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ESSENTIAL FEATURES OF MODELS FOR DESCRIPTION OF MODULATION
INSTABILITY OF LANGMUIR WAYVES IN PLASMA
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Various models for description of the modulation instability of intensive Langmuir oscillations in plasma in one—dimensional
representation are discussed. It is noted that the kinetic damping on the electrons can violate the conditions of the modulation
instability development due to the suppression of the field at the stage of cavities formation, which in this case can reshape. The
hydrodynamic model not quite correctly describes the behavior of particles trapped by the spatially inhomogeneous field, neglecting
in fact by their inertia that leads to formation of not only very small-scale and deep plasma density cavities, but also triggers to the
peaking regime. Considering ions as particles within framework of so—called hybrid models (when electrons are described as fluid
and ions as super—particles) allows to see the appearance of groups of fast ions and premature collapse of density cavities due to the
intersection of ion trajectories. These models make possible determination of the energy transmitted to ions and low—frequency
collective degrees of freedom. Different models are compared with special emphasis on the comparative dynamics of ion heating
with development of the instability of intensive Langmuir oscillations in hot (Zakharov’s model) and cold (Silin’s model) plasma.
KEYWORDS: modulation instability, parametric instability, Zakharov’s model, Silin’s model, hybrid models

OCOBEHHOCTH MOJEJIEI OIMIUCAHUS MOAYJISIHUOHHOM HEYCTOMYUBOCTH JIEHT MIOPOBCKHX
BOJIH B IVTABME
A.T. 3aroponuuii ", A.B. Kupuuok 2 B.M. Kykiann 2
D Unemumym meopemuueckoii pusuxu um. H.H. Bozono6osa
yn. Memponoauueckas, 14 — b, Kues 03680, Ykpauna
2 Xapwrosckuii nayuonanbhbiii ynusepcumem umenu B.H. Kapasuna
ni. Ce0600wi, 4, Xapvros 61022, Yxkpauna

OO6cy>xmaroTcst pa3UyHbIe MOJAENU OMMCAHUS MOIYJNSIMOHHOW HEyCTONYMBOCTH WHTEHCHBHBIX JIEGHTMIOPOBCKHX KoyieOaHUil B
IU1a3Me MpPHU HCTIONB30BAaHUH OJHOMEPHOTO NpeacTaBieHHs. OTMedaeTcs, YT0 KHHETHIECKOe 3aTyXaHHe Ha 3IIEKTPOHAX CIOCOOHO
HapYIIUTh YCIOBHUS PAa3BUTHS MOIYJISIIMOHHOM HEyCTOHYMBOCTH 32 CUET ITOJABIICHUS MOJIS elle Ha 3Tarne (popMHpOBaHHS KaBEpH,
KOTOpBIE IIPU 3TOM MOTYT HCKaXKkaTh CBOIO (hopmy. ['mapommHamMpudeckoe ONHCAaHHE He BIIOJHE KOPPEKTHO ONMCHIBACT MOBEACHHE
3aXBauYeHHBIX YaCTHI[ HEOTHOPOIHBIM B IPOCTPAHCTBE HoJIeM, (paKkTHIecKH mpeHeOperast MX MHepIHeH, 9To GOopMUpYyeT He TOIBKO
BeCbMa MEJKOMAacCIITaOHble M TIyOOKHMEe KaBepHBHI IUIOTHOCTH IUIa3MBI, HO M PEXUMBI ¢ oboctpeHneM. [IpencraBieHne MOHOB
YacTHI[AMH B PaMKax, TaK Ha3bIBAEMBIX TMOPUAHBIX MOjeNel (JIEKTPOHBI OMMCAHBI TUAPOJMHAMUYECKH, @ MOHBI — KPYIMHBIMHU
YacTUIIaMM), TTO3BOJISIET YBHUACTH MOSBJICHHE TPYII OBICTPHIX MOHOB M IMPEXKAEBPEMEHHOE pa3pyleHHE KaBEPH IUIOTHOCTH HM3—3a
nepeceyeHnss ux TpaekTopuid. IlomoOHBIE MOIENHM MO3BOJSIOT HAWTH SHEPruio, NepedaBaeMyl0 HOHAM M KoJuleKTMBHBIM HY
creneHsM cBoOoapl. IIpoBommTCs CcpaBHEHHE pa3MHYHBIX MOAENEH, INpudeM o0co0oe BHUMAHHE YHACNSETCS OO0CYXKICHUIO
CPaBHHTENBHON IWHAMUKH HarpeBa MOHOB IIPH HEYCTOWYMBOCTH WHTEHCHBHBIX JICHTMIOPOBCKHX KOieOaHMI B ropsdeil (Monenb
3axapoBa) u xonogHoH (Moxens CrinHa) mIasme.

K/IIOYEBBIE CJIOBA: MonmynsilMOHHAas HEyCTOMYMBOCTb, IIapaMETpHUYECKas HEYCTOHYUBOCTb, MOJEIb 3axapoBa, MOJEIb
CuniHa, THOPHIHBIC MOJIEITH

OCOBJIMBOCTI MOJEJE ONUCY MOAYJISINITHOI HECTIMKOCTI JIEHTMIOPIBCbKUX KOJIUBAHb ¥
IJIA3MI
A.T. Baropoauiii ”, O.B. Kupuuok ?, B.M. Kykain ?
I)IHcmumym meopemuunoi Qisuxu im. M.M. Bozonrobosa
eyn. Memponoeuuna, 14 — b, Kuie 03680, Yxpaina
2)Xap;<i3cw<uﬁ HayionanoHul ynieepcumem im. B.M. Kapasuna
nn. Ceoboou, 4, Xapxie 61022, Vrpaina

OOroBOPIOIOTHCS Pi3HI MOJIEII OMUCY MOIYJISIHHOT HECTIHKOCTI iIHTEHCHBHUX JICHTMIOPOBCKHX KOJIMBAHb B IIa3Mi B OJIHOMIPHOMY
BUMNAJKY. Bifg3HauaeThes, 110 KIHETHYHE 3racaHHs Ha eJICKTPOHAX 3[aTHE MOPYLIMTH YMOBU PO3BUTKY MOAYJIALIIHOI HECTIMKOCTI 3a
PpaxyHOK 3arjylIeHHs Mol e Ha eTamni (OopMyBaHHS KaBepH, SKi IPH [IbOMY MOXYTb 3MiHIOBaTH cBOO (opmy. 'igpoauHaMiunuii
OMHC HE IIJIKOM KOPEKTHO OMHCY€E MOBENIHKY 3aXOIUIEHMX YaCTHHOK HEOAHOPIAHUM B MPOCTOpi MojeM, (HaKTHYHO HEXTYIOUH iX
iHepieto. Lle mpuOIMKeHHS Mae HACIIAKOM He TUTbKH (opMyBaHHA OpiOHOMACIITAOHUX Ta TTMOOKUX KaBEpH T'YCTUHH IUIa3MH, ajie
1 mepexiJ 0 PeKUMIB 3 3arOoCTpeHHsAM. lIpecTaBIeHHs 10HIB YaCTKaMHU B paMKax, TaK 3BaHHX TiOpUAHUX Mojeneil (eIeKTpOHHU
ONUCYIOThCS K pifMHA, a 10HM SK BENWKI YAaCTUHKM), JO3BOJSAE MOOAUUTH MOSBICHHS TPyl MIBUAKAX 1OHIB 1 IeperdacHe
pyHHYBaHHS KaBepH I'yCTHHH 4Yepe3 IepeTHH ioHHUX TpaekTopiil. ITomiGHI Mozmeni HO3BOJSIIOTH 3HAWTH 3araibHy E€HEprilo, IO
nepenaeTbes ioHam Ta koiektuBHUM HY crynensm cBo6omu. [IpoBoauThCs MOPIiBHAHHS Pi3HUX Mozeeil, mpuuoMy ocobiauBa yBara
HPHUIUISEThCS OOTOBOPEHHIO MOPIBHSUIBHOT JMHAMIKM HArpiBy iOHIB HPH HECTIMKOCTI IHTEHCUBHUX JICHTMIODOBCKHX KOJIMBAaHb B

© Kirichok A.V., Kuklin V.M., ZagorodnA.G., 2015




5

Essential features of models for description of modulation instability of Langmuir EEJPVol.2No0.22015

raps4ii (Mozens 3axapoBa) i xonoaHii (Moaens CuitiHa) ma3Mi.
KJIFOUYOBI CJIOBA: moaysiniiiHa HecTiiiKkicTh, MapaMeTpHyHa HeCTiiKicTh, Mosenb 3axapoBa, Moaenb CuiiHa, TiOpuaHi Moaemni

Jlerko B030yXmaemble pazIMYHBIMH HCTOYHHKaMH B IjasMe [1-9] HMHTCHCHBHBIC JICHTMIOPOBCKHE BOJHBI
OKa3bIBAIOTCS MapaMETPUYECKH HEYCTOHUMBBIMH. DTa HEYCTOWYHMBOCTH BEINET K BO30YXKIEHHIO KOPOTKOBOJIHOBOTO
CIeKTpa KoJeOaHWil, CHHXPOHM3MPOBAHHOIO IO YacTOTE C WHTEHCHBHOM JICHTMIOPOBCKOW BOJHOW (Hakadku), U K
00pa3oBaHMI0 TIIyOOKMX KaBepH IUIOTHOCTH IuIa3Mbl, 3amosHeHHBIX BY momem. MHTepec k 3TUM mporeccam ObLI
00YCIIOBJIEH, B YaCTHOCTH, OTKPBIBIIMMECS BO3MOXKHOCTSIMH HarpeBa 3JIEKTPOHOB M MOHOB. KoppekTHBIH ammapat
OITMCAHMs MTapaMeTPUIECKON HEYCTONUYMBOCTH JITMHHOBOJIHOBBIX JICHTMIOPOBCKMX KoJieOaHuil (pakTiueckn ObIT co31aH
B ocHoBomonaratommx paborax B.II. Cummaa [10] m B.E. 3axapoBa [11]. VYke B mepBeIX YHCIeHHBIX 1D
SKCIIEPUMEHTAaX TI0 MapaMeTPUIeCKOMY paciiay JICHTMIOPOBCKUX KoniebaHuit [12] 3TH TeopeTHdeckue mpeacTaBICHUs
opun moarBepkaeHs! [10] (cm. takxke [13,14] u 00630p [15]). OnHako HaUOONBIIMK HHTEPEC y IKCIIEPHMEHTATOPOB
BbI3BAJI 0OHapykeHHBIN B. E. 3axapoBbIM MeXaHW3M AWCCHUITAIIAN BOJTHOBOHM SHEPTUH. AHANUTHIECKUE UCCIEIOBAHMA,
anmapaTHble W YUCIICHHBIE KCIIEPHMEHTHI €Ille Ha PaHHEH CTaIul M3y4YeHHs dTUX ABJICHUN moarBepaiu [16—18] ToT
(axT, YTO B HEKOTOPBIX CIyYasx 3aMETHAasl YacTh YHEPTHHU IOJISl HAKAYKU B Pe3yJIbTaTe HEYCTOHYMBOCTH MEPEXOHUT B
SHEPTHI0 KOPOTKOBOJIHOBOTO JIECHTMIOPOBCKOTO criekTpa [19,20] u mosBisiroTcsi BEIOPOCH ObICTphIX yacTuil [ 16-29].

Ecnu nminoTHOCTh 3HEPruM AJMHHOBOJIHOBOTO JIEHITMIOPOBCKOIO IIOJIS MEHbIIE IUIOTHOCTH TEIJIOBOM sHeprun
9JIEKTPOHOB IIIa3Mbl, Hpouecc (opMHpPOBaHMS KOPOTKOBOJHOBOTO CHEKTpa BO3MYIUEHMH W 00pa3oBaHMs KaBEpH
IUIOTHOCTH TUIA3MBl MOXKET OBITH ONHWCAaH C IOMOLIbI0 ypaBHeHHH 3axapoBa [11], MoJy4eHHBIX C HCIIOJIB30BaHHEM
TUAPOIMHAMUYECKUX YPABHEHUH ISl JIEKTPOHHOM M MOHHOM xuakocTei. B ruapoauHamuyeckoil Mmojenu 3axapoBa
BO3HUKAIOT 00JAacTH JIOKANM3allMd WHTEHCHBHBEIX 3JekTpuueckux BY momeidi. U3 atmx obmacrteit (kaBepH) IuraszMa
BEITAJIKUBaeTCs oA neiictBueM BU-maBiieHus, Tak YTO IUIOTHOCTH TNIA3MBI OKAa3bIBAETCS 3HAYUTENBHO HIDKE CpeaHei
mo obsemy. JlampHelmas BOMIONNS MOXET NMPUBECTH K TaK HA3bIBAEMOMY KOJUIAICY — CYXCHHIO W YTITyOJIeHUIO
KaBEpHBI IUIOTHOCTU (T.H. peXHUM ¢ obocTpeHrneM). B 3ToMm ciydae cyxeHHe KaBepHBI, KaK MOXKET OBITH 3aMEUYCHO B
6omee 00X MOZETAX OMMCAHMS 3TOTO SBJICHHUS, JOJDKHO COIPOBOXKAATHCS 3aTyXaHHEM MelKkomacmTaOHbIX Moj BU
CIIEKTpa Ha JJIEKTPOHAX M «CXJIONBIBAHHUEM)» KaBEepHbI M3—3a Bbiropanus BY mons (Tak Ha3bIBaeMbli, «(pU3HMUECKUI
koJutarcy). [ToHsTHO, YTO B THIPOIUHAMHYECKOH MOJENHN yUeT psifia KHHETHYeCKUX (G (deKToB (Hanpumep, 3aTyXaHus
Jlannay) HeBo3MoxkeH. [ToaToMy OOBIYHO TPUMEHSIOTCS (DEHOMEHOJOTMYECKOEe OIMCAHUE ITOrO SIBJICHHUS, 33 CYET
BBEJICHUS B CHCTEMY I'MJIPOAMHAMHUYECKUX yYpaBHEHUN COOTBETCTBYIOIIMX CIAraeéMbIX. JTO B ONPENEICHHON CTETeHU
jJonmyctumo, uOo mpupona 3aryxanums Jlapmay nocratogHo xopomo wu3ydeHa. C  Apyroil CTOpPOHBI, YHCTO
TUIPOAMHAMHUUYECKOE OIMUCAHUE, HE BIOJIHE KOPPEKTHO OMHUCHIBAET IOBEACHUE 3aXBAUEHHBIX YaCTUL[ HEOJHOPOIHBIM B
MPOCTPAHCTBE ToJieM, (haKTUUECKU TpeHeOperas UX WHepHuuel (CymecTBEHHOH MMEHHO U HOHOB), YTO MPHBOAMT K
(hopMHUpPOBAHHIO HE TOJIHKO BEChMa MEIKOMACIITAOHBIX M TIYOOKHX KaBEPH IUIOTHOCTH IIa3Mbl, HO U K peXHMaM C
obocTpeHneM, KOTOphIe He BIIOJIHE a/IeKBaTHBI (PH3MUECKON PeaTbHOCTH.

Jns xoppekTHOrO yuera 3aryxaHus Jlanmay Ha JIEKTPOHAX YaCTO HCIIONB3YETCS KHHETHUECKOE YpaBHEHHE IUIS
¢yHKnmn ux pacnpenencHus. Ho cienyer uMeTs B BHIY, YTO MPH OMPEICICHHBIX YCIOBHSIX KHHETHUECKOE 3aTyXaHHe
Ha 3JICKTPOHAX CIIOCOOHO HAPYIIUTH YCJIOBHS Pa3BUTH MOIYJISAIIMOHHONH HEYCTONYMBOCTH 3a CUET MOJAABJICHUS MO
eme Ha dTare (HOPMUPOBAHUS KaBEpPH, KOTOpPbIE MPU ITOM MOTYT HCKaxaTh CBOKW (opmy. To ecTh, cyliecTBYIOT
TPYAHOCTH B HWHTEPIpETAllUH Ipollecca MOAYJIALHUOHHOW HEYCTOMUMBOCTH, XapakTep KOTOPOH MOXET JOBOJIBHO
3aMETHO U3MEHSTHCS IPU BKIIOUEHUH CHIIBHOTO KHHETHYECKOro 3aTyxaHus. Kpome Toro, KHHeTH4ECKUH MOAX0, KaK U
THPOIMHAMHYECKUH, ONKCHIBACT JBM)KEHHE CIUIOLIHOW CpEelbl, TI03BOJISIS CYILIECTBOBATh HE MMEIOIINM (H3NYEeCKOU
MIEPCIIEKTUBBI PEIICHUSIM ¢ 000CTPEHUSMH BILUIOTH JI0 CKOJIb YTOJHO MaJIbIX MaclITaboB.

Hwxe o0cynum pasnniHble MOJIETH ONMCAHHS MOIYJIAIMOHHON HEYyCTOHYMBOCTH WHTEHCHBHBIX JICHTMIOPOBCKHX
KoJe0aHHUH B TUIa3Me, HCIIOB3Ys OTHOMEPHOE IpeicTaBleHre. BEIOOp OJHOMEPHBIX MOJIENEH POIecCOB, KaK OTMETHII
JIx. JIoycoH, coxXpaHsSeT OCHOBHBIC YEpPTHI MPOIIECCOB, CYMIECTBCHHO YIIPOIAasl ONMCAHWE W IMOHUMAaHHE (PH3MUSCKIX
sBireHni [30].

B omaomepHOM ciydae dopmupyercs MenkomacmTaOHas COJIMTOHONOIOOHAs KaBepHa, rae BY maBnenwue
YPaBHOBEIIMBAETCS JABJICHUEM IUIA3MEHHBIX AJIEKTPOHOB. B 103ByKOBOM pexuMe AeHCTBUTENBHO (HOPMHUPYIOTCS
pemieHus B BHJAE Iyra COJHTOHOB, MOJOOHBIE TEM, KOTOPHIE SBISIOTCA PEIICHUSAMU HEIWHEHHOTO YypaBHEHHUS
Hlpennnrepa [31]. OxHako B 3TUX HU3KOPa3MEPHBIX CIydasX BO3MOXKEH «(hH3MUYecKuil Koyutancy, ecau BYU naBnenne
YMEHBIIIAeTCs B pe3yJIbTaTe BRITOPAHUs MO 3a cueT 3atyxanus Jlanmay [32].

BooOmie roBOps, MOJNEpKHMBACT pa3pylleHWE KaBEpPHbI HArpeB HE TOJBKO JJIEKTPOHOB, HO U HOHOB,
TIOBBINIAIONIMK O0Illee AaBJIEHHE IUIa3Mbl, YTO TAaKXKE pa3pyllaeT PaBHOBECHOE COCTOSHHE 3THX oOpazoBaHuil. B
CBEPX3BYKOBOM DEXHME JIBIDKCHHS CTEHOK KaBEpHBI, BEPOSTHOCTh (PU3MUECKOTrO Kojuiarca Jake B OJXHOMEPHOM
clydae MOXET Bo3pacTaTb. MOIYNSAIMOHHAS HEYCTOWYMBOCTh HWHTEHCHBHOW JICHTMIOPOBCKOW BOJHEI B
HEU30TEPMHUYCCKOH IIa3Me MPHUBOAUT TAaKXKE K KOJUICKTHBHBIM HOHHBIM BO30Y)KICHHSM, B YAaCTHOCTH K TCHEpAIUU
HMOHHO-3BYKOBBIX BOJH [33-36].

CpaBHeHne kuHeTHUeCKoH Mozaenn (BmacoBa—Ilyaccona), KOTopasi ONHCHIBAET IMOBEIECHHE SJICKTPOHOB U HOHOB C
MTOMOIIBI0 KMHETUYECKUX YPaBHEHUH UL GYHKIUI pacupeneneHns, ¢ THAPOANHAMHYECKONH MOJIeNbio 3axapoBa s
OIHUX W TeX K& 3HAYCHHI MapaMeTpOB M OJMHAKOBBIX HAaYaJbHBIX YCIOBHU OBUIO mMpoBeacHO B pabote [37], rame
aMIUIMTYZa JUIMHHOBOJIHOBOTO NOJIs (HAKa4KK) CO BpeMEHEM He u3MeHsutach. Hanbosee KOppeKTHBIM ObUIO CpaBHEHHE
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JUISL CITydasi HeM30TepMHUUIecKol mia3Mbl. [Ipu popMupoBaHuy KaBepHbI, HA HAYaJIBHOW CTaJAMU HEJIMHEHHOTo Ipolecca
B PEXHME IOCTOSHHOM Hakadku (KOTOpPBIH, B HEKOTOPOH CTerneHH, MOA00CH HSBOJIONMH HAYAIBHOTO COCTOSHUS)
3aMETHBI OTJINYMS B ()OPMUPOBAHUH KaBEPH IUIOTHOCTH, (popMa KOTOPHIX B KMHETHYECKOW MOJIENN HE COOTBETCTBYET
CTPYKTYpE BO3MYIIEHUH, XapaKTepHbIX IS MOAYJISLIHOHHOW HEyCTOWYNBOCTH. XOTs B 000MX CiIy4asix BeITecHeHne BU
TOJIEM TUTa3MBI MIPUBOAMT K 00pa30BaHUIO 00NacTel ¢ MOHIKEHHOH IIOTHOCTHIO, BEIMYMHA H3MCHEHUH MOCTIECTHEH B
Mozenu 3axapoBa OKasajach 3HAUMTENBHO Oonble, yeM B Moaenu BiacoBa—Ilyaccona. To ecTs, OBUIO MOKa3aHO, YTO
KHHETHYECKOe 3aTyXaHHE IOJI1 Ha YacTHIAX CIIOCOOHO HWCKaXaTh IIPOIECC MOIYJISAIMOHHON HEYCTOWYHBOCTH,
BO3MO>KHO TIPUBOJSA K HHBIM IMTOCTIEICTBHSIM, B YACTHOCTH K TOSBJICHUIO TPYTIIT OBICTPBIX YACTHII U IPEXKICBPEMEHHOMY
pa3pyIIeHNIO KaBepH IIIOTHOCTH.

Becpma mHTEpecHO cpaBHEHHE THAPOIMHAMHYECKOM MozenHu 3axapoBa C MOJENbI0, B KOTOPOH HCIIONB30BaHO
KUHETUYECKOE OMHMCaHWE JJIEKTPOHOB U THIAPOJWHAMHUUYEcKoe Jisl HoHOB [38]. 3mech Takke paccMaTpuBajCs Ciiydaid
MOCTOSTHHOW Hakauyku. JlaHHas MOJeb 3HA4YMTEJbHO JIy4Ylle ONUCHIBAeT (POPMUPOBAHHE KaBEPH, XapaKTEPHBIX LIS
pa3BUTON MOIYJSAIMOHHON HEYCTOWYMBOCTH, KOTOPBIC HA HAYaJIbHOW CTAAUM HEIMHEHHOro Mmpolecca NpakTUIeCKH He
OTJIIMYAIOTCST OT MOJOOHBIX 00pa30BaHMil B TMIpOAMHAMHUYECKOil Mozenu 3axapoBa. Hamo oTMeTTh, YTO MOJENH,
KOTOPBIE HUCIOJIB3YIOT TAKO€ KUHETHYECKOE ONHCAHHME IEKTPOHHOIO KOMIIOHEHTA IUIA3Mbl, a MOHBI NPEICTAaBIICHBI
THIPOJMHAMHYECKH, IT03BOJISIIOT YBHJETh ()OPMHUPOBAHHE KaBEPH IUIOTHOCTH IUIa3MBl U CIIOCOOHBI Ooiee TOYHO
OTIPENIeNIUTh XapaKTEPUCTUKU PacIipeeNieHHs JICKTPOHOB TI0 CKOPOCTSIM, B YaCTHOCTH MX TEMIIEPATypy, XOTS HE NAIOT
MIPECTABICHUS O PACIPEeICHIH HOHOB IT0 SHEPTHSM.

Ipy NpeiCTaBICHHH HOHOB YACTHIAMH B PAMKAX TAK HA3bIBAGMBIX FMOPHIHBIX MOJEIEH (7EKTPOHBI OIHCAHBI
THIPOAMHAMHYECKH, 4 WOHBI — KPYMHBIMH YacTHIAMH) (IyKTyalnd HOHHON IUTOTHOCTH OKAa3BIBAIOTCS BeEChMa
3HaYUTENbHBIMA [39-41], 4TO yCKOpsieT mpomecc pa3BUTHS TapaMETPUIECKOHl HEYyCTOWYMBOCTH HACTONBKO, YTO
JIMHEHHAs CTaJus poCTa BO3MYIICHUI MPAKTUYECKH BBINAIACT U3 HAOMIOACHUS (XOTS 3TO, KaK Oy/eT OTMEUYEHO HHXKE,
00YCIJIOBJIEHO, B TOM YHCJIE, ¥ UHBIMH IIPUYMHAMH). PaccMOTpeHre B paMKax TaKUX TMOPHIHBIX MOJENEH M03BOJISET
y4YeCTh WHEPIMIO MOHOB NpU (POPMHUPOBAHWHU W SBOJIOLMHM KaBEpH IUIOTHOCTH ILIa3Mbl, B YaCTHOCTH, MEXaHU3M HX
paspymeHus. VIMeHHO mpsiMOe MOJENUPOBaHME KOJJIalca METOJOM 4YacTUI, II0 MHEHMIO, BBICKA3aHHOMY
B.E. 3axapoBeiM u ero kosuteramu (cMm. [42]), sBusercs «HamOosiee TIOcieOBaTeNnbHBIMY. JlelficTBUTENbHO,
KMHETUYECKOE M THAPOANHAMUYECKOE OIMCaHUs OIIEPUPYIOT 00BEKTaMH, KOTOPBIE IPEJICTABIAIOT cOO0H HE YacTHUIIBL, a
Maible (ha3oBble 00BEMBI M B KJIACCHYECKOM Mpezene 3TH (a30Bble 00bEMBI CKOJIb YTOJHO Majibl. JTO MPHUBOIUT K
MEHbBIIIEH MHEePIIMOHHOCTH BEMIECTBA, YeM IIPH €r0 ONHCAHUH YaCTUI[AMH, XOPOIIO JIOKATH30BAHHBIMA B OOBIYHOM
MPOCTPAHCTBE W B MPOCTPAHCTBE CKOpocTeil. UTo Kacaercs 4acTHIl, TO 3/eCh Apyras KPaHOCTh, KPYITHBIE YaCTHIIHI
001aaroT M3NUIIHE OOJBIION WHEPIHUOHHOCTBHIO, IOTOMY MX YacTO 3aMEHSIOT JIOKAJHHBIMH O0BEKTaMH OOJIACTSIMH—
AYeKaMH, T/A€ TPOHUCXOAWUT OCPEAHEHHE BHYTPEHHETO COMEPKHMOTO. DTO TMPHUOIIDKACT TaKOW ITOAXOJ Ha MAalbIX
MacmTabax K THAPOIMHAMUYECKOMY OIMUCAHHWIO, COXpaHsIs Ha OOJBIIMX MacmTabax 0COOEHHOCTH METOJa KPYIHBIX
YaCTHUI] U UX OCPETHEHHYIO WHEPIIMOHHOCTh. MO)KHO yBETMUMBATh YHCIIO MOJENBHBIX YaCTHUI] B ONMCAHUH, YMEHbINASA
YIENBHYIO JIOMIO (3apsi]] U Maccy) KaXKI0W, XOTsI IPUOIN3UTHCS K PeTbHBIM (DU3MYECKUM ITapaMeTpaM B TPEXMEPHOM
MPOCTPAHCTBE BPAA JH yaactcs. Jlamee Mbl MCIONB3YEM IUT OJHOMEPHOTO MOJIEIUPOBAHUSA 2 +5-10* MOIETBHBIX
YACTHI[-HOHOB (YTO B TPEXMEPHOU MOJIENH COOTBETCTBOBANIO ObI 10" + 10" Takux 00bEKTOB B 00bEME PACCMOTPEHHS),
STH YaCTHIBI YK€ MO CBOMM XapaKTEepUCTHKaM OTBEYAOT OTACIbHBIM HOHaM. IloToMy AWHaAMHKa MOAETHPYIOLIHX
MOHBI YaCTHI] B 3TOM cJIy4ae B 3HAUUTEIHHON CTENEHM aJieKBaTHA TWHAMHKE MOHOB IUIa3MbI, O0jee TOr0 MEXaHHU3MBbI
oOMeHa SHepruell MexIy NOoJeM M 4YacTUIaMH OTBEYAIOT peajbHOMY B3aWMOJACHCTBUIO MOHOB co crmekrpom HY
KoJIeOaHHH.

OTO O3Ha4yaeT 4TO, B OJHOMEPHBIX T'MOPUIHBIX MOJENSAX C OONBIIMM YHCIOM YacTHIl MOXXHO O00ECHEeYHTh
KOPPEKTHOE OIMCAaHUE HEIMHEHHOro 3aTyxaHus JlaHnay MeIVICHHBIX BO3MYIIEHWI IUIOTHOCTH IUIa3Mbl HAa HMOHaX,
OCTaBJISIL 32 PaMKaMH 3TOTO IOAXOJa MPOOIEeMBbI OMUCAHWS NeTale (YHKIUU paclpelelieHHus dJICKTPOHOB. YUeET
HEPEe30HAHCHOTO B3aUMOICHCTBHUS YaCTUII-MOHOB ¢ Momamu HY criekTpa, 3aXBaT HOHOB B TIOTCHIMANBHBIC SIMBI TAKUX
Koe0aHWi TIPUBOIAWT K JOMOJHHUTEIGHOW HECTAOMIBHOCTH KaBepH IUIOTHOCTH, BO3HUKAIOMIMX B pe3yibTare
MOIyJISIIIOHHON HEYCTOMYHUBOCTH, a TAKXKE K TOSBICHUIO TPYII OBICTPHIX YACTHII.

B pabote [41], Obut0 MpOBEACHO CpaBHEHHE MABYX MOJIENEH — THIPOAMHAMHYECKOW MoJenu 3axapoBa u
THOPHUIHOMN IPU OJMHAKOBBIX 3HAUCHUSAX IMapaMeTPOB U OJMHAKOBBIX HAYAIBHBIX YCIOBHUAX. 3a CUET OOJBIIETO YPOBHS
(biyKTyaluii HOHHOW MJIOTHOCTH KOJIMYECTBO KAaBEPH B TMOPUIHON MO/ OKA3alI0Ch 3aMETHO OOJIbllie, © OHU MEHEE
riy0oKkue, 4YeM B MoOJeNM 3axapoBa. VIHTerpajibHble TIOKa3aTeld O0euX MOJeNieil NPaKTUYeCKH OJMHAKOBBI.
HenoctatkoM paboTBl 3THX aBTOPOB SBJIAETCS HECAMOCOTTIACOBAaHHOE OIMCaHHWE, TO €CTh OTCYTCTBHE YydeTa
BO30Y’K/1aeMOT0 CIIEKTpa Ha BOJIHY Hakauku. [loguepkHeM, YTO B Cy4asx TMAPOAMHAMUYECKOTO OIHCAHUS B MOJEIN
3axapoBa [41] n ommcaHMS B paMKax KHHETHYECKHX YpPaBHEHMH Il (YHKIUM pacrpeleleHUs] dJIeKTpoHOB [43],
KaBEPHBI OCTAFOTCS CTAOMIEHBIMU.

Ecmi TUIOTHOCTP SHEPrHHM TIONS 3aMETHO TNPEBOCXOAWT IDIOTHOCTh TEIDIOBOW DJHEPTHH IUIA3MBI, Pa3BUTHE
MOIYISAIIMOHHONH HEYCTOHYMBOCTH MO KpailHeW Mepe Ha HadaJlbHOW CTaJWH TPOIEcca MPOUCXOAUT MO CICHAPHSIM,
npemnokeHHbM B.I1. Cumrabmv [10,21]. B mopemnsx B.I1. Cunitra MomHas JICHTMIOPOBCKAs BOJTHA B XOJIOIHOW TUTa3Me

! 310 HasBaHKe GBITO MPEITOKEHO aBTOpamit [41].
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NPUBOANUT K UHTEHCUBHBIM OCHMJUISALIUSIM CKOPOCTH DJIEKTPOHOB, aMIUIUTYAa KOTOPBIX CPaBHMMA C JUTMHON BOJIHBI MOJ|
B030yxmaemMoro crektpa. B 3ToMm ciydyae, BoOOLIe TOBOpS, HEYCTOHYMBOCTH ClleOBaJlo Obl Ha3bIBaTh
napamerpudeckoit [10]. Tem He Mmenee, 00e mozenu 3axapoBa M CuinMHa OKa3bIBalOTCS (DM3UUECKH MOAOOHBI [44].
VIMeHHO M3—3a 3TOr0 TEPMHH MOAYJISIIMOHHAsE HEYCTOMYMBOCTh MPUMEHUM JUISl OIIMCAHMs Ipoliecca HecTaOMIbHOCTH
MOIITHOTO JIEHTMIOPOBCKOTO TI0JIs B MoJieny CrinHa.

B wactHOCTH, make B OJHOMEPHOM YMCICHHOM MOJEIMPOBAaHHWM Mporecca Ha 0a3ze 000OHmIEHHBIX B paboTax
[45, 46] TunpommHamuyecknx ypaBHeHHWH CuinHa, pa3BUBANACh MOIYJSAIMOHHAS HEYCTOWYMBOCTh M IIPOHCXOJIAI
YaCTUYHBIH OOMEH >HEprueil MeKIay €€ KOPOTKOBOJHOBBIM CIIEKTPOM W MHTEHCHBHOW BOJHOHM Hakaukw. B ruOpumHOi
Mozenn CunnHa (3IeKTPOHBI ONMCAHbI THAPOIMHAMUYECKH, 8 HOHBI — KPYITHBIMH YaCTHLIAMH ) MOXHO ObLUTO HAaOII0AATh
¢usnueckuii koyarnc [40], 0OyCIIOBICHHBI HE TOJBKO HEPAaBHOBECHBIM HAYaJbHBIM COCTOSHHEM KaBepH (H3-3a
HapyuieHus Oananca Mexay BY naBieHueM W aaBieHHEM IUTa3Mbl) M 3((eKkToM BBITOpaHHsS IOJS, HO M Y4ETOM
WHEpLUUU HOHOB. [Ipr 3TOM MOHHAsI KaBepHA «CXJIOMBIBAJIACKHY, TO €CTh, [IEPEXO/INIIA B PEIKHUM TIEPECCUSHHUs] TPACKTOPUI
yactull [39, 40]. OTtmeTuM, 4TO AMHAMUKA Tpoliecca, MO KpaiiHeill Mepe, Ha HA4YalbHOM CTaJUHM PA3BUTOTO pexUMa
COBMaJajia ¢ paHee BBHIIOJHEHHBIMH YHCIEHHBIMU pacyetamu [21]. DHeprusi, KOTOpylo OTOMpany HOHBI, OKa3anach
nopsinka  (m, /m,)"” HauaneHON dHeprum BonHBI Hakauku [40] (3Mech m, W m,— Macchl JIEKTPOHOB M HOHOB,

COOTBETCTBEHHO). J{JIsl SJIEKTPOHOB MEPEXO0/l B PEXKUM MEPECEYCHUs] TPACKTOPUI MOT CIEPKUBATHCS CYLIECTBOBAHHEM
HOHHOW KaBepHBI, YTO CHOCOOHO OBUIO CHHXPOHH30BATh BBHIOPOC OBICTPHIX AJIEKTPOHOB M HMOHOB B MOMEHT €&
paspyuieHus. DKCIePUMEHTHI TI0 CO3/IaHHI0 BOJM3H INIa3MEHHOT'O PE30HAHCAa B HEOJTHOPOIHOM IIa3Me 3HaYHUTEIbHOM
IUIOTHOCTH HEpruu nons W , mpeBblaronieil INOTHOCTh TEII0BOH 3Hepruu mnasmsl 7,7, ¢ 4aCTOTOH, OIM3KOH K

JICHT'MIOPOBCKOH, JIEMOHCTPHPOBAIM Ha ()OHE HArpeBa SJICKTPOHOB BOJM3M IUIA3MEHHOI'O DPE30HAHCA IIOSBIICHHE
KOPOTKHX HMMITYJIbCOB OBICTPBIX YacTHL. IIpudem, Hapsgy ¢ 3JIEKTpOHAMH MMEN MECTO BBIHOC HEPrHM M3 o0nactu
IDTa3MEHHOTO pe30HaHca moHaMu [47—49] ¢ nocTaTodHo OONBIIMMH YHEPTHUSME (CM., HallpuMep, 0030pHYI0 paboTy
[49]). OG6macTp HWCTOYHHKOB 3JEKTPOHHBIX HMIIYJIBCOB COOTBETCTBOBaJa MajlbIM pa3MepaM KaBepH ILIOTHOCTH.
CoOTHOIIIEHHE 3HEPIrUH, 3alaceHHON Kak B OBICTPHIX MOHAX IOCJTE pa3pyLICHUs KaBEPHbBI, NMPUMEPHO OTBEYANIO
MpuBeIeHHBIM B Teopuu [40,50-52] 3HaueHHAM.

PaccmoTtpenue npoueccoB napaMeTpuyecKor HEYCTOMYMBOCTH JIEHIMIOPOBCKHUX BOJIH B YCJIOBUSIX PUMEHHUMOCTH
ypaBHeHHI 3axapoBa M ypaBHeHUII CuiMHa 0OBIYHO paccMaTpHBalOCh TEOPETUKAMHU Pa3/ieNbHO, XOTS IKCIIEPUMEHTHI
4acTo HE pa3jessutd 3TH npouecchl. [loaToMy npeacraBisier HHTEpPEC CPaBHUTH XapaKTep NPOTEKaHUsT MOIYJISIIIMOHHON
HEYCTOMYMBOCTH MHTCHCHBHBIX JICHTMIOPOBCKHX KOJIEOAHWH B TOps4edl M XOJIOJHOM Iula3Me B paMKax T'MOPHIHBIX
CaMOCOIJIaCOBaHHBIX Mojeneil. OCHOBHOe BHMMaHHE OBLIO 0OpalleHO Ha MOBEJEHHWE MOHHOTO KOMITIOHEHTA IUIA3MBbl.
Oxkaszanoce, uto fons sHepruu BY moss, nepenaBaeMas MOHaM B cilyuae ropsdeil minasmel nopsiaka W /nyT, , a B

0

CIlydae XOJIOIHOM M1a3Mbl ObUTH MOATBEPsKIEHBI otleHku [40] nopsaka (m, /m,)"” , npuyem B moceIHEM Cllyyae 10J1s

OBICTPBIX YAaCTHII B pacIipefe’eH!H X 110 SHEPTUsIM OKasanach Boimie [50-52].

Ocoboe BHMMaHHWE B JaHHOWH paboTe yIeNeHO CPaBHEHMIO XapaKTepa BO30YXKICHUS KOJUICKTHBHBIX CTeTeHEeH
CcBOOOIBI HM3KOYACTOTHBIX ABHMXXECHHUH, B YAaCTHOCTH, T€HEpalusl MOHHBIX BOJH B THOPHUAHBIX MOJENSAX 3axapoBa U
Cwnaa. BaxkHo OBLITO Takke BBISICHUTD, KaK BISIET CKOPOCTh BEITOpaHust BU mons B kaBepHaX Ha XapakTep AWHAMUKHI
HMOHOB. DTH M IPyTHE BOIIPOCH 00CYKIAIOTCS HIDKE.

Lenpto manHOW paboTHI SBISETCS CpaBHEHHWE paznuuHBIX 1D Moneneil ommcanms mporecca MOIySIIHOHHON
HeyCTOﬁ‘IHBOCTI/I WHTCHCUBHBIX NJJIMHHOBOJIHOBBIX JICHI'MIOPOBCKHX KoJieOaHull B FOpﬂ‘Ieﬁ u XOHO)IHOﬁ Iasme.

MOJYJIALUOHHAS HEYCTOMUYUBOCTD JJEHIMIOPOBCKOM BOJIHbI B TOPSTUEN ILJTAZME
I'mpponnnamuyeckas moaens 3axapopa. OmnucaHue MNOBENEHHS AJIEKTPOHOB IUIA3Mbl B YCJIOBHAX, KOrja
(ha3oBBIE CKOPOCTH JIGHTMIOPOBCKHX BOJIH IPEBOCXOJAT MX TEIUIOBYIO CKOPOCTb, MOXKET OBITH THJIPOJUHAMHYECKHM.
Honpl Taxke MOKHO OIKCHIBaTH THIpOJMHAMHuYeckd. Ilo cymiecTBy, Takas CHCTEMa IpeJCTaBiIsieT coOon
JBYX>KHJKOCTHYIO THIPOANHAMUKY C 3JI€KTPOHHON U HOHHOM XKHUIKOCTAMHU.
st ynpoleHusl ONMCaHus, HMXKE OIPAaHHUYMMCS OJHOMEPHBIM ciydaeM. JlIsi CKOpOCTH V, W IUIOTHOCTH 7,

3JIEKTPOHOB CIPABEJIUBEI CIEAYIONINE YPAaBHEHUS

Poytp LA, O (1)
ot m, m,n, Ox ox
on 0 0
f_;’_ _ = . , 2
o T T T ) @
iE =4re-(n,—n,), 3)
ox

rae £E=-0¢/0x, ¢ — HaNpsHKEHHOCTh W MOTEHLIHUAN JJIEKTPHYECKOro 1ons Konebanwmit, P, =n, T, — naBnenue, T,—

TEMIICpAaTypa B OHCPIreTUYCCKUX CAUHULIAX UV, = «/Te /me — TCHJIOBast CKOPOCTb JJICKTPOHOB, 71, — MJIOTHOCTH HOHOB
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2 1/2
NIa3Mbl, 7, — HEBO3MYIIEHHAs IUIOTHOCTb KaK OJIEKTPOHOB, TaK W HOHOB IUIasMbl, @, =(4me'n,/m,) " —
JIEHTMIOPOBCKAsl 4acTOTA ILIa3MBbl.
Cucrema ypasaenwii (1) — (3) TpanchopMupyercst coriacHo Nnpolenype, npeacraBieHHon B [53] (cm. taxoke [44])
B J[Ba YpaBHEHHS JIsI MEICHHO MEHSIOMmeHcs aMmmTy a6l BY monst £ ¥ IIIOTHOCTH HOHOB 7,
2 2
jOE Vi O p O
2
o 2w, 0x 2n,

o’n.  ,0n 1 & g

nE+i-0-E=0, “4)

i i

c = —
o T ox* 16zm, ox’

b (5)

TIe CKOpOCTh 3ByKa ¢, =./T,/m,, a aMIUIATYyZy OSNEKTPUYECKOTO TIONs  MPEACTaBUM B  BHIC

E= Z E expiik, x} = Z E exp{link,x} , rne BenuuuHa k, = nk, ompenenser IUCKPETHbI HAOOP BOJIHOBBIX YHCEN
n n

MOJ CIEeKTpa. OTU ypaBHEHMS W3BECTHBl Kak ypaBHeHHMs 3axapoBa [l11] B onHOMepHOM ciydae B YCJIOBHSIX
WS E, [ /Ar <<n,T,

..

Kunernuyeckasi (BiaacoBa—Ilyaccona) momens. Paccmorpum kmHetmdeckyio mopmens (BmacoBa—Ilyaccona),
KOTOpasl ONHMCHIBAECT IIOBEJCHHE JJICKTPOHOB M HOHOB C IIOMOIIBIO KHHETHUCCKHX YypaBHEHWH A (YHKIMH
pacupenenenus [37].

S ., 9o I _

o +v, o [E()+ E(x,1)] o, =0, (6)
%+«/,ua -vi%+\/,u/a ~[E(t)+E(x,t)]%:0 , 7
or Ox ov,

%zni -n, , ®)

KOOpJMHATa

[l€ BO3MYIUCHHAs 1 IUIOTHOCTh YacTHIl 7, = I vy [ (X,v5,7), T=0,t, u=m,/m, a=T,/T,,

—0

HOpMHpOBaHa Ha A, =T, /4ze’n,, CKOpoCTH — Ha Vg =JT, »/m, . JlaHHas MoJenb MOXET ObITh Ha3BaHa Kak

kuHeTHueckas (Bmacosa — Ilyaccona) mogens [37].

KomOunupoBannass moaenb BaacoBa—Ilyaccona. Ecnm ommcreiBaTe MOAYIALHMOHHYIO HEYCTOWYHBOCTH C
TIOMOIIBI0O KHHETHYECKOTO ypaBHEHHA Uil (YHKIMH pACHpENeNeHHs 3JIEKTPOHOB, a A HOHOB HCIIOJIb30BaTh
THAPOIMHAMHYECKOE MPEICTABICHUE, TO K YPABHEHUSAM VISl BO3MYIIEHHH INIOTHOCTU M CKOPOCTH HOHOB

On;  O(my, _

or or 0 ®
Py 00D B+ B (10)
or or

cienyeT no0aBUTh ypaBHEHHS U1 QYHKIUH paclpeaeeHns IIeKTPOHOB U ypaBHeHHe [lyaccona (6) u (8) [37]. B mByx
HOCJEHUX Ccilydasx aBTopsl [37, 38] ammiuTyny EjMHTEHCHBHOM JIEHIMIOPOBCKOH BosHbI E(t) = E cosw,t (31ech
BOJIHBI HAaKayK{) TOJarajld IMOCTOSHHOW [37] wim MeayieHHO 3aryxaromieidl [38], BCIECNCTBHE CTOJNKHOBHTEIBHBIX
MEXaHU3MOB IOTJIOMICHUS SHEPTHH B IDIa3Me. YUeT BIUSHUS criekTpa E(x,f) HEyCTOHYMBOCTH HA BOIHY HAaKa4KH HE
TIPOBOTUIICS.

I'udpuanass Momeanr 3axapoBa. Ecnu MOHBI ONHCHIBATH KPYNHBIMH YacCTHIIAMH, YPAaBHEHUS [BHKCHUS IS
KOTOPBIX UMEIOT BUJ

d’x, e =
=—)>» E -explik,nx,} (11)
dt2 m,- Zn: n 0" s S
TO BOSMYUICHUA IIJIOTHOCTH HOHOB MOKHO OIPCIACIINTD KaK
zlky
=yt [ expl-ink, - x,(x,,0)]- dx,, , (12)
—lky

a HaIpsKEHHOCTL YCPEAHCHHOT'O 11O 6LICTpI)IM OCIUJLIAIUAM II0JIsA B BUIC

E, =—ikynd, = _tkynn, T ikyne

2 (EnEg +E0Ejn + Z Enmejm) H (13)

e~ pe m#0,n

en,

I[J'IH I10JIs1 HaKa4KH, KOTOpOﬁ SABJIACTCA NJJIMHHOBOJIHOBAA JICHIMIOPOBCKas BOJIHA 00JIBILION AMIUIMTY 1bl, IIOJIYYUM
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OF, . w,
——i— ) n_E =0. 14
o 2 e (14)

B arom ciyuae ypaBHenus (4), (11) - (14) onuchIBarOT Tak Ha3bIBaEMYyI0 THOPHIHYIO MOENb, IJIe AJIEKTPOHBI
OTKCaHbI THAPOJUHAMUYECKH, & HOHBI — KPYNHBIMU dacTHLaMu [41] (cM., Taxoke [44]).

CpaBnenne kuHerndeckux (Baacosa—Ilyaccona) mogeneii u rugpoaunammdeckoii moaean 3axaposa [37].
Kunernueckas monens (BmacoBa—IlyaccoHa), KOoTopasi OIMCHIBA€T ITOBEJCHHE 3JIEKTPOHOB M HOHOB C IOMOIIBIO
KUHETHYECKUX YypaBHeHuH 1 QyHkuuii pacmpenenenus (6)-(8) paccmarpuBanack Juii obnactu L =1054,,
OTHOIIEHHE HAYATBHON IUIOTHOCTh SHEPIHHM K TerUIoBoil sHeprum miasmsl W /n T, ~3,125-107, oTHomeHne macc
JNEKTPOHA M MOHA g =m,/m, =1/1836 , KoMM4YeCTBO MO3UIMU B pea’bHOM U (ha30BOM NPOCTPaHCTBE — MO 256.
lunponnnammdaeckas Moaens 3axapoBa (4)-(5) mpuMeHsmach UIS TeX K€ YCIOBHH. AMIUIMTYIA UTHHHOBOIHOBOTO
nouis (Hakauku) E,co BpeMeHeM He U3MeHsIach. [ Haubonee KOPPEKTHOTO CpaBHEHMS JBYX MOAENEH OblL1 BEIOpaH

ciyuaii Hemsotepmuueckoit mnasmel ¢ =7, /T, =0,1. Huxe, ma puc.]l mnoxasan mpoduib IIOTHOCTH JHEPrHH

KOpOTKOBOMHOBOTO moist | E(x,1) |2 (puc.la) u oTHOCTH MasMel A, (puc.lb).

16
(a)

2 Viasov

| E(x,n)f? :" ———  Zakharov
8

038 . — —
0.4 ™ VAR (b)

08 b |
\ || —Viasov
' Zakharov

-16

0 20 40 60 80 100
X

Puc. 1. TIpodnith MIOTHOCTH SHEPTHH KOPOTKOBOIHOBOTO T0Ist B ipocTpancTse | E(x,7) [* (a) ¥ BOMYIIEHHMIT IITOTHOCTH ITa3MBI
—1 o
n, (b) B moment Bpemenu { =1600w,, nns nByx momeneit [37].

MOKHO BHIETH, YTO y4YeT KMHETHYECKOro 3aTyXaHMs Ha yacTHunax B Mojenu BracoBa—Ilyaccona mpuBomuT K
nedopmanmy KaBepHBI, MaKCHMAaJIbHBIE 3HAYEHMs IUIOTHOCTH SHEPTUM KOPOTKOBOJIHOBOTO TOJS M BO3MYILCHHMS
IUTOTHOCTH IIa3Mbl MIPU 3TOM 3aMETHO MEHbBINE, YeM B Mojenu 3axapoBa. PopMHpOBaHHE KaBEpPHHI Ha HAYaJIbHOU
CTaMM HEIMHEHHOro Ipolecca B PEXUME ITOCTOSHHOM HaKadykd (KOTOPHIA JIMIIb B HEKOTOPOW CTENeHM M0J00eH
9BOJIIOIMH HAYaJIbHOTO COCTOSHMSA) 0OHApyXHWBaeT OTINYMA B (JOPMHUPOBAHWN KaBEPH IUIOTHOCTH, (popMa KOTOPHIX B
KMHETHYECKOH MOJIEIM HE COOTBETCTBYET CTPYKType BO3MYIUCHMH, XapakTepHBIX IS MOAYJISILMOHHON
HEYCTOWYMBOCTH. XOTS B 000HMX ciy4asx BbITecHeHHEe BU mosieM mia3Mbl IPOMCXOOUT B OONACTSX C MOHMKEHHON
IUIOTHOCTBIO. DTO CBHUJETENBCTBYET OT TOM, YTO BBIOOP HAYaIbHBIX YCIOBHH CIOCOOCH MOBIMATH Ha Pa3BUTHE
HEYCTOMYMBOCTH, KOTOpasi MOKET MPUHUMATh XapaKTEP HECKOJIbKO OTJIMYAIOMIMIICS OT MOAyJsuuoHHOM. [IpuunHoit
TaKOT'o OTJINYUA B CTCIICHU BJIHUAHUA KUHECTUYCCKOI'O IMOTJIOIECHUA SHEPTUHN TOJIA YaCTUIIaMU, BOBHUKHOBCHHUE IIPU 3TOM
TPy OBICTPBIX YACTHII, YTO CIIOCOOHO HAPYIIUTh TOTIOJIOTHIO KaBEpH.

Ecnmn momudunupoBars mozens BrnacoBa—IlyaccoHa, coXpaHUB IpeCTaBlICHHE 3JEKTPOHOB C MOMOIIBIO
KWHETUYECKOTO YypaBHeHus s (yHKUuM pacnpeaeneHus (6), a s HOHOB BOCIIOJIB30BAThCS ypaBHEHHSIMHU
kBazuruapoauHamuku (9), (10) u ypaBuenuem Ilyaccona (8), To moBemeHue 3TOW MOJEIM W THAPOAMHAMUYECKOH
MoJieni 3aXapoBa B 3HAUNTEIHHON CTETIEHH CTAHOBUTCS MOJOOHBIM. KaBepHBI IUIOTHOCTH M XapaKTep paclpeesiCHNs
IUTOTHOCTH KOPOTKOBOJIHOBOTO CIIEKTpa MPAKTHYECKH HE OTINYAIOTCS, OJHAKO MOAM(UIMPOBaHHas Moaenb BracoBa—
ITyaccona crocoOHa ompenesuTh XapaKTEePHCTHKH pACIpPEeNICHNs] JIEKTPOHOB IO CKOPOCTSIM, B YAaCTHOCTH HX
TEMIIEPaTypy, XOTS HE AACT MPEICTABICHUS O PACHIPEICIICHUN HOHOB 10 SHEPTHAM.

OTMeTHM, 4TO ONMMCAHUS AWHAMUKHU IPOLECcCa Pa3BUTHA KOPOTKOBOJHOBOTO CIIEKTpa M ()OPMHUPOBAHHSA KaBEPH
IUIOTHOCTH B paMKax mojeneil BiracoBa—Ilyaccona u rumpoanHamMmdeckoi Moenn 3axapoBa aBTopsl [37,38] Obutn He
CaMOCOTJIACOBAaHHBIMH, TO €CTh 00paTHOE BIIMSIHUE BO30YXK/IaeMOro CIIEKTpa Ha BOJIHY HaKadykHu He Obuto yureHo. Tem
HC MCHCC, HO}IO6HBIC CpaBHCHUSA TIO3BOJIMIN O6Hapy)KI/ITI) CHJIBHBIC H cna6me CTOPOHBI MOAXOAOB, BBLIABUTH
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0COOEHHOCTH Pa3BUTHS IIPOLIECCOB B YCIIOBUSX PA3IMYHBIX MOJIEIICH.

CpaBHeHHe THAPOANHAMHYECKOH M rudpumaHoii Moneieii 3axapoa. OOCyauM J1BE MOJICNU: TPATUIIMOHHYIO
THIpOJMHAMHYECKYI0 Mozenb 3axapoBa (4)-(5) m rubpuanyto mozaenb 3axapoBa (4), (11)—(13). YpasHenue s
Hakauky (14) aBTOpBI 3aMEHWIN IPOCTOM TMHAMUKOI ciaboro 3aTyxaHus Hakadku. Jjist aToro aBTopsl [41] monoxunm
BCE TIapaMeTphl OJMHAKOBBIMHU, OTHOIIeHHe Macc 4 =1/(16-1836), mma3ma m3oTepMUdeckas, 00JIacTb PacCMOTPEHHUS

L=1,8-10"4,, Ans TUAPOAMHAMUYECKOrO ONMCAHMsS HMCHONB30BaHO 600 Mo cmektpa, st ruGpuasoro — 3000

MIO3MINHA, TO €CTh KOOpJMHATHas 00JacTh pa3dWTa MMEHHO HA TAaKOe KOJIMYECTBO YYacTKOB. Tak e, Kak U B
npeapirymux pabdorax [37-38], aBropsl [41] paccMoTpenn He caMOCOTIACOBAHHBIM CIIydail MMOCTOSHHOTO WM C1a0o
MCHSIONIETOCST T0JI1 MHTCHCHUBHOM JICHTMIOPDOBCKOW BOJIHBI, BIMSIHHEM Ha KOTOPYIO CIEKTpa BO30y’KAaeMbIX
KOPOTKOBOJIHOBBIX BO3MYIIEHHH mpeHeOperanock. OnHaKO, KaKk W B TPEIBIAYIIEM CIIydae Ba)KHBIM HTOTOM TaKOTO
CPaBHEHMS ABISETCS BBIABICHHE OTIMYUN B JMHAMUKE ITPOLECCA, OMUCBIBAEMOTO Pa3HBIMU MOJCIISIMH.

[Ipexne Bcero, aBTopsl [41] oTMeTHIN 3HAYUTENHHO Oosee OBICTPBIH POCT BO3MYIIEHHH B THOPHIHOW MOJEINH,
KOTOPBIH OHM MOSICHWIIM OOJIBLIMMH 3HAUYEHHUSMH BO3MYILEHUH MOHHOM IUIOTHOCTH B BBHIOPaHHOIN MMM KOOPAMHATHOM
ceTke. MIHTerpanbpHble noka3arenu — sHeprust BY KOpOTKOBOJIHOBOIrO CIEKTpa HAa HAYalbHOW CTaJuK MOAYJISLUOHHOMN
HEYCTOWYHMBOCTH OKa3aJIUCh MOI00HBI (puUC.2).

6" b |
"\'\/
3 P ———
!
6>k / ]
y {a)/ (b)
WinT, / ]
Ik p
_5 //
O F 7 1
e
X //
N""- ..-// i N M
o} 500 1000 1500

t

Puc.2. OTHOLIEHHE IOTHOCTH SHEPTHH MOJIs K IFIOTHOCTH TEIJIOBOM SHEPIHH SJIEKTPOHOB IS CIIy4YaeB THAPOANHAMHYECKON (a) 1
rubpuaHoii (b) moneneii 3axaposa [41] (o ocu opIUHAT) OT BpeMeHH f .

Ha navanpHoI CTaluu Pa3BUTOr0 peiKUMa Impouecca OBLIO 06Hapy)K€H0, YTO BBIIOJHACTCSA COOTHOLICHUE MCIKIY
OTHOCUTEJIbHBIMA  BO3MYILICHUAMHN IIJIOTHOCTH HOHOB 51’11." /I’lO U TIUIOTHOCTBIO DOHEPTUH KOPOTKOBOJIHOBOTO

nonst| E = |E, [ (puc. 3,4).

Sn,, I ny | EF /8. (15)

|EF 18z . |E 187
Q.

08 fa) T ¥ T Q427 @ T T T

Oﬁ /1 ya f\}\; l/\

G 500 1000 {500
t
&n,, ',
0127 T T
{b)
oU + oy —_— "V

-Q.z2r n . -

(] 500 1000 1500

Puc.3. Orubaromas BY nona | E* /87 (a) u otsocutensble  Puc.4. Orubaromas BY moms |E[* /87 (a) u OTHOCHTEIbHbIE

OTKJIOHEHHS IUIOTHOCTH MOHOB On,, /nymt (b) B rmOpmmHOH OTKIOHEHMS  IUIOTHOCTH  HOHOB on,, | n, (b) B

moziemu (4), (11)~(13) B MomenT Bpemenn 340 ! [41]. THIPOIMHAMIICCKOH  Mozemn  (4)=(5) B MOMEHT ~BpEMCHH
1363 ' [41].
pe
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3nech st ynoOcTBa CpaBHEHUs! BbIOpaHbl MOAOOHBIE PEXKMMBI HEYCTOWYHMBOCTH, KOTOPBIE XapaKTePH3YIOTCS
NMPUMEPHO PAaBHBIMM MAaKCHUMAaJbHBIMM aMIUIUTyJaMU IOJsA M BoO3MylueHHil miotHoctu. Ilpexne Bcero, ciemyer
OTMETUTh 3aMETHO OOJIbIlIee YHUCIO KaBEpH IUIOTHOCTH IUIa3Mbl, 3HAUUTENbHBIC (IIYKTyallMH IUIOTHOCTH HOHOB.
Co0TBETCTBEHHO, KOJINYECTBO COJIMTOHOOOPA3HBIX BO3MYIIEHUH IIJIOTHOCTH KOPOTKOBOJIHOBOT'O TIOJISL TAK)Ke OOJIbILE B
ruOpuaHON Mozenn. MakcumanbHas TIyOnHa KaBepH B THOPHMAHONW MOJENH BCErJa MEHbIIE, XapaKTEePHBIC pa3Mephl
BJIOJIb CHCTEMBI TTIOO00HBI. OILEHKHM HarpeBa MOHOB B YCIIOBHSX IOCTOSIHHOW BEIMYHMHBI MM MEIUIEHHOTO W3MEHEHHMS
TIOJIsT HAaKadK{ BPS JIM TIPEICTABIISIOT WHTEPEC, MO0 BIHMSHHE KOPOTKOBOJIHOBOTO CIIEKTpa HAa HAKAYKy aBTOPHI HE
YUHTBIBAJIH.

MOJYJIALUOHHAS HEYCTOMUYUBOCTH JJEHIMIOPOBCKOM BOJIHBI B XOJIOJHOM IJIA3BME
B ciyyae OonbIION WHTEHCHBHOCTH BHEIIHETO JJIMHHOBOJHOBOTO IIOJIST JUISL XOJOJHOW ILIa3Mbl W/ n,T,t,

CJIEZIyeT BOCIIOJB30BATHCS MOIXOAOM, HM3NokKeHHbIM B padotax B.II. Cwmmaa [10]. YacTuisl HaxomsTcs B MoJe
BHEIITHEH JICHTMIOPOBCKOM BOJIHBI OOJBIION aMIUTUTYABI (IJTMHY KOTOPOW JUIS YIPOIIEHHIH pacueToB TaK JKe Kak B
MOJICIISIX 3axapoBa, TTOJTOKUM paBHOH OCCKOHEYHOCTH), OCHIIITAPYS co CKOpPOCTEIO

— — _ 2 2
u,, =—(e, |E,|/m,-@,)-cos¢=—w,b,-cos@, rne b, =eE, / m,w,— amImuTyaa KonebaHuit >1EKTPOHOB B TIOJIE
BHEIIHEH JIGHTMIOPOBCKOW BOJIHBL. KOMIIOHEHTHI HaANpsHKEHHOCTH TIOJII  BHEIIHEW JIGHTMIOPOBCKOW  BOJIHBI
OTIPENIeNAIOTCS CIIEAYIOMNM 00pazoM
E, =—i(| E, | exp{ioyt +igj— | E, | exp{-iwyt —ig})/ 2, (16)
31ech @, ~ @, =+[47e’n, /m, — ee 4actota, e, m,— 3apsj, MAcCa JIEKTPOHOB, | E, |, ¢— MEIICHHO MEHSIOIIHECs
aMmIumatyna u asa, n, u 7,— IUNIOTHOCTh U TeMIlEpaTypa >JEKTPOHOB IIasMbl. M3 ypaBnenuil (1)—(3)uckimouas

DJIEKTPHUYIECKOEC MOJIE MOKHO ITOJYYUTH

6;:” +0,, -ikn-en,, =—ik, -n-va,fm 0, ., (17)
%+ Are,i Z"ﬁn exp{i(a,, —a,,) sin®} = —ik, ZmH -0, - (13)
6t k}’l a B

e v,, =e,-n,, -expi—ia,, -sin®}, 0, =v,  -exp{ia,, -sin®} a, =nekE,/m, &, P=ap+¢.
b

Janee, ucronb3ysi NpOLEAYpHl, KOTOpbIE IOAPOOHO H3JIOXKEHBI, Hanpumep, B [44], monyuum ypaBHEHUS,
ONMCBHIBAIOIME HEJMHEHHYI JUHAMMKY IIpolecca IapaMETPUYECKOM HEYCTOMYMBOCTU JIEHTMIOPDOBCKOW BOJIHBI
0O0JIBIION aMIUIUTY/AbI B XOJIOHOH IIa3Me.

I'mpponnnamuveckas mojaeab CuiaumHa. YpaBHEHHE, ONMCHIBAIOIIEE JJIEKTPOHBI IUIA3MBbI  (3JIEKTPOHBI
IIPEACTaBIICHBI KaK 3JIEKTPOHHAS JKHJIKOCTh) MOXKET OBITh 3aIIMCaHO KaK

OE, o, -] n’ dro, v, o . .
n_j 2 FE 40— E —Z " J(a)exp(ip)—i——> v _{E J(a_)e*+E -J(a =0, (19
ﬁt 2(00 n I’l;/f n kon l( n) p( ¢) 261’10 ; in—m [ —m 2( nfm) m 0( n—-m )] ( )

6
n

rje ciaraeMoe H-n—6-En B ypaBHeHun (19) mMomenumpyer 3aryxanue BY Mopa crekTpa Ha DIIEKTPOHAX, MPUUYEM
M

n, =20, E = E |-exp{iy,} — MEIJICHHO MEHSIONIAsACS KOMIUIEKCHAs aMIUIUTYJa HaNpPsSHXKEHHOCTH 3JIEKTPUYECKOTO
HOJIA IJIa3MEHHBIX 3JIEKTPOHHBIX KoJIeOaHUM, BOJIHOBOE YHMCIIO KOTOPBIX paBHO k, = nk,, k,— BbIOpaHHBIH JOCTaTOYHO
Maiblii MacITad B IPOCTPAHCTBE BOIHOBBIX YUCEN, d, =d-n, n,m — leNble YUcia, He paBHbIC HYII0 U 1, TO ecTb
2 —_— —_—
n(ek,E, I m,-wy)=nkb=a,
J171s1 NOHOB B TUIPOJMHAMHYECKON MOI[CJII/I cnpaBemmBO BBIp)XCHHUE
o’v, .

e Oy, (130, + S0 I @I, € e
2k2 nk2 (20)
T earen arren 200 @) B Ey T earten, Z(a ): Z(n m)[E, Le M+ E, CE ™),
0 m

roe n, =v, /e.
VpaBHEHHE, CaMOCOTJIACOBAaHHO YYHTHIBAIOIICe OOpaTHOE MACHCTBHE KOPOTKOBOJHOBOTO CHEKTpa Ha BOJIHY
HaKa4KH, MPHHAMAET BH

E,
—66t —IAE, = -2y [E, - J,(a,)exp[2ig]+ E, " - J, (a,)], Q1)
2en, 5

Kak InokazaHo B [44], npu a, <<l ypaBHeHusd ruapoauHamuuyeckoil mojenn Cunmna (19) — (21) ¢ yderom

2 o
npexcrasinenus J(a,)~a,/2, Jy(a,)~1, J,(a,)~a, /8 coBmamaloT ¢ ruapoaMHaMHUYeCKOll MOZeIbI0 3axapoBa B
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CBEPX3BYKOBOM Mpejese

(a),zye _woz) / 2(00 _)(

B YCIOBHAX

2 2 2 2.2
@, — @y +k*onv,)/ 2,

W=E, /Ar <<n,T,,

CBs13b MCKAY BO3ZMYHWICHUAMU [IJIOTHOCTHU (HOBC,I[CHI/Ie KOTOPBIX

C TOYHOCTBKO 10 BCIMYHUHBI

TPEJICTABIIEHO Ha PUC. 5) M SIEKTPUYECKOTO MOJIS ONPENENAETCS COOTHOERneM E = 4xieN, / 2kyn .

paccTpoiiku

Np 5 Ny s N, 0
0.02} 02 al
001} 04 2t
W n n n
W
n n n
stafe O 3 e A4TE &
0 N of T A T
I N e N
10 20 30 40 n 10 20 30 40 N 10 20 30 40 N

Puc.5. IIponecc popmupoBaHust BOTHOBOTO MaKeTa JEHIMIOPOBCKUX BOJIH IIPU HEYCTOWYHUBOCTH.
Bunnel cuaxponusanus a3 (BepxHue pucyHkH) u ymupenue ciekrpa N, = N, exp(i'¥,) ( HUKHUe PHUCYHKH) Ui MOMEHTOB

n

BpeMeHH T =4 (a, 6); 7= 7 (8, 2); 7= 8(0, e) [46].

BaxxHo oTMeTuTh, uTO B OTIMuMe OT ciaydas W /n,T, <1, ObIcTpoe pacIIUpeHUE CIIEKTpa BO3MYLICHHHA B

KOPOTKOBOJIHOBYIO 00JIacTh 00YCJIOBJICHO B 3HAYNTEIBHOW CTENEHN HEYCTOWYMBOCTHIO BOJIHBI HAKAYKH, YTO CICIYET
13 PaCCMOTPEHHS JIMHEHHOTO HHKPEMEHTA.

o 9] 2 2
JleiicTBuTeNbHO, pacctpoiika A =(w), —@,")/ 26w, nocturaer Bemmammsl (m,/2M)"J*(a, ), B cryuae

MaKCHMAaJIbHOT'O MHKPEMEHTA JINHEHHON HEeyCTOWYMBOCTH, HOPMUPOBAHHOTO HA YaCTOTY JICHIMIOPOBCKON BOIHEI [10]
1/3

i [m 273
J " (a,).

dolow,=—| —
pe %/5 m,
C yMeHbIIICHUEM aMILIUTY/Ibl BOJIHBI HAKAYKH MAKCUMYM WHKPEMEHTa CMEIIAETCsl B CTOPOHY OOJIBIINX BOJHOBBIX
YHCell, He MEHsIsI CBOEro 3HaueHus. KpoMe 3Toro, BojHa HakauykH CIIOCOOCTBYET CHHXPOHHM3aLUH (a3 pacTylIuX MOJ
criekTpa, GopMHUpYsl TeM CaMbIM MPOCTPAHCTBEHHYIO CTPYKTYpPY KaBepHBI (IMKH IJIOTHOCTEH SJIEKTPOHOB W HOHOB
1a3Mbl, (POPMBI KOTOPBIX, BOOOIIE roBopsi, He coBrnanaoT) U BU HanonHenus. Pemas cuctemy ypasHenuit (19)-(21),
MOXHO yOemanThcs [46] B TOM, YTO SHEprusi, 3aKIIOUYCHHAs B KOPOTKOBOJHOBOM OBICTPO YIIMpSIOIIEMCS B
MIPOCTPAHCTBE BOJHOBBIX WYHCENl CHEKTpPE JICHIMIOPOBCKHX BOJH, BO30YXIa€MBIX BOJHOW HaKauykKH, pacTer.
HeycToifunBocTh NPHBOIMT K CY)XEHHIO JIMHEHHBIX pa3MEpoOB KaBEpPHBI B KOH(HIYPAIIHOHHOM IIPOCTPAHCTBE,
(hOPMUPOBAHUIO JOCTATOYHO PE3KHX MEPETaN0B IUIOTHOCTH, «OMPOKHIBIBAHHE» KOTOPHIX JOJDKHO, BOOOIIE TOBODS,
MIPUBOJUTH K MHTCHCHBHOW Iepefade SHEPTUH CIIEKTpa 3JIEKTpOHaM Iuta3Mbl. OHAKO, B paMKax JaHHOW MOJEIH 3TOT
TIPOLIECC ONHKCATh HE MPEACTABISIETCS] BO3MOXHBIM. [I0BeIcHNE HOHHON INIOTHOCTH TAaKXKe JEMOHCTPUPYET CKIIOHHOCTh
K IEPEXOy K PeXUMY ¢ 000CTpeHHEM.
I'uopunnas mogens CuiamHa. YpaBHeHHe Ui 3JeKTpoHOB (19) ocraercs crpaBeIMBBHIM B JTaHHOH MOJEINH.
IIpu onucaHnM MOHOB KPYNHBIMU YaCTHIIAMH, YpaBHEHHUE ABWKCHHUS MOXKHO IPEACTAaBUTH B CIEAYIOLIEM BUC

(22)

d’
% =—Z E, -explik,nx,} (23)
a  m,
a TUTOTHOCTh HOHOB OITPE/ICITM KaK
lky
p =Vl e=n ot [ expl-ink, - x,(x,,1)]-dx,, (24)
—rlky
HanpsukeHHOCTb MEUTEHHO MEHSIOIIEr0cs SeKTPUYECKOro Mo E ,, IeHCTBYIONIEro Ha HOHBI, PaBHA
4 2 1 e
- (—ﬂ) Vll= 3 (a,)+ S @)1+ (@ )IE, e~ E e
ikoJ,(a,) 3)
g L a . . .
J a . -m)[E e‘M +E E €™,
16 ( )z n—m *”1 16”6”0 ;( )[ n—-m m-—n —m ]
Hns E, =| E, \oexp {z¢} TaK)Ke MOXKHO 3aIlucaTh ypaBHEHUE
OF,
0= NSy E, - Jy(a,)e +E, - Jy(a,)]. (26)
ot 2en,

OTMeTHM, 9TO BEIIMYHMHBI, OTBEYAOIINE PAa3HOMY 3HaKy HIDKHETO MHJIEKCa IPH STOM He3aBHCHMEL [lpu BBIBOME
ypaBHeHH (22)—(26) [44], nconbp30BaHO PA3IIOKEHIE
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expiia-sin®} = " J, (a)-exp{im®}, (27)

rae J, (x)— bynxuus beccens, npudem J(x) =J,(—x), J,(x)==J,(=x) =J_(-x) ,J,(x) =J ,(x) = J,(=x) .
Ipyu MaBIX YPOBHSAX MOTJIOMICHHUS W MAJIBIX HAYAIBHBIX (DIYKTyaIMsAX MOBEICHUE BOJIHBI HAKAYKH TPECTABICHO
Ha puc 6. BuHo, 9TO BOJIHA HAKAYKH W KOPOTKOBOJHOBBIHN CIIEKTP B PA3BUTOM PEXUME OOMEHHUBAIOTCS SHEPTHEH.

a(t)

| Y 1 1 1
0 T30 37 44 T

Puc.6. AMmuTyna moss Hakadky a(7) Kak GYHKIUS BpEMEHH T B THOPHIHOI MOJIENH B CiTydae claboro MOTJIOMICHHS YHEPTHH
KOPOTKOBOJIHOBBIX KoJieOanuii [40].

Bbosbmias yacTh OHCPI'UU MOJIAI HAKAYKU B PE3YJILTATE HeyCTOﬁ‘lHBOCTH NEPEXOJUT B SOHEPIUIO KOPOTKOBOJIHOBOT'O
JICHITMIOPOBCKOTO CIIEKTpa, 3aTeM MOXKHO HAOJIONATh YacTHYHBIA OOMEH SHEeprueil MexXIy CHEeKTPOM M BOJHOU
HaKaykdl ¥ NPU 7 > 4() NOHHAs KaBEpPHA «CXJIONBIBAETCS», TO €CTh, MEPEXOAUT B PEXKUM IEpPECeUeHHs] TPACKTOPUI
yacTul. Pa3BuTHEe HEYCTOWYMBOCTH B THOPUAHBIX Monemsax (22)-(26) Oputo paccmoTpeHo B pabortax [39-40].
OcHOBHOE BHHMaHHE OBIJIO YAEIEHO peXKMMaM CHJIBHOTO ITOTJIOMIEHHUS YHEPTUU KOPOTKOBOJHOBOTO CIIEKTpa 3a CUeT
3aryxanus Jlangay, kotopoe Obuto BBeneHO (eHomeHonormdecku. Temm 3aryxanust BU mox ompenensit cKopocTh
BbII'OpaHUs 10JId B KaB€pHAX INIOTHOCTHU, OTKyda BY nose BbITECHSIIO YaCTHUIbI. OcHoBHas OHEPIrusd HeyCTOﬁ‘IHBOCTH
cHavasa Obuta cocpenorodeHa B BU mose KOpOTKOBOIHOBOTO JIEHITMIOPOBCKOTO CIIEKTpa, pH 3ToM (opmuposaics HU
CHekTp Bo3MymleHui. 3areM oHepruss BYU crexkTpa B 3HAYMTENBHON CTENEHM IEpeAaBaiach AIIEKTPOHAM.
CdopmupoBaHHBIE KaBEpHBI IFIOTHOCTH MPH 3TOM «CXJIONBIBAIUCHY», TPACKTOPUH MOHOB IEPECEKaINCh, BO3MYILCHUS
HMOHHOH IUTOTHOCTH CIIIaXUBAINCH, UX MaciTald yBenmuuBaics. CBs3b MEXIy HOHHBIMH Bo3MylueHusMH 1 BY monem
ocmabisiach W HEYCTOWYHMBOCTh HACHIIANACh. AMIUIMTYJa OCHOBHOW BOJIHBI, HCIIBITAB HECKOJIBKO HEOOJBIINX
OCHMJUIALMH, CTAaOMINM3MpPOBATACh HAa JOCTATOYHO HU3KOM ypoBHEe. OCHOBHas SHEPrUsi TENephb colep)Kanach B
BO3MYILEHHSAX IEKTPOHHOTO KOMITIOHEHTa Iuta3Mbl. Hekoropas HeOGoblas 4acTh HadaabHOM SHEPTHH NEPEXOAHia B
KUHETUYCCKYIO DHEPTUIO MOHOB. OHeHKa IIJIOTHOCTU DHEPIrumn nepe;:[aBaeMoix'I noHam E OIMpCacCiiAIaCh BBIPAKCHUCM

kin
[40, 50, 51]

E .
Ziin o 0,27-1-] P |52 ) @

W " e > (28)
0

e

o o 2
rae W, — HadabHas INIOTHOCTh SHEPTHH MHTCHCUBHOM JICHTMIOPOBCKOM BOJHEL, [ = z (d&,/dr)” — sHeprus HOHOB B
s

COOTBETCTBYIOIIEH HOPMHUPOBKE, O — MHKPEMEHT JIMHEHHON HEYCTOHIHUBOCTH.

CpaBHeHMe rUApPOAMHAMUYecKOl 1 ruépuaHoii moaesaeli Cuinmna. [ToBenenue crekrpa yoekaaeT B TOM, 4TO B
obyacTu B3aMMOJEHCTBHS (opMHUpyeTcss KaBepHa IIOTHOCTH, NPHYEM €€ pa3Mephl ObICTpo yMeHbImarorcst [46]. B
JajbHEHIIeM NPy cIa0bIX YPOBHSX ITOTJIOIICHNMS SHEPTUU B CHCTEME HEYCTOMYMBOCTD IIEPEXOAUT B PEXKHUM YACTUIHOTO
oOMeHa PHepruell Mexkay BO30YXICHHBIM CHEKTPOM MOAYJISIIMOHHOW HEYCTOHYMBOCTH M BOJHON Hakayku. OJHAKO
JanbHEiIee yMEHBIIEHHE Pa3MEpOB KaBEPHBI, TO €CTh BO3HUKAIONIMHA B OTCYTCTBHH 3JIEKTPOHHOTO [aBJICHHS B
XOJIOIHOH Ia3Me KOJUIAanC MPUBOAUT B TMAPOJMHAMUYIECKOW MOAENHM K CpbIBY cueta. C Ipyroil CTOpOHBI, HHEPIMS
MOHOB, KOTOpas B TMOPUIHOM MOIENH YYUTHIBAETCS €CTECTBEHHBIM O0pa3oM, I03BOJSET M30eKaTh CpbIBa CUeETa,
KOTOPBIN HaOIromaeTcss B THAPOJUHAMUYECKON MOJENN NMPH KPUTUYECKOM YMEHBIICHHH pa3MepoB KaBepHbI. MOHEI,
MEepexos B p&KUM IepeceueHHs TPAeKTOPUH, pa3pyIIaloT KaBepHY M HEyCTOMYMBOCTh Hachimaercs. I1pu aTom MOXHO
BBIICHUTB XapakTep paclpeesieHns] HOHOB M0 CKOPOCTAM. DHEPrusi, KOTOPYI0 OTOMPAIOT HOHBI, OKa3bIBAETCS MOPSIIKA
(m,, /m,)"” nauanbHOW >Hepruu BosHbI Hakauku [40]. 3amaceHHas B KOPOTKOBOJIHOBOM JIEHTMIOPOBCKOM CIEKTDE

SHEPTHsl, CKOpee BCEro TaKKe NODKHA OBITh B 3HAYMTEIHHOW CTETEHH IEepeaHa IEKTPOHAM IUIa3Mbl, PHYEM JUIS
JJIEKTPOHOB TMEPEXO] B PEKHM IEepecedeHHs TPAacKTOpHi (B 3TOM ciydae THAPOAMHAMHYECKHE YPAaBHCHUS HE
MPUMEHUMBI Ul OIHCAHHS JIEKTPOHOB) MOXKET CICP)KUBATHCS CYNIECTBOBAaHHEM HOHHOW KaBEPHBI, YTO CIIOCOOHO
CHHXPOHH30BaTh BBIOPOC OBICTPBIX AJIEKTPOHOB U HIOHOB B MOMEHT €€ pa3pyIlCHHU.

CPABHEHUE I'MBPUIHBIX MOJIEJIEMA 3AXAPOBA U CUJIMHA
Hwxke obcynum 3¢ dexkTHBHOCTh mepeaadn SHEpPrud MOHaM M MOHHBIM BO3MYIICHHSM B pe3yjbTaTe Pa3BUTHS
MOJYJIILIMOHHBIX HEYCTOWYMBOCTEH B CIIy4asX HEM30TEPMHUUYECKOW ropsiueii U X0JIOTHOM M1a3Mbl B paMKax TMOPHIHBIX
Mojeneld. J{ns kaxa0i MoJe pacCMOTPEHBI TakKe JBa Cllydas JIETKHX M TSDKEJIBIX MOHOB. [IpencraBiser mHTEpec
BBIICHUTH Kak BiMseT 3aryxanue BY criekTpa v COOTBETCTBEHHO BHIOpPAaHUE I10JIS B KaBEpHAX IJIOTHOCTH HA XapaKTep
nepeayd dHEpTUM MOHaM IUTa3Mbl. Hrbke TpHBEICHBI MOCIEIHUE Pe3yJbTaThl aBTOPOB, IOJNYYEHHBIE COBMECTHO C
[puiimakom A.B.
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KonmuuecTBo KpyMHBIX YacTHI, MOAEIMPYIOIIUX HOHBI, ObUTO BhIOpaHo 0 <s <.S =20000. KpynHsie gacTuiipl,
pPaBHOMEpHO pacnpefeneHsl Ha wuHTepBane —1/2<¢&<1/2, &=kyx/27x, HavanbHBle YCHOBHA [UIS YacTHULI

dé /dr|,_y=v,|,.,=0 umucno mon cnexrpa —N <n<N, N=5/100 HauyaneHas HOPMHUPOBAaHHAs AMILIHTYIA

~ 2
MHTEHCHBHBIX Konebanuit a,(0) = ek, E,(0)/ m,w,, = 0,06, Havanbupie ammmmtyel BY Mox 3a1aroTcst BhIpaKeHNEM
e, |._o=¢e,=(2+g)- 107 B Monenu CHIMHA U HECKOIBKO MEHBIIMMH TOJBKO JIMIIb JUIS GOJIEE YETKOTO BBIIEIIECHHS
o —4 . o
HayaJabHOM cragum nponecca e, | _,=e,, =(0,5+g)-10" B monenu 3axaposa, rie g 6[0,1] — cllydaifHOe 4YHCIIO,
2 . o
ek E, I m,w,, =e, -exp(iy,), ¥,l|._, Takke ciydaiinpiv obpasom pacnpenensiuch B unrepsane 0+27z. Jla

BO3MYILIEHUH IUIOTHOCTH HMOHOB 7,, U MEIUICHHO MEHSIOLIErocs 3JIEeKTPUYECKOro Iojsl E, HCIOIb30BAHBI TaKikKe
wlky
_ . _ _ pe
Oe3pa3zMepHbIe MpeACTaBICHUS M,=M,+iM, =n,o,/nd = > J exp(2zn-&)-d&,, u
—lky

— ) )
ek\E, /m,w, =E, +iE, . TlapaMeTpbl JIETKUX M TSOKENbIX HOHOB B rubpuambix Mogmensx Cununa u 3axaposa

IpeJ/ICTaBJICHbI B TabuLe 1.

Ta6nuna 1
[TapaMeTphl JICTKUX U TSHKENIBIX HOHOB B THOPUAHBIX Mojesx CuinHa u 3axapoBa
Monenun Jlerkue MOHBI Tspxenble HOHBI
/AOHBI _
M 500 M _g.10°
m, m
2 2
m, @, m, @,,
T'ubpunHas " ;2 =0,43 m[ ;2 =0,1
MOJIEIb
CI/IHI/IHa 5 m 1/3 5 m 1/3
—=0,44| —= =0,034 —=0,44| —= =0,0088
w, m, @, m,
0] w
Dy Ore 99 4 D T 1136
o ) )
2 2
£§6§E§Haﬂ Me Dpe =2M=2-10 M, Dpe :2@:2.10
s m, 5 w m, & w
3axapoBa i
o, 7\ (m " o, nT\(m "
R T B ) R P Do lse | VB Z0234.4
) w m, o w m,
12123,5_10—3 i:i:4’5.10‘4
(00 a)pe wO wpe

Jlis mapaMeTpoB, ONpeleNsIoIUX Xapakrep noriomeHus >Heprun BU cmektpa n, =20 u ©=6/0=0,05

OHEPIrust OCHOBHOI BOJIHbI, SJHEPIUA MEJIKOMACIITa0OHOTO JICHI'MIOPOBCKOI'O CIICKTpPA, DOHEPIrusl nepeaanHas 3JICKTPOHAM
1 MOHaM IJIa3Mbl, HOPMHUPOBAHHBIC Ha HAYaJIbHYIO SHCPTHIO OCHOBHOI1 BOJIHBI, IPCACTABJICHBI HA pI/IC.7.

Puc.7. OTHOCHTENBEHBIE 3HAYEHUS SHEPTUH OCHOBHOM
T BOJHEI (1), SHEPrUM METKOMACIITAOHOTO JICHTMIOPOBCKOTO
crekTpa (2), SHepruu IepelaHHoN IeKTPoHaM (3) U HoHaM
(4) mna3msl Ui MoaenH 3axapoBa (ciaeBa) ¥ MOAEIN
Cununa (cripaBa) JUist ISTKMX HOHOB (@) M TSKEJIBIX HOHOB

®).

0357
b

AHamm3 pe3ynbTaToOB YHCICHHOTO MOZICTHPOBAHMS TIOKA3bIBAET, YTO IHEPTHs WHTCHCHBHOW TMHHOBOIHOBOH
JIEGHIMIOPOBCKOM BOJIHBI IIEPEXOUT CHAuYaNa B 3HEpIrui0 BY NeHrMIOpOBCKOT0 KOPOTKOBOJIHOBOTO crekTpa. MiMeHHo Ha
9TON cTaanu (HOpPMUPYIOTCS KaBEPHBI IUIOTHOCTH IUTa3Mbl, 3amoiHeHHble BU monem. 3atrem BY mone Bcmencteue
3aTyXaHUs Ha JJICKTPOHAX, YYTCHHOI'O B JJAHHBIX MOJCIIAX (bCHOMeHOJ'IOFI/I‘IeCKI/I, BbBIT'OPACT. HpI/I OTOM II€pe€laBas CBOIO
SHEPruIo AEKTPOHaM Iula3Mbl. KaBepHBI B 3TUX YCIOBHUSAX «CXJIOMBIBAIOTCA», Bo30yknatoTcs HY BosHBL, TpaekTopun
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HNOHOB NEPECCKAIOTCA U OHCPI'UA «CXJIONMHYBIIUXCS» KaBEPH U HY CIICKTpa nNepeaacTCs NOHaM.

MOHO ompeAennTh B KOHIIE YHCICHHOTO MOACIHPOBAHUS CPETHEKBAIPATUHIECKYIO CKOPOCTh O (V) = ZVf /S,
s

IpH 5TOM B MOJENM 3axapoBa s JETKuX MOHOB monyduMm o (v) =0,015, mis tsokensix o(v) =0,006, B Moaenu

CwmHa mns nerkux woHoB o(v) =0,002, a mgna tsoxensix o(v) =0,0005 . TTomHas sHEprust 4acTUI] B BRIOpAHHOM

HOpPMHpPOBKE [ = Z(de; / dr)2 B MOJeNnu 3axapoBa JUIsl JIETKMX MOHOB paBHa 4,689, mus tsxkensix 0,808, B Mojenn

Cununa s nerkux uoHoB 0,086, a mig Tsokensix 0,005. Paznuuus B BeNMUMHAX NOJHOW SHEPTUM B PAa3HBIX MOJAETSAX
OTIPENIeIIAIOTCS Pa3HBIMU 3HAYCHUSAMH JMHEHHOTO MHKPEMEHTa, a JJISl CIy4aeB JITKUX W TSHKEIBIX MOHOB, BRIOOPOM
Macchl MOHA. MOKHO TIOCTPOWUTH HAa OCHOBE 3HAUCHHWH CPEIHEKBAAPATUIHON CKOPOCTH HOPMAaJbHOE pacHpeielieHHe,
TOT'JIa YaCTHI[bl, KOTOPbIE HAXOASATCS BHE €ro (B OCHOBHOM B TaK Ha3bIBAEMBIX «XBOCTaX (YHKIMHU PACIpelesICHUs») B
MoJenH 3axapoBa I JETKHX HOHOB oOsanaroT 13,8% momHoi »Heprum, A Tsokensix 9,2%, a B mogenu CuiuHa
3aMeTHO OOJIbIlle, TO €CTh JUIsl JIeTKHX HOHOB 25,6%, a mns Tsokensix 13%, cooTBeTcTBeHHO. TO ecTh, B ciayyae
HeyCTOﬁ‘IHBOCTH I/IHTCHCI/IBHOﬁ BOJIHbBI B XOHOZ[HOﬁ mj1asMe MOXXKHO OXXKUIOATh CyﬂleCTBeHHO 60.]'1])1116171 01 6I)ICprIX
YaCTHII.

Hac Oynmer wHTepecoBaTh HE TOJBKO paclpelelIeHUe HOHOB IO DHEPTHSAM, HO M BO30YKICHHE KOJUICKTHBHBIX
HOHHBIX Koje0aHui (puc.8) 11 4ero onpeeuM 4acToTy MOZbI C BOJTHOBBIM BEKTOPOM 7k, 3THX KojeOaHuiH

do .
n o _ d Mnr Mm (2 9)

dr _E\/MZ,JFM:,» M2 M2

rae daset @, HY Mon criekTpa MOKHO HalTH u3 Beipakenns M, =M, +iM, =M’ + M’ -exp{i®,} .

A
40 1 3 =8
2
20 4 1.5 e 1
—
0 0 a 200 n
100 1 31 =8
50 1 1.51 2
— 1
- ~
0 b 200 n 0 b 200 7

Puc.8. Ammntyna mog HY cniektpa u 3aBUCMMOCTb YaCTOThI OT BOJIHOBOI'O YHCJIa MOJI U1l MOJIENIM 3axapoBa (CjieBa) U MOJCIH
Cunna (cripaBa) JUIsl JIETKHX HOHOB (@) | TspKenbIX HOHOB (b) [ — cnektp M, , 2 — crnaxenast cpenusis 0D, / O7 Ha passutoit

cTaaun HeyCTOI\/‘I‘II/IBOCTI/L

Crnenyer oOpaTuTh BHUMaHHE TOT (akT, 4To MHTEHCHBHOCTH HY criekTpa B cilydae HEM30TEPMHUYECKOH IIa3MBbl
(Mozens 3axapoBa) IOCTATOYHO BEJIMKA B IIMPOKOM MHTEPBAJIC BOJHOBBIX YHCEI, YTO COOTBETCTBYET CIIEKTPY HOHHOTO
3ByKa IOCJIE Pa3pyIICHMs KaBepH IUIOTHOCTH, OOHAPY)KEHHOMY B YHCJICHHBIX SKcmepuMeHrtax [35]. Hamporus, B
XOJIOTHOH ITa3Me B CIIEKTPE JOMUHHUPYIOT JJIHMHHOBOJIHOBBIE KOJICOAHMS.

s o6enx Mozenel KuHeTHYeCcKast SHEpTUs HOHOB B BRIOPAHHOM BBIIIIE HOPMHPOBKE

1 1/2 dé: 2
= déo| == s (30)
2 7;[2 dr
a DHCPIrur KOJIJICKTUBHBIX BO36y>KL[€HPII>'I JJIsL MOI[eJ'IefI 3axapOBa u CHIIMHA UMEIOT BU, COOTBETCTBCHHO
1 m 1 2
S 2l @) 3 @M, 31)
1 m,_ 1 & )
V2 IM, [, 32
8ﬂz(m,_)n; wpg?\ nl (32)

npuyeM B MOJCIN 3axapOBa 9TH KoJieOaHUs HOCAT Ha3BaHUS HNOHHO—3BYKOBBIX. Ha puc. 9. moka3aHa JUHaAMHKa
HU3MCHCHHS DHEPIru MOHOB U DHEPTUHU HY nons ot BPEMCHHU.
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107 \ 1510
5 ! -6 1
5101 /2 0.75.10 1 /2
h
0 06 12T 0 4 s T
a a
-5
41071 -7
4, 1.5:10
. 1 .
2-105. ﬂ / 050 7] \;
0 06 12T 0 7 5 T
b b

Puc.9 . Oneprus nonos u HY mons mis mozenu 3axapoa (cieBa) 1 Moaenu CuianHa (Crpasa) IS JIETKHX HOHOB () U TSHKETBIX
noHoB (b) 1 — KuHeTHYECKast YHEPTHs, 2 — SHEPTrHA oA KojebaHuii, yMHOKeHHas Ha 70.

Crout 00paTtuTh BHEMaHHE Ha TOT (akT, uTo SHeprus HY moms 3HAUYNTENFHO MEHBIE YHEPTUH HOHOB BO BCEX
PacCMOTPEHHBIX CIIy4asX. YMEHBIICHUE SHEPTUU IOJIS CO BPEMEHEM NPOMCXOAUT M3—3a MEPEAayu SHEPrUM MOHAM a
TakKe U3—3a Pa3pylIeHUs KaBepH IUIOTHOCTH TUTa3Mbl, Ha 4TO OBIJIO yKa3aHo B padore [35].

BriOpansbiii Temn Beiropanns BU mons B kaBepHax ompezaensercs BennunHoH © =6/ =0,05. [Ipeacrasnser
HWHTEpEC BBIICHUTH, KaK 3aBUCAT PE3yIbTaThl PacueToOB OT ATOT0 mapamerpa. OueBHAHO, YMEHBIICHNE 3TOTO MapaMeTpa
HE TOJIbKO 3ameziseT Bbiropanue BY mons B kaBepHax, HO M ymupsaer cuektp BU Moz, To ecTh yBeIMUMBAET JOJIIO
MEJIKOMACIITa0HBIX €ro KOMIIOHEHT, YTO HPUBOAUT K YIIYONEHUIO KaBEPH IUIOTHOCTH IUIA3Mbl U K YBEJTHYCHUIO
KMHETHUYECKOW HSHEPIUU BBITAIKMBAEMBIX M3 KaBepH HOHOB. OTMeTHM, YTO C yMeHbIIeHMeM 3aTyxaHus BU mon
(YHKIMS pacripeaieIeHusl HOHOB IO CKOPOCTSAM B JIBYX MOJIEIISIX 1O (popMe Bce Onmke MpuomKaeTcs K HOpMaJIbHOMY
pacripeiesieHuIo, TO ecTh K GyHKIMKH MakcBesuia.

B Tabnume 2 mokasaHa CTENEHb OTIMYMS paclpefeieHUss 110 CKOPOCTSM, IIOJyYEeHHOTO YHCJICHHBIM
MOJICTIMPOBaHWEM OT Hamboisiee ONM3KOro mo QGopme HOPMAIBHOTO PpacIpeAeieHHUs 10 CKOPOCTSM, OTBEYAIOIINE
puc. 10.

Tabmuma 2.
OTM4us pacyeTHOTO PACIIPE/ICNICHHUsI CKOPOCTEH 0T HOPMAJIBHOTO pacupeieleHHsI.
Monens / OTimume pacmpeneneHus 1o OTnmame pacrhpenencHus 1o
YPOBEHB IOTJIOIECHUS CKOpOCTSIM Mopesiu 3axapoBa OT | ckopocTsiM Mogmend CumimHa OT
HOPMAJIbHOTO PACIIPEACICHUS HOPMAJIGHOTO pacrpeiesICHUs

0 =0,05 19,9 % 13 %

0 =0,015 9,9 % 13,4 %

0 =0,001 6,9 % 8,8 %

MaxkcumanbHOE 3HAaYCHHE SHEPTHU MOHHO—3BYKOBBIX KOJICOAHWH MpH yMEHbIICHHU morionieHus BU mons ms
HEU30TEPMHUYCCKOHN IUIa3MbI MPAKTHYECKH HE M3MEHseTcs, HO dopmupoBanue HU crmekrpa yckopsercs. B xomomHoM
IU1a3Me HAIPOTHB 3aMETHO PACTET WHTCHCHBHOCTH JIMHHOBOTHOBBIX HU kojeOaHMii MpH YMEHBIICHUH TOTIIOMICHUS
BY mon. B nanpreitiuem HY cniexktp nogasisiercs, nepeaaBasi CBOK SHEPIHIO HOHAM.

Kak u cnemoBano oxuaath ¢ yMeHbIIeHHeM roriomenns BY criekTpa sHeprus, B KOHEYHOM UTOTe IepeaaBaeMast
HOHaM, pacTeT PaKTUUYECKU B TOH K€ IPONOPLUHU B HEU30TEPMUUECKON U B XOJIOAHOM IUIa3Me.

OTMeTHM B 3aKITIOYEHHH, YTO MacIITaObl BOZMYIICHHA HOHHON TUIOTHOCTH MEHBIIIHE Ae0aeBCKOTO Pajiyca HOHOB
Ny =Vy /[ ®,; He JIAI0T BKJIaja B (dhopMHEpOBaHNE HU3KOUACTOTHBIX JCKTPHUCCKUX MOJICH W3—3a d3PPeKTa IKPAaHHUPOBKH.

B tepmunax ryk, /27 — nonHbIH 1e0aeBCKUN paJuyCc MOKHO OLEHUTS [54]

k [ 5\ m s \m
Vo o) 0 | Dyz oy | 2| Dy, (32)

L a)pe me a)pe me

ryk, /2w =R, oo<

v v -3
B pexnme pa3BUTON HEYCTOWYHMBOCTH 3Ta BEIMYMHA OKasbiBaeTcs nopsaka R, <107 ,a uuciao mon crexrpa

HOHHOM IIJIOTHOCTH HE OPEBLIMIACT BEJININHBI 1 / RDi , YTO HC MIPOTUBOPCHUT NPOBCICHHOMY aHAJIU3Y.

3AK/IIOYEHUE
Ecnu niaoTHOCTS 3HEPTHH UHTEHCUBHOM JIGHTMIOPOBCKOW BOJIHBI 3aMETHO MEHBIIIE IUNIOTHOCTH TETJIOBON SHEPTHU
IUTa3Mbl, Pa3BUTHE MOAYJIAIUOHHOW HEYCTOMYMBOCTH COOTBETCTBYET Mojenu, omucanHoi B.E. 3axapoBbiM.
CpaBHEHHE KHHETHYECKHX MOJIENICH OIUCHIBAIOUINX IOBEAEHUE 3JEKTPOHOB U HMOHOB C IOMOIIbIO KHHETHYECKHX
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ypaBHEeHMH Ui (QYHKUMH pacnpenesieHuss ¢ TUIPOJAMHAMHYECKOH Mozenplo 3axapoBa II0Ka3ajo BBICOKYIO
YyBCTBUTEIBHOCTh (OPMHUpOBaHMS KaBEpH K IpoleccaM Iepefadd SHeprud mois dvactuuam. OTMedYeHo, YTO
KMHETHYECKOE 3aTyXaHHe II0JIi Ha YacTHUIax CIOCOOHO MCKakaTh NPOLECC MOIYJISLIUOHHON HEyCTOWYHBOCTH,
BO3MOJKHO IIPHUBOAS K WHBIM ITOCIIEACTBHSIM, B YaCTHOCTH K MOSIBJIICHHIO I'PYI OBICTPBIX YACTHIL M MTPEXKICBPEMEHHOMY
paspylieHuio KaBepH IUIOTHOCTH. C Jpyroil CTOpOHBI, NPEACTABICHHE 3JEKTPOHOB C MOMOIIBIO KHHETHYECKOTO
ypaBHEHUS Al (QYHKIMM pacrpeeIeHus], a s HOHOB — C NMPUMEHEHHEM T'HAPOJMHAMHYECKUX YPAaBHEHUH JIydIle
OIMCHIBaeT (DOPMHPOBAHNE KaBEPH M, KPOME TOTO, MO3BOJSET BBIICHUTH XapakTep nepeaauyn 3Hepruu nmoHam. K
COYKaJICHHWIO, TIPOBEAsI KOPPEKTHOE cpaBHEHHWeE, aBTOophl [37, 38] He ywim oOpaTHOE BIHMSHHE KOPOTKOBOIHOBOTO
CIIEKTpa Ha HAKadKy, POJNb KOTOPOW OTBOAWMIACH JAJIMHHOBOJHOBOW HMHTEHCHBHOM JIETMIOPOBCKOH BosiHe. CpaBHEHHE
IBYX Mozeneil 3axapoBa T'MOPHIHON M TMAPOJMHAMUYIECKON NPH OAWHAKOBBIX 3HAYCHUSIX NApaMETPOB M OJUHAKOBBIX
HayaJIbHBIX ycnoBusX [41] mokasano, 4To KOJIMYECTBO KaBEPH B TMOPHIHON MOJIENIN 0Ka3aJI0Ch 3aMETHO OOJIbILE H OHU
MeHee TIyOOKHe, YeM B MOJENHM 3axapoBa, NMPHYEM HHTETrpalbHbIC IIOKa3aTelnd O0EUX MojelNield MpPaKTHYECKU
onuHaKoBbl. HenocratkoM pabOThl 3THUX aBTOPOB TaKXkKe SBISIETCS HECAMOCOIJIACOBAHHOE OIMCaHHWE, TO €CTh
OTCYTCTBHE y4eTa BO30YKIaeMOro CIIEKTpa Ha BOJIHY HAKauKH.

Ecnu mioTHOCTH SHEpruu MONS 3aMETHO IPEBOCXOMUT IUIOTHOCTh TEIUIOBOM OSHEPTWH IIIa3Mbl, Pa3BUTHE
MOJYJIILIMOHHOM HEYCTOMYMBOCTH 10 KpailHeHl Mepe Ha HadaJIbHOM CTaJuM IMpoIlecca MPOMCXOMUT IO CLECHApPHSIM,
mpencraBneHHbM B.I1. Cummaemv [10, 21]. daxke B OJHOMEPHOM YHCICHHOM MOJCIMPOBAHUH Ipoliecca Ha Oaze
0000meHHpIX B pabortax [45, 46] ruapommHaMudecknx ypaBHeHWH CHinHA pa3BHBANIACh MOIYIIIIUOHHAS
HEYCTOMYMBOCTh U MPOMCXOAWI YaCTUUHBII OOMEH HEPruel Meay €€ KOPOTKOBOIHOBBIM CIIEKTPOM M MHTEHCHBHON
BONMHOH Hakauku. B ruOpuanoit mogenn CuimHa (37€KTPOHBI OMMCAHbI THIPOJUHAMHUYECKH, & WOHBI — KPYIHBIMU
YacTUIIAMH) MOXHO OpI0 HabOmromaTh Qusmueckuit komarnc [40], oOycOBIEHHBII HE TOJIBKO HEPAaBHOBECHBIM
HauaJIbHBIM COCTOSIHMEM KaBepH (W3—3a HapyuieHust OamaHca Mmexxay BY naBneHumeM W AaBiI€HHEM IJIa3Mbl) U
3¢)¢)CKTOM BbII'OpaHUsA IOJIsI, HO U YUYCTOM HWHCPIUHM HMOHOB. HpI/I OTOM HMOHHAasA KaBE€pHa «CXJIONbIBAJIAaCb», TO €CThb,
HepexoAnia B PeXKUM MepecedeHus TPaeKTOPUI YacTHII.

PaccmoTpenne nporeccoB napaMeTpuuecKoi HeyCTOMYMBOCTH JICHTMIOPOBCKUX BOJIH B YCIIOBHSIX TPUMEHUMOCTHU
ypaBHeHM 3axapoBa u ypaBHeHHH CrinHa OOBIYHO PAacCMaTPHBAIOCH TEOPETUKAMH PA3AEIbHO, XOTS HKCIIEPUMEHTHI
4acTO HE pasfeisiii dTH mpolecchl. [loaToMy OBUIO NMPOBEAEHO CpaBHEHHE STHX MOAENEH MMEHHO B OTHOIICHWH
3¢ PEKTUBHOCTH HAarpeBa MOHOB M CTEIICHH NEPEavyr SHEPTUHU KOJJIEKTUBHBIM HOHHBIM JBHKECHHSIM.

AHanu3 pe3ynbTaToB YHCIEHHOTO MOJEIHPOBAHMS IOKa3all, YTO B PE3yJIbTaTe HEYCTONYMBOCTH MHTCHCHUBHOM
JUTMHHOBOJIHOBOH JICHTMIOPOBCKOH BONHBI BO30ykmaercss BY 1eHTMIOPOBCKHIT KOPOTKOBOJHOBBIH CHEKTp U
KopoTkoBonmHOBEIN HY cniektp. ViMeHHO Ha 3TO# cTamnu GOpMUPYIOTCS KaBepHBI IUNIOTHOCTH IIa3MBl, 3aII0THEHHBIE
BYU momem. 3arem BY monme BcuencTBHE 3aTyxXaHHWA Ha AIIEKTPOHAX, YYTEHHOTO B JAaHHBIX MOJEIIX
(EeHOMEHOJIOTHYECKY, BBITOpaeT, IepelaBasi CBOIO OSHEPrHI0 JJIEKTpOHAM IUIa3Mbl. KaBepHBI B 3THX YCIOBHAX
«CXJIOTIBIBAIOTCS», BO30OykmatoTcss cobctBeHHble HYU BomHBI (MOHHBIH 3BYK), TPAaCKTOPHH HOHOB TEPECEKaAIOTCS H
SHeprus «cxJjonHysmuxcs» kaBepH U HY cnektpa nepenaercst nonam. Panee ormeuanocs [50, 51], uto B ropsueit
IU1a3Me oM SHEPTHM IOJIs, KOTopasl IepefaeTcss MOHAaM, IPOMOPLUOHANbHA OTHOLIEHHUIO SHEPIUU MOJIS K TEeIJIOBOI
SHEPruM IUTa3Mbl. B XONOJHOM InIasMe, OISl SHEPTUH TOJs, KOTOpas IepelaeTcs MOHAM, IOpsIKa OTHOIISHHMS
WHKPEMEHTa K 4acTOTe, WM, YTO MPAKTUIECKH TO )K€ caMoe, IPOIOPINOHANIbHA KyOMYeCKOMY KOPHIO U3 OTHOIICHHUS
Macc JIeKTpOHa K HOHY. B ciydae TspKenbIX HOHOB SHEPTHsl, IepelaHHasi HOHHOMY KOMITOHEHTY, 3aMETHO MEHbIIIE YeM
JUIsl citydast JIeTKuX HoHOB. Ilpmyem, noist SHepruu, nepefaHHas HWOHAaM B CIydae XOJIOJHOM IIIa3Mbl 0OpaTHO
MIPOTIOPIIMOHANbHA KyOMYecKOMy KOpPHIO M3 Macchl MOHOB, a B CiIydae TOpsdeil IUTasMbl C POCTOM MacChl MOHOB
MajJiecHue JOJHM DHEPTUH, TepelaHHON MOHAM OKas3bIBaeTCs HECKOJIbKO OoipmmuM [S51, 53]. PacmpeneneHue MOHOB 1O
SHeprusM B TuOpuaHON Moneny CHIInHA XapaKTepUu3yeTcs HaTHaueM OOJIBIION O OBICTPHIX YacTHUII.

WnTtencuBHocts HY criekTpa (MOHHO—3BYKOBBIE BOJIHBI) B CITydae HEM30TEPMHUYECKON TUIa3MbI (MOJENb 3aXxapoBa)
OJTHOTO TOpsSAKa B INMPOKOM HMHTEpPBajle BOJHOBBIX 4ucel. B xomonmnoi miasme (momens Cunmna) B8 HYU cmextpe
JOMHUHUPYIOT JJIMHHOBOJIHOBBIC KOJ'[e6aHI/I$I. Hpnqu OHEPIrus HY nmons oka3pIBaeTCA 3HAYMTEIIHFHO MEHBIIIE KOHEUHOM
SHEpruy MOHOB BO BCEX PACCMOTPEHHBIX Clyyasx. YMeHblleHue sHepruu HY moms co BpeMeHeM NMpOMCXOIUT H3—3a
nepeaay SHepruy HOHaM.

VYMenbieHne ypoBHs nornonieHus: BU nois cooTBeTcTByeT 3ameuieHHI0 Beiropanus BY mons B kaBepHax M
ymmpsier criektp BU Moz, 4To npuBOAMT K yriryONeHHIo KaBepH IUIOTHOCTH IUIa3Mbl U K YBEJIMUYCHUIO KHHETHIECKON
SHEPTrUM BBHITAIKMBAEMBIX W3 KaBepH HOHOB. OTMETHM, 4YTO C yMeHbIIeHHWeM 3aryxanus BY mon ¢yHkums
pacipeseneHlss MOHOB II0 CKOPOCTSIM B JIBYX MOAENIX No Qopme Bce Ommke NpHOMIDKAETCS K HOPMAIbHOMY
pacIpeneneHuio, To ecTh K (GyHKIMH MakcBemna. MakcuManbHOE 3HaUEHHE SHEPTHH HOHHO—3BYKOBBIX KOJIeOaHuMil pn
YMEHBIICHUHU Toromenns BY mons A1t HeM30TepMUIECKON TUIa3Mbl IPAKTUYECKH HE MEHSETCs, HO (pOpMHpOBaHHE
HY crniextpa yckopsiercs. B xonmoaHo# mma3Me, Tie BeIMKa HHTEHCHBHOCTh UMEHHO JUTMHHOBOJMHOBEIX HY koneOanmid,
IIPUYEM OHA YBEIHUYUBAETCSA IPH yMEHbLICHUH YpOoBHs noriomeHus BY moj. BakHO oTMETHTH, UTO C yMEHBIIEHHEM
noromenus BU cnekTpa 3Heprusi, B KOHEYHOM HTOTe IepeiaBaeMas HOHaM, BO3PACTaeT.

ABTOpBI BBIpaXaloT cBoro Onaronaprocts npod. Kapacto B.U. 3a none3nble 3ameuanust.
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For a number of years NSC KIPT developed and researched compact linear accelerators based on H - resonators in which the
stability of the particle dynamics is provided by a high-current version alternative - phase focusing - modified alternative - phase
focusing. The paper sets out the main principles of the accelerating channel in H - cavities with modified alternative - phase focusing
and briefly summarizes the main results of the research.
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MAJIOTABAPUTHI JITHIAHI ITIPUCKOPIOBAYM IOHIB HA MAJII TA CEPEJHI EHEPTIi
HNPUKJIAJHOT'O ITPU3HAYEHHSA
C.O. Baosin, €.B. I'yces, M.I'. Illynika
Hayionanvnuii naykosuil yenmp «XapKicokuil Qizuko-mexHiunull iHCmumympy,
Yxpaina, Xapxie, eyn. Axademiuna, 1

Iporsirom psany pokis B HHIL X®DTI po3poOmoioThest Ta JOCIIDKYIOThCS MajlorabapUTHI JiHIHHI IpHcKkoproBadi Ha ocHOoBI H —
pe30HATOpIB, B SIKMX CTIMKICTh JAWHAMIKM  YaCTHHOK 3a0e3NedyeTbCs — MOTY)KHOCTPYMOBHM BapiaHTOM 3MiHHO-()a30BOro
(dokycyBaHHS — MOAN(IKOBAaHUM 3MiHHO-(a30BUM (OKyCyBaHHSM. Y poOOTI BHKIAJAEHO OCHOBHI IPHHIMIHN TOOYJIOBH
MIpUCKOpIoourX KaHaiiB B H — pe3onaropax 3 MoaudikoBaHMM 3MiHHO-(a30BHM (POKYyCyBaHHSM Ta KOPOTKO y3arajibHEeHi OCHOBHI
Pe3yJIbTaTH AOCITiKECHb.
KJIFOYOBI CJIOBA: yactuHka, 1one, i0H, pe30HaTOp, XBUJIA, IPUCKOPIOBad, PoKycyBaHHs, (a3a

MAJIOT ABAPUTHBIE JIMHEAHBIE YCKOPHUTEJIA HOHOB HA MAJIBIE U CPEJHUE SHEPT A
MNPUKJIAJHOI'O HASHAYEHUA
C.A. Bnosun, E.B. I'yces, H.I'. Illyinka
Hayuonanvnouii nayunulii yenmp «Xapvkoeckuil pusuko-mexHuyeckuil UHCmuniym

Vrpauna, Xapvros, yn. Axademuueckas, 1
B teuenue pspa ner B HHI[ XDTHU pazpabaTeiBaioTcss U HCCIeIyIOTCsl MajorabapuTHbIe JHHEWHbIE YCKOPHTENH Ha ocHoBe H —
PE30HATOPOB, B KOTOPHIX YCTOMYMBOCTh AWHAMHUKM YacTHUI] 00ECTeUYMBAETCS CUIBHOTOYHBIM BAPHAHTOM IMEpeMeHHO — (ha3zoBoit
($okycupoBkH — MOAMGUIMPOBAHHOW TepeMeHHO — (a3oBoil (oxycupoBkoil. B paboTe H3/I0KEHBI OCHOBHBIE NPHHLUIIBI
MTOCTPOCHHUS YCKOPSAIOMIMX KaHaioB B H — pezoHaTopax ¢ MomuduuupoBaHHOU mepeMeHHO — ()a30BOi (HOKYCHPOBKOH M KpaTKo
00001IeHBI OCHOBHBIE PE3yIbTaThl HCCIEJOBaHUH.
KJIFOUYEBBIE CJIOBA: yactuia, nosie, HOH, pe30HATOP, BOJIHA, YCKOPUTENb, (POKYCHPOBKa, (aza

YcKkopuTenu NMOHOB AAaBHO IEpecTalll OBITh TOJBKO OpyIUeM (PH3MYECKOTo HKCIIEPUMEHTa B (DyHIaMEHTAIbHBIX
ncciuenoBaHuAX. Ilydkn YCKOPEHHBIX HOHOB INHPOKO HCHONB3YIOTCS B HAYYHBIX MHCCIEIOBAHMAX, B SAEPHOH
SHEPreTHKe, TEXHUKE, MEIUIMHE, OMOIOTHH, T€OJIOTHH, KaK TEXHOJIOTHUECKHE SAMHMIIBI, JUT 00OeCTIeUeHHs Pa3IMIHbIX
MIPOU3BOJICTBEHHBIX IporieccoB [1,2]. Cdeprl UCTIONB30BaHUS YCKOPUTENEH MOCTOSTHHO pacmupsioTcs. OTBIeKasCh OT
KOHKPETHBIX LleJIell NPUMEHEHHs YCKOpUTEIeH M CXeM HX MOCTPOEHHS, MOXHO C(hOpPMYyIHpPOBaTh psif OOIINX
TpeOOBaHMII K YCKOPHTENISIM IMPHKIAJHOTO HA3HAYEHHS. YCKOPHUTENb NOIKEH OBITh KOMIAKTHBIM, OTHOCHTEIBHO
JICIIEBBIM, HAJISKHBIM B pab0Te, MPOCTHIM B IKCIUTyaTaIliH U 00J1aaTh BEICOKOW MPOM3BOAUTEIHHOCTRIO. Y CKOPSIIOIIAs
cucreMa JOJDKHAa oOecrieunBaTh IpuemiieMble KOd(QUIMEHTHl 3axBaTa 4YacTHIl B PEKHM YCKOPEHHS, MpH
HU3KOBOJBTHOU (10 150-10° B) umkekuuu, BHICOKHE 3HAYCHUS TEMIIA YCKOPCHUS, UMITYJILCHOIO W CPEIHEr0 TOKa
Iy4YKa ¥ BO3MOXKHOCTh COBMEIIECHHSI YCKOPSIOIINX U (hOKYCHUPYIOIMX (QYHKIHMH B OJJHOH cucTeMe. Y CKOPEHHBIH My4Y0K
JIOJDKEH OBITh OJHOPOJIHBIM IO DHEPIMH M MMEThb SMHTTAHC, IIPU KOTOPOM NOTEPH YacTHIl NPU TPAHCHOPTHPOBKE
MHUHUMaJIbHBI.

[IpuBeneHHble TpeOOBaHMS NPOTHBOPEYMBHI W B3aMMOCBS3aHBI. Y JIOBJIETBOPUTH BCEMY pPa3HOOOPa3HIo
apaMeTpoB, HEOOXOIUMBIX JUIS CO3IAaHUS KOHKPETHOW YCTaHOBKHM, NPH HCIIOJIb30BAaHWM OJHOTO THMA yCKOPHUTEINS,
HCIIONIb30BAaHMSI OTHOW Pa3sHOBHIHOCTH YCKOPSIOIIEH CTPYKTYPBHI MM CXEMbI OCTPOCHHS YCKOPUTEIS HEBO3MOXKHO.
ITosToMy HEOOXOAMM IOMCK BapUAHTOB YCKOPSIOIINX CTPYKTYP M MPUHINIIOB IIOCTPOCHHUS YCKOPUTEIBHBIX YCTAaHOBOK,
XapaKTEPUCTUKU KOTOPBIX MOTJIM OBl YAOBIECTBOPSATH KOHKPETHBIM LIEJICBBIM HA3HAUCHUSIM.

CoBpeMeHHbIC JIMHEIHbIE PEe30HAHCHBIE YCKOPHUTENIM HOHOB C TpyOkamu npeiida, HECMOTpsi Ha HECOMHEHHBIC
JIOCTOMHCTBA, O0JIafaloT PsIIOM CBOWMCTB, KOTOPbIE OIPAaHUYMBAIOT MX TEXHOJOTMYECKOE MpHUMEHEHHE. YCKOpeHHe
My4yKa 3apsOKCHHBIX YaCTHUI] B JIMHEWHBIX PE30HAHCHBIX YCKOPHUTEISX OCYLIECTBIISIETCS MPOAONBHBIM 3JIEKTPUYECKUM

©Vdovin S.A., Gussev Ye.V.,, Shulika M.G., 2015
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HoJieM, KOTOPO€ CO3JaeTcs MEeXAy TPyOKaMu Jpeida B pesylibTare BO30YKICHUS B LMIMHIPUYECKOM pPE30HATOpe
YCKOpHTENs BRICOKOYACTOTHON (BU) ayiekTpoMarHUTHOM BOJIHBI HA OCHOBHOM Mojne Ejjy PacmpenencHue aMIummTy st
AJIEKTPUYECKOTO OIS M JUIMHA TIEpHoJia YCKOPEHUS MOAOHPAIOTCSl TAKMMH, YTOOBI YaCTHIIBI TPOXOIMIIH YCKOPSIFOLIHN
TIepUoA B ompenesieHHON (ase, Ha3pIBaeMOil paBHOBECHOH, a (paza mmerna HeoOXoauMmoe 3HaueHHe. Bo Bcex 3azopax
IIEKTPUUECKOE IT0JIE UMEET OJTHO M TO K€ HampasiieHue (27 - BU KoeOaHuit).

B Topmo3simeit ¢aze smekTpmueckoe MoJie SKpaHUpyeTcs TpyOkamu apeiida. JIns ycKOpeHHs HCHOIb3yeTcs
TONBKO OIWH IIONYTIEPHON AJIEKTPOMArHUTHON BOJHBI. B amama3zoHe »Hepruil 94acTuil OT 1,12-10’13 mo 320-1071
JLx/ayxion (ot 0,7 mo 200 M»B/HYKIIOH), TIe YCKOPUTETH TAaKOro THIa HanOoiee 3(PpQeKTUBHBI, IBMKCHNE HOHOB
cJ1a0OpENATUBUCTCKOE, CKOPOCTh YAaCTHI[ ¥ PACTET MO MEPE POCTa SHEPrUHU. Pe3ynbpTaTMBHOE YCKOPEHHE BO3MOXHO
JMIIb TIPU HAIWYUHM B YCKODSIOIIEM >JIEKTPHYECKOM II0Jie KOMIIOHEHTHI, KOTOpas paclpocTpaHsieTcs ¢ (a3oBOH
CKOPOCTBIO fi= v/c (c- CKOPOCTb CBETa), TO €CTh CHHXPOHHO C IyukoM. IIpm sToMm, /Ui oOecrieueHus CHHXPOHH3MA
HEOOXOMUMO, 4YTOOBI Ha YCKOpSIOIIeM mepuojae TpyOka apeiida cocrasmsuia 0,7561. Y Takoi KOMIIOHEHTHI
pacripeaeneHue mpoJI0JIpHOI0 OIS O PAANYCy MPOIOPILMOHAIEHO OTHOIICHHIO Pajiyca anepTypsl K Bearndune SA (4 -
JumHa BosHbl BY - xoneGanmit). [Ipn GoiplIoil BenmMYMHE OTHOLICHWS BO3HMKAET HEPAaBHOMEPHOCTH YCKOPEHHS MO
CEUCHHUIO IIyYKa M3-3a yOBIBaHHMS 3JIEKTPUUYECKOr0 IOJIS OT KpaeB TpyOok npeiida kK OcH yCKOpSAIOIIEro KaHaia.
[TosTOMy coBpeMeHHBIE JIMHEHHbIE PE30HAHCHBIE YCKOPUTEIN MOHOB pabOoTaroT B JHMana3oHe JUIMH BOJMH ¢ A > 1,5M.
Pe3onancHas yactora Ego BOIHBI wg9 = 2,405¢/R (R — pammyc pe3oHaropa), T.e. MONEPEUYHBIH pa3Mep pe3oHaTopa
onpeziesieTcss JJIMHOW BOJHBI M paBeH mnpumepHo 2R = A/1,3. Bo3MoXXHOCTM NOBBINIEHHS [ CBS3aHBI C
HEOOXOJMMOCTBIO YBEIHMUYCHHUS HANPSOHKCHUS HAa WHXXEKTOpEe HMOHOB [0 (600..800)~103 B, 4ro pomomHmTENHHO
YBEIMYMBACT PA3MEPHL, a BMECTE C HUIMH U CTOMMOCTB ycKopuTens [3].

Crnemyer OTMETHTD M TaKyl0 OCOOCHHOCTD, KaKk BO30YKICHIE B pE30HATOPE HAPSTy C OCHOBHOM MOJION KoJIeOaHuUit
ONM3KHX 110 YacTOTE COCENHMX MOJ. Hammume Takux MOA yXyAlIaeT mapaMeTphbl yCKOPSIOIIEH CTPYKTYpsl U TpeOyeT
MPEIeNIFHO BBICOKOW TOYHOCTH H3TOTOBJICHHS W HACTPOMKH BCETO YCKOPHUTENBHOTO TpakTa M  CHCTEMBI
TEPMOCTATHPOBAHUS YCKOPAIOUIEH CHUCTEMBI, a HMHOTJa M BBEICHHUSA B TOJOCTh PE30HATOpa JOMOJHHUTEIBHBIX
CTa0WIM3HPYIOLIUX 3JIEMEHTOB, YUCIIO KOTOPBIX MOXKET OBbITh I0CTATOYHO BEJIHKO.

JIBu>KeHHe 4YacTHI[ BJAOJIb YCKOPUTENIBHOIO TpakTa B MpPOLECCe YCKOPEHUS B paJMalbHOM HaNpaBICHUU
HeycroiunBo. CTaOuiam3anusi ABWKEHHs IydKa 110 Pajnycy OCYIIECTBISIETCS Pa3IMYHOro poja (OKYCHPYIOIIMMHU
yCTpoiicTBaMH, KOTOpBIE, KaK NpaBHJIO, pa3MelialTcs B TpyOkax npeiida. Hambonee HamexxHble M yHUBEpCaJIbHBIC
(oKycHpyIOIIUe JMH3BI SBISIOTCS HEHNPOCTHIMH B KOHCTPYKTHBHOM OTHOLIEHHWH YCTPOWCTBaMH. DTO 3HAYMTEIHHO
YCIIOXKHSACT KOHCTPYKINIO TPYOOK Jpeiida n BCEro YCKOPHUTENS B LIEJIOM, TIOCKOJIBKY JTOMOJIHUTEIbHBIE (OKYCHUPYIOIIHE
yCTpOHcTBa TpeOYyIOT OTAENBHOTO XOpPOIIO CTaOMJIM3MPOBAHHOTO MHTAHMS, CIOKHOH CHCTEMBl OXJNAXICHUS H
TepMOCTaTUPOBaHUSA [4].

CyIIeCTBEHHO YMEHBIIUTD pa3Mepbl YCKOPUTENS, YIIPOCTUTh €r0 KOHCTPYKIMIO U MIOHU3UTh SHEPTUI0 WHKEKIUN
MOYKHO IIyTeM Iepexoja K pe3oHaTopaM Ha BoyiHax H - Tuma.

enr HacTOsmIed paboThl — MO pe3yiabTaTaMm wuccieaoBaHuid, mnpoBeaeHHbIX B HHI[ X®DTU, wu3noxuth
OCOOCHHOCTH U QJITOPUTM IIOCTPOCHHS YCKOpsIOolie-pOKYCHUPYIOIMX KaHAJIOB B YCKOPHUTENSX Ha OCHOBe H —
PE30HATOPOB, B KOTOPHIX YCTOMYMBOCTh JAWHAMHUKH YCKOPSEMBIX YacTHI] 00ECIeYHBACTCSl CHIBHOTOYHBIM BapHaHTOM
nepeMeHHo — (a3oBoil POKYCHPOBKH — MOIM(PHUIIMPOBAHHOI NepeMeHHO — (pa3oBoii HOKYCHPOBKOI.

H - PE3OHATOPBI

B mmnmmHApUYeckux pe3oHaTOpax caMbld HU3KHH 1O 9YacTOTe THUN KojeOaHwid - H|; HE MMeeT MPOIOIBHOMN
COCTABIIIIONICH BBICOKOYACTOTHOTO AJIEKTPHUYECKOTO TOJS W HE MOXKET OBITh HEMOCPEICTBCHHO HCIOIB30BaH IS
YCKOpeHHS HWOHOB. [y coO3MaHWs TPOMONBHOTO AIEKTPHYECKOTO TOJS PE30HATOP HarpyKaeTrcs CIEeNHAIbHON
Harpy3koi. B xadecTBe Takoil Harpy3KH HCIONB3YIOTCSA TPYOKH Apefida 3aKperuieHHBIX Ha MTaHTaX [S5] MTH CIDIOMIHBIX
nepxarenix (rpedeHkax) [6], ycTaHOBICHHBIX MONAPHO Ha MIPOTHBOIOJIOXKHBIX MO AMaMETpPy 00pa3yIonIix MUIHHIPA
pe3onatopa. [Ipu TakoM pacmonoxeHuu TpyOku apeiida MOIKIIOYAIOTCs K TOYKaM € MOCTOSHHOW amrmuiuTyaon BY -
mojiA, To €CThb, MCXKAY JABYMs COCCIHUMH pr6KaMI/I MPUKIIAAbIBACTCA OAMHAKOBOC HAIPSIKCHUC I10 BceH JIINHE
pe3oHaTopa. OTH pPE30HAHCHBIC CTPYKTYpPHI HA3BIBAIOT H - PE30HATOPAMH, & COOTBETCTBYIOIIHUE YCKOPHUTEIH -

YCKOpUTEIIMHU Ha H - BoiHE. JlOCTOMHCTBaMH CTPYKTYpP TAKOTO THIIA SIBIAIOTCS MaJible rabapUTHBIE pa3Mephl, BEICOKHE
3HAYEHHs LIYHTOBOTO CONPOTHBJICHUS, OOJBIINI TEMI YCKOPEHHsS W HH3Kas SHEpPIusi MHXKEKLUUH 110 CPaBHEHHIO C
YCKOPUTENISIMU Ha BOJIHAX E-TUma.

B H-pezonartopax, HarpyXeHHbIX TpyOKamH npeiiha Ha CIUIOIIHBIX MOJBEcaXx-rpeOeHKax AWAMETp pe30oHaTopa
2R~A/(5...6) npuMepHO B YeThIpe paza, a o0beM mpumMepHO B 20...30 pa3 MeHblIe, YeM B YCKOPUTEISIX ¢ E-THIIOM
KosieOaHuid. YMeHbIIeHHe TabapuTHBIX pa3MEpOB CYLIECTBEHHO CHI)KAeT 3aTpaTbl Ha CO3J@HME M JKCILTyaTalHio
yCcKopuTens. BBICOKOYAaCTOTHBIE HHEPreTHYECKHE IIOTEPH B PE30HATOPE 3aBHCAT OT BEJIMYMHBI IIIYHTOBOTO
conporuBiieHns. OHU TeM MEHBINE, YeM BHIIIE CONPOTHBIEHHE. TeMI YCKOpPEHHs IOBBIMIACTCS 3a CYET TOTO, YTO
YCKOPEHHE OCYIIECTBIIICTCA 3HAKOIEPEMEHHBIM II0JEM. B KakAbIH TMOCIENYIOIMi 3a30p YacTHIBI TONAAAI0T B
yckopsitomieit gpaze BU — mouns (z-tum xonedaHuii).

Hnuna tpyOok npeiida mis obecnedeHus: cuHxpoHusma poipkHa ObiTh 0,25 fA. Tlo mepe pocra sHepruu B
mpoIiecce YCKOPEHHS, CKOPOCTh YaCTHIl BO3PACTAET, COOTBETCTBEHHO YBEIMYMBACTCS UIMHA YCKOPSIOLIETO MEepHojia
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(paccrosiHMe MeEXAy IieHTpamu TPYOOK mpeiida mbO IEeHTpaMH yCKOpSommx 3a30poB). C pocTOM IJIHHBI
YCKOPSIIOILETro Mepro/ia BeIMYNHA YCPEAHEHHON 110 MepUOy YCKOPEHHUs NMPOJI0IbHOM COCTaBIAIONIEH HAPSKEHHOCTU
anektpuueckoro BY - mons E, yMmeHbIIaeTcs, 4YTO NMPHBOAUT K IAJEHUIO TeMIa ycKopeHHs. Bmecre ¢ ocrnabieHueM
MIPOIOJIbHON  cocTaBisironield £, yOblBaeT M TmomepeyHas cocTaBisfomias FE, HeoOxoanmmas Uil IOJABIICHHS
KYJIOHOBCKOTO PAacTaJIKMBAHHS YaCTHI] ITy4yka. JTH 3(P(EKTH CyIEeCTBEHHO MPOSBISIIOTCS B JIMHHBIX YCKOPSIIOIINX
CEeKIHUAX, B KOTOPBIX CKOPOCTh YAaCTHIBI U3MEHACTCS Ha Mopsaok u Oonee. IlognepkaHne BBICOKMX 3HAYEHUH TemIla
YCKOPEHHs M KYJIOHOBCKOTO IIpefefla YCKOPSIEMOTro IMydka TpeOyeT NMPHHATHSA CHENHATbHBIX MEp ISl COXPAHCHUS
PaBHOMEPHOT'O paclpeeICHUs JIEKTPUUECKOTO OISl BIIOJIb PE30HATOPA: CEKIIMOHUPOBAHUS BCETO YCKOPHUTEINS, OO
KOMIIEHCAlud OCNalleHus HAmpsHKEHHOCTH IMOJsT IyTeM M3MEHEHHs BEIMYMHBI EMKOCTHOM Harpy3kd BIOJb
YCKOPHTEIBHOTO TpakTa (BapbHPOBAaHHS pa3MepaMu TPYyOOK npeiida, koHpurypamuei rpedeHOK u T.1.). Bropoit
BapUaHT IpPEIIOYTUTENIbHEE, MOCKOJIBKY IEpBBIH TpeOyeT MOMONHUTENBHBIX HCTOYHHMKOB BY - mnuranus, d9ro
YCIIOXKHSIET U YIOPOXKaeT YCKOPUTEIb.

H-pe3oHaTOphI M yCKOPUTENIH HAa X OCHOBE IOCIIEOBATEIBHO Pa3padaThIBAIOTCS M UCCIEAYIOTCS ¢ Hadaima 60-x
rofI0B B YKpamHCKOM (HM3MKO-TEXHHYECKOM HHCTUTYTe (B Hactosimee Bpems - HHII XapbkoBckuii ¢usnko-
TEeXHUYECKUI MHCTUTYT). Ha paHHeM 3Tamne uccieloBaHUN yCKOPSIOIUE CTPYKTYPbI CO3/1aBAIUCh ITyTE€M JUIUTEIHLHOTO
9KCIIEPUMEHTAIBHOTO 110/100pa M3-32 HEBO3MOXKHOCTH TOYHOTO PAacueTa MX XapaKTepHCTHK. TeM He MeHee, 3TH IepBbIe
SKCIICPUMEHTHl TIOKa3ajH, 9TO B INHPOKOM Juama3oHe »Hepruii B mpenmemax 0,05<4<0,35 BenwumHa NIyHTOBOTO
COTIPOTHBIICHUS IMOCTOSIHHA Macmitaba Ry , = (45...50)~106 OM/M ® TOJBKO TOCIE AOCTIXKEHHs 3HaueHus [ > 0,35
HauMHaeTCs ero yMensinenue j0 (20...25)-10° Om/m npu f= 0,5. [1oBEIIEHNE ITYHTOBOTO CONPOTHBIICHHS BO3MOXKHO
TIPY KOHIIEHTPAIUH SJIEKTPUYECKOTO OISl HCKIIIOYHUTENIFHO B 00JIaCTH yCKopsmomiero 3a3opa. Hauboxnee s dexTrBHBI
JUIL 3TOTO OKAa3aJMCh YCKODSIOIIME CTPYKTYpHl € TpyOkamu Jpeiia Ha CIUIONIHBIX JepkaTelsx-1oJBecax.
OnexTpoauHaMHUYecKre XapakTepucTHkH (D/1X) ycKopsiomeil cTpyKTypsl B 3TOM CIIydae ONpPEEIsSIOTCs HE CTOIBKO
pa3MepamMu pe30HaTOpa, CKOIBKO IMapaMeTpaMi pe30HaHCHOH Harpy3ku [7-11].

B xone mampHeWmmx nccienoBaHuii H — pe3oHaTopoB OBLTO OOHAPYKEHO, UTO TIPH OJMHAKOBOM HANPSHKEHHOCTH
IEKTPUUECKOTO TONS B YCKOPSIIOUIMX 3a30pax IIyHTOBOE CONPOTHBIEHHE B 4...5 pa3 MEHbIIE YeM B CTPYKTypax C
ITOCTOSIHHBIM HAMPSKCHUEM MEXIy TpyOkamu apeiida (cragaroiee 3JeKTPHUECKOE MOJIE).

Wzyuenne H — pe30HATOPOB CO CHAJAIONIMM 3JIEKTPHUECKUM TI0JIEM IOKa3alo, YTO MPU COXPAaHEHUH BBICOKOTO
LIYHTOBOT'O CONPOTHBIICHUS, 3HAYUTENILHO YIIPOIIAETCsI MPOLECC HACTPOMKH TaKMX PE30HATOPOB Ha pabo4yHil pexuM U
KOMIIEHCAIH BO3MYIIEHUH YCKOPSIOIIETO HANPSHKEHUS! CUIIbHOTOYHBIMU ITyYKaMH.

Ha ocHOBaHMM JaHHBIX, IOJYYEHHBIX B XOJ€ Ha4aJbHBIX HCCIEIOBaHWM, OBLI cO37aH ManorabapuTHBINA
JUHEHHBIA yckoputens aeidTpoHoB MJIV/I-3 [12-13]. HecMoTpss Ha CKpOMHBIE XapaKTEPUCTUKHU, YCKOPUTENb HMEIN
MIPAaKTHYECKOE 3HAYCHHE, WCIIONB30BAICA B COCTaBE AHAJIMTHUYECKOTO KOMIUIEKCA II0 MCCIIEAOBAHUIO CBOMCTB
MaTepuanoB B MHCTUTYTe HeOpraHMYECKMX MaTepuaioB M. bouBapa, T. Mocksa (B Hacrosmee Bpems >to ['HI[ PD
BHUMHM) [14] u 6611 oTMedeH menanpio BIIHX CCCP.

HNEPEMEHHO — ®A30BAS ®OKYCHUPOBKA

Hedokycupyroliiee BIMSHHEC JJICKTPUYECKOro IMmojsi B Ha yckoputeae MJIV]I-3 KoMIeHCHPOBAIOCh
BOJIb()PAMOBBIMH CETKaMH, pa3MELICHHBIMH BO BXOJHBIX ameprypax TpyOok npeiida. BenndnHa yckopeHHOro TOKa
OTpaHHuYMBajJach B OCHOBHOM JIOIMYCTUMOW TEIJIOBOM HArpy3KOHl M MPO3pPavyHOCTHIO CETOK. YIyuIlIeHHE MapaMeTpoB
YCKOPCHHOTO ITyYKa TPeOOBAJIO MPUMECHEHUS 00Jiee COBEPIICHHBIX METOMOB ()OKYCHPOBKH. Majbie pasmMepsl TPyOOK
npeiida B yCKOPUTEISIX HAa OCHOBE H — pe30HATOPOB UCKIIFOYAIH BO3MOXKHOCTh UCIIOJIb30BAHUS KBAAPYIOJIbHBIX JINH3,
a BBICOKOYACTOTHAs KBaJpYIHOIbHAs (DOKYCHPOBKA MPHUBOAWIA ObI K CHIDKCHHIO TEMIA YCKOPCHHS, YBEIUYCHUIO
SHEPIreTUICCKUX 3aTPaT Ha CO3/IaHUE YCKOPSIoIIee - (POKYCHPYIOIIETO IMOJII M CHIDKCHUIO SJICKTPUICCKON MPOYHOCTH
YCKOPSIOIMINX MTPOMEKYTKOB. Hanbonee mpuBiIeKaTeNbHEIM CIIOCOOOM, KOTOPBIH CIIOCOOCH 00CCIIEYNTh YCTOHIHBOCTD
IBIDKEHUS IIy9YKa HOHOB B TIPOILIECCE YCKOPEHHS, AT MajorabapUTHBIX JHHEHHBIX YCKOPHUTEIECW MpeICcTaBisAcTCS
croco0 (QOKYCHPOBKH CaMHM YCKOPSIOUIMM TojeM, 0e3 TPWBICYCHHS MOTOTHUTENBHBIX yCTPOHCTB W 3JIEMEHTOB.
Crocob6 OCHOBaH Ha HWAee IMEPHOANYECKOTO HM3MEHEHHS BIOJh YCKOPHTEIBHOTO TpPaKTa CHHXPOHHOW (a3bl it
MPUAaHKUs CUJIaM, JCUCTBYIOIIUM Ha YacTHUILy, 3HAKOIEPEeMEeHHOro (aszupyromero u (GpoKyCHpYIOIIEro BO3ICUCTBUS
[15,16].

YpaBHEHHE ABHKEHUS 3aps/ia B BBICOKOYACTOTHOM I10JI€ TIPH OTCYTCTBUY BHEIIHUX (POKYCHPYIOIINX YCTPOUCTB:

2
1
ar_1g, (1)
dx~  myy

m, — Macca 3apsja, y = — daxrop Jlopenna, F, — cuna, neiicTByromas Ha dactuiy co cTopons BY moms.

1
2
JI-5
Jaist yacTu ¢ MasibIM OTKJIOHEHHEM TeKylier (a3bl ¢ 4aCTUIBI OT CHHXPOHHOH (a3bl ¢, OTCYUTAHHOW OT MaKCHMyMa
aMruty sl BY - mossi, B OKpeCTHOCTH MPOJOJIBHON OCH, TJIe PaJHalIbHOE EKTPUUECKOE T0JIE YK€ HE pPaBHO HYJIIO
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.
r(OE
E, =—— . (2)
2\ Oz
(}"* - OTKJIOHECHHEC 4YaCTUIIbl OT OCHU B Honepeqﬂoﬁ IJIOCKOCTH, Z; — HpO,HO.TH)HaSI KOOp,HI/IHaTa CHHXpOHHOﬁ ‘IaCTI/IHLI),
IIPY aHaNW3€ TPOAOJILHOTO ((ha30BOro) M IONEPEYHOTO NBIDKEHWH, ypaBHeHHWE (2) OOBIYHO 3alMCHIBAIOT B BHJE
CUCTEMBI JIMHEHHBIX YPaBHCHUH C MIEPUOINISCKUME KO3 durmeHTamu (YpaBHeHUH XWia):

z=z¢

¥+Q x=0;
J+Q2y=0; 3)
c'j+Qq2q=O.

3[[605 X, Y — KOOpAWHAThl B r[or[epel{Hof/i MJIOCKOCTH, ¢ — OTKJIOHCHUEC 4YaCTUIbl OT CHHXpOHHOﬁ B MpOAOJJHbHOM

HalpaBJICHUHU,

sz _i aEy J’_% ,
S omy\ Oy Oz
0 _e OF, N OE. : )
T omy\ Ox Oz
oF
qu :i ai_i_ R
my\ Ox Oy

- COOTBETCTBYIOLINE YacTOTh! (ha30BbIX Kosiebauuii. I3 ypaBHeHuit npmxkenus (3) cienyer paBeHcTBO [17]:
Q (O+Q(O)+Q.2(1)=0. (5)

CJ'ICI[OBaTeJ'H)HO, B DJICKTPOCTATUYCCKUX IMOJIAX WA B Ka)KI[I:Iﬁ OHpeZ[eJ'IeHHLIﬁ MOMCHT BPECMCHU yCTOﬁ‘IHBOG JBHXCHUC
YacCcTull BOBMOXKXHO TOJIBKO IIpU

0’=0=0"=0 (6)
B akcuanbHO-CHMMETPUYHOM YCKOPSIFOLIEM T10J1e
1
Q=9 (1= —Equ (. @)
C yuerom (7) ypaBHeHus (3) MPUHUMAIOT BUA
v —lQ *(t)r =0;
2 ’ ®)

.. 2
i+Q2(6)g=0.

B numHeitHOM npuOMIDKeHNH B ToJde Oerymeid »IIeKTpOMAarHUTHOM BOJHBI C MPOJOJIEHOW KOMIOHEHTOM
anekTpraeckoro mois E, [17]

(1)

dz
E, =E cos| of —w I —_— 9
o Vg (Z )
Q qz (¢) cBs3aH ¢ OCHOBHBIMH [APAMETPAMHU YCKOPSIOIIETr0 KaHaja CIeIyIOMuM 00pa3om:
e 2rnsinp ETn(z
qu(t):_ ¢1 i 177( ) (10)
mO ﬂvﬂ’
) sin(7e, _
3nech E; — aMIuuTya nons B i-Tom 3asope, 1, = (—l) - (haKTOp IIPONETHOTO BPEMEHH, O, = S K03 urueHT
o,

1

s

3a3opa [19], By = v/c — OTHOCUTENBHASA CKOPOCTh CHHXPOHHOHM YacCTHIBI, 4, - paBHa 1 B yckopsromeMm 3a3ope u 0 B
TpyOKax apeiida.

W3meHsist mepuoAnYecKH BIOJIb YCKOPUTEIBLHOTO TpaKkTa 3HaK KoadduimeHra qu MOJKHO 00€CIEeUNUTh COBMECTHO
IPOJIOJIBHYIO U MOIEPEUHYI0 YCTOMYMBOCTE IBMKEHUS YacTHIl. [IpakTHyecku Takoe M3MEHEHUE OCYIIECTBIIIETCS MPH
roMouu TpyOok npeiida pazianuHol AyMHBL J{aHHBIH croco0 (HOKYCHPOBKHM TOJIy4YHJI Ha3BaHHE NepeMeHHO-(a3oBas
(I1OD) nnu dpazonepemennas poxycupopka (PIID). [IDD oka3piBaeT BO3AEHCTBHE HE TOJIBKO Ha MONEPEYHOE, HO U Ha
MPOAOJIBHOE JBUKEHUE, B OTINYUE OT YCKOPUTEIEH KIaCCHUECKOro THIIA, TJ€ B MPOJOJALHOM HalpaBlICHUH JBHXKEHUE
YyacTHIl IMy4yKka ompezessiercss aBrodaznposkoil. Ilpu [1DD yckopenue, GpoxycupoBka u (Ga3upoBKa OCYLIECTBIISETCS
pa3IMUHBIME KOMITOHEHTaMH yckopsifomiero BY - mons. IlosTomMy coBMecTHast ImorepedHas W MPOAOJIbHAsS
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YCTOIUYMBOCTH 00ECIIEUNBACTCS TOJIBKO B Y3KOM JIMAIla30HE [apaMeTpoB, a (a3oBas NPOTSHKEHHOCTh 00JACTH 3aXBaTa
HE TNPEBBIIIAET HECKOJIBKHUX I'PaaycoB. DTH OOCTOSTEIBCTBA HE IO3BOJISIOT MOJYYUTh YCKOPEHHBIH TOK IPHEMIIEMBIX
BenmnunH. CyInecTBEHHO pacHIMpuTh OOJIaCTh 3axBaTa W MOJHATh BEJIMYMHY YCKOPEHHOTO TOKa J0 JECSTKOB
MWJUIMAMIIEp BO3MOKHO, €CJIM BMECTE€ C IIEPHOJMYECKMM H3MEHEHHEM 3HaKka paBHOBECHOW (a3bl, y4YUTHIBas
HECHMMETPUYHOCTh ypaBHEHMH (8), IEpHOIUYECKH 1O CHENUAIbHBIM 3aKOHAM HM3MEHSTH €lle OAWH W3 I1apaMeTpoB
yckoputens. IlapamerpamMu MoryT OBITh, HalpuMep, aMIUINTYAa YCKOpsiomero mnomns E;, abcoiroTHOe 3HadeHHe
CHHXPOHHOH (pa3bl ¢, I MMOCTOSTHHAS COCTABIIIONIAs CHHXPOHHOU (Dasbl ¢y Takoit MeTon oOecriedeHnsT yCTOHIHBOTO
IBIDKCHUS YaCTHIl, HAa3BaHHBIA acCHUMETpUYHON (hazomepeMmeHHON ¢okycupokoir (ADIID), Hamen mnpaxTHyecKoe
npuMeHerue [18].

B HHI[ X®TH paspaboran eme Oojee CHIBHOTOYHBIA BapHaHT (POKYCHPOBKH, MOJIYUHBINUI Ha3BaHUE
MoauduimpoBanHas nepemeHHO-(azoBas QokycupoBka (MIID®D) u ynoctoenHslit ['ocymapcTBEHHOH mnpemMun
VYxpaunel B obmactu Haykd M TexHHKH [19]. CymrHoCTh MeTona 3aKiIIOuaeTcs B TOM, YTO pacyeT YCKOPSIOIIeH
CTPYKTYpPBI IIPOBOJIUTCSI HE 110 OJHOW PacyeTHOM MM CHHXPOHHOM YacTHIIE, a 0 HEKOTOPOMY HayaJbHOMY aHCaMOITIO
YacTHUI[ C y4eToM ero ¢a3oBod nporsbkeHHocTH [20-24]. IlpumeHeHne MOIU(PHUIUPOBAHHOHN INepeMeHHO-(a30BoM
(hOKYCHPOBKH ITO3BOJIMIIO Ha MOPSIOK 1O cpaBHeHHIO ¢ ADIID yBennunTh yCKOpEeHHBIH TOK [25-26].

MopandunrpoBanHas mnepeMeHHO-(azoBass (OKycHpoBKa 5TO (OKYCHPOBKA, NP KOTOPOH YCTOHMYMBOCTH
JBIDKEHUS YaCTHI MOAAEPKUBAETCSA B CPEAHEM HA IPYMIE YCKOPSAIOUINX MEPUOIOB. Y CKOPSIOMUI MEPUOA COAEPKHUT
TpyOKy apeiida u 3a30p MeXAy coceHUMH TpyOKamu. Kakiplii mepron odecredynBaeT yCTOWYNBOCTD JHIIb B OJAHON
TUTOCKOCTH JIBW)KEHHS YacCTHI[ — HPOJoNbHON ((ha30BOi) MM paauanbHON. Y CKOPSIONIME MEepHOAbl, OObEANHEHB B
TPyINy TOA Ha3BaHWEM Ieprox (okycupoBku. COTnacoBaHHME YCIOBHH ABM)KEHHS YaCTHI[ OT MEpHoJa K NEPHOTY
obecreunBaeT yCTONIMBOCTD ITy4Ka B IIEJIOM Ha Nepruoje (POKYCHUPOBKH B 00EHX IIOCKOCTSX.

[TapameTpamu, KOTOpBIE ONPEEISIOT yCTOWYNBOCTD JBIDKCHUS IIydKa, SIBISIFOTCS (pa3a CHHXPOHHOH 4acTHLBI U
HaIPSHKEHHOCTh YCKOPSAIOLIETo Mol B 3a3ope. IlockonbKky Ha BXOZE B INEPBBIM 3a30p HEBO3MOXKHO C(OPMHPOBATH
INY4YOK C HEOOXOIMMBIMH JJIsl YCTOHYMBOTO JBMXKECHUS (ha30BBIMH XapaKTEPUCTUKAMHM, MEPBBIA 3a30p BBIOMpaeTcs
rpynnupyromum qactuisl (pasupyrommm). {1 yBennueHus obyactu 3axBara 1o ¢asaMm U obecriedeHus JIMHEHHOCTH
CHJI JISHCTBYIOIIMX HA Iy4OK CO CTOPOHBI BBICOKOYACTOTHOTO T10JIs, 3HAYEHHE CUHXPOHHOH (ha3a BbIOMpaeTcst OIM3KuM
90° pM paBHBIM eMy. YUHTBIBas HEOJIMHAKOBYIO JKECTKOCTb IS PAJMaIbHOIO H HPOIOIBHOTO JBIKEHHIl U TO, UTO
YpOBEHb IIOJII B TIEpBOM, (hasupyromeM 3a3ope OOBIMHO He yhaerca caenath Oonee 0,5F, (E, — ammumTyzna
JIEKTPUUECKOTO T10JIs1), anee, B MeproA (POKYCHPOBKM BKIIOYAIOTCS /1Ba (POKYCHPYIOIIMX MIEPHOAA U TTOJIOBHHA 33a30pa
¢asupyromero c¢ monem ~F, CoriacoBaHne YCIOBHH MABWKEHHS B IIPOIecCe [BIDKEHHS YaCTHI[ IO TEPUOIY
(hOKYCHPOBKH TIPOM3BOAMTCS MOAOOPOM CHHXPOHHOW (a3bl M aMIUIMTYABI OIS B 3a30pe. 3aTeM BBICTPAWBACTCS
clefyommi nepruos; (OKYCHpOBKH, TIIONIAarasicb Ha aHAJOTWYHbIE mNpeanochuikd. OH HaunHAeTCs ITOJIOBHHOM
(azupyromero 3a3opa, OCTaBIIETOCs OT MPENBIAYNIEro mepuoga (OKYCHPOBKHM, W  BKIIOYAaeT HECKOJIBKO
HIOCIIEJIOBATENBHO PACHIOJIOKEHHBIX (POKYCHPYIOUIMX M (ha3sHUpYIOIINX 3a30pOB, CHHXPOHHAs (a3a U ypoBEeHb IIOJISI B
KOTOPBIX BBIOMPAIOTCS TaK, YTOOBI IBHXKEHHE B LIEJIOM MO MepuoJy (GOKYCHPOBKHM ObLIO YCTOWYMBHIM. [Ipyrumu
cioBaMu Ha (ha30BOW IUIOCKOCTH YacTHIA, NPOWAS TOJHBINH Neproa (OKYCHPOBKH M TOJNyYHB IPUPOCT IHEPTHH,
JIOJDKHA BEpHYTHCSl B HAUAJIBHYIO TOUKY WIIM OUeHb OJIM3KYIO K Hell. W Tak nanee 10 TOCTHXKEHUS 3aJJaHHON SHEPTUH.

OCOBEHHOCTHU INIOCTPOEHUS YCKOPSIOIIEI'O KAHAJIA C MITII®

[TocTpoenne yckopsrome-pokycupytomero kaHama ¢ MIIO®D aHanUTHYECKUMH METOJAMHM MNPAKTHYECKU
HEBO3MOXXHO. JTO CBS3aHO CO CIIOKHOCTBIO ONpEHCTCHHUS pEeallbHOW TEOMETPHUH YCKOPSIOINX IEePHOAOB H,
CJIeZIOBAaTENIFHO, MHOXECTBA BO3MOJKHBIX BAPHMAHTOB 3HAYEHHH CHHXPOHHBIX (a3. TpamuIroHHBIE METOABI pacdera
[30,31] yckopstomero kaHama ¢ MII®® HenmpuromHsl MOTOMY, YTO 3aKOH pPaCHpeleliCHHS CHHXPOHHBIX (a3 B
YCKOPSIIOIIEM KaHalle He MOXeT OBITh 3aZaH 3apaHee. Ero HeoOXoAMMO HAWTH B TMpOIECCe pPELICHUS
CaMOCOTJIACOBAaHHON 3aZayll - BBIYMCICHHS pa3MEpOB YCKOPHUTEIHHOTO TpPaKTa C OJHOBPEMEHHBIM OIPEACICHUEM
3aKOHA PACHPEICICHHUS CHUHXPOHHBIX (ha3 W aMIUTUTYJ BBICOKOYACTOTHOTO mouis. Jlis pemienus stoi 3amaun B HHIJ
XOTHU Obuta co3gaHa 4YHCICHHAs METOJMKA pacueTa YCKOPSIONIUX pPe30HATopoB. PacdeTsl MpPOBOIIINCH C
HCIIOJIb30BaHUEeM MeToja Makpodactur, [28-35, 37-40]. CyTb MeTojga MakpodacTHl] 3akKiIio4yaeTcs B TOM, YTO
HaOJIOJIeHNe MPOM3BOANTHCS 32 OOJBIIMMHU TpYyNIIaMH YacTHI[ C TEM JK€ OTHOLICHHEM 3apsia K Macce, 4To W Juis
peanbHBIX yacTul. [Ipy yclIOBHUHM COXpaHEHHs IUIOTHOCTH 3apsija, COOCTBEHHOE IOJIeé M JUHAMHMKa MaKpOYaCTHIL
JOCTaTOYHO XOPOIIO OTPAKAIOT PEANIbHBIA My4OK.

AnTopuTM pacdera UMEeT TaKyIO IOCIeI0BATEIFHOCTb:

— Ha BXoJIle B KaHall (hOPMHUPYETCS MyUYOK C COOTBETCTBYIOIIUMHU IapaMeTpaMu (TOK, SHEepreTHdecKuid pa3opoc,
(ha30BBIi TOPTPET U Jp.) UCXOAS U3 TPEOOBAHHM, IPEABIBIIEMBIX K YCKOPSIOMIEH CTPYKTYpE;

— TPOM3BOIUTCS HadaJlbHOE 3aloHEHHE (ha3oBOro oObeMa ¢ TpeOyeMBIM pactpeneneHueM (Ha30BOH IIIOTHOCTH
YaCTHI] IPH [TOMOIIN TeHEepaToOpa CIIyJIaiHBIX YHCET,;

— TPOHM3BOIUTHCS pacHpeieieHHe INIOTHOCTH 00BbEMHOT0 3apsaaa B y3/ax SHIepoOBOH pelIeTKH, HaJIOKEHHOW Ha
IMyY0K MCXOs U3 MPOCTPAHCTBEHHBIX KOOPAWMHAT MaKpOYaCTHII;

— peumacTcd ypaBHCHUEC HyaCCOHa C COOTBETCTBYIOIUMU T'PAaHUYHBIMU YCIIOBUAMU JIsI HAXOXKACHUA NMOTCHIHMATIa
B y3J1aX PELIETKH;
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— UHUCICHHBIM JudQepeHIpOoBaHUEM TMOTCHIMAla, HAaWJIEHHOro B  y3JlaX pELIeTKH, ONpelessoTCs
pacripeseneHust KOMIIOHeHT K, u E, HanpsHKeHHOCTH 3JIEKTPUYECKOro I0Jisi B 00JNACTH NMPOCTPAHCTBA 3aHMMAEeMOI0
ITy4YKOM;

— pelaroTcsl ypaBHEHUs! JIBMKCHUS YaCTHIl BO BHELIHEM W COOCTBEHHOM JIEKTpHUUYECKHX IMoJsix. Ha ocHoBaHMK
9THX PEUICHUH ONpEeNeIsIeTCsl pacipeieieHne BeTMUNH CHHXPOHHBIX (a3 ¢,, [UIMH TpyOok npeiida u 3a30poB Mexmy
HUMH, T.€. ONPEENIACTCS TEOMETPHN YCKOPSIOLIETO TPAKTA.

Ha HaganpHOM 3Tarne KOMM4ecTBO MOJIENBHBIX YacTHUII (PABHOMEPHO 3apsDKEHHBIX SIUIMIICOHMIOB), OTPAaHHINBACTCS
BO3MOXKHOCTBIO OIlEpaTopa B MacIuTade peaJlbHOro BPEMEHHM KOHTPOJIHMPOBAThH NMAapaMETPhbl UX JIBIDKCHHUS U BPEMEHEM,
HEOOXOOUMBIM IS HPEIBAPUTEIBHOIO ONPEAENCHUS paclpeneieHus (a3 B YCKOPSIOUMX HepHonax. UuciieHHbIe
HCCIIEI0BAHUS BEAYTCS B PeXKHUME AUAJIOra OIepaTopa M BBIYUCIUTENBHOM MalllMHBI M OCHOBAHBI HAa TOM, YTO 3HAUCHHUE
CHUHXPOHHOH (pa3bl ¢ B KQKIOM YCKOPSIOIIEM 3a30p€ JaHHOTO IEepHUoja YCKOPEHHs BBIOMpAETCsl UCXOIs M3 aHaIn3a
napaMeTpoB aHcamOJIsl YacTHUIl Ha BBIXOJE IEpPHOJa, ITapaMeTpbl KOTOPOro IEepBOHAYaIbHO ObUIM 3aJaHbl Ha BXOJE
nepuona. HauaB aBmkeHWe dacTull, oneparop B OYKBaJIbHOM CMBICIE “TIPOBOJUT’ MEPBOHAYAIBLHO BHIOpAHHBIN
aHcaMOJb YacTUIl, KOHTPOJMPYS IapaMeTphbl JABW)KEHHS TaK, YTOOBI 3TOT aHCaMOlb HaXOJWICS B TpaHHIAX,
OIIpEIeTSIEMBIX ~ aKCENTAaHCOM  yCKOPsIOIie-(QOoKyCHpYIOIIero KaHama. OTO TI03BOJSIET  OINEPAaTHBHO  OLICHHUTHh
BO3MOXKHOCTH KaHaJa.

Ha cnenmyromeM stame aHaIM3WPYIOTCS WM3MEHEHHSI XapaKTEPHCTHK IydKa B MpOLECCE €ro IBIKCHUS B
YCKOpAIOIIe-QOKYyCHUPYIOIIEM KaHaje. 3aTeM, ITyTeM IIOCIEJOBATEIbHBIX NPUOMIDKCHUH YTOYHSIOTCS IapaMeTphl
caMoro KaHala - pa3Mepbl YCKOPSAIOIIMX IEPHOJIOB, paclpeleieHNe CHHXPOHHBIX (a3 M OTHOCHTEIBbHOE
pacnpeneneHne aMIUIMTYAbl YCKOPSIOIIEro IO B 3a30pax. 1o ecTh, B MpOLECcCEe HCCIEIOBaHMS AWHAMHUKH ITydKa
OJHOBPEMEHHO IPOU3BOIUTCS MOAEIHPOBAHUE YCKOPSIOUIETO TPakTa (M3MEHEHHE €ro MapaMeTpOB), MO3BOJISIOIIEE
OINITUMU3UPOBATH XAPAKTEPUCTUKU YCKOPAEMOT'O ITyUKa.

YucneHHoe WHCCIeIOBaHHE JUHAMHKH YacTUI[ B YCKOpsIOIIe-pOKYCHUpYIOUIeM KaHalle MO3BOJISIET, [0
W3rOTOBJIEHHUsI padodero obOpasla pe3oHaTopa, OIPEAEIUTh pa3Mepbl O0JlacTel yCTOWYMBOrO IPOMOJIBHOTO U
TIOTICPEYHOT0 JBHMKEHUSI, aKCENTaHC, XapaKTEPUCTUKM IydKa HOHOB - KYJOHOBCKHH TIpelieNl yCKOPEHHOTO TOKa,
SHEPreTHYecKuil pa3dpoc, SMUTTAHC U T.A. J{JIst onpeesieHnst HICTHHHBIX TapaMeTPOB ITy4Ka, MPOBOASTCS yTOUHSIONIHE
YHUCIIEHHBIE WCCJIEJOBaHMS C WCIIOJNb30BAaHHEM pe3YyJIbTaToB, MONYyYEHHBIX Ha JTarmax A3KCIEePUMEHTAIBHOIO
MOJICTIMPOBAHMSL YCKOPSIIOIIETO PE30HATOpa. [JIaBHBIMH W3 HUX SIBISIOTCS PEalTbHOE PpAaCIpeeiiCHUE BEIWIHHBI
YCKOPSIOIIETo OIS IT0 IEPHOIaM yCKOPEHHS M PE30HAHCHAS JacToTa.

Jis co3manms yckopsromie-(pOKyCHpPYyIOIIEro KaHana ¢ ONTHMalbHBIMU MapaMeTpaMu HEOOXOAMMO cOOII0aaTh
CIIENyIOIIMe YCIOBUs. B  ycCKopsrOmMX mepHojax ¢ OTPHULATENbHBIM 3HAUE€HWEM CHHXPOHHOM (as3bl ¢,
00eCTIeYnBAOIINX TPYIIUPOBKY ((pa3upoBKY) YacTHII, aOCOITIOTHAS BEIHMIUHA (Pa3hl | (p51| JOJDKHA OBITH OOJBIIE YeM B
YCKOPSIIOIINX TEPUOJax C IMOJOKUTEIbHBIM 3HAUCHHEM CHHXPOHHOH (asbl ¢y, KOTOpas 00ECHEeUNBACT PagHAIBHYIO
¢dokycrupoBKy. KommuecTBo ycKOpsIOMMX TNEpPHOJOB C TOJOKHUTEINBHBIM 3HaueHHEeM (a3el @, UIA YCHIICHUS
XKECTKOCTH PAJNAIBHBIX CHII B Iepuoae (GOoKycupoBkd B 1,5...2,5, MOMKHO MpEBHINIATh KOIWYECTBO IMEPHUOIOB C
OTpPHUIATENIFHBIM 3HAUCHHEM CHHXPOHHOH (ha3bl ¢y;.

B 3aBucmMOCTH OT SHEPTrHH YacTHIl YHCIIO YCKOPSIOUIMX TNEPHOJOB B (DOKYCHPYIOIIEM IEPUOJIEC HE OCTaeTCs
OIIMHAKOBEIM, TaK Kak mpu ¢;<0 ¢asmpyromee (ogHOBpeMeHHO Aedokycupylomee) wind npu @0 ¢dokycupyromee
(omHOBpEMEHHO Nedazupyromee) AeHCTBHE MEKTPUIECKOTO TOJIS B YCKOPSIIONINX IEPHOaX YMEHBIIAETCA C POCTOM
sHeprun yactur. OOBIYHO TMama3oH W3MEHEHWs 3HadeHuH (a3el ¢ BBIOMpaercs B mpexaenax oT -90° mo -60°, a
IMama3oH 3Ha4YeHWH ¢a3sl @y - B mperenax +35°...+70°, B 3aBHCHMOCTH OT paclpelesieHUs HanpsHKEHHOCTH
JIEKTPUYECKOTO TOJIS BIOIb OCH CEKIMM, SHEPTUH YacTHIl, CTEIEHN MX TPYNITUPOBKH U psAaa Apyrux (akropos. Ha
KOHKPETHBIC 3HAUEHMsI CHHXPOHHBIX (Da3 B yKa3aHHBIX HaNa30HaX OKa3bIBACT BIMSHHUE CTEIICHb IPYNITUPOBKH YaCTHIL
B Iy4Kke Ha BXOIe B Neprox (OKYyCHPOBKM. MHHHMMH3AIHMsA HOTEPb YACTUIl JOCTUTAECTCS CTPOIMM COIJIACOBAHHUEM
aKcenTaHca (DOKyCHPYIOIIEro mnepuoja ¢ 3MUTTAaHCOM ITyyka Ha €ro Bxoje. TakuM o0pa3oM, BIOJb YCKOPSIOIIEro
TpaKTa JJIsl Ka)KI0T0 JAnara3oHa SHeprui HeoOX0AMMO pa3padaThiBaTh KOHKPETHBIH Mepro (POKYCHPOBKH.

[TpeBbinienre B mepuoge (OKYCHMPOBKM ONTHMAIBHOTO YHCIA YCKOPSIONIMX TIEPHOJIOB C pagualbHOU
(POKYyCHPOBKOH NPUBOJUT K YBEIMUEHHIO aMIUTUTYJbI MPOJIOJBHBIX KojeOaHWI a, cileNoBaTelbHO, K Je(a3supoBKe
YacTHIl CI'YCTKa M BBIXOJy YacTH HMOHOB M3 CHHXPOHHM3Ma C 3JEKTPOMarHMTHOW BonHOW. HambGosee npuemiemoit
SIBISIETCSI CTPYKTYpa (oKycupyromero nepuona tuna DFFFD B Hadalle yCKOPUTEIBHOIO TPaKTa, KOTOpas IO Mepe
pocta sHeprum duactul Tpanchopmupyercss B DDFFFFFDD. 3pnece D — mnepuoabl yckopeHust ¢ ¢,<0°, T.e.
obecrieunBaoNIe TPYNIIMPOBKY YacTHL; F — MEpHOAbl YCKOPEHHS C paauanbHON (OKYCHPOBKOH, T.€. NMEPUOABI B
KoTopelx @>0°. Ilpm stom B mpemenax mnepuopa (OKYCHPOBKH HUHCIIO YCKOPSIOIIMX IIEPHONIOB C pagvaIbHON
(OKyCHPOBKOH JOIDKHO OBITH OOJBIIE YHCTa YCKOPSIOUIMX MEPHOJIOB, 00ECTICUNBAIONINX MPOJOIBHYIO0 YCTOMYMBOCTS.
C pocroMm sHeprun (KECTKOCTH IydyKa) B meprojae (HOKyCHPOBKH HEOOXOIMMO yBEIMUYMBATH Kak yucio F-, Tak u D-
YCKOPSIIOIINX HEPHOIOB. B OTIMUYNE OT KIIACCHYECKUX YCKOPSIONMINX CTPYKTYP, B ClIydae HCIIOIb30BaHMS YCKOPSIOLIETO
kaHana ¢ MIIO®, ctpykrypa neproaa GOKyCHPOBKH HE SBISIETCS TIOCTOSHHOH.

VYBenuueHne Yucia yCKOPSIOUIMX MEPUOJOB B (DOKYCHPYIOIIEM IIEPHUOJE SIBISETCS TIOJIOKUTEIBbHBIM KaueCTBOM
merona MIIO®. OHo obecrneunBaeT THOKOCTh B TMOCTPOSHUH Teprona (HOKYCHPOBKH, YTO TO3BOJSET Oojiee TOUHO
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BBIOpaTh €ro napameTpbl JJIs YBEIHUYEHHUs Mpejesia YCKOPSEMbIX TOKOB, PacIIMpEHHUs Juara3oHa SHEpIuu U copra
YCKOPSIEMBIX YaCTHII.

[Tpn MII®® yckopeHne MOHOB HMPOUCXOIUT Kak B (asupyrolux, Tak U B (okycupyromux nepuopax. Ho mpu
yKa3aHHOM BbIOOpE 3HAYCHWIH CHHXPOHHOH (ha3bl OCHOBHOH NMPUPOCT SHEPTUHM YACTHIL NMPOMCXOAUT B YCKOPSIOLIMX
TIEpHOAAX, 00ECIEUNBAIOIINX PATHANBHYIO (OKYCHPOBKY. DTO OOBACHSIETCS TEM, YTO NPH BEJIIMYMHE CHHXPOHHOU (ha3bl
oxoJto 90° TemMIT yCKOpPEHUs! MPONOPIIMOHANBHBIN Cos @, ABIAeTCd HU3KUM. [103TOMY B (OKyCHPYIONMX MEPUOAAX IS
YBEIMUYEHUS CPEAHET0 TEMIIa YCKOPEHUSI HEOOXOAMMO BBIOMPATh MUHUMAJIBHO BO3MOJKHBIE 3HAUCHHUS ¢, TaK Kak IpH
9TOM yMEHBIIAETCS )KECTKOCTh (POKYCHPOBKH IMy4Ka, KOTOPasi IIPOIOPLUHOHAIIBHA Sifl ;.

IMAPAMETPBI 1 KOHCTPYKIMSAA HEKOTOPBIX YCKOPUTEJIEN

TlepBblii MaTOraGapuTHBINA YCKOPHTENb AeiTpoHOB Ha >Hepruio 4.8:10™"° IIx (3,0 MaB) ¢ ucnonb3oBanuem H-
pe3oHaTopa, B KOTOPOM YCTOWYHMBOCTH ITydKa B TIpoIiecce YCKOpeHHs obecneunBanoch meronoM MIID®D, Ovi1 co3man B
HHIL[ X®TH B 1976 roay Ha 6ase yckopurens MJIY]I-3. HanpsbkeHHOCTh MONS HA OCH B 3a30pax cocTaisiia 80-10°
B/M, BemamHa Toka mydka — 150-107 A B umiyIibce i 6bl1a OrpaHHYEHA MAIbIM TOKOM HHIKSKIUN.

YckopuTenb ObUT OCHOBaTEIbHO Hepepabotan B 1985 rony ¢ y4eToM HaKOIUIEHHOTO ONbITa pacYEeTHBIX, HAY4YHO-
HCCIIEIOBATEIbCKUX M MPOEKTHO-KOHCTPYKTOPCKUX pabot [32]. [nuHa ycKopsiomiei CTPYKTYphI OcTajiach MpeKHen
(oxomo 1,3 M), a yckopsifolee mone Ha ocH ObuT0 yBenuuero 1o 120-10° B/m. O6mas miomans yCKOPHTENs CO BCEMH
BCIIOMOTATEIbHBIMH CHCTEMaMH He MpeBbiana 35 M.

Yckopstomasi CTpyKTypa, TakkKe Kak M B IIEPBOM BapHaHTe, MpeJCTaBiisuia codoi H-pe3oHaTop ¢ KperieHueM
TpyOoOK apetia Ha rpebeHKax C 7 - IEPHOIUIHOCTHIO YCKOPSIIOLIETO TTOJIS.

I'eomeTpust TpeOCHOK YCKOPSIOUIETO TpakTa, HMeEMomas CIOXKHYI KOH(QHIypanuioo, Obla orpeseicHa
SKCHEPUMEHTANBHBIM MOJIEINPOBAHUEM AIEKTPOANHAMUUECKIX XapaKTEPUCTUK, IPU MIOMOIIHX CIELUAIBHO CO31aHHOTO
aBTOMATH3MPOBAaHHOTO WM3MEPUTEIBHOTO KoMIUIekca [35], ¢ mocienyromeidl HacTpOWKOW  pacmpeleneHus
BBICOKOYACTOTHOTO TIOJISI B pe3oHaTope. UHMCIEHHBIM pacdeT TeOMETPHH YCKOPSAIOIIe-(OKYCHPYIOMIETo KaHala ¢
MII®O® u aeranbHBIA aHAIU3 YCTOMYMBOCTU IABMXKEHMS YaCTHUL B KaHAJE MOKAa3alM, YTO ONTUMAJIbHBIM IapaMmeTpam
COOTBETCTBYET YCKOPSIOIIMI KaHall, cojepkamuii 16 mepronoB ycKOpeHHs, CIPYIIHMPOBAaHHBIX B YETHIPE IEpHOnA
¢doxycupoBku. TpH nepBhIX nepruoaa GOKyCHPOBKH, BKIIOYAIOIINX YCKOPSIOLINE IIEPUOABI C OAHOM OTPHLATEILHOW H
JIBYMSI TIOJIOKUTEbHBIMA CHHXPOHHBIMH (ha3aMu, onpenesisuid (Ja3oByI0 M paJMalibHYI0 YCTOHYUBOCTD, 8 YETBEPTHIH -
C YETHIPbMS OTPULIATENILHBIMU U TPEMS MOJIOKHUTEILHBIMA CHHXPOHHBIMU (pa3aMu o0ecrieurnBall pacueTHbIE TapaMeTphbl
IydKka HA BBIXOJE CTPYKTYPHL YCKOPHTEIb MO3BOJISUI MOTydaTh ACHTPOHBI ¢ 3Heprueii 5,12:10™"° Jix (3,2 MaB) npu
Toke B uMmyibce 70-107 A.

VBenudyeHne TOKa MyYKOB, YIy4IICHHE HUX XapaKTepUCTUK, pPACIIMPEHUE Iuana3oHa SHEPrHid YCKOPEHHBIX
YaCTHII, CO3aeT BO3MOXKHOCTH JUIsl O0Jiee IIHPOKOTO NUCTIONB30BAHMS JIMHEHHBIX YCKOPUTENeH IPOTOHOB U JCHTPOHOB,
OJTHAKO CBSI3aHO C JOIOJHHUTEIBHBIMU Npo0ieMaMy NpH HX pa3paboTke. [1oBbIIIEHNE 3HEPTHU YCKOPEHHBIX YaCTHI]
TpeOyeT NMpenenbHBIX 3HAYCHWH HANPSDKEHHOCTH AJICKTPHUYECKOTO IOJIL M CONPSDKCHO € YUIMHEHHEM YCKOPSIOILIETO
TpakTa. BpICOkne 3HAa4YEHUs HANPSHKEHHOCTH YCKODSIOIIErO IOJIS TOBBIMIAIOT HE TOJBKO TEMIT YCKOPEHHS, HO U
BEPOSITHOCTD 3JIEKTPUIECKOTO MPOOO0SI MPOMEKYTKOB, CHIDKAsl HAaJEKHOCTh PabOTHI ycKOpHUTend. B 1imHHOM Tpakte
HeJb3s 00ECIIeUUTh JOCTaTOYHO BBICOKHII TEMI yCKOPEHHs, 0€3 yMEHBIICHUS KECTKOCTH pajuaibHON (HOKYCHPOBKH.
Kpome TOr0, HETMHEHHOCTh KOMIIOHEHT 3JIEKTPHUYECKOTO TMOJS B YCKOPSIOMIMX 3a30pax, CKaukooOpa3Hble U3MEHEHHUS
BEJIMUMHBI M 3HAKa CHHXPOHHOH (a3bl M CBS3aHHOE C OTHM ciaboe 3aTyXaHue MPOAOJIbHBIX (Da30BBIX KoJjeOaHuit
MIPUBOJIT K 3aMETHOMY pocTy 3(p(eKTHBHOrO SIMUTTaHCa ITy4Ka U, KaK CIEeJICTBUE, K POCTY JIMHEHHBIX OTEPh HOHOB. C
MOBBIIIEHUEM HIOTEPh 3HAYNUTEIBHO YCIOXKHSIOTCS PaJHallMOHHBIE NPOOJIEMBI dKCIUTyaTaluu yckopurenei. OObIYHbIE
OTHOCHUTENIbHBIE IOTEPU YacTHI[ B NPOLECCE YCKOPEHHUS NPHUBOASAT K PaJUAllMOHHOMY IMOBPEXKACHUI0 MAaTEpUaNOB
JJIEMEHTOB KOHCTPYKIUM, BO3PAaCTAHHUI0 HHTEHCHUBHOCTH BTOPHUYHBIX M3IYyYCHHH, YMEHBIICHHIO AJIEKTPHUUYECKON
MIPOYHOCTU YCKOPSIOMIMX MPOMEXYTKOB H3-3a PACHBUICHHS M PAJUALMOHHOM AMHCCUH MaTEpHANIOB, BO3PACTAHUIO
HaBeJIeHHOW akTUBHOCTH [36]. Bakmeifmedt 3amaveld mpu pa3pabOTKe TEXHOJIOTHYECKOTO JIMHEHHOTO YCKOPUTEINsS
HOHOB SIBJSIETCSI CHIDKCHHE YPOBHSI ITOTEPh YACTHI[ B €r0 KaHaJle M, COOTBETCTBEHHO, YPOBHS aKTHBAIIMN 3JIEMEHTOB
KOHCTPYKIMH, 0 3HAYCHMH, IPH KOTOPBIX BO3MOXKHO Oe30macHoe 0oOCITyXMBaHHE 00OpYIOBaHHMSA M CHCTEM. Takum
00pa3oM, paguaIMoOHHasi YUCTOTA CHIBHOTOYHOTO JIMHEHHOTO YCKOPUTEIS ONPEAEIAeTCs KECTKOCThIO (POKYCHPOBKH U
obecrieueHneM yCTOWYNBON AWHAMUKH ITyYKOB HOHOB B YCKOPSIOLIMX CEKIMAX IO MEPE POCTa 3HEPTHHU 3apsHKEHHBIX
YacTHII.

OpavH 13 BO3MOXHBIX IMyTeil peuieHust npotiembl — komOuaupoBanue MII® ¢ doxycupoBkoil MarHUTHBIMU
nossimu [37-40]. Harmpumep, yckopsitoie-poKyCHpyYIOMnii KaHall YCKOPHUTEIS IEHTPOHOB ISl KOMIUIEKCa HEHTPOHHOTO
aKTUBAllMOHHOTO aHajiM3a 3JIEMEHTHOTO COCTaBa MaTepUaloB Ha SHEPTHIO 4.810™" ik (3 MsB) u TOoKOM myuka B
ummynbce 50-10° A cocTosm M3 JBYyX DE30OHAHCHBIX YCKODSIONIMX CEKLMIl M PACIONOKEHHOTO MEKIYy HHUMH
(OKyCHpPYIOIIETO MarHUTHOTO KBaJpPYyNOJbHOTO TpHUIUIETa. Pe30HATOphl YCKOPSIOMNX CEeKIHH pa3Melainch B
OTJETBHBIX BaKyyMHBIX oObeMax. B mepBom pezonHaTtope TpyOkH napeiida pacroiarajauch Ha JIBYX Iapax CIUIOIIHBIX
Jepxkareneil M oOpa3oBBIBAIM 22 YCKOPSIOMIMX TeproAa. Bropas cekmms BKIoYana 13 yCKOPSIOUMIMX HEpHOIOB,
KOTOpBIE POPMUPOBANN TPH HETIOIHBIX ITeproa GoKycHpoBKH. TpyOku apeiida SToH CEeKIMU pacnoaraiich Ha OTHON
nape rpe0EHUaThIX Aepxareneil. Takoe pa3OMeHHe YCKOPSIOUIEro KaHalla Ha OT/ACNBHBIC CEKIIMU HE TOJIBKO YIPOIIAeT
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TEXHOJIOTHUIO M3TOTOBJICHUS] TpeOeHYATBIX JepXKarelieil M HacTPOMKY pe30HATOpOB, HO W IO3BOJISET IOJY4YHTh
OINITUMAJILHOE paclpeieieHre HapsHKEHHOCTH 3JIEKTPUYECKOTO TS BIOJIb OCH CHCTEMBI, 10 MEpEe POCTa BEJIMYMHBI
YCKOPSIIOIINX 3a30pOB, 0€3 CYIIECTBEHHOTO CHIDKCHHUS JJICKTPOJMHAMHYECKUX XapaKTEPHUCTHK W 3JIEKTPUYECKOH
MIPOYHOCTH KaHaja. MeXay YCKOPSIOIIMMHU CEKIMSIMH pa3Melajcs MarHUTHBIA KBaJpYIMOJBHBIH TPUILIET JUIs
¢dopMupoBaHus mMydka ¢ (Ha30BBIMH XapaKTEPHCTHKAMH, HEOOXOJMMBIMH JJIsI COTJIACOBAaHMS C AKCENTAaHCOM U
cermapaTprccoi mocienyromeil cekumu. CTpykTypa obecrnednBana YCKOPEHHE ITydka /0 BBIXOIHOW 3HEpruu
MIPaKTHYECKH 0e3 TTOTeph.

KOHCTpYKIMS JTHHEHHOTO JEHTPOHHOTO YCKOPHTENs HENpEpHIBHOIO JeiicTBMS Ha sHepruio 36,8:107"° ik
(23 MaB) ¢ Tokom 3-107 A [38] ompenensiiach napaMeTpaMu HMEIOIMXCS B HANMYHH reHepatopoB BU - muranms.
Yckopsaromuit kaHan Obll pa3OUT Ha JEBATh OTAENBHBIX CEKIHUH, a HAMpsHKEHHOCTb JJIEKTPHUUYECKOTO TIONA B
YCKOPSAIOmMX 3a30paXx He npesbimana 45-10° B/M. Yckopsomee-oKyCHpYIOMHi KaHal PACCUUTHIBANCS TaKUM
00pa3oM, YTOOBI MHHHUMH3UPOBATH MOTEPU JCHTPOHOB, OCOOCHHO B MOCICIHHUX CEKIHMAX, C YYETOM CHHKCHHUS
JKECTKOCTH JMHAMHUKH IIy4Ka C YMEHBUICHHEM HanpsbkeHHocTH mnonsd. CoriacoBaHHe IPOAOJBHBIX (Pa3oBBIX
XapaKTEepUCTUK Ha IepexoJiaX MEXIYy CEeKIHMsSIMH OCYLIECTBIUIOCH ITyTeM BBIOOpa UIMHBI ydacTka npeiida u
(opMHpOBaHHEM Ha BBIXOAE CEKIHMH CI'YCTKOB, CXOASALIMXCS B IIPOAOJIHOM HarpaBieHHH. [l 3TOro mocieaHue
YCKOPSIIOIINE EPHOABI KKI0H CEeKINU CTpOWINCh (asupyromumu. Jedokycupyromiee qeficTBHE MOCISTHUX 3a30POB
KOMITEHCHPOBAJIOCh MAarHUTHBIMH TPHUILIETaMH. Takod MOIXOX MpH MOAEIHPOBAHWM JWHAMHUKH ITyYKa MO3BOJIMII
YIPOCTHTh TIOCTPOCHHE YCKOPSIIOIIETO0 KaHallda W CYIIECTBEHHO YMEHBLIINTh MOTEPH YacTUI B MOCIEAHUX
BBICOKO?HEPTETUYHBIX CEKIIUX.

IlepciekTHBHA KOHLENMIUS OOECICUCHNS YCTOWYMBOCTH JBW)KEHHMS 4YAacTHI B JIMHEHHBIX PE30HAHCHBIX
YCKOPHUTEISIX JITKUX HOHOB OCHOBAaHHAas Ha KOMOMHAIMH IepeMeHHO-(a30BOi (GOKYCHPOBKM U (HOKYCHPOBKH
MPOJOJIBHBIM MarHuTHBIM TojieM [39,40]. MeTtooM MareMaTHdecKoro MOJCIUPOBAHMS MCCIEOBAaH BapHaHT KaHaja
s yekoperusi mpotoHos ot 0,144-10™" ik (90 k3B) mo 137,6:10™"° ik (86 MaB) ¢ Tokom Ha ypore 35-107 A.
Yckopsronias CeKIus MpeIcTaBisia co00i 00bEMHBIN IIMITHHIPUYCCKHINA PE30HATOD, HATPYKCHHBIA TpyOKaMu Apeiida.
TpyOxu npeiipa w3 QeppoMarHUTHOrO MaTepHana C BBHICOKOW HMHIYKIMEH HAaCBIIIEHHs 3aKIIOYEHBI B MEIHYIO
000JI04YKY, TOJIIIMHON Ooiee BETMUMHBI CKUH-CIIOSI Ha paboyeil yacToTe yCKOpHTessi. MarHUTHOE M0JI€ B YCKOPSIOIIEM
KaHaJle, Ha y9acTKax MeXIy TpyOkamu japelica, co3naéTest BHEIIHEH MO OTHOMICHHIO K PE30HATOPY MarHUTHOM LIETIBIO.
Ona BrJIIOYaeT (EpPPOMArHUTHBIE CEPJACYHHKH M TOPIEBbIE MarHUTONPOBOJBI. COJICHOHMIIBI, PACIHOJIOKCHHBIE HA
(eppOMArHUTHBIX CEPACYHMKAX CIYXaT Ul CO3MaHMS MarHUTOABIKYyIIeH cuibl. CyMMapHBIH NOTOK MarHUTHOM
WHAYKIAH, CO3/IaBacMBIH COJICHOWIAMH, 3aMBIKAeTCS IO yYaCTKy BHYTPEHHEH MarHWTHOH IIemd, oOpa3oBaHHOU
MIOCIIE0BATENBHOCTRIO TPYOOK aApeiida M 3a30poB MeXAy HUMHU. TakuMm o0pa3oM, BaKyyMHOE MarHHTHOE IOJIE
KOHIICHTPHPYETCS Ha ydacTKax MEXAy TpyOkamu Ipeida, oOpasys ILEeNodKky KOPOTKHX, aKCHAIbHO-CHMMETPHYHBIX
MAarHUTHBIX JIMH3, CO3MAIOIINX JOMOJHUTEIbHbIH K [TI1D dokycupyrommii 3G dexr.

OHCHKI/I IMMOKa3bIBAIOT, YTO IMPU HAJIUYUKU MArHUTHOI'O ITOJIA Cpe}IHI/Iﬁ TOK Ha BXOJC HOCJ'[C)IHCﬁ CCKIIMHU MOKHO
yBenumuuth 10 4010”7 A i npu 5TOM KpHUTepHil paaHALMOHHON YHCTOTH KAHANA He Oy/eT MPEBBIIICH, TOrIA KAK MpH
BBIKITIOUCHHOM MATHHTHOM IIOJIe TIOCTIEHEH CeKIMM TOTepH YaCTHIl HpeBbIIaoT yike npu Toke 0,2:10° A Ha BXOIe
9TOM CEKLIUU.

3AK/IIOYEHUE
[Tpumenenne H — pe30HATOpOB B COYETAHWH C OOECHEUCHHEM YCTONUYMBOCTH ITUHAMHUKH ABHKEHHS IYYKOB
METOIOM MOAM(MUIMPOBAHHONW NepeMeHHO — (a30BoH (DOKYCHPOBKM TIO3BOJSIET CO37aBaTh CHJIBHOTOYHBIC

MasiorabapuTHBIC JIMHEWHBIC YCKOPHUTENM pA3IMYHOTO HA3HAYECHUS] B IIMPOKOM JAMAMa30HE SHEPTUil YCKOPEHHBIX
YaCTHII, HanOoJee MOJIHO yIOBIETBOPSIONIE TPEOOBAHUIM K YCKOPHUTEISAM MPUKIAIHOTO HazHadeHus. Metoag MITTI®D
JIOCTaTOYHO YHUBEPCAIEH U JaeT BO3MOXKHOCTH pa3padbarsiBaTh 3(h(hEeKTUBHBIE YCKOPSIOIINE CTPYKTYPhI HE TOJIBKO Ha
€ro OCHOBE, HO M B KOMOHMHAIMU C APYITMMH METOJaMH, Harpumep ¢ (OKYCHPOBKOW MarHUTHbIM moneM. OIbiT,
MOJy4YeHHBIH B Tmporecce paspadborku H-pesonatopoB ¢ MIIII®D, maer Hajgexxay Ha paclIMpeHHE Uara3oHa
¥ICCIIeIOBAHMH YCKOPHTENIeil TAKOrO THIIA B 00IACTh YHEPrHii yeckoperHoro myuka 10 1,6:10™"" Jix (100 MaB) u Bbie.
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Results of the experiments on destruction of Bernard cells are described. Destruction of BC was conducted by two ways: micro-drop
of the cooled vacuum oil, dropped on the surface of the formed Bernard cells and local change of temperature of the upper border of
the layer with heated copper wire. It was offered to study the destruction of convective Bernard cells on the Sun (super-granules) as
the result of quick heating of their lower border. Mathematical description of the destruction mechanism is presented. Method of
calculation of volume expansion of the solar matter is presented. Value of coefficient of volume expansion was obtained which
allowed decreasing the Rayleigh number of the super-granule to the value of free cell. It was shown that increase on the order of the
temperature of lower boundary of the super-granule, results in the increase of Rayleigh number and as a sequence in acceleration of
the solar matter. Acceleration time of the solar matter to the second orbital velocity was estimated. It constitutes 3-10 s, and time of
solar matter outburst (eruptive flare) is about 2.23-10° s. Distance of solar matter outburst is about 7-10° m and comparable with the
Sun radius. Experimental results on forming the air Bernard cells over the oil Bernard cells is described and numerically analyzed.
Correspondence of sizes of air Bernard cells to ones of oil Bernard cells is explained.

KEYWORDS: elementary convective cell, convective processes, transfer of heat, temperature gradient, velocity of mass transfer
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3y «Hncmumym npobrem mawurnocmpoenus umenu A.H. Iloozopnocon HAH YVkpaunwvl

yu. Hoocapcrozo, 2/10, 61046, 2. Xapvkos, Ykpauna
B pabore ommcaHbl pe3yibTaThl 3KCICPUMEHTAIBHOTO HWCCICIOBAHUS paspylleHus sueek benapa. Paspymenus sueek benapa
MIPOBOJIINCH IBYMs CIIOcoOaMu: H00aBICHHEM MUKPOKAILUIH OoJyiee XOJOAHOTO BaKyyMHOTO Macia Ha IIOBEPXHOCTh SUCEK U
JIOKaJbHOE WM3MEHCHUE TEMICpaTypbl BEPXHEH IpaHMIBl CIOS Pa3OrpeTbiM MEIHBIM IIYNOM. DBBIIO IpeanokKeHO H3ydeHHe
pa3pylleHne KOHBEKTHBHBIX siueek benapa Ha ConHie (CyneprpaHyi) B pesysbTaTe OBICTPOTO HarpeBa WX HIDKHEH TI'DaHHUIBL
[IpencraBieHbl MaTeMaTHYECKOE OIMCAHWE MEXaHW3Ma paspylIeHHs W METoJ pacuera OOBEMHOIO PACIIMPEHHs COJHEYHOTO
BEIECTBA. 3HAUCHUE KO UIEeHTa 00BEMHOr0 PACIIMPEHHUS MOITYUYSHO, YTO MO3BOJIMIO YMEHBIIUTh YKCIO Pajes cyneprpaHyssl
10 3HA4YeHUs CBOOOJHOHM suelku. BbUIO MOKa3aHO, YTO yBENMYEHHE IMOPAAKA TEMIIEPATypbl HIXKHEH TDaHULBI CyIeprpaHyJibl,
MIPUBOAUT K yBENUYEHUIO yHcia Pames u, Kak CleICTBUE, K YCKOPEHUIO COJHEYHOIO BEIECTBA. BBUIO OLIEHEHO BPEMS yCKOPEHUS
COJIHEYHOTO BEIIeCTBa, OHO cocTaBiseT 3-10 ¢, a Bpemst BHIOpOCa COJIHEUHOTO BEIEeCTBA (3PYNTUBHON BCIBIIIKK) COCTABISIET OKOJIO
2.23-10° c. PasMep BCOBIIKM CONMHE4HOi MaTepuu okono 7-10° M um o comocraBum ¢ pammycom ConHIa. DKCIEPHMEHTATBHbIE
pe3yabTaThl  (OPMHPOBAaHMS BO3LYIIHBIX sA4eek beHapa Hax MacisHbIME sdeiikamu beHapa omucaHbl M YMCICHHO
npoaHanu3upoBanbl. OOBSCHEHO COOTBETCTBUE Pa3MepoB sAdeek beHapa B Bo3myxe u Macre.
KJIIFOUYEBBIE CJIOBA: sneMeHTapHass KOHBEKTHBHAs sS4cliKa, KOHBEKTHBHBIC IPOIECCHI, MEPEHOC TeIla, TeMIepaTypPHBIN
rpajiieHT, CKOPOCTh MaCCOIEPEHOCa
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VY poGoTi HaBezieHI pe3yNbTaTH eKCIEPHUMEHTAJIBHOTO JOCII/DKeHHs pyiHyBaHHS KoMipok benapa. PyiinyBanus komipok benapa
BUKOHYBaJIOCh JIBOMa METOJAaMH: JOJaBaHHSAM MIKPOKpAaIuli HaWOIIbII XOJOAHOI BaKyyMHOI OJIMBM Ha MOBEPXHIO KOMIpPOK Ta
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JIOKAJIbHA 3MiHAa TEMIIEPAaTypH BEpXHBOI IPAHMI CIOI0 PO3IrpiTUM MiJHHM MIyNoM. Byso 3amporoHOBaHO BHBYMTH pyHHYBaHHS
KOHBEKTMBHHX KoMipok benapa Ha CoHIi (CymeprpaHyi) MNUISXOM LIBHAKOTO HarpiBy iX HIKHBOI rpanumi. HasemeHo
MaTeMaTHYHUH ONUC MeXaHi3My pyHHyBaHHS Ta METOJLY PO3PaxyHKy 00’€MHOTrO PO3LIMPEHHS COHSYHOI peuoBHHU. OTpHMaHO
3Ha4eHHS KoedilieHTy 00’€MHOTrO PO3LIMPEHHS, IO JO3BOJIMIIO 3MEHIIUTH 4Yucio Penes cymeprpaHyiud 10 3HaY€HHS BUIBHOI
koMipku. Bynmo mokaszaHo, mo 30iTbIIEHHS MOPSIAKY TEeMIIepaTypH HIDKHBOI TPaHUIl CYyIeprpaHylIH IPHU3BOJUTH OO 30LIBIICHHS
uncia Pernes Ta, sIKk pe3ynbTar, K0 MPUCKOPEHHS COHSAYHOI pedoBHHH. OUIHEHO Yac NMPUCKOPEHHS COHSYHOI PEYOBHHU, BiH CKIATae
3-10 ¢, a 9ac BHHOCY COHSYHOI PEYOBHMHM (EPYNTHBHOTO Clalaxy) cKmajae Maibke 2.23-10° c. Posmip cramaxy comsdHoi Matepii
7-10° M Ta Bin mopiBHHMI i3 pagiycom Comrs. ExcriepnMenTanbHi pesymsrati (opMyBaHHS KOMipok Benapa y moitpi Ta B ommBi
OIMCaHi Ta YNCENHHO NpoaHasi3oBai. [loscHeHa BiMOBiIHICTE po3MipiB KoMipok beHapa y moBiTpi Ta Macii.

KJIIOYOBI CJIOBA: enemeHTapHa KOHBEKTHBHA KOMipKa, KOHBEKTUBHI ITPOLIECH, TIEPEHECEHHS TEIlIa, TEMIIepaTypHHI TPai€eHT,
MIBUIKICTh MacOIEPEHOCY

CONCERNING THE FORMATION AND DESTRUCTION OF CONVECTIVE CELLS. TASK
DEFINITION

Phenomenon of self-organization under heat convection in the layer of viscous fluid, heated from below, that was
discovered by Claude Bernard (1874—1939), French physicist, has been of interest for researches for more than a
century [1]. The reason of the interest lies in the striking universality of the discovered phenomenon. It is used in
different technological processes, very often can be observed in every day life. There are also hypotheses that explain
some phenomena on the Sun and in Earth atmosphere, with the theory of Bernard cells. In all such cases, researches, as
a rule, pay attention on the formed spatially periodic structure of surfaces of different configuration: from the strips to
densely pave with polygons (not necessary accurate), reflecting its convective flow between the layer borders. However
till present time, the problem of existence of convective cells (basic cells) from which the Bernard cell systems are
formed, remained without attention.

As the experiments show [2], spatially periodic structures do not appear instantly, but there is a time interval,
during which the number of separated cylindrical convective cells is growing. Finally, they fill the whole volume of
liquid, creating for example the Bernard cells. Papers [2, 3] offer description of elementary convective cell, from a large
number of which the spatially periodic stable in time structures appear.

Due to forming of such spatially periodic structures, the appropriate interest appears in research of their influence
on the media with restrict them from above. This media can be either liquid or gaseous. Experiments on simulation of
forming the convective cells in the layer of silicone oil with free boundaries, placed over the mercury layer and limited
from above with helium layer, is mentioned in [4]. These experiments do not mention forming of convective cells in
helium over the cells in oil, although observations of lower boundary of the clouds [5], and also boundaries oil-air [2]
indicate on formation of Bernard cells in the boundary mediums. That is why research of origination of convective cells
formed with Bernard cells is relevant for determination of conditions and physical principals of their origination.

Together with phenomenon of forming the time stable spatially periodic structures, processes of their destruction
remain unstudied. Example of such destruction is probably the outburst of prominences from the Sun convective area.
That is why determination of conditions and mechanisms of destruction of convective cells is also the actual problem.

Questions concerning the formation and destruction of convective structures demand experimental research and
theoretical analyses for explanation of nature of such phenomena.

Purpose of this paper is the experimental research of destruction of convective cells for different mechanisms of
destruction of thermal equilibrium including the processes of destruction of convective cells on the Sun and also
research of processes of forming the Bernard cells by other Bernard cells.

DESCRIPTION OF EXPERIMENTS ON FORMING THE CONVECTIVE CELLS IN CYLINDRICAL
TANKS WITH OIL

Experiments on forming the convective cells were carried out with usage of vacuum oil BM-5 (2 ml), in which
small quantity of aluminum powder (0.056 g) was added for visualization of oil movement.

Conditions of carrying out experiments were as follows:

Oil with layer thickness about 1 mm was poured into cylindrical tank with radius 26 mm and height 2.5 mm.
Heating of the tank was carried out from below with electrical furnace. Oil temperature on the tank bottom could raise
to the level of 220 °C. Kinematic viscosity of the vacuum oil under mentioned temperatures was estimated with value
10 mm?/s [6].

Experiments were carried out in two stages.

At the first stage conditions of origin of long-lived convective cells in the form of densely packed polygons
including hexagons were determined. Within the experiments it was shown that when the temperature of the tank
bottom reaches 120 + 1 % °C the convective cells appeared with diameter 3.2 mm [2, 3].

At the second stage on the upper boundary of oil, we created conditions, which resulted in quick (in comparison
with the time of convective cells existence) change of its temperature. These conditions had been created by two ways.
The first one consisted in dropping the cold micro-drops on the oil surface. The second one consisted in broughting the
copper wire, which was heated to the temperature of the tank bottom, to the center of one of the convective cells.



32
EEJPVol.2No.2 2015 L.S Bozbiei, A.O. Kostikov, V.I. Tkachenko

DESTRUCTION OF CONVECTIVE CELLS DUE TO THE COOLING OF THE UPPER BOUNDARY,
CAUSED BY ADDING THE MICRO-DROP OF THE COLDER OIL

Micro-drop of vacuum oil without adding the aluminum powder with temperature 17 °C was dropped on the upper
boundary of convective cells from 1 ml syringe with needle 0.4 13. Due to great difference of temperatures of the
upper oil layer and the micro-drop, Leidenfrost effect was observed [7]: when the micro-drop liquid in contact with
much more hot oil creates the isolation layer of vapor, which prevents the micro-drop liquid from quick boiling-off.

As a result of this, the mirco-drop moves for some time over the surface of oil on the vapor blanket, created on its
lower boundary. Then, the micro-drop temperature increases, micro-drop is destroyed and spreads over the oil surface,
thus decreasing the temperature of this surface. Processes described above are presented on Fig. 1a,b,c.

—. — o

a) b) ©)

Fig. 1. Destruction of convective cells in vacuum oil by micro-drop of the cooled vacuum oil.

Fig. la shows initial position of vacuum-oil micro-drop after its dropping on the oil surface. It is seen on the
figure, that at first the micro-drop is placed to the right from the center of the convective cell. Then due to Leidenfrost
effect it moves a little to the right (Fig. 1b) from the cell center. After spreading of micro-drop of colder oil over the cell
surface (Fig. lc) its destruction is observed. According to our estimates destruction of cell is stipulated with the
decrease of temperature of the upper boundary of the convective cell: the decrease of temperature increases Rayleigh
number and transfers the eigenvalue A of the boundary problem from the zero value, corresponding to stationary
condition [3], to the area of negative numbers under which the equilibrium is distorted and convective cells are
destroying.

It should be noted that burst of micro-drop of the hot oil on convective cell does not result in Leidenfrost effect
and its destruction.

Thus, it is experimentally shown that decrease of temperature of the upper boundary of convective cell, which is
caused by dropping the cold oil drop on its surface, results in destruction of convective cell.

DESTRUCTION OF CONVECTIVE CELLS UNDER CONTACTLESS HEATING OF THE UPPER OIL
BOUNDARY WITH COPPER WIRE
The upper boundary of the selected convective cell was contactless influenced with thin heated cooper wire with
diameter 1 mm, not destroying convective flux in the cell. Start and completion of the process of wire influence on the
cell is presented on Fig. 2 a) and b) correspondingly. From the presented pictures it follows that at the beginning of the
process the cells was stable and had accurately outlined boundaries. After approaching to the center of convective cell
with the heated copper wire with diameter 1 mm destruction of cell took place within 1-2 s, which lied in disappearance
of its border and destruction of convective flux. Then, during the some period of time, convective cell of the same type
appeared on the place of disappeared cell.

a) b)
Fig. 2. Destruction of convective cells in vacuum oil by copper wire.

Fig. 2 a) shows convective cell at a moment after approaching the heated copper wire. Fig 2 b) corresponds to the
moment with 3-5 s after approaching the wire. As we can see from Fig. 2b), the convective cell destructed due to
influence with the heated copper wire.

Based on the experiment carried out it can be concluded, that decrease of temperature of the upper boundary of the
convective cell in vacuum oil as a result of influence with heated copper wire results in cell destruction.



33

Destruction of Bernard cells under local irregularities of thermal equilibrium EEJPVol.2No0.22015

DESTRUCTION OF CONVECTIVE CELLS ON THE SUN AS A RESULT OF QUICK HEATING OF
THEIR LOWER BOUNDARY

It is known that in convective area of the Sun, with length 2% 10° km, convective cells of different sizes are
observed. Due to flares on the Sun, special attention, is paid to super-granules, placed in the lower layers of convective
zone with characteristic sizes: diameter of (2 — 4)X 10* km, thickness of (3 — 8)X 10° km [7, 8]. Life-time of the super-
granules constitutes the value about t, ~ 20 — 36 hours. Movement of the solar matter corresponds to the movement in /
cells [11], that is in the center of the cell matter moves from the Sun center.

Due to this it is interesting to study the flares on the Sun[12; 13], as the studied above result of quick change of
temperature of the lower boundary of convective cells (supergranules). Fig. 3 shows pictures of separate moments of
powerful solar flare, obtained by step-by-step image scanning of video of the solar flare, registered by American space
agency (NASA) 01.09.2014 [13].

According to [13], statistic analyses of data on the soft X-rays of the Sun determines three types of flares: quick
flares with duration not more than 30 min; typical two-ribbon flares with duration to 1-2 hours; rare long duration
events (LDE). LDE consist of flares with complicated space-time structure. At this one or several flare peaks can form
post-eruptive flares in the form of arcs. Raise of the arc system, as a rule, is finished on the height from 3% 10" to
10° km, but in rare cases it parts goes into interplanetary space.

Fig. 3 shows that flare is finished on the heights about the Sun diameter and belong to the type when arc systems
go into interplanetary space. Presented fragments of the flare confirm, that, evidently, it is formed by several connected
super-granules. Conclusion on participation of several super-granules in the flare is made from the following visual
facts:

1. Area of several active spots on the Sun disk, which does not result in ejection of matter, are formed from several
supergranules;

2. Presence of ruled flash in the basis of solar flare confirm that each such line correspond to matter ejection from
the center of super-granules participating in the flare.

3. Estimation of the diameter of the base of solar flare, carried out with use of Fig. 3 provides the value in the
range from 6 10* to 12X 10* km, that is several time greater than diameter of a super-granule.

The video of the solar flare dated 01.09.2014 [13] shows that tail part of the ejected matter returns on the Sun
surface under gravity force and head part goes into interplanetary space. Most likely this can be explained by the fact
that head part of the solar flare in the process of development of instability in the super-granule obtains second orbital
velocity (617.7 km/s) and can overcome the Sun gravity.

Below we give the estimations confirming the possibility of development of the instability in the separate
supergranule in the result of lower boundary temperature growth.

a) b)
Fig. 3. Separate moments of the powerful solar flare registered by NASA 01.09.2014
(a) the head part of powerful solar flare goes to interplanetary space, (b) the tail part of ejected matter
flashes are coming back to the surface of the Sun by gravity.

Let’s describe velocity, lifetime and distance of solar flare outburst based on the analyses of processes in the
composing super-granules. For this present distribution of velocities in the separate super-granule with expression

describing distribution of velocities in the elementary convective cell with free boundary conditions for mode number
n=1/[2,3]:

v, (r,z,t)=A4sin(7z)J, (k,,lr)exp(—}»;1 (Ra)t), )

v, (r,z,t)=—Ark;, cos(7z)J, (kr’lr)exp(—ﬂ{1 (Ra)t), ()
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P+l P-1Y Ra-k; . .
where 4, (Ra)= —+(7zz +k, ) == (7[2 +k., )2 +——"_| — eigenvalues, characterizing the decrease
’ 2P ’ 2P p(a k)

(An’l > (), increase ( A, < 0) or steady state ( A =0) of the perturbed velocities, Ra=g o ﬂh3®/(‘/){) — Rayleigh

number, & — cell thickness, g, - acceleration of gravity on the Sun, P=v/y - Prandtl number, V u y -

coefficients of kinematic viscosity and thermal diffusivity correspondingly, g — coefficient of volume temperature

expansion of the matter, J, ( x) — Bessel functions of the first kind of the / -order; k., =0, lR;' — radial wave number,
characterizing dependence of perturbations from the transverse dimensionless coordinate 7, z — vertical
dimensionless coordinate (origin of coordinates is placed at the center of bottom face of super-granule), o, , — 1 zero

of the Bessel function of the first type of the first order (J, (al I,) =0), R, - dimensionless radius of the convective cell.
Quiet phase of the Sun. In steady state 4 =0. According to [10, 17], in steady state, the Rayleigh number for

super-granule is equal to R =2-107 +2-10", which significantly exceeds the minimal critical Rayleigh number for

free convection— [15, 18] g :2_7ﬂ4z657’5 11- That is why it is necessary to remove this disagreement in

determination of R number. For this we will calculate the Rayleigh number using the following characteristic
parameters for the Sun: P~0.7...1.0 [10, 17]; v<2-10° m%s [19]; A =107 m [10]; gs., = 274 m/s’; 0=T,-T ~10°.
It is needed to mention that value of kinematic turbulent viscosity v <2-10" m?/s is confirmed with simple calculation:
v="n[r,=10"4/(0.72..1.3)10°s = (0.76..1.4)-10° m’/s.

During the calculations we suppose that in lower layers of convective zone under, where super-granules are

placed, the temperature is changed according to the linear law T(z)=17,-(T, _Tl)i within the range from
h

T,~22-10° Kto T, ~1.34-10° K [20 - 22]).

In order to calculate the Rayleigh number R it is necessary to determine the value of coefficient of volume
temperature expansion 3 of the solar matter.

When calculating  , we will be basing on the fact that the solar matter in convective zone constitutes mix of

gases (hydrogen 68% and helium 30%[21]) in the ionization state, i.e. it exists in the form of plasma. In this case we

ar

will select the plasma volume as the widening volume, limited with Debye radius [23]: V=""r, where
3

_ kT(Z ) S n( z) - density of ionized solar matter, £ - Boltzmann constant, € - electron charge.
\ (2)

D~ 2
dren

In this case the following expression is true for coefficient of volume temperature expansion:

_3dr, 3 mg*((dr(z))" = ||__3 mg®_Th
A= =) ¢ [( dz J _T(z)} _ZT(Z)(H 3 ®T(Z)} N

where mg =0.68m,, +0.3-m,, =0.68m,+0.3-4-m, =1.88m - average mass of solar matter ion, 7, - proton

mass. Expression (3) is obtained with use of barometric height formula [24] for solar matter.
In order to determine the Rayleigh number we will use average value of as the coefficient of volume temperature

h
expansion coefficient g =f(z)= h’l.[ B(x)dx , and select the value for the Prandtl number P~ 0.75. Under selected
0
above values of parameters the coefficient of volume expansion is equal g =4.179.10~ L
K

m o1 213 5
g*ﬂh3®_274s—2-4.179-10 ?40 m -7.9-10K

2 2
vZ 100" 134100 ™
S S

Finally obtain value R, = =675.08, which quantitatively corresponds to

the critical Rayleigh number R for free convection.
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Thus, parameters of the super-granule in the quiet Sun phase (in steady state), when the equality 4 =0 is

completed, are explicitly described with expression: (1) - (3).

Active Sun phase. Quiet phase of the Sun can be interrupted, if the temperature of the lower boundary of the
super-granule will increase within the time Az, which is significantly lower of the characteristic lifetime of super-
granule: Ar<<7,,7,,, where 7 = (1,410_6).105 sorr,= (1.5610,78)-105 s [10]. Due to internal processes in the

Sun, the temperature value of the lower boundary of the several super-granules can reach the value exceeding greatly 7,
[22]. Such change of the temperature increases the Rayleigh number Ra,, which results in changing the eigenvalue

ﬂ{l in expressions (1), (2) from zero to negative value, resulting in exponential growth of vertical velocity amplitude

(1) with the course of time.

From expression (1), time of vertical speed growth can be estimated, if the following basic parameters are
assigned:

- initial solar matter velocity in the center of super-granule 30 m/s [10];

- radial wave number corresponds to the critical value: | = 7/\2 ~2.221;

- final speed of solar matter outburst is about or exceeds the second orbital velocity 617.7 km/s;
- super-granule lifetime in active phase of the Sun is much less than one in quiet phase of the Sun:

=107 -1

vi,v2 vivl ®
In the assumption, that the temperature of the lower boundary of the super-granule increases to the solar core
temperature  [22], the vertical speed (1) is exponentially grown in accordance with the law
v, (r,z,t) exp(|/1{1 (15.5R, )|,) i.e. solar matter on the cell axis is accelerated.

Estimate the characteristic parameters of the “solar accelerator” in the result of increase of Rayleigh number to the
value corresponding the temperature of solar core. Calculations indicate that eigenvalue of the task in this case is

A, (15.5Rm) ~ —50.0 . Then solar matter acceleration time to, as a minimum, second orbital velocity V2 is estimated

6.177-10° 6.177-10°
30 30

that average acceleration time for the active Sun phase is equal to: 7 =310 s.

After the solar matter receives second orbital velocity 617.7 km/s, the distance of eruptive outburst constitutes
L, ~7-10° m, and outburst time is T, ~ 2.24-10° s.

It should be noted that solutions (1), (2) and conclusion on the acceleration of solar matter are correct for small
amplitudes of the perturbed velocity, when quadratic summands in the system of non-linear Navier—Stokes [18]

equations can be neglected [18]. This demand provides limitation on the perturbed vertical velocity of the solar matter
V. (0,L,0):

J=(2.9i1.3)-10 s or T, =%ln(

with a value T, =%1n[ )=(3.1i1.55)~10 s. Further accept

4, (1558, ) 107 50-107
e T 7310

=5.3-10° 2 >> |v_(0,L1)| = @
S S

which can reach the value of the second orbital velocity V.

Thus, in this section it is offered to study destruction of convective cells on the Sun as a result of quick heating of
their lower boundary of the super-granules. Method of determination of coefficient of volume expansion of solar matter
is described. Its use of allowes to show, that Rayleigh number and corresponding to it wave number for super-granule of
the quiet phase of the Sun corresponds to the critical Rayleigh numbers for the free cell. Increase, by order, of the super-
granule temperature results in increase of Rayleigh number and in acceleration of the solar matter. It is shown that solar
matter acceleration time, for example, to the second orbital velocity, constitutes in average 3-10 s and the solar matter
(eruptive flare) takes place within the time about 2.23-10% s and stretches for the distance about 7-10° m, which is
comparable with the Sun radius.

FORMING OF AIR CONVECTIVE CELLS OVER THE CONVECTIVE CELLS IN VACUUM OIL

In order to form the convective cells, vacuum oil BM - 5 (2 ml) and small quantity of aluminum powder were
used. The temperature of the lower boundary was kept at the level 120 + 1 °C, and the one of upper boundary was less
by 10 °C. After formation of convective cells in oil, the tank was covered with glass cap, filled with smoke for
visualization of convective processes in air.

Fig. 4 shows that air convective cells are formed over the oil surface. Air convective cells have sizes repeating the
ones of oil cells. Direction of the convection in air cells corresponds to convection in g cells[11], i.e. reverse to the
direction of convection in oil.

Identity of geometrical sizes of convective cells in oil and in air is expalined by their similarity. Convective fluxes
in oil and in air should be similar, when Rayleigh number and Prandtl number are the same [15, 18]. We will show that
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it is true.

Value of the Rayleigh number R is presented in explanation to the expressions (1), (2), where acceleration of
gravity on Earth g = 9.81 m/s” should be substituted instead of gs,,. The data from the Table should be used to calculate
the Rayleigh numbers R for air and oil.

Fig. 4. Air convective cells over the convective cells in vacuum oil.

Table
Thermal-physic parameters of the environment [16].
Name of the parameters Air Oil
B, K 2.68x10° 2.97x107
AT, °C 20 20
L,m 2x10” 2x107
v, m’/s 2.29x10” 1x107
y, m*/s 2.216x10” 7.38x10”

Based on the data [15] find the relation of Rayleigh numbers (air-oil):

9.81x2.97x107° x20x10~°

R) . -7 -5
( )oxl — 738X1q3 x10 - 2@2075i03 (5)
(R),, 9.81x2.68x10° x20x8x10° 829

2.29x107 x2.216x107°

Result of calculations according to (5) shows, that Rayleigh numbers for air and vacuum oil coincide within the
limits of errors of their measurements.

Mirror symmetry of the spatial location and distribution of velocities in convective cells is expalained by
phenomenon of catching of air particles by moving oil particles on their interface due to development of Kelvin-
Helmbholtz instability [25].

Thus, the calculations show that Rayleigh numbers for two environments get into the interval where they are
equal. It goes from this that convective cells, formed in air and in oil are similar, i.e. are described by the same
solutions.

CONCLUSIONS

Experiments on research of destruction of convective cells are presented in this paper. Destruction of convective
cells was carried out by two methods. The first one consists in dropping the micrio-drop of the cooled vacuum oil on the
surface of the formed convective cells. The micro-drop exists on the surface for a long time due to Leidenfrost effect.
The second method consists in local change of temperature of the upper boundary of the layer with heated copper wire
of a large diameter. Destruction of convective cells on the Sun, as a result of quick heating of their lower boundary, was
studied as an example. Mathematical justification of such destruction was presented. Method of definition of solar
matter coefficient of volume expansion was described. It provided a possibility to show that Rayleigh number for super-
granule corresponds to critical Rayleigh number for the free cell. It is shown that greatly increase of the super-granule
lower temperature results in increase of Rayleigh number and as a sequence in acceleration of the solar matter. At this
acceleration time of the solar matter to second orbital velocity constitutes 3-10 s, and solar matter carrying-out (eruptive
flare) takes place within the time about 2.23-10% s, and stretches for the distance about 7-10° m, which is comparable
with the Sun radius.

Experimental result on forming the air convective cells over the convective cell from vacuum oil is described and
analyzed. Explanation of correspondence of sizes of air convective cells and convective cells in oil is provided.
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The electronuclear measurements always include the background from the (e*, €")-pair photoproduction reaction in the target. The
attempt to take into account this background through its computation by usual methods with applying the computation program
GEANT-3 has appeared impractical, since it would take several years for the PC to operate. The present paper describes the
technique, which permits one to reduce the time required for the PC computation of the background to a few hours. The developed
technique has been verified by carrying out computations of the background from the (e, ¢”)-pairs for the conditions, at which this
background was measured at Saclay. The comparison between the calculated data and the experimental results has shown their
agreement.

KEYWORDS: electronuclear measurements, target, pair photoproduction, background, simulation

PO3PAXYHOK BKJALY (e', ¢)-TIAP B CIIEKPH EJIEKTPOHIB, PO3CISTHUX HA SIZIPAX
I.C. Timuenko, O.1O. Bykn
Hayionanenuii Hayxosuii Llenmp «Xapkiecokuil (pisuxo-mexHiuHuil iHCmunmymy
eyn. Axademiuna 1, m. Xapxis, 61108, Yrpaina

B JlaHUX eNeKTposIepHUX BUMIpIOBaHb MpPUCYTHiH don Bix poToHapomkenus (e, €)-map B mimeni. Cripo6a Bpaxysatu neit dhon
[UIAXOM HOTr0 po3paxyHKy Mokasaia, 10 MPH 3BUYaiHii METO0NIOTIi BUKOPUCTaHHS 00uucToBanbHOI nporpaMmu GEANT-3 Takuii
PO3paxyHOK HEMOXJIMBHH, TOMy 1[0 HeoOXimHui s Hboro 4yac pobotu ITK ckiamae mopsmok Kijgbkox pokiB. B maniit poborti
PO3IIIIHYyTa METOAMKA, SKa JI03BOJIsie 3MeHIUTH yac pobortu IIK, mo notpiben s po3paxyHKy Lboro (GoHy, 10 KiJIbKOX T'OJHH.
Tepesipkoto 3HaiieH0l METOAMKY CTAIH BHKOHAHI 3a ii J0MOMOTrolo pospaxyHku (e', € )-oHy s yMOB, IpH AKuX Leit poH Oys
BUMIipsIHUIA B 1abopatopii Saclay. [lopiBHSHHS pe3yNbTaTiB pO3paxyHKy Ta eKCIICPUMEHTY ITOKA3aJIo iX y3TOKEHHS.

KEYWORDS: enexrposimepHi BUMiIpIOBaHHS, MillIeHb, (HOTOHAPOKEHHS 1ap, (JOH, MOAEITIOBaHHS

PACYET BKJIAJIA (e*, ¢ )-ITAP B CHEKTPBI DJJEKTPOHOB, PACCESTHHBIX HA SIJTPAX
N.C. Tumuenko, A.1O. Byku
Hayuonanvneiti Hayuneiii Llenmp «Xapokockuti pusuko-mexnuyecKuti UHCMumym»
ya. Axademuuecas, 1, 2. Xapvxos, 61108, Yxpauna

B 21eKTposIepHEIX W3MEPEHHIX BCEr/la MPUCYTCTBYET (OH OT (HOTOpoXaeHus B MumeHu (e, ¢ )-map. [TonmeiTka ydecTs 3ToT (hoH
myTéM ero pacyéra IoKa3aa, 9To Mpu OOBIYHON METOMOJIOTHH MPUMEHEHUS BRIYUACIUTENbHOM mporpaMmbel GEANT-3 takoii pacdér
HEBO3MOJKEH, TaK Kak HeoOxomumoe mist Hero Bpems pabots! I1K mopsimka mHeckonmpkux sier. B Hactosmielt pabore paspaborana
METOJMKa, KOTOpasi MO3BOJISIET YMEHBINUTH Tpedyromieecst st pacuéra storo ¢ona Bpems padorts!l ITK 10 HeckoabKHMX HacoB.
IIpoBepkoii HaiiIeHHOI METONMKH GbLITH BHIMOJHEHHBIE C €€ TOMOIIBIO pacuéThl GoHa oT (e', €7)-nap ans ycioBHii, PU KOTOPBIX
9TOT (hoH OBLT N3MepeH B nadoparopun Saclay. CpaBHeHHE pe3yIbTaTOB pacu€Ta 1 SKCIIEPHUMEHTa [I0Ka3ajo UX COrJacHe.
KEYWORDS: s1eKTposiiepHbIe U3MEPECHUS, MUIIIEHbB, (OTOPOKICHHUE Map, POH, MOJACTUPOBAHKE

The electron-nucleus scattering spectrum comprises the contribution of electrons from the (e', e)-pair
photoproduction reaction in the target. Its measurement procedure includes the magnetic polarity reversal of the
spectrometer, and the measurement of the positron spectrum, which is similar to the electron spectrum from (e', ¢)-
pairs. However, these measurements may take a substantial part of the time of experiment, i.e., costly running time of
the accelerator. Therefore, it is reasonable to replace the measurements of the background by its computation.

The spectrum of positrons escaping from the electron-irradiated target can be calculated by the numerical
simulation methods, using the computation program GEANT-3 [1] for the purpose. However, the estimation of time
required for this computation has shown that it would take no less than 10* stream days of the PC. Hence, should the
need arise to calculate the background of (e”, e )-pairs, then for the solution of the problem it would be necessary to
change the computation procedure in such a way as to increase the computing speed by several orders of magnitude.
Precisely this optimization of computation is the aim of the present work.

(e*, )-PAIR PRODUCTION IN THE TARGET BOMBARDED BY ELECTRONS
The (e, e )-pair production in the electron-irradiated target is the result of two nuclear reactions occurring one
after another, viz., bremsstrahlung photon emission by incident electron (¢ — (¢, y) reaction), and electron-positron
pair production by this photon (y — (e*, ¢) reaction). The calculation of the bremsstrahlung photon spectrum is one of
the procedures, which is executed by the GEANT-3 program most often. As regards the (e”, ¢)-pair photoproduction,
the cross-section for this reaction can be calculated at certain conditions with the use of analytical formulas from [2].
© Timchenko I.S., Bukh.Yu., 2015
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The comparison between the data calculated by those formulas and the results of computations by the GEANT-3
program is given in Fig. 1. It is obvious from the figure that at positron energies £’, which correspond to the conditions
of application of the equations of [2], the data calculated by those equations are in agreement with the CEANT-3
computations. Let electrons incident on the target have
equal energies E). The bremsstrahlung caused by these
electrons presents a continuous spectrum with photon
energies Ey ranging from 0 up to Ey — m., where m, is the
electron mass. We write down the yield of bremsstrahlung
photons of energy Ey in terms of the differential cross-

300

% section do..,(Ey,E,)/dE, for the reaction e” — (e, y)

: (5 )

S 200 do Ey E

R e—y \ 70>~y

e N7 (EO,E;,) =Tne,nn , (1)
& Ve

3

% where n._ is the number of electrons arrived at the target,

n, is the target thickness represented as the number of
nuclei per cm”. The yield of positrons of energy E’ from
the (e', e )-pair photoproduction reaction is represented

similarly by
do, . (E,.E')
[ AR R R R R R R }/,e+
0 50 100 150 200 250 300 Ney (Ey,E') sy @
) ) ) E.’ MeV . . Here do,.+(E,,E")/dE" is the differential cross-section for
Fig. 1. Differential cross-section for (¢, €")-pair photo- the reaction y —> (e+, ¢); n, is the number of photons that

production by °Li versus positron energy E'.

X : hit the target and have the energy E,. The variable n, is the
The photon energy is E,=330MeV. The points show the

GEANT-3 computations, the dashed line is the complete yield Ny(Eo,E,), which is determined by (1). Substituting

screening case, (eq. (33.20), [2]), the solid line — absence of (1) for the variable n, in (2), and then integrating (2) over
screening (eq. (33.19), [2]). the whole spectrum of bremsstrahlung photons, we obtain

the positron spectrum originating from the electrons of

energy E:
E()*me
do E E'Y do._ |EyE
Ny, (Eg.E')= j = - NG )ne_nn dE, G)
dE dE},
0

It is not difficult to see that (3) describes the case, where the bremsstrahlung photons are emitted in the target of
thickness #,, and then, in the other target of the same thickness these photons give rise to the production of (e, e)-
pairs. What actually happens is that the bremsstrahlung photon emission takes place over the whole electron trajectory
in the target substance. We divide the target thickness into K identical layers. In a thin target, the yield of
bremsstrahlung from each layer is the same, and this yield from an arbitrary i-th layer can be written as

N, (Eo.E, )= N, (Eo.E, ) /K, @)

where N,(Eo,E,) is determined by (1). However, the probability of inducing the (', € )-pair photoproduction reaction
depends on the number of layers between the point of photon emission and the back surface of the target. For example,
for the photon emitted near the front surface of the target, the probability of occurrence of the y — (e, ¢") reaction is
maximum, whereas the photon, emitted near the back surface of the target, immediately leaves the target substance, and
thus cannot induce any reaction. We numerate the layers starting from the front target surface downstream. Then the
number of (e*, €")-pairs produced by the photons from the i-th layer will be given by

N, i(Eg.E')=N,, (Ey.E")x(1-i/K)/K . (5)
Let us make summation of equation (5) from i =1 up to i = K - 1, and let K tend to infinity. As a result, we obtain the
expression for the positron yield from all bremsstrahlung photons produced in the target exposed to electrons of energy
Ey

N, (Eg.E")=N_, (Ey,E")x1/2, (6)

where N%.(Ey,E'") is determined by (3).
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This expression can be represented as a structure
consisting of two hypothetic targets. The first target 4 of
2000 L thickness '4n, generates bremsstrahlung photons, and in

the second target B of thickness n, the photons from the
first target give rise to (e’,e)-pairs. We call this
representation of the target as the “double target” (DT)

model.
The computation of the bremsstrahlung photon
-, spectrum does not take much time of PC operation. Fig. 2
N. L exemplifies the result of the computation of this spectrum.
e We divide the spectrum into several similar energy
1000 "".‘.," intervals of width AE,, the average energy in each interval
I being E,,;. Let us consider the spectrum under discussion
'1\-3. . as a set of several groups of monoenergetic photons, each
N | group having the energy E,,;, with the number of photons
"l N,,, which have this energy. The N,,; value is determined

T et 1y

.
R [

1500

0y

500 e by the area of the spectral region lying within the photon

WNeaty energy range E,; + AE,/2. The number of photons per
E: bremsstrahlung photon from the L-th interval is given by

. L = Ne. /Ny,L.
IR PR R TR A | PR We apply GEANT-3 for computing the passage of
200 250 300 350 photons of energy FE,,, through the target B (the DT
E , MeV model). If the number of photons is sufficient, then, as a
¥ result, for the photon group of energy E,,, we obtain the
positron yield in the form of the spectrum N (Eo, E').
After computations for all the energies of monoenergetic
photons, it is necessary to sum the positron spectra
corresponding to these photons. However, for each
positron spectrum of that sum we need to have the
weighting factor that would normalize the spectrum to the number of electrons, which should fall on the target in order
for the spectrum to be obtained. In view of the normalization, the sum representing the positron spectrum may be

written as
N, (EyE'
N . (Ey.E')= Zﬂ @)
- n, X1y

130 180 | 230 280 | 330

100

| -

150

Fig. 2. Photon bremsstrahlung spectrum calculated by
GEANT-3.
Vertical lines show energy intervals, AE, = 50 MeV in width,
bold-faced figures show average energies E,,; for the intervals.

THE SPECTRUM OF POSITRONS COMING TO THE SPECTROMETER

Experimental positron spectra measured from “*Pb at E, = 354 and 645 MeV have been given in paper [3]. For the
purposes of comparison between the computed results and the experimental positron yield, we have used in our
computations the spectrum measurement conditions [3], i.e., the target thickness in units of radiation length
fo=1.6x107%, the exit angle 6 = 60°, acceptance angle of the spectrometer AQq = 7x107 sr. Besides, the positron yield
from the 2%Pb target was calculated at £, = 354 MeV, 6 = 20°, and from the SLi target of thickness #, = 0.3x10 rad.
length at £, =260 MeV, 0 = 15° and 35°.

Further, the computations are exemplified by the ***Pb target and E, = 354 MeV.

If we assume that the collimator of the spectrometer is a square in section, then using the AQ), value it is not
difficult to calculate the acceptance of the spectrometer in the scattering angle: AQ = 4.8°. The positron yield is axially
symmetric. Therefore, to speed up the computation, we replace the acceptance of spectrometer AQ, by the solid angle
included between the cones with openings 20, and 260,, where 0; = 0 — A6/2 and 6, = 6 + A6/2. This solid angle is AQ =
27(cosB; — cosh,) sr. If on a certain interval AB’ > A0, the N.. yield is assumed to be a linear function of 0, then in the
computations, AQ may be replaced by AQ' = 2n(cosd’; — cos0',) sr, where 6'; = 0 — A0'/2 and 0', = 0 + AO'/2. The
linearity is testified by a weak deviation from the unity ratio given below

R:Né+ Ne+
AQ'/ AQ -

®)

Here N'../AQY is the yield of positrons N, in case of a larger solid angle AQ', normalized to this angle, N../AQ is the
same for the smaller solid angle. In practical terms, it may be considered that if AO is between 1°and 5°, and A6’ > 2A0,
then the deviation from the unity ratio R roughly corresponds to the relative error in the calculated yield N'.. value,
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which arises due to the increase in the solid angle from AQ to AQ'. The admissible value of the error depends on the
(e', e )-pair background contribution to the electron spectrum. In our yield calculations at ® = 60°, the angular
acceptance of the spectrometer specified the angle A = 4.8°, and for the computation we took AO" = 10°, which was
consistent with AQY’ =0.95 srand R=1.1 £ 0.1.

For all that, the application of the above-given
technique shows that the PC operation for a few hours
ensures the computation of positron yield from the **Pb
100 L target within a statistical uncertainty of about 10%, but only
for # > 0.1 rad. length, while the real target thickness ¢, is of
about 0.01 rad. length. One can try to calculate the positron
yield from such thin targets by carrying out the following

3 operating sequence:
N a) calculation of the yield N.. for a set of values of
et t>0.1 rad. length;
L b) the finding of the function N..(f),which adequately
‘; (a) describes these calculated data;
c) extrapolation of the function N..(f) to the region of
0.1¢ t < 0.1 rad. length, i.e., = f.
The success of applying the described procedure
depends on the choice of the function N..(¢). Let us examine
0.01¢ the function.

0_61 01 If in the passage of the photon through the substance
only the reaction of (e’, ¢")-pair photoproduction took place,
then, as it follows from the definition of the term “reaction

100 L cross-section”, the positron yield would be linearly

dependent on the target thickness: N..; oc . To arrive at the

spectrometer, the as-produced positron should be scattered
10k through the angle 6 + A6/2, which results from positron
interaction with the target substance. If this interaction is

N ek described only by the cross-section for scattering by the

1L electron, then the positron yield should also be linearly
dependent on the target thickness N, oc t. Since both the

(b) photoproduction and scattering reactions take place in the

target B in sequence, then the yield for the positron coming

to the spectrometer can be written as N, oc £2. At small target

thicknesses, the large-angle positron trajectory deviation

occurs mainly due to positron-electron scattering. However,

, . at these conditions other, less probable, processes manifest
0.01 0.1 themselves. Therefore, in the #-dependence of N.. under
¢, rad. length consideration, the exponent on ¢ is not exactly equal to 2. The

i ) GEANT-3 program can calculate the processes that exert
Fig. 3. Positron yields N, versus target thickness . influence on the positron motion in the substance. Using this

a) The points show the calculation for the **Pb target at £, = program, we have calculated a variety of positron yields in a

330 MeV and § = 60°, the solid line is the result of function  wide range of # values for the following cases: ***Pb target at

(9) fitting to the points; bo) the same but for the "Li target at E, = 330 and 610 MeV, exit angle 0 = 60°; 208py, target at

E,=250MeV and 6 =15°. E, =330 MeV, 0 = 20° and also, °Li target at E, = 250 MeV,

0 =15°and 35°.

The calculation results relating to each of the energies E, were reduced to the same number of photons 7, , which
corresponds, according to the DT model, to the photon yield from the target 4, as n.. electrons are incident on it. Then
the calculated positron yields were fitted with the function

0.1F

001k

N, (t)=Axt? ©)

where 4 and p are the variable parameters (Fig. 3). The powers resulting from fitting were as follows: p = 2.0 to 2.1 for
the lead target; 1.6 to 1.9 for the lithium target. On substitution of the target 4 thickness ¢, into function (9) with the
obtained parameters, we get the positron yield from the target under consideration. We denote this yield by Ne. (%),
and assume that the N, (%) value, derived in this way, has been determined with a reasonable degree of accuracy.
However, it took more than 24 hours of PC operating time to compute the positron yield, which corresponds to one
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photon energy value. This time consumption is admissible in the elaboration of the computation procedure, but is
undesirable in actual practice.

A further computational shortcut consisted in choosing the optimum set of the yields to be computed. So, from the
array of N, for a wide range of ¢ values employed to obtain the yield N, (%), different sets of these values were
chosen, and function (9) was fitted to them. Each fitting gave its N, (%), where the index j denoted the set of computed
yields used in the fitting. As a result, the group of N, j(#)) values was formed, from which the nearest to N..,,(fy) were
chosen. The computations were carried out at different photon energies and angles of scattering by ***Pb and °Li targets.
As a result, the most optimum set was found to consist of two yields corresponding to the target thicknesses ¢ = 0.08 and
0.33 rad. length. The N..(fy) values computed on the basis of these yields differed from the N.. ,(t)) values by no more
than 10% or 15%. This difference specifies the limit of accuracy of further computations, where the computed positron
yields corresponding to the mentioned thicknesses are used to obtain the yield N..(f).

ol 14}
A 12F
~
> 8 i [ ]
@) 1ok
Z L. [ ]
£ 6f 0.8}
E -
w 06)
g 4r (a) I ] (b)
S 0.4}
Nb
2 L
= 02}
1 n 1 ) 1 A§ 1 ni 1 l; | . I 1 n : n ] § n I.
100 150 200 250 300 350 300 400 500 600
E', MeV E', MeV

Fig. 4. Positron spectrum
a) 2%®Pb target, 1.6x107 rad. lengths thick, at £, = 354 MeV and 6 = 60°. The points show the present calculated data; the cross
shows the experimental value taken from [3]; b) the same but for the positron spectrum corresponding to £y = 645 MeV.

Using this method, we calculate the positron yield from the ***Pb target at 6 = 60° for photons of energies 130,
180, 230, 280, 330 MeV. Then, by means of (7) we obtain the positron spectrum corresponding to the electrons of
energy Ey= 354 MeV incident on the target. As stated above, a similar spectrum was obtained by experiment in work
[3]. From the figure given there', the yield of positrons of energy E' = 100 MeV can be estimated to be
8.7+ 1.4 nbn MeV ' sr”', this being consistent with our calculated data (Fig. 4a). The authors of paper [3] also gave the
experimental positron spectrum from the ***Pb target measured at £, = 645 MeV, 8 = 60°. Our positron spectrum
calculations carried out for this case are also in agreement with the experimental result (Fig. 4b).

In the experimental works [4] and [5] the important results of the Coulomb Sum values of °Li and Li respectively
were obtained, however the detailed measurements of positrons emission from the target were not carried out and so the
background of (¢”, e")-pairs wasn’t taken account. Using the developed method we calculated the positrons spectra for
typical measurement conditions [4,5]: Ey =260 MeV, 6 = 35° and E, = 135 MeV, 6 = 160°. According to the performed
calculations, the maximum value of ratio the (¢', ¢)-pairs background to the scattered electrons yield was 4x10™ in the
case of @ = 35°, and was 5 x107° in the case of measurements under 6 = 160°. These obtained values correspond to the
tails of quasy-elastic electron scattering peaks, where the experimental errors amount to 20% + 50%. Thus the
neglecting of the background of (¢, ¢)-pairs in works [4] and [5] may be consider as justified.

! For ease of comparison between our present calculations and the data of [3], Fig. 4 shows the (e, ¢")-par background in the same
form [3], i.e., as a twice differential cross-section. It should be noted that this representation of the (e*, €")-par background is
incorrect. That is, in view of the ¢ — (e, ) reaction taking place in the target 4, the yield of the (¢*, ¢")-par background is N,, o £.
However, according to the definition of the reaction “cross-section”, the reaction yield is directly proportional to the target thickness.
Therefore, what is shown here in Fig. 4 and in Figs. of [3] may be called “the pseudo cross-section” corresponding to the target
thickness 7”. If comparison is made between two pseudo cross-sections corresponding to the same target thickness (Fig. 4), or
between the reaction cross-section and the background cross-section [3] (both cross-sections being measured on the same target),
then in both cases this is merely the comparison between two yields represented in not exactly correct form.
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CONCLUSION
The main result of the present paper lies in the development of the methods, which in the case of electronuclear
experiment enable one to compute (with a PC) the background of (e, ¢)-pair photoproduction on both heavy- and
light- nuclear targets (***Pb and °Li, respectively). In each case, it took about 12 hours for the PC to compute the
positron spectra by these methods (Fig. 4a, b), which may be considered quite acceptable for practical work.
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In this paper transverse dynamics of charged bunch particles in plasma-dielectric wake field accelerator on an example of a gigahertz
range dielectric waveguide is researched, bunch parameters correspond to bunches obtainable at Argonne National Laboratory.
Analytical expressions for calculating wakefields and equations for modeling bunch particle motion are provided. The behavior of
the boundary bunch particle for different values of the initial emittance was modeled. It was shown, that the amplitude of motion of
the boundary bunch particles changes on time.
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BJIMSAHUE DMUTTAHCA HA TIONEPEYHYIO JUHAMUKY YCKOPSAEMBIX CI'YCTKOB B IINTA3SMEHHO-
JUIJIEKTPHYECKOM KHJIBBATEPHOM YCKOPUTEJIE
P.P. KusizeB
XHY um. B.H. Kapasuna
2. Xapwvkos, ni. Ceo600vl,4, 61022

B pabore wuccriemyercs momepedHas IMHAMHUKA 3apsHKEHHBIX YacTHI] Iydyka B IUIa3MEHHO-IMAJIEKTPUYECKOM KHIBBATEPHOM
YCKOpHUTENe Ha MpUMepe IUINIEKTPUYECKOTO BOJIHOBOAA THMTarepLoBOrO JHMana3oHa, MapaMeTphl IyYKOB COOTBETCTBYIOT IIyYKaM,
MoTy4aeMbIM B AproHckoit taboparopun. IIprBeaeHb! aHATUTHYECKHE BRIPAXKEHHS AT pacueTa KMIbBATEPHBIX MOJIEH M ypaBHEHUS
JUISL MOJETMPOBAHHS IABMKEHMS YaCTHIL CTyCTKa. [IpomMoaenpoBaHo MOBeJEHHE KPAaeBO JaCTUIIBI ITydKa MPH PA3HBIX 3HAYECHUSIX
HavaJIbHOTO SMUTTaHca. [lomydeHs! 3aBHCUMOCTH Ul OTHOAIOIINX ITydKa AT Pa3HbIX 3HAUCHMI HAa4albHOro SMHTTaHca. [lokazaHo
YTO aMILUTUTY/Ja ABMKEHHS KPAeBBIX YACTHII ITyYKa N3MEHSICTCS CO BPEMEHEM.
KJIIOUEBBIE CJIOBA: yckopenue, GpokycnpoBKa, KIWIbBaTepHBIE OIS, IyYKH, AUAICKTPUISCKUI BOTHOBOI, IUIa3Ma, SMUTTAHC

BIIJIMB EMITTAHCA HA TIONNEPEYHY JUHAMIKY ITPUCKOPIOBAHUX 3I'YCTKIB B IIJIA3MOBO-
JEJEKTPUYHOMY KIVIBBATEPHOMY IIPUCKOPIOBAYI
P.P. KnsizeB
XHY im. B.H. Kapasina
M. Xapxie, ni. Ceoboou,4, 61022

B po6oTi mOCHiKY€EThCS TONEpedHa [MHAMIKa 3aps/PKEHHX YaCTHHOK 3TYCTKY B IUIa3MOBO-ZiCJICKTPHYHOMY KiJIbBATCPHOMY
MIPUCKOPIOBaYl Ha MPUKJIAJI TieJIEKTPUIHOTO XBUIIEBOY IirarepoBoro AialasoHy, MapaMeTpH 3TYCTKIB BiIIIOBIJalOTh 3TYCTKaM, SIKi
OTPUMYIOTECSI B AproHchekiii saboparopii. IlomaHo aHamiTHUHI BHpasu A pO3paxyHKY KUIbBATEPHOIO MHOJSL Ta PIBHSHHS IUIS
MOJICJTIOBAHHSl PyXy 4YaCTHHOK 3rycTKy. IIpoMopjenboBaHa IOBEIiHKAa T'pPAaHWYHOI YaCTHHKM 3TYCTKY IPU PI3HUX 3HAYCHHSX
HOYaTKOBOro eMitTaHcy. OTpuMaHi 3a1€KHOCTI AJIsi OMHHAIOUMX 3TYCTKY IIPU Pi3HHUX 3HAYCHHSX [0YaTKOBOro emirrancy. [Tokasano
IO aMIUTITYa PyXy FPaHUYHHUX YaCTUHOK 3T'YCTKY MAa€ 3aJIeKHICTh BiJl 4acy.
KJIFOUYOBI CJIOBA: npuckopenHs, pOKyCyBaHHsI, KITbBATEPHI OIS, 3TYCTKH, AISNCKTPUYHHUNA XBHICBO, IJIa3Ma, EMITTaHC

Accelerator physics is actual, thriving branch of modern physics. One of the new methods of acceleration, that allows
significantly reducing weight and sizing characteristics of accelerators, is method of accelerating charged particles by
wakefields [1,2]. An important characteristic of any accelerator is luminosity of the accelerated bunch, which is
determined by the density of the bunch and its phase volume. The final phase volume is determined by the transverse
dynamics of the particles, so knowing it, we can judge about transverse stability and final phase volume of accelerated
bunch. In this paper transverse dynamics of charged bunch particles in plasma-dielectric wakefield accelerator on an
example of a gigahertz range dielectric waveguide is researched. Parameters of charged particles bunches are taken in
accordance with the experiments carried out in the Argonne Laboratory. Excitation of electromagnetic fields by
concentrated sources in the hybrid plasma-dielectric structure allows increasing the rate of acceleration. This provides
simultaneous radial-phase focusing. Compared with pure plasma variant [3-5], hybrid plasma-dielectric structures [6]
provide greater wave stability and are less sensitive to the temporal and spatial changes of the plasma density [7]. The
goal of this work: study the behavior of accelerated charged particles bunch in plasma-dielectric wake field accelerator,
to analyze the transverse dynamics of bunch in PDWA with different values of the initial emittance of bunch.

STATEMENT OF THE PROBLEM
Consider a structure that is infinitely long waveguide with an annular dielectric shell (look figure Fig.1). The
dielectric constant of this shell is ¢ . Inside the dielectric shell (in the transit channel) there is plasma with density n,, .

Along the axis of the waveguide drive bunch moves, which excites the wake field [8]. After some time, collinear to
©KhniazievR.R., 2015
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drive bunch, accelerated bunch is injected. Delay time is selected so accelerated bunch was simultaneously at maximum

of accelerating field.

Fig. 1. Geometry of structure.
a — the inner radius of the dielectric shell; 5 — the outer radius of the
dielectric shell; n, —plasma density; 7, — bunch radius; /, —bunch length;

¢ - dielectric constant.

In  works [8,9] possibility of
simultaneous radial focusing and longitudinal
acceleration of charged particles bunch in
such structure was shown. The appearance of
the focusing force is due to the excitation of
plasma (Langmuir) waves. Langmuir wave,
in some plasma densities, makes a
predominant contribution to the transverse
force that exerts on accelerated bunch. At the
same time, the contribution of plasma waves
in the longitudinal force is negligible.
Longitudinal force is mainly determined by
the wave corresponding to the eigen modes of
a dielectric [10].

Therefore, plasma in the transit channel
is responsible for the focusing force, and
dielectric shell — for accelerated force. With
some density of the plasma, longitudinal field
of the Langmuir wave significantly less than

the total longitudinal field of dielectric
modes. However, the radial electric field of the Langmuir wave still far exceeds the total transverse field of dielectric
modes. These two types of waves — Langmuir and dielectric — generally have different spatial periods; therefore, the
maximum of total longitudinal field can correspond to a minimum of a full transverse field. Thereby, when placing a
test bunch in the maximum of dielectric wave accelerating field we can simultaneously focus it by Langmuir wave’s
field.

While solving the problem of focusing the accelerated bunch we must not forget that there is also a defocusing
force. The main causes of defocusing forces are Coulomb field and the initial emittance of the bunch. It was shown
[11], that the influence of the Coulomb field on the focusing of charged particles bunches in the plasma-dielectric
structures with the density of the plasma and bunch charges, with which we work, is negligible. We assume that terms
describing the quasi-static component of wake field are equal to zero. This will greatly simplify the expression,
describing electromagnetic fields, excited by driver bunch in plasma dielectric accelerator.

BASIC EQUATION
The nature of the transverse motion of the particles is determined by solution of the equation of the envelope [12]:

&4_ efH ,(r,z,t) (dr)z . eEZ(r,z,t)ﬂ_ €(E,(F,Z,f)—ﬂH¢(V,ZJ)) _ emit, _ (1)
dz’ myp’c>  \dz myB’c* dz myB’c? By
To solve the equation (1) we must specify  and ¢ . The equations describing y and ¢ are:
dr_ 1, 2
dz pc
dy ¢E.(r,z,t)
& me @

where e,m — the charge and mass of the electron, #=4/1-1/y",z — axial coordinate, emit, - normalized emittance.
In the equation (1) E.,E,,H, are the components of wake field excited by drive bunch. They do not consider the

influence of accelerating bunch on the excited wake field. The detail obtaining of these expressions was described in the
paper [8]. Here they are:

400, 1 _h(ky) _
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where y,=¢,/+/p°c,-1.

The eigen frequencies of the dielectric modes w, are determined by solving the dispersion equation D(w) =0.

TYPICAL DISTRIBUTION OF FORCES
In order to demonstrate the characteristic of distribution of forces, exerting on accelerated bunch in plasma-
dielectric structure, we will give the results of numerical calculations. To conduct the numerical simulation was chosen
dielectric waveguide gigahertz range. Parameters of charged particles bunches are taken in accordance with the
experiments carried out in the Argonne Laboratory (Table).
The calculation results for the plasma density n,=3-n, =7.455-10"cm™ are shown in Fig.2-Fig.3. In Fig. 2 axial

distributions of the longitudinal and transverse forces are shown. They are exerting on a test particle spaced 2 mm from
the axis of the waveguide i.e. at the boundary of the bunch. From comparing the dependencies, we can see that placing a
test bunch at a distance 1.5 cm or 5.6 cm from the head of the leading bunch ensures the acceleration of charged
particles with their simultaneous radial focusing. As shown in figure, radial force has nearly harmonic dependence on
longitudinal coordinate with period ~ 4 cm. Langmuir wave makes a predominant contribution to the radial force. At
the same time its contribution to the longitudinal strength, accelerating test particles, is predominantly small.
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Longitudinal force is mainly determined by the dielectric waveguide eigen modes, its complicated dependence on the
longitudinal coordinate related with the excitation of several radial modes of a dielectric waveguide.

Table
Parameters of plasma-dielectric accelerator used in calculations
Outer radius of dielectric tube 5.11 mm
Inner radius of dielectric tube 4.0 mm
Dielectric constant ¢ : (fused silica) 3.75
Bunch length L, 2.0 mm
Bunch radius 7, 2.0 mm
Plasma radius 4.0 mm
Bunch energy 14 MeV
Bunch charge 1 nC
Density of drive bunch 2.485-10"cm™
------------- Axial force np=3nb; r=rb;Q=-1nCl; 159 . ... ... .
15- - - -Transverce force np=3nb; r=rb,Q=-1nCL,| | O TTTTTTteeeeeoooo o
Lo g %04 |- Axial force np=3nb;
- — —Transverce force np=3nb;
0,5
£
s 3
2 = 007
w w NN
-0,5 NN N -
01 Drive bunch™~-~
v T T T T T 1
& om 0,0 01 02 [ (cmy 03 0,4
Fig. 2. Axial profile longitudinal (dotted line) and transverse Fig.3. Transverse profile longitudinal (dotted line) and

force (dash line), exerting on a test particle, located at a distance
0.2 cm from waveguide axis. & =vyt -z, the head of the leading

bunchisiné=0.

transverse (dash line) forces, exerting on a test particle, located
at a distance 1.5 cm from head of the leading bunch.

Radial dependence of the longitudinal and transverse forces, exerting on a test particle, located in the first
accelerating field maxima, at the distance 1.5 cm behind the head of the leading bunch is shown in Fig. 3. Longitudinal
force varies little in the transverse cross-section of the transport channel, and radial force is focusing on the entire cross-

section of the channel.

RESULTS OF NUMERICAL MODELING
To model transverse dynamics charged particles bunches in plasma-dielectric wakefield accelerator the same
parameters were used, as for demonstration of the typical distribution of forces in a given structure (Table 1).
Let’s write the second order differential equation (1) as a system of two first order differential equations. In
addition to the system of equations, differential equations (2) and (3), required for solving equation of the envelope.

dr _
dz Y
dy _ _eﬂH¢(V,Z,Z)(d;fj2 B eEZ(I’,Z,l‘)£+ e(E,-(”,Z,f)—ﬂH.,)(V,Z,f)) emit!
dz mypc® \dz myp’c®  dz myB’c’ By’ )
a1
dz pc
dy e
—=—=F (r,z,t
dz  mc? ( )
The initial conditions for such a system will have the form dr =0,r|_ =t _ =tV =7 (10), where », - radius

z=0

of charged particles bunch, 7, =1.5/v, —time of entry of the bunch, v|_ =v,, 7, =1/{1-5; , B, =v,/c.
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For the numerical solution of system of differential equations of the first order (11) we use the method of Runge-
Kutta of fourth order. Results of modeling can be represented as a graph. The graph represents the so-called "bunch
envelope". In Fig.4-7 bunch envelopes with different values of the initial emittance are given.

dielectric, €=3.75 dielectric, £=3.75

metal shell metal shell

envelope of the bunch \ envelope of the bunch|

0,2+ 0,2
] ) \/\/
£0,04 g 0,0 1
x -
-0,2 1 -0,2
-0,4 - -0,4 -
T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 20 40 60 80 100

z (cm) z (cm)

Fig. 4. The trajectory of motion of the boundary bunch Fig.5. The envelope of the bunch with emittance

particle when emit, =0 emit, =10"cm - rad

Trajectory of the boundary bunch particles without initial emittance is shown in Fig.4. It is well seen, that under
the influence of focusing force the bunch shrinks, then there is «flipping over» and the bunch is expanded back.
Focusing force exerts symmetrically, so particle flown in the "lower" part of the bunch get radial breaking and is
focused to axis again. X coordinate in the positive area is the radius of the bunch. In the negative area under the radius
of the bunch is meant the absolute value of X. The sign "-" indicates that the boundary particle moved to another part
of the bunch relative to the axis. The envelope of the same bunch, but with the finite initial emittance is shown in Fig.5.
The envelope of the bunch is always in the positive area. Since real bunches always have the initial emittance, we can
make conclusion, that the bunch is never inverted relative to its axis.
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Fig. 6.  Envelopes of bunches when  emittance Fig.7. Envelopes of bunches when  emittance

emit, =10°cm -rad — dash line and —solid line if emit, =0
respectively.

emit, =107 cm -rad — dotted line, emit, =107 cm -rad — solid

line and emit, = 10 cm - rad — dash line.

Trajectories of the boundary bunch particles excluding emittance and with small emittance emit, =10 cm - rad are
shown in Fig.6. The trajectory of the particle in the presence of small emittance is exactly a copy of the particle's
trajectory without emittance; in condition of bunch reaching to the axis this particle is reflected.

Trajectories of motion of the boundary bunch particles with three different initial values of emittance are shown in
Fig.7. From Fig.7 we can see, that with emittance emit, =10”cm-rad ((green solid line) particle is not able to reach

bunch axis, so bunch is not split up into a series of spherical bunches. When emittance emit, =10”cm-rad it is already

well visible, that the presence of initial emittance does not allow bunch to shrink to the point or «flipped over».
Envelopes of bunch at different values of the initial emittance are shown in Fig.8. Transverse dynamics of bunches

by increasing the initial value of the emittance is well visible. As follows from Fig.8, at the value of normalized initial

emittance emit, =3-10"cm - rad (line 6) it is possible to focus the electron bunch (its diameter is halved). If accelerated

bunch has worse quality, it cannot be possible to do good focusing in the accelerator with parameters shown in the



49

Influence of emittance on transverse dynamics of the accelerated bunches... EEJPVol.2 No.2 2015

Table 1. During the numerical simulation it was also found, that the amplitude of radial oscillations of the boundary
particles of bunch damps with time. With an increase of emittance the rate of damping is also increases. It is well seen
in Fig.9 that over time the amplitude of motion of the particles is decreases. This is related with acceleration of the
particles by wakefield. To analyze this let’s look at equation (1). If witness bunch is in accelerating phase - y is
increasing. The terms that have in the denominator y - decreases. In the summand which describe emittance — y
included in the minus second degree. In the summand, which describe emittance — y included in the minus second
degree. Initial emittance included in the numerator, so the larger the emittance is — the more noticeable this effect is.

0,2 1
0,24

0,14

1 emit =0
£ » 2 emit =1e-3 =
4 : . £
%0’0 ? 3 emit =5e-3 <
4 emit =1e-2 =
5 emit =5e-2
=6 emit =1e-6
-0,1
'012 T T T T 1 0'0 T T T T T T
0 50 100 150 200 250 300
0 20 40 (om) 60 80 100
z (cm)
Fig. 8. Envelopes of bunches with different emittance. Fig.9.  Envelopes of Dbunches with  emittances
emit, =10"cm-rad — solid line, emit,=5-10"cm -rad —
dash line.

Let's confirm the above by the analytical estimate. Summand with the radial electric field of plasma wave and
summand with the emittance gave the main contribution in the equation of the envelope (1) of relativistic electron
bunch. Neglecting the other terms and assuming fulfillment of the condition w,r /¢ <1, the equation of the envelope

reduces to the form:
d’r  Kr  emit

) 11

dz’ y oy (h
where K - focusing parameter, which depend from structure parameters and drive bunch charge. Envelope of bunch
oscillate around equilibrium radius. The expression for the equilibrium radius 7, of envelope is:

emit; "
= Ty . (12)

With an increase of normalized initial emittance an equilibrium radius of bunch is also increases, that is confirmed
by dependences shown in Fig.8. In addition, as it follows from (14), with an increase of bunch energy an equilibrium
radius decreases. The damped dependences of the envelope during the acceleration process, given in Fig.9, distinctly
demonstrate it. In order to find the value of normalized initial emittance for which effective radial focusing is possible,
expression (14) could be rewritten in the another form:

1/2

emit, =ir,f (Ky) ™, (13)

where the value of an equilibrium radius 7, of the accelerating bunch was taken equal to half of its starting radius .

From expression (15) can be well seen that with the increases of the accelerating bunch energy or drive bunch charge,
requirements to quality (initial emittance) of accelerating bunch, for its significant compression, decreases.

CONCLUSIONS
In this paper the dependence of the transverse dynamics of charged particles bunches on the initial emittance was
investigated. Emittance limiting values for which the transverse dynamics of charged particles bunches remains stable
were founded. The transition from a pinch to stable dynamics was shown. It has been found that the amplitude of
movement of the boundary bunch particles decreases with time. Amplitude of the bunch's border movement decreases
with the increasing of the initial value of the emittance. This effect is more noticeable for the larger emittance.

Invaluable assistance in the preparation of this work was provided by G.V.Sotnikov, P.I.Markov,
A.P. Tolstoluzskiy.
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INFLUENCE OF EMITTANCE ON TRANSVERSE DYNAMICS OF THE
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In this paper transverse dynamics of charged bunch particles in plasma-dielectric wake field accelerator on an example of a gigahertz
range dielectric waveguide is researched, bunch parameters correspond to bunches obtainable at Argonne National Laboratory.
Analytical expressions for calculating wakefields and equations for modeling bunch particle motion are provided. The behavior of
the boundary bunch particle for different values of the initial emittance was modeled. It was shown, that the amplitude of motion of
the boundary bunch particles changes on time.
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BJIMSAHUE DMUTTAHCA HA TIONEPEYHYIO JUHAMUKY YCKOPSAEMBIX CI'YCTKOB B IINTA3SMEHHO-
JUIJIEKTPHYECKOM KHJIBBATEPHOM YCKOPUTEJIE
P.P. KusizeB
XHY um. B.H. Kapasuna
2. Xapwvkos, ni. Ceo600vl,4, 61022

B pabore wuccriemyercs momepedHas IMHAMHUKA 3apsHKEHHBIX YacTHI] Iydyka B IUIa3MEHHO-IMAJIEKTPUYECKOM KHIBBATEPHOM
YCKOpHUTENe Ha MpUMepe IUINIEKTPUYECKOTO BOJIHOBOAA THMTarepLoBOrO JHMana3oHa, MapaMeTphl IyYKOB COOTBETCTBYIOT IIyYKaM,
MoTy4aeMbIM B AproHckoit taboparopun. IIprBeaeHb! aHATUTHYECKHE BRIPAXKEHHS AT pacueTa KMIbBATEPHBIX MOJIEH M ypaBHEHUS
JUISL MOJETMPOBAHHS IABMKEHMS YaCTHIL CTyCTKa. [IpomMoaenpoBaHo MOBeJEHHE KPAaeBO JaCTUIIBI ITydKa MPH PA3HBIX 3HAYECHUSIX
HavaJIbHOTO SMUTTaHca. [lomydeHs! 3aBHCUMOCTH Ul OTHOAIOIINX ITydKa AT Pa3HbIX 3HAUCHMI HAa4albHOro SMHTTaHca. [lokazaHo
YTO aMILUTUTY/Ja ABMKEHHS KPAeBBIX YACTHII ITyYKa N3MEHSICTCS CO BPEMEHEM.
KJIIOUEBBIE CJIOBA: yckopenue, GpokycnpoBKa, KIWIbBaTepHBIE OIS, IyYKH, AUAICKTPUISCKUI BOTHOBOI, IUIa3Ma, SMUTTAHC

BIIJIMB EMITTAHCA HA TIONNEPEYHY JUHAMIKY ITPUCKOPIOBAHUX 3I'YCTKIB B IIJIA3MOBO-
JEJEKTPUYHOMY KIVIBBATEPHOMY IIPUCKOPIOBAYI
P.P. KnsizeB
XHY im. B.H. Kapasina
M. Xapxie, ni. Ceoboou,4, 61022

B po6oTi mOCHiKY€EThCS TONEpedHa [MHAMIKa 3aps/PKEHHX YaCTHHOK 3TYCTKY B IUIa3MOBO-ZiCJICKTPHYHOMY KiJIbBATCPHOMY
MIPUCKOPIOBaYl Ha MPUKJIAJI TieJIEKTPUIHOTO XBUIIEBOY IirarepoBoro AialasoHy, MapaMeTpH 3TYCTKIB BiIIIOBIJalOTh 3TYCTKaM, SIKi
OTPUMYIOTECSI B AproHchekiii saboparopii. IlomaHo aHamiTHUHI BHpasu A pO3paxyHKY KUIbBATEPHOIO MHOJSL Ta PIBHSHHS IUIS
MOJICJTIOBAHHSl PyXy 4YaCTHHOK 3rycTKy. IIpoMopjenboBaHa IOBEIiHKAa T'pPAaHWYHOI YaCTHHKM 3TYCTKY IPU PI3HUX 3HAYCHHSX
HOYaTKOBOro eMitTaHcy. OTpuMaHi 3a1€KHOCTI AJIsi OMHHAIOUMX 3TYCTKY IIPU Pi3HHUX 3HAYCHHSX [0YaTKOBOro emirrancy. [Tokasano
IO aMIUTITYa PyXy FPaHUYHHUX YaCTUHOK 3T'YCTKY MAa€ 3aJIeKHICTh BiJl 4acy.
KJIFOUYOBI CJIOBA: npuckopenHs, pOKyCyBaHHsI, KITbBATEPHI OIS, 3TYCTKH, AISNCKTPUYHHUNA XBHICBO, IJIa3Ma, EMITTaHC

Accelerator physics is actual, thriving branch of modern physics. One of the new methods of acceleration, that allows
significantly reducing weight and sizing characteristics of accelerators, is method of accelerating charged particles by
wakefields [1,2]. An important characteristic of any accelerator is luminosity of the accelerated bunch, which is
determined by the density of the bunch and its phase volume. The final phase volume is determined by the transverse
dynamics of the particles, so knowing it, we can judge about transverse stability and final phase volume of accelerated
bunch. In this paper transverse dynamics of charged bunch particles in plasma-dielectric wakefield accelerator on an
example of a gigahertz range dielectric waveguide is researched. Parameters of charged particles bunches are taken in
accordance with the experiments carried out in the Argonne Laboratory. Excitation of electromagnetic fields by
concentrated sources in the hybrid plasma-dielectric structure allows increasing the rate of acceleration. This provides
simultaneous radial-phase focusing. Compared with pure plasma variant [3-5], hybrid plasma-dielectric structures [6]
provide greater wave stability and are less sensitive to the temporal and spatial changes of the plasma density [7]. The
goal of this work: study the behavior of accelerated charged particles bunch in plasma-dielectric wake field accelerator,
to analyze the transverse dynamics of bunch in PDWA with different values of the initial emittance of bunch.

STATEMENT OF THE PROBLEM
Consider a structure that is infinitely long waveguide with an annular dielectric shell (look figure Fig.1). The
dielectric constant of this shell is ¢ . Inside the dielectric shell (in the transit channel) there is plasma with density n,, .

Along the axis of the waveguide drive bunch moves, which excites the wake field [8]. After some time, collinear to
©KhniazievR.R., 2015




Influence of emittance on transverse dynamics of the accelerated bunches...

45
EEJP Vol.2 No.2 2015

drive bunch, accelerated bunch is injected. Delay time is selected so accelerated bunch was simultaneously at maximum

of accelerating field.

Fig. 1. Geometry of structure.
a — the inner radius of the dielectric shell; 5 — the outer radius of the
dielectric shell; n, —plasma density; 7, — bunch radius; /, —bunch length;

¢ - dielectric constant.

In  works [8,9] possibility of
simultaneous radial focusing and longitudinal
acceleration of charged particles bunch in
such structure was shown. The appearance of
the focusing force is due to the excitation of
plasma (Langmuir) waves. Langmuir wave,
in some plasma densities, makes a
predominant contribution to the transverse
force that exerts on accelerated bunch. At the
same time, the contribution of plasma waves
in the longitudinal force is negligible.
Longitudinal force is mainly determined by
the wave corresponding to the eigen modes of
a dielectric [10].

Therefore, plasma in the transit channel
is responsible for the focusing force, and
dielectric shell — for accelerated force. With
some density of the plasma, longitudinal field
of the Langmuir wave significantly less than

the total longitudinal field of dielectric
modes. However, the radial electric field of the Langmuir wave still far exceeds the total transverse field of dielectric
modes. These two types of waves — Langmuir and dielectric — generally have different spatial periods; therefore, the
maximum of total longitudinal field can correspond to a minimum of a full transverse field. Thereby, when placing a
test bunch in the maximum of dielectric wave accelerating field we can simultaneously focus it by Langmuir wave’s
field.

While solving the problem of focusing the accelerated bunch we must not forget that there is also a defocusing
force. The main causes of defocusing forces are Coulomb field and the initial emittance of the bunch. It was shown
[11], that the influence of the Coulomb field on the focusing of charged particles bunches in the plasma-dielectric
structures with the density of the plasma and bunch charges, with which we work, is negligible. We assume that terms
describing the quasi-static component of wake field are equal to zero. This will greatly simplify the expression,
describing electromagnetic fields, excited by driver bunch in plasma dielectric accelerator.

BASIC EQUATION
The nature of the transverse motion of the particles is determined by solution of the equation of the envelope [12]:

&4_ efH ,(r,z,t) (dr)z . eEZ(r,z,t)ﬂ_ €(E,(F,Z,f)—ﬂH¢(V,ZJ)) _ emit, _ (1)
dz’ myp’c>  \dz myB’c* dz myB’c? By
To solve the equation (1) we must specify  and ¢ . The equations describing y and ¢ are:
dr_ 1, 2
dz pc
dy ¢E.(r,z,t)
& me @

where e,m — the charge and mass of the electron, #=4/1-1/y",z — axial coordinate, emit, - normalized emittance.
In the equation (1) E.,E,,H, are the components of wake field excited by drive bunch. They do not consider the

influence of accelerating bunch on the excited wake field. The detail obtaining of these expressions was described in the
paper [8]. Here they are:
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406, 1(k,n) )
Lbrbp 1, (kpa) A, (kpa’kpr)

800, 1, (icpr)
aLy,wic,D'(w,) I (

800, [O(K'p}’)
aLbn,wSKpD'(ws)Io(Kpa) )

Ez(r,z,t)z j](( Ph;,rbﬁr<a s 2)
800, L(54) Fsr.xb)

— aLbrbijpD'(wx) 1, (Kpa) F, (Kdaalfdb)

,a<r<b




46

EEJPVoI.2 No.2 2015 R.R. Kniaziev
400 1
Lbrbzp B (kpa)[ll (kpr)[rA1 (kpr,kpa) —-nA (kprb,kpaﬂ -
800, 1 Il(l('p}’) Il(/(prb)
_Al(k/)a,kpr)r]1(kpr):| + aLbr};W:KpD'(Ws) ’l_ﬂzgp(WS) IO(Kpa) [O(K‘pa) ,F <

400, 1,(k,1;) 800

E (r,z,t)= Ak ak _— s 3
I(r : ) Lbrb Io(kpa) ]( pa pr)+aLherVKpD'(WV)X ( )
x ! II(K/) II(K”rb),rb <r<a
Ji-Be,00) L(x,0) 1,(x,a)
808, L L(sn) R o,
aLr,wx,D'(w,) \/ﬁzgd -1 IO(KI,a) Fy(x,a.x,b)
8080, £,w,) [‘(K”r) I'(K"rb) O<r<a
aLbeWstD'(WS)\/l—ﬁzg(ws) [U(Kpa) I()(Kpa)’
H,(r,z,t)= , 4
___sope, & hkn) Reerwd)
aLb'})WS'KpD'(WS') \/ﬂzgd —1 1() (Kpa) F;)(Kdaakdb),
where
e = (;)[t—EJsinw [z—EJ—®(z—5—ﬁjsinw (r—f—i)
r v r v (Y r v v )
0, ={®(t—zjsin w{t—ij—ﬁa[i—i—ﬂjsin w, (t—Z—Lbj}
v v Vo Y
Fy(x,3) = Jo(x)No () = Ny (x)J () (6)
F(x,9)==J,(X)N,(») + N,(x)J,(»)
Ay(x,y) = 1,(x)K,(¥) = Ko (), () 7)

A(x,y) = L()K,(») + K ()], (¥)
©( ) - Heaviside function, J(x),/,(x), Ny(x),N,(x) - Bessel and Neymann functions 1st and 2nd order respectively, v -
velocity of bunch, s(w)=¢,(w)=1-w? /w’, ifr<aande(w)=s, if a<r<b; w, = W - the plasma frequency,
g, - the dielectric constant of the dielectric shell. 7,(x),/,(x),K,(x),K,(x) - modified Bessel and Macdonald functions
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where y,=¢,/+/p°c,-1.

The eigen frequencies of the dielectric modes w, are determined by solving the dispersion equation D(w) =0.

TYPICAL DISTRIBUTION OF FORCES
In order to demonstrate the characteristic of distribution of forces, exerting on accelerated bunch in plasma-
dielectric structure, we will give the results of numerical calculations. To conduct the numerical simulation was chosen
dielectric waveguide gigahertz range. Parameters of charged particles bunches are taken in accordance with the
experiments carried out in the Argonne Laboratory (Table).
The calculation results for the plasma density n,=3-n, =7.455-10"cm™ are shown in Fig.2-Fig.3. In Fig. 2 axial

distributions of the longitudinal and transverse forces are shown. They are exerting on a test particle spaced 2 mm from
the axis of the waveguide i.e. at the boundary of the bunch. From comparing the dependencies, we can see that placing a
test bunch at a distance 1.5 cm or 5.6 cm from the head of the leading bunch ensures the acceleration of charged
particles with their simultaneous radial focusing. As shown in figure, radial force has nearly harmonic dependence on
longitudinal coordinate with period ~ 4 cm. Langmuir wave makes a predominant contribution to the radial force. At
the same time its contribution to the longitudinal strength, accelerating test particles, is predominantly small.
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Longitudinal force is mainly determined by the dielectric waveguide eigen modes, its complicated dependence on the
longitudinal coordinate related with the excitation of several radial modes of a dielectric waveguide.

Table
Parameters of plasma-dielectric accelerator used in calculations
Outer radius of dielectric tube 5.11 mm
Inner radius of dielectric tube 4.0 mm
Dielectric constant ¢ : (fused silica) 3.75
Bunch length L, 2.0 mm
Bunch radius 7, 2.0 mm
Plasma radius 4.0 mm
Bunch energy 14 MeV
Bunch charge 1 nC
Density of drive bunch 2.485-10"cm™
------------- Axial force np=3nb; r=rb;Q=-1nCl; 159 . ... ... .
15- - - -Transverce force np=3nb; r=rb,Q=-1nCL,| | O TTTTTTteeeeeoooo o
Lo g %04 |- Axial force np=3nb;
- — —Transverce force np=3nb;
0,5
£
s 3
2 = 007
w w NN
-0,5 NN N -
01 Drive bunch™~-~
v T T T T T 1
& om 0,0 01 02 [ (cmy 03 0,4
Fig. 2. Axial profile longitudinal (dotted line) and transverse Fig.3. Transverse profile longitudinal (dotted line) and

force (dash line), exerting on a test particle, located at a distance
0.2 cm from waveguide axis. & =vyt -z, the head of the leading

bunchisiné=0.

transverse (dash line) forces, exerting on a test particle, located
at a distance 1.5 cm from head of the leading bunch.

Radial dependence of the longitudinal and transverse forces, exerting on a test particle, located in the first
accelerating field maxima, at the distance 1.5 cm behind the head of the leading bunch is shown in Fig. 3. Longitudinal
force varies little in the transverse cross-section of the transport channel, and radial force is focusing on the entire cross-

section of the channel.

RESULTS OF NUMERICAL MODELING
To model transverse dynamics charged particles bunches in plasma-dielectric wakefield accelerator the same
parameters were used, as for demonstration of the typical distribution of forces in a given structure (Table 1).
Let’s write the second order differential equation (1) as a system of two first order differential equations. In
addition to the system of equations, differential equations (2) and (3), required for solving equation of the envelope.

dr _
dz Y
dy _ _eﬂH¢(V,Z,Z)(d;fj2 B eEZ(I’,Z,l‘)£+ e(E,-(”,Z,f)—ﬂH.,)(V,Z,f)) emit!
dz mypc® \dz myp’c®  dz myB’c’ By’ )
a1
dz pc
dy e
—=—=F (r,z,t
dz  mc? ( )
The initial conditions for such a system will have the form dr =0,r|_ =t _ =tV =7 (10), where », - radius

z=0

of charged particles bunch, 7, =1.5/v, —time of entry of the bunch, v|_ =v,, 7, =1/{1-5; , B, =v,/c.
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For the numerical solution of system of differential equations of the first order (11) we use the method of Runge-
Kutta of fourth order. Results of modeling can be represented as a graph. The graph represents the so-called "bunch
envelope". In Fig.4-7 bunch envelopes with different values of the initial emittance are given.

dielectric, €=3.75 dielectric, £=3.75

metal shell metal shell

envelope of the bunch \ envelope of the bunch|

0,2+ 0,2
] ) \/\/
£0,04 g 0,0 1
x -
-0,2 1 -0,2
-0,4 - -0,4 -
T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 20 40 60 80 100

z (cm) z (cm)

Fig. 4. The trajectory of motion of the boundary bunch Fig.5. The envelope of the bunch with emittance

particle when emit, =0 emit, =10"cm - rad

Trajectory of the boundary bunch particles without initial emittance is shown in Fig.4. It is well seen, that under
the influence of focusing force the bunch shrinks, then there is «flipping over» and the bunch is expanded back.
Focusing force exerts symmetrically, so particle flown in the "lower" part of the bunch get radial breaking and is
focused to axis again. X coordinate in the positive area is the radius of the bunch. In the negative area under the radius
of the bunch is meant the absolute value of X. The sign "-" indicates that the boundary particle moved to another part
of the bunch relative to the axis. The envelope of the same bunch, but with the finite initial emittance is shown in Fig.5.
The envelope of the bunch is always in the positive area. Since real bunches always have the initial emittance, we can
make conclusion, that the bunch is never inverted relative to its axis.

0,2 0,20 T,
N, ’
] N .
AN 4
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0,15 \\ /
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\ J
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0,05 - R Y
Y
\ -
./
\/
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Fig. 6.  Envelopes of bunches when  emittance Fig.7. Envelopes of bunches when  emittance

emit, =10°cm -rad — dash line and —solid line if emit, =0
respectively.

emit, =107 cm -rad — dotted line, emit, =107 cm -rad — solid

line and emit, = 10 cm - rad — dash line.

Trajectories of the boundary bunch particles excluding emittance and with small emittance emit, =10 cm - rad are
shown in Fig.6. The trajectory of the particle in the presence of small emittance is exactly a copy of the particle's
trajectory without emittance; in condition of bunch reaching to the axis this particle is reflected.

Trajectories of motion of the boundary bunch particles with three different initial values of emittance are shown in
Fig.7. From Fig.7 we can see, that with emittance emit, =10”cm-rad ((green solid line) particle is not able to reach

bunch axis, so bunch is not split up into a series of spherical bunches. When emittance emit, =10”cm-rad it is already

well visible, that the presence of initial emittance does not allow bunch to shrink to the point or «flipped over».
Envelopes of bunch at different values of the initial emittance are shown in Fig.8. Transverse dynamics of bunches

by increasing the initial value of the emittance is well visible. As follows from Fig.8, at the value of normalized initial

emittance emit, =3-10"cm - rad (line 6) it is possible to focus the electron bunch (its diameter is halved). If accelerated

bunch has worse quality, it cannot be possible to do good focusing in the accelerator with parameters shown in the
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Table 1. During the numerical simulation it was also found, that the amplitude of radial oscillations of the boundary
particles of bunch damps with time. With an increase of emittance the rate of damping is also increases. It is well seen
in Fig.9 that over time the amplitude of motion of the particles is decreases. This is related with acceleration of the
particles by wakefield. To analyze this let’s look at equation (1). If witness bunch is in accelerating phase - y is
increasing. The terms that have in the denominator y - decreases. In the summand which describe emittance — y
included in the minus second degree. In the summand, which describe emittance — y included in the minus second
degree. Initial emittance included in the numerator, so the larger the emittance is — the more noticeable this effect is.

0,2 1
0,24

0,14

1 emit =0
£ » 2 emit =1e-3 =
4 : . £
%0’0 ? 3 emit =5e-3 <
4 emit =1e-2 =
5 emit =5e-2
=6 emit =1e-6
-0,1
'012 T T T T 1 0'0 T T T T T T
0 50 100 150 200 250 300
0 20 40 (om) 60 80 100
z (cm)
Fig. 8. Envelopes of bunches with different emittance. Fig.9.  Envelopes of Dbunches with  emittances
emit, =10"cm-rad — solid line, emit,=5-10"cm -rad —
dash line.

Let's confirm the above by the analytical estimate. Summand with the radial electric field of plasma wave and
summand with the emittance gave the main contribution in the equation of the envelope (1) of relativistic electron
bunch. Neglecting the other terms and assuming fulfillment of the condition w,r /¢ <1, the equation of the envelope

reduces to the form:
d’r  Kr  emit

) 11

dz’ y oy (h
where K - focusing parameter, which depend from structure parameters and drive bunch charge. Envelope of bunch
oscillate around equilibrium radius. The expression for the equilibrium radius 7, of envelope is:

emit; "
= Ty . (12)

With an increase of normalized initial emittance an equilibrium radius of bunch is also increases, that is confirmed
by dependences shown in Fig.8. In addition, as it follows from (14), with an increase of bunch energy an equilibrium
radius decreases. The damped dependences of the envelope during the acceleration process, given in Fig.9, distinctly
demonstrate it. In order to find the value of normalized initial emittance for which effective radial focusing is possible,
expression (14) could be rewritten in the another form:

1/2

emit, =ir,f (Ky) ™, (13)

where the value of an equilibrium radius 7, of the accelerating bunch was taken equal to half of its starting radius .

From expression (15) can be well seen that with the increases of the accelerating bunch energy or drive bunch charge,
requirements to quality (initial emittance) of accelerating bunch, for its significant compression, decreases.

CONCLUSIONS
In this paper the dependence of the transverse dynamics of charged particles bunches on the initial emittance was
investigated. Emittance limiting values for which the transverse dynamics of charged particles bunches remains stable
were founded. The transition from a pinch to stable dynamics was shown. It has been found that the amplitude of
movement of the boundary bunch particles decreases with time. Amplitude of the bunch's border movement decreases
with the increasing of the initial value of the emittance. This effect is more noticeable for the larger emittance.

Invaluable assistance in the preparation of this work was provided by G.V.Sotnikov, P.I.Markov,
A.P. Tolstoluzskiy.

Work supported in part by NAS of Ukraine program "Perspective investigations on plasma physics, controlled
thermonuclear fusion and plasma technologies", Project P-1/63-2015 "Development of physical principles of plasma-
dielectric wakefield accelerator".
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MODELING OF AMYLOID FIBRIL BINDING TO THE LIPID BILAYER
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Using the different computational approaches, we constructed the core region of amyloid fibrils from lysozyme, AB-protein and
apolioprotein A-I, and studied the adsorption of fibrillar aggregates onto lipid bilayer surface. The structures of amyloids differing in
their twisting angle were generated with CreateFibril software. The stability of the obtained assemblies was assessed by means of
AQUASOL tool, and the twisting angle providing the most stable conformation was identified. The energetically favorable
orientation of the fibrils within the lipid membranes was predicted based on PPM server. It was found that increasing amyloid
periodicity bring about the rise in free energy of peptide transfer from aqueous to membrane phase.

KEYWORDS: amyloid fibrils; twisting angle; polymorphism; membrane orientation; computational modeling

MOJEJIOBAHHS 3B’SI3YBAHHS AMIJIOTTHAX ®IBPAJI 3 JIIITHAM BIIIIAPOM
B. Tpycosa
Kagheopa soepnoi ma meduunoi pisuxu, Xapriscokuili Hayionanvruil yHisepcumem im. B.H. Kapasina
nn. Ceoboou 4, Xapkis, 61022, Vrpaina
3a J0MOMOroi0 pi3HUX METOAIB KOMII IOTEPHOI0 MOJETIOBaHHS OyJI0 CKOHCTpYyHOBaHO aminoinHi ¢ibpumu mizounmy, AP-Ginka ta
aroninonporeiny A-I, a Takoxk Oyno gocmimkeHo copOuito GpiOpHISIpHUX arperaTiB Ha MOBEPXHIO JimigHoro Gimapy. CTpyKkTypu
aminoigaux ¢iOpui, fki BiApi3HAIHCA 32 CBOIM KyTOM 3aKpydeHHs, OyJo 3reHepoBaHO 3a gomomororo mnporpamu CreateFibril.
CraliTbHICTh OTpUMaHUX arperaTiB Oyna ouiHeHa Ha ocHOBI cepBepy AQUASOL. EHepreTHuHO oNTHMaibHA Opi€HTAIlS
¢GiOpuspHUX arperariB Ha MeMOpaHi Oyna ineHTH(iKoBaHa 3a AOOMOroro cepsepy PPM. 3HalineHo, 110 3pOCTaHHS MMEPioTUIHOCTI
aMLTOINiB MPUBOANTE 10 301IBIIEHHS BUTbHOI CHEprii IIepeHoCcy MEeNTHIIB 3 BOAHOI a3y B JIMIIHY.
KJIIOYOBI CJIIOBA: aminoinui ¢pibpunm; KyT 3aKkpydyBaHHS; ITOIIMOPQi3M; OpieHTalis y MeMOpaHi; KOMIT IOTepHE MOJIETIOBAHHS

MOJAEJIMPOBAHUE CBSA3BIBAHUSI AMUJIOUJIHBIX ®UBPUJIJI C JIUTTUIHBIM BUCJIIOEM
B. Tpycosa
Kadgheopa saoepnoii u meouyuncroui gpuzuxu, Xapvrkosckuii Hayuonanvuwill ynueepcumem um. B.H. Kapasuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna

C moMomIbI0 Pa3INYHBIX METOA0B KOMIBIOTEPHOTO MOJASIUPOBAHUS OBUTM CKOHCTPYHPOBAHBI aMIJIOUIHBIE (GHOPUILTBI TN30IIMa,
AB-6ermka u amonmmonporenHa A-I, a Taxxke ObUTO M3ydeHa copOmms (GUOPMIUIIPHBIX arperaTtoB Ha IOBEPXHOCTH JIUIHIHOTO
oucnosi. CTPYKTYpbl aMIJIOMIHBIX (HOPWILI, KOTOpPBIE OTIMYAINCH YIJIOM 3aKpyYHBaHHs, OBUIM Cr€HEPHPOBAHBI C IOMOIIBIO
nporpammbl  CreateFibril. CrtaOmibHOCT IOJyYeHHBIX arperatoB Obbla omeHeHa Ha ocHoBaHuu cepBepa AQUASOL.
DHepreTHYECKU ONTUMaNbHAasl OpHeHTanus pUOPHILIAPHBIX arperaToB Ha MeMOpaHe OblTa HASHTU(QHIIMPOBAaHA C OMOIIBIO cepBepa
PPM. Iloka3aHo, 4TO yBelnHYeHHE HEPUOJUIHOCTH aMHUJIOHOB MPUBOAUT K BO3PACTAHHIO CBOOOAHOM dHEPIUH MEepPEeHOCa MEeNTHI0B
13 BOJHOM B IMNHAHYIO (Ba3zy.
KJIFOYEBBIE CJIOBA: amunouassie GUOPHIUIBL, YTOJ 3aKpYYHBAaHU; TIONUMOP(U3M; OpHEHTAIHs B MEMOpaHe; KOMITBIOTEpHOE
MOJIETTHPOBaHHE

The self-assembly of specific proteins and peptides into highly ordered supramolecular aggregates (amyloid
fibrils) is currently attracting a growing interest in a variety of research areas from biomedicine to nanotechnology [1,2].
The unique physical and structural properties of amyloid fibrils make them the promising candidates for the design of
novel functional materials and devices [3]. However, the main focus in amyloid research is essentially shifted towards
elucidating the role of fibrillar assemblies in pathogenesis of so-called conformational diseases, such as neurological
disorders (Parkinson’s, Alzheimer’s and Huntington’s diseases), type II diabetes, systemic amyloidosis, spongiform
encephalopathies, etc. [4]. The impairment of cell functions by fibrillized proteins and intermediates is causatively
linked to the complex conformational behavior of these aggregates, which are distinguished by the presence of a core
cross-f-sheet structure with B-strands orienting perpendicularly to the fibril long axis and B-sheets propagating in its
direction [1]. Such molecular architecture is stabilized by the main-chain hydrogen bonding, ionic pairing, van der
Waals, aromatic n-m interactions and hydrogen bonds between amino-acid side chains [5-7]. Another fundamental
feature of fibrillar state is associated with the formation of topologically distinct structures, such as twisted ribbons,
helical ribbons and nanotubes [8]. The twisting ability of amyloid is controlled by chirality [9,10], electrostatics [11,12],
as well as entropic contributions arising from solvent rearrangement around side chains and backbone dynamics [11].
Importantly, the morphology of amyloid assemblies is supposed to be an essential determinant of their cytotoxicity [13].

Ample evidence suggests that toxic action of fibrillar aggregates is primarily targeted at cell membranes [14]. It
was demonstrated that amyloid-induced cellular dysfunction may result from the alterations in membrane integrity and
physicochemical characteristics, involving the changes in lipid bilayer permeability, lipid loss, receptor activation,

© TrusovaV., 2015
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membrane fragmentation, etc. [15], with the extent of membrane perturbations being dependent on structural properties
of the protein aggregates [16]. Subtle modifications in growth conditions along with different modes of intramolecular
and side-chain interactions may produce a wide collection of amyloid polymorphs with distinct molecular architecture
formed by the same amino acid sequence [12]. In view of this, establishing a correlation between the structural
peculiarities of amyloid aggregates and their ability to interact with lipid bilayer and modify its structure seems to be of
outmost importance for uncovering the molecular details of fibril cytotoxicity. Since experimental solving of this
problem is still hardly feasible, increasing attention is given to computational analytical tools. The present contribution
is devoted to exploring the interactions of different structural variants of amyloid fibrils with lipid membranes using the
computer modeling approach. Our goal was threefold: i) using the computational framework of CreateFibril web
resource to construct the polymorphic amyloid fibrils of hen egg white lysozyme, A, and apolipoprotein A-I peptides,
differing in their twisting angle; ii) to assess the stability of constructed fibrils in water with AQUASOL tool and to
identify the most energetically favorable polymorphs; iii) to predict the mode of amyloid association with lipid bilayer
using the PPM web server.

CONSTRUCTION AND STABILITY OF PEPTIDE AMYLOID FIBRILS

CreateFibril tool was used to construct the amyloid fibrils of the peptides from hen egg white lysozyme, A and
apoliprotein A-I [17]. More specifically, the analyzed peptide sequences involve:
o K-peptide of lysozyme, GILQINSRW, residues 54-62 of wild-type protein, (Lz1),
e  derivative of K-peptide, IFQINS (Lz2),
e peptide (residues 24-50) from G26R-mutated apolipoprotein A-I, DSRRDYVSQFEGSALGKQLNLKLLDNW (A-

D

e peptide from AP protein, LVFFAEDVGSNKGAIIGLMVGGVVIA, residues 17-42 of AB (AB).

Lz2

Fig. 1. Side and cross-sectional view of the fibrils constructed with the use of CreateFibril software.

The structure of Lzl dimer, used as input for CreateFibril, was generated from Lzl monomer in B-strand
conformation with PatchDock and FireDock tools [18,19]. Lz2 dimer was obtained in similar way but monomeric
structure was taken from Protein Data Bank (PDB code 4ROP). A-I dimer was created as described in [20], while Ap
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tetramer was taken from Protein Data Bank (PDB code 2BEG). The choice of the peptides Lzl, A-I and AP was
dictated by the fact that they represent the core of the amyloid fibrils from corresponding proteins. Peptide Lz2 was
used to bring out the effect of amino acid sequence on the amyloid stability and fibril-lipid interactions.

The mathematical background of CreateFibril software involves translational and rotational affine transformations
which allow creating several identical copies of the fibril fragment and stacking them side-by-side, elongating thereby
the fibrillar aggregate [18]. The procedure of the fibril constructing requires the following parameters: i) the number of
protofilaments and their packing distance perpendicular to fibril axis, n and R, respectively; ii) the direction of fibril
axis; iii) the fibril length (the number of monomers), r; iv) the distance between B-strands along the fibril axis, d; v) the
rotation angle of amyloid monomers along the fibril axis (twisting angle), 6. While creating the amyloid structures
studied here, the parameters R and d were taken as 5 A, n was 2, 4, 1 and 2 for Lzl, Lz2, Ap and A-I, respectively.
Parameter r was set as 4 for Ap and 10 for the rest of the peptides. Rotation angle was allowed to vary from 0 to 40°
degrees (with a 5° step). The differences in the input parameters are explained by the distinct structural features and
amyloid-forming propensities of the examined peptides. Such kind of modeling yields nine fibrillar structures for every
peptide, whose representative pictures are given in Fig. 1. As seen from this figure, the constructed fibers are
characterized by repeated intertwined structure, enriched in B-sheets, which represents the hallmark of amyloid
aggregates.

The next step of the study was directed towards assessing the stability of created fibrillar structures. To achieve
this goal, the free energies of the fibrils were computed in water as a sum of Lennard-Jones, Coulomb and solvation
energies using the AQUASOL server [21]. Specifically, this program solves the dipolar Poisson-Boltzmann-Langevin
(DPBL) equation for a given system. In DPBL formalism the solvent is represented as a collection of orientable dipoles
with nonuniform concentration. This results in nonlinear dependence of permittivity on the atom position and local
electric field at this position. DPBL approach is supposed to be the most adequate in calculating the energetic profiles of
biomolecules. The solution of DPBL equation yields the electrostatic potential at each position. The procedure of
AQUASOL simulations includes, first, the hydration of amyloid fibrils and their equilibration in water followed by
calculations of the free energies. The recovered dependencies of the fibril energy on its twisting angle are presented in
Fig. 2. Analysis of these profiles showed that the most stable fibrillar aggregates have the twisting angles of 15, 5, 20
and 20° for Lz1, Lz2, Ap and A-I, respectively.
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In the present context it is worth of mentioning that molecular origin of the amyloid twist is still a matter of
extensive debates. Originally, the main reason for the intertwining of the protofibrils is thought to be the intrinsic
chirality of amino acid residues [22]. However, further progress in amyloid physics showed that twisting of fibrillar
aggregates arises from the balance between fibril elasticity and electrostatic repulsion [23]:
k,T27v*Qe ™"

e — D

Ksiné
where U is the total energy of the twisting, M is the torsional modulus of the fibrils, v,x and O denote the linear charge
density of the fibril, the inverse Debye length and the Bjerrum length, respectively, 6 is the twist angle. The first term in
this equation represents the elastic torsional energy, which opposes the twist, while the second term stands for screened
electrostatic potential of the twisted fibrils, which promotes the twist. In a flat configuration the distance between the
charges of the same sign may not be sufficient to compensate the energetic costs connected with the electrostatic
repulsion. In turn, rotation around the long axis increases the distance between the charges, minimizing thereby the
electrostatic repulsion. However, increased separation between the consecutive polypeptide segments creates the
penalty in elastic energy favoring the flattered configuration. The final twist of the amyloid fibril is determined by the
delicate balance between the above processes.

The widely accepted model of amyloid structure assumes that the stacked pleated B-sheets are twisted in such a
way that a repeating unit of 24 B-strands constitutes a full helical turn around the fibril axis [24]. Such a configuration
generates the twist of 15° between the neighboring B-strands. The twisting angles 15-20° recovered here for the most
stable configurations of Lz1, Ap and A-I fibrils are in a good harmony with the above model. The only exception is
Lz2 fibrils, for which the most stable structure corresponds to the twisting angle 5°. This finding may be explained by
the small length of the constructed fibrils which does not allow the high twist angle, since in this case the large elastic
energy penalty is created. However, it is expected that propagation of the fibril would shift the twisting angle, that
characterizes the most stable structure, to the higher values.

U=Lmer+
2

MODELING OF AMYLOID FIBRIL ASSOCIATION WITH LIPID MEMBRANES

In the following, it was of interest to simulate the adsorption of the constructed fibrillar aggregates onto the lipid
bilayer. In view of the crucial role of fibril-induced membrane disruption in amyloid cytotoxicity, the analysis of protein
aggregate orientation within the membrane may be of particular importance for elucidating the molecular-level details
of their destructive effect. The simulations were performed on the basis of online PPM server, which can predict the
membrane positions of both peripheral and integral proteins [25]. Specifically, spatial arrangement of proteins in
membranes is determined by minimizing their transfer energies from water to lipid bilayer. Additional output
parameters include the depth of peptide protrusion into the nonpolar membrane region, tilt angle (the angle between the
peptide axis and the bilayer normal) and the residues embedded into membrane hydrocarbon core. The calculation is
based on the universal solvation model which accounts for hydrophobic, van der Waals, H-bonding and electrostatic
solute-solvent interactions [26]. In this model lipid bilayer is represented as a fluid anisotropic medium characterized by
dielectric constant ( &), solvatochromic dipolar parameter (7" ), and H-bonding acidity and basicity parameters (a and
£ ). The nonpolar bilayer region of is modeled as a planar slab of adjustable thickness whose interior resembles the

decadiene. Interfacial polarity of the membrane is simulated based on EPR, X-ray and spin-labeling experimental
measurements of water concentration in the membrane interior [25].

Within the framework of solvation model, the transfer energy of a solute molecule from aqueous phase to the
arbitrary position in the membrane accounts for the dependence of the solvation parameters o, and 7 on the atom

position along the bilayer normal ( z,), and is given by:
N M L
AGtmnsfer (d, , T) — Z inatﬁbi/ (Zi ) ASAI n Zﬂ;’atﬁbil (Z,' ),U, T Zm]n {AElian , AE:emr} , (2)
i=1 i=1 k=1

where o, (z[) stands for the solvation parameter, depending on the atom type and describing the surface energy transfer
per A of i-th atom from water to the point z, on the membrane, A4S4, is a solvent-accessible surface area of i-th atom,

n(zj) defines the energy cost of the transferring the dipole moment of 1D from water to point z,, x,— the dipole

moment of group j, £ and E;" represent the energies of ionized group k in ionized and neutral states, respectively,
N is the number of atoms in the molecule, M is the number of group dipoles, L is the number of ionizable groups,
d, ¢ and 7 define the sift along the bilayer normal, rotational and tilt angle, respectively.

The individual dipolar contributions were assumed to linearly decrease to zero when 4SA4 of the atom associated

with the dipole moment becomes smaller than the hydration area occupied by a single molecule of water
(ASAwater z14 A):

AG,,  =n""""(z,)u,, if ASA, > AS4,,, &)

dip.j J
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AG,,  =n""""(z,)u,(AS4,/ASA,,, ), if ASA, <ASA,,, @)
Analogous approximation of Born energy for ionized groups yields:
; 166 e ;
AE"" = L[ Fut —Fo () i+ Yo7 (2,)4S4,  if ASA, > ASA,,, 5)
r, i=1
ion 1 66eBorn wat < wat —>bil .
AE/( = r—|:FAbe - FAbe (Zk ):| (ASAk/ASAwater )f;c + Z Gl,izm (Zl )ASAI, lf ASAk £ ASAwater (6)
i=1

k
where coefficient f, = 0.5 if the group is involved in ion pairing, and f, =1 for the rest of cases.

Analysis of the binding of constructed amyloid fibrils to the lipid membranes allowed us to determine the
energetically preferable orientation of the aggregates relative to lipid-water interface, as well as the energetics of
protein-lipid binding. Notably, we found it reasonable to analyze not only the most stable structures, but also those
covering the entire range of the examined twisting angles.

Table 1
Structural and thermodynamic parameters characterizing membrane location and orientation of Lz1 and Lz2 fibrils
Twist AG, kcal/mol Depth’, A Tilt angle Embedded residues
angle Lzl Lz2 Lzl Lz2 Lzl Lz2 Lzl Lz2
0 -34 -18.8 7 3.9 89 90 2, %130’*}&/9’ F2, 14, S6
5 -32 -18.4 5.1 4.4 90 87 12,13, W9, 110 | F2,14, S6
10 -24 -16.7 4.4 4.7 989 86 12, L3, W9, 110 | F2,14,S6
15 -16 -16.1 42 7.9 87 80 12, L3, W9, 110 11-14
20 -12.5 -12.4 2.5 5.8 89 82 12,110 11 -14
25 -12.3 -11.5 2.1 5.2 90 88 110 11, F2, S4
30 -11 ND 1.7 ND 90 ND 110 ND
35 -9.5 -9.8 1.5 5.2 89 87 110 11, F2, S4
40 -10.3 -8.2 1.7 53 90 90 110 11, F2, S4
*depth of penetration into the hydrocarbon core of lipid bilayer
*I10 means the first residue of the second monomer
Table 2
Structural and thermodynamic parameters characterizing membrane location and orientation of of AP and A-I fibrils
Twist AG, kcal/mol Depth, A Tilt angle Embedded residues
angle AB A-1 AB A-1 AP A-1 AB A-1
G17-V23, F28'-
0 -36.6 -26.8 18.4 2 90 88 140, G42 L38
5 -34 -23.4 19 2.1 85 88 G17-112441, F28- L38
10 -36.4 -18.8 17.8 3.6 85 87 G”’i‘; F28- L38
15 -33.5 -14.9 16.4 4.3 84 83 G17-112f1, A30- L38
20 -28.9 -11.9 16.8 4.1 89 79 G”'\ﬁg’ F29- L38
25 -22.4 9.9 17.4 4.4 59 81 G”'C}iz)’ V33- L38
30 -20 -8.5 19.2 53 47 74 G”'Vlif)’ V33- L38
35 -23.2 -8.3 232 2 14 87 G17-V22, A30- D24, 138
G38
40 -26.2 -8.9 23.8 1.4 7 85 G”'\gfé E31- S$36, 38

“the residues after 26™ belong to the next monomer
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Recent experimental data from single molecule atomic force microscopy showed that amyloid periodicity is a
tunable parameter whose initial value is sensitive to the changes of experimental variables [23]. In particular, increasing
salt concentration was reported to bring about continuous decrease in amyloid pitch, and corresponding twisting angle,
according to the dependence:

2 ~2/3

L, =1L at +&(K1 —K )LT/Z > (N

K, 4r
where L, x are the fibril pitch of the fibril and inverse Debye length, the subscript denotes salinity regime — 1 or 2 (i.e.
ionic strength /, or /,), «, is the parameter at ionic strength 2, depending on the intrinsic characteristics of the fibrils
(charge density, geometry, elastic rigidity). Elevation of the ionic strength screens the electrostatic interactions within
the fibrils and decreases the contribution of the second term in Eq. (1), causing the relaxation of fibril tilt and its
untwisting. The weakened electrostatic interactions may alter the H-bonding distribution along the fibrillar aggregates

and their mechanical stability, the parameters that also underlie the structural configuration of the amyloid.
Lz1

Lz2

Fig. 3. Representative snapshots of amyloid fibril binding to the lipid bilayers simulated with PPM server.

The results of calculations performed with PPM are shown in Tables 1, 2, and the representative snapshots are
given in Fig. 3. As judged from the tables, the position of amyloid fibrils in the membrane and energetics of peptide-
lipid binding is strongly determined by amino acid sequence and the twist of the polypeptide chain. The recovered
values of the tilt angle indicate that preferable orientation of amyloid fibrils from Lz1, Lz2 and A-I peptides is parallel
or slightly tilted with respect to the bilayer surface. In contrast, AB fibrils were found to reside parallel to membrane
surface only up to twisting angle of ca. 20°, while further increase in § was followed by the rise in tilt angle up to 7°
(Table 2), the value corresponding to almost perpendicular orientation to the bilayer surface.
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Furthermore, the general tendency observed for all peptides is the decrease in transfer energy upon increasing
twisting angle of the fibrils. This means that it is becoming energetically unfavorable for the peptide to insert into the
lipid bilayer with increasing its periodicity and amyloid fibrils tend to locate at lipid/water interface or in the membrane
polar region. This effect can be explained by at least two factors. The first one is that different amino acid residues
participate in peptide-lipid binding depending on the fibril twist. According to White-Wimley hydrophobicity scale, the
free energy of transfer of individual amino acid residues from water to the lipid phase varies substantially from residue
to residue and is controlled by residue charge, chemical structure and its polarity [27]. If one take, for the sake of
illustration, the peptide Lz1 and calculate roughly the sum of transfer energy contributions from each residue (see Fig.
8C in [27] for the values of transfer energies for each amino acid) taking part in membrane penetration (AG™"), it
appears that at 8=5", AG™ =AG"” +AG"” +AG"’ +AG™ =—-0.31-0.56—1.85-0.31=—3.03 kcal/mol, while at
6=40" AG"" =AG" =-0.31 kcal/mol. Analogously, for A-I fibrils at 8 =5 AG™ =AG"® =-0.56 kcal/mol,
while at 8 =40" AG™ = AG"*®* + AG"** =-0.56+1.23=1.59 kcal/mol. These calculations show that variation even in
one amino acid residue, being in contact with nonpolar bilayer region may significantly change the free energy of
transfer. Furthermore, one should bear in mind that the difference in AG™ (and, as a consequence, the overall
AG™" ) in our systems may be further increased if one takes into account the inter-residue interactions within the
fibrils, their structural peculiarities, as well as the other constituents of total transfer energy, the factors that were
neglected upon these rough calculations and that may substantially change the transfer energy of individual residues.
However, evidently, the difference in the nature of amino acid residues, protruding the membrane hydrophobic region,
is not the only reason for the observed increase in absolute values of AG"™* . Specifically, for all peptides we observed
the rise in free energy at increasing twisting angle that was not accompanied by the change in amino acid residues
embedded into nonpolar core of lipid bilayer. For example, in the case of Lzl elevation of the twisting angle from 5 to
15 degrees resulted in two-fold increase in AG™"* despite the observation, that amino acid residues penetrating the
acyl chain region were the same in both cases (Table 1). This finding can be rationalized in terms of the alterations in
physicochemical and structural properties of the amino acid residues (such as 454, the ability to form H-bonds, polarity
characteristics, arrangement in [3-stacks, etc.) upon increasing the twisting angle.

Notably, modeling of increasing twist of peptide aggregates may resemble the maturation of amyloid from
oligomeric nucleus. At the beginning of fibril growth phase, the protofilaments have a flat structure, and their
intertwining is rare and random across the contour length. However, the magnitude of twisting angle and the number of
twisting points increases with incubation time [12]. Furthermore, according to the prevailing concepts, amyloid
intermediates (oligomeric aggregates with small twist) are thought to have much more pronounced impact on membrane
structure compared to mature fibers with high twist. In view of this, the findings outlined here, may provide the possible
explanation for this phenomenon, i.e. it is thermodynamically unfavorable for grown fiber to penetrate the membrane,
since its twisted structure would require much more energy for membrane to adjust its contact region to the intertwined
structure of the fibrils.

CONCLUSIONS

1) Based on the different computational approaches, in the present work we constructed the core region of
amyloid fibrils from hen egg white lysozyme, AB-peptide and apolipoprotein A-I, and analyzed their
association with lipid membranes.

2) Simulation of the amyloids using the CreateFibril software showed that all fibrillar aggregates are
characterized by the repeated twisted f-stacked structure, a characteristic signature of amyloid assembly.
Subsequent evaluation of fibril free energy on the basis of AQUASOL server allowed identifying the twisting
angle ensuring the most stable structure for every of the examined peptides.

3) Modeling fibril-lipid interactions with PPM tool showed that elevating amyloid twist results in increasing
transfer energy of the peptide from water to lipid environment. The molecular determinants of this
observation were supposed to involve chemical structure, ASA and the number of amino acid residues
penetrating the membrane hydrocarbon core.

The obtained results may prove to be useful in elucidation the molecular-level details of amyloid cytotoxicity

mechanisms.
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ABOUT CONDITIONS OF EXISTENCE OF SECOND SOUND WAVES
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Concerted parameters of the single crystal LiF (temperature, concentration of isotopes and sample sizes) were found in a reduced
isotropic crystal model and in the Callaway model of thermal conductivity. They define the region of existence of second sound
waves. These areas do not significantly differ from each other, which ensures the accuracy of the results. It was found, that the
concentration of the isotope °Li less than 3x 10~ cm™ and the sample sizes greater than 0,8 cm, offers the possibility of the second
sound waves propagation in lithium fluoride in the temperature range of thermal conductivity maximum. The other concerted
parameters, that define the "window" of existence of second sound waves, for lower concentrations of isotopes can be determined
from three-dimensional graphs.

KEY WORDS: second sound waves, normal and resistive processes, phonons, isotopes

ITPO YMOBHU ICHYBAHHS XBWJIb IPYT'OT'O 3BYKA
Y I30TONIYHO 3BATAYEHUX KPUCTAJIAX "LiF
B.J1. Xoaycos, A.C. HaymoBensn
Xapxiecvruil HayionanvHutl ynieepcumem imeni B.H. Kapasina
61022, Xapxis, m. Ce0600u, 4

3HaiIeHO y3roJpKeHi 3HaueHHs nmapaMeTpiB MoHokpucTany LiF (TemnepaTypu, KoHIeHTpalii i30TOmiB i po3MipiB 3pa3ka) B MOJeIi
3BEJICHOTO i30TPONHOro Kpucrana i mozeni KamnaBes B TEIUIONPOBIAHOCTI, SKi BH3HA4YalOTh OOJIACTH iCHYBAaHHS XBWJIb JAPYroro
3ByKy. LIi obmacti HecyTTeBO BiAPI3HAIOTBCS OJMH BiJ OJHOTO, MIO 3abe3nedye AOCTOBIPHICTH OTPUMAaHHX pPe3yJbTaTiB.
BCTaHOBIIEHO, IO MpH KOHUeHTpamii isoTomy °Li mmkdue 3x107° cm™ i posmipax 3paska 6imemmx Hik 0,8 cM, MOXITHBE
PO3TOBCIOKEHHSI XBHJIb PYTOTO 3BYKY Y (PTOPHII JIiTi0 B 00IAaCTI TEMIIEpaTyp B OKiJIi MaKCUMyMY Koe(illieHTa TeTIONpPOBiTHOCTI.
Jis MeHIINX KOHIIEHTPALii 130TOMIB 1HIII Y3roKeHi ITapaMeTpH, IO BU3HAYAIOTh «BIKHO» ICHYBaHHS XBHJIb APYTOTO 3BYKY, MOXKHA
BH3HAYHTH 3 HaBEJICHUX TPUBUMIPHUX rpadikib.
KJIIOYOBI CJIOBA: xBuii Ipyroro 3ByKy, HOpMajbHi Ta pe3UCTHBHI IIpoIecH, poHOHM, i30TOIH

OB YCJIOBHUSAX CYINECTBOBAHUS BOJIH BTOPOI'O 3BYKA
B UI30TOIUYECKHA OBOT AIIEHHBIX KPUCTAJIJIAX "LiF
B.J1. Xonycos, A.C. HaymoBeny
Xapvrosckuil HayuonanvHwill yHugepcumem umenu B.H. Kapazuna
61022, 2. Xapvros, ni. Ceo600vl, 4

HaiineHs! cornacoBaHHBIE 3HAYSHUs IapaMeTpoB MOHOKpHcTamia LiF (TemMmepaTypsl, KOHIIEHTpamMH H30TOIIOB H Pa3MepoB
o0pasiia) B MOZIENIH IPUBEJEHHOTO H30TPOITHOTO KpUCTa/lIa X MoJieny Kauiaast TeIIoNpOBOJHOCTH, KOTOPBIE ONPEAEISIOT 00J1acTh
CYILIECTBOBAHUS BOJIH BTOPOTO 3BYKAa. DTH 00JACTH HECYIIECTBEHHO OTIIMYAIOTCS APYT OT APYTa, YTO 0OECIeunBaeT JOCTOBEPHOCTD
IOJTY4EHHEIX Pe3y/IbTAaTOB. Y CTAHOBIICHO, YTO IPH KOHIEHTpary m3otona *Li mimke 310 cm™ i pasmepax o6pasua GobuIEX uem
0,8 cM, BOBMOXKHO PaclpOCTpaHEHHE BOJIH BTOPOTO 3ByKa BO (yTopHie JUTHA B 00NACTH TEMIEPATyp B OKPECTHOCTH MAaKCHMyMa
ko3 duLMeHTa TEIIONPOBOAHOCTH. [l MEHBIIMX KOHLEHTPAIMil HW30TONOB OCTAIbHBIC COIVIACOBaHHBIC —IapaMeTphbl,
OTIPEAENSIONINE «OKHOY» CYIIECTBOBAHHUS BOJIH BTOPOTO 3ByKa, MOXKHO OIIPEAENIUTh U3 IPUBEACHHBIX TPEXMEPHBIX TPAHKOB.
KJIFOYEBBIE CJIOBA: BOJHBEI BTOPOTO 3BYKa, HOPMaJIbHBIE U PE3NCTUBHBIEC IPOLECCHI, (POHOHBI, H30TOIBI

BriepBrie npennonokeHne o CyIIeCTBOBaHHH BOJIH BTOporo 3Byka (BB3) B TBepabIx Tenmax, MOJOOHBIM BOJHAM
BTOpOTO 3BYKa B CBEPXTEKydeM renuu, 0pu10 BeickazaHo [lemxoBbiM B.B. [1]. Teopernuecku BB3 B TBepmpix Temax
m3ydanuch B paborax [2-5]. BeUio ycTaHOBIEHO, YTO WX paCIpOCTpaHEHHWE B TBEPIABIX Telax BO3MOXKHO, KOT/a
peanu3yeTcs ra30JMHaMUYECKUIl PeXKUM B OIMCAaHUH (POHOHOB, IPH KOTOPOM HOPMAJIbHBIE POLECCHl B3aUMOJCHCTBUS
(OHOHOB C COXpaHEHHEM KBa3HUMITyJbca IPOUCXOAAT 3HAYUTEIbHO OBICTpee, YeM PE3MCTHBHBIC IPOIECCHI
B3auMoJieiicTBUsI (DOHOHOB 0€3 COXpaHEHUs KBa3MUMITyJbca (MPOIECCH Iepedpoca, paccesHHe Ha TPUMECHX,
U30TOIax, IpaHuIax u T.1.). B pabdore [4] BrepBbic ObUIA HalijieHa TeMIepaTypHas o0iacTh cymecTBoBanus BB3, Tak
Ha3bIBaeMoe, «OKHO». OHa JIGKHUT B OKPECTHOCTH MakchuMyMa Kod((uIMeHTa TEIuIONpOBOAHOCTH KPHCTAJUIOB IPU
HU3KHX TeMIIEpaTypax, KOTOPBHIA TaKkkKe OOYCIIOBIICH YY4ETOM OCOOOW POJNM HOPMANILHBIX IporeccoB [6,7]. Benmunna
MaKCHMyMa TETIIIONPOBOIHOCTH CHIJIBHO 3aBHCHUT OT COBEPIICHCTBA KPHCTAUIMYECKON PEUIeTKH, HAIHYIHS TIPUMecel 1
M30TONNYECKOTo cocTasa [6,8]. DkcnepuMeHTansHo BB3 HaOmoxanuch TONBKO B HEKOTOPBIX KPUCTALIAX: B TBEPIOM
remun [9], NaF [10], Bucmyre [11] u canndpupe [12].

HeBoszmoxHOCTh HaOmiopeHns BB3 B npyrmx kpucramnmax cBsi3aHa C CHIBHBIM 3aTyXaHMEM 3THX BOJH Ha
MIpUMECSAX U U30Tonax. TakuM 00pa3oM, B UUCTHIX COBEPIICHHBIX MOHOKPHCTAJIAX OCHOBHOW BKJIA[] B 3aTyXaHUE BOJIH
© Khodusow.D., Naumovet#.S.,2015
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BTOpOro 3ByKa OyZeT JaBaTh M30TONHMYecKoe paccesiHue (oHOHOB. B 70-e roxmsl ObUIM NPEANPHHSTH HEylauHble
TIOTIBITKH 3KCIIepUMEHTaNbHOr0 oOHapyxeHus BB3 Bo ¢ropune snutus, koropble ObLIM 00YCIOBIICHBI JOCTATOYHO
BHICOKOH KoHueHTparmeil °Li. COBpeMEHHbIE TEXHOJNOTMH JAIOT BO3MOMKHOCTh IOTYdaTh HM30TOMNHYECKH UHCTHIC
naeaIbHble MOHOKPUCTAILIBI. BO3HHMKAeT 3a/1aua HaXOXKIAEHUS TAaKUX KOHLEHTPALMH W30TOIOB, IIPH KOTOPHIX OHU HE
OKa3bIBAIOT BIIMSIHMS Ha pacrpocTtpaHeHne BB3. Dty 3amauy MOXKHO pemmTh, WCHONIB3YS MOAENb HPHUBEICHHOTO
M30TPOITHOTO KPHCTaUla OTHOCHTENBHO MOAYJCH YNPYrocTH Al OMHCaHWS TEPMOIMHAMHYCCKHX M KHHETHYECKHX
cBoiicTB Ta3a (oHOHOB [13], MO0 WCmONB3ys 3HAYCHHS YacTOT CTOJIKHOBEHHH (QoHOHOB B Momenn Kammapss mpu
OIMCAaHWH JKCIIEPUMEHTAIBHBIX TaHHBIX IO TEIUtonpoBoaHocTH [6,8]. Ilpum 3ToM HEOOXOOMMO YYHTHIBATH, YTO TPH
omucaHNM pacnpocTpaHeHuss BB3  QoHOHBI, mpexne deM paccesTbCd Ha TPAHUIEC MCIBITHIBAIOT MHOXKECTBO
CTOJIKHOBEHHI MEKIy cO0O0#, Ha 4TO BIEpBbIe 0OpaTi BHHMaHue ['ypyku [14], 9TO CYIIECTBEHHO BIHUSCT Ha OKHO
cymiectBoBanus BB3. B pabore [15] TeopeTnyecku ucciienoBaiach BO3MOXKHOCTh HaOmoaeHus BB3 B uzoTomuuecku
00O0raIlleHHbIX KPUCTAIlIaX anMasa.

Yucteie MoHOKpHcTaJLTE LiF sBIsitOTCS Hanbosee npenodTHTENbHBIME JUIsl OKCIIEPUMEHTAIBHOTO 00HAPYKEHHS
B HuX BB3. DTo 00ycloBiE€HO HanmM4uMeM JOCTAaTOYHO OCTPOTO MaKCUMyMa KOd(QQHIMEHTa TEIUIONPOBOAHOCTH B
00JIacT HU3KHMX TeMIlepaTyp, BeJMYMHA KOTOPOI'O CYLIECTBEHHO 3aBUCHT OT M30TONMYECKOro coctasa [6,8]. Kpome
TOTO, KaKk OBIIO TOKa3aHo B padote [16], MakcumanbpHOE 3HaYeHHE pe3oHaHCHOH (Ha BB3) cnekTpanbHON MIIOTHOCTH
¢ykTyanuu sHEprun (GOHOHOB, PACCUMTAHHOE B MOJEIH MPHBEICHHOTO N30TPOIMHOTO KPUCTANIA, UMEIOT KPUCTAIIIBI
LiF.

Lenpto maHHON pPabOTHI SIBISETCS HAXOXICHHE COTJIACOBAHHBIX 3HAYCHHWH MMapaMeTpoB MoHOKpucTamia LiF
(TeMmepaTypbl, KOHIIEHTPAIIMK W30TOMOB M pa3MepoB 00pasia), KOTOPBIE ONpeNeNaioT 0baacTs cynecTtBoBanns BB3 B
MOJENHN MPUBEIECHHOIO H30TPONHOro Kpuctamna u monenu Kammasss. HecyliecTBeHHble OTIMYUS TOMYYEHHBIX
mapaMeTpoB B JIBYX MOJE/AX, HE CBS3aHHBIX MEXIy co0oM, OymeT oOecrnedynBaTh MTOCTOBEPHOCTH IMOJYYCHHBIX
PE3yIbTaTOB.

ONPEAEJEHUME OBJACTU CYIHECTBOBAHMUS BOJIH BTOPOI'O 3BYKA
B MOJEJIX MIPUBEJEHHOI'O U30TPOITHOI'O KPUCTAJIJIA
PacripocTpaneHrne BTOPHYHBIX BOJH B ra3e 003€-KBa3WYaCTHI[ B TBEPIBIX Telax HM3ydanoch B padbote [13] Ha
OCHOBE Ta30JMHAMHYECKUX YpaBHCHHI! KBa3H4YacTHI], B YAaCTHOCTH, BOJH BToporo 3Byka (BB3) B raze ¢oHoHOB B
JIMDNIEKTPUUECKHX KpHCTaLax. [IpH 5TOM YacToTa BTOPOTO 3BYKa OTpEeNseTcsi Bhipaxenuem Q, =Wk, (asosas
ckopocTh Wi 1 ko3¢ GuIeHT 3aTyxanus [ BOJH BTOPOro 3ByKa B H30TPOITHOM I'a3e KBa3HUACTHIL UMCIOT CJICIYFOIIUI
BUI:
! r 1 (4 z 1 ~
W, =(7S*/Cp A; I=—+|—| =7+ |[+—x| k.
it ( / ,0) it 25 2~(3 gj Y

3necy C, S, p — MWIOTHOCTH (HOHOHHOW TEIUIOEMKOCTH, SHTPOIMHU U Yucia (OHOHOB, 7 — KOI(D(PHIHMEHT BHEIIHETO
TpeHus, OOYCIOBICHHBII B3aUMOJCHCTBHEM (OHOHOB C HE COXpaHCHHEM KBa3HHMITYJhca (IpOIEcCHl mepedpoca,

paccesiHue Ha IPUMECSX, U30TOIaX M Ha rpaHuiax odpasua), 77, ¢ — KOI(hPHUIUEHTHI IEPBOI U BTOPOH BSIBKOCTH, 57 —

KO3 GHIMEHT TEIJIONPOBOAHOCTH, k — BOJHOBOH BekTop BB3.
Ecnu BBecTn nuddy3noHHbIe BpeMeHa CIeIYIOINMH COOTHOIICHUSIMHU:

Ui __< # p
o= = 5T, =—— g = 1
oW Py Cw; r M
T0 BenuuuHa [';; MOXKET OBITh 3aIicaHa B BUJE:
1|1 4
Ly=—=|—+| g7, +7; Q*+7,0° | )
2|7, \3 ¢ ‘

B MojienM NpUBEJEHHOTO M30TPOIHOTO KPUCTaLIa 3HaueHus i Kod3QQHUUHUEHTOB F, 5 7, ¢ OBUIM pacCUMTaHbl B

pabote [13].
VcnoBue cymecTBoBaHua cnabo 3aryxalommux BB3 (I, << Q) mnpuBOOMT K CleAyIOIIEMY YCIOBHIO,

HaKJIJIbIBAEMOMY Ha 4acToTy (), U3BECTHOMY Kak "okHO" cymecTBoBanus BB3 [4,13]:
min{v,, v;, v} >>Q>>v,, 3

I'1€ 4aCTOThI CTOJIKHOBEHHUI vV, CBs3aHBI C Z[I/I(i)(l)YBI/IOHHLIMI/I BpEMEHAMHU 7; COOTHOLIEHHUEM V, = 1/7,' , V, —4daCTtoTa

i R

CTOJIKHOBEHHMH 3a CYET DPEe3MCTHBHBIX IPOLECCOB (IPOIECCHl Iepedpoca, paccestHUs Ha MPUMECSX W H30TOIaX,
paccestHUS Ha TpaHULIAX | Jp.)

Pacuerbl KuHETHYECKHX KOA(PPHUIMEHTOB (OHOHHOW Ta30[JMHAMHMKA B MOJEIHM IPUBEICHHOIO H30TPOIHOIO

KpHCTaJlla OTHOCUTEIILHO MOJyJIel YIIPyroCTH, IpOBeiIeHHbIE B padoTe [13], mokas3pIBaoT, 4TO OCHOBHYIO POJIb UTPaeT

¢ononnast Bs3kocTh. Ymcno, mogobuoe umciay Ilpasamis B Teopuu ras3oB Pr=C7j/p#, B raze (OHOHOB s
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GOJNIBIIMHCTBA KPUCTAIOB paBHO 107 ¢ MOCTATOMHO GOJBIION TOYHOCTHIO. Benuumua 3aryxanus [y MOKET OBITH
Yy i
3aIMcaHa B BUJIE:
2
1 Q 3
Ly=—zqve > Vn ==V; 4)
2 Vy 4
Jamee mpuBeneM (GOpMyIIBI A7 9acTOT CTOJIKHOBEHHH B MOJENH MPHBEICHHOTO W30TPOITHOTO KpucTaima [13],
YUHUTBIBAs, 9TO 3aKOHAMH COXPaHEHHS SHEPTHH M KBA3WHMITYJIbCa pa3pelieHbl CIEMyIONIHe IPOIECcCHl mepedpoca
MEXITy MPOAOIBEHBIMY (/) ¥ TOTMIEPEYHBIMHU (f) aKyCTHYCCKUMU (DOHOHAM [ + f <> [ + bg ul+te1+ bg .

27 k, T’
Y= s O
@GPV (5)

®1 G)Z
AT T -,
vy=A4T"7e "™ +4T e ",

4 3 2
Viso = Ciso 4:2?[/3 T4 [AAZM\J i:ggi)) ) (6)
S .
30 (15-1082+38%), o 1w

rae 4 = i ( 6 i )(1+b+5) ?;V]g; ®1:—2”ﬁV1h >

4(1+p) (2+5°) key pa k,(1+ B)a
_ #52(1=5)(71=5F) (1+ﬂ2+25+45)2_h2V16; @2:7?(1+ﬁ)V1h’
64(1+)(2+5°) ° kypa T ka

¢ (n) — nzera-¢ynkums Pumana, C,, = N,/ N — koHueHTpamms u30TonoB, AM — pasHOCTb MEKILY ATOMHBIMH MAccaMu

50

U30TONOB U OCHOBHOTO BellecTBa, M — Macca OCHOBHBIX aroMoB, D) — pasmepnl oOpasua, k, — HOCTOSHHAs

Bonbumana, a,,b , ¢ — 4MCIEHHbIE KOHCTAHTBI, 3HAYEHHS KOTOPBIX VISl PA3HBIX KPUCTAIUIOB NPUBE/IEHBI B TA0NHUIIE B
pabote [13].

VYuer paccestHusi (OHOHOB Ha TI'PAHHUIAX OCYILIECTBISETCS HCIOJb3Ysl OTHOIICHHE MEXIy JUIUHOW CBOOOIHOTO
npobera 3a cYeT HOPMAaNbHBIX mporeccoB [, =7,V u pasmepoM obOpasua D. Eciau BBIIOJHSETCS OTHOIICHHE

[y >>D, 1o sddextuHas 1mHA CBOOOAHOrO mpobera (GOHOHOB COBHAJAeT C pa3Mepamu oOpasia, U YacToTra
paccesHUsA Ha IPaHUIE ONpenessercs Kak: v, =V, /D. BB3 cymecTByoT B IUAIEKTpUKAX IPU Ta30MHAMHIECKOM
pexUMe OmUCaHUs (POHOHOB, KOTOPBIN peallH3yeTcsl eClH BBIIONHSETCS HEpaBeHCTBO [, << D . MoHOH B oObeMe

00pas3Iia NCTIBITHIBAET MHOXKECTBO HOPMAJIbHBIX CTOJIKHOBEHHUH JIO OCTIKCHHUS TPAHULBL. B pe3ynbpraTe myTh, KOTOPBIH
MIPOXOJUT (POHOH O CTONIKHOBEHMS C TPAHUIIEH, CYIIECTBEHHO Bo3pacTaeT. VIcImonp3ys XOopoIo U3BECTHBIE (hOPMYITBI
OpPOYHOBCKOTO JBM)KEHHS JIETKO BUAETH, YTO TPACKTOPUH MEXIY ABYMs CTOJIKHOBCHMSMH C TPaHUIEH OyAeT mopsiaka
D’ /lN [14]. D10 03Ha4aeT, uTo 3pdexTHBHAST YacTOTa CTOJIKHOBEHHS (POHOHOB C TpaHUIEH OyIeT:
2 2
Vg Vy e
14 = — = —
Beff 2 :
Dv, vy
Jns panpHeHmMx pacueToB OyneM CyUMTaTh, YTO YCJIOBHE CyluecTBoBaHus BB3 BbImonmHsIOTCS, eciu yacrora
BTOPOT'O 3BYKa y/IOBJIETBOPSICT HEPABEHCTBY:

Q, >10T,. ®)
W3 5TOr0 COOTHOLIEHUSI MOKHO NOJYYUTh HUXKHIOKO U BEPXHIOIO I'PAHUIBI YaCTOTHI BB3:
2 2 2 2 )
0,1y = J102v2 —vyv, €Q<0,1v, +J1072v2 v v, .

BB3 sBnstoTcss COOCTBEHHBIMH MOJAMHM, IOATOMY €CIH KPHCTAT MMEeT XapakTepHbIi pasmep D, To 3HaueHme
BOJIHOBOTO BekTOpa BB3 ompenensercs cooTHOmEHEM

~ 27
k=—.
D (10)

Hcnonp3yro 310 cooTHOIIEHHE B Q) = WHIE , MOXKHO Pa3pelIuTh HEPABEHCTBO (9) U MOJIYYHTH CISAYIOIIEEe YCIOBHE:
VE+an* Wl |4 @) axn' vy ( M Y
D’v, 81£(8) kya'T* \ AM

OHO mO3BONSIET TOCTPOUTH Tpaduk 3aBHCHMOCTH KOHIEHTpamuu C,, OT pa3sMepoB M TEMIEpaTyphl, HCIONb3Ys

)]

iso —

W,
c. < 0,4%—%

KOTOPBII MOXKHO OTIPEICIHUTE OKHO cymiecTBoBaHms BB3.
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Jlist mpoBEJICHUsI YMCIICHHBIX OLCHOK M BBIYMCICHHS YCJIOBHs CYyIlecTBOBaHHs ciabo3aryxaromux BB3 Bo
(TOpU/IE INTHS UCIIOIB30BaHBI CIIE/IyIONIHE IaHHbIE, pACCYUTAHHBIE B MOJIEIHM NPUBEICHHOI'O H30TPOITHOTO KPHCTAILIA.
Jns monmyneit ynpyroctu Broporo mnopsaka: A =3,4-10H /m*, A, =515-10"H /x>, B=0,613. 3nas otu
BBIPAJKEHUS, IIIOTHOCTh M TOCTOSHHYIO PENIEeTKM (TOpPUAA MUTHUs, KOTOPHIE PaBHBI COOTBETCTBEHHO p=264 2/cm’,
a=4,02-10" cm, ObLIM MOJTYYeHbI CIIEAYIOMKE 3HAUEHHS CKOPOCTH MPOOJBbHBIX (/) M TONepeyHbIX (£) aKyCTHUECKHX
(OHOHOB, CpeIHss CKOPOCTh 3BYKa!

V,=7203-10° cm/c, V, =4416-10> cm/c, V, =4773-10%cu/ c.-

CKOpOCTb BTOPOTO 3ByKa UMEET BHI:

2
v
3

[IpuBenem 3HAYCHUST OCTABHBIX HEOOXOAUMBIX YHCIIEHHBIX K03 duumenTon mis LiF:
a,=4,13-107, ©, =326 K , ©, =346 K ,
A4,=17-10° K’/c, 4,=6,9-10" K/c.
BeipaskeHust Uik 4aCTOT CTOJKHOBEHHI B MOJICIH MIPUBEICHHOTO H30TPOITHOTO KpHCTA/lIa MMEIOT BUJL utst LiF:
Vy = 6,6-T° ¢!

3
@Jr;} =2636-10" cu/c
+

v, =1,7-10".7 exp[— %} 69-10° .7 exp(_ %)

v, = 3,27-10°-T*C,, ¢
Voo = 345:10°-D7%. 770 7l

(12)

[oncrasnss 3tu Beipakenus B (11), momyanm:
C,<10-7T*D"-1,38-10' DT -5,2-10"e " T7 -=2,1-10%7*"77° 13)

O6nactp cymecrtBoBanus BB3 B Mojenu NpHBEACHHOrO H30TPOIHOIO KPUCTAa OrpaHUYeHa IOBEPXHOCTHIO,
onpezenseMoit cootHomenueM (13), u uzodpaxena Ha puc. 1.

D.em 7
Ve
/

|
Cigor 107%em™ \R /
!
|

;?;:‘:, — == ;:liiiiii — /

——/

T.K P T.K 10
Puc. 1. O6xacts cyniectBoBanust BB3 B Moaeny mprBeaeHHOT0 H30TPOITHOTO KPUCTAIIa HAXOJUTCS BHYTPH 00beMa OrpaHUuEHHOTO
HOBEPXHOCTBIO.

ONPEAEJEHUE OBJACTHU CYIHECTBOBAHMHS BOJIH BTOPOI'O 3BYKA B MOJIEJIN KAJIJIABIOS1
IMockomsky BB3 cymectByror BONM3M MakcMMyMa TEIUIONIPOBOAHOCTH, TO JUIS OMNpEIENeHUs 00IacTh
cymectBoBanns BB3 MBI MOkeM Takke MCTHOIB30BaTh Monenb Kamnaess. B Hu3koTeMmnepaTypHOit 001acTé B MOIETH
KammaBas 1 ommcaHus SKCIIEPUMEHTANBHBIX JaHHBIX 1O TerutonpoBoxHocté LiF B pabore [6] mcmomp3yrorcs
ciieyronie GOHOHHbIE YaCTOTh CTOJIKHOBEHUH, BEI3BAHHBIE HOPMAIBbHBIMH IIPOLIECCaMH U NpOLieccaMu nepedpoca:

vy =27-10"0T’ ¢
v, = 600°T e et (14)
e x =hao/k,T .
IIpoBens npoueaypy yCpeaHeH s 110 TPaBHILy
T x*explx T xtexplx
roh=f e p o e a5
MBI [IOIyYUM CIEAYIOIIEe BBIPAKEHUE [/ YCPEIHEHHOM YaCTOThI HOPMAIbHBIX (JOHOHHBIX CTOJKHOBEHHIA:
vy = 167,66-T* (16)
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YacToThl MPOIIECCOB paccesHUs Ha M30TOmax W TpaHuie uMeroT Bua (6), (7). 3a cuer mporeccoB mepedpoca B
yucnutene ¢opmynsl (15) aiast ycpeaHeHHs 4YacTOThI CTOJKHOBEHMH HEOOXOJMMO NPHHATH KOHEYHBIE IPEeITbl
HHTETPUPOBAHUS. DTO CBS3aHO C TeM (haKTOM, UTO BXOJAIIas B V,, 9acToTa ()OHOHA TOpsaKa nebaeBckod. Bemmumny
€€ U3MEHEHHSI MOXKHO ONPE/IENUTh U3 3aKOHOB coxpaHenust. Jlist mpoueccos /+7 <> [+b, mpenensl paBHb
zh(1- By, hv,
X, = , X, = .
2ak,T ak,T
XZ
4 _-170/T 6 -3
v, =23-T"e J.xe‘dx. (17)
Xl
[oxcTaBinss COOTBETCTBYIOMKE BBRIpaXKeHUs I 9acToT u3 popmyn (6), (7), (16) u (17) B (11) MBI momydrM ycIoBUS
JUISl KOHIIGHTPALIMK N30TOIOB, pa3Mepa U TeMIepaTypbl B Mojenu Kanapas.

C,, <10-T7D " =5,4.10° DT -7 (2,28-10°T 2 +1,65-10°T"' +10° +4,8-10°T +1,7-10°T* +427°) . (18)

iso

Ob6mnacts cymiectBoBanns BB3 B momenn Kannmasast n3obpakeHa Ha puc. 2.

D, em 0

Cigo. 107°em™

Puc. 2. O6nacts cymectBoBanusi BB3 B Moznenu Kamnaast HaxoquTest BHyTpH 00beMa OTpaHHYEHHOTO IIOBEPXHOCTHIO.

AHAJIN3 PE3YJIBTATOB

ITpoBeneM aHanM3 MOMYYSHHBIX PE3yJbTATOB, UCIONB3Ys rpaduku npuBeneHHbIe HAa puc. 1,2. B 0boux ciyuasx
MaKCHMaJbHOE OKHO CyliecTBoBaHMs BB3 Gyiaer mpu HyneBoi KoHuEHTpamum wu3ortoma °Li. C yBenmuueHHeM
KOHIICHTPAILMHU 00JIaCTh CYIIECTBOBAHHS YMEHBIIIACTCS 10 HYJIS TP KOHIEHTPAIIX 2,5 107 cm™ u BBImIE. U3 0611ETO
BHJA ATHX TpapuUKOB CIEAyeT TaKOe OTpaHWYCHWE Ha pa3Mep oOpasma: OH He JODKHBI ObITh MeHbIme 0,8 cM.
MakcumanbHasi BEIMYMHA JIOMYCTUMOM KOHIEHTpAIMK W30TOIOB JUIsS JIAaHHBIX pa3Mepa W TeMieparypbl Ha puc. 1,2
COBIAAACT MO MNOPAAKY BCJIMYHWHBLI, HO B MOJCIIN MPUBCACHHOI'0 U30TPOIHOTO KpUCTalljla 3Ta BEJIMYMHA MCHBIIC B 2
pasa U TeMIepaTypHOe OKHO CIABHUHYTO B 001acTh Oojice BBICOKHMX Temrmeparyp Ha 1 rpamyc. O6macte Haubosee
BeposiTHOro HabOmronenuss BB3 B kpucramie Oyner HaxoAMThCS Ha TepeceYeHHH O0JacTeil OrpaHWYEeHHBIX
COOTBETCTBYIOIIMMH NOBEPXHOCTSIMH. [IpoMIuIIOCTpHpYEM 3T OCOOEHHOCTH Ha CIIEIYIOMINX IPUMEpax.

Ha puc. 3 npuBeneHa 3aBUCHMOCTb KOHIIGHTpPAIIMM H30TOINOB OT TEMIIEPATYphl JJIsl JIByX pa3MepoB obOpasia
D =lcm u D = 3cm. [lelicTBuTEnBHO, ¢ YBEIWYEHHEM pazMepa oOpasna TeMineparypHas 00J1acTe HanboJiee BEpOsITHOTO
CyIlIEeCTBOBaHMUs yBenuuuBaercs ¢ 1,5 10 4 K u capuraercs B 061acth 0ojice HU3KUX TEMITEpaTyp, a MaKCUMAaJbHAs
JOITycTUMas KOHIICHTpanus Bo3pacTaer ¢ 1,5x 107 em™ mo 2,5% 107° o™,

S
S

%)
%)

()
N

Cieo(T), 107 %em™
Ciso(T), 107%cm™3

—
—

12 14 16 18 20 .

a) 6)
Puc.3. Ob6nacts cymectBoBanust BB3 npu ¢pukcupoBanHoM pasmepe odpasma D.
ITyHKTHpHAs TMHKUSA — MOJIEIb IPUBEACHHOTO H30TPOIIHOTO KPUCTAILIA; CILIONIHAs — Mojenb Kannasas. a) D=1cm;6) D=3cM.
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Ha puc. 4 npuBenens! rpadyku 3aBUCUMOCTH pa3MepoB o0paslia OT TeMIIepaTypbl P 33aHHON KOHLEHTPALUN
msoronoB °Li paBHOIt 10° oM. IIpu 3TOM BHIHO, YTO MHHHMAJIBHBIA pa3Mep o0Opas3iia, B KOTOPOM BO3MOXKHO
pactipoctpanenue BB3, orpannuen 0,8 cm. C yBenuueHnem pazmepa oOpasna TeMneparypHas 00J1acTb yBeIHYHBACTCS
U caBHTaeTcs B obiacTh Oosiee HU3KMX Temmepatyp. s obpasua ¢ pasmepamu 1,5 cm ona coctasster 2 K, a s
o0pasma ¢ pazmepom 3 cM — mopsinka 3 K.

3.0 \
25
2.0
£
()
g1s
a
1.0
0.5
00 12 14 16 18 20
T, K

Puc.4. O6nacts cymecrsoBasus BB3 mpu GHKCHPOBAHHOM KOHIEHTpALHH H30TOMOB ‘Li.
[TyHKTHpHAs — MOJIeNb MPUBEIEHHOTO H30TPOITHOTO KPHCTAILIA; CIUTONIHAsY — Moiesib Kamnasos.

3AK/IIOYEHHUE
Pe3yJ'II)TaTLI Z[aHHOﬁ pa6OTI)I IIO3BOJIAIOT noz[06paT}, Hanbosiee ONTUMAJILHEBIE napaMeTphl, HeO6XO,HI/IMI)Ie JJIsL
OKCIICPUMCHTAJILHOT' O O6Hapy)KGHI/IH BOJIH BTOPOI'0 3BYKa B MOHOKpUCTAJJIaX (i)TOpI/I,Ha JINTUA, OCHOBBIBasCh Ha
CpaBHCHUH IMMPOBCACHHBIX PACUCTOB B IBYX PA3JIMYHBIX MOJACIIAX.
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The method of correlation functions for classical equilibrium many-particle systems, which accounts for a mean self-consistent field
acting on each particle, has been formulated in the grand canonical ensemble representation. Inclusion of the self-consistent field effects
into the formalism of correlation functions enables to describe systems in which the concentration of particles is not low. The account
for the mean field is important for gases and liquids, where some notions used in the theory of rarefied gases lose their meaning, for
example the mean free pass and pair collisions. The equation for the self-consistent field and the distribution function for arbitrary
configuration energy is obtained from the requirement of minimum of the thermodynamic potential and it is shown that, if correctly
formulated, the self-consistent field model leads to correct thermodynamic relations. The perturbation theory is constructed, based on
the choice of the self-consistent field model as the main approximation. Thermodynamic functions, the heat capacities, the speed of
sound and compressibility for a spatially homogeneous medium are calculated in the framework of the self-consistent field model for
the pair interparticle interaction, as well as the main corrections to these quantities

KEY WORDS: distribution function, correlation function, self-consistent field, configuration energy, perturbation theory

METO/JI KOPPEJISIHMOHHBIX ®YHKIIUAM JJI IJIOTHBIX I'A30B 1 ) KUJIKOCTEM

I0.M. ITosryskTOB
Hayuonanvnoui nayunsiii yenmp “Xapvxkosckuil ¢pusuxo-mexnudeckusl uncmumym’

61108, Axademuueckas, 1, Xapvros, Yxpauna

B mpencTaBieHuH GONBIIOr0 KaHOHMYECKOTO aHCamOis c(OpPMYIHPOBaH METOJ| KOPPEISLMOHHBIX (GYHKIMI IS KIACCHYECKUX
PaBHOBECHBIX MHOTOYACTHYHBIX CHCTEM, YYHMTHIBAIOILIMH CPEeJHEEe CaMOCOTJIaCOBaHHOE IOJie, JCHCTBYIOIIEE Ha KaKAYH YacTHILY.
Bxirouenne B ¢opMmaau3M KOpPpPEISIHOHHBIX (YHKIHI 3((EeKTOB CaMOCOTIIaCOBAHHOTO IIOJISI MO3BOJSET OMHCHIBATH CHCTEMBI,
IUTOTHOCTh YHCJIAa YACTHUIl B KOTOPBIX HE SBISETCS MaJoil. YUeT CpelHero Iojisl BaKEH B IUIOTHBIX ra3ax M JKHIKOCTAX, IZie TePSIoT
CMBICIT HEKOTOpBIE TOHSTHS, UCIOJIb3yeMble B TEOPUHM pa3psDKEHHBIX Ta3oB, HalpHMep, UIMHA CBOOOJHOrO Ipodera M MapHbIe
CTONKHOBEHHs. M3 ycnoBHsS MHHMMyMa TEPMOAMHAMHMYECKOTO MOTEHIHAJa, MOJTydYeHO YpaBHEHHE UL CaMOCOIVIACOBAaHHOTO IMONS H
(byHKUMK pacnipeieNieHust TIPU NPOU3BOJIbHON KOH(HUIYPAIIMOHHON SHEPTHH M TTIOKA3aHO, YTO MPU KOPPEKTHOH (HOPMYIHPOBKE MOZAEIH
CaMOCOTJIACOBAHHOTO MOJISi NPUBOJWT K IPABUIIBHBIM TEPMOJMHAMHYECKHM COOTHOLIEHHsAM. ITocTpoeHa Teopust BO3MYLICHH,
OCHOBaHHas Ha BBIOOPE B KaUeCTBE TJIABHOTO MPHUOJIMKEHUS] MOJIENH CaMOCOITIACOBAHHOTO IOJIsl. BBIYMCIIEHBI TEPMOANHAMUYECKHE
(YHKIHMH, TEIIIOEMKOCTH, CKOPOCTh 3ByKa U CKUMAEMOCTh ISl IPOCTPAHCTBEHHO-OAHOPOJHOI Cpeibl B MOJIENH CaMOCOTIIaCOBaHHOTO

TIOJIS TIPH TIAPHOM MEKYAaCTUYHOM B3aHMOJIEHCTBHH, a TAaKKe INIaBHBIE MTOMPABKY K THM BEITHYNHAM.
KJIFOUYEBBIE CJIOBA: ¢ynkiuust pacrnpenencHus, KOPpESIMOHHAS (YHKIMSA, CaMOCOTIIACOBAHHOE TOJie, KOH(UTYpaIMOHHAS

9HEPIHsl, TEOPHsI BOMYIIIECHUI

s

METO/J KOPEJSLUIAHAX ®YHKIINA 15 I'YCTUAX [A3IB I PIAUH
FO.M. IIoayexToB
Hayionanvnuii naykosuti yenmp “Xaprigcokuii ¢izuxo-mexuiunul incmumym”
61108, syn. Akademiuna, 1, Xapxie, Yrpaina

VY mpencraBiieHH] BEJMKOTO KAHOHIYHOTO aHCaMOII0 chOPMYIHOBAHO METOJ KOpEIMiHNX (PyHKIIIH JUIs KIAaCHYHAX PIBHOBAXKHHUX
0araTo4acTHHKOBUX CHCTEM, 1[0 BPaxOBYE CEPEHE CaMOY3TO/DKEHE I0JIe, SKe JIi€ Ha KO)XKHY YacTHHKY. BriroueHHs y dopmaiizm
KOpeIsILiHHNX (QYHKLIH e(eKTiB caMOy3roPKEHOr0 IOJIsl J03BOJISIE ONMUCYBAaTH CHCTEMHM, TYCTHHA YHCJIa YaCTHHOK Yy SIKMX HE €
Majol. YpaxyBaHHS CEPEAHBOrO IOJs BaXJIMBE Yy TyCTHX ra3ax 1 pimuHax, A€ BTPAavyalOTh 3MICT JEsKi HOHATTS, IO
BUKOPUCTOBYIOThCSI B TEOPii PO3PIIKEHUX Ta3iB, HAIPHUKIA[, [OBXKHHA BUILHOrO MPOOIry i mapHi 3iTKHEHHS. 3 YMOBH MiHIMyMYy
TEPMOIMHAMIYHOTO MOTEHIliany, OTPUMaHe pPIBHAHHA Ui CaMOY3rO/KEHOro moisi 1 (yHKUii po3Mominy mpu AOBiTbHIN
KOH(}IrypauiiiHiii eHeprii i moka3aHo, IO TPH KOPEKTHOMY (HOPMYIIOBaHHI MOJENh CaMOY3TOKEHOTO MOJNS NPHUBOAMUTH IO
MPaBWIBHUX TEPMOIMHAMIYHUX CHiBBiAHOMmEHb. [00ynoBaHO Teopiro 30ypeHb, sIKa 3aCHOBaHAa Ha BHOOpI Yy SKOCTI TOJIOBHOTO
HaOJIKEHHS MOJIEJi CaMOy3ToKeHOro 1moist. OGUHCIeHo TepMOIHaMIuHI (DYHKIT, TEITIOEMHOCTI, IIBUIKICTD 3BYKY 1 CTHCKAIBHICTh
JUISL TIPOCTOPOBO-OJJHOPITHOTO CEPEeIOBHINA B MOJIETI CaMOy3TOMKEHOTo IOJs IPH HapHili MDKYaCTHHKOBIH B3aeMopii, a Takox
TOJIOBHI ITONPABKH JI0 [IUX BEJIMYHH.
KJIFOUOBI CJIOBA: ¢yHKLis po3noiny, kopessuiiina QyHKIis, caMOy3ro/DkeHe 1oe, KoHdirypauiiiHa eneprisi, Teopist 30ypeHs

BcneactBue Toro, 4To cucteMa OOJIBIIOrO YMCIIA YAaCTHUI IPU MaJION IUIOTHOCTH SIBJISETCS Hanboee MPOCToi [uis
TEOPETUYECKOTO OIMMCAHUS, HCTOPHUECKH CTaTHCTHUECKas (PU3MKa CTPOMIIACh Ha MPUMEpE MOIETH Pa3psDKeHHOTO ra3a
[1]. M3y4enne KiiacCHYECKMX MHOTOYAaCTUYHBIX CUCTEM Ha OCHOBE PACCMOTPEHHS KOPPEISIIMOHHBIX (DYHKIUHA JJIsl TPYIIIT
MOJIEKYJl Ha4yajo pa3BUBAThCs, HauuHas ¢ 30-X Tog0B Ipouuioro Beka B padbortax MBona, bopna u I'puna, Kupksyna
(em. [2]). Meron KoppensuMOHHBIX (YHKIMHA CcHCTEMaTHYecKd CQOPMYJIMPOBAaH B H3BECTHOW MoOHoOrpaduu
Boronrobosa [3]. B cpaBHeHHH C IOCTaTOYHO XOPOUIO Pa3BUTON TEOPHUHU pa3psHKEHHBIX ra3oB, TEOPUS IUIOTHBIX CpPej,
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TaKMX KaK >XMIKOCTH W IUIOTHBIE ra3bl, MPOJOJDKAET 3aMETHO OTCTaBaTh B CBOEM pa3BUTHM. HemocpeacTBeHHOE
MIPUMEHEHHE K TEOPUH JKUJKOI'O COCTOSHUS (hopMain3Ma KOPPEISLMOHHBIX (QYHKIMH, PasBUTOrO B YIOMSHYTHIX
paborax [4], He TO3BOMISET KOJIMUECTBEHHO ONUCHIBATH IJIOTHBIE CHCTEMBI.

B omimune oT pa3psuKEHHBIX ra3oB, I7I€ B3aMMOJCHCTBHE MEXIy MOJEKYJaMH IPOUCXOJUT TOJIBKO BO BpeMs
CTOJKHOBEHHs, @ B OCTAIGHOM UX JBIDKCHHE MOKHO pacCMaTpuUBaTh Kak CBOOOMHOE, B IUIOTHBIX CHCTEMax
B3aMMOJICHCTBHE MEXKIY MOJEKYJIaMH OCYIICCTBIISICTCS MOCTOSHHO. [103TOMY B JKHAKOCTSX TEPSIOT CMBICT MHOTHE
TTOHATHUS TEOPHH Ta30B, HAPUMEP, TaKHe KakK UTHHA CBOOOIHOTO MpoOera U MapHbIe CTONKHOBEHHS. 34€Ch OTAENbHAS
MOJIEKyJla BCE BpeMs HaXOIUTCS B IOJIE IEHCTBUS CHJI APYTHUX MOJIEKYI, TIO3TOMY OoJiee alleKBaTHOE OMFCaHUe TaKon
CUTyallud MOJKET OBITH NPOBEICHO C TIOMOIIBIO NPEACTABICHUS O CpPelHEM IoJe, NCHCTBYIONEM Ha BBIACIICHHYIO
MOJIEKYJTy CO CTOPOHBI YaCTHII €€ OKPY KAIOITHX.

[TonsiTve cpenHero MoOJEKyJSpHOTO MoJjst ObUIo BBeneHO B ¢u3uky Beiiccom (cM. [5]) B kimaccuueckoit Teopun
(dbeppoMarueTisma. B KBaHTOBON MEXaHUKE HICs CPEAHEr0 CaMOCOTIIACOBAHHOTO TIOJIS IS IPUOJIMKEHHOTO PEIICHUS
ypaBuenus IlIpeauHrepa MHOTO3JIEKTPOHHON CHCTEMBI ObLTa HMCIIOJB30BaHa XapTpH [6] U BIOCIEACTBUU 000OIICHA
®okom [7] u Boromo6oBeiM [8].

[TpubmmxeHne caMOCOTIaCOBAaHHOTO TMOJISl JUISL ONMCAHWS KUHETHMYECKHX IIPOLECCOB B IUIA3ME BIIEPBBIC
HCIOBh30BaHO BracoBeiM [9]. B mampHeiimeM MeTOZ caMOCOTIIACOBAHHOTO TOJIS OBLI pacmpocTpaHeH BiacoBeM st
OTHCaHMS KIIACCHYECKIX CHCTEM OOJBIIOrO YHCIIa YacTHUI], B3aNMOICHCTBYIOIINX TOCPEICTBOM KOPOTKOACHCTBYIOIINX
CHJI, B YaCTHOCTH MJISi TIOCTPOCHHUS TEOPHUH KPUCTAJUIMIECKOTO YIOPSAOYEHUS KOHACHCHUpOBaHHOW cpensr [10].
PacnpocTpaneHue HIeW CaMOCOTJIIACOBAHHOTO IIOJIS HAa CITydail CHCTEM MHOTHX YacTHI[ C KOPOTKOJAEHCTBYIOIINM
B3aMMOJICHICTBHEM BBI3BAIO PE3KYI0 KPUTHKY HEKOTOPHIX Benymmx ¢usmkoB [11]. OtBer BmacoBa Ha KpUTHKY,
BBICKa3aHHYIO B YKa3aHHOU paboTe, aH B ero moapodHoi cTatbe [12].

XOTs1 BO3HUKIIAS AUCKYCCHUA HOCHUIIA, 663yCJ’IOBHO, YUCTO Hay‘lHBIﬁ XapakTep, HO HEraTUBHOC OTHOHICHHE K
MOJIETIM CaMOCOTJIACOBAHHOIO MOJIs, KaK YHHMBEPCAJbHOMY METOJy HCCIEIOBaHUS MHOTOYACTUYHBIX CHCTEM, psza
BBIJAIONIUXCS (DM3UKOB M OrpaHWYEHHE O0JIAaCTH €ro MPUMEHUMOCTH TOJBKO CHCTEMaMM YacTUI] C KYJIOHOBCKHM
B3aUMOJIEHCTBUEM, CYLIECTBEHHO 3aTOPMO3WIIO pa3BUTHE ATOrO (PyHIAMEHTAIBHOTO JUIi TEOPUH MHOTOYaCTHYHBIX
cucreM noaxoaa. OcoGEeHHO 3TO KOCHYJIOCh TEOPHH MHOTOYACTUYHBIX CUCTEM, ONMCHIBAEMBIX KIIACCHUECKOW MEXaHUKOH,
B YaCTHOCTH TEOPUH KIIACCHUECKUX KHUIKOCTEH.

Mexay TeM B TEOpPHH KBAaHTOBBIX OOBEKTOB METOJ CaMOCOTJIACOBAHHOTO IOJS MPOJOIDKANl Pa3BHBATHECA WU
IIMPOKO HCIOJB30BaThCA. J[OCTaTOYHO OTMETHTH, UTO TEOpHS HOpMaNbHOW (epmu-xumkoctu [13], obobmienHas
BITOCIICICTBUH Ha (hepMu- U 003e- CHCTEMBI ¢ HapyIIeHHOW (a3oBoil cummerpuei [14], Teopus CBEpXIPOBOANMOCTH
BKII [15], a Tarxke Teopws HEOTHOPOTHOTO CBepXTeKydero Ooze-raza I'pocca-Ilmraesckoro [16,17], xoTtopas B
HACTOSIIEEe BPEMs IMPOKO MPHUMEHSETCS ISl UCCICAOBAHMS aTOMapHBIX 003e-3HHINTEHHOBCKMX KoHjaeHcaToB [18,19],
SIBIISIFOTCSL BAPUAHTaMU TEOPUH CaMOCOTIIACOBAHHOTO MOJIs. MeToJ| caMOCOriacoBaHHOTO TOJISl YCIHENIHO MPUMEHSETCS
JUIA paCd€ToOB CTPYKTYPbl aTOMHBIX ANE€P, TI'AC BSaHMOHeﬁCTBHe MCXIY HYKIOHaMHU OCYHICCTBIACTCA IMOCPEACTBOM
KOpoTKoaeHcTByromux cui [20-22].

HccnenoBanusi KpUCTAUIMYECKOTO COCTOSIHHSI, OCHOBAaHHBIE Ha HJIEE CaMOCOIVIACOBAHHOIO IOJS, C Y4YETOM
MaJIOCTH 00JIACTH JIBM)KEHHSI aTOMOB B y3JIaX pelIeTKH, ObUTH MpooipkeHbl bazapoBbiM u ero cotpyanukamu [23]. Umn
XKe, B paMKax O0CYKIaeMOro I0JX0Ja, W3ydaluch (a30BbIE NEPEXOAbl MEXIY pa3IMIHBIMH MOAU(PHUKALUSIMA
KPUCTAJNIOB C YYETOM MHOTOYACTHYHBIX B3auMozeicTBuii [24]. OmHako, aBTOpaMH pPa3BHBAEMOTO IOAXOia, Oe3
JOCTAaTOYHBIX, HAa HAIll B3TJIAJ Ha TO OCHOBAaHWH, BHICKAa3BIBACTCS YTBEPIKICHWE O HEMPUMEHHMOCTH TMPHONMKCHUS
CaMOCOTJIACOBAHHOTO TTOJIS JJIS YKHIKOCTH M Ta3a (cum. [23, §6]). DTo, B 9aCTHOCTH, 03HAYAET, UTO, ITO KX MHEHHIO, METO/T
CaMOCOTIIACOBAaHHOTO TIOJI HETIPUMEHUM ISl OTIMCAHMS KPUCTAIUIM3ANNHN U IUIaBiieHns . O4eBHIHO, 9TO TEOPHsI, KOTOpas
OIMCHIBACT, COCTOSIHUE C HAPYIICHHOH TPAaHCIIIMOHHON CHUMMETpHEH, HO HEeNMPHUMEHHMA /ISl OIIMCAHUS CHMMETPUYHOTO
MIPOCTPAHCTBEHHO-O0THOPOJHOTO COCTOSHIS, HE MOJKET CUMTAThCS MOCIEI0BATEIbHOI.

MHoroserHee pa3BUTHE METOJa CaMOCOIVIACOBAHHOTO MOJsS yOEIUTENbHO MOKa3aJio, 4YTO OH SBISETCS
3(1)(I)CKTI/IBHI)IM HpI/I6J'II/I)KeHI/IeM JUIA OIIMCaHHUS CUCTEM OOJIBIIOTO YHUCIIA YqacTull, KaKk B KBAHTOBOM, TaK U KJIaCCHYCCKOM
cily4ae, Jlake IpH YCJIOBHH, KOTJa B3aUMOJIEHCTBIE MEX/1y YacTHLAMH KOPOTKOJECHCTBYIOIIEE U €r0 HENb3s CUUTATh
ci1abbIM, a TUIOTHOCTD CUCTEMBbI MaJIOW. JTa MOJIENIb IPUMEHNMA KaK K CUCTEMaM C KOHEYHBIM YHCJIOM YacTHI, TAKUM
Kak aTtoMmHble spa [20-22] wiu 3IeKTPOHHBIE OOOJIOUKM aTOMOB M MOJICKYN [6,25], Tak M K MHOTOYACTHYHBIM
crcTeMaM IpH MX ONMCAHWU METOJaMU CTaTHCTHYECKOH (Gu3nKHu. MeToJ1 caMOoCcorIiacoBaHHOTO TIOJISI OCOOCHHO TIOJIe3eH
TIPY UCCIICIOBAHUH TIPOCTPAHCTBEHHO - HEOJAHOPOIHBIX CHCTEM, U €r0 MCIIOIH30BaHHE MPHUHIMITHATHFHO BAXKHO B TCOPHH
(ha30BEIX mepexooB [26,27]. Moaens caMOCOTIIaCOBAHHOTO TIOJIS TAKXKe CITYKAT 3(D(PEKTUBHBIM TTIaBHBIM MPHOIIIKCHACM
TIPU TIOCTPOCHHUHN TEOPHUH BO3MYIIEHHI, B TOM YHCJIE VIS MIPOCTPAHCTBEHHO-HEOTHOPOIHBIX CHCTEM [28] M MHOTOYaCTHYHBIX
CHCTEM C HapyIIEHHBIMH CUMMETpIsiMA [29-32].

[TpubnmxeHne cpemHero WM CaMOCOTIIACOBAHHOTO IIOJII MOXKET OBITh BBEACHO PA3NMYHBIMU CIIOCOOAMH, H,
COOTBETCTBCHHO, BO3MOKHBI PA3JIMYHBIC BaApUAHTBI 3TOT'O l'[pI/I6J'II/I)KeHI/I${. B GonpimnacTBE CJIy4acB TaKo€ l'[pI/I6J'[I/I)KeHI/Ie
BBOJAT Ha YPOBHC ypaBHeHI/II‘/II JBUXXCHUA. HpI/I OIMMCAaHWHU B paMKaxX IOoJAX0Ja CaMOCOTJIAaCOBAHHOI'O ITOJII KBAHTOBBIX
MHOTOJIEKTPOHHBIX [6,7,33] M MHOrOHYKIOHHBIX cucteM [20-22] 0OBIYHO, C Yy4ETOM CHMMETPHH, BBHIOMPAIOT IMPOOHYIO
BOJHOBYIO (DYHKIMIO, TIOCTPOCHHYIO W3 OJHOYACTHYHBIX BOJIHOBBIX (DYHKIMH, I KOTOPBIX MOJy4YalOT YpaBHEHHE
peanHrepa ¢ camMoCOIIacOBAaHHBIM IOTCHIIMAIOM, 3aBHCSLIMM OT COCTOSIHMS BCEX 4YacTHIl. B MerToje omepaTopHBIX
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YpaBHEHHUI JBMKEHHMSI B TMPEACTABICHUM BTOPHUYHOTO KBAaHTOBAHHS B TMPOU3BEJCHHIX OIEPATOPOB HEKOTOPHIE
ONepaTopbl 3aMEHSIOT UX CPETHUMHU, JIUHEApU3ys ypaBHeHU aBrokeHus [20]. B Teopun kinaccuyecKkux KMHETUYECKUX
YpaBHCHHUI TIEPEX0/1 K MPHOIMKCHUIO CPEIHETO MO OCYIICCTBISICTCS 3aMCHOM OMHApHON (DYHKIIMU pacIpeIeiICHUS
Ha [TPOM3BEJCHUE IBYX OJJHOUACTUYHBIX (QyHKIMA [2,3].

IIpr craTHCTHYECKOM ONHMCAHWM MHOTOYAaCTHYHBIX CHCTEM MOJENb CaMOCOTJIACOBAaHHOTO OIS HambOoiee
MOCTIeIOBATEIFHO B caMoil o0mieil ¢opme yZoOHO BBOIUTH HE HAa ypOBHE ypaBHCHHU IBIDKEHHS, a Ha ypOBHE
TaMHJIbTOHHAHA. DTO TO3BOJIIET €CTECTBEHHO ITONYYUTHh HE TOJIBKO CaMOCOTIIACOBAHHBIC YpaBHEHUS IBIDKEHUS, HO U
MTOCTPOUTHh TEPMOAMHAMHIKY MHOTOYaCTUIHOM cucTeMbl. C 3TOH IeNbI0 TOYHBII TaMIIIBTOHHAH pa30HBaeTCs HA CYMMY
ANIPOKCHUMHUPYIOIIET0 TAMUIBTOHHAHA M OCTATOYHOTO KOPPEIAIMOHHOTO TaMIIbTOHHAHA. ATITPOKCUMHUPYIOMINHN (FITH
CaMOCOTJIACOBAaHHBIN ) TaMUJIBTOHUAH BRIOUPAETCS B BHJIE KBaIpaTHYHOM ONIEpaTOpHOM GopMbl Hanbosee o0Iero BUaa,
KOTOpasi COAEPKUT HEOIpeeleHHbIE HAa HauyaJbHOM 3Tare mnojisi. Takoil raMuiabTOHHAaH, OMHUCHIBAIOIIUNA B MOJIEIHN
CaMOCOIJIACOBAHHOIO TMOJISI CHCTEMY MHOTHMX YaCTHII, MOXET OBbITh MPUBEACH K JHArOHAILHOMY BHY, & BXOSIIUC B
HET0 TOJIsl MOTYT OBITh OIpPE/CIICHBI U3 BAPHAIIMOHHOTO MPUHIIKIA. B paMKax Takoro OnmucaHus B MUKPOCKOMAYCCKOM
MOJIX0/IC €CTCCTBEHHO BO3HHMKAET KOHIICTIIUSA KBa3uuacTull. D(P(eKThl, CBSI3aHHBIC CO B3aMMOJICHCTBHEM KBa3UYACTHII,
KOTOpbI€ OMHUCHIBAIOTCA KOPPEJSIIMOHHBIM I'aMUJIBTOHUAHOM, YUUTBHIBAIOTCS MO T€OpUW Bo3mylueHuil. Eciu ctpouth
MOJIEJIb CaMOCOTJIACOBAHHOTO TIOJS TaK, YTOOBI YK€ B 3TOM NPHONMKCHUH BBITOTHAINCH BCE TCPMOTUHAMUICCKUC
COOTHOIIICHUS, KaK, HAalPpUMep, 3TO UMEET MECTO I HICAbHBIX KBAHTOBHIX TazoB [34], TO Bce mapaMeTpsl TaKoit
MOJIENA OTIPEACISIOTCA OAHO3HadHO. OmmcaHHas TporpamMMma B oOImIeM BUAE IS (EpMH-CHCTEM peajn30BaHa B
[29,30], a ms 603e-cucteMm - B [31,32,35]. CirlegyeT OTMETHUTD, YTO JAHHBIN MMOIXOM SABISETCS CTONb OOIIMM, YTO MOXKET
OBITH TaKXKE HCIOJB30BAH IS TOCIEHOBATEIBHOTO OIMCAHUS PEISITUBUCTCKUX KBAHTOBBIX IOJIEH C HapyIICHHBIMHU
cummetpusimu [36,37].

Ienpto mgaHHOW pabOTHI SBISACTCS Pa3sBUTHE METOAA KOPPEISIMOHHBIX (YHKIMHA I KJITACCHYECKHUX CHCTEM
0OJIBIIIOrO YKCIIA YACTHUI], B KOTOPOM YUHUTHIBACTCS CPEIHEE CaMOCOTIACOBAHHOE TOJIE, ACHCTRBYIONICE HA BBIICICHHYIO
yacturyy. [lpemmaraemas (GopMymTUpOBKa MOJCIH CaMOCOTJIACOBAHHOTO TOJsi B  IPEACTABICHUH  OOJBIIOTO
KaHOHUYECKOTO0 aHcaMOJsg ISl CHCTeM OOJBIIOrO YKCIA YaCTHI[, Ybs JUHAMHKA OIMCHIBAETCS KIACCHUYECKOM
MEXaHHMKOW, aHaJIOTHYHA METOJy BBEJICHUSI CAMOCOIIIACOBAHHOTO TIOJIS, Pa3BUTOMY paHee JJIsl KBAaHTOBBIX cucTeM [29-32].
VYder B pa3BuTOM (popMai3mMe CaMOCOTTIAaCOBAHHOTO TIOJIS TACT MPHHITUITHAIBFHYIO0 BO3MOXKHOCTh OIHCHIBATE CUCTEMBI,
IDIOTHOCTh YHUCIIA YaCTHIl B KOTOPBIX HE SBIACTCS MaJiol, TaKWe KaK IUIOTHBIE Ta3bl M KUAKOCTH. M3 ycioBus
MHUHUMyMa TEPMOIMHAMUYECKOTO ITOTCHIHANIA, TOJIYYCHO YpaBHEHHE /IJIsI CaMOCOTIIACOBAHHOTO TONIS M (DYHKIHH
pacmpeeneHus Ipy TPOU3BOJIBHON KOH(UTYPAMOHHON SHEPrHy M IOKA3aHO, YTO IMPH KOPPEKTHOH (GopMyInpoBKe
MOJIeIb CaMOCOTJIACOBAaHHOTO TIIOJII TPUBOIUT K MPABWIBHBIM TEPMOIMHAMHYECKHM COOTHONICHUSM. PaccumTaHbl
TEepMOAMHAMUYECKHE (DYHKIUH, TEIUIOEMKOCTH, CKOPOCTh 3ByKa M C)KHMAaeMOCTh Ui OJHOPOIHOM Cpelnsl B MOJICIH
CaMOCOTJIACOBAHHOTO TIOJS MPHU MapHOM MEXYaCTHYHOM B3aUMOJIEHCTBUH, a TaKKe TJaBHBIC TOMPaBKU K ITUM
BenuyrHaM. [TocTpoeHa Teopusi BO3MYIICHHI, OCHOBaHHAs Ha BhIOOpPE B KauyeCTBE OCHOBHOTO MPHOJMIKEHHS MOICTH
CaMOCOTJIACOBAHHOT'O ITOJIS.

KOPPEJISIHNOHHBIE ®YHKIINU B ITPEJCTABJIEHUN
BOJIBIIOI'O KAHOHUYECKOI'O AHCAMBJIA

OnucaHrue pPaBHOBECHBIX CBOIMCTB MHOTOYACTHYHOH CHCTEMBI C MOMOIIBIO KOPPEISLUUOHHBIX (YHKIHMHA, KakK
MIPaBUJIO0, IPOBOMTCS C UCIOJIb30BAaHHEM KaHOHUYECKOro aHcamOiis [3,4]. B aTom ciiyyae paccMaTpuBaeTCs CUCTEMa C
(UKCUPOBAaHHBIM YKCIOM N OJWHAKOBBIX YacTUIl B o0beMe V mpu naHHOH Temmeparype 1 . Mexay Tem, ais
OTIMCaHMS MTPOCTPAHCTBEHHO-HEOAHOPOIHBIX CHCTEM M (Da30BBIX IEPEXOJOB B HUX, yIOOHEE IOIB30BATHCA OOIBITUM
kaHoHn4decknM aHcamOneM (BKA). Torma mpeamonararor, 9To cucTeMa MOKET OOMEHHBATHCS C TEPMOCTaTOM HE
TOJIBKO SHEPTHeH, HO M YaCTUIIAMH, TaK YTO YMCIIO YACTHIl B PACCMATPUBAEMON CHUCTEME HE SBIISIETCS (PMKCHPOBAHHBIM,
a B Ka4ecTBE HE3aBHCHUMBIX TEPMOIAMHAMHUYECKUX TEPEMEHHBIX BBIOMpAIOTCA Temmeparypa 7 © XUMHYECKHM
noTeHuuan 4 . Meroj koppensiunoHHbIX (yHKuMit B mpencraBieHnn BKA ucnonb3oBaicsi, Hanpumep, B padoTax

[38,39]. OmHako, TOCKONBKY aBTOPY HEHM3BECTHO, TAe¢ OBl 3TOT METON CHCTEMAaTWYeCKH W3JIarajcs, a ero
HCIOJb30BAHUE CYLIECTBEHHO AN JalbHEHUIIEro MOCTPOECHUS CTaTUCTUYECKOM TEOPHUU IJIOTHBIX CHUCTEM, TO B JAHHOM
paznene Oyaer chopMyIMpOBaH METO KOppesiuoHHbIX (yHkimil 11t BKA nocrarouno moapo6Ho.

Cormacao ['u66cy [3,34], BeposTHOCT, OOHApYXWThb CHCTeMy W3 N OJMHAKOBBIX MOJIEKYJ C Maccod m B

COCTOSHHH ¢ HAGOPOM KOOPAMHAT ¢y =(q,...,q, ) €CTb

_ exp[ AU ()]
B Oy '

3neck U(gy ) - noteHumanbHas (KOHUIypalOHHas) SHEPrus, a

Oy = [exp[-pU (ay) Jda, @)

D(‘]N) (D
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- KoH(uUrypaumonHbiii unterpa, B =1/T - oOparHast Temneparypa, dq, =dq,...dq, . B nansHeiiiem Uit KpaTkoCTH, Tam
IJie 5TO HE MOXKET BbI3BATh HENOpasyMeHus, OyleM TakkKe II0/Ib30BaThCs OOO3HAUYEHMAMH ¢, =q U dq, =dq .

Craructryeckas CyMMa, 4€pe3 KOTOPYIO BbIPAKACTCS CBO60HHa§I OHCPIust F=-TnhZ  » OHIPEACIIACTCA COOTHOIICHUEM

0
ZNE—N'ANW R 3)
[IpUIEM
h
A= @

N2zmT

- TEIJIOBas JJIMHA BOJIHBI YacTHIBI, /s - mocTosHHas [lnanka. Kilaccnueckoe ormucaHne CHCTEMBI PaBOMEPHO, €CITU
1/3
TETJIOBasl IJIMHA MHOTO MEHBIIE CPETHET0 PACCTOSHHUS MEXIY YacTHIaMH A << (V/ N ) . Ilpu onmcanun cucremsl B

npencrasnennn KA 6onbioii Tepmomuamudeckuii notenuman Q = —7'In Z, BbIpakaeTcs 4epes CTATUCTHYECKYIO CyMMY

Z,=eM"Z,. Q)
N=0
OyHKIUSA paclpefeieHus AN § MOJEKY IPHU NOIHOM uucie uX N > s ompefensercs COOTHoIeHueM [2,3]:
Fy(a,,--9,) =V [ D(gy)da,., ...da, . ©6)

B merone BKA nmonHoe uncio gactun He GUKCHPOBAHO, TAK YTO CIIEAYET ONPEIeInTh KOPPEIIHOHHbIC (QYHKIUH AT
TPYHIBl U3 § YacTHI[ TaK, YTOObI OHM HE 3aBUCENM OT IIOJHOrO 4Mcia yacTul. Kak Oyzmer BHAHO, eCTECTBEHHO

OTIpeNIeNUTh KOPPEISIUOHHBIE (DYHKIINY, HE 3aBUCSINNE OT ITOJIHOTO YHCIIa YaCcTHII, (POPMYIIO:
G, (q-.-9,)= 2 LyN(N=1)...(N=s+1)F, (q,,....q,) , @)
N=s
e UCII0JIb30BAHO OGOSH&‘ICHI/IC

PuN
ez
L, :—Z N ®)

H

Ipu4eM Z L, =1. Koppensanuonnsie GpyHKIuU (7) HOpPMUPOBAHBI YCIOBHEM

o

JGY(ql,...,qx)dql...dqx=Vsb(s), 9)
rac

b(s)ziLNN(N—l)...(N—erl). (10)
EcTecTBeHHOCTS onpexeneHns (7) cmHOBch;;qumHoﬁ IIPY BEIMHCIICHUY CPEHHX OT BETHUMH THIIA

Aa)=5 ¥ alana). (1)

s! (iy #iy #...#i =1)
CpeHue OT TaKKMX BEJIMYMH BHIYUCIIAIOTCS C TIOMOMIBIO KOPPESAMORHBIX (GyHKImu (7) 10 popmyie
1
(4) = J‘a(ql,...,qs )G, (4,>----9,)4q, ...dq, . (12)
B gactHOCTH JJIA HanboJIee BayKHBIX CJIy4acB BEJINYNH aJJUTHUBHOI'O U 6I/IHapHOFO THIIOB UMECM.

(4) = [a(a)Gi (a)da.

| (13)
(4.) == [a(a.4)G; (a.4')dadq’
OyHKIMA
%q)zn(q) (14)

HMEET CMBICII CPETHEH TNIOTHOCTH YHCIIA YACTHUL], TOCKOIBKY .[n (q) dq = <N ) .

UYtoObl BBIACHUTH cMbICH GyHKIUU G, (q, q') , CIIEyeT PACCUUTATh BEIMYUHY CPEIHErO <(AN )2> = <N g > - <N >2 ,

rne AN =N —(N ) . B pe3ynbTare nomyuaem:
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v [[G.(a.9)~Gi(a)G () Jdada’ = (AN’ ) ~(N). (15)
[MapHas xoppensronHas GpyHKIUS ONpenessieTcs] COOTHOIICHUEM:
ACTIRACHACY
” .
U3 (15) u onpenenenns (16) momydaem CBsI3b MAPHOH KOPPEIAINOHHONW (YHKINU C (PIyKTyannei 9ucia YacTHIl;

—N>J‘g(q,q')dqdq’:<(?NT>)>—l. (17)

g(gq.q9")= (16)

CBs3b MEXAY KOPPEJSIMOHHBIME (QYHKIMAMH (7) BBICIIETO M HHU3IIETO IOPSAKOB OoJjiee CIOXKHAs, 4eM B
KaHOHHYecKoM aHcambute [2-4]. Micnonesyst popmyiy

oL,
L,
o =Pl (V=(N), (18)
HaXO0IUM
0G, q . ,q?

T ( : = J. s+1 ql""’qs’qs+l)dqs+l_(<N>_S)Gs(ql,...,qx). (19)

B yactHOCTH, CBSI3b Memz[y OTHOYACTUYHOM W OMHAPHONW (DYHKIMSAMH OIIpEeIsieTCs ypaBHCHHEM

aGl (q) 1 ’ !

T~y 6 (aa)da ~(V)-1)G, (a). (20)

DHTponus B npeactaBieHnn bKA

dpydq
T @1

BBIPAXKAETCS Yepe3 BEPOSTHOCTh OOHAPYKHTh CHCTEMY B COCTOSHHH C YHCIOM 4acTuil N ¢ HabOpOM HMITYJbCOB
Py =(py.....py) uKoOpIMHAT g, =(q,,....q )
wy (Pyay)=exp B[Q—H, (py.q,)+uN], (22)

TZle TaMIJIBTOHHUAH OTpeeNeH (opMyIIOi:

S :_ZJWN (pquN)anN (pNan)
N

pN»qN z +U QN (23)

C yuerom ompenenernust (21) momygaem Q=FE —TS—,u( ), YTO COBIIAJIAECT C TEPMOAWHAMHIYECKUM COOTHOIICHHEM.

OHutponus (21) MoxkeT OBITh 3alcaHa B BUIC

3 u (U (gv))
S==—-Z=|N)+——F+InZ . 24
(3-4 )=, @
Ilonnas sueprus E = (H ) , KOTOpast ABNSETCS CYMMOW KHHETHYECKOH U MOTEHINAIBHOM SHEPTHid, 1aeTcst GopMyon
3
E=ZT(N)+(U(a,)). (25)
rie
(U(q ZL ID ay)U(ay)day - (26)

HerpyzaHo npoBepHTh, 9TO BBITIOIIHEHO TEPMOANHAMUYECKOE TOXKAECTBO d() = —(N ) dp—SdT . CpenHee 4mciIO 4acTHIT

HAXOAWTCS 10 GopmyIie

8(2 T 8Z
(N)=- @7)
ay Z ou
B npocTpaHCTBEHHO-OAHOPOJHOM CiIydae JaBJICHUE ONPEENsIeTCs YEPe3 TEPMOAMHAMUYECKUM TOTEHIIMAT
Q T
=——=—InZ . 28
p===,nZ, (28)

®dopmyna (27) 3amaeT cpenHee YNUCIIO YacTHIL <n> = (N ) / V' xak QyHKIMIO XMMHYECKOTO MOTEHIHANa U TEMIIepaTyphl, a

¢dopmyna (28) — naBneHue, Kak QyHKIHIO XMMUYECKOTO MOTEHIMAa a 1 TeMueparypsl. COBMECTHO 00a 3TH ypaBHEHUS
TIapaMeTPUYECKH OIPEACISIOT IaBiIeHUE KakK (YHKIUIO CpelHeW IUIOTHOCTH M Temmeparypbl. OTMETHM, YTO pacder
JaBJICHHS TIPH UCIIONB30BaHUU KAHOHHMYECKOT0 aHcaMOJIsl IaKe MPU y4eTe TOJIBKO HapHBIX B3aUMOJICHCTBHI JOBOJIBHO
cioxed [3,4]. OTMeTHM Takke, 9To BeIpakeHue i qasieHus (28) 8 BKA mpurogHo npu npou3BOIBHEIX, @ HE TOIBKO
TIAPHBIX, B3aUMOICHCTBHUSX.
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[TpaBast yacth BaxkHOW (opmyisl (17) it OMHAPHON KOPPEISHMOHHONW (YHKIMHA MOXKET OBITh BHIpa)KEHA uepe3
TepMoarHaMuueckue GyHKIuU. [TockombKy

o0 , 20 (aaY _o(N )
W)=-2, ()= r 22 (2] 2wy, @
TO TIOJy4acM
A AN
((am) >:T—§y>. (30)

BoCH0/Ib30BaABIIMCH TEPMOIMHAMUYECKHM COOTHOIIEHHEM
BT
: 31
Op TV p Ty 4
e Gbuto yuteno, uro (dp/ou),, =-V(2Q/ou), , =(N)/V, naxomum wussectyio (opmyry OpHureiina u
Hepuuxke [40,41]
1 6<n>
—(g(a.q')dadq’ =1| =L | -1,
V<N>jg(qq)qq [6}7 ]T (32)

CBSI3BIBAIOIYI0 OMHAPHYIO KOPPEISIIHOHHYIO (PyHKINIO C M30TEPMHUUIECKON CKUMAEMOCTEIO.

METO/ BAPUAIIMOHHBIX ITPOU3BO/IHBIX B BKA
Hcnonp3oBaHue MeTo/la BapHAIMOHHBIX MPOU3BOMHBIX MOXET OKAa3aThCsS OYCHb YJIOOHBIM, OCOOCHHO ISt
TTONyYeHHsI 00IMMX cooTHOmIeHUH [38]. B maHHOM pa3mene HaiieM BapHUAIlMOHHBIC MTPOM3BOJHBIC TEPMOIHMHAMHICSCKOTO
MoTeHIMaNa U QYHKIUH pacrpeiecHus, a TaKkKe TMOIyIHM BaKHOE COOTHOIICHHUE Ul OMHApHOW (YHKIIMU, KOTOPOE
HCIOJB3YETCs B paMKaX METO/Ia HHTETPATbHBIX YPAaBHCHUI B CTaTUCTUYECKOM Teopuu xKuakoctei [39].
Kondurypanmonnas sHeprisi MOXeT OBITh MPECTaBICHAa B BHAEC CYMMBI PHEPTHH YACTHUI] BO BHEUIHEM IIOJIE U
SHEPTHU MEKYaCTHIHOTO B3aUMOJICHCTBUSA
U(q)=U,(9)+U,(q), (33)

N
rae U, (q) = ZU 0 (q,. ) ,aU, (q) - DHEPI'Usl OJTHOM YaCTHUIIBI BO BHEIIHEM 11oJie. [Ipy Hanuuuu BHEIIHETo 1mojist O0JIbIIOi

i=1
TepMOJMHAMUYECKUH MOTEHIMAN ABIgeTcs (YHKIUOHAIOM OT 3Hepruit U, (‘L-)- [Jaxe B cilyuasx, KOrza pealbHble

BHEIITHHE OIS OTCYTCTBYIOT, ITPH MOJTYYEHUH OOIIMX COOTHOUICHUH YZ0OHO BBECTH HEKOTOpPbIE (PUKTHBHBIC BHEITHHE
TIOJISI, C TeM, YTOOBbI B KOHEUHBIX BBIPAXKEHHSIX MTOJIOXKHUTH UX PABHBIMH HYIIIO.
[ycTs Bapuanms KOHPHUTYpAITHOHHOH YHEpriH (33)

5U(q)=5Uo(q)=i5Uo(qi)- (34)

Torma Baprarus TEpMOANHAMUYECKOTO TIOTeHIMaa ecTb X = —T (52 u / Z u ), npudeM 07 = [ JON / NIAY | a BapHaIus

KOH(UTypallMOHHOTO MHTETpaia

80y =-BN[ 06U, (a)dq[exp[-BU (a,0;.....q, ) |a, ... da , (35)
TaK YTO BapHAIMOHHAsI TPOU3BOIHAS:
o
A = —ﬂNIexp[—ﬁU(q,qz,. -y ):|dqz .dqy =
N
= _ﬂNQNJ‘D(qaqz""an )dqz ...qu = _ﬂVQNFIN (q)
[Ipunumas Bo BHUMaHUE (36), HAXOIUM:
0Z, N oz VA
=-p7Z, —F , —Lr _=-B-*~G .
50,(9) PZy 5 Fa(a) 50, (a) - Gi(a) (37)

B urtore IMOoJIydyacM 4TO BapuallMOHHas MpPOU3BOJAHAA OT TEPMOJUHAMUYCCKOI0 MOTCHIHMAJIAa IO BHCUIHEMY IIOJIFO paBHa
IIIOTHOCTH!

5Q T oz, Glq
=t ='():nmy (38)
5U,(a)  Z,0U,(q) ¥
Haiinem BapualMOHHBIE NPOM3BOJHBIE OT KoppemsiuuoHHBIX ¢GyHkiuid B BKA (7). [dns astoro mpumem BO
BHUMAaHHE COOTHOILIEHUS
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oLy __ g1, Gla) N, (a) (39)
U, (q) 2
5D(q) N N
=pD —F ->o(q—-q,)]|-
50, ()" (q)L, w(@)-2.9(a q,)} (40)
Torma umeem:
SFy (a:----9,) N . (N-s)
———F = fF, yenes —F, ->dq—q,) |- F yeensq,,q) -
AT o ()| By ()= 20 (a =) |= A7 Fr (0--0,.0) 1)
Ortcrona st GyHKIUHA pacnpeneneHHﬂ B BKA (7) HaxoaMM BapHAIMOHHYIO TPOU3BOIHYIO:
5G,(q,.....q,) 1
T— — = 5 yeosq, ) ——G (9y5--59,.9) -
30, (a) Z 4-4,) |G (q4.) =77 Gt (415-,4,.4) (42)

B yacTHOCTH:

- {

IE'q) _5((1_(11 ):|G1 (ql)_%Gz (qwq),

66, (a,.0,)_[Gi(a) | )
q;.q q 1
T 5U (l )2 |: ]V (q ql) 5(q_q2):|G2(q1aqz)__;G3 (qlaq29q)'
Haiiziem BTOpyI0 BapHALIHOHHYIO POU3BOIHYIO OT TEPMOANHAMUYECKOTO TTOTeHIHANA. [10CKOMbKY
. 8z, (s6z,)
5'Q=-1"2n | Zn (44)
Z/t Z/t
TO CIIE/IyeT BLIYUCIAT BTOPYIO BAPHALMIO 5°Z, , KOTOPas MMEET BHJI
5z ﬂzZ G, (q.q’ ,
e P25 s q)6 (). )
8U,(q)dU,(q") 14 14

B wurore moxydaem, 4Tro BTOpas NPOH3BOJHAS TEPMOAMHAMHYECKOTO IMOTEHIMANIA BBIpaXkaeTcsi depe3 OHHApHYIO
KoppersuonHyto Gyakmmo (16) u HJIOTHOCTB

5°Q 16G(q') [
6U,(q)dU, (q' ) VU, (

0)G (4)]-26(a-a)6 (a) -
(46)
=—ﬁg(q, )~ BS(a-a')n(q).
Wcnonb3yst BapuallMOHHBIA METOJ, MOKHO OIPEEIUTh TaK Ha3bIBAEMYIO MPSMYIO KOPPEISIHOHHYIO (YHKIIMIO

[40,41] m mody4YuTh BaXKHOE HHTETPAIHLHOE YpaBHEHHE, KOTOPOE YCIENIHO HCIIONb3YeTCs I OMHCAHHUS CBOWCTB
xuakocted [38,39]. Iist nosaydeHust HCKOMOTO ypaBHEHHS OyJIeM UCXOJMTh M3 OYEBHIHOTO COOTHOIICHHS

j 5G,(q) 6U,(q")
U, (q") 5G,(q')

IockonbKy mpsiMasi BapHaIlHOHHAs IPOU3BoaHAs (43) COACPIKUT MeNbTa - (DYHKIIHIO, TO, OKA3bIBACTCS, YIOOHO BIICIUTh
cliaraeMoe ¢ JienbTa - (yHKIMEH 1 B 00paTHOW MPOU3BOIHOM, MIPEICTaBUB €€ B BUJIC

5U0 (q”) A(q",q,) 1 ) .
T = - 5(q"-q').
5G,(q) v G(a) (a"-q') (48)

Bwmecto Bapnammonsoit npomssoanoiit 6U,(q)/5G,(q') 910 cootHomenue BBOMMT HOBY (yHKumo A(q'.q'),

dq"=5(q-q'). (7

Ha3bIBaEMYIO NPSIMOM KoppessinnoHHoi dyHkuuei. [loncranoka (48) B (47) NpUBOAMT K HHTErPAIbHOMY YPaBHEHHIO
’ ’ ’ G q' " " ’ "
G (9)G(9')4(a.9') =G, (a.q )—%IQZ (a.9")4(a".q')dq" 49)
rae G, (qpq) =G, (ql’q)_Gl (ql)Gl (q) = Vg(ql’q) .

B npocTpaHCTBEHHO-OAHOPOIHOM COCTOSIHUN G, (q) =Vn u G, (q q') =G, (|q - q'|) , TaK 4TO B 3TOM CIIy4ae

g(lq—ql)zM : (50)

BBGHSI 00o03HaucHUE
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(208Gl .

n2 V2 2 >
HIPUXOAUM K YPaBHEHHUIO TSI IPSIMOIL KOppeHHLII/IOHHOI/I GbyHKIMH:
A(jal)= 4 (o)) 7] 7 (ja—a')4(la")dq’, (52)

koTopoe Obuto BBeseHO OpHiurteitnoM u Llepauke n3 pusnueckux coodpaxenuii [40,41]. BeiBog 3TOro ypaBHeHHs Ha
OocHOBe (hopMann3Ma BapHalMOHHBIX HMPOU3BOJHBIX B HECKOJIBKO MHOW (opme mpuseneH B [38,39]. YpaBuenue (52)
SBJIICTCS. OCHOBOM METOJa MHTEIPAIBbHBIX YPaBHEHUH B CTATUCTHYECKOM TEOPHU XKMJIKOCTEH. B Hero Bxomur nse

HEU3BECTHBIX (DYHKIINH: h(|q|) , CBsI3aHHAs ¢ OMHAPHOW KOppeysiMOHHON (yHKuuMel cooTHomenueM (51), u A(|q|) -

npsiMas KoppensiuoHHas GyHkuus. Pazymeercs, ogHoro ypaBHeHus (52) HEIOCTATOYHO JUIS HAXOXKIECHHUS 3THX JIBYX
¢ynkumid. Ecnm, onHako, M3 Kakux-aMO0 (QU3HMYECKMX COOOpaKEHHMH YAAeTCsi yCTAHOBUTH CBS3b MEXIY OTHUMH
(GyHKUMSMH, TO, pelas WHTerpalibHOe ypaBHeHue (52), MOKHO HaWTH Heu3BecTHyI0 (yHkuuto. OpHa M3 HamOonee
YIauHbIX aNMpoKCHMALHit Gbuta npesioxkena Ilepkycom u Hesuxom [42]:

A(jal) = gqql)[l exp AU (Ja])]. (53)

rac U(|q|) - NMOTCHIIMAJIbHAsA SHCPIrUs B3aHMOHeﬁCTBHH ABYX YacCTHuIl. OK&?)aJ'[OCI), YTO ypaBHCHHUC HepKyca-I/IeBHKa

UMEeT TOYHOE pelIeHHE JUIsl MoTeHnuana TBepablx cdep [43]. DddexTbl, 00ycIoBIEHHbIE NPUTATUBAIONICH YacThIO
MOTEHIIANIa MEXYAaCTUYHOTO B3aWMOIEHCTBUS, MOTYT OBITh YUYTEHBI II0 TEOPHUH BO3MYIIEHHWI, €CIHM ITOTEHIHAI
TBepIBIX cep paccMaTpHBaTh Kak TJaBHOe NpHOMKeHWe. Eme oqHOW MOMyJIApHOW anmpoKCHMAanueil sBIseTCs
ypaBHEHHE CBEpXIIeperUIeTalonxcs uemnei [39]:

() 5001 ). &
vn®

Metox npuOMMKEHHBIX HMHTETPANBHBIX YpaBHEHHH TONXYyYWI IIMPOKOE PACIpPOCTpaHEHWE, W Omaromapsi eMy ObuIH

JOCTUTHYTBI CYHICCTBEHHBIC YCIIEXHU B TCOPHUN PAaBHOBECHBIX CBOMCTB ITPOCTHIX )KHIIKOCTeﬁ. He}lOCTaTKOM YKasaHHOI'O

METOAa, B paMKaxX KOTOPOI'O IMOJYYCHO BIIOJHE YAOBJICTBOPUTCIHLHOC COBINAACHUEC C DOKCICPUMCHTAJILHBIMU NTaHHBIMU,

ABJAACTCA €ro HEAOCTAaTO4YHasA TCOPCTUYCCKas 000CHOBaHHOCTh | OTCYTCTBUC perﬂHpH%FO crocoba MMOCTPOCHUA

NpUOJIKEHHBIX HHTETPAIbHBIX ypaBHeHHi. boiiee neTanpHbIll BbIBOA ypaBHeHus [lepkyca-MeBuka ObIT MpeIoKeH B
pabote [44].

MOJEJIb CAMOCOI'TACOBAHHOTI'O I10JIsA
B mioTHBIX rasax u KUAKOCTAX TEPAIOT CMBICII HEKOTOPBIC NMOHATHA TCOPHUU PaA3PAXKCHHBIX ra30B, HAIIPUMED,
TaKHWE€ KaK IMapHbIC CTOJKHOBCHHUA U IJIMHA CBO60)1HOI‘O Hpo6era. B CUJIy O3TOr'0 MONBITKKW PaclpoOCTpaHUTh MOAXO/,
9 QEKTUBHBIA NPHU ONHMCAaHWH, Ta30B HA IUIOTHBIE CHCTEMBI [4] BCTpewyaercs CO 3HAYMTENbHBIMH TPYAHOCTSIMHU. B
OTJINYME OT ra30B, IJIe CTOJKHOBEHMSI YAaCTHI| PE/IKH, B XHIKOCTH OTIEJIbHAS YacTUIIA NOCTOSHHO HaXOJHUTCS KaK BO
BHEIIHEM IIOJIe, TaK M B HEKOTOPOM YCPETHEHHOM II0Jie, CO3[aBaEMOM OKpPY)KAIOIIUMK YacTHllamMu. Merton
CaMOCOTJIACOBAHHOTO TIOJS II03BOJISIET E€CTECTBEHHBIM CIIOCOOOM Y4ecThb 3TO 0OcTosTeNnbcTBO. Ilepexonm
MPUONVKEHUIO CaMOCOTIIACOBAHHOTO TIOJISI B KHHETHYECKOM YPaBHEHHH OCYLICCTBIACTCS IyTeM 3aMeHbl OMHApHOM
(hyHKIMK pacmpenelicHds Ha MPOM3BEACHUE OJHOYACTHYHBIX (YHKIWN pactpeneneHus. B manHoit pabore Oymem
paccMaTpuBaTh TOJIBKO PaBHOBECHBIE CHCTEMBI M (JOPMYIHPOBATH MOJIENb CAMOCOTJIACOBAHHOTO TIOJIS TAaK, YTOOBI yiKe
B 3TOM HPHOJIIDKEHUH BBIOJIHSUIUCH BCE TEPMOJMHAMUYECKUE COOTHOLIEHHS. Takol MoIaXox Ui KBaHTOBBIX (hepMu-
cucteM ObLT peanmu3oBad B [29,30], a st 603e-cuctem B [31,32,35].
YroObl y4ecTb HATMUUE CPEAHETO IMOJIsl, AeHCTBYIOMIETO Ha BBIJICJICHHYIO YaCTHILYy CO CTOPOHBI OKPYKAIOLIHUX e
qacTul, mpeacTaBuM KOH(bI/IpraLII/IOHHyIO OHEPIUro B BUAC CYMMBI IBYX CJIara€MbIX

U(‘]N):Q(QN)"'W(‘]N)a (55)
TAC BBCIACHA NOTCHIHAJIbHASA 3HCPIyd, BKIIOYHAIOMIASA KAK IMOTCHHUAJIBHYIO 3HEPIUI0 YaCTUIl BO BHCIIHEM IIO0JIC, TaK U
NOTCHIUAJIbHYTO SHEPIUIO U(q) YaCTUIIbI B ITOJIE, CO3/IaBa€MOM BCEMU APYTUMH YaCTULIAMU:

U(q)=U,(q)+U(q)+E,,
Uo(q)sv()(qjv)zi‘ﬁlvo(qi), U<q)50<qN>zi‘i10(q,.)

PasHOCTE MeXay SHeprueii B3anMOACHCTBHS YaCTHIl ¥ IOTCHIIMATBHON YHEPTHUEH B CaMOCOTIACOBAaHHOM IIOJIE APYTHX
YaCTHI]

(56)

W(q):UI (q)—U(q)—EO (57)
HA3BIBAIOT KOPPEJSIMOHHON sHeprueil. CaMoCOTIacoBaHHAS MOTEHIMAIBHAS SHEPIHS OXHON dacThisl U (q) u

napameTp E;, 3ajaroimuil ypoBeHb OTCYETa 3TON SHEPrHM, MOKAa HEM3BECTHBI U OyIyT ONpEleieHbl B JalbHEHIIEM.
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OTMeTI/IM, YTO YPOBEHbL OTCUCTa CaMOCOTJIaCOBaHHOM HOTeHL[PIaJ'ILHOﬁ OHECPrunu 4YacTulbl HE MOXCT OLITH
IMPOU3BOJIbHBIM, a HOJLKECH ONPCACIATLCA TakK, 4yTOOBI OBLIN BEIIIOJIHEHEI BCE TCPMOANHAMHNYCCKUE COOTHOILICHUS.

CoruacHo (22) u (55), BepoSITHOCTb 0OHApYXHUTh CHCTEMY N YacTHIl B TOYKE ()a30BOTO IPOCTPAHCTBA ( pN,qN)

3aIllMCBIBACTCA B BUJC

T 2m

wN(p,q)=expﬂ[e—ii—g(q>—w<q)+mv}. .

Eciu B (58) npeneOpedb KOpPEISILMOHHON SHEPrHUel, TO aHaJIOTHYHAasi BEPOSITHOCT B MPUOJIMKEHUH CaMOCOTIIACOBAHHOTO
noJist onpeaenutcs Gopmyioi

N 2
; 5 P
WN(p,q)=eXpﬂ{Q—Z%—Q(q)+uN}- (59)
i=1
OTKyga CllegyeT, YTO BEPOSTHOCTh OOHAPYXHUTh CHCTEMy M3 N OJWHAKOBBIX MOJIEKYJ B COCTOSHUH C HabOpoM
KOOpAMHAT ¢, = (q1 S | N) B IIPHOJIMKEHUH CaMOCOTTIaCOBAHHOTO OIS JlaeTcst popMyIioi
- exp| —AU (q)
D (q) = g , (60)
Oy

rie QN :jexp[—ﬁ(_] (q)}dq. BepostHocTh (60) MOXKET OBITH MPENCTaBICHA BUAE MPOU3BEISHHUS OJIHOYACTHIHBIX

N

ynxumii pacnpenenennss D(q) =[] F(q;), rae onHouacTiynas hyHKIMN pacpe/e/ieH st B MO CaMOCOTTIACOBAHHOIO
i=l1

T10JISI UMECT BU[,

F(q)=2" exp{—ﬁ[Uo (q)+c7(q)]} : (61)
1 HOPpMHPOBAHA YCJIIOBUCM
jﬁ(q)dq =V, (62)
TakK 4TO
2=V [exp{-B[U,(a)+U(a)]}dq. (63)

[Mapametp Q , Bxomsmmii B (59), kak OyJIeT BUIHO, HIMEET CMBICI OOJIBIIOTO TEPMOIHHAMUYECKOTO MMOTCHIIHAIA B
MOJIENIM CaMOCOTIIACOBAHHOTO MOJIS:

Q=E,-ThZ,. (64)
rae
L& N 2%
Zﬂ = Zeﬂ”NZN = exp(eﬁ” j\—3j . (65)
N=0
TIPAYEM 3/1eCh
. ()
7, =L (66)

B Mozenn caMocoriacoBaHHOTO MOJISL cpeaHue OT BesMurH (11) BRIUHCIIAIOTCS € TOMOLIBIO OTHOYACTHYHON (DYHKIUH
pacupenenenus (61):

(N, ; -
(4,), = Vel J‘a(ql,...,qx)F(ql)...F(qx)dql...dqs . (67)

Omnpenenennsie B (7) KOPpESIMOHHBIE (YHKIMH B MOJIEIH CAaMOCOIJIACOBAHHOTO IIONSI TAKXKE BBIPAKAIOTCS dYepe3
NIPOM3BEACHIE OJJHOYACTUYHBIX (QyHKIMI pacnpeeeH s :

GS(ql,...,qS)E<N>31i[ﬁ(qi). (68)

Cpe;[Hee YHUCJIO YaCTHUIl B JAHHOM HpI/I6J'II/DKCHI/II/I CBA3aHO C XUMHWYECCKHUM IMOTCHIIUAJIOM COOTHOIICHUEM
14
_ Bu
(N), ==5e™. (69)

[NoxaxeM, 9TO0 HOPMHUPOBOUHBIN mapamerp (2 B (59) melCTBUTENBHO SBIAETCS OONBIIAM TEPMOIUHAMHYECKAM
MOTEHIIMAJIOM B MOJENIH CaMOCOTJIACOBAHHOTO IIOJIS, 3HAas KOTOPBI MOXKEM OIpENeNHTh BCE TePMOIMHAMHYECKUE
XapaKTePUCTHKH CUCTEMBI. DHTPOIINS B 3TOM CIIydae uyepe3 BepOsSTHOCTH (59) onpenensercs: u3BeCTHOU (hopMyIIoit

5 - - dp,.d
S Z_Z_[WN (pNqu)anN (pNan)M'
N
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C yuerom (59) nmonmydaem MpaBUIBLHOE TEPMOJMHAMHYECKOE COOTHOIIeHHe Q= FE —TS — ,u(N ) o> T/€ TIOJIHASL SHEPI st

ABJIAECTCS CYMMOM KMHETUYECKON U MOTEHIUAJIbHOM 3Hepruil £ = K + <l_] (q)>0 , IpA4YeM

R=2rm, (), =5+ 0 @) 00 a

HUcnone3ys onpenenenue (70) u BoIpakeHHE Uik BEPOSITHOCTH (59), IPUXOJUM K cleayromieil (popMyJie Ui SHTPOIHU
B MOJIEIM CaMOCOTJIACOBAHHOTO N0

5:(N)O(E_EJ—WT%‘[F(q)InF(q)dq—(N)O Inz. (72)

Bropoe crnaraemoe B (72) sBisiercst onpaBkoi k ¢popmyie Cakypa — Terpomae [45] Ha MPOCTPaHCTBEHHO-HEOAHOPOIHOE
CaMOCOTJIACOBAaHHOE TIOJIE.

YPABHEHUE CAMOCOI'JIACOBAHHOI'O ITOJISA
JI0 CHX TIOp TOTEHIMANbHAS SHEPIHs YaCTHIIBI B CAMOCOTIACOBAHHOM Toe U (q) u napamerp E;, BBelICHHbIE
cooTHomeHusAMH (56), (57), octaBaiych HE ONPEAEICHHBIMUA. DHEPIuio E; ONpeneanuM U3 €CTECTBEHHOIO Ul TEOPUHU

CaMOCOTIJIaCOBAHHOI'O ITIOJIsA Tpe6OBaHI/Iﬂ, COCTOALIETO B TOM, YTOOBI cpeaHee Mo pacnpeacjiaCcHUIO (60) OT TOYHOM
KOH(i)HpraHPIOHHOfI OHEprun OBLIO PpaBHO Cpe€aAHEMY OT CaMOCOTJIACOBAHHOW ~ TTOTEHI[UAIBHOM OHEPrun

<U (q))o = <Q (q)>0 . B pesynsTare nomyuaem

£y =(U: (@), (0 (0)), (73)
Taxum 00pa3oM, TepMOANHAMHYECKHIH MOTEHIMAN (64) 3aMuIIeTcs B BUIC
~ ~ ZV 4,
Q=<U,(q)>0—<U(q)>O—TFeﬂ‘. (74)
31ech cpeHue 10 CaMOCOTTIaCOBAHHOMY COCTOSIHUIO TArOTCs (hopMyamu:
= (N), . 3
(U, (q)), :Z<Vsz‘;jU(ql,...,qx)F(q])...F(q_s)dql ..dq, , (75)
§=2 .
-~ (N)y o~ -
(U(a)), :TOJU(q)F(q)dq. (76)

Tepmonunamuueckuii norenman (74) spisercs: GyHKIUEH TeMIIEpaTypbl 1 XMMHUYECKOTO TIOTEHIIMAIA U (PYHKIIHOHAIOM
OT MOTEHIMANIa CAMOCOIIIACOBAaHHOTO oA (2 = Q(T, Y7 (q)) . YpaBHEHHE, ONPENENAIOLIEE IIOTEHIINAT CAMOCOITIACOBAHHOE

none U (q) , HaliieM 13 TpeOOBaHMS PaBEHCTBA HYJIIO BAPHALMK TEPMOANHAMHYECKOIO MOTEHIMANA TT0 CAaMOCOTIACOBAHHOMY

momto 0Q=0. Cnemyer yd4ecTh, YTO Bapualnus (QYHKIHH pacupeeiicHHs CBs3aHa C BapualMeldl MOTEHI(Maaa

COOTHOIIIEHHEM
5F (a) =~ F ()~ AF (a)0 (a), (77)
npHYemM
Z _é ~ ~
<= [7(a)5U (a)dq. (78)
C yuerom, Toro uto §(N) /(N), = 6Z/Z , naxomm
~ z N ~ ~ ~
80 (q)=-T(N), Z- s V>° [0 (a)F(a)50 (a). (79)
Bapualius 0T SHeprHH MeKYaCTHIHOTO B3aMMO/ICHCTBHS:
= (N) e, 8
5<U, (q))o = —ﬁ’z‘%J‘U(ql,...,qs)é'U(q])F(q,)F(qz)...F(qs)oz’qI ...dq, . (80)

Taxum 00pa3oM, Bapranust OOIBIIOr0 TEPMOAMHAMUYECKOTO MTOTEHIIHANA 3aIMCHIBACTCS B BUC

. = (NY - . . . NY . . .
50 =—ﬂ2%w(q],...,qx)5U(q1)F(ql)F(qz)---F(qS)dql ...dq, +ﬁ%IU(q)F(q)5U(q) . @D
5=2 — 1)
IIpupaBHUBas 3Ty BapHaLMIO HYJIIO, HAXOJIUM COOTHOILICHHE, ONPEEISIONIEe IOTEHIUAJ CaMOCOTIaCOBAHHOTO I0JIS C
YYETOM MHOTOYACTHUUHBIX B3aUMOJICHCTBUI:
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U(q)=iﬂIU(q 4,.-.9,)F(q,)...F(q,)dq,...dq (82)
2y N TN 5 ). .)dq,...dq, .
[TpuanMas Bo BHUMaHue omnpeaerneHue (73), Haxoaum
= (N) (s-1 - 8
E, :—Z%J‘U(ql,...,qs)F(ql)...F(qs)dql...dqs | 83)
§=2 .

Crenyer mnoguepkHYTb, uTO THpu mnonydeHun ¢opmyn (82) u (83) MBI He HCHIONB30BANM MEpexXo] K
TEPMOAMHAMHUYECKOMY Tipeneny V — oo, (N )0 — 0 TpH (N ) 0 / V' = const . [TockonbKy (GyHKITHS pacipeeicHus CBsi3aHa

¢ NOTeHLMANbHON dHeprueil camocornacosantoro momst F(q)=2" exp{—ﬂ [Uo(q)+0 (q)}}, 10 m3 (82) cnemyior

WHTErpajbHbIC YPaBHEHMS, ONPEIEIIAIOMNE MO0 OTSHIMAIBHYIO SHEPTHIO CaMOCOTIIACOBAHHOTO MO, IEHCTBYFOLIETO
Ha JacTully, 1100 GpyHKIMIo pacnpenencHus. Tak 1yt GyHKIMH pacipeneNeHrs IMEeM HHTETPaIbHOE YpaBHEHHUE

< >sl

lnﬁ(q):—ﬂUO( —Inz- 'BZV” IU 4.9, .. ,qs)l:"(qz)...ﬁ(qs)dqz...dqs—
(34)

=~pU,(a)~Inz-p{n), [U(q.q)F (q’)dq’-%flf (a.9-9")F(a)F(q")dq'dq’ -

e (n), ={N), /¥

Beimie ObutH MosTy4eHs! BIpaKeHUs i1t uucia gactull (69) u suTponuu (72) ¢ MOMOILIBIO ONPEENICHHsT CPEAHUX
yepe3 BeposTHOCTH (59). Beuto mokasano, yro mapamerp (), BXOAsAIIMH B ompeneneHue BepositHocTH (59), nmeer
CMBICIT OOJIBIIOr0 TEPMOAWHAMUYECKOTO noTeHnmana Q=FE—-TS — y(N > o+ UT00BI yOenuThCs B HEMPOTUBOPEIMBOCTH
MOJIETIH CaMOCOTIIACOBAHHOTO OIS, HA0 MTOKA3aTh BBIMOJIHIMOCTh TEPMOANHAMUYECKIX COOTHOILICHNH B paMKax 3TOH
Mogenu. st 3Toro HeoOXoauMO yOEIUTHCS, YTO YHCIO YacTUI[ M SHTPONUS, HAMICHHBIE W3 TEPMOAMHAMUYIECKUX
COOTHOILIEHUH <N >O = —6(2/ oun S= —6Q/8T , COBIIAAYT ¢ BeIpaXEHUsIMU (69) u (72), MOIyYEHHBIMH C TIOMOIIBIO
MIPAMOTO YCPEAHEHHs. DTO JEHCTBUTENIBHO TAK, OCKOJBKY CaMOCOTJIACOBAHHOE TI0JI€ OBIJIO OMPEAEIEHO U3 YCIOBHS
59/ oUu (q) =0, Tak yto mpu AupHepeHINPOBAHNN TEPMOAMHAMUYECKOTO MOTEHIMAaIa HEe CIeAyeT MPUHUMATH BO
BHHMaHHE 3aBHCHMOCTb OT XUMHUYECKOTO MOTEHNINANa U TEMIIEPaTypbl CaMOCOTJIACOBAHHOM MMOTEHIMAIBHON 3HEPTHU.
Takum 00pa3oM, BBIYKCIIEHHE SHTPOIMH M YMCIIA YaCTHUIl KaK TIOCPEIICTBOM yCpeIHEHHs ¢ (DyHKLUeW pacrpeereHus
(59) Tak u ¢ MOMOUIBIO TEPMOJIUHAMHYECKUX COOTHOIICHUH JJAeT OJMHAKOBBIE pe3ybTaThl. [Ipy KOppeKTHOM BBIOOpE
SHepruu E,; Kakux-1100 NpOTUBOPEUi IPU CTATUCTUYECKOM OIIMCAHUU CUCTEM B MOJIEIM CaMOCOIIACOBAHHOIO IO,

0 KOTOPBIX yIIOMHHAETCA B [28], HE BO3HHUKAET.

TEOPUSA CAMOCOI'JTACOBAHHOI'O ITIOJIA
JIJISI TIAPHOT' O B3AUMOJIEMCTBHUSA

[TonydeHnsle B TNpenpLIymieM pasjielie COOTHOIICHHS TEOPHUH CaMOCOTJIACOBAHHOTO MOJS CIIPABEUIMBBI JUIS
KOH(QUTYPAllMOHHOW 3HEPrHH MPOHM3BOJBHOTO BUJA, YYUTHIBAIOIICH MNapHbIe, TPEX4aCTHYHbIE W 0ojiee BBICOKHE
B3aUMOJICHCTBYS, KOTOPbIE MOT'YT OBITh CYLICCTBEHHBIMH JUISl IUIOTHBIX CHCTEM U JIaBaTh HE TOJBKO KOJIMYECTBEHHBIH
BKJIaJ B TEPMOJMHAMUYECKUE BEIMYHMHBI, HO IPHBOIUTH K KaYECTBEHHO HOBBIM d3()(pekTaM. BinsHue TpexuyacTHYHBIX
CHJI Ha TEPMOJJMHAMHYECKNE CBOUCTBA (hPePMH-CHCTEM B PAMKaX MOJAEIH CaMOCOTJIACOBAHHOTO TIOJIST PACCMOTPEHO B [46].

[MoreHupanbHas 3HEPTHs MEKYaCTHYHOTO BsaHMoz(eﬁCTBm MOXKET OBbITh IPEACTaBJICHAa B BHIE CyMMbI NapHOTO,

TPEX4aCTHYHOTO M 00JIee BEICOKUX B3aUMOJICHCTBHIA: U ZU , TIe

U (q) =~ i U(g,..q,)- (85)

s! (iy#iy #..i, =1)
Yare Bcero paccMaTpuBaloT B3aUMOACUCTBHSA, P KOTOPHIX MOTECHIIMATBHAS YHEPTHS 3aBUCHUT TOJIBKO OT PACCTOSHUS

MEXIY YaCTULIAMHU, U OTPAaHUYMBAIOTCS TOJIBKO MAapHbIM B3auMoencTBreM U (q 4, ) =U (|q ;—q; |) . Bkiman B3aumopencTBuit

OoJiee BBICOKOTO MOPSIKa, OOBIYHO, HE PACCMATPUBACTCS, XOTS YYeT TPEXYaCTHYHBIX M BBICHIIMX B3aUMOJCHCTBHM
MIPOJOJDKAET OCTaBAThCS AKTYaJIbHON MPOOJIeMON CTATHCTHYESCKOH (DU3HUKH.
[Ipu y4geTe TOIBKO MapHBIX B3aNMOACHCTBHA cooTHOIEHMS (82), (83) 3anmmryTcs B BUIE

J(a)=(n), [U(la-a,[)7(a,)dq,, (86)

(),

== [0 a0 ) Pl da o, (8”
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a ypaBHeHI/Iﬂ JJIA (l)yHKL[I/II/I pacnpeaeneﬂm{ " CaMOCOI'JIaCOBAHHOTI'O ITOJIA HpI/IHI/IMaIOT BU
InF(q)=-pU,(q)-nz-A(n) [U(ja-q')F(q')dq’, (88)

0(a) =L, [U(la-a)exp (=AU, (a)+0 (@) ]} da’, (89)

e Z=V" Iexp{—ﬁ [UO (q)+ U (q)]} dq . AHanorn4Hele ypaBHEHHsI UCIIOJIb30BAINCH BHadasie Biacoseim [10,12], a

mo3xe B padoTax [23,24], 11 MOCTPOCHUS TCOPUH KPUCTATITUICCKOTO COCTOSIHUS.
Oco0eHHO MPOCTO# BUJI COOTHOILEHHSI MPHOOPETAIOT B OTCYTCTBHE BHEIIHETO TIOJISI B IIPOCTPAHCTBEHHO-0THOPOTHOM

ciyuae. Torma F(q)=1, Z= exp(—ﬂU) u

2
0:_<]2VV>0 .\ ~=<A;>OU1, (90)
Trac
U, =[U(q)dq=47[U(q)q’dg . 1)
0
B sToM ciiyyae TepMOAMHAMUYECKUI OTEHIMAI
~ (V)
Q=-T(N),-U, T 92)
T/ie CpeAHee YUCIIO YaCTHUI] (N > 0= (V/ A® ) exp f ( u-U ) , @ IaBIICHHUE OIIPEeIUThC (HopMyIon
Q U (n),
p==g=(n), T+—". o9
dopmyna I SHTPOIUHN IPHHUMAET BU
§ {Lﬁj{z\r) +U (), . (94)
2 )V Tyt

Bropoe cnaraemoe B (94) maeT mompaBKy Ha MEXYaCTHYHOE B3auMozeucTBHe Kk ¢opmyne Cakypa-Terpome s
useanbHoro rasa [45].

@opmyisl (93), (94) MO3BONSAIOT pacCUUTATh TEIUIOEMKOCTH IIPU IOCTOSIHHOM o0beme C, = T(@S/@T)V<N> u

NOCTOSHHOM Aasnennu C, = T(&S:/@T) )
P,

G =3 63~ ek

Kak BuanM B ImpHONMIKEHWH CaMOCOTJIACOBAHHOTO ITOJSI TETNIOEMKOCTH IPH NOCTOSHHOM OOBbEME Takas ke, Kak B
UACAIBHOM Ta3e, a TEINIOEMKOCTh NPH MOCTOSHHOM JaBJICHHH 3aBUCUT OT B3aUMOJEHCTBHs MexIy dactTuuamu. Kak
M3BECTHO U3 TEPMOAMHAMUKH [34] pa3HOCTH TEIUIOEMKOCTEN

e M,
" 1+ BU, (),

JOJDKHA OBITh MOJNOKUTENBHOM. DTO BHIONHsETCA IIpU yeinoBuu 1+ SU, (n)o > 0. B wacTHOCTH, €cii B MEXIACTHIHOM

(95)

(96)

B3aMMOJACHCTBHN IPE00IafnaloT CHIBl OTTAJKMBaHMA, Tak 4to U, >0, TO maHHOE YCIOBHE BBIIOIHEHO IIPH
MIPOM3BOJILHBIX THIOTHOCTSIX U TEMITEpaTypax.
2 -1 2 -1
AHaJIOrMYHO MOT'YT OBITh PACCUMTAHBI aquadaTudecKas u, =m (ap/ an)g U U30TEpMUYECKAs U, = m (8p/ 8n)T
CKOPOCTH 3BYKa:
T(5 T
2 _ 2 _
ua—; §+ﬂU1<n>0 , uT—Z(1+ﬂU1<n>O), 97

Ie O - SHTPONHS €AWHHUIBI Macchl. OOpaTM BHHMaHHE, YTO OTHOLIEHHE TEINIOEMKOCTEH M KBAJPaTOB CKOPOCTEH
3BYKa OJIUHAKOBO:

24pU, (1),

-3 (98)
1+ U, (n),
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U, B OTJIMYHE OT Clydas MJAEANbHOIO ras3a, 3aBUCUT OT TEMIIEPATYphl, BO3pacTas C INOBBIIEHUEM TEMIIEPATyphl OT
enunuuel npu I << U, <n>0 10 5/3 npu T >>U, <n>0

Ha manbIx paccTosHMSX, KaK U3BECTHO, MEX/Iy YacTUI[AMH MMEET MECTO CHIIbHOE OoTTajKuBaHue. [loaTomy muis
MOJCNBHBIX MOTEHLHWAJIOB, HalpUMep, Takux Kak noteHuuan JleHHapna-/[xoHca, KOTOpbIE OBICTPO BO3pacTalOT Ha
MaJlbIX pacCTOSHUAX, HHTErpa (91) pacxomurcs. T0 00CTOSATENBCTBO, B YACTHOCTH, SIBJISUIOCH OHUM M3 apI'yMEHTOB B
MIOJIB3Y TOTO, YTO MOJETb CaMOCOTJIACOBAHHOT'O ITOJISI HENPUMEHHMA JUIsl OIMCAHUS KJIACCHYECKUX MHOT'OYaCTHYHBIX
cucreM. Hampumep, B kuure [23], KoTOpas IMOCBSIICHA ONMCAHUIO KPUCTALTMYECKHX CHCTEM B paMKaxX TEOpUH
CaMOCOTTIACOBAaHHOTO MOJIS, YTBEP)KAACTCS, YTO JAHHBIH IOIXO0J HEPUMEHHM K ONMCAHMIO JKHIKOCTEH M MepexoioB
KPUCTAIII-)KUIKOCTB. O‘IGBI/IJIHO, 4TO TEOpHdA, KOTOpasd OMNHUCBIBAECT COCTOAHHE C HapymeHHoﬁ TpaHCHHHI/IOHHOP’I
CHMMeTpHeﬁ, HO HEIIpUroJHa Ijid OnHCaHUud CUMMCETPUYHOTO COCTOSAHHSA, HE MOXKCT CUUTATLCA HOCHeHOBaTeHBHOﬁ.
OnHako B AEHCTBUTEIBHOCTH, HAa HAI B3IVISI, OTCYTCTBYIOT YOEOUTENIbHBIE apryMEHTBHI B TOJIB3Y YTBEPIKACHHS O
HEIPUMEHUMOCTH TEOPHU CaMOCOITIACOBAHHOT'O MOJIA K IPOCTPAHCTBEHHO-0JHOPOAHOMY COCTOSIHUIO.

OTMeTHM, YTO HCIIOJIb30BaHKME MOTEHIUAJIOB, OBICTPO CTPEMSIIIMXCS K OECKOHEYHOCTH Ha MaJbIX PacCTOSHHSX,
O3HAYaeT, YTO aTOM WJIM JApYyras CIO)KHas YacTHIa COXpaHSET CBOIO MHIWBUAYaJbHOCTH NPHU KaK YTOJHO BBICOKHX
JaBIeHUSX. MeXIy TeM OYEBHIHO, YTO JIOJDKHO CYIIECTBOBATH HEKOTOPOE KPUTHYECKOE IaBJICHHE, IPHU KOTOPOM
aTOMBI COJM3ATCS HACTOJNIBKO, YTO OYAYT «Pa3aBieHbI» U HMOTEPSAIOT CBOK MHIMBHAYaITEHOCTh. [109TOMY TpeOoBaHme
aOCOJIIOTHOM HEMPOHUIAEMOCTH YacTHI] NPH Kak yromgHO OONBIINX NaBICHHSAX SBISETCS H3JIMIIHE >KECTKHM H
HeU3MYECKUM U, BEPOATHO, OoJiee IPaBUIIBHO UCIIONB30BaTh IOTEHIUANIbI, CTPEMAIINECs K KOHSUHOMY 3HAYSHHIO IIPH

MaJIbIX PaCCTOSTHUAX. OTMeTI/IM, 4qToO C HCO6X0,Z[I/IMOCTBIO BBIYNCIICHUS UHTETpaIa JU(V)dl’ TIPUXOOUTCS CTAIKUBATHCA

TIpH BBIBOJIE W3BECTHOTO ypaBHeHHA [pocca - [IuTaeBcKoro, MHPOKO HCIIONB3YEeMOTO B HACTOAIIEC BpeMs MpH
ONMCAaHNH aTOMapHBIX 003e-3MHIITEHHOBCKUX KoHAeHCATOB [18,19]. B 3TOM Ccityyae maHHBII HHTETpA, pACXOISIIIHNACS
I71 TIOTeHnuanoB Tuna JlemHapa-J/IKoHca, 3aMEHAI0T KOHEUHOW BeMTHMYMHON — JIMHOM paccesHHs a, O (opmyie

e}
aO:(m/hz)JU (r)r*dr, urto mO-CymleCTBy O3HaYaeT MCIIONB30BAHME IIOTCHIMANIOB, HEe OODAIAIOLIMXCS B
0

0OCCKOHEYHOCTh HA MalbIX paccTosHusx. Ciemyer, OIHAKO, OOpaTHTh BHHMAaHHE, YTO TPHUBEACHHAs (GopMysa st
JUTMHBI PACCESIHUS CIIPABEIIMBA TOJEKO B OOPHOBCKOM MPHUOIDKECHHUH, YCIOBHE MPUMEHHMOCTH KOTOPOTO, OOBIYHO,
JUISL PEaTMCTUYCCKUX MMOTCHIIMAIOB HapymaeTcs. Heo0XoMuMo Takke OTMETHTh, YTO KBAaHTOBO-XUMHUYECKUE PACUCTHI
MPUBOJAT K MOTEHLIMAJIaM C KOHEYHOW BEJIMUMHOM sHepruu B Hyje [30,31].

TEOPUS BOSMYIIIEHU I

[TpubamxeHne caMocoriacoBaHHOTO TI0JII €CTECTBEHHO HCIIOJIb30BaTh B KaYECTBE IVIABHOTO NPHONMKEHUS UIs
TIOCTPOCHHS TEOPHH BO3MYIIEHHH. B 3TOM cityuae poiib BO3MYIIEHHUS] UTPAET KOppessioHHas sHeprust (55), kotopas
npeAcTaBiIsieT co0oi  pPa3HOCTh MEXIy TOYHOW DSHEeprueil B3aUMOJAEHCTBUS W OJHEpPrued YCpeAHEHHOW IO
CaMOCOTJIACOBAaHHOMY COCTOSIHHIO. B OTiMuMe OT TeopuM BO3MYILIEHHUH, KOTOpash CTPOUTCA 110 BEJIMYHHE
B3aUMOJICHCTBUS, JaHHAs (POPMyNIMpPOBKa TEOPHHM BO3MYILIEHHH MOXKET OBITh NMpPHMEHMMa M B TOM ciydae, Kornaa
B3aNMOJEHCTBUE HE SBISIETCS CIAOBIM, a TNIOTHOCTH YMCIIAa YACTHI HE SBISETCS Manoi. TepMoauHaMHU9IecKasi TeOpHs
BO3MYIIICHUH, OCHOBAHHAsI Ha TPUOIIDKEHIH CaMOCOTIACOBAHHOTO TIOJISA, B HHOW (POPMYIHPOBKE, aHAJIOTHYHON TOM,
KOTOpas npuBeieHa B kaure [34], Oputa passura B [49].

Tounas (58) u MmonensHast BepoATHOCTH (59), 00HAPYKUTH CHCTEMY B COCTOSHUH C YHCIOM JacTuil N U HaGopoM

HMIIYJIBCOB p, = (pl se--»Py ) M KOOPIMHAT g, = (ql yeeesQy ) , CBA3aHBI COOTHOILIEHHUEM

Wy (Pysy) =Wy (Py-dy ) oxp B(Q—Q)exp[ B (q,) ] 99)
Dta (l)OpMyHa MO3BOJIACT NEPEXOAUTH OT YCPEAHCHUS I10 TOYHOH BEPOATHOCTHU, K YCPCAHCHUIO C BEPOATHOCTHIO B
MOJACIN CaMOCOIJIaCOBAHHOI'O ITOJIA. s YCI0BUSA HOPMHPOBKHU CJICAYCT CBA3b MCIKAY TOYHBIM U HpI/I6fH/DKeHHLIM
TEPMOJANHAMHUYCCKUMHU IMOTCHIIAIaMU

Q=Q-Tho, (100)
rae

0= (exp[ B ( )]) (101)
IIpencraBum 3Ty BenuuuHy B Bujae O = exp[—ﬂ <W( )> J( 5) rae

<exp[—ﬂW(q)]> —CXP[ ﬂ( (4 )>]

= . (102)
exp[ ]
Torna repmonnnamudeckuii moteHuan (100) mpumer Bug
Q=Q+(W) -Thn(1+&), (103)

B cuny uzBecTHOrO HepaBeHcTBa [23]
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<exp[—ﬁW(q)]> > exp<[—ﬂW(q)]> , (104)

3akirouaeM, uto £ >0 wu, cienoBaTenbHO In (1 +¢& ) >0. Takum oOpa3oMm, mMoNTy4aeM H3BECTHBIM BapHAIMOHHBINA
npuHuun boromo6osa [50,51], narommii OIeHKyY 111 TOYHOTO TEPMOANHAMUYECKOTO ITOTEHIIAIa
e
Q<Q+(W),. (105)
OTO HEpPaBEHCTBO CHPAaBEUIMBO MPH IMPOM3BOJILHOM pa30OMEHHH KOH(HUIYPalIOHHOW JHEPrHMH Ha JBa CllaraeMbIX
U(q)=U(q)+W(q).OrMernm, 9T0 15t KBAHTOBOTO CIlydast JOKA3aTe/I5CTBO STOTO HEPABEHCTBA IIPHBECHO B [51], a
B OoJiee KOMIAKTHOM oniepaTopHOi popme — B [50]. IlockombKy B MOEIH CAMOCOTIIACOBAHHOTO OIS KOPPEISIIIMOHHAS
SHEpPrus onpezesieHa Tak, YTo <W>0 =0, To B 3TOM ciydae u3 (105) umeem
Q<Q. (106)
Takum o6pa3oM, TepMOAWHAMHYECKHH MOTEHIMAT B MOJIEIH CaMOCOTJIACOBAHHOTO TOJS Bcerja Ooiblie TOYHOTO
TEPMOAMHAMUYECKOTO IOTEHIMANA. 3aMEeTHM, 4YTO OOBIYHOE OIpEeAeIeHHe OJHTPONUH W TEIUIOEMKOCTH MO

TEPMOJIMHAMHYCCKOMY TOTCHIIMATY, BBIYMCICHHOMY C ITOMOIIBIO BapUAIlMOHHOTO HpuHIMNa boromo0OoBa, B obIiieM
cy4yae He BCerJa MPUBOJUT K MPaBUILHOMY pe3ysbTaty [52]. Eciu xke TepMOAMHAMUYECKUN MOTEHIMAN PACCUUTAH B

MO/IE/IM CaMOCOITIACOBAHHOTO OIS, KOTOPOE OIPEENICHO, KaK 3TO OBUIO CAETAHO BBIIIE, U3 YCIOBHS 5(2/ 5U(q)=0, 10

BCC TCPMOAUHAMUYCCKUE BEJIMYUHBI MOT'YT OBITE KOPPEKTHO BBIYHMCJICHBI 10 TEPMOJANMHAMNYCCKOMY IMOTCHIHATY CUCTCMBI.
Bocnons3oBaBmmch OpeACTaBICHUEM SKCIIOHCHTBI B BUJIC psjid, IOJydaeM

@=1—ﬂ<W1q»O+€%@V%q»o—§%QV%q»+”“ (107)

Iockonbky 3Heprus E, Haxogunaach U3 TpeOOBaHUs <W(q)>0 =0, to dakruueckn paznoxenue (107) HaunHaercs c

KBaIPpATUIHOI'O CJIaraéMoro, Tak 4To IJ1aBHOM SIBIISCTCS KBaJipaTU4iHag HOIMpaBKa I10 KOppeJ'IHIIHOHHOfI OHCPIrUu. B
9TOM HpI/I6J'II/I)KeHI/II/I TepMO,Z[I/IHaMI/I‘ICCKI/Iﬁ IOTCHI Al UMECT BHU

— 0O IB 2
Q—Q—E&W(ﬂh. (108)
B cootBerctBuu ¢ (106), mompaska BTOpOTo Mopsiika Bceraa oTpuliatenbHa. Pacdyer cpennero B (108) maet:
NY,
w? = <_0 I. (109)
(w2 (@), =5

C yuerom HaiinenHoi nonpaeku (109) u Gopmynst (92) nosydaem MogHbIH TEPMOAMHAMUYECKHH MOTEHIIUAI C Y4ETOM
MIOIIPABKH BTOPOTO MOPSAKA

!2:—£ﬁQQIZ—T<N>O—£ﬁQQI. (110)
2V 4TV

B (109) u (110) ucnons3oBaHbl 0003HAYESHHUS:

1 " ~ ’ ' 1 Ay~ o 2 '
E;jU%%qﬂﬂqﬂﬂqﬁmmL IQE;IUGLqV%qV%q)qu- (111)
[ockonbky p =—CQ/V , TO B 3TOM e NPUOIMKEHUN HAXOAMM (OPMYITy [UIsl TABICHHS
T(N), 1Y),
= I +— 0 112
P="y +(2+2T]2V2 (2

Eciu BBecTH XapaKTEpHBIN pajuyc AeHCTBUS MEKYACTHYHOTO NIOTEHIMANA 7, U, COOTBETCTBEHHO, XapaKTepHbI 00beM

b=167xr, /3, TO TIPU BBIIOJIHEHUH YyCIOBUS b<<nE<N )0 /V ypaBHerne (112) moxer ObITh 3ammcaHo B (Gopme

ypaBHeHUs cOCTosHMA BaH-nep-Baanbca (p +an® ) (1—bn)=nT ,rne a=bT—1,/2—1/AT [49].

BbIBO/IbI

B pabote MeTon KOppeIsIIMOHHBIX (YHKIMI B MPEICTABICHIN OOJBIIOr0 KAHOHMYECKOTO aHCaMOIIst c(hopMyIHpOBaH
C y4YeTOM J[CHCTBYIOIIETO Ha OTICNIBHYIO0 MOJEKYJy CPEIHEro IOJs, CO3aBacMOI0 OKPY’KAlOUIMMH YacTHIAMHU, U
MIOCTPOEHA TEOPHs BO3MYILEHHUI Ha OCHOBE BHIOOpA B KAUECTBE TIIABHOTO MPUOIMKEHHSI MOJIEIIH CAMOCOTJIACOBAHHOTO
nomst. IIpemnoskennyo (GOpPMyITHPOBKY METOA €CTECTBEHHO HCIOIb30BaTh I OMUCAHMS CHCTEM C HE MAalloH
IVIOTHOCTBIO U HE CIa0bIM MEXYaCTHYHBIM B3aHMOJACHCTBHEM, TAKMX KaK IUIOTHBIE Ta3bl M XKHUAKOCTH. MeTon
CaMOCOIJIACOBAHHOT'O TOJIS JUISI KIIACCHYECKUX CHCTEM C KOPOTKOJEHCTBYIOIIMM B3aUMOJICHCTBHEM MEXIy YacTHLAMHU
B cBOe BpeMs pa3BuBaiics BrnacoBeM [10,12]. OgHako oTpHIaTebHOE OTHOIIEHHE K IPUMEHEHHIO 3TOTO MOAX0a AT
HEKYJIOