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AHAJIN3 HOBOI'O CBOJJHOI'O KATAJIOT'A PACCESIHHBIX
CKOILJIEHUM HAIIEN TAJJAKTUKHA

K.M. I'anunes, C.H. Hypuraunos

Hanmonanensiii yausepcutet PY3, Bysropomaok, Tamkent, Y30ekuctan
(Tonyuena 16.07.2018)

lanaktukamus Tapkox toiny3 tyna (THOT)mapununr 1119 tacuman nbGopat Maxcyc kartajor
Tysunan. Maxcyc katanorga THOTmapHuHr Maccacu, abCONIOT IOJAYy3 KATTAIUTH, MOMYN
Macodacu, MeTaJUIury, €y, cekrpan cuHu Ba [anakTuka MapKasuaaH y30KIMIH KaOu (GU3UK
napamerprnapu Oepwirad. Cratuctuk Taxjiaui ycyuiapu Ownan THOTnapHuHr acocuii ¢usmx
IapaMeTpliapd Opacuiaru SMIMPHUK OOFIaHHUIIIAD AaHUKIAHIH.

CocTaBieH CrenuaIbHbli KaTanor paccessHHbIX ckoruieHuit 38e3 (P3C) Haureit [aakTHKy, COCTOSIINN
n3 1119 oOwekroB. B Kkaramore mnpuBeneHBl Macca, a0COJIOTHAsh 3Be3JHAs BEJIMYHMHA, MOJIYJb
pacCTOSIHYSL, METaIMYHOCTb, BO3PACT, CIEKTPAJbHBII KJIacC M PAcCTOSHUE OT LeHTpa ['anakThku B
ornuyne oT Apyrux karamoroB P3C lNamaxktuku. Ha ocHOBe cratucTudeckoro aHanusza oOHapy>KEHbI
Ba)KHBIC IMIIMPUUYECKHE 3aBUCUMOCTH MEX1y OCHOBHBIMBI (hr3nueckumMu napamerpamu PC3.

A special catalog of 1119 open star clusters (OSC) of our Galaxy has been compiled. The physical
parameters such as mass, absolute magnitude, distance modulus, metallicity, age, spectral class and
distance from the center of the Galaxy are distinguished in the catalog, unlike other catalogs OSC of our
Galaxy. On the basis of statistical analysis some important empirical relationships between the basic
physical parameters of the OSC have been found.

Beenenme. Paccesuunie 3Bé3mable  ckorurenus (P3C)  sBasiorcs  Hambosee
pacrpocTpaHEeHHBIMH OOBEKTAMHU HUCKa Hamiedl ['amaktuku. B HacTosimee BpeMs B
Hamreli ['anaktrke oTkpbiTo cBbilie 2000 paccesHHBIX CKOILICHUN W TPEIIONaracTcs, YTo
WX YHCIIO B HECKOJIBKO pa3 Ooibine. Habmronenus mokaseiBaroT, uto P3C BCTpevaroTes B
CIIUPANIBHBIX U HEMPaBUIBHBIX rajakTtukax. B P3C HaOmromaroTcss MONOIBIE U TOpSIIUE
3Be3apl [amaktuku. M3ydas naHHBIE HAONIOJCHHWHA 10 HUM, MBI MOXXEM IOJYYHUTh
WHGOPMAIIMIO O MPOUCXOXKICHHUH, 3BONIOIHNH 3TUX cKoruteHui u [amaktuku. s toro
9TOOBI TIONYYUTh HEOOXOOUMYIO HOBYIO WH(OpPMAIMI0O 1O HHUM | TOMpoOOBaTh
BBITIOJIHUTh MX KIACCH(UKAINIO, MBI 00sI3aHbl YTOUHHTh U PACUIMPUTH 0a3y MaHHbIX [1].

JlanHble HaOmoneHni U cnenuadbHbIid katagor P3C. Ilo tuarensHOMy cOOpy
MaHHBIX Hamo oTMeTuTh padory K. Jlumra [2], xoropsii cocraBun kartamor m3 1151
0o0BeKTa M CleNaj MEePBYI CTaTUCTHUECKyr0 0o0pabotky. B pabore B.C. [luaca u ero
kosuter [3] cocrarien katanor u3 2167 06bexTOB, ipudem oH o6HOBsUICS 10 2015 rosa.
Ho moka emg 3ToT Katajor CTaTUCTHYECKH He oOpabotaH. B pabote [4] naHbl naHHbIC
HaOMroMeHU I Oojee cTa OOBEKTOB, TaKHWE MapaMETPhl KaK MOIYJIb PACCTOSIHHS OT
LEHTpa U OT IUIOCKOCTa ["anmakTuku, abCONItOTHAS 3BE3/[HAsl BEIMYUHA U Macca. B paGote
[5] aBTOpBI MPUBOIAT AaHHBIE O METAUIMYHOCTH M PACCTOSHHS OT IIEHTpa [ amakThKu
Takxe 1 6ojiee cTa 00bEKTOB. ABTOpHI e [6] mpuBenn HaHHBIE O TaKUX (DU3HIECKUX
napamerpax Kak MOJIyJb pacCTOSHUs, YHCIIO WIEHOB ckoruteHus mist okono 500 P3C. B
pabore [7] aBroper mis 109 0O0BEKTOB MPUBOIAT JaHHBIC HAOIIOACHUN IS MOIYJIS
paccrosiaust. J{ns 593 P3C aBrops [8] mpuBOAAT AaHHBIE O PACCTOSIHUAX OT IIEHTPA U OT
miockocti [lamaktuku W 1o WX Macce. Jid manpHEMIIEro CTaTUCTUYECKOIO
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UCCIICZIOBAHUSA, MBI TOMOJHIIM 3TOT KAaTajlor TaKUMH IapaMeTpaMH Kak Macca,
a0CONFOTHAST 3BE3/IHAS BEIIMYHMHA, MOAYJh PACCTOSIHUS, METaNIMYHOCTD, CHEKTPaIbHBIN
KJIacc, paccTosHue ot rentpa Mieunoro Iyt u ap. [9] u mosemu qo 1119 06BeKTOB.

B pa6ore [1] n3-3a MaoCTH JaHHBIX HAOIIOAEHUM OBLIN COCTABICHBI THCTOTPAMMBI
M0 BO3pPACTy, METALUTMYHOCTH W JHaMEeTpy, ObUIa TOCTPOEHAa 3aBUCHUMOCTh MEXKIY
METaUIMYHOCTRI0 W BO3PAcTOM CKOIUIeHWs. Ho Tmocie TmateasHOTO — aHaan3a
MPUBEJICHHON BBIIIE JIUTEPATYPhl U COOPAHHBIX IAHHBIX MO HUM, Mbl MOXXEM H3y4YHTh
3aBHCUMOCTU MEXY IpyruMu ¢pusnueckumu napamerpamu P3C Hameit ["anaktuky.

U3 puc. 1 BumHo, uro B ['amakTuke BCTpedarOTCSI B OCHOBHOM pAaCCESHHBIC
CKOIUIEHHSI ¢ aOCOJMIOTHOM 3Be3gHOM BennuuHod My =~ —-3.77+-2.5, a KoJIH4eCTBO
OCTaJIbHBIX CKOIUICHHM 3HAYMTEIbHO MeHble. Ha puc. 2 gaHa rucrorpaMma 1mo macce
P3C nameii ['anmaktuku. BugHo, uto B ['anakTuke BCTpedarOTCsl pacCesHHbBIE CKOTUICHHUS C
maccoir M=500 M u ¢ yBeaMueHHEM MacChl 3TUX CKOIUICHHH MX KOJIHYECTBO PE3KO
YMEHBIIACTCH.

0 - '--(.—}7.—’_|——.~

7415 62 4,985 3,77 -2,555 1,38 018 109 2305 352 500 1000 1500 2000 4000 6000 8000 10000 20000 20000<
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Puc. 1. Twucrorpamma mno abCOMIOTHOU Puc. 2. T'ucrorpamma no macce P3C.
3Be3aHOM BernunHe P3C.

Ha puc. 3 manHa rucrorpaMMa METaJUIMYHOCTH PACCESIHHBIX cKomieHuil. Otciona
BHAJHO, YTO DPACCESHHBIC CKOIUICHHS pa3felIIoTCsA Ha [B€ TMOATPYIIBI TaK K€ Kak
mrapoBble CKoruieHUs Hamed ['amaktuku. CBOMCTBO pasfeneHus Ha JABE TPYIIBI 110
MeTaUIMYHOCTH HalOmronaercs siBHO [10] st mapoBBIX CKOIUICHUWH, a JUISl PAaCCESHHBIX
CKOIUICHUI OHO 3aMeTHO ciabee (puc. 3).
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Puc. 3. Tucrorpamma no MerawimyHoctd Pue. 4. T'ucrorpamma no JMHEHHOMY AMAMETPy
P3C. P3C.
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I'mcTorpamma JMHEHHOTO OUAaMETpa pacCesHHBIX CKOIUICHHH ITOKa3bIBaeT, dTO
OOJIBIIMHCTBO PacCesTHHBIX CKOIUleHWi mmeeT nuHeiHbli quametrp 2000 mapcekos. Ilo
Mepe YBEIMYCHUsS JMHEHHOro IHaMeTpa pPacCesHHBIX CKOIUICHMH HMX YHCIO pPEe3KO
yMmeHblaetces (puc. 4).

I'mcrorpamma soraprdma BO3pacTa pacCesHHBIX CKOIUICHHH ITOKa3bIBAaeT, YTO WX
MOYKHO TaK)Ke YCJIIOBHO Pa3[elUTh Ha JBE MOATPYIIIbI, H-p, B BUJE HHTEpBAIOB [6.2+7.9]
u [8+9.9] coorBerctBenHO (puc. 5). Orcroma BbITEKAaeT, 4TO 4YeM Ooraue CKOIUICHHE
MeTaJulaMH, TEM OHO MOJIo)Ke U HaoOopoT. M3 rucTOrpamMMbl pacmpeneiacHus
paccesTHHBIX CKOIUICHHWM OT IIeHTpa Hamed | 'ajakThku BUAHO, 4yTo Ooiybmie Bcero P3C
HAXOJUTCA Ha paccTOsHUAX Rgs~8+10 knk (puc. 6). DTo0 YaCTUYHO MOXKET OBITh CBSI3AHO
C TeM, 9TO 3Ta 00JIaCTh XOPOIIO HAOII0JaeMa, HEeXEH JAICKUe 00IacTH.

500 400
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50 29
50 14 12 6 1 3 N

6.4 658 72 75 8 54 88 92 o6 10 654 832 101 11,88 1366 1544 17,22 19 2078 22,57

lg t Rgs (nk)
Puc. 5. T'ucrorpamma mo norapudmuue- Puc. 6. I'mcrorpamma pacnpeneneHus
CKOMY BO3pacTy pacCesHHBIX CKOIUICHUH. PacCestHHBIX CKOIUIEHHH MO PacCTOSHHIO

OT LHEHTpPa lanakTukmy.

Ha puc. 7 nana 3aBHCHMOCTb MEXAY JHHEHHBIM AUAMETPOM MU JOTrapu()hMUUECKOH
Maccoi paccestHHbIX CKoIuleHuil. BumaHo, uto C pocToMm nmHeitHoro auamerpa P3C ux
Macca CTaHOBHTCS Oojblie M Haobopor. Ha puc. 8 mokazaHa 3aBUCHMOCTb MEXIY
a0COJIFOTHOH 3BE3HOI BEIMYMHOW W Jorapudmudeckoil maccoir P3C. DToT pucyHOK
MMOKAa3bIBaeT, YTO C POCTOM aOCOJIIOTHOHM 3Be3mHON BenmmuuHBI Macckl P3C pactyT. D10
(bU3NUECKH JIETKO 00BSICHUMO, HO TJaBHOE B TOM, YTO 3TH TapaMeTphbl CBS3aHBI IPYT C
JIPYTOM JIMHEHHOU 3aBUCUMOCTBIO.
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Puc. 7. CBs3p Mexmy mmamerpoM U maccoir Puc. 8. 3aBHCHMOCTh MeXITy aOCOMOTHOU
CKOILJIEHHH. 3BE3IHOM BEJIMUYMHON M MacCOM CKOIUIEHUH.
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Ha puc. 9 naHa 3aBHCHMOCTb M@Ky MOJIYJIEM PACCTOSIHUS U aOCOJTIOTHON 3BE3THOM
BenuunHOU P3C. DTOT pUCYHOK TaKKe MOKA3bIBACT HAIUYUE SIBHOU 3aBUCUMOCTH MEXIY
TUMHU TIapaMeTpaMU pacCesHHBIX CKOIUIeHHA. C yBETHYCHHEM 3HAYCHHS aOCONFOTHOM
3BE3HOM BEJIMYMHBI 3HAUYCHUE MOIYJS PACCTOSHUS ToXxe yBenuuuBaercs. Ha puc. 10
JlaHa 3aBUCHMOCTh MEXIy W30BITKOM CBe€Ta W a0CONIOTHON 3BE3HOW BEIHMYUHON
CKOIUICHHHM. PHCYHOK TIOKa3pIBaeT HamW4he CIab0i 3aBUCUMOCTH MEXIYy JSTHMH
nmapaMeTpaMy, HO B CPEIHEM C POCTOM 3HAYCHHUS aOCONIOTHOW 3BE3MHON BEITUYHHBI
3HauYCHHE N30BITKA CBETA TAKIKE PACTET.
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Puc. 9. /luarpaMma MoAyib pacCTOSHHS U Puc. 10. 3aBrcUMOCTh MEXAY H30BITKOM
abCcoITIOTHAS 3BE3/IHAs BEIMYMHA CKOIUIEHMIA. CcBeTa u a0COJIFOTHOM 3BE3HOMU

BEJIMYMHOM CKOIUICHUH.

Ha puc. 11 mpuBeneHa 3aBHCHMOCTh MEXKIYy METALUIMYHOCTHIO M a0COIFOTHOMN
3BE37JHOM BEJIMUMHOM PaCCEIHHBIX CKOIUIEHUN. VI3 pucyHKa BUAHO, YTO C YMEHBIIEHUEM
3HAUCHHUS METAJUIMYHOCTH YMEHBIIAETCS W 3HAUYCHUE aOCONIOTHOM 3BE3JHONW BEINIUHBL.
Ha puc. 12 nana 3aBUCMMOCTh MEXIy aOCONIOTHOM 3BE3HOW BEIMYMHON W JIMHEHHBIM
IUAMETPOM CKOIUIEHWH. JTOT PHUCYHOK IOKa3blBaeT HANW4He CIa00H 3aBHCHMOCTH
MEXIy dTUMH MapaMeTpaMu, HO BHAHO, YTO B CPEAHEM, UYe€M CKOIUICHHE SpUe, TEM OHO
OomnblIe o pazMepy.
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Puc. 11. 3aBucumoctp Mexay wMerawnd- Puc. 12. 3aBUCHMOCTh MEXAy aOCONIIOTHOM
HOCTBIO M a0COJIIOTHOW 3BE3[HOI BEJIMYMHOW  3BE3JHOM BEJIMYUHOMN U JIMHEHHBIM
P3C. nuamerpom P3C.
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MBI TONBITATHCH HAWTH SMIUPUYCCKHE 3aBUCUMOCTH MEXKIY HEKOTOPBIMHU
ocHoBHbIMU TapamerpamMu P3C Hameil 'amakTuku. DMOoupuyeckas 3aBUCUMOCTb IS
rapaMeTpoOB a0COJFOTHOMN 3BE3THON BEIMYMHEI M JIOTapU(PMIIECKOH MacCcOl pacCesTHHBIX
CKOIIJICHUH 3BE3/1 ONMUCHIBACTCS INHEWHOW (DYHKIIUCH.

My = 1.740 (+0.173) — 2.235(+0.276) 1g Mc.

Jiis aHHBIX JTOrapu(MHUYECKOTO BO3pacTa W aOCOJIOTHOW 3BE3THOW BEIMYHHEI

PacCessHHBIX CKOTIICHHH MOTYyYeHO CIIEIYIOIIee COOTHOMICHHE:
Ig t =9.526 (+0.195) + 0.33 (0.043) My,.

Msl mpuBeNnM 37ech IBE SMIUPUYECKHE 3aBHUCHMOCTH, HAWJACHHBIE W3 HaIIero
HOBOTO criennanbHoro karanora P3C. PaboTa npomomkaercs HaMu B 3TOM HallpaBJIEHUU
U IpyTUE pe3yNbTaThl OyAyT OMyOIMKOBAaHbI OTACIBHO.

3akawuenue. [lepeunciuM KOPOTKO OCHOBHBIE BBIBOABI W PE3yINBTaTHI,
MOJTyueHHbIE B JaHHON pabore.

Co3nan cnenuanbHblii katanor w3 1119 P3C name#t ['amakTuku U TpoBeACH
CTaTHCTUYECKHUI aHaIW3 JAHHBIX MOJydYeHHOro Karajora. [locTpoeHbl ThcTOorpaMMBbl 110
OCHOBHBIM (DM3MYECKHAM ITapaMeTpam, CllelaHbl KOHKpeTHBhIe BHIBOABI. lokazaHo, 4To C
yBenuueHneM mMacchl P3C WX KOMMYECTBO PE3KO YMEHBIIACTCS. PaccessHHBIE CKOTUICHUS
MOJKHO YCJIOBHO Pa3/IeUTh Ha JBE MOATPYIIBI IO METAIUIMYHOCTH, MMOAOOHO IIAPOBBIM
ckorvieHusM Hamrel ['amaktwku. JlorapudMudecknii BO3pacT PacCEeSTHHBIX CKOILICHUH
TaK)Ke MOKa3hIBAET BO3MOXKHOCTH pasleleHus Ha NBe moarpymmbl. bomemie Bcero P3C
HaxoIsTCs Ha paccTosHUU Rgs~8+10 kmk or menTtpa Hame# [amakTukn. Haiimensr
smrupudeckue 3aBucuMocti Ig t u Ig Mc ot My paccessHHBIX CKOTIIIEHHH.

Pabora BemonHsack B pamkax rpanta Ne @-2-13 MunucrepcTBa nHHOBauu PYs.
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OBPA3OBAHUE N ABUMYTAJIBHBIE KOPPEJISALIUN
KYMYJATUBHBIX IPOTOHOB U IMOHOB C YACTULIAMHU
COITPOBOXJIEHUA B AIPOH- U AIPO-AJEPHBIX COYJAPEHUAX
ITPU BBICOKUX DQHEPT'UAX

B.C. YOunames', C.JI. .JIyTnle.ﬂaeBZ, K. Onumos?, D.X. BO30p0Bl, J.A. KapmneB4,
3.X. Bozopoa®, B.III. AGaues®, D.9. lyctmypagos’, A.A. AGayBaines’,
B.P. Typaues’, )K.0. Canynnaes®

"Yucruryt sneproit gpusukn AH PY3, Tamkent, Y30eKucTan
2DU3UKO-TEX HUIEK U unctutyT AH PVY3, Tamkenr, Y30ekucran
3Hau1/10HaJILHLH71 yHUBepcUTeT Y30ekucTana, TamkeHT, ¥Y30eKucTan
*Tamkenrckuii MeINATPUICCKAN METUIIMHCKAN MHCTUTYT, Y30eKHCTaH
(Tonyuena 12.10.2018)

Ymby Mmakonaza KyMyJIATHUB IIPOTOH Ba NHOHJAPHM aJpOH- Ba SAPO-SA1pO TYKHAIIyBIapHaa
Ky3aTUITaH 3appavaiap Ounan XocuiI OYIUIINAA a3UMyTal KOPPEJSILUs HaTWXKaIapy OepuiraH.

B nmannolf paboTe mpeACTaBICHBI pPe3yJbTaThl HCCICNOBAHMI a3UMYyTAIBHBIX KOppEJSIIHN Ipu
00pa3oBaHUM KyMYJIATHBHBIX IIPOTOHOB M IIHOHOB C YAaCTHI[AMH COIPOBOXJICHUS B aJpOH- H SPO-
SIICPHBIX COYJIAPCHHUSX.

The paper presents results of studies of the azimuthal correlations in the formation of cumulative
protons and pions with tracking particles in hadron- and nucleus-nucleus collisions.

KymynsaTtueHOe 00pa3oBaHHE YACTHI[ MOXET OBITh CBSI3aHO C CYIIECTBOBAHHEM B
SIpe MYJIbTHKBAPKOBBIX KOH(UTrypanuil ((IyKTOHOB) WM3-3a HYKIOHHBIX (IyKTyaIlHii
IUIOTHOCTH, B KOTOPBIX JBa HyKJIOHA (WK OOJIbINIE) HAXOMATCS HA PACCTOSHHUH MEHEE
1 pm.

KyMynaTHBHON CUMTAETCS 4acTHIlA, BBUICTAIOIIAS B KHHEMATHYECKH 3aMpeIleHHY O
o0macth i cBoOoaHbIX NN-coynapenuii. CTeneHb KyMyJISITUBHOCTH YaCTHIII OOBIYHO
OTPEICTSAIOT 3HAYCHUEM BEIIMYHHBI

B=(E—-PcosB)/m,
)

rae E, P 1 6 — COOTBETCTBEHHO DHEPTHsl, UMITYJILC U YTOJ BBUIETA MPOTOHA, My — Macca
HYKJIOHA.

ITo ¢usnveckoMy CMBICTY KyMYJIATHBHOE YMCIIO [} O3Ha4aeT MUHUMAJILHYIO Maccy
MUIIEHH B €IUHHUIAX MacChl HYKJIOHa, Ha KOTOPOH WpPOW30IUIO OOpa3oBaHUE
KyMYJIITHBHOT'O TIPOTOHA.

VccnenoBanue KyMyJISTHBHOTO OOpPA30BaHHS MPOTOHOB BHIIOTHEHO B P 2C-
(4.2 TaBJc), p*C- (9.9 I'B/c), m *C- (40.0 Bc), “He'?C- (4.2 A TaBlc), *CHC-
(4.2 TBIc), **0p- (3.25 A I'Blc), p*°Ne- (300 I'B/c), p'®'Ta- (4.2 IBlc), *C*® Ta-
(4.2 A TB/c) coynapenusix (tadu. 1).

Csenenust 00 aHcamOmnsAX aipoH- W AOPO-SACPHBIX B3aMMOJAEHCTBUH, CTaTUCTHKA
SKCIEPUMEHTALHOTO MaTephalla W OCHOBHBIE pe3yJNbTaThl aHalh3a IPOILECCOB C
KYMYJISTHUBHBIM 00pa30BaHHEM IIPOTOHOB MPUBEACHBI B Ta0I. 1 1 2.
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Tabauna 1. XapakTepucTUKU KaHAJIOB C KyMYJISITUBHBIM 00pa30BaHHEM ITPOTOHOB.

Tun B3aumMopeii- Yucno [Tapametp Cpennsist MHOXec- | Jlons coObiThii ¢
CTBUS, ICPBUYHBII HEYIPYTUX HaKJIOHA, [ TBEHHOCTh KYMYJI. | KYMYJISTHBHBIM
ummnyisc (I'B/c) coOBITHI MIPOTOHOB poToHoM, %

pC, (4.2) 6 817 8.18 £ 0.26 1.04 £ 0.03 10.1+04
rC, (9.9) 19331 8.09+£0.49 1.06 £ 0.03 10.0+0.2
n 2C, (40.0) 16 657 8.10+£0.25 1.06 £ 0.03 6.6 +0.2
*HeC, (4.2 4) 11974 8.00+£0.28 1.06 £ 0.05 10.1+£0.3
CC, (4.2 4) 20527 8.14 +£0.20 1.05+0.04 10.1+£0.2
%0p, (3.25 4) 12 367 8.13+0.21 1.11+0.02 121+04
Pp*°Ne, (300) 4990 7.99+0.18 1.16 +0.03 14.6 + 0.6
pTa, (4.2) 1517 79+0.8 1.60 +0.10 18.0+1.0
CTa, (4.2 4) 2440 8.4+05 1.86+ 0.06 41015

Taoauua 2. CpelHsis MHOXECTBEHHOCTh PA3JIMYHBIX THIIOB YACTHI[ U SAEP B COOBITHAX C
o0Opa3oBaHneM 1 0e3 00pa30BaHUs KyMYJIATUBHBIX IPOTOHOB IIpU N, > 1 B lﬁOp-coyz[apeHI/mx npu
3.25 A IsBlc.

Tun Tun
YaCTHLB, Neum = 0 Neum > 1 YaCTHLB, Neum = 0 Neum > 1
¢dparmenra ¢dparmenra
T 0.33+0.01 0.44+0.02 “He 0.61+0.01 0.71+0.02
" 0.48+0.01 0.47+0.02 Z=3 0.09+0.01 0.12+0.01
H 2.00£0.02 3.23+0.04 Z=4 0.05+0.01 0.05+0.01
’H 0.36+.0.01 0.59+0.02 Z=5 0.09+0.01 0.08+0.01
*H 0.14+0.01 0.24+0.02 Z=6 0.21+0.01 0.12+0.01
*He 0.14+0.01 0.21+0.01 =7 0.19+0.01 0.04+0.01

[lpuBeneHHbIC MaHHBIE TO KYMYJSTUBHOMY OOpa30BaHUIO TPOTOHOB TMO3BOJISIFOT
3aKJIOYUTH CIEAYIOIIee:

— 00pa3oBaHue KyMYJISATHBHBIX MPOTOHOB MPOUCXOIUT B HEHTPATbHBIX (Hemepude-
puuecknx) hA- u  AA-coymapenusix C 0ollee BBICOKOM CTENMEHBIO pa3pyIIeHUs
(hparMeHTHPYIOLIETO S/Ipa;

— CpemHsisi MHOJKECTBEHHOCTh (DparMeHTOB ¢ Z > 6 B KyMYJSTHBHBEIX IpoIleccax
CYIIIECTBEHHO MEHBIIIE, YeM B HEKYMYJISITUBHBIX;

— CpelHsss MHOXECTBEHHOCTh siep-(PpparMeHTOB 1H, ZH, 3H, He u “He B
KyMYJIITUBHBIX IPOIIECCaX CYIMIECTBEHHO BBIIIE, YeM B HEKYMYJISTHBHBIX

— CpenHss MHOKECTBEHHOCTh T -ME30HOB B KyMYJISITHBHBIX Tporeccax B 1.3 pasa
BBIIIE, YeM B HEKyMYJSTHBHBIX, TOTJA KaK CpeIHsAs MHOXKECTBEHHOCTh T -ME30HOB
OJIMHAKOBa B OOOMX TpOIlECCaX, YTO yKa3blBaeT Ha 00JIee BBICOKYIO BOBJICUECHHOCTHh
HEHTPOHOB S7jpa B KyMYJISITUBHBIE ITPOIIECCHI;

— pacrpeneieHds Mo TapaMeTpy KyMYJIATHBHOCTU [} SIBISIFOTCS YHUBEPCAJIbHBIMHU
IUTS BCEX aHAIM3MPYyeMbIX aHcamOiei B3aMMOAEWCTBUIA: TIPH alIPOKCUMAIINN CIEKTPOB
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3aBucumoctbio f(B) = aexp(—bp) mapamerp nHakiona b oka3wpiBaeTCsi HE3aBHCHUMBIM OT
MacCOBOTO YHCHIA S/Ipa-MHUIICHH, IEPBUYHON SHEPTHH M THIIA HAICTAIOIIECH YaCTHIIBI,

— CpeHsisi MUHHMAaJIbHAsi Macca KJlacTepa-MUILICHH, yYacTBYIOIIEro B 00pa3oBaHUH
KyMYJISITUBHBIX IPOTOHOB, paBHa <f>=1.33 my, T.e. cpeaHee YHCIO KBApKOB, yJacTBYIO-
KX B 00pa30BaHMK KYMYJIATHBHBIX TPOTOHOB OouibIle 3.

— CpeIHsS MHOXXECTBEHHOCTh KYMYJIATHBHBIX IIPOTOHOB B KYMYJIATHBHBIX COOBITHSX
JUISL OIHOTO M TOTO K€ sApa-MHIICHH HE 3aBHCHUT OT MEPBHYHON SHEPTUM W THIIA
CHapsza,

— 07 KYMYJSITUBHBIX COOBITMH CpeAM TIIOJHOTO aHcamOulsi B3aMMOACHCTBUIA
OKa3bIBAaeTCsl YyBCTBUTEIBHON K THITYy HAJETAIOUIEH YaCTHIBI, & OTHOLIEHHE STUX JOJIei
IVl TIMOH-SJCPHBIX M TNPOTOH-SIEPHBIX COYJApeHUH OJIM3KO K OTHOIICHHWIO YHCIIA
KOHCTHTYEHTHBIX KBapKoB B mroHe u npotore R = a(n C)/a(pC) = 0.66=2/3;

— T1oKazaTenb A-3aBUCUMOCTH CpEIHEH MHOMXECTBEHHOCTH KYyMYJSITHBHBIX
IPOTOHOB OT MaccoBOro 4ucia (<Ngm> = bA4") npumepro pasen o = 1/6, ykassiBast Ha TO,
9T0 00pa30BaHUe KyMYJIATHBHBIX IIPOTOHOB XapaKTepH3yeTcs (GIyKTyannusMH INIOTHOCTH
HYKJIIOHOB B S/Ipeé W B3aMMOJEHCTBHEM HaJeTaloero aJpoHa C JTUM IUIOTHBIM
Ki1acTepoM (PpIayKToHOM).

B nanHO#i paboTe MBI NPHUBOIMM pPE3YJIBTAaTHl HCCIEAOBAHUHA a3MMYTaJIbHBIX
KOPpENALMiA IPH 00Pa30BAHUM KyMy/ISTHBHBIX MPOTOHOB M ITHOHOB B 1T —-C, p*“C, 2H™C,
4HelZC, 12CIZC, 12Clnga, 16Op u pZONe CTOJIKHOBEHMSIX B IMAIla30HE MEPBUYHBIX SHEPTUit
3-300 I'>B mpu mosnHOW 3KCHEpHUMEHTaNbHOH craTHcTHKe, mnpepbimatomeii 100000
HOJIHOCTBIO H3MEPEHHBIX HEYNPYTHX aKTOB CTOJIKHOBEHH.

ABUMYTaIbHBIC KOPPEISIIIE HCCICIOBAIHA C ITOMOIIBI0 KOAPDHUITHEHTA a3UMYTalh-
HOH acUMMeTpuu

N(g;<m/2)-N(g;2n/2)
A= ,
N(0<g; <m)
€ €jj — YTOJI B @3UMYTAIbHOH INIOCKOCTH MEXY I-bIM KyMYJISTHBHBIM IPOTOHOM H J-bIM
COIMYTCTBYIOIIMM TPOTOHOM C UMIyJibcoM B muamazoHe p = 0.3-1.2 IB/c (wu j-bim

COITyTCTBYIOIIIMM ITHOHOM € HUMITYyJIbcOM B auama3zone p < 0.7 GeV/c), N (sij <n/ 2) -

o0I1ee KOIMYECTBO KOMOMHAIIMKA C €; <nl2; N(.sij 275/2) — 001Iee KOJIHMYECTBO

KoMOuHamii ¢ g;>n/2 n N (OSsij Sn) — oOrmiee KOJMYECTBO BCEX KOMOWHANMil ¢
(0 <g; < n) .

[MToyuennsle K03()(HUINEHTH a3UMYTaIBHON ACHMMETPHH MEXIY KyMYJISATHBHBIMH
OPOTOHAMHU M COIYTCTBYIOIIUMHU MPOTOHAMH M MEXKAY KyMYJSTHBHBIMU MPOTOHAMH U
COIYTCTBYIOIIMMH IIMOHAMH TIPHBEAEHBI B Ta0II. 3.

N3 T1abn. 3 cimemyer, 4ro s OOJNBIIMHCTBA PAcCMATPUBAEMBIX DPEAKIMH IIPH
dparmentamuu saep or “C o ®'Ta m mawamemeix smeprusix or 3 go 300 I'3B,
KO (PUINEHT a3UMYyTaNbHOH aCUMMETPHH, Ay, 3HAUUTEIBHO MeHbIIe Hyst. OcoOeHHO
9TO BBIPAXKEHO IS aAPOH-SAEPHBIX U SIPO-SACPHBIX CTOJIKHOBEHHI C MaCCOBBIM YHCIIOM
anpa-cHapana A, < 4. C yBemu4yeHHeM MacCOBOTO 4YHCIA spa CHapsjaa (’ctc
cronkHoBennss npu 4.2 I5B/C) mmm/u maccoBoro umcma supa-mumenn (°C'*'Ta
cronkHoBeHus1 nipu 4.2 [B/C), abcomoTHOe 3HayeHue Kod(pdHUIMEHTa a3UMyTaTbHON
aCHMMETPHHM yYMEHBIIIACTCSA, TMPHOMIKAsACh K HYNMIO. OJTO MOXKET OOBICHATHCS
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YBEJIMYEHUEM UHUCIIa YYaCTBYIOUIMX NMPOTOHOB C YBEIMUEHHUEM MAacCOBBIX YHCEN CHapsia
win/u sinpa-mumeHd. Kak BugHo n3 3HaueHHi Ay, B Ta0. 3, a3MMyTalIbHBIX KOPPEISLNi
MEXIy KyMYJSTUBHBIMH IPOTOHAaMH M COIYTCTBYIOIIMMH IHMOHAMH He HaOJIroIaercs,
YTO PE3KO KOHTPACTHPYET CO 3HAUUTEIHHBIMH a3MMYTAJIbHBIMU KOPPENALUIMU MEXIY
KyMYJISITUBHBIMH U COILY TCTBYIOIIMMH IIPOTOHAMHU.

Tadanua 3. KoadduumeHTsl a3uMyTalbHON aCUMMETPUU MEXAY KyMYJIITHUBHBIMH NPOTOHAMH U
COIYTCTBYIOILIMMHU HPOTOHAMH (App) M MEXIY KyMYJISTHBHBIMU IIPOTOHAMHU M COILYTCTBYHOLIMMU
rmoHaMH (Apy).

Peaxuus, Py (I'2B/c) | App Apr
p*C, 4.2 -0.20 £ 0.04 -0.06 + 0.06
p*®0, 3.25 -0.16 £ 0.04 -0.12 +0.06
p*C, 9.9 -0.12 £0.02 -0.07 £0.02
’H2C, 42 A -0.17 £0.04 -0.09 +0.04
*He’?C, 4.2 A -0.12+0.02 -0.03+0.02
2c2c, 42 A -0.04 +0.02 -0.01+0.02
12081, 4.2 A -0.00 +0.01 -0.03+0.01
T 2C, 40 -0.10 £ 0.03 -0.03+0.02
p®Ne, 300 —0.09 + 0.03 -
TaKI/IM 3aKJIKOYUTH, qToO HaGJ‘IIO,Z[aIOTCH 3HAYUTCIIBHBIC

a3UMyTajIbHbIE KOPPEIALUN MEXKIYy KYMYJISTHUBHBIMH MPOTOHAMH M COIYTCTBYHOIIUMH
MPOTOHAMU: OHU UMEIOT TCHJICHIIMIO UCITYCKAThCS B POTHBOIOJIOKHBIX HAPABICHUSAX B
A3UMYTaIbHOW IUIOCKOCTH. DTOT (haKT, HAPSTY C HAIIMMH NPEABIAYIIUME PE3yIbTaTaMu
M0 KyMyJIATHBHBIM TIPOTOHAM, TOKa3bIBAE€T, 4YTO KYMYJSATHBHBIC MPOTOHBI U
KOPPEJIMPOBAaHHBIC YYACTBYIOIINE MPOTOHBI HAN0OJIEE BEPOSITHO UCITYCKAIOTCS U3 OAHOIO
W TOrO JK€ HUCTOYHHMKA, a HMEHHO, U3 (IyKTOHA. A3HMYyTalbHBIC KOPPEJSALUU B
nporeccax GparMeHTaluu saep OT 12C 10 8'Ta u mavaneHbIX sHeprusix ot 3 no 300 =B
[TOATBEPIKIAIOT BBIBOJ, YTO KYMYJIATUBHBIC MPOTOHBI HAHOOJIEE BEPOSTHO IEHEPUPYIOTCS
BO B3aUMOJEHCTBHSIX MMEPBUYHOTO afpoHa (sapa) ¢ GIyKTOHAMH sIIpa.

Mpbl  TakKe HCCICAOBAM  a3UMyTallbHble  KOPPEISIMU B 00pa30BaHUH
KYMYJISTUBHBIX TTHOHOB B n‘lzc, plzC, 2H12C, 4Helzc, 12ClZC, 12018173 CTONKHOBEHMAX B
Jrana3oHe nepBuuHbIX dHeprui 4—40 I'9B Ha monHOl cTaTUCTHKE dKCIepUMeHTa Ooree
90000 moIHOCThIO U3MEPEHHBIX HEYNPYTHMX aKTOB CTOJKHOBEHMMU. Pe3ysbTaThl aHaim3a
A3UMYTAJBHBIX KOPPENSAIUNA MEXIY KyMYJSTHBHBIMU MHOHAMH W COIYTCTBYHOIIUMH
MIPOTOHAMU TPUBECHHI B Ta0I. 4.

Tadmuna 4. KoabduuueHTsl a3uMyTalIbHOH aCUMMETPUH MEXKIY KyMYJISTHBHBIMU MHOHAMH H
COIYTCTBYIOIIMMH NPOTOHAMHU (Azp) U MEXLY KyMyISATHBHBIMH IMHOHAMH M COIYTCTBYIOIIMMHU
NHOHAMH (A ).

Peaxuus, Py (I'3B/c) | Arp A

p*C, 4.2 -0.11 +0.07 -0.08+0.10

p*C, 9.9 -0.09 +0.04 -0.01+0.03
2H2C 42 A 0.04 + 0.06 -0.11 £ 0.07
*He’?C, 4.2 A -0.05+0.03 —-0.06 +0.04
12c12c 4.2 A -0.03 +0.02 -0.03 +0.02
1201, 4.2 A 0.01+0.01 0.05 + 0.02

7 2C, 40 -0.08 +0.04 -0.04 + 0.03
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U3 Tabn. 4 BUIHO, YTO MPAKTUYECKH OTCYTCTBYIOT a3UMyTaJlbHbIE KOPPEISLUH
MEXIy KYMYJSATUBHBIMHA IHOHAaMH M COITYTCTBYIOIIMMH TPOTOHAMH, a TAKKE MEXKAY
KyMYJISITUBHBIMH NTHOHAMHM U COIIyTCTBYIOIIMMHM IHOHAaMHU B aApPOH-SICPHBIX H SPO-
SIIEPHBIX B3aMOJICHCTBUIX B HHTEpBANE IEPBUYHBIX dHepruii oT 4 no 40 IB.

Iloutn pnst Bcex paccMaTpUBaeMbIX peakUuil Ko3(pUIMEHTH a3uMyTaIbHOM
cUMMeTpuH, Ay U Ay, B IIpeieNnax AByX CPETHEKBAJAPATHYHBIX OTKIOHEHUH COrTIACyrOTCS
C HYJIEBBIM 3HaY€HHEM A, YTO yKa3blBaeT Ha OTCYTCTBHE a3MMYTAJIbHBIX KOPPENSLUit
MEXIY KyMYJISITUBHBIMH IMOHAMU U COIyTCTBYKOLIUMH YaCTULAMU.

Takum 00pa3oM, yCTaHOBJIEHO NPOTHBOMCIYCKAHWE B a3UMYTAJIbHOW IUIOCKOCTH
(koMIeHcaIus MTONEPEYHBIX UMITYJIBCOB) KyMYJISTHBHBIX IIPOTOHOB U COMPOBOKIAIOIINX
MPOTOHOB W siAep-(QparMeHTOB, YTO YKa3blBaeT Ha WX NPUHAJISKHOCTH K 0O0IIEeMy
SMHUCCHOHHOMY LIEHTpY.
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Kyiin sHeprusiiM poTanuoH 6aHIap XOJATIAPHMHUHT KOPUOJIHC apalalllyBUHNA XMCOOTa OJIyBUYM
(denomenonoruk Moziens épaamuaa H1°Gd uzotonnapuHuHr Myc6at KyOTIMKIN GaHIIaPUHUHT
XOJATJIAPUHU 3JIEKTP XapaKTepPUCTUKAIAPUHKU Ha3apuil Taxjiuia KWinHrad. MycOat xydriamxium
XOJIATIIAPHUHT HEPrusl CIeKTPJIApH, TYIKUH (QyHKIUsIapu Ba F2-JTUIITAPHUHT KEITUPUITaH
sxTUMOoIUKIapu xucobmanras. B,(03), B,(03), y(2°) Ba K™ =1 Ganmmap xomarnapumaH FE2
YTUII  SXTUMOJUIMKJIADH HUCOATIAPUHUHI XUCOOJAHTaH Hasapuil KuiAMaTiapu MaBxy[
JKCIIEpUMEHTa] KuiiMaTiapu OWIaH TaKKOCIaHraH Ba yjaap Oup-Oupura MOC KeluIld
kypcatuinrad. Kyiu sxoinamran 6anmnapaa apanamys 3GGeKTd MyXUM pOiib YHHAIUIUTY Ba
alfHUKCA 3JIeKTp YTHIUIAD 3XTHUMOJUIMKIAPUHUHTL, XaTTO MACT CIMHIM XOJaTjlapuia XaMm sKKOI
HaMOEH OYIUINN KYpcaTHIITaH.

IIpoBeneH TeopeTUUECKUN aHAIU3 3IEKTPUUYECKUX XapaKTEPUCTUK COCTOSHUU I10JIOC MOJIOXKUTEIbHOM
gernoctn  P2Gd B pamkax  ()eHOMEHONOrMUECKONH MOJNEIM, YUHTHIBAIOLICH —KOPHOIHMCOBO
CMEIIMBAHUE COCTOSHUNA HM3KOJIEKAIUX POTALUOHHBIX I0JIOC. BBIUNCIIEHBI CLIEKTp SHEPIUU ypoBHEH
MOJIO)KUTENIBHOM YETHOCTH, BOJIHOBBIC (YHKUMHM COCTOSHMH W NPHUBEJCHHBIC BEpPOSTHOCTH FE2-
Mepexo/I0B.  BpIUKMCICHHBIE ~ 3HAYCHWs ~ OTHOLICHMH  BeposTHOCcTed  E2-mepexoloB 3

B.(03), B,(03), v(2*) m KT"=1 momoc cpaBHHBAIOTCS C HMEIOLIUMUCS JKCIEPUMEHTAIbHBIMU

JJAaHHBIMH, KOTOPBLIE HAKOT YJIOBJICTBOPUTEIILHOC COIJIacue. HOKaBaHO, 4uTo 3(1)(1)6KT CMCIUIMBaHUsA
HHU3KOJIC)KAIIUX I10JIOC UTPACT BA’KHYIO POJIb U 3HAYUMO MPOSABJIISIETCA B BEPOATHOCTIAX DJICKTPUUCCKUX
MEPEXOA0B JAXKE MIPU HU3KUX CITUHAX.

The theoretical analysis of electric characteristics of the positive parity states in isotopes **%°Gd has
been carried out in the phenomenological model taking into account the Coriolis mixing of low-lying
states in rotational bands. The energy spectrum of the levels of positive parity, the wave functions of
states, and the reduced probabilities of E2 transitions have been calculated. The calculated values of

ratios of E2-transition probabilities from the f,(0;), B,(03), y(2") and K™ =1 bands are compared

with the available experimental data which are in best agreement. It is shown that the effect of mixing
of the low-lying bands plays an important role and it is significantly shown in probabilities of electric
transitions even at low spins.

|. BBEJEHHUE

9KCHepI/IMCHTaHLHI:IC JaHHBIC 0 BO36y)K,E[GHHI:IX COCTOSAHUAX 158'1606 d

IpoaHaTM3UpOBaHbl U mpenacraBieHsl B [1, 2]. B oskcmepumenrtax [3-6] Ha myuxe
OBICTPBIX HEUTPOHOB OBLIM M3MEPEHBI CIEKTPHI U YIJIOBBIC PACIIPEACIICHUS Y-ITydel B
peaximn *'°Gd (n,n'y). Aprtopamn [3-6] mpemnoxena MoAHGHIHPOBaHHAS CXeMa
BO30YKIeHHBIX cocTosami o °Gd u 15 GONBIIMHCTBA Y-TIEPEXOIOB yCTAHOBICHHI
napaMeTpbl CMELIMBaHUsI MyJbTUNoNed 6. B pabortax [7-9] mccrnenoBaHbl COCTOSHUS
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| = 1 ByioTH 0 Hepruii Bo30yxkaenus 3.5 MaB u onpeneneHsl 3HaueHUsT BEPOSATHOCTEH
B(M1) u B(E1) nepexonos Ha | " = 0" u 2* cocTossHUS OCHOBHO} POTALIMOHHOM MOIOCHL.

B pOTanMOHHOl ToNoce ocHOBHOTO coctosHmsa ¢ K™ =07 smpa “°Gd u3secTHbI
YPOBHH JI0 COCTOSHHIN CO criHOM | ™ = 12", omnako B mojioce ¢ K™ = 0, U3 9KCHEepUMeHTa
M3BECTHBI JIUIIb YeThipe ypoBHs ¢ | ™ = 0°—6". B Tpetneii nonoce ¢ K™ =0; u3BecTHbI

+ At + “
tpu coctostaus | ™ = 07, 2" u 47. B y-Bubparmonnoii mojgoce K™ =2" ycTaHOBICHO IISTh

ypoBHeii o | " = 6. M3BeCcTHBI HHU3KOJIEKALIIE Tpu moisockl ¢ K* = 1%, B kaxmoil u3
KOTOPBIX JIUIIB 1O TpH cocTosaus | * =17, 2" u 3%,

B supe '®Gd, ormmuaromemcs or °Gd ma aBa HeifTpoHa, M3BecTHa MoIOCA
ocHOBHOTO coctostaust 1o | ™ = 167, a monoca Y-BHOPAIMOHHOTO cOCTOsIHUs 10 | ™ = 12",

Bropas u TpeThs nosocsl ¢ K™ =0; u 0; comepxar mo tpu cocrosuus ¢ | ™= 0", 27

B monoce B Hu3KonexkameM coctostaun K™ = 17 € sHeprueil Bo3Oysxnenust 1568.7 koB

U3BECTHBI TpH ypoBHs jo | * = 3" [4]. U3sBecTHbI eme aecath ypopHeii ¢ | "=1%, koTopsle
HE CBSI3aHBI C KAKUMHU-JTHOO POTAIIMOHHBIMU COCTOSTHUSIMU [7].

B pab6ore [10] maMu u3yYeHBI DHEPTUH W CTPYKTYPHI BOJHOBBIX (DYHKI[HIA
POTAIIMOHHEIX YPOBHEi OCHOBHBIX H BHOPAIHOHHEIX MOIOC M30TOMOB o -°Gd B pamkax
(enomenonornyeckoid Mozenu [11], yuuTeiBas KOPHOIMCOBO CMEIIMBAHHE H3Y4aeMbIX
YpOBHEH.

B nmanHO#l paboTe, WCHONB3ys 3HAYEHHsI BOJHOBBIX (YHKIHHA COCTOSHHUH,
HOJIyYSHHBIX TP BhlYucieHnd dHeprun [10], n3ydyeHs! snekTpudeckue XapakTepUCTUKU
B0O30Y>KIIEHHBIX YPOBHEH B M30TOMAX 158180Gd. Paccunrans BepOATHOCTU E2-1IepexoaoB
MEX]Ty pOTAllHOHHBIMU YPOBHSIMH.

Beruncnennsie 3Hadenuss B(E2) W OTHOLICHWI NPUBEICHHBIX BEpOsSTHOCTEH FE2-
MIEPEXOJI0B CPAaBHUBAIOTCS C HKCIEPUMEHTOM, MOIYYEHO YIOBIETBOPUTEIBHOE COTJIACHE
C DKCIIEPHMEHTAIBHBIMHU JaHHBIMU. [10Ka3aHO, 4TO B poTannoHHbIX coctostHusix 0;, 0, u

Y-IIOJIOC B(I)q)eKT CMCHIMBAHWA HUIpacT 3aMCTHYKO pOJIb W 3HAYMMO IMPOABIIICTCA B
BEPOATHOCTAX SJICKTPUUYCCKUX NIEPEXOA0B OaXKE IMTPU HU3KUX CIIMHAX.

1. KBAAPYIIOJIBHBIE DJIEKTPUYECKHNE NEPEXO/IbI

B pamkax paccMOTpeHHOH MOJENH BhIpaKEHHE IS MPUBEACHHOW BepOATHOCTH £2-
niepexo 0B u3 cocrostanit |iK Ha ypoBHU |f §F OCHOBHO TIOJIOCH! MIMEET CIEMYIOIINN BUT
[11]:

5 I I 110
B(E21,K, —> 1,0") = |/ 7o—¢Qo[ Wir oV e Cilom *
f (D" m Wi,
+ZWK ,gr\VK « Ci, KK 20 +‘/_ Var, grz e (1)
- 1+8K",0

K \VKn,gr 14K
XCIK 2-K, +\Vgr|<z

\/m IOZK
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3nece Mg= <g r |rﬁ (E 2)| K™ > MaTpUYHBIE 3JIEMEHTBl MEXAY BHYTPEHHUMH

BONHOBBIME (QyHKIMsAME ocHoBHOH (gr) u K™=0"(B)-, 27(y)-, 1'-nonoc, 3HaueHus

KOTOPBIX ONPEACISIOTCS W3 OKCHEPUMEHTANBHBIX JaHHBIX; Qo — BHYTpEeHHHI
v I f K f
KBaJpynonbHbli MomeHt sapa; C LK2(K,+K,) — kKodboduuuentsr Knebma-I'opnana;

\y:( « — AMIUIMTY/bI CMELIMBAHMs OA3MCHBIX COCTOSHUM.

B Tabn. 1 mpezacraBieHbl BBIYHUCICHHBIE M AKCIIEpUMEHTanbHBIE [2, 5, 6, 12, 13]
3HAYEHMs MPUBEIACHHBIX BEPOATHOCTEH F2-IEpeX0J0B M3 COCTOSHUU [1-, Po- U -
BHUOPAITMOHHBIX TOJIOC.

Ta6suma 1. BepostHoctn E2-mepexoznos B(E2;IK—l,gr) us cocrostamii 0,-, 03- u y-mosoc st
158180Gd (B emmanmax €*fm®).

A | | Ki—1Ks | B(E2)sen | B(E2):cop
270,00, 16(1) [12,13] 20
158 20300, 19(2) [12,13] 22
22,00, 170(10) [12, 13] 164
270,500, 10371(82) [2, 12] 10381
22,40, 37.2(51) [2,12] 26
50.(4) [6]
2'2,-2"0, 371.5(52) [2, 12] 332
62y [6]
22,00 198(20) [2, 12] 199
212(10) [6]
32,470, <21 [6] 207
3'2,-2'0 <335.4 [6] 350
160 472,40, 826"  [6] 388
42,20, 196" [6] 95
52,60, 1600"5; [6] 285
5'2,—4%0, 1806*2 [6] 274
0°0,—2" 0, <160 [5, 6] 144
20,40, <676 [5, 6] 136
2'0,—2'0, <125 [5, 6] 33
2°0,—0"0 <35 [5, 6] 75
40,60, <1135 [5, 6] 166
410,40, <279 [5, 6] 53
070,20, <193 [5, 6] 94
2°0;—2'0 <138 [5, 6] 39
2°0;—00 <86 [5, 6] 7

B Tabn. 2 u 3 m1s msoronos *'®Gd npeacraBieHs! BEIUHCICHHBIE H KCIICPHMEH-
tanbhble [3-5, 7-9] 3nauenus orHomenuit Rk =B(E2;IK—1,gr)/B(E2;IK—l.gr) ans E2-
HIePEX0JI0B U3 COCTOSHHM P1-, P2- ¥ Y- BUOPALIMOHHBIX TOJIOC. 3/1eCh e JaHbl 3HAUCHUS
OTHOILICHUH, BBIYUCIICHHBIE 110 MPABHIY AJIar.
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Tadanna 2. OTHOIIEHHS TPUBEICHHBIX BEPOATHOCTEH F£2-T1epexo/10B
Rk =B(E2;IK—1,gr)/B(E2;IK—l,gr) mis ***Gd.

IK l,gr l,gr DKCIEpUMEHT Teopus Amnara
2'0, 2'gr 0*gr 0.737(37) [9] 0.53 1.43
0.769(94) [7]
0.77(8) [3]
2%0, 4gr 2%gr 6.4(6) [8] 4,54 1.8

5.78(56) [9]
5.77(70) [7]

40, 4gr 2*gr 0.47(7) [8] 0.52 0.91
0.55(7) [9]
0.63(7) [3]
40, 6'gr 4gr 3.8(5) [8] 17 1.75
4.2(6) [9]
<7.15]3]
60, 6'gr 4'gr 1.88(18) [3] 2.07 0.81
22, 2*gr 0*gr 1.01(9) [8] 1.67 1.43

1.72(24) [9]
1.86(11) [7]
2.59(27) [3]
22, 4'gr 2'gr 0.036(10) [8] 0.11 0.05
0.045(7) [9]
0.035(6) [7]
0.041(6) [3]
32, 4gr 2%gr 0.37(4) [8] 0.61 0.40
0.60(6) [9]
0.50(5) [3]
42, 4gr 2'gr 6.35(65) [8] 5.3 2.94
6.7(9) [9]
6.82(70) [3]
472, 6gr 4*gr 0.90(11) [8] 0.93 0.25
0.25(4) [9]
0.51(6) [3]
52, 6*gr 4'gr 0.83(15) [9] 1.08 0.57
205 2'gr 0*gr 1.85(13) [8] 1.58 1.43
1.5(1) [9]
1.05(21) [7]
1.84(21) [3]
205 4'gr 2'gr 0.63(8) [8] 1.36 1.8
0.68(7) [9]
0.95(19) [7]
0.67(8) [3]
40, 4'gr 2'gr 1.27(16) [8] 1.22 0.91
1.65(18) [3]
4*0, 6'gr 4*gr 2.09(34) [8] 1.1 1.75
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Tadanna 3. OTHOIIEHHS TPUBEJCHHBIX BEPOATHOCTEH F£2-T1epex0/10B
Rk =B(E2;IK—l,gr)/B(E2;IK—l,gr) ms *°Gd.

IK l,gr | I.gr ‘ OKCTIepUMEHT | Teopus Anara
22, 2'gr O*gr 1.67(6) [4] 1.67 1.43
22, 4*gr O*gr 0.225(19) [4] 0.13 0.072
22, 4*gr 2'gr 0.135(12) [4] 0.08 0.05
32, 4*gr 2'gr 0.64(3) [4] 0.59 0.40
42, 4%gr 2'gr 4.15(18) [4] 419 2.94
52, 6'gr 4%gr 0.97(8) [4] 1.04 0.57
62, 6'gr 4%gr 6.49(60) [4] 6.41 3.7
2'0, 4%gr 2'gr 5.43(8) [5] 419 18
2'0, 0*gr 2'gr 0.283(5) [5] 0.23 0.70
4'0, 6'gr 4'gr 4.154(5) [5] 3.11 1.75
2'0; 0'gr 4'gr 0.618(6) [5] 0.128 1.26

B BBMHCICHHAX BEpOATHOCTEH IEpex0JOB MapaMeTphl BHIOMpAN CIETYIOIINM
obpazom. B agmabarnyeckom mnpuOMMKEHWH AJsl NPHUBEICHHON BeposTHocTH E2-
nepexoIoB U3 - 1 y-BUOPAIIMOHHBIX TIOJIOC UMEEM

rot . 1:0
B (E21IiKi - Ifgr):(2_8K,0)‘mKCIifK;2—K (2)
Ilpu ciuae | = 2 KOPUOJMCOBO B3aUMOJCHCTBHE SBISICTCA HECYIICCTBESHHBIM.

ITosToMy 3HaueHUs HapaMeTpoB Mg1, M U M, ONPEENANN 110 axuabaThdeckoi hopmyne
(2), ncmonb3ys SKCIIEpUMEHTANBHBIE JTaHHBIE LIS MEpexooB u3 2* coctostamii 05, 0; u
y-mosoc [11-12]. Onnako mo ¢opmyie (2) HEBO3MOXKHO OJHO3HAYHO ONPENESIUTh 3HAKU
OMITMPHYECKUX 3HAYCHUI ONpeIeTIeHHbIX BBIIIE apaMeTpoB. OTCYTCTBYIOT SKCIIEPUMEH-
TanpHble JaHHble 1t E2-mepexomoB m3 cocrosiauii mosmoc ¢ K™ =17, Tloaromy 3HaKu
apamMeTpoB Mgy, Mgy, M, U YUCIECHHbIE 3HAYE€HHUS My, = My ONMpPEAENSIM U3 YCIOBUS
HAWIyYIlero COrJacus BBIYMCICHHBIX 3HaueHWd oTHomieHui Ry=B(E2;IK—Il,gr)/
B(E2;IK—1,gr) E2-nepexonoB u3 cocrosiamit K™ =0,, 0; u y-BHOpamMOHHBIX MOJIOC C
9KCTIepuMeHTOM. Mcronp30BaHHBIE 3HA4YeHHS MapaMeTpoB Mg B BBIYMCICHHUIX

BeposiTHOCTel E2-mepexofoB TpuBeneHsl B Tabn. 4. OrMmeruMm, 4YTO 3HAYCHUS
BHYTPEHHETO KBaJIPyIOJbHOr0 MOMeHTa Qg B3SThI U3 dKcniepuMenTa [12, 14].

Tadsuma 4. 3HaueHus MapaMeTpoB My H BHYTPEHHETO KBaJPYIOJBHOTO MOMeHTa Qp,
HCIIO/b30BaHHbIC B pacdeTax i 30TonoB o °Gd (B exuummax efm?).

A m,, m,, m,, m, Qo [12,14]
158 9 9.7 —20 215 703(4)
160 12 9.7 75 235 722(29)

B memaBHmx paborax [5, 6] sKcmepuMeHTaIBHO OBUIM OIPENENEHBI BEPXHIHE
rpaHuIbl BeposTHOCTel E2-mepexonos u3 2° cocrosnuii 0 u 0 monoc s 10Gd (cm.

Ta0n. 1), HO3TOMy 3HAueHMS HapaMeTpoB Mgi, Mgy IS JAHHOTO sipa ONpPENEIUIH M3
HAWIYYIIEro COIJIACHS TEOPETHYECKUX 3HauYeHHi oTHOmeHuid B(E2) u3 3THX MOJOC ¢
SKCIICPUMEHTAIBHEIMY 3HaueHHsME (cM. Tabu. 3). Kak Buamo w3 tabm. 4, mm °Gd
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1
3HAUEHMs MapameTpa M; HAMHOTO OOJIbIIe, YeM IS Gd. D10 cBa3ano ¢ TeMm, 4TO B
158
0asMCHBIE COCTOSHMS TaMHUJILTOHHAHA MOJENU Juld — GO BKIHOYEHBI TPH MOJIOCHI C
_ 160
K™ =1% ana *°Gd — ogunnaguars [10].

111. SAKJIIOYEHUE

B nmanHOli paboTe TmpOBEeNEH TEOPETHUSCKHA aHAIM3 CHEKTPOCKOMUYECKUX
XapaKTEPUCTHK COCTOSHWH TOJIOC TONOKHTENbHONH uertHoctH ~o'%°Gd B pamkax
(heHOMEHOJIOTUYECKONH MOJEIIH, YYUTHIBAIOUICH KOPHUOJIMCOBO CMEIIMBAHHE COCTOSHUHN
HU3KOJICKAIIUX POTAIMOHHBIX MMOoJIoc. [IpoieMOHCTpUpOBaHa BO3MOXHOCTh HCCIIC0BA-
HUS 3()(HEKTOB CMEITMBAHUS aTHA0aTHIECKIX TOJIOC.

Brruucnensl npuBeieHHBIE BEPOSTHOCTH E2-miepexosoB. BeruncieHHble 3HAUYEHUS

BEPOSITHOCTEH M OTHOLICHHH BepositHoctell E2-mepexomoB u3 f3,(0,), B,(03), v(27)

MI0JIOC CPaBHMUBAIOTCS C MMEIOLIMMUCS 3KCIIEPUMEHTAIbHBIMU JAaHHBIMH, KOTOpPBIE AAI0T
YZIOBJIETBOPUTEIILHOE COTJIACHE.

[Tokazano, 4yTo 3P PEeKT cMEMMBAaHUA HUZKOJIEKAIIUX TI0JIOC UTPAeT BAXKHYIO POJIb
3HAYMMO TIPOSIBIIAETCS B BEPOSTHOCTAX JICKTPOMArHUTHBIX MIEPEX00B JAaXKe MPH HUZKUX
CIMHAX.

Pabota BemonHeHa npu noanepkke rpanra OT-D2-75 [ocynapcTBeHHON Hay4YHO-
TEXHUYECKOU Mporpammbl GyHIaMeHTanbHbIX uccienoBanuii (2017-2020 rr.).
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BJIMAHUE U3SMEHEHUA XUMHWYECKOI'O IOTEHIIUAJIA
HA TEIINIOEMKOCTD KBA3ZUJIBYMEPHOI'O JIEKTPOHHOI'O
I'A3A

I1.K. Baiimaros’, A.T". FyJIﬂMOBZ, B.T. A6aynasmusos’, B.K. Cyaronos

'Hamanranckuii rocyaapctBenHblil yauBepcuret, 160119 Hamanran, Y30ekucran
2DU3UKO-TEXHUUECKHUI uncrutyt AH PY3, 100084 Tamkenr, Y36ekucran
(Toxyuena 04.06.2018)

KBasu wuxku §Ya4oBIM 3JEKTPOH Ta3HUHT XoJjaTjiap 3UWIMTUHU, KUMEBUI INOTEHLMAIHU
TemIiepatypa O0yinda OJIMHIaH XOCHJIACHMHU Ba FA3HUHI MCCUKJIMK CUFMMU KaOW TEPMOJMHAMMK
XOCCaJapUHU TAaJKUK ITHIMO, pakaMild HATWXKAJIApH TAaKIUM 3THWITaH. YOy KaTTaJUKIapHU
KUMEBUI MOTEHUUAITa OOFIMKIUIM aHUKJIAHTAH. XOJaTiap 3UWIMIU 3MHACHMOH Xapakrepra
STaJIMTU Ba MCCUKJIMK CUFUMHIa OOFJIMKJIMIMIA 3Ca PE30HAHC HyKTalapuaa KyIMM4a 3uHalap
MaBXyUIMTH Kypcatub Oepwiran. Kymmmua 3uHanmap KEeHITIMTH TeMIepaTypa OpPTHUIIM OuiiaH
optub O6opaau. Temmeparypa oprumM OwiaH acocuil 3uHajap IOBWIMO Kercaja, KylmMmua
3UHAJIAPJAH Ce3WIAPIIM Japakaaa u3jiap MaBxy Oyiaau.

IIpencraBieHbl YUCIEHHBIE pE3YJIbTAThl HCCICNOBAHUS TEPMOJMHAMHYECKMX CBOMCTB KBa3HIBY-
MEPHOT'0 3JIEKTPOHHOT'O Ta3a: IIOTHOCTb COCTOSIHHUH, NPOM3BOJIHAS IO TEMIIEpaType OT XHMHYECKOro
MOTEHLAlIla ¥ TEIUIOEMKOCTh ras3a. HaiileHbl 3aBHCHMOCTH OTHUX BEIMYHH OT XHMHYECKOro
noTeHiuana. IToka3aHo, YTO IUIOTHOCTh COCTOSIHHII MMEET CTYIEHYAThIH XapakTep, a B 3aBUCHMOCTH
TEIUIOEMKOCTH B TOYKax pE30HAHCA CYIIECTBYIOT JONOJNHHUTENbHbIC CTyneHbkd. IllupuHa
JIOTIOJIHUTEIBHBIX CTYHEHEK pacrteT ¢ Temmeparypoil. C pocTtoM TeMIeparypbl, KOTJa OCHOBHbBIC
CTYICHBKH MPAKTHYCCKH Pa3MBIThI, OT JOMOJHUTEIBHBIX CTYNCHEK CLIE OCTAIOTCS 3aMETHBIE CIIC/IBL.

Numerical results of investigation of the thermodynamic properties of the quasi-two-dimensional
electron gas are presented, namely, the density of states, the temperature derivative of the chemical
potential, and the heat capacity of the gas,. The dependences of these quantities on the chemical
potential are found. It is shown that the density of states has a step-like character, and there are
additional steps at the resonance points of the heat capacity temperature dependence. The widths of the
additional steps increase with temperature. With increasing temperature, the main steps are practically
blurred, but the additional steps are still visible marks.

|. BBEJAEHUE

KBazujByMepHBIH 3JEKTPOHHBIN Ta3 B TETEPOCTPYKTYPHBIX KBAHTOBBIX SIMaXxX
BbI3BIBAaCT Kak (YyHIAMEHTAJbHBIH, TaK W TPHUKIAAHOW WHTEpEC, IOCKOIbKY
MPOCTPAHCTBCHHOEC KBAHTOBAHUE OSHEPTMU HOCUTEJICH MPUBOIUT K TMPOSBICHUIO
HHTEPECHBIX HU3KOpasMepHBIX 3(dekTor [1, 2]. Ocobrlii MHTEPEC BHI3BIBAET IOBEACHHE
JIBYMEPHOTO JJIEKTPOHHOTO Ta3za B MarHuTHOM monie [3-5], Tak Kak ¢ MOMOIIbIO
MOCJIEHET0 MOXHO 3HAYMTENIbHO M3MEHUTh CBOMCTBA CHUCTEMBI. lIpu ompeneneHHBIX
ycnoBuAX 3(P(EKT pa3sMEpHOrO0 KBAHTOBAHWS MPOSBISAIOTCS B HAOIIOAaEMbIX
TEPMOJIMHAMHUYCCKUX BEIMUMHAX YXKE B OTCYTCTBHE MarHUTHOTO mosis [6-8].

W3BecTHO, 4YTO OCHOBHOW NPUYMHOW TPOSIBICHHS Pa3MEPHO-KBAHTOBAHHBIX
3G GheKToB B rase SBISETCA CTYMEHYATOC W3MCHEHHE IUIOTHOCTH COCTOSHUM B
KPUTUYECKUX TOYKaxX, T.. B TOUYKAaX pE30HaHCa, I/€ XHMHUYECKUI TMOTeHLHan i
CPaBHHMBAETCS C DHEPreTUYECKUMH YPOBHAME E, mpocTpaHCTBEeHHOrO KBaHTOBaHUS [2].
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Takoe W3MeHEHHE TIOTHOCTH COCTOSIHUHM MPOSIBISIETCS B TOW WM MHOH (opMe BO Bcex
HaOII0JaeMbIX TEPMOANHAMHUYECKUX BEIMYMHAX. M3MeHEeHNe XMMUYECKOro NOTEeHIHaNa
OTHOCUTEIIBHO JHEPreTUYECKUX YPOBHEH IPOCTPAHCTBEHHOIO KBAaHTOBAHUSA MOXHO
HaOIIOIaTh B 3aBUCHMOCTH OT KOHIICHTPAIMH Ng WX ITUPUHBI KBAHTOBOH SIMBI L.

B nannoit paboTe M3y4aroTcs INIOTHOCTh COCTOSTHUM, TPOM3BOAHAS 110 TEMIIEpaType
OT XMMHYECKOT0 IOTEHLHaJa M TEIJIOEMKOCTh Ia3a B 3aBUCHMOCTH OT XHMHYECKOI'O
MOTEHIMANIa TPY Pa3UYHBIX TemIieparypax. Pe3ynbpTaTel MOKa3bIBalOT, YTO TMIOTHOCTH
COCTOSIHMH UM DHTPOIHUS UMEIOT CTyIIEHUaThIi XapakTep, a B 3aBUCUMOCTH TEINIOEMKOCTH
B TOukax pe3oHaHca p = E, (n =1, 2, 3) cyuiecTByIOT IOMOJHUTENBHBIC CTYICHBKH,
IIMPHUHA KOTOPBIX PACTET C TEMIIEPATYPOH.

1. OCHOBHBIE COOTHOLIEHMUS

PaccmoTpuM uiean bHBIN 3IEKTPOHHBIHN T'a3 ¢ MPOCTHIM MapaObOIMYECKUM CIIEKTPOM.
OHeprus OTCUUTHIBAETCA OT JTHA 30HBI MPOBOJUMOCTH MACCHUBHOIO MOJIYIPOBOJHHUKA. B
TETEPOCTPYKTYPHOM KBaHTOBOM M€ DHEPIHs IONEPEYHOTO IBIKCHHs KBAHTYETCS, U
3JIEKTPOHHBIM Ta3 CTaHOBUTCS KBa3WJIBYMEpPHBIM. OTHOYACTHYHBIA CHEKTP MOXHO
NpeNCTaBUTh B Buje [2]

n’k?
E= o +E,, (1)
e k*=k? +ky2, E, — oHeprermueckue ypOBHH NONEPEYHOTO MABHXKECHUS, M —

s dexTrBHAs Macca siekTpoHa. [1onHast [ByMepHast KOHI_ICHTpaI_II/ISI paBHa
n, =g, Zj f(E)dE =g, ZT In£1+exp( )j )
n=1 En
e g, =m/n h*, f(E) — gpynkuus pacnpenenenus Gepmu-upaka.
TepmoauHaMuUecKast ITIOTHOCTD COCTOSTHHUI [9] OTIpEIeISIETCs KAaK

9= —g Zn;exp ((E, p)/T)+1 @)

BBIpa)KeHI/Ie AJI TCTIJIOEMKOCTHU r'a3a MOXKHO IOJIYYHTb, Z[I/I(b(bepeHHI/Ipyﬂ TMOJIHYTO
OHCPTUIO

=g, [ Ef(E)dE 4
n En
o remueparype, .6 C, =0U_/JT . [IpencraBum TEIIIOEMKOCTb B BULIE
du
C, =C1+d—TC2, (5)
rae
ToX(u+2xT
Cl = goz _[ (“—z)dx (6)
m (e, wizr cosh(x)
C,= &z T @)

2 T e cosh(x)2

3aece X = (E — p)/2T. IpousBoaHyIO MO TeMIEpaType OT XHMHUYECKOrO MOTCHIHAla
dw/dT = —B/A MoxHO HaliTH U3 yCIOBHS OCTOSIHCTBA YUCia YacTul (2), rae
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S =i
T
A:;W. ©)

B mpubsmkeHun OfHOW MHHU30HBI U MPU HU3KUX TEMIIEpaTypaxX BBIPOKCHUE IS
TEIUIOEMKOCTH uMeeT Buz [6, 7]

2

C, = go%T : (10)

I11. YUCJIEHHBIE PE3YJIbTATBI U OBCYXXJIEHUE

Ilpy He CIWIIKOM HHU3KHX TEMIEpaTypax 3aBHCHMOCTb TEIUIOEMKOCTH OT
XHMHYECKOTO MOTEHIMAIa MOKHO TIOJIYYUTh JIMIIb YHCIEHHBIM IIyTEM Ha OCHOBE
cootromenuii (5)-(9). SIBHBINA BHJ CIIEKTpa DIIEKTPOHA B TETEPOCTPYKTYPHON KBaHTOBOM
ame E, MOXXKHO ompenenuTp, pelias KBaHTOBOMEXaHHYECKYIO 3a/auy. B ganmpHeimem npu
YHCIEHHBIX pacyeTax BOCIOIB3yeMCS ero MpoCToil ammpokcumarmeit E, = Ejn?,
(n=1,23..)).

CHauaja pacCMOTPHM 3aBHCHMOCTH IUIOTHOCTH COCTOSHHMH (s(M) M TPOM3BOJHOM

dw/dT ot XxuMHYeCcKOro moTeHmuaga |. Pe3ysbTaThl YHCIEHHOTO MOJIEITHPOBAHMS THX
BesmunH 110 Gopmynam (3), (8) u (9) mpu E; = 0.05 eV un =1, 2, 3 mokaszansl Ha puc. 1.

100 |
30} ! b)
]
25} "
1
- on du \ —— T=0.002 eV (23.2K)
oF 20f T ' --- T=002 eV (232K)
of '
1,51 051 ' ,
\‘ ,I ‘\
1,0} ——T=0.002 eV (23.2K) VA
-~ T=002 eV (232K) L ' N
AY r '
OY5 - \ J\ \\ /, }k \\\
N ’ N
0,0 L I L L I L 0,0 1 | TN oY M '
00 o1 02 03 04 05 06 00 01 02 03 04 05 06

u, ev u, ev

Puc. 1. 3aBucumocTH @) mwiOoTHOCTH coctosiHuil Qs(1)/go u D) mpowmseommoit |dw/dT| ot
XUMHYecKoro nmoreHnuana npu E; = 0.05 eV u pasnbix temneparypax: T = 0.002 eV (23.2 K) —
crwomneie muHuK, T = 0.02 eV (232 K) — mtpuxoBsie TUHAH.

[Mpupona 3aBucumoctu Qs(1) xopomo wu3BectHa [2]. Cormacuo (3), oOmas
IVIOTHOCTh COCTOSIHMII paBHA CyMMe IUIOTHOCTEH COCTOSIHHI IOCIIeJOBATEIbHO
PACIIOJIOKEHHBIX MEPEKPHIBAIOIIMXCS MHHH30H. Pe3kue CKaukd HaOIIoJaloTcs IpU
JIOCTaTOYHO HU3KHX TEeMIeparypax, KOrJa XMMHYECKHH MOTCHIHAl IepeceKaeT IHO

MUHU30HBI. C  pOCTOM TeMIEpaTypbl pe3Kue CTylneHdyatble u3MeHeHHus Js(|)
HpeBpamarTcs B 0ojiee IIAJKUe 3aBHCUMOCTH (WITpuxoBas JuHUS Ha puc. la). Kak
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BUJIHO M3 COOTHOLICHWH (3), 3TO OOYCIOBJIEHO pa3riiaXMBaHUEM CTyNneHbKu Depmu-
Hupaxa Bonuzu E ~ p pu pocte TemrepaTtypsl.

ITpupona 3asucumoctr du/dT OoT XUMHYECKOTO MOTEHNIHANA IIOAPOOHO HM3yYeHa B
pabore [8]. Kak BumHO u3 rpaduka Ha puc. 1b (crutormmnast nuHUS), NPH AOCTATOYHO
HU3KUX TeMIeparypax B Touke pe3oHanca pU=E, Bemmumna du/dT mmeer peskue MHKH.
BbicOTa 3THX MHMKOB 3aBUCHUT OT HOMEpa KBAaHTOBOrO ypoBHS N M HE 3aBHCHT OT
TeMriepatrypbl U 3QPEeKTHBHONW Macchl. BbIcOTa MMKOB yMEHBIIAETCS C POCTOM HOMEpa
kBaHTOBOr0 ypoBHs N. C pocToM TeMmeparypbl IHPHHA 3TUX MTHKOB pacTeT (IITpUXOoBast
mvHus Ha puc. 1b). Buyrpm mummsonst Ey g < p < En, Tle MIOTHOCTB COCTOSHHIA
nocrostiHa (npu T—0), mpousBoaHas du/dT SKCIOHEHITHATIBHO MaJIa.

PaccmoTpuM Tenepbh 3aBHCHMOCTH TEIUIOEMKOCTH OT XHMHYECKOrO IMOTCHIIMAa
Cs(uw) mpu pasHbIX (UKCHPOBAHHBIX Temreparypax. s CpaBHHTEIHLHOTO aHAIU3a
3aBucumMoctu Qs(1)/go yao6HO 3amaBarh TerioeMkoctH B eauuunax (10). PesymbraTh
YHCIIEHHBIX pacyeToB Ha ocHoBe coorHomenuit (5)-(9) mpu E; = 0.05eVun=1, 2,3
HIOKa3aHbl Ha pHC. 2.

301 a) —— T=0.005 eV (58.1 K) 30| b) —— T=0.018 eV (209 K)
251 2,54
3C, 201 3C, 20t
7T 2T
15 15F
10 10k
05} 05t /
010 1 1 i 1 1 1 0 0 1 1 1 L L i
0,0 0,1 0,2 0,3 0,4 0,5 06 00 01 02 03 04 05 06
u, ev n, ev
30 c) T=0.026 eV (300 K)
25¢
3C 2 0 r

2
Puc. 2. 3aBucuMocTH TemioeMKocTH T 1 15}
KBa3UJBYMEPHOTO 3JEKTPOHHOTO rasa oT

1,0
XAUMHUYCCKOro IOTCHIHAIa MpUu El =

0.05 eV u pasubIX Temreparypax: a) T = 05L /

0.005 eV (58.1 K), b) T = 0.018 eV

(209 K); ¢) T = 0.026 eV (300 K). oor . , , , ,
00 01 02 03 04 05 06

u, ev

CormacHo puc. 2a, TpH JOCTATOYHO HHU3KHUX TeMIleparypax, TeIIOeMKOCTh
HU3MEHSETCS CKAYKOOOpa3HO, T.€. TPAKTHUYECKH TMOBTOPSET 3aBUCHMOCTH TLIOTHOCTH
coctosamii (cM. puc. la). HupuHa nukoB mpousBoanoi du/dT B Touke pe3oHaHca Maia
(~T) u Ha rpaduke He 3aMeTHA.

C poctoM TemmepaTypsl MIMPHHA 3THX CTYIEHEK pacTeT, uTo 0Oojiee 3aMeTHO
nposiBisieTcs B rpaduke puc. 2b). OTMETHM, YTO ¢ POCTOM TEMITEPATYPhI OTHOBPEMEHHO
MPOUCXOAUT pa3MmbiTHe cryneHek. CormacHo puc. 2C, npu Ttemmeparype 1=300 K
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OCHOBHBIC CTYIICHBKU MPAKTUYCCKU PA3MBITEHL, a CICAbI NOMOJHUTCIIbHBIX CTYIICHCK emé
3aMCTHBEI.

1V. 3BAK/IIOYEHHNE

B paGore mnpuBeneHbl pe3yibTaThl aHalW3a TEIMIOEMKOCTH KBa3HIBYMEPHOTO
U/ICTBHOTO Ta3a Ha OCHOBE MPOCTOM Moaenu. B pacuerax He ydTeHBI MHOTHE (aKTOPHI,
TaKhe Kak IPOLECC PACCESHUSA, MEXKIIEKTPOHHOE B3aUMOJECHCTBHE H.T.II., KOTOpBIE
MOTYT CYyIECTBEHHO BIHMATH Ha TOJy4eHHBIE pe3ynbraThl. HecMoTps Ha aT0 B pabore
HalJEHO, YTO B NMPOCTOM MOZAETM KBa3HJIBYMEPHOTO HJEANBHOTO Ta3a B 3aBUCHUMOCTH
TEIUIOEMKOCTH OT XMMHYECKOr0 IOTEHIIMAaNa, KPOME OCHOBHBIX JIECTHHUIIEIIONOOHBIX
CTYIIEHEK, KOTOpBIE CBS3aHBI C OCOOEHHOCTSMH HW3MEHEHHUS IUIOTHOCTH COCTOSHUH,
CyLIecTBYeT emE OMOJHHUTENIbHBIE CTYNEeHbKH, OOYCIOBJICHHBIE OTPULATEIbHBIMU
nukamu BeauuuHbl dp/dT B Toukax pesonanca. IllupuHa NOMONHHUTENBHBIX CTYMEHEK
pacter ¢ TemnepaTypoid. C pocTOM TeMIIepaTypbl OCHOBHBIE CTYNEHBKU MPAKTHUYECKU
pa3sMBIBAIOTCA, OT JOMOJHUTEIBHBIX CTYIIEHEK €€ OCTAIOTCS 3aMETHBIE CIICHBI.

Takne 0coOEHHOCTH TMOBEICHUSI TEIUIOEMKOCTH, MOJYyYEeHHBIE Ha OCHOBE MPOCTOM
MOJIETH, CIIy’KaT KaK TECT IPH PAaCCMOTPEHUH 00Jiee PEATMCTHYECKUX MOJIENIeH.
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TOK YBJEYEHHUSA ®OTOHAMMU B TEJLUIYPE JbIPOUYHON
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depranckuii rocynapcTBeHHbIN yHUBepcuTeT, Peprana, Y30eknucran
(Tonyuena 13.07.2018)

Kosar §yTkasyBuaHmuknu Teulypaa (GOTOHIM JPraliTUPUII TOKMHUHI  CHEKTpal Ba
TeMIepaTypaBuii OOFIaHUIUIapU Xucobianrad. by xonga GoToH UMIYJIbCH 3HEPIHsl BA UMITYJIbC
CaKJIaHUII KOHYHJIapuaa 3bTubopra onuHraH. XucoOmamriap KoBarigap HMITYJIbCHHUHT
penakcalys BaKTH SKMHIIAIIMINIIA 0710 OopuiraH.

PaccunrtaHa creKTpanbHas M TeMIEpaTypHas 3aBUCHMOCTH TOKa ()OTOHHOTO YBJICUCHHS B TEIIype
JBIPOYHOM MpoBoAUMOCTH. MIMIynbc (OTOHA yuTeH Kak B 3aKOHE COXPAHEHUS SHEPTHH, TaK U B 3aKOHE
COXpaHEeHUs] UMITyNIbca. Pacuer oToToka mpoBezieH B MPUOMIKEHUN BPEMEHH PETaKCallid UMITyJIbCca
TIBIPOK.

The spectral and temperature dependences of the current of the photon drag effect in the tellurium of
hole conduction are calculated. In this case, the momentum of the photon is taken into account both in
the law of conservation of energy and in the law of momentum conservation. The calculation of the
photocurrent was carried out in the approximation of the hole momentum relaxation time.

D¢ dexr yredenus (oroHamu (DYD) B Temmype, OOYCIOBIEHHBIM Mepemadeis
UMIyJbca (POTOHA K AIIEKTPOHHOW MOJCHCTEME, SKCIEPUMEHTAIBHO OBLT OOHApYKEeH B
[1, 2]. Teoperuueckas HHTepHIpeTanusi SKCICPUMEHTAIbHBIX pe3ynbTatoB [3, 4]
mpoBeneHa B [5]. B cdepuueckr CUMMETPUYHOM 30HHOM MpuOIMwkeHHH B [6]
PACCMOTPEHBI KaK KBAJPATHYHBIC, TAK M JIMHEHHBIC 110 BOIHOBOMY BekTopy (K ) BKIas!
B 9((eKTUBHBI TaMHIbTOHMAH ABIPOK. Kak ykaspiBanoch B [7], yd4eT 3aBHCHMOCTH
KBajjpaTa MAaTPUYHOTO JJEMEHTa ONTHYECKOro Tepexoja oT ({ TNpUBOAMT K
JIOTIOJIHUTEIFHOMY BKJIay B TOK DY D.

Pasnmaras B ps mioTHOCTH Toka DY® (] ), NpONOpIHOHATFHOTO MHTEHCHBHOCTH
CBETa, 10 BEKTOPY IOJSIPH3AIMM M IO BOJHOBOMY BeKTOpy GoToHa ((), umeem
crenyroiee cotnomenue [8, 9]:

J. = IGaBySeBe:qB ' 1)

rae | — uHTEeHCUBHOCTb, € — BEKTOp MOJSpU3ALUM CBETa, G, — TeH30p OVD,

o,fB,y,8=XY,1z

B panpHelimem paccMoTpuM Teopuro JHMHEHHOro OVY®, BO3HUKAIOIIETO B
OJTHOPOAHBIX KPHUCTAJUIAX MPH MX OCBEIIECHUH JMHEHHO MOJISIPU30BaHHBIM cBeTOM. Toraa
O BEIUIECTBCHHEH M HMEET HEHYJIEBBIC KOMIIOHEHTBI B KPUCTAUIax IPOM3BOJIBHOM

pyd

cummMeTpur. [losTomy DDV Bo3HHKAeT B cpefax Kak ¢ LEHTPOM CHMMETPHH, Tak U 0e3
LHeHTpa uHBepcud. Hampumep, B Telulype TMNpH  PacHpOCTPaHEHWH JIMHEHHO
MONAPU30BAHHOTO CBETa BIOJb T1aBHOi ock (Cs | z) renepupyercs Tok DV® kak Bromb
IJIABHOM OCH KpHCTallIa, TaK U B onepeyHoM K C; HarpaBiIeHUH
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J,=lo,4,, ] =loc,Qq,sin20, j =lc,q,cos20". 1

3nech 0" — yron Mexzny MIOCKOCTBIO MOJIIPU3ALUH CBETA U OCHIO BPALLEHHUS BTOPOTO
HOPsIZIKA, HAIIPABJIEHHOI'O II0 OCH X.

B Mukpockomnuueckoit Teopuu BelpaxkeHue Ui Toka DY D B npuOImkeHHH BpeMeHH
penaKcauuy UMeeT BUA

Xzxy

T_ Yl (,3)
J __eZVnE fnlz ! (2)
nk
raeV — Omeparop CKOpOCTH, € — dieMeHTapHblii 3apsax, f*¥ — acuvmmerpuunas

(HepaBHOBeCHas1) 4YacTh (YHKIMH paclpeieseHus IbIpOK B 30He N. B pampHeiimem
pacyer NpoBOAMM B NPUOIMKEHHH BPEMEHU PENAKCALMK T - W YYUTHIBAEM JHAarpaMMbl

Kenapima —E-, IJIe BOJIHUCTAS TUHUS — (DOTOH, CILIOIIHAS — JbIPKa.

Hapsny ¢ yuyeToMm 3aBUCMMOCTH BEPOATHOCTH ONTHYECKOIO IMEPEX0A OT UMILYJIbCA
¢doroHa (Kak B 3aKOHE COXPAaHCHHS SHEPrHH, TaK B 3aKOHE COXPAHCHHS HMITYJIbCa),
VUIUTHIBAEM W CICAYIOMMA BKJIAL B TOK DY®D, CBSA3aHHBIN C 3aBHUCHUMOCTBIO BEKTOpA

HaINpsHKEHHOCTH MarHUTHOTo 1ojist ( H ) anekTpoMarHuTHOM BOJIHBL OT {

H =iA(Gx§&). (3)
3necs A=8Ae™ — BEKTOP-TIOTEHIIMA] CBETOBOW BOJHBI. TOrna MMeeM IOIOIHH-
TEIBHYIO CllaraeMyro B 3(h(eKTUBHOM ramuiibronnane asipok H [10]
. €A [/ S . -2
H'=——_—ig(c5(qx€)) =in,g(Ho), (4)
ch 2m,

rae g — gakrop IbIpok, W, =eh/2m,c — marHeron bopa, 6, — marpuup! [laymu. [anee

o

HUMCEM CIICAYIOIIUEC IMOJIC3HBIC I ﬂaﬂLHeﬁmHX pacyeToOB COOTHOLICHU A
<I |HI > =H =i % 99 [ey, (ncosO —+/1-n’sin0) +(-1)" (e, cosO +e, sin O)J . (5)
c

eA #’
H = (12
= (D) cthm0

ge, (y1-n’ cos® +nsin6), (6)

riue
n=B,k, (A; +BrkI) ™, &={cosOcosp,~sing,sinbsine}, §=q{-sin6,0,cosb},

By — 30HHBIA mapameTp Temwaypa, 2A; — DHEPreTHYecKUd 3a30p B Touke M 30HBI
Bpunmrosna. Torga kBaapaT MaTpUYHOTO 3JIEMEHTA MEX30HHOTO ONTHYECKOTO NEpexoa,
3aBHUCALIEro (JITHEHHOr0) OT ( , 3alMIIeM KaK

eA ’ N 2
{5] {2nB, a &,Q. (B, 1-n" ~2AK, |+

[cos Oe e, +e’sin0+i(ExE"), (n‘cose —y1-n*sin O)J}

2

‘Mz,hq;lﬁ

: ()

2

+
mO
rae

R (1_n‘2)—1/2 81’]\ A1+AZ . hZ
=n(k, >k,.), = A=—""T<(%1=12), =—,
n n( z z) Qz 2 akz 2 ( * ) Al,Z 2m

12
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!
m;, — a¢dexTuBHas Macca appok. M3 (7) BUAHO, 4TO MOCTIE YII0BOrO HHTETPUPOBAHHUS

2
, oOpalaercs B HOIb, T.e. B Te He BO3HU-

BEJIMYUHA, TIPONOPIHOHATbHAs K, szm;ﬂz

KaeT ATOT JOTIOJHUTEIBHBINA BKIIAN B JNHHEHHBIH DY ®, 00yCIOBICHHBI HEBEPTHUKAIb-
HBIMH ONITHYECKUMH MEPEX0aMH, & MOYKET BO3HUKATh TOJIbKO IUPKYJISIpHbIA DY D [11],
u oT0T BKIa] B Te ucuesaer B ciuydae P K, << A, . Torma B cdheprueckoM IpuOIKEHUH

B DHEPreTHIECKOM CTIEKTPE JIBIPOK E . = (-1)'A, + Ak? npomonsreii Tok DY B Te (63
yuera g-(pakTopa JAbIPOK) ONPEEIETC Kak

j, = -1)' EK_HFI_Q A E alnT|(E|O)_ A ho-2A,
Jz—;( D1 e A A5 e A A T | ®

rue
e’k2py Ty, L—exp(-Tiw/k,T)

3en iPo(A, - A)

— kod{¢uuueHt moriomenus cBera B Te IPU ONTHYECKOM IIEPEXOAE IBIPOK MEXILY
noA3oHamMu M, u my,

E=E (k=k,), k2=(ho—-2A,)x(A—A)", n=4pik2/n*e?,

f =exp(u/ksT)exp((A, — Ak2) /K T), gjz\/(A?_Al) kw:Bjkw(Az_A)Az.

JUtsi  TOMHOTHI 3aadd  HWKE TPUBEIEM BRIpaXKeHHE i1 KoddduimeHnrta
MEKIIOI30HHOTO TOTJIOIIEHHs CBETA MPH yueTe 'ropOa’ moa30HEI M BAJIEHTHON 30HBI B

Teﬂnype, T.C.
Ex=A kf+Ai(kf+k§)+(—1)'\/A§+B\2,kf (10)

K, =K(E[C;)="n, ©)

npu é”C3 B BUJIE
10)

2 2 n+——AKZ+A,
K(oT)=—SKeT Buko o 2 A (11)
2nn ch ho A, ke T
72 ) (ho) —4A2
rac = , = y m mm — HOpoaoJIbHas1 H IIOIIECpC€UYHasA
A ZmH ) 0 28, | L p p

3¢ (HeKTUBHBIC MACCHI ABIPOK.
Ha puc. 1 u 2 mnpencraBieHbl CHEKTPAbHBbIE 3aBHCUMOCTH KO3 (uIMeHTa

MOTJIOMICHUST JTUHEHHO TMOJPU30BAHHOTO H3ITYUCHHS (K'/ Ko) B Te mia nByx

TEMIIEPATyp, TJe¢ BBIOPaHbI CICAYIOIINE 3HAUCHHUS 30HHBIX MapaMeTpoB: A; = 63.15 meV,
A, = 0.326x10" eV-sm?, Aj = 0.363x10™ eV-sm?, B2 = 0.6x10™" eVism?

Ko =By exp(k,T)(2A, 2747n,) "
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TOK YBJIEYEHHSI ®OTOHAMU B TEJUTYPE JIBIPOYHO [TPOBOJIUMOCTHU

K omH.ed K omH.ed
0.4
0,03
0.3
0,02
0.2
0,01
0.1
0
1 2 3 4 X 0
1 2 3 4 X
Puc. 1. ChexrpanbHas 3aBUCHMOCTb Puc. 2. CrnekrpanbHas 3aBUCHMOCTb
KO3 HIMEHTa TMOIJIONICHUS CBeTa B KO3 pHIMEHTA MOMIOIICHHs CBeTa B P-Te
p-Te npu keT /2A,=0,2, rIe opu kT /2A,=2, rme x=hol/2k.T.
X=ho/k,T. 3HadeHHs 30HHBIX IIapa- 3Ha4YeHNs 30HHBIX MTapaMeTPOB IPHUBEACHBI
METPOB [PUBEJIEHBI B TEKCTE. B TEKCTE.

W3 puc. 1 u 2 BUIHO, YTO C POCTOM TEMIIEPATYPhl SKCTPEMaabHOE 3HAUCHHUE
ko3 duIeHTa MoTIoMeeHns cBeTa B P-1€ yMeHbIaeTcs 0oyiee YeM Ha JBa MOPSAKA, U
CMEIIAETCs B CTOPOHY MEHBIIIUX YacTOT.

B mpubmmxenun (10) Bkmang B DY® 3a cuer yyera (6) omuchiBaeTcs TEH30pOM

(mpu € ||C3 )
1 16mel . OkgTAiwg, A
K ' .
ho - m; | (o)’ -447 |

G(I)x =(—1)

yyz

rae O — 30HHBIH mapameTp Te.

W3 nocneanero BumgHO, uTo BKIaAg B DY®D B p-Te, BO3HUKAOIINNA 32 CUET ydeTa
0-akropa, yBenmnuMBaeTCI C POCTOM TEMIEPATyphl, KOJIMYECTBCHHOE 3HAYCHUE
KOTOPOTO 3aBUCHT OT 3HaueHus O U g-(akropa.

Pacyerhl moka3pIBalOT, YTO HKCTPEMaIbHOE 3HAYCHHUE TEOPETHUECKOH CIIEKTPaIbHOM
3aBucuMOCTH Toka DY® B 1.2 pasza MeHble dKCIECPUMEHTAIBLHOW. DTO, MO-BUIUMOMY,
CBSI3aHO C TIPEHEOpEe)KEHHMEM AaHU30TPOIUM B JHEPreTUYECKOM CIIEKTPE 3JICKTPOHOB.
EctecTBeHHO, B 3TOM cilyyae CIEKTpalibHAs U TeMIIepaTypHas 3aBUCHMOCTH Toka DY D
HAJI0 PaCCYMTHIBATH YHCIEHHO. DTOT CITydail TpeOyeT OTAEIBHOTO PACCMOTPEHHUS.

Hannas pabora yactnaHO puHancupoBana npoekrom OT-D2-66.
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HA ®OTOYYBCTBUTEJIBHOCTb KPEMHHUEBDBIX
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Hay4Ho-uccnenoBaresibCKiii MHCTUTYT (M3UKHU MOJIYITPOBOAHUKOB U MUKPOIJIEKTPOHUKH TIPH
HanmonansHoM yHHBepcuTere Y30ekucrana, Tamkent, Y30ekuctan
dalievshkh@yandex.ru
(Tonyuena 18.06.2018)

HupkoHwuii Ba radHUI KUPUIIMATAPUHIHT KPEMHHI XYCYCUSTIIApUTa TABCUPH TaJKUK KWIMHIAH
Ba JIETMPJIAHTaH KPEMHUHHUHT (POTOCE3TUPIMIUHM OLIMPHUIIIATH POJIM aHUKJIaHTaH. LlupkoHuit
éxkn radHuil OmiaH JerupiaHraH KpeMHMIIM CTPYKTypajlap yil xapopaTuiga 3—5 MKM CHEKTp
COXaCHMHUHI MAaKCHUMyM KHHMAaTH Ag.z-=4.1 MKM Ja QOTOCE3rMpIIMKKa 3ra 3KaHIUIU
AHUKJIAHTaH.

HccnenoBaHo BiusiHUE TpUMecel IUPKOHMS U TadHUsI HAa CBOMCTBA KPEMHHUS M ONpelesieHa X POJib B
MOBBIICHUY (HOTOUYBCTBUTEIBHOCTH JISTUPOBAHHOTO KpeMHHs. [Toka3aHo, YTO CTPYKTYypHl Ha OCHOBE
KpPeMHHMs, JISTHPOBAaHHOIO KaK LMPKOHWEM, Tak W radHueM, o0nazaoT (OTOUYyBCTBUTCIBHOCTHIO B
obJactH criekTpa 3—5 MKM C MaKCUMYMOM Asjczr»= 4.1 MKM IIpM KOMHaTHOH TeMIieparype.

The influence of zirconium and hafnium impurities on the properties of silicon has been investigated
and their role in enhancing the photosensitivity of doped silicon has been defined. It is shown that
structures based on silicon doped by zirconium and hafnium, possess photosensibilities in the range of
3-5 microns with a maximum Agj<z»= 4.1 microns at room temperature.

B Hactosimee Bpemsi HanOosiee 3(pQEeKTUBHBIME C SHEPreTHUECKONW TOUYKH 3PEHHS
YCTpOMCTBaMU ISl TIPEBPAICHUs] COJIHEYHOH JHEPTUU B DIEKTPUUYECKYIO SBISIOTCS
MOy IIPOBOAHUKOBEIE (hoTodIEKTPHUECKHE npeobpaszoBareinn (®BI1) [1].
[IpeobpazoBanue sHepruu B @11 ocHOBaHO Ha (HOTOBOIBTANUECKOM (P PEKTE, KOTOPHIH
BO3HUKAET B HEOHOPOHBIX TOJIYIPOBOJIHUKOBBIX CTPYKTypax IMPH BO3ACHCTBUH Ha HUX
coiHeuHOTO mM3nydeHus. Heomropomaocts cTpykTypel PIII MokeT OBITH TOTydYeHA
JICTUPOBAHUEM OJHOT'O U TOI'0 XK€ IOJJYIPOBOJHHKA pa3JINYHBIMU MIPUMECAMU (CO3,Z[aHI/Ie
P- N-NIepeX0I0B) WM MyTEM COSTMHEHHUS Pa3IMUHbIX TTOJIYITPOBOAHUKOB C HEOIUHAKOBOI
IIMPHHOM  3alpeIéHHoON  30HBI  (CO3MaHME TeTepoIepeXxomoB). IPGPEKTHBHOCTH
npeoOpa3oBaHusl 3aBUCUT OT 3JEKTPOPUINUECKUX XapaKTEPUCTHK HEOJHOPOIHOU
MOJTyTIPOBOJHUKOBOM CTPYKTYPBI, a Takke onTudeckux cBoiicts OOII.

MOHOKpUCTANTNIECKH KPEMHHUI SBISETCS OJHUM U3 OCHOBHBIX MaTepHaJioB
COJIHEUHOM JHEPreTHKH, OypHOE pa3BHUTHE KOTOPOW W 0OyciaBiImBaeT TpeOOBaHUA,
HpenbsBIIsieMble K MOIYINPOBOAHUKOBBIM MarepuanaM [2]. KadecTBeHHOE MOBBINICHUE
a¢ddexkTuBHOCTH (PoTONIPEOOpa3OBaHMsl KPEMHHEBHIX COJHEYHBIX JIIEMEHTOB Tpelyer
CYIIIECTBEHHOTO MOBBIIIEHUSI COBEPIICHCTBA CTPYKTYPBI KPUCTAUIOB. JTO 00YCIOBICHO
TE€M, YTO XapaKTepHOW OCOOEHHOCTHIO MOJYNPOBOJHUKOBBIX MAaTEpHANIOB SBISAETCS
pe3kasi 3aBHCUMOCTb HX OCHOBHBIX O3JIEKTPO(HU3NYECKUX CBOWCTB HE TONBKO OT
CoJlep)KaHUsl TOCTOPOHHUX IMpHMeceld, HO M OT CTENEeHH COBEPIIEHCTBA KPUCTAII-
JIMYECKOTO CTPOCHHUSI.
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1.X. TAJIMEB

Lenpio nanHO# paboTHI ABISAETCS UCCIECNOBAaHUE BIMSHUS NPUMECE TYrOIUIaBKUX
aneMeHTOB (LIMPKOHMS U TadHHs) Ha JIEKTPOo(YU3NUECKHUE CBOMCTBA Si M OIIpe/IeIeHHEe X
pPOIM B HOBBIMIEHUU (HOTOUYBCTBUTEIBHOCTH JIETUPOBAaHHOIO KpeMHHus. MccnenoBaHus
MIPOBOJMIM METOJIaMH HECTAIMOHAPHON €MKOCTHOW CHEKTPOCKONHHU TIyOOKUX YpOBHEH
(DLTS) u dporoemkoctu (DE). Texnonorus uzrotopnenus 6aprepo [IoTTku 1 omuyec-
KHAX KOHTaKTOB, METOIMKA U3MePEHUs 1 06paboTku criekTpoB DLTS usnoxkens: B [3].

JlernpoBaHue KpeMHHUsI MPUMECSMH LUPKOHUS W TadhHUS mpoBoawian auddy3noH-
HBIM METOJIOM B BaKyyMe U3 HamblUieHHOTO ciiost ZI 1 Hf oco0oii yncToThl B UHTEpBase
temmeparyp 1000-1250°C B Tteuenume 1-50 uacoB. OxnaxieHue o0Opas3loB Iocie
muddy3un mpuMeceil MPOBOAWIM PA3TUYHBIMH MyTSMH. B KadecTBE KOHTPOJIBHBIX
HCIONB30BaId 00pasubl N- U P-Si, TepMooOGpabOTaHHBIE TIPH TOM K€ TEMIIEPATYpe H
BPEMEHH, 4TO M BBE/ICHUE IMPKOHUS U radHus B Si.

Pe3ynbraTel U3MepeHHii MOKa3aiM, YTO BO BceX oOpasiax N-Si mocie JerupoBaHus
OUPKOHWEM Wiau rapHueM HaOMIONaeTcss yYBEIMYCHHWE BEJIWYMHBI  yIEJIBHOT'O
conporuBieHus. B oOpasmax xe p-Si 3HaueHHs yIEIbHOTO COMPOTHBICHUS OCTAOTCS
NPaKTHYECKH HEU3MEHHBIMU.

U3 uzmepenuit cniektpoB DLTS u ®F o6pasuor Si, nuddy3noHHO-TETHPOBAHHBIX
IUPKOHWEM WIM TadHHEM, a TalkKe KOHTPOJIBHBIX OOpasloB, MOABEPrHYTHIX
Tepmoobpabotke (06e3 mpumecn Zr wiu Hf), ompemensnm sHepreTHUecKHUil CIEKTP
obpasyembix riyookux ypoBueit (I'Y). Ins mpoBeneHus usmepenuil crektpoB ®F u
DLTS wuccneayemsix 00pas3loOB H3rOTaBAMBAIN AMOAHBIC CTPYKTYPbl IO H3BECTHOM
merouke [4]. M3mepenus u 00paboTKa CIIEKTPOB TaKXkKe JETaJbHO OMUCAaHBI B paboTax
[5, 6].

AL 011, e

N5k

%)

AL, OTHL €L

Puc. 1. Cuexrpsr DLTS o6pasiios n-Si u p-Si, neruposansbix Zr npu 1000°C u 1250°C.

Ha puc. 1 npusenensl crnextpsl DLTS o0pasuoB N-Si u p-Si, JerupoBaHHBIX
mupkonueM npu 1000°C m 1250°C ¢ mocneayromuM OBICTPBIM OXJIaXKAcHUEM. M3
aHanu3a u3MepeHHbIXx crektpoB DLTS o6pasmoB N-Si<Zr> u p-Si<Zr> cnemyer, 4to
muddysnonHoe BBeneHne Zr B Si MPUBOAUT K 00pa30BaHUIO TPEX TIyOOKHX YPOBHEH ¢
(uKcupoBaHHBIMU dHEpTUsAMHU HoHu3anuu £,—0.22 3B, £.—-0.42 3B u E,+0.30 5B, npuuem
MPEBAMPYIOT nocheauue nea ['Y.
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OO6HapyxeHo, 4To 3 PekTHBHOCTh 00pa30BaHUs TTyOOKHX IIEHTPOB, CBS3aHHBIX C
aToMaMM IMPKOHMS YBEIMYHBAETCA C yBeJIMUeHHEM TeMrneparypbl IUGGY3uu Trg U
CKOPOCTH OXJAXIEHUS HOCIe AUPPY3UH Voxy: 4e€M OOIBIIE g U Voxy, TEM OOIBILE
KOHIICHTpAIIXS TTTyOOKHUX YPOBHEH IUPKOHUS

Uzmepenus cniektpoB CC-DLTS B auonax IlotTku Ha ocHOBe N-Si<Hf> mokazamnu,
9TO BO BCeX oOpaslax HaOIromaceTcs Iepesapsaka ABYX TITyOOKHX YPOBHEHW B BEpXHEH
MOJIOBUHE 3alpEIIeHHON 30HBI KPEMHHUS ¢ BHeprusiMu HoHmzauuun £E,—-0.22 3B un
E.—0.28 »B. CkanupoBaHue Bcell MIMPHUHBI 3allpeICHHON 30HBI Ha ATHX K€ 00pasmnax c
HOMOIIBI0 (POTOEMKOCTH IIOKa3aJI0, YTO B CIEKTPax HHIYLUPOBAHHOH (POTOEMKOCTU
HaOmomaercs nepesapsaka BOimm3u hv ~ 0.35 5B. Dtu pesynabraThl Takke ObLIH
noarsepkacHbl u3mepenusamu crekrpos CC-DLTS. Conocrasnenue crekrpoB CC-DLTS
n ®E o00pa3uoB KpemHHUS, JETMPOBAaHHBIX TradHHEM, W KOHTPOJBHBIX TEpMOOOpa-
0O0TaHHBIX 00PA3IOB IMOKA3aJI0, YTO aTOMBI TaHUs MpH ero MU Hy3MOHHOM BBEJCHUH B
KpEeMHHUII 00pa3yioT JBa TIyOOKMX YpOBHA ¢ dSHeprusimu moHmsauuu E.—~0.28 eV u
E,+0.35¢eV.

Awnamu3 cniektpoB DLTS u ®E B KOHTPOJIBHBIX TEPMOOOPaOOTaHHBIX 00pa3iax N-Si
(puc. 1, xpuBas 3) mokaszaj, 4TO B HUX HAONIOJAeTCs JHIIb YPOBEHb C JHEpruei
nonmsanuu £.—0.22 3B, npuuem ero KOHIEHTpallys Ha MOPAIOK BBIIIE, 4eM B 00pa3Iax,
JICTUPOBAaHHBIX LUpKOHHEM wiu raduuem. ComocTaBieHHE TaHHBIX IOKa3bIBAET, YTO
Hannure atomoB Zr win Hf B o0beme Si mpuBOIUT K YMEHBIIEHNIO KOHIEHTpanuu 'Y
E.—0.23 5B, o00ycnoBieHHOT0O TEepMOOOPaOOTKOM, T.€. TPUBOAUT K CHUXKEHHUIO
3(PEeKTHUBHOCTH TEPMUUIECKOTO AePEKTOOOpa30BaHHU B KPEMHUU.

Pe3ynbTaThl H3MeEpeHH CIEKTPOB POTONPOBOAMMOCTH TTOKA3aJIH, YTO UCCIIEAYEeMbIC
CTPYKTYpPbI Ha OCHOBE KPEMHHs, JISTUPOBAHHOTO IIMPKOHHEM (puc. 2, kp. 1) u radpHuEeM
(puc. 2, kp. 2), oOnangaT (HOTOUYBCTBUTEIBLHOCTBIO B 00JACTH CIEKTpa 3—5 MKM ¢
MaKCHUMYMOM Asgi<zr-= 4.1 MKM NIpu KOMHATHOU TemriepaType. Ha ocHOBe 3TUX CTPYKTYp
HaMH OBUTH HM3TOTOBJIEHBI JabopaTopHble 00pa3iel (oTonpeodpazoBaTenei, o0maanaro-
LIUX IOBBILIEHHON TEPMHUYECKOH CTAOMIBHOCTBIO U BOCHPOM3BOAMMOCTBIO (DOTORIIEKT-
PHYECKUX MTAPaMETPOB MO CPABHEHHIO C aHAJIOTUYHBIMH CTPYKTYpaMH Ha OCHOBE Si.

s lg i, otren.

hv, 3B
1l | ] | |
1] 02 0.4 0.6 0.8 1.0 1.2

Puc. 2. HopmupoBaHHbIE Ha MOCTOSIHHBIA MOTOK KBaHTOB crektpsl ®IT B Nn-Si<Zr> (1) u
n-Si<Hf> (2).
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Boimu nipoBeieHbI 3KCIIEPUMEHTHI 110 TPO(QUIMPOBAHUIO pacTpelieieHUs PUMEcei
MUPKOHUS U TadHUs 0 00beMy KPEeMHHS METOIIOM CKaHHpoBaHHs criekTpoB DLTS mo
TONIIMHE O0O0pasloB M METOIOM MOCIOHHOro crpaBmuBaHus Si. B pesymbrare
NPOBEICHHBIX HCCICIOBAaHUH YCTaHOBJICHO, 4YTO mpuMecd Kkak Zr, tak u Hf
pacmpeneneHsl 1Mo 00bEMy KpEeMHHUS paBHOMEpPHO, 0Oe3 00pa3oBaHUs KaKUX-THOO
ckoriennit. OTCroIa MOKHO CIENaTh BEIBOJ, YTO B (hoTOMpeoOpa3oBaTeax Ha OCHOBE Si,
JerupoBaHHoro kak Zr, tak u Hf, orcyrctByer HepaBHOMepHas QoToreHeparms,
MPUBOAAIIAS K HECTAOMIIBHOCTH MapaMeTpoB KpeMHueBbIX OIII.

Taxum 00pa3oM, aHAIM3UPYS TOTyYEHHbIE Pe3yIbTAaThl MOXKHO CHENIATh CICIYIOLIHE
BBIBOABI. HA OCHOBE KPEMHHS, JIETUPOBAHHOIO KakK LHUPKOHHEM, Tak U radsuem,
BO3MOXHO CO31aTh (oTonpeoOpaszoBareny, oOmafgarome (OTOUYBCTBHUTEILHOCTHIO B
o0JyiacTu criekTpa 3—5 MKM ¢ MaKCUMYMOM Agjzr-=4.1 MKM IIp KOMHATHOMH TeMIIepaType.
OTMeTHM, YTO TONyYEHHBIE CTPYKTYpPhl HMEIOT MOBBILICHHYIO TEPMOCTaOMIBHOCTS,
paBHOMEpHYIO0  (OTOreHepauuil0 U BOCIPOM3BOIUMOCTH  (POTORIEKTPUUECKUX
napameTpoB.

Pabota BhimonHeHa B paMkax Tpanta A-3-116+A-4-30 AreHTcTBa MO HayKe H
texHonorusm npu Kabunere Munucrpos PYs.
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Kyém nasepnapuy pammam caMapaJoplIMIMHUHT NapaOoJIMK KOHUEHTPATOPHHHI KaMpail
Oypuaru, HKKWIAMYM KOHLEHTPATOp ¥lIyamilapd Ba AaKTUB 3JIEMEHTHHHI Y3YHJIUTHMIa
OOFIMKIIMTMHY aHMKJIAm Oyifnda coHim Taxpuba YTkaswnau. Mopenga IOTWITaH KyBBarT,
TaBKyMIIMKJIAPD HHBEPCUSCH TAaKCUMOTHUHHU XHUcOOIall y4dyH Ba Jamjall camMapagopiIuriHu
aHugam Oyiimua Monte Kapno craTucTMK MeToau Ba HypJIapHH Naidura TYLIMII METOIU
Kymranwiau. IlapaGoiauk KOHLEHTpaTopaaru KyE€l JIa3epUHHHI Aamiall camMapanopiuru
CHCTeMa IapaMeTpiiapu Ba TeOMETPUK (hopMacura GOFIUKJINTY KYPCATUIIH.

IIpoBeneHbl YMCIEHHBIE 3KCHEPUMEHTHI IO ONpPENENIeHHIO 3aBUCHMOCTeH 3((eKTHBHOCTH HaKauKu
COJIHEUHBIX JIa3epOB OT yTJIa PAcKPHITHS MapabOJMYEecKOro KOHIEHTPATOpa, pa3MepoB BTOPHIHOTO
KOHLIEHTpaTopa U JUIMHBI aKTMBHOIO 3JeMEHTa. B MoJjenu a1 mpoBeJeHUs pacdeToB IOITIOIIEHHOM
MOIIHOCTH, PAaclpe/ielieHusT HHBEPCHU HACEIECHHOCTH ¥ JUIsl onpeaeneHus 3(Q(GEeKTUBHOCTH HaKauyK{
HCTIONIB30BaIM CTaTUCTUUECKUi MeTon MonTe-Kapio u meron npocnexusanus jiaydeit. [lokazano, uro
3((EeKTUBHOCTh HAKAUKH COJHEYHOTO Jia3epa Ha NapaboIM4eCKUX KOHLEHTPATOpaX 3aBHCHT OT
apaMeTpoB U TEOMETPHIECKUX (HOPM CHCTEMBI.

Numerical experiments have been carried out to determine the dependence of pumping efficiency of the
solar laser on the rim angle of a parabolic concentrator, dimensions of the secondary concentrator, and
length of the active element. In the model, the statistical Monte Carlo and ray tracing methods were
used to calculate the absorbed power, the population inversion distribution, and to determine the
pumping efficiency. It is shown that the pumping efficiency of the solar laser on parabolic concentrators
depends on the parameters and geometric shapes of the system.

I. BBEJEHUE

B mocnemHee BpeMs WCCIENOBaHHWIO J1a3epOB C COJNHEYHOW HaKadykod Ha
ManorabapuTHBIX MapabOTUYEeCKUX KOHLEHTpATopax YJIeNlseTcss 0co00oe BHUMAaHHE, TaK
KaK mpeo0pa3oBaHUE COJHEYHOW SHEPTHHM B JHEPTUIO JIA3CPHOTO U3IYUYCHHS SBIISCTCS
OJTHOM M3 aKTyalIbHBIX 3a/1a4 B 00JaCTH HCIIONBE30BaHUS BO30OHOBISIEMBIX HCTOYHUKOB
SHEPTHH ¥ TIPEACTaBISAeT OONBIION WHTEpecC HEe TOJBKO IOTOMY, YTO OHO SBISETCS
JIOTIOJIHUTEIIEHOW BO3MOXKHOCTBIO JIJISI 3(P(PEKTUBHOI'O HCIOIL30BAHHS JKOJIOTHUYSCKU
YUCTOM SHEPruM, HO U SBISIETCS CEPbE3HON anmpTepHaTHBOU. Jlazepsl ¢ CoOJHEUHOU
HaKayKkoM HMEIOT OrPOMHBIA MOTEHIMAN Jid MHOTHX MPUJIIOXKEHUH, Harpumep, B
BBICOKOTEMITEpaTypHOI 00paboTKe MaTepHaliOB, Ta3epHON KOMMYHHUKAIIUKA B CBOOOTHOM
MIPOCTPAHCTBE, OCCIPOBOAHON IMepenaye PHEPrHMH Ha 3eMJII0 M3 KOCMOCA, MOJYYCHUHU
TOIUIMBHBIX MatepuanoB W Tak jganee [1-9]. Ha ceromHsmHuiA neHb MNpeaiokKeHO
JIOBOIIEHO MHOTO CXeM JIJISl COMHEeUHEIX j1a3epoB [10-16]. Ocobslii HHTEpEC MPEACTaBIISIOT
co00if ma3epbl Ha ManoOrabapUTHBIX MAPAOOTHMYECKUX KOHIICHTPATOPaX. DTO CBA3AHO C UX
KOMIAKTHOCTBIO,  YIOOCTBOM  OKCIUTyaTallMd, IIAPOKOH  PacmpoCTPaHEHHOCTHIO

359



C.A. BAXPAMOB, ®.®. IIIANMMOB

MajorabapuTHBIX KOHIEHTPATOPOB U T.J. B COMHEUHBIX Ja3zepax A1 YBEIUYCHUS
3¢ (PEeKTUBHOCTH HaKauykd M OOecredeHus OJHOPOJHOCTH HaKadKH, Kak IPaBUIIo,
WCTIONB3YIOTCS BTOPHYHBIE KOHIICHTPATOPHI Pa3TudHON (opMbl. VM3BECTHO, UYTO B TaKHX
JIa3C€pHBIX CHUCTEMAaX TIE€OMCTPUA U pasMEpbl COCTaBHBIX JacTed M ONTHMAaJbHBIE
COOTHOIICHHST MEXAY HHMH CYIIECTBEHHO BIHMAIOT Ha 3HadeHHA JPPEKTUBHOCTH
Hakayku. llpn pa3paboTke CONHEUYHBIX JIa3epOB HA MajorabapHTHBIX KOHIIEHTpaTopax
HEOOXOJMMO YYHUTHIBATh pa3Mepbl, (OpMy BTOPUYHBIX KOHIICHTPATOPOB M TaKue
nmapaMeTphl KOHIIEHTPATOPOB, KaK, HAIPUMEpP, YTOJl PACKPBITUS, CTENICHb KOHIICHTPALUU
u T.4. OTHAKO TaKue JaHHBIE B HACTOSAIIEE BPeMs MPAKTUYECKH OTCYTCTBYIOT. B CBsi3M ¢
9TUM TIOMCK ONTHMAIBHBIX BapUAaHTOB KOHCTPYKIMHM JIa3€pHBIX CHCTEM C
TreOMETPUICCKIMH OCOOCHHOCTSIMH Ha MaJIOTa0apUTHBIX KOHIIEHTpATOpaxX W pa3paboTka
MPOrPaMMHOTO 00€CIeUeHHs, MO3BOJISIONIETO OMPEEeNIUTh ONTUMANBHEIE MapaMeTpHl,
SIBJISIFOTCS] aKTyalIbHOM 3a/1aueid.

Hacrosimast pabora mMOCBSIIEHA HCCIENOBAHUIO 3aBUCUMOCTEH 3((eKTHBHOCTH
HaKauykd OT MapaMeTpPOB Ja3epHOM CHUCTEMBI M, Ha OCHOBaHUHM pPE3yJIbTATOB ATHUX
WCCIIEZIOBAaHUH, OIPEAETCHUIO ONTHMANBHBIX COOTHOIIEHUH MEXIy pa3InIHBIMU
napaMeTpaMy y3JI0B COJTHEYHBIX JIa3€pOB Ha MMapaboInIecKuX KOHIIEHTPATOpax.

PaccmoTpena cxema COJHEYHOro Jla3epa Ha MapabOJIMYECKOM KOHIIEHTPATOPE
IPU TIOTIEPEYHOW HaKayKe, KOTOpas CUYUTAETCS OJHOW M3 TPEANOYTHUTENBHBIX CXEM
HAKa4KH [Tl TPUMEHEHHUS B COJTHEYHBIX Jla3epax Ha MapadoINdecKuX KOHIIEHTPaTopax.

B napabonuueckux KOHIICHTpATOpax auamerp (POKyca 3aBUCUT OT yriia PacKpBITHS.
Wzmensiss guamerp Qokyca, MOXXHO TOJYYHTHh BBICOKHE KOHIEHTPAIMH COJIHEYHOTO
W3y4YeHHs, HANpaBIseMOr0o B aKTUBHYIO Cpeay, YTOOBI JOCTHYh IOpOTa TEHEpaIuy.
HOBTOMy MMPOBCACHLI YHUCJICHHBIC OKCICPUMEHTBI II0 OIPEACICHHUIO 3aBUCHUMOCTH
3(()EeKTUBHOCTH HAaKauYKd OT yria pPacKpBITUS MNapadOJUYeCKOTO KOHIICHTPATOPa,
pa3MepoB BTOPUYHOTO KOHIIEHTPATOPa U OT JUIMHBI aKTUBHOTO 3JIEMEHTA.

1. OMMCAHUE MOJEJIN

B Mozenmu mms pacyeToB TMOTJIONICHHON MOITHOCTH, paclpeAeiicHHs HHBEPCUH
HACEJICHHOCTH U ompeneneHus 3(p(HeKTHBHOCTH HaKauyKd MPUMEHSITH CTaTUCTHYCCKUN
meroq Monte-Kapino u meron nmpociexuBanus nyqei [16, 17].

Jns  omnucanus mnapabOUYEeCKOr0 KOHIIEHTPATOpa WUCIOIB30BAHO CIIEAYIOIIEe
OOIIEU3BECTHOE YPaBHEHUE:

y2 + 22 = 2px, (1)
riae P — mapameTp nmapadboIMIecKoro KOHIICHTPaTopa.

JIns YMCIIEHHBIX 3KCIIEPUMEHTOB PACCMOTPEHBI MapaboInIeCKHe KOHIIEHTPATOPHI €
pamuycamu 0.25 m, 0.5 M, 0.75 M, 1.0 M, 1.25 M, 1.5 M, 1.75 M u 2.0 M ¢ pa3HbIMH yTIamMu
PaCKPBITHSL.

BTopu4HbBIf KOHIIEHTPATOP HMMEET MPSIMOYroJbHYH (OpMY M s €ro ONUCaHWMS
WCTOIh30BAIM CIICAYIOIIUE YpPaBHEHMs JJIS IUIOCKOCTEH C 3aJlaHHBIMH 3HAYCHUSMHU
TPaHMIL

x=-03cm, -05ecm<y<05cm, -0.35ecm<z2<0.35cm, (2.1)
y=-05cm —0.3cm<x<0.3cm,—0.35cm <z2<0.35 ¢, (2.2)
y=05¢cm, —-0.3cm <x<0.3cm, —0.35 cm <2 <0.35 cm, (2.3)

2=0.35¢cm, -0.3cm<x<0.3cMm, -0.5cm <y <0.5 cm, (2.4)
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z2=-0.35cm, 0.3 cmMm<x<0.3¢cm, -05em<y<0.5cm. (2.5)

[Ipn HEOOXOAMMOCTH WCHOJB3yEeMbIE TPAHUIBI OSTHX IUIOCKOCTEH MEHSUIH.
HcxomHble BHYTpEHHHE pa3Mephl MPSMOYTOJEHOIO BTOPHUYHOIO KOHIIGHTpATOpa ObLIH
6 MMx10 MMX7 MM.

B kauecTBe akTHBHOW cpellbl paccMaTpUBalach HEOAWM-cCOJEpXkKamasi )KUIAKOCTHAS
aktmBHas cpena okcmxiopun docdopa (POCIs-SnCl,-Nd*"), koropas o6namaer
CIIeTyIOIIMMH OCHOBHBIMH TIPEUMYIIIECTBAMH:

— BO3MOXKHOCTBIO CO3/IaHHSI aKTHBHBIX 3JIEMEHTOB JI000# (hOPMBI U pa3MepoB;

— BO3MOXKHOCTBIO HCIIOJB30BAHUS CaMOH AKTHBHOW JKHIKOCTH JUIS OXJIaXKACHHS
Ja3epa MOCPeICTBOM €€ IIUPKYIIALHH,

— OTHOCUTEIBHO HU3KHM KO3((PUIIMEHTOM MOTJIOMIEHHS Ha JUIMHE BOJHBI T€Hepaluu
1052 um.

[Ipennonarangocs, 4YTO JKMIAKOCTHAas aKTUBHas cpela HaxoAguTcsi B  (oKyce
KOHIICHTpATopa, B KBapueBol TpyOke. B Monenu juis omvcaHus muimuHApa (KBapLeBOit
TpYOKHM) UCIIONIB30BAIIH CICAYIONINE yPABHEHHS:

X’ + 72 =R? (3.1)
y =t 1/2. (3.2)
[IuprHa BTOPUYHOTO KOHIICHTpATOpa BhIOpaHa paBHOM JUIMHE KBapieBoi TpyOKHu |.

Ha pumc. 1 mpuBemeHo B3aMMHOE pacHOJOKEHHE BTOPUYHOTO KOHIIGHTpATopa u
KBapIIeBOH TPYOKH ¢ KUAKOCTHON aKTUBHOU CPeIOi.
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Puc. 1. BropuuHblii KOHIEHTparop H Puc. 2. 3aBucumocts 3¢ddexTuBHOCTH
KBapleBas TpyOKa ¢ akTHUBHOH cpenioil. HaKayky COJIHEYHOrO Jia3epa OT yriia pac-
KPBITHS Tapad0INIeCKOr0 KOHIIEHTPaTopa.

i ompeneneHuss ONTUMANIbHBIX COOTHOLICHHWH IApaMETPOB Y3JI0B COJHEYHOIO
na3epa Ha MapabOJMUYECKOM KOHIIEHTPATOPE YMCIEHHBIE SKCIEPUMEHTH MPOBOIUIN 1O
CIIEAYIOIIEMY JITOPUTMY:

— MEHSS YIOJI PacKpbITHS, BBIUUCISIN 3(P(QEKTUBHOCTh HAKadKHM AJs KaXIOTO
3HA4YEHUs yIa U ONPENEeIsIN €€ ONTUMAIbHOE 3HAYCHUE, OCTAIBHBIE ITapaMeTPhl Y3JI0B
Ja3epHOW CHCTeMbl HE MEHSUINCHh (paauyc KOHIEHTpatopa, ¢GopMa U pa3Mepbl
BTOPUYHOTO KOHIIEHTPATOPA, TOJIIMHA U JUIMHA aKTUBHOM CPe/Ibl);

— HCIIOJNIB3YS ONTUMAJIbHOE 3HAYEHHE YIJIa PACKPBITHA KOHLIEHTPATOpa, MOJTyUeHHOE
Ha MEpBOM JTale YHCIEHHOTO JKCIEPUMEHTa, CHMMETPUYHO YBEJIWYHBAs BBICOTY
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BTOPUYHOTO KOHIIEHTPATOPa, PACCUMTHIBAIA 3aBUCUMOCTh 3(P()EKTUBHOCTH HAKAYKH OT
BBICOTBl BTOPUYHOTO KOHIIGHTPATOpa, HE MEHSsS OCTajbHBIE IapaMeTphl Ja3epHOI
CHUCTEMBE,

— CHMMETPHYHBIM YBEIIMYECHHEM JJIMHBI aKTHBHOH cpeapl (COOTBETCTBEHHO
YBEIUUNBAECTCSA IIIMPHHA BTOPHUYHOTO KOHIIEHTPATOpa) IMOJAy4aeM 3aBUCHMOCTD
3¢ (}EeKTUBHOCTH HAKauyKd OT JUIMHBI aKTHUBHOTO »3JeMeHTa. Jlins yriaa pacKpeITUs
apaboIUIeCcKOro KOHIIEHTPATOPa M BEICOTHl BTOPUYHOTO KOHIIEHTPATOPa UCTIOIh30BAIH
ONITHMAJIbHBIE 3HAYEHMSI, TTOTydeHHBIE Ha MPeIbIIyIIuX dTanax.

I11. PE3YJbTATHI YUCJIEHHbIX DKCIIEPUMEHTOB

Ha puc. 2 npuBeneH pe3ynbTaT MEpPBOrO JTama YUCICHHBIX SKCIEPUMEHTOB IS
mapaboaMIecKoro KOHIEHTpaTtopa ¢ pamuycoM 1.5 M. Kak BumHO, 3¢ ¢heKTHBHOCTH
HAKa4YKH CYIIECTBCHHO 3aBHCHT OT yIJla PACKPBITHS MapabOIMYeCKOro KOHIICHTPATOPa.
OnTUManbHBIN YroJl pacKphITUS sl JAHHOTO KOHIeHTpaTtopa~70°.

Ha puc. 3 npuBeneHa 3aBucHMOCTh 3(P(PEKTHBHOCTH HAKaYKH OT OTHOCHTEIBHOM
BBICOTBI BTOPHUYHOI'O KOHIEHTpATOpa, onpenenaeMoﬁ KaKk OTHOHIICHHUEC BBICOTHI
BTOPUYHOTO KOHIIEHTpaTopa K jauameTpy (okyca. OTMETHM, 4YTO HadalbHOE
(MuHMManbpHOE) 3HaueHHWE 3(P(PEKTUBHOCTH HAKAYKU COOTBETCTBYET MAaKCHMATBHOMY
3HAYCHUIO TPEABIAYIICH 3aBUCHUMOCTH. OJTO OOYCJIOBJICHO TeM, 4YTO B pacueTax
HCIIONB30BAJICA PE3yJbTaT U3 MPEHBIAYINEro ATala YHCICHHOTO JKCIEPUMEHTa, T.C.
B KayecTBE 3HAUCHMs YIJla pacKphITUsA Oepercs ontuMmanbHoe 3HaueHue 70°.
OntuMmaneHOEe 3HAYCHHWE OTHOCHUTENBHOH BBICOTHI  BTOPHYHOTO  KOHIIGHTpATOpa
cocrasysiet ~0.16.

LATST | ) 14375 v v . - -

i )
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3 exTHEROCTE HAKAYKE, OTH. &1,
-
I
L)
r

3ddeRTHEROCTL HAR
73

n97s | PR, - T “35; 15 20 25 30 35 40 45 50
0.05 g0 Il 0l4  Gb6 Q1Y 022 " A%ME3 ARTHBHOTO Cpeam, cM
OTHOCHETEJBLHAR BEICOTA
Puc. 3. 3aBucmmocts 3¢ddexkTuBHOCTH Puc. 4. 3aBucumoctp  3((EKTUBHOCTH
HAaKa4Kd OT BBICOTHI BTOPHYHOIO HPSIMO- HaKa4K{ OT JJIMHBI aKTHBHOTO JJIEMEHTA.

YTOJIBHOTO KOHILIEHTPATOpa.

Pesynbrar Tperhero 3tama i AaHHOW CHCTEMBI COJTHEUHOTO Jia3epa MOKa3aH Ha
puc. 4. 3nech Tak)ke MUHUMAIBHOMY 3HauCHHUIO d(PPEKTUBHOCTH HAKAYKH COOTBETCTBYET
MakCHMaJIbHOE 3HaueHue 3PPEKTUBHOCTH HAKAYKKM HA MPEIBIAYIIEM 3TaIre YHCICHHOIO
JKcIepuMeHTa. Takke B pacueTax MUCIOJb30BaHbl ONTHMAIbHBIC 3HAUCHHS TPEIBIIYIIIX
ATalOB YHUCIEHHOI'O JKCIepuMeHTa. D(P(GEKTUBHOCTh HAKAYKU JOCTHTacT HAWOOJbIICH
BEJIMYUHBI TIPH JJIMHE aKTHBHOTO 3JIeMeHTa 3—4 CM.
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Takum 06pa30M, OorpeacjicHa ONTUMAJIbHAas CBA3b MCXKIY MapaMCTpaMH Y3JIOB I
,I[aHHOﬁ CXCMbI COJIHCYHOI'O Ja3epa Mg HOCTUKCHUA HanOOJbIIEH 3(1)(1)6KTI/IBHOCTI/I
HaKa4Ku.

B Ta@mue IMPUBEACHBL PE3YIIbTAThI YHUCJICHHBIX SKCIICPUMCHTOB JUJIsA
KOHOCHTPATOPOB € PA3JIMYHBIMU 3HAUCHUAMUA paguyca.

Taéanma. OnTuMaibHbIe apaMeTphl COJTHEUHOTO Jla3epa Ha apaboInuecKiX KOHIICHTPATOPax.

Pagnyc | Ontumaneusiii | Ontumaneaeiil | OntuMansHOe 3Ha- |OnTHManbHas | MakcHManbHOE
KOHIICH- | YTOJI pacKpbl- |HapaMeTp Mapa- | YeHHe OTHOCHUTEIIb- | [UIMHA aKTHB- 3Ha4YEeHUE
TpaTopa, | THA KOHLEHT- | OOJIMYECKOTro | HOM BBICOTHI BTO- | HOW cpenbl, |3((eKTHBHOCTH

cM paropa KOHIIEHTPATOpa | pUYHOTO KOHIIEHT- cM Hakauku, %

P, M paropa

25 32° 89.3 0.71 1.00 15.9

50 39.6° 138.9 0.39 1.3 14.6

75 48.8° 165.5 0.26 14 13.25

100 58.5° 178.6 0.25 1.9 12.3

125 67.2° 188.3 0.17 2.3 11.6

150 70.5° 212.3 0.16 3.5 10.9

175 75.3° 226.85 0.138 4 10.4

200 78° 253 0.11 5 9.6

HonyquHHe PE3YJIIbTAThI ITOKa3bIBarOT CYIIECTBEHHYIO 3aBUCHUMOCTbD
3((HEeKTUBHOCTH HAaKa4yKH OT Pa3MEPOB U T'COMETPUYECKHX (OPM Ja3epHON CHUCTEMBI.
OTMeTHM, 4YTO C YyBEIHUYCHHEM paJnyca KOHIICHTPATOPOB MAaKCHMAllbHOE 3HAuCHHE
3(PEeKTHBHOCTH HAKa4YKH YMEHBITAeTCs. OJTO MOXET OBITh OOYCIIOBIEHO TEM, YTO
JMaMETp MATHA MPSIMO MPOIOPLUOHATICH PAIUYCy KOHIICHTPATOpa M BCIEACTBHE ITOTO
CTCTICHb TEPEKPHITUS KOHIICHTPUPOBAHHOTO COJHEYHOTO HW3IyYeHHsS AaKTHBHBIM
JJIEMEHTOM CHHIKAETCSI.
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BakyyM €#1 TeXHOJOIMACHHM ApaTHUII KaTOX MOFIapUIaru ’kapaéHiap MaTepuas napaMeTpiapu
6uwnan 60rmuk. Katoqmary TaxMHHUM XoAucanap KaToA MaTepHaad 3pO3UsCH, KaToA JOFIapu
(KO) crpykTypacu Ba 3apsjUlaHraH 3appavyajap XOCWI OYIUIIM HyKTau HasapuaaH TakIuM
srunau. KJI sueiikanapHu COHM Ba TE3NMK TaKCMMOTH, IOF IUaMeTpH OuUIaH HyKTaBUH TOK
KOPPEJALUACH, JOFHUHT Xap XU O0CKUYAAry Ty3HIMIINIA Kapad TOK TE3JIUTMHU OLIMPUIL, TOK
Ba siuelikanapuu KJI naru suunury kapad yuKHiIraH.

Co3nanue 3(QQEeKTUBHBIX BaKyyMHO-IyrOBBIX TEXHOJOTWMI 3aBUCHT OT IOHHMMAaHUs IIPOLECCOB B
karogaoM mstHe (KII), ©MX B3aUMOCBS3M C IapamMeTpamMu Marepuana. KaTojHsle —sBICHHS
MPE/ICTaBIEHbl C TOYKM 3PEHMS] XapaKTepa B3pblBa 3pO3MU KATOAHOTO MaTepuana, oOpa3oBaHUS
3apsHKEHHBIX YaCTHI[ M KJIETOYHON CTPYKTYpBI KaTOJHOTO MsTHA. PaccMaTpuBaloTcst Takue mapameTpel,
KaK CKOpPOCTb JAeNieHus u konudecTBo ssdeek B KII, Koppemaius TouedHoro Toka ¢ JUaMeTpoM IISTHa,
CKOPOCTh YBEJIMUCHUS] TOKA HA pa3HBIX 3Tamax (JOPMHUPOBAHUS ISITHA M JIp. OJISI YACTBIX M TIIAJKUX
KaTOJIOB.

Creation of effective vacuum-arc technologies depends on understanding the processes in the cathode
spots (CS), their interrelations with the material parameters. The cathode phenomena have been
considered from the point of view an explosion character of the cathode material erosion, generation of
charged particles and a cell structure of the cathode spot. Such parameters as the rate of division and the
number of cells in CS, correlation of spot current with spot diameter, the rate of current increase at
different stages of spot formation are considered for clean and smooth cathodes.

I. INTRODUCTION

The growing interest in studying the physical basis of vacuum-arc discharge is due to
its high demand in developing technologies and equipment that produce goods with high
operating characteristics that are primarily determined by the properties of surface layers.
The processes that occur in the cathode spots of vacuum-arc discharges are determined
by the cathode material, its temperature, electric parameters of the discharge (its
amperage and rate of growth). There is no unified opinion on the processes that occur in
cathode spots (CSs), on their structure, and charged particle generation. Studying the
CSs of vacuum-arc discharge, the conditions for charged particle generation, stimulating
the F-emission of electrons, and determining the role of cathode material parameters
(a heat of atom evaporation, atomic weight, work function) are problems of great
interest. The adsorption of alkali metal atoms reduces the electron work on the surface,
while the adsorption of transition metals atoms (cobalt, iron) increases the work function,
greatly affecting the character of the interaction between the cathode spots of a vacuum-
arc discharge on a cathode’s surface. Finding the nature of interrelation of cathode
parameters and processes in the CSs would allow us to create the conditions for a
vacuum-arc effectively modifying a product’s surface and the formation of ion-plasma
currents with desired properties.
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Il. ELECTRIC FIELD OF THE BULK CHARGE OF THE ION CURRENT IN THE
CATHODE SPOT

The autoelectron emission in a vacuum-arc cathode spot is caused by strong electric
field that is formed by a volume charge of positive ions being at a distance of an order of
the free path of these ions (10°~10~* c¢m) from the cathode surface. According to the
MacKeown formula, the intensity of the electric field E, is determined by the expression
[1, 2]:

E2 =7.57x10°U%5[(m, /m, ] (j, - J.) V/em 1)
where U, is the voltage between the electrodes; j and j. are the densities of the ion and
electron currents (A cm), respectively; m; and m. are the ion and electron masses. Since
(mi/mg)°°>>1, expression (1) can be reduced to a form which is more convenient for
calculations

E? =3.26x10'U°A>j. Vicm, @)
where A4, is the atomic mass of the cathode material. It follows from expression (2) that
the generation of an electric field £, requires an ion-current density that is determined by
the following expression:

3.07x10°°E?
Ji =W 3)

The current density of the F emission of electrons is determined by the Fowler-
Nordheim equation [3]
1.55x10° E2 o {_ 6.85x107 ¢*20(y)
t(y)o E.
where o is the electron work function, eV; t(y) =1 and 6(y) are the functions tabulated by
Nordheim (y = 3.62x10E,"%¢ ).
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Figure. The dependences Ig e=f(E.) (curve 1-4) for the cathodes with different work functions and
lgji = f(E.) (curve 5-7) for the cathodes with different atomic weights and average value U;=15 V.

The Ig e=f(E.) dependences for cathodes which differ in their electron work functions
are presented in the figure. It follows from the figure that curves 1-4 are characterized by
a very steep slope (curves 1-2), especially for cathodes with small work-function .
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Moreover, implementation of the density of the F-emission current j>10° A cm™ requires
a strong electric field Ec>10" V cm™. Curves 5-7 in the figure reflect the Ig je=f(E.)
dependences for cathodes with different atomic weights at an average value of U, = 15 V.
The slope of curves 1-4 for the Ig je = f(E.) dependence drastically differs from that of
curves 5-7 for the Ig j; = f(E¢)A. (4. — atomic all cathode material) dependence.

By dividing Eq. (3) by Eq. (4), we get for the ratio of the electron current density to
the ion current density as follows:

j, 50.5U2°A" exp{ 6.85x10’ (pl-f’e(y)}
ji (P Ec

It follows from Eq. (5) that the dependence of the jo/ji ratio on ¢ and E. is very
strong. However, it should be limited for several reasons.

First, Kimblin’s experiments [4] showed that the fraction of current of the vacuum-
arc ions is very large (on average, a = 8%) and barely depends on the thermal and
electrophysical characteristics of the cathode and the arc current (I; <1 kA). The reason
for this interesting and almost invariant property of the vacuum-arc remains uncertain. It
was shown in [5] that a large fraction of the ion current and its independence of the
cathode and arc-current parameters are attributed to the requirement of quasineutrality of
the flux of the cathode plasma flowing from the CS with a velocity of v,~10° cm s and
filling the interelectrode gap. This is a consequence of a more general law — the minimum
of entropy. The expression obtained for the ratio of the ion current to the electron current
was oczZVi/<Ve > (where V; is the translational velocity of the ions, and <v.> is the

thermal velocity of the electrons).
Second, a deviation from the rectilinear dependence In(j,)/EZ=f(/E,)is

observed at a current density 10° A-cm™.

Third, the probability of the three-particle recombination of ions increases with an
increase in the plasma density, which yields a decrease in the density of the ion current to
the cathode and thus the electric field.

As was noted above, expression (5) shows the ratio of the density of the electron-
emission current to that of the ion current to the cathode. Unfortunately, an exact
expression for the density of the ion current to the cathode has not yet been derived.
There exist only approximations whose experimental verification is very complicated and
even impracticable. Nevertheless, taking the above statements into account, it is possible
to assume that the fluxes of ions to the cathode and to the interelectrode gap are almost
the same. Since the transverse sizes of the CS are several times larger than the axial
extension of the intense ionization region, such an assumption seems quite reasonable.
Then expression (5) become equal je/ji = 13.5.

After minor modifications and taking the logarithm of (5), we obtain the solution

B 2.97x10"9*°6(y)
' 0.57+0.5(InU, +InA)—Ing
Expression (6) determines the optimal electric field at which the functioning of a CS
with F-type electron emission seems to be the most likely. It follows from expression (6)
that Eqp: depends on a number of cathode and cathode-spot parameters, the electron work
function being the most significant. Substituting the experimental data for U, and the
tabulated data for ¢, 4., and the Nordheim function 6(y), it is possible to easily determine

®)

(B-cm™). (6)
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Eqpt. FOr example, for a cathode with ¢=4 eV and A,=10 with an average U of 15V, we
get Eqp = 6.45x107 \VV/cm. Fulfillment of expression (6) is a necessary (but not sufficient)
condition for the existence of a CS with F-type electron emission.

I1l. ATOMIC-IONIC BALANCE IN A CATHODE SPOT

The second necessary condition for implementation of the electric field Eopt which
provides sufficient autoelectron emission and supplements expression (6) is atomic-ionic
balance in the CS. Positive ions are formed in the CS due to the impact ionization of
neutral particles (atoms) that evaporated from the cathode surface. Thus, the ion flux (ion-
current density) to the cathode depends on the intensity of cathode material evaporation
G, the average probability of ionization of atoms of the cathode material Pic, the ion
charge, and the fraction of ions returned to the cathode (. The evaporation rate is
determined by the known formula [1]

G =p,V, exp(-A, /kT,), (g-cm*cm™), (7

where p. is the density of the cathode material, ¢ cm2; vs is the average speed of sound,
cm st A, is the heat of cathode atom evaporation; and 7, is the cathode temperature.
The flux of atoms evaporated from the cathode is T',= G/M, (where M, is the atomic
mass). Taking into account that p.=M,/Vy and M,=My/N, (Mo is the molar mass, V, is the
molar volume of the cathode material, and N, is the Avogadro constant), we obtain the
following expression for the current density of the ions returned to the cathode:

ji = PIPLNe oxpa, i), Avom, ®)

0
where g; is the ion charge, gi = e, and B is the fraction of the ions returned to the cathode.
On the other hand, generation of the E,y field requires a current density of the ions
returned to the cathode determined using expression (4). Then, from expressions (4) and
(8) there follows the equation of atomic-ionic balance

. 3.07E?
The solution of Eq. (8) and (9) has the form
A, lgA-lgB-2IgE
T.(K) 5.04x10°

(9)

opt ’ (10)

where
A:B iPichNa , (11)
VO

3.07x10°E’

B= U 0.5’%0.5
where Egy is the optimal electric field which is required for implementation of the
F-emission mechanism. It follows from Egs. (11) and (12) that ratio of the heat of
cathode atom evaporation to the CS temperature depends on a number of cathode

material parameters, namely, ¢ (work function), 4. (atomic mass), vs (average speed of
sound), Vo (molar volume) and the cathode spot U. (cathode potential drop), Pj

: (12)
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(probability of ionization), and B (fraction of the ions returned to the cathode). Satisfying
Egs. (10) is the second necessary condition for the implementation of F-emission in the
cathode spot.

IV.HEAT OF CATHODE-ATOM EVAPORATION AND CATHODE-SPOT
TEMPERATURE

However, it follows from Egs. (11) and (12) that the cathode temperature at which
Eopt IS generated, proportionally increases with increase of the atom evaporation heat. The
fraction of thermally excited electrons (a portion of which enter the near-cathode plasma)
also increases with increase of the cathode temperature. Hence, starting from a certain
temperature, the mechanism of the F-emission of electrons is transformed into thermal
autoemission. Thus, when determining the conditions for the implementation of a cathode
spot with F-emission, it is necessary to limit the heat of cathode atom evaporation, i.e. to
introduce a physically substantiated principle, namely, the third condition, which can help
in solving the problem. The Nottingham effect can serve as such a principle [3, 6]. It is
well known that the Nottingham heat changes its sign from positive to negative at certain
cathode temperatures (called the temperature of inversion). The inversion temperature T,
is determined using the formula:
T _ 5.05x10°°

n 0.5

¢

(13)

(EcinB-cm™, ¢ineV, T inK).

At the inversion temperature, the energy loss of the cathode as the result of electron
emission from levels positioned above the Fermi level is equal to the energy released at
the cathode due to electron emission from levels below the Fermi level. From the energy
standpoint, the total emission current corresponds to “pure” F-emission (i.e. emission
without a calorimetric effect). Thus, at 7, = Ti, and E, = Eqy, from Egs. (10, 11, 12) we
obtain the following expression for the heat of cathode-atom evaporation:

_T.(lgA-lgB-2IgE,)

A= . 14
2 5.03x10° (14)
After substitution
-5
T - 5.052<slo (15)
—(P .

the resultant expression has the form:
- 1.12x10° En(gA-IgB-2IgE,,) .

a 0.5

¢

Note that expression (16) which determines the heat of atom evaporation at which
the F-emission of electrons takes places in the vacuum-arc CS is fulfilled. It takes into
account all three conditions: first, the necessity of E,: generation; second, the fulfillment
of atomic-ionic balance at which E, is implemented; and, third, limitation of the cathode
temperature in the spot which follows from the Nottingham effect, since Eqp ~ 0¥ h~0
(according to expression (16).

It follows from expression (16) that the heat of cathode-atom evaporation, at which
the emission of electrons in the cathode spot occurs in accordance with the F mechanism,
depends on a number of cathode (o, 4., Vs, Vo) and cathode spot (U, pe, B, gi) parameters,

V. (16)
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the electron work function being of major significance. Calculations of the atom
evaporation heat showed that the evaporation heat does not exceed A, = 1.1-1.2 eV
Taking into account the possibility of F-emission being intensified by the temperature
(F-T-emission), A, can higher. However, in this case A, turns out to be small, namely
2,<1.5-1.6 eV. Thus, it can be stated that the F-emission of electrons in the CS is
characteristic only for cathodes with A,<1.5-1.6 eV. The number of such metals is small.
It concerns, for instance, Zn, Cd, and Hg. The majority of metals have A,>2-2.5 eV, and
they are characterized by the T-F-emission of electrons in the vacuum-arc discharge
cathode spot.

V. QUASISTATIONARY APPROXIMATION OF THE PROCESS OF CATHODE
EVAPORATION IN A VACUUM-ARC CATHODE SPOT

It is necessary to mention one fact which is of principle importance.

The above ratios were obtained in the quasistationary approximation though it is
well known that cathode spots of a vacuum-arc discharge are nonstationary formations.
They continuously shift, split, decay, and form again. The cathode potential drop is
subjected to chaotic oscillations with amplitudes of up to 100-150 V. The time scale of
variations in the cathode-spot parameters is ~10°-10® s. Nevertheless, in our opinion the
use of quasistationary approximations is quite possible. In fact, the characteristic time of
electron processes in metals (electroconductivity, thermal conductivity, electron
emission) is determined by the time of electron relaxation (T, = 10107 s). This is
four-five orders of magnitude smaller than the characteristic time of variations in the
cathode spot parameters. The time of electron tunneling through the potential barrier can
be estimated from the uncertainty relation AT,~h/AE.. If we assume that AE ~ ¢, then
AT ~ 10-15 s. Hence, the electrons “react” almost immediately to variations in the
electric fields and temperature.

The lack of a “Coulomb explosion” upon the interaction of multicharged ions (up to
nuclei fragments) from the surface of metals which are good conductors of electric
current is indirect experimental proof of the above statements. Owing to the high mobility
and high density of conduction electrons, the charge effects that occur along the path of a
multicharged ion due to Auger neutralization “are healed” during the characteristic time
of electron relaxation.

The time scales which are characteristic for the evaporation process are substantially
larger. It is well known that the evaporation of an atom that oscillates in the lattice
with a frequency of the order of the Debye frequency (0w, = 10* s™) takes place
if the energy of atom oscillation exceeds the binding energy. The probability
of atom evaporation per second is determined by an expression of the type
Po=moexp(—Ao/KT). Then the following expression can be derived for the flux of
evaporated atoms I', and the average time between two successive events of atom
evaporation:

G A
I =—exp| ——2 |, 17
fom, p( kTin] 7
taZM- (18)
Oy

where t; is the average time between successive events of atom evaporation (s).
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At T, = Ti,and E, = Eqy, We get T, = (0.5-1)x10% cm s and t, = 10-11 s, which is
two to three orders of magnitude smaller than the characteristic time of parameter
variations in the cathode spot. This means that the process of evaporation with sufficient
time resolution “traces” variations in the temperature of the cathode surface at the spot.
The linear velocity of the evaporation front is determined using the expression
Ve ~GV, /N, (here V, is the molar volume in cm® and N, is the Avogadro constant). At

fluxes I, ~ 10®® cm™s™", the linear velocity of the evaporation front turns out to be less
than 1% lower than the speed of sound in metals. Thus, in our opinion, gquasistationary
approximation of the process of cathode evaporation in the cathode spot of an arc
discharge is sufficiently reasonable.

VI. CATHODE SPOT PARAMETERS

For the sake of convenience, the calculated and experimental data on CS parameters
for a copper cathode are presented in Table 1.

Table 1. Main parameters of a vacuum-arc cathode spot.

Main CS parameters Calculated Experimental
Formation time, s 1077 10'-10°°
Limiting current, A 10° 75
Maximum diameter, mkm 13-15 12
Number of cells 50-60 -

Cell density, cm™ 10’ 10°
Average current density, A/lcm? 7x10’ 10"-10°
Rate of current increase, A/s:

(a) in the initial period 108 _
(b) in the final phase 5x10° -

In analyzing T-F emission mechanisms, Murphy and Good [6] obtained analytical
relations for the temperature and electric field strength that determine the type of
electron emission. If we assume that a cathode produces F-type emission of electrons
and is characterized by electron work function ¢, atom evaporation heat 6, and atomic
weight 4, we can determine the two most important parameters of a spot: E and 7. The
electric field near the cathode’s surface is created by ionic current. The interrelation
between electric field strength, ion current density, and other parameters of the spot is
determined by MacKeown’s equation [2], which is reduced to a form that is simpler and
more convenient for calculations [11] (see formula (19)

E =5.7x10%U P A 05 (19)

Depending on thermal and electric properties of the cathode, the drop in the
cathodic potential of the vacuum arcs lies in the range U, = 14+4 V [7]. With an increase
in ¢ and a reduction in A, the current density of ions and electrons grows by an order of
magnitude or more. Here we must make two comments: first, the current density of ions
cannot be higher than the electron current density, since each electron accelerated by the
near-cathode drop in potential cannot perform more than one ionization action on
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average. Second, the current of reverse electrons is not high. We base this statement on
the results of [1], in which it was experimentally shown that the fraction of the ionic
current in vacuum arcs o~8x107? and does not depend on either the cathode material or
the arc current 145<1 kA. The equation of current balance in a CS then takes the form [10]

1.54x10°° (_6.83><107(p3’2j(y)]_ 3.7x107 (20)
et (y) E '

U O.5AO.5
The first part of (20) depends on U, and A, which are known quite accurately.
Solving (20) allows us to determine the electric field strength required for the existence
of a CS with F-type emission. Our results are shown in Table 2. Depending on the
parameters of the cathode, the electrode field E in a spot is (1-6)x10~" V cm™.

Table 2. Parameters of the CS with F-type emission.

Ele- Ex107,[Jix10°%, | Jox1077, | dcs, | Type of
ment A | @&V | 0.ev] Vicm | Acm? | Acm™ Tin K| To K mm | emission

Cs 133  1.80 0.80 114 0124 0.16 1440 960 1.70 F

Li 7 2.38 1.67 2.03 1.24 (1.61) 2500 1600 - T-F
Mg 24 3.64 1.53 4.25 3.21 417 2470 1399 0.65 F
Ba 135 249 1.73 1.98 0.33 (0.43) 3210 1911 - T-F

Zn 65 4.24 1.36 541 3.53 457 2420 1180 0.68 F
Cd 112 410 1.17 4.94 214 278 2060 1100 0.39 F
Ca 40 2.22 1.85 2.59 1.03 (1.34) 2960 1755 - T-F
Na 23 2.35 1.18 1.92 0.75 0.98 1840 1187 1.05 F
K 40 2.22 0.92 1.70 0.47 0.61 1700 1052 1.10 F
Pb 207 4.00 2.04 4.57 1.29 (1.68) 5200 2010 - T-F
Hg 200 4.50 0.64 571 2.24 2.92 1210 634 031 F

Using the obtained values of E, we can use (19) to determine the required ion
current density (also shown in Table 2). In the CSs of a vacuum-arc, ions are formed
from evaporated atoms, since the current of ions to the cathode is determined by
intensity of evaporation v,, probability of ionization P, and the fraction of ions returned
to cathode B. The current of evaporated atoms depends on the temperature of the cathode
spot and the thermophysical properties of the cathode according to the expression

10070.5|gT7TE
Va = T (21)

(here C and B are the Dashman evaporation constants [10].
Therefore, the ion current density will be
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_ _B
j = PRG g =o Ty (22)
ma

According to (22), the ion current density depends on many parameters, of which
the cathode spot temperature and cathode material evaporation constants are the most

important.
The expression for cathode spot temperature follows from (22):
TE+O.5IgT=C+Igy—Ig Jis (23)
where
Po.
,Y — Igl .
m

In determining CS temperature, the above values were assumed in our calculations
to be P; = 0.3-0.4; p = 0.6-0.7 [5]; and g = e for easily evaporated cathodes. Note that
possible errors in estimating B and P; did not lead to appreciable error in our Tcs
calculations. Table 2 shows our results from solving (11) for various cathodes.
Depending on the 0 and ¢ of each cathode, they lie in range Tes = (1-3)x10° K.
Generally, Tes = (1.5-1.8) Tg (where Tg is the boiling point). The values of the two most
important parameters (Ecs and Tcs) were thus obtained as a result solving (20) and (23).
It turned out that only metal with evaporation heat 0<1.5 eV can be classified as cold
cathodes with certainty. Even such relatively easily evaporated metals as Li, Ca, and Pb
cannot be considered as cold. The CS current density for them must naturally be
calculated using the relations for T-F emission provided in, e.g., [1]. However, a
significant drop in the heat of evaporation occurs only near the critical temperature,
which as a rule is much higher than the cathode spot temperature. Assuming that F-type
electron emission is proven correct only for Hg, Cs, Rb, K, Na, Mg, Cd, Zn, and some
other metals, at current density j < 10® A cm™, the main energy source in a spot is ionic
bombardment [9]. The specific source power is determined as W, = j;(aU_  +U, —¢)
(where accommaodation coefficient o = 1, U; is the ionization potential). If a spot has F-
type emission, the main energy consumers are evaporation, thermal conductivity, and
radiation (the latter can generally be disregarded). Energy loss to evaporation will be
W, =(1-BP)0v, The energy diverted by thermal conductivity is determined by the

expression [10] W, =2Ad, (T, —T,) (where d, is the cathode spot diameter, A is the

thermal conductivity coefficient, Ty is the cathode temperature, and To<<Ti,). The
equation for the energy balance takes the form

BROv, (U, +U, ~ ) =4~ pRyov, + e —To) (24)
T n
We then obtain the expression for the cathode spot size

n _o5lgT-2
TCBe|:Pi(OLUC +U, _(p)_(lBPi)eva}loc 05lgT

or
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i 81T, | (26)

n
TE|:OLUC +U, —(p—(l_BP‘)ev""} Ji
PR
It follows from (26) that the spot size depends on many parameters of the cathode
and near-cathode plasma (e.g. the thermal conductivity coefficient, spot temperature, drop
in cathodic potential, electron work function, ionization potential, evaporation constant).
Unfortunately, the exact values of A at high temperatures are not known, so only the
results from extrapolation can be used in determining the characteristic sizes of a cathode
spot (A=2A, was used in our calculations). Depending on the thermal and electric
properties of our cathodes, we obtained d,, = 0.3-0.7 mkm. The upper values of d, were
characteristics of cathodes with ¢ <2 eV and 6 <1 eV. As ¢ and 6 grow, the diameter of
a cathode spot shrinks to d, = 0.3-0.5. It should be noted that the quasi-stable existence of
CS is only possible near d,. Thermal acceleration and the microexplosion of a spot is
observed with an increase in cathode spot size (e.g. upon an increase in the discharge
current or as a result of redistributing the current between spots) [12]. Emission failure
due to disruption of the atom-ion balance is observed when the size of a cathode spot
diminishes. Estimates show that the range of spot diameter changes does not exceed
12-15% of d,. There is a stronger dependence for ion and electron current densities on
spot temperature. This is especially characteristic of cathodes with low values of ¢ and 6.
Naturally,

J; ~exp(—6/KkT),

j. ~exp(-9™* 1 E),
E;, ~exp(-0/2KT)

Changing the spot temperature by 10-12% the ion current density alters by ~100%.
Dependence j. = f(T) is even stronger for the current density of electron emission. Raising
the spot temperature by 2-5% is enough to increase the electron current density by
approximately one order of magnitude. These factors apparently explain the considerable
nonstationarity of CSs with F-type electron emission that was repeatedly observed in
experiments with cold cathodes.

VII. CONCLUSION

The conditions for the processes running in the vacuum-arc cathode spot have been
determined on the basis of autoelectron emission (F-emission) of electrons. It has been
shown that three conditions should be satisfied for the cathode spot with F-type emission
of electrons. First, an optimal electric field (E,) should be formed; second, there should
be an atom-ion balance at which Eqy is created; third, the cathode temperature should not
exceed the inversion temperature of the Nottingham effect. The calculations showed that
the heat of evaporation of cathode atoms satisfying these requirements does not exceed
A~ 1.1-1.2 eV. With possible F-T emission of electrons that heat of evaporation can be
somewhat higher A,~ 1.5-1.6 eV. However, in this case it proves to be rather low. Note
that the metals with such parameters are few (Zn, Cd and Hg).

The parameters such as the rate of division and the number of cells in CS, the
relation of spot current with spot diameter, the rate of current increase at different stages
of CS formation, the current and cell density in CS and others have been considered for
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pure and smooth cathodes. Analysis of the cathode spot traces obtained in the process of
experimental studies of the vacuum-arc cathode plasma effect on the cathode surface has
been shown that the spots of are formed on the Mo cathode for temperature 300 K. The
main CS parameters obtained with balance distance, lifetime of micro-spots and their
stepwise division are in satisfactory agreement with experimental data and explain the
phenomenon of vacuum arc cathode spots.
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K 70-JIETHIO CO JHS POXKIAEHUS TIPOPECCOPA HYY3
CAJIOXUTAVNH HACPUTIUHOBUYA HYPUTIUHOBA

Canoxutaun  HacputamHoBuu HypuTAnHOB, IOKTOp (H3MKO-MAaTEMaTHYeCKHX Hayk,
npodeccop, 3aBenyrommid Kadenpoil actpoHomuu U Qu3ukn armocdepbl HarmpmoHanbHOTO
YHHUBEPCUTETa PECHyOJMKH, BHEC OOJIBIION BKIAJ] B Pa3BUTHE acTPOPHU3MKA W KOCMOTOHHH.
3aHNMasCh MCCIIEIOBAHNEM HEJIMHEIHBIX TPOLECCOB U IPaBUTAIIMOHHBIMU HEYCTOHYMBOCTSAMH Ha
(oHE HeCTaMOHAPHBIX COCTOSHMH, CBS3aHHBIX C HAYaJbHBIMHU JTallaMd  SBOJIOLUH
IUIMNTHYECKUX M CIUPIBHBIX TaJlaKTHK, OH CTal KpPYNHBIM CIEHUAIMCTOM B 00JacTH
HEJNWHEIHOM acTpOPU3NKN HECTAIIMOHAPHBIX U KOJUIATICHPYIOMINX 00bEeKTOB BeeneHHOT.

C.H. Hyputauuos pomuicst 28 rosiops 1948 r. B Tamkente. B 1966 1. okoHYHI CpemHIO0
LIKONy C 30JI0TOM Memanmbio, a B 1971 1. ActpoHOMHmYeckoe otTaencHue JIGHHMHTPaacKoro
rocyaapctBeHHoro ynHusepcutera. B 1971-1972 rr. pabortaer mpukomanaupoBaHHbM K JI'Y
cTaxepoM-uccienoBateseM Actponomuueckoro nHeruryra AH PY3. C 1973 r. mo 1975 r. on
npoxoaui acnmpantypy B JII'Y nox pykoBoxactBom mnpodeccopa K.®. Oropoanukosa. B 1975
rofly YCIEIIHO 3alUTHB KaHJUJATCKYI0 JAHMCCEPTAlMi0, OH IIPOJOJDKAET CBOIO HAYYHYIO
JIeSITENILHOCTD B JIOJDKHOCTH HayuHoro cotpyauuka AWl AH PY3. Haunnas ¢ 1981 r. on pabotaer
pyKoBoauTeaeM ACTpPOHOMHYECKOTO oThenieHus: (usnueckoro dakynprera TamlyY u HauumHaer
BHE/IPSTH eIMHCTBEHHOE B LleHTpabHO# A3nu 00pa3oBaTenbHOE HallpaBiIeHHe M0 aCTPOHOMMH, a
B 1987 r. cran ocnHoBarenem kadeapsl actpoHomuu. B 1993 r. oH ycmemHo 3amuTHII CBOIO
JOKTOPCKYIO auccepTanuio B CaHKT-IleTepOyprckoM rocy 1apcTBEHHOM YHHBEPCHTETE.

B 1996 r. oH co3man HOBBIM Hay4HBIH oTneN “["amakTHYecKoi acTPOHOMHHU i KOCMOTOHUH B
AU AH PVY3. B 2001 romy mom ero pykoBomcTtBoM mnpu HY V3 Obm1 opranunzoBaH
CrneunanusupoBansbiii  Coser K.067.02.14 mno cnenmansHocTH “AcTpodu3mka, paauo-
actpornomus” (01.03.02) u mo 2008 r. on 61 ero mpeacenarenem. B 2016 r. Ha ¢usnueckom
¢axynprere HY Y3 0H OTKpbUT HayuHYIO JabopaTopuio “Actpodu3ndeckue UCCie0BaHus” u 10
CHX TOp BEJET CBOIO HAYYHYIO JIESTEIbHOCTh B Ka4eCTBE PYKOBOJMTENS ITOH Jlaboparopuu Ha
o01ecTBeHHBIX Havyanax. Bmecre ¢ atuM ¢ 2017 r. oH cHOBa Bo3rnaBui kadeapy “AcTpoHOMUU U
¢busuku armochepsr” HY V3.
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B campiii HavanbHbIl nepuoa cBoeil HayuHol nestenbHocT C.H. HyputanHoB BrnepBbie
OTKpPBUI “CTOJIKHOBUTEIBHBIH MHTErpaji’, MOJHOCTHIO OITMCHIBAIONIMN B3aUMHOE ITPUOJIMKEHHUE -
a¢ ekt “cromkHOBEHHsA” 3Be3l, KOTOPHIM (UTYpHpYyeT B TpaBOil CTOPOHE KHHETHYECKOTO
ypaBHeHHsT J[)KWHCA ¥ YIOOBIETBOpSET BCeM (U3MYCCKAM 3aKOHAM COXPaHEHHUS. OTOT
“CTONIKHOBUTEIBHBI WHTETpal” 3aHUMAeT OTACIBHOE MECTO B ALY OTKPBITHH TeM, UTO €ro
MOXKHO TIPHMEHSATh HE TOJBKO I acTpPOPHU3MUECKHMX CHUCTEM, HO W HEMOCPEICTBEHHO
UCIIOJIb30BaTh B HACTOSIIIEE BpeMsi B (DH3HKE TUIA3Mbl U M3YUYEHHHU APYTUX TUHAMHYECKUX CUCTEM.
OH oOZHMM U3 TEPBBIX COCTABWJI QITOPUTMBI Tpoliecca (a3oBOro IMepeMelInBaHus B
KOJUIATICUPYIOIMX TAJIAKTHKaX M Ha UX OCHOBE M3Y4m1 (DU3UKY DTOTO SIBJICHHS, B YaCTHOCTH,
OLICHWJI XapaKTepHOe BpeMs (pa30BOTo IMepeMeNINBaHus B HECTAIIMOHAPHBIX 3BE3IHBIX CHCTEMaX B
COOTBETCTBHH C (DU3MYECKHMH TapaMeTpaMu CHUCTEMbl Ha Pa3iM4YHBIX dTanax 3Boiitonuu. OH
co3/JaJl BIIEPBbIE B MHUPOBOH acTpo(m3MKe HEIMHEHHBIE HECTallMOHApHBIE MOJICNHU JUIsl PaHHUX
CTaMii 3BOJIIOIMU MOJIOJBIX DIUIMNTHYECKUX M JUCKOBBIX TaJIAKTHK, WU3y4YMJ MEXaHH3MBI HX
rpaBUTAllMOHHON HeycToHunBocTH. C TIOMOINBIO pE3yJbTAaTOB aHanu3a OBIIM  OINpECIICHBI
(u3nveckre KPUTEPHH, MEXaHU3MBI POKICHUS E-dIMUNTHYSCKUX M MePECeYeHHBIX CIUPATHHBIX
SB ranmakTWK, BO3HUKHOBEHHUS PAa3IMYHBIX KPYIMHOMACIITAOHBIX CTPYKTYPHBIX OOpa3oBaHUH B
TaJlakTHUKaX, B YaCTHOCTH, WX CMEIICHHON HEHTPAIBLHOW SAEpHON 00JacTH, KOIbIeOOpa3HBIX U
MIEPECeUeHHBIX CTPYKTYp, a TakXkKe IPEIECCHOHHBIX, KYyIOJIOOOpa3HBIX W aCHMMETPHYHBIX
n3ruboB, HAOIIOAAEMBIX B IHMCKOBOW IOJCHCTEME MHOTHX CIHPAJIbHBIX TATaKTHK, Ha OCHOBE
M3YYEHUs BOIMPOCA TPAaBUTALMOHHONW HEYCTOHYMBOCTH Ha (hOHE pa3paboTaHHBIX UM HETHHEHHBIX
Mojeneil. C romamM HampaBJeHUs €ro HMCCICAOBaHWI 3HAYMTENBHO PACIIMPHINCh 32 CUeT
HaOI0AaTeNbHOI acTpou3nKy. B xauecTBe HOBBIX HAyYHBIX HAIIPABICHUH MOXKHO yKa3aTh TaKUe
COBpPEMCHHBIC U aKTyaJIbHbIE MPOOJIEMBbl AaCTPOHOMMH, KaK HaOJIIOAEHHS IPaBUTALMOHHBIX JIMH3,
CBSI3aHHBIX C OOWIel TeopHeH OTHOCHUTEIBHOCTH, M WCCIEJOBAaHHE IPHPOABI HCTOYHHKOB-
KBa3apoB, OTKPBITHE JBOWHBIX W KPaTHBIX PACCESHHBIX 3BE3/IHBIX CKOIUIEHHH, HCCIICJ0BaHUE
COCTOSIINX U3 MAJUTMOHOB 3BE3/] CHCTEM IIAPOBBIX 3BE3IHBIX CKOTICHUH.

C.H. HypuromHoB, TpOBOAS B TEYCHHE JMJONTHX JeT IUIOJOTBOPHYIO HAaydHO-
UCCJIeJIOBATEIBCKYI0 PadOTy B CaMbIX MEPCHEKTUBHBIX M KPYIHBIX pasjleliaX acTpo(u3nK, cMOT
chopMHUpOBaTh CBOIO HayuHyr mikony “HemuneliHas actpodu3uka W kocMoronus”. OH o
HACTOSIIEro BpeMeHH Obln pykoBomureneM Oomnee 10 Haywnbix rpanToB. Kpome Toro, mox ero
PYKOBOJICTBOM OBUIM BBIMIPAH Psifi MEXKAyHApOIHbIX TpaHToB. MM omyOnukoBaHo Gosee 250
Hay4YHBIX CTaTel B MPECTHIKHBIX MEXITYHAPOIHBIX U PECIYOIMKAHCKUX JKypHaJax U COOpHHKaX.
Psin kpynHBIX pe3ynbTaToB ObUT OMyOJIMKOBaH B BHAe MOHOTpadmu M ydeOHBIX mocobuii. Ilox
PYKOBOJACTBOM ydYeHOro Opumm monarotoBieHsl 10 kaHIumaToB Hayk WM 2 JOKTOpa HaykK, U B
HACTOsIIIee BpeMs TAaKKe K 3alUTe MOArOTaBIMBAIOTCS HECKONIbKO AuccepTanuid. OH yCTaHOBWII
YCTOWYMBBIC HAyYHbIE CBSI3H C PSIOM 3apyOeKHBIX YHHBEPCUTETOB.

Takum oOpa3zoM, Hay4Has, IeJarorndeckas W OpraHU3aIlMOHHAs padoTa 3aBEHyIOIIETO
kadenpoit “AcrpoHomun u ¢usuku armocdeps” Qusnueckoro dakynprera HY VY3 mpod.
C.H. HypurnuHoBa BHecna OOJbIION BKJIQA B POXKAEHHE, CTAaHOBIICHHWE, pa3BHTHUE
aCTPOHOMHMYECKOH HayKH B Y30eKuCTaHe, KOTOpasi B CBOe BpeMsl Oblla MOJHATA Ha BHICOYANIINH
YPOBEHb HAIIUM BEITUKUM TIPEIIIECTBEHHUKOM Mup30 Yiryroekom.

Msbl uckpenne mnosxapasisgeM CanoxurauHa HacpuranHoBuua ¢ ro0uiieeM, Kenaem
KPETIKOTO 3/10pOBbs, HOBBIX JAOCTH)KEHHH B HAYYHOW W IEJaroruueckKoil JesTeNIbHOCTH, JOJITUX
JIET )KU3HH TIOJIHOTO TBOPYECTBA, CEMEMHOT0 CYACThS U €111e MHOTOYHCIICHHBIX YYEHHKOB.

OT UMeHHU €ro Y4eHUKOB,

K.T. MUPTAJIUKVEBA,

JIOK. ()M3.-MaT. HayK, 3aB. OTICIOM
Actponomuueckoro nacturyta AH PV3.
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1.

IIpaBuaa opopmienus cratei 1Is Y30eKcKOro (pu3n4ecKoro ;KypHaia

B penmakuuro NpeicTaBISCTCS PYKOINHMCh Ha PYCCKOM WIIM  QHTJMHACKOM  SI3BIKaX,
MOATOTOBJIEHHAs B TekcToBOM pemakrope Word.doc, mpudt Times New Roman 12 pt, a
take TBepaas komwms (1 9K3.), mojmEcaHHAas BCeMH aBTOpamMHd. THTyJbHas CTpaHHIa
PYKOIIMCH JOJDKHA coiepxaTh HasBaHue cratbd, @©.M.O. aBTOpOB, Ha3BaHHE
OpraHU3aLyH, I'lle BEIIOJIHEHa padoTa.

OTenbHO MPUIIATaloTCs: a) HAIPABIICHHE YUPESIKICHHS, B KOTOPOM BBITIOJIHEHA paboTa, u
aKcrepTHOe 3aKmoucHue (1 9K3.);

0) aHHOTALMK Ha y30eKCKOM (KMPHILIMIIA), PYCCKOM M aHTJTHMCKOM SA3bIKaX. AHHOTAIIUSA
Ha aHrmiickoM si3bike 00beMoM 10-15 cTpok oymkHa coliepkaTh Ha3BaHUE CTAThH
(mucema) u ©.U.0O. aBTOPOB;

B) aJipec, 3JIEKTPOHHAS [0YTa U KOHTAKTHBIN TeleoH aBTOPOB. PUCYHKH, TaGIIUIIBI 1
MOAMKCH K HAM CIISIyeT TAKXKE MIOMECTHTh B OTICIbHBIN (aiill WK B KOHEI CTAThH.

He cmenyer ymorpeGusare cokpamienuii (abOpeBuaTyp) B 3arjiaBUMl CTaThbd M B
AaHHOTALMAX. B TekcTe craThM BCe COKpalICHHs IOJDKHBI OBITH paclIM(pOBaHBl IPH
[IePBOM YIIOMHUHAHNH, HATIPHMED, BOJIbTaMIlepHast xapakrepuctrka (BAX).

Hdnst obo3HaueHns (GM3HYECKHX M MAaTeMaTHYeCKUX BEIMYMH, BKIIOYAs HHIEKCHI,
ClleyeT MCIOJIb30BaTh TOJBKO JATHHCKHE U rpedeckue OyKBEL. B ynciax ¢ necaTHYHBIMU
Ipo0sAMH ciemyeT yHoTpeOiaTh TOUKy, a He 3amsaTyio. 1o BO3MOXKHOCTH HE CiiexyeT
[HCaTh «MHOTO3TAXKHBIX» (OPMYII: HCTONB3yiTe eXP(-X) BMecTo €™, B APOOSX KOCYIO
4epTy BMECTO 3HaKa JieJieHusi U T.11. DopMynbl B TEKCTE cleqyeT HyMepoBaTh MOJIPSIL.
W3beraiite NpOMEKYTOUHBIX HECYIIECTBEHHBIX (opMyn, rpomo3nkux Ttadaun. I[lo
BO3MOXXHOCTH OCTaBIISIITE HAa PUCYHKaX TOJNBKO HU(POBbIE N OyKBEeHHbIE 0003HAYEHMUS,
MIEPEHOCHUTE OCHOBHYIO MH(OPMALIMIO B MOANMUCH K PUCYHKAM.

PucyHku mnpuHMMalOTCS TOJNBKO B KOMIBIOTEPHOM HCIIOJIHEHUH pa3sMepoM 6X6 cm
(6omsiiie pucynku He Goiee 13x13 cm) B popmare Tuma bmp, gif, eps, ps u T.m. Jus
rpauKOB CIIeAyeT HCIIOIb30BaTh CTaHAApTHBIC mporpammbl Tuma Origin, mo3Bosstionue
IpH HEOOXOMMOCTH PEAAKTHPOBATH UX.

Crucok JuTepaTyphl IPEACTABISIETCS] B MOPSIKE YIOMUHAHKS (B TEKCTE IaeTCs CChUIKA
apaGcKoii 1u¢poii B KBamparHbix ckoOkax: [1, 2] u opopmisieTes Claeayrommm 06pasom:
Cmampbs 6 acypuane: 1.0.®. Bcex aBTOPOB, Ha3BaHKE KypHaIa, TOM (HOMEp), CTp., TOII.
Hamnpuwmep: J.C. Slater, Phys. Rev. 23, 488 (1924).

Knuea: 1.0.®. aBropoB. Ha3BaHue KHUTH, TOM, 3aTeM B CKOOKAax JAlOTCS TOPOJ, U3.-BO,
rox u3nanus. Hanpumep: C. Kittel. Introduction to Solid State Physics (New York, John
Willey&Sons Inc., 1956).

Cmamvs umu mesuc 6 cbopuuxe:. N.0.®D. aropos. B c6.: Ha3anue cbopuuka (ropo,
U30-BO, TOJ W3OaHHMS WIM MECTO W BpeMs MHPOBEACHUs KOH()EPEHLNH), HadanbHAsI
crpanwmita craTen wim tesuca. H-p: 1) A.E. Carlsson. In: Solid State Physics. Advanced in
Research and Applications. Eds. D. Turnbull, H. Ehrenreich (New York, Academic Press,
1990), p.1. 2) Z.M. Khakimov. In: Book of Abstracts of Europhysics Conference on
Computational Physics (Aachen, Germany, 5-8 September, 2001), p. A138.

Dopmyibl ciieyeT HabMpaTh ¢ UCIoIb30BaHueM porpamm Math Type winm Equation 2
(v BBIIIE), MpUYEM JaTHHCKUE (HO He Tpedeckre) OyKBbI B (hOpMysIax W 0003HAUCHHUSIX
HEOOX0AMMO HaOMpaTh KypCUBOM, a BEKTOPBI MPSIMBIM >KUPHBIM HIPHU(TOM, CTaHJapTHBIE
¢byHKIMH THIA SiN, COS U T.A. — OPSIMBIM IIPH(TOM. PyKomucu B TEKCTOBOM peaakTope
Word.doc MosxHO mpHUChLTaTh IO AIEKTPOHHO# moute (Umarova_inp@mail.ru).

ITpocum aBTOPOB CTPOTO MPHIEP>KUBATHCS IIEPEUUCIICHHBIX TPaBUiI 0(OPMIIEHHS PYKOITUCEH.
Pyxonwucu, opopmileHHBIE ¢ HapyIIEHHEM MPaBUII, pacCMaTprUBaThesl He OyIyT.

Peoxonnezus
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