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AK~yanbHOC~b npo6neMY 

B COBpeMeHHhiX 3KCnep:t1MeHTaX <I>Yr3J1KJ1 BhiCOKYlX 3Hepi'vrM · (<I>B3) 

11H1p0KO npMMeHHIOTCH KOOp,llMHaTHhie KpeMHYreBhie ,I:{eTeKTOphi (K,I:{) •. 
BhicoKoe npocTpaHcTBeHHoe, BpeMe~Hoe vr sHepreTvrqecKoe paspemeHvre 

K,I:l nosBOJIHeT pemaTb sa,llaqvr, ·paHee HepaspeiD:t1Mhle npvrH~vrnvra.ribHO. 
HeCMOTpH Ha IDYlpOKOe ITp:t1MeHeHYre ,lleTeKTOpOB J1 OCBOeHYre TeXHOJIOI'YlYl 

YlX np0>13BO,llCTBa MHOI'YlMYl J13BeCTHhiMJ1 KOMnaHYrf!MYl • (Micron 

Semiconductor, Hamamatsu, · Sintef, Canberra · vr llP·) ,·· pemeHvre 

npaKTJ19eCKJ1X BOITpOCOB pa3pa60TKJ1 1 TeCTYlpOBaHMH ,lleTeKTOpOB .>1 

OCOOeHHOCTeH YlX KOHKpeTHOI'O npMMeHeHMH OCTaiOTCH' \J?Yl3J1KaM-

3KCITepvrMeHTaTOpaM •. C npMMeHeHtJ:eM K,I:l CBHsaHo Tpi1 · ocHOBHhix sTana 

paooT: npoeKTvrpoBaHvre vr vrsroTOBJieHvre K,I:l~: ero TecTvrpoBaHvre vr · 

npMMeHeHYre B 3KCnep:t1MeHTe. E~e .IlO ITOJIYqeHMH npvrKJia,llHOI'O 

npO.IlYKTa (K,I:{ BMeCTe C 3JieKTpOHJ1KOH C9J1ThiBaHYrf!) ·HeOOXO,ll:t1MO 

cocTaBMTb npe,llCTaBJieHvre o ,lleHCTBMTeRbHOH pa6oTocnoco6HOCTJ1 K,I:{. 
Ka~hlt1· ·HoBhlt1 sKcnepMMeHT vrcnoJibsyeT .IleTeKTop, 

onTYlMYl3vrpoBaHHhlt1 .IlJIH pemeHvrR onpe.IleJieHHhrx sa,lla<I, a .IlJIH ero 

TeCTOB npMMeHReTCH CBOH MeTO,llMKa TeCTYlpOBaHYrf!. · C~eCTBOBaHYre: 

MHo?KecTBa no,llXO.IlOB K TecTvrpoBaBMIO K,I:l, Tpe6yeT oT vrccJie,llOBaTeJIR 

,llOITOJIHMTeJibHO npo\J?eCCYlOHaJibHOrO 3HaHJ1f! •\J?J13J1Kvr ITOJIYITpOBO,llHYlKOB ;· 

B TO?Ke BpeMR, TeCTYrp~BaHvre K,I:{ • f!BJIReTCH . ,llOCTaT09HO npOCTOH 

3a,llaqetf, J1 npaBMJibHO Bhi6paHHaf!; OO~aH . .IlJIH pa3HhiX. TMIT.OB K,I:{, 

MeTO,llMKa MCCJie,llOBaHMH no3BOJIMJia Ohi npoBeCTM TeCTMpOBaHMe J1 

C,lleJiaTb npaBMJibHhie BhiBO,llhi >13 aHaJIM3a ITOJiy9eHHhiX ·,llaHHhiX : ,lla%e 

Hecne~MaJIMCTY B 06JiaCTM ITOJiynpOBO,llHMKOBhiX ,lleTeKTOpOB •. 

B03MO?KHO.CTb o6~ei'O ITO,llXO,lla K Tecn1poBaHMIO : K,I:{ OCHOBaHa · Ha 

TOM, 'ITO pa6oTa npeo6Jia,llaiO~ei'O OOJibiDMHCTBa npMMeHReMhiX cetfqac B 

<I>B3 K,I:{ 6a3MpyeTCH Ha MCITOJib30BaHMM CBOHCTB P-N nepeXO,lla. 

ITo,llpOOHO paCCMaTpMBaR f!BJI~HMH . B ,lleTeKTOpax Ha OCHOBe P-N 
nepexo.Ila, aBTop npvrBO.IlMT "npMMephi npMMeHem1R .: npe,llJiaraeM:ot1 :11M 

o6~et1 MeTO,llJ1KJ1 O~eHKM OCHOBHhiX napaMeTpOB npvr TeCTMpOBaHYlYl .IlBYX 

TMITOB KOOp,llJ1HaTHhiX ' K,I:{: t MYlKpOITOJIOCKOBbiX ,·_ (MMKpOCTpMITOE}hiX) 

KpeMHvreBhiX ',I:leTeKTopoB (MK.rl) ; vr KpeMHvreBhli ,I:lpetic;PoBhiX .rleTeKTopoB 

(K,I:l.rl) • · Ta:E6Ke npe,llJiaraeTCR MO.IleJih .IlJIR onvrcaHvrR pa6oThi :i1 MeTo.IlMKa 

MCCJie,llOBaHMH KpeMHMeBhiX JiaBMHHhiX \J?OTO,lleTeKTOpOB. YcnemBoe· 

pa3BMTMe 3TMX ,lleTeKTOpOB IT03BOJIHeT I'OBOpMTb ·o· C03,llaHJ1>1 Ha· MX 

OCHOBe nepcneKTMBHhiX KOOp,llMHaTHhiX ,lleTeKTOpOB HOBOI'O TMITa. 

[!enb pa6om. 

UeJib pa6oThi - npe,llJIO~Tb yHvrBepcaJibHYIO MeTO.IlMKY .IlJIR o~eHKM 

napaMeTpOB J1 MCCJie,llOBaHMR K,I:{, ITOSBOJI~ ·noJiyqaTb MH\J?OpMa~, 
HavrooJiee Ba?KHYJO c T09KM 3peHvrR .IlaJibHet1mero vrx npMMeHeHvrR. 

AK~eHT C,lleJiaH Ha KOOp,llJ1HaTHO-qyBCTBMTeJibHhie K,I:{, ITp:t1MeHReMhie B 

\J?Yr3J1Ke BhiCOKYlX 3Hepi'YlH. . 
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~nR ~ocT~eHMR nocTaBneHHOH genu pemeHhl cne~YDmMe ga~aqu: 

1. llpe~O~eH anropMTM ogeHKM napaMeTpOB KOOp~MHaTHOI'O K,U·· M 

pa3pa6oTaHa MeTO~MKa aHanM3a CTaTMqecKMX XapaKTepMCTMK TeCTOBhlX 
cTpYKTYP M K,U. 
2. ITpOBe~eHO cpaBHeHMe pa3nMqHhlX MeTO~OB onpe~eneHMR OCHOBHhlX 
napaMeTpOB K.U (Hanp~eHMR nonHoro o6e~HeHMR, pa6oqero 
Hanp~eHMR) , a Ta~e pa3pa6oTaH anropMTM nocTpoeHMR 
3KBMBaneHTHOH CXeMhl K,U. 
3. PaccMoTpeHhl ocHOBHhle MeTo~w aHanuga cj_)uguqecKMX npogeccoB, 
npoTeKaDmMX B K,U M OC06eHHOCTM N!O~enMpOBaHMR pa60Thl ~eTeKTOpa 
COBMeCTHO C sneKTpOHMKOH cqMThlBaHMR. llpe~o~eHa , MeTO~MKa 
KOppeKgMM ~aHHhlX M3MepeHMH BonhT-AMnepHhlX XapaKTepMCTMK (BAX) M 

BonhT-~apa~HhlX XapaKTepucTMK (B~X) . 
4. ITOKa3aHhl OCHOBHhle OC06eHHOCTM TeCTMpOBaHMR M npMMeHeHMR 
pa~anhHOI'O K,U~ B 3KCnepMMeHTe Ha npMMepe pa3pa60TKM 
aBTOMaTMqeCKOH CMCTeMhl Kanu6pOBKM TpMI'I'epa MHO~eCTBeHHOCTM ~nR 
sKcnepMMeHTa CERES/NA45 (UEPH-1999/2000) . 
5. Pa3pa60TaHa CMCTeMa cqMThlBaHMR ~RR TeCT:t-fpoBaHMR RMHeHHhlX 
K,U~ ~R 3KcnepMMeHTa ALICE (UEPH-2005), OCHOBaHHaR Ha 
npMMeHeHMM aHanoroBOH naMRTM Switched Capacitors Array (SCA). , 
6. PacGMoTpeHhl oco6eHHOCTM uccne~oBaHMR KpeMHMeBwx JiaBMHHhlX 
~OTO~eTeKTOpOB C 0TpMgaTenhHOH 06paTHOH CBR3hD (KIT~OOC) M 

pa3pa6oTaHa. MeTO~MKa, TI03BORRDII1aR cpaBHMBaTh pa3Hhle. TMTihl 3TMX 
~eTeKTOpOB TIO BenuquHe K03cjJcjJMgMeHTa 00C. 
7. ITOCTpOeHa npOCTaR MO~enh, TI03BORRDII1aR npOBO~MTh aHanM3 
~aHHhlX M3MepeHMH K03cjJcjJMgMeHTa ycuneHMR KIT~OOC. ITOKa3aHa ee 
npMMeHMMOCTh ~RR pacqeTOB nepeXO~HhlX XapaKTepMCTMK M ~RR 

aHanM3a npMMeHeHMR naBMHHOI'O YCMRMTenR C OOC MR K,U~. 

