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Pedepar
Ortuer 84 c., 2 4., 4 ipui., 16 puc., 12 UCTOYHUKOB.

I'EHEPATOPHI TEPAT'EPIIOBOI'O U3JIVUHEHUA HA MACCUBAX
JOKO3EDPCOHOBCKHNX KOHTAKTOB

KutoueBble cjioBa: 1x03e()COHOBCKHI KOHTAKT, T€HEPAlUs, Teparepibl, 00JJOMETp Ha FOpSUNX

AJIEKTPOHAX

B oryere mnpencraBieHbl pe3yJbTaThl HCCIENOBAaHUM, BBIMOJHEHHBIX IO 2 3Tamy
I'ocynapctBennoro kontpakta Ne 14.740.11.0889 "I'enepaTopbl TeparepiioBoro M3JIy4eHUs Ha
MaccuBax JKo3e(pCcOHOBCKUX KOHTakToB" oT 23 mapta 2011 B pamkax ¢enepaabHON IeneBon
nporpaMmmsel "HayuHble M Hay4HO-Ilearoruyeckue Kajapbsl MHHOBanMoHHOW Poccun" na 2009-
2013 roggl.

ens pabotel — Llens HacToOsIIEH pabOTHl COCTOUT B UCIIOJIB30BAHUH OIBITA U HABBIKOB
A.Zl.CemeHOBa, W3BECTHOIO CIELHAINACTa B MCCIEIOBAHUU W3IYUYEHUS TepareploBOro
JUarna3oHa BOJH U, B YaCTHOCTH, CBEPXIPOBOJTHUKOBLIX OOJIOMETPOB HA XOJIOAHBIX M TOPSUNX
SJIEKTPOHAX, [JIsi Pa3BUTUS JaHHOrO HaywyHoro HampaBiaeHuss B MUDOM PAH. Jlnga storo
IpearnoyiaraeTcd  MPOBENEHUE  MCCIEAOBAaHUN  TepareploBOr0  H3JIYYEHHS  MAacCUBOB
JOK03e()COHOBCKUX KOHTAKTOB W CO3JaHME MakKeTa NpPHEMHHKa Ha OCHOBE OolioMeTpa Ha
ropsiuMx dJEeKTpoHax Mo pykoBojacTBoM A. JI. CemeHOBa M MpU €ro HEMOCPEICTBEHHOM
y4acTHUH.

Ha BTopom »sTame mpoexkta HamMu ObUT NPOBENEHBI HCCIEAOBaHWE U MOIUUKAIUS
TEXHOJIOTUM HW3TOTOBJICHHUSI MHOTOKOHTAKTHBIX JK03€(DCOHOBCKUX CTPYKTYp Ha OCHOBE Kak
BBICOKOTEMIIEPATYpHbIX  cBepxnpoBoaHukoB (BTCII), Tak u  HU3KOTEMIEpaTypHBIX
CBEPXIPOBOJHUKOB (HHOOUWs). brplma mpoBemeHa pa3paboTka TOIMOJOTHH OCHWJUIATOpPA Ha
JKO3e()COHOBCKHMX KOHTAKTaX, HCCIEAOBaHA 3aBHCHUMOCTh B3aWMHOM CHHXPOHHU3ALUU OT
TOTOJIOTMM W BBIOpPAaH ONTHUMAJBHBIN JW3aiiH cxeMbl. Ha oOcHOBe 3THX HCCIeAOBaHUN H
MPOBEJICHHBIX PacuyeToB ObLT pa3paboTaH W HM3TOTOBIEH KOMIUIEKTOB (POTOMIA0IOHOB. bbul
UCTIIBITAaH TICPBBI BapHaHT CXEM Ha OCHOBE HHUOOHMS W MOJEPHHU3MPOBAHA TEXHOJIOTHS
usrotoBienus cxem n3 BTCII. Ha stom srtame 3aBeprieHa pa3zpaboTka MepBOil BEpCHUU CTEHJIA
JUIST M3MEPEHUN W3Iy4deHHS W3 JKO3e(COHOBCKHMX KOHTAaKTOB Ha dactotax no 0.5 TIm.
Pa3zpaborana npueMHas aHTEHHA JIJIsl KBa3HOIITUYECKOTO AeTeKTopa Ha ocHoBe auoja [lloTTku, a
Takke ObUIO  TPOBENEHO  HWCCIEJOBAaHME  TE€TePOJUHHOTO  TNpPHEMHHKa Ha  0ase

CTPOOOCKOMUYECKOTO MTpeodpa3oBaTesiss MM Juara3oHa BojH Ha yactotax 10 0.5 TIm.



ITo pe3ynpraTaM HcCClieIOBaHWN MOATOTOBJIEH HAYYHO-TEXHHUUYECKWMU oTueT mo Il sramy, a
Takke ObLTH OMyOJMKOBAHbI 3 CTAaThbHU B BHICOKOPEHTHHIOBBIX KYpHAJaX U CAeNaHO 2 CeMHUHapa

pykoBonuteneM npoekra A. JI. CeMeHOBBIM IO TeMe paboThI.
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1. UccaenoBanne u Moaupukanus TeXHOJIOTMH U3TOTOBJIEHUSI MHOTOKOHTAKTHBIX
17K03e()COHOBCKHMX CTPYKTYP.

1.1 Beenenue.

1.2 Pa3paboTKka TOMOJOTUH OCIUJUISITOPA Ha HKO3€(PCOHOBCKUX KOHTAKTaX.

1.3 Pa3paboTka KOMIUIEKTOB (OTOIIA0JIOHOB HA OCHOBE MPOBEACHHBIX PACUYETOB.

1.4 UzroroBiieHEe MAaCCHBOB J)KO3€()COHOBCKMX KOHTAKTOB.
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2. PazpaboTka cTeHaa 1jisi M3MepPeHUil U3JIy4eHUs U3 1:K03e()COHOBCKUX KOHTAKTOB
Ha yactoTtax 10 0.5 TT'u.

2.1 Pa3paboTka mpueMHOW aHTEHHBI 7Sl CO3aHUS KBAa3HMONTHYECKOTO NETEKTOpa Ha

ocHoBe nuona IllorTku.

2.2 HccnenoBaHwe TeTEPOJMHHOTO TMPUEMHHMKAa Ha 0a3e CTpPOOOCKOMHMYECKOTO

npeoOpaszoBaTeisi MM quarna3oHa BoiH Ha 9actoTax f0 0.5 TT'y
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O6o3HaueHns U COKpaIIEHUsI
1. HM — HaHOMETp
MKM - MUKPOMETP
CII — cBepxmpoBoAsIIUI
TI'n - Teparepu
CBUY — cBepXBBICOKHE YaCTOTHI

BAX — BonpT-amnepHas XapakTepHCTHKa

NS kR D

BTCII — BeicOKOTEMITEpATYPHBIN CBEPXIPOBOTHUK

B TekcTe oTuera Bce pu3nUecKue BETUUYUHBI TPUBECHBI B cucteme enunut] CHU.



BBenenune

B oruere mnpencraBineHbl pe3yabTaThl MCCIEAOBAHUW, BBIINOJHEHHBIX 10 2 3Taly
l'ocynapcrBennoro xontpakra Ne 14.740.11.0889 "I'enepaTopsl TepareploBoro M3iaydyeHHUs Ha
MaccuBax JK03e(COHOBCKHMX KOHTAkTOB" oT 23 mapta 2011 B pamkax ¢enepanbHON 1eIeBOH
nporpammbl "HayuHble U HaydyHO-TI€arornyeckue Kajapbl MHHOBaUMOHHOW Poccuu" na 2009-
2013 roapl.

Lens paboter — llens HacTosmIel pabOThI COCTOWT B WCIOJIL30BAHUU ONBITA U HABBHIKOB
A.JI.CeMeHOBa, W3BECTHOIO CIEIMAJIUCTa B HCCIEIOBAHUW M3IYYCHUS TEParepuoBoro
JUarna3oHa BOJH U, B YaCTHOCTH, CBEPXIIPOBOJHUKOBBIX OOJIOMETPOB Ha XOJIOAHBIX U TOPSUMX
NIEKTPOHAX, [Js Pa3BUTHUsI JAaHHOrOo HayyHoro HampasieHus B MOM PAH. Jlns storo
NpeAnojaraeTcsi  MPOBEICHHE  MCCIENOBAaHUM  TEparepluoBOro  HM3JIYyYE€HHUS  MAcCCHUBOB
JKO3e()COHOBCKHMX KOHTAKTOB M CO3JaHME MakeTa IpHEMHHKa Ha OCHOBe OoJioMeTpa Ha
ropstdMx dJIEKTpoHax moj pykoBoAcTBOM A. [[. CemeHOBa M NpU €ro HEMOCPEACTBEHHOM
YYaCTHH.

Ha BropoM sTamne mpoekta Hamu ObUT POBEACHBI UCCIIEIOBAaHNE U MOAU(DHUKAIUSL
TEXHOJIOTUM HW3TOTOBJICHHUSI MHOTOKOHTAKTHBIX JK03€(DCOHOBCKUX CTPYKTYp Ha OCHOBE Kak
BBICOKOTEMIIEpaTypHbIX  cBepxmnpoBoguukoB (BTCII), Tak w©  HU3KOTEMIEpaTypHBIX
CBEpXIIPOBOAHUKOB (HHOOWs). bputa mpoBeneHa pa3pabOTKa TOIMONOTHH OCHUJUIATOpa Ha
JOKO3€()COHOBCKUX KOHTAKTaX, MCCIEAOBaHA 3aBHCHUMOCTh B3aUMHON CHHXPOHHU3AIUUA OT
TOTOJIOTMM W BBIOpPAaH ONTHUMAJBHBIM JW3aiiH cxeMbl. Ha oOcHOBe 3THX HCCIeAOBaHUN W
MPOBEICHHBIX pPAacYeTOB ObUT pa3pabOTaH W M3TOTOBJEH KOMIUIEKTOB (HOTOMIA0JIOHOB. bbbl
UCIIBITAaH TICPBBIA BapuUaHT CXEM Ha OCHOBE HHUOOHMS W MOJEPHHU3MPOBAHA TEXHOJIOTHS
usrorosnenus cxem u3 BTCII. Ha stom stame 3aBepiieHa pa3paboTka NepBO BEpCHH CTEHAA
JUIST M3MEPEHUN W3IY4eHHS W3 JDKO3e(COHOBCKHMX KOHTAaKTOB Ha dactotax no 0.5 TIm.
Pa3zpaborana nprueMHasi aHTeHHA JUIsl KBa3UONTHUECKOTO JIeTeKTopa Ha ocHoBe Anoja IllorTku, a
Takke ObUIO  TPOBENEHO  HWCCIEJOBAaHME  TE€TePOJUHHOTO  TNpPHEMHHMKa Ha  0ase

CTPOOOCKOMUYIECKOTO0 MPeodpa3oBarTeisi MM Juana3oHa BoiaH Ha yactoTtax jo 0.5 TTm.



1. UccaenoBanne u MOAU(PUKANMS TEXHOJOTHMH H3NOTOBJEHHS MHOTOKOHTAKTHBIX
AxK03e(PCOHOBCKHX CTPYKTYP Ha OCHOBe KaK BBICOKOTEMIIEPATYPHBIX
ceepxnpoBoaunkoB (BTCII), Tak #u HU3KOTEeMNEPATYPHBIX CBEPXINPOBOIHMKOB

(HuoOMSI).
1.1. BBenenue.

B macrosimem otdere OyAayT KpaTKO PacCMOTPEHBI Pe3yibTaThl MO HCCIIEIOBAHUIO
MHOTOKOHTAKTHBIX  JKO3E()COHOBCKHX CTPYKTYp Ha OCHOBE BBICOKOTEMIEPATYPHBIX U
HU3KOTEMIIEPATYPHBIX CBEPXIPOBOIHUKOB. B kadecTBe mxo3edcoHOBCKUX KOHTAkTOB u3 BTCII
B paboTe HMCHOJb30BAIHCH OUKPUCTAIIMYECKHE KOHTAKThl, M3TOTOBJICHHBIC HA TOJIOKKAX W3
OKHCH IMPKOHMUSI, CTAOUIU3UPOBAHHON UTTpHeM. HuoOueBwie Mx03e()COHOBCKHE KOHTAKTHI U
MacCHBbl M3 HHX wu3roraBnuBaiuch B @Dusnko-Texnuueckom HWMHcTuryTe, bpayHmBaiir,

I'epmanus B pamkax A0roBopa 0 COTPYIHUYECTBE.
1.2 Pa3pa6oTka TONOJOruM OCUMISITOPA HA J1K03e(PCOHOBCKUX KOHTAKTAX
Pabotel Mo uccnenoBaHuio 1K03e(h)COHOBCKOTO M3JIYUEHHUs B HAIICH TpyNIe HAYAIHCh C

PEruCcTpalvi MH3JIYUYCHUA H3 MAaCCUBOB 6HKpHCT&HHquCKHX KOHTAKTOB, H3T'OTOBJICHHBIX Ha

MO/JTOKKAX M3 OKUCH IUPKOHUS, CTA0OMIM3NPOBAaHHON UTTpreM [1].

/ E a=90 \

!l

I

Pucynok 1 - Tononorus cxemsl u3 BTCII.
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Pucynok 2 - BAX nenouku kontaktoB u3 BTCII B aBToHOMHOM pexxuMme (KpuBas a) U
npu 00JTy4eHUU BHEIIHUM CUTHajoM Ha yactote fi = 77.08 I'T'1 (kpuBas b); kpuBas ¢
MOKa3bIBAET ACTEKTUPOBAHHYIO MOIIHOCTh M3Ny4eHus Ha yactore 78.28 I'T1.

