENOCPEACTBEHHO (hoToauona,
COCTOMT W3 METAJIMYeCKOW IUTaCTUHBI (IAe HaxoOuTcs (OTOAMON M JaTUUK

TeMIiepaTyphbl), anemeHTa [lenbThe u BossiHOTO paauaropa (puc.12).
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4.4 /AN 4.1

4.3 4.2

1 — oxnanurtens Goroauona (puc.12)

2 — pacHIMpUTENbHBIN 0a40K 7S TOCoa

3 — Hacoc
4 — cuctema oxJIaxaeHus Tocoa (mpuiioxeHue 1)

4.1...44 — Monynu, cocTosiMe W3 BOJSHOIO paauaTopa, 2-X 3JIEMEHTOB

[TenpThe, BO3AYIIHOTO paaraTopa 1 BeHTuIsiTopa (puc.13)

Puc.11 KoHTyp BOAsSIHOTO OXJIaXKIeHUS
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InemeHT
MenbTbe

MeTannun4yeckas
nnacTtuHa

O O

——

Puc.12 brok oxnaxaenus Gporoguoaa

OnemeHT llenbThe oxylaXxaaeT MIACTHHY, a TEIUIO BBIIENAOIIEECSs Ha HeM
OTBOJUTCS MpPHU TIOMOIIM MPOTEKAIoUIero CKBO3b paguaTop Tocona. Jlius
NpeI0TBpalleH!s] KOHTAaKTa TeIJIOro BO3QyXa W IUIACTUHBI, a TakKKe 00pa3oBaHUs
KOHJIeHcaTa OJIOK OXJIaXAEeHUs TIIATEeJbHO TEIUIOM30JIMPOBAaH CO BCeX CTOPOH. B
KayecTBe TEMJIOU30JIATOpa MPUMEHSUICS MEeHOIIacT, TOJIIMHA KOTOporo Obuia
ompezeNieHa HUCHONB3ysl mporpamMmy kommanuu «Kpuotepm». Takxke Obutn
TEIUIOU30JIMPOBaHbl MOJYJIM CUCTEMBbl OXJIaXJEHHUS TOCOJa, pacllMpUTEIbHBIN

0a4oK U COeAMHUTENIbHbIE TPYOKH.
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CucteMa oxJaxAeHUs TOcOoJa COCTOMT M3 UeThIpeX OJMHAKOBBIX
MocCJeoBaTeIbHO COeAMHEHHBIX Moayeh. Kaxaplii Monyns (puc.13) cocTout us
BOJISHOTO panuatopa, 2-X »sieMeHToB IlenbThe, BO3AYLIHOrO paauaropa u
BEHTHUJISTODPA.

BeHTunaTtop

Pagunatop

N
I——:i-_:_-ff—\l\ M

ONEeMKHTbI
MNenbTbe

BoasHon pagnatop

Puc.13 Monynbe miist oxitaxxieHust TocoJia

Tocou, mpoTekasi CKBO3b paiMaTop OXJaXkaaeTcs dJieMeHTaMu [lenpThe, Terno
OT KOTOPBIX OTBOAMUTCS IMOCPEJACTBOM BO3IYITHOTO OXJaxaeHus. J[s aToro Obimm
HCIIOJIb30BaHbl CTaHAAPTHBIE KOMITBIOTEPHBIE PaIMaTOPhI C BEHTUISTOPOM.

KoHcTpyKIus paguaTtopoB A oXJaxaeHus (OTOANO0Ia U TOcoJIa TPUBEIeHa B
MIPUJIOKEHUH 1.

YuuteiBas, 4YTO BCS KOHCTPYKLMS OXJIAMUTENsl HAXOOUTCSI B KOpIyce
HEO0OXOMMO OTBOANTH M30BITOYHOE TEILJIO OT OXJIAXKTAFOIINX MoyJei. Jlis aToro

BHYTpPH KOpITyCa ¢ IIOMOLIBIO TOITOJTHUTEIBHBIX BEHTUIATOPOB CO31aH BO3YILIHbBIN
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noTok. PacronoxxeHrne mMonyneil B cCUCTEME OXJIaXKIEHHUS TOcOoja U HalpaBieHUs
BO3JIyIIHBIX TIOTOKOB BHYTPH KOpITyca TMpeAcTaBieHbl B IMpuioxkeHuu 2. B
YAaCTHOCTM Ha PHUCYHKE CTpeJKaMu TMpeJCTaBlIeHbl HaMpaBieHUsl JIBUKEHUs

Haro€TacMoro xXoJoaHoro 1 OTBOJAUMOI'O TEIIOTO BO3ayXa.

3.2  BbiOop TunoB 3jieMeHTOB IlenbThe

Jlyis BBIOOpa TEPMOIIEKTPUUECKUX MOJyJiel Obliia MCIIONIb30BaHa Mporpamma,
npenoctaBieHHas komnanued «Kpuorepm». OHa mo3BoJisseT  paccUUTaTh
XOJIOAONTPOU3BOAUTENBHOCTD U OA00PATh TUIT MOAYJIEH.

Tak, nns 3agauM  OXJaXIEHUS Tocoda ObUT BBIOpaH OJHOKACKaIHBIM
TepMmod3niekTpuyeckuii Mogyis FROST-74. Ero napameTpsl:

- dTmax = 74 K - MakcumanbHasi pa3HOCTb TeMIIepaTyp MEXIy CTOPOHAMHU
MOJYJISI IPH OTpesieJieHHON TemmepaTtype ropsiueit ctoponsl (Th=300 K);

- Imax = 6.3 A - ToK, Ip1 KOTOPOM JOCTUTaeTcs pa3HOCTh TemmepaTyp dmax;

- Umax = 16.7 B - HampshkeHHe, COOTBETCTBYIOLee TOKY Imax u pa3HocTH
temneparyp dTmax;

- Qmax = 65 BT - Xx01010MpOU3BOUTENBHOCTD TTpU TOke [=Imax u paszHoctu

temmnepatyp dT=0.
Jns OXJIQXKJEHUS doroanona VCIIOJIb30BAJICS IBYXKaCKaJHbII

TepModsieKTpruueckuit Moayib TB-2-(127-127)-1,15, mapaMeTpbl KOTOPOTo:

- dTmax =84 K;

- Imax=5.8A;

- Umax=154B;
- Qmax =34 Br;

Ho skcnepuMeHTBHI MokKas3aiu, 4TO He yAaeTcsl MOJHOCTHIO OTBECTH TEIUIO,
BBIJIEJISIFOIIEeCST HAa MOJYJISIX NPU MaKCUMaJbHBIX pPeXUMax. DTO MPUBOIUT K
neperpeBy MOJyJiel U TOBBIIIEHUIO TeMIepaTypbl. JKCHEPUMEHTaIbHO
MOJIy4eHHbIe ONTUMAaJbHble 3HAUEHUS TOKOB W HAaIpsOKEHUH Uisi olecriedeHus
HU3KKUX Temmepatyp TakoBel: FROST-74 (I=2.4A, U=7B), TB-2-(127-127)-1,15
(I=4.2A, U=11B). 3aBucumocTh TeMIiepatypbl GoToanoaa oT ToKa yepe3 MOAYJb

TB-2-(127-127)-1,15 npu mnocrtositHHOM wMomHocTH Ha wmonyinsx FROST-74
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npenctaBieHa Ha rpaduke (puc.14). Ilpu onTuManpHBIX 3HAa4YeHUSX ObLIa
nocturnyra temmeparypa —58 °C.

Bcero 6b110 ucnonszoano 8 moayneit FROST-74 u oqun monyns TB-2-(127-
127)-1,15.

3aBucuMocTb TemnepaTtypbl ¢poTtoamMona oT Toka yepes moaynb TB-2(127-127)-1,15
(FROST-74(1=2,4 A, U=7 B))

2,5 3 3,5 4 4.5
-54

-54,5 4

-55

-565,5 4

-56
X N
-56,5

-57 —~ »

-58,5

Puc.14

3.3 H3mepuTte/ib TeMnepaTypbl
Jns  ompeneneHus TeMIepaTypbl BHYTPU XOJOAWJIBHUKA HCIIOJIB30BAJICS
noynpoBoAHUKOBBIN auon K521, yepe3 KOTOphIl TpOTeKaa MOCTOSIHHBINA TOK B
1 MA. OH ObUI MOMEIIeH BHYTPb METaUIMYECKOW IUIACTUHBI (I71€ HaXOIUTCS
dotommonm). IlpenBaputensHO OBUTM TPOBEACHBI HM3MEPEHHUS TeMIlepaTypHOM
XapaKTEePUCTUKK 3Toro auoja. KammbOpoBka MPOBOAMINCH C HCIOJNb30BaHUEM
MJIATUHOBOTO PE3UCTOpPa, KOTOPbIA ObUT MOMEIIeH BHYTPh TEILIOM30JUPOBAHHOU
CHUCTEMBI psAZIoM ¢ AuoaoM. [ pagyrnpoBoyHas npsiMas AMoa okaszaHa Ha puc.15.
N3meputenbs coCcTOMT U3 MNodynpoBogHuKoBoro awoaa K521 u cxemsl
ycunenus. Takas cxema HeoOxoMMa, TaK KaK HampsHDKeHUE Ha IHOJIe U3MEHSeTCs
He3HAYUTEIbHO (Tak B pabouem auanasone +20...-30 °C on mensercs Ha 0.15 B).
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Ha Bpixome wu3MepuTedss Mbl IOJy4aeM OIPEACIEHHYI0 XapaKTepUCTUKY
3aBUCHMOCTH HaNpsDKEHUs OT Temrnepatypsl (puc.16). s yno6cTBa ObLT BRIOpaH
Hakmon 100 MB/°C u 0 °C coorBercrByer Hampsukenwe 0 B. Dto objerdaer

cCOo3JaHue peryiniaropa W yIAoOHO MJi BHU3yaJbHOTO KOHTPOJISI TeMIepaTyphl.
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3aBucumocTb HanpsaXxeHusa oT TeMnepaTypbl HA BbIXoAe UaMmepurtens

Puc.16

[IpuHuMnIManpHas cxema U3MepuTeNs TeMIeparyphbl puBeeHa Ha puc.17.

‘1D’
R1* - . .
500 ) ool _L 1] -15V |
0.1
I
R1 - ZSVDZ 2.7k
2.4k y appr R10-
VT1 -
KT3129
1] UT
R3 - R4- 2| GND
S s L
VD1 -
KD521A c1- 3] +15V]
0.1
EeTCRP ! 2l GND

500

Puc. 17 IlppHunnuansHas cxeMa U3MepUTeNs TEMIIEPATYPBI
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4. Cucrema aBTOMATHYECKOI0 PeryJJMpPOBAHUS TeMIIEPATYPbI

4.1 lloctpoenne CAP

VYyuthiBasi TO, 4TO HaM HEOOXOAMMO TMOAJEPKUBATH TOCTOSHHOE 3HAYEHUE
TEeMIepaTypbl BHYTPU XOJOIWIbHHMKA OblIa peaqn3oBaHa cmabunu3upyouas
cucteMa peryiupoBaHusa. M kak yxe ObUIO CKa3aHO BbIlE, MPUMEHUTEIBHO K
MOCTaBJICHHOM 3a/1aue Hac OyyT UHTepecoBaTh HenpepuvisHovie aunelinvie CAP.

[lepBoHavyasibHO B cHUCTEeMEe OBLT MCIIOJIB30BaH MPONOPLUOHANBHBIA WK [1-
perynsitop. Ho skcnepuMeHTHl MOKazalyd, 4YTO TOYHOCTh MOJAEpKaHUS UM
TeMIlepaTypbl OKaszajach HeyjoBieTBoputTenbHo. Henocrarok Il-perynsitopa
BBITEKAaeT HEIMOCPEJCTBEHHO W3 TPHUHIMNA ero (YHKIHUOHUPOBAHUSA. OTOT
peryisiTop MpelCcTaBisieT co0OM ycuinuTedb ¢ OONbIIUM KO3 OUIHEHTOM
YCUJIEHHS, Ha BXOJl KOTOPOro MOCTyHaeT CUTHAJl paccorjacoBaHUsl — pa3HULA
MEXIY TeKyIIMM 3HaueHUeM peryjJupyeMod BeJIMYMHbl M 33JaHHBIM ee
3Ha4Y€HHEM, - & BBIXOJAHOW CUTHAJ yNpaBiiseT OOBEKTOM peryjJupoBaHus (B HaleM
cly4yae MeHseTcsl TOK, mpoTekaroluii yepe3 snemeHT llenbthe) (puc. 18). Ham
HEe0o0X0AMMO, 4TOOBI CUTHAJl paccoryiacoBaHMsi ObUI paBeH HYJO, HO B 3TOM
clly4ae BBIXOJHOW CHUTHal ToXe Oyner paBeH Hymo. To ecTb, Kak TOJbKO
peryinupyeMasi BeJMYMHA JOCTUTHET 3aJaHHOr0 3HAYeHMs, OXJaXIeHUe
MpeKpaTUTCs, 0ObEKT HAUHET HarpeBaThCs, U ATO MPOJOIDKUTCA 10 TeX MOop, MoKa
CUTHaJI PacCOIIaCOBaHMs HE IOCTUTHET 3aJaHHOTO 3HA4YeHMs, U BCE MOBTOPUTCS

3aHOBO. Takas cucTema Ha3blBaeTcs cTaTudeckon [32].

r-r—-=—=-=-=-=-== 1
| Ob6bekT |
> i |
i |
KomnapaTtop »  Ycunurtens —— XonoaunbHuk | |
i |
> 1 |
i Nameputens :

|
Lndposoin e L___1

nHankKaTop

Puc.18 Cxema c I1-perynsitopom
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YuuTpiBasi ~ BBIIECKAa3aHHOE, OBUIO MPHUHATO  pEIIeHHe  IMOCTPOHUTH
acTaTMYeCKyl0 cHucTeMy. Tak Kak 3HaueHue TemIepaTypbl OyJeT H3MEHSThCS
peaKo, To HaM OyJeT JOCTaTOYHO MPUMEHEHHUs acTaTUYeCKOM CHUCTEMBbI MepBOroO
nopsiaka. s 3Tol Leau NoAXOAUT NPONOPLUOHANbHO HHTerpupytouwmit unu [1H1-
perynsarop (puc. 19). Takoli BapuaHT npeaycMaTpuBaeT CJIOXKEHHE CHUTHAJIOB
paccorjacoBaHusl OT YCUJIMTeNs U UHTerpaTopa. BeIXOAHOW CUTHAN NpeacTaBiseT
co0oil yCHJEeHHYIO B OIpeAelieHHOe KOJMYeCTBO pa3 CyMMy CHUTHaja
paccorjacoBaHusl 1 MHTerpajia oT Hero. B wurore, naxe npu o4yeHb HEOOJBIIOM
OTKJIOHEHHH PpEeryJMpyeMol BeJWYMHBl OT 3aJaHHOrO 3HAYEHHUs, KOrjJa 3TO
paccoriacoBaHue ellle OYeHb MaJlo JJIsl TOro, YTOObl 3aMETHO BO3/IEHCTBOBATh Ha
anemeHT llenbThe, OHO, TeM He MeHee, HAKaIUIMBAaeTCs HA KOHJEHCATope
UHTerpaTopa A0 TaKOW BEJIWYMHBI, KOTOPOW XBaTUT JUIsl JMKBUAALMU 3TOTO
OTKJIOHeHHs. Takum oOpa3om, Ornarogaps HWHTerpupyromemy 3BeHy B [IU-
perynaTrope peryiupyeMblii mapamMeTp MNPUHIUIHAIBHO [OJKeH OBITh paBeH
3HAUEHUIO, BBICTABIEHHOMY Ha 3aJalollleM YCTpoilcTBe, M Majeiliue ero
OTKJIOHEHMsI BBEpPX WJM BHU3, HAKAIUIMBAsACh B HMHTETPUPYIOLIEM 3BEHE, CHOBA

BO3BpallaroT €ro K 3aJTaHHOMY 3HAYCHUIO.

[————————

1
Ob6bekT |
Yeunmtene | «+» | Ko, T |
> Ky | !
|
KomnapaTtop XonoannbHuk | |
| |
> NHTerpatop I )
Ku | | NamepuTens [
| |
| |
Lindposon : :
NHAMKaTOP ————r————
A

Puc.19 Cxema c [1U-perynsaropom
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Jlnst ynobctBa coctaBuM Osiok-cxemy CAP ¢ ucnonb3oBaHUEM THUIOBBIX
3BEHBEB: IPONOPLHOHANBHOE (ycuiauTenb ¢ KodhdunueHtoM ycunenusa K,),
UHTeTpHUpytoliee (MHTerpatop ¢ koadpdunueHToM nepenaun K, (1u6o moctosHHas
unterpupoBanus T,=1/K,)), anepuoamdeckoe (00BeKT ¢ Ko3hdUIIIEHTOM
nepenaun K, u moctosHHOW BpeMenu T). Amneproguyeckoe 3BEHO OTpakaeT
MHEPLUHUOHHOCTh O0BEKTa peryJMpoBaHUs. 3/1eCh HEOOXOAUMO 3aMeTUTh, UYTO B
MOHSTHE «OOBEKT» BXOIUT HEMOCPEACTBEHHO XOJIOAWIBHHUK, AATUYMK M IUJIaTa
U3MEepUTeNIsl TEMIIEpaTyphbl, a TAK)Ke MOIIHBIA BBIXOJHON YCUIIUTENb PEryJsTopa.

PaccMoTpuM ypaBHEHUS 3BeHbEB U UX MepeIaTOuHble (PYHKIINH:

- ycwmwrens X, =K -X_ K

BbIX Yy

- uHTerparop X, =K, IX dr , K% ,

8bIX

ax
- o0bekT T-—2=+X =K, -X,_ /
di T p+1
YuuTteiBas HEOOXOIWMOCTh TOJIYYEHHUS HYJICBOW OIIMMOKU peryiupoBaHUs,
peryisTop u OOBEKT, COCIWHEHHBIE IOCIeN0BaTeIbHO, JOKHBI TPE/ICTABISATh
coboit mHTerparop (puc.20). Orcroga Mbl MOXEM TOJYYUTh IepelaTOuYHYIO

GbyHKLHIO peryistopa

M , TIe KH:Ky/T-
p
ITepenatounas QyHKIUSI pa30MKHYTOW CUCTEMbI paBHA
W(p):KH-(T-p+1) K, :KH.KO'
(T-p+1) P
«=-»
e K, (T p+]) K,
P (T -p+1)

Ky(T: P+1) K _Kpk

W, W (p)=
D) =08, (D) DY) = fPa—

Puc. 20
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[lepenatounyro (yHKLUHIO peryiasiTopa MOXXHO TMOJNYYUTh C TOMOIIBIO
[1apajuIeNIbBHOrO COeAUHEHNUS NIPOIIOPLUOHAIBHOTIO U UHTETPUPYIOLIETO 3BEHbEB

K
W=k =K (7). e 7=
p p K

u
OxoHuaTenbHbI BapuaHT O6s10k-cxeMbl CAP npencrasien Ha puc.21.

OcHoBHas nepefaToyHasi GyHKIMS 3aMKHYTON CUCTEMBI

_ X)) _ W(p) _ 1

Xop) 1+Wp) 1
K, K

D(p)

o

-~ K, T «+»

«=»

Y
<

(T p+1)

> K,/p

K =T-K,

y

Puc. 21

XapakTeprucTUIecKoe ypaBHEHNE CUCTEMbI
1
KH .K()
KOpeHB OTOro YpaBHCHHUA ABACTCA BCEIICCTBECHHBIM W OTPULATCIBHBIM,

-p+1=0.

IIOATOMY cHUcTeMa ycTroiuusa. [IpuyeM Takas cucteMa yJIOBIETBOPSET KPUTEPHUIM

ycrouuBocTH Payca u ['ypBuua.

4.2 Cxema CAP
Ha puc.22 mpuBeneHa NMpWHIMIHAAIBHAS CXeMa PEryJsiTopa TeMIlepaTyphl.
Ha omeparmonnom ycumutene (OY) Al coOpana cxema auddepeHIrarIbHOTO

YCUTUTETIS.
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Ha Bxompl Al OJHOBpEMEHHO IMOCTYNAIOT HANpPSIKEHUS OT W3MEpUTeNs
TeMIIepaTypbl U OT PYYKU PEryJUPOBKH TeMIlepaTypbl (IUIsl 3TOTO HCIOIb3YyeTCs
noteHuuometp). KoapduimeHnt ycunenuss mepBOro Kackaia BbeIOMpaeTcs u3
KOMITPOMHUCCHBIX COOOpakeHHH (B JaHHOM cilydyae OH paBeH enunuiie). C onHON
CTOPOHBI, €T0 YBEJIIMYEHUE CHU)XKAET UyBCTBUTEIBHOCTD PETYJISTOPA K CMEIICHUSIM
U CIIBUTaM BO BTOPOM U TPEThEeM KacKaJaX, U C 3TOM TOYKHU 3pEHUsI OHO MOJIE3HO.
Ho ¢ pgpyroil cTOopoHBI, €ro yBeJIMYeHUE B OIpEAEeTIeHHOE KOJIMYECTBO pa3
NPUBOANUT K YMEHBIIEHHUIO BO CTOJIBKO e pa3 MOCTOSHHOM BPeMEHU MHTerparopa
tum- B caMOM Jiene, yCWIEHHBIA CHIHaj 3apsadT €MKOCTb HHTerparopa 1o
BBHIOPAaHHOTO 3HA4YeHUsi ObICTpee, uYeM He YCWIeHHBbIA. A 3TO NPUBOAUT K
HEO0OXOJAMMOCTH MCIOJIb30BAaHUSI B MHTErpaTope pe3UCTOPOB M KOHJIEHCATOPOB C
O6onpimMu HoMuHanamu. C BbIXOJa MEPBOTO Kackala CUTHAN paccoriacoBaHUSs
NO/aeTcsl Ha UHTEerpaTop U YCUIIUTENb.

Nurerparop BeinogHeH Ha ocHoBe OY A2.2. Ero nocTosiHHasi BpeMeHH

tur = R11-C1.

Ha ocunoBe OY A2.1 BbImofHEeH ycuinuTenb ¢ ko3ddunuentom ycuienus 2. K
TOMYy JK€ Ha BBIXOJAX HMHTErparopa M YCHJIHTEINsSl YCTAHOBJIEHBI IOJCTPOEUHbIE
pe3uctopsl R13 1 R15. C ux noMo1ipro B mporiecce 3KCnepruMeHTa MPOU3BOINIIACH
To4Has HacTpoiika K, u K.

Curnainsl ¢ BBIXOJIOB MHTErpaTOpa U yCUIIUTENS NMOJAIOTCS HA TPETUM KacKas,
BeimosiHeHHBIH Ha OY A3.1 u A3.2 mo cxeme nuddepeHITnaTbHBIX YCUTUTEICH.
Tam curHasbl CKJIaAbIBAIOTCS M C pa3HbIMU 3HaKaMH IIOCTYMAlOT Ha Mapbl
BBIXOAHBIX TpaH3ucTopoB VT1-VT2 u VT3-VT4, koTopble KOHCTPYKTUBHO
pa3MellleHbl Ha OTAEJNbHOM paauatope. TpaH3UCTOpPBI peryjaupyroT TOK,
npoTekaronmi yepe3 Mmoayib [lenpthe TB-2-(127-127)-1,15.

B npunoxxenun 3 npuBesieHa 6J10K-cXeMa 3JEeKTPUYECKOro COeAMHEHUS I1aT U
MOJyJIel YCTPOMCTBA OXJIaXIECHHs B KOPITyCe, a TaKXKe cXeMa MUTAaHUs BOJSHOIO

HacoCa U COCIMHCHUC DJICMCHTOB IlenpThe JJIA OXJIaXKACHUS BOIEI.
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4.3 Bei6op xodppunnenton K, n K,
CHayana ObUIM 3KCIIEpUMEHTANIBHO ompefesieHbl koddduuneHt nepenaun K,
(puc.23) 1 noctossHHast BpeMeHH 1, 00beKTa.