HayYHaH HOBHSHa H npaXTHYeCXaH neHHOCT~ pa60T.U 

HayqHaR HOBI13Ha 11 npaKTMqecKaR geHHOCTh. pa60Thl 
o6ecneqi1BaeTcR TeM, qTo BnepBwe paccMoTpeH nocne~oBaTenhHwH 
no~xo~ K ogeHKe napaMeTpOB M MeT0~11Ke uccne~oBaHI1R Koop~11HaTHhlX 

K',U. Pa3pa60TaHhl CI1CTeMa ogeHK11 napaMeTpOB K,U, TI03BOJIRDII1aR 
. TeopeTuqecKM TIOCTpOMTh ero cjJM311qeCKYD MO~enh (M 3KBMBaneHTHYD 
CXeMY) M CMCTeMa TeCTOB np0113Be~eHHOI'O ~eTeKTOpa, TI03BORRDII1aR 
nonyqaTh peanhHhle cj_)uguqecKMe napaMeTphl ~eTeKTopa (11 ero 
3KBI1BaneHTHOH CXeMhl), 11 TaKMM o6pa30M, CY~MTh 0 KaqeCTBe 
TipOI13BO~CTBa ~eTeKTOpa. 3KBI1BaneHTHaR CXeMa TI03BOnReT npOBO~MTh 
MO~enl1pOBaHMe pa60Thl K,U COBMeCTHO C sneKTpOHMKOH cqMThlBaHI1R M 

OTITMMM3MpOBaTh CI1CTeMY ~eTeKTOp-npe~yCI1JIMTeJih. 
llpe~no?KeHa MeTo~Ka aHanM3a nepexo~Hwx xapaKTep11CTMK P-N 

nepexo~a, TI03BORRDII1aR onpe~enMTh BpeMR ?KM3HI1 HeOCHOBHhlX 
HOCI1TeneH M TeMTiepaTypy P-N nepexo~a. 

BnepBhle npe~cTaBneHa npocTaR Mo~enh pa6oThl 
ITpe~no~eHHaR MO~enh TI03BOnReT npOBO~I1Th cpaBHI1TeRhHhlH aHaRM3 
/' 

KIT~OOC. 
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KIT~OOC, aHanM3 nepeXO~HhlX npogeCCOB TipM B03~eHCTBMM Ha ~eTeKTOp 
TipRMOYI'ORhHOI'O MMnynhCa cjJOTOTOKa M · ogeHoqHhle pacqeThl' npM 
npoeKTMpoBaHMM KIT~OOC. 

ITpaKTMqeCKM BCe npe~o~eHHhle B pa6oTe MeTO~MKM M anropMTMhl 
MOI'YT npMMeHRThCR TipM · TeCTMpOBaHMM KOOp~MHaTHhlX 'K',U He .TOJihKO' 
~nR ~B3, HO M ~R ~PYI'MX o6nacTeH MX TipMMeHeHMR (Me~MgMHa, 
6MOROI'MR 1 aCTpOHOMMR M T .. ~.). 

0CHOBHMe HayYHMe nonO%eHHH pa6oT.U, BUHOCHMUe Ha SaWHTY 

1. ITpe~no~eH anropMTM ogeHKM napaMeTpoB 
no3BonRDmMH nonyqMTh napaMeTpw ~eTeKTopa, 

OTITMMM3agMM 3ReKTpOHMKM cqMThlBaHMR. 

KOOp~MHaTHOI'O 

· Heo6xo~MMWe 
K,U, •' 
~nR· 

2. ITpe~no~eHa MeTO~MKa M3MepeHMH M aHanM3a BAX M B~X, 
TI03BORRDII1aR nonyqaTh HaM6onee TIORHYD MHcjJOpMagMD 06 OCHOBHhlX 
napaMeTpax K,U, xapaKTepM3YDmMX ero KaqecTBO. Pagpa6oTaHHaR 
MeTO~MKa TI03BOJIReT TIOCTpOMTh cjJM3Mqec:KyD MO~enh. K,U, ero 
3KBMBaneHTHyn CXeMY, TipOBeCTM MO~enMpOBaHMe ·pa60Thl ~eTeKTOpa 

COBMeCTHO C 3ReKTpOHMKOH cqMThlBaHMR M, ··KpOMe TOI'O, 
OTITMMM3MpOBaTb. llYMOBhle xapaKTepMCTMKM. CMCTeMhl ·~eTeKTOp
ITpe~yCMRMTenh-;<i>opM.-ipoBaTenh. ' · · ·. · 
3. · IToKa3aHo, · qTc; cnoH. anDMMHMR Ha ~MoKcu~e KpeMHMR o6pagyeT 
MeTann-OKM.cen'-ITonynpc>BO~HMK (MOll) eMKOCTh, BKnDqeHHYD. 
napannenhHO eMKocTM P-N nevexo~a, a noBepxHocTHhle .cocTORHMR Ha 
rpaHMge anDMUHMH.:... ~MOKCM~ KpeMHMR M Ha I'paHMge anDMMHMJ1-
TIORMKpeMHMH o6pa3YDT eMKOCTh, BKnDqeHHYD nocne~OBaTenhHO C .P-N 
nepexo~OM. Hanuque 3TMX eMKOCTeH MO~eT CYrueCTBeHHO MCKa3M~h .: B~X. 
Mccne~yeMOI'O ~eTeKTOp BenuquHa MC~a?KeHY!H BAX M B~X .3.aBMCMT OT 
BenMqMHhl 3apR~a, cjJMKCMpOBaHHOI'O B -~MOKCM~e. KpeMHMR. ITpe~no?KeH 

MeTO~ KOppeKgMM OllM60K, BBO~MMhlX 3TMMM eMKOCTRMM. 
4 • YcTaHoBneHo, . qTo . M3MepeHue nepexo~HOH:. xapaKTepucTMKM _ p,.,.N 
nepexo~a, a MMeHHO · BenuquHw gapRila · nepe3apR~KM o6nac~u 
o6e~HeHMR, TI03BORReT nonyqaTh MHcjJOpMagMD 0 BpeMeHM ?KM3HM .. 
HeOCHOBHhlX _HOCMTeneH B 3TOH o6naCTM. MeTO~ npi1MeHMM .. ·~nR 
3Kcnpecc'--M3MepeHMH TeMnepaTyphl P-N . nepexo~a. . ... 
5. Pa3pa6C)TaHa. npocTaR ~o~enh pa6oTH . KIT~OOC. ~nR npMMeHeHI1R 
MO~enM Heoi:Jxo~MMO TIOCTpOMTb 3KBMBaneHTI;iYD CXeMY 3a~ell1eHI1R ~~R 
11ccne~yeMoro ~eTeKTopa. llapaMeTphl cxeMhl nonyqaDT, M3MepRR BAX 11 
B~X · ·· KIT~OOC. 3K.BI1BaneHTHaR cxeMa. II03BonReT ripoBo~I1Th 
MO~en11pOBaHMe pa60Thl KIT~o'OC COBMeCTHO .. C 3neKTpOHMKOH cqi1ThlBaHMR 
nporpaMMOH SPICE. llp11Be~eHhl ·npMMepbJ: npMMeHeHI1R. TeopMI1 ~nR. 
aHaJIH3a nepexo~HhlX npoueccoB B KIT~OOC M pacqeT qyBCTBI1TeJihHOCTI1 
npe~oJli:eHHOI'O HOBOI'O TI1Tia K,U~ C naBMHHhlM YCMRI1TeneM~ 

Anpo6anHH pa6oTM 

MeTO~MKM M anropi1TMhl, npe~no?KeHHhle B HaCTORmeH' pa6oTe, 
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npMMeHRJU1Cb np.11 pa3pa60TKe, MOlleJI.l1pOBaH.l1.11 .11 
.zteTeKTopoB llJ1R sK:cnepMMeHTOB CERES (NA45), 

TeCT.l1pOBaH.l1.11 
ALICE, DISK. 

0CHOBH~e pe3yJihTaT~ pa60T~ ony6JI.l1KOBaH~ B OTeqecTBeHHhlX .11 
sapy6elKHux .l13llaH.l1RX, a Ta!O!<:e 
Me~yHapOllHhlX KOH~epeH~.l1RX: 

.ztoKJia.zt~BaJI.l1Ch . .11 o6c~aJI.l1Ch Ha 

1) 4th International Conference on Advanced Technology and 
Particle Physics, Como, Italy, 3-7 Oct. 1994; 
2) 7th International Wire Chamber Conference (WCC 95) : Recent 
Trends and Alternative Techniques, Vienna, Austria, 13-17 Feb. 
1995; 
3) International School-Workshop RHIP:97, Prague, Czech Republic, 2-6 
September, 1996; -~ 

4) International School-Workshop RHIP'98, Prague, czech 
Republic, 1-5 September, 1997. 
5) Me~yHapO.ztHaR MaTeMaT.l1qecKaR KOH~epeH~.l1R MMTT-14 
"MaTeMaT.l1qeCK.l1e MeTOll~ B TeXH.l1K:e .11 TeXHOJIOI'.l1RX", CMOJieHCK 1 5-8 
:t1JoHR 2001. 

C~yKTypa ~HccepTaUHH ~ 

A.11ccepTa~.11sr cocTO.l1T .113 BBe.zteH.l1R, nRT.l1 rnaB, saKJIIDqeH.l1R .11 
cn.l1CK:a JI.l1TepaTyp~~ 06m.l1M 06~eM ll.l1CCepTa~.l1.11 COCTaBJIReT 87 
CTpaH.l1~ TeKCTa, BKJIIDqasr 31 p.11CYHOK .11 5 Ta6JI.l1~. Cn.l1COK 
JI.l1TepaTyp~ CO.ztep~T 107 HaMMeHOBaH.l1M (KpOMe pa60T aBTOpa) • 

Co~epraHHe padoT.U 

Bo BBe.zteH.l1.11 noK:a3aHa aK:TyaJihHOCTb pa6oT~ .11 C~OPMYJI.11pOBaH~ 
ocHOBH~e nono~eH.l1R pa6oT~, B~oc~e Ha sam.l1Ty. 

B rrepBou rnaBe npoBe.zteH KpaTK.l1M o6sop .11 aHaJI.l13 pa6oT, CBR3aHHhlX 
C BOnpoCaM.l1 .l13l'OTOBJieH.l1R 1 MO.zteJI.l1pOBaH.l1R .11 TeCT.l1pOBaH.l1R 
KOOp.zt.l1HaTHO-qyBCTB.l1TeJihHhlX .zteTeK:TOpOB Ha OCHOBe KpeMH.l1R. 
060CHOB~BaeTCR B03MOlKHOCTb o6mero no.ztXOlla K .l1CCJiellOBaH.l110 
.l13yqaeMUX B pa6oTe KA. PaccMaTp.l1BaiOTCR Bonpoc~, CBR3aHH~e c 
oco6eHHOCTRM.l1 npMMeHeH.l1R KOOPll.l1HaTHhlX .zteTeKTOpOB B peaJihHhlX 

_3KCnep.l1MeHTaX .11 np.l1BOll.l1TCR KJiaCC.l1~.11KaU.l1R rrpOBOll.l1MhlX 
.l1CCJie.ztOBaH.l1M 1 npell]laraeTCR .11 060CHOB~aeTCR anrop.l1TM 
TeCTMpOBaH.l1R. PaCCMaTp.l1BaiOTCR OC06eHHOCT.l1 ~OTO.zteTeKTOpO~ C 
BHYTpeHl!.l1M yc.11neH.11eM, .11x pa3B.l1T.l1e sa nocne.ztH.l1e ro~. .11 
np.l1BOll.l1TCR 060CHOBaH.l1e nepcne:KT.l1BHOCT.l1 . .l1X npMMeHeH.l1R B ~.l13.11K:e 

B~COK.l1X 3Hepl'.l1M (~83) • Ha OCHOBe aHaJI.l13a np.l1Be'.neHHOI'O 063opa 
~OpMyJI.l1pYIQTCR ~eJI.l1 .11 3a.ztaq.l1 nMCCepTa~.l1.11. 

Bo BTopou rJiaBe o6c~aiOTCR ~.113.11qecK:.11e RBJieH.l1R, ne~am.11e B 
OCHOBe npell]laraeMOI'O MeTO.zta o~eHK.l1 napaMeTpOB KOOpll.11HaTHOI'O 
.zteTeKTopa. Tipell]laraeTcR MeTOll.l1Ka nocTpoeH.l1R ~.l13.11KO

:,_ononor.l1qecK?M MO.zteJI.l1 .zte,TeK:TOpa .11 npOBOll.l1TCR pacqeT OCHOBHhlX 

4 

I MeTorom:a accJie.D;OBaH~ii K,[{ • I 
BHJyaJihHbiH Kompon& IIK,l( no.zt MHKpOCKonoM (IIoncK Heo.zt-. 
HOpO.ztHOCTeH MeTaJIH33QHH ee pa3pb!BOB H .ztpyrne .zte<IJ<IJe!ITbi ) 

+ 
I li3MepeHne TeCTOBbiX Grpyicryp I - + ~-

lf3MepeHHe B.AX ·.lli3MepeHHe Btl> X .o;n': ·I lli3MepeHHe nepe:xo.o;Hoii I 
TeCTOBhiX p;HO)tOB .o;os n MOII eMKOCTeH. • xapaKTep~CTHKH .o;HO.ztOB 
(npliMOH,.OOp3THOH) 

-
lA ·i __ H A JI H 3 ·I -----·-·· ----·--- - -

Onpe.zteneHHe: Oitpe.ileneHHe: · 
1-HanpJDKeHHJI npoOOX V..,; .. 1- 'speMX lKii:3HH HH3 i.m; 
2-conpOTHBJieHHJI 6a3hl rb; · 2-. 33BHCHMOCT& 'tmi OT QJ13;. 
3-BCTpOOHOfO fiOreHil;H3JI3 <Jlb; 3- .o;HclJclJY3H:ax .ztJIHH3 HH3 .. 
4-BpeMeHH l!CH3HH HH3 'tmi; 

5-,D;HclJclJY3HhiH o6pamhiH TOKjd. ' , 
. 

Onpe.zteneHHe: · 
· 1 ~ 33pg,n; s .o;HOKcnp;e KpeMHHJI Qi; ·. 
2" HepaBHOBeCHbiH . nosepx. 33pgp; Q1; . 

3- H3npJDKetiH:e nanHOfO o6e,D;HeHHJI Vrd; 
4~ BCTpOOHOfO nOTeHQH3JI3 <Jlb; 
5- pacupe.zteneHne npHMecn s KpeMHHH Nd; 
6- pacnpe.zteneHHe 3JI. noAA 8 KpeMHHH 'E(x); 
7- eMKOCT& .o;ereKTO(>a B pa6o'leii TO'IKe Cw. 

11r .· + .. .. 
Is p I c ·E ·: M 0 A. E' JI b· J 

I SPICE I :SPICE-'· MO,Il;eJib 

I .. . npep;ycHJIIITellll-
. cboPMHPOBaTeJij{ 

'. 

1 AMrullny.o;Hoe pa3pemeHHe ; 
2 BpeMeHHoe p33pemeHHe ; 
3 TeMneparypnax cra6HJibHOCT&. 

PncYJIOK 1 AnropiiTM ncCJie.ztoBaHIDI n anan.HJa .ztaHHbiX TeCTOBbiX crpYKJYP. 
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napaMeTpOB ~eTeKTopa. PaccMaTpHBaeTcR Bonpoc B~6opa THna 
TeCTOBhlX CTPYKTyp ~nR ~anbHeHmHX H3MepeHHH H aHanHsa, C yqeTOM 
nonyqeHHR HaH6onee Ba~oH HH~opMaUHH o KaqecTBe ~eTeKTopa. 
AnrapHTM HCCne~OBaHHR T€CTOBhlX CTpyKTyp npHBe~eH Ha pHCYHKe 1 B 
BH~e ~HarpaMMhl. 