B skcnepumeHTax WCHOMB30BANIACh CXEMbl, H300pakeHHass Ha pwuc.l. OTMeTuM 1Be
O0COOCHHOCTH TOIOJIOTUU 3TOM cxembl. Bo-mepBbIX, B 3TOH CcXeMe HCMOIb30BaIaCh IEMOYKa
KOHTAKTOB, UMeromas (GopMy MeaHapa ¢ mapamMeTpamu, yKazaHHbIMH Ha puc.l. Bo-BTOpbIX,
NEPNCHAUKYIIAPHO HCIOYKE KOHTAKTOB GBIJII/I MPUCOCANHCHBI TOHKOIIJICHOYHBIC OTBOJbLI JJIS
3aMUTHIBAaHUS YaCTEeW CXEMBbI 10 MOCTOSIHHOMY TOKY U M3MEPEHHUS MPUIIOKEHHOTO HANPSIKEHUS.
N3 370l cXeMbl ObIIO 3apEeTUCTPUPOBAHO U3TYUEHHUE, TTOKa3aHHOE Ha puC. 2. OTHAKO MOIIHOCTh
H3JTy4YCHUMA 6]:1)18. OYeHb MaJEHHLKON M cOcCTaBlIsiia J0JI1 HaHOBATTa. bonee TOro, MOIIHOCTH
BO3pacTajga MponopIHUOHATFHO YUCITY KOHTAaKTOB N (puc.3), a He N, 1o CBUJICTEILCTBYET 00

OTCYTCTBHH CUHXPOHH3AIIUHU ITPOLECCa I'CHEPAIIMU U3 OTACIIBHBIX KOHTAKTOB MaCCHBa.

900

800 P
700
600
500
400
300-

h

200+

Detected power, P (a.u.)

‘.

100 +

0 ‘/, T T T T T
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Pucynox 3 - HW3mepeHnHas MoutHocTh P (*) B 3aBUCHMOCTH OT YHCJIa H3TYYarONIuX
KOHTakTOB V. JIMHMA — anmpoKCUMalMs pPE3yJbTATOB 3KCIEPUMEHTa I10 METOLY
HAaUMEHBIINX KBaIPaTOB.
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Pucynok 4 - BAX 1eno4ku HIOOMEBBIX KOHTAKTOB C CTYMEHbKAMH TOKa, BOSHUKAIOITUMHU
B pe3y/bTaTe B3aMMOJICHCTBHS C COOCTBEHHBIM H3JTYYCHUEM.

3.0
7 GHz
2.5 \ =
2.0+ j
. ~r

1.5

b

Bias Current (mA)

0 25 50 75 100
Bias Voltage (mV)

Pucynox 5 - BAX 1ienodex KOHTaKTOB pa3HOM TOIMOJIOTHEH: KpHuBas (a) U3MEpPEeHa Ha CXeMe
n300pakeHHOM B BEPXHEM JIEBOM YTy, KpuBas (0) u3MepeHa Ha cxeMe U300pakeHHOU B
HUKHEM TPABOM YTITY.

Jns BBISICHEHUWs BIMSHMS TOIOJOTMU CXEMbl HAa pe3yjibTaT B3aUMOJEUCTBUS KOHTAaKTOB C
COOCTBEHHBIM H3JIyY€HHUEM MBI pa3paboTalii HECKOJIBKO BAPUAHTOB TOMOJIOTHUU M U3TOTOBUIIU MX
U3 HU3KOTEMIEPATypHOTO CBEPXIPOBOHUKA, HUOOMs. JTa TexHoJorus, pazpaborannas B PTB,
Braunschweig [2] mo3Bossiia W3roTaBiIMBAaTh OJHOBPEMEHHO OOJBIIOE YHCIO pa3IMYHBIX
BapHAaHTOB MHKPOCXEM BBICOKOTO KadecTBa. B pesympTaTe ObUIO TOKa3aHO, uyTo Ha BAX
KOHTaKTOB BO3HHMKAIOT CTYNEHU TOKA, CBSI3aHHBIE C B3aMMOJCHCTBHEM J1K03€(COHOBCKOIO
u3nydenuss ¢ CBY TOkoM, MpoTeKalonMM B KOHTAKTax Ojarojnaps HECTaMOHApHOMY 3PQeKTy
Jxozedcona [3] (puc. 4). Takum 00pa3oM, OKa3alloCh, YTO IEMOYKA KOHTAKTOB B COCTOSIHUU
JETEKTHPOBaTh COOCTBEHHOE W3NydeHHe. [lono)keHne CTyNmeHeW Ha OCH HaNpsHKEHUW TPSIMO
CBUJETENBCTBYET O YacTOTE€ COOCTBEHHOTO HU3Iy4YeHUs, a aMIUIUTyAa CTyNeHed Mo TOKYy — O

MOIIIHOCTHU 3TOT'O U3JTYUCHUS.
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Ha puc. 5 nokazansl nBe BAX nenodek koHTakToB. OjHa W3 HUX, NMPUBEICHHAsA B
MPaBOM HIDKHEM YTIIy TOYHO BOCHPOHU3BOJHUT TOIOJIOTHIO CXEMbI, M300paKeHHYIO Ha puc.l.
CootBetcTBytomas el kpuBas (0) Ha puc. 5 IEMOHCTpPUPYET HEOONBIIOE YUCIO CTYNEHEeH 1o
CpPaBHEHHUIO C KPUBOHi (a), ”3BMEPEHHON HA CXEME M MPUBEICHHON B JIEBOM BEPXHEM YIITy PHC.5.

Takum oOpa3om, ObUla yCTaHOBIIEHA CHJIbHAs 3aBUCHMOCTb TOIOJOTHMHM CXEMbl Ha
YacTOTy M MOIIHOCTh M3Iy4eHUs. DTOT Pe3yJabTaT ObLT MCIOJB30BaH MPU pa3pabOTKe HOBOTO

KOMILIEKTa (OTOMIa0I0HOB ISl CO3/IaHUs MacCMBOB KOHTAakTOB 13 BTCII.

1.3 PazpadoTka KOMILIEKTOB (pOTOIA0JIOHOB HA OCHOBE NMPOBEAEHHbIX PACYeTOB

Ha ocHoBe mpoBeneHHBIX PACYETOB U IKCIEPHUMEHTOB OBUT pa3pabOTaH W M3TOTOBJIEH HOBBIH

KOMILIEKT (OTOmIa0I0HOB, KOTOPBIH OYyIeT UCTIOIb30BATHCS HA CIECAYIOIIEM ATaIle MPOEKTa.

1.4 U3roroBJieHne MacCUBOB 1:k03e(PCOHOBCKUX KOHTAKTOB U3 BTCII

1.4.1 OnTuMm3anuda TeXHOJOrnu HanbLIeHUud mi1eHok BTCII.

Hampiienne mnenok YBCO wHa mnomioxkw U3 ¢GuaHUTAa MPOBOAMIOCH METOIO0M
MarHeTpOHHOI0 HambUIeHUS. VICronp30BaMCh ABE TPYNIBI MOMJIOKEK, MOCTYIMUBIINE U3 JABYX
Pa3JIMYHBIX UCTOYHHUKOB.

IInenkn YBCO mnosnydeHHbIE Ha NOJJIOXKKAaX IMEPBOM TIpPYNIbl HUMEKT JOCTaTOYHO
TJIaJIKyI0, 3€pPKaJbHYI0 TOBEPXHOCTh M HMX JJIEKTPOPU3MYECKUE TapamMeTpbl JOCTaTOYHO
ctabmwibHel. B Tabn.1 mpuBeneHpl XapaKTEPUCTHKU TIJICHOK, BBIPAIEHHBIX HA IOJJIOXKKAX
NepBOMl Tpynmbl NOpU OJMHAKOBBIX MapaMeTpax Ipolecca pocTta. ToJluMHA IUICHOK
onpeensiiach BpeMEHEM HaIlbUICHHUS.

B Tab6n.2. nmpuBeneHsl mapaMeTphl MIICHOK MOJYYEHHBIE Ha TO/I0KKAX BTOPOM TPYIIIIHL.

Tabnuua 1 - @ — napaMeTp peleTKy MOUI0KKH; A® - YTOJl Cpe3a HOATI0XKKH; typg — TONIINHA
IeHKH; T, - KpuTHYeCKas TeMiepaTypa; J. — IIOTHOCTh KpUTHIecKOro ToKa mpH 77K; Ryouy. (100

um) OM — comporuBienue wieHku npu Ty, npuBenennoe tomune 100aM; ¥ = Ryonmn/Riook; A®° -
MOJYIIUPUHA KPUBOUM KauyaHHsi ocH «C» TIIEHKH; ¢ — IIMHHA OCU «C» TJIEHKHU.

RKOMH.
No /1t a=A A° ;‘3’4‘1” T, K ';ZZMCMz (01(;;) uM) |y A®° ¢, HM
MP 2.79 0,4 90 88,7 3,5 7.9 3,14 0,41 1,169
MP 2.80 0,4 100 89,0 9,1 3,14 0,49 1,1704
MP 2.82 0,3 50 89,5 42 3.05 0,42 1,1675
MP 293 | 5,153 0.17 | 330 88,2 5.38 33 0,94 1,168,
MP 2.109 | 5,153 0,1 180 89 1.1 11,16 | 3,21 0,42 1,169
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[Tnenxkn MP2.92, MP2.102, MP2.110 u MP2.112 BbIpaimiensl B peXuMe MOAOOPaHHOM ISt
MOJUIOKEK IIEpBOM TpYyNNbl, IUICHKA HMMEIOT MAaTOBYK) IOBEPXHOCThb. I[LIEHKM € MaToOBOM
MOBEPXHOCTHIO OOBIYHO TONYYAIOTCS MPHU 3aBBINICHHOW TemmepaType pocra. [Ipu cHmkeHuu
TEMIIEpaTypbl pOCTa, KaK MPABWIO, MOBEPXHOCTh IIJIEHOK CTAHOBUTBCS 3€PKaJIbHOM, XOTS
XapaKTEPUCTUKHU IIJIEHOK ITPU 3TOM MOT'YT yXYAIIATHCS.

Jns mnenok MP2.102, MP2.103 u MP2.104 temneparypa Obia cHmkeHa Ha 10°, 30° u
50° COOTBETCTBEHHO, XapaKTEPUCTUKHU IUICHOK, KaK M OXUJAJI0Ch, YXYIIIAJIUCh, OIHAKO
MMOBEPXHOCTh IUICHOK OcTaBajgach MaroBoi. Kak BumHo m3 Ta6mn.2 minenka MP2.110 umeer
HYJIEBYIO IJIOTHOCTh KPUTHYECKOIO TOKa, & KpUTHYECKasi TemnepaTrypa mienku MP2.112 umeer
HUKe a30THOHW. CpaBHEHHME XapaKTEepUCTUK IUIEHOK TMEpBOM M BTOPOM TIpymmbl U
MOCIIEIOBATEIPHOCTh ~ HAMBUICGHUH TOKa3bIBAlOT, YTO pPa30pOC XapaKTEPUCTUK IUICHOK,
BBIPAIICHHBIX HA TOMJIOKKaX BTOPOM TIpyHNbl, I[O-BUAUMOMY, HENb3s CBs3aTh C
HECTaOUIIbHOCTHIO TEXHOJIOTHYECKUX TapaMeTPOB B MPOLIECcce pocTa.

3amMeueHHbIE OTJIWYUS TOJJIOKEK MEpPBOM TPYIIBI OT MOMJIOKEK BTOPOH T'PYIIIbI
CIIEYIOIIHUE:

- OJIJI0KKH MEPBOW U BTOPOM T'PYIIIT MOJIUPOBAIUCH B PA3HBIX OPraHU3ALMSIX;

- TIapaMeTp peIIeTKH y MOJIOKeK MepBoil Tpynmsl a = 5.153A, a y moanoxkex BTOpOil Tpymmsl

a=5.143A.

Tabmuna 2 - a — mapameTp peleTKH MOATI0XKKH; A° - YroJl cpe3a MOUIOKKH; typg — TOJIIIUHA
IUICHKH; T, - KpUTHYECKas TeMreparypa; J. — IIoTHOCTh KpuTnueckoro Toka mpu 77K; Ryoym. (100 mm)
OM — CONpPOTHUBJIECHHE IUICHKA TPH Tion NpuBeneHHoe tommuae 100M; ¥ = Ryouw/Rioox; A®° -
MOJIYIIMPHUHA KPUBOM KayaHusi ocu «Cy» MIIEHKH; ¢ — JJIMHHA 0CU «C)» MJICHKHU.

Ne i/mt a=A A° ;‘3’4‘1” T, K I{Z’A/CMZ g(igM;M) Y Aw° ¢, HM
MP 2.92 180 887 |185 |12 [247 |050 1,167
MP2102 1 5143 o1 |140  |883 [024 |333 |287 |1,04 1,168,
MP2I03 Vs1aa |o02 (130 [883 |00 |41 |1.84 |104 | 1,168
MP 2.104 | 5,144 | 0,07 | 90 R0 | Ropc>0 1,14 1,167
MP2.110 | 5143|025 [180  |884 |0 4914 226 | 1,1 1,163
MP2.112 | 5143 |0,0° | 170 | Rmc0 [Rym0 337 | 129 | 043 1,1681
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@OuaHUT, WIK OKUCh IUPKOHUS, CTAOMIM3UPOBAaHHAS HTTPUEM, MOXKET HMETh DPa3HOe
COOTHOIIIEHUE KOMIIOHEHTOB. Paznuyne mapamMeTpoB pemieTku O4eHb Majo U caMo 1o cebe He
MOXKCT CIIYXHUTb HpH‘IHHOﬁ pas3iiniuAa B yCIOBUAX POCTa IJICHOK, OAHAKO OHO CBUACTCILCTBYCT
0 Pa3HOM COCTaBE MaTepHuaa MoAJ0KeK.

Onpenenenne pexxMMOB pocTa TIAIKUX MIeHOK ¢ Tc>88K u J c>10° A/cM® u BBISICHEHHE
NPUYHH, BBI3BIBAIOIINX HECTAOMIBHOCTD APaMETPOB IJICHOK Ha MOI0KKaX Y SZ ¢ mapameTpoM

pemetkn a= 5.143A, TpeGyeT 1OMONTHUTENBHBIX HCCIIENOBAHMUIA.,

1.4.2 YcoBepuieHCTBOBaHHE TEXHOJOTMH (POPMUPOBAHUS PUCYHKA CXEMbI

Ha gamHoM »9rtame paboThl MPOBOMMIIOCH  COBEPIICHCTBOBAHME  TEXHOJOTHUU
(GbOopMUPOBAaHUS PHUCYHKA CXEMBI, KOTOPBIA MPEACTABISET COOON IETMOYKH KO3E(PCOHOBCKHUX
KOHTaKTOB C Pa3MepoOM 3JIEMEHTa ~ 4MKM, U3TOTOBJICHHBIX U3 IUIeHKH Y BCO, myHTHpOBaHHOM
MeTauioM (3070ToM WM cepedbpom). Tpedbyemas Tommmuaa YBCO 200-300 HMm, TomuHa
metasuia 20-30 M.

B OonpmmHcTBe paboT, mnocesmeHHbIX o0pabotke BTCII, wucmoms3dyercs MeTox
PEaKTUBHOTO MOHHOTO TPaBJICHUS aprOHOM C JIOCTATOYHO OOJIBIION AHEpruei MOHOB. JlaHHBII
METOJI XapAaKTEPU3yeTCsd MaJIbIMA CKOPOCTSMH TPABICHHUS M MaJOW CEJIEKTUBHOCTBIO IO
OTHONICHUIO K MaTepuany Mackd. B CBS3U C 3THM ISl JTOCTHIKEHUS MPHEMIIEMBIX TIyOWH
TpaBJIeHUs (COTHU HM) MPUXOJUTCS UCIIOJIb30BATh JIMOO TOJICTHIE MAacKu U3 (POTOPE3UCTa, MO0
KOMOWHHUPOBAaHHBIE MacKu, Harpumep, (orope3uct - Mmeramui. Kpome Toro, cBoiictBa YBCO
TaKOBBI, YTO B MPOLIECCE TPABIECHUS IOJUIOKKA HE JIOJHKHA Pa3orpeBaThCs, MOITOMY YEPEAYIOT
nepuoj] TpPaBIEHUS W TEPUOJA OCThIBaHHS o0O0pas3la, 4YTO Y/UIMHAET BpeMs Ipolecca 0
HECKOJIbKMX YacoB.

JpyruM moaxoaoM MOXKET CIIYXKUTh NPUMEHEHHE IUIa3MOXMMHYECKOTO TPaBJICHUS C
WCIIOJIb30BAaHUEM HOHOB aproHa WJIM arpecCHBHOM IJIa3MOOOpPa3yroOIIe ra3oBOW Cpenbl, U B
MIEPBYIO OUYEpe/lb, ITO KACAECTCA XJOPUIHOW I1a3Mbl. HecMOTpss Ha TO, 4TO NpU BO3AEHCTBUU
xyiopa Ha BTCII He 00pa3yloTcs JieTydre COeIWHEHMs, MOJ JACHCTBHEM HMOHOB U PAJHMKaJOB
npoucxoauT wmonupukanus moBepxHocTH YBCO ¢ ¢dopMHpoOBaHHEM TOHKOTO  CJIOS
COOTBETCTBYIOIIMX XJOPUIOB. DTOT CJIOW 00JIaJaeT CYIIECTBEHHO MEHBIIECH MPOYHOCTHIO U
JMaNbHEWIee ero pachblUICHUE 3a CYeT MOHHOW OOMOapIupoBKH MpoucxomuT dhdeKkThBHEE.
Hanpumep, B paborte [4] ykaspiBaeTcsi ckopocTh TpaBieHuss oT 50 mo 300 HM/MUH B
3aBUCUMOCTH OT PEXUMA.

K Hacrosmiemy BpeMEHM B paMKax BBINOJHEHUS NPOEKTa IMpOJENaHa CleIyromas

pabota:
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1. Omnpenenensl  mOpeaBapUTEIbHBIE  CKOPOCTHM  TpaBJ€HHs] HAa  YCTaHOBKE
IUIa3MOXHUMHUYECKOTo TpaieHus “Plasmalab” ¢ MHIYKIIMOHHO CBA3aHHOW IJIa3MOW B PEXHMeE
MOHHOTO TPAaBJICHUS MPU CIEAYIOIIUX NapaMeTpax Mpoliecca TPaBIEHUs: MOLTHOCTH pa3psiaa 150
Br, maBnenue 10 mTopp, DC = 350 B, motok aprona 50 sccm. 3Hay€HHs] MOJTYYEHHBIX
CKOPOCTE TpaBJIeHUS CIEeAYIOIIHE:

- ckopocTh TpasiieHus wieHku YBCO ~1.5-2uM/MuH;

- CKOpOCTb TpaBieHus ieHku oropesucta PI19120-1 ~40um/MuH;

- CKOPOCTh TpaBieHUs TIeHKU poTopesucta AZ5214 ~40am/MuUH.

W3 mosydeHHBIX JaHHBIX CIIEIYET, YTO IPH CTaHAapTHOM TodmuHe dhoTopesucta 1.4 Mkm
(OTOPE3NTHUBHON Macka MOXKET OBITh MCIOJIb30BaHA TOJBKO A (POPMUPOBAHHS CTPYKTYp IO
mwieHke YBCO ronmunoi Mmenee 60 HM.

C yBenu4eHHEM JaBJICHHS pabodyero raza yMeHbIIAeTcsi CKopocTh TpaieHus YBCO no
BeNTUYUHBI ~1-1.5 HM, CKOpOCTh TpaBieHUs (POTOpe3nuCTa HE U3MECHSIETCSI.

2. PaccmoTpeHa BO3MOXKHOCTb HCIIOJB30BAHMUSI TPU TPABICHUU HA YCTAaHOBKE
IUIa3MOXUMHUYECKOro TpaBieHus ‘“‘Plasmalab” B pexume HMOHHOrO TpaBiieHHS (MOIIHOCTB
paspsna 150 Br, naBnenune 10 mTopp, DC = 350 B, moTok aprona 50 sccm) KOMOMHUPOBAHHOM
Macku: (OTOPE3UCT — BaHAIUMN.

Jlis monmydeHus MPeNOoTBPALCHUS PACTPECKUBAHUS BaHAAWS TPU TMOTYYCHHH MAaCKU
dboTope3ucT - BaHAIWI MOTPEeOOBANICS THIATEIBHBIA MOAOOpP PEKUMOB HAMBUICHUS BaHATUS U
TonuHbl poropesucra. K HacTosieMy BpeMeHH yaioch MONTYyYUTh KOMOUMHUPOBAHHYIO MAacKy
dotopesuct AZ5214 (200am) — Banaamii (100 HM) 0€3 pacTpeCKMBAaHHS W OTCIAMBAHUS
MeTasuia.

OmnpeneneHa CKOPOCTh TpaBJCHUs IUICHKH BaHaaus Ha ycraHoBke ‘Plasmalab” B
YKa3aHHOM BBIIIIE PEXUME, KOTOpas oka3amach paBHOU ~ 0.1 HM/MuH. CKOpOCTH TpaBlICHUS
BaHanus B 10 pa3 MeHsbIe, yeM ckopocTh TpaBieHus Y BCO. Takum o6pa3om, mpeaBapuTeIbHO
MOJIy4aeTCs, YTO CTOMKOCTh MOJIyYeHHOW BaHaaueBOM Macku ToimuHon 100 HM qoibKHA NaTh

BO3MOKHOCTh TpaBuTh IieHKU Y BaCuO 3a1aHHOM TOJIIUHBI.

3. Omnpenenenbl MpelBapUTENbHBIE CKOPOCTU TpaBJICHHMS B aproHe Ha YCTaHOBKE C
MHOTOSTYEUCTHIM HUCTOUHUKOM C XOJIOJHBIM KaTOJIOM IIPU YCKOPSAIOLIEM HanpsbkeHnH 1kB.

3Ha4YeHNUs TIOTYYEHHBIX CKOPOCTEH TPaBJICHHUS CIIECAYIOIINE:

- ckopocTh TpasieHus wieHku Y BCO ~1.5-2am/MuH;

- CKOpOCTh TpaBieHus wieHku poropesucra GPI19120-1 ~30um/MuH;

- CKOpOCTb TpaBJIeHUA TUIEHKU (oTopesnucta AZ5214 ~30um/MuH;

- CKOpPOCTh TPABIICHUS TUICHKH BaHAIUs ~1-2 HM/MHH.
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W3 mosmydeHHBIX JaHHBIX CJIEIYET, YTO IIPH CTaHAapTHOM TodmuHe dhoTopesucta 1.4 Mkm
(oTOpe3NTHUBHON MacKM M BaHAIMEBOM Macku TonuiuHoi 100 HM A MOJTY4YeHHUs PUCYHKA 110
wienke YBaCuO rtommuHoi 6onee 200 HM HemoctaTouHO. DOTOPE3UCTUBHAS W BaHAIUEBas
MacK{ B JaHHOM IIpoliecce MOTYT ObITh MCIIOIb30BaHbI A1 (GOPMHUPOBAHUS CTPYKTYp IO MIICHKE
YBCO rommmnoit meree 80 M. TpexcioitHas macka goropesuct (1.4 mxm) - Banaawmii (100 Hm)
— ¢oropesuct (0.2 MKM) MOXeT ObITh ucmonb3oBaHa s TpasieHus YBCO cTpykTyp
tomuuHoU 10 160 HM. Jlnsa tpaBnenus YBCO mnenok tommuuoi 200-300 HM HEoOX0aMMO
paspaboTaTh mpoiiecc mojayueHus: 6osaee TOJICTON BaHaUEBOM MaCKH.

4. B cBs3u ¢ TeM, 4TO JKO3€(PCOHOBCKUH KOHTAKT MOXET OBITh ITYHTUPOBAH 30JI0TOM
Wi cepedpoM, 00ecreunBaloNIMMU XOPOUIHH OMHUYECKU KOHTakT ¢ ruieHkoit YBCO, Obuia
oTpeniesieHa CKOpOCTh TpaBiieHus cepedpa Ha yctaHoBke “Plasmalab” (mormnocTs paszpsaa 150
Bt, naBnenue 10 mTopp, DC = 350 B, motok aprona 50 sccm). CkopocTh TpaBieHHUs cepedpa
cocTaBuiia ~6-8HM/MHH.

5. IlpoBeneno mpoGHoe TpasieHue mieHkH YBCO Ha yCTaHOBKE MIa3MOXUMUYECKOTO
TpaBneHus “Plasmalab” ¢ ucronb30BaHHEM XJIOPUIHON IUIa3MbI NPH CIEIYIOMUX MapaMeTpax
mpoiiecca TpaBlieHHs: MOIITHOCTH paspsana 150 Bt, gasnenune 10 mTopp, DC = 350 B, motox BCI
50 sccm. B kadecTBe MCTOYHHKKA XJI0pa UCIIONB30Baloch coequnenne BCI.

3HaueHUs MOJYyYEHHBIX CKOPOCTEN TPABIEHUS CIIEAYIOIINUE:

- CKOpoCTb TpaBieHus oropesucra ~20HM/MUH;

- CKOpPOCTb TPaBJIEHUs TUICHKHU BaHaIusg MeHee 1 HM/MUH;

- CKOPOCTb TpaBJICHUS TJICHKU cepebpa ~10HM/MuUH.

- uU3MepsiemMasl TOJIIMHA IUIEHKU npu TpaBieHun YBCO u3mMeHwIach HE3HAUUTENBHO,
IIPUYEM IPO3PAYHOCTh IUIEHKU YBEJINYMIIACK.

Takoe moBeneHue MIEHKH TIPH TpaBiieHuU B miazme BCl, mo-BuammMomy, CBS3aHO C TEM,
YTO B IpOLIECCEe TPaBJICHUs IJICHKH Ha €€ MOBEPXHOCTh OCaKIaeTcs 00p, KOTOPBIA OKUCIIAETCS
kucaopooM u3 mieHku YBCO u naccuBupyeT €€ NOBEPXHOCTb.

Takum obOpa3om, mporecc TpaBieHHs Ha ycraHoBke ‘Plasmalab” c ucmonb3oBanmem
XJIOPUJIHOM TUIa3Mbl ¢ Hcronb3oBaHueM coefauHenuss BCl He MokeT ObITh HCMOIB30BaH Jis

TpaBiienus ctpykryp YBCO.

6. OnpeneneHsl IpeIBapUTENIBHBIE CKOPOCTH TPABJICHUS B aprOHE Ha YCTaHOBKE MOHHO-
MyYKOBOTO TpaBieHUs [5]. YcTaHOBKaA BKJIIOYAET B ceOsl BAKyYMHYIO KaMepy, CTOJUK C Tpems
CTEMEHsIMH CBOOOJbI, MCTOYHUK YCKOPEHHBIX HMOHOB M MOHHUTOP TOKa HOHHOTO Iyuka. B

KauCCTBC HMCTOYHHKA YCKOPCHHBIX MOHOB HCIIOJIB30BAJICA TEXHOJIOTUYECKUM HCTOYHUK HMOHOB
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KJIAH-103M (dupma “Ilnatap”, MockBa) ¢ HakaJbHbIM KaTog0M. OCHOBHBIC TEXHUYECCKHE
XapaKTEPUCTUKU UOHHOTO UCTOYHHUKA!

- pabouwuii ra3 — apros (Ar+);

- MAKCUMAJIbHO BO3MOYKHBIW TUaMEeTp HOHHOTO mydyka — 100 mMm;

- MAaKCUMAJILHBIA MOHHBIN TOK — 100 MA;

- IMana3oH peryjIupoBaHus S3HEPTUU HOHOB B Iyuke — 100-1500 »B;

- pa30poc PHEPrur HOHOB B IydKe - £3 3B;

- BBIXOJIHAA INIOTHOCTH HOHHOTO TOKa — 70 2.3 MA/cM?.

Jlnsg HeWTpanu3auuy 3apsfa HMOHHOTO Iy4yka HOpu paboTe ¢ JIUANEKTPUUYECKUMU
oOpa3lilaMd  MOXKET UCIOJb30BaThCS JOMOJIHUTEIBHBIA TEPMOKATOJ — HEUTpaIu3arop,
YCTAQHOBJICHHBI Ha BBIXOJAE HWOHHOIO MCTOYHMKA. HelTpanuszaTop MNO3BOISET IMOJHOCTHIO
CKOMIICHCHPOBATh 3aps]l My4YKa U MPOBOAUTH TPABJICHUE HEUTpPaIbHBIMU aTOMaMH, OJIHAKO MpU
paboTe ¢ HEHTpaJM3aTOPOM MaKCHUMAaJIbHBI MOHHBIM TOK coctaBisieT 30MA, T.e. B TpH pasa
MEHbIIIE yeM 0e3 HelTpanuzaTopa.

CKOpOCTH TpaBlCHHsI HAa YCTAaHOBKE MOHHO-ITYYKOBOT'O IpU 3Hepruu uoHos 250 3B Ge3
UCIIOJIb30BaHUs HENUTpaIn3aTopa cleAyomue:

- ckopocTh TpasieHus wieHku Y BCO ~3.6 am/mMuH;

- CKOPOCTb TpaBJIeHUA TUIEHKU (oTopesnucta AZ5214 ~13um/MuH;

- CKOpOCTb TpaBieHHs cepedpa ~40 HM/MUH.

W3 mosmydeHHBIX JaHHBIX CJIEIYET, YTO PH CTAaHAAPTHOM ToJmuHe dhoTopesucta 1.4 Mkm
(dboTope3nCTUBHAS MacKa TO3BOJIUT MOJIy4daTh pUCYHOK 10 TieHke Y BCO tommmaoni 300 HM.

[Ipu pabore Oe3 HeWTpanmuzaTopa TpaBJIICHWE MO TUIOMIATN IOJIOKKH MOXKET HJITH
HEpaBHOMEPHO, €CIIU YCTPOMCTBO JepKaTenss He oOecreyuBaeT CTOK 3apsia, YyTO HE BCerjaa
BO3MOXKHO. [lapaMeTpsl TpaBieHUS CTPYKTYpPBI: (DOTOPE3UCT, METAI (30JI0TO WM cepedpo),
mieHka YBCO ¢ ucnons3oBaHreM HeHTpanu3aTopa OyayT onpeaeseHbl Ha CICIYIOIIEM dTarle.

7. dns mpoBEpKHM BO3MOMKHOCTEH TEXHOJOTHMHM ObUIO MPOBEIEHO TPABJICHUE TECTOBOU
CTPYKTYpHI, TpeAcTaBistonlyto coboii tenky YBCO tommmuoi 300HM, BBIpalIeHHYIO Ha
MOHOKPHUCTAIJINYECKON TOJJIOKKE aJIFOMHHATA JIaHTaHA M LUIYHTUPOBAaHHYIO MJIEHKOM cepebpa
TonuMHONM 25HM. TpaBiieHHE TPOBOAWIOCH HAa YCTAHOBKE HOHHO-IYYKOBOTO TPABJICHUS B
aprore ¢ ucrouHukoM MoHoB KJIAH-103M npu sHeprum noHoB B nyudke 2503B. B kauectBe
3alIUTHOM MacKu Mcmoib3oBaiics ¢oropesuct AZ5214 tommuuoit 1.4mxM. Pazmep snemMeHTOB
Ha ¢oromadione SMkM. Bpems tpaBnenus ctpykrypel Ag/YBCO (25aM/300HM) cocTaBumiio

108MuHH, 4TO MOATBEPKIAET PE3YIbTATHI, TOJTYUYCHHBIE B I1.6.
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BriBoapbr:
VYcTaHOBKa MOHHO-IIYYKOBOTO TPABJIEHMs B aproHe ¢ ucroyHukoM noHoB KJIAH-103M
MO3BOJISIET MIPOBOAUTH (opMHpoBaHue pucyHka 1o mieHke Y BCO TonmuHoi 300HM, TOKpBITON

METaAIJIOM.
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2. Pa3paboTrka creHaa IJsi M3MEPEHUIl HM3JIyYeHUS U3 JK03e(PCOHOBCKHUX KOHTAKTOB HA

yactorax 10 0.5 TI'u

2.1 Pa3paboTKka npueMHOH aHTEHHBI JJIs1 CO3aHNsI KBA3UONTHYECKOI0 J1eTeKTOpa Ha

ocHoBe quoaa llorrku.

Jng ynydmieHus CBA3M C M3JIYYEHHEM JETEKTOPOB, pa3Mepbl KOTOPHIX MHOTO MEHbILE
JUTMHBI ~ BOJIHBI, OOBIYHO WCIOJIB3YIOTCSl MHTErpHpylomme Kamepsl [6]. B cmydae
CBEPXIIPOBOJHUKOBBIX JETEKTOPOB M3 TOHKUX IUIEHOK OoJjiee MOIXOIAIIMMH TEXHOJIOTUSIMU
SIBJIIIOTCSl TUIAHApPHBIE AHTEHHBI [7] MM CTPYKTYpbl HECYLIME MOBEPXHOCTHBIE BOJIHBI [8]. B
TepareploBoil 00JacTH JUIMH BOJH MOBEPXHOCTHBIE BOJHBI TPYIAHO CBSI3aTh C BOJHAMHU B
CBOOOJHOM MIPOCTPAHCTBE M MOITOMY MPEANOYTHTEIbHEE OKa3bIBACTCS TEXHMKA ITaHAPHBIX
aHTeHH. OCOOEHHOCThIO TAKMX AHTEHH SIBJIAETCS OYEHb IIMPOKAs AMarpaMMa HanpaBlI€HHOCTH.
[MpakTHYECKH ISt BCEX TUIIOB IUIAHAPHBIX aHTEHH ee mupuHa npessimaet 90° Ha yposHe -3 1b.
st conpspKeHus: TaKOM TuarpaMMbl HAaIpaBJIEHHOCTH € OOBIYHO MCIOJIB3yEeMOMW, HalpuMep, B
PaAroacTPOHOMUH, JIIMHHOPOKYCHOM ONTHKOW HE0OXoauMa KOPOTKOPOKYCHAsT UMMEPCHOHHAS
auH3a. B HacrosiieM 0030pe omHcaHbl METOJUKU pacuera TakKuX KOPOTKO(GOKYCHBIX JIMH3 U
0COOEHHOCTH HECKOJIBKMX THIIOB IUIAHAPHBIX AaHTEHH, KOTOPBIE HAXOIAT IPAKTHUECKOE

MMPUMCHCHHUC B TCXHUKC TCPArcpuOBLIX BOJIH.

H]ZClHaprle AHMEHHbl

Hambonee wuwacto Hacrosimiee BpeMsl HCIOJB3YIOTCS — JOrapupMHuUEcKas —CrupaibHasi,
JorapupmMuuecKkas Nepuogudeckas M AByXIesleBas aHTeHHBL. Jlorapudmuueckas crnupaibHast
aHTEHHA IpeJCTaBisieT co00i KOMOMHALMIO U3 ABYX, 3aKPYYEHHBIX B CHHMpaJlb U MOBEPHYTHIX
JAPYr OTHOCHTENAbHO Jjpyra Ha 180° TIUIOCOK mMEpeMEHHONW MUPHHBL YeThipe KpHBBIE,

OTPaHUYMBAIOLIHE MTOJIOCKY, 3a/IAaI0TCS B MOJIIPHBIX KOOPAWHATAX YpaBHEHUEM
R = Rg exp(ag + @,) (2.1)
r7ie — (¢ TOJSPHBIA YroJ, KO3((UIMEHT o ompeaessieT ObICTPOTY PAacCKPYTKU CIUPAIH, a — Qo

YroJ IIOBOPOTa OJTHOM KpUBOM OTHOCHUTEINIBHO Apyrou. [lapaMeTpsl U BUA CTPYKTYpBI IPUBEICHBI

Ha puc. 6.
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Pucynox 6 - OcHOBHBIE TTapaMeTphl JJorapupMUIECKON CIIUpaIbHOM aHTeHHBL. D m d -
JTMaMeTpbl HaOOJIbIIEH 1 HAMMEHBIIIEH OKPYKHOCTH, MEXITy KOTOPBIMH 3aKJII0UeHa

criipaibHasi CTpyKTypa.

Haubonpiiee mpuMeHeHHE HAIUIM CaMOCONPSDKEHHBIE aHTEHHBI, B KOTOPBIX Yrojl MOBOPOTA
MEXIY JIIOOBIMH COCEIHMMH KpUBBIMH paBeH 90°. DTO CBA3aHO ¢ KOMIIPOMHCCOM MEKILY
MOJIIPU3ALMOHHBIMU XapaKTEPUCTUKAMU aHTEHHBI M ee uMreaancoM. s He oueHb OOJIBIINX
BEJIMYMH O, CAMOCOIPSKEHHAsi aHTE€HHA OO0JIaJlaeT NMPAKTUYECKH KPYroBOM Mojspuszanue u
UMIENaHCOM OJIM3KMM K OOBIYHO HCHOJNB3yeMOMY HMIIEJaHCy mepenatommx auHui (50 —
75 Om). JlorapuMUUecKyl0 CHHpPAIBbHYIO AHTEHHY HA3bIBalOT YaCTOTHO HE3aBUCHMON,
MIOCKOJIbKY €€ 3((EeKTUBHOCTh TEOPETHYECKH HE 3aBUCUT OT JUIMHBI BOJHBI B Mpejenax,
onpefeNsieMbIX OOpaTHBIMH pPaguycaMH JIBYX OKPYXHOCTEH, KOTOpbIE OrpaHUYUBAIOT
CHUPAIBHYIO CTPYKTYPY. OTO MPOUCXOAUT MOTOMY, YTO IPU IOBOPOTE HA HEKOTOPBIM yroi
CTPYKTypa aHTEHHBI BOCIIPOM3BOAUT caMy ceOs ¢ M3OTPOMHBIM JHHEHHBIM KOX(P(GHUIIUESHTOM,
KOTOpBIi JIorapuMUYecKy 3aBUCUT OT yIiia nmoBopoTa. [IpakTruuecku, 0AHaKO, HIMPHUHA MOJIOCHI
TaKOW AaHTEHHbl HE TMPEBBIIACT OJHON OKTaBbl. [lpu yBelWYEHHH OTHOUICHHS PaJnyCOB
VIIOMSIHYTBIX OKPY>KHOCTEH 3((EKTUBHOCTh AaHTEHHBI Ha TPAHUIAX TEOPETHUECKU OKUIAEMOTO
CHEKTPaJIbHOTO MHTEpBaia MajgacrT.

Jlorapudmuueckas mnepuoauyeckas aHTEHHA OTJIMYAeTcs OT JIorapupMUYEcKOu
CIUPATILHON TEM, UTO CTPYKTYpa aHTEHHBI BOCIIPOU3BOIUT caMmy ceOs MpH YBEIHMUEHUU paauyca,
a He yria. COOTBETCTBEHHO 3TOMY AaHTEHHAa OKa3blBa€TCAd JIMHEHHO IMOJIIPU30BAHHOM.
HeBo3MOXHOCTH 00ecneunTh BOCHPOM3BOIUMOCTh JUIsI OCCKOHEYHO MAaJoro YBEIMYCHHS

paauyca (AMCKPETHOCTb) MPUBOAUT K TOMY, UYTO HAIpaBliEHUE MOJISPU3ALUN OCLMIUIUPYET C
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YBEJIMUYEHUEM JUTUHBI BOJIHBI. THUIHYHbBIE TapaMeTPhl U CTPYKTypa TaKOH aHTEHHBI TTOKa3aHbl HA

puc. 7.

/
|\
by Br

Pucynok 7 -OcHOBHBIE TapaMeTphl CaMOCOIIACOBAHHOM JIOTONEPUOINIECKON
MJIAHAPHOW aHTEHHBI.

BHyTpenHue 1 BHeIIHNE pauychl 3yObeB CBA3aHBI MEXy COOON COOTHOLIEHUSIMU

1
_ A==.,. . . .
R,=172ry; 1,=1"r (2.2)

rae T KO3(QQUIHMEHT, ONpeAeSIOmNNA AUCKPETHOCTh CTPYKTYphl. VIMmemaHc 3TOi aHTEHHBI
TOXKE MEePUOJUICCKH U3MEHSETCS C JJIMHOM BOJHBI, TTyOMHA OCHWJUIALUN HE MPEBBIIIACT, TEM
He MmeHee, 30%, a cpeqHee 3HAYCHUE MMIIEIAHCA JJIsI CAMOCOTJIAaCOBAaHHOM aHTEHHBI OJIM3KO K
HUMITEJIAHCY JIOTapU(PMUIECKON CIUPATIbHON aHTEHHBI.

CrektpanpHas Mojoca JABYXIIENEBOWM AaHTEHHBI (CTPYKTypa, MPOCTPAHCTBEHHO
CONIpsDKEHHast JIBOMHOM IUNOJBHON aHTEHHE) TOopa3lo YyKe, 4YeM Iojoca JioOol u3
PacCMOTPEHHBIX BBIIIE YACTOTHO HE3aBHUCUMBIX AHTEHH. JTa AaHTCHHA JIMHEWHO MOJIIPU30BAHA U
HaIlpaBJICHUE €€ MOJSPU3ALUU HE MEHSETCS C W3MEHEHUEM JUIMHBI BOJIHBI. MHUMas 4acTh
UMIIEJaHCa TaKOW AaHTEHHBI OOpamiaeTcss B HOJb Ha JUIMHE BOJHBI, KOTOpas Ha3bIBaeTCs
PE30HAHCHOW WJIM LIEHTPAJIBHOM UIMHOM BOJHBI. B 3aBUCMMOCTM OT Auara3zoHa JJIMH BOJH

CIIEKTpajbHas I0JI0Ca aHTEHHBI Ha ypoBHE -3 ab cocrasuseT ot 30% no 50% oT ueHTpaibHON
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JUTMHBI BOJIHBI. XapaKTepHbIE MapaMeTpbl CTPYKTYPbI ABYXIIIEIEBOM aHTEHHBI TOKAa3aHbI HA PHC.

8.

Pucynoxk 8 -CxemaTudeckuii 4epTex IBYXINEIEBOM MIaHapHOW aHTeHHbI. CIipaBa — Ha4aso
KOILITaHAPHOM BOJIHOBOM JIMHUM, CITY>Kalllel ISl CheéMa CUTHajla B PeKUME MpUeMa Ui
MUTaHUS AaHTEHHBI B peXXUMe Mepeiayn.

OnrtumManbHbIe COOTHOIIEHUS! MEXAY BEJIMUMHAMH MapaMeTpOB U LEHTPAIbHON JJIMHON BOJHBI
HE 3aBHUCAT OT JUIMHBI BOJIHBI, YTO IMO3BOJSIET MPOCTHIM CKAJIMPOBAHUEM OIPEICIUTH pa3Mephl
AQHTEHHBI I JIFOOOW 3aJaHHOW NJIMHBI BOJIHBL. Tak, Hampumep, Uisi aHTEHHBI Ha TPaHUIIC

BaKyyMa M KPEMHHUS 3TH COOTHOIICHHUS BBITIISAAT CISAYIOUINM 00pa3oM

L=0334y S=017 Ay W=10.054, , (2.3)

rac }\,() - IJIMHA BOJIHBI B BAKYYyMC.

Hmmepcuonnvie nunsol

Br160p MMMEpCHOHHOM JTWH3BI MPAKTUYECKH HE 3aBUCUT OT THIIA HCIOJIb3yeMOU IUIaHapHOU
AQHTEHHBI U OTIPEIENSICTCS 3aJaHHOW MOJIOW W3ITyYCHHUS TTOCTIE JTMH3BI, TPEOOBAaHUSIMUA K OOKOBBIM
JeTIeCTKaM M JIOIYCTHMOM CTOMMOCTBIO H3TOTOBJICHUS. TpeOoBaHHWS K BBIXOJHOW MOJE
M3IIy4EHHUS MOTYT OBITh yIOBJICTBOPEHBI C TOMOIIBIO YTONIICHHON MOTychepruuecKoil TUH3HI, B
KOTOpPOH BEJIMYMHA YTOJIIEHUS MOJOMpAECTCS C TEM, YTOObI CO3/1aTh OINPENEICHHYIO MOIY
m3nydeHus. JImH3za ¢ Hambosiee pacrmpoCTpaHEHHOW BenMWunHOM yrommenus R/n (3meck R -
paznyc JIMH3BI M N IOKa3aTellb MPETOMIICHUS] MaTeprata JIMH3bI), KOTOPast TOMEIIACT MEPETIKKY
BBIXOJTHOW MOJIbI B TEOMETPUYECCKUN LIEHTP JMH3bI, HA3bIBACTCS THIIEPTCOMETPUUECKON JTUH3OM.

Ecau TpeﬁoBaHI/Iﬂ K YPOBHIO OOKOBBIX JICIIECTKOB AuarpaMmbl HAIIpaBJICHHOCTU JOMHWHUPYIOT,
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Jy4llle UCIOJIB30BaTh AUIUITHYECKYIO JIMH3Y C MCTOYHUKOM, KOTOPBIA PACIIONIOKEH B JaIbHEM
SIUTMIITUYECKOM (DOKyce OT BEpUIMHBI JHH3BL. B MPOMEXKYTOUHBIX CIy4dasX BbIOOp JHH3BI
TpeOyeT MpOBEJACHHS JTy4eBOr0 aHAIM3a. JTa YUCIIEHHAs TEXHUKAa MOXET OBITh HCIIOJIb30BaHA
TOTJa, KOI/la aMIUIMTyla U (a3a MoJjsl aHTEHHBI HAa BHYTPEHHEW MOBEPXHOCTH JIMH3bI U3BECTHBI
AQHAIUTUYECKU WM MOTYT OBbITh MOCYMTAHBI YUCJICHHO. B 1LeHTpe KaXIoro cerMeHTa, Ha
KOTOPBIC pa36HBaeTc;1 MOBCPXHOCTH JIMH3LI, IMOJIC HA BHEIIHEHU MMOBCPXHOCTHU JIMH3BI NOJTYHACTCA
[I0CJIE IPUMEHEHHUsI TPAaHUYHBIX YCIOBUH K IIOJII0 HA BHYTPEHHEH MOBEPXHOCTH JUH3BL. [lose B
M000M  YJAJICHHOW TOYKE TIIOJy4aeTCs CYMMHPOBAaHHEM TIOJIeH TOYEYHBIX HMCTOYHUKOB,
PacroJIOKEHHBIX Ha BHEIIHEH MOBEPXHOCTH JIMH3bI. CXeMaTHKa JIy4eBOT0 aHalK3a MoKa3aHa Ha

puc. 9

=t rE,
Ey Eq- FEKO E=c*E,
n
Jy=iixH
A}s=—ﬁx}§
a -
E:4;S‘gﬂ '[sj js_(js _br)e’+L(ﬂ3X_~?)j| ; :ﬂ ds

Pucynox 9 - Cxema npoBeieHUs Ty4eBOro aHaK3a. a - BEJIMYMHA YTOIIIEHUS cPepruuecKon
JIMH3HI.

ITone3npm MPAKTUYICCKUM PCUHICHUECM, KOTOPOC 3aMCTHO YACHICBIISICT CTOMMOCTDL U3TOTOBJICHUA
JIVH3BI, SIBIISIETCSI CHHTE3WPOBAHHAS AJUTUITHYECKAs JHH3a. DTO JIMH3a ceprudeckoir Gpopmel,
yroJeHue kKoTopoil R/(n-1) BbIOMparOT TakuM oOpa3oMm, 4TOOBI MOIMAcCTh BO BTOpPOM (hokyc
MHUMOTO JJUIMIICONJA BpallCHHUA HUMCIOIICTO B BCPXYIIKC JIMH3BI TY KC KPUBHU3HY, UYTO H

Ucxo/Has ceprueckas JIMH3a.

2.2 UcciienoBanue TreTePpOAMHHOIO TMpPHEMHHMKAa Ha 0a3e CTPOOOCKONNYECKOro

npeodpazoBareis MM IHANA30HA BOJH Ha yacToTax a0 0.5 TI'n

N3yuenne 1k03e()COHOBCKOTO HM3Iy4EHHUS BIUIOTH JI0 TEpPareploBOrO IUara3oHa 4YacToT
IpearnoyiaraeT HaIW4YUe JETEKTUPYIOUIEH CHUCTEeMBI, KOTopas Obl oOnamana HaHOBATTHOU
YYBCTBUTEIHHOCTbIO BO BCEM HMHTEPECYIOIEM JAHana3oHe U Obuia Obl HEUYyBCTBUTENIbHA K
TEIUIOBOMY HW3NyueHuto. J[is 3TUX 1enell Mbl UCHOJB3YeM Kak JETeKTOphl, paboTaromiue mpu

KOMHATHOU WJIM I'eJIMEBOM TEMIIepaTypax JJIsd PETUCTPALUU IIOJHOM MOIIHOCTH U3J1y4YeHUs, TaK
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U T€TepPOJMHHBIA MIPUEMHUK Ha 0a3e TapMOHUKOBOTO CMECHUTENs JJI M3YUYEHHsI CIIEKTPaIbHOIO
COCTaBa U3JTyYEHUSI.

Bo3moxHOCTE npuMeHeHUs kBazuontuueckoro In-GaAs nerexkropa LlloTTku ¢ HysneBbIM
cMelieHueM Oblla omucaHa Hamu paHee [9]. CxemaTudeckoe H300paK€HHWE YCTAaHOBKHU
npuBeneHo Ha pwuc. 10, a d¢ororpadus — nHa puc. 11. JKkozepcoHOBCKOE U3TyUeHUE
HaMpaBJUIOCh 10 CBEPXPa3MEPHOMY BOJIHOBOJY Ha MapabOIUYecKoe 3epKalio C MOMOILBIO
pPYIIOPHOW aHTEHHBI, YCTAHOBJIEHHOH B ero ¢Qokyce. 3areMm OHO (OKycHUpOBaIOCh Ha
kBazuontuueckoM nerektope IlloTTkum ¢ momompio JuH3B W3 monmMeTmineHT Ha (TPX).
JIx03ehcOHOBCKOE M3ITyUYEeHHUE TTPEPHIBATIOCH ¢ 4acToToi 35 ['11 00TIOpaTOpoM, YCTaHOBJICHHBIM
MEXIYy 3€pKajJloM U JIMH30M. BbIXogHOE HampsbkeHUE JETeKTopa Ha JITOW  4YacToTe,
IPONOPLMOHAIIEHOE MOIIHOCTH, IOMABIIEH BO BXOJHYIO alepTypy AETEKTOpa, H3MEpsIoch

CUHXPOHHBIM YCUJIIUTCIICM.

Silicon Lens
hemispherical Chepper
lens Parabolic
mirror
Detector | N | ¥y X
Schettlky
Horn
Lock-in antenna
amplifier Reference
signal
Josephson radiation seurce
at liquid heliuin temperature

Pucynok 10 - Cxemaruueckas nuarpaMma U3MEPUTEIbHON YCTAaHOBKH.

p—

Pucynoxk 11 CDOTopa(bI/IsI yCTaHOBK.

[Ipn wu3MepeHHsIX HKO3e(COHOBCKOTO U3My4eHHS OBUT 3aperUCTPUPOBAH CUTHA B
nuamnazone ot 49 I'Tn no 72 I'Tu. MakcumanbHass W3MepeHHas JIETEKTOPOM MOIIHOCTH ObLia

42 uBt na wactore wm3nmyuenus S3 ITr (puc. 12). bonbmioe COOTHOIIEHHE CHUTHAI-IITYM
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MO3BOJIUJIO OIpPEAETUTh AWarpaMMy HaIpPaBICHHOCTH IKo3e(coHOBCKoro wuzmydeHus. Jls

9TOr0 Mbl HU3MCPpHUIIM CUTHAJT ACTCKTOpPA B 3aBUCHUMOCTHU OT €ro CMCUICHUA B JBYX B3aWUMHO

NEPNCHAUKYIIAPHBIX HaITpaBJICHUAX B IIJIOCKOCTH, HGpHGHI[PIKy.]IHpHOﬁ HaIrpaBJICHHUIO

pachpoCTpaHEHUsl W3JIydeHUs. OKCIepUMEHTalbHas IuarpaMMa HampaBIIEHHOCTH H3ITY4YECHUS

MaccuBa KOHTakToOB Ha yactore 70 I'T'1 moka3zana Ha puc. 13 kpykkaMu U KBajapatamu. JInHuei

IMOKa3aHa armnpoKCUMaIuAa SKCIICPUMCHTAJIbHBIX JaHHBIX C TOMOIIBIO IrayCCOBa paCIpCACIICHUA
by, 2x°

exp ————— |. (2.4)
2 2
(C()él +C()§)Z Wy, + @,

K(x)=

B kauectBe moaroHoyHoro napamerpa B popmyne (2.4) UCHOIB30BAICS PAANYC MEPETKKU
@] B JUarpamMMe HampaBICHHOCTH JK03€()COHOBCKOTO H3Iy4EHHUS, B TO BpeMsl KaK paguyc
HNEepeTsDKKM B JUarpaMMe HaNpaBICHHOCTU JETEKTOpa o= 3.2 MM OIpelensics u3

HE3aBUCHUMBIX H3MEpeHH u pacueroB. Hawmnmydiiee coBmageHue € 3KCHEPUMEHTOM OBLIO

MOJIYYEeHO ISl o1 = 17.7 MM.

40 ]

oO
O
o=5__

MoruHocTs (HBT)
o
S
1
0
O~
=
O

o b peo J%%cé toowffX

40 50

0
Yacrota (I'Tm)

Pucynox 12 - MOIIHOCTb U3ITy4yeHHS HEMOYKH HUOOMEBBIX J1K03e()COHOBCKUX
KOHTAaKTOB, U3MEPEHHAs KBa3HONTUYECKUM eTeKTOpoM IIIOTTKM B 3aBUCUMOCTH OT
4yacToThl. JINHUU POBEEHBI 71 Y100CTBA HAOIIOICHUS.

Hcnonb3yss STH 3Ha4YeHHWS pPaguycoOB TEPETSHKEK, W Tojlarask WX [OCTOSHHBIMH B
WCCIICIOBAHHOM WHTEpPBAJie YacTOT, MBI MOJYYUIU KOIPPUIMEHT CBI3U JETEKTOpa C
n3nydearneM K(0)~0.12, 9To TO3BONHIJIO OLEHHUTHh TOJHYI) MOIIHOCTH K03€()COHOBCKOTO
u3aydeHus: nocue JuH3bl kKak 180 nanoBart Ha uactoTe 70 [T M3-3a BO3MOXKHBIX OIIMOOK
OmpefeNieHUs] BETUYMHBI TEPEeTsHKKU B JAMAarpaMMe HaIpPaBICHHOCTH U BOJIbT-BATTHOMU
YyBCTBUTEIBHOCTH JETEKTOpAa TOYHOCTh NPHUBEICHHOW OIIEHKH cocTaBisieT okojo 50%.

[Mockonbky nerektop IIOTTKM HEWUYBCTBHTEIEH K H3IYYCHHIO B OJMU3KOH HH(paKpacHO
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o0JacTu CHeKTpa, HaM yAaJoch MUCCIEA0BaTh JK03€(COHOBCKOE U3TyYeHUE C HHTEHCUBHOCTHIO
Ha IOPAJOK BEIWYMHBI MEHBIIEH HHTEHCHUBHOCTH TEIUIOBOTO W3JIydyEHHUs INPH KOMHATHOMU
temrneparype. [logobHbie n3Mepenus ObuUIM ObI CYIIECTBEHHO 3aTPYAHEHBI IPU UCIIOIb30BAHUH
ONTO-aKyCTUYECKOI0 JIETEKTOpa. DTHU pe3yibTaThl MOKAa3ajdd, YTO KBA3HONTHYECKHM IETEKTOp
[HoTTku 065a7a€T JOCTATOYHOW UYBCTBUTEIBHOCTHIO JJISi KOHTPOJISL 3TOTO U3JIYUYEHUS U MOKET

OLITH B MEPCICKTUBC UCIIOJIb30BAH B CY6MI/IJ'I.HI/IMCTpOBOM JHaIra3oHe BOJIH.

214
184
15+

121

Wzmepennas mommHOCTh (HBT)

-8 -6'-I4'-2 0 2 4 6 8 10
Cwmenienue, x (MM)

Pucynoxk 13 - JIlnarpaMmMa HanpaBJIeHHOCTH M3JTy4SHHsI MAaCCHBAa HUOOMEBBIX
JK03€(hCOHOBCKHMX KOHTAKTOB. IHTEHCMBHOCTH MU3TyUYEHUS H3MEPSIIach JIETEKTOPOM
IToTTKH B 3aBUCUMOCTH OT €T'0 CMCIICHUSA B ITIJIOCKOCTH, HepHeHI[HKyHHpHOﬁ HaIpaBJICHUIO
pacrpocTpaHeHUs M3TyYEHHUS B IBYX B3aMMHO MEPIEHIUKYIISPHBIX (KBaIpaThl U KPYKKH)
HaIpaBJICHUAX. Jlunns - arnmpokcumManus SKCICPUMCHTAJIbHBIX TaAHHBIX C ITIOMOIIBIO
rayccoBa pacripe/IeICHHUs.

Ilone3HbIM TakXke MOXET OKa3aTbCi U UCIOJIb30BAaHUE B KayeCTBE JIETEKTOpA
¢oronpuemHruka Ha ocHoBe InSb. Mpbl HCIONB30BAINM BBICOKOYYBCTBUTEIBHBIA JIETEKTOD,
pa3paboTaHHBIM M WU3TOTOBJICHHBIN MO pyKoBoACTBOM b.B.BacunbeBa B (pU3MKO-TEXHUYECKOM
uacruryre um. A.®. Uoppe PAH [10] (puc. 14). DtOoT gOeTEKTOp, pa3MEIICHHBIN
HEMOCPEACTBEHHO OKOJO o0pasna ¢ JKO3e(COHOBCKMMHU KOHTAaKTAMHU TIO3BOJIUT HaM
MCCJIE0BATh UarpaMMy HAIlpaBICHHOCTH U3IYYEHMs TUAIEKTPUUYECKON aHTEHHBI-PE30HATOPA,
POJIb KOTOPOH BBIMOJIHAET KPEMHHUEBas MOJUI0KKA C HANBUICHHBIMHU Ha He€ 1K03e()COHOBCKUMHU

KOHTaKTaMMH.
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Pucynok 14 - ®0oTouyBCTBUTENBHBIN JETEKTOP B GOPME CIUPAIIH.

st u3ydeHus COeKTpabHOTO COCTaBa HKO3€(COHOBCKOTO U3JIyUYEHHUsI Mbl pa3paboTaiu
CTeHJ, B KOTOPOM HCIOJb30BAIM TETEPOAUHHBI MPUEMHUK HAa OCHOBE TapMOHHUKOBOTO
cMmecHuTens. B Hammx sKcepuMeHTax MPUMEHSETCS TU00 MOJACPHU3UPOBAHHBIN TAPMOHUKOBBIN
cmecutens moaenu 7054 [11], mubo cTpobockonmuyeckre mpeodpazoBaTeib MM-IMana3oHa BOJH
mozaemu 7030 [12]. Cmecutenb Ha OCHOBE CTPOOOCKOMUYECKOTO Tpeodpa3oBaTes MoKa3aH Ha
puc. 15.

Ha puc. 16 npuBeneHa 3aBHCUMOCTh BBIXOJHOTO CHTHAIA MPOMEKYTOYHBINA 4aCTOTHI OT
4acTOThl MPUHUMAEMOro curHana. [lo BepTHKanbHOW OCH OTJIOKEHO NpEeBbIICHHEe B 1b

aMIUIUTYIbI PETUCTPUPYEMOTO CUTHAJIA HaJl COOCTBEHHBIMU IIIyMaMH MPUEMHUKA.
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Pucynok 15 - biiok cxema
reTepOAMHHOrO MPUEMHUKA Ha Oa3e
CTPOOOCKOIINYECKOT0 Ipeodpa3oBaTes

Output signal (dB)
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Pucynok 16 - 3aBUCUMOCTB BBIXOJHOTO CUTHAJIA
MPOMEKYTOUYHBIM YaCTOTHI OT YACTOThI MPUHUMAEMOTO
curHaina. [1o BepTUKaIbHON OCH OTJI0KEHO IPEBBILIEHUE B
nb aMIIUTyaBl pEruCTPUPYEMOTO CUTHANIA Ha
COOCTBEHHBIMH IITyMaMU MTPHUEMHHKA.
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3akiroueHue

Bce 3amaun BTOporo srana mpoekTa BBIIIOJIHEHBI IOJHOCTHIO. [IpoBeneHbI uccieqoBanme
U MOJIU(UKAIHS TEXHOJIOTUU W3TOTOBICHHUSI MHOTOKOHTAKTHBIX JPKO3€()COHOBCKHUX CTPYKTYp Ha
OCHOBE KaK BBICOKOTeMIIepaTypHbIX cBepXnpoBoaHUKOB (BTCII), Tak 1 HU3KOTEMIEpaTypPHBIX
CBEPXIPOBOJHUKOB (HHOOMWs). brplma mpoBemeHa pa3paboTka TOIMOJOTHH OCHWJUIATOpPA Ha
JDKO3e()COHOBCKMX KOHTAKTaX, HCCIEIOBaHAa 3aBUCHUMOCTh B3aMMHOM CHHXPOHHU3AIMH OT
TOTIOJIOTUM W BBIOpaH ONTHMANBHBIA AW3aiiH cxembl. Ha OCHOBE O3THUX WHCCIENOBAaHUN U
MPOBEICHHBIX PAacYeTOB ObUT pa3pabdOTaH W M3TOTOBJEH KOMIUIEKTOB (HOTOMIA0JIOHOB. bbbl
UCIBITAaH TIEPBBIA BapuUaHT CXEM Ha OCHOBE HHOOMS W MOJEPHHU3MPOBAHA TEXHOJOTHUS
usrorosnenus cxem u3 BTCII. Ha stom sTame 3aBepiieHa pa3paboTka NepBOil BEpCHH CTEHAA
JUIE M3MEpPEHHH M3JIyd4eHHUs U3 JKO3e()COHOBCKMX KOHTAKTOB Ha uactotax no 0.5 TIm.
Pa3paborana npueMHasi aHTeHHA JUIsl KBa3UONTHUECKOTO JIeTeKTopa Ha ocHoBe Anoja llorTku, a
Takke ObUI0O  MPOBENEHO  HCCIEJOBAaHME  TE€TePOJUMHHOrO  MpHUEMHHMKa Ha  0aze
CTpOOOCKOMUYECKOT0 MpeodpazoBaTenss MM Jauana3oHa BoimH Ha vactotax go 0.5 Tl'u. Ilo

pe3yiibTaTaM I/ICCJIG,Z[OBaHI/II‘/JI IIOATrOTOBJICH HayIIHO-TGXHI/I‘-IeCKI/Iﬁ OTHYET I10 2 9TaIry MmpocKTa.
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Spectral characteristics of noisy Josephson flux flow oscillator

E. A Matrozova.* A, L Pankratov,' * M. Yo Levicthey, and V, L Veks'
ratinute foe Mhabnf Miroaminares af KAS, Nizhing Nevgosod, 00950, Bias
Aewernmemtal Civegry RPE "SALUT,” Nizhery Newgord, 608950, Rivgi

"Laewaionry af Cpuegemie Nonmelpesrd:s. Nishiy Npvgonsd Sue Tecbigvod Ulvessiey,
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The current-voltage and spectral characiersties of a flux fAow oscillaor (FFO) hised on a long
Josuepbeann punction e studied. The investigatasns e peeformed in the range of sl biis curreats
and magnetle fekds where the FIFO mdinies o quasichaobe signal with estremely Large radiaion
Tnewidih, and the displaced llncur shopic (DLS) b abserved at the cument-vollage chiraciorisic,
Uhing direct sumerical simulation of the sine-Gorldon egquation, it s showr that for Tange lengihs of
the losephaon unction. o in the cote of pastiil matching of the FEO with extermal waveguide
system, the DLS with exiremely lorpe Unewidih s transformed into Fiske sieps with very narmow
liewidih As for Fiske steps, the appeanince of regime of chaotie osgiflations con be explained by
muliiple reflectiony of the irveling waves from junction ends rather than simply by excitabion of
the fmtiermal omet|Lst jom modes tin il “sft™ Miwon chali ot weak magnetic lelds, © 300 Amerlean

Tnwinte of Physics. fdok 10 [063/].3633231)

L. INTRODUCTION

The tlus How oscilletor’ (FFO) based on s long Nb-
AN Joweplison junetun of oveslap peomitry generaling
it broadband quasi-chaotic tignal (s o good casdidate 1o be a
eriny siwares fior variety of application: Nonstationary spac-
troscopy,” calibration of mivers; soch as based on S35 fsuper-
conductne-insilame-dnperconductor)  Josephan  unctons,
and calibration of sdperconductive mtegrated  recelver
(ST The Josephain Buxons are Tormed w the presence
of an external magnetic field, and vader the infuence of a
hias current. they start to move from ane end of the junchion
to wnether and e ridinted st the border of the junctina,
Depentlng on the value of & magnete Held and a bias current
supplied to the FPO, three vanous modes of generstion can
e vutlined. At seall magnetic fSelds (helow s cntical field at
winch asons s to enter the junctaon) the chaotic peneri-
fiaen with & very large widih of & spectral line, which san
reach several pigahertz ut Gequency of generation from SU 1o
200 GiHz is observed.” Fusther, with an ticreies m 0 mag-
netic Held dnd freqoency of generation (fram 20 to approx-
roatiely 400 CiH2) almest vertical Fiske steps are seen al the
cumentvoltage charscteristic (IVCL™ " Here due 1o roso-
pant mude, the spectral linewidih o smalles than 1 MHz but
thug. hecause of the Fiske steps. theie o no possibiliay of
smitioth) frequency g thit complicates the applssation of
this msde for spectroscopic measurements. With a further
Increase of the magnetic feld and the oscllation reguency
in The vange from 250 10 700 Glie, the comtimuouly mmable
s fow steps are observed a8 IVC™ " Here the frequenicy
can conbwngously be funed m the whole mnge leading o the
witdth of & spectral line from | o 50 MHz

I3 s whdely accepied in the literature that in the ronge ol
FFOY frequency tram 51 1o 200 GHz. the so-valled displaced

Pelevernn apal phpd) e al-pmey s

002 TAETRI0 11 NS SI02EI0 20
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liear (DLS} is observed it curteni-voltige charscienis-
tic, ™" and the penerution Hnewidth in this range i
exiremely beosd, It is uspally amribuled to excitation of the
wnitermal oseallation modes in the “wadt’ Ruxon chan o weak
megnetic helds."’ However, most of the expenmental and
eapectnlly theotetict) works dial with the cpse where the
mutching between FFO and external wave-guide sysiem’ is
poor or even absent

The aim of the presen! paper is to investigite an infid-
enwe of thermal foctustioas. a tmite value of RU Joad aned o
length of the FFO on the speciml Hme in this quasi-chaotic
repime of FPO sadianon. We demopstiate that {ov swifi-
chently long junctions of in (he case of good madching, which
can be modeled by RC-load gt FFO ends, the DLS wih
herad newidih B tesnsformed (ofo the Fiske steps with
exemely narow finewidth. Therefore, the appeirance of U
regume of chaotic oncillatsons can be gyphumed buth by exci-
tatinn of the imternal pscellution modes uy the “sofl” Sy
chain and by multiple reflections of the irveling waves [iom
Juncaion ends,

Il. STATEMENT OF THE PROBLEM AND MAIN
RESULTS

It is known that all basic properties of the FFO zan be
descnbed m the frame of the sine-Ciordon equanion:

¥ H =¢r P = Nun k|

where indices 1 and + denote emporal wnd quial dervas
nves, i i the phuise ander parsmeter. Space and time are nor-
mliged (o the Josephwon penciralion lengih 20 and o the
inverse plasma frequency or)', respestively, @ = o, iy 1x
the damping parameter, i, = /2el, THE. 1, = el R /B4,
i% the enitical currenl, C is the junction capacitance, &y, is the
normial state resivtance, [ s the surfuce loss parametsr, i 1s
the k! biae cument density, normalized o the eritical curent

sinigh] Fmlafl (1)
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respectively) shows qualitative independence from the length
of the junction.

The situation is completely different for the unloaded
case. As one can see from Fig. 6, I' = 1.7, with increase of
L the chaotic generation for L =10 transforms to the multi-
harmonic generation for L=20, and to the harmonic
generation with one strongly dominating peak for L= 80.
Correspondingly, the increase of the FFO length also signifi-
cantly affects the current-voltage characteristic, increasing
the IVC slope, see Fig. 7.

Thus, the use of the chaotic mode of generation of the
FFO with a broad spectrum has a number of restrictions that
does not give the opportunity of its application for sub-
terahertz non-stationary spectrometry. However, other
modes of the FFO can be used where quasi-monochromatic
generation with broad linewidth is also observed (for exam-
ple, in a more important range of frequencies from 450 to
700 GHz). Besides, for additional broadening of the spec-
trum an additional stochastization of bias current and mag-
netic field of the FFO can be realized.

lll. CONCLUSIONS

In the present paper, it is shown that the power spectral
density of the FFO essentially depends on the junction length
and conditions of the RC-load matching at the ends of the
Josephson junction. The special case of extremely broadband
chaotic generation of the Josephson flux flow oscillator is
observed only at the mismatching of the FFO with external
waveguide system and small junction lengths. Therefore, the
appearance of regime of chaotic oscillations can be
explained by multiple reflections of the traveling waves from
junction ends rather than simply by excitation of the internal
oscillation modes in the “soft” fluxon chain at weak mag-
netic fields.>”’

J. Appl. Phys. 110, 053922 (2011)
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Mesoscopic cross-film cryotrons: Vortex trapping and de-Josephson-like
oscillations of the critical current
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We investigate theoretically and experimentally the transport properties of a plain Al superconducting strip in
the presence of a single straight current-carrying wire, oriented perpendicular to the superconducting strip. It is
well known that the critical current of the superconducting strip, I, in such a cryotron-like system can be tuned
by changing the current in the control wire, J,,. We demonstrated that the discrete change in the number of the
pinned vortices/antivortices inside the narrow and long strip nearby the current-carrying wire results in a peculiar

oscillatory dependence of 1. on I,,.

DOLI: 10.1103/PhysRevB.83.144509

I. INTRODUCTION

The original idea to control the resistance of a long
superconducting (S) wire by means of a magnetic field
generated by a coil wound locally over the wire, was proposed
by Buck in 1956." If the magnetic field inside the solenoid
with permanent driving current exceeds the critical field of
the central type-I superconducting wire, superconductivity
will be completely suppressed and this device (cryotron) will
be switched from a low-resistive state to a high-resistive
state. Further investigations in the 1960s> revealed that
the cryotrons can be potentially used as superconducting
computer elements (switches, binary adders, shift registers,
AND/OR gates, etc.). However the performance of such
elements at high frequencies was found to be worse than
ordinary semiconducting chips, since the cryotrons were rather
slow and energy-consuming. Furthermore, the miniaturization
of cryotron-like devices, which appears to be important for
reducing the characteristic time constant, was very limited at
those times.

Revival of interest to superconductor—electromagnet
(S/Em) hybrids came in the 1990s in connection with the
problem of the influence of a spatially modulated magnetic
field on superconductivity. The development of advanced
techniques for material deposition and lithographic methods
have made it possible to fabricate composite structures with
controlled arrangement of superconducting, normal metallic,
ferromagnetic, and insulating layers at micron and submicron
levels. Pannetier er al.® demonstrated that the dependence
of the critical temperature 7, on the applied magnetic field
H for such a hybrid system consisting of a plain Al film
and a lithographically defined array of parallel metallic lines
can be nonlinear and even nonmonotonous in contrast to
a plain superconducting film in a uniform magnetic field.”
Such tunability of the T.(H) dependence by the stray field
of the meander-like wire reflects directly the controllable
modification of the standard Landau spectrum for the order
parameter (OP) wave function in a periodic magnetic field.*~!°
It is worth noting that keeping the nonuniform magnetic

1098-0121/2011/83(14)/144509(7)
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PACS number(s): 74.25.F—, 74.25.Sv, 74.78.Na

field of the control coils/wires requires expenditure of energy
and may result in parasitic heating effects. Therefore, later
on the interest was turned to superconductor-ferromagnet
(S/F) hybrids since the inhomogeneous magnetic field in
S/F systems, conditioned by the nonuniform distribution
of magnetization, can be obtained without energy costs.
The influence of a nonuniform magnetic field produced by
ferromagnetic elements on nucleation of superconductivity
and low-temperature properties of superconducting specimens
was studied intensively for flux-coupled S/F hybrids during the
last two decades (see Refs. 11-15 and references therein). We
would like to note that the amplitude of the stray magnetic field
and its profile are dictated by the saturated magnetization of the
ferromagnet and by the shape of the ferromagnetic elements,
which eventually restricts the flexibility of the S/F hybrids.

In the present paper we report on a so far unexplored
limit of a cryotron-like system at micro- and nanoscales
bringing together the ideas and approaches developed for both
S/Em and S/F hybrids. With that purpose we fabricated a
composite structure consisting of a type-II superconducting
strip and a single straight current-carrying S wire oriented
perpendicular to the strip. Since the stray magnetic field of
the straight wire is maximal near the wire and it decays
approximately as 1/r at large distances r from the wire, one
can expect that only a small part of the superconducting strip
in close vicinity to the wire will be affected by the nonuniform
magnetic field.'® A simple change in the current in the wire,
1,,, gives us the opportunity to control the maximal value
of the magnetic field, By, generated by the current in the
control wire. By varying By one can create different states
with partially and completely suppressed superconductivity
in the considered cross-film cryotron. Thus, the main point
of our research is to “scan” all possible intermediate states
lying between uniform superconductivity (for small By) and
fully depleted superconductivity (for large Bp) and to study
the effect of the transitions between various superconducting
states on the critical current for mesoscopic type-II cross-film
cryotrons.

©2011 American Physical Society
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Fluctuations in a mesoscopic superconducting ring: Resonant behavior of conductivity and specific
heat in the two-mode critical regime
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The critical fluctnations in a mesoscopic superconducting ring are studied within the Ginzburg-Landan
approach. The nonlocal conductivity as well as the specific heat are calculated as functions of the magnetic
flux @ through the ring. At & = @/2 two low-energy eigenstates become degenerate and near this point the
behavior of fluctuation-dependent quantities changes dramatically: both the zeto Fourier component oy of the
fluctuation conductivity and the specific heat become nonmonotonic functions of |$ — $/2| with rather special

resonant structure.

DOI: 10.1103/PhysRevB.84.064527

I. INTRODUCTION

Mesoscopic superconducting rings attract considerable
interest in comnnection with their urnusual properties in the
vicinity of the superconduction transition. One of the most
interesting features is an oscillatory behavior of the critical
temperature as a function of magnetic flux through the ring?
due to competition between spatial modes characterized by
different orbital momenta. The remarkable property of the
superconducting rings is the fact that all eigenstates are well
separated from each other, and in some cases the dynamics
of each state can be described independently. This provides a
unique opportunity to study the critical fluctuation contribution
to all measurable quantities of the rings. With the development
of microfabrication technologies it becomes possible to create
superconducting rings of radius R comparable to the Ginzburg-
Landau coherence length &, (see Refs. 2 and 3, and references
therein). The fluctuations in such small rings can be described
in the frames of simple analytical models, such as the zero-
dimensional Ginzburg-Landau formalism (see, for example,
Ref. 4). In Refs. 5 and 6 the persistent current due to the
critical fluctuations was studied for different ratios between
the rings” radius and the coherence length. The caleulation
of magnetization in the critical regime has been performed
in Ref. 7. Note that previously the influence of the critical
fluctuations on specific heat and magnetization has been
studied in small superconducting granula both theoretically®
and experimentally.”

At the same time one of the most natural ways to study
fluctuations near 7. is the performance of the conductivity
measurements (the fluctuation correction to the conductivity
has been described first in Ref. 10). For superconducting rings
two types of experiments were proposed: (1) nonlocal para-
conductivity measurements with probes attached to different
points of the ring;!%!? and (ii) contactless measurements of
dissipation in the array of rings subject to an electromotive
force induced by a weak alternating magnetic field.'* The
corresponding calculations of the nonlocal conductivity within
the Gaussian approximation were performed in Ref. 14.

The separation of different eigenstates in a mesoscopicring
with R > &, allows one to describe analytically the contribu-
tion of the critical fluctuations to the nonlocal conductivity
in the magnetic field which produces the flux & through the
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ring. It was shown that in the critical fluctuation regime the
fluctnation contribution to the conductivity has a logarithmic
singularity near the critical temperature 7. (Ref. 13) with a
prefactor proportional to the (®/ ®o)*. However, this approach
is valid only for magnetic flux values which are not close to
Do/ 2. Otherwise, for & ~ Oy/2 the separation of modes with
different orbital momenta breaks down: critical fluctuations
near T, are produced by two interacting modes, which cannot
be considered separately anymore.

In the present paper we suggest an analytical description
of critical fluctuations for the case ® = &/2 and calculate
the corresponding fluctuation correction to the nonlocal
conductivity of the ring. We will keep in mind the contactless
realization of conductivity measurements in which only the
zero Fourier component of the conductivity plays the key role.
Also, we analyze the behavior of the specific heat value in the
two-mode critical regime. To analyze the situation we use the
time-dependent Ginzburg-Landau equation. This approach is
reasonable for small dirty superconducting rings (see Ref. 13).

The paper has the following structure. In Sec. [I we describe
in detail the behavior of the conductivity both inside and
outside of the two-mode critical regime. In particular, we
present the exact expression for the conduectivity for the case
¢ =~ 1/2, based on the analytical solution of the nonlinear
two-mode Ginzburg-Landau equation. In Sec. III we calculate
the specific heat, taking the mode interaction into account. The
results are summarized in Sec. IV.

II. FLUCTUATION CONDUCTIVITY DUE TO CRITICAL
FLUCTUATIONS

To calculate the nonlocal conductivity we use an approach
which is similar to that of Ref. 13. The zero-frequency
conductivity o(p — ¢”) is given by the Kubo formula (see,
for example, Ref. 14)

1 el
olp—¢) = ?fo (T 0M(¢.0))dt, 63]

where the supercurrent is defined by the standard expression
T(p.r) = (e/mR)Re[y(id, — ¢)b*] and ¢ = D/ Dy.

©2011 American Physical Society



S. V. MIRONOV AND A. BUZDIN

L[(é_) (L9
(e \ R/ [e* + &/RP(1 —2¢)]
(1+¢) 1-12% =
RN (4¢>(1 —ag5) E“tg(z”@”
& (&Y 19
P \R) T + Go/RP(— 20)P
Jo(eye_O+e ( 1-1g
R) & T+29)  \#A—4p)
- %ctg@m))]. (A3)

For magnetic flux values which are far from the point
¢ = 1/2 the analogous singular part of the conductivity in
the critical regime can be calculated under the assumption that
the fluctuations of only the mode with s = 0 are critical, while
the fluctuations of other spatial modes are Gaussian (the lowest
mode approximation). The procedure of calculation is similar
to the one for the Gaussian regime. Expression (3) takes the
form
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The first term in square brackets in expression (A6) represents
the central result of Ref. 13. To calculate the second term one
should take into account that in the critical regime

co 2
( / \wo<t>\2dr>f"’§° Ll
4]

IR GD,
©
The last sum in square brackets in expression (A6) is similar
to the one in expression (Al) except for the term with
n = 0, which should be calculated in the critical regime. The
expression for the corresponding correlator in the explicit form
is given in Ref. 13. Summarizing we obtain the resulting
expression for the conductivity in the critical regime for
magnetic flux values which are far from ¢ = 1/2:
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Thus expressions (A5) and (A8) give the singular part of
the conductivity oy in the Gaussian and critical (in the lowest
mode approximation) regimes, respectively.
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puaoxenne I'.

1) Cemunap M®M PAH no ¢usuke tBepaoro tena. A.Jl. CemEénon, «l[Ipunnumn neiictBus
OHHO(bOTOHHBIX ACTCKTOPOB HA Y3KUX CBCPXIPOBOAAIIINX IIEHKAX: B3T. JI A TCOPCTHUKA U
sKkcriepuMeHTaTopay - 17 oktsops 2011.

AHHOTAIUA.

B mpesenTaiiuu, ocBsIEeHHOW 0JHO(QOTOHHBIM AETEKTOpaM, ObLTH PACCMOTPEHBI O0IIHe
TpeOOBaHUs, MPEABABISIEMbIE K TAKUM JE€TEKTOpaM, U HabOp MapaMeTpoB, KOTOPbIMU MPHUHATO
XapakTepu3oBaTh MX KayecTBO. CpaBHEHHEM MapaMEeTpPOB CYIIECTBYIOIIUX JAETEKTOPOB OBLIO
II0Ka3aHOo, YTO CBEPXIPOBOJHUKOBBIE AETEKTOPBI U3 Y3KUX MOJIOCOK HECYIIUX NOJKPUTUYECKUN
TOK 00Ja/1al0T ABYMs OTJIMYUTEIBHBIMH OCOOCHHOCTSIMU. biaromapsi BBICOKONH MaKCHMAbHOM
4acTOTE€ C4YeTa, OHHU TO03BOJISIIOT H3y4aTh HMHTEHCUBHBIE IIOTOKM (OTOHOB 0e3 mnorepu
uHpOpMALlUK, a YyBCTBUTEIBHOCTh K (OTOHAM JUIMHHOBOJHOBOW YacTH  OJIMKHETO
MH(PPaKpacHOTO uara3oHa BOJH JEJaeT UX YHUKAJIbHBIM MHCTPYMEHTOM Ui MCCIEIOBaHUN B
KBAaHTOBOM ONTUKE M s KOMMYHHUKAI[MOHHBIX NPWIOKEHUH B 3TOM obiactu cmekrpa. B
3aKJIIOYEHHE OBUIM paccMOTpeHbl (pU3MYECKHE TNPUHIMINBI  (YHKIMOHUPOBAHUS TaKUX
JIETEKTOPOB M TMPEUIOKEHBI YIPOLICHHbIE MOJENIM OTKJIMKAa B BUAMMOM W HMH(pPaKpacHOM
00J1acTsAX CIeKTpa.
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MpuHUMN OerncTBUA 0AHO(OTOHHbIX AETEKTOPOB Ha Y3KUX
CBepXnpoBOoasALMX NMeHKaxX: B3rNns4 sKcnepumMeHTaropa

Alexej Semenov
German Aerospace Center

# Deutsches Zentrum
DLR fiir Luft- und RaumfahrteV.

in der Helmholtz-Gemeinschaft Sl e s e

7

;;&w/r{mm

Outline

» Yto Takoe OAHOPOTOHHbLIN AETEKTOP?

> TOHKasi cBepxnpoBoAsLas Nosfiocka Kak
OOHOMOTOHHbIN aeTekTop - SNSPD

> WcTopua Bonpoca 1 noteHUManbHbIe NPUMEHEHUA
» OCHOBHbI€ 3KCNepUMeHTarnbHble JaHHble
> Kak aTto pabortaetr?

B3rnag akcnepuMeHTaTopa

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV, Folie 2

in der Helmholtz-Gemeinschaft

46



Single Photon Detector

Detection efficiency, DE = 3/5
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Detection efficiency, DE = 3/5

Dark count rate, Ry = 1/At
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Detector Type [Firm] Count QE Jitter Dark

(temperature, resolution) rate (%) (ps) counts
(s™) (s)

FPD5SWIKS InGaAs APD 5.0-106 16 200 500

[Fujitsu] (290 K, N/A)

R5509-42 STOP PMT 9.0-10¢ 0.1 150 2.0-10*

[Hamamatsu] (290 K, N/A)

Si APD SPCM -AQR-16 5.0-10¢ 0.01 350 25

[EG&G] (290 K, N/A)

Mepsicron IT PMT 1.0-106 1073 100 0.1

[Quantar Tech.] (290 K, N/A)

STJ detector (100 mK, 0.2 V) 5.0.10° 60 N/A N/A

TES detector (100 mK, 0.15 eV) 104 30 N/A N/A

NDbN SNSPD (2 K, 045 eV) 10° 50 <35 <0.01

(res)
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Bias point
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Dynamics of the normal zone
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Line-width 80 nm

2.7 mm

SNSPD Technology

Geometrical non-uniformity
less than 10%
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SSPD operation at 6.5 K in the bath cryostat

SQUID-Senso Detektor-Chip

SNSPD Experiment
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Spectral response at different currents
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Typically in meanders
experimental critical currents
are less (0.5 to 0.8) than the
depairing critical current
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SNSPD Performance

SNSPD Performance

Signal amplitude grows with the wavelength

=

Quantum efficiency
o

Photon energy (eV)

Signal amplitude 1

&
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Dark counts vs linewidth and temperature
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Kinetic inductance increases with the current

Kinetic inductance as function of the bias
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Efficiency drops when the electron diffusivity increases

TE ~ 100 X TE (NbN)

) E
e 3
g E: D ~ 10 X DNbN
5 &
-
Q =
o 2 i i '
o g Restricts the choice of materials
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‘2 0.0 0.5 10 1.5 2.0 Tg C (le)oc
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B3arnag akcnepumeHTtaTopa
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‘Hot-spot detection regime

=4D1..
Cut out a strip with a Increase L; (alternatively decrease
width less than L; and bias the detector) and either
at I1<I. block or control

diffusion through the boundaries

SNSPD l ‘!

TES STJ
Semenov et al., Physica C, 2001
Goltsman et al., APL, 2001 Miller et al., 1999 Verhoeve et al., 1997
0.3 ¢V photons detected at 4 K 0.15 eV resolution for 0.3 eV photons below 100 mK

: 8 o1 i
counting rates 10° sec counting rates 104 sec’!
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Photon energy (eV)

g: i%@ s o 4"""‘"%"‘;%';""‘-""‘;'@ 10.02
- Distance, rel. units ‘g 10 40.01 <
A. There is a red boundary but the efficiency B
does not disappear abruptly as the hot-spot e
scenario dictates
B. The response amplitude decreases 400 600 800 1000 2000 0.00
with the photon energy Wasvelength {rm)
C. Dark counts have larger amplitude
than photon counts Original hot-spot model
D. The red boundary shifts to smaller photon predicts the red boundary
energies and the efficiency beyond the boundary In UV-range
increases when the operation temperature
decreases

# Deutsches Zentrum
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: % TIR 2 S
p. = a1 UES L

Hot-spot model — Formation of the normal domain

»

Semenov et al.,
Europ. J. Phys., 2005

Charge flow conservation

(”S - S”S)V; = NgVg

> 5
: T
= L . Switching criteria
~ Find &ng from the . Vs > Ve
E two-dimensional é . ] oF
% diffusion problem g = T '
7 o elng=dng)ve > i
2
Red boundary he _NAwdynDr, 1_L
for the photon energy A C k 1
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Electro-thermal model of the normal domain
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Semenov et al., SUST 2007

A.V. Gurevich and R.G. Mintz, Rev. Mod. Phys. 59, 941 (1987).
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Dark counts occur randomly without light. A photon initiates just one dark count at the absorption site

Photon energy (eV)
500 — —
400 _— ] ,/(:_—______ e
300 = —3y] 206 o

-0
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100

LET) l‘fﬁ T
Absorptivity

100 F R
=200 J

<300 - Ws 4.8 un E
400 ,_.Tn‘?'. AIJTI

PREPIE E—— —

-2 -1 o 1 2 2 =1 ] 1 2

i ‘.
Paosition {um) Position (um) / \\

400 0 800 1000
hV \ A Wavelength (nm)

A. Semenov et al., SUST 2007
H. Bartolf et al., PRB 2009
M. Hoffher et al., JAP, 2010
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2) Cemunap U®M PAH o ¢pusuke tBepaoro tena. A.J[. Ceménon, «CBEepXMpOBOIHUKOBEIE
JIETEKTOPbI KOTEPEHTHOTO CHHXPOTPOHHOTO M3IIyueHHs» - 24 okTa6ps 2011.

AHHOTALIUA.

B npeseHTanMu, TNOCBAIIEHHOW  JAETEKTOPAM  TEParepLoOBOrO  KOIEPEHTHOIO
CUHXPOTPOHHOI'O0 H3JIy4eHHUS Ha OCHOBE MUKPOMOCTHKOB U3 IUIEHOK BBICOKOTEMIIEPATYPHBIX
CBEPXIPOBOJHHUKOB, OBLIM H3JI0XKEHB! (PU3MUECKHE NMPUHIUINBI paOOThl HAKOMUTENBHBIX KOJELl
YCKOpHUTENEH DSJIEKTPOHOB B KayeCTBE MCTOYHHUKOB M3JIydyeHHs. B wacTHOCcTH, OBLIH
PacCMOTPEHBI YCIIOBUS IOIYYEHHs SIPKOTO KOTEPEHTHOI'O TEPareploBOrO H3JIy4EHUS ITyTEM
CKaTUSl DJIEKTPOHHBIX CI'YCTKOB B HAaKONHUTEIHHOM KoJblle. Bbun 00CYXIEHBl MPHHLIUIBI
KOHCTPYMPOBaHUSI M ONTHMH3ALMHU JACTEKTOPOB, WCIONB3YIOIIMX MHUKPOHHBIE MOCTHUKH U3
wieHok YBCO HaHOMETpOBOW TONIIMHBI, CHOCOOBI MX ONTHYECKOW CBSI3U C W3IYYCHUEM U
HEOO0JIOMETPUUYECKIE MEXAaHU3Mbl JETEKTHPOBAaHUS TEpareploBOro H3jlydeHus. B 3akmoueHue
ObUIM TIPECTABJICHBI MPUMEPHI CUCTEM, BKJIIOYAIOLINX a30THBIA KPHUOCTAT, CMOHTHPOBAHHBIN B
HEM JIeTEKTOp B ONTHYECKOM JEpXKaTelle W MHTEIPUPOBAHHYIO DJJIEKTPOHHMKY, a TaKkKe
MIOJIy4eHHBIE C IIOMOINBI0 TaKUX CHUCTEM PE3yNbTaTbl MCCIEIOBAaHUA KOT€PEHTHOI'O
CUHXPOTPOHHOI'O U3Ty4ECHHUS.
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r
Coherent synchrotron radiation pulse recorded at ANKA

0.5

0.0 |-

Signal (V)

-0.5 .

-1.0 |- -
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Superconducting Detectors for Coherent THz
Synchrotron Radiation

A. Semenov
German Aerospace Center (DLR), Berlin, Germany

# Deutsches Zentrum .
DLR fiir Luft- und Raumfahrt eV, N. Novgorod, Russia, October 2011
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Outline

THz-Synchrotron radiation
Requirements to detectors
Available detector technologies
Superconducting detectors
Outlook
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Synchrotron radiation

i DLR

Synchrotron radiation

i DLR

> coherent non-coherent
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Wavenumber

How synchrotron radiation appears

Elektronenkanone Mikrotron

L

\ 50 000 000 V.
: @ 6 mA (300 kW)
\. |
{ \3 0 s
70 000 V ¢ Synchrotron
00mARIKW) . radiation
b g e Speicherring Bending magnet

4.5mA (7,6 MW) 1700 000 000 V
100 mA (170 MW)

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
in der Helmholtz-Gemeinschaft

Coherent THz radiation from a storage ring

M. Abo-Bakr et al., Phys. Rev. Lett. 2003 [

/\ non-coherent AL > A

\ /

\ S e |

4; coherent AL <A

Electron bunch

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
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OFF
ON Spectrum of the coherent
. (low-o. operation) and non-
10 E I T T T T .
c : l coherent (normal operation)
ke [ THz radiation at MLS
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T ¢
© 30y 43
8 Aon & 4/— = 150 GHz (5 cm-1)
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s g p - Radius of the electron
9 orbit in the magnet
: We e S
o
§, i ] Aorr = 1/ AL > 1 THz (33 cm™1)
(73] 0 10 20 %0 10 50 60

wavenumber | cm’| AL=0.3 mm

R. Mueller et al., J Infrared Millimeter Terahertz \Waves (2011)
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Single-shot terahertz field L . G
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Outline

THz-Synchrotron radiation
Requirements to detectors
Available detector technologies
Superconducting detectors
Outlook
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Required detector parameters

Bandwidth: 0.3 — 1.5 THz

Response time (1): <1 ps

Detectivity: Able to detect 1 pJ spread over 10 cm?

Noise equivalent power (NEP): 108 W Hz 2 at T = 300 K

R ON -~

# Deutsches Zentrum
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Outline

THz-Synchrotron radiation
Requirements to detectors
Available detector technologies
Superconducting detectors
Outlook
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Available detector technologies

In terms of the invariant: NEP 112

A

V-l nonlinear Photoconductor
weak contact

Bolometers

Invariant

>

Wavenumbers
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What is in use?

Si composite bolometer 10-4 W Hz -2, 80 kHz (15 psec); full THz range
InSb hot-electron bolometer  10-2 W Hz-12; 400 MHz (10 nsec); <1 THz
Golay cell detector 100 W Hz-2; 12 Hz (50 msec); full THz range

Pyroelectric detector >10° W Hz-12; kHz (a few msec); full THz range

Too slow for ps-physics at THz frequencies

# Deutsches Zentrum
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Outline

THz-Synchrotron radiation
Requirements to detectors
Available detector technologies
Superconducting detectors
Outlook

Y V V V V
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Advantages of superconducting bolometers

NbN 232 on both-side polished sapphire Metalllc behaV|0r
450000 T T T : r :

Wavelength-Independent

400000 - Sample number
L ® 1 ]
350000 |- - & absorption

® 3 i

300000 |- o e
Maximizing absorbance

dictates the use of thin films

250000 - l

200000 |
150000 |- T oR Two-dimensional bolometric

- body results in a lover volume
100000 |-

R, Ohm (meander resistance)

50000

0 __auill . .
12.0 12:5 13.0 18:5 140

NEP t12 smaller than for other bolometers
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Bolometers — direct detector

d L-1T,

Power e V—(T,-T,)=P-——L¢,V
P dt T
P=K, (T:_To)=K1(T1_Tz)
Bolometric : _L-1, _1, = 1
——— Thermal link =T o o T=¢V =
e Vi T “ -
e Vor Ty K=—1"2
Thermal link K, +X,
LS )
;  kT" 1 1
3 =2——; AF =—
Thermostat ® ¢V AF T
TO
\OT?
_ NEP =*—=-=T,/kzx
K4 >> Ky microbolometer S
K4 << K, hot-electron bolometer Ty = NEPT% =T.k.cV
B
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Normal domain in the bolometer (hot-spot model)

D. Wilms Floet et al. (1999) — R(T) transition

# Deutsches Zentrum
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e BB

ZT +C—(T TO) J pn +RE (1n51deh0tspot),
i
a1, C, .
—kK—= 2 +—(T -T 0) Prp (out51deh0tspot),
i
Semenov and Hiibers (2001) — Bandwidth
X - .
C@T: 0 K@T +j2p—CT T°+Pe"”‘
/8t 0 X 0 X T
SR=6p 2L DT
’ 12 wd P+ jip
. . E 1
V(J)Z(Of—j (G=im) 072 — =
‘E ia)r+Dra)—2+7/ P Lany

v p+P L

Superconducting materials

Substrate/ Te T NEP
n K ns W Hz-172
Nb SiO,/1.16 8 20 1013
AlLO;/2.4
NbN Si/34 10 0.05 1012
Al,O,/2.4
MgO /1.7
MgB, AlLO;/2.4 35 0.5 10-10
YBaCuO MgO /1.7 80 001* 108
AlLO;/2.4
¢ Y2
Two-component response Inv=NEPv2=T kgcV
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Nano-lithography for radiation coupling

Planar gold antennas — THz radiation

736 pm— - 50
B

Bolometer size 1500 x 150 nm

% Deutsches Zentrum
DLR fiir Luft- und Raumfahrt e V.

in der Helmholtz-Gemeinschaft

Modeling radiation coupling

£

The full method of momentum (MoM) for the feed antenna — using FEKO software package

Physical ray-tracing — to evaluate the collimating action of the lens

E,S = TS* ES -
E,, E,- FEKO E =1 *F Slow optics of synchrotrons may
¢ PP require non-trivial coupling solution
n
Jo=fixH
Z\ZS = —ixE

# Deutsches Zentrum
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Radiation pattern g SUMRNEAISAARUtOR

Planar antenna

Gain (dB)

-25

14 0 1
Angle (degree)

R. Nebosis et al, 1995

A. Semenov et al., IEEE MTT 55, 239 (2007)
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Packaging
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Detector System (NbN)

Gain (normalized)

01 2 3 4 5 6 7 8 9 1011 12 13
Angle (degree)

01

1.0

00k Synchrotron THz band

Spectral sensitivity
(normalized)

0.0 Lo e e e e,
0 10 20 30 40 50 60 70 80 90 100

Delivered to ANKA and MLS
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Wavenumber (cm'1)

ekl
Time resolution

Amplifier bandwidth 4 GHz
0.4
S
0.3 @ o.
=]
= g
< 02 -
(]
(72]
g 100 200 300 400 500 600 700 800 900 1000
o 0.1 Time (ps)
(7]
2
0.0
0 2000 4000 6000 8000 10000

Time (ps)

Radiation pulses from single electron
bunches detected at LMS
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One dimensional crystal with periodic
boundary conditions — phonon modes

Instabilities

Revolution frequency — 6.25 MHz
Pulse repetition frequency — 500 MHz

’ ’ Jitter in the

At / arrival time

Time delay between bunches — 2 ns
Additional sources of the jitter:

Impedance of the slit in the bending magnet

Microbunching

# Deutsches Zentrum
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Jitter in the arrival time of THz pulses

Jitter and amplitude fluctuations

10 : 25

T T
] - M Visible light - FWHM

4 [ OTHz Jitter - FWHM ]
| ETHZ Ampl.- Stand. dev.

Trigger on revolution

- N
o o
R B e e

Counts

-
o
T

| | |
-200 -100 0 100 200
Time delay between adjacent pulses [ps]

THz Jitter & Light (FWHM in ps)

9)]

Trigger on revolution — 6.25 MHz 0

20 40 60 80 100
Beam current at 80 Bunches (mA)
Coherent radiation Non-coherent radiation
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Low fre%uency spectra of THz radlatlon

= InSb
~ 0-10kHz

HEB
500 MHz

1 kHz/
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YBCO detectors are even more promising...

YBa,Cu;0,_; quasioptical detectors for fast time-domain analysis
of terahertz synchrotron radiation

P. Probst,™® A. Scheunng, M. Hofherrb D. Rall,’ S. Wansch,’ K. 1rin, M Siegel,’

A. Semenov A. Pohl,? H.-W. Hubers,?* V. Judin,* A.-S. Maller,* A. Hoehl,® R. Maller,® and
G Ulm®

!Institute of Micro- and Nanoelectronic Systems, Karlsruhe Institute of Technology, Hertzstrasse 16,

76187 Karlsruhe, Germany

*Institute of Planetary Research, DLR e.V, Rutherfordstrasse 2, 12489 Berlin-Adlershof, Germany
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Outlook - detector system

A. Detector systems suitable for monitoring coherent
synchrotron radiation

B. System time resolution less than 50 ps along with
the detectivity sufficient for non-coherent radiation

C. New materials and read-out techniques for system
time resolution less than 10 ps are under study
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Spektraldichte
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