K = @Un _ 5142303 o 0
dU,, ~ 0.111-0.055

Ussbix, B

5 | -

0 0,02 0,04 0,06 0,08 0,1 0,12
Uex, B

Puc.23 koadpdunuent nepenaun oobpexta K,

Ha puc.24 npencraBieHa nepexojHasi XapaKTepuCTHKa OObeKTa, CHATAas MpHU
MOMOIN TIEPCOHATBHOTO KOMITbIOTEpa W mudpoBoro ocmmwiorpada. [lo sroit
XapaKTEepUCTHKe ObLla oOMpejerneHa IOCTOSHHAas BpeMeHHM OOBbeKTa, KoTopas
coctaBuiia T, = 160 c.

[TapameTpsl nnTerparopa u ycunurens (1 u K, ) onpenensauch pacuieTHBIM
yTeM, UCXOJIsl U3 3HaUeHUH koadduirenTa nepenaun K, U MoCTOSTHHOW BpeMeHU
T, oovexra (T, = /K, , K, = T'K,,, npu T=T,).

Ipu K, = 1.1 nonyunm K, = K,/T = 1.1/160 = 0.0069.

Heob6xonumoe 3HayeHne K, ycTaHaBIMBAJIOCh IPU IOMOLIM IOJICTPOESYHOIO
pesuctopa R. [TapameTtps! nuaTerpatopa 0si1u BeIOpanbl R=2.4 MOwm, C=660 a®

(tur=1.59 ¢), ¥ KOPPEKTUPOBAIUCH MOACTPOSHHBIM pe3ucTopoM R.
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t, cek

Puc.24 Tlepexonnas XxapakTepucTuka 00beKTa

Peructpaiusi JaHHBIX BO BpeMsl SKCIIEpUMEHTa MPOU3BOIUIOCH MIPU TTOMOLIU
aHanoro-niudposoro npeodpazosatens (AL, mogkIrOUeHHOTO K TEPCOHATBHOMY
KoMmbtoTepy. Jlamee oHuM oOpabaTbiBaiuCh U CTPOWJIMCH 3aBUCHMOCTH
MEepPexXOHBIX TMpoIeccoB OT BpemeHdu. [lo pesynpTaTam aHanmza rpapuKoB
KOppekThpoBanuch 3HaueHus 1 u K,. Takum o00pa3oM OKa3anoch, 4YTO
TEOPETUYECKH HalJieHHble 3HadeHuss I u K, OTIMYaroTCs OT TeX, KOTOpble ObLIU
YCTaHOBJIEHBI B pe3yJibTaTe SKCIIEPUMEHTOB

K,=11,K,=0.0184 uT=K/K, =60 c.

DTO MOXXHO OOBSICHUTH T€M, YTO TEOPETUUECKUE pacyUeThl MpeHa3HAUCHBI IS
MIOCTPOCHUS CUCTEMBI 0e3 mepeperyaupoBanus. B mocTpoeHHoi jxe HaMu cucTeMe
kodhduimenT mnepenaud uHTerparopa K, Oousblle, YTO W  BbI3bIBAET
nepeperynupoBanue. [Lmocom Takoil cuUCTeMBI SBISIeTCS MEHbIIEe Bpems

YCTaHOBJIEHUS TEMIIEPATYPhL, YTO HUXKE OyeT NOATBEPKAEHO rpapuKaMH.
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K TOMY K€ CTOUT OTMCTHUTDL, YTO CKOPOCTHU OXIJIAXKICHUSA W HarpeBa 00BeKTa
Pa3JINYHBI. HarpeB IMPOUCXOOUT 6BICTp€e, YEM OXJIAXKIACHUC. OTO OKa3bIBAET
He6J'IaFOHpI/I$ITHOG BO3/ICICTBHE Ha CKOpPOCTb mponecca YCTAHOBJICHUA
TEMIICPATYPHI. B ocobennoctn pas3iindusad B CKOPOCTH BJIHMAKOT HAa YCTAHOBJICHHUC

IPOMEKYTOYHBIX 3HAUEHHUH TeMIrepaTypsbl, Takux Kak 0...-30 °C (puc.25,26).
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VYcTaHoBNeHHe TeMIlepaTypbl MPOUCXOAUT C MHOXECTBOM IepeKoieOaHui.
[ToaToMy OBIIM TNpOBENEHbl HCCIENOBAaHUS MEPEeXOJHBIX XapaKTepUCTHUK NpHU
W3MEHEHUM TeMIeparypbl. PesynbraTel 1NoOKasaaud, 4YTO €  IOMOIIBIO
KOppeKTUpoBKH K, 1 K, 5TO BO3[EHCTBUE MOXXHO KOMIIEHCHPOBATh U IOJYYHUTh
HEOOXOJUMYI0 TOYHOCTh M Bpemsi peryiaupoBaHus. KonewHo, eciau pganee
ycoBepiieHctBoBath CAP u genate ee uuM@poBOil WM CONPSDKEHHOW ¢
NePCOHAIBHBIM KOMIIBIOTEPOM, TO OyJieT LejecooOpa3Hee YCTaHOBUTH pa3inyHbIe
IIOCTOSIHHBIE BPEMEHM JUIsi HarpeBa W OXJaxaeHus. B Hamem ke ciydae
HEOOXOJUMBIN pe3yIbTaT JOCTUraeTcsl U 0e3 3Toro.

Teneps nposepuM nostydeHHyro CAP Ha yCTOWYHMBOCTS.

[TepenaTouHas (pyHKIMS pa30OMKHYTOW CHUCTEMBI paBHA

)= T, p+D)’

OcHoBHas nepefaTodHas QyHKUINS 3aMKHYTOM CHCTEMBI

@(p):Xsux(p): W(p) — KOKH(Tp+1) .
X(p) 1+W(p) T, p +(+K, K, 1) p+K, K,

XapaKkTepucTuYecKoe ypaBHeHHE

T,-p’+(1+K, K, -T)-p+K,-K, =0.
Haiinem KOpHUM 3TOTO ypaBHEHHS.

~1-K, K, +,/K,” K +2-K, K, +1-4-T, K, ‘K,
2T

D=

Ioncrasus 3Hauenus Ky = 1.7, K, = 0.0184, nony4unm

p,=-0.19, p,=-0.08 .

KopHu BellecTBEHHBI W OTPHUIATENbHBI, YTO TOBOPUT 00 YCTOMYMBOCTHU
CHUCTEMBEI.

B wutore Obu BBIOpaHBl ONTUMANIbHBIC 3HAYEHUS KOI(PMUIIMEHTOB, TPHU
KOTOPBIX U TOYHOCTb, U BPEeMsl YCTAHOBJICHUSI TeMITepaTyphbl ObLIN HAWITYUIIHMMHU.
Co3ngaHue Takoll cUCTeMbl IMO3BOJWIIO SKCIEPUMEHTANIbHO W3YYUTh BIMSHUE
rapaMeTpOB YCUJIUTENS U UHTErpaToOpa Ha TOYHOCTh MOAAEPKAaHUS TEMIEPATYPbI

" BpEMs €€ YCTAHOBJICHHS, a TAKKE OIPECACIINTDb, KaK Ha HUX BJIMACT HAJIMIUC WA
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OTCYTCTBHE TIepeperynupoBanus. Tak mpu OonbiioM KoddQuimeHTe mnepenayvu
WHTErpaTopa Mbl MOJYYUM CUCTEMY C IMepeperyrupoBaHueM U OOJBIINM YHCIOM
nepekonebanuit (puc.27). I1pu Hu3KOM — cucteMy 6e3 nepekonedbanuit (puc.28). B
o0oux ciydasix BpeMmsl YCTaHOBJIEHUsI TeMIlepaTypbl Obl10 Bennko. Kak mokazamu
SKCIEPUMEHTHI, HAMTYUIIIUM OKa3ajcs cliydail ¢ ofHUM nepekosiebanueM (puc.29).
Emy cootBerctBytor napamerpsl CAP K, = 1.1, K, = 0.0184, u T = K/K,, =60 c.
OH u 6bl1 BbIOpaH B KayecTBE OKOHUYATEIHLHOTO BapuaHTa. [IpruueM BakHYIO POJb
UrpaeT BelMYMHA TIOCTOSIHHOW  WMHTErpUpOBaHMsl  WHTerpatopa 1, W,
cootrBerctBeHHo T = K/K, . Ilpu T, << T, (rme 7, — moCTOsHHas BpeMEHU
00beKTa) 3HaUeHUe TemIepaTypbl kosebnercs (puc.30), 4TO BBI3BAHO CIIHUIIIKOM
OBICTPBIM HAKOIUJIEHWEeM OIIMOKM B HMHTerparope. Takoil mepexoJHON Mpolece
IPOUCXOAUT Ipu yctaHoBieHHOW eMkoctu C=10 v®, K, = 1.1, K, = 1.24 (T, =
0.8¢c, T =209c) Illpu T, >> T, cucrema BefeT cebs nonodHo Il-perynsaropy u
CyIIeCTBYeT ycTaHOBUBIIasica omuOka (puc.31). DTO BBI3BAHO CIUIIKOM
ManeHbKUM 3HadeHueM K. Tak, Ha npuBeneHHoM rpapuke C=50 Mx®, K, = 1.1 ,

K, =0.00024 (T, = 4166 ¢, T =4509 c). Ommbxa cocrasnser 0.5 °C.

z
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Ha rpadukax kpome ycTaHOBHUBIIEHCS W 3aJaHHON TeMIepaTypbl MPUBEIEHBI
3aBUCHUMOCTM HaNpsDKEHUWH Ha BbIXOJAX YCWIMTENIS W HHTerpaTtopa CUCTEMBI
ABTOMATUYECKOI'0 PEryJIHpPOBaHHUS.

OTH JONOJHUTENbHBIE 3aBUCUMOCTH HCIIOJIB30BAJIUCh B XOAE IIOMCKa
ONTHMaJbHBIX 3HaueHMd K, u K, , TaKk KaKk HaIJIQHO OTPakalHd HPOLECCHI,
npoucxonsimye B CAP. Tak, mo ckopocTH H3MEHEHHsI 3HAUYEHHs CUTHalIa Ha
BBIXOJIE MHTErparopa MOXXHO CYIUTb O COOTBETCTBUU BEJIIMYMHBI MOCTOSIHHOMN
MHTErPUPOBAHUS MTPOLIECCY PEryIUPOBAHHUS.

B nmpunoxennn 4 npuseneHa gororpadusi npudopa, a B MPUIOKEHUN 5 — ero

BHEIIHUM BUJI C OTKPBITON KPBILIKOW U BUJI IEPENHEN U 3aJHEN TaHETIEH.
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5. QKD Experimental Set-up

In our laboratory at NTNU we utilize a phase coding based QKD set-up and
BB84 protocol. Because, as it was said before, the polarization drift in QKD set-
ups based on polarization coding makes them difficult to implement for the long
distances.

This set-up is similar to the one, that was presented by Christopher Marand and
Paul D. Townsend in their article “Quantum Key Distribution over distances as
long as 30 km” in 1995 [28]. The set-up was built at our laboratory with the help of
earlier students.

For a more detailed analysis it is better to explain the optical and electronic

parts of the set-up separately [33].

5.1 Optical part of the set-up

The optical part of the QKD set-up is shown on Fig.32. It consists of a Mach-
Zehnder interferometer, a laser and a single photon detector (SPD).

The light pulse is emitted by a 1300 nm semiconductor laser (Fujitsu
FLD3F6CX, see Appendix 6). The QC experiment needs a single photon source.
True single photon sources have been recently demonstrated, but not yet practical
for commercial implementation [34, 35, 36]. Therefore an attenuated laser pulse
was used. The output of this source has a probabilistic distribution based on the
shape and the optical power in the pulse. Detailed description and calculations of
the laser is included in [37].

The light pulse from the laser passes through a polarizer, then it is split by the
variable ratio coupler and passes down the two separate arms of the interferometer.
Here we have two pulses: one follows the short arm, the other follows the long
one. In the long arm the pulse passes through Alice’s phase modulator, which is
used to add a phase shift of either -3n/4, -n/4, /4 or 3w/4. This arm also has a
variable delay line for adjusting the differences between the lengths of the

interferometer’s arms. Then Alice’s polarization combiner multiplexes the pulses
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into a single-mode fibre and they pass through the variable attenuator and the
transmission line (in our case Alice’s and Bob’s set-ups are connected through 5 m
of standard single-mode fibre). Before Bob’s polarising splitter, our pulses pass
through a polarization controller. It is used to compensate for static polarization
transformation the pulses receive in the transmission line. The polarizing splitter
splits pulses in a such way, that the pulse that chose the short arm in Alice’s
interferometer goes into the long arm in Bob’s, and vice versa. Bob can either
apply a phase shift of -m/4 or m/4 on his phase modulator. After that the pulses
interfere on Bob’s coupler. The outcome of interference depends on the differences
between the phases of the pulses. As you can see, if the difference is 0, then we
detect “07; if the difference is «, then we detect “1”. In Table 2 you can find all
possible combinations of the phase shifts we used to transmit the key. The other
phase differences produce inconclusive results (50/50%), which are rejected at
sifting. “1” and “0” go to the different outputs of the coupler and are time-
multiplexed at the same detector. To use one detector to detect them, we delay “1”
and they reach the SPD at different intervals of time. So if we use laser pulses with
10 MHz repetition rate, we should increase the detector-gating rate two times (20
MHz).

