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QUANTUM ZENO EFFECT, KAPITSA PENDULUM AND WHIRLIGIG PRINCIPLE.
COMPARATIVE ANALYSIS

V.A. Buts
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V.N. Karazin Kharkiv National University
Svobody Sq. 4, 61022, Kharkiv, Ukraine
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Comparative analysis of three stabilization mechanisms of unstable states of physical systems is presented in this review. These
mechanisms are: the quantum Zeno effect, the stabilization of unstable states in an external fast oscillating field (at the example of
Kapitza pendulum), and the algorithm called as the principle of whirligig. The common features of these mechanisms, as well as the
differences between them, are defined in the paper. In particular, it is shown that the stabilization of quantum systems is possible
without involvement of such a notion as the collapse of the wave function. For stabilization there is enough to have such a stabilizing
radiation flow when the Rabi frequency of transitions does exceed some frequency. This particular frequency is a magnitude inverse-
ly proportional to the lifetime of the state under stabilization. It is shown that stabilization of unstable states by impact of rapidly
oscillating forces occurs by non-self-consistent exposure, i.e. the dynamics of stabilizing field is independent of the dynamics of the
stabilized state. Stabilization with the principle of whirligig does occur by self-consistent forces, and thus, in many cases stabilization
by the use of the principle of whirligig can be more effective.

KEYWORDS: quantum Zeno effect, stabilization, Kapitza pendulum

KBAHTOBMIT E®EKT 3EHOHA, MASITHUK KAIIIIU TA ITPHHITATI I3UTW. TIOPIBHAJILHAN AHAJI3
B.O. by
Hayionanenuii Hayxosuti Llenmp «Xapkigcokuii Qizuxo-mexuivnuti incmumymy
eyn. Akademiuna 1, m. Xapxis, 61108
Xaprxiecvruil nayionanenutl ynieepcumem imeni B.H. Kapasina
61022, m. Xapxis, nn. Ceoboou 4, Ykpaina

JlaHo MOpiBHANBHUI aHAJI3 TPHOX MEXaHi3MiB cTabimizalii HeCTIHKUX cTaHiB (i3WYHUX cucTeM. LlumMu MexaHi3MaMmHu €: KBaHTOBHH
edext 3eHOoHa, CTabii3alis HECTIHKIX CTaHIB Y 30BHIIIHBOMY IIBHIKOOCIMIIIOIOYOMY ITOJI (Ha MpUKIal MasTHuka Kamimm), a Ta-
KO aJTOPUTM, SKHil OyB Ha3BaHMIT MPUHIUIIOM J3UTH. Bu3HaueHo 3araibHi pUCH IMX MEXaHI3MiB, a TAKOXX BIIMIHHOCTI MiXX HUMH.
30Kkpema, IOKa3aHO, IO cTabii3amis KBAaHTOBUX CHCTEM MOJKJIMBA O€3 3aydeHHs TaKOTO IOHATTS SK KOJIAIIC XBHIIEOBOI (YHKII.
Jlns crabimizanii JocTaTHRO, MO0 MOTIK CTAa0iIi3yI040ro BUIIPOMIHIOBAaHHS OyB TakuM, 1100 dactora Pabi mepexo/iB B boMy o,
OyIa o MOXKJIMBOCTI O1IBIIOK0, HIXK JIesika YacToTa. Lliero 4acToToI0 € BennurHa, sika 00epHEHO MPOIOpIIiifHa Yacy KHUTTS CTaHy, 10
crabimizyerscs. [lokasano, mo crabinizamis HECTIHKUX CTaHIB IIISIXOM BIUIMBY Ha HEl HIBHAKO OCIIMJIIOIOUMX CHII BiIOYBa€ThCS He-
CaMOY3TO/UKEHUM BIIMBOM, TOOTO IMHAMiKa CTa0ili3yl0duoro Hous He 3aJeKUTh Bl TUHAMIKM CTaHy, Mo cTabdimi3yerscs. Crabimi-
3alis IpU BUKOPUCTAaHHI MPUHIMITY J3UTH BiIOYBAETHCSA CaMOY3TOKCHUMH CHIIaMH. B pe3ynbTarti, B 0ararbox BHIIaAKax, cTabimiza-
15 3 BUKOPUCTaHHSIM IPHHIIMILY JI3UIY MOXe OyTH e(eKTHBHIIIOIO.

KJFOYOBI CJIOBA: xBanToBwHii edekt 3eHOHa, cTadimi3alist, MasTHUK Karim

KBAHTOBBII Y®PEKT 3EHOHA, MAATHAK KATIUIIHI ¥ ITPUHITAII FOJIbI. CPABHUTEJILHBIA AHAJIN3
B.A. Byu
HHI] «Xapvkosxuil puzuxo-mexuuneckuii uncmumym HAH Ykpaunory»
61108, Xapvros, Akademuueckas, 1; Xapvkosckuil Hayuonanvrulii ynusepcumem um. B.H. Kapaszuna
61022, Yxpauna, e. Xapvkos, ni. Ce0600vt 4, Yxpauna

Jlan cpaBHUTENBHBINA aHANMN3 TPEX MEXAHM3MOB CTAOMIIM3AIMU HEYCTOHUHMBBIX COCTOSTHUI (U3MYECKUX CHCTEM. DTHUMH MEXaHU3Ma-
MH SIBISIOTCS: KBaHTOBBIH 3¢ dekT 3eHOHa, cTaOMIN3alUs HEyCTOHYMBBIX COCTOSHUII BO BHEIIHEM OBICTPOOCHMIUIMPYIOIIEM I10JIe
(na mpumepe MasTHHKA Kammipr), a Taxoke anropUTM, KOTOPBIH ObUT Ha3BaH NMPUHIUIIOM [0kl OmpeneneHbl o0Imue YepThl STHX
MEXaHU3MOB, a TAKXKe Pa3Inuus MeX/Iy HUMH. B gacTHOCTH, MOKa3aHO, 4TO CTAOMIM3aIs KBAaHTOBEIX CHCTEM BO3MOXKHA 0e3 MpH-
BJIEUEHHMS] TAKOTO IMOHSATHS KaK KOJUIAIC BOJMHOBOHM (yHKImu. st cTrabmiusanuy JOCTaTOYHO, YTOOBI MOTOK CTAOMIM3HPYIOLIEro
M3ITydeHus ObUT TaKuM, YTOOBI YacToTa Pabu mepexonoB B 3TOM IT0JIe, ObLIa IT0 BOSMOXHOCTH OOJNBINEH, YeM HEKOTOpas 4acToTa.
DTOI 4acTOTOH SBJISICTCS BEJIMYMHA, KOTOPasi 00OpaTHO MPONOPIHOHANbHA BPEMEHH J)KU3HH CTa0MIN3UpyeMoro cocrosiHus. [lokasa-
HO, 9TO CTaOMIM3aIMs HEYCTOHUMBBIX COCTOSIHUM ITyTEM BO3ASHCTBMS Ha Hee OBICTPOOCHHIUIMPYIOLIEH CHIIBI IPOUCXOAUT HECAMO-
COTJIACOBAHHBIM BO3JEHCTBHEM, T.€. JUHAMHUKA CTAOMIM3MPYIOMIEro MO HE 3aBUCHUT OT JUHAMHKH CTaOMIN3UPYEMOTO COCTOSHHS.
Crabunu3anys Ipy UCHONb30BaHUN MPUHIUIIA I0JIBI IPOUCXOANT CAMOCOTTIACOBAHHBIMU CHJIaMHU. B pesynbrare, BO MHOTHX ClTyda-
SIX, CTAOMITM3aNus C UCTIOJIb30BAHUEM MPUHIIMIIA IOl MOKET OBITH 3 PEeKTUBHEE.

KJIIOYEBBIE CJIOBA: xBaHTOBBIH 3¢ ekt 3eHOoHa, cTadmIm3anus, MasTHUK Kanuist

©Buts V.A,, 2015
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KBaHTOBBII 3 pekT 3eHOHa U MeXaHM3M CTAOWIM3AIlMK MAasTHHKA C MEPEeBEPHYTHIM NoaBecoM (MasTHUK Karu-
HLI) — ABa U3BCCTHBIX MEXaHN3Ma, IMO3BOJIAIOIIUX, ITPU CO3JIaHNN yCHOBI/Iﬁ HX p€ajm3alnuu, caeiaTb yCTOﬁ‘IPIBbIMH nep-
BOHAYaJIbHO HEYCTOMYMBBIC CTAIlMOHAPHBIC COCTOSIHUS MHOTMX (u3mueckux cucteM. OOIIeH XapakTepHOH uepToi
9THX MEXaHH3MOB SIBIISICTCS HEOOXOAMMOCTH B OBICTPOM, HEPHOIUYECKOM BO3JCHCTBHU Ha HEYCTOWYHBOIO CHCTEMY.
Jst xBaHTOBOTO 3(h(eKxTa 3eHOHA ITO BO3JCHCTBHE 3aKITIOYAETCS B YaCTOM HAOJIOJICHNH 32 HEYCTOWYNBOW KBAaHTOBOM
cucreMoil. HeycTOHYINBOCTE BEPTUKAIHHOTO TIOJOKEHUS MaTeMaTHYECKOTO MAasTHAKA MOKET OBITh IMOJaBiIeHa OBICT-
PBIM M3MEHEHHEM IIOJIOKEHUS MOJBECa MAasTHHKA. JTO XOPOIIO M3BECTHBIC NMPHUMEPHI CTAOMIN3alNU HEYCTOWIHBEBIX
KBAHTOBBIX M KJIIACCHYECKUX CHCTeM. MOXHO C(hOPMyYITHPOBATh HEKOTOPBIN APYTOH adrOpUTM CTAOMIIM3AINN HEYCTON-
YUBBIX COCTOSHHHA. DTOT aJTOPUTM 3aKITI0YACTCA B TOM, YTO HEYCTOIUMBAs CHCTEMa BOBIIEKACTCS B HEKOTOPOE 00nOJ1-
HumenvHoe bvicmpoe nepuoouyeckoe NBIKeHNE. [Ipu 5TOM MOXKHO yKa3aTh Ha CBOMCTBA TOTO JBHKECHHUSA, KOTOPHIE
HEOOXOANMBI, YTOOBI CUCTEMA U3 HEYCTOWYMBOMW CTaia yCTOHUMBOH. OTMETHM, YTO pacCMaTpUBaeMblii aITOPUTM UMe-
€T MMPOCTOW M HArJISHBIN 00pa3, KOTOpbI 0TOOparkaeT HanboJiee BaXKHBIE XaPAKTEPUCTUKH 3TOTO aJITOPUTMA. DTUM
00pa3oM sBIIsieTCsl A€TCKasl UTPYIIKa — Iona. BepTukanbHoe mosioxkeHue 1oibl 0e3 BparieHus Heycroiuuso. [Ipnuem,
BpeMs ee TaJieHus (BpeMs KU3HU BEPTHUKAIBHOTO ITOJIOKCHHUS FOJIBI) MOKHO COIIOCTaBJISTH CO BPEMCHEM JKU3HU HEYC-
TOMYUBOTO cOCTOSHUSA. ECIu jke 10Ty MPUBECTH BO BpaIlCHHUE U TIEPHOJ STOTO BpaIIeHUs OyIeT 3HAYNTEIHHO MEHBIITHM
YeM BpeMs JKU3HU BEPTHUKAIBHOTO TIOJOKEHHUS, TO 3TO TON0KeHHe OyaeT ycroiauBsM. [1o ananmorun ¢ 3tum o0pazom
TaKOHW aJTOPUTM IOJABJICHUS HEYCTOWYMBOCTEH OBLT HA3BaH MPUHIUIOM (MEXaHH3MOM) ONBL. BHIHO, 94TO BCe TpU
MEXaHHU3Ma UMEIOT OOIIYI0 XapaKTepHYIO 4epTy — OBICTPOE MEPHOANYECKOe M3MEHEHHE XapaKTepPUCTHK CTAOMIN3H-
pyembIx cucteM. Mimerorcst, 0THaKo, U pa3nnuus. AHAJIM3Y TUX Pa3IM4YMi M MOCBsIEHa AaHHas pabota. Huxke, mpex-
JIe BCEero, paccMaTpuBaeTcsi KBaHTOBBIN 3¢ ekt 3eHona. Jlanee, Ha mpumepe MasTHHKA Kanuipsl, mpuBeieHO cpaBHEHNE
MIPUHIMIA OJIBI C MEXaHM3MOM CTa0WIM3allMd BO BHEIIHEM OBICTpOOCHMILIMpYIOIEM moje. OnpeaeneHo pasinune
9THX MeXaHM3MOB. OHO 3aKJIIOYaeTCs B TOM, YTO B NPUHIUIIE I0JIbI CTAOWIN3UPYIOIIee BO3MYIIEHUE SIBJISIETCSI CaMOCO-
TJIACOBAaHHBIM C JHHAMHUKOW CTaOMIU3HUpyeMoil cucteMbl. CTabmim3upyroliee BO3MYIICHAE B MasSTHHKE C TIEPEBEPHY-
THIM TIOJIBECOM SBIISICTCA HE3aBHCUMBIM. [loKa3aHO, 94TO B TeX CIIydasX, KOTJIa MOXKET OBITh HMCIIOJIB30BAH IPUHIIHII
IOJIBI, ATOT MEXaHM3M OKa3bIBaeTcs Ooiyee 2(PPEKTHBHBIM, YeM MEXaHH3M CTAOMIN3AIMH BHEUTHHM OBICTPOOCIIIIIH-
pytomum nosieM. Kparkoe omnrcaHue mpuMepoB KUCIIOJIb30BAHKS TIPUHIIKIIA FOJIbI JUTS CTAOUITU3AINU PA3IUIHbIX (HU3H-
YECKHX CHCTEM COJICPXKHUTCS B UETBEPTOM pasjienie. B 3aximoueHnn o0CyK1al0TCsI OCHOBHBIC Pe3yIbTaThl paOOoThI.

CTABMJIN3AILIAS KBAHTOBBIX CUCTEM. KBAHTOBBIN Y®®EKT 3EHOHA

KBantoBomy s dekry 3eHoHa nocBsIeHa 00mupHas uTeparypa. JlocTaTouHO BKIIIOYUTH HHTEPHET, YTOObI Hali-
TH Kak ONHMCaHue camoro 3Qdekra, Tak ¥ ONMUCAHHE HOBEHIINMX AKCIICPUMEHTAIBHBIX HaOMIOJACHUH 3TOoro 3¢ ¢exra.
31ech TOJIBKO OTMETHM, 4YTO B ocHOBE 3(dexTa 3eHOoHa nexar /Ba GyHAaMEHTAIBHBIX mpouecca: 1. HeskcrioneHun-
QJIBHBIN 3aKOH paclaja KBaHTOBBIX BO30YKAECHHBIX COCTOSHHH HAa MaJbIX MHTEepBajax BpeMeHH u 2. Kommanc BomHO-
BOM (YHKIIMH B Tporiecce m3MepeHns. Hmxke Mbl oOpariaeM BHUMaHKE Ha TO, 9TO MepBast pyHAaMeHTaIbHAs OCOOCH-
HOCTh KBAaHTOBBIX cHCTeM Oblia onucaHa eme B 1947 rony B.A. ®okom u H.C.KpsinoBeim [1]. BTopoii npomecc - mpo-
1ecc n3MepeHus (a, COOTBETCTBEHHO, KOJUTAIIC BOJHOBBIX (DYHKIIMIA) HE MOXKET OBbITh OMUCAH B paMKax TPaJULIUOHHOM
KBaHTOBOH MexaHuKH. OJHaKO /I cTaOMIIN3alMU HEYCTOWYMBBIX COCTOSIHUH, Kak OyJeT BUIHO HHXKeE, ITPOLECC H3Me-
peHust HeoOs13aTeneH. JlocTaTOUHO yuecTh HEKOTOPOE BHEIIHEE BO3MYIIEHHE, KOTOpoe OYyAeT JA0CTaTO4HO OBICTPO U
TIEPUOANIECKH TIEPEBOIUTH CUCTEMY M3 OJIHOT'O COCTOSIHHUS B Apyroe u ooparHo. Takoil mpouecc BIIOJHE OIMHUCHIBACTCS
B paMKax TPaJMIHOHHOW KBAaHTOBOW MeXaHWKH. [103TOMy HIDKe mporecc u3MepeHust (KOJUIaric BOJHOBOW (DYHKITNH)
MBI paccMaTpuBath He OyneM. OTMETHM, 9TO 4acTO MPOIECC BHEIIHETO BO3ACHCTBHUS, KOTOPHIA MEPEBOJUT CHCTEMY B
JPYTO€ COCTOSTHUE OTOXKIECTBIISIOT C IPOLIECCOM M3MEPEHHS.

B paborte [1] aBTOpHI MONMydnm 001Iee YHUBEPCATHHOE BBIPAKEHHUE IS 3aBUCHMOCTH BEPOATHOCTH HAXOXKICHUS
KBAHTOBBIX CUCTEM B HAYAIBHBIX (HCXOIHBIX) COCTOSIHUAX OT BpeMeHH ( L(¢) ). DTO BeIpa’keHHE N3BECTHO KaK TeopeMa

KpbuioBa — @oka u umMeeT BUA:
2
L(t):UW(E)'exp(—i-Et/h)'dE , (1)
rne w(E)- muddepenmmansaas QyHKIHS pacrpenesieHis] Ha9aJIbHOTO COCTOSHHS (TUTOTHOCTh (DYHKIMHU paciipeene-

Hus); w(E)-dE - DHEepreTHUeCKuid CIEKTP HAYaIbHOTO COCTOSTHHUSI.

ABTOpBI IPOBENHN JIOCTATOYHO MOAPOOHBINA aHAIU3 STOTr0 BhIpaKeHUs. OTMETUM HEKOTOpBIE U3 PE3yJbTaTOB, KO-
TOpBIE CIeNyIoT W3 aHanu3a BeipakeHus (1). [Ipexne Bcero, moj MoysneM B BbIpakeHHHU (1) CTOMT XapakTepucTHie-
ckas ¢ynkuums. Ilostomy ona orpanndeHa. bojee Toro, B HameM Ciay4ae OHAa MEHbIIE WM paBHA EAMHHIE

2 v o
(L(®) =| p(t)| <1). Eciu mioTHOCTh BEPOSTHOCTH SIBIISICTCS aOCOMIOTHO MHTETPUPOBAHHOM (YHKIIHMEH, TO JIETKO BU-
JICTh, YTO BEPOSTHOCTh Ha OCCKOHEYHOCTH cTpeMuTcst K Hy o (lim L(¢) — 0 ). Hanbosee HHTEPECHBIM SIBIISIETCS OCO-
t—o0

OEHHOCTb MOBEACHUS (PYHKIMU IpPU MaibIX BpeMeHax. DyHKIuIo L(f), KaK BCSAKYIO XapaKTEPUCTHUECKYIO (DyHKIHIO,

MOXXHO NMPEACTAaBUTL B BUAC psijia 10O MOMCHTaM:
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2

L(t) = Z(%) My} ®)

n=0 n!

n

3pecs M, = <E> = j E"W(E)dE .
OrpaHU4MBasICh TIEPBBEIMHU TPEMS CJIATAEMBIMU B CyMMeE ITPH MAJIBIX BPEMEHAX, ITOJTYIHM:

L(t) = 1—(%)2 ((aEY) 3)

rne AE=E-E,, M,=(E)=E,= [ Ew(E)dE.
910 BBIpAXKCHUEC COBHNAAACT C TCM BBIPAKCHUEM, UTO IMOJIYYCHO B pa60Te [1]

Hcnosib30BaHNEe MPUHIINTIA KOJIBI

Bripaxenue (3) onpenenseT BEpOATHOCTh HAUTH PacCMaTPHUBAEMYH) KBAaHTOBYIO CHUCTEMY B MCXOJHOM BO30YXK-
JICHHOM COCTOSTHHH IO UCTCYCHUH HEKOTOPOTo Maioro Bpemenu At . BuaHO, 4TO 3aKOH pacmaja mpu 3TOM HE SBIISCTCS
9KCIOHCHIMANBHEIM. ECITU MpeAnonoxuTh, 4To B MOMEHT BpeMeHH At << AE-#i Hag cucTemoil ObLIO TPOBEICHO
HabJto/IeHue (CHCTeMa BBIHYXKJIEHO NEpEBE/IEHa B HEKOTOPOE KOPOTKOkKMBYIIee (7, < At) HOBOE COCTOSHUE, U BEPHY-
JIaCh B UCXOJHOE COCTOSIHHE), TO BhIpakeHHUE (3) OmpeesnsieT BEpOSTHOCTh HAUTH CHCTEMY B MCXOIHOM COCTOSIHUHU.
[aree, eciu 110 UCTEYCHUU BpeMeHH 2-At Hall CHCTEMOM OMSATh MPOBECTH HAOIIOACHUE, TO BEPOATHOCTh HAXOXKICHHUS
€€ B HCXOJTHOM COCTOSIHHH OyJeT OTpeeNaThes ToH ke Gpopmynoii. [Iporecch pacnaga Ha KaKIOM U3 HHTEpBaIOB At
He3aBUCHUMEI. [103TOMY MOJTHAs BEPOSTHOCTh HAWTH CHCTEMY B HCXOJHOM COCTOSIHUHM OY/ET ONPENCNATHCS MPOU3BEIe-
HHUEM 3THX JBYX BeposTHocTeil. [Ipogoimkas 3T paccy IeHHsI, MOXKHO MOJYYUTh CIEIYIONIEe BRIPAXKCHUE JIJIS BEPOSIT-
HOCTH HAWTH CHCTEMY B MCXOHOM BO30YKICHHOM COCTOSIHUH 1m0 McTedeHnn Bpemenn T = N -At (N >>1):

N
L, = ]iZl[Wi ~exp(At/2T,), Aim Ly —>1, ()

rae Wi:[l—(Ati/TL)z}; T =nl <(AE)2>.

OTOT pe3yNbTaT COOTBETCTBYET KBaHTOBOMY 3¢ dekry 3eHoHa. Takum obpa3om, B padote [1] ctporo Obu1 moITy-
YeH OJIMH M3 JIBYX KIIIOUEBBIX PE3yJbTaTOB, KOTOPHIE JIE)KaT B OCHOBE KBaHTOBOTO d(dekra 3eHoHa. Uro kacaercs BTO-
poro pesyibTaTa - HeOOXOIMMOCTH TPOBE/IECHHS HAOIIOCHUS HaJl KBAHTOBOW CHCTEMOH (KoJularica BOJIHOBOH (yHK-
LIMH), TO 3Ta MPOLEAypa MOKET ObITH 3aMEHEHa NPOLEAYPOH, KOTOpasi He TpeOyeT BBIXO/a 32 paMKH TPaJWIMOHHON
KBaHTOBOM MeXaHWKH. JlefiCTBUTENBHO, €caM HEoOXOAMMO COXPaHUTh BO30YXIIEHHOE COCTOSHHE, HE JlaTh CHCTEMeE
pacmacThCsi, TO OJHON M3 BO3MOXKHOCTEH JOOMTHCS 3TOTO pe3yibTaTa (aHaJoT Ipolecca HaOIIOACHUS HaJl CHCTEMOI)
SBISIETCSI CO3/aHME YCIIOBHM, Korma (yHKOuMs W OymeT mperepneBaTh HEKOTOPBHIE H3MEHEHHS BO BPEMEHH
(w=w(E,t)). B kauecTBe mprMepa MOXKHO NPEACTABUTH, YTO IO ACHCTBHEM BHEIIHErO BO3MYLICHHS 3Ta DYHKIHUS

MIePUOUIECKH MEHSIETCS. B mpocTeiiieM cirydae oHa MOXKET BBITIISICTh CISAYIONUM 00pa3oM:
w,(E), te2n-At
w,(E), te(2n+1)-At

Bynem cuutaTh, 4TO Ha Ka)kKJOM BPEMEHHOM HHTepBaje Kaxaas u3 Gpynkuuit W,(E) abcomorHo HHTErpHpyemsie

w(E,t) = (5)

(GYHKIMH, a BEIMYMHBI CAMUX MHTEPBAJIOB MaJibl. Toraa BeposSITHOCTh HAWTH CUCTEMY B MCXOIHOM COCTOSIHMM Ha Ka-
JIOM M3 3THX MHTEpBaJIOB OyzaeT omnpenessitbes ¢popmyioi (3). OueBHIHO, YTO 3TH BEPOSTHOCTH HE3aBHCUMBI H, Kak
pe3ynbTaT, KOHEYHasl BEpOSITHOCTh OyneT onuchiBaThbest hopmyioit (4). Takum 00pa3oM, MBI MOJy4HUM PE3yJIbTAT MOJ-
HOCTBIO aHAJIOTUYHBIN pe3yNbTaTy KBaHTOBOTO 3 (eKTa 3eHOHa.

[None3Ho cpaBHUTH MMOIYYSHHBIE PE3YIBTATHI C TEMH, KOTOPBIE TOIYYAOTCs IPH COBPEMEHHOM H3JIO)KCHUH KBaH-
ToBOoro 3¢ddekra 3enona (cmorpu, Hampumep, [2]). OO03HaUMM HadYaIbHOE COCTOSHHE KBAHTOBOH CHCTEMBI

KaK|l//0> = |1//(t = 0)) , & €€ COCTOSTHHE B MOMCHT BpPEMEHH 1 - |1//(t)> . Mcnione3yst onepatop 3BOJIOLUH, BEIPAXKCHHE IS
|y/(t)> MOJKHO Iepenucarhb B Bnae|y/(t)> :eXp(—i|:|t/ h)|1//o>). Torpa amIumTyna BEpOSITHOCTH HAaWTH CHCTEMY B €€
HaYaJbHOM COCTOSHHH OYAET BBIPAXKAaThCs B BUIE CKAISIPHOIO MPOHM3BEACHHUS ITHX coctosHumit: A(t) :<W0|y/(t)>. C
Y4YETOM BBIPAXKEHHS VIS |://(t)> 3Ty aMIUTUTYy MOXHO IIEPEIUCaTh B BUAE:

At) = (w, |exp(=iHt / 1) |w,) .
COOTBCTCTBYIOHIEIH BCPOATHOCTH 06Hapy)KI/ITL HCCICAYEMYIO CUCTEMY B HCXOJJHOM COCTOAHUUN 6YI[€T HUMETH BU:

L) = |A®F =[(wo lexp(-iFit/m)|ys)| (1a)
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Bripaxxenue (1a) 3KkBHBaICHTHO BbIpakeHHUIo (1).
Ha manbix uatepBanax Bpemenu ( Ht / h << 1) 3KCIIOHEHTY y100HO pa3noxuTh B psia Teitiopa:

| (0)) = exp(=ifit | 1)y, ) = )~ it/ 7oy )~ (Bt 18) -y, ) /2.
OCTaBHM B 3TOM pﬂ[[y TOJIBKO HepBLIe TpI/I YJICHA. KpOMe TOI'O leTeM, qTO <l//0 |l//0> =1. Torﬂa JJIs1 aMHHI/ITyZ[I)I

BEPOATHOCTU U JJIA camoit BEPOATHOCTU MOKHO HAlIMCATh TAKUEC BBIPAKCHUSA !

1 A £ .
AW = 1=y Hlyo) = (v H i)
2

<‘/’0

L) =|A@[ =41~ Ti . (3a)

z

3necy T, =h/ A -BennunHa, KOTOpas MOIy4MIa Ha3BaHUE «BPeMs 3eHOHa», A = [(Wo |I:I : |!//0> —<l//0 |I:I | 7 >2 Jm .

®Dopmynst (1), (1a), (3) u (3a) sxkBuBaneHTHBL. HecMOTpst Ha WX PKBUBAICHTHOCTD JIETKO YBHICTH, UTO (hOPMYIBI
(1) m (3) comepsxaT Homee mpo3paynHble PU3NIECKHE TapaMeTpsl, 4eM hopmyrs (1a) u (3a). DT mapameTpsl, KOHEYHO,
ectb u B hopmynax (la) u (3a) ogHAKO, YTOOBI 3TO YBHUICTH - HY)KEH JOCTATOYHBINA OMBIT B COOTBETCTBYIOIINX BBIYKC-
JICHUAX.

[TosydeHHbIe BbIlIe OOLIME Pe3yNIbTaThl YKa3bIBAIOT HA CYLIECTBOBAaHHE OOIINX 3aKOHOMEPHOCTEH Tpolecca pac-
nana. OJTHAKO OHM OTHOCSTCS K IepexojaM, KOTOpPbIC BBI3BaHBI HYJIEBBIMH KOJCOAHUSIMH (CHOHTAHHBIC IEPEXO/IbI).
Jlnst ynpaBiieHHsl STUMH TPOLIECCaMH Ba)YKHO 3HATh OCOOCHHOCTH IpOIiecca pacliaia, KOTOpble WHIYyIUPOBAaHbI BHEIII-
HHUM Bo3MylieHneM. Hike paccMoTpeHbl 0cOOCHHOCTH MHIYLIMPOBAaHHBIX IIEepexoa0oB. BHuManne Oyzxer obpaieHo Ha
T€ OCOOEHHOCTH TaKHX IEPEXOJ0B, KOTOPHIC IMO3BOJIIOT HMCIONIB30BAaTh MX JUIS YNPABICHUS INPOLECCAMU pacIaja.
[Ipexnae Bcero, paccMOTpUM ABYXYPOBHEBYIO cucTeMy. HyneBoi ypoBEHb COOTBETCTBYET CTAI[MOHAPHOMY, HEBO3OYX-
JICHHOMY COCTOSIHUIO. [IepBBIii ypOBEHb COOTBETCTBYET BO30YXKAECHHOMY coCTOsSHHIO. [lycTh, Temeps moxa neiicTBreM
PE30HAHCHOTO BO3MYILIEHHSI paccMaTprBaeMasi KBaHTOBas CUCTEMa MIEPEXOMT C HYJICBOTO YPOBHSI Ha TIEPBbIil U 00pat-
HO. Kak u3BecTHO, B paMKax TEOPHH BO3MYILEHUI TaKOH MPOLIECC OMMCBHIBACTCS CIIEyIONIeH POCTOi cucteMoi and-
(epeHIMaNbHBIX YPaBHEHUI:

i-h-Ay=Vy A i-h-A =V, 4, (6)
rae A, - KOMIUIEKCHBIE aMIUTUTY/bI BOJTHOBBIX (DYHKIIUH.

MatpuuHble 21eMeHThl B3auMozeiictBus V,, u V,,, B o0LIeM ciydae, 3aBUCST KaK OT CTPYKTypbl paccCMaTpHUBac-

MO KBaHTOBOH CHCTEMBI, TaK M OT XapaKTEPUCTHK BO3MYIIEHUs. B mpocTeimmx ciryqasx MX MOXHO CYMTATh PaBHBI-
MH, [TOCTOSTHHBIMU U JeHCTBUTENbHBIME. [IycTh, B HaUaNbHBIII MOMEHT BPEMEHH KBaHTOBAs CHCTEMa HaXOIMTCS B BO3-
Oy>KIEHHOM CcOCTOSTHUHU. Tora peeHusiMu ypaBHeHui (6) OyayT GyHKImH:
A4 =cos(Q-t), A4, =sin(Q-1), (7)

rae Q =V /h-4acrora Padu.

Y no6HO 115 AajbHeinero Bech nHTEpBai BpeMeHn 1 =27 /) pa30uTh Ha HEOOINBbIINE BPEMEHHbBIC HHTEPBAJIBI
At =T /n . IlycTh, B MOMEHT BpeMEHH Af KaKUM-TO 00pa3oM MO>KHO OIIEHHTH ITOJIOKEHHUE N3ydaeMOi CUCTeMBI. Be-
POSITHOCTB TOTO (haKTa, YTO OHA 3a BpeMsi Af He mnepeisieT u3 Bo30YKJICHHOI0 COCTOSHHS B OCHOBHOE Oy/IeT paBHa:

2
w(At) = 1—(Q . At) . )
OTO0 BBIpa)KEHUE MPAKTHUUYECKH COBMajaeT ¢ BeIpakeHHEM (3). Ilo mcTedeHuH cienyroulero MHTepBana BpeMEeHU

At MOXXHO CHOBA NPOBECTH aHAIM3 CHCTEMbl. BeposITHOCTH OOHapy)KeHHUs! ee B IEpBOHAYAIBLHO BO30YXKIECHHOM CO-
CTOSTHUM OYJEeT ONpeneniaThest POPMYIIOi:

w(2-an = (1-(Q-ar)') )

Taxas ¢popmyia oTpaxaeT (pakT HE3aBUCUMOCTH KBAaHTOBBIX IIEPEXOA0B B KaX/IOM M3 BPEMEHHBIX HHTEPBAJIOB Af .
B xoHeuHOM cuere, 1ocie 0OJBIIOro Yucia U3MEPEHHH BEPOSITHOCTh HAaX0XKACHHSI CUCTEMBI B BO30YKI€HHOM COCTOSI-
HUH BBIPA3UTCS (HOPMYJION:

w(n~At):(1—(Q~At)2)n, lim w(n-Ar) =1. (10)

TaxuMm 006pazoM, mporiecc HaOMIOACHUS 32 BO30YKJICHHON CHCTEMOW He JIaeT 9TOH cucTeMe MepedTH U3 NCXOHO-
T0 BO30YX/ICHHOTO COCTOSIHUSI B KaKOE-TIMO0 APYroe cocTosHUE. DTOT (DakT, TAKKe Kak W BhIpakeHue (4), coCTaBIseT
cojiepkaHne KBaHTOBOTO 3(h(ekxTa 3eHoHa. B maHHOM ciydae /Ui HHAYIMPOBAHHBIX MPOILIECCOB.

Cremyer 3aMeTHTh, YTO NPU HAINYUH BHELTHETO BO3MYIIEHUSI OCHOBHOE COCTOSTHHE (COCTOSIHUE CHCTEMBI HA HY-
JIEBOM YPOBHE) TaK)Ke ABJSIETCS HEYCTOWYMBBIM (BO30YXKICHHBIM). JIETKo MOKa3aTh, YTO 3TO COCTOSIHUE TAKKE MOXKET
OBITH COXpPAHEHO IMyTeM HAOMIOACHUS HAJl CHCTEMOI.
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Beriie He obcyxpaics caMm crabunmsupyromuii nporecc. Paccmorpum ero. IIpouecc u3mepenus oocyxaars He
OyneMm, a BBelleM B PACCMOTPEHHE KPOME JECTaOMIM3NPYIOIIEro BO3MYIIEeHus 100aBoYHOe Bo3MymieHne. Hike moka-
XKEM, 4TO TP ONPEICICHHBIX XapaKTEePHCTHKAX 3TOT0 JO0OABOYHOIO BO3MYMIIECHHS (€0 MOJKHO Ha3BaTh CTAOMIN3UPY-
IOIIMM BO3MYIIIEHHEM) OHO MOJKET UTPATh POJIb Ipolecca u3MepeHust. [l onpeneneHus XapaKTepUCTHK 3TOTO CTabH-
JM3UPYIOIETO BOZMYIICHUSI pACCMOTPHM MHOTOYPOBHEBYIO KBAHTOBYIO CHCTEMY, KOTOpasi ONHCHIBAETCS TaMUIBTOHH-
aHOM:

H=H,+H,(t) . (11
Btopoe crnaraemoe B IpaBoOi YacTH OMUCHIBAEeT Bo3MylleHUe. BonHoBas ¢ynkmus cuctemsl (11) momauaseTcs

ypaBHeHuio LllpenuHrepa, pemenue KOTOporo OyneM HCKaTh B BHIE psAAa MO COOCTBEHHBIM (DYHKIHSM HEBO3MYIICH-
HOM 3a7a4u:

w(t)=2 A1)-¢, exp(iot), (12)

rnew, =E, /1h;

.0 -
in g:n :Ho(Pn :En'q)n'

IoncraBum (12) B ypaBHenue lllpenunrepa 1 0OBIYHBIM 00pa3oM TOJyYHM CHUCTEMY CBSI3aHHBIX YPaBHEHUH IS
HAaXOXKAEHUSI KOMILUICKCHBIX aMILTUTYH A, !

in-A =3 U,.() A, (13)

rae Uy, = [ g - Hy (1), -exp[i-t-(E,~E,) /7] -dg.
Paccmotpum Hambonee mpocToil ciydait OMrapMOHHYECKOTO BO3MYIICHUS ﬁl(t) :Lj0 -exp(icuot)+L]l -exp(iot) .
Toraa MaTpUYHBIE SJIEMEHTHI B3aUMOICHCTBHUSI IPHOOPETYT CIACAYIOLIEe BRIPAKEHHE:
Unp =V eXpfi-t-[(E,—E,) [1+QT}, VY, =g Uy g, dq, Q={og.e} . (14)
PaceMoTpuM uHaMuKy TpexypoBHesoit cuctemst (|0), [1),|2)). Bymem cumrath, 9T YacTOTa BHEIIHETO BO3MY-
IICHUS U COOCTBEHHBIC 3HAUCHHMS SHEPIHil 9TUX YPOBHEH YAOBICTBOPSIOT COOTHOIICHUIM:
m=1,n=0, heo,=E -E;; m=2,n=0 Ww,+w)=E,-E,, hwo =E,—E, . (15)
Coornomenus (15) yka3pIBaloT Ha TOT ()aKT, YTO YAaCTOTA (J, BHEIIHETO BO3MYLIECHH SBJISIETCS PE3OHAHCHOM JIst
HEepexXo0B MEX/Iy HYJICBBIM M HEPBBIM YPOBHSIMU, a YaCTOTA ) SIBISETCS PE3OHAHCHOM IUIS IEPEXOJ0B MEXAY Iep-
BBIM M BTOPBIM YpOBHsIMU. VICTIOIB3ys 3TH cOOTHOMICHUS B cicTeMe (13), MOKHO OrpaHU4UTHCS TPEMsT YPABHEHHUSIMH:

A=A, TA=A+uA, A =pA (16)
Cucremy ypaBHeHuit (16) npencTaBUM B HECKOJIBKO JIpyrOM BUJIE:
A+Q°A=0, A=A, iA=uA , (16a)

rme Q° =1+ %)

CxeMa SHepreTUYeCKUX YPOBHEH IPU 3TOM IIPEACTABICHA HA PUCYHKE 1.

B (16) st mpoctotst u ynobersa nonoxwwn V,, =V, ; Vo=V, A =dA/dr, 7=V, -t/%.Kpome Toro,
BBezieH mapamerp u =V, V.

12

ho,

ho

10)

Puc.1. Cxema 3HepreTuuecKux ypoBHeH

IycTb, B HaYanbHbIH MOMeHT BpeMenH (t =0 ) paccmarpuBaeMasi KBAHTOBasI CHCTEMa HAXOUTCS Ha TIEPBOM, BO3-
OyXIeHHOM ypoBHE. Torma, Kak JeTKO BUACTh, PEIICHUIMH cUCTeMEI (16) OyayT QpyHKITHH:
1 . .
Aozzsm(fz-t), A =cos(Q-t), A =-isin(Q-t). 17)
I .
W3 pemenus (17) cnenyer, 4to yem Oombire OyaeT mapaMmerp AL, TEM MEHBIIE OyIeT BEpOSTHOCTb, YTO CHCTEMa
13 BO30YXKJICHHOTO COCTOSIHUS IIepelieT B HeBO30YXICHHOE, CTallHOHApHOE cocTosiHMe. ClielyeT HECKOJIBKO CIIOB CKa-
3aTh 0 mapamerpe 4 . PU3NYecKu ITOT MapaMeTp ONpeAeIsIeT OTHOIICHHE YKCiIa KBAHTOB HU3KOYAaCTOTHOTO BO3MYILE-
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HUS, KOTOPOE OTBETCTBEHHO 3a MEPEXO0/Ibl MEX/Iy MEPBBIM U BTOPHIM YPOBHSAMH K YHCITY KBAHTOB BBICOKOYACTOTHOTO

BO3MYIIEHUS, KOTOPOE OIPEAEISIeT IIePEeX0 bl MEXKAY TEPBBIM U HYJIEBBIM YPOBHsAMU. YeM OoJiblne OyAeT 3TO OTHOIIIe-

HUE, TEM MEHbIIE Oy/IeT BEPOSITHOCTh TOT0, YTO BO30YKJICHHAsI CHCTEMA TIEpeiIeT B HEBO30YKICHHOE COCTOSTHHE.
OOparuM BHMMaHHWe, 9TO cucteMa ypaBHeHuH (16) TpeTbero mopsiaka, a cucrema (16a) — uerBeproro. B pesyib-

TaTe, €CIM MBI OyZeM pelaTh 3aJa4dy ¢ HAYadbHBIMH YCIOBUSIMHE |A0(0)|2 = 1,|A1(0)| =|A2(0)| =0, T.c. B HAYAJIbHBIN

MOMEHT BPEMEHH CHCTEMa HaXOJHUTCS B OCHOBHOM HEBO30Y’KIAEHHOM YPOBHE, a OBICTPYIO JMHAMHKY COBEPINAIOT TE
YPOBHH, Ha KOTOPbIE CHCTEMA M3 UCXOJHOIO YPOBHS JOJDKHA MEpEeUTH mox BausHUEM BHewHero BU-so3mymienus. B
9TOM CITydae 3aIluIlieM perreHne cucteMs (16) B Buze:

A =a-exp(i-Q-t)+b-exp(—i-Q-t) .

VYurem HauanbHble yenoBus st A4, (4,(0) =0). Torna pemeHusiMu cucteMsl ypaBHeHui (16) OyayT GyHKInM:
A =a-[exp(i-Q-1)—exp(=i-Q-1)], 4,= —%{exp(i-Q-t)+exp(—i~(2~t)]+C0 ,

4, =—%~[exp(i-§2ot)+exp(—i~Q-t)]+Cz.

VYV Hac okazaioch TPU KOHCTAHTBI a,CO,CZ 1 TOJIbBKO ABa HEC MCIOJIb30BAHHBLIX Ha4YaJIbHBIX YCJIOBUA. Takoe mo-

JIO’KEHHE BO3HUKIIO M3-3a TOTO, YTO BTOPOE yPABHEHHE MEPBOTO MOpsKa B cucTeMe (16) 3aMEHUIN TIEPBBIM yPaBHEHHU-
eM cuctemsl (16a), KOTOpOE SBISETCS ypaBHEHMEM BTOPOro Mopsiika. [109ToMy KpoMe HaualbHBIX yCIIOBHi HEOOXO/IH-
MO, YTOOBI MOJTy4EHHBIE PENIEHHS! YIOBJIETBOPSIIM EIIE U BTOPOMY YpaBHEHHUIO chcTeMbl (16). VI3 HaYaIbHBIX ycIOBHit
Oy YnM:

C,=1+a/Q C,=(a-u)/Q

[Torpedyem, 4TOOBI MOJTyYEHHBIE PELLICHUS YIOBIETBOPSIIN YPAaBHEHHIO i/ll =A,+uA,.
Ortcrofa HaxoauM  Clieyolyro cBssb Mexay noctosuusiMia Cy u C,: Cy+4-C, =0 wm 1+a/Q+(a-u)/Q.

B pesynbrate, HaxoauM 3HaYEHUE MOCTOSIHHOW a: a =—1/Q.
OKOHYATEITHHO BRIPAKEHUS I aMIIUTY/I BOTHOBBIX (DYHKINH MPHOOPETAIOT BUA:

4= —(2i/Q)sin(Qt) , 4, zl—é[l—cos(ﬂt)] , 4, :%[l—cos(Qt)] . (17a)

W3 Buna pemennii (17a) caenyer BaKHBIH M HECKOJIBKO HEOXXHUAAHHBIA pe3ysbTar. OH 3aKJII0YaeTcsi B TOM, YTO
ecnu mapamerp 4 OyaeT OONbIIMM, TO HECMOTPS Ha TOT (DAaKT, 4TO BHEITHEE CTAOMIM3HUPYIOIIee BO3CHCTBHE HE OKa-

3bIBACT BIIMAHNA HA OCHOBHOC COCTOSIHHUE CUCTEMBI, OTHAKO 3TO COCTOAHHUEC OKa3bIBaACTCsI yCTOfI‘{PIBBIM. Takum 06p3.30M,
OKa3bIBACTCA BO3MOXXHBIM CTa6I/IJ'II/ISI/IpOBaTB HGyCTOﬁ‘IHBBIG COCTOSAHHA KBAHTOBBIX CUCTEM HC TOJIBKO, ﬂeﬁCTByﬂ Ha TC
COCTOSAHHA, B KOTOPBIX HAXOJUTCSA KBAaHTOBasg CUCTEMA, a, )Z[CIZCTByH TOJIBKO Ha T€ COCTOSAHHA (/:[enaﬂ UX TWHAMHYCCKH-
MI/I), B KOTOPBIC CUCTEMA N0JKHA HepeﬁTH.

CPABHEHUE MEXAHW3MA CTABUJIM3AIIMA HEYCTOWYMBHIX CUCTEM B
BBICTPOOCHW/VIMPYIOUIEM MOJIE C MIPUHIIUIIOM FOJIbI
Oo0mmue coodpaxenus

BprickaxxeM BHawasie KpaTKO HEKOTOPBIE OOIIHE cOOOpaKEHUsI, KOTOPBIE MO3BOJISIOT MOHATh MEXaHU3M CTaOMIIH-
3aIl1M, KOTOPBIM Mbl Ha3bIBAEM MEXaHM3MOM CTAOMIM3ALUH 016l B ogaBistonieM OOIBIIMHCTBE CIIy4aeB HEYCTOWIH-
BBI€ COCTOSIHUS TMHAMUYECKUX CHUCTEM JIOKAJILHO XapaKTEePU3yOTCs 0COOBIMU TOUKaMu Tumia "ceanno". HeycToluuBeie
y371bI U (OKYCHI BCTPEUArOTCA 3HAUUTENBHO pexke. [loScHNM Ha mpuMepe HeyCTOMYHBON TOUKM THIa "cemno', Kak Ta-
Kast oco0asi Touka MOXKeT ObITh TpaHC(hOpMHUPOBAHA B LM THYECKYIO TOUKY (B TOuKy Tuna "tentp"). dazoBbie mopt-
pPEThl OKPECTHOCTH CEJUIOBOM TOYKHM ITIPEJCTaBICHbI Ha pUCyHKaX 2-4 . YpaBHeHHs: Ha (Pa30BOH IUIOCKOCTH, KOTOpPbIE
OITUCHIBAIOT IMHAMUKY (Pa30BBIX TPACKTOPHI B OKPECTHOCTH CEIUIOBOM TOYKH, UMEIOT BUJL:

Xo=7-% X =7X. (18)

Puc.2. ®a3oBb1il noprper B okpectHO-  Puc.3. ®a3oBblil noprper B okpecTHO-  Puc.4. ®a30Bblil HOPTPET B OKPECTHO-
cTu ocoboi Touku Tuna "cemio” cTH 0c000i ToukM THIA "ceyio” CTH 0cO00H TOYKM THHA "HEeHTP"
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B OonbIIMHCTBE peanbHBIX CIydaeB KakIas M3 3aBHCUMBIX IIepeMEHHBIX ypaBHeHui (18) mpencrasnser coboii
KaKyl0-TO XapaKTepUCTHKY COOCTBEHHO CTeneHH cBOOObI M3y4aeMoOl AMHaMUYecKol cucteMsl. Hampumep, 310 Mo-
I'yT OBITh KOMIUIEKCHBIE aMIUTUTY bl HEIMHEHHO-B3anMOIeHCTBYOIMX BoIH. [ToaToMy B 3T0i1 pabote Oynem cuurars,
YTO KaXJ[0€ TaKOE€ ypaBHEHHE MEPBOTO IOPS/IKA OMUCHIBACT OJHY M3 CTETIEHEH CBOOOABI M3ydaeMbIx cucTeM. IIycTs,
TeTephb Iepel HaMU CTOMT 3aJada, YTOOBI OKPECTHOCTh CEUIOBOI 0C000 TOUKM IpeoOpa3oBaTh B OKPECTHOCTD, KOTO-
pasi COOTBETCTBYET yCTOMYMBON 0cO00M TOUKE, HAIPUMEp, SIUTUNTHIECKOI Touke (puc. 4). J{Ist 3TOro MOXKHO ITOCTY-
IIUTh TaKUM 00pa3oM. BBexem B Hamly M3y4aeMylo CHCTEMY AOMOJHHUTENIBHYIO CTETIEHb CBOOOIBI, KOTOpas CBS3aHA C
OJTHOW W3 cTemeHel cBOOOMBI M3ydaeMOH HEyCTONYMBOW cHCTeMEI. [IpocTeiimas Moaens, KoTopas OyAeT ONHCHIBAThH
JMHAMHKY CUCTEMBI B OKPECTHOCTH CEIUIOBOM TOYKH HPH TaKOH MOJAM(UKALMU CUCTEMBI, OY/IET OTINYAThCS OT ypaB-
HeHust (18) Tonbko 100aBIEHHEM €llle OJJHOTO YPABHEHHUSI:

Xg =V X +0 X5 X=X X =—0X. (19)
3neck B oTimuune OT (18) MBI BBENTH IOTONHUTENHHYIO CTETIeHb cBoOOOAbI. [Ipuduem, 3Ta HOBas CTEeHb CBOOOIBI
CBsI3aHa C OJTHOM W3 CTeTeHel CBOOOIBI UICXOHON CHCTEMbI K03 pummenTom o .
Cuctema ypaBHeHus (19) sxBUBaJICHTHA YPaBHEHUIO IUHEHHOTO MasiTHUKA:

G 2 2
%+(8%=7%)% =0 . (20)
N3 ypaBuenus (20) cpa3y BHIHO, YTO KaK TOJBKO KOI(PPHUIMEHT, OMMCHIBAIONTNH CBSA3h MEXKIY CTCTICHSIMH CBOOO-
Iibl, OyJeT OOJIBIINM, YeM UHKPEMEHT HEYCTOHUYHBOCTH (& > ¥ ), HEyCTONUMBAsI CE/ATIOBasi TOUKA MPEBPATUTCS B AIUIUII-

THYECKYI0 TOYKy. Da30Boe NMPOCTPaHCTBO, MPENCTaBICHHOE HA pUC. 3, cTaHeT (a3oBBIM MIPOCTPAHCTBOM, IIPEACTAB-
JICHHOM Ha pHc. 4.

OTOT NPOCTOI aNTOPUTM NEpeBO/ja HEYCTONYMBOI CEAJIOBOM TOUYKH B JJUIMITHYECKYIO TOYKY XOPOILIO XapaKTepH-
3yeT NPUHLUI [OJbl. JIeHCTBUTENIBHO, €CIM MBI HE BBOJMIIM JIONIOJHUTEIBHYIO CTeNeHb cBOOOBI, TO HAllla CHCTEMa
Obu1a HeycToituMBOIl (to1a manaer). IIpuuem, Bpemst pazButus HeyctouuBocTd (T ~1/y ) MOXKHO OTOXAECTBUTH CO

BpEeMEHEM IaJIeHUs 10JIbl. BKiIIOYeHHe JOIOJIHHUTEIbHON CTENEeHH CBOOOIBI, KOTOpask CTAOMIN3UPYET HAIly CHCTEMY,
AQHAJIOTMYHO HAJIMYHIO BpanieHus ol bonee Toro, B 00pase 10116l HMEIOTCS HE TOJIBKO KauyeCTBEHHBIE aHAJIOTUH, HO
KOJIMYECTBEHHBIE. [leHiCTBUTENBHO, YTOOBI BEPTHUKAJIBHOE IOJIOKEHHE FOJIBI OBUIO YCTOHYHMBBIM, HEOOXOIMMO, YTOOBI
TIEPHO]T BpalleHUs] OBUI MEHBIIINM BpeMeHH najaeHus. B Hammx moxmemnsx (cMm. ypaBaerue (20)), 9ToObI cuctema crana
YCTOWYHMBOW HaM TaKKe HEOOXOAMMO, 4TOOBI K03(h(hUIIMEHT CBA3U OBLT OOJIBIINM HHKPEMEHTA HEYCTOMIMBOCTH O > ¥ .

Bornee Toro, eciim MHKpeMEHT HEYCTOHYMBOCTH PaBeH HYIIO, TO cucteMa ypaBHeHuit (19) wuu (20) onuckiBaeT npocTo
KoneGauust ¢ yactoroit & =27 /T, . Takum 06pa3om, UMeeTcsl KaYeCTBEHHAs! M KOJIMYECTBEHHAs aHAJIOTHS paccMaTpH-

BaeMOT0 MeXaHW3Ma CTAOMIIM3alliY C MEXaHU3MOM CTaOWITM3aI[iH BEPTUKAIBLHOTO TTOJIOKESHHSI FOJIBI.

Craemaem cremyromiee 3aMedanre. MBI IPUBBIKIN K TOMY, YTO YBETMUYEHUE YHCIIa CTEIICHEW CBOOOABI N3ydaeMoi
TUHAMAYECKON CHUCTEMBI MPUBOIUT K 0OJI€e JKECTKHM YCIOBHSAM IS peai3alli €€ YCTOHYMBOTO cocTosHHS. Jlei-
CTBUTEJBHO, MyCTh Hallla (pU3HyYecKasi CHCTEMa OMUCHIBACTCS CICAYIONICH CHCTEMON YpaBHECHUI:

Z =F,(Z1 . (21)

XapakTep yCTOHYMBOCTH 3TOM CUCTEMBI B BRIOpaHHOM ToYke (ha30BOro MpOCTPaHCTBA Z, ONUCHIBAETCS JIUHEHHOI

CHCTEMOH ypaBHEHUH, KOTOpas OMUCHIBAET AMHAMUKY MaJbIX OTKJIOHEHUH X =7 —Z, .
X=AX . (22)
Bo MHOTHX citygasx KO3 GHUIIMEHTH MaTPUIBI A MOXKHO CUMTATh IIOCTOSHHBIME BeTHYWHAMH. Torma s ompe-

JIeTICHHsI XapakTepa 0co00¥ TOUKH, B KOTOPOM HamrcaHa cuctema (22), Mbl IOJDKHBI HAWTH KOPHU XapaKTePUCTHIECKO-
IO YpaBHEHHUSL:
det(A—2-1)=0; A"+ A" +,A" 2 +..+a, A+a, =0 . (23)
Kpurepwuii Payca-I'ypBuma yTBepxaaeT, 4To 4eM BEIIIE MOPSIOK paccMaTpuBaeMbIX ypaBHeHUi (22) u (23), Tem
TPYJIHEE YIOBICTBOPHUTH YCIOBUSIM PEaH3al[ii YCTOMYMBOM TUHAMHKH 3TON CHCTeMbl. B MpHBEACHHOM HaMHU BBIIIE
MpUMepe Mbl YBEJIHUYHIIN YUCIIO CTeneHed cBo0oabl. Ho n00Mnuch npsiMo MPOTHBOIIOIOKHOTO pe3yibrara. MoKeT mo-
Ka3aThCs, YTO ATO UCKIIOYUTENbHEIN ciydait. OmHako 310 He Tak. Hmwke u 6onee moapoOHo B padorax [3-8] Obuio
[MOKa3aHO, YTO BBEJCHHE JOMOJHUTEIBHONH CTEMEeHH CBOOOABI B 3HAYUTEILHO OOJiee CIOKHBIX CHCTEMaX TaKHX,
HATPUMEP, KOTOPBIC OMKCHIBAIOT CTAOMIN3AIIUIO TIOTOKOB U3IYYCHHUS B TUIA3ME, BBEJICHUC TAKOH JIOTOHUTEIBLHOMN CTe-
MIEHU CBOOOIBI TAKXKE MOTJIO TPUBOIUTH K CTAOMIU3AI[MH HEYCTONYUBBIX COCTOSHUMA. DTOT PE3ybTaT, MOXOKE, SBIIS-
€TCsl IEMOHCTpalUeil MPUHIMIA MOAYMHEHUS! AMHAMUKY CUCTEMBI IapaMeTpam nopsiaka [8].

CpaBHeHMe NPUHLMIA 10J1bI ¢ MaATHHKOM Kanuubl
PaccMmoTtpeHHbIe BbIIe KBaHTOBBIM 3¢ (GeKT 3eHOHA U IPUHIMII FOJIbI, COEPXKAT B ceOe OCHOBHOM 3JIEMEHT, KOTO-
PBIi 3aKITIOYAETCsl B TOM, YTO NMPOHMCXOMAAT OBICTPhIC M3MEHEHUS KAKHX-TO XapaKTEPUCTHK CTAOMIM3UPYEMBIX CHCTEM.
OTa 0cOOEHHOCTh HAIIOMUHAET OCOOCHHOCTH, KOTOPBIC XapaKTEPHbI I THHAMHUKH YaCTHIl B OBICTPOOCIIUIUPYIOLIEM
nosxe. Hambonee mpocToii anropuT™ ONMHMCaHMs OBIDKCHUS CHCTEM B TAKHMX MOJIAX ObLT mpetokeH Kamumeit npu ana-
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JIM3€ JMHAMHUKH MaTeMaTHYeCKOro MasTHHKA, TOUKa IojBeca Kotoporo Obictpo ocummiupyet [10,11]. Dror npumep
COZIep>KUT HauboJIee BaKHbIE OCOOCHHOCTU JUHAMHUKH CUCTEM B OBICTPOOCLMIUIHPYIOLIEM T10TIE.

Bocronb3yemest 3Toi poCTOi MOJIENBIO TS CPAaBHEHUSI MEXaHM3Ma CTaOMIIN3alMy IMHAMUKHI CUCTEM B OBICTPO-
OCHWUTMPYIOIIEM IT0JI€ ¥ TIPUHIUIIOM oJIbl. HaiiieM XapakTeprcTHKH, KOTOPBIE SIBISIOTCS TIOXOXKHMH, a TAKXKe Te Xa-
PaKTEPUCTHKHU, KOTOPBIC OTIMYAIOT 3TH JIBA MEXaHNW3Ma CTaOMIIH3alliH.

[Ipexne Bcero, onmIIeM KpaTKO JMHAMHUKY MAaTEMaTH4YeCKOTO MasTHHKA, MapaMeTpbl KOTOPOTO HMPETEpIeBaroT
ObicTphle ocnmnTAnuK. [Ipn onmcaHny TakoW TUHAMHUKH OyJeM MOJIb30BaThCs aITOPUTMOM, KOTOPBIHA ONHCAaH B KHUTE
Jlarmay [12]. YpaBHeHHE, KOTOPOE OMHCHIBAET TAKOI MaTeMAaTHIECKUN MAasgTHUK, IMEET BUJI;

56+(Qz+gcos(a)~t))sinx:0 . (24)

B ypaBuenuu (24) Q - coOcTBeHHas 4acToTa MaJIbIX KOJeOaHUI MasTHHKA; @ - 4acTOTa OBICTPBHIX OCHMJUISIIHNA
rapaMeTpoB MasTHHKA. B gacTHOCTH, 3Ta 4acTOoTa MOXKET OBITH YaCTOTOW M3MEHEHHS MOJIOKEHHS TOUKH TI0/IBECa Ma-
TEMaTHYECKOT0 MasTHHUKA. [Ipearnonaraercs, 4To 3Ta 4acTOTa 3HAUYUTEIHHO OOJIbIIIE COOCTBEHHON YaCTOTHI MasTHHUKA
(0>>Q=2x/T). Ans1 nanpHEHIIEr0, yI00HO NEpeiTH K HOBOM HEe3aBUCUMON nepeMeHHoi 7 = Q¢ . Torma ypaBHeHne
(24) MOXHO TIepenrcaTh:

jc'+(1+qcos(a1N -r))sianO, (25)
me- g=¢/Q°, o,=w0/Q>>1.

Crenys [12] , ypaBHeHue (25) 3anuineM B BUjE:

)'c'=—d—U+f(x,t), (26)
dx

du . .
rore —=sinx f(x,f)=—g-cosw,r-sinx.
dx
Jlanee mpejcTaBMM 3aBUCHMYIO TEPEMEHHYIO B BHJE CYMMBbI MejieHHOMeHsomecst ( X (¢) ) u ObICTpOMEHSIFO-

mieiics (£(¢) ) Bemmumnbl: x(¢) = X (¢)+ £(¢) . [lomcTaBuM 3TO BEIpakeHHe B ypaBHeHHE (26). Byaem cunrath, 9TO OBI-

CTPOMEHSIOIIASICS BEJIMUMHA Majla IO CPABHEHUIO ¢ MEJICHHOMEHSIOLICHCS BeIMUNHON. Pa3noxuM QpyHKINUHU, BXOMS-
IIMe B TIpaBylo 4acTh ypaBHeHus (26) B psin Teinopa B okpectHocTH GyHKIMK X (7). OrpaHUYMBasCh MEPBBIMU HEHC-

Ye3al0IMMH WICHAMH TOT0 PA3JIoKEHHs], ypaBHEHHE (26) MOYKHO Mepenucarh B BUJC:
X+ f(t) = —[(22 sin X + EfcosX~cosa)t}—gsinX'coscot—Q2 cosX-&. 27)
[TpuMeHNM K JICBOW W TIPAaBOW YacTSIM ypaBHEHUS (27) mpoueaypy yCpeIHEHHs 0 OBICTPOMEHSIONICHCS BETNIN-
HE, T.€. IPOMHTETPUPYEM TH JACTH TI0 IEPUONY 7 =27/ @ : <Z > = %j Z-dt.
0

Y4uuteiBas, 9TO MEICHHOMEHSIOIINECS BETHYUHBI "He 3aMedaloT" TaKoro YCPEIHEHHs, HaliieM ciexyroniee Bhl-
pakeHHUE [T OBICTPOMCHSIFOIICHCS BETUUNHBI:

§=—(q/ a)f,)sinX-cosa)Nr (28)

158 ypaBHeHI/Ie, KOTOpOG OIIUCHhIBACT Me,HJ'IeHHyIO I[I/IHaMI/IKy MasaTHHUKA.
. ;
X=——""d (29)

rae- U, =—cos X +asin’ X , a=q" 40} .

VYcToitunBoe TOI0KEHNE MAaTEeMaTHUECKOTO MasgTHUKA OyZEeT COOTBETCTBOBATh MHHUMYMY 3(P(PEKTHBHOTO TIOTECH-
nyaia, T.e. OIpelessieTcsl PABEHCTBOM HYJIIO MPOU3BOIHOM OT noreHuuana: oU / Ox = sinx~[1 +2a-cos x] =0. Bunno,
YTO HIDKHEE MoJIoKeHne MasTHUKA ( x = 0) Bcerna ycTOWInBO. Y CTOWYUBEIME OYIYT TakKe M BCE TE TIOJOXKEHUS MasAT-
HUKa, TSI KOTOPBIX [1+2a~cos x] =0. B gactHocTH, BepxHee (BEPTUKAIBHOE) MOJIOKCHHE MasiTHUKA (X =7 ) OymeT
YCTOHYMBBLIM TIDH  BBINOJNHEHMH ycloBus ¢ >2@,” >>1. Ha puc.6-7 TpeicTaBieH BHj MOTEHIMATA
U(x) =—cos(x)+a-sin’(x) npu sHavennsx o = 0,5 (puc.6) unpu « =1,2 (puc. 7).

U3 3THX pUCYHKOB BUAHO, YTO MIPU MAJIBIX 3HAUEHUIX mapamerpa « 3()(eKTUBHBIN MOTEHINAT COACPKUT TOIBKO
oIHYy TOYKYy MUHEMYyMa ( x =0) , KOTOpas COOTBETCTBYET HIDKHEMY IOJIOKCHUIO MasTHUKA. Bce ocTalbHBIC TIOT0XKE-
HUSI MassiTHUKA HEyCTONHYMBbI. OJHAKO, HAYUHAS C BEJIHMYUHBI ¢ > 1, B TOYKE X =7 MOSBJSCTCS JOKAJIbHBI MUHUMYM.

I'myOuHa 3TOT0 JOKAIEHOTO MUHIMYMA PacTeT C YBEINYEHHUEM IapaMeTpa ¢ . PacTyT mpu 3TOM U CTENeHb yCTOHYNBO-
CTH ¥ 00JIaCTh YCTOMYMBBIX 3HAYCHUH yTIIOBOH NEpPEMEHHOM X .
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T / \I‘ T II/.' \ T 2
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-osp | Lo L
/ V) \
_pld A7 L B
-3 0 5 -6.283  —3.142 0 3.142 6.283
X X
Puc. 6. Dpdexrusnsiii morenman npu & = 0,5 Puc. 7. Bux adpdextuBHoro norenunana npu o =1,2

s cpaBHEHHSI TUHAMUKH MasTHHUKa KamuIisl ¢ AMHAMUKOW CHCTEMBI, KOTOpasi CTAOMIN3UPYETCS C MCIIOIB30Ba-
HUEM TPUHIHIA 0Bl yI00HO HETTOCPEICTBEHHO PACCMOTPETh IWHAMHUKY MaTeMaTHIECKOTO MasTHHKA B OKPECTHOCTH
HEYCTOMYMBOW TOUKH X =7 . JIMHAMHUKY MasiTHUKA B OKPECTHOCTH ITOM TOUKH MOKHO OIIMCATh CUCTEMOM YpaBHEHMI:

. 2
Ko — QX = £C0s(@-t) X, = X, - X, (30)
” 2 L
X +o'x =0, x/(0)=¢ %(0)=0.
3nech X, =X—71 .
Bropoe ypaBHeHHe — ypaBHEHUE U1 X, - OIMCHIBAeT JMHAMUKY BHEIIHEH crabuiusupyomeil cunel. O6patum
BHMMAaHHE Ha TO, YTO JMHAMHKa TOM CHJIbI HE 3aBUCHUT OT AMHAMMKHU CTAOMIM3MpyeMoil cucteMsl (0T X, ). Takum 00-

pa3oM, B JaHHOM cCJIydae BHEIIHEe BO3/ICHCTBHUE SIBIISIETCS HE CAMOCOTJIACOBAHHBIM C JIMHAMHKOI MasTHHKA. DTa 0CO-
OCHHOCTh XapaKTepHa I CTAOMIN3AlUK U IPYTHX CUCTEM MPHU HCHONB30BaHUH (IJ1s cTabHIM3alii) BHELIHUX OBICT-
POOCHMIUTMPYIOUIMX CHJI. Bo MHOTHX Citydasix 3Ta 0COOEHHOCTb SIBJISIETCS TIOJIE3HOH.

[epenuiem ypaBHenue (30) B TeX ke epeMEHHBIX, YTO U ypaBHeHue (25):

Ko —Xo =0-COS(@y -7) Xy = XX, = T (X5, 7) (31)
o 2 L.
X +o°% =0, x/(0)=q; x(0)=0.
Cucremy ypaBHeHu# (31) OymeM paccMaTpuBaTh Kak CHCTEMY, KOTOPasl ONUCHIBACT IBIYKEHUE B TTOCTOSTHHOM (BO
Bpemenn) notenrmane (U (X)=—x*/2) i noa BIMSHUEM BHEIIHEH OBICTPOOCIMLIMPYIOIIEH CHIIBI, KOTOpask MEHSET
napameTpsl MasTHHKA ((COS(@-t)X, = f(X,,t)). Torma mis aHanmus3a TaKOro JBHKEHHS MOXHO MCIIOJIb30BATH OINH-

CaHHBIM BBIINIC AITOPUTM HCCICAOBAaHUI. B pe3ynpTare Ui ONMHMCAaHUS MEHJICHHOM AMHAMUKU MAsSTHHUKA TOJIYYUM
ypaBHEHHE, KOTOpoe 1Mo (hopMe COBIanaeT ¢ ypaBHeHHeM (29):

. du
X == . (32)
dX
2 2 2
X 1 X
Bnech Uy ()=~ 4 (12) =2 |1 A
2 20, 2 2w,
YcToidrBOE COCTOSTHAE COOTBETCTBYET MUHMMYMY 3TOTO MOTEHIHATIA:
oQ°>20,°>>1 . (33)
EctectBenno, aro ycnosue (33) coBmagaeT ¢ MOTYICHHBIM BEIIIE YCIOBHEM yCTOMYMBOCTH BEPTHKAIBEHOTO MTOJIO-
KEHUsI MasiTHHKA. B kauecTBE KOHKPETHOTO MpHUMepa pacCMOTPUM MASTHHK, JJIMHA KOTOpPOro paBHa |, u KOTOpBIA

KosieOneTcs B 1MoJie TSHKECTH (, @ TOYKa MOBECa KOTOPOTO MEHSETCS ¢ 4acToTol @ >>Q0 =./I/g . Ecim npu 3tom

MaKCHUMaJIbHOE OTKJIOHCHHE TOYKH IOJ[BECA PABHO @, TO YCIOBUEM YCTOHYMBOCTH BEPTHKAILHOI'O MOJOXKCHUS MasT-
HUKa OyJeT:

w>ﬁ-9%; =g . (34)

[To ompenenenuro (IO MOCTAHOBKE 3a/laud) 3TO OOJblIAs BENMYMHA. ECIM cMOTpETh TOJBKO Ha JIEBYIO 4acTb
ypaBHeHHs (31), TO 3TO ypaBHEHHE ONHUCHIBAET HEYCTOWYMBYIO CTAlIMOHAPHYIO TOUKY THIa "cemio". Hannune ObicTpo-
OCLMJUIMPYIOLIEH MapaMeTpu4ecKol cuiibl (paBast yacTh ypaBHeHus (31)), kak MBI BUIeNH, Tpy yciaoBuH (33) npuso-
JIT K NMPeoOpa3oBaHUIO CEIOBON TOYKH K YCTOHUMBOM Touke Tmna "teHtp". Takoil cueHapuil ctabuiiM3anuy BEpTH-
KaJIBbHOTO TTOJIOXKEHHSI MAaTEMAaTHIECKOTO MasiTHUKA yIOOCH Ul CPaBHEHHS €T0 CO CLEHAPHEM CTAOMIM3aLUH P HC-
MIOJTb30BaHNH NIPHUHIINIIA FOJIBL. J[efiCTBUTENBEHO, pACCMOTPUM HEYCTOHUYMBYIO CENIOBYIO TOUKY, KOTOPAst COOTBETCTBYET
ypaBHeHHIO (31) B OTCYTCTBHH NPaBOH CTAOMIM3UPYIOMICH CHITBI:
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X, =Q-x, x=Q-x, . (35)
[TpenmonokuM Tenepp, 4TO NEPEMEHHAs X, CBA3aHA JIMHEHHOM CBA3BIO C HEKOTOPOH JPyroi NMEpEMEHHOH X, .

Cucrema ypaBHEHHH, KOTOPAsl OIMCHIBACT TAaKyt0 MOAUMDHIIMPOBAHHYIO CHCTEMY, MOXKET HMETh BHJL:
Xy =Q-x,+0-x,

X =Q-x, X=-0-x, . (36)
CucreMa ypaBHeHuUH (36) SKBHBaJIEHTHA YPaBHEHHIO JIMHEHHOTO MasTHUKA:
F,+(67-Q7)x, =0 . (37)

W3 sToro ypaBHEHHs CIIEJlyeT, YTO KaK TOJBKO BBINIOJHSETCS YCIIoBHE O > (), TO HEyCTOWYMBAs CEJUIOBAst TOUKA
CTaHOBHUTCS YCTOWYMBOI TOouko# THma "meHTp". CpaBHMBAs 3TO YCJIOBHE CTAOWIM3allMU C YCIOBHEM CTaOMIHM3allnu
BEPTHKAIBHOIO IIOJIOXKEHHS MasTHUKA (33), BUOMM, YTO HCIOJIH30BAHHE IPHHIMIIA IOJIB I MPeoOpa3oBaHUs HEYC-
TOWYMBOW CEIUIOBOM TOYKH B YCTOMYHMBYIO TOUKY 3HauMTeNIbHO Oosee dddextrBHo. CrenyeT, KOHEYHO, MMETh B BHIY,
YTO €CIM Pedb HJEeT 00 OOBIYHOM MaTEMaTHYeCKOM MAasTHUKE, KOTOPBIA KOJeOJIeTCs B TPAaBUTAIIMOHHOM I0JIe, TO HC-
TI0JIb30BaHNE TIPUHIIMIA OJIBI ISl CTAOMIIM3AIMH BEPTUKAIBHOTO MOJIOKEHHS TAKOTO MasTHUKA (M3MYECKU BBITIISAUT
HE CIMIIKOM ya00HBIM. OHaKO MOJETh MAaTeMaTH4eCKOro MasTHHKa SIBJISCTCS OJHOM M3 Hanbolsee pacrpocTpaHeH-
HOH, HanOoJee ya0O0HO! MO/IENbI0, K KOTOPOH CBOJMTCS ONMCAHNE JMHAMMKU OOJIBILIOTO YMCIIa Pa3HOOOPa3HBIX (GpH3n-
yeckux cucteM. [loaToMy BO Bcex Tex ciydasix, KOT/ia IIPHHIIHIT F0JIbI MOKET OBITh MCIIOJIB30BAH - OH OKa3bIBAeTCs (-
(eKTHBHEE NPOCTOrO MapaMETPUUECKOr0 BO3/EHCTBHUS HA MapaMeTpbl HEyCTOWYMBOW cucTeMbl. OTMETHM €llle OJHO
pas3nuuue B MEXaHW3Me cTa0WIN3aluy MasiTHUKA Kanuiipl ¥ pu 1CHoIb30BaHNH IPUHIINIIA FOJIbI. DTO PA3IHUINE JETKO
YBHJIETh, €CJIM CpaBHUBATh cucteMy ypaBHeHuil (31) u (36). B mepBom cityyae Mbl BUIUM, YTO BHEUIHEE CTaOMIIM3H-
pyloliee BO3MYIICHUE SIBISIETCS HE3aBHCUMBIM TapamerpoM. Kosebanusi caMoro craOWIM3HpyeMOro MasTHHKA He
BJIMSIIOT Ha JIMHAMUKY 3TOW BHEIIHEW cuiibl. B oTiimume ot 3TOT0 cTabminsupyromniee Bo3aeicTBrue B cucreme (36) siB-
JsieTcst camocoriiacoBaHHbIM. Konebanust craOmim3npyemMoit CHCTEMBI CyIIIECTBEHHO BIMSIOT Ha TMHAMUKY CaMOW cTa-
OMITM3UPYEMOM CHIIBI.

MPUMEPBI UCITIOJIb30BAHW S IMTPUHIIMIIA IOJIbI IS CTABUJIN3AIIMA HEY CTOMYMBBIX
CUCTEM
B aTOoM paszzesne KpaTKo OMHIIEM HEKOTOpbIE IPUMEPhl MCIOJIB30BAHUS MTPUHIIMIA OBl bojee mogHoe n3noxe-
HHUE OMHMCAHHBIX IPUMEPOB MOKHO HalTH B paborax [3-8].

IonaBaenne CH

B pabotax [3,7] (cmotpu Taxxke [5,8]) ObLIO MMOKAa3aHO, YTO MPUHIIHIT FOJIBI MOXKET OBITH UCIIOIB30BAH JIJISI IT0/1aB-
JIeHUs1 CHHXPOTpOoHHOTO n3inyuenus (CH), T.e. aist crabmin3anny BEICOKMX ypoBHel Jlannay. Huke Mbl onmiem ycio-
Bust HeoOxommble [yt nofasienust CU. OcoOblif HHTEpeC MpH 3TOM IIPEACTABISIET CPaBHEHUE KilaccHuecKoro 3¢ dex-
Ta MOJIABJICHNS C KBAHTOBBIM 3((EKTOM ITO/IaBICHHUS.

Knaccnyeckas onenka yciaosuii mogasienuss CH. Ilpexzae Bcero, paccMOTPHM, Kak MOXET OBITh MOAABIECHO
CH B pamkax KJIACCHYECKOM AMeKTpoauHaMHKu. [Ipu 3ToM OyZeM cyuTarh, YTO €CIU MO/ ACHCTBUEM BHEIIHEH dJIeK-
TPOMArHUTHOM BOJIHBI DJIEKTPOH OyJIeT BBIXOAMTH 32 Tpenelibl yria uanydenus: CH, to ero usnyuenue Oyner nojasie-
HO. /Iyl olleHKM HEOOXOAMMOM HANpsKEHHOCTH TOJST BOCIIONIB3yeMCsl TeM (akToM, 4To muHy (opmuposanus CU
MOJKHO OIEHHTH BemmumHoit [ ~ Ay’ [13]. 3mech A - JIMHA W3TYdYEHHON BONHBI, ¥ - SHeprus dacTuibl. COOTBETCT-
BYIOIIMIA yroi u3imy4eHust Oyner paseH 0 ~1/y . Bpems, 3a KoTopoe dacTuIia MPOMIET MyTh PaBHBIIN IHHE (OPMHUPO-
BaHus, OGyner paBHo 7=[/c= Ay’ /c. Jlng Toro, uToObI MONE BHEIIHeH CTaGMIM3UpYIONIeil BOTHB "BEIOMBANO" Yac-
TUIy U3 Y71 M3TyYeHus, He06X0AMMO, YTOOBI YaCTOTa 3TOi BOMHEI ObUIa 6osibIne Benuauusl Q> 27 /7 =27c/Ay” . C

JIPYTO# CTOPOHBI YTOJI, MO/l KOTOPBIM JIBIKETCS YaCTHIA, MOXKHO OLEHUTh BenwuuHod 6 ~r /1 =r /1 <<1. Ilone-

o . . eE
PEYHOE OTKJIOHEHHWE YACTUIBI B TOJIE BHEIIHEH DJIEKTPOMATHUTHOW BOJHBI OUEHMM BENWYMHOH 7, ~ ——— . UTOOBI
1
OBUTO MMOJABJICHUE TIPOIECCa U3ITYICHUS HEOOXOANMMO, YTOOBI YacTHIla BhINLIA (TI0/ ACHCTBHEM BO3MYIICHHUS) 3a Tpe-
Jenbl KoHyca u3inydeHus: 7, /[ >1/y . 13 3T0ro ycioBus MOXKHO OHPEIEIUTh HEOOXOAUMYIO HANpPsKEHHOCTH IOJIS:

(eE /mocQ) >27.

KBanToBas onenka yciopuii moxaBiaenust CU. OneHuM teneps, HEOOXOIMMYFO ISl CTA0MITU3AINH, HATIPSKCH-
HOCTB DJICKTPUYECKOTO TIOJISI BHEIIHEH 3JICKTPOMAarHUTHON BOJIHBI, €CITH OYJIeM YYUTHIBATh KBAaHTOBBIN 3P dekT 3eHOHA.
B cooTBeTCTBHU C MPUHIUIIOM FOJBI TIEPBBIM IIarOM JIJIsl ONPEACIICHHUS YCIOBHN TOJABIICHUS SBIISICTCS OIPEICICHUE
BPEMEHH JKHU3HU BO30YKICHHOTO COCTOSHUS. D10 Bpems st CU B CHHXPOTpPOHE B OTCYTCTBHH BO3MYIICHUS MOXKHO

n-R

2
T -mc” -y

oueHuts Gopmynoi 7, = [14]. 3neck 7, — Kgaccuyeckuil pajuyc PJIE€KTpOHA; R — paaumyc OpOHUTHI IEK-

TpoHa B CHHXpOTpoHe. Ecmm B KkadecTBe mpuMmepa OOBIYHBIE MapamMeTpbl CHHXpoTpoHa: R =100cm ,
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E =mc® -y =500MeV , To Bpems *m3HN oKaxkeTcs mopsaka 107° sec. BTopsIM IIaroM sBIsSeTCs HAXOXKIEHHE YaCTOTHI
Pabu. B ypaBuenwue lllpenunrepa ([upaka) BXOAUT BEIMYMHA MOTEHIMATA BHEIIHEH BOJIHBI. DTOT NOTCHIIMAT OI[CHUM
BesmunHoil V =~ eEA . CooTBeTcTBeHHO, Yactora Pabu Oyzer pasHoit Q, =V /fi=eEA/A.

Mpe1 Buenu, 4To Ui TiposiBiieHus dddexTa momaBaeHus He0OX0UMO, YTOOBI 3Ta YacTOoTa ObUIa OOJBIICH YeM
21T ( Qg >>27/T ). Orcroga MOXKHO MOJIYYHUTh CIECAYIOLIYIO OLEHKY Ha BEJIMYMHY HANpPSDKEHHOCTH MO, He-
o0xoaumoit i nonasneHust CU:

10°%
el
oJIs, HeoOXoMuMast ISl CTaOMIM3ali, Ha MHOTO TIOPSIKOB MEHBIIE, YeM HAIPsHKEHHOCTD IO, MTOJTydeHHAsS B PaM-
Kax KIACCHYCCKON JJIEKTPOJMHAMUKU. IJTOT pE3yNbTAT JIETKO OOBACHACTCS TeM (PaKTOM, YTO B KBAaHTOBO-
MEXaHUYECKOM PACCMOTPEHHH JUIS ITOJIABJICHUS HEOOXOIMMO TOJIBKO, 4TOOBI yacToTa Pabu ObuTa BEIIIE, YeM 00paTHOE
BpeMsl )KH3HH 3JICKTPOHOB B BO30YXKJCHHOM COCTOSIHUH. B pamMKax KJIacCHUECKOW JCKTPOJUHAMHUKH TaKHE TPOIIECCHI
MIPOCTO OTCYTCTBYIOT.

OnucaHHBIA MeXaHU3M (TPUHIIMIT FOJIBI) MOXKET C YCIIEXOM OBITh MCIOIB30BaH IS CTAOMIH3AIMU KIACCHYCCKUX
cucreM. Hike 310 OymeT moka3aHO Ha MpHMepe NOIAaBIICHHS IUTa3MEHHO-TTYYKOBOW HEYCTOMYMBOCTH M Ha IpUMeEpe
MOJTABJICHUS paclagHON HEYCTOHYMBOCTH IPH PACIIPOCTPAaHCHUH MOTOKOB M3ITYYEHHUS B HEIHMHEHHBIX cpelgax, B 4acT-
HOCTH, B ITUIa3Me.

E>

1, . N
300 ~ ZlO 5(V / Cm). W3 3TO#l OIEHKHM BHIHO, YTO B KBAaHTOBOM CjIy4ae BEIIMYMHA HAMPSUKCHHOCTH

IMonaBeHne NJIa3MeHHO-NIYYKOBOI HEYCTOMYMBOCTH
[ycte, y Hac umeercs mwiasmennbiid uauHap (0<r <R, ). OH nomellen B METAIUIMYECKUI KOXKYX TOTO e pa-

nmuyca. [Ima3ma momemnieHa B CHIIbHOE BHEIIHEE MarHUTHOE Toje. [Tydok MpoXoAnuT BAONb OCH IUTa3MEHHOTO IIMIHHIPA.
Pagmyc mydka coBmagaer ¢ pagdycoM IUIa3Mbl. B MeTamminaeckoM KoXyxe HMEIOTCS 3JI€MEHTHI CBSI3U C BHEITHEH AJIeK-
TPOAMHAMHUYECKOH CTPYKTYpoi# (HampuMep, oTBepcTHs (Iienn)). B kauecTBe BHEIMIHEH 3MEKTPOAMHAMUYECKOH CTPYK-
TYpBI MOXXET OBITh BBIOpaHa crmpans paguyca R,,. Takum o6pa3om, y HAac MMeeTCS TPH OCHOBHBIX KOJEOATENbHBIX
CHCTeMBI: 9TO Masma (N, ), my4oK (N ) u BHewHss KonebarenbHas crpykrypa (E,). s spdexrnsroro 3anmonei-
CTBUS KoJIeOaHMH B TUIa3Me M KOJIeOaHNH BO BHEIIHEH 3JIEKTPOIMHAMUYECKOI CHCTEME UX 9aCTOTHI JOJDKHBI COBIIAIaTh
(0, = |k l|C ). JloJDKHBI COBMAATh U NMPOAOJILHBIE BOJHOBBIE YHCIIA.

Cucrema ypaBHEHHI, KOTOpasi ONMMCHIBAET AMHAMHUKY TaKOH KOJIeOATEIbHON CHCTEMBI, MOXKET OBITh IpeACTaBIIe-
Ha B BHJIE CHCTEMBI TPEX CBSI3aHHBIX OCIIUIIIISITOPOB:

.+ o, = —ain +ig ol g 38
p+a)p p__wp +IuT 2 ( )

k,n,-e
.. 2 - . 2. 2 - o
fi+agn—2ik,n —kV’n = -afn, +|,UZTE2
» dre
E, —k?c’E, = 4 ——(n_+n).
K CE =4 ik, ( P )
3nech w4, = /G, G- HOpMa NOJIsl BOJIHBI BO BHEWIHeH cTpykType, K’ = (an IR, — kzz), E, - npomonbHas kom-
[IOHEHTA 3JIEKTPHYECKOTO MOJIsSI BOJIHBI BO BHELIHEH SJIEKTPOAMHAMHYECKON CTPYKTYpe A, - KopHu (yHKumi Beccens
(J,(4,)=0), z- kodHULHEHT CBA3M MUIA3MEHHO BOJHBI ¢ COOCTBEHHOM BOJHON BHEIIHEH 3JIEKTPOIHHAMHYECKOM

CTPYKTYPBI.
W3 ypaBuennii (38) MOKHO HOJIyYHTH CIIeIyIONIEe JUCIIEPCHOHHOE YpaBHEHHUE!

2 2

2 2
) Dy Hiy @y D | _ 39
1-—-— 7l I asrryvay Rew iR = |=0. (39)
@ (a)*) (aJ +kic ) @ (a)*)
U3 3TOro IUCIEepCHOHHOTO YPaBHEHUS BUHO, YTO B OTCYTCTBHH CBSI3M MEXIy IOJISIMH B IIa3Me€ M BO BHEIIHEH
crpykrype (4, =0) nomaydaercst 0ObIMHOE AUCIICPCHOHHOE YPaBHEHHUE CUCTEMBI ITa3Ma-y4ok. Haobopor, eciu my4uok

orcytetyeT (@’ =0), TO OHO TNEPEXOAUT B JUCIEPCHOHHOE YPABHEHHE, KOTOPOE ONMCHIBACT MEPEKAuKy SHEPIHH

MEXIy MIa3MEHHBIMH BOITHAMH M BOJHAMH BHEITHEH CTPYKTYphL. YacToTa Takoi mepexauku paBHa Q =/ /2. B

COOTBETCTBUM C IMPUHIUIIOM FOJIBI MOKHO paCCUUTBIBATH, YTO KOTAAa 3Ta 4aCTOTA OKaKETCA OoJblIe HWHKpPEMCHTA MMy4-
KOBOM HeyCTOﬁ‘IHBOCTH, TO TaKasda HeyCTOﬁ‘{HBOCTL 6y/1eT oJaBJICHA. AHanuTHYECKHE W YHCIICHHEIC HUCCICOAOBaHUA

1/3
ToKasaJii, 4YTO KaK TOJIbKO BBIIIOJHACTCA HCPABCHCTBO My /2> (a)bza)p /2) IJIa3MEHHO-ITY4YKOBasA HCYCTOUYUBOCTb

HE pa3sBUBACTCA.



15
Quantum Zeno effect, Kapitsa pendulum and whirligig principle. Comparative analysis EEJPVO0I.2 No.4 2015

Craduam3anus NOTOKOB M3Jy4eHHUs B I1a3Me

IIpu pacmpocTpaHeHUH BOJIH B IJIa3Me pa3BUBAETCS HEYCTONUMBOCTH (pacnajHas HEyCTOHYHMBOCTh). OHA MOXKET
ObITh MoJIe3HON. O/IHAKO OHa MOXET OBITh M HEXKeNlaTeNbHOH, BpeaHol. OcoOOCHHO B TOM ciydae, Korja 3Ta HeyCTOM-
YUBOCTH IIEPEXOTUT B CTOXacCTHYEeCKHiA peskuM [15-16]. B aToMm citydae ¢ Hero cienyer 60poTbes. Hibke mokaxem, 94To
TaKhe HEYCTOWYMBOCTH MOTYT OBITh MOJABIICHBI. [IJI 3TOr0 TOCTATOYHO, YTOOBI OJJHA M3 YYACTBYIOIINX B TPEXBOIHO-
BOM B3aMMOJCHCTBUH BOJH yYacTBOBAJIA B HEKOTOPOM JOIOIHHUTEIHHOM IEPHOANICCKOM TIporiecce (CTaOMIN3UpYIO-
mem mporecce). [Ipocreiimias crcremMa ypaBHEHHA, KOTOpPast OMMUCHIBACT TaKUE TIPOIECCHI, MOKET OBITh TIPE/ICTaBICHA B
CIIEIYIOIIeM BHJIE:

dA, U d4;

o yaa+ty A 40
dt T T (40)
a4, Cdd,

—:V A —ZZVA .

5=y " [ 4,

Ota cucTeMa ypaBHEHHI ONMCHIBACT B3aMMOJCHCTBHE YeThIpeX BONH. [IpuyeMm, IBe W3 HUX HyJeBas U TPEThs B
HAIX 0003HAYEHUSAX CBSI3aHBI APYT C APYTOM JIHMHEHHOHN CBsA3bI0. CB3b XapaKTepu3yeTcss KOdPPHUINESHTOM CBSI3U L .

Ecnu npyrue BOJHBI OTCYTCTBYIOT, TO MPOMCXOIUT MEPHOAMUYCCKAsl NIEpEeKayKa SHSPIUU U3 OCHOBHOM BOJIHBI B CTaOU-
JIU3UPYIONLYIO (TPEThIO) BONHY M 00paTHO. YacToTa Tako nmepekauku paBHa ) = /2 . Tpu BonHbI (HyJieBasi, nepsast U

BTOpast) B3aUMOJCHCTBYIOT 4epe3 HelanHerHocTh. Ecim ko3 ¢uunent cBsazu pasen Hymo (x4 =0), To cucrema (40)
OTIMCHIBaET OOBIKHOBEHHOE TPEXBOJIIHOBOE B3aMMOICHCTBHE BOJH, JHHAMUKA KOTOPOTO Xopormo uiydeHa [17,18]. Nu-
KpPEMEHT pacraJHOil HeyCTOWYMBOCTH paBeH & =V |A0(0)|. OTMeTHM, 9TO €CNIM 3HaK IIepBOTO WIEHA IPaBOH YacTh

MIEPBOTO YPAaBHEHUSI C MHUHYyCa TIOMEHATH Ha IUTIOC, TO TakKas CHCTEMa Oy/eT ONMCHIBATH B3PHIBHYIO HEYCTOHYMBOCTS,
KOTOpast TaK)Ke JIETAIBHO M3y4eHa.
[Ipn BKIIOUCHNH CTAOMIM3UPYIONIEH BOJHBI IPH BHINOIHEHUH YCIOBUS 1/ 2V > |A0(0)| BO BCEX CITydasix HaOIo-

JTAJICS TIPOLIECC CTAOMIIM3alNU pacTIaJHON HEYCTOHYHUBOCTH.

IlopaByieHue JIOKAIbHON HEYCTOHYHBOCTH

Hwke Oyner BUIIHO, YTO TPHHLMII FOJIBI MOKET OBITH MOJIE3HBIM JIJIsl PELISHUsI TPOOJIeMBbl IOAABICHHS PEKHMOB C
JUHAMUYECKUM XaocoM. [IpHunHON BO3HUKHOBEHMSI PEXKUMOB ¢ JUHAMUYECKUM Xa0COM SIBJISIETCS JIOKAJIbHAsI HEYCTOM-
yuBOCTh. [Ipy 3TOM B (pa30BOM IPOCTPaHCTBE MMEETCS OOJBIIOE YHUCIIO CEJUIOBBIX TOYEK. B yacTHOCTH, B TOMOKJIMHH-
YEeCKHUX CTPYKTYpax TAKMX TOUYEK OECKOHEYHO MHOTO. B OKpecTHOCTH KakIoil Takol TOYKH OJM3KO PaCIOJIOKEHHBIE
TPAaEKTOPUH SKCIOHEHIMAIBHO pa30eraroTcsi ApYr OT Apyra. Beire Mbl BUieNH, 4TO €M OJlHA U3 CTETICHEH CBOOOIBI,
KOTOpast y4acTBYET B HETMHEHHOM B3aMMOICHCTBHH, OKa)KETCSI 3a€HCTBOBAHHON B HEKOTOPOM JO00ABOYHOM OBICTPOM
mpolecce, TO HeyCTOWYMBAsl CeTI0Basi TOUKAa MOXKET OBITh IPEe0O0pa30BaHa B YCTOMUHMBYIO TOUKY.

MOHO 0XHJaTh, YTO aHAJOTUYHOE NMPE0OpPa3oBaHUE CEUIOBBIX TOUEK MOYKHO PEalM30BaTh B CHCTEMaXx C JMHa-
MUYECKUM XaocoM. JlJIsi 9TOro Hy»KHO OpPraHU30BaTh CBs3b, 110 KpaliHEW Mepe, OJHOM U3 3aBUCUMBIX NIEPEMEHHBIX C
HEKOTOPOH JOMOJHUTEIBHOM 3aBHCHMOMN nepeMeHHOl. Huxke Mbl yBUANM, 4TO IEHCTBUTENBHO TaKOW alrOPUTM MOMKET
OBITH peaM30BaH.

B kauecTBe npumepa pacCMOTPUM HECKOJIBKO U3MEHEHHYI0 Mojenb JlopeHna:

x=oc(y-z)-uw y=rx—-y-x-z Z=x-y-b-z W= pux . 41

Ecmu koaddurment ceszn pasen Hymo (4 =0), TO cucrema ypaBHeHUH (41) OnMCHIBaE€T M3BECTHYIO MOJICNb

Jlopenmna. Ilpu 3HaueHnsx mapamerpoB o =10, h=8/3, r=28 3Ta cucTeMa HaXOIUTCSA B PEKUME C JHHAMHUIECKUM
xaocoM. /lMHaMuKa Takod CHCTEMBl H3yueHa OYeHb MOJIpOOHO. MOKHO OKHIATh, YTO €CIM Jr00ast 3 KOMIOHEHT CHC-
Tembl JlopeHna (x; y;z ) OKaXETCs CBSI3aHHOM C KaKO-TO YETBEPTOW KOMITOHEHTOH (W ), U CBSA3b MEKIY STHMH KOM-

MOHEHTaMH OyJIeT TaKoH, Y4TO MEpHUoa 0OOMEHa SHEPTUsAMH MEXy STHMH KOMIIOHEHTaMH OyZeT MEHBIINM, YeM 00pat-
HBI MHKPEMEHT JIOKATBHOW HEYCTOHYMBOCTH, TO JHHAMHUKA CUCTeMBI JIopeHma OyaeT cioXHOH, HO perynspHoid. Cuc-
Tema (41) uccnenoBanack YNCICHHBIME MeTofaMu. Hinke IprBeaeHBI HEKOTOPBIE PE3YIbTaThl 3TOTO ucciaeoBanus. Ha
puc. 7,8 npencTaBieHa AMHAMUKA Kilaccuueckoil cucteMel JlopeHiia (6e3 CBsI3M C BHELIHUM JOTOJIHUTEIbHBIM KOMIIO-
HEHTOM).

W3 puCyHKOB BHHO, YTO HAOJIIOJIACTCs IPUBBIYHAS IMHAMUKA CHCTEMBbI JIOpeHIa: CIeKTp ATOH JUHAMHMKHU HINPO-
KUH W KoppesauuoHHass GyHKIus ObICTpo crmajaer. PaccMOTpuM Tenepb CHTYaIMio, KOrJa BHEUIHSS JHHAMHYECKas
NIepeMEeHHasi CBsI3aHa C MEPBbIM KOMIIOHEHTOM cucteMbl Jlopenna (41). UnucieHHble pacyeTsl OKa3bIBAIOT, YTO yBEJIH-
YyeHue KOdPQUIIEHTa CBA3M 10 BEIMUUHBI ITOPS/IKA 5 MaIO CKa3bIBAETCS HA CTATHCTHUECKUX XapaKTEPUCTHKAX CHCTE-
mbl Jloperna. OgHako, HaUMHAS T7Ie-TO C IISITH, IIECTH, 3Ta ANHAMHUKA CTAHOBHUTCS PEryJIIpHON. DTH yTBEPXKICHUS WII-
JFOCTPUPYIOTCS] HUKE TIPUBEICHHBIMH PUCYHKaMHU.
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W3 pucyHKOB BHAHO, YTO JUHAMUKA CTajla 3HAYUTENIBHO 0oJiee peryisapHOi. AMIDINTYIa KOPPEIAIHOHHON (yHK-
UM TIPAKTHYECKH HE MEHSETCS. AHAJOTHYHBIE Pe3yNIbTATHI MOJyJaloTCsS W IPU CBSI3M BHEIIHETO CTAOIIU3UPYIOIIETO
KOMIIOHEHTA C ABYMs APYTHMH KommoHeHTamu (Y, Z ) cuctemsl JIopeniia. Bo Bcex citydasx mpH JOCTATOYHO GOJBIIO#N

BEJIMYUHE CBA3U AUHAMUKA CUCTeMbI JIOpeHIla CTaHOBUTCS PEeryIIsipHOil.
Crnenyer orMeTuts, 4To K cucreme (41) mpu g =0 npuBoAuTCs OONBIIOE KOJMYECTBO Pa3HOOOPa3HBIX (H3HUe-

ckux cucteM. [To3ToMy BO3HHKaeT BOTIPOC O PU3MUECKON MPUPOIE BHEIIHEr0 KOMIIOHEHTA, KOTOPBIA MOXKET CTaOWIIH-
3upoBaTh cuctemMy Jlopermna. SIcHO, 9TO BO BCeX KOHKPETHBIX CIIydasx 3To OymyT pasHble (pu3ndeckue nepeMeHHsle. B
YaCTHOCTH, YKa)XeM, 4TO eciii cuctema JIopeHIla OMUCHIBAeT TMHAMUKY OJTHOMOJIOBOTO Jia3epa, TO 3aBHCHUMAs IIepe-
MEeHHasg X OIpeAessieT aMIUINTYIY MO Jlazepa. B aToM cirydae jerko cebe mpeaCcTaBUTh MPAKTHIECKYIO Peann3ariio
MEXaHU3MOB MMO/IaBJICHUA. J|OCTaTOYHO CBA3aTh MOJIE OJHOMOOBOTO Jla3epa ¢ HEKOTOPBIM MOJeM apyroit Mojabl. CBs3b
MOJKET OBITH JUHENHON M HeanHerHoi. Eciau oHa OKa)keTcst JOCTATOYHO OOJBIION, TO Xa0THYECKAs TMHAMMKA MOKET
CTaTh PEryJSIPHON IMHAMUKOM.

Crnemyet oOpaTUTh BHIMaHHE HA TOT (akT, 4TO KOOPPHUINEHT CBA3H B PACCMOTPEHHOM CIIydae, OKa3bIBaeTCs 3Ha-
YUTENIBHO OOJIBIINM, YEM 3TO OBUIO B MpeabIAyIuX cinydasx (4 =6). Bozaukaer Bonpoc: «Kakoil BennauHbl HE006X0-

JIUMO BBIOMPATh KOY(DMUIUCHT CBSI3U JUIS TOAABICHUS PEKUMOB C JUHAMHYCCKUM XaocoM?» J[eno B TOM, YTO B Kax-
JIoi Touke (ha30BOrO MPOCTPAHCTBA CKOPOCTH pa30Oeranus (pa3oBbIX TPACKTOPUH pa3indyHa (pa3IuyHbl MAKCHUMAJIBHBIC
mokazarenu JlsmyHoBa). AHaIU3UPOBATh BCE TaKWE TOYKH, B OOIIEM clydae, MAJIONPOIYyKTHBHO. MIMeeT cMbICI, mMo-
BUJUMOMY, OPUEHTHPOBATHCSI HA MaKCHUMajbHble U MHMHUMAaJbHbIe 3HaueHUsl Mokasarenei JlsmyHoBa. B kadectse
puMepa HaiiieM MakcuMalbHble MoKazaHus JIsImyHoBa A1 HEBO3MYILIEHHOM cucTeMbl JlopeHna. YpaBHeHUe IS 3TUX
HoKa3artejieii UMeeT BUI:

A2+ A7 (1+b)—/1[(b+x§)+a(r—zo)— yo]+a[(r—zo)(b—xo)— Yo— Xy Yo |=0.
3nech { Xy, Yy, 2} - KOOPAMHATHI TOYKH (Ha30BOTO MPOCTPAHCTBA, B KOTOPHIX ONPENENAIOTCA MoKasatenu Jlsimy-

HOBa.
AHa/Iu3 3TOr0 ypaBHCHHUS MOKA3bIBACT, YTO B OKPECTHOCTH HYJIEBOH cTarmoHapHoi {0;0;0} TOYKM MakcHMaIb-

HBII nokaszarens JismyHoBa mopsnaka 13. B okpecTHOCTH cTaliOHapHON TOUKU {\/ r-1L,~r-1Lr —1} oH nopsaaka 4.8, a

B OKPECTHOCTH CTAIIMOHAPHOH TOUKH {—\/ r-1,—<Jr-1;r —1} OH Topsizka 6.6 . MakcuManbsHbIe TIOKa3aTenu JIsmyHo-

Ba NpHU OOJIBIINX 3HAYEHHAX (ha30BBIX KOOPAWHAT {20;20;20} nopsiaka 21. Takum oOpa3oM, MBI BHANMM, 4TO B 0OJb-

IIMHCTBE aHAJIM3UPYEMBIX TOUYKaxX MmokazaTenu JlsamyHoBa moctaTouHo Gonpmine. OQHAKO IS MOJABICHUS PEXHMa C
JTMHAMHYECKAM Xa0COM OKa3aJl0Ch OCTATOYHBIM BBECTH MApaMeTp CBS3U PaBHbIH 6 (1 =6).
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SKCHEPUMEHTAJIBHBIE UCCJIIEJOBAHUSA

B Hacrosmee Bpems MMeeTCs 3HAYHTEIbHOE KOJIMYECTBO SKCIEPUMEHTAJBHBIX JOKA3aTEIbCTB CYIIECTBOBAHUS
kBaHTOBOTO 3(ddekra 3eHona [19-22]. KpaTtko M37I0KMM OCHOBHBIE HJIEH THX JKCIIEPUMEHTOB U HEKOTOpBIC MX pe-
3yJIbTaThl. B OCHOBHOM, paccMaTpHuBaeTCsl TpEXypOBHEBAsl CHCTEMa. B OOJNBIIMHCTBE CIIy4aeB PAacCTOSTHUE MEKITY HUXK-
HUM (IIEPBBIM) U BTOPHIM SHEPIETHYECKUMH YPOBHSIMH HAaXOJUTCS B BBICOKOYACTOTHOM JMANa3oHe (pajno/uanasoHe).
DHeprusi TPeThero YpOoBHS 3HAYUTENIFHO OOJBIIE YHEPTHH HIKHUX JIBYX ypoBHEH. [lepexosl MexXIy TPEeTbUM U BTO-
PBIM YPOBHSIMH 3aIlpelneHbl. B momasisronieM OOIbIINHCTBE CITydaeB, IEPEXOAbI MEXIY MEPBBIM U TPETHUM YPOBHIMHA
HAXOJATCS B ONITUYECKOM JuarnaszoHe. [lepexomsl ke MeXy NEPBBIM M BTOPBIM YPOBHAMHU HaXOIATCS B BBICOKOYACTOT-
HBIX Juana3oHax. B HayaJbHbIII MOMEHT BPEMEHM HACEJIEH TOJIbKO HM)KHUNM OCHOBHOHM ypoBeHb. Ha paccmaTpuBaemyto
KBAaHTOBYIO CHCTEMYy HA4MHAIOT AelcTBOBaTh BU-m3mydeHnem, 4acToTa KOTOPOTO COOTBETCTBYET MEPEXOAaM MEXITY
MEPBHIM U BTOPHIM YPOBHSAMHU. XapaKTepHOE BpeMs Iepexoja CUCTEMbI U3 IIEpBOro Ha BTOPOH PHEPreTHYEeCKUi ypo-
BEHb B KCIIEPUMEHTAX CTaparoTCs CIelaTh Kak MOKHO OonblimM. B wacTHOCTH, B padote [22] Mexay NepBbIM U BTO-
PBIM YPOBHSIMH HaXOJIUTCSA BUPTYalbHBIH YPOBEHb, @ MEPEXOAbI MEXKy 3TUMHU YPOBHIMHU OCYLIECTBIISIFOTCS BO3JEHCT-
BUSIMU JIByMsI BBICOKOYACTOTHBIMH MMITyJIbcaMu. Uepes KOPOTKOE BpeMsl MOCIE BO3ACHCTBUS BBICOKOYACTOTHBIM CHUT-
HaJIOM CHCTEMa MOABEPraeTCsl KOPOTKUM JIA3E€PHBIM 77 - UMITYJICOM. Takod MMITYJIbCc OBICTPO IEPEBOIUT CHUCTEMY C
[IEPBOr'0 YHEPreTUUYECKOr0 YPOBHS Ha BBICOKUHI TPETUM dHEPreTUUECKUM ypOBEHb. Bpems >KU3HM Ha 3TOM YPOBHE CO-
CTaBJISIET OYCHb MAJICHBKYIO BEJIMUUHY. B OOJBIIMHCTBE CiIydaeB 3TOW BEIMYMHON MOXKHO npeHedpedb. [ToaTomy cuc-
TeMa C TPEThEro ypoBHs MPAaKTHYECKH MTHOBEHHO BO3BpAIllaeTCs Ha3aj Ha MepBbI UCXOAHBIN ypoBeHs. [Ipenamnonara-
€Tcsl, YTO TaKoe BO3JICHCTBHE JIa3epHBIM UMITYJIbCOM TIPEJICTABISICT COO0H Mpoliece U3MEPEHHsT COCTOSIHUS U3ydaeMOi
cucteMsl. Eciin okassIBaeTcs, 4TO 3a BpeMs Iepexoja MOJ BO3JeHCTBHEM BBICOKOYACTOTHOIO CHIHAja C MEPBOrO Ha
BTOPOil ypOBEHb TAKHUX JIA3EPHBIX UMITYJILCOB OyJIET MHOTO, TO HACEJIICHHOCTh TIEPBOTO YPOBHS OKA3bIBACTCS IIPAKTHIE-
CKM Hem3MeHHOW. Takoil crieHapmii MpOBEACHUS SKCIIEPUMEHTOB, B KOTOPHIX OBUT BIEpBBIC OOHAPYKEH KBAHTOBBIN
s¢dext 3eHoHa, B APYTHX 3KCHEPUMEHTaX OTIMYAETCS TOJIBKO HECYIECTBEHHBIMH JeTalsiMHu. Bo Bcex ciydasx mpu
00CYXICHUH BO3MOYKHOCTEH MCIIOJIb30BAHMS M pean3alii KBaHTOBOTO dddekra 3eHOHa Nenanoch yTBepKIACHUE, YTO
TaKue MPOIECCHl He MOTYT OBITh pealln30BaHbI Ha SEPHOM ypOBHE, HAIpUMEp, Ha MOJaBleHUe WK (YCKOPEHHUE) Mpo-
LIECCOB PaJMO0aKTUBHOIO pacraja.

B HHII "X®THW" 6butn IpoBE/ICHBI IBE CEPHH HKCIIEPUMEHTOB, PE3yIbTAaThl KOTOPBIX MOTYT OBITh OOBSICHEHBI Ha
OCHOBE IMpHHIUTA FOIBI [23-24] (cMoTpu Takxke [5,8]). B mepBoit cepunt skcriepuMeHTOB [23] B BBICOKOYACTOTHOM ITOJIE
Haxonwmics ¢ortokatox PIY. Bruto 00HApYKEHO TOCTOBEPHOE, XOPOIIO HAOIIOAaeMOe yMEHbBIIEHHE (OTOTOKA IPU
BO3/IeHiCTBUH Ha (JOTOKATOJ BBICOKOYACTOTHOTO TOJIS. 3aBUCHMOCTh YMEHBIIEHHS (JOTOTOKA OT MOIITHOCTH BBICOKOYAC-
TOTHOTO MOJISI HAXOJAUTCSA B XOPOLIEM KauyeCTBEHHOM COIIACHMM C TEOPETHYECKUMHM IpelcKazaHusMH. IlpuueM, uem
OoutbInieil OblJIa MOIITHOCTh BBICOKOYACTOTHOTO TIOJIS, TEM MEHBIINM ObUT (POTOTOK. DTOT IKCIIEPUMEHT HHTEPECEH TEM,
YTO BO3/IEHCTBUE OKa3bIBAJOCh HE HAa COCTOSIHUS AJIEKTPOHOB B NMOTEHIMAIBHOM siMe (OTOKATO/A, & HAa T€ COCTOSHHS,
Ha KOTOpBIE JOJDKEH ObLI MEpeiTH 3JIeKTPOH B pe3yJsbTare IOIJIOIIEHHs onTHYeckoro kBaHTa. CiielyeT OJHaKo cKa-
3aTh, YTO B HACTOSIIEE BPEMS HET CTPOTrOT0 JI0Ka3aTesbCTBA, YTO TAaKOE YMEHbIIEHHE (POTOTOKA ITOJIHOCTBIO CBS3aHO C
MPUHIUIOM H0JIBL. JIeHCTBUTENBHO, TPY/HO OLIEHUTH BCIO TUHAMUKY 3JIEKTPOHOB, KOTOPBIE ABHXKYTCSI B BBICOKOYACTOT-
HOM TIOJIC ¥ KOTOpBIe 60MOapIupyIoT MeKTpoasl DIV,

Bropas cepus skcrepuMeHTOB [24] OTHOCHTCS K sepHBIM mporieccaM. CyTh KCIIEPHMEHTOB, KOTOpPBIE OBLIH
nposeneHsl B HHIL "X®TU" n B KueBckoM HHCTUTYTE SIIEPHBIX MCCIEI0BAHUH, 3aKIf09aiach B cieayromeM. Odpasern
MaTepHaia, KOTOPBIA COoeprKall palinoaKTUBHBINA n3oMep raguus-178, Bo3AeHCTBOBAIN TOTOKAMH AJIEKTPOHOB C SHEP-
rusmu oT 10 KaB m0 50 K»B. Ha o0pasue, kak Ha MUIIEHH, SHEPTHUS JICKTPOHOB KOHBEPTHUPOBAJIACh B DHEPTUIO PEHT-
TeHOBCKOTO M3iydeHus. [1o mpenonoKeHn0 HeCKOIbKO BBIIIE OCHOBHOTO METacTaOMIIBHOTO COCTOsTHMS TadHus-178
JIOJDKEH HaXOJIUTHCSI KOPOTKOXKUBYIIMIT TPUITEPHBIH ypoBeHb. L[esib SKCIIepUMEHTOB 3aKIII04aiach B TOM, YTOOBI Iiepe-
BECTH MeTacTabMiIbHOE coCTOosiHME radHus-178 Ha HEyCTOWYNBBINA KOPOTKOKUBYIIMI TPHUITEpHBIN ypoBeHb. [Ipu yc-
nexe IKCIEePUMEHTa B pyKax HCCIeJ0BaTeNIeH MOSABISIETCS UACAIBHOE SAEPHOE TOIUIMBO. JleHCTBUTENBHO, BO MHOTHX
9KCIEpUMEHTaX HaOII0aIOCh Pa3InYuMOe YCKOPEHHUE TIpoIiecca paJMOaKTHBHOTO paciaja 1Mo BO3/ICHCTBIEM MOTOKA
3JIEKTPOHOB HA MMIIEHb, COJACPIKAILYI0 PaJHOaKTUBHBIN n3oMep. OnHAKO 4Yalie aBTOphl HAOMIOAAIHN MTPOTUBOIIOIOXK-
HBII 3¢ dekT, Korma nporece paguoakTUBHOTO paclafa TOPMO3HICS MPH BO3ACHCTBUY ITydKa Ha MHIIEHb. Pe3ynbTaTsl
9TON CEPUU IKCTIEPHIMEHTOB MOTYT OBITH OOBSICHEHBI C(HOPMYITHUPOBAHHBIM BBIIIE MEXaHU3MOM CTaOMIH3aN BO30YXK-
JIEHHBIX COCTOSIHUH. JI€MCTBUTEIBHO, B PACCMATPUBAEMON SACPHOM CUCTEME KPOME TPUITEPHOIO YPOBHS HMEETCS
00JIBIIIOE KOJIMUECTBO JIPYTHX JOJTOKUBYIINX YHEPreTUUECKUX COCTOsIHUM. [Tpn BO3aelicTBUM IydKa 3JIEKTPOHOB Ha
MHIIECHb BO30YKIaeTCsl IUPOKUI CIEKTP PEHTI€HOBCKOTO M3iy4eHHs. Takoe niaydeHue OyJeT MepeBOJUTh SACPHYIO
CHCTEMY HE TOJIBKO Ha OINpE/EJICHHBIN YHEPreTHUECKHi (JKeIaTeIbHO TPUITEPHBII) YPOBEHb, HO M Ha MHOTHE JIpyTrue
JIONTOXMBYIIHE ypoBHU. CHCTEMY ypaBHEHHH, KOTOpasi OyJeT ONHCHIBATh TaKHUE MEPEXo/Ibl, MOXKHO TPEICTaBUTH B
BUJIE:

. . N . . .
idy=A, A=A+ A, iy = A, A=A Ay = A, (42)
k=2

ODTa cucrema ypaBHeHI/Iﬁ OIMMCBIBACT CBA3b U IMCPCXOJbI paCCManHBaeMOﬁ CHUCTEMBI C MEPBOI0 (Al) MmcEracTa-

OMIBHOTO YPOBHSI HA OCHOBHOM YPOBEHB ( 4, ) 3@ CUET CIIOHTAHHBIX IIEPEX0JI0B U HA JAPYTHe yPOBHH, OJIIM3KOPACIIOO-
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KCHHBIC K MeTaCTa6I/IHLHOMy YPOBHIO. HOCHGHHI/IC MEPEXOAbl ABJIAIOTCA UHAYHHUPOBAHHBIMU. Cucrema (42) HMCCT aHa-
JIMTUYCCKOC PCIICHUEC!

A =cos(Q-t), %z%sin(Q-t), &:i/_l—ézsin(ﬂt), k=2,3,..N,

N
rie Q= [1+> 4.
k=2

U3 BHUJA OTUX pemeHI/n‘/i CJICAYCT, UTO YEM 00JIBIINM 6yZ[CT YHCJIO SHEPTECTUUYCCKUX ypOBHeﬁ, Ha KOTOPbIC BO3MO-
KCH I/IHL[yHI/IpOBaHHHﬁ nepexon, Tem MEHbIIEH 6y,ueT BEPOATHOCTL CIIOHTAHHOI'O pacnana nu MEHbIIEH 6y,ueT BEPOAT-
HOCTb I€pexoaa CUCTEMbI Ha TpI/IFFepHHﬁ KOpOTKO)KI/IByHII/Iﬁ YPOBCHbD.

3AKIIOYEHHUE. OBCYXKIEHUE PE3YJIBTATOB

B 3axmouenne chopmymarpyeM n oOCyauM HambOoiee BaKHBIE Pe3yJIbTaThl, KOTOPEIE CIEIyeT W3 MPOBEACHHOTO
BEIIIIE CPAaBHUTEIBHOTO aHAIN3a MEXaHU3MOB CTaOMITH3AIIH.

1. Tomy4yeHHBIE BBHIMIE PE3yNBTATHl IEMOHCTPUPYIOT TOT (DaKT, 9TO MMEETCS NOCTATOYHO A(P(PEKTUBHEIN H TPO-
CTOM MCXaHHU3M, KOTOprf/Il II03BOJIICT CTaGI/lHI/l?)l/IpOBaTI) HeyCTOfl'-IHBbIe COCTOSAHHUS. DTHM MEXAHU3MOM SIBIISIETCS
IpUHIUI 10Jbl. OH MPOCT, HATIISCH, JOCTATOYHO YHUBEPCAJICH — OH MOXET OBITh MCIIOJIb30BAH KaK IS CTAOMIM3aIuN
HECTAOMIILHBIX KBAHTOBBIX CHUCTEM, TaK U JJIsA CTa6I/IJ'II/ISaHl/II/I HeyCTOﬁ‘{HBbIX KJIACCUYECKHUX CHUCTeM. boiee TOrO, 3TOT
MPUHIHUIT Ja€T HC TOJBKO KaUYCCTBCHHBIC PEKOMCHAAIUN JJId CTa6I/LHI/ISaIlI/II/I, HO BO MHOTHX CJIydasaX YKa3bIBa€T U Ha
HCOGXO,HI/IMI)IC KOJIMYCCTBCHHBIC XapaKTCPUCTUKU. BaxHbIM Takxke SBIISIETCS TOT (baKT, 4qTo CTa6I/IJ'II/I3aIlI/I51 Ha OCHOBC
UCIIOIb30BaHKs MPUHIIMIA I0JIBI TOJUTCS HE TOJIBKO ISl CUCTEM C 3aMe/IJICHHBIM 3aKOHOM pacria/ia (He9KCIOHEHIINAIb-
HBIM 3aKOHOM paclazia), HO U JJIs1 HEYCTOHYMBBIX CHCTEM, U1 KOTOPBIX XapaKTEPHBIM SBIICTCS TIPUBBIYHBIA HKCIIO-
HEHIIMAJTBHBIA 3aKOH paclaja M Ja)Xxe s CTaOMIU3aIliy B3PHIBHBIX HeycTOHUMBOCTeH. OTHOCHUTENBFHO MOCICIHUX -
ClIelyeT 3aMETUTh, YTO B HEKOTOPBIX CIIydasX YUCICHHBIC PacueThl OKa3hIBAIOT, YTO MOJTHOM CTaOMIM3aIMK HE HACTY-
maet. [IpOUCXOAUT TONBKO 3allepiKKa Pa3BUTHS MpoIlecca HeyCTOWIHBOCTH. MIHOTa 3HAUHTENbHAsS 3anepxka. OgHaKo
ATOT BOIPOC B HACTOSIIEE BPEMS HAXOAHUTCS B COCTOSTHUH U3yUCHHUS.

2. Kak MBI BUieH BEIIIE, CTAOMIM3AIH KBAHTOBBIX CUCTEM, TPEXKIE BCEro, 00yCIOBICHA TeM (paKToM, ITO Ipo-
IecCC pacmnajga KBaHTOBBIX CUCTEM Ha MaJlbIX MHTECPBajIaX BPEMCHU HEOKCIIOHCHIHAJICH. HO-BI/I}II/IMOMY, BIICPBBIC O3TOT
pe3ynbTat ObUT ToNydeH B padote [1]. OgHaKo 10 HACTOSIIErO BPEMEHM aBTOp HE 3HAET clydas, KOTJa MPU aHau3e
KBaHTOBOTO 3¢ dekra 3eHOHa CChUIANNCh Ha 3Ty paboty. BTopoil ¢hyHaaMeHTanbHbIH Ipolece, KOTOPBIH JIEKHUT B OC-
HOBe 3¢ dexTa 3eHoHa 3TO Tpolecc u3MepeHus. Onucanue npolecca N3MepeHnsi B KBAHTOBOW MEXaHHKE BBIXOIUT 32
paMKn Tpa}lHHHOHHOﬁ KBAaHTOBOM MEXAHUKH. IIO HACTOAIIETO BPEMEHU HET €IMHOTIO0 MHEHHUA CPEIr CHECIUATINCTOB,
KOTOpBIE 3aHUMAKOTCSI OCHOBAMHU KBAHTOBOM MEXaHUKHU, KAKYyIO POJIb UI'PACT CYLIECTBYIOIIMN MaTeMaTUYECKUN anmna-
par, ONMCHIBAIOIIUI ITPOLIECC N3MEPEHHUs. SIpKUM NIPUMEPOM TaKOro HEOJHO3HAUYHOTO MHEHHMS SIBIISIOTCS PE3YJIbTaThl
ormpoca, KOTOPbIi ObLT MPOBEACH CpeAn yU4acTHHKOB KoH(pepenimu "Quantum Physics and the Nature of Reality" , xo-
Topas npoxonuna B utone 2011 B Asctpuu [25]. Opranusaropsl onpoca 3ajgasanu Bonpoc: "Kak Bel oTHOCHTECH K CY-
IIECTBYIOIIEMY COCTOSIHUIO TEOPHH, KOTOPasi OMHMCHIBAET mpoliecc u3MepeHusa?" OTBeTH ObUTH caMble pa3HOOOpa3HEbIe.
Ot nonHOTro 0K00PEHHs CYIIECTBYIOIIEH TEOPUH A0 MOJIHOTO OTPHULIAHUS €€ MTOJIE3HOCTH.

3. Cruenyer OTMETHUTh, YTO MHOTHE aBTOPBI YKa3bIBalM Ha TOT (haKT, YTO CYIIECTBYIOIIHE KCIIEPUMEHTAIbHbIC
PE3YJIbTAThI, KOTOPHIE TOATBEPKIAAIOT PE3YJIbTAThl TEOPHUU KBAHTOBOTO 3¢ dekra 3eHOHa, MOTYT OBITh OOBSICHEHBI B
paMKax TpaAWIIMOHHOW KBaHTOBOM MexaHHMKH. Tak, B pabote IIpuroxkinaa n coaBTopoB [26] aBTOpam yaanock chopmy-
JTUPOBATh B paMKaxX TPaIWIIMOHHOW KBAaHTOBOI MEXaHWKH CBOWCTBAa IMPOEKIIMOHHOTO OIepaTopa, KOTOPHIE OKa3ajHCh
JOCTAaTOYHBIMH, YTOOBI OOBSICHUTH OCHOBHBIC SKCIIEPUMEHTANBHBIC PE3YIbTATHI, TOIYIeHHBIE K TOMY BPEMEHH OTHO-
CHUTEIBHO KBAaHTOBOTO 3 dexTa 3eHoHa. Kak MBI BUAETH BHIIIE, CTAOMIN3AINSI KBAHTOBBIX CICTEM MOXKET BIOJHE OBITh
oIlMcaHa B paMKax TPaIULIHUOHHON KBAHTOBOIM MEXaHHKH.

4. Crnenmyer OTMETHTH TOT (haKT, YTO B M3BECTHBIX IKCIIEPUMEHTAJIBHBIX HCCIIEN0BaHUAX d(dekra 3eHoHa cTabu-
JIM3alus OCYIIECTBIUIACH JIa3epHBIM M3JIy4YeHHEM KBAaHTOBBIX MEPEXOJI0B, KOTOpHIE pacrojaranick B BU-nnanazone
(panmoananasone), T.e. OCYLIECTBISUIACH CTAOMIIN3AIINS HU3KOYACTOTHBIX TIEPEX0/I0B C TOMOIIBIO M3Iy4YeHHs] BHICOKHX
yacToT. BaxkxHbIM PE3YJIBTATOM, MMOJYYCHHBIM BbILIC, ABJISACTCIA TOT (l)aKT, YTO BO3MOXKHa HaO60pOT CTa6I/IHI/I3aIlI/Iﬂ BbI-
COKOYACTOTHBIX MEPEXOA0B (JIa3ePHBIX, PEHTT€HOBCKUX M T.JI.) C MIOMOIIBIO BO3/IEHCTBUS HU3KOYACTOTHBIX ToJieil. He-
00XOIMMBIM YCIIOBHEM JJISl TAKON CTaOMIIN3AINH SABIISICTCSA YCIOBHE, YTOOBI YacToTa Pabn HU3KOUAaCTOTHEIX MEPEX0JI0B
ObuTa OOJIBbINE, a JyYIlle 3HAYNTEIHHO OOJbIIe BEIHMYMHEI, KOTOpas paBHa 0OpaTHOMY BPEMEHH KU3HU BO30YKICHHBIX
COCTOSIHUH. DTO 03HAYACT, UTO YHCIIO HI3KOYACTOTHBIX KBAHTOB JOJDKHO OBITH JOCTATOYHO BEJIHKO.

5. Ha mamm B3risiz, o4eHb BaXHBIM W HEOOBIYHBIM PE3yJbTaTOM SIBISCTCS PE3yNbTAT, MPEICTaBICHHBIN (hopMy-
no#t (17a). BaxkHOCTB €ro 3aKiIF0YaeTcs B TOM, YTO €CIIH B KBAHTOBOM 3(dekTe 3eHOHA MBI TOJDKHBI H3MEPSTh (BO3ICH-
CTBOBATh) TO COCTOSIHUE, B KOTOPOM HAaXOJHUTCS KBAaHTOBAasl CUCTEMA, TO B OOIIEM clydae CTaOWIM3AIMsI MOXKET OBITh
peain30BaHa IyTeM BO3JEHCTBHS U HA TE COCTOSIHHS, B KOTOpbIE CHCTEMa JIOJDKHA nepeiTi. Takum oOpa3oM, craOuiu-
3a11UI0 KBAHTOBOM CHUCTEMBI MOXKHO OCYHICCTBUTH oo ¢ TMOMOIIBIO NPEBpPALICHUA CTAIMOHAPHOTO HeyCTOfI‘IPIBOFO
COCTOsIHUS B yCTOI\/'IFII/IBOC JUHAMHYCCKOC COCTOAHHUC, 60 JACJIaTb JTUHAMUYCCKUMU TE€ COCTOSAHUA, B KOTOPBIC CUCTEMA
JIOJDKHA TIepeHTH. DTOT pe3ysIbTaT 0COOCHHO BaXKeH JAJIsl CTAa0MIN3AIMY TaKUX COCTOSHUMN, Ha KOTOPbIE BHEITHUMH CH-
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JIaMH BO3J/ICHCTBOBATH JINOO 3aTPYHUTEIBHO, MO0 MPOCTO HEBO3MOXKHO. [TpumepaMu MOryT ciiykuTh (HOTOIPPEKT 1
SIIEpHBIIA OeTa-pacma.

6. CraOwn3zanysi KIacCHYeCKUX CHCTEM C HMCIIOJIb30BAaHWEM MPHHIIMIA FOJbI TAKXKE OKa3ajach AOCTATOYHO (-
(exTrBHOHN. BBIACHHIOCH, YTO MMeeTCsl pa3HHIAa MEXKAY MEXaHM3MOM CTa0WIM3allMd HEYyCTOWYMBBIX KIACCHUYECKUX
CHCTEM ITyTEeM BO3/ICHCTBHUS HA HMX WIM HA UX MapaMeTpbl BHEUIHErO BBHICOKOYACTOTHOTO MOJS W cTabuim3anueil Ha
OCHOBE MPHUHIINTIA OB [ TABHBIM pa3IHmdreM OKa3aJics TOT (akT, YTO MPHU CTAOMITU3AIIMHA CUCTEMBI B OBICTPOOCITHILIN-
pyIoIIeM mojie CTabMIN3UpYyIoIIee BO3IEHCTBHE OKa3hIBAaeTCs HE CaMOCOTIIAaCOBAaHHBIM. J[MHAMUKA CTaOMIN3HPYIOIeH
CHJIBI HE 3aBHCHT OT JMHAMHUKHU CTaOMIM3upyeMor cucteMsl. [Ipn ncnonp30BaHUH MPUHITHIIA OBl CTaOMITH3UPYIOIIee
BO3CHCTBHE SBIISCTCS CAMOCOTJIAaCOBAaHHBIM. Ero MMHAMKKA CYIIECTBEHHO 3aBHCHT OT AWHAMHKH CTaOMIU3UPYEMOi
cucreMbl. VX TMHAMHMKH caMOCOTIIacoBaHbl. B pe3ysbrare B TeX citydasix, KOrja Juis CTaOMIIM3alul U3y4aeMoil cucre-
MBI MOKHO HCIIOJIb30BaTh MPUHIIUI I0JIbI, OH OKa3bIBaeTcs Ooisiee 3(h(heKTHBHBIM, YeM cTaOMIu3anus B ObICTPOOCIIUII-
JHMPYIOIEM I10Jie. DTOT Pe3yJbTaT ObLI MPOAEMOHCTPUPOBAH Ha IPHMEpE CTaOWIM3alMK BEPXHEro (HEYCTOMYHBOIO)
MIOJIO’KEHHSI MaTeMaTHYecKoro MasiTHuKa (MasitHiKa Karuier). OHaKo 04eBHIHO, YTO 3TOT Pe3yJIbTaT CHPaBe/UINB U B
JIpyrux ciaydasx. HyxHo, 0HaKo, OTMETUTbh, YTO MEXaHW3M CTAOWJIN3AIMU C ITOMOIIBIO BHEIIHETO OBICTPOOCIIMIIIN-
PYIOIIETO TIONS B HEKOTOPOM cMEIce Oolee yHUBepcaneH. OH IpoIe MpH pealn3aliuil u, TOX0XKe, MOXKET OBITh HC-
TTONTE30BaH I 0oJIiee MMPOKOTO KPyra (PU3MIECKUX CUCTEM, YeM TPUHIIHIT F0JBL. J|eHCTBUTENBEHO, TOCTATOYHO TPYIHO
Npe/ICTaBUTh cebe (PU3MUecKyro peau3anrio MPUHIMIA FOJIbI Ui KOHKPETHOTO MareMaTHYecKoro MasTHUKa. B To
BpeMs Kak (hpuzndeckast Moeb MasitTHuka Kanwuisl 3¢ ek THBHO paboTaer.

7. Cnemyet oOpaTuTh BHUMaHHE TAKXKE HA TOT (DAKT, UTO MMOIABICHUE HEKOTOPBIX HEYCTOWYUBOCTEH MOXKET OBITH
0OBSCHEHO HE TOJILKO MEXaHU3MOM l0JIbI, HO U JPYTMMHU MeXaHu3MaMH. Tak, eciii paccCMaTpUBAaTh MOJIaBJICHUE ILIa3-
MEHHO-ITy4YKOBOI HEYyCTOWYMBOCTH ITyTE€M HAJIO0XKEHHs JOMOJHUTEIBHON CBSI3U BO30YKJaeMOMW IUIA3MEHHOW BOJIHBI C
BOJIHOM BHEUIHEH 3JIeKTpOANHAMUYECKON cTPYKTYpHI (38)-(39), TO CpBIB HEYCTOHUMBOCTH MOXKET OBITh OOBSCHEH TEM
(hakTOM, YTO TaKOe B3aMMOCHCTBUEC MPUBOIUT K PACIICIUICHUIO AWCIICPCHOHHOW BETBH IUIA3MEHHOW BOJHBI. B Toit
o0iacTy, TIe BETBH TUIa3MEHHON BOJHBEI M BOJIHBI BHEITHEH DJICKTPOIMHAMAYICCKON CTPYKTYPHI ITEPECeKaIOTCs, BOSHH-
KaeT IIeJb, IMUPHHA KOTOPOH MPOIOPIIOHAFHA KO3(h(PUIIMEHTY CBSI3M MEXIY STUMH BOJHAMHU. B pe3yibTare, MydKo-
Bas MOJIa HE TIepeceKaeT BETBb IIa3MEHHOM BOJHBL. DTO 03HAYACT, YTO MCUYE3AIOT YCIOBHS ISl YEPEHKOBCKOTO MeXa-
HU3Ma M3ITyYeHHs YacTHUI[ MydKa B IjIa3Me. DTO, B CBOIO OYepe/lb, MPUBOJUT K HAPYIICHUIO YCIOBUI, HEOOXOAUMBIX
JUISL Pa3BUTHS TUIA3MEHHO-ITYYKOBOI HEyCTOHUMBOCTH [27]. AHaIOrMYHOE OOBSICHEHHE MOXKHO MPUBECTH M JUISL TIPO-
1[ecca MoJIaBJICHUs PaclaJHON HEyCTOMYMBOCTH. B 3TOM cilydae CBSI3b OJHOW M3 BOJIH, yYaCTBYIOIIUX B TPEXBOJIHOBOM
B3aMMOJICHICTBUHY, HAPYLIAET YCIOBUE CUHXPOHU3MA MEXIy HUMH. DTO HapylleHHEe CUHXPOHHM3MAa IMPHUBOAUT K CPBIBY
pacraiHbIX HEYCTOHUMBOCTEH. DTN MPUMEPHI MOKHO MPOIOIDKNTE. [IpHBIIeKaTeIbHOCTh IPHHITUIIA FOJIBI 3aKIII0YACTCS
B TOM, YTO OH OOBEIMHSACT BCE ITH, HA TEPBBIA B3TJLAM, Pa3pO3HEHHBIC Mporiecchl. OH MO3BOJSCT MOJONTH KO BCEM
STHM TIpOIIeccaM C EAMHON TOYKHU 3PEHUSI.

8. T'oBOps 0 MOIABICHNHU PEKXUMOB C THHAMHYECKIM Xa0COM, CIIEAyeT 0OpaTUTh BHUMAaHNE Ha TPYIHOCTH, KOTO-
pbI€ MOTYT BCTPETUTHCS MIPU OIPEICICHIH KOHKPETHBIX (PU3NYECKHX MEXaHU3MOB, KOTOPbIE OY/yT SKBUBAJICHTHBI Me-
XaHU3MY BpallleHHus oMbl J[efCTBUTENbHO, ecau A cucTeMbl JIopeHIla B TOM cilydae, KOTJa OHa OMHCHIBAET JHHA-
MHKY JIa3€pHOT0 MOJIsI, HAWTH TaKoil MeXaHU3M O0Ka3aJoch JIOCTATOYHO MPOCTO, TO JUIA CIIydasi, HalpuMep, JBHKEHUS
YacTHIl B TIOTeHIMane XeHoHa-XelInuca 3To clenarb TpyaHo. JleCTBUTENbHO, HE COCTABISIET TpyAa (GOpPMaIbHO HC-
T10JIb30BaTh NPHUHIMIIT FOJIBI, M COPBATh PEXXUM JMHAMUYECKOTO Xaoca JUIs YacTHIl, KOTOpPbIE IBIKYTCS B KpHcTauie (B
noteHImane XeHona-Xewmca [28,29]). OnHako, Kak TOJIBKO BOSHHKAET BOIIPOC, UTO MPEACTABIACT co00i (hruznmdeckoe
COJZIepKaHWE JIOTIONHUTEFHON CTaOMIM3UPYIONIeH CTETIeHH CBOOOBI, TO 3/IECh BO3HUKAIOT TpyAHOCTH. ClienaeM emre
onHo 3amedaHue. OYeHb YaCcTO PEKUMBI C THHAMUYECKHM Xa0COM aHAIM3HPYIOTCS C MOMOIIBI0 cedeHus [lyankape.
OpmHako Takoi croco0 HE BCET/a JaeT MPaBUIIBHBIN pe3yibTaT. JleHCTBUTEIBHO, €CIIM IOCMOTPETh Ha cedyenue [lyan-
Kape JUis HeBO3MYIIEHHOH cuctembl JIopeHia u /ijisi BO3MYIIEHHOH, TO Mbl YBHIIUM, YTO MPOU30ILIO yMEHbIICHUE (a-
30BOT0 00beMa ITHX TouekK (B cradunmsupyemoit cucreme). OHAKO yTBEPkKAaTh, YTO TUHAMHKA CTalla PEryJIsIpHOM 110
9TOH KapTuHE TpyAHO. [lo 3Toi NpuYMHE MBI HE NPUBEIN HU BUaa (a3oBOro moprpera, HU Bujaa cedeHuid [lyankape.
OHU MOTYT yKa3aTb TOJbKO Ha TEHACHIUIO K PeryJsspU3altu.

Astop Omaromaput J[.M. BaBpuna, A.JI. Canunra u H.®.llynsry 3a o0cykIeHNS pe3yTbTaTOB U MOJIC3HBIC 3aMe-
JaHUsL.
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The cross section and polarization observables in the process of the electron-positron pair photoproduction on a free electron are
calculated. The double differential distributions, over the square of the 4-momentum transfer to the recoil electron ¢° , and the square

of the created e*e™ - invariant mass , Q* are obtained in the target-electron rest frame taking into account the contributions of the so-

called Borsellino and (y —e) diagrams. The integration of these distributions over ¢° (and over Q) is performed and the results are
analyzed mainly in those kinematical regions where the (y —e) -contribution is larger (or the same order) than (as) the Borsellino
one. Such calculations are motivated by the experiments in search of the possible dark matter candidate (light U-boson) in process of
triplet photoproduction. The original analytical formulas for ¢° (and Q%) distributions can be used to check the work of the
corresponding Monte Carlo generators. We consider the following cases: particles are unpolarized, photon beam is linearly polarized,

photon beam is circularly polarized at polarized electron target.
KEY WORDS: triplet, polarization, cross section, the Stokes parameters, photon beam
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eJIEKTpOHaX. 3 BpaxyBaHHSAM BKJIAJiB Tak 3BaHHMX bopcemiHo- Ta (y—e) -miarpam oTtpumani IBidi audepeHudiitHi po3noainy mo

KBajpaTy 4-iMIynscy ¢° , IepeaHoro eNeKTPOHY Biffadi, Ta KBaJpaTy iHBapianTHOT Macc (Q° HApOIKEHHOI e’ e” -mapy B cUCTeMi
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(OTOHHUH ITyYOK ITOJSIPH30BAHUH JiHIIHO, (OTOHHMH IyYOK IOJSIPH30BAHMH IMPKYJSIPHO TPH IOISIPHU30BaHIM 3IIEKTPOHHIN
MiIlIeHi.
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nuddepeHnaTbHble pacrpeee s M0 KBaApaTy 4-UMIyIbca ¢° , TIEpelaHHOTO AMEKTPOHY OTHAuM, M KBAJAPaTy MHBAPUAHTHOH
Maccel Q° 06paszoBaHHOH e’e” -mapbl B CHCTeMe TIOKOS 3eKTPOHa-MHIIEHH. BHITOTHEHO WHTETPHPOBAHHE 3THX PacTIpeeTeHuit
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dopmysr A g° (u Q) pacmpeseneHnit MOTYT GBITh HCIONB30BAHBI JUTA MPOBEPKH paboTh cooTBeTcTByRomux MonTe Kapio
reHeparopoB. HaMu paccMOTpeHBl clieayoliue Clydau: YacTHLBl HE INOJAPU30BaHbI, ()OTOHHBIH IyHOK IOJSPU30BAH JIMHEHHO,
(OTOHHBIH IMy4OK NMOIAPU30BAH UPKYIIIPHO MPH MOISIPU30BAHHON JICKTPOHHON MHILICHH.

KJIFOYEBBIE CJIOBA: tpumuier, nonspusanus, cederne, mopamerpsl CTokca, GOTOHHBIN ITydOK

Many authors have studied theoretically the process of the triplet photoproduction (TPP) by an unpolarized photon
on free electrons. This process is completely described by 8 Feynman diagrams. Therefore, the exact expressions for the
differential and partly integrated cross sections of the TPP process are very cumbersome and exist in the complete form
only in the unpolarized case [1]. That is why, the usual practice, in the calculations of various observables, was to use
approximations: for example, to consider the high-energy limit or to neglect some of the Feynman diagrams. The
approximation, when only the so-called Borsellino diagrams (Fig. 1a) are taken into account, is the most often used in
the calculations.

. y A AN ——————
AAANAN ———2 PL &k k i
P1
P1 —p3 P e
§ £ / L\\ -
p p
p P2 p P2 -m ———v\/\/\/\<
(a) (b) —p3

Fig.1. Feynman diagrams describing the process of the triplet photoproduction on free electrons (the exchange diagrams are omitted).
The diagrams (a) are the Borsellino’s ones, and the diagrams (b) are the y —e ones.

Borsellino [2] calculated the cross section of the TPP process by neglecting the exchange and y—e diagrams

(Fig. 1b). He derived formula for the total cross section in the high-energy limit. Mork [3] calculated numerically the
total cross section of the TPP reaction. He calculated separately the contributions to the total cross section from the full
set of the Feynman diagrams (Borsellino, y —e and exchange terms). It was found that the Borsellino’s calculation [2]

for the total cross section is valid for £, > 8 MeV. The calculated recoil-electron momentum distribution is also agrees
with the Borsellino result which is valid if the exchange and y—e terms can be neglected. Mork showed that the
Borsellino’s distribution is valid for £, > 8 MeV if the energy of the recoil electron is well below the energy of the

electron produced. Because Mork took into account all diagrams, he has verified the accuracy and limitations of the
previous calculations. Haug [1] took into account all diagrams and calculated analytically the angular distribution and
energy spectra of the produced positron as well as the total cross section. Later [4], the total cross section is fitted to
simple analytic expressions in four intervals of the incident photon energy which cover the entire range between
threshold and infinity. Endo and Kobayashi [5] calculated numerically the differential cross section of the TPP on an
electron target in the photon energy region £, =50-550 MeV. They took into account all eight Feynman diagrams,

i.e., the calculation was done without any approximation. For the recoil-electron momentum distribution, it turned out
that the calculation with only the Borsellino diagrams agrees very well with the full calculation. The total cross sections
for the process of n electron-positron pair production in photon-electron collisions have been calculated at high energy
in the main logarithmic approximation [6]. In the work [7], the authors have analyzed 8 Feynman diagrams and have
shown that for energies lower to ~ 500 MeV, the assumption about clear distinction between recoil and created
electrons is not a good approximation. They proposed the way to solve this problem.

The authors of Ref. [8] obtained the expression for the Compton tensor of the fourth rank, which determines the
Borsellino diagrams, in the case when the integration over the produced electron-positron pair variables has been
performed using the method of the invariant integration. This calculation was done for the general case of two virtual
photons.

A few papers were devoted to the investigation of the polarization effects in the triplet photoproduction on an
electron. The authors of the paper [9] calculated the differential cross section in the azimuthal angle of the recoil
electrons in the case of the linearly polarized photons taking into account the Borsellino diagrams only. The cross
section asymmetry slowly decreases from 30% at the 10 MeV of the photon beam energy down to 14% in the far
asymptotic. Later, they [10] investigated the influence on the asymmetry of the minimal detected recoil momentum. The
possibility of the determination of the degree of a linearly polarized photon beam with the help of the triplet
photoproduction was studied also in Refs. [11,12]. The differential cross section with respect to the azimuthal angle is
determined [11] for extremely high photon energies in laboratory system. The distribution with respect to the polar
angle of the recoil electrons is discussed also in this paper. The authors of Ref. [12] calculated the recoil electron
distribution and the energy distribution of one of the pair components as well as the positron (electron) spectrum in the
case when the recoil momentum is being fixed. The authors of Ref. [5] calculated the cross section as a function of
azimuthal angle of the recoil electron and obtained the analyzing power for the polarimetry of linearly polarized
photons. It was found that the analyzing power is greatly enhanced by selecting the events with small opening angles
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between the forward going electron and positron. The detailed description of the various differential distributions, such
as the dependence on the momentum value, on the polar angle and minimal recorded momentum of the recoil electron,
dependence on the invariant mass of the created electron-positron pair, on the positron energy and others, has been
investigated in Ref. [13]. The authors of Ref. [14] calculated the power corrections of the order of m/@ (m is the
electron mass and @ is the energy of the photon beam in the laboratory system), but only due to the interferences of the
Borsellino diagrams with all the rest ones, to the distribution of the recoil-electron momentum and azimuthal angle.
They estimated the deviation from the asymptotic result [11] for various values of @ . The possibility of the
determining the circular polarization of a high-energy photon beam by the measuring the created electron polarization
was investigated in Ref. [15], taking into account the contribution of the Borsellino diagrams. Different double and
single distributions of the created electron were calculated.

Note that the polarization effects in the TPP process were calculated, up to now, in the approximation when only
the Borsellinos’ diagrams were taken into account. Such approximation was checked by many authors for the calculated
unpolarized observables such as the total cross section, the distribution over the recoil-electron variables. It was found
that such approximation is valid for the photon-beam energies > 10 MeV. But such verification was not performed for
the investigated polarization observables in the TPP process. That is why, in this paper, we calculated the polarization
observables taking into account not only the Borsellinos’ diagrams but we take also into account the y —e diagrams.

The results of the paper [9] stimulated a search for the construction of a good polarimetry for high-energy photons
above an energy of a few hundred MeV. So, for the measurement of the photon-beam linear polarization it was
worthwhile to develop polarimetry on the basis of the detection of the recoil electrons from the TPP process. For
example, the authors of Ref. [16] constructed a scintillation counting system for detecting the recoils electrons in TPP
process. It was tested by using tagged photons with £ =120+400 MeV and probed to be capable of identifying the

TPP events with recoil-electron momenta 1.92 - 10 MeV/c.

The astrophysics community shows interest in measuring the polarization of the cosmic gamma rays of the high
energy: for example, the proposal Hard X and Gamma-ray Polarization (see references in [17]). The problem of the
measurement of the yy and ye luminosities and polarizations at photon colliders has been considered in Ref. [18].

There are two QED processes are of interest to measure the ye luminosity: the Compton scattering y +e — ¥ +e and
the TPP reaction on free electron y+e — e+e+e. At small angles the TPP cross section is even larger and this cross

section only weakly depends on the polarization of the initial particles. The study of the TPP process on a free electron
is a part of the proposed physics program at the planned high luminosity linac IRIDE (Interdisciplinary Research
Infrastructure based on Dual Electron linac and laser), Frascati [19]. At IRIDE one can search for a new, beyond
Standard Model, weakly interacting U boson (see, for example, [20]). Its existence can explain several puzzling
astrophysical observations (PAMELA abundance of positrons and others). The mass of the U boson is expected to be at
MeV or GeV scale. Thus, the QED triplet production is the main background in the search of U boson in the electron-
photon scattering that requires the precise measurement of the triplet production. This, in its turn, needs the precise
theoretical calculations for the various observables in the TPP process.

In this paper we calculate polarized and unpolarized observables in the TPP process on a free electron in the
approximation when the Borsellino and  —e diagrams are taken into account. Integrating the differential cross section

over the produced electron-positron pair variables, using the method of the invariant integration, we obtain the
analytical form of the distribution over the recoil-electron variables. These are the squared invariant mass of the created

e‘e” pair (p, +p;)°, and squared momentum transferred (p, —p)’. For the definition of the particle 4-momenta see

Fig. 1. Really, our results describe the events with well separated created and recoil electrons. Otherwise, the effects due
to the identity of the final electrons have to be taken into account. In this case, the investigation of double distributions

over both (p, + p3)2 and (p, + 193)2 variables seems more natural. We believe that search for U-boson at IRIDE can be
performed in the kinematical regions where the contribution of the y —e diagrams is at least of the same order as the

Borsellino ones. Besides, we understand that at this condition the identity effects have become essential. Thus, for the
U-boson search our results have to be recalculated. Nevertheless, they can be used to determine the optimal kinematical
region and to test the Monte Carlo generators which used for analysis of the real experiments. In what follows we
consider the following cases: unpolarized particles, the photon beam is linear polarized and circularly polarized photon
beam interacts with a polarized electron target. The influence of the y —e terms on the azimuthal asymmetry, due to the

linearly polarized beam, and on the double-spin asymmetry, caused by the circularly polarized photon beam and
electron-target polarization, has been investigated. The analytical expressions are obtained for various observables and
the numerical estimations of the polarization effects have been done. Most of our analytical results are absent in the
literature.

The goal of the paper is to investigate the differential cross section and polarisation observables fot the triplet
photoproduction process in the kinematical region where the contribution y —e mechanism is the same order as of the

contribution of the Borsellino diagrams.
In Section “MATRIX ELEMENT AND CROSS SECTION” the matrix element describing the Borsellino and
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y —e diagrams is given. In Section “THE BORSELLINO CONTRIBUTION” the tensors defining the Borsellino

diagrams were calculated and the distributions over the ¢°>,Q” and ¢ (the azimuthal angle of the recoil electron)

variables were obtained for the following conditions: all particles are unpolarized, the photon beam is linearly polarized
and circularly polarized photon beam interacts with a polarized electron target. In Section “THE y—e

CONTRIBUTION” the similar calculations were done for the py—e diagrams. Section “DIFFERENT
DISTRIBUTIONS” contains the results of calculation of the double (over the ¢* and Q® variables) and single (over the
g®> or O variable) distributions for the same polarization situations. The results and discussion are presented in one
Section “RESULTS AND DISCUSSION”. Finally, in last Section we give some conclusions.

MATRIX ELEMENT AND CROSS SECTION
The reaction of the triplet production by a photon beam on an electron target

y(k)+e (p)—>e (p)+e (p)+e (p,), (1)

where 4-momenta of the particles are shown in the parentheses, is described, in general, by eight Feynman diagrams. In
the calculations we take into account four Feynman diagrams: the so-called Borsellino diagrams (see Fig. 1a) and the
¥ —e ones (see Fig. 1b), i.e., we neglect the effects of the identity of the final electrons.

Therefore, in this approximation, the matrix element of the reaction (1) can be written as follows
M =M (B)+M(C), ()

where M (B)(M(C)) is the contribution of two Borsellino (( 7 —e ) or Compton-like) diagrams. These contributions
have the following form

M(B)=(4za) ¢ 4,j,(B), M(C)=(47a)* Q" 4,/,(C), 3

where g=p—p,,0=p,+p,,a=e/4x=1/137, A, 1s the polarization 4-vector of the initial photon.

The currents corresponding to the Borsellino and the y —e diagrams can be written as

- -
Vky, vk, +el"y, (4)

I L N S

R 1 -
viky, +—v.ky, -y,

J.(©) =i (p)y,u(-py)i(p,)K u(p). K ~

HA =E

where we introduce the following notation

(20 _ pZ/z _& 6(31) =ﬁ_ plu
“d, dT " d, 4,

>

d = (kp), d, = (kp,) (=1.23).
In the case when the polarization state of the photon beam is described by the spin-density matrix, the square of
the matrix element can be written as follows
|M ['=(4ra) p,l¢"'T,, (B)+ 07T, (C)+q 07T, (BO)), 6]

uv

where p], is the photon-beam spin-density matrix and we use the following covariant expression for it

1 .
p;v = E([el,uelv +6,,6, 1+ é[el,uelv —6,6, 1+¢ [el,ueZv +6,8, 1= 152[31;1621/ 6.8, D 6)

where & are the Stokes parameters and the mutually orthogonal space-like 4-vectors e, and e,, relative to which the
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photon polarization properties are defined, have to satisfy the following relations
812 =€§ =-1, (gk)=(ek)=(ee,)=0. (7N

The first term inside the parentheses in r.h.s. of Eq. (6) corresponds to the events with unpolarized photon, the

second and third ones are responsible for the events with linear photon polarization and the last one — for the events
with the circular polarization. The Stokes parameters & and &, which define the linear polarization degree of the

photon, depend on the choice of the 4-vectors e, and e,, whereas the parameter &£, does not depend. As the 4-vectors

e, we choose the following:

e =(0,6)), e, =(0,é,), e, 22522:1’ (€:62) =0. 3
In the laboratory system, we define a coordinate system with the z axis directed along the photon-beam momentum k,
and the x(y) axis directed along the vector g,(¢,) . In this case, the recoil-electron momentum p, is determined by the

polar and azimuthal angles € and ¢, respectively (Fig. 2).

—

p.

[N

Fig. 2. The angles defining the kinematics of the triplet photoproduction process in the laboratory system. g, is the photon-beam

polarization vector, § is the electron polarization vector, k (p,) is the photon-beam (recoil-electron) momentum.
If we define two orthogonal space-like unit four-vectors

:dPZy_dzp,u A :</Ukpp2>

P I 2u N N*=2dd,(pp,)-m*(d’ +d;),
for the description of the photon polarization states, then up to the gauge transformation we can write

e, = Alucos¢ — A“sin¢, e, = Alﬂsin¢ + Azﬂcos¢,

where < ptkpp, >=¢€,,,k,PsPs,» €z =1.

nafy a

The tensors 7, (B)T,,(C)) and T,,(BC) correspond to the contribution of the Borsellino (y —e ) diagrams and

uv uv

to the interference between the Borsellino and y —e diagrams. They are defined as follows

T,.(B)=j,B)j,(B), T,(C)=j,(C)j,(C), T,(BC)=j,(B)j,(C)+j,(C)j (B) ®

The differential cross section can be written in the form

(2”)75 2 d3p1 d3p2 d3p3 (4)
do = M o k+p-p, —p,—p,), 10
3] | | E E, E, (k+p-p—p,—Ps) (10)
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where [ = (kp) . The factors, which correspond to the averaging over the spins of the photon beam and initial electron,
are included in | M |*.

Consider the experimental setup when the produced electron-positron pair is not detected. In this case, it is
necessary to integrate over the variables of this pair. The most convenient way to do this is to use the method of the
invariant integration. In this experimental conditions, the contribution corresponding to the C- odd interference of the
Borsellino and the y —e diagrams becomes zero. It is convenient to express the phase space of the recoil electron in
terms of the invariant variables

d’p, _d(-¢’)dQ’d¢ _ dT

E, 4(kp) 4(kp)’
where ¢ =(p-p,)’, O’ =(p,+p,)’ =(k+q)’ is the square of the invariant mass of the produced electron-positron

AT =d ®dg,

pair, ¢ is the azimuthal angle of the recoil electron (i.e., the angle between the photon polarization vector ¢, and the
plane containing the initial-photon and recoil-electron momenta, Fig. 2).
The limits of the integration over the QO and ¢’ variables are defined by the following relations

am’ < QP <(NW? -m)’, x <-¢ <x,, W =(k+p) =m" +2mo, (11)

n =0 -0 200 — a0

2 2
am*> < Q° S—q—(a) /1—4m—2—m—a)), x (Q* =4m*)<—¢° Sx+(Q2 =4m?),
m q

where @ is the photon-beam energy in the laboratory system. The accessible region of the Q° and ¢° variables is

shown in Fig. 3.
Therefore, the distribution over the recoil-electron variables can be written as a sum of two contributions

d_0=d0(3)+d0'(C)’ (12)
dr dr dr
where the first (second) term is the contribution of the Borsellino (  — e ) diagrams.

Fig 3. The allowed domain of the variables ¢*> and Q°.

THE BORSELLINO CONTRIBUTION
The tensor T, (B), which describes the contribution of the Borsellino diagrams, can be represented as a product

uv

of two tensors of the second and fourth rank

T,,(B)=1,,(B),,,(B), (13)
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where the current tensor ¢,,(B) describes the transition e (p) — y"(q)+e (p,) and the tensor ¢,,, (B) describes the

process y(k)+7"(q) > e (p)+e (py).
The part of the distribution, caused by the Borsellino diagrams, can be written as

do(B) _ o
2 B 14
ar  l6rx *d* q (B), (4
where we introduce
d’pd’p
2(B) = pxyvaﬂvlptlp (B)a Q#vlp = -[ /lvﬂp( )ﬁé‘ﬂ) (k+ q- pl p3) (15)

The Borsellino tensor ¢, ,

the expression for this tensor in this paper contains some misprints. Correct expression has the following form

(B) in the case of unpolarized electron-positron pair was calculated in Ref. [15]. Note that

/zv}p (B O) (yv)(/ﬁp) (B) + ZL[,uv][&p] (B)5 (16)

where we use the index notation (af) ([@f]) to emphasize the symmetry (antisymmetry) under permutation of the
indices @ and . Note that the first tensor, which is symmetric, contributes in the case of unpolarized or linearly

polarized photon beam. The second tensor, which is antisymmetric, contributes in the case of a circularly polarized
photon beam.

t(,uv)(lp)(B) d {g}p[(d +d ) gﬂv dd3q2 on (“)] 2d1d3(1+13;1v)g/1vg/1p _2(p1p3)yvk k + (17)
1

(1+P/,V+P/1p+ Pvaﬂ,p)gpv [k, (d3p1y +d1p3/,l)+d d;(p,, — ps; )3(31)]+[d3 (plem))ﬂv (kp, )/1p —d, (p3e(3]))yv (kpl)/lp]_
_gyv[(d1 + d3 )(kp1)4p + (d1 + d3 )(kp3)4p - 2(m2 + (p1p3 ))k/lkp]+ 2d1d3€/(,31)6531)(191p3 );4; },

(d12p3,u - d:fp]p)kp[p]p:; ],,v

D 2 2
t[W]W](B):?al}{(I—P/:p)[(a’l +d, )gﬂgvp+ id. 1+ (18)
+(l PﬂV _Plp +P;lvPlp)[gﬂp (31)(d32p1ﬂ _dlzp3ﬂ)+
d* —(d, —d,)(m" d2 —(d, —d,)(m*
T —(d, 3)(m +(p1p3))g k.p. + ; —(d, )(m +(p1p3)) k p}ﬂ]}’

va p 1y va P
d] d3

where we use notation (ab),, =a,b, +b,a, and [ab],, =a,b b

aPp =50 -
The tensor Q,,,, was calculated in Ref. [8] for the case of k* # 0 using the method of the invariant integration. The

expression for this tensor in the case of k> =0 is given in Ref. [9] and it can be written as
D D
Qi = 2BLD8 18,y + D28y, + D388y + — 8 kK, +— 85,4,4, + (19)
D D
— (849K, + 8,4,k )+ (80, 4,K, % 8,0k +—4,4.k:K, )

where f=(1-4m>/Q*)"*, a=(kq) and the structure functions D, — D, have the following form

% Q2
4a2 24°

D, =-2- (6a=m)+— Lm0 ~2a-m)+a(a—0")} (20)
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2 L 4
D, = —Q—2(3Q2 —4a+2m’)+—la(a- 0’ +2m2)+Q——m4],
4a a 2
Q2

D, =-

. 2(Qz+4a+2m2)+£2(a+m2)(Q2—a—mz),
a

4a>

2 2 2 2
D4=q2(D2—Qj’ 229 1) p =0, D,=-a’D,
a a

1+p
-8

1
D, =-a’D,, D,=a’(D,+D,), L:Em

Unpolarized case.
In the case when all particles are unpolarized, we have

|
Z(Bﬂ 0) = E(elluelv + 62;1621/ )tlp (B; O)va}.p : (21)
The current tensor in the case of unpolarized initial electron is given by
Ly (B;0) = ng/:p +2(pp, )/lp' (22)

Performing the contraction of the tensors in the expression (21), one can obtain

d*+d?
(B;0) = —278{2(¢> + 2m*)D, + 4dd, %1)4 +(D,+ D) 2m* + 52 oy, (23)
a a

A similar expression was calculated in Ref. [21] for the case of the lepton pair photoproduction on a proton target,
yp —1I"'I” p, taking into account the Bethe-Heitler mechanism. This process was proposed to test a lepton universality

by detecting the recoil proton.
Note that the expression (23) for the unpolarized cross section, calculated by the authors in Ref. [9], is not correct.
The reason is that they used for the unpolarized photon spin-density matrix the expression g,, /2 and contracted it

It is not correct procedure because the expression for the tensor O is not gauge invariant

HVAp

with the tensor O,

AP *

(here the terms proportional to k, and k, were omitted).

Linearly polarized photon beam.
In the case of the linearly polarized photon beam, we have

1
2(B;¢) = 5[51 (el#eZV +e,,6, )+ &, (e,uelv —€,,6,, )] qulp t (B;0). 24)
The contraction of these tensors in the above expression gives
X(B;¢) = —47[,HL2(Dl + D, Yma® + dd2q2 )& sin2¢+ &,cos2p). (25)
a

Circularly polarized photon beam.
In the case of the circularly polarized photon beam, we have

i
%(B;s,8,) = ) S (e,e, —€,,6,)0,,,L,,(B;S). (26)

The current tensor in the case of polarized initial electron is given by

t,,(B;s) = 2im < Apgs >, (27)
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where s is the polarization 4-vector of the initial electron which satisfies the following conditions: (ps)=0, s’ =—1.In
the laboratory system this vector has the form: s=(0,5), where the unit vector s is determined by the polar and

azimuthal angles " and ¢, respectively.
The contraction of these tensors in the above expression gives

L(B;s,8,) =4npmé, (D, — D;)[< ee,qs > _l((qel) < ke,qs > —(ge,) < ke,gs >)]. (28)
a

As follows from this expression, the electron polarization vector normal to the plane (lg, p,) does not contribute to
the polarization observable. Indeed, let us choose sff ~< pkpp, > (in the laboratory system we have sff =(0,5"),
where 5 ~ (k x p,)), then we have <ee,gs” >=0 and (ge,) < ke,gs" >=(ge,) < ke,gs" > . Thus, only components of

the electron polarization vector which belong to the plane (k, D,) give nonzero contribution to the polarization
observables, namely they are s, and the following combination s, cosg+s, sing .

In the chosen coordinate system we can write

) a

2(B;s,8,) =27pS, (D, — D)[2m| p, | sinb(s, cos¢ + s, sing) + G ﬂ +2m E)S_, ] (29)
a

Note that if the electron polarization vector is parallel or antiparallel to the photon beam momentum, then the cross
section is not dependent on the azimuthal angle.
THE y—e CONTRIBUTION
The tensor 7,,(C) can be represented as a product of two tensors of the second and fourth rank

T, (C)=1,,(C)t,,,(C), (30)

where the current tensor #,,(C) describes the transition 7' (Q) > e (py)+e (p,) and the tensor ?,43,(C) describes the

process y(k)+e (p) >y (Q)+e (py).
We consider the case when the produced electron-positron pair is unpolarized. Then the current tensor is given by

L )= _Zngap +4(p,p, )/1p' (€2))

The part of the distribution, caused by the ¥ —e diagrams, can be written as

do(C) &
d?d0d$  167°d°0

7 Pty (O)C, . 32)

where we introduce

d’pd’p
C, =)t (O)=—=—L5Y0-p - p,). 33
Ap JAp( ) 2E12E3 (Q p] p3) ( )

Taking into account that Q,C,, =Q,C, =0 and that the tensor C,, depends only on one variable Q,, we can write

the general form for the tensor C,, as

L

C,, =C(O")g,, — 0 0,0,) 34

The function C(Q?) can be easily calculated in the c.m.s. of the electron-positron pair. As a result we obtain

(0 = —%”ﬁ(QZ +2m), (35)
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Write down the expression for the distribution, caused by the ¥ —e diagrams, in the form

do(C) o' ()

= >(0), 36
do  1672°Q* d’ © (36)
where
1
Z(C) = p;ylv (glp - E QAQp )t‘uvAp (C)
Unpolarized case.
In the case when all particles are unpolarized, we have
. —_ 1 1 .
Z(C, 0) - E (eu,e]v + ezuezv )(gip - & Q;,Qp ) t/,yzp (C, 0) (37)

The tensor ¢,, (C), caused by the y —e diagrams, in the case of unpolarized particles has the following expression

HVAp
(we present here only symmetrical (over the A, p indices) part of this tensor since the antisymmetrical part does not
contribute in the case when the produced electron-positron pair is unpolarized)

1
t(/,v)up)(C;0)=g{g;p[(d d,)’ g, tdd Q2 062914 2dd, (1+Pm)ghgup+2(pp2)ﬂvk k,+ (39)
2

A A 1 1
+(1+P#V +P/1P +P#Vpﬁp)gpv[_k/1 (dpz;, +dzp;,)+N(p1 +p24)elﬂ]_N[d_(pzel)yv (kp)lp +;(pe1)w (kpz)/:p]_
2

~g,,[(d, =d)(kp,),, +(d = d,)(kp) ,, = 2(m* = (pp, kK, 1+ 2dd,e,) e (pp,) 1, ),

where IAJ/,V is the u <> v permutation operator, the averaging over the initial electron spin is taken into account in this

tensor.
Performing the contraction of the tensors in the expression (37), one can obtain

(C; O)——J{Z(d2+d Y+ (0 +2m*)[q° 39)
Linearly polarized photon beam.
In the case of the linearly polarized photon beam, we have
1 1

E(C’ 5) = 5[51 (el;erV + eZ;telv ) + 53 (el/telv - 62;1621/ )](glp - E QA Qp )tyvﬂ.p (C’ 0) (40)

The contraction of these tensors in the above expression gives

1 m? .

2(C;6) = —ﬁ(Q2 +2m*)[q” + ﬁ(d ~d,)’1(&sin2¢ + & cos2¢). (41)

2 2

Circularly polarized photon beam.

The tensor ¢,,,,(C;s), caused by the  —e diagrams, in the case of the polarized initial electron has the following

expression

L (C38) = ———={4dd,(p,p, + P11 P,,) =2’ +d;)(pp,),, ~[0°(d +d,)’ =2d(d* = d})]g,,} < uvks > - (42)

d22

2 dz < pvkq >[~dd,(se™),, +(d +d,)(p,5)g,,1~

2d dz (1+ Pip) < pvph >[d(d +d,)(Q” +2d, ~2d)s, = 2(d(p,5) + d, (ks))(d, p,, — dp,)).
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The contraction of this tensor with the tensor C,, leads to the following expression (we omit here the terms

proportional to &, and k, since they do not contribute to the observables)
S, (Cys)=a, < uvks >+a, < uvpk >, (43)

where we introduce

c©")

2 2 [4dd,(d -d,)—d,0’3d +d,)-2m’(d —d,)’],
2

a, =—im

a, =2im ii(ii) (d —d,)(p,s).

2

From the formula (43) one can conclude that if the electron polarization vector is perpendicular to the plane (K, Dy
then it does not contribute to the polarization observable. The coefficient a, =0 since (p,s")=0 and the expression

< uvks" >~ k,(dp,,—d,p,)+k,(d,p,—dp,,) and it also does not contribute to the polarization effects. Thus, only
components of the electron polarization vector which belong to the plane (k, D,) give nonzero contribution to the

polarization observables, namely, they are s_ and the following combination s,_cos@+s, sing.

The contraction of this tensor with the photon spin-density matrix leads to non-zero result in the case when the photon
beam is circularly polarized. The contraction is

(Cis.6) =&, ﬁ{m | B, |5infdy(Q° — ¢ )(s, cosp+s, sind) +.[m | p,| cosfdy(Q* —¢*)+  (44)

+2dd,(Q* +¢°) +2m*(d —d,)* +d,(d, —d)Q’1},

2 2
- m 2 2y 4

m cos@=— (0 —q°)——

| D, | 2d(Q q°)

7 P, 2sin*0 = —%[mz(af—a’z)2 +dd2q2],

where s,,i=x,y,z are the components of the electron polarization vector in the laboratory system
(5. =cost, s, =sinl cosg’, s, = sinf"sing" ). Note that if the electron polarization vector is parallel or antiparallel the

photon beam momentum, then the cross section is not dependent on the azimuthal angle.

DIFFERENT DISTRIBUTIONS
The differential cross section of the reaction (1), in the case when the electron target and photon beam are
polarized (the polarization state of the photon beam is described by the Stokes parameters) and the produced electron-
positron pair is not detected, can be written as

do do¥ ) do'” . do“D do'?
d_F: 10 + (& sin2¢ + &, cos2 @) 7D +&,(s, cosg+s, sing) 10 +&,8, T (45)

where the first term describes the unpolarized differential cross section of the reaction (1), the second term corresponds
to the part of the differential cross section caused by the linearly polarized photon beam. The third (fourth) term
corresponds to the part of the differential cross section caused by the circularly polarized photon beam and polarized
initial electron in the case when the polarization vector of the target is orthogonal (parallel) to the photon momentum.

The azimuthal integration in (45) leads to multiplication of the d o anddo" by factor 2 7, and to extract the
part d """ we have to take the difference of the events number with two opposite values of z-component of the target

electron polarization, s.. To separate the part d o at fixed electron polarization, it is enough to take difference
between the events number in the forward (O<¢<7z/2,37/2<¢<2m;cos¢p>0) and backward

(m/2<¢<3m/2;cos¢<0) hemispheres. To probe the part d 0'(“, it is allowed to sum the events in the sectors
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O<p<nm/4Tn/4<¢p<2m);3r/4<¢p<5x/4) and subtract the events number in the sectors
(m/4<¢<37/4),(5x14<dp<Tn/4).

Double differential distributions
The unpolarized part of the differential cross section can be read as

o _do"(B) do(C)

(40)
do do do
(B ’ 1 B
do"( ):a_£4 L -Zo, 47
do 2r q" mw ;
where the functions A and B are
qZ 2 2
A=m" +1—+=(q* +3m’q’ +2m* - (]2 l¢" +m*2m’ +3¢° +20°) - (48)
h i
—~Amea(m® +2¢*)]+8mow(2mw —q* )(m®* +24° ) +16m’w’ g (m +24%),
l 1
B=8m’w’ q (q +6m’q” —4m* )+4ma) [4m (m+ o) +2mq* (w-3m)—q*]+ (49)
r i
7"2
+25[4m* +q* +2m(2m - w)q’ 1+ '?(q2 +2m°) +4m(m - w)q* —8m® +q° —2m’q* (dmw —20°),
45(C) _ "‘—ﬁ#—(g 1 2m?) 2m? ot —m?)— 2 20" + m* + mo)O* + (50)
dd 127 0 Mm@’ 1, )
M £ 20(mt )¢+ P02 + 2 (1= ™0 + L gt + Z w0 + 2m)),
@ 2w 2 o 2 7
where 1, =0° - ¢’ and r, =2mw+q’* - Q.
The part of the differential cross section caused by the linearly polarized photon beam can be read as
(L) (L) (L)
do :dO' (B)+d0' (C)’ 1)

do do dd

do'(B) o ﬂ L1 [lq +m2 0% + 2m>(m — )L {(m + 20)g" + mO* +2¢*[2ma@” — (m+ @)0*1}, (52)
do 7 ¢ mo’ 2

dG(L)(C) a p 1 1 2, 20+m -
> 1270 ma (Q H2my et = Q +am r] (53)

2

The part of the differential cross section, caused by the circularly polarized photon beam and polarized initial electron in
the case when its polarization vector is orthogonal to the photon momentum, can be written as

do'”  do'“"(B) . do'“"(C)
dd do do ~

(54
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dT ——4—2—517’19[3Q2 +q2 —(Q2 +q2)L], (55)

do'" (9) o’ B b, 1 2 2 2 2
=— ind - +2m°). 56
10 127 0" mie r sind(Q° —q")(Q" +2m”) (56)

2

The part of the differential cross section, caused by the circularly polarized photon beam and polarized initial electron in
the case when its polarization vector is parallel to the photon momentum, can be written as

do'™ _do'(B) do'(C)

57
dd do dd 7
do'(B) o 1 m m  mo
e B _a b1 5300 hg 0+ )0 -1+ -2, (58)
) dr nqg” m o w w n

do'(C) & B 1, om omo. o
dd 2470 Mo’ (©+2m )[a)(1+2 7, NQ =q7) +q" ~ 0" +4ma(Q"+ 7)) (59)

Distributions over Q° variable
Let us obtain the distributions over the square of the invariant mass of the produced electron-positron pair, i.e.,

over the Q® variable. To do this, it is necessary to integrate the distributions (46) - (59) over the ¢ variable. As a
result, we have for the unpolarized part of the differential cross section

o _do"(B) do(C)

dQ? do? ao* (60)
w=“—3ﬁﬁ%[q +Dan(V_A)+D3Ln[Q2(m+2w)+w(A_V)]], (61)
dgo 27 Q" m @ V+A

O*(m+20)—a(A+V)
D, = =2 (0° —4maQ" —8m* 00 +4m’ QX (O + T’ ) +4m* (O® +170")+

3me
+é[—Q8 +maoQ’ +12m’ Q" - 2m*Q* (O + 8w ) —160m’Q* +4m*Q* (Q* - 210*) +8m° (Q° +17w")]},
2 3 2 2 L 4
D, =2m{RQ"(w—-3m)—2m" (50" +4w )+§[RQ Cm-w)+
2m*RO*Bm—w)+4m’Q* (m” +4mo+ o) —16m’ v’ ]},
D, :%[Q“(Qz —4mo+12m*)+8m° Q> (2m* —2mw+ @* ) +32m*w* -
—é(Q4 +4m’Q* —8m*)(Q* —dmwQ’ +4m*Q* +8m’ w’)],

da(C) _a_3 B O +2m? A . - 2
IO 220" mw \miaey LU @) Im Q90T+ (62)

R+A

+16m’w+4m* +70° 0’ |-[R(Q* +2m*) + 2m’®° ]Ln(R A

)



34
EEJP Vol.2 No.4 2015 G.I. Gakh, M.1. Konchatnij, N.P. Merenkov

where symbol Ln stands for natural logarithm and we introduce the following notation

A=J(O" —2mw)’ —4m* Q" , R = 0* —2mar—2m*,V = 0" + 2mo.
The Q7 distribution of the differential cross section caused by the linearly polarized photon beam can be read as

do _do"(B) do"(C)

dQ’ dQ’ dQ* - ©2
% - “735 L2100 L am L s iegr +am 41 73—2) —dom’)- (64)
—m*L(50" + 8w2)+%2(Q2 —20*)]+2m*[R(w+m(L—1))—2m’ + 4m*wL(1 —%)]Ln[% ,
w:iéw(m—mmm%. (65)
Q0 1220° mw R-A

The Q° distribution of the differential cross section, caused by the circularly polarized photon beam and polarized
initial electron in the case when its polarization vector is orthogonal to the photon momentum, can be written as

(CT) (CT) (CT)
do " do Z(B)+da 2(C), (66)
dQ dQ do
dc“"(B) a’f 1
dQ2 4Q2 meS

(0> (1= DN +2ma + Q*[m =30+ (- m)L]+ 2ma{o(3 - L)+ 20> (L= 2)]}, (67)

dO'(CT)(C) __0!_3£(Q2 +2m2) 2 L 3/2r A2
T TBe wa ®m? + v (m+20) " [A% + 4mR(m + 2w)]}. (68)

The Q2 distribution of the differential cross section, caused by the circularly polarized photon beam and polarized
initial electron in the case when its polarization vector is parallel to the photon momentum, can be written as

do'™ _do'(B) do'(C)

do’ do’ o’ )

%;(B) = %é mzla)z {2A(7 -3L) +2[2(Q* - 3mw) — L(Q* - 2mw)]Ln(Z ; i) + (70)
+é[w(L ~3)(Q — 4mw)+ mQ*(1- L)]Ln[gi En’f " Z; - izz fZi]},

% _ % é Q;; jlﬂz - +A2 7 0n+ 3004+ 207" 1+ 2m(meo - - QZ)Ln(f; - i)}. (1)

Distributions over ¢’ variable
Let us obtain the distributions over the ¢* variable. To do this, it is necessary to integrate the distributions (46) -

(59) over the Q° variable. As a result, we have for the unpolarized part of the differential cross section
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do'” dO'(U) B) do'”(C
; @, ( ),qm -4, (72)
dq,, dq, dq,
de”’(B) o 1 1 l+r . mY = =
2( ) =——— {—4((]4 —Zma)q2 -i-4m2q2 +4m4)Ln(T)Ln[ﬁ(l—ﬁ) 2]+ (73)
dq, 2r m " 2q -7 q @
2 2m* (Y +m)-Yq' (1-rf
+L4[2q4 —2mwq* +5m’q> +2m*|LnG, + — Ln[ m( +m2) (At V’B)]
q 4B 2m* (Y —m)

7 2 4
m

[8’(’;—4(a)—4m—2qﬂ2(4m2 +2mo— @) — 4m’® 2)—4)4—4?(0)2 —8ma+11m>) +¢*(q* —ma—Tm>) + 4m* Go+m)] +

8
+2 " ArcTanh(r g )[1- 64“”" _om@t2m_ 2’” (4* + 24ma—21m )+——0(7a)2—6ma)—12m2)+
q q 3 ¢q

2

q

2 6
6m’

Y 4 m?
+§m—4(a)2+9mw—6m2)+1——8(4a)2+3ma)+12m2)]—r[2—-+2ﬂ2(3m—3w—Y)+—’"—4(3m2—w2)+
3¢q 3 q m q 3¢q

16m m +2 _ m’ - _ = _
10m (4247 gy A1 By g eg? - By
3 a)q wq
+m’ (40° +9¢° 2—2m3)—§%(q4+6mzqr2—4m4)+
q (1-5)

3

m = _ m =
2 " 1-8)%(q*(q° —2ma)+6m2)—4m3(a)+m))+w—qé(l—ﬁ) "(—q° +dmaq® +4m* > Qmow - q* - ©*) +8m°)] -

1 4 2 2 2 4 . 1 1
~—5q" ~2moq’ +an'q’ +am )[le( 5y Lzz(1 3> LQ( ;) LzQ(ljg) iy ( *%) (;r)]},
4o7(0) o 1 — L _[480’m" +960m” (& —q7) +48m* e’ g’ + ') + (74)

dq’ 127 me’ 6ma)y
+4m’ (260°q” +400° +23wq* ) +2m*q’ (11" +400°¢” +1200*) +20q° m’ (120" +70¢°@” +7¢*) +

25\2
+q*m? (=3¢* +400°¢> +360") + mwg® (5¢° +180°) +30°¢" +3Bag’ v (@ —m)+12yom’ 2(2”(2—5”1)2] -
m”+(B-1)q

2

3wYq'y'

1
[wq“(q2 +6mw) + 4a)m2q2 (q2 + 4a)2) +2m’ (q4 + 4q2a)2 +8a* )]+ —2 [2m(m+ a))2 — a)q2 1LnG, -
w

L
—n—G[16a)m (m—w)’ —=32¢°m’ (m+w)+4m*q* 2m* +3¢°)-8m*w* (5¢° —6m”) +

Y y(y—4m*)

4 2 2

+HAm'o’q* (12m* +13¢*)+16m° 0’ (5¢° — 0° )+ doq*m’ 11m* —110” +4¢%) - ¢*(Smaw+ ¢*) - 2m*¢° (130” — ¢*)]},

— 4m? — 4m’ N q2
=l-——Y=m+w(1-B),r=1-—,y=q" +2mw,G =—1+r)Y -1,
B = (1-5) ,/ Yq y=q | 2m3( )

where
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Liz(X)=—I—ln(1—t) G, = ml [2m* +¢* (B -DI'{g*YIryy(y —4m*) + y = 2m*] = 2ym’}.

0

The ¢* distribution of the differential cross section caused by the linearly polarized photon beam can be read as

do® dO'(“ B) do'®(C
2 (8) , do'(C) 75)
dq,, dq,, dq,,

(L) 3 20 5
do (B) _ & 1\ I35 (m+ o)+ dme’ -3 m’B_z(q2+2mY)+8’:;—2(l B)? +4Q’LZM]+

dq’ T mo'q' " 6 o (1-p) 1-8y
5 m*(m* —q*) 8m2 _ 1+r ia)zm3 2m2(Y+m)—Yq2(1—rE)
+m’LnG, +2—(1 7 [3 -pB)" =1]Ln (l—r)+ 3 5g Ln[ e f) 1, (76)

do'’”(C) B o 1 2m’r
dq’ 2z me " 6wy’

[24a) m’® +48om* (0 — ¢*) + 240’ m’ (0° +3¢%) + 20q°m* (23¢* +560° )+ (77)

2 252
m? 4 T2YD +2yci) —6yom’ —(3/+22m_) 1+
wo(l-f) 2m” +q7 (B -1)

LnG,

1 3 2 2
+—(m* +2m*w—wq )LnGl——
@ VA y(y—4m®)

+og'm’ (11g° +160°)—4m*q* (4o* —120°q" —-3¢*) —160m’¢* Qw’ —q°) - 2m*q° (120° — ¢°) —Smaq® — ¢"°}.

[160m’ —32m"(¢* + @*)—1600m’ (2¢"> + @*)-8m°(¢* —4w’q> — 4" ) +

The ¢° distribution of the differential cross section, caused by the circularly polarized photon beam and polarized initial
electron in the case when its polarization vector is orthogonal to the photon momentum, can be written as

(CT) (CT) (CT)
do . do Z(B)+d0' 2(C)’ (78)
de,, dq,, dq,,
o T(O) _ o 1 ! ﬂ 9 2%C 34y 1 amig )K(“(b A (79)
dqm 127 m*@® \[b(a+c) 3my a b(a+c)

2 —
2m a+cE(a(b c)

> N3ab(3q"* + 4ma(ma—2m* +24°)) - yq* (a(b+c)—bc)] -
3wy ac b(a+c)

4% 2 m? + y)am® — )T
y

@ W=ab=0) o B ot e g =B @00

(a+c)b—y) bla+c) m ( +c) b(a+c))}

where K, E , and IT are the standard elliptic functions [22] and

2 2

a :—q—(m+a)+a)ﬁ),b :q—(m+a)—w3), c=4m’.
m m

Note that we can not represent the analytic expression for the contribution do'“”'(B)/dgq’ in terms of the

elementary or known special functions.
The ¢* distribution of the differential cross section, caused by the circularly polarized photon beam and polarized

initial electron in the case when its polarization vector is parallel to the photon momentum, can be written as
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do'™ _do'“(B)  do'™(C)
dq. dq,, dq,,

) (80)

, mY 1+r

aVU(CL’(B)_ot3 1 qu2 ~ (Ln (1_ )= 2r)—

& 2(7Y +8m—160) — 6m*]1-8¢> B(mw— ¢*) Arc Tanh—— +8
i py———p {4mw[q ( ) 1-8q°p( q’) ) q -7

~Ln (“—r)[’”—(3 Y 4og® )+ (Y+2m 20)+4mog® +q*(q° Zma))(Ln[M]+4)]+ (81)

24" —2mw>[Lz2(l”%> L@( ;,) Lzz(l”;),) Li (1 3) L@( "y - Lzz<”r>}

(CL) 3
do () _a | {l[qz(w+m)—zmw2]LnG +4—C 14+ m(w—3m)- (82)
dq’ 247 m'e’ b 2
q., Tme @ y(y—4m~)
m m’ m’ oG, [2m* +¢*(f -1)] w—-m o’m°
+42 (w+2m)+ 27 Qw—3m) L[ L2 1-r[ (4m> —Yq*)+80
2 2 3
y y Yq  —my mao

2 25
oo )—— O (S Tmy+ SLOEME) g@m 2w om +2—(y 2m )]}
3 w V. Yg -my 3Y
RESULTS AND DISCUSSION

There are a few reasons to investigate process of the triplet photoproduction in the framework of a more
elaborative approach. Our analysis of the triplet production is caused mainly by the search for a physics beyond SM in
the frame of the project IRIDE [19]. It is assumed that there is a new light particle (U-boson [20] which is one of the
possible dark-matter candidate) that does not interact with the matter fields of the SM but can mix with a photon.

In the last time there were a number of the experiments on the measuring of the electron-positron invariant mass
distributions in different processes. The inclusive dielectron spectra, measured by the HADES (Darmstadt) in the
collisions of the 3.5 GeV proton with the hydrogen, niobium and other targets, were presented in the paper [23]. The
mass range M(U)=20 — 550 MeV has been investigated. The results of a search for a dark photon in the reaction
e'ee > yU,U > e'e, iy using the BABAR detector were given in [24]. The dark photon masses in the range

0.02 - 10.2 GeV were investigated. Strong constraints on sub-GeV dark photon from SLAC beam-dump experiment
were given in the paper [25]. Similar experiments were performed at KEK and Orsay [26]. The physics motivation for a
search of the dark photon at JLab are presented in [27]. This is not a complete list of the current and planned
experiments to search for a dark photon. A review of the theoretical and experimental activity related to the search for
the particles in various scenarios of the physics beyond the SM can be found in Ref. [28].

We think that the measurement of the distribution over the invariant mass of the created electron-positron pair in
the process (1) would be a good method to search for a light dark photon. The contribution of the Borsellino diagrams is
a background in search of this effect, so, it is necessary to separate the contribution of the Compton-like diagrams
(Fig. 1b) when the scattered virtual photon converts into the electron-positron pair and where the signal from the dark
photon may be measured. Because this contribution, in contrast to the Borsellino one, decreases with the growth of the
photon-beam energy, it is reasonable, in such investigation, to restrict yourselves to the low and intermediate photon-
beam energies. Besides, one has to have the precise knowledge of the background due to the double-photon e'e” -
system (in fact the contribution of the Borsellino diagrams) and to try to find the kinematic regions where this
background is smaller or the same order as the Compton contribution.

The next reason is the investigation of the possibility of determining the circular polarization degree of a high
energy photon by measuring the asymmetry in the triplet production by a circularly polarized photon beam on a
polarized electron target. It is necessary also to analyze the influence of the (¥ —e ) diagrams contribution on the

calculated observables.

The authors of Ref. [9] calculated the cross section asymmetry caused by the azimuthal angle of the recoil
electrons in the reaction (1) for the case of the linearly polarized photons. They suggested to use this effect for the
analysis of the photon beam polarization. The authors took into account only the Borsellino diagrams, and, up to now,

there are no calculations beyond this approach. We consider the influence of the (¥ —e™ ) diagrams contribution on the
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asymmetry as a function of the ¢, variable and calculate its dependence on the Q* variable.
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Fig. 4. The parts of the cross section (45) (the first and second rows) integrated numerically over all the phase space except the
azimuthal angle, in ub, as a function of the photon-beam energy @, in MeV. The solid (dashed) curves correspond to the

contribution of the Borsellino (  —e™ ) diagrams. The asymmetries (84) are shown in the third row. The dotted curve in the upper left

panel is the nondecreasing (with the increase of the photon-beam energy) contribution caused by the Borsellino diagrams that is
defined by Eq.(83). The upper indices in the second and third rows (£ ) denote the positive (+) or negative (-) value of the
corresponding observables. For the negative value of the observable the logarithm of its modulus is shown.

In Fig. 4 we present the integrated over Q° and ¢_. (in the limits (11)) parts of the cross section, given in the r.h.s. of
Eq. (45), and corresponding polarization asymmetries. They are obtained by the numerical integration over Q° of our

analytic distributions, derived in subsection “Distributions over Q° variable” of the Section “DIFFERENT

DISTRIBUTIONS”. For unpolarized case we show also the well known asymptotic cross section (at large photon-beam
energy o > m ), caused by the Borsellino diagrams only, which in our normalization reads [29]

a® 28 2w 218
~(—In—-"). (83)
9 m

o=
2rm

The asymmetries, as functions of the photon beam energy (Fig. 4), are defined as follows

1
1

4 =2 1=1,cL,cCT, (84)
(o2
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where o is unpolarized cross section caused by a sum of the Borselino and ( » —e™ ) contributions.

The differential asymmetries, as functions of the ¢ or Q° variables and photon-beam energy, are defined as

. do ldgt "1dQ?
AZZM’ A2=M. (85)
“ do ldg. ¢ do 1dQ?

We see that the (7 —e ) diagrams contribute to the unpolarized part at 100 MeV < w < 200 MeV on the level of a

few ub (remind that we consider the ¢ -distribution, and integration over the angle ¢ increases the unpolarized part

o, as well as the polarization-dependent part 0'“, by a factor 2 7). The Borsellino contribution to the total cross
section is more than two orders larger.
As regards the polarization-dependent parts at these energies, the (¥ —e ) contribution is the largest for the

circularly polarized photon and the longitudinally polarized (along the direction (q)) target electron (CL-part). It is
negative and amounts to about 0.5 x b in the absolute value at @ = 100 MeV, which very slowly decreases with the

growth of the photon-beam energy. If the the target electron is polarized transversally (in the plane (q,p,) ) (CT-part),
the corresponding part of the cross section is positive and equals to about 5-10 > ub at @= 100 MeV and decreases
up to 2-10 > ubat @= 200 MeV. In the first case, the Borsellino contribution exceeds the (7 —e~) one (in absolute
value) by an order, and in the second case — by two orders. The part, caused by the linear polarization of the photon (L-
part), is negative for both the (y—e ) and Borsellino contributions (this agrees with previous calculations). The
(7 —e") contribution is less than one percent of the Borsellino one at @ = 100 MeV and decreases with the rise of the
energy whereas the Borsellino contribution increases.

Thus, to separate the effect due to the (¥ —e™ ) diagrams using the total cross section, even in the frame of the pure

QED, the radiative corrections (RC) to the Borsellino contribution have to be taken into account. At present, we know
such RC to the positron spectrum and to the total cross section in the Weizsacker-Williams approximation only [30] (in

unpolarized case). This correction covers the region g, <m’ and amounts to about one percent. It means that for our
goal we have to compute RC more accurately and consider in the first order the contribution of the region of the ¢ ~ a

few tens of m” and even the leading (enhanced by a large logarithm) terms of the second order. Such calculations are
absent at present.

The asymmetry 4" (caused by the linear polarization of the photon beam), as a function of the photon energy @,
is noticeable and depends weakly on @ . The contribution of the y —e™ diagrams is small (~1% at @ <10 MeV) and
decreases rapidly as the photon energy increases. The asymmetry A< is of the order of 10—15% in the region
@ <20 MeV and decreases as a function of @ . The contribution of the y —e”~ diagrams is less than 1% in the region
® <10 MeV and decreases very rapidly. The behavior of the asymmetry A" is similar to the asymmetry A but it is
somewhat less. The circular polarization of the photon beam can be determined, in principle, by means of the
measurement of the asymmetry 4" for the photon energies <20 MeV.

The main contribution to the triplet total cross section, given by Eq. (83), arises due to the region of a very small
values of ¢ ~m’. To reduce this contribution kinematically, we have to select events with large values of g > m’.

The different distributions over the g variable (at large enough values of ¢.) and the ratio R of the Borsellino
contribution to the (7 —e™ ) one are shown in Figs. 5, 6, and the polarization asymmetries defined by Eq. (84) are given
in Fig. 7.

We see from Figs. 5, 6 that the (y —e~) contribution increases with the rise of g whereas the Borsellino one
decreases. Such behaviour ensures the suppression of the Borsellino contribution at large ¢. near its maximal possible
values, where the corresponding parts of the cross section is determined, almost completely, by the (y—e’)
contribution. The unpolarized part equals more than 0.1 xb at @ =100 MeV and two times smaller at @ =200 MeV.
At @ =100 MeV the CL-part reaches, in absolute value, 0.04 b, the CT-part — 0.001 b and the L-part — about
0.01 ub.
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The Fig. 7 shows that the asymmetry Aqﬂ is of the order of 15-20% in the region g <90(160) MeV’ at

® =100 (200) MeV. The Borsellino contribution decreases and the y —e~ one increases. The asymmetry A:;L is of the

order of 40-50% . The ¥ —e contribution is small in the region g <50(100) MeV® at =100 (200) MeV and

beyond this region its contribution is dominated. The magnitudes of the asymmetry A:;T is less than 1% in entire
considered region. We see that the asymmetry chf is appreciable and can be measured, in principle. So, it is possible to

determine the circular polarization of the photon beam at more higher energies than for the case of the asymmetry A4
since the general picture of the behavior of these asymmetries depends weakly on the photon energy.
To search for the deviation from SM due to the possible mixing of a photon with the light dark matter candidate

(U-boson), it is necessary to study the distribution over the created pair invariant mass Q°. In Figs.8-11 we show such

2> 10, 20

m

distributions which derived by the integration over the restricted region of ¢, including the events with ¢
and 40 MeV® and analyse the corresponding effects. In contrast to the Borsellino contribution, the (y—e”) one
depends not very strong on the value of the ¢, cut.

In Fig. 8 we show the unpolarized part of the cross section caused by the (y—e”) diagrams with chosen
restrictions and the ratio R™' of the (¥ —e”) to the Borsellino contributions. We see that for @ =100 MeV, even for the
events with ¢, > 20 MeV?, there exist regions of the relative small and large values of Q° where the (y—e")
contribution is greater than the Borsellino one (but the event number is larger at small Q). For the events with ¢ >

40 MeV ?, this effect manifests itself more significantly. The more sizeable restriction on the minimal values of ¢ is

required at larger photon-beam energies to decrease the Borsellino contribution, as it is seen even for @ =200 MeV.
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Fig 8. The (y —e") contribution to the polarization-independent part of the cross section as a function of Q°, in ub-MeV 2, at
different restrictions on the event selection (the upper row) at @ =100 MeV (the left panel) and 200 MeV (the right panel). The solid
line corresponds to the events with g> > 10 MeV *, the dashed line — ¢ > 20 MeV* and the dotted one — g~ > 40 MeV >. In the

lower row we show the respective ratio R™' of the (¥ —e™) contribution to the Borsellino one.

In Figs. 9, 10 we show the effect caused by the restriction on the minimal values of ¢_ for the polarized parts of
the cross section for both the (y—e”) and Borsellino contributions. The corresponding polarization asymmetries,
defined by Eq. (85), are given in Fig. 11. Again, we see that the (¥ —e™ ) diagrams give the dominant contribution in the

region of the large values of O and at large enough cuts on the ¢’ variable.
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Fig 11. The L — and CL —asymmetries as functions of the created e*e” -pair invariant mass squared Q° at @ =100 MeV (the first
and third rows) and @ =200 MeV (the second and fourth rows). The left (middle, right) panels correspond to the events with ¢_ < 10

(20, 40) MeV . The dashed (solid) lines describe the ( ¥ — e~ ) (Borsellino) contribution.

CONCLUSION

In this paper, we analyzed the process of the triplet photoproduction on a polarized electron target by a polarized
photon beam. The calculation of various observables has been done in the approach when four Feynman diagrams were
taken into account. Besides the two Borsellino diagrams we took into account the two (7 —e ) (or Compton-like)
diagrams. So, we neglect the effects of the final electron identity. The results obtained in a such approximation describe
the events with well separated created and recoil electrons. Otherwise, it is necessary to take into account the identity
effects. The numerical calculations were performed in the laboratory system for the photon energy less than 200 MeV.
We investigated the possibility of determining the circular polarization degree of a high energy photon by measuring the
asymmetry in the triplet production by a circularly polarized photon beam on a polarized electron target. The influence
of the (y —e ) diagrams contribution on the calculated observables are also analysed.

We think that the measuring the distribution over the invariant mass of the created electron-positron pair in the
process of the triplet photoproduction would be a good method to search for a dark photon. So, we search for the
kinematical regions where the contribution of the dominated background mechanism (the Borsellino diagrams) can be
suppressed as compared with the useful Compton-like diagrams where the signal from the dark photon may be
measured. Besides, the contribution of the Borsellino diagrams can be calculated with the necessary accuracy.

For the first time, the different distributions were obtained in the analytical form. We obtain the double

distribution over the ¢ (the square of the four-momentum transfer to the recoil electron) and Q* (the created e'e” -
pair invariant mass squared) variables, and single distributions over the ¢* or Q° variables.

We obtain the expressions for the asymmetry A° caused by the linear polarization of the photon beam as a
function of the photon energy @ and as a function of ¢ at fixed @ . The asymmetries A< (4“"), caused by the
circularly polarized photon beam and polarized initial electron in the case when the polarization vector of the target is
parallel (orthogonal) to the photon momentum, have been also calculated as a functions of g, and @ . Although the
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final expressions for all the observables are given in the laboratory system but until this step all the expressions are
given in the invariant form and it is easy to transform the final expressions to the invariant form by the substitution

w=W?*-2m*)/2m. It was found that the measurement of the A4 or chf asymmetries can be used for the

m

determination of the circular polarization of the photon beam for the @ < 20 (200) MeV for the case of A (AqCZL ).

m
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In this paper it was performed a comparison the standard characteristics of depth-dose distributions of electrons such as practical
range R, and half-value depth Rso, which were calculated with the semi-empirical model (SEM) and Monte Carlo (MC) method
using the detailed physical model. It was shown, that SEM of electrons energy deposition allows with good accuracy (<2%) to
determine in aluminum target the values of standard characteristics for depth dose distributions in the energy range of electrons that
provides the main practical interest for industrial radiation technologies. On the base of the SEM of electrons energy deposition, it
was calculated a systematic set of values the standard characteristics of R,(E) and Rso(E) in an aluminum target in the area of
relativistic energies - from 1 MeV to the border of the estimated accuracy of the semi-empirical model — 20 MeV. These data were
approximated using linear and quadratic functions and obtained empirical formulas for dependences R,(£) and Rso(E) as function of
electrons energy E. It was performed approbation of empirical formulas at processing the measurement results for depth dose
dependencies obtained in the radiation-technological center — Institute of Nuclear Chemistry and Technologies, Warsaw, Poland.
KEY WORDS: electron beam energy, dosimetry wedge, semi-empirical model, Monte-Carlo method.

BU3HAYEHHSA CTAHIJAPTHUX XAPAKTEPUCTHUK INNIMBUHHUX PO3NOA1IIB 1O3U HA OCHOBI
HATIBEMITIPUYHOT MOJIEJI HOTJTWHEHHS EHEPTTi EJEKTPOHIB
B.T. Jlazypux*, I'.®. Ilonos*, 3. 3imex** P.B. Jazypuk™™, Capan Canax I6paxim*
*Xapriscokuii Hayionanohuil ynisepcumem im. B.H. Kapasina
nn. Ceoboou 4, 61022, Xapxis, Yrpaina
**nemumym AHoeprnoi Ximii ma Texnonoeitl
03195, Bapwasa, [lonvwa, éyn. [Jopoona 16
***uemumym Padioghisuxu ma Enexmponiku im. O.A. Vcikosa HAH Ykpainu
syn. Ax. Ilpockypu 12, Xapxis, 61085, Yxpaina

VY po6oTi POBENEHO MOPIBHAHHS CTAHAAPTHUX XapaKTEPUCTUK PO3MOALTIB MOTIMHEHOI 03U €JIEKTPOHIB, TAKHUX SIK MPAKTHIHHI
npoOir R, i raubuHa MOTOBMHHOrO 3MEHINEHHs J03M Rsy, po3paxoBanux B HamiBemmipuynoi moneni (IIEM) i metomom MomTe-
Kapio (MK) 3 BukopucTanusMm aeraibHOi (iznaHol Mozeni. Byno mokaszano, mo [TEM nornuHeHHs eHeprii eJIeKTpoHIB J03BOJISE 3
XOpOLIOKD TOYHICTIO (<2%) BH3HAUaTH 3HAYEHHS CTAaHJAPTHUX XapPaKTEPUCTHK TDIIMOMHHUX PO3IOITIB 03U €JEKTPOHIB B
QIIOMIHIEBI MilIeHI B Jiama3oHi €Hepriii eJeKTpoHIB, skuil 3a0e3lmedyye OCHOBHHMH NPAKTUUHHMN IHTEpeC Ui MPOMHCIOBHX
paniauiitnux texHonorii. Ha ocnoBi TIEM mornuHeHHs1 eHepril elneKkTpoHiB OyB po3paxOBaHHMH CHCTEMATHYHHH HaOip BENTHYMH
xapakTepucTik R, (E) i Rsy (E) B anmoMinieBiii MileHi B 0671acTi pensaTuBicTChKUX eHeprii Bix 1 MeB 10 KopioHy OLIiHKM TOYHOCTI
HamiBeMmipuaHoi momeni — 20 MeB. Lli mani Oynm ampokCHMOBaHI 3 BHKOPHUCTAHHAM JIHIHHOI Ta KBaApaTW4HOI QYHKIIH, Y
pe3ybTati OyaH OTpUMaHi eMITipHYHi GOPMyJIU JUIS 3al€KXHOCTEH HuX XapakTepucTHK R, (E) i Rsy (E) Bin eneprii enekTponis E.
[IpoBeneno ampobamito emmipudHUX (GopMya mpu oOpoOIi pe3yiabTaTiB BUMIPIOBaHb TTIMOMHHOI 3aJISKHOCTI ZI03H, BUKOHAHUX Y
panianiiiHo-TexHoyoriyHOMY 1eHTpi [HcTHTyTY Sneproi Ximii i TexHonoriii, Baprrasa, [Tonbmia.

KJIFOUYOBI CJIOBA: eHepris myuKy eIeKTpOHIB, JO3UMETPUYHUN KIINH, HAITiBEMITIpUYHa MOJieNb, MeTox MonTe-Kapiio.

ONPEJEJEHUE CTAHAAPTHBIX XAPAKTEPUCTHK I'JTYEUHHBIX PACIIPEIEJEHUI 1036l HA OCHOBE
HOJYIMIOUPAYECKON MOJEJIU NOIJIOEHUS SHEPT MU JIEKTPOHOB
B.T. Jlasypux", I.®. Ilonos”, 3. 3umex” ", P.B. Jazypuk™™", CaBan Caxax MGpaxum*
*Xaporosckuili Hayuonanvnwviii Yuusepcumem um. B.H. Kapaszuna
Xapwvros, Yrpauna na. Ceoboowt 4, 61022, Xapekos, Ykpauna
** Unemumym HAoeproti Xumuu u Texnonoauii
03195, Bapwasa, [lonvwa, yn. JJopooua 16
***nemumym Paouogusuxu u Dnexkmponuku um. A.A. Yeuxosa HAH Yrpaunwr
ya. Ax. IIpockypur 12, Xapvkos, 61085, Vkpauna

B pabGore mpoBeneHO CpaBHEHHE CTaHAAPTHBIX XapaKTEPUCTHUK paCIpEeNeNICHUH MOTIOMEHHOH 03Bl 3MEeKTPOHOB, TaKHX Kak
HpakTUyYeckuii npober R, 1 rioyOuHa MONOBMHHOIO yMEHBLIEHHs 03bI Rs), paccuMTaHHEIX B OTy3Mnupuyeckoi mogemu (IIOM) u
metonoM Momnre-Kapno (MK) ¢ ucnonp3oBaHueMm aetanbHOl (u3mdeckoit momenu. beuto mokazano, uro [IOM mormomenus
SHEPIHU JIEKTPOHOB IO3BOJSIET ¢ XOpOoHIeH TOYHOCTHIO (<2%) OmpenernsaTh 3HAa4eHHs CTAaHAAPTHBIX XapaKTEPHUCTUK TIIyOHMHHBIX
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pacrpeneneHuid 1036l 3JeKTPOHOB B aJFOMHHUEBOH MUILIEHU B JIHANa30HE YHEPIHil JIEKTPOHOB, KOTOPHI 00eCIeunBaeT OCHOBHOM
MIPAKTUYECKUH HHTEpeC AJIS MPOMBIIIIICHHBIX paJualluoHHbIX TexHonoruil. Ha ocHoBe IIOM norsormeHust SHepruu 3JeKTPOHOB ObLT
paccuMTaH CUCTEMATHUECKMI HabOp BENMUMH XapakTepucTuk Ry(E) u Rso(E) B anOMUHMEBON MULIEHH B 00J1aCTH PEIATUBUCTCKHUX
sHepruii oT 1 MdB 110 rpaHHIBI OLIEHKH TOYHOCTH HOIy3MIHpHUeckoit moaenu — 20 MaB. D1y naHHBIE OBUIH ampOKCHMUPOBAHBI C
HCTIONb30BaHUEM JIMHEHHON M KBafpaTHIHON (YHKIHUH, B pe3ynbTaTe OBUIH IOIy9eHBI SMIUpPHIECKUe (GOPMYIIBI [UIs 3aBHCHMOCTEH
5THX XapakTepucTuK Ry(E) u Rso(E) or sHeprum snekTpoHoB E. IIposenena anpobamust sMOMPHYECKUX (HOpMyJT HpH 0OpaboTke
pe3yJIbTaTOB M3MEpeHHH IIyOMHHOH 3aBUCHMOCTH JO03BI, BBINOJHEHHBIX B PaJnallMOHHO-TEXHOJOTHYeckoM LeHTpe HHcTHTyTa
Snepuoit Xumuu u TexHonorwuii, Bapmagsa, [Tonbma.

KJ/IFOYEBBIE CJIOBA: sHeprus my4ka 3JIeKTPOHOB, JO3UMETPUYECKUI KIINH, oIy MIUpHUYecKas Mojelb, MeTo MonTte-Kapio

The expansion of the range of practical use of radiation technologies, makes it necessary to improve existing today
and to develop new methods for determination and audit of parameters of the radiation-technological processes [1,2].
One opportunity to increase the accuracy and informativeness of methods is development of software for processing
measurement results, carried out in the composition of these methods [2,3].

Note, that increasing of accuracy and informativeness of computational methods is based on usage of physical
laws in algorithms of computations. Therefore, an actual task is to study the possibilities to use the approximate
physical models, such as the empirical model for the development of improved (enhanced) algorithms of processing the
measurement results [4,5].

It is required the new modern methods of electron energy determination through depth-dose distribution to ensure
the practical realization of radiation-technological processes with electron beams. Traditionally, the standard
characteristics for depth-dose distributions, such as the practical range R, and half-value depth Ry, determine during
radiation treatment. These characteristics are used for determination and audit of the energy characteristics of electron
beams.

In connection with said above, it is interesting the approach proposed in [4,6,7]: to use the software EMID [8] for
approximation the measuring results of the depth-dose distributions. The software EMID realizes a semi-empirical
model (SEM) for the depth-dose distribution of a monoenergetic electrons beam which is normally incident on a semi-
infinite target. This semi-empirical model describes well the values of the depth—dose distributions in the targets and
therefore for half-value depth Rsp, we should expect good agreement, calculated by SEM with the measurements results.
However, to calculate the values of practical range R, in according with the definition of this value, it is necessary to
calculate the point of maximum slope of depth-dose distribution and the value of the derivative at this point [2]. As a
rule, the models built on the empirical relationships do not provide the correct description of the derivative from these
relationships. Therefore, the evaluation of the accuracy of modeling the spatial characteristics of R, and Rs, dose
distributions, on the base of the semiempirical model of electrons energy deposition is of interest for the development of
new computational methods for determining the energy of the electrons in the radiation technologies.

In this study it was performed a comparison of values of R, and Rs, which were calculated in the semi-empirical
model and the Monte Carlo method with the data given in the standard [1]. Because the depth-dose distributions which
were calculated in the semi-empirical model and by Monte Carlo method are the sets of discrete data, it was performed
estimation of uncertainty for obtained R, values through the use of two computational methods based on traditional
approximation of linear function data and approximation with use of fourth-degree polynomial [9]. For dependencies of
spatial characteristics R,(E) and Rso(E) of the electrons dose as functions of the electron energy E, the data sets and
empirical formulas were obtained. On the base of received formulas, the method of determining the standard
characteristics such as - practical range R, and half-value depth Rs, with use the two-parameter fitting of measurement
results the depth-dose distributions, and of the empirical formulas, was tested.

The main objectives of the present paper are the following:

* To get a set of spatial characteristics such as the practical range R, and the depth of the half dose reduction Rso and to
obtain empirical formulas describing the spatial characteristics of R,(E) and Rso(£) in an aluminum target as a function

of electron energy E.

* On basis of the obtained empirical formulas, to estimate the errors of method for determining the standard
characteristics R;, and Rs for the depth-dose distribution, on the base of two-parametric fitting semi-empirical model to
the measurement results.

ESTIMATION OF ERRORS AT MODELLING OF THE STANDARD CHARACTERISTICS FOR
DEPTH-DOSE DISTRIBUTIONS IN ALUMINUM TARGET ON BASE OF THE SEMIEMPIRICAL MODEL
OF THE ELECTRONS ENERGY DEPOSITION

The values Ry(£) and Rso(E) were determined with use of two stages in calculating:

At the first stage: the depth-dose distributions of monoenergetic electrons with energy £ in the semi-infinite
aluminum target on the basis of semi-empirical model according to [8] and with use Monte Carlo method were
calculated. The computing blocks "Analytics" and “Monte Carlo” in software ModeRTL [3] were used for calculations.
As a result, the values of dose D,(x,E) were obtained into 50 basis space points, which uniformly covered the interval of
depths x, from the surface of the target up to Ry(£) -continuous slowing-down approximation range of electrons.
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At the second stage: two computational methods based on approximations of discrete data with use linear
functions and a fourth-degree polynomial [9] were used to determine the practical range of electrons R,(E). In
accordance with the recommendations of standards, area of recession dose, where change the dose to between 0.2 and
0.8 of the maximum dose in the target, was to selected for the approximations of discrete data. In this area, the number
of spatial points, at which carried out an approximation, was in the range 10 — 14 points.

Presented in the Table 1 Ry(E) values were obtained on the basis of semi-empirical model with using
approximations of data by linear functions (values in column R-Line) and polynoms of 4th degree (values in column
R,-Pol). Values in column R;,-MC were obtained on the basis of Monte Carlo method and calculated as average results
obtained with use of the data approximation by linear functions and polynoms of 4th degree.

The accuracy estimation of the calculation results was based on comparison of the results which were obtained by
approximation of discrete data, with use the linear function or polynom of 4th degree. Depths at which the dose is two
times smaller than the maximum value — Rso(E) was determined by the values of absorbed dose D.(x,E) energy
deposition obtained in the first stage.

The maximum dose in the target is presumed equal to the maximum value in data set. The values Rso(E) (data in
column Rsp-Mod) were determined by using linear interpolation of the dose values between the reference points.

On the basis of the data in Table 1 it was estimated the uncertainty of the results obtained on the basis of the
semiempirical model of electrons energy deposition. Relative uncertainty is a few percent for the low-energy electrons
(for 0.2 MeV is equal 2.8%) and reduced up to 1% with increasing electron energy up to 20 MeV. Note, that errors of
the semiempirical model of electrons energy deposition is not more than 4% [8]. Uncertainty values for practical range
R, and half-value depth Rsy obtained with using the various methods of approximation of the data was estimated by
value of less than 2% for the data obtained on the basis of semi-empirical model and with use Monte Carlo method.

Table 1.

Values of the practical range R;, and half-value depth Rs, for depth-dose distributions in aluminum target.

E, MeV R,-Line, cm  R,-Pol.,cm R,-MC, cm | R,-Stem | Rs-Mod,cm  Rso—St, cm
0.2 0.0160 0.0158 0.0168 0.0161 0.0114 0.0116
0.5 0.0628 0.0622 0.0641 0.063 0.0448 0.0448
1 0.1564 0.1547 0.159 0.152 0.1115 0.111
2 0.3558 0.3516 0.360 0.356 0.2576 0.259
5 0.9748 0.9617 0.983 0.971 0.7370 0.741
10 2.028 2.007 2.021 2.00 1.5904 1.59
20 4.107 4.075 4.037 4.04 3.3152 3.28

The data in the Table 1 show, that the results for practical range R, and half-value depth Rs,, obtained on the basis
of the semiempirical model of electrons energy deposition and by Monte Carlo method, are agreed with data from
ASTM Standard E 1649-94. In the energy range that provides the main practical interest for radiation technologies, the
relative uncertainty of the simulation do not exceed 2% and corresponds to the values of uncertainty of the results
processing of measured data with use of aluminum wedge dosimetry. Note that there is a systematic overestimation of
R, values obtained on the base of the linear approximation of discrete data (column R,-Line) with respect to the values
obtained using a polynomial approximation (column R-Pol).

Based on the above estimates of the uncertainties values, we can conclude that used computational methods allow
to accurately simulate the standard characteristics of depth-dose distributions in an aluminum target, such as the
practical range R,, and half-value depth Rs, on the base of the semiempirical model of electrons energy deposition.

DEPENDENCES OF THE SPATIAL CHARACTERISTICS Rp(E) AND R5y(E) OF ELECTRON
RADIATION DOSE AS FUNCTIONS OF THE ELECTRON ENERGY E

For obtaining empirical formulas describing the dependence of R,(E) and Rsy(E), a series of calculations on the
base of the semi-empirical model of electrons energy deposition was performed. Calculation procedures described in
the previous section. Results calculation are presented in Table 2 and Figure 1.

R, data were obtained using the method of linear approximation of values the depth-dose distributions. Values of
the electrons energy, were selected in the field of relativistic energies — from 1 MeV to the border of the estimated
accuracy of the semi-empirical model — 20 MeV.

The values of the spatial characteristics of R,(£) and Rso(E) for electron radiation dose were approximated using
linear and quadratic functions. Approximation polynomial 2nd degree have the form:
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R,(E) = 8x10°xE* + 0.2089xE - 0.0641 (1)
Rso(E) = 0.0004xE* + 0.1628%E - 0.0736
As follows from (1), the contribution of the quadratic term in this energy range is not great. Therefore, it is of
interest linear approximation:

R,(E) = 0.209%E - 0.0647 )
Rso(E) = 0.1704xE - 0.1007

Table 2.
Values of practical range R, and half-value depth Rs obtained on the base of the semi-empirical model of
electrons energy deposition

E, MeV R,, cm. Rso, cm. E, MeV R, cm. Rso, cm.
1 0.156 0.112 9 1.81 1.42
2 0.356 0.258 10 2.03 1.59
3 0.561 0.412 11 2.23 1.76
4 0.767 0.574 12 2.44 1.96
5 0.975 0.737 14 2.87 2.29
6 1.18 0.91 16 3.29 2.65
7 1.40 1.075 18 3.70 2.98
8 1.60 1.25 20 4.11 3.32

Empirical dependencies (1) and (2) are shown in Figure 1 with continuous curves. As can be seen from the Figure
1, the difference from the values of the linear and quadratic approximations are small and simple empirical formula
obtained fairly well describes the dependence of the spatial characteristics of R,(E) and Rsy(E) dose of electron
radiation as function of the electron energy E. The formulas of approximation curves 1st and 2nd degree are presented
in the Fig. 1.

The accuracy of empirical formulas will be estimated using the spatial characteristics of Ry(£) and Rso(£) dose of
electron radiation as functions of the electron energy E in the methods of processing the results of measurements in the
next section.
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Fig. 1. Dependences of the spatial characteristics of Ry(E) and Rso(E)for dose of electron radiation as function of the electron
energy E. Points - data from Table 2, the rhombus - the values of R,(E), the squares - the value Rso(E). Solid curves - linear and
quadratic approximations of tabular data.
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APPROBATION OF EMPIRICAL RELATIONSHIPS Rp(E) AND Rso(E) AT PROCESSING THE
RESULTS OF MEASUREMENTS PERFORMED WITH A DOSIMETRIC WEDGE

Irradiation of 2 standard Al wedges with CTA dosimetric films was performed on the electron linear accelerator
Elektronika 10/10 at INCT, Warsaw with electron beam energy of 10 MeV [10]. Al wedge with CTA dosimetric films
in form of strips were located in one Al box irradiated with a scanned electron beam of energy 10 MeV, pulse duration
5.6 s, pulse frequency 370 Hz, average beam current 1.04 mA, scan width 58 cm, conveyer speed was in the range
1-0.1 m/min, scan frequency 5 Hz. Electron beam energy was measured with two Al wedges. Control of dose delivered
to the wedges in time irradiation was performed with RISO polystyrene calorimeter [11].

The absorbed dose of irradiated materials was delivered in the range of 10-50 kGy. The maximum of combined
uncertainty related to dose determination in the Al wedges with CTA dosimetric films for values of doses greater than
5 kGy did not exceed 8% (k=2). The uncertainty is a combination of the uncertainties related with dosimetric film
calibration, in reproducibility of the series of experiments, the dose given at electron accelerator, spectrophotometer
reader variability. The uncertainty of the length value measurement of dosimetric strips is 0.1cm.

CTA dosimetric films were calibrated against alanine dosimeter which is traceable to National Physical
Laboratory, Teddington, Middlesex, UK [12].

Characteristics of dosimetric films are the following: CTA — Cellulose Triacetate film: density 1.32 g/cm’,
thickness 0.125 mm, width 8mm. The FDROO1 spectrophotometer in automatic mode was used for reading the optical
density for CTA strip films using a wavelength 280 nm.

Preliminary processing of measurement results was performed. The initial points of the depth-dose curves in CTA
dosimetric films located in dosimetric wedges were determined. Systematic inaccuracies for values of absorbed dose
were eliminated. Results of preliminary processing of experiments data for the depth-dose curves of EBs into CTA
dosimetric films are presented in Fig. 2.

As you can see at Fig. 2, experimental data for the depth-dose curves are not suitable for calculation with use the
standard numerical methods, values "rate of dose reduction” (first derivative) and “the points of maximum rate of dose
reduction” (second derivative) as is required by the standard for calculating the values of practical range R,

For processing the measurement results of the depth-dose curve obtained with dosimetric wedge it was used the
method of parameter fitting of semi-empirical model [7].

Herewith, the parameters of semi-empirical model are the following: electron energy (E;) and displacement of
initial point (dX) on depth-dose curve.

N
0 =>[D,(x, +dX,E))-D,T . 3)

i=1
Here D,(x,E) - a dose of electrons with energy £ on the distance x from surface target, N — the numbers of
spatial points in one measurement, (D, ,X,) - normalized measurement results for a set of dose values and spatial

coordinates at the measuring pointsi=1.... N.
The method of coordinate descent was used for determination with prescribed accuracy the value of energy £yand
displacement the initial point dX for the depth-dose curve. These characteristics ensure of minimum square deviation

O’ between D, (x, +dX, E,) normalized calculated data and D, measurement data.
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The calculations results of EB characteristics with use of method PFSEM [7] and methods of polynomial
approximations DELEN [6] are presented in the Table 3. Values in column R, were calculated as average results
obtained with use of the measurement data approximation by linear functions and polynoms of 4th degree.

Uncertainty assessment for values R, was performed on the basis of a comparison of the results obtained using two
computational methods for determining the tangent (derivative) on the measurement data. The results of uncertainty
evaluation of quantity values R, are shown in column Unc. Uncertainty assessment for values Rsy was determined with
taking into account the spatial resolution of measurements and compose value that do not exceeding 0.5% for all of the
measurement results shown in Table 3.

It should be noted that the values of R, obtained with using linear approximation of measurement results (column
R, — Line) with respect to the values obtained using a polynomial of 4-th degree (column R, — Pol) systematically
overestimated. A similar fact was found in the processing of the calculated depth-dose dependencies based on semi-
empirical model (Table 1.)

A geometric interpretation of the displacement parameter dX in the method of two-parameter fitting (Fig. 3), and
established fact, in the first section of this work, that using computational methods allow accurately simulate practical
range R, and half-value depth Rs, allow us to write the following relations:

R,=R(Ej) —dX 4)
Rso=Rso(Eyp) —dX

where R;, Ry - spatial parameters for measurement results of the depth-dose distribution, Ry(E), Rso(E) - empirical
spatial parameters of the depth-dose distribution as function of electron energy E obtained on the base of the
semiempirical model of electrons energy deposition, Ey, dX - the values of model parameters defined by PFSEM
method.

Table 3.
The calculations results of electron beam characteristics with use of method PFSEM and methods of polynomial
approximations (DELEN)

PFSEM DELEN
Samples Ey, MeV dX, cm. R,-Line R,-Pol R,, cm. Unc. % Rso, cm.
R1 1 10.95 0.370 1.83 1.81 1.82 0.79 1.41
R1 2 11.39 0.423 1.89 1.88 1.88 0.53 1.42
R2 1 10.03 0.336 1.69 1.65 1.67 2.56 1.26
R2 2 9.96 0.308 1.72 1.68 1.70 2.09 1.28
R2 3 9.93 0.311 1.70 1.65 1.67 2.62 1.27

For measured depth-dose distributions by parameters calculated with use of PESEM method (Table 3), there were
determined also the spatial parameters R, and Rsy in according to relations (4) and the empirical formulas (2). The
calculations results of values of R, and Rsyare shown in Table 4 in the columns Mod. For comparison, in columns Exp
were transfer data from columns R, and Rsoof Table 3. The relative deviation of the results presented in columns Mod
and Exp were placed in the column Error.

The values of Rp and Ry obtained with standard (DELEN) and PFSEM methods by using empirical formuIZSa.ble *
R,, cm. Rso, cm.
Exp. Mod. Error, % Exp. Mod. Error, %
R1 1 1.82 1.85 1.77 1.41 1.40 1.12
R1 2 1.88 1.89 0.62 1.42 1.42 0.09
R2 1 1.67 1.70 1.52 1.26 1.27 1.13
R2 2 1.70 1.71 0.42 1.28 1.29 0.48
R2-3 1.67 1.70 1.54 1.27 1.28 0.75
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It should be note that for the electrons energy used in the experiments (column £, in Table 3), difference between
obtained results with using linear empirical relationships (2) and empirical relationships (1) does not exceed 0.05% for
the values of R;, (E) and 0.5% for the values of Rs, (£).

Comparison of the data in the Table 4 shows that the values Rp in column Mod are systematically larger than the
values in the column Exp and close to the values given in the Table 3 in the column R, - Line. This is due to the fact that
when determining the empirical relationships there were used data from the Table 2, which are obtained on the base of
the linear approximation of calculation results for the depth-dose dependence. As can be seen from Table 4, the
differences between the spatial characteristics of dose distributions, such as the practical range R;, and half-value depth
Rso, calculated using the equations (2) and (4) derived from the traditional calculation methods coincide up to an
estimated error of the measurement results.

Thereby, processing of measurement results with PFSEM method allows to obtain the data by which you can with
high accuracy (<2%) determine the spatial characteristics of dose distributions, such as the practical range Rp and half-
value depth Rs.

CONCLUSIONS

In this paper it was studied the possibility to use the semiempirical model of electrons energy deposition for
determination of the practical range R,(£) and half-value depth Rso(E) (standard characteristics) of depth-dose
distributions in aluminum target. Selection of aluminum target for performing investigations is connected with great
interest to the development of enhanced methods of radiation monitoring conducted with use of standard dosimetry
aluminum wedges, which are distributed in dosimetry of radiation technological centers.

The investigation results indicate the possibility of increasing the accuracy and informativeness of the dosimetry
monitoring, through the use of the new algorithm for processing the results of measurements performed with the use of
aluminum dosimetric wedge. In practical dosimetry, together with dosimetric wedges for measuring of depth-dose
distributions is used the stack (Stack Energy Measurement Device) consisting of a set of flat layers of suitable reference
material interleaved with dosimeter films. In particular, water and polystyrene as suitable materials for the dosimetric
stack, were discussed in [1]. Therefore, investigations of the possibilities of using the semiempirical model of electrons
energy deposition for determination of the characteristics of depth-dose distributions in the materials, which are
recommended in standards, are of interest.
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On the basis of the Navier-Stokes equations in the Boussinesq approximation in the linear approximation the classical problem
of Rayleigh, dedicated to the study of stable stationary solutions to the horizontal plane layer of a viscous, incompressible fluid
heated from below in the case of execution on the upper and lower boundaries of the layer of solid boundary conditions is
considered. The analytical solutions describing the perturbed velocity and temperature of the fluid in a cylindrical convection cell
with solid boundary conditions are obtained. The obtained analytical solution to build similar solutions of the problem with mixed
boundary conditions is used. The analytical expressions for the neutral curves in the case of solid and mixed boundary conditions
based on the obtained solutions are built. A comparison of the analytically constructed neutral curves with numerical simulations
obtained by other authors is carried out. The derived analytical expressions for the neutral curves of solid and mixed boundary
conditions with sufficient accuracy correspond to the numerical calculations is shown.

KEYWORDS: stationary linear of Rayleigh problem, cylindrical geometry, rigid or mixed boundary conditions, analytic solution,
neutral curves.

AHAJINTHYECKOE PEINIEHHAE U HEUTPAJILHBIE KPUBBIE CTAIIMOHAPHOM JIMHEMHOM 3A TAYH PIJIES
C TBEPJIbIMHU WX CMEIIAHHBIMY T'PAHAYHBIMH YCJIOBUSAMHA B IIWIAHIPUYECKON TEOMETPUA
O.J1. Aunpeesa"?, B.H. Tkauenko" >
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Ha ocHoe ypaBrennit HaBbe - CTokca B npu0imxkeHnn byccunecka B IMHEIHOM NPHOIMKEHHH pacCMOTPEHa KilacCH4ecKas 3aj1ada
P3J'le$[, MOCBALICHHAsA HCCJIICIOBAHUIO yCTOﬁHHBbIX CTallMOHAPHBIX peLueHmZ I TOPU30HTAJIBHOI'O IJIOCKOI'0 CJIoA BﬂSKOﬁ,
HECKHMAEMOH, MOI0rpeBaeMOii CHU3Y KUIAKOCTH B CITydae BBIIOJTHEHUS HA BEPXHEH M HI)KHEH TpaHMIaX CI0sI TBEPABIX IPAHHUYHBIX
ycaoBuit. {1 pacCMOTPEHHOH 3a1a4H MOTyYeHbl aHATUTUYECKUE PEHICHHUS, ONUCHIBAIONIIE BO3MYILEHHBIE CKOPOCTh U TEMIIEPATYPy
XKHUAKOCTH B IIITHHAPUIECKON KOHBEKTUBHOW SMEHKH C TBEPIABIMU I'PAHUYHBIMHU yclIOBHAMH. HaliieHHOe aHaIMTHYIECKOe pEeIIeHHe
HCTIONB30BAHO JUISl IOCTPOCHUSI PEIICHUH aHAJIOTUYHOM 3a/ladyl CO CMEIIaHHBIMY IPaHUYHBIMU ycIoBHsAMH. Ha ocHOBe HaliIeHHBIX
pelIeHui TOCTPOSHBI aHAIUTHYECKHE BEIPAXKEHHS U HEHTPAIBHBIX KPUBBIX B CIIy4ae TBEPIBIX M CMEIIAHHBIX TPAHUYHBIX YCIOBUH.
[IpoBeneHo cpaBHEHNE aHATUTHYECKH IIOCTPOCHHBIX HEHTPAIBHBIX KPUBBIX C Pe3yJIbTaTaMHU YUCIEHHOTO MOAEINPOBAHHUS, KOTOPBIE
MIOJTy4YeHBI APYruMH aBTopaMu. [Ioka3zaHo, 4TO aHAIUTHYECKHE BBIPAKEHUS JUIsl HEUTPAJIbHBIX KPUBBIX C TBEPABIMU ¥ CMELIaHHBIMU
rpaHU4YHBIMU YCIIOBUSMU C ZLOCTaTOqHOﬁ CTCIICHBIO TOYHOCTH COOTBETCTBYIOT YUCJIICHHBIM pacucTaM.
K/IFIOYEBBIE CJIOBA: crauuoHapHas JuHeWHas 3amada Pames, IUIMHApUYECKash TEOMETPHs, TBEpAble WIM CMELIaHHBIC
TpaHUYHbIE YCIIOBUS, AaHATUTHUECKOE PENIEHNE, HEHTPallbHbIE KPUBHIC.
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Ha ocnoBi piBusas Has'e - Crokca B HabmmkenHi Byccinecka B niHifHOMY HaOMMKeHHI pO3IIsiHyTa KJIacHYHA 3amada Peres,
MIPUCBSYEHA JOCHIKEHHIO CTIHKMX CTAalliOHAPHUX PIlIeHb IS TOPU3OHTAIBEHOTO INIOCKOTO IIapy B'S3K0i, HECTHCIUBOI PiUHH, III0
MAIrpiBaeThCs 3HU3Y, B pa3i BUKOHAHHS HA BEPXHIM i HIDKHIH MeXax IIapy TBEpAWX TPaHWYHUX yMOB. [t po3risHyTol 3amavi
OTpPHUMaHI aHANITHYHI PIlICHHS, 0 OMUCYIOTH 30ypeHi IIBUIKICTH i TeMIepaTypy PiIMHH B LMJIIHIPUYHOMY KOHBEKTHBHOMY
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ocepeslKy 3 TBEpAUMH TPAaHHYHMMH yMOBaMH. 3Hai[ieHe aHaNITHYHE PIICHHS BHKOPHCTAHO Ul MOOYMOBH pillleHb aHAIOTiYHOT
3amadvi 3i 3MIMIAHUMHU TPaHUYHUMH yMoBaMH. Ha OCHOBI 3HaiineHuX pilieHb MOOyJOBaHI aHANITHYHI BHPa3d Ul HEHTPaIbHHX
KPHUBHX B Pasi TBEpAMX 1 3MIIIAHUX TPaHUYHHX YMOB. [IpoBeneHO MOpIBHSHHA aHATITHYHO MOOYIOBAHUX HEUTpaIbHUX KPHBHX 3
pe3yabTaTaMy YHCENFHOTO MOAETIOBAHHS, SIKI OTPUMaHi iHIIMMH aBTOpaMu. [loka3zaHo, IO aHANITHYHI BUPA3H VIl HEHUTpaIbHUX
KPUBHX 3 TBEPJMMH 1 3MIlIaHUMH I'PAaHUYHUMH YMOBAMH 3 JIOCTaTHIM CTYNEHEM TOYHOCTI BiNOBIJAIOTh YHCEIFHUM PO3PAaXyHKaM.
KJIIOYOBI CJIOBA: cramionapHa jiHifiHa 3amada Peres, mumiHIpudHa reoMeTpis, TBepAl abo 3MillaHi IpaHHYHI yMOBH,
aHANITHYHE PileHHs, HEHTPaIBHI KPUBI.

Thermal convection occurs in nature [1,2], and in many technological processes [3]. For example, the convective
mass transfer of air is used in agriculture [4], in the process of crystals growth in microelectronics [5]. Description of
the cellular structures formation is important for applications of laser processing of materials [6].

Navier-Stokes equations in the Boussinesq approximation (NSBA) are used to describe the convection processes
in the layers of the viscous incompressible fluid heated from below. There are three types of convection problems which
differ by the boundary conditions: “free” with no tangential stresses at the layer boundaries; rigid or mixed (non-free)
when the vertical velocity and its gradient are equal to zero [1,7-9].

The solutions of the stationary linearized NSBA equations with non-free boundary conditions for the normal
perturbed velocity and temperature, in contrast to the free boundary conditions, have no analytical form and are
obtained by numerical methods [6,8]. Therefore the search for analytical solutions of stationary linearized NSBA
equations with non-free boundary conditions has certain scientific and practical interest.

The aim of this work is to obtain analytical solutions and neutral curves for linear stationary system of equations
consisting of the Navier-Stokes equations in the Boussinesq approximation and the heat conduction equation in the
presence of rigid or mixed boundary conditions.

THE THEORY OF CYLINDRICAL CELL WITH RIGID BOUNDARY CONDITIONS
In the problem of heat convection in the viscous medium with rigid boundaries [1] there was studied viscous liquid
layer with the thickness 4 and it was infinite in both axis x and y directions. Axis z was directed upwards

perpendicularly to the layer boundaries z =0 and z = /. Distribution of temperature inside the layer T, (z) was given
in such a way that the lower boundary temperature was higher the one of the upper boundary: 7,(0)=7,,
T,(h)=T,,(T, > 1)) . Let’s consider, that in equilibrium state the dependence of the layer temperature on z coordinate is
described by linear function:

VI (z)=-—¢., )

where © =T, -7, - the difference of temperatures between lower and upper planes, € - unit vector directed along the
axis z .

Basing on the experiment results one can make two conclusions [10]:

- the form of convection cells is a cylindrical one;

- the internal velosity distribution in the convection cell doesn’t depend on azimuthal angle ¢ .

On the ground of these conclusions we’ll search for the solutions of linearized NSBA [7] in cylindrical geometry.
In this case in the layer with flat boundaries the initial equations for perturbed vertical velocity v, and temperature T
have the form:

%sz =AAv, +RA,T , )
P%—T =AT +v_, 3)
t

’ . 1 L , .
where A=A, +6_2 - Laplacian operator, A, = —ai ri - transverse Laplacian in which on the basis of the axial
iz r or r

symmetry of the cells is not a term that characterizes the dependence of the perturbations of the azimuthal angle is
missing, i.e. everywhere we suppose o../9¢=0, R:gﬂh3®/(v;() - Rayleigh number, g — gravitational acceleration
directed against axis z, P=v/y - Prandtl number, v and y - coefficients of kinematic viscosity and thermal
conductivity of liquid correspondingly, S - volumetric coefficient of thermal expansion of the liquid, v_,T -
perturbations of vertical velocity and temperature correspondingly.

For reducing the system of equations (2) - (3) to the dimensionless type there were used the following
characteristic measurement units: unit of length — layer thickness /4 ; unit of time - 7 = A*v""; unit of temperature - © .
It has to be mentioned that for the chosen unit of length z coordinate changes within the interval 0 <z <1.



54
EEJP Vol.2 No.4 2015 O.L. Andreeva, V.I. Tkachenko

System of equations (2) - (3) can be applied to define "normal" perturbations in the viscous liquid layer heated
from below under the condition that this system has to be complemented by the boundary conditions. In the current
study we’ll consider rigid boundary conditions — the case when on the boundaries at z =0 and z =1 perturbed velocity
projections, temperature and vertical speed derivatives have the satisfies next conditions [1,7]:

v,=v,=0;T=0,—==0. 4)

RECEIVING OF ANALYTICAL SOLUTIONS
The solutions of the linearized NSBA equations for the perturbations of vertical velocity and temperature in the
cylindrical geometry have the form of the cylindrical cell [9]:

v, (r.z,t)=v(z)J, (kr)exp(-4t),
©)
T(r,z,l) = S(Z)JO (krr)exp(—lt),

where 1 - the stability parameter [1,7]; v(z) and &(z) - amplitude of perturbations of vertical velocity and

temperature, J, (x) - the Bessel function of the first kind of zero order of the argument x, k, - the radial wave

number.
In the steady state ( A = 0 ) substitution of (5) in the linearized NSBA equations leads to the characteristic equation

[7]:

(#-0) =-a, ©)

1
where a = (k’R)*, b=k’ .
The roots of the characteristic equation (6) are given by

q,=%b-a;q,, =b+0.5a(1+i/3) =£(X, +iX_), g, =/b+0.5a(1-iN3) = (X, —iX ), (7

1
where X, = [0.5(«/;{2 +0.75a i;(ﬂz ., 7=05a+b, i=+/-1 - the imaginary unit.

The amplitude of the vertical speed in (5) is expressed in the terms of the characteristic equation roots, and
describes neutral perturbations. We'll seek for it in the form of:

V@) =2 C,exp(q,2), ®)

m=1

where C,, - constants defined by the boundary conditions:
v(0)=v(1)=0,0v(0)/oz =av(1)/6z =0, $(0)=9(1)=0 )

Equation (8) determines the critical Rayleigh numbers and an amplitude of neutral perturbation which can be
found only as an approximate numerical solution of transcendental equations [7].

The method obtaining of solution (8) with (9) in a simple analytical form is submitted below [10].

To do this, in (8) let’s suppose given the following relationships between the constants C,,: C, =C, =4 /2,

C=C=C=C=-4 / (4Ch(ZOX+)) , Where A4, - arbitrary constant, z, =0.5 - layer’s half-width coordinate. In this

case (8) takes the form:

v(z) = 4, [Ch(q1 (z—zo))—cos(Xf (z—zo))ch()(+ (z—zo))ch" (zoX+)]
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By setting ¢, =iva—b =inr and demanding the equality X =+a—-b =nz, the amplitude of the vertical
velocity should be determined by the formula:

v(2)= A [1-ch((z=2,) X, )ch™ (2,X. ) ]sin(zva=b). (10)

It is easily to show that the expression (6) satisfies the boundary conditions (9).

The equality of X =+a—b is valid for a= 8(117:)2 and b=7 (n;z)2 . Since the solution (6) describes the
cylindrical cell’s steady state (A =0) , the parameters a and b , or their scale-shift counterparts (see below.) should
determine the point K, lying on the neutral curve R/*“ (k).

Solution (10), as well as received on its basis the expression for the amplitude of perturbed temperature 9(2) (see

(5)) can be used for comparison with heat and mass transfer indexes in the convective cell with free boundaries [11].

THE CONSTRUCTION OF THE NEUTRAL CURVES FOR THE PROBLEM
WITH RIGID BOUNDARY CONDITIONS

Let’s use the solution (10) for the construction of the neutral curves R’ (k,) of the cylindrical cell’s stationary

(2=0) states. The neutral curves for a given n split the plane (R, k, ) and separate stable solutions (5) (below the

curve) and unstable ones (above the curve) [7].

In order to construct the neutral curves let’s use the solutions (10) invariance with respect to the scale-shift
transformation of the problem’s parameters: a , b . The term "invariance with respect to the scale-shift transformation"
responds to the immutability of the solutions (10) and boundary conditions form (9) to addition to @ and » of a
constant (shear invariance) and multiplication on a constant (scale invariance).

The shift invariance. Shift of the parameters a and » on an arbitrary value X, :

a—xO:S(nﬁ)z, b—x0:7(n7r)2, (1)

where -7 (n;z)2 < x, <o - arbitrary number, does not change the expression va—>5 in (6). It does not change the

values X, as according to (11) changed parameters a—x, and b—x, retain their values. Thus, the use of shift
transformation provides an analytical expression for the Rayleigh number:

3
s P2+ (B, k)"
R,:"gff’="—=( ( #) ) , (12)
b (B, k)"

where 7(nz)’ ~x, =(f,-k,)", B, and u, - the positive integers which depend on the modes’ number.

The scale invariance. The solution (10) is characterized by the scale invariance in relation to a and b . To
confirm this, let’s perform following replacement: (z,z,) - a,"'-(z,z,) in (10). Such replacement can be interpreted as
a change in the layer’s thickness h—«, -h, where o, # 0 - arbitrary positive number depending on the mode’s number,
n>1,2,3.... Then, to ensure the scale invariance of the expression (10) should be satisfied following conditions of
parameter’s change: @ —> > -a and b— . -b. As a result of the described above scale-shift transformation, the
expression (12) can be written as:

2\3 2 2 k )
R:igid — (abo;:s) =q, (n ”(;(ﬁk” )ﬂ”’) ) . (13)

Comparing the neutral curve (13) n=1 (curve 1, Fig. 1) to the numerical data obtained by other authors [7]
(points on the curve 1) shows good quantitative agreement. It allows to reliably determine the value of the constants in

the expression (13): «, =2.597, a, =1.674, 5, =0.7, u, =2.085 . Herewith the maximum relative deviation of the
Rayleigh number (13) of the numerical results [7] is about percent (lays in the range from -1.35% to 0.67%).
The circle (0) in Fig. 1 marks the point k. = 7 / 1.038=8,
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R =q. (87[2 - 5.087)3 /(77r2 - 5.087) =7062.177 corresponding to the parameters @ =87 and b="77" after scale-

shift transformations, where: «; =0.963, x, = 5.087 . It shows a fairly accurate location of points on the neutral curve.
Thus, the expression (13) for n =1 defines the functional dependence of the neutral curve on the wave number.
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Fig. 1. Neutral curves for mode number n=1.
1 — two boundaries are rigid, 2 — rigid and free boundaries, 3 — two boundaries are free.

For the mode numbers n >1, using the minimum critical Rayleigh numbers for the horizontal layer with rigid
boundaries [7], one can show that the neutral curves are determined by the expression (13), wherein the constants o,

and g, should be given in the form:

2 2

5 037 ﬁ]"’; (\7;]#”#'
a, =a, [—J (n>2), B, = 2

! 1+ (n— 1(}]

u] (14)

Let’s define the exponent g, in the expression for £, .

It is known that for large mode numbers 7 the difference in the critical number of cell with solid boundaries and
free cell decreases, i.e. the exponent g, with the mode numbers 7 increase should aspire to the exponent for the free

cell ¢, =2 [7]. There under the exponent 4, can be approximated by the expression:

49.06n
= 15
Hr 24.53n-1 (15)

For n=1,2 the expression (15) provides g =2.085 and g, =2.04 that with sufficient degree of accuracy

corresponds to the results of numerical calculations in [7]. If n—>00, as noted above, the exponent x, aspires from

above to 2. Fig. 1 shows good agreement between the numerical calculations of the neutral curve points for n =2 and
its theoretical estimation (13):



57
Analytical solution and neutral curves of the stationary linear Rayleigh problem... EEJP Vol.2 No.4 2015

(2272_2 +(ﬂ2 'kr)#z )3
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In this section, using the analytical solutions of the stationary linear Rayleigh problem with rigid boundary

conditions a family of neutral curves is built for the mode numbers »n>1 which with high degree of accuracy
correspond to the results of numerical calculations performed by other authors.

R =q , B, =0.814 (16)

2

THE CONSTRUCTION OF THE NEUTRAL CURVES FOR THE PROBLEM WITH
MIXED BOUNDARY CONDITIONS
Basing on the analytical dependence (13) let’s find the form of the neutral curve for the case of mixed boundary
conditions, when the upper boundary is free, and the bottom one is rigid. It can be shown that the form of the curve

3

(27 +(8k)")
24 (,32 'kr )/’z

accurately (up to 5%) corresponds to the critical point, calculated by numerical method R, =1100.657 [7].

(curve 2 in Figure 1) is given by: R™ =a, . Curve 2 has minimal value (Rl'"[") _ =1045.60 that

To compare the analytical dependences for neutral curves with rigid boundary conditions with neutral curves with
free boundaries the curve 3 in Fig.1 of Rayleigh problem is presented. It is shown that the analytical dependencies (13),
(16) (curves 1 and 2 respectively) for large arguments %, do not intersect, and asymptotically aspire to the neutral curve
of the cell with free boundaries.

In conclusion, we’ll note that obtained results are useful in solving the stationary Rayleigh problem with rigid

boundaries in the Cartesian coordinate system. To do this, one should replaced in (5) the &, by k = /k. + kf and the
Jo(k,r) by exp (ikxx + ikyy) .

CONCLUSION
Thus, in present paper analytical solutions of the stationary linear Rayleigh problem with rigid boundary
conditions are submitted. On the basis of those solutions the analytical dependencies are built for the families of neutral
curves of considered problem with rigid and mixed boundary conditions.
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The problems of application of secondary ion mass spectrometry (SIMS) with a liquid matrix for the study of objects of organic
origin, as well as some aspects of the methodology of the liquid matrix using, in particular, for minimizing the effect of ion probe on
the investigated object were considered. It was shown that the use of SIMS with the liquid matrix allowed to analyze reactions in a
rather complicated bioorganic systems, including intermediate products of reactions, from the behavior of secondary ions
characteristic for system components. Furthermore, after the necessary calibration procedure, the method permitted to determine the
concentration of components during the reaction. The results of the study of the enzymatic oxidation of glucose were presented. It
was shown that the use of SIMS with a liquid matrix allowed investigating the influence of radiation on materials of organic origin.
The results of the study of radiation damage of molecules of arginine amino acids, glutamic acid and tryptophan under ultraviolet
irradiation were represented.
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PO BUKOPUCTAHHS METOJY MAC-CHEKTPOMETPIi BTOPUHHUX IOHIB JJIS1 TOCJALI)KEHHS
BIOOPI'AHIYHUX OB'EKTIB
B.O. Jliteinog, B.T. Konmne, B.B. bookos
Xapxiscorkutl nayionanvnuti ynisepcumem imeni B. H. Kapazina
M. Ceob0o0u 4, 61022, Xapxis

Po3risiHyTO MUTaHHS 3aCTOCYBaHHS METOAY Mac-crektpomerpii BropuHHux ioHiB (MCBI) 3 BHKOpHCTaHHSIM DPiAKOI MaTpHILi IS
JIOCHIPKEHHS 00'€KTiB OPraHIiYHOIO TOXOPKEHHS, a TAaKOX JEAKi acleKTH 3aCTOCYBaHHS METOAWKH PiIKoi MaTpwili 30KpemMa ,
MMUTAaHHS MiHIMi3allii BIUIMBY i0HHOTO 30HAA Ha JociiuKyBaHi 00'exth. IlokazaHo, mo Bukopuctanas MCBI 3 pigkoro marpuieio
JIO3BOJISIE aHAI3yBaTH MPOTIKAHHS PEakKliii y JOCUTh CKIAQJHUX OI0OPTaHIYHHUX CHCTEMaX MO ITOBOKEHHIO BTOPWHHHX IOHIB,
XapaKTepHUX IIsI KOMIIOHEHTIB CHCTEMH, y TOMY YHCII JUIS HMPOMDKHHMX INpoAyKTiB peakmii. KpiMm Toro, micis HeoOXimHHX
KalmiOpyBaHb METOJMKA JO03BOJISIE BH3HAUaTH KOHIEHTpalii KOMIIOHEHTIB y Xoni peakiii. HaBeneHo pe3ynbTaTé HOCIIKEHHS
mpoIieciB ()epMEHTATUBHOTO OKHCITIOBAaHHS Itoko3u. [lokazano, mo BukopucTanHs mertony MCBI 3 pifkoro MaTpuIiero 103BOJISIE
JOCII/DKYBaTH pajialliiHUil BIUIMB Ha MaTepialn OpraHiuHOTO MOXO/KeHHs. [IpHBOMATHCS pe3ynbTaTH AOCHTIDKSHHS pasialliiHIx
YIIKOMKEHb MOJIEKYJT aMiHOKUCIIOT apriHiHy, TIyTaMUHOBOT KUCJIOTH i TpunTodany npu yibTpadioleToBOMy OIPOMiHEHHI.
KJIFOYOBI CJIOBA: wMac-ceKTpoMeTpisi BTOPMHHHX 10HIB, pika MaTpuilsi, OlOCEHCOp Ha TIIIOKO3y, yIbTpadioneToBe
OTPOMiHEHHSI.

OBb UCITOJIB30BAHUHU METOJA MACC-CIIEKTPOMETPUU BTOPUYHBIX HOHOB AJIS1 UCCJIEJOBAHUSA
BUOOPI'AHUYECKHUX OBBEKTOB
B.A. JlutBuHoB, B.T. Konne, B.B. bo6kos
Xapvroeckuii Hayuonansbubii yHueepcumem um. B.H. Kapasuna
ni. Ceoboowi, 4, Xapvkos 61022

PaccMoTpeHsl BOIIPOCH NMPUMEHEHHS METoJa Macc-CIIeKTPOMETpUH BTOpUYHBIX HOHOB (MCBMU) ¢ ucnomb3oBaHueM KHUIKON
MAaTpHUIBl U UCCIEA0BaHUSA OOBEKTOB OPraHWYECKOTO NPOHCXOXKACHUS, a TAKXKEe HEKOTOPBIC ACHEKTHl IMPHMEHEHHS METOAUKHI
KHUIKOM MaTpHIlBl, B YAaCTHOCTH, BOIPOCH MHHUMH3ALUM BIMSHHS HOHHOTO 30HAA Ha HCclemyeMble 0OBeKTHl. [lokazaHo, 4TO
ucnons3oBanue MCBUM ¢ xunkoid MaTpuneidl MO3BOISAECT aHAJIU3UPOBATh IPOTEKAHHE pEeakUMid B JOCTATOYHO CIIOXKHBIX
OMOOPTraHNYECKUX CHCTEMax IO ITIOBEAECHHWIO BTOPHYHBIX HMOHOB XapaKTEPHBIX Ui KOMIOHEHTOB CHCTEMBI, B TOM YHCIE IS
MIPOMEKYTOUHBIX TIPOAYKTOB peakuuu. Kpome Toro, mocie HEOOXOIMMBIX KaJHMOPOBOK METOAMKA II03BOJISIET ONPENCIATh
KOHIICHTPAllUK KOMIIOHEHTOB B XOje peakuuu. [IpuBeneHsl pe3yiabTaThl MCCICIOBAHUS MPOIECCOB (hepPMEHTATUBHOIO OKHCIICHUS
roko3sl. [lokazano, yTo ucnoab3oBanue Merona MCBMU ¢ sxuakoit MaTpuriel mo3BoseT UCCIIEA0BaTh PAAUALlIOHHOE BO3AEHCTBHE
Ha MaTepHallbl OPraHUYECcKOro MpoucxoxaeHus. [IpuBoasTcs pe3yabTaThl HCCIEIOBAHUS PaJUALMOHHBIX MMOBPEXKICHHH MOJIEKYI
AMUHOKHCIIOT apTUHUHA, TITyTAMHHOBON KHCIIOTHI M TPHITO(AHA IPH yIbTPa(pHOIETOBOM OOITyUSHHUH.

KJIFOYEBBIE CJIOBA: Macc-CIEKTpOMETpHSI BTOPUYHBIX HOHOB, JKUJIKas MaTpPHUIIa, OMOCEHCOP Ha TIIOKO3Y, YIBTPapHOICTOBOES
oburydyeHwue.

Meroj aHann3a, OCHOBaH Ha SBJICHUH BTOPUYHOW MOHHOIM 3MHCCHH — MacC-CIIEKTPOMETPHS BTOPHYHBIX HOHOB
(MCBH) ¢ ycrmexoM HCHOJIB3YeTCsl JUI HCCIIEAOBAaHMS MOBEPXHOCTH TBEPHABIX TNl YK€ HECKOJBKO NECATKOB JICT.
AHanu3 HOHHOW KOMIOHEHTHI MPOLYKTOB PACIBUICHHS (aTOMOB, KJIACTEPOB, MOJIEKYJ ¥ MOJIEKYJISIPHBIX ()parMeHTOB),
oOpasyrommxcst mpu OoMOapaUpOBKE TBEPHIBIX TEN IYYKOM YCKOPEHHBIX HOHOB (aTOMOB), MO3BOJIIET IIOJNYyYaTh
nHpopManuio, kKak 00 3JIEMEHTHOM, TaK U XHMHYECKOM COCTaBe IOBEPXHOCTH. I1pH 3TOM MOXHO McClIeIoBaTh (pU3HKO-
XUMHUYECKUEC MPONHECCChI, KOTOPHIC UMCIOT MECTO IIPU BOSHeﬁCTBHH Ppas3InYHbIX d)aKTOpOB, KaK HallpuMep, UBMCHCHUEC
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TeMIIepaTyphbl 00pasiia Wik MmapaMeTpoB OKpyXkaroliei ra3oBoit cpespl. [Ipumenerne MCBU B aHAMTUTHYECKHX HETISIX
0azupyercsi Ha BBICOKOW YYBCTBHUTEIBLHOCTH, CEJIEKTUBHOCTM M OTHOCHTENIBHOH HpocToTe Meroia. JlaHHBIM MeTon
T03BOIAET PErMCTPUPOBATH HAIMYME aTOMOB B KommuectBe 10™*-10 aTOMHBIX MPOILEHTOB, YTO JaeT BO3MOXKHOCT
HCCIIeIOBAaTh caMble HavyalbHbIE CTAJANU Pa3HOOOPa3HBIX (PU3UKO-XUMHUYECKUX MPOLEeccoB. DTo ancopouust, nuddysus,
cerperamnys NpuUMecei, pasHble THUIBI ra3oBoi koppo3ud U 1p. [1,2]. CiocoOHOCTh WHTEHCHBHBIX MOHHBIX ITyYKOB
MIPOM3BOANTH 3HAYMTENBHOE PACHBUIAIONIEe ACHCTBHE, TO3BOJSIET PEHIaTh PS 3a7ad MO ONPENENICHUIO MpoduiIeh
3aJieraHusl IPUMeceif 1Mo TITyOnHe (MOHHBIH MTOCTIOWHBINA aHATIH3).

B uncie OTIMYUTENBHBIX OCOOCHHOCTEH METOJa — BO3MOXKHOCTDH OINpPEICICHUS MOJEKYIIPHOH MaccChl
(371eMEHTHOT0, N30TOMHOTO COCTaBa), YTO B 3HAYUTENBHON MEpE MCKIII0YAaeT HEOJHO3HAYHOCTH NPH WACHTH(UKAINT
XMMHUYECKUX COCJUHEHMH; BBICOKAs] UyBCTBUTEILHOCTD, ITO3BOJISIONIAs aHAIU3UPOBATh BECbMa MaJlble KOHIEHTpAIUU
BEIIIECTBa; BO3MOXKHOCTh OIpENENICHHs] aOCOMIOTHBIX 3HAYCHUI KOHIIEHTpALUi aHaIU3UPYyEMBIX KOMIIOHEHTOB IOCIIE
cooTBeTcTByIomIeH KannbOpoBku. Meroq MCBU mnozBonser aHanu3upoBaTh HeJETy4He U TEPMHUYECKH HECTOWKHE
COEMHEHUS MOCJe TOMEIIEHHs] MX B JKUAKYI0 MATpHIly, YTO JUId pAAa AHAIUTHYECKUX METONOB MpEeACTaBIsIET
cephe3HyIo mpobiemy [3].

Hawubonee mmpokoe npumenenre MCBU nonmy4nso mpu ucciieloBaHNM TIOBEPXHOCTH TBEPIBIX TET — METAJUIOB,
MTOTYTIPOBOTHUKOB, JUANICKTPUKOB [4,5]. OmHako Oomee 30 jer Ha3ajy ObUTa MOKa3aHa BO3MOXKHOCTh MPUMEHCHUS
METO/a Ml WCCIEIOBAHHUS OPraHMYECKHX COCIMHEHHWH pPa3IMYHOrO HMpoucxXokaeHHs [6]. Tak B HacTosimee BpeMms
pasnuuanble Momudukary meroga MCBU ¢ ycniexoM HCHOnb3yOTCs IPH UCCIIEI0BAHUN OENIKOB, JIUITUIOB, YTIICBOAOB,
HYKJIEMHOBBIX KUCIIOT U 1p. [7-18].

OmauM w3 crmoco0oB aHanmu3a Owonormueckux MatepuaioB MetogomM MCBU sBisercst cmocob, korama Ha
METATMYECKOH IMOJJIOKKE CO3/aeTCs] MOHOMOJICKYIIAPHBIM CIIOH HCCIIEAyeMOro BEIeCcTBAa, a M3MEPEHHE BeleTcs B
CTaTUYEeCKOM pekume. Takodl pexuM XapaKTepu3yeTcsl OYeHb HH3KOW IUIOTHOCTBIO TOKa IMEPBUYHOTO ITy4yka H,
COOTBETCTBEHHO, HM3KOH pacIbUIfioniell CIIocOOHOCTBI0. B craTHyeckoM peKMMe OTCYTCTBYET I€PEKphITHE
CTOJIKHOBUTEJIBHBIX KacKaJIOB, TOPOXKIAEMBIX IEPBHYHBIMU YaCTHUIIAMH, YTO SBISIETCSI HEOOXOAUMBIM YCIOBHEM TOTO,
4YT0OBI BTOPUYHBIE HOHBI PACTIBIISUTICH U3 UCXOAHOTO, HE HApYIIEHHOTO ITOBEPXHOCTHOTO CJIOS. 3a BpeMs U3MEpPEeHNUs B
CTaTHYECKOM PEXHME, KaK IPaBHUJIO, PaclbUIIETCS JIMIIb Majias 4acTh MCCIEAyeMOro MOHOCIIOS, COOTBETCTBEHHO, HE
MIPOMCXOIUT 3HAUYUTEIHHOTO HAKOIICHUSI PAMAI[MOHHBIX MOBPEXICHUH HCCIeTyeMbIX MoseKyd [1].

JpyruM criocoboM aHanmu3a OHMOJOTMYECKMX MAaTepHaJoB SBISIETCS CHOCO0, KOrja HCCIEIyeMOE BEIECTBO
MIPEABAPUTEIBLHO PACTBOPSIETCS B C1a00 JIeTydel KHUIAKOCTH (KHIKOW MaTpHuIle) M aHaJIU3y HOABEpraercst pactsop. B
Ka4eCTBE KUAKOH MaTpHUIbl OOBIYHO HCTIONb3YETCs TINIEPHH, THOTIULEPHH MM M-HUTPOOEH3MIIOBEIH criupT. BriGop
MMEHHO 3THX MaTepHaJIOB 00YCIIOBIEH TPEMs OCHOBHBIMH (DaKTOpPaMH: OHM UMEIOT JOBOJIBHO MAITYIO YIIPYTOCTh ITapoOB
(pu KoMHaTHO# Temmeparype 10 2-10° ITa), SBISIOTCS XOPOLIMM PACTBOPHTENEM MHOTHX OPrAHHYECKHX BEIIECTB, a
TakXke 00JaJar0T JOCTATOYHO HU3KOH BSI3KOCTBIO, UTOOBI HE MPEMATCTBOBATH TU(DDY3HH.

Jnsa 30HOMpPOBAaHUS >KUAKONH MAaTpHUIlBI, KaK IPaBHIO, HCIOJIB3YIOT HEUTpaJbHBIE YCKOPEHHBIC YaCTHUIIBI
(bombapaupoBka ObicTpbiMu aTomamu) [19-21]. IIpuMeHeHHEe MMEHHO HEWTpPAIBHBIX YacTUIl Al OoMOapANpOBKH
JMKTYETCsI HEOOXOJMMOCTBIO HCKIIIOUUTH BO3MOXKHOCTh HAKOIUICHHUS 3apsja Ha MCCIIEAyeMOW ITOBEPXHOCTH, YTO
MOXET MMETh MECTO IIPH HCIIOJIH30BAaHHU 3apsDKEHHBIX OOMOapIupyrommx dacTHi. Takoi 3aps MOKET HCKaKaTh
n3MepsieMble Macc-CIEeKTPhI, IPUBHOCS JIONOIHUTEIBHBIN, TPYAHO KOHTPOJIMPYEMBIH, YaCTO HEMOCTOSIHHBIHN ITOTEHIIHAI
B cucTeMy ()OPMHpPOBaHHS IydKa BTOPHYHBIX MOHOB. OJHAaKO, CHUMasi BOIIPOC O HAKOIUICHWH 3aps/a, MPUMEHEHHE
HEUTpaJbHBIX YacCTHI] B KadecTBE OOMOapAMpYIOMMX, JEJacT HEBO3MOXHBIM HAIEKHBIH KOHTPOJIb M YIIPaBICHHE
rapamMeTpamMy TEepBUYHOTO Mydka. BMmecTe ¢ TeMm, MpH yCIOBHH JOCTATOYHOM NMPOBOAMMOCTH SKHIKOW MaTPHIBI C
pacTBOpeHHOH B Heil MpoOOH MCCIIEAyeMOro BEeImecTBa BMECTO OOMOapIMpOBKH OBICTPHIMH aTOMaMH BIIOJIHE MOKHO
MIPUMEHATh OOMOApAMPOBKY 3apsSUKEHHBIMU YacTHUIAMH — IEPBHYHBIMH HMOHAMH. OTO 3HAUUTENBHO YIPOLIAET
JUarHOCTUKY U YIpaBJICHHE IEPBUYHBIM IYyYKOM, YTO B HEKOTOPBIX CIIydyasXx MMEET CYIIECTBEHHOE 3HA4YCHHUE [UIs
HOJIyYeHHs KOPPEKTHBIX pe3yinbTaToB. K TOMy K€ MexaHu3Mbl 0Opa3oBaHMS BTOPHYHBIX HOHOB B Ciy4ae
O60MOapAMPOBKH M HEUTPAILHBIMU M 3apsDKEHHBIMH YaCTHIAMU CUMTAIOTCS cXofaHbiMu [22]. Takas MeToanka macc-
CIEKTPOMETPUYECKOTO aHajM3a IMOJydyWIa Ha3BaHHE BTOPUYHAS MOHHAs MacC-CIIEKTPOMETPHs C XKHUJIKOM Marpuueit
[23].

Hcnons3zoBanne MCBU ¢ xuikoil MaTpuiei MMO3BOJISIET MPUMEHSATh CYLIECTBEHHO OOJIBIINE IUIOTHOCTH TOKa
TIEPBUYHOTO IMy4yKa (AMHAMWUYECKHH PEXHM) MO CPaBHEHHMIO CO CTATHYECKHUM PEXHMOM HM3MEPEHHS, YTO ITIO3BOJISIET
3HAYUTEIHHO YBEIWYNTh KOJIMYECTBO pACHBUIIEMBIX BTOPHYHBIX HOHOB, a, CIIEIOBATENBHO, M IOBBICHTH
qyBCTBUTEIBHOCTh METOANKN. BO3MOXHOCTh YBEMHMUCHNS TNIOTHOCTH TOKA IIEPBUYHOTO ITyYKa 00yCIIOBJIEHA TEM, 4TO B
JKUIKOM MaTpHIle IPUIIOBEPXHOCTHBIN 0N 00pa3ia T0CTaTOYHO OBICTPO OOHOBIIIETCS 3a CUET IporeccoB Auddy3um.
VYcrpanenne 3¢¢ekxta HakoIUICHHS (PparMeHTOB B aHAIM3HPYEMOW OOJACTH BBITOAHO OTIMYAET aHAIN3 JKAAKOU
MaTpHLBI OT aHAIN3a TOHKUX CIIOEB HA TBEPOH MOUIOKKE.

[Tpumenenne meromuku MCBU ¢ xunkoit maTpuieii, gaBas psl NPEUMYIIECTB U IOJOXKUTEIBHBIX MOMEHTOB,
TpedyerT, 0/IHaKo, yueTa paja (akTopoB METOIUUECKOT0 Xxapakrepa. Kak mokaspiBaeT MpakTHKa, TP aHaJIh3e BEellecTBa
B JKHJIKOW MaTpulle HEOOXO0IMMO YUHUTBIBATh Psiji CHELU(PHUUECKUX MOMEHTOB, KOTOPBIE XapaKTEePHBI [UIsl UCCIIEIYEMbIX
OpraHMYecKux cUcTeM. B dYacTHOCTH, HEOOXOJMMO YUYHUTHIBATH HEJIHHEHHBIE 3(P(EeKTHl BIMSHUSA KOHUEHTPAIMN
HCCIIEAYEMOr0O BELECTBa Ha BTOPUUYHYIO HOHHYIO 3MuccHio. Kpome Toro, He BCeraa CHMMAIOTCSI BONPOCHI BIMSHUS
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HOHHOT'O 30HJAa Ha 1/13yqaeM1>11>’1 O61)6KT. HpI/I OIPCACIICHHBIX, OTINYAIOIIUXC MJIsI pa3HbIX HUCCICAYCEMBIX O6'I)CKTOB,
IUTOTHOCTSIX TOKa IMEPBUYHBIX YaCTHUI] MTPOLECCHI, PUBOISAIINE K Pa3pyIICHUIO aHATU3UPYEMOTo CJIosi 00pasia, MOTyT
CTaTh BecbMa OIIyTUMBIMH. [Ipy 0TpaboTke METOMUKM M3MEPEHHH 3THM BOIPOCaM HEOOXOANMO YIENSATh Cepbe3HOe
BHUMaHHE. Y4YeT 3TUX (DAaKTOPOB IIPH COOTBETCTBYIOUIEH HOPMHPOBKE IIO3BOJIICT IPOBOJMTH KOJIMYECTBEHHBIC
W3MEpPEHHMS, YTO CYIIECTBCHHO ITOBBIIACT IEHHOCTh MOJIy4aeMOi HMH(GOPMAIMM TPH TPOBEIECHHU HCCIIEIOBAHUN
meronoM MCBMU ¢ xunakoit matpuneii. Heo6xoauMo Takke yIUTHIBaTh KOHEYHOE BPEMS JKU3HH 00pasiia B BAKYYMHBIX
YCIIOBUSIX, T.K. HCTIAPEHHE MaTepHalia MaTPHIbl OTPAaHUYMBACT BPEMsI KOPPEKTHBIX H3MEPEHHH.

Hmke paccMOTpeHBI pa3mUUHBIC AacHeKTHl HCHOib30BaHUS MeTomumkun MCBU ¢ kuagkoit marpumeidt mms
UCCIIEJOBAaHMUS OPTraHWYEeCKUX OOBEeKTOB. lIpHBENEeHBI pE3yNbTaThl HCCIEIOBAaHMSA IPOLECCOB, MPOTEKAIOMMX B
TJIMIEPUHOBBIX ~ PacTBOpax  OpraHWYeckmx Kpacutened mnpu MCBUM  aHanm3e, pacCMOTpEHO  BIHUSHHUE
KOHICHTPpAaIUOHHBIX 3¢)¢)CKTOB " BJIUAHUC TUIOTHOCTU TOKa IMEPBUYHOIO ITydYKa Ha BTOPUYHYIO HOHHYIO 3MUCCHUIO.
IIpuBeneHsl pe3ybTaThl HUCCIEIOBAaHUS IIPOLECCOB B3aUMOJCHCTBUS KOMIIOHEHTOB B PAacTBOPAax, MOJCIHUPYIOLIUX
OMoceHcOp Ha TJIOKO3y, a TaKKe pe3yJbTaTbl HCCIENOBaHHs BIMSHHUSA YJIbTPa(UOIETOBOrO OOJydEeHUs Ha
AMHHOKUCIIOTBHI.

Llens paboThl - W3yuyeHHE OOBEKTOB OPraHWYECKOro MHpoucxokaeHus MeronoM MCBU ¢ wncmons3zoBaHmeM
KHUJKON MaTpPHIIbL, a TAK)KE METOANYECKUX OCOOEHHOCTEH MPOBEICHNUS MTOJOOHBIX HCCIIeIOBAHHH.

METO/bl 1 OFBEKTBI HCCJIELJOBAHMUS

OKCHEPUMEHTHI POBOIIIINCE HA BTOPHYHO SYMHUCCHOHHON MacC-CIIEKTPOMETPHUYECKOH yCTaHOBKE, BKIIIOYAIOIIEH
B ceOsl B KaUECTBE OCHOBHBIX (DYHKIIMOHAIBHBIX 3JIEMEHTOB: HOHHYIO IYIIKY, KAMEPY MHUILICHHU, JIEKTPOCTATHIECKYIO
cucteMy (opMUpOBaHMS IyYKa pPACTbUICHHBIX HOHOB, MAacC-aHAJIM3aTOp, JHEPreTHYeCKUH (GHUIBTP U CHCTEMY
perucrpanuy. DHEPreTu4eckuii GpuibTp, YCTaHOBJICHHBIN MOCIE Macc-aHAIM3aTopa, MpeIHa3Ha4YeH JJIsl BBLICICHHS
HOHOB B Y3KOM DJHEpPreTHYecKOM JHana3oHe (Ha ypOBHE HECKONBKMX 3B), uYTo yBenMUYHMBaeT pa3pelaroInyro
CIIOCOOHOCTH. JTO TO3BOJISIET C BHICOKOH TOYHOCTBIO OINPEAEIATh MacCOBOE YMCIIO 3aPErMCTPUPOBAHHBIX BTOPHYHBIX
MOHOB. B HacToseii paboTe B kKauecTBe GOMOAPIMPYIOMIMX YaCTHUI] HCTIONB30BATUCH MOHBI AT ¢ SHeprueil 8 k3B npu
aHaJIM3€e TIOJIOKHUTENBHBIX M 16 k3B npwm aHanmu3e oTpHUIATENbHBIX BTOPUYHBIX MOHOB. [IJTOTHOCTH TOKAa MEPBHYHBIX
HOHOB B 3aBHCHMOCTH OT TpeGOBaHMIi SKCIIEPUMEHTa BapbupoBanack B auanaszone 0,075 — 3,0 mxA/cwm”. Uccnenyemsiit
pacTBOp HAHOCHWICS Ha (QUIBTPOBAJIBbHYIO OyMary, 3aKpelyieHHYI0 Ha METAUINYECKOW ITOJUIOKKE, W ITOMEINANCs B
pabouyro kamepy.

ITpn mccnenoBaHMM AEHCTBHS yIBTPA(UOIETOBOTO WM3MYHYECHUs HA AMHUHOKHCIOTHI, OOpas3lbl TIMIEPHHOBBIX
pPacTBOpPOB aMHHOKHCIIOT, IOMEIIAINCh B KBAPIEBYIO KIOBETY M oOmydamuch prytHod nmammoii JIPK-120, B cmektpe
KOTOpOH Hambonee MHTCHCHBHBIC JIMHUM PACTIONIONKEHBI B CIIEKTpalbHOM auamasone 2500-4000 A (2654, 2895, 2967,
3016, 3126, 3343, 3667 A). J{o3a perymupoBanack BpeMeHeM obmydenus. Jlamee, o6pasusl mogsepramucs MCBU
aHaNU3y.

HccnenoBanuce Macc-CHEKTpPBl MOJOXKHUTENBHBIX M OTPULATENIBHBIX BTOPHUYHBIX HOHOB, PACIBUICHHBIX U3
TJIMIEPUHOBBIX PACTBOPOB PA3IMYHBIX KJIACCOB CIEIYIOIIUX OPraHMYECKUX BEIECTB. MHIMKATOpHBIE KpPacHUTENH,
KOTOpBIE SIBIISIIOTCS TIEPCIICKTHBHBIMU C TOYKH 3PEHUS CO3/aHMs (IyOPECHEHTHBIX OMOCEHCOPOB: OPOMTHMOJIOBBIN
CUHHH, OpOM(EHONOBBIH CHHUM, (EHONOBBIH KpacHbIH, pojgamMuH 6)K, HEHTpaibHBIM KpacHbBIA, METHIIOBBIN
OpaHXXEBbI, METWIOBBIM cHHMHA. KOMIIOHEHTHI pacTBOpa, MOAEIMPYIOIET0o OHOCEHCOp Ha  TIIIOKO3Y:
TIII0K033, TIIIOKO300KCcHa3a u3 Aspergillus niger, Na-¢ocdartusiii Oydep, ITIOKOHOIAKTOH, TTIOKOHOBas KucioTa. [Ipn
W3yYCHUH BIWSHHS YIBTPaQHOIETOBOTO 00MydIEeHHUS Ha OMOIOTHYECKHE OOBEKTHI B KAUECTBE ITPUMEpa HCCIECAOBAIIICH
aMHHOKHCIJIOTHI apTHHUH, TPUNTO(hAH U ITyTaMUHOBAs KHCIIOTA.

AHAJIN3 MACC-CIIEKTPOB

CyTh aHann3a OuoopraHuyeckux marepuanoB mMeromom MCBMU ¢ xuakoil MaTpuiieil 3aKii04aeTcsi B M3MEPCHUN
Macc-CIIEKTPOB KakK MOJIOKUTEIbHBIX, TAK U OTPHIATEIBHBIX BTOPHYHBIX HOHOB, 00pa3yroIuxcs mpu 60MOapIupoBKe
ITy4YKOM NEPBUYHBIX MOHOB. AHAJIN3 MOIYYEHHBIX MacC-CIEKTPOB, HHTEHCUBHOCTEH 3MHCCUH, a Takke 3aBUCUMOCTEN
Pa3IMYHBIX YMHUCCUH OT psAa MapaMeTpoB JaeT BO3MOXKHOCTb CYAUTh O COCTaBe, CTPYKTYPE U KOHILEHTPALUU BEIEeCTBa
B HccieayeMoM pactBope. EcrecTBeHHO, 4TO mpu OOMOapIMpOBKE pacTBOPOB HCCIEIYEMBIX OOBEKTOB B JKHJIKOW
MAaTpUIIE PACTIBUIIOTCS HE TOJIBKO BTOPUYHBIC HOHEI, CBSI3aHHBIC C HCCIICIYEMBIMU 00BEKTaMH, HO U MOHBI, CBSI3aHHBIC
C MaTpuLed. A MOCKOJIbKY METOJ SIBJISETCS NECTPYKTUBHBIM, TO HapsAy C MOJIEKYJSIPHBIMH MOHAaMHU paclbUISIETCS
0O0JIBIIIOE KOJMYECTBO HOHOB (DPArMEHTOB M MATPHIIEI M aHAIM3UPYEMOTO BEIIECTBA. DTO SBISIETCS OCHOBAHWEM IS
MIPUMEHEHHsI TaHHOW METOIUKH IPH HCCIEIOBAHWN XUMHYECKONW CTPYKTYPHI CIOXKHBIX MoJekynd [1]. B pesymbrare,
MacC-CIIEKTPhl BTOPHYHBIX HOHOB IMPEACTABISIOT COOOW CYNEpIO3WIHI0 OYeHb OOJIBIIOrO KOJIMYECTBAa JMUCCHIA,
HMHTEpIpeTalus KOTOPhIX MHOTJA IPEACTaBIsSIET HEMAIYI0 TPyAHOCTh. Kak npaBuiio, Macc-CEKTPhI MOJIOKUTEIbHBIX
BTOPUYHBIX HOHOB COJIEPYKAT SMHCCHH MPOTOHMPOBAHHBLIX MOJIEKYJ aHanusupyemoro Bemmectsa [M+H]', MaTpus! u
X (parMeHToB, a Macc-CIEKTPhl OTPULATENFHBIX BTOPUYHBIX HOHOB COJEP)KAT 3MUCCHU JIEIPOTOHHPOBAHHBIX
monekyn [M-H], maTpuust n ux ¢pparmenros [24-26].

Boiienuts nuMxy, XapakTepHbIE UCKIIOUUTENBHO ISl aHAJIM3UPYEMOI0 BELECTBA, MOXKHO ONPENEIUB OTHOLICHHE
HOPMHUPOBAHHBIX HMHTEHCUBHOCTEHl SMHCCHH B MAacC-CHEKTpe MCCIEAYyeMOro pacTBopa K HOPMHPOBAHHBIM



61
About using of secondary ion mass spectrometry method for research of bioorganic objects EEJP Vol.2 No.4 2015

UHTCHCUBHOCTSIM COOTBETCTBYIOIIMX 3MHMCCHM B MAacC-CIEKTPE YMCTOM XUAKOW Martpuupel. IIpu 3T0M Macc-crexkrp
YUCTOM JKWUAKOM MaTpUIlbl JOJDKEH OBITh M3MEPEH B MJCHTHYHBIX HSKCIIEPUMEHTAIBHBIX yCIOoBHiX. HopmupoBka
MIPOU3BOAUTCS HA CYMMY MHTEHCHBHOCTEH BCEX 3MUCCHI B paccMaTpUBaeMOM Juana3oHe macc. B pesynberare 3Toit
orepalMu ISl KaKAOW Macchl ompenensercss 3HaueHWe T.H. “koaddunmenra mnpessiueHus” K. Koaddunument
MIPEBBIIICHUST — 3TO (PaKTUYECKH OTHOIICHHE MPOLEHTHBIX BKJIAJOB SMHCCHH Ul KOHKPETHOTO 3HaueHWs m/z). UYem
OoJiplie BEMTMYMHA TaKoro KO3 QHIMEHTa, TeM B OOJbHICH CTENEHM IPOUCXOXICHWE BTOPUYHOIO HOHA C JaHHOH
Maccoil CBSI3aHO HMMEHHO C DPAaCTBOPEHHBIM BeIIECTBOM. Takas 00pa0OTKa ITO3BOJSIET CYIIECTBEHHBIM 00pa3zoM
YOPOCTUTh aHAJN3 Macc-creKTpoB [27]. HeoOxommMo mMMeTh B BHAY, YTO NPOLEAYpa OIpPEHeNICHHS XapaKTepHBIX
9MHCCHH, TIPUBEJICHHAS BBIIIE, NAET MPABUIBHBIC PE3yNbTATHl TOIBKO B CIydae OTCYTCTBHUS B3aMMOJCHCTBHSA MEXIY
aHAIM3UPYyEMBbIM BEILIECTBOM M MaTepuanoMm MaTpuubl. Ha puc. 1 nmpuseneHs! npumepsl Takoi o6pabOTKu Al Macc-
CIEeKTpa TIOJIOKUTEIBHBIX BTOPHYHBIX HOHOB pacTBOpa OPraHMYECKOI'O KpacuTens HEUTPaIbHOTO KpPacHOTO
C,sH,;;CIN, B raunepune (30 MMonb/m).

a
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Puc. 1. Macc-creKTp HOJ0XHTEIbHBIX BTOPHYHBIX HOHOB, PACTIBUICHHBIX U3 PACTBOPA HEHTPaIbHOTO KPacHOTO
B riunepuHe (a) ¥ K03 QUIIEeHTH MPEBHILICHNST HEUTPAIILHOTO KpacHOTo (0).

Kak BumHO M3 puc. la, SMHCCHH, XapaKTepHbIC Ul PacTBOPEHHOIO MaTephala, COBEPIICHHO HE BBIICISIOTCS
cpemw SMECCHE W3 MaTepuaia Matpuisl. OmHAKO ToOcCie BBINIEYKa3aHHOW mpouedypsl (puc. 10) mosBisercs
BO3MOXXHOCTb COBEPIICHHO OJHO3HAYHO ONPENEIHTh XapaKTepHbIE Ui OPraHWYECKOro KpacHTelns SMHCCHH. B

TIPUBE/ICHHOM CJIy4ae 3TO MOJIEKyJla KpacuTelss 0e3 XJopa [C15H17N4]+ (m=253 a.e.M.). Bunno Taxxe, 4ro Hapsny

9MHUCCUEN POAUTENBECKHX MOJIEKYN B CIIEKTPE MMEIOTCS IMUCCHH BTOPHYHBIX HOHOB, COOTBETCTBYIOLIMX (hparMeHTam
(ocKoNKaM) pOTUTETBCKUX MOJEKyJ. HeoOXoamMo MMeTs B BHAY, 9TO Takhe (parMeHTH 00pas3yloTcsl B Iporecce
pacIbUICHHS, B Pe3yJIbTaTe pa3pyLIaloIIero IeHCTBUS EPBUYHOTO MyYKa.

Yro Kacaercs COOCTBEHHO IJIMIEPHHA, TO COOTBETCTBYIOIINE MACC-CIIEKTPHI U ITOJIOKUTEJIBHBIX U OTPHLATEIIBHBIX
BTOPUYHBIX MOHOB COJIEp)KaT 3MUCCHH, COOTBETCTBYIOIINE KaK LEJIOH MoJeKyie (KjIacTepaM LEeNBIX MOJIEKYJ), TaK
(bparmMeHTam LENBIX MOJIEKYI (KiacTepoB). B kauecTBe XapakTepHOM sl INIUIIEPUHA YMUCCHHU, KaK PABHUIIO, BRIOUpPAIIN

IIPOTOHHUPOBAHHYIO MOJICKYJI TJIMOCPUHA C H O +H * JJII TTOJIOKUTCIIBHOI'O CIICKTpa U ACHPOTOHUPOBAHHYIO
y yiy 3HgO3 y

monekyny [C3HgO5- H] nist oTpunaTensHoro.

KOHIEHTPAIIMOHHBIE D®®EKTbI

Kak ormeuanocs Bbime, mMerogunka MCBU ¢ Xuakod MaTpuIeil MOCiIe COOTBETCTBYIOMICH KaTUOPOBKH JaeT
BO3MOXKHOCTD ONpENENCHNST a0CONIOTHBIX 3HAUCHWH KOHIIGHTpAIWi aHAIM3UPYEMOTO BEIIECTBA B pacTBOPE.
OmpenencHne KOHIIGHTPAIMM MOMKET OBITh KaK CaMOCTOATENBHOM 3ajgadeid, Tak W HEOOXOIMMBIM YCIOBHEM IpH
KOJIMYECTBEHHBIX HCCIECIOBAHHUAX DPA3IMYHBIX XHUMUYECKHX IPOIECCOB. JlMama3oH KOHLEHTPALMH TIIIHIEPHHOBBIX
pacTBOpoB, nocTynHbIx a1t MCBU ananu3za B 3aBHCUMOCTH OT HCCIIEAYEMOTO OPraHMYECKOro 00bEKTa, COCTABISAET OT
COTBIX JloJell 110 CcOTeH MmInMonb Ha JUTp. KOHIEHTpalys pacTBOPEHHOTO BELIECTBA ONpENeNseTcsl I10
MHTEHCUBHOCTH 3MMCCHUIl XapaKTepHBIX BTOPUYHBIX HOHOB. OJHaK0 HEOOXOAUMO HMEThb B BHJIY, 4YTO JHMHEHHas
3aBUCHMOCTh MEXKIY KOHIIGHTpallMell M HMHTEHCHBHOCTBIO HMMEET MeCTO He Bcerza. IIpm mocTaToyHO BBICOKHX
KOHIIEHTPAIMAX MOXET HAOMIOAaTbhCsl OTKIOHEHHE OT JIMHEHHOCTH KOHLEHTPAlMOHHOW 3aBHCHMOCTU BBIXOJA
XapaKTepHBIX (A1 PAaCTBOPEHHOI'O BEIECTBA) BTOPUUYHBIX HOHOB. B KauecTBe IpuMepa HUXKE IPHUBEIEHb] PE3yJIbTaThl
WCCIIEIOBAaHNS KOHLECHTPALMOHHBIX 3aBHCHUMOCTEH Ul TJIMIEPUHOBBIX PACTBOPOB OPraHMYECKHX KpacuTelen
6pomdenonosbiii cunuit — C,oH,;,OsB1,S n 6pomtumonossiii cunnii — C,,H,305Br,S. KonnenTpamun pactsopos

cocrapimsit ot 0,02 mmonb/n o 100 Mmmons/n (B 3aBHCHMMOCTH OT Kpacuteins). Haubonee WHTEHCHBHBIMU
XapaKTEePHBIMU 3MHUCCHAMH JUI 000MX KpacuTeseil B OTpHLATEIbHOM ClieKTpe sBsttoTes Bro, SO;~, SO,” u SO . Ha

puc. 2 MPUBCACHBI 3aBUCUMOCTU MHTCHCUBHOCTHU SMUCCHUHA XapaKTCPpHbIX MOHOB KPACHUTECIIA, 4 TAKKC OMHUCCHUU HMOHA

rmuiepuna C3H;0; ot konuenTpanun C kpacurens B pactsope [28, 29].
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Puc. 2. KoHnieHTpaiioHHbIe 3aBUCUMOCTH HHTEHCHUBHOCTEH SIMUCCHH AJIsl pacTBOpa OpOM(EHOIOBOTO CHHETO () U

6pomruMOIoBOro cuHero (6) B raumepuse. Honer: 1 — Br, 2 - SO;,3-C;H,0;4”

AHanu3 NoKa3bIBaeT, YTO Il OpPOMTHMMOJIOBOTO CHHEro (puc.2a) XxapakTepHble smuccuu Bro u SO;” umeror

3aMETHYI0 MHTCHCHBHOCTH yKe MpH KoHIeHTparuu kpacutens 0,02 mmounb/a. [Ipu Mambslx KOHIIGHTPAIUSAX KPacUTEIs
(C<0,1 MMONB/T), BBIXOJ HOHOB, XapaKTCPHBIX Ui TIJIMICPHHA, HE 3aBHCHUT OT KOHIICHTPALUU PACTBOPECHHOTO
MaTepuana. 3areM, B quamna3oHe KoHmeHTparwii ot 0,1 MMmonb/a 10 10 MMONB/T BBIXOJ HOHOB, XapaKTEPHBIX IS
MAaTPUIIBl yMEHBIIaeTcst mpornopiroHansHo 1/C u mpu C = 10 MMOTIB/IT ke Ha J1Ba OPSIKA MEHBIIIE, YeM IS YUCTOTO

TJInIepuHa. B 10 Xxe BpEMsd, BbLIXOA HOHOB Br m SO3_ B JOCTATOYHO IMHUPOKOM HHTCPBAJIC HN3IMCHACTCA

MPONIOPLUHOHANBHO KOHIEHTpAlMy Kpacutels. JIMIIb NpU KOHIEHTPALHAX KpacuTens B pactBope 5-10 MMOJB/I
HaOIOgaeTcs OTKIIOHEHHe OT yuHeiHoctd. s OpomdenonoBoro cunero (puc. 20) curyanus momodOHa. Mwmeercs
JMAIa3oH, Iie¢ HaOII0AaeTcs IPUMEPHAast IPONOPIUOHATEHOCTS MEXIY BBIXOZOM HOHOB, XapaKTePHBIX IJIS KpacUTels,
)51 KOHI.ICHTpaI.[Heﬁ. HJ’IH HOHOB I'IMICPHUHA, UMECTCA AHala3oH, I'I€ BbIXOJ HE 3aBUCUT OT KOHICHTpAllUU U JWalia3oH,

00paTHON NMPOMOPIMOHATBHOCTH OT KOHLEHTpaluy. [Iisi Apyrux MOHOB, XapakTepusyromux kpacurens (SO, , SO7),

KOHIICHTPALMOHHbIE 3aBHCUMOCTH MOJOOHBL. B ciyyae pacTBOpPOB APYrMX OpraHHYECKHX KpacuTesied, W3MEHEHHMs
BBIXOZIOB XapaKTEpHBIX BTOPHYHBIX HOHOB IIPH M3MEHEHWHM KOHIIEHTpPAlMM pacTBopa KauyeCTBEHHO MOJOOHBI
paccMOTpeHHBIM BbilIe. OJHAaKO, B KaXKJJOM KOHKPETHOM CJIydae Julsl Ka)KJI0ro KOHKPETHOTO KpacuTess, UMEIOTCS CBOU
0COOCHHOCTH B TOM YHCIIE ¥ M0 INaNa3oHy KOHIIEHTPAIHH.

TakuMm 00pa3omM, JUIA KaXKJ0TO M3 MCCIIEAOBAHHBIX KpacUTeNed MMeeTcsi 00acTh KOHIEHTpAMi pacTBopa, Mpu
KOTOpPBIX B3aMMHOE BIIMSHHE KpacuTelds W MaTpUIbl HEBeJWKo. B 3Toi o0iacTh W3MEHEHHE BBIXOAA HOHOB,
XapaKTepU3yOIIMX KpacuTedb, C KOHLEHTpanmueld ONM3KO K MpsAMO TPONOPLHOHAIBPHOMY, @ BBIXOJ HOHOB,
XapaKTepU3yIOIMUX MAaTPHIly, cJabo 3aBHCHUT OT KOHIEHTpamuu. JTa o0jacTe Haumbonee OmarompusaTHa s
uccienoBanus MmeronoM MCBU ¢ xuakoi matpurieit. [Ipyn KOHIIEHTpanuy pacTBopa OOJbIlie HEKOTOPOH MOPOTOBOM
PaCcTBOPEHHOEC BCHICCTBO HAYMHACT OKa3bIBATHh BJIIMAHUC Ha BbBIXOA BTOPUYHBIX HWOHOB MaTpHIBbI. Hpnqu, JJIA
PAa3JIMIHBIX MAaTE€PpUaIOB MOPOIrOBBIC KOHIICHTPAIIUN PAa3HBIC. Takoe BiusHue CBUICTCIILCTBYET J'II/I6O (6] BSaHMOHeﬁCTBHH
PacTBOPEHHOT'O BEIECTBA C MATEPHAJIOM PACTBOPHUTEINS, JIMOO 00 M3MEHEHWH MEXaHU3MOB 00pa30BaHMs BTOPHUYHBIX
HOHOB. Pe3ynbTaToM 3TOT0 SIBIISIETCS YMEHBIICHNE BBIX0a HOHOB, XapaKTEPHU3YIOIINX MaTPHILy, a TAKXKe OTKIOHEHHE
OT JINHEHHOCTH BBIX0J1a HOHOB KPacHUTENsl B 3aBUCHMOCTH OT KOHILIEHTpaluy. [IpakTuka mokaspIBaeT, YT0 BO3MOKHOCTh
HEJIMHEHHOTO M3MEHEHMS BBIXO/a BTOPHYHBIX HMOHOB IIPH W3MEHEHHWH KOHIIEHTpPAlWU aHAJIM3HPYEMOTO BEIIECTBA B
pacTBOpe CllelyeT YUUTHIBATH JIaKe ITPU MHJIMMOJIBHBIX KOHIIEHTPALMSIX pacTBOPA.

BJIMSAHUE IIVIOTHOCTHU TOKA ITYYKA BOMBAPAUPYIOIUX YACTHUIL]

ITockonpky wmerommka MCBU sBnsercs NPUHIMIHAIGHO pa3pylIalomied, TO BeChbMa BaXHBIM MOMEHTOM
MIPUMEHEHHS 3TOW METOIWKH SIBISAETCS MHHUMHU3AIHS BIHSHUS MOHHOTO 30HAA Ha HCCleayemble 00beKThl. C omHON
CTOPOHBI, JJISl MOBBIIMIEHUS YyBCTBHTEIbHOCTH MCBU ananm3a IUIOTHOCTH TOKa OOMOapIUpPYyIOMIMX HOHOB HYKHO
BBIOMpATh KaK MOXHO 0OoJjiee BBICOKYIO. [Ipy 3TOM HE0OXO0JMMO KOHTPOJIMPOBATH BO3MOKHOCTh HAKOIUICHHS 3aps/a Ha
noBepxHocTU. C Ipyroi CTOPOHBI, TUIOTHOCTh TOKA MEPBUYHOTO MyYKa HE MOXKET OBITh CIUIIKOM BBICOKOM, IIOCKOJIBKY
MIPUIIOBEPXHOCTHAsT 00JIacTh, OTKYJa AMUTHPYIOTCS BTOPWUYHBIE HMOHBI, MOXET OBITh HACTOJBKO MOAM(HUINpPOBaHA
TIEPBUYHBIMH YaCTHUIAMH, YTO MOJTYUYEHHbIE PE3yIbTaThl Hellb3sl Oy/IeT OTHOCUTH K UCCIIElyeMOMY OOBEKTY.

Kpurepuem oTCyTCTBUSI BAMSHHS 30Ha Ha INapaMeTphl HUCCIEAyeMOro oOpasla CIY>KHT HpONOPHHOHAIBHOCTh
BBIXOZIa XapaKTEePHBIX BTOPHYHBIX MOHOB IUIOTHOCTH TOKa IIEPBUYHBIX MOHOB. B ciydae ®uIKOH MaTpHIlsl BIHSHHUE
30HJIa MOXKHO OIIEHHTh HECKOJBKO WHBIM CIIOCOOOM, TIO3BOJSIONIMM MOJIYYNTHh OOJee MONHOE MpPEACTaBICHUE O
MIPOIIECCaX, COMPOBOXKAAIOIMX OOMOApPIUPOBKY JKMIKOW MaTpumbl. B Hacrosimield pa0OoTe CTeneHb BIMSHHSA
MEPBUYHOTO ITydKa OIpenessuiachk cieaytomuM obpazom [30-32]. Ilpu pa3nwyHBIX 3HAYEHHSX IUIOTHOCTH TOKA j)
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TMEPBUYHBIX HOHOB U YCTAHOBUBLICMCS 3HAYCHNHU TOKA XapaKTCPHbIX BTOPUYHLIX HOHOB HepBI/l‘iH]:Jﬁ IMYYO0K OTKJIOHAJICA
oT oOpasna Ha ¢ukcupoBaHHOe Bpems Af; (00bMHO 15 ¢). 3aTeM MydoK BO3BpAIAICSs HA MUIICHb, U MPOBOAUIOCH
W3MEpeHHEe 3aBUCHMOCTH TOKa BTOPHYHBIX HOHOB OT BpeMeHH /(f) BIUIOTH 10 YCTAHOBJCHHS CTallMOHAPHOTO (WIIH
OJM3KOro K HeMy) 3HaueHHs. [Ipyu 3TOM (HUKCHpPOBANKCh: Iy — BEIMYMHA TOKA BTOPHYHBIX MOHOB B MOMEHT MOJa4H
my4ka Ha oOpasel, [, — BEJIMYMHA CTAIIMOHAPHOIO TOKAa BTOPMYHBIX MOHOB M BuA 3aBucumoctd I(f). Ha puc. 3
NPUBEICHBI PE3YNbTaThl TaKUX HW3MEPEHMI Ui PacTBOpa OPraHWYECKOro KpacHTeNsl METHIOBOTO OPAaHXKEBOTO
C,4sH,4N;0;SNa B raunepusne (koHueHtpauus 30 MMoJb/1). 3aBUCUMOCTH IIOCTPOEHBI AJ OJHOTO M3 XapaKTEPHBIX

TOJIOKUTETFHEIX BTOPHYHEIX HOHOB JUIS MeTUI0BOro opankesoro C4,H ;N;05S™ (m = 306 a.e.m.).
B o6nacTi ManbIX IIOTHOCTEH TOKA IEPBUYHBIX HOHOB
2000~ (jo < 0.3 MKA/cM?) BeNMUHHBI TOKOB BTOPHYHEIX HOHOB
| /} 2 Iy u I, COBNANAOT, 3aBUCUMOCTh OT TJIOTHOCTH ONU3KA K
OpsAMO  IIPOHOpPUHOHANbHOM. Ilpm  Gojiee  BBICOKHX
1500 + IIIOTHOCTAX TOKAa HAOMIOJAETCS pasiIUYHBIA  XOJ
] 3aBHCHUMOCTEN 1y(jo) u L(jo). 3aBHUCUMOCThH
CTalMOHAPHOTO 3HAYEHHA TOKA BTOPHUYHBIX HOHOB
1000 ~ BBIXOIWT Ha HACBHIIICHHE, B TO BpeMs KaK 3aBHCHMOCTH
TOKa BTOPHYHBIX MOHOB B MOMEHT MOMAYM ITydKa Ha
MHUIIICHh HMMEET pacTymuii xapakrep. OOpaboTka
500 BPEMEHHBIX  3aBUCHUMOCTEH /() TpH  IUIOTHOCTSX
Jo>0.3 MkA/cM®  TIOKA3BIBAET, UTO MEPEXOX  OT
HAYQIBHBIX 3HA4eHWMH [, K  CTalMOHAPHBIM I

1, oTH.ex.

0 L MPOMCXOAUT MO  3KCIHOHEHLIUAIbHOMY  3aKOHY.
L 03 1,9 o) &0 28 [Tono6Hble pe3ysbTaThl OBUIM TONYYSHBI W JUIS psia
Jo MKA/cM® OpraHMuYecKUx  Kpacurened:  pomamuH 6K  —

CH; N,O4Cl, HEUTpasbHbIH KpacHBbIi -

Puc. 3. 3aBucumoctr Tok0B I (1) 1 /y (2) BTOpHIHBIX HOHOB
C4H4,N;0;S 0T mIIoTHOCTH TOKA MEpPBUYHEIX HOHOB IS PaCTBOpA C,sH;;N,Cl, merunenossiii cunuii — C;4H;4N;SCI,

METUJIOBOI'O OPAHIKEBOI'0 B INIMLECPUHE. q)eHOHOBBIﬁ KpaCHBIﬁ _ C] 9H1 4055 .

[onmyuyeHHBIE SKCIIEPUMEHTATIBHBIC PE3yIbTaThl MOXKHO HHTEPIPETUPOBATH CleAyIOIUM o0pa3oM. KoHreHTpanus
MOJICKYJT HCCJCIyeMOro BEIECTBA B IPUIIOBEPXHOCTHOM CJIOe 0O0pa3lia-pacTBOpa OMPEACSICTCS KOHKYpCHIUEH
MPOIECCOB  pa3pyIlICHUsT MOJCKYJ HCCICIyeMOro BEIISCTBA MCPBUYHBIM MYYKOM M OOHOBJICHHS STOTO CJOS
HEMOBPESKICHHBIMU MOJIEKYJIaMu, TUGGYHIUPYIONUME 13 00beMa pacTBopa. DparMeHTHl pa3pyNICHHBIX MOJICKYJ B
CBOO ouepenb b GyHIUPYIOT B 00beM pacTBopa. [Ipu MaNbIX IIOTHOCTSIX TOKA My4YKa MEPBUYHBIX HOHOB IPOIIECCHI
TUQPy3Un MPEBATUPYIOT HAI MPOLECCAMU pa3pyIICHUS MOJIEKYJ PacTBOPEHHOTO BEMIECTBA, aHAM3Upyemas 30Ha
pacTBopa ycIieBaeT MOJHOCTHI0 OOHOBIATHCS, KAYECTBO PACTBOpA MPAKTUUECKH HE MEHSETCA. B 3TOM ciyyae MOXKHO
CUHTaTh, YTO AHANHM3y ITOJBEPTalOTCS IMPEHMYIISCTBEHHO HEMOBPEKICHHBIC MOJEKYJIBl PACTBOPCHHOTO BEIISCTBA.
CymiecTByeT KpUTHYECKasl TUIOTHOCTD, BBIIIE KOTOPOM MPOIECCHl BOCCTAHOBJICHUS aHAJIM3MPYEMOW 30HBI HAYMHAIOT
OTCTaBaTh OT Pa3pyLIAIONIETO BO3ACHCTBHUS IEPBUYHBIX HOHOB, IIPH 3TOM COCTaB MPUIIOBEPXHOCTHOTO CIIOSI pacTBOpa
HauMHAET U3MEeHAThCS. KOHIEHTpallHsl HETOBPEKASHHBIX MOJIEKYJI B PACTBOPE YMEHBIIIAETCS, KOJIMYECTBO ()parMeHTOB
LEJBIX MOJIEKYJl YyBeJIMuuBaeTcs. Tak, MpH IUIOTHOCTH TOKa TMEPBUYHBIX HOHOB 3.0 MKA/cm? KOHIIEHTpAITUs
HETIOBPEKACHHBIX MOJICKYJ B pacTBope pojamuHa 6)K W HEHTpaIbHOTO KPAaCHOTO YMEHBIIIACTCS Ha MOPSIOK U OoJjiee.
[pekparnieHue HOHHOW OOMOAPIUPOBKU MPUBOJUT K BOCCTAHOBJICHUIO PACTBOPA B MPHUIIOBEPXHOCTHOM CJIOC 00pasIia,
TeM OoJyiee TOTHOMY, 4eM OOJbIlle BpeMs, Ha KOTOpOE IMpeKpaiieHa OoMOapaupoBka. HeoOXomumMo OTMETHTH, YTO
aHAJIOTUYHAs KapTHHA HAOMIOACTCS U ISl MOJICKYJI )KUKOW MATPHIIEI, B HAIIIEM CIyJae TIHIIePHHA.

Takum ob6pa3om, npu nposeneanrn MCBU uccnenoBaHuii ¢ UCIOIB30BAHUEM JKUAKOH MATPHIBI U TIOTYYCHUS
KOPPEKTHBIX PE3yJIhTaTOB HEOOXOAWMO MPAaBHIBHO BBHIOMpATh pabodyr0 IDIOTHOCTh TOKA MEPBHYHBIX HOHOB. OTO
MTO3BOJUT N30eKaTh A((HEeKTOB N3MEHEHHS KOHIICHTPAITMH PACTBOPEHHOTO BEIIECTBA B IPOIIECCE aHAIN3A.

HUCCIEJOBAHHUE ITPOHECCOB ®EPMEHTATUBHOI'O OKUCJIEHUA I''TIOKO3bl B CUCTEME,
MOJIEJIMPYIOIIEN BUOCEHCOP HA I'JIIOKO3Y

3a mocnemHee necATWIETHE OMOCEHCOpWUKAa CcTaima OOBEKTOM OOJIBIIOTO YHWCIa HWCCIENOBaHWM  Kak
(hyHIaMEeHTaJIbHOTO, TaK M NpUKIagHOro xapakrepa [33]. Pabora GroOCeHCOpPOB, Kak OJHOTO M3 MHOTOOOCIIAOIINX
KJIACCOB OMOMOJICKYJIAPHBIX YCTPOMCTB, OCHOBBIBACTCS Ha PACIIO3HABAHWUHU AHAIM3HPYEMOTO BEIIECTBA C TOMOIIBIO
OHMOJIOTUYECKOTO JJIEMCHTA, CBS3aHHOI'O C TPAHCIYKTOpoM (mpeoOpasoBareneM curHana) [34]. OXHUM U3 BaKHBIX
HaTpaBJICHUH pa3pabOTKu OHOCEHCOPOB SBJSICTCS CO3MAHME aHAM3aTOPOB TIIFOKO3BI, YTO, B YACTHOCTH, CBS3aHO C
MTOCTOSIHHBIM POCTOM KOJIM4ecTBa O0NMbHBIX nuadeToM [35-37]. HecMOTpst Ha 3HAYUTENBHBIC YCUIINS, HANIPABICHHEIC Ha
co3J1aHNe OMOCCHCOPOB ISl KOHTPOIIS TIFOKO3BI, IO HACTOSIIETO BPEMEHHU OCTACTCS aKTYaIBHOU MpodieMa pa3padoTKu
HEJOPOTUX U TMPOCTHIX B MPUMEHEHWH YCTPOUCTB. /I BBIACHEHHS MEXaHH3MOB pabOTHI OMOCEHCOPOB, JKelaTenbHa
pa3paboTka HOBBIX METOJOB THATHOCTHKH, IMO3BOJAIOMMX MPSMO W OJHO3HAYHO AaHAIM3MPOBATH B3aMMOACHCTBHE
KOMIIOHEHTOB B OMOCEHCOpPE WU B siUeiike, MOIENUpYIoel paboTy 6brnoceHcopa.
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OObIYHO B OMOCEHCOpaX Ha TJIFOKO3Y MCIOJIb3YETCsl PeaKIsl OKUCICHHUS TIIFOKO3bl. JTa peakiys KaTalu3upyeTcs
(epMEeHTOM TJIIOK0300KcH1a301. [IpoMexXyTOUHBIM TPOJAYKTOM peakIuu OKUCIeHUS B-D-IIOK03bI B MPHUCYTCTBUU
TIIIOKO300KCH/Ia3bl SIBISICTCS D-TIIIOKOHOJIAKTOH, KOTOPHIA B IOCJEAYIOIIEM B PE3yJIbTaTe CHOHTaHHOTO T'MIpOJIH3a,
IIpeBpaIlaeTcsl B MIIOKOHOBYIO KUCIOTY. Hibke pHBeeHBI pe3yibTaThl HCCIIE0BAHUS B3aUMOJICHCTBHS KOMIIOHEHTOB
B CHCTEME, MOJCIUPYIOIICH B3aMMOACHCTBHE MEXTy KOMIOHEHTaMH OMOCEHCopa “TIIOKO03a + IITFOKO300KCHIa3a” B
Na-dochatHom Oydepe, a Taxke THAPOTU3 TIIOKOHONIAaKkTOHA [38-41]. MoaenmupoBanre B3aUMOICHCTBUS KOMITOHCHTOB
OroceHcopa Ha TIF0K03Y OCyIIecTBISIOCh B Na-ocdaraom Oydepe ¢ pH 7,3-7,4.

[IpenBapUTEIbHBIM 3TAllOM HCCIIEAOBAaHMS IIPOLIECCOB OKHCIICHHUS TIIIOKO3BI B MOJIENBHOH CHCTEME SBHIOCH
U3MEpEeHHEe MAacc-CIEKTPOB KOMIIOHEHTOB PAaCTBOPOB, MOIEIUPYIOIIMX OHOCEHCOp Ha TIIOKO3Y M OIIpelesieHHe
XapaKTepHBIX /IS KaXI0H KOMIIOHEHTHI dMHUccHil. Kak mokaszanu pe3ynbTarhl MpelBapUTEIbHBIX U3MEPEHU, Macc-
CIIEKTp IMOJIOKUTEIbHBIX BTOPUYHBIX MOHOB OTHOCHUTEIBHO IPOIIECCOB, NPOTEKAONIMX C 00pa30BaHUEM TIIIOKOHOBOM
KUCJIOTHI, MEHEe MH(OPMATUBEH 110 CPABHEHHUIO C MAacC-CIIEKTPOM OTPHLATENIbHBIX HOHOB, TIO3TOMY B XO/I€ OCHOBHBIX
9KCIIEPUMEHTOB U3MEPSUTHCH M aHAJIM3UPOBAIMCH IMUCCUHU OTPHLATEIbHBIX BTOPUYHBIX HOHOB.

B M3MepeHbl Macc-CIEeKTPhl OTPHLATENBHBIX BTOPHYHBIX HMOHOB il coOcTBeHHO Na-gocdarHoro Oydepa
(100 mmomns/n, pH 7,3-7,4.), 131t pacTBOpoB B Oydepe TII0K0300KCHIa3bl U3 Aspergillus niger (akTHUBHOCTH pepMeHTa —
181,5 en./mr, xoHueHrpamus 1,86 - 107 r/Mu1), TIIFOKO3BI C¢H,O04 (300 MMmoub/m), a Takxke ITIOKOHOBOW KUCIIOTBI

C¢H,,0; (300 mmons/n). Bo Becex ciydasx NpoObl MOJENBHBIX PacTBOPOB, a TAKXKE PACTBOPOB €ro KOMIIOHEHTOB B

Oydepe mns uccrenoBanumii mMerogoM MCBU mnomemanuch B TIMIEPUHOBYIO MATPHIy B COOTHOIICHHMH 1 :5,0.
[IpurorosneHune padoYnUX pacTBOPOB U MOJCITHPOBAHUE MPOIIECCOB B HUX BBITIONHSIINCH MPH KOMHATHON TEMIIepaType
uiu npu temneparype 34°C, B 3aBUCUMOCTH OT 3aJjauM UccienoBaHus. M3aMepeHust Bo BceX Cily4asiX BBIIOJIHSUIUCH [IPU
KOMHATHOM TeMIeparype.

Haubomee mHpOpMATHBHEIME XapaKTEPHBIMHA OTPHUIIATEIEHBIMA BTOPUYHBIMHA MOHAMU I Oydepa, HMEIOIUMHA

JOCTaTOYHO OOJBIIME MHTEHCUBHOCTH IIMKOB, SBIIIOTCS MOHBI ¢ m =63 a.eM. — PO, , m=79 aem — PO, ,
m=97a.emM. — H,PO,” ({pparmenTs! MoeKyn cocTapiatomux OyhepHblil pacTBOP), a Takke HOHBI ¢ m = 189 a.e.m. —

(C;H305)H,PO,~, (xoMbuHaius MoneKy:sl rauiepuna u ¢pparmenra H,PO, ). [logyepkHeM BakHyIO pOJib aHAIIM3a

Macc-CIeKTpa BTOPHYHBIX HMOHOB MpOObI Oydepa, MOCKOIbKY NpPH MOCICAYIOINX HW3MEPEHUSIX Macc-CIHEKTPhI
BTOPHUYHBIX HOHOB IS T€X WM HHBIX CHCTEM OYIyT CpaBHHUBAThCS NPEUMYIIECTBEHHO HMEHHO C 3THM Macc-
criekTpoM [42].

Jis Tiroko300kcuaassl (Macca 1ienoil Mosekynbsl Goiee 160000a.e.M.) K XapaKTEpHBIM OTpPHUIATEIBHBIM
BTOPUYHBIM HOHAaM B 00JIACTH MAJIBIX Macc MOXXHO OTHECTH CEPHIO HOHOB, OCHOBHBIMH M3 KOTOPBIX SIBISIOTCSI HOHBI

CN (m=26aem.)u CON (m=42a.em.) [27,43]. B macc-ciekTpe pacTBOpa TIIFOKO3bI MOKHO OTMETHUTH TOJBKO
OJIHYy JIOCTaTOYHO HHTEHCHBHYIO 3MHCCHIO, CBSI3aHHYIO C IJIIOKO30H. Orto smuccus uonos [(C¢H,,Oq)—-H] ™

(m =179 a.e.M.) — ICIPOTOHUPOBAHHAS MOJICKYJa TJIIOKO3bL. J[JIsI TIIFOKOHOBOM KHCIOTHI XapaKTEPHBIMUA BTOPHYHBIMHU
WOHAMH, HamOoJee MOIXOMAIIMMHU JUIs ONPEHACICHUS €€ B MOJICIBLHOM PACTBOPE, SIBISIOTCS BTOPHYHBIC HOHBI

JETpOTOHNPOBaHHOM MoeKynbl kuciotsl [(CoH;,0,) —H] ™ (m =195 a.e.m.).

BaxHbIM MOMEHTOM SIBISIETCS TO, YTO MHTECHCHBHOCTH HMHCCHUH HMOHOB ¢ Maccoil 195 a.e.M. B Macc-cnekTpe
OydepHOro pacTBOpa INIIOKO300KCHAA3Bl U B Macc-CIIeKTpe Oy(epHOro pacTBopa IIIFOKO3bI HAaXOISATCS Ha YPOBHE HX
WHTEHCHBHOCTH B Macc-cekTtpe Oygepa. Takum o0pa3om, NpH HCCIENOBAHHM PEAKINH OKUCICHHS TIIIOKO3BI B
TIPUCYTCTBUH TIIFOKO300KCHAA3bl O XOJ€ PEAKIMH MOXHO CyIUTh MO M3MEHEHHIO MHTEHCHBHOCTEH 3MHCCHI MOHOB C
Maccoi 195 a.e.M., XapakTepu3yIOMUX ATl paCCMaTPUBAEMON CHCTEMBI TIPOAYKT PEAKIUH — ITTFOKOHOBYIO KUCIIOTY.

MonensHBI pacTBOpP CO3JaBajICAd CMELIMBAaHUEM Oy(epHBIX pacTBOPOB IIIIOKO300KCHAA3bl W TIIIOKO3Bl C
3aJJaHHBIMM KOHIIEHTPALUAMH, KCIIO3UIHEN TTOTyYeHHOTO PACTBOpa IPHU MOCTOSTHHONW TeMIepaType U IOMELICHHE ero
B TJIMLEPUHOBYIO MaTpully (B 33JlaHHOM COOTHOIIeHHH). VcxomHbl pacTBop D-TiroK03bI MOMydYalld pacTBOPEHUEM
HaBeCKH IITIoKo3bl B Na-(pochaTtHoMm Oydepe u BbIIEpKUBaHUEM pacTBOpa NPH KOMHATHOHM TeMIeparype B TeueHue 24
4acoB AT MOJIHOW MyTapoTanuu D-rimroko3sl [44].

[TpenBapuTenbHO OBIIO UCCIIEIOBAHO BIMSHME TIMLEPUHA Ha NPOTEKAHUE PEAKLMK B MOJICNBHBIX cuctemax. [Ipn
3TOM CMeIIMBaHKEe Oy(epHBIX pacTBOPOB KOMIIOHEHTOB IPOBOAMIIOCH HEHNOCPEACTBEHHO B Iimiepune. [lomydeHnas
CMECh BBIICP)KMBAJIACh IPH KOMHATHOW TeMmIiepaType B TedeHne 60 MUH M 3aTeM HCCIICA0BATACH C IIOMOIIBIO METOa
MCBU. B pe3ynprare BBISCHHIOCH, YTO WHTEHCHBHOCTH SMHCCHH HOHOB C m = 195 a.e.M. Haxogutcs Ha ypOBHE
(hOHOBBIX. DTO CBUAETENBCTBYET O TOM, YTO PEAKLIUSI OKUCIICHUS TIIFOKO3bI B Cpe/ie TIMLEPUHA HE UIET. DTOT BaXKHBIN
(axT mo3BOMMI (PUKCHUPOBATH OMPEACICHHbIC BpEMEHA B3aUMOJEHCTBHS MEXIY KOMIIOHEHTAMH B MOJICNIBHOM cHCTEME
pacTBOPEHHEM NPOOLI MOJEIBHOTO PACTBOPA B IIIHLIEPUHE.

BaxHBIM METOIMYECKHM MOMEHTOM ITIpH aHaJIM3€ Pe3yJbTAaTOB SBIAETCS ciexyroniee. B Hammx uccnemoBaHUsIX
MHOTOYHCJICHHbIE H3MEPEHHS MACC-CIIEKTPOB BTOPUYHBIX HOHOB TTIUIIEPHHOBBIX PACTBOPOB PA3IMYHBIX OPraHMYECKUX
MaTepuasoB (P MabIX MX KOHIEHTpAIMAX) MOKa3aiu, uTo BeIXoA HoHoB C* (m =12 a.em.) u CH® (m =13 a.e.m.)
olpezessieTcss TIIMIEepHHOBOW Marpuueil. OH odeHb c1ad0 3aBUCHT OT BHJA PAcCTBOPEHHOTO BEIECTBA M €ro
KOHLIEHTpALMH (3/1eCh W Jlajiee UMEIOTCSI B BHJIy OCHOBHBIC M30TOINBI 35eMeHTOB) [39]. /Iyt yMeHbIICHHS BIUSHHS
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HEKOHTPOJIUPYEMBIX (DaKTOPOB Ha HM3MEPEHHbIE MHTEHCUBHOCTHM SMHCCHI, a TaKkKe C IeNbio 0ojiee KOPPEKTHOTO
ONpe/ieNIeHUs] KONMYECTBEHHBIX HM3MEHEHUIl HHTEHCUBHOCTEW HCCIEIyeMBIX OSMHCCUH B 3aBUCHUMOCTH OT
SKCHEPUMEHTANBHBIX TapaMeTPOB MPOBOANUIOCH HOPMUPOBAHUE MACC-CIIEKTPOB MO0 NHTEHCUBHOCTSAM IHKOB JUIsI HOHOB
cm=12a.em. num =13 a.e.m. bpun U3MepeHb! 3aBUCHMOCTH BBIXOJ[a NPOAYKTA PEaKIMH (TJFOKOHOBOW KHCIIOTBI) OT
BPEMEHH 3KCIO3UIIMNK MOIEIBHOTO PAacTBOPA, T.€. OT HMPOJODKUTEIFHOCTH PEaKIMK OKHCIECHUs Tiaroko3el. Ha puc. 4
MIPEACTAaBICHBl PE3yJIbTaThl W3MEPEHUI. YBENWYEHHE BPEMEHH pPEakIWW TNPHBOIMIO K YBEIMUYCHHIO KOJIMYECTBA
TJIFOKOHOBOM KHCJIOTHl C JAaNbHEWIINM BBIXOJOM Ha MOCTOSHHBIA WM ONM3KHI K HeMmy ypoBeHb. IlocTpoenwme
MOJTYYEHHBIX KPUBBIX B TOJYJOrapu(MHUECKOM MacIITabe MO3BOJSET IOKa3aTh, YTO YBEIWYEHHE KOHLECHTPAINN

MPOAYKTa pPEaKkIH CO BPEMEHEM IPOUCXOIUT II0 3KCIOHCHIHAIFHOMY 3akoHy, C :Co(l—e’kt ), Tme t — Bpems

BBIJIEPKKHU pacTBopa; Cy 1 C — KOHIIEHTPALUU TITFOKOHOBOM KHCIIOTHI NMPH OOIBIINX AKCIO3UIUIX pacTBopa (—©) U
IIPU IKCIO3UIIMH, PaBHOH f. BennunHa xosdduimenTa & B 5TOM ypaBHEHHMH 3aBUCHT OT KOHICHTpAIMU TJIIOKO3BI B
pactBope. Ecnit cuutath, 4TO Ha y4acTKe HACBHIIICHUS BCS TJIIOKO3a B Pe3yJIbTaTe Peakiud MEPeXOHT B TIIIOKOHOBYIO
KHCIJIOTY, TO TPHUBEJCHHWE B COOTBETCTBHE HHTEHCHUBHOCTH 3MHCCHMHM ¢ m = 195 a.e.M KoHueHTpauuu (Kpusas 1 —
50 MMOJIB/JT) TIO3BOJISIET OTPEIETUTH KOHIICHTPAIHIO TIIIOKOHOBOH KHCIIOTHI Ha Pa3HBIX JTaIlax B3aMMOJICHCTBHSI.

Ha puc. 5 npuBeneHa 3aBUCHMOCTb BBIXOZA TJFOKOHOBOW KHCJIOTHI OT KOHLIEHTPALMM TJIOKO3bl. BUmHO, 4TO
KOJIMYECTBO TUIFOKOHOBOM KHCIOTHI MPAKTHYECKH IMPSIMO MPOMOPIMOHANBEHO KOHICHTPAIIMH TIIFOKO3bI B pacTBope (B
M3MEPEHHOM Juana3oHe KoHIeHTpamwmii). [lockoiapKy BBIXOX THpoAykTa (PEpMEHTATHBHON pEaKIHU ITOMIHHSETCS
ypaBHeHHIO Muxasmuca — MenTteH [45], To maHHBIH (pakT MOXET CBHIETEIBCTBOBATH O TOM, YTO TPH JTAHHBIX
9KCTIEPUMEHTAIIBHBIX YCIOBUAX MPAKTUIECKH BCS TIIIOK03a YCIIEBAET BCTYIIUTDH B PEAKLIUIO.
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Puc. 4. 3aBUCUMOCTb BBIXOJIa TJIIOKOHOBOM KUCIIOTHI OT BpeMeHH Puc. 5. 3aBUCHMOCTb BBIXOJA TIJIFOKOHOBOW KHCJOTBI OT

BBIJEP)KKH MOJENBHOTO pacTBopa mpu Temmeparype 20-22°C.  KOHLEHTpauuu TJIIOKO3BI B MOJIETEHOM pactBope.
KoHuenTpanus rmoko300kcHaa3sl B pacTBope 12 MkMmonb/n;  KoHIEHTpamms — IIIOKO300KCHAasbl 12 MKMONB/I,  Bpems
roKo3bl: 1 — 50 MMoitb/1, 2 — 300 MMOITB/IT. BBIIIEPKKH pacTBopa 60 MuH npu Temmeparype 20-22°C.

Ha pwuc.6 mnpuBeneHa wu3MepeHHas 3aBHCHMOCTh BBIXOJAa TJIIOKOHOBOM KHCIOTHI OT KOHLEHTpPAIMH
TIIIOKO300KCcHa3hl. V3MeHeHne KOHIEHTPAUH TIIFOKO300KCHAA3hl OT 6 10 24 MKMOJIB/M (KOHIIEHTPAIMS TIFOKO3BI —
50 MMOJIB/T, BpeMs SKCIIO3UIUN MOJAEITBHOTO pacTBopa — 60 MUH) IPUBOAUT K HE3HAYNTEIHPHOMY H3MEHEHHIO BBIXOJA
TJIFOKOHOBOM KHUCIIOTBI. Pe3ynbTaTel M3MEpEeHHH CBUAETEIBCTBYIOT O TOM, YTO VIS JAHHON KOHLEHTPALMH TIIFOKO3BI
HCIIOJIb3yEeMbIX KOHIEHTPAIMH TITFOKO300KCHa3bl BIIOJIHE J0CTATOYHO JUIS TOTO, YTOOBI PEaKLUsl OKHCICHUSI MPOIILIa
MIPaKTHYECKH TIOHOCTBIO.

Kak Obulo oTMeueHo paHee, HCHOJNb3yeMass HAMH METOAMKa MO3BOJISIET WCCIENOBaTh HE TOJBKO KOHEYHBIN
pe3ysbTaT peakuud OKHCIICHMS TIIIOKO3bI, HO TaKKe ITaeT BO3MOXKHOCTBH IMOJY4aTh MH(OPMALUIO O MPOMEKYTOUHOU
CTaIMu paccMaTpuBaeMoil peakiuu. Kak ciemyer M3 cXeMbl peaknuu (GepMEHTATHMBHOI'O OKHCICHHS TIIIOKO3HI,
MIPOMEXYTOUHBIM TIPOAYKTOM pEAKIUH OKHCICHUS [-D-TiIIoKo3sl B HPUCYTCTBHM TJIFOKO300KCHJIA3bl SIBJISETCS
D-rmokononakTon [46]. Takum o0Opa3oM, HalW4KE WM OTCYTCTBHE B PACTBOPE TIIIOKOHOJAKTOHA (B YacTHOCTH, €TO
KOJIMYECTBO) SIBJISICTCS XOPOIIUM MHIMKATOPOM ITPOMEXYTOUHON CTaJUH PEAKIIHH.

[IpenBapuTenbHOE M3MEPEHHE MAaCC-CIEKTpPa OTPHLATEIBHBIX HOHOB Oy(epHOro pacTBOpa TIIOKOHOJAKTOHA
C¢H,,04 moxasano, 4To XapakTepHOH SMHCCHEH MOMKHO CUUTATh SYMUCCHUIO, COOTBETCTBYIOILYIO JI€NPOTOHUPOBAHHBIM

monexysiam rimokononakrona ([C4H,(Og —H] , m =177 a.e.m.).

Jlms 5TUX 3KCTIEpHMEHTOB MOATOTOBKA 00PAa3IoB MPOBOIMIACEH CIEAYIONMM 00pa3oM. HaBecka TIrOKOHOIAKTOHA
pactBopsiack B 100 mMoiss/n  Na-docdataom Oydepe (pH 7,3-7,4) no konuentparuu 100 MMOJIB/JT, pacTBOp
BBIZICPKUBAJICS B TEUYCHUE OMPEJCICHHOTO BpeMeHH npu Temmeparype 20-22°C u momemancsi B TIIHIIEPUHOBYIO
MaTpuily. [lonydeHHBIH pacTBOp W TOJBEpPrajcs aHaau3y. Pe3ynbTaThl M3MEpPEHHH 3aBHCUMOCTCH KOHIICHTpAIUi
TIFOKOHOJIAKTOHA M TIIFOKOHOBOM KHCIIOTBI OT BPEMEHH BBIJICPKKH MITFOKOHOJIAKTOHA B Oy(epHOM PacTBOPE MPHUBEICHBI
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Ha puc. 7. Kak BHIHO, KOHIICHTPAIHS TIIIOKOHOJIAKTOHA B Oy(hepHOM PacTBOPE CHIXKAETCS MO MEPEe POCTa IKCIIO3HUIINH;
KOHIICHTPAIHS TIFOKOHOBOM KHUCIIOTHI TIPH 3TOM BO3PACTaeT. ITO COBEPILICHHO OMPEACICHHO CBUICTEIBCTBYET O TOM,
YTO [PU ITUX YCIOBUAX MPOUCXOIUT THAPOJIU3 TIIIOKOHOJIIAKTOHA ¢ 00pa30BaHUEM TJIFOKOHOBOW KHUCIIOTHI.

2500 % l 156
N l T+

2000 i 1004
. 801

5 1500 5
5 =] i
£ : 60

S 10001 G
il 40
500 204
0 T T T T T 0

0 5 10 15 20 25
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Puc.6. 3aBucuMOCT BBIXO#A TJIIOKOHOBOH KHCIOTHI 0T Pmc.7. 3aBHUCHMOCTh KOHIEHTpAIWMM TIIIOKOHONAkToHAa (1) M
KOHIIEHTPAllMM TJIIOKO300KCHJa3bl B MOJEIBHOM pacTBOpe. TJIIOKOHOBOW KHCIIOTHI (2) OT BPEMEHH HKCIIO3HIMHU B OydepHOM
KonnenTpanus rioko3sl 50 MMOJIb/JI, BpeMs BBIACPKKH pacTBOpa  pacTBOpe.

60 muH, TemmnepaTypa20-22°C.

Takum 06pa30M, IIPOBCACHHBIC MCCIICOBAHUA ITOKa3ajik, 4TO MCTOJAMKA, OCHOBAaHHAasd Ha MacCC-CIIEKTPOMETPUHN
BTOPUYHBIX HMOHOB C MNPHUMCHCHUEM KHIKOM MaTpulbl, MEPCHCKTUBHA JIsI UCCICAOBAHUA IPOICCCOB B CIIOKHBIX
6M00pFaHI/l‘ieCKI/IX cucteMax. OHa IO3BOJISET AHAJIU3UPOBATH MIPOTCKAHUEC peaKuMi& B TaKHUX CHUCTCMaAx I10 IIOBCIACHHUIO
XapaKTCPHbIX BTOPUYHBIX MOHOB JJII KOMIIOHCHTOB CUCTEMbI, B TOM YHMCJIC JII TPOMCEIKYTOUHBIX MMPOAYKTOB PCAKIINU.
KpOMe TOTO, IIOCJIC HeO6XOﬂI/IMLIX KaJ'II/I6pOBOK TaKas MECTOJUKA MO3BOJIACT IMMPOBOAUTH KOJIMUCCTBCHHBIC USMCPCHUA, T.
€. OIMPCACIIATD KOHICHTPAIIU KOMIIOHCHTOB B XOA€ PCAKINU

HNCCJIEJOBAHUE PAJIMAIMOHHBIX D®DPEKTOB IIPHU YJIbTPA®UOJIETOBOM OBJITYYEHUN
AMMHOKHUCJIOT

B ocnHoBe Omomormdeckoro neiictBus ympTpaduoneroBoro minydeHus (Y®P) nmexaT XUMHYECKHE H3MEHEHHUS
MOJIEKYJ] OHOMNOJIMMEPOB, BBI3BAHHBIE IIOMJIOLICHHEM HMH KBaHTOB M3IydeHH1. Y@ oOxyueHne OKas3bIBaeT
OaKTepHLUUIHOS, MyTareHHOE W KaHIIEpOTeHHOE JIEHiCTBHE, KOTOPOE MOXKET IMPHUBECTH K CEPhe3HOMY HapPYIICHHIO
KU3HEEATCTBHOCTH. B CBA3M ¢ 3TUM MexaHu3Mbl BIUSHHA Y@ H3IydeHHs Ha OOBEKTHI OMOIIOTHYECKOM MPHUPOIBI
SIBJISIETCST 0OBEKTOM ITOCTOSTHHOTO N3Yy4YCHUS.

Hwxe mnpuBenensl pe3yiabTarel wuccienoBanusi metogqom MCBU ¢ xuzakoi maTpuued  paguallMOHHBIX
TIOBPEXICHUH MOJIEKYJ] aMHHOKHCJIOT aprWHHMHA, TIIyTaMHHOBOM KHCIOTHI W TpunrodaHa NpH yIbTpadHOIECTOBOM
oOyuennu. B kauecTBe KUIKOH MaTpHUIIbl OBLT UCTIONB30BAH INIHIIEPHH.

HccnenoBanuck 00paslbl MNIMLEPUHOBBIX PACTBOPOB aMHHOKapOOHOBBIX aMUHOKMCIOT aprunuHa - CqH 4N,O,,

tpunrodana - C;;H,;,N,0, u rmyramunosoit kuciotsl - CsHyNO, (koHIeHTpanus pacTBopos coctaBisiia 30, 30 u

50 MMOB/T  cOOTBETCTBEHHO). [locie oOiydeHMs WCcienyeMblii pacTBOp MOMEIIAICs B KaMepy aHaln3aTopa.
V3mepennst BBIOJIHINCH TP KOMHATHOM TeMIeparype. 3anuChIBAINCh XapaKTEpPHbIE YYacTKH Macc-CIEKTPOB
TIOJIOKUTETBHBIX BTOPHYHBIX HOHOB, KaK MCXOIHBIX HE OOJydYEeHHBIX 00pa3IoB, TaKk M 00pPa3IOB HOCIEC KaXKIOW JO3BI
o6yuenns [47, 48]. [IIOTHOCTL TOKA MEPBUYHBIX HOHOB coctaBisaa 0.15 MKA-cM™. Macc-CIIeKTpbl OTPHLATEIbHBIX
BTOPHYHBIX HOHOB UIS TIOJOOHOTO PO/a MCCIICAOBAHUM, KaK IMTOKa3ally MPeABapUTEIbHBIE N3MEPEHUS, OKA3aINCh MEHEE
WH(POPMATHBHBIMHU.

B mponiecce YO o0nmydeHus paanaiioHHOMY BO3JACHCTBHIO MOJBEPraroTCs HE TOJIBKO MOJIEKYJIBI HCCIETYEMOro
oObekTa (B JaHHOM Cilydae aMHHOKHCIIOT), HO W MOJIEKYJbl TIHMIEPHUHOBOH Matpuiubl [49]. DTo Heobxoanmo
YUUTHIBATh IIPU HMHTEPIPETAlMH pPe3yJbTaToB. B CBS3M ¢ 3TUM NpEABApPUTENHHO OBUIO H3ydeHO BiHsHUE YD
o0Jy4eHHUs] Ha TJIMICPUHOBYIO MATPHUILY, T.C. HA YHCTBHIA TiUICpHH. Brusaue YO o0mydeHHs Ha HCCIICAyeMbIC
00BEKTHl BBICHAJIOCH IMYTEM CpPAaBHEHUS MaccC-CIIEKTPOB MOJOXXUTEIBHBIX BTOPHYHBIX HMOHOB, DPAacIbUICHHBIX W3
pacTBOPOB, IOJBEP)KEHHBIX OOJIYYEHHIO IO pa3JIMuHBIX 103, W HCXOAHOI'O HEOOIYyYeHHOI'O pacTBopa, a TakKxkKe
00JIy4eHHOT0 JIO TeX XKe 103 YhcToro riumepuna [50].

Ha mnepBom »Tame ObUIM OmNpeAeNeHbl BTOPHYHBIE HMOHBI, XapaKTEPHBIC U KaXJIOH W3 HCCIIETOBAHHBIX
amuHOKHcioT. Ha puc. 8-10 mpuBeneHbl XapakTepHbIE BTOPHUYHBIE HOHBI (KOA(QQUIIMEHTH TNPEBBIMIECHUS) IS
HCXOJHBIX (HE 00IyYCHHBIX) pACTBOPOB aprMHHUHA, TPUNTO(AHA U TIIyTAMHUHOBOH KHUCIIOTHI.
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Puc. 8. XapaxrepHble BTOpUYHBIE HOHBI HCXOIHOTO pacTBoOpa Puc. 9. XapaxrepHble BTOpUYHBIE HOHBI HCXOJAHOTO pacTBOpa
ApruHuHa FHyTaMHHOBOﬁ KHCJIOTBI

XapakTepHbIMH BTOPUYHBIMUA MOHAMH JUISl UCCIICIOBAaHHBIX AMUHOKHCIIOT SIBISIOTCS HOHBI, COOTBETCTBYIOIIUE
KaK IeNnoil MpOTOHHpOBaHHOKH Momekyme [M+H]"™ (m=175, 205 u 148 a.em. n1a aprununa, TpuntodaHa u
IIIyTaMHHOBOH KHCIJIOTBI COOTBETCTBEHHO), TaK M (parMeHTaM Leioi Mosekynsl. Cpeau XapaKTepHBIX BTOPHYHBIX
MOHOB, COOTBETCTBYIOIIMX ()parMeHTaM eSO MOJICKYJIbI, JJIsl aprHHUHA SBIISIOTCS HOHBI ¢ Maccamu m=160-158, 156,
144, 142, 130,128, 126, 116, 114, 112, 102, 86, 70 a.e.M., [uIs TIIyTaMHUHOBOM KucIOTHI - m=122, 120, 110, 102 a.e.m.,
s tpuntodana - m=188, 160-158, 156, 144-142, 132-130, 118 a.e.M. MaccoBbIii COCTaB CIEKTPOB XapaKTECPHBIX
HOHOB 3aBUCHT OT BO3MOXXHOCTH (PparMeHTallMK MOJIEKYJI aMHHOKHCIIOT B Pe3yJbTaTe pa3pbiBa CBA3eH C MUTpaluen
aTOMOB BOAOPOJa. DMHUCCUH C YETHBIMU 3HAYCHUSIMH MacChl JJOCTaTOYHO YBEPEHHO MOTYT OBITh MHTEPIPETHPOBAHBI
KaK a3oTcojepikaiue (YeTHORJIEKTPOHHEIE) (parMeHThl Henblx Moiekyn [S1]. IlpumedarenbHO, YTO OOJBIIMHCTBO
XapakTepHBIX HOHOB MMEIOT YETHBIC 3HAUYCHHUsS MAacChl, Takas CHUTYallMs XapaKTepHa Uil OOBEKTOB OHOJIOIMYECKOMH
mpupozsl [52-54].
'I‘""z Jlanee wWccrnenoBaIoch COOCTBEHHO — BIIMSHUE
CH—COOH YIBTPa(HOICTOBOTO OOIy4EHHS, T.€. HM3MEPSUINCh H
| | 205 AHAIU3HPOBAIHCEH MacC-CIIEKTPHI 00JTy9EHHBIX
pacTBOpoB. AHanu3 pe3yJibTaToB MOKa3al, 4YTO
o0JIlydeHHEe  YUCTOrO  TIHMIEPUHA  MPHUBOIUT K
404 3HAQYUTEJIBHOMY  YMEHBIICHHIO  WHTEHCUBHOCTEH
OMHCCHH, COOTBETCTBYIOIINX LEJTBIM
MIPOTOHNPOBAHHBIM MOJIEKyJIaM TIIUIeprHa

[C;HgO,+H]  (m

504

Ir=

30

93 a.eM.), a TaKkke

+
20 TIIMLIEPHHOBBIM  KOMILIEKCAM [(C3HgO5),+H]

[(C;HgO3);+H]  (m = 185, 277 a.em.). Tak oGuy-

yeHue B TeueHHe 300 MUH. NPUBOJAUT K CHIDKEHUIO

a0CONIIOTHOTO BKJANa B OOIIMI CIEKTP SMUCCHUH,

——— . | [\“ . | .‘ . COOTBETCTBYIOIINX LETIBIM MPOTOHUPOBAHHBIM

40 60 80 100 120 140 160 180 200 MOJIEKYJlaM T[JIMLEpuHa, B 5 pa3, a 3OMUCCHIL,

m/z COOTBETCTBYIOIINX TEJTBIM TIIUTIIEPUHOBBIM

Puc. 10. XapakTepHble BTOPUYHBIE HOHBI KCXOAHOTO PacTBOPa komiuiekcaM — B 10-12 pa3. OIHOBpeMeHHO umeer

TpunTodana MECTO yBenW4yeHre (B Pa3HOH CTemeHH) abCOMOTHOTO

BKJIaJia B OOIIMIA CHEKTP dMHUCCUN, COOTBETCTBYIOIINX

OCKOJIKaM €O MOJIEKYJIbl TJIMIEPHUHA WM TJIMIEPUHOBBIX KOMIUIEKCOB. DTO CBHUIETENHCTBYET 00 YMEHBIIICHUH

KOHIICHTPAI[MK IEJIBIX MOJICKYJ TJIMIEPUHA U 00 YBEIUYCHUHM KOHIICHTPAIUH, T.C. HAKOIUICHHHA (PParMEHTOB IICIIBIX
MOJIEKYI.

B ciyuae TIUIICpPUHOBBIX PAcTBOPOB AMHHOKHCIIOT YJIBTPA(HOIETOBOC OONYYCHHE, KaK M B CIydae YUCTOTO
TIIUICpUHA, TPUBOINT, MPEXKIE BCEro, K YMECHBIICHHUIO a0CONIOTHOTO BKJIaJa B MAaCC-CIEKTP SMHUCCHU BTOPUYHBIX
HOHOB, COOTBETCTBYIOIIUX, KAaK IIEJIBIM MOJIEKYJIaM aprUHUHA, TPUNTO(PaHA W TIYTAMHHOBOW KHCIIOTHI, TaK M WX
XapakTepHbIM (parMeHTaM. DTO MPSAMO CBUACTENHECTBYET 00 YMECHBIICHHH B PACTBOPE KOJIMYECTBA IENBIX MOICKYI

. i I‘.. ‘ ||||,
1
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AMHMHOKHCIIOT, (pparMeHTalusl KOTOPhIX MEPBUYHBIM ITYYKOM W JaeT XapakTepHbli cnekrp. Ha puc. 11 npuBeneno
H3MEeHEHHE KO (QHUIIMECHTOB MPEBHIIICHNS XapaKTEPHbIX BTOPUYHBIX NOHOB aprHHIHA OT BpeMeHH Y @ o0yueHusl.
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Puc. 11. 3aBucumocts BennuuHbl K03 duuneHToB mpesbimennst  Puc. 12, V3MeHeHue yaeabHOro BKJIaja B Macc-CIEKTp B
or BpeMeHH Y@ oOmyueHHs U1 XapaKTEPHbIX BTOPUYHBIX  3aBHCHMOCTH OT BpeMeHH Y@ oO0iyueHHs U XapaKTepHBIX
HWOHOB apruHuHa ¢ maccamu: [ — 175, 2—-160, 3—-102, 4—70, BTOPUYHBIX HOHOB apruHuHa ¢ mMaccamu: [ — 175, 2-160, 3 —
5-60a.em 102, 4 —-70, 5 — 60 a.e.m.

KoadumreHTH peBHIIIeHNs TOTyYeHBI AeJICHHEM HOPMHPOBAHHBIX HHTCHCHBHOCTEH AIMHUCCHI U3 00IyIeHHOTO
TJIMIIEPUHOBOTO pacTBOpa apruHMHA Ha HOPMHPOBAaHHBIE WHTCHCHBHOCTH OMHCCHH W3 YHUCTOTO TIHIIEPHHA,
00JIy4eHHOTO 10 TeX ke 103. V3 IpuBeAeHHBIX JaHHBIX BHIHO, YTO MPAKTHYECKH I BCEX XapaKTEPHBIX BTOPUYHBIX
HOHOB KO3((UIMEHTHI IMPEBBINICHHSS B KOHEYHOM HTOre majarT. MckiroueHne cocraBisieT (parMeHT ¢ maccou

m = 60 a.e.m. (CHgN;" ). s storo dparmMenta ko>hUIMEHT NPeBbIIIEHHS BHIPACTAET BIIBOE.

YMeHbllIeHne a0CONIIOTHOTO BKJIa(a B CIEKTP Pa3MuHbIX XapaKTepHBIX HOHOB IIPOUCXOMT B pa3HOil Mepe, BKIIa
OJTHUX XapaKTepHBIX MOHOB MajaeT ObIcTpee, APYIMX MEJJICHHEe, a JUIS HEKOTOPBIX MPOXOAUT Yepe3 MakCuMyM. B
pe3yabpTare I MaKCUMaJbHOIM M3 HCCIEOBAHHBIX 103 B CIEKTPE XapaKTE€PHBIX BTOPUUYHBIX MOHOB JOMHHMPYIOLIEH

+
cTaHOBUTCsA 3Muccust HoHoB ¢ m = 102 a.e.m. (C,H,N; ).

[epepacmpeneneHue yAeTbHOTO BKJIaJa B XapaKTCPHBIHA
509 = MACC-CIIEKTp apTHHUHA PA3IHIHBIX IMHCCHA XOpPOIIO BUAHO Ha
puc. 12, roe mpuBeneHO M3MEHEHHE YIEeNbHOro BKIama N psnma
204 XapakTepHBIX (ParMEHTOB II0 OTHOWICHHIO K MPOTOHHUPOBAHHOM
Mosiekyne m = 175 a.e.m. Tloxoxass kapThHa HaONOmaeTcs s
pacTBOpoB TpumnTOhaHa W TJIYTAMHHOBOHW KHCIIOTBL. 31€Ch
HE00X0AUMO MO TYCPKHYTh, 91O croco6 00paboTKU
\ OKCICPUMCHTAIBHBIX  pPE3yJIbTATOB, a HMEHHO, JICJICHHE

HOPMHUPOBAHHBIX HMHTECHCHBHOCTECH O3MHUCCHH U3 OOIYyYEeHHBIX

L}
\. pacTBOPOB aMUHOKHUCIIOT Ha TaKOBBIE U3 OOJY4EHHOT'O TIIMIEPHHA,

MO3BOJIACT YYCCTh HMCmmHﬁCﬂ BKJIag B 3(1)(1)CKT COOCTBEHHO

301 \

20

C, Mmonb/n
1 ]

10 T T

0 0100 150 200 250 300 TJIMIEPUHOBONH MaTpunbl. HabmomaeMble M3MEHEHHS B CIIEKTpax

£, MUH BTOPDUYHOM  HMOHHOH  5MHCCHMHM  PAacTBOPOB  aMHMHOKHCIOT

Puc. 13. 3aBHCHMOCTb KOHLICHTPALMA [IyTaAMUHOBOH ~ CBHACTEIBCTBYIOT 00 YMEHBUICHHH abCOIOTHON KOHLEHTPALHMH
KHCJIOTHI B [IIHLEPHHE OT BpeMeHH Y 061yueHus HENbIX MOJIEKYJ] aMHHOKUCIOT 1o Mepe Y@ o0mydeHus.

OmnoBpemMeHHo Y@ o0iydeHHe MPHUBOAUT K YBEITHUYCHHIO
yﬂeHLHOﬁ, 110 OTHOHICHHWIO K HEJIBIM MOJICKYJIaM, KOHIICHTpAIun d)paFMeHTOB IEIIbIX MOJICKYJI. Ecin MHTEHCUBHOCTH
OMHCCUHN MOHOB, COOTBCTCTBYIOMINX IEJIBIM MOJICKYJIaM, MPOMOPHHOHAIIbBHA KOHICHTPpAIUNU 3TUX MOJICKYJI B PaCTBOPE
(uTo HE Bceraa CIpaBeUIMBO), TO IIOCJIEC COOTBETCTBYIOIICH HOPMHPOBKH MOXHO MPOCICAUTh HM3MEHCHHE WX
KOHIICHTPAILMU 10 Mepe oOnmydyenus. Ha puc. 13 B kauecTBe mpuMepa NMPUBEACHA 3aBUCHMOCTh KOHIICHTPAITUH IIEITBIX

o +
MOJIEKYJI TIIyTaMHHOBOM KHCIIOTBI OT BPEMEHH OOJIydeHHs, 37€Ch WHTEHCHBHOCTh 3MHCCHH HMOHOB [C5H9NO4+H]

(MpOTOHMPOBAHHAS MOJIEKYJIa TIYTAMHHOBOW KHCIOTBI) W3 HCXOMHOTO pAcTBOpA COIOCTaBICHA C HCXOTHOM
KOHIeHTparen (50 MMoib/i).
TakuMm 00pa3oM, obsryueHre yiIbTpadHONIETOM IIIMIIEPUHOBBIX PACTBOPOB aMUHOKHUCIIOT apriHKUHA, TpUITo(aHa u
[JIyTAMUHOBOW KUCJIOTHI IPUBOJIUT K CYIECTBEHHOMY H3MEHEHHIO MaCC-CIIEKTPOB BTOPUYHBIX HOHOB 9THX PaCTBOPOB.
3a Bpemsi oOmydyenus: 300 MHUH. MHTEHCHBHOCTh SMHCCHI, COOTBETCTBYIOIIMX IEJIBIM MOJIEKYJaM MajacT B
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HECKOJBbKO pa3. IIoCKOJIbKY HHTEHCHBHOCTh COOTBETCTBYIOUIMX SMHCCHH B JaHHOM JMana3oHe KOHIIEHTpaLuil
MIPOTIOPIIMOHAIbHA KOHIICHTPAIMU UCCIIEyeMbIX 00bEKTOB B PaCTBOPE, TO COOTBETCTBEHHO B HECKOJIBKO pa3 MajaeT U
KOHLICHTPALMsI 3THX aMHHOKHCIOT B pacTBope mnpu oOmydeHur. OJHOBPEMEHHO C YMEHBIICHHEM aOCOJIOTHOU
KOHLIEHTPALIMH LEJIBIX MOJIEKYJI YBEIMYUBACTCS Y/EIbHAS KOHIIEHTpanusi (parMeHTOB [EIbIX MOJIEKYJI IO OTHOIICHHIO
K KOHLICHTPAIMH IIETBIX MOJIEKYJ, T.€. HabIroaeTcst o0oramieHue rIMIEepUHOBOIO pacTBOpa MPOIYyKTaMH AUCCOLNALINN
aMHUHOKHUCIOT Tipu Y D o0rydeHn.

3AK/IIOYEHHUE

[IpuBeneHHbIC pe3yNbTaThl HATJLIIHO TOKA3BIBAIOT, YTO METOJMKA MAacC-CHEKTPOMETPHUH BTOPHYHBIX HOHOB C
IPUMEHEHHEM JKUAKONH MAaTpHIbI, MOXET OBITh C YyCIIEXOM HCIIONB30BaHA JJIS HMCCIEJOBAaHUS, KaK COOCTBEHHO
MaTepUalioB OPraHMYECKOTO ITPOMCXOKACHUS, TaK U MPOLIECCOB B CIOKHBIX OMOOpraHuuYeckux cucremax. [Ipu stom,
0JTHaKO, HEOOXOANMO YUHUTHIBATh Psifi HAaKTOPOB METOANYECKOTO XapaKTepa.

[TpoBeneHHbIE HMCCNENOBaHKS TMOKA3alIM, YTO HEOOXOIMMO INPAaBWIBHO BHIOMPATh IUIOTHOCTH TOKAa MEPBUYHOTO
myyka. [lepBHYHBIA ITydoK, OKa3bplBas paspyllaroliee JelcTBHe Ha oOpasel, BHOCHT HM3MEHEHUs] KOHLEHTpPaId
He(parMeHTHPOBAHHBIX (LEJIBIX) MOJIEKYJ MCClIeayeMoro oObekTa B pacTBope. s IMOJMy4eHHs KOpPPEKTHBIX
pe3yiIbTaToB HEOOXOIMMO, YTOOBI mporecchl Tuddy3un (GparMeHTOB pa3pyLIEHHBIX MOJIEKYJI B 00BEM pacTBopa M
mupPy3ur HEMOBPESKACHHBIX MOJEKYlT H3 O0beMa pacTBOpa K IMOBEPXHOCTH NPEBANMPOBANHA HAJ IPOILECCAMHU
paspymieHusT MOJEKYJd NEepBHYHBIM ITy9KOM. BenndWHa IUIOTHOCTH TOKa NEPBHYHOTO ITyYKa IS KaXKIOTro
HCCIIEAyEeMOT0 MaTepraia JOJDKHA BEIONPATHCS HHINBHIYaIbHO.

HccrnenoBanust Taroke IOKa3ald, YTO B OKCIEPHUMEHTAaX C JKHUAKOH MaTpuIled HeoOXoauMo  oOecrednTh
OTCYTCTBHE B3aWMHOI'O BIIHSHHS HCCIEIYEeMOro MaTephalia U MaTpHUIlBl (B HamleM ciydae riaurnepusa). Heobxommmo
BBIOMpAThH AMAMa30H KOHIEHTpAIMH HCCIeyeMOro MaTepuaia, B KOTOPOM HMMEETCs JIMHEHHAash 3aBUCHMOCTh BBIXOJA
MOHOB, XapaKTEepPHU3YIOUIMX MaTepuall, OT €ro KOHIIEHTPAI[MH, a BBIXOJ HMOHOB, XapaKTEPHU3YIOUIMX MAaTpPHUILy, OT
KOHLIEHTPAllMM HE 3aBHCHUT. [IpM KOHLEHTpalMK pacTBopa OOJIbIIe HEKOTOPOH MOPOrOBOM pPacTBOPEHHOE BEIIECTBO
HauMHAET OKa3bIBATh BIMSHHE Ha BBIXOJ] BTOPUYHBIX MOHOB MaTPHIIBI, YTO CBUJETEIBCTBYET JIMOO O B3aMMOJECHCTBUN
PacTBOPEHHOT'O BEIIECTBA C MAaTEpHAJIOM PACTBOPHTEIS, JIMOO 00 M3MEHEHNH MEXaHWU3MOB 00pa30BaHMs BTOPHYHBIX
HOHOB. /1)1 pa3IUYHBIX MaTEpUANIOB IOPOrOBBIE KOHIIEHTPALIUU Pa3HBIE.

Kax npumep Bo3MOkHOCTH Hcnofb30BaHusi Metoauku MCBU ¢ xuakoi MaTpuuei Uisl UCCIeIOBaHUs CIOKHBIX
OMOOPTaHMYECKUX CHCTEM, B pabOTe MPHUBEICHBI PE3YIbTaThl HCCIEIOBAHIE TPOIECCOB (PEPMEHTATUBHOTO OKHCIICHUS
TIIIOKO3BI B CHCTEME, MOACTHPYIONIeH OMOCeHCOp Ha TIIOK03y. B Xoze mccinenoBaHuil MpOBOIMIOCH U3MEPEHIE Macc-
CHEKTPOB KOMIIOHEHTOB PACTBOPOB, MOJCIHMPYIOUINX OHOCEHCOp Ha TIIOKO3Y M ONpEeIeNICHWE XapaKTepHBIX IS
KaXZ0H KOMIOHEHTHI SMHCCHH. BBUIM HM3MepeHBl Macc-CIIeKTPHl OTPHUIATENBHBIX BTOPUYHBIX HOHOB s Na-
¢docharHoro Oydepa, ams1 pacTBOpoB B Oydepe TIIIOKO300KcHIa3sl U3 Aspergillus niger, TIIOKO3bI, a TaKkKe
TJIIOKOHOBOHM KHCIOTBI. O XOAe peakIUH OKHCICHHS TJIOKO3bl B TNPUCYTCTBHU TJIOKO300KCHIA3bl CYAWIM IO
HM3MEHEHHMIO MHTEHCUBHOCTE 3MUCCHHM MOHOB, XapaKTEPU3YIOUIUX MPOIYKT PEakIMy — ITIOKOHOBYIO KHCIOTY. beuin
HM3MEPEHBl 3aBUCHMOCTH BBIXOJA TTIOKOHOBOM KHCJIOTHI OT KOHIEHTPALUU IJIIOKO3bI, a TaKKe 3aBUCHUMOCTU BBIXOJa
TJIFOKOHOBOHM KHUCJIOTBI OT KOHIIEHTPAaLUU TII0K0300KcUAa3bl. O NMpOTEKaHUM peakIUM MOXHO TaKKe CyIuTh IO
MOBEJICHUIO BTOPUYHBIX HOHOB XapaKTEPHBIX AJS JAPYT'HMX KOMIIOHEHTOB CHUCTEMBI, B TOM YHUCIE AJS MPOMEXKYTOUYHBIX
MIPOLyKTOB PEAKIIHH.

CTpyKTypHas 9yBCTBUTEIBHOCTH MeTonukn MCBU pmenaer ee moine3HOW HE TONBKO JJIS OMPENENCHUS COocTaBa
MaTepHaJIOB OPTaHUIECKOTO IPOUCXOKICHHUS, HO M JJIS W3YYEHHs MPOIECCOB IPH PATUAMOHHBIX BO3ICHCTBHUAX Ha
opranmdeckne M Owmoopranmdyeckne 0OBeKTH. lIpoBenmennsie mpu momomm Metoaukn MCBU ¢ rnmmepuHOBOI
MaTpUIeH MCCIIeOBaHUS PAJHALMOHHBIX OBPSKICHUH aMHHOKHUCIIOT TIPH YIBTPAPHOIECTOBOM OOIyUEHUH ITOKA3aNH,
YTO OJHMM M3 MEXaHHU3MOB BIMsHHS YD M3IyueHHs Ha OOBEKTHI OMOJIOIMYECKOW MPUPOJbI SBISIETCS pa3pylieHHEe
MOJICKYJT aMHHOKHCIOT. M3MmepeHuss mokaszand, 49ro Y® o00dydYeHHE NPUBOIUT K YMCHBIICHHIO aOCOIIOTHOMN
KOHIIEHTPAI[K LENbIX, HEMOBPEKICHHBIX OOIydeHHEM MOJICKYJI M OJHOBPEMEHHOMY YBEIMUYCHMIO KOHIICHTPALUU
(parMeHTOB LENBIX MOJEKYJ, T.e. HaONltogaeTcs oOoralieHne TIIMIEPHHOBOTO PacTBOpa MPOJAYKTaMHU ITUCCOLUAINT
aMHUHOKHUCIIOT 1pu Y P 00iIy4eHHH.

ABTOpBI BBIp@XAIOT OnarofgapHocTs KauA. ¢.-M. Hayk B.H.MenpHukoBy 3a Oonbpliod BkiIag B Macc-
CHEKTPOMETPUYECKHE NCCIIEIOBAHNS 00BEKTOB OPTaHMYECKOTO MTPOUCXOXKACHHS C UCTIONB30BAHUEM JKUIKOM MaTpPHIIBI,
KOTOpBIE B 3HAYHTEIFHOW CTENECHH WCIIONB30BaHBl B HACTOSMICH paboTe. ABTOPHI CUHTAIOT TaKXe OTMETHTh
cymecTtBeHHYI0 poib mpod. B.B. ToBcTika B mpoBeneHHE COBMECTHBIX WCCICAOBAHHMA, PE3yIbTaThl KOTOPBIX
HCTOJIB3YIOTCS B TaHHOM poOoTe.
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MICROSTRUCTURE EVOLUTION AND DEUTERIUM RETENTION IN SS316 STEEL
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Using the methods of ion implantation, electron microscopy and nuclear reactions the data on defect microstructure evolution,
accumulation levels and temperature ranges of retention of hydrogen isotope - deuterium in austenitic steel SS316 have been
obtained. Implantation of 15 keV deuterium ions to a dose of 1x10' e¢m™, 30 keV helium ions to a dose of 5x10'® cm™, as well as
steel irradiation with 1.4 MeV argon ions to a dose of 1x10'7 cm™ were carried out at room and elevated temperatures. The formation
of dislocation structure, vacancy and gas-filled pores, and the nature of their size distribution were studied. The dependence of
amount of trapped deuterium atoms on the defect structure evolution during annealing has been established. A considerable content
of hydrogen in the traps associated with helium and argon bubbles was found, that confirms the data obtained for stainless steels
irradiated in a light water reactors.

KEYWORDS: implantation, deuterium, helium, argon, defects, microstructure, distribution, accumulation

3BOJIOIIS MIKPOCTPYKTYPH TA YTPUMAHHS JEATEPISI B CTAJI SS316
IIPU OITPOMIHEHHI BA’KKUMU IOHAMMU, I'EJIIEM 1 BOJOPOJOM
C.O. Kapnos, I.€. Konaneus, b.C. Cynurypos, I'.Jl. Toacroayuska, O.C. Kajabuenko
Hayionanvnuti nayrkosuii yenmp “Xapriecvruil (izuxo-mexuiynuil incmumym”’
Incmumym ¢hizuku meepooeo mina mamepiano3nagcmed ma mexHoNo2i
61108, m. Xapxie, eyn. Axademiuna, 1

3 BHKOPUCTAaHHSIM METOIWK 10HHOI IMIUIAHTAIlil, €JIEKTPOHHOI MIKPOCKOMIl Ta SACpHHUX peakmiii OTPUMAaHO HaHi IOJO0 EBONIOLIi
neeKTHOI MIKpOCTPYKTYPH Ta piBHIB HAKONMYEHHS 1 TEMIIEPATYpHUX IHTEPBANiB YTPUMAHHS i30TOIy BOAHIO — JEHUTEpil0 B
aycreniThiit cram SS316. ImmmanTanis ionis aefitepio 3 enepriero 15 xeB no mo3u 1x10'® em, remito 3 enepriero 30 xeB 10 103
5x10' cm?, a Takox ompomimenns crami SS316 iomamu apromy 3 emepriero 1,4 MeB mo mosu 1x10"7 cm™ 3piticHioamucs mpu
KIMHATHIH 1 MiABUINEHUX TeMmeparypax. [Toka3aHO pO3BHUTOK AMCIOKAIiHHMX CTPYKTYp, BaKaHCIHMX 1 ra30HAOBHEHHX IOp Ta
BH3HAYEHO XapakTep IX pPo3MOAuLTy 3a po3Mipamu. Bu3HaueHa 3aiexHICTh KUIBKOCTI 3aXOIUICHHX aTOMIB IEHTEpIil0 Bim PO3BUTKY
neeKTHOI CTPYKTYpH IpH Bigmani. BcTaHOBIEHO iCTOTHE yTpUMaHHS BOJHIO B ITACTKaxX, ITOB'I3aHHMX 3 TEJNIEBUMH 1 aprOHOBHMH
OynbOamnkaMy, 110 MiATBEPXKYE AaHi OTPUMaHI JJIs HeipyKaBilounX cTajield, OPOMIHEHHX B PEaKTOpax Ha JIeTKii BOJIi.
KJIFOUYOBI CJIOBA: iMnnanTaisi, aAeitrepiii, remniii, aprot, geekTH, MiKpoCTPYKTYpa, PO3HOALN, HAKOMHYCHHS

3BOJIIOLASI MUKPOCTPYKTYPBI U YIEPYKAHUE JEMTEPHUSA B CTAJIU SS316
IMPU OBJIYYEHUMU TAKEJIBIMU HOHAMMU, 'EJIMEM U BOJOPOJAOM
C.A. Kapnos, U.E. Konanen, b.C. Cynrypos, I'.I. Tosacroayukas, A.C. Kaapuenko
Hayuonanvhuuii nayunvlii yenmp “Xapokeckuil puzuxko-mexuudeckuti uncmumym”’
Hucmumym uszuxu meep0o2o meia, MamepuaniogeoeHus: i mexHoa02il
61108, 2. Xapvros, yn. Axademuueckas, 1

C HCroNb30BaHMEM METONMK MOHHOW MMIUIAHTAIMH, 3JCKTPOHHOH MMKPOCKONWH M SIICPHBIX PEAKIMi MONy4YeHbl JaHHBIE 00
IBOMIONMU Je(EKTHONH MHKPOCTPYKTYpPBI, YPOBHSIX HAKOIJIEHHS M TEMIIEPaTypHBIX HMHTEPBAIOB YAEPXaHHsS M30TONA BOAOPOAA —
JelTepus B ayCTeHUTHOM ctamu SS316. MIMIIaHTalus HOHOB AeifTepus ¢ sHeprueit 15 kaB 10 mo3sr 1x10'® em, remus ¢ sueprueit
30 kB mo no3sr 5x10'® cm? a takke obnyuenme cramu SS316 momamm aprona c sueprueil 1,4 MsB mo moser 1x10'7 cm?
OCYILIECTBIISIIMCH TIPU KOMHATHOH U MOBBILIEHHBIX Temmneparypax. [lokazaHo pa3BUTHE JUCIOKAIMOHHBIX CTPYKTYP, BAKAHCHOHHBIX
1 Ta30HATOIHEHHBIX TOp, U ONPEENICH XapaKkTep UX pachpenencHus 1mo pasmepam. OnpeneneHa 3aBUCHMOCTb YHCIIA 3aXBAYEHHBIX
aTOMOB JieHTepuss OT pPa3BUTHSA AE(PEKTHON CTPYKTypsl IPH OTXKHIE. YCTAaHOBIEHO CYIIECTBEHHOE COJACp)KaHHE BOAOPOAA B
JIOBYIIKAX, CBSI3aHHBIX C TeJMEBBIMH M aprOHOBHMH Iy3BIPEKAMHM, 4TO ITOJATBEPXKJAeT HAaHHBIE, HOJydEHHbBIE JUIS HEprKaBEIOIINX
cTaiel, 00Jy4eHHBIX B peakTopax Ha JIETKOH BoJe.
KJIIOYEBBIE CJIOBA: nMmruantanus, AeiTepuii, reinii, aproH, 1e(eKTel, MUKPOCTPYKTYpa, pacipe/ielieHne, HaKOIUICHHE

The effect of helium and hydrogen on the properties of structural materials in fission and fusion reactors is
currently under consideration as a special topic of radiation damage physics and radiation materials science. The atoms
of gas impurities are formed in stainless steels, as well as in other metals and alloys, by neutron-induced transmutation.
Hydrogen is also introduced into metals by a variety of other mechanisms (corrosion, recoil injection of protons after
neutron-water collisions, radiolytic decomposition of water, etc.). In recent years, the research results indicates the
increasing negative role of helium and hydrogen at a joint their introduction into material.

Helium, having the greatest inertness and extremely low solubility in metals, when introduced into the material by
ion implantation, diffuses rapidly via interstitials, easily binds with vacancies forming helium-vacancy complexes and

© Karpov S.A., Kopanets L.E., Sungurov B.S., Tolstolutskaya G.D., Kalchenko A.S., 2015
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bubbles, and retained to a high temperatures. Although essentially all of the helium is retained in the steel, it is
commonly assumed that most of the hydrogen due to its high mobility cannot be retained at high concentrations and
will therefore diffuse out of the steel. Certain fraction of hydrogen can be stored in structural materials in the presence
of a sufficient concentration of trapping sites. A review of published data showed that the hydrogen can be captured in
the traps both radiation and non-radiation origin. In [1,2] it is shown that radiation-induced Frank loops and dislocation
microstructure contribute to the retention of significant amounts of hydrogen. The formation of cavities may increase
the trapping, especially if hydrogen located in the cavities in the molecular state. Furthermore, hydrogen retention
appears to be accelerated when large amounts of helium are cogenerated [3].

Thus, the contribution to the processes of hydrogen accumulation and retention in metals and alloys provides a
spectrum of radiation-induced defects (point defects and their clusters, dislocation loops of vacancy and interstitial
types, precipitates of a new phase, vacancy and gas-filled pores). However, the contribution of each defect type in these
processes so far not yet completely determined.

Austenitic stainless steel SS316, in addition to its wide practical application as a structural material of II and III
generation reactors, ITER, «spallation» neutron sources and others, is a representative object for studying the hydrogen
behavior in austenitic steels of 300 series due to the initial virtually defect-free structure.

The aim of this work was an investigation of evolution of SS316 steel microstructure after irradiation with helium
or argon ions that simulate displacement damages resulting in structural materials under the influence of high-energy
neutrons, and also the impact of radiation-induced defects on the accumulation and spatial distribution of ion-implanted
hydrogen isotope — deuterium.

MATERIAL AND EXPERIMENTAL METHODS
Specimens of SS316 steel with dimensions 27x7x0.1 mm, previously solution annealed at 1340 K in a vacuum of
107 Pa for one hour were used for investigations. Steel composition is shown in Table.
Table.
SS316 steel composition, wt.%
Lc [ si M P [ s | crf Ni|Mol Ti] Fe]
10.056][0.68 [[1.6 [0.034][0.014][16.68][12.03][2.40 |<0.01][6an. |

The initial microstructure of SS316 steel is shown in Fig. 1. Austenitic grains with a size of about 30 microns were
observed in the steel structure. Total dislocation density was ~10° cm™.

Fig. 1. The initial microstructure of SS316 steel after heat treatment at 1340 K/1 hour.

Implantation of steel with 15 keV deuterium, 30 keV helium and 1.4 MeV argon ions was carried out using
accelerating system ESU-2 at room and elevated (780-1050 K) temperatures. The irradiation temperature was controlled
by chromel-alumel thermocouple. The annealing of samples in the temperature range of 300-700 K were performed at a
rate of temperature increasing and decreasing of 7 Ks™. After irradiation samples have been in situ examined by means
of nuclear reaction analysis or transferred to the EM-125 electron microscope for the microstructure changes
observation.

Thinning of specimens to a thickness suitable for TEM studies was conducted by standard jet electro-polishing
from un-irradiated surface. Herewith a protective layer of varnish was applied on the irradiated surface of the sample to
protect it from etching. Polishing was stopped as soon as the hole appeared in the sample. The sample was removed
from the Teflon holder, washed in ethanol and then in acetone to dissolve the protective varnish film. Final washing was
carried out in dehydrated ethanol. Analysis of TEM micrographs was performed using image processing software. In
some cases samples were thinned from both sides. To remove a specified depth layer of material from irradiated side of
the sample the electro-pulse technique was used.
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The depth distribution of implanted particles was measured by a nuclear reaction D(*He,p)*He with using
analyzing beams of *He (E = 0.3-1.4 MeV). Measurements were performed in backscattering geometry. *He ion beam
was incident to the normal of sample surface. Products of nuclear reactions were registered at an angle of 160° with
respect to the analyzing beam. The diameter of the beam at the irradiation was 3 mm, during analysis — 2 mm. Depth
resolution in the backscattering geometry was 150 nm. Details of method are described elsewhere [4].

RESULTS AND DISCUSSION
Deuterium only. Fig. 2 shows the measured depth distribution profiles of deuterium implanted to a dose of 1x10'°
cm™ in SS316 steel at room temperature immediately after irradiation and after subsequent annealing at 373 K.
Calculated ranges and damage profiles of deuterium with energy of 15 keV in SS316 steel are presented in the insert.
All calculations were performed using SRIM 2006 code [5] with the Kinchin-Pease damage energy model and
displacement energy of 40 eV for Fe and Cr. Calculated deuterium concentration in this case is about 0.9 at.%, and
calculated damage — 0.02 displacement per atom (dpa).
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Fig. 2. Depth distribution profiles of deuterium implanted into SS316 steel at room temperature (M) and after annealing up to 373 K
(A). Insert: Calculated (SRIM 2006) ranges and damage profiles of 15 keV deuterium in SS316 steel.

The microstructure of SS316 steel virtually did not change after irradiation compared to the initial structure.
Apparently, non-equilibrium concentration of deuterium-induced defects is insufficient to develop a visible defect
microstructure at fluence less than 0.1 dpa. The dose of appearance of smallest visible radiation defects depends on
many factors (alloy composition, type and energy of ions, dpa rate, etc.) and estimates as 0.005-0.3 dpa at room
temperature irradiation [6,7].

Depth distribution profile of deuterium after irradiation at room temperature has a maximum in the near-surface
region (Fig. 2). The profile width corresponds to the calculated value. The amount of deuterium retained in the samples
at room temperature is ~80% with respect to the irradiation dose. These data indicate the trapping of the implanted
deuterium by radiation-induced traps, because in the absence of such defect-traps hydrogen must leave the implanted
area during irradiation due to its high diffusivity in austenitic steels at room temperature D~1-10"cm™s™ [8].

Annealing at 373 K causes a decreasing of deuterium retention in the near-surface area to 15% with respect to
irradiation dose. In addition, the small second peak appears in deuterium distribution at a depths corresponding to the
ion range of *He analyzing beam with energy of 0.3-1.4 MeV [9]. The observed features of deuterium interaction with
SS316 austenitic stainless steel indicate a weak deuterium capturing in traps created at irradiation dose less than
0.1 dpa.

It can be assumed that the deuterium trapping occurs on radiation-induced point defects. In considering of
interaction of FCC-metals with hydrogen the lowest binding energy, accordingly to the theoretical calculations, has a
complex “H — self interstitial atom” (SIA). The binding energies of D-SIA according to experimental data are 0.16 eV
for Pd, 0.21 eV for Cu and 0.24 eV for Ni. However, in most publications the interstitials do not considered as probable
traps for hydrogen for the reason that the diffusivity of SIAs, especially in FCC- metals, is very high, and they disappear
on sinks at temperatures much lower than required for hydrogen de-trapping [10,11]. Analysis of the literature shows
that the most probable hydrogen traps in metals are vacancy type defects [12]. The binding energies of D atoms with
vacancies are 0.48 eV in a-Fe, 0.43 eV in Ni, 0.41 eV in Cu. The temperatures of corresponding annealing stages of
deuterium are very close to that obtained in the present study.
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Helium pre-irradiation + deuterium. Irradiation of SS316 steel with 30 keV helium ions to a dose of
5x10'® cm™ at room temperature leads to the formation of gas bubbles with an average diameter of 1 nm (Fig. 3). Fig. 4
shows the distribution profile of deuterium after sequent implantation at room temperature into samples pre-irradiated

with helium, and after subsequent annealing. As seen from the insert, calculated damage dose and helium concentration
are ~0.9 dpa and 5 at.%, respectively.
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Fig. 3. Microstructure of SS316 steel after irradiation with 30 keV helium ions to a dose of 5x10'® cm™ at room temperature.
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Fig. 4. Distribution profiles of deuterium implanted at room temperature (M) to a dose of 1x10'® cm™ in steel SS316, pre-
irradiated with helium (30 keV, 5x10'¢ cm™) and after subsequent annealing 373 (O), 500 (A) and 600 K (¥). Calculated
(SRIM 2006) ranges and damage profiles of 30 keV helium ions in SS316 steel are shown in the insert.

In this case, the distribution profile of deuterium remains unchanged (within experimental error) up to a
temperature of 373 K. At annealing temperatures of 500 and 600 K the deuterium concentration reduced to 70 and 15%
of the radiation dose, respectively. The observed increasing of deuterium retention can be attributed to the influence of
preliminary implanted helium. On the basis of electron microscopic studies (Fig. 3), it is believed that helium bubbles
are effective deuterium traps.

Results of the study of helium porosity are well represented in the literature [13]. The formation of microscopic
gas bubbles was observed after irradiation of metals and alloys with inert gas ions even at room temperature [14]. At
helium implanted concentration of 0.6 < Cy, < 3 at.% the dominant microstructure in copper was a high density of small
bubbles, and their growth and coalescence was observed at 573 K [15]. The influence of helium porosity on
enhancement of hydrogen retention is confirmed by the results of numerous studies. Nevertheless, it still remains
unclear the trapping mechanism. Some authors believe that trapping occurs as a result of deuterium atoms
chemisorption on the helium bubbles walls, while others believe that traps are the elastic stress fields around the
bubbles.

Argon pre-irradiation at room temperature + deuterium. The microstructure of SS316 steel irradiated with
high energy argon ions to a dose of 1x10'" cm™ is shown in Fig. 5. Fig. 6 shows the evolution of depth profiles of
deuterium post-implanted at room temperature to a dose of 1x10' cm™ in steel previously irradiated with argon. It

should be noted that the sample temperature during irradiation with argon ions is exceeded the room temperature by
20-40 K.
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Fig. 5. The microstructure of SS316 steel at a depth of ~100 (a) and ~450 nm (b) after irradiation of samples with 1.4 MeV argon
jons (dose of 1x10'7 cm™) at room temperature.
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Fig. 6. Distribution profiles of deuterium implanted to a dose of 1x10'® cm™ at T,oo, (W) in steel SS316 pre-irradiated with argon
jons (1.4 MeV, 1x10'7 cm™), and after subsequent annealing at 373 (O), 500 (A) and 600 K (¥). In the insert: calculated
(SRIM 2006) ranges and damage profiles of 1.4 MeV argon in SS316 steel.

Irradiation of steel with high-energy gas ions having a relatively large average projected range causes the
formation of depth-layers with different combinations of damage and concentrations of implanted particles. In present
case, for simplicity, it seems appropriate to consider two virtual zones. In the first zone (0-200 nm), accordingly to
SRIM 2006 calculations (see insert in Fig.6), there are mainly displacement damages at a level of 25 dpa and negligible
amount of implanted argon atoms. The second zone (400-600 nm) is characterized by damage level up to 50 dpa and the
argon concentration reaching 4 at.%. TEM examinations of the first zone have shown the formation of dislocation
tangles (Fig. 5a). Despite the extremely high dislocation density (p = 5x10'° cm™), separate dislocation loops have been
observed, indicating the prolongation of processes of loops nucleation and growth. Meanwhile, the bubble structure
with a density of 8x10'> cm™ and an average bubble diameter of 12 nm has been formed in a layer of 400-600 nm
(Fig. 5b).

During irradiation at room temperature deuterium stops in the sample at the depths corresponding to the ranges of
15 keV/D" ions and within the region of defect structure previously created by argon irradiation (Fig.6, curve with a
marker W). At subsequent annealing one portion of deuterium has moved deeper into the specimen towards the zone of
bubble structure (Fig.6, curve with a marker A), while another part has desorbed from surface. With increasing of
annealing temperature the deuterium retention gradually decreases, and after annealing at 600 K in the sample remains
approximately 30% of deuterium from the implant dose.

Argon pre-irradiation at elevated temperatures + deuterium. In experiments with cold-deformed and porous
(in particular, electro-deposited) metals it was established surely that hydrogen is efficiently captured and strongly
retained in cavities [16]. Microcavities can be formed in irradiated metals by combining of non-equilibrium radiation-
induced vacancies both during irradiation and subsequent annealing.

In present study, a porous structure was formed by irradiation of SS316 steel with 1.4 MeV argon ions at elevated
temperatures (Fig. 7a-c). It was found that the voids grow in the near surface region (0-200 nm).
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Fig. 7. Void microstructure in SS316 irradiated with argon ions to a dose of 1x10'7 cm™ at temperatures of 950 (a), 970 (b)
and 1000 K (¢).

Temperature dependence of the swelling, presented in Fig. 8, has a typical bell-shaped form. An increasing of
swelling occurs in the temperature range of 910-940 K. With rising irradiation temperature up to 1000 K the swelling
decreases. Swelling curve maximum is located at 940 K and shifted towards higher temperatures by ~20 K in
comparison with the irradiation of austenitic steels with metallic ions [17]. Apparently, this may be due to the presence
of argon atoms in voids. It is known that the atoms of inert gases are stabilizers of very small vacancy clusters, which
have a very short lifetime without such stabilization. On the other hand, at a low temperature irradiation the void
formation can be substantially suppressed by a high concentration of ultrafine bubbles [18]. In addition, parameters of
steels swelling depend on the mode of an inert gas introducing. At simultaneous irradiation with heavy ions and inert
gas implantation a shift of swelling curve to higher temperatures is occurred.
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Fig. 8. Temperature dependences of swelling, void concentration (p) and mean void diameter (d).

Typical depth profiles of deuterium implanted to a dose of 1x10'® cm™ at room temperature and after annealing of
steel with previously created void structure are shown in Fig. 9. The behavior of deuterium in this case are qualitatively
similar to its behavior after implantation into the structure created by argon pre-irradiation at room temperature: with
temperature increasing the deuterium is redistributed from the zone of introduction and location of void structure
towards the zone of larger damages and argon concentration, where TEM observations showed the formation of bubble
structure.

Fig. 10 shows the temperature dependences of retained deuterium concentration for all above mentioned
irradiation conditions. Data was obtained by processing of depth profiles. Fig. 10a represents the total amount of
deuterium throughout the probing depth, and Fig. 10b — deuterium content (normalized per unit) in two layers 0-200 nm
and 400-600 nm.
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Fig. 9. Depth profiles of deuterium implanted to a dose of 1x10'® cm™ at room temperature and after annealing in the samples with a
previously created void structure by 1.4 MeV Ar irradiation to a dose of 1x10"7 cm™ at 950 K.
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Fig. 10. The amount of retained deuterium implanted to a dose of 1x10'® cm™ in SS316 steel having
various irradiation pre-treatments.

Changes of the total deuterium amount at annealing (Fig. 10a) indicates almost identical deuterium retention in the
defect structures induced by helium or argon ions pre-irradiation. However, the temperature ranges of actual retention
of each trap system are differ (Fig. 10b). In the case of argon pre-irradiation the reducing of concentration of deuterium
that has been primarily trapped in the void-type or dislocation-type defects occurs at 373 K (Fig. 6, Fig. 9). At the same
time, the de-trapped deuterium migrates into the bulk where the re-trapping of deuterium by argon gas bubbles takes
place. Besides, at this stage a part of deuterium is desorbed out of specimen. Note, that at the same temperature (373 K)
the deuterium retention in helium pre-irradiated steel remains unchanged.

All above implies that the inert (helium or argon) gas-filled bubbles appear to be the strongest traps of implanted
deuterium in stainless steel. The de-trapping of deuterium from these bubble-type defects observed during annealing to
~600 K. What is the reason for deuterium de-trapping from these traps?

Analysis of the published data indicates that in the temperature range of 500-700 K in structural steels a significant
increase of vacancies mobility occurs. In [19] the positron annihilation method was used to study the formation and
annealing of vacancy clusters in austenitic steels and Fe-36% Ni alloy. Defects were induced by electron (5 MeV)
irradiation at room temperature and subsequent stepwise annealing. It has been shown that the small vacancy clusters
are formed in these materials. Vacancy clusters were thermally stable up to 450 K. For solution annealed samples, it
was found that the stage associated with dissociation of vacancy type clusters is observed in the temperature range of
500-650 K.

It can be assumed that similar as it occurs at the high temperature implantation [14], the processes of growth and
coalescence of inert gas bubbles are also take place during annealing of implanted samples. Transformation of bubbles
during annealing assists the deuterium de-trapping from them.
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CONCLUSIONS

Using the methods of ion implantation, transmission electron microscopy and nuclear reactions the examination of
microstructure evolution and the influence of radiation-induced defects on the accumulation and the spatial distribution
of ion-implanted deuterium in the SS316 austenitic stainless steel have been performed.

Data obtained in this paper show that irradiation of 316 steel in the dose range from 0.02 to 50 dpa at temperatures
300-1050 K depending on the irradiation mode is results in the formation of dislocation structure (loops, dislocation
tangles), voids and/or gas-filled bubbles. The characteristics of trapping and the temperature range of deuterium
retention in traps formed by prior implantation of helium or argon depends on the type of developed defects.

Ion implanted deuterium is weakly trapped by vacancy-type defects produced in 15 keV D' displacement
cascades. Deuterium retention is reduced five times after annealing up to 373 K.

Radiation-induced dislocation and porous structures promotes the deuterium retention in the range 300-450 K.

Inert gas bubbles are the strongest traps of implanted deuterium in stainless steel. The bubble structure can retain
the deuterium up to 600 K. Trapping of significant amounts of hydrogen can influence the onset and amount of void
swelling, development of hardening and possibly on corrosion and cracking.
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I0. A. BEPEXXHOM

B. [1. MUXAMAIOK B ™onorpadum wm3nokeHa TEOPHS B3aWMOICHCTBHUS
B. B. MTMAMUMEHKO HYKJIOHOB U JIETKHX sIep C sApaMH B obmacta
IIPOMEXKYTOYHBIX SHEpPrui. PaccmoTpenbt
(payHrodepoBckas u (peHeneBckas KapTHHBI SIEPHOTO

H(DP AK HOHH])IE paccesiHUs,  paly)KHOe  paccessHUE€ B SAEPHBIX
CTOJKHOBEHUSX, Pa3l0oXEHHE aMIUINTYIbl paccesHUs Ha

OJIVDKHIOIO M JIaJIBHIOI0 YacTH, KBAHTOBask MHTEP(EPEHIUS

H EPHI)IE B paccesHUM MHKPOOOBEKTOB, BIHMSHUE BHYTPEHHEH
CTPYKTYpBI JIETKUX AJ€p Ha BEIUYMHBI CEUCHMH, MOJEIb

MHOTOKPAaTHOTO  JU(PAKIHOHHOTO paccesHus U ee
HPO ECCI)I HNPUJIOKEHUE K PACCESHUIO aJPOHOB SAPAMHU, UMEIOIIMMU

KJIaCTEpHYIO CTPYKTYpy. IIpuBeneHbI pe3ynbTaTel aHaIN3a
Pa3TUYHBIX 3KCIIEPUMEHTANBHBIX JaHHBIX.

Jns HayyHbIX pabOTHHKOB, IIperojaBaTeNieil u
aCTMPAHTOB BBICHIEH LIKOJBI.

© XapkiBCbKHi Hal[lOHAJILHUI YHIBEPCUTET

imeni B.H. Kapasina, 2014

© BbepexHnoii 0. A., Muxaitmok B. I1., [lununenko B. B.,
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© HBII "Bugasaunurso "HaykoBa nymka" HAH Vkpainu",
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Y MoHorpadii BUKIIaZEHO TEOPito B3a€MOil HYKJIOHIB 1
JETKUX SAep 3 sSApaMH B 0ONacTi MPOMDKHUX EHEepriil.
Posrasinyto  ¢paynHrodepoBy 1 (peHeneBy KapTHHU
SIEPHOTO PO3CISIHHS, paiily’)KHE PpO3CISHHS B SIIEPHHUX
3ITKHEHHSIX, PO3BHUHEHHS aMILTITYAN PO3CISIHHS Ha OJIMXKHIO
Ta JabHIO YaCTWHH, KBAHTOBA 1HTEp(EpEHLsl B PO3CISIHHI
MIKpOOO'€eKTIB, BIUIMB BHYTPIIIHBOI CTPYKTYPU JIETKHX
SIep Ha BEIMYMHM Iepepi3iB, MOJeNbh 0araTopasoBOro
mudpakuiiHoro poscistHHS Ta ii  3acTOoCyBaHHS 0
pO3CiIHHA aJpOHIB sAApaMH, MO MAaKTh KJIACTEPHY
CTpyKTYpy. HaBemeHo pe3ynmpTaTé aHamizy pi3HHX
SKCIIePUMEHTAJIBHUX JaHHX.

Jlns HayKOBHIX TIPaliBHUKIB, BUKJIAAdiB Ta acIipaHTiB
BUIIO1 IIIKOJIH.
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BuknaneHo HepensTiBICTCHKY KBaHTOBY MEXaHIKY SIK
po3min  cydacHOi TeopermuHoi  ¢izmku.  JlokimamHO
PO3TISIHYTO i7ei Ta MeTOIM KBaHTOBOI MEXaHIKH, OCHOBH ii
MaTeMaTUYHOrO amapaty Ta 3aCTOCYBaHHS KBaHTOBOI
(dizuku 10 Teopil CTPYKTYpH aTOMIB, MOJIEKYJ, aTOMHHX
sIep 1 10 3a1a4 PO3CISHHS MiKpOOO'€KTIB.

Jlns  cTymeHTiB, AacmipaHTiB 1 BHKJIAJA4iB BHIIUX
HaBYaJIbLHUX 3aKJIadiB.
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GUINKA YACTUL
OT ATOMOB O KBAPKOB

O

1

MoHorpadus

3uma B. I'. ®usnka yacTil OT aTOMOB /10 KBaPKOB:
moHorpadus / B.I'. 3uma, A.}O. Hypmaramberos. — X.: XHY
umenu B. H. Kapasuna, 2014. — 268 c.

ISBN 978-966-285-042-0

W3moxeHpl OCHOBHBIE HIEW MW METOILI MCCIEIOBAHMS
(M3WKH  DNEMEHTApHBIX YACTHI. PacCMOTpPEHBI  THIIBI
(hyHIaMEHTAIBHBIX B3aMMOJCHCTBHI, CBOIiCTBa
JIIEMEHTAPHBIX YacTHIl, CHUMMETPUHHBIA TMOIXOA K WX
knaccupukanuu. [IpuBoguTcs aHaM3 GEHOMEHOJIOTHYECKUX
MOAENEH, IpPUBEAIIMX K KBAapKOBOM CXEME CTPOCHMS
aJpOHOB, OOCYXKIAIOTCS CBOWCTBA TEOPUH 3JICKTPOCIAOBIX
B3aMMOJICHCTBUI U MEXaHWU3MbI HAPYIICHUS KaTHOPOBOUHBIX
CUMMETpHI, Jexamux B ocHOBe CTaHIApTHOH MoJeIn
JJIEMEHTAapHbIX YacTull. [[is CTyAeHTOB W acHHpaHTOB
(hM3MYECKHUX CIENHMANBHOCTEH BBHICIINX yYeOHBIX 3aBEICHUMH,
Mpero1aBaTeNei " HAYYHBIX pabOTHHKOB,
CHEHATH3UPYIONMMXCS B (PU3UKE DIIEMEHTApPHBIX YaCTHIl U
BBICOKHMX SHEPTHIL.
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monorpadis / B. I'. 3uma, O. 10. Hypmaram6eros. — X. —
XHY umenu B. H. Kapazuna, 2014. - 268 c.

BuknageHo OCHOBHI ifiel Ta METON JOCHTIHKEHHS (Hi3uKH
eJIeMEHTapHUX YaCTHHOK. PosrnsnyTo THUIU
(GyHOaMEHTAJIbHUX B3a€EMOJIN, BIACTHBOCTI €JIEMEHTapHUX
YaCTMHOK, CHMETpIMHMHA migxig g0 ix  kiacudikarii.
HaBopuThess aHaniz  ()EHOMEHOJIOTIUHMX —MOJENeH, W10
NpU3BEJIM 70 KBapKOBOi CXEMH NOOYJOBH  aJpOHIB,
00TrOBOPIOIOTHCSI  BIIACTHBOCTI  TeOpii  €JNEKTPOCIaOKHX
B3a€EMOJIA 1 MeXaHi3MHM IIOpYLIEHHS KaJliOpyBaIbHHUX
cUMeTpiif, mo JnexaTh B OcHOBI CTaHmapTHOI Mozemi
CIIEMEHTAapHUX 4YaCTWHOK. /[l CTyHOeHTIB Ta acHipaHTiB
¢Gi3MYHUX cCremianbHOCTeH BUINIMX HAaBYANBHUX 3aKIIAiB,
BHKJIAIa¥iB 1 HAYKOBUX MPAIiBHUKIB, IO CHEIIai3yIOThCS y
(hi3uIi eeMeHTapHNX YaCTUHOK 1 BUCOKHUX €HEepTii.

Zima V. G. Particle physics from atoms to quarks: monograph
/' V. G. Zima, A. J. Nurmagambetov. Kharkiv: V. N. Karazin
Kharkiv National University, 2014. — 268 p.

Monograph contains basic ideas and methods of studying
elementary particle physics. We review types of fundamental
interactions, properties of elementary particles, symmetry
approach to their classification. We give the analysis of
phenomenological models resulted in the quark scheme of
hadrons, discuss properties of the electroweak interactions
and mechanisms of breaking the gauge symmetries lying in
the basis of the Standard model of elementary particles.

For students and post-graduates of physical specialities of
High Education Institutions, as well as for lecturers and
scientific researchers specialized in elementary particle
physics and high energy physics.
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