Ma~O B~enHTb TpH OCHOBHhlX 
Ka<reCTBa ~eTeKTOpa npaKTH<IeCKH 
paspemeHHe, BpeMeHHae paspemeHHe 
napaMeTphl CBR3aHhl Me~y COOOH 1 

napaMeTpa, cnY>Ka!IIHX KpHTepHRMH 
BO Bcex cnyqaRx: aMnnHTY~Hoe 

H KOOp~HHaTHOe pa3pemeHHe. 3TH 
H TI03TOMY BhlBO~hl 0 Ka<reCTBe 

~eTeKTOpa ~enaDT 1 BhlRCHHB 1 HaCKOnhKO OTITHManhHO COOTHOWeHHe 
3THX napaMeTpOB •. TipH O~eHoqHQ~ MO~enHpOBaHHH KOOp~HHaTHQ
qyBCTB>iTenhHOrO ~eTeKTOpa He06XO,!lHMO: BhlRCHHTb THTI ~eTeKTOpa, 

era TOTIOnOrHID, THTI KpeMHHR 1 THTI HCnanh3Y€MhlX T€CTOBhlX CTpyKTyp. 
,IlaHHhle o MaTepHane H TanonorHH ~eTeKTopa nosBanRJOT nocTpaHTh 
~H3HKa-TononorHqecKyro Ma~enh ~eTeKTapa. Uenhro nocTpaeHHR 
~BnReTcR HH~opMa~HR o pacnpe~eneHHH sneKTpHqecKoro nonR B 
~eTeKTape. Tiocne 3Taro, pacc<rHThlBaJOTCR napaMeTphl, 
xapaKTepH3YJO!IIHe KaqecTBO ~eTeKTopa - paspemeHHe, co6cTBeHHoe 

10004-~t-~-+-+~~~r-~~~~~~r---r 

& 

BOO 

<:: 600 -Hc;_+-_;_+-'--l----"--+-"f+-'--l 
.ti 
l:i 
0 

"' :; 
w 400 +-+--1-7...,_-+-+-+-f---'-t>.,;--J 

200~-t-\\:+T--I-::7""!~ti>Pllk-!n-i-t-~--i--+__.__4--i-t-~ 

-~me 
o:-f-;-; 
··o···' 1 

PHcyHOK 2 

2 3 4 5 6 7 8 9 

HanpR>KeHI!1e,B 
B<I>X Tecroeo~ PIN CfPYKTYPbl (5=1 cm2) 

10 

BpeMR ~ ~OpMHpaBaHHR 
~eTeKTOpa H BnHRHHe Ha. era 
pa60TY BHeillHHX ycnOBHH: 
TeMnepaTyphl 1 · sneKTpH<reCKHX 
MarHHTHhlX non eM H T. ~. B 
HTare Mhl pacnonaraeM 
HH~OpMa~HeH ~nR TIOCTpaeHHR 
3KBHBaneHTHOH CXeMhl ~eTeK

Tapa (TeapeTH<reCKOH) H ~nR 

npoBe~eHHR MO~enHpOBaHHR 

pa60Thl ~eTeKTOpa COBMeCTHO 
C .. sneKTpOHHKOH. 

3aTeM Mhl MO>KeM nepeHTH 
K aHanH3Y ~aHHhlX H3MepeHHR 
TeCTOBhlX CTPYKTyp, <IT06hl 
nonyqHTh napaMeTphl, Heo6-
xo~HMhle ~nR nocTpoeHHR 
3KBHBaneHTHOH CX€Mhl ~eTeK

TOpa (npaKTH<reCKOH) H 
npoBeCTH cpaBH€HHe ~BYX 

MO~eneH. BenH<rHHhl pasnH<rHR 
napaMeTpOB 3THX ~BYX MO~eneH TI03BOnRJOT CY~HTb 0 Ka<reCTBe 
~eTeKTopa. 

B TpeTbeM rnaBe no~po6HO paCCMOTpeHhl OCHOBHhle oco6eHHOCTH 
MeTO~HKH Hccne~OBaHHR CTaTH<reCKHX H ~HHaMH<reCKHX xapaKTepHCTHK 
TeCTOBhlX CTPYKTYP H npe~no>KeH anropHTM aHanHsa nonyqaeMhlX 
~aHHhlX, Tipe~na>KeHHaR MeTO~HKa TIO~XO~HT ~nR aHanH3a MHOrHX THTIOB 

.. 
6 

; 

I MeTo,nHKa Hccne,noBrurn:H: K.D: · I 
BHJyaJibHbiii KOlrrpOnb ~ no,!l MHKpOCKonoM (IIoHCK.Heo,!l

HOpO.llHOCTeii MeTaJIH33QHH ee pa3pb!BOB H ,!lpyrne ,!lecpcpeicrbi ) 

lhMepeHHe BAX 
TeCTOBbiX WfO,!IOB 
(npliMOH, o6paTHOH) 

---·-·---·--·· + i 
1 

Onpe~eneHHe:. . 
1 

Onpe.t~eneime: 
1-Hanpli>KeHHll npo6oll Vbr; 
2-conpO'I'IiBntmHJI 6a3i.I rb; 
3-BCTpOOHOro nOTeH~Hana (jlb; 

4-BpeMeHH :aai~HH HH3 't.,;; 
5-Wiiflifl~~~H o6paTHhiH TOK jd .. 

1- BpeMl! )KH3HH HH3 'tmi; 
2- 33BHC'mlOCT& 't.,; 0T Qffi; · 

· 3- WiiflifJJ3HM ~ HH3. ~ 

I· 

.. . . . . OnPet~eneHmJ: 
1- 33Plltl 8 ~okcHt~e KpeMHHJI Qi; 
2-' 'HepaBHOBecHbiH. nOBepX. 33pll,ll Q1; : 

3- · Hanpli>KemienonHoro o6et~HeHHliVia; 
4- BCTpOOHOro nOTeHQHaJia cp,; 
5~ pacnpe,t~eneHHe iipHMecH B KpeMHHli Nd; .· 
6- · pacnpe,t~eneHHe 3n. nonl! .B KpeMHHH E(x); 
7- eMKocTh ,lleTetcrOp3 B paooqeii TO'IKe Cw. 

c E 

1 AMnJnny,!IHoe pa:lJ)emeHHe ; 
2 BpeMeHHoe pa3pemeHHe ; 
3 TeMnepaTYPHal! cra6HnbHOCT&. 

,n; ···• E 

SPICE c MO,llenb 
npe,eycHJIHTerul
d>Oi>MitposaTellll 

. ~ 

PHcyHOK 1 AnropiiTM Hccne,!losaHHll H aHaJIH3a ,!laHHhlX TeCTOBbiX CTpJKTYP· 
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napaMeTpaB neTeKTapa. PaccMaTpvtBaeTCR .Bonpoc .Bbl6opa TVIna 
TeCTOBbiX CTpyKTyp ATIR nanbHeHmVIX VI3MepeHHH VI aHanvt3al C yqeTOM 
nonyqeHVIR HaVIOOJiee Ba~OH V!H~OpMa~H 0 KaqecTBe AeTeKTOpa. 
AnropVITM HccnenoBaHVIR TeCTOBbiX CTPYKTYP npvtBeneH Ha pvtCYHKe 1 B 
Bvtne nvtarpaMMbi. 

Mo~o Bb!AenvtTb Tp:£1 OCHOBHbiX napaMeTpa, c~amvtx KpvtTepvtRMVI 
KaqecTBa neTeKTopa npaKTHqecKH Bo Bcex cnyqas:rx: aMnnHTYAHOe 
pa3perueHHe1 BpeMeHHOe pa3perueHHe ~ KOOpAHHaTHOe pa3perueHHe. 3TH 
napaMeTpbi CBR3aHhl Me~y COOOH 1. VI no3TOMY BbiBOAbi 0 KaqecTBe 
neTeKTOpa nenaDT 1 Bb!RCHVIB 1 HaCKOTibKO OnT.HMaTibHO COOTHOilleHVIe 
3TVIX napaMeTpOB. Ilpvt O~eHoqHQ~ MonenvtpOBaHH:£1 KOOpAVIHaTHO
qyBCTBHTenbHOrO neTeKTOpa HeOOXOAVIMO: Bb!RCHV!Tb TVIH AeTeKTOpa 1 
era TanonorHD1 TVIIT KpeMHHR 1 TV!n HCnOTib3yeMhiX TeCTOBbiX CTPYKTyp. 
,f{aHHble 0 MaTepvtane VI TOnanorHH AeTeKTopa no3BOTIRDT nacTpOVITb 
~H3HKo-TononorVIqecKYD Monenh neTeKTopa. UenhD nocTpoeHVIR 
HBTIReTCR VIH~OpMa~VIR 0 pacnpeneneH:£1:£1 3TieKTpHqecKoro nOJIR B 
neTeKTope. Ilocne 3Toro, paccqVIThiBaDTCR napaMeTpbi1 
xapaKTepH3YDmvte KaqeCTBO neTeKTOpa - pa3perueHVIe 1 COOCTBeHHOe 

BpeMR . ~ . . ~OpMUpokaHVIR 
AeTeKTOpa VI BTIVIRHVIe .. Ha ero 

1000 pa6oTY BHemHHx ycnm;mu: 
TeMnepaTypbi1· 3TieKTpHqeCKVIX 
MarHHTHhiX noneu VI T.n .. B 

aoo HTore Mhi pacnonaraeM 
VIH~OpMa~vteH nns:r nOCTpoeHHR 
:3KBHBaneHTHOH CXeMbi AeTeK-

~ Topa (TeopeTvtqecKou) VI nns:r 
_n 600 npoBeAeHVIR MOAenvtpOBaHHR 
b pa60Thl .· ne.r:eKTOpa COBMeCTHO 0 ... · . 
:\j C 3neKTPC?HHKOH. 
W 400 . 3aTeM Mbi MO~eM nepeHTVI 

K aHaTIVI3Y . naHHbiX V13MepeHHR 
TeCT,OBbiX. CTPYKTyp, qTOObi 

. nonyqHTb napaMeTpbii Heo6-
200i XOAV!Mble ATIR nOCTpOeHHR 

:i 3KBV!BaneHTHOH CXeMbi neTeK-
. . . TOpa (npaKTHqecKOH) VI 

0; : ; : ; : : npoBeCTVI cpaBHeHHe nBYX 
·.o .. 1 2 3 4 5 6 7 a. 9 10 

HanpRll<eH~e. B 
PMcyHoK 2 sci>x Tecl-a eo~ PIN CTPYKTYPbl (5=1 cm2) 

· Moneneu. B eJr:Wn1Hbl pa3JI11',IHR 
napaMeTpOB 3TVIX ABYX MOAeJieH no3BOTIRDT CyAVITb 0 KaqecTBe 
neTeKTopa. "'<-.· 

B TpeTbeM I'JraBe nonpo6HO ·.' paCCMOTpeHbl. OCHOBHble OCOOeHHOCT:£1 
MeTOAVIKVI VICCnenoBaHHR CTaTuqeCKVIX VI AHHaMV!qecK:£1:x xapaKTepHCTVIK 
TecToBbiX CTPYKTYP VI npenno~eH anropvtTM aHanvt3a nonyqaeMh!X 
AaHHbiX. Ilpenno~eHHaR MeTOAHKa nonXOAVIT ATIR aHanvt3a MHOrVIX TVInOB 

6 

nonynpOBOAHVIKOBbiX neTeKTOpOB VI RBJIReTCR YHHBepcanbHOH. 
0CTaBruaRCR qaCTb rnaBbi nOCBRrueHa HeCKOJibKVIM cne~H~HqecKV!M 

MeTonaM TeCTV!pOBaHVIR VI aHanvt3a naHHbiX MR KOopnvtHaTHO
qyBCTBHTen6HbiX neTeKTopoB. PaccMaTpvtBaDTCR nonpo6Ho nBa Tvtna 
neTeKTopoB: MVIKpononocKOBhle KpeMHHeBh!e ,f{eTeKTOpbi VI KpeMHvteBh!e 
,f{peH~OBhle ,f{eTeKTOpbi. . 

IlepBbiH TeCT npVI VICCJienoBaHVI:£1 neTeKTOpOB - 3TO V13MepeHHe VI 
aHan:£13 BAX (npRMOH VI o6paTHOH) TeCTOBbiX CTPYKTYP P-N nepexonaB 1. 
pacnono~eHHhiX no nepvt~epvtvt neTeKTopa. 3To nenaDT )nns:r 
onpeneneHHR cTeneHH onHoponHoCTH npvt co3naHHVI P-:N·nepexonoB ·no 
BceM nnomanvt neTeKTopa. 

IIocne VI3MepeHHR BAX1 Korna npaKTVIqecKVI noKa3aH0 1 qTo 
CTPYKTypbi nepexonoB C03naHbl1 HeOOXOAVIMO nonyqHTb 'VIH~OpMa~HD 0 
npo~VIne nonR 1 co3naBaeMoro B neTeKTope npvt npvtno~eHHH 

Hanp~eHHR CMemeHHR. ,f{nR 3ToronpOBOnRT VI3MepeHHe VI aHaTIVI3 B~X. 
Ilpvt aHanvt3e B~X Mbi He TOTib~O n~myqaeM nonHYD VIH~OpMa~HD 0 
pacnpeneneHHH 3neKTpvtqecKoro nons:r B neTeKTopel Ho VI ps:rn npyrvtx 
Ba~b!X C TOqK:£1 3peHHR O~eHK:£1 KaqecTBa neTeKTOpOB 1 napaMeTpOB: 
Hanp~eHvte nonHero o6enHeHHR1 npo~VInb pacnpeneneHHR npHMecVI. 

IlpVI aHanvt3e B~X Heo6xonHMo yqVITb!BaTb VICKa~eHV!R 1 BHOCV!Mhle 
anDMVIHVIeM Ha OKCHAe KpeMHHR. 06~HO VI3MepeHHR B~X VICKa~eHbl 

BTIVIRHHeM eMKOCT:£11 o6pa30BaHHOH H3-3a Hanvtq:£1f! noBepXHOCTHbiX 
COCTORHVIH Ha. rpaHH~e Al-Si02-Si. IlOKa3aH0 1 qTQ 3Ta eMKOCTb 
COCTOVIT :£13 nBYX .. KOMTIOHeHT. OnHa Vl3 HVIX B03HHKaeT H3-3a 
paBHOBeCHbiX COCTORHVIH Ha rpaHH~e Al-SiOz (Al-Six-Si) VI BKnD~eHa 
nocnenoBaTenhHO eMKaCTVI nepexona1 a npyras:r npencTaBneHa 
eMKOCTbD Al-Si02-Si CTIORi VI BKnDqeHa napannenhHO eMKOCTVI 
nepexona. Ha pHCYHKe 2 noKa3aHO BTIVIRHV!e 3TVIX eMKOCTeH Ha .· o6mYD 
B~X. IlpvtBeneH npHMep BOCCTaHOBTieHVIR peanhHOH 3aBVICVIMOCTVI Ha 
ocHoBe naHHhlx no H3MepeHHD B~X MOil CTPYKTypbi. 

KoppeKTVIpyR BTIVIRHV!e napa3VITHbiX eMKOCTeH1 MO~O CYmeCTBeHHO 
nOBbiCV!Tb TOqHOCTb nonyqaeMOH B~X VI nonyqVITb Ha ee OCHOBe 
6nvt3Koe K peanbHOMY pacnpeneneHHe nons:r B cTpyKTyp'e. Ilpvt aHanvt3e 
B~X K,f{ cno~oH TononorHH1 Heo6xonvtMO yqHTh!BaTh HcKa~eHHR 3a 
cqeT BTIVIRHVIR KpaeBbiX 3~~eKTOB. 

OnHHM vt3 Ba~b!X napaMeTpoB nonynpoBonHHKOBbiX neTeKTapoB 
RBTIReTCR BpeMR )Jlli3HVI HeOCi!OBHbiX HOCHTeneu (B:>KHH) . 3TOT napaMeTp 
onpenenReT npenenbHO AOCT~ qyBCTBVITeTibHOCTb neTeKTOpa. 
Ppy6YD o~eHKY B:>KHH MO~O nonyq:£1Tb :£13 BAX. Ho B ~VI3HKe 

nonynpoBanHHKOB CYmeCTBYeT npOCTOH MeTon VI3MepeHHR B:>KHH. ABTOp 
npennaraeT vtcnonb30BaTb ero Ha TeCTOBbiX CTPYKTypax c P-N 
nepexonoM. MeTon ocHoBaH Ha H3MepeHV!H 3aps:rna npvt nepeKnDqeHVIVI 
nepexona c npRMoro HanpaBJieHHR Ha o6paTHoe. Ilpvt 3TOM H3Meps:reTcR 
BpeMR ~3HH B oKpecTHOCTH MeTannyprvtqecKou rpaHH~hl nepexona1 
T.e. npaKTV!qecKH Y ITOBepXHOCT:£1. 

3aTeM npHCTynaeM K TeCTaM CBOHCTB, Ba~b!X C TQqK:£1 3peHHR 
nanhHeHillero npHMeHeHVIR K,f{. Havt6onee Ba~o MR K,f{,f{ npoBepvtTb 
KaqecTBO BCTpOeHHOrO neJIVITeJIR Hanp~eHVIR Ha N' VI p• CTOpOHaX, a 
MR MII,f{ - conpOTVIBTieHHe CMemeHHR VI OTCYTCTBV!e 3aMbiRaHHR CTpvtnOB 
Ha N CTOpOHe. B pa6oTe paCCMOTpeHbl VICTOqHVIK:£1 OillVIOOK. npvt 
VI3MepeHHRX conpOTVIBJieHHH B cnyqae MK,f{ VI K,f{,f{. Ilocne npoB'eneHVIR 
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pa60TOCnOC06HOCTH 1 a Ta~e MeTOghl KaJlH6pOBKH H KOHTpOJlH B 
3KCnepHMeHTe. 

B tJeTBepTOU rJlaBe npHBe,D;eH- npHMep npaKTHtJeCKOPO HCnOJlb30BaHHH 
pa,D;HaJlbHOPO l\,JJ;,[( B KatJeCTBe Tpv:Lrrepa MHO:IKeCTBeHHOCTH B. peanhHOM 
WH3HtJecKOM· sKcnepHMeHTe CERES (NA45), npoBO.IJ:HMOM B UEPH. 
0nHCaHa aBTOMaTWJeCKaH H3MepHTeJlhHaH YCTaHOBKa ,D;nH KanH6pOBKH 
JlHHeHHOCTH :. TpHrrepa MHO:IKeCTBeHHOCTH. Ilpe,D;CTaBJleHbi pe3YJlhTaTbi' 
Hccne.noBaHH:i1: nHHe:i1:HbiX l\,JJ;,[( ~H sKcnepHMeHTa ALICE(UEPH) H 
OnHCaHa CHCTeMa CtJHTbiBaHHH, Ha OCHOBe Switched-CapacitorS Array 
(SCA), npe~Ha3HatJeHHaH ,ll;JlH TeCTOB 3THX .D:eTeKTOpOB. 

MnnrocTpaTHBHo paccMoTpeHa WH3HtJecKaH KapTHHa HBneHMH B 
BbiCOKOTeMnepaTypHOH .. H,rtepHOH MaTepHH, HCCJle,D;YeMOH · B yKa3aHHbiX 
sKcnepHMeHTax. 06a sKcnepHMeHTa HanpaBneHbi ··Ha noHCK .naHHbiX, 
nO.D:TBep~aDmHX 06pa30BaHHe KBapK-rniDOHHOH Wa3bi npH 
B3aHMO.D:e:i1:CTBHH TH:~Kenb!X HOHOB. •3KcnepilldeHT NA45/CERES HCCJle,D;yeT 
o6pa30BaHHe 3.1IeKTpOH-n03HTpOHHb!X (,D;HnenTOHHb!X) ·nap B npOTOH
H,Il;epHb!X H H.D:pO-H.D:epHb!X CTOJlKHOBeHHHX. nenTOHbi, 06pa30BaBIDHeCH B 
ropHtJe:i1: R,D;epHOH MaTepHH 1 npaKTHqecKH 6e3 · HCKa:IKeHHH' CBOHX 
xapaKTepHcTHK' BhlneTaDT HapY:~KY H HecyT HHWopMatiHD o6o Bcex 
CTa.D:HRX 3BOniDUIDi: R.D:epHOH MaTepHH• TeopHR npe,D;CKa3biBaeT,' qTo 
HaH6onee qyBCTBHTeJlbHbiMH K HanHqHD KBapK-rniDOHHOH. qJa3bi .D:On:IKHbi 
6biTh .D:HnenTOHhF' c Macco:i1: <1.· 5 rsB, po?K.Iiavm»eCH B6nH3H ueHTpa 
MaCC CHCTeMbi. QqeHb CJ107KHO Bbi,Il;eJlHTb nenTOHbi Ha orpOMHOM ;qJOHe 
(-10 6

) pO~aDmHXCR a,D;pOHOB. KpoMe TOP0 1 He06XO,Il;HMO 3HaTh -qH.CJlO 
a,n:pOHOB 1 · - COnpOBO~aDillHX po~eHHe . nenTOHOB i TaK KaK B 
3KcnepHMeHTe i-fccne,n:yeTcR OTHOcH'renhHbi:i1: Bblxo.n: .n;HJlenTOHOB. qHcno 
a,n:pOHOB "He06XO,D;HMO 3HaTb Ta~e ,D;nR OT6opa C06biTH:i1: ·no 
npHlJ,eJlbHOMY napaMeTpy CTOJIKHOBeHHR 1 TaK KaK·06pa30BaHHe'ropRqe:i1: 
R,n:epHo:i1:• MaTepHH O:IKH,D;aeTCH -npH UeHTpaJlbHbiX CTOJlKHOBeHHRX H He 
,n:on:~KHo npoHCXO.D:HTb npH nepH~iJepHqecKHx npoueccax. 

I1cnonh3oBaHHe ner~~:Hx qacii1:u 'B KaqecTBe 3oH.n:a cocioRHH.l'i 
R.n;epHoro Bem;ecTBa B · npouecce ero sBonrou= nocne coy,n:apeHHH 
HMeeT npeHMYID;eCTBO - B TOM, qTo R,n:epHOe Bem;eCTBO npa:KTHqeCKH 
npo3paqHo ,n:nH nenToHoB. ·cnel:toBaTeJibHo, -i1:ccne.nyR HX po~emi:e, Mbi 
MO:IKeM nonyqaTb HHgJOpMaUHJo .. _ npaKTHqec:EG1 BO. 'BCeM. BpeMeHHOM 
HHTepBane· -B3aHMO,n:e:i1:CTBHR, npOHCXO,rtHID;ero; B pe3YJib.TaTe 
CTOJlKHOBeHHR H,n:ep. C }J;pyroJ:1: CTOpOHhl, ,n:eTeKTHpOBaHHe nenTOHOB 
3aTpy,D;HeHO B. CBR3H C TeM, qTo nerKHe -qacTHUbi MMeDT' -OOJlbillOe 
pacceRHHe B cpe.ne H, KpoMe Toro, nocKOJlhKY npH H.n;epHhiX 
CTOJlKHOBem1:Hx noRBnReTcH MHoro .n:enh·Ta 3ne~~:TpoHoB, TO Heo6x6ro1Mo 
npo,D;YMaTh MexaHH3M HX · pe:~Ke~~:u=. ,[(nH yc'rpaHelrnR 'pacceRHHR B 
MHilleHH ' B 31\:CnepHMeHTe: CERES · MHilleHb pa3,n:en.inoT. Pe7KeKUHR ,n:eJihTa 
3JleKTpOHOB ·o6ecne~BaeT.CR 3a cqeT npHMeHeHHH' .ilBYX K,[(,[( •. ,[(JlR 
Bbi,Il;eJieHHH UeHTpaJibHhlx . coy,napem1:i1: · Heo6XO.D:HM TpHPrep;. 3TO: MO:IKeT 
6biTb, HanpHMep, ZDC (Zero Degree Calorimeter). Ho He MeHee 
Ba:IKHO ToqHo onpe.n:enRTh Bepmmu.t · co6b!TH:i1: MR · • .nanhHe:i1:me:i1: 
KHHeMaTHqecKo:i1: . o6p.a60TKH. K' TOMY :IKe . 7KeJiaTeJibHO''- pa3Mem;aTb 

':·; 

:•. 
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~eTeKTOp KaK MO~O 6~~e K MHmeHM M npM TOM ero B~MHHMe ~0~0 
6~Tb MMHMMa~bH~. 

HaM6o~ee no):lXO~J'IIIU1M KaH~M~aToM oKa3a~cH K,Il,[(. Bo-neps~, 

pa~Ma~bHHM K,I{A HaM6o~ee COOTBeTCTByeT yc~OBMHM npOBO~MMOrO 

3KCnepMMeHTa, a MCnO~b30BaHMe aHa~OrOBOH MH~OpMaUHM C 3TOrO 
~eTeKTOpa H03BO~HeT C03~aTb COBepmeHHhlH TpMrrep 
MHO~eCTBeHHOCTM. Bo-BTOp~, OH ~emeB~e Mil,[( ~M OMKCe~bHOrO 

~eTeKTopa co cpaBH~ pa3pemeHMeM. ,[(o6as~eHMe eme o~Horo K.IlA 
003BO~HeT 3~~eKTMBHO M36aBMTbCH OT ~e~bTa 3~eKTpOHOB (OHM 
npaKTW~ecKM ace pacceMBaiOTCH B ~oe semecTBa nepsoro K.IlAl M 

ynyqmHTb TOqHOCTb onpe~e~eHMH Bep~HHhl C06hlTMH. 
Mo~o cKa3aTb, qTo MMeHHO Heo6xo~MMOCTb 6o~ee ToqHoro 

onpe~e~eHMH MHO~eCTBeHHOCTM a~pOHHOrO COnpoBO~eHMH M 

He06XO~MMOCTb MMeTb 6o~ee TOqHhlH TpeKep npMBe~a K MCOO~b30BaHMIO 
~syx ~peH~OB~ ~eTeKTopos. B~M pa3BMT~ a~ropMTMhl, no3BO~MBmMe 

npOBO~MTb BOCCTaHOB~eHMe BepmMHhl B3aMMO~eHCTBMH M TOqHo 
onpe~e~HTb MHO~eCTBeHHOCTb 3ap~eHH~ qacTMU. Ha~MqMe ~BYX 

~eTeKTOpOB (PMCYHOK 3) 003BO~M~O no~yqMTb npeKpaCHhlH TpeKep ~~H 
BCeX MCC~e~ye~ 3ap~€HH~ qacTMU, a 3TO. ocft:l6eHHO Ba~O npM 
npoBe~eHMM MCC~e~OBaHMH C a~pOHHOH COCTaB~HIDmeH, TaK KaK 
Bhl6paHHaH CMCT€Ma pa~Ma~bHOrO K,I{,[( HB~H€TCH HaM60~ee TOqH~ 

~eTeKTopoM ~~H onpe~e~eHMH yr~oB~ xapaKTepMCTMK TpeKoB. B~oK 

CX€Ma TpMrrepa MHO~€CTBeHHOCTM npMMeHHeMOrO B TeqeHMe ceaHCOB B 
1999-2000 rr. noKa3aHa Ha pMCYHKe 4. 

3KcnepMMeHT ALICE roTOBHmMHCH Ha LHC (UEPH), opMeHTMposaH .Ha 
M3yqeHM€ B3aMMO~€HCTBHH T~e~~ MOHOB npM 3HeprMHX -5.5 T3B. 
MHo~ecTBeHHOCTb 3ap~eH~ qacTMU/ po~eHH~ B ueHTpaJihH~ Pb
Pb B3aMMo~eHCTBMHX, O~~aeTCH nopH~Ka -8000 Ha e~MHMUY 

6~CTpOT~. ll0~06HaH MHO~€CTB€HHOCTb ~KTyeT BhlCOKYIO pa3pemaiOmYIO 
cnoco6HOCTb ~~H ~eTeKTopos M MX onTMMa~hHOe pacno~o~eHMe. Inner 
Trackig System (ITS) ALICE 6y~yT COCTaB~HTb mecTb 
UM.JIMH~pMqeCKMX C~OeB KpeMHM€B~ ~e.TeKTOpOB, 06ecneqMBaH 
H~€HTM~MKaUMIO qacTMU M TpeKMHr, onpe~e~eHM€ nepBMqH~ M 

BTOpMqH~ BepmMH ~H peKOHCTPYKUMM npOU€CCOB pacna~a. 

Heo6xo~ocTb no~yqMTb awcoKoe ~BYXKoop~HaTHoe pa3pemeHMe 
(~ee qeM 40 MMKpOH) ~H K,I{,[( onpe~e~~O TO, qTo MX B ITS ~Ba 
C~OH. ,[(~H npoBepKM TeXHO~OrMM napTHH ~MH€HH~ K,I{,[( 6~a 

pa3pa6oTaHa rpynnoH MHCTMTyTa R~epHOH ~M3MKM B P~e~e. Tono~orMH 
.~eT€KTOpOB 1 pe3y~bTaThl _MCC~e~OBaHHH M OOMCaHM€ CMCT€Mhl 
C~T~aHMH K,I{,[( npe~CTaB~eH~ B pa6oTe. K,I{,[( npoillJlM 
3KCI1€PMM€HTa~bHOe TeCTMpOBaHM€ Ha SP (UEPH) B 1997-1999rr, B 
HaCTOHmee Bp€MH MCC~e~YIQTCH B ~a6opaTOpHM P~e~a. HaKO~eHHhle 

pe3y~bTaThl noMoryT B ~a~bHeHilleM npM pa6oTe c 6o~hmMMM napTMHMM 
K,I{,[(, npOH3BO~~ rpynnaMM KO~~a6opaUMM ALICE M3 MTa~. 

llRTaR rRaBa OOCBHmeHa MeTO~MKe MC~e~OBaHMH HOBOrO TMna 
no~npoBO~HMKOBOro ~eTeKTOpa C BHyTpeHHMM yc~eHM€M M ~OKa~bHOH 

OTpMUaTe~bHOH o6paTHOH CBH3b!O [1]. IlpMBO~TCH npOCTaR MO~e~b 

p~60Thl_ ~eT€KTOpOB 3TOrO TMna. ,[(~H pea~bHOrO ~OTO~eTeKTOpa 
~;poMTCH 3KBMBa~eHTHaH CX€Ma 3aMemeHMH, nonyqeHHaH B pe3y~bTaTe 
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3KCnepHMeHTa~bHOrO MCC~e~OBaHMH ~eTeKTOpa. llpe~~araeTCH 

M€TO~HKa MCC~e~OBaHMH M aHa~M3d. KaK npMMep npMM€H€HMH MO~enH 
npHBO~MTCH pacqeT HapacTaHMH ~pOHTa CMrHa~a M cpaBH€HMe C 
3KCnepHMeHTa~bH~ ~aHH~. llpe~CTaB~eH npoeKT HOBOrO BM~a K,I{,[( 
C BHYTP€HHMM ~aBMHH~ YC~Te~eM M pacqeT. ero. OCHOBH~ 

xapaKT€pHCTHK. 
B OCHOBe pa60T~ KJI~,[( ~e~T HB~eHMe y~apHOH MOHH3aUHM B 

no~ynpOBO~HHKaX. CyTb HB~€HMH 3a~qaeTCH B TOM, qTO npH 
~B~eHHH 3~eKTpoHoB (~wpoK) B ~ocTaToqHo B~COKOM s~eKTpMqecKoM 
no~e B no~ynposo~HHKe (~H Si npH E>3*10

5 
B/cM) 3~eKTpOHhl 

(~hlpKM) MoryT npMo6peCTM 3HeprMIO, ~OCTaToqHY!O ~~H C03~aHHH 
~OnO~HHTe~bH~ 3~€KTpOHHO-~hlp0qH~ nap npH B3aMMO~eHCTBMH C 
KpHCTa~~MqecKOH pemeTKOH Kp€MHMH. 3TH 3~eKTpOHHO-~wpoqHhle naphl 
B CBOIO oqepe~b MoryT C03~aBaTb ~OnO~HMT€~bHhle 3~eKTpOHHO

~hlp0qHhle naphl M T.~., qTo npHBO~MT K ~aBHH006pa3HOMY HapacTaHMIO 
HX KO~MqecTBa. IlpH 3TOM B CMCTeMe ~eHCTBY€T no~O~Te~bHaH 

06paTHaH CBH3b, qTo npHBO~HT K HeCTa6M~bHOCTM CHCT€Mhl. 3TO 
Cym€CTB€HHO 3aTpy~HHeT npaKTMqeCKO€ MCOO~b30BaHMe HB~€HMH 

y~apHOH HOHH3aUHH ~H C03~aHHH ~OTOnpH€MHMKOB C BHYTpeHHMM 
ycH~eHHeM. KaK noKa3a~M ~H3MKM M3 MR~ (MocKBa), cymecTsyeT 
B03MO~OCTb. BBe~eHHH B KJI~,[( OOC. ~H3HqecKaH cymHOCTb 
npe~~O~€HHOrO _cnoco6a BBe~eHMR B KJI~,[( ~OKa~bHOH OOC COCTOHT B 
C03~aHHM onpe~e~eHHOH CTPYKTYPhl Metal-Resist-Semiconductor 
(MRS) 1 B KOTOpOH .i:raBMH006pa30BaHH€ no~aB~HeTCH 3a cqeT 

YM€Hbm€HHR , Hanp~eHHOCTM 3~eKTpHqecKoro no~H B 06~aCTM 
~aBMH0006pasoBaHHH B ,pe3y~bTaTe ~OKa~bHOro YM€Hbm€HHH 
Hanp~eHMH ·Ha P-N nepexo~e. B~o noKa3aHo [4), qTo npoueccw 
npoTeKaHHH ToKa B MRS cTpYKType xopomo onHcwsaeT 3KBHBa~eHTHaH 
cxeMa, npe~cTaB~HIDmaH co6oH coe~MHeHHwe· napa~~e~bHO 

conpoTHB~€HMe o6paTHOH CBil3M Rtb M eMKOCTb o6paTHOH CBH3H Ctb, 
B~qeHHhle noc~e~OBaTe~bHO.- C P-N nepeXO~OM . KJI~,[( K HCTOqHMKY 
HanpH~eHHil CMemeHHil V. .. By~eM paCcMaTpHBaTb KJI~,[( KaK 
npeo6pa3oBaTe~h ~oToToKa B TOK c K03~~HUMeHTOM nepe~aqM M. 3To 
K03~~MUMeHT ~aBMHHOrO YCH~eHMil M ~H ero onpe~e~eHHH 

HcnO~b3Y€TCH ~OPMY~a MM~~epa: 

M= 1 ' (1.1) 

1_(v-_;;Rjb)? 
~r 

3~ecb i- TOK B uenM KJI~A , Vbr - HanpH~eHHe npo6oH M n-
3KcnepMMeHTa~hHO no~6HpaeMhlH napaMeTp. Ilpe~no~o~M, qTo n=1 H, 
qTQ Mo=1/(1-(V/Vbr)) - K03~~HUH€HT ~aBMHHOrO ycH~€HMR npH 
OTCYTCTBHM 00C. Tor~a Bhlpa~eHM€ (1.1) MO~O nepenMCaTb B 
M3B€CTHOH ~OpMe ~H K03~~MUH€HTa nepe~aqM CHCTeMhl C OOC: 

M Mo (1.2) 
I+P-Mo 

P= i·Rjb I 

~~ 
i TOK, IlpH 3TOM 

llo~yqeHHoe B~a~eHHe onMcwaaeT 
~eTeKTopa. B c~yqae npoH3BO~bHoro 
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npoTeKa~H qepe3 KJI~,[(. 

npOCTYIO MO~€~b ~aBHHHOrO 

3Ha qeHHH n B~a~eHHe ( 1 .1 ) 



MO~O 3ani1CaTb B Bl1,lle ( 1. 2) I ecJU1 M 0 = , • , 11 K03<jJ<jJ11U11eHT 

1-(I__) 
vbr 

o6paTHOM CBH311 p B BI1.I(e: 

V"-(V-V)" 
p(V) = • fb (1.3) 

vbr 
B KBa311CTaUl10HapHoM crryqae (T.e. Kor.I(a Bni1HHI1e eMKOCTI1 Crb 

npeHe6pe?K11Mo) HanpmKeHI1e o6paT!mfi CBH311 Vrb=i*Rrb= io*M(V) *Rrb 
(i0- HaqanhHW1 <jJoTOTOK). Mo,llenb n03BonHeT paccqi1TaTh c xopomefi 

TOqHOCTbD nepeXO.IlHYD xapaKTep11CTI1KY ,lleTeKTOpa. 

Ha p11CYHKe 5 noKa3aH npi1Mep pacqeTa nepexo.I(Horo npouecca 11 
3KCnepl1MeHTanbHHe .I(aHHHe B cnyqae B03,lleMCTBJ1R Ha KIT~~OOC 

npHMoyronhHoro l1MilYnhca <jJoToToKa. 

fl 

-~-- __.......-lE pctimcnt I 
I ~ - ~ 

', .-:-
~ Theory ., 

8 

6 l(t) 

p.A4 

2 

,., 
•' ,. 

0 0 30 0 '0 
0 

Time, Jl s 

PucyHOK S.HenpepbiBHOii: JIHHHeii: noKll3aH pe3yJihTaT pacqeTa OTKJIHKa ,llereKTOpa Ha 

llpjjMOyroJibHbiH HMnyJibC <I>OTOTOKa. ToqKH COOTBeTCTByiDT 3KCnepHMeHTaJibHbiM ,llaHHbiM 

nonyqeHbiM npH H3MepeHHH <l>oTOOTKJIHKa ,lleTeKTopa. 

~ 
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3Kcnep11MeHTanhHoro l1ccne,lloBaH11H ,lleTeKTOpa. ITpe,llnaraeTCR 
MeTO.I\11Ka 11ccne,I1oBaHI1M 11 aHanl13a. KaK npl1Mep npl1MeHeHI1f! MO.I1en11 
np11BO.I\11TCR pacqeT HapacTaHI1H <jJpoHTa cl1rHana 11 cpaBHeHI1e c 
3Kcnepl1MeHTanhHHMM ,llaHHHMM. ITpe,llcTaBneH npoeKT HOBoro B11.Ila ~~ 
C BHYTpeHHJ1M naBI1HHHM YCI1nl1TeneM 11 pacqeT ero OCHOBHHX 
xapaKTepi1CTI1K. 

B OCHOBe pa60TH KIT<I>~ ne)I(J1T f!BneHI1e y,llapHOM 110HI13aU1111 B 
nonynpOBO.I(HI1KaX. CyTh f!BneHI1R 3aKnnqaeTCH B TOM, qTO np11 
,llB~eHI111 3neKTpOHOB (,llHpOK) B ,llOCTaToqHo BHCOKOM 3neKTp11qecKOM 
none B nonynpoBO.IlH11Ke (.IlnR Si np11 E>3*105 B/cM) 3neKTpoHH 
(,llHpK11) MOryT np1106peCTI1 3Heprl1D, .I(OCTaToqHyn .I(nH C03.I(aHI1H 

,llOnonHI1TenbHHX 3neKTpOHHO-,I~Hp0qHHX nap np11 B3al1MO,lleMCTBI111 C 
Kpi1CTannl1qecKOM pemeTKOM KpeMHI1f!. 3TI1 3neKTpOHHO-,llHpOqHHe napH 
B CBOD oqepe,llh MOryT C03.I(aBaTh .I(OnonHI1TenhHHe 3neKTpOHHO
,llHpOqHHe napH 11 T • .I(., qTQ np11BO,lli1T K naBI1H006pa3HOMY HapacTaHMD 
11X KOnl1qecTBa. ITp11 3TOM B CI1CTeMe ,lleMCTByeT nonO)I(J1TenhHaH 
o6paTHaH CBH3b 1 qTo np11BO,lli1T K HeCTa611nhHOCTI1 CI1CTeMH. 3TO 
cymeCTBeHHO 3aTpy,llHf!eT npaKTI1qecKOe 11CnOnh30BaHI1e RBneHI1R 
y,llapHOM 110HI13aU1111 .I(RR C03,llaHI1H <jJOTOnp11eMHI1KOB C BHYTpeHHJ1M 
yc11neH11eM. KaK noKa3anl1 <jJI1311K11 113 MR<I> (MocKBa), cymecTByeT 
B03MO?KHOCTb BBe,lleHI1R B KIT <I>~ 00C. <I>11,311qecKaf! CYillHOCTb 
npe,llno?KeHHoro cnocooa BBe,lleHI1R B KIT<I>~ noKanhHOM OOC cocTOI1T B 
co3,llaHI111 cinpe,lleneHHOM. cTpyKTYPH Metal-Resist-Semiconductor 
(MRS) 

1 
B KOTOpOM naBI1H006pa30BaHI1e no,naBnReTCR 3a cqeT 

YMeHbmeHI1R HanpmKeHHOCTI1 3neKTp11qecKoro nonH B o6nacTI1 
naBI1Hooo6pa3oBaHI1R B pe3ynhTaTe noKanhHoro YMeHhmeHI1H 
HanpmKeHI1H Ha P-N nepexo,lle. BHno noKa3aHo [ 4) , qTo npoueccH 
npoTeKaHI1R TOKa B MRS cTpyKType xopomo on11CHBaeT 3KBI1BaneHTHaH 
cxeMa, npe,llcTaBnHDmaH co6ofi coe,lli1HeHHHe napannenhHO 
conpOTI1BneHI1e o6paTHOM CBR311 Rrb 11 eMKOCTb o6paTHOM CBH311 Crb, 
BKnDqeHHHe nocne,lloBaTenhHO . C P-N nepeXO,llOM KIT<I>~ K 11CTOqHI1KY 
HallpR?KeHI1R CMemeHI1R V. By,lleM paCCMaTp11BaTh KIT<I>~ KaK 
npeo6pa30BaTenh <jJOTOTOKa B TOK C K03<jJ<jJ11U11eHTOM nepe,llaql1 M. 3TO 
K03<jJ<jJ11U11eHT naB11HHoro ycMneHI1R 11 • .IlnR ero onpe,lleneHI1H 

11cnonh gyeTCR <jJopMYna Ml1nnepa:. 

M = ___ 1_.,----_ 

1_(v -i·Rjb)" 

V,r 

(1.1) 

3.I(ech i- TOK B uen11 KIT<I>~ , Vbr - HanpR?KeHI1e npo6oH 11 n-
3Kcnepl1MeHTanhHO no.I(611paeMW1 napaMeTp. ITpe,llnono)I(J1M, qTo n=1 11, 
qTQ Mo=1/(1-(V/Vbr)) - K03<jJ<jJ11U11eHT naBI1HHOrO yc11neHI1H np11 
OTCYTCTBI111 00C. Tor,lla BHpa?KeHI1e (1.1) MO?KHO nepeni1CaTb B 
l13BecTHOM <jlopMe .Ilnfl K03<jJ<jJ11U11eHTa nepe.I1aq11 cl1cTeMH c OOC: 

M= Mo (1.2) 
1+P·Mo 

llp11 3TOM 
i·Rfb 

P=--, 
V,r 

i TOK 1 

rronyqeHHoe 
,lleTeKTopa. 

BHpa?KeHI1e Olli1CHBaeT 
B cnyqae npo113BOnhHoro 

ll 

npoTeKaDilll1M qepe3 KIT<I>~. 

npOCTYD MO,llenh naB11HHOrO 
3HaqeHI1H n BHpa?KeHI1e ( 1. 1) 
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