On both Alice’s and Bob’s sides we use travelling wave phase modulators
made of lithium niobate (Alenia Marconi-made at Alice’s side and Uniphase-made
at Bob’s side). Alice’s PM has half-wave voltage of 3.50 V, Bob’s one has half-
wave voltage of 8.20 V. Here we should also mention that before passing to Bob’s
PM voltage is inverted, because Alice’s and Bob’s PM have different polarity.

The SPD is a Soviet-made FD312L germanium avalanche photodiode (APD)
(Appendix 7). To detect single photons the APD must have a low dark current and
it needs to be cooled in liquid nitrogen (LN,) at about 77K. The APD is operated in
Geiger mode (GM). GM operation is one of the basics in QC when utilising an
APD. It increases the detector efficiency significantly and makes it possible to use

commercially available APD’s. In GM the APD bias voltage is kept below the
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breakdown voltage and it is raised above it only for a short time (so called gate
pulse), when a photon is expected to arrive. Without the gate pulse no avalanche
can appear in the APD, so it decreases the dark count rates. During the gate pulse
the voltage on the APD rises above the breakdown level and we can detect the
photon. The gate pulse must come to the APD at the same time as the photon is
expected to arrive, so it must be carefully synchronized. To detect the photon with
high probability we use a pulse width of about 1-2 ns. But we can’t make it longer,
because it increases the dark count rates. We have dark count probability of about

107 [33]. The details of the APD characteristics are described in [37, 38].

Alice Bob
Bit value o Op PA-Op Bit value
0 -Tt/4 -Tt/4 0 0
0 -T/4 /4 -Tt/2 ?
1 3m/4 -1t/4 T 1
1 3n/4 /4 /2 ?
0 /4 -Tt/4 /2 ?
0 /4 /4 0 0
1 -3m/4 -Tt/4 -t/2 ?
1 -3m/4 /4 T 1

This table is equal to the Table 1 except the correction factor in 2" and 3™ columns, because

it is more convenient for us to use symmetrical meanings of the phase shifting.

Table 2. Implementation of the BB84 four-states protocol
in our set-up
As in Paul Townsend’s set-up (Fig.8) [28] we utilize time and polarization
division to separate the individual paths in a single long-transmission fibre.
Although polarization division alone would be sufficient to separate the two
components, the addition of time division means that the error rate in the system is
less sensitive to small changes in output polarization from the transmission fibre.
But in contrast to Townsend’s set-up the arms of our interferometer are made of
polarization-maintaining fibre (Fujikura Panda PM 1300nm), so we needn’t extra

polarization controllers in the arms. Fibres between the laser and Alice’s polarizer,
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between Bob’s polarization combiner and detector, and also the transmission line
are made of standard single-mode fibre. In contrast to Townsend’s scheme, where
he used an attenuator right after the laser, we use it on the output of Alice’s
polarization combiner. This trick gives us an advantage against eavesdropping,
because using a large pulse attack allows the eavesdropper to avoid inducing
transmission errors that disclose her presence to the legal users. With the large
pulse attack, settings of transmitting and/or receiving apparatus are interrogated by
external high power light pulse. If Eve launches a bright light pulse into the
transmission line towards Alice’s or Bob’s set-up (in our case the attenuator
protects Alice’s part), some part of the pulse will be reflected back from different
optical components inside the set-up, because any real components have a non-
zero reflection coefficient. On its way, the pulse can pass internal modulators and
be modulated one or more times. Measuring characteristics of the reflected pulses,
Eve can make some conclusions on the modulator’s settings and then at least know
transmission or detection bases. Placing the attenuator at the output of Alice’s set-
up will mean for Eve a significant increase in the level of the laser power she needs
[39].

The optical part of the set-up is situated in two separate boxes: Alice’s part
(Fig.33) and Bob’s part (Fig.34). The whole picture of the set-up you can see on
Fig.35 (while Alice’s and Bob’s set-ups are located side-by-side in the same lab in
our experiments, in the real use they would be separated by tens of kilometres).
Also we have a cryostat for APD cooling. The size of each box is approximately
420 x 420 x 150 mm. The main difficulty associated with the scheme we use is that
the imbalance between the two arms of the interferometer must be kept stable
within a fraction of the wavelength, during a key exchange, to maintain the correct
phase relations [23]. This means that the temperature of the boxes must be
stabilized. Our boxes are filled in with custom-cut pieces of foam insulation. But it
is not enough and we need an active system to compensate the phase drift in the
interferometer. A special program [33] makes a phase adjustment (calculates

appropriate voltage, which we apply to Bob’s PM as the bias voltage for
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subsequent key transmission cycle) to compensate this drift. It adjusts the phase

before each cycle of key transmission.

5.2 Electronic part of the set-up
On Fig.36 you can see the electronic part of the set-up.
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We have two PCs named Alice and Bob, which are connected via the Internet
(10 Mbps LAN) used as a public channel. Both Alice and Bob have National
Instruments NI 5411 cards, which are high-speed arbitrary waveform generators
for driving their phase modulators; Bob also has a DIO D32HS digital I/O card,
which is used for detector data acquisition. One of the outputs of this card is also
used for generating the trigger signal, which starts the packet transmission in the
whole system. Because the NI 5411 cards have a maximum output voltage of +/- 5
V, and our phase modulators have half-wave voltages of up to 8.2 V, there has
been made two amplifiers placed in Boxl and Box2 (for Alice and Bob
respectively). These boxes also contain adjustable phase shift circuits that help to
synchronize the cards. The data acquisition from the APD is done by Box 3, which
contains digital circuits and 512KB buffer memory with 20 MHz serial input to
store APD data before loading it into Bob’s PC (the memory can store up to
2097152 consecutive pairs of detection outcomes). This is made because general-
purpose PCs cannot process this data in real time. The detector data is collected to
the memory of Box 3 and then Bob's PC reads its contents byte-by-byte using the
DIO D32HS card. Real-time data processing would be possible with a dedicated
controller.

The whole system is synchronized from the 20 MHz master clock generator
(SRS DS345). Its frequency is digitally synthesized and we can consider it to be
stable enough. The master clock generator synchronizes two 10 MHz slave clock
generators (E-H Research Laboratories inc. model EH129 and Datapulsel101), the
20 MHz generator that produces gate pulses for the APD, and also Box 3, which
uses it for synchronization during data acquisition. The 10 MHz clock is sent to the
laser electronics, to Box 3 (to initiate synchronization) and to the PLL (Phase
Locked Loop) inputs of Alice’s and Bob’s NI 5411 cards through phase delay
circuits (Box 1 and 2) [33]. EH129 generator is used to send pulses to the laser
electronics (it must be very stable and has small fall time (in our case it is 500 ps)).
In our set-up we use narrow laser pulse with 100 ps FWHM. Because we have a lot

of devices to synchronize from the master clock generator we had to build a special
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distribution buffer for this purpose (Appendix 8). This buffer gives the amplitude
of pulses we need for synchronization. It has 5 outputs (3 outputs are 20 MHz, 2
outputs are 10 MHz). We use 10 MHz outputs to synchronize the slave generators,
because they can’t synchronize from 20 MHz.

In Appendix 9 you can find a detailed scheme with all equipment we used.
This scheme shows the exact lengths of the cables and all connections. Also
Appendix 10 shows how we should synchronize our generators to get a good
interference picture and implement a key transmission. That picture is a screenshot

from the oscilloscope.

5.3 Software

Our set-up includes Alice’s and Bob’s PCs and needs software. Therefore this
system is controlled by a program written in LabVIEW and partially in C++ for
time-critical routines. All the important values are calculated with subsequent
displaying.

Our program cycles through three parts. The first part is phase adjustment; it
always runs. Also we have two parts which you can turn on or off depending on
the needs of the experiment: a part measuring the delay of bit and a part
performing QKD with calculation of the QBER (this last part will be described in
Chapter 7). This program runs simultaneously on two computers (Alice’s and
Bob’s), which synchronizes to each other through the IP-connection.

The first part of the program makes a phase adjustment in the interferometer,
because the imbalance between the two arms of the interferometer must be kept
stable within a fraction of the wavelength of the photons, during a key exchange, to
maintain correct phase relations [40]. This program compensates a phase drift in
the interferometer. The software realization of such phase tracking algorithm
consists of two stages. During both stages Alice sets her phase modulator to 0V
and transmits photons.

Stage 1 makes rough phase compensation. During this stage Bob sets his phase

modulator voltage to scan the 0° to 360° range of phase in a small number of steps
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(16 steps). During each step he is counting the number of photons in both “0” and
“1” detector time slots. In one of the steps there will be a minimum number of
photons counted in “0” time slot and in another it will be a minimum number
counted in “1” time slot. At the result we have @,.

Stage 2 makes fine phase compensation. At the result of this stage we find
A@ and add it to @,

Then, knowing Bob’s modulator half-wave voltage, we simply calculate the
appropriate voltage, that we apply to Bob’s PM as the bias voltage for subsequent
key transmission cycle [33]. The phase compensation is good for few seconds;
after that the actual phase in the interferometer drifts away too far. This is why the
phase adjustment part of the program is run first in every cycle of the program.

The second, optional part of the program calculates and displays on the graph
delays between the moment of passing the voltage to Alice’s and Bob’s PMs and
coming of this modulated pulse to the APD. It is necessary to know these delays,
because during the key transmission we should read from the memory (Box 3)
only such data, which is a result of interference of the modulated pulses. We don’t
use the data written to memory before this event. During this program, when we
test Alice, she gives a half-wave voltage for her PM and after reading from the
memory we can see when the modulated laser pulse reached the APD. The same is
for Bob.

For better understanding of this part we describe the working sequence of the
set-up that is repeated during every part of program:

1) Loading the values of voltages to Alice’s and Bob’s NI cards.

2) Initialization of the buffer memory at the Box 3.

3) Giving out of the start signal to the set-up (it simultaneously starts both
Alice’s and Bob’s NI cards for giving out the voltages and the buffer
memory for writing the data from the APD).

4) Wait 300 ms (during this time the buffer memory fills up, sharp value is 210

ms).
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5) Reading the data from the memory and subsequent treatment (it can take up

to 30 s and depends on the amount of the data we read from the memory).

6. Afterpulsing effect

We tried to make the set-up not only with 100% secrecy but also with high
speed of the data transmission. But the result of this is appearing of problems,
connected with single photon detection. Today a lot of QKD systems work with
low frequency (about 1-1000 kHz), because the increasing of the frequency leads
to the increasing of error probability during single photon detection. It is because
the afterpulsing effect exists.

The basic feature with the APD is the internal amplification. In QC it is exactly
that feature that makes it highly usable. Only one incident photon can actually
cause an avalanche breakdown. Under ideal conditions almost every incident
photon is absorbed, creating an electron-hole pair. Both carriers are accelerated
under the influence of a strong electrical field.

An ideal single photon detector should produce an electronic logical signal
when and only when a photon strikes it. Real detectors unfortunately differ from
this simple picture. First, the detector sometime fails to record a photon. The
probability for an impinging photon to be detected (also called detection efficiency
(DE)) is lower than 100%. DE is the overall probability of registering a count if a
photon arrives at the detector, and includes fibre coupling loss, APD optical
coupling efficiency and intrinsic quantum efficiency, and the efficiency with which
the signal processing electronics respond to photon signals from the APD. Second,
the detector also has a non-zero probability to produce a count even though no
photon is present. Such an event can stem from the thermal generation of a carrier
in the sensitive area. In this case, it is known as a dark count. It can also arise from
the release of a charge trapped in the junction in the course of a previous

avalanche, in which case it is called an afterpulse.
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In order to work well for QKD, a single-photon detector should have
reasonably high detection efficiency, and low dark count and afterpulse
probabilities [41].

In our set-up we use the APD that is operated in so-called Geiger mode. An
impinging photon triggers an avalanche and generates thus a macroscopic current
pulse, which is recorded with suitable electronic circuits. After it is detected, the
avalanche must be quenched. This can be done with three different techniques.
First, one can use passive quenching, where a large (typically 50 kQ) resistor is
connected in series with the APD and drops the bias voltage after the beginning of
an avalanche. Next, it is also possible to use an active quenching circuit, which
lowers the bias voltage and keeps it below the breakdown for a certain time
interval as soon as an avalanche is sensed. Finally, when the arrival time of the
photon on the junction is known, it is possible to use a so-called gated mode. The
bias voltage is raised above the breakdown level only for a short period of time
when a photon is expected. In comparison with passive and active quenching, the
last method allows very low noise detection, but we have an error that is connected
with afterpulsing.

Afterpulse probability is connected with dark counts. In avalanche detectors,
dark counts arise from the injection into the junction of charge carriers by three
different phenomena: thermal excitation, tunneling across the depletion zone, and
emission by trapping centers. This last effect gives rise to afterpulses, where the
reemission of a charge trapped during an avalanche takes place during a
subsequent gate pulse and produces a count. It induces an overestimation of the
count rates.

The two main parameters influencing the afterpulse fraction are the
temperature, through the lifetime of trapped charges, and the time interval between
two gate pulses. One can evaluate the importance of this effect by measuring the
probability of recording a count during a gate pulse coming a certain time after a
first avalanche, as a function of this delay. In practice, the voltage generator is

triggered a first time, in coincidence with a strong laser pulse (n = 1000). An
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avalanche is therefore generated with unit probability, filling up trapping centres.
The voltage generator is then triggered a second time and a possible avalanche
recorded. By subtracting the dark count rate, obtained in the same conditions but
without the laser pulses, one gets a good estimation of the afterpulse probability.

The initial afterpulse probability, which corresponds to the situation of minimal
delay between both gate pulses, depends on the gate voltage. This is no surprise, as
the excess bias controls the charge flowing through the device, which influences in
turn trap population. Moreover, this initial afterpulse probability decreases with
increasing temperature (but this also leading to an increase of the dark count). This
suggests that temperature doesn’t only have an effect on the lifetime of traps, but
also on their population by an avalanche [42].

In [38] described one of the methods for decreasing the afterpulsing effect.
This method is realized at the electronics of the APD in our set-up. Decreasing the
time interval between two gate pulses causes increasing the frequency of the QKD
system and also increasing the afterpulsing effect error rate. To solve this problem
it was made a scheme that block the appointed number of the gate pulses after
coming the first avalanche, to give the APD time fore quenching. This method also
increases the speed of the data transmission through the quantum channel.

Now we describe the essence of the method. The laser sends in average 0.1
photons per pulse and it means that only 1 photon will be send in 1 of 10 pulses,
and absolutely unable to say in which one. Therefore we can increase the
frequency and give the APD time for quenching. In this case we will have faster
QKD system with almost the same afterpulsing effect probability as the system
that works with the lower frequency.

During our experiments we didn’t use this method. Instead of it afterpulses are

controlled by software (it will be described in Chapter 7.3).
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7. QKD experiment

This part describes an experiment showing the transmission of a key between
two parties, usually called Alice and Bob. To do this we utilize phase coding based
QKD set-up described in Chapter 5 and BB84 protocol. The main purpose of this
experiment is to transmit the key through the quantum channel and calculate the
Quantum Bit Error Rate (QBER). Value of the QBER must be less than 11% in
order for the key extraction algorithm to be able to produce a secret key [43].

During this experiment we didn’t actually extract the key, only did the sifting
and measured the QBER, because on this stage we just needed to check the
parameters of our set-up (and to know that we should improve the set-up, as the
reader will see later).

The key transmission was realized under the computer control, using program
written in LabVIEW and partially in C++. Routines written in C++ were used to
provide fast treatment for big arrays of the detector data. The structure of software
is described in Section 5.3; here we describe the part that performs QKD.

The transmission process begins with Alice. She generates a random sequence
of voltages (4 different values) for her phase modulator which correspond to 4
phase shifts: -31/4, -n/4, n/4 or 3w/4. Such random sequence is 256 values in
length and repeated a lot of times, until the memory (Box 3) is full. It is generated
by the Random Number Instrument from Numeric Function Subpalette of
LabVIEW program. And it is also generated anew in each cycle of the experiment.
Bob does the same, but he generates 2 different values of voltage for his PM,
which correspond to 2 phase shifts: -/4 or m/4. Also we have the phase drift in the
interferometer and a special program [33] makes a phase adjustment (calculates
appropriate voltage, which we apply to Bob’s PM as the bias voltage for
subsequent key transmission cycle) to compensate this drift.

When the memory is full, the C++ subroutine reads the data from it byte by
byte (FIFO memory type). If a byte is non-zero, the program splits it into bit pairs

to distinguish in which bit (i.e. laser pulse) number and slot (“0” or “1”) we
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detected a photon. As we use the same detector to detect “0” and “1” we need to
use 2 bits to write the result of interference. In each bit pair the first bit is non-zero
if we detected “0”, and the second one is non-zero if we detected “1”. At the end of
the program we have two arrays and an integer. One of the arrays contains the
results of detection (0 or 1, or also another number (2) if we registered a double
detection event (it is when we detect a photon simultaneously in both “0” and “1”
slots)), another array contains the sequential numbers of the laser pulses with non-
zero detection outcomes recorded in the first array. The integer represents the
number of non-zero detection outcomes, i.e. the size of the arrays. After that, the
LabVIEW program purges double detection event from the arrays. Then, it rejects
the results that had been written to memory before the first laser pulse modulated
by Alice reached the APD. Number of bits to skip measured in advance with the
help of the second optional part in the cycle; see Section 5.3. After the program
does sifting (for this purpose we use TCP/IP connection between Alice’s and
Bob’s PC to transfer Alice’s modulator data to Bob’s PC where the processing is
done). Finally, Bob compares the data he has detected with the calculated data he

would have detected in the absence of errors, and calculates the QBER.

7.1 Calculation of the number of photons per pulse

For our experiments we need a very narrow laser pulse (in our case it has about
100ps FWHM). We choose the intensity of the laser pulse to get the right pulse
shape and then use the variable attenuator to reduce the number of photons per
pulse at the output of Alice.

The optical power at the output of Alice with the laser in the pulse mode is too
small to measure the attenuation in Alice’s set-up directly. Therefore we need to
put the laser in a continuous mod for this measurement. The results of

measurement are:
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(after the laser) =1 uW =P (I)
(after the laser)=1.03 mW = P (])
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pulse mode
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contin. mode

£d) =128607 = 51dB

c

Attenuation in Alice’s optical setup is 51 dB.

(Current through the laser in the continuous mode was 23.6 mA)

Attenuation in Bob’s part was earlier measured to be 4.2 dB.

These results were obtained without the attenuator at the output of Alice.

Now we can find the number of photons per pulse at the output of Alice and
also at the input of the APD (knowing the latter, we can compare it with the results
we obtain in the QKD experiment our program).

The energy of one photon is:

E,(A=1310 nm)zh-vzh-%=1.517-10‘l9 J

P (afier Alicey=—2D__L107 _oe w—p )
puse mode 128607 128607 CPT T

Number of pulses per second # =10’
P (4) 7.8-107"

10

=7.8-10" J/ pulse=E

pulse

n

E ulse
N = Ep = 5.1 photons | pulse

ph

N is big, because it was the first experiment and we needed to check and adjust

the system in favorable conditions, and then to improve it.
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7.2 First experimental results

In all our experiments we had to know delays between the moment of applying
the voltage to Alice’s and Bob’s PMs and arrival of the laser pulse modulated by
this voltage to the APD. The delays were measured: for Alice it is 20 pulses (it
means that we need to ignore first 20 detected bits in the buffer memory in Box 3)
and for Bob it is 19 pulses. These graphs (Fig. 37, Fig. 38) were displayed by the
second part of the program. To measure this delay (for example Alice’s) at the
moment of starting the set-up Alice gives a half-wave voltage for her PM (Bob
gives zero for his PM), in this case it has to be “1” after detection event. At the
graph you can see the moment in which we have “1” written to the memory (this is
delay). The same for Bob, except that gives a half-wave voltage for his PM and

Alice dives zero for her one.

Measuring of delay
250-

200-

150-

100-

50-

D_I I i I | i 1 1 1 1
05 10 15 ed 2 30 35 40 §5 D
delay_bob delay_alice Plati
(Bob's Pk —to— detector data, hit slots) [Alice's PhM —to— detector data, bit slots)

&

9| 0

1
_HS

Fig. 37. Measurement of Alice’s bit delay. The green curve (plot 0) represents

Flat 1

the number of photons we detected in 0 time slot, and the red curve (plot 1)

represents the number of photons we detected in 1 time slot
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Fig. 38. Measurement of Bob’s bit delay. The green curve (plot 0) represents
the number of photons we detected in 0 time slot, and the red curve (plot 1)

represents the number of photons we detected in 1 time slot

First experiments were made with a big number of photons per pulse
(5.1 photons/pulse), because we had to adjust the system at first and used quite
bright pulses. Here you can see the result of one of the first experiments, where we
calculated QBER (Fig. 39, Fig. 40). On Fig. 39 you can see the graph of QBER
(the best values are about 8 —9%; the last point on the graph is 7%) and the number
of bits after sifting. The shape of the interference curves is presented on Fig. 40.
Green curve is the number of photons we detected in 0 time slot, and red one — is

the number of photons we detected in 1 time slot.
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Fig. 39. QKD Experiment no. 1. QBER and the number of bits after sifting.

Each point on the chart represents results of one QKD run
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Fig. 40. QKD Experiment no. 1. Interference curves
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Now we can explain conditions of the experiment and the data we have
gotten.

Let’s take for example one typical QKD run. Out of 512 KB buffer memory
(2097152 bit pairs), we have read the first 209695 bit pairs. Number of non-zero
detection outcomes was 30375. In 1100 of them we registered double detection
event. Number of bits after sifting was 14778. The size of the raw key we
transmitted was 14778 bits with QBER = §8%.

Sometimes you can see some peaks on QBER graph Fig. 39. It is problems with
Alice’s NI 5411 DAC card. It works unstable and sometimes gives too low voltage
for her PM. Unfortunately we had no time to buy new card or repair this one. Also
from QBER graph you can see that in some moments value of QBER is above the
11% line.

We have adjusted Alice’s variable ratio coupler and obtained more results

represented on the Fig. 41 and Fig. 42.

Fig. 41. QKD Experiment no. 2. QBER graph. Each point on the chart

represents results of one QKD run
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Fig. 42. QKD Experiment no. 2. Interference curves

From the result that is shown on Fig. 41 we can see that the set-up is still not
stable, but there are some periods we have QBER = 4%. We have found the cause
of this instability: we had unstable generator that gives pulses for the laser and also

it has too big raise and fall times.

7.3 Results with the completed set-up

We have exchanged the generator and put the variable attenuator at the output
of Alice to complete the set-up.

The attenuator has 2,5 dB attenuation (in its 0 position). Also, the length of the
pathcord connecting Alice and Bob was increased to 5 m.

We made some experiments and they showed us that there is instability in
optical part, because the results change from day to day. We suppose such
instability is caused by Alice’s coupler. Also attenuation inside Alice’s part is too
large (it has become larger some time ago, the variable delay line came out of
alignment).

Thinking about instability we measured the attenuation once more and obtained

another results:
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contin. mode

P

contin. mode

P

contin. mode

LD _71151 = 48548
4)

4

(after the laser)=0.989 mW = P, (I)
(after Alice)=13.9 nlWW = P (A)
(after Bob)=1.5 nWW = P(B)

48.5+2.5=51dB (added the attenuator)

The attenuation in the transmission line and Bob’ part is:

-9
F(4) 139 10_9 =9.3 —  9.7dB
P(B) 1.5-10

9.7-2.5=7.2 dB

The experiment under these conditions gave us results with QBER =9 %. On
Fig. 43 you can see the graph of QBER and the number of bits after sifting. The
shape of the interference curves is presented on Fig. 44. Green curve is the number
of photons we detected in 0 time slot, and red one — is the number of photons we

detected in 1 time slot.
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Fig. 43. QKD Experiment no. 3. QBER and the number of bits after sifting.

Each point on the chart represents results of one QKD run
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Fig. 44. QKD Experiment no. 3. Interference curves

On Fig.44 you can see that visibility of interference curves is bad. Therefore

we adjusted Alice’s coupler and obtained better results, which you can see on Fig.

45 and Fig. 46.

Waveform Chant- OBER Plot 1 R

Murnber of bits after sifting Flat 0 m
17000 -

Fig. 45. QKD Experiment no. 4. QBER and the number of bits after

sifting.Each point on the chart represents results of one QKD run.
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Fig. 46. QKD Experiment no. 4. Interference curves.

The best value of the QBER was 5.7 %. During this experiment the average
power of the laser in the pulse mode was 1.35 UW (P, = 1.35 pW). It means that
we had 7 photons per pulse at the output of Alice (after the attenuator). Knowing
the attenuation of the transmission line and Bob’s optical set-up we can calculate
the number of photons per pulse at the input of the APD. Let’s base the
calculations on one typical QKD run. Out of 512 KB buffer memory, we have read
the first 209695 bit pairs. Number of non-zero detection outcomes was 11199. In
185 of them we registered double detection event. Number of bits after sifting was
5225.

The number of photons per pulse on the input of the APD is:

_ N AfterAlice 7

N, . = = =1.34 photons/pulse
APD 5.2 5.2 P P

9

where 5.2 is the attenuation in the transmission line and Bob’s optical set-up.
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We detected 11199 pulses from 209695 that is 5.58 %. Therefore Quantum
Efficiency of the APD is 4.1%.

After that we added afterpulse blocking to our treatment of the data. Afterpulse
blocking has a software realization (LabVIEW). To make the program faster we
put it before rejecting the results with double detection events, because afterpulsing
effect usually causes many of double detection events. In our experiment we
blocked 20 bit pairs after each detection event. But we couldn’t check influence of
the afterpulse blocking to the QBER, because the set-up was unstable and we had
very bad visibility of the interference curves that time.

Also we measured dark count level, and realized that the QBER that is caused
by the dark counts is only 0.1 %. The rest of the QBER is the result of non-ideal
fringe visibility of the interference curves.

Here is the example of bad fringe visibility of the interference curves Fig. 47:

red

Fig. 47. Interference curves. Bad fringe visibility caused by instability in the

experimental set-up
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8. Conclusion

During the work the task of the transmitting the key for calculating the QBER
was completed, the software was written. I always had to adjust the electronic and
optical parts of the set-up, which were unstable. The results we obtain are non-
ideal.

In our experiments we had QBER<11%, but the number of the phonons per
pulse was quite large (5 photons/pulse). Therefore under these conditions we can’t
extract the key from the data. To do it we need to decrease the phonons per pulse
down to 0.2 photons/pulse to provide secrecy. That means that we need to weaken
the laser pulses at about 25 times. But in this case fringe visibility will be bad, and
also we have the dark counts that can influence on the result with such weak
pulses. To make the experiments with the key extraction we have to repair some
components of the set-up.

In the future to make easy the further experiments it is necessary to replace or
repair Alice’s DAC card and some optical components (such as optical delay line),
which gives a big attenuation in Alice’s optical set-up.

This work makes it possible to demonstrate a well-working QKD in the future,
after the necessary repairs to the equipment are done. In the further experiments

key extraction can be implemented.
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10. Oxpana Tpyaa

B nmanHOM mpoekTe paspaboTaHa cucTteMa oOXJaxaeHus Qoroauona ¢
ucrnosib3oBanueM d3yeMeHToB llenpThe ¢ CAP Ttemmeparypsl. ITOT mpudOp
MUTaeTcss OT ceTh nepeMeHHoro Toka 220 B wacroroir 50 T'u. Ilostomy
CYILIECTBYET OINACHOCTh MOPAKEHUsI DJIEKTPUUYECKMM TOKOM IpU padore C

pUOOPOM MJTM €ro HACTPOMKE.

J1eKTPoO6e30NacHOCTh

[Ipoxoass depe3 opraHu3M uYesjoBeKa DJJIEKTPUUYECKUH TOK, OKa3bIBaeT
TEPMUYECKOe, dJIEKTPOIIUTUYECKOe U OMOJIOTUYECKOe JeHCTBUS.

TepMmuyeckoe — HarpeB TKaHEH YeloBeKa.

DNEKTPONIUTUYECKOe — HAUYMHAIOTCS HOHHBIE MPOLECCHl  (pa3iioKeHHe
TKaHEeBbIX KUIKOCTEH).

buonornyeckoe — paznpaxeHue U Bo30ykJeHUE TKaHEH HEPBHOM CHUCTEMBI.

Bo3nelicTBue 27M€KTpUYECKOTO TOKAa Ha OPraHU3M 4YeJOBEKAa MOXKET SIBUTHCS
INPUYMHON  DJIEKTPOTPaBMBblL. JJEKTpOTpaBMa — 3TO TpaBMa, BbI3BaHHAas
BO3/IEMCTBUEM BJIEKTPUUYECKOIO TOKA UM DJIEKTPUUECKOU TYTH.

Bupl anekTpudecKnux TpaBM:

- MECTHBIE TPaBMBI;

- DIJIEKTpUYECKHe yJaphl (001me).

MecTHEbIe QJICKTPOTPaBMbl — HYETKO BbIPAKCHHBIC MECCTHBIC ITOBPCIKIACHUA

TKaHEW OpraHu3mMa, BbI3BAHHBIE JEUCTBUEM TOKA WIU JJIEKTPUUECKOU TyTH.

Bupl MeCTHBIX 3JI€KTPOTPaABM:
1. Draextpuueckue 0X0ru (0T TOKA WM SJIEKTPUUECKON TyTH);
2. DnexkTpuyeckue 3HaKW (YETKO OuepyeHHbIe IMsTHA Ceporo Wiu OyenHo-

JKEJITOr'O IBE€TA Ha IMOBEPXHOCTH KO}KI/I);
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3. MeTannu3auus KOXH;

4. DnexTpoodTaabMus — BOCHAJICHUE HAPYKHBIX 000JIOUEK TJia3 — POTOBHUIIBI
U KOHBIOKTUBBI (CIM3UCTONM OOOJIOYKH, MOKpbIBaIOIEH TiiazHoe s0JI0KO),
BO3HMKAlollee B  pe3yJbTaTe  BO3JAEHCTBUS ~ MOIIHOTO  IOTOKa
yJIbTPa(HUOIETOBBIX JIydeil, KOTOpble SHEPIMYHO MOTJIOLIAIOTCS KIeTKaMu
OpraHU3Ma ¥ BBI3BIBAIOT B HUX XUMUYECKHUE U3MEHEHUS;

5. Mexanunyeckue noBpexaeHus (Moj JeHCTBUEM TOKa MBIIIIBI COKPAILAIOTCS

— MOT'YT ITOpBaThCs CBA3KHU, BBIBUXU, U T.I[.).

DneKTpuYecKuil yaap — Bo30yKIeHHe KUBbIX TKaHell opraHnu3Ma MpoXOoAsIiM
yepe3 HUX DJJIGKTPUUYECKUM TOKOM, COIPOBOXKAAIOIIeecs] HEeNpPOU3BOJIbHBIMU

CYAOPOKHBIMU COKPAIICHUAMMN MbIIILI.

B 3aBucuMoOCTH OT BCcX0/1a MOPaKEHUS DIIEKTPUUECKHE yIaphl MOKHO yCIIOBHO
pa3JeNUTh Ha CIISAYIOIINE YeThIpe CTeTICHH:
1. CymopoxHoe CoKpallleHHue MBIIII] 0e3 MOTepH CO3HAHMSI,
2. CynopoXHOoe COKpallleHHWe MBI C T[OoTepeil COo3HaHus, HO C
COXPaHMBIIVMCS JbIXaHUEeM U pabOTOH cep/ia;
3. TloTeps co3HaHus W HapyIIeHWe CEePACHYHOU NEATEITHHOCTH WIIA JIBIXaHMUSI
(WM TOTO M APYroro BMecTe);

4. KnuHudeckasi CMepTh, T.e. OTCYTCTBHE IbIXaHUS U KpoBooOpamieHus [44].

XapakTep BO3JIEHCTBHSI DJEKTPUYECKOIO TOKAa Ha 4YeJOBeKa M TSAKECThb
MOpaXeHUsI MOCTPaJABIIEro 3aBUCUT OT MHOTHX (haKTOPOB.

3HaUYE€HHE TOKa, IPOXOMSIIEro 4epe3 TeJlO YeJIOBEKa, SBISIETCS OCHOBHBIM
¢akropom. CompoTHBIEHHE Teja 4YeloBeKa W MPHUKJIaJbIBaeMOe HampsKeHHe
BJIMSIIOT HA MCXOJ MOPAKEHMs JIMIIb B TOH Mepe, B KOTOPOM OHM ONPENesitoT

BCJIMYMUHY TOKa.
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HeiicTBue ~50I'n MA = MA
Toka\Poa Toka
Omuryiaercs
Ha4daJbHOE JIEHCTBUE 0.6=1.5 5+7
TOKa (TTOpOTOBBIN
OIIY TUMBIH TOK)
Henpeononumeie
CyJOpPOKHbBIE 10+15 50-+-80
COKpAIIIeHUs] MBILII]
PYK (TTOpOTOBBIHT
HEOTITYCKaIOUIUH TOK)

OubpusuUs cepaua 100+5000 300+5000
(gepe3 1+2 cex)
OcTtaHoBKa cepaia >5000 >5000
MUHYS CTaJAUIO
bubpunsaumnn

Eme ogauM dakTopoMm sBisleTCs JUIMTEIHHOCTh MPOTEKAaHUs TOKa Yepe3 TeJo
gyenoBeka. C pocTOM BpeMeHHM MPOTEKaHHWsS TOKA YMEHBIIAETCS COMPOTHBICHUE
Tena 4YeloBeKa (a 3HAYUT, pacTeT TOK), HAKAIUIMBAIOTCS OTpHIATeIbHbIC
TIOCIIEACTBHSI BO3/ICHCTBHUS TOKA Ha OpTaHM3M.

Okpyxaromiasi cpena (BIaXHOCTh M TemIepaTypa BO3Ayxa, HaJlU4uue
3a3¢MJICHHBIX METAJUTMYECKUX KOHCTPYKIHW M TOJIOB, TOKOIPOBOAIICH MBUTH U
Ip.) OKa3bIBaeT JIOIMOJIHUTEIbHOE BIHMSHHUE Ha YCIOBHS 3JIEKTPOOE30MacHOCTH.
CremneHp MOpakeHUs NIEKTPUIECKUM TOKOM BO MHOTOM 3aBHCHT OT IIJIOTHOCTH U
TUTOIIA/IA KOHTAKTA YeJlOBeKa C TOKOBEAYIIIMMH YaCTSIMH.

Cormacio I'OCT 12.1.038 — 92, ycraHOBIEHbl NpeneNbHO AOMYCTUMBIE
3HAYEHUsS] TOKOB, MPOXOJAIINX Yepe3 uejoBeKa MpH HOPMaJIbHOM W aBapUHOM

pexuMax paboThl AJIEKTPOYCTaHOBOK.

Pox | Hopm. IIpomomKuTeIrHOCTD JeUCTBUS, CEK.

TOKa Bell.

0110270304 ]05/06]07]08]09]1.0)>10

I'm | I,MA | 500 | 250 | 165 | 125 | 100 | 85 | 70 | 65 | 55 | 50 6

I,MA | 500 | 400 | 350 | 300 | 250 | 240 | 230 | 220 | 210 | 200 | 15
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[To HampsbKeHUIO JEKTPOYCTAHOBKM M CETH MOAPA3JEISIOT HAa JABE TPYMIIBL:
HanpsoxkenreM 10 1000 B u Boiie [45].

Pabota B pelcTByIOIIMX »3IEKTPOYCTAaHOBKAX IO MepaM 0e30MacHOCTH
pa3OuBaroOT Ha 4 KaTeropuu:

1. BeimonHsieMble MPY MOJHOM CHSITUU HANPSHKEHUS;

2. Ilpn 4aCTUYHOM CHSATUM HANPSIKEHUS;

3. be3 cHATUA HanpshKeHWs BOJIU3U U HA TOKOBEAYIIUX YaCTAX;

4. be3 CcHATHS HaNpsHKEHUS] BAATHA OT TOKOBEIYLIMX YacTel, HAXOASAIIUXCS MO

HaNpsKEHUEM.

[To ycioBusiM 31eKTpobe30nacHOCTH MPUOOpP, pa3pabOTaHHBIA B AUTLIIOMHOM
MPOEKTe, OTHOCUTCS K KaTeropuu YCTaHOBOK, pabOTAlOIIUX C HANpsiKEHUEM 0
1000 B.

[TpuGop oTHOCUTCS K 1 Kilaccy 3JIEKTPOYCTaHOBOK, TaK Kak MMeeT padouyro
m3ossinuio (B coorBercTBUM ¢ ['OCT 12.1.009 — 92) u mecto mis 3a3emJieHUs.
be3onacHocTh AKCIUTyaTaluu npu HOpPMallbHOM  peXuMe  paboThl
3JIEKTPOYCTAaHOBKHU oOecrneurBaeTcsl CeIyIOINMU 3allIUTHBIMU MEpaMu:

1. IlpuMeHeHuMe U30JALUH;

2. HenocTynmHOCTh TOKOBEIYIINX YaCTeH;

3. IlpumeHeHne ManbIX HAIPSIKEHNN;

4. V3onsuus 3JIeKTPUYECKUX YacTel OT 3eMIIH.

OCHOBHBIMM TEXHUYECKMMHU CIOCOOaMU 3alllUThl YeJIOBEKa OT IMOPaXeHUs
3JIEKTPUUECKUM TOKOM SIBJISIFOTCSI:

- 3allATHOE 3a3eMJICHUE;

- 3aHyJIeHUE;

- 3alMTHOE OTKIIFOUYEHHUE.

Y4uThiBasi, 4TO y HAC UCTONB3yeTcs 3-Xda3Has 4-XMpOBOIHAS CETh C TIIyXO-
3a3eMJICHHOW HeNTpasibio, HEOOXOIUMO 3aHyJICHUE.

3aHylleHMe — TMpeJHAMEPEHHOE »>JIEKTPUYECKOE COEAUHEHHE C HYJIEBBIM
3alIUTHBIM MPOBOJAHUKOM META/NIMYECKUX TOKOBEAYILIUX YacTel, KOTOpPble MOTYT

0Ka3aTbCA IO HAIIPSAKCHUEM.
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HyneBoli 3aliuTHBIN NMPOBOJHUK — NPOBOJHMK, COCAUHSIOIIMN 3aHYJIECHHBIE
YACTHU C IIIyX0-3a3€MJICHHOU HEUTPATbHON TOYKOMA.

3ajavya 3aHyJeHUsI — CHUKEHUWE ONACHOCTH MOpa)XXeHUs JIOJed TOKOM IpHU
3aMbBIKaHUU Ha KOPILYC IIyTEM YMEHBIIECHUS JJIUTEIbHOCTH aBapUUHOI0 pexrMa.

IlpuHuun nedcTBUs 3aHyJIEHUS — MpPEeBpalleHWe 3aMblKaHUs Ha KOPIYyC B
onHO(a3zHOe KOPOTKOE 3aMbIKaHUE, CIOcoOHOe obecneunTh cpabaTbiBaHUE
3al0UTHI, U, TEM CaMbIM, OTKJIFOUMTH ITOBPEXKIEHHYIO YCTAaHOBKY OT IHUTAIOLIEU
CeTu.

[Ipy KOpOTKOM 3aMBIKaHMM JHOO CropaeT MpenoXpaHHUTeNb, JHOO

cpabaThIBaeT aBToMar [44].

Pacuer 3aHy/1eHusI

PacueT 3anHyneHuss nMeeT LEIBIO OMPENEIUTH YCIOBUS, NMPU KOTOPHIX OHO
HAJEeKHO BBINIOJIHAET BO3JIOKEHHBIE HA HEro 3aJayd — OBICTPO OTKIIOYAeT
MOBPEXICHHYIO YCTAaHOBKY OT CETH M B TO K€ BpeMsl o0ecreunBaeT 0e301MacHOCTb
IPUKOCHOBEHUS YeJIOBeKa K 3aHyJIEHHOMY KOPITyCY B aBapUHHBINA IEPUOJ.

a) Pacuer Ha oTKIIIOYAOIIYIO CTIOCOOHOCTH

[Ipu 3amblkaHuu (a3pl Ha 3aHYJEHHBIH KOPITyC 3JeKTPOYCTaHOBKa
aBTOMATUYECKH OTKIIIOUUTCS, €CIIM 3HauyeHHWe TOoKa OJHO(A3HOTO KOPOTKOTO
3aMbIKaHUS [ , yIOBIETBOPSET YCIOBHIO

Iy 2kl
1,,5,, — HOMUHAJIbHBIN TOK TIAaBKOM BCTAaBKH MPeIOXPaHUTENS,
k — k03P GUIIUEHT KPaTHOCTH TOKa.

Tak kak YCTAaHOBKA 3allIUIIACTCA INIAaBKUMU IIPCAOXPAHUTECIIAMU, IIPUHUMACM

U, — da3Hoe HanpsikeHue,
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Z7,Z¢ ,Zu5 — NIOJHBIE CONPOTHBIEHUs TpaHcdopmaTopa, Gpa3HOro NPOBOJIHUKA,
HYJIEBOT'O 3aIlIMTHOTO IMPOBOJHUKA COOTBETCTBEHHO.

Heob6xoaumo, 4To0sl z,, ; <2z .

B kauyecTBe HyJIEBBIX 3allIUTHBIX MPOBOJHUKOB PEKOMEHIYETCS MPUMEHSTH
rojibie WU HM30JIMPOBAaHHBIE TPOBOJHHUKH, a TaKXKe pa3InyHble METATMYeCKUe
KOHCTPYKIIUU 3JaHHUM, IMOJKPAHOBBIE IYTH, CTAJbHBIE TPYOBI 3JIEKTPOIPOBOIOK,

TpyOONPOBOBI U T. M.
z
IIpunanmaeM, yto ~L+z, +z,, =0.2 OM, IO3TOMY IOJIYYHUM
3 @ H.3.

<20 _366 A.
3-0.2

HOM

6) Pacuer conpoTuBneHus 3a3eMJIeHUs] HEUTpalln
ConpoTuBieHye 3a3eMIIeHNs HEeHTpajdud HUCTOYHMKA TOKa 7, , JOJKHO OBIThH
TakKUM, 4YTOObl B Ciy4yae 3aMbIKaHUsl Kakoil 6o ¢a3pl Ha 3emilto 4depes
COTPOTUBIIEHUE 75, HaNpsDKEHWe, TOJ KOTOPhIM  OKaXEeTCS  YelOBeK,
NPUKOCHYBIIMHCS K 3aHYJIEHHOMY KOPITyCY WJIM K HyJIEBOMY 3allUTHOMY IPOBOIY
HEMOCPEACTBEHHO, HE TIPEeBBIIIANI0 HEKOTOPOro JIOMYCTUMOTO HAMpsKEHUS
NPUKOCHOBEHUS U,y gon :
U040, SU, o0 s

U, =1 r, - HallpsbKeHHe 3aHyJIEHHOTO KOPITyca OTHOCUTENBHO 3eMJIH,

I, - TOK 3aMBIKaHUS Ha 3eMJIIO.

Paccmotpum Hambosee onacHbIf ciryyai:

- o, =1- yenoBek, Kacasich 3aHYyJIEHHOTO KOpITyca, HaXOIUTCS 3a MpeaesiaMu

30HBI PACTCKAHHWA TOKA 3aMbIKaHUS Ha 3€MIITO;

- O, =1- COIMPOTUBJICHUE PACTCKAHUIO HOI' YCJIOBCKA HCE3HAYHUTCIIBHO IIO0

CPaBHEHUIO C COMMPOTUBJICHUEM TeJa YEJIOBEKa;
- B CETHM OTCYTCTBYIOT TIOBTOPHBIE 3a3€MJIEHHS HYJEBOIO 3alUTHOIO
MPOBOJIHUKA.

Torma
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OTKyJa

U

np.oon

r,<r, Ud, U

np.oon

[To ycnoBusim 0e30MacHOCTHM MPUKOCHOBEHHUSI K 3aHYJEHHBIM KOpIlycam B
IIEpUOJ] CyILECTBOBAaHMs 3aMbIKaHUs (a3bl HA 3eMIIO 75, U U,y pon JOJDKHBI OBITH
BO3MOXXHO MeHblero 3HaueHus. [loatomy npunumaem r,, = 15 Om.

[TockonbKy TIpu 3aMbIKaHWH (a3bl HAa 3eMJIF0 YCTAaHOBKA aBTOMATHYECKH, KaK
MpPaBUJIO, HE OTKIIOYMTCS W 3aHyJCHHBIH Kopmyc OyneT IUTeIbHOE BpeMs
HaxXOAUThCA TOJ] HaMpsHKEHUeM U, mnpuHMMaeM JJIUTEIbHO JOIYCTUMOE
HanpsKeHue NPUKOCHOBEHUS U, oon = 42 B [44].

IIpu 3THX ycnoBusx r, =3.54 Owm.
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11. 3aKJII0YeHue

B pesynbTaTe BhINMOIHEHHOW paboThl ObUTa coOpaHa cucTeMa OXJIaXIEHUS,
HO3BOJISIONAs OXIaguTh Qoroauon 10 —58 °C M ¢ NOMOUIBIO CHCTEMBI
ABTOMATHUYECKOTO peryJMpOBaHUsl YCTaHABIMBATh M CTaOWJIU3UPOBATH €€ C
tounocteto 0.1 °C. Takoe 3HaueHHe TeMIeEpaTypbl B CHCTEME JIOCTHIAETCS C
MOMOILIBIO MCIOJIb30BaHMs 3JIeMEeHTOB [lenbThe U 3aMKHYTOro KOHTYpa BOJSHOTO
OXJIAXKICHUS.

B xome mpoBeneHHOW paOOThl OBUIM PacCMOTpPEHbl IpPEerMMyIlecTBa
TEPMOAJIEKTPUUECKUX  MOJyJed mepel JAPYrMMH  BHAAMU  OXJIQXIEHUS,
pa3zpaboTaHbl U cCOOpaHbl TPU Pa3TUUHbIE 1O CIOCO0Y OTBOJA TeIjla KOHCTPYKLIUU
cuctembl oxjaxaeHus. [lo pesynpTaTam 3KkcepuMeHTOB ObLTa BHIOpaHa JTydINas.
[Ipu pazpaboTke oxnanuTenss ObUTM BBIOpPaHBl MOJAENU TEPMODIIEKTPUUECKUX
MOJyJieH, KOJIMYECTBO MX CTyNeHed M MOILIHOCTb. bpUTM mpoBeneHbl U3MepeHus
napamMeTpoB OXJaJWUTeNss W HalJeHbl ONTUMalibHble pabouue pexumbl. Takxke
ObLTM TPOAHATM3UPOBAHBI CMOCOOBI M3MEpPEeHHs TeMmIepaTypbl H BbIOpaH
TETJIOU30JIMPYIOLMI MaTeprall.

Cnenyromum sTanoM B paboTe ObUIM TPOBENEHbI TEOPETUYECKHE pPaCUeThI
CAP TtemnepaTypbl, CHATHl AKCHEPUMEHTAJbHbIE XAPAKTEPUCTUKHU MEPEXOIHBIX
npoteccos, Mo koTopeiM CAP 6bli1a HacTpoeHa.

[Tocne nactpoiiku CAP Obuin mpou3BeneHbl MpPaKTUYECKHWE H3MEpPEeHHUs U
NOCTPOEHBbl TpaUKH MEePEeXOJHbIX IMPOLECCOB MPU HU3MEHEHUH MapaMeTpoB
CUCTEMBbI PeryJMupOBaHMUs.

B nanbHeiieM npezacTaBisieTcs 1enecoodpa3HbiM ycoBepiueHctBoBaTh CAP u
BBITIOJTHUTh €€ Ha MUKPOKOHTposuiepe. Takoe pelieHWe MO3BOJIUT JIETKO
YCTAHOBUTH pa3jIMYHbIe MOCTOSHHBIE BPEMEHHM [JIs HarpeBa M oxJaxaeHus. Uto
JIOJDKHO ~ COKpaTUTh BpeMsl yCTaHOBJIeHUs Temrieparypbl. Jlius yaobcTBa
yIIpaBJIeHUS €€ MOKHO ClIeNIaTh CONMPSIKEHHOM ¢ MepCOHAIbHBIM KOMITBIOTEPOM.

B pesynbrate paboThl MO KBAHTOBOM Kpunrtorpaduud ObIJIO HalKUCaHO

COOTBECTCTBYIOILIIECEC IIPOTpaMMHOC obecrieueHue u peieHa 3agada Iepeaadu
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KJtoua ¢ nocieayrowmum BerunciaeHueM QBER. Takke Obuta HamucaHa mporpamma
JUIsi  OJIOKUPOBKHM  COMPOBOXKJIAIOIIMX HWMITYJIbCOB CHUTHaida, HO B CBSI3H C
HECTaOUIIBHOCTBIO pabOThl YCTAHOBKM pe3ylbTaT ee paboThl OBLIO CII0XKHO
olleHUTh. B xoze paboThl Tak)Ke MPOU3BOAMIACH HACTPOHKA KaK 3JIEKTPOHHOM, TaK
Y OIITUYECKOU YacTe yCTaHOBKHU.

3nauenne QBER ynoBieTBopsieT mocTaBieHHOW 3aaye M B JydlIeM cllydae
coctaBisier 4%. IlpaBma cucrema paborana HecTaOWIbHO, W €ro 3HayeHUe
baykryupoBaio oT 4 mo 13%. Takas paborta Obla BhI3BaHA HEUICATHHOCTHIO
YaCTU ONTUYECKUX U JJIEKTPOHHBIX KOMIIOHEHTOB, KOTOpbIE AJISI JalbHEeUIINX
YCOBEPILIEHCTBOBAHUM YCTaHOBKM OyleT HeoOXOJuMO 3aMeHUTh. Takke CTOUT
OTMETHUTH, YTO BO BpeMs SKCIIEPUMEHTOB YHCIIO (J)OTOHOB B MMITYJIbCE Ha BXOJZE B
JUHUIO TIepesiadu ObUIO JTOBOJBHO OOJBIIKMM (5 (GOTOHOB Ha MUMITYJLC). [ToaToMy
MpU TaKUX YCJIOBHUSAX MbI Obl HE CMOIJIM M3BJeYb KoY. YUTOOBI 3TO clenatsb,
HEOOXOMMO YMEHBITUTh Ynuciio GoToHOB B mmmyibece 0 0.2, uto obecreunt
CEKpPETHOCTh. JTO 03HAYAET, YTO MBI JOJIKHBI OCTA0UTH Ja3epHble UMIYJLCHI B 25
pa3, HO B 3TOM CiIy4ae BUIHOCTh WHTeP(EPEHIIMOHHBIX KPUBBIX OYIET TUIOXOH.
Takum 06pazom, 37ech TaKkKe HeOOXOUMO YIYUILIUTh apaMeTpbl YyCTaHOBKHU.

[lpu nanbHeiimeit pabore ¢ 3TON YCTAaHOBKOW IUIAHMPYETCS OCYIIECTBIICHUE
U3BJICUEHUSI CEKPETHOIro KJtoua W yBeJIWYEeHHEe JJIMHBI JIMHUU Tepelladyd MexXIy

O6H_[aIOH_[I/IMI/IC5[ CTOpPpOHaMU.
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[puao:xkenune 6 (Appendix 6)
Semiconductor laser Fujitsu FLD3F6CX

ENEREPRESENTANT FOR NORG=
ODD TVEDT & CO 7/~

Damsgardsvei 59 « 5057 Barc

TH.:555983¢80«Fax555325:

TEST DATA

FUIITSU LIHITED

1015 Kamikodanaka Nakaharaku Kawasaki 211 JAPAN
Cable "FUJITSU LIMITED KAWASAKI" Telephon : Kawasaki)O44-T77-i111

Telex(Kawasaki) (3842) 122 telefax 044-755-3113
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ENEHEPRESENTANT FOR NORGE
ODD TVEDT & CO A/=

Damsgardsvei 59 » 5037 Berccn

1. P_RECAUT[ONS FOR LASER DIODE TH.: 55599890« Fax5559 83 7~
L= ey o Sided ety Precautions‘
FLD3FBCX

laser diode module emits invisible infrared eléctroﬁagnetic radiation which
is harmful to eyes. The radiation may by of sufficient intensity to caﬁse insfantanéous damage to the
‘retina of the eye, if viewed at close range. In viewing the laser beam, an infrared-to-visible convert-
er, such as fluorescent screen or TV camera with an image tube is recommended. A "Warning Label";én "A-

perture Label” which depicts laser radiation and direction and a."Certification and Identification Labe-

1" are attached to the individual laser diode container (Figs. A,B and ().

/ Fig. A Warning Label 3 Fig. B Aperture Label Fig. C Certification and
- Identification Label
[ P Te FUJITSU LIMITED
mW TR Canm:ﬂm@waslmm
6=, Marasachi 1-chea, Chiyada-to, Tokye 100, Japan
AVOIO EXPOSUNE -~ Laser TYPE N0, :
] invitible radiation is emiticd g e il
iRkt Decoine o e from it sperture. OTE OF MATUFACIURE
MONTH :
OUTPUT POWER mW YEAR :
WAVELENGTH . MANUFACTURED IN JAPAN
CLASS W b LASER This product compllies with DHHS
E! Standards 21 CFR 1040.10 and 104011 |
- 4 —
. Lo ]
: AVOIO EXPOSURE - Laser in.
vitible radiation is emitted lrom
|h:|‘an:nu'e.
=22 Handling precautions

Thermal precautions

Operation of a laser diode at temperatures higher than specified (Top MAX.) will cause a rapid
degradation. The device must be mounted onto a good heatsink such a copper or aluminum. The radiant a-

rea of the heatsink must be larger than 100 cm? .
The device may be soldered into a circuit only after proper mounting of_the header to an approp—

riate heatsink. Soldering time should be less than 10 seconds at below 260 deg.C(Tc less than 250 deg.C).

Mechanical precautions

The attached fiber should be handled very carefully,do not twist nor exceed a pull force of gre-
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ENEREPRESENTANT FOR NORG=

ODD TVEDT & CO A/3

Damsgardsvei 59 « 5037 Bergon
TI:.: 55 59 98 90 » Fax 55 59 8323
ater than 500 g.f. (5N,case to fiber),or a bending radiusof less than 20 mm.
The device should be mounted onto a heatsink block having a surface flatness of less than 50 um

using M2.0 screws with a torque less than 1.5 kg.f.cm.

Elliefcit . ifcia 1/ pir eicraiu't™i o.n's

To protect the device against electrostatic damage during transportation, lead pins are shorted
by electrically condu'ctive material. In taking the device out of the case,app'ropriate handling precaut-
ions against electrostatic damage must be taken.

Surge current in the forward or reverse direction may damage the diode. Use of a regulated pow-

supply,a 10 to 20 ohm current limiting resistor,and a negative surge absorbing diode is preferred (F-

i.b). A constant current power supply is not recommended because it often generates destructive curre-
nt surges when it is switched on or off. The current lebel must be at zero before switching the supply
on or off.

Stability of the optical output power from the laser diode is affected by the fluctuations in c-
ase temperature and the driving current. Optical output power may increase over the absolute maximum Is
atings as the device junction temperature is reduced. To ayoid damaging the device at lower temperatur-
e and to achieve stable operation,an automatic output Mr control (APC) circuit is recommended. This
is easily obtained by using the monitoring beam feedback or current signal from the diode to control th-

e driving current supply.

FigeD Surge Protection Circuit

S, DC-PS SW "~ DC-PS : Constant valtage power
R supply
O—O/O O/O—Wv ( output adjustable )

SH; : Power switch
R2 Sz : Output switch
AC Line g D LD Ry  : Resistor
relavs 7 c ( Forward current
limiter-20Q )
R2 : Resistor
O— I ( Surge absorber-209 )
C : Capacitor
T ( Surge absorber-1 F)
D : Diode
: ( Reverse voltage
L limiter-1S2070 )
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CIND

REPRESENTANT FORNORTT]
ODD TVEDT & CO A/3

17.24
15.24 Damsgardsvei 59 » 5037 Bergen
14-0.5 2. 5;» £0.3 TI%: 5559 98 90 « Fax 55 59 93 03
4
PIN7 PIN 1 14—0.1_5.41
g N O I~ N
1 / 1 o o v
RS W D it S
f 7]
A 7 ] D = -
«2 1 '-*\
o | \ o
: \ . 0:5
20.83 N 4— 62,67 1.70
ping/| | 22.0 \PIN 14 8.17
26.04
29.97
*Note) Plgtoil length (L)
ecified in
o ihe detmf(mdmduol)
specification,if it is special.
23 L=1500min. for standard.
13 l
| l
y
r e o = > Po
T i T
PIN DESIGNATIONS
TOP VIEW 1. TEMPERATURE MONITOR
76543 2 1 2. TEMPERATURE MONITOR
i 3. LASER DC BIAS (—) ,
? Tl T 4. MONITOR (ANODE) 7
@ 5. MONITOR (CATHODE)
(TeC) 6. TEHP (+) J
7. TEHP (=)
@L] l 1 S - 8. GROUND
2 9. GROUND
L’.__A_‘ 10.N.C.
| 1 1. LASER GROUND
(L 12. LASER MODULATION (=)
000 1 3. GROUND
8 9 10 1112 13 14 14,N.C.
(Preliminary) Non-limited dimensions tolerance shall be as follows.
Langth 0.2~0.5 ~ 30 ~120 ~ 300
Diameter +0.1 +0.2 +0.3 +0.5
Chamfer 0.2 ~0.4 ~1.0 ~5.0 ~10.0
all dimensions in mm Radius +0.1 +0.2 £0.3 +0.5
" CXPKG WO./CON.
DRAW.NO. CcUST.
FLD—-DRO27
DATE DESIG CHECK DESCRIPTION \y ¥
oesis. | 23-09:-2]| X, aski|oreck| F 5 omba | aper. []. Ko &,U“”TSU LIMITED § ’/f
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ENEREPRESENTANT FOR NORG"™
ODD TVEDT & CO A/

Damsgardsvei 59 » 5037 Berc: -
TH.: 555998 90 « Fax 55 59 25 .

Sample No . ES-1028 FLD3FG6CX Date ; 97/06/18
Tested by ; Qmﬂ/
Approved by M&/@
IF-Pf, Im %
/Lln-PF /-IF-PF
0%“7/*“%\
/ //
WY/
0 20 40 60 IF(nR)
0.0 0.4 0.8 1.2 In{nR)
[TEM CONDITIONS (25deg. () LIMIT VALUE |[UNIT
Threshold Current [th] CW 4~ 20 8.7| uwA
Slope Efficiency S| CW,Pf=2ul 0.05~0.083] 0.063] W/A
Monitor Current (Im| CW,Pf=2uW 0.1~ 1.0 342 wA
Peak Wavelength Ap| Note.l 1290~ 1330[€1309.3D nu
Thermistor Resistance Rth| TLD=25 degC 9.5 10.5 10.3] KQ
Note.1 Ipp=30uA,2.5Gb/s,NRZ,PRBS, I[b=0.81th :

CAUTION ! Use of control or adjustuent or performance of procedures
other than those specified herein may result in hazardous radiation exposure.
FUJITSU LIMITED
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Curves:

1 (Blue) — synchronization pulses 10 MHz; the output of DatapulselO1
generator is connected to the oscilloscope using 1.12 m long cable and 9 dB
attenuator;

2 (Red) — master clock generator signal 20 MHz; the signal was measured after
the Distribution buffer at “Box 3 out” output, using 1.50 m long cable;

3 (Green) — pulses for the laser 10 MHz; the output of EH129 generator is
connected to the oscilloscope using 1.12 m long cable and 20 dB attenuator;

4 (Magenta) — gate pulses 20 MHz; the output of AVITECH generator is
connected to the oscilloscope using 1.20 m long cable and 18 dB attenuator;

This image was obtained using Tektronix TDS 7104 Digital Phosphor

Oscilloscope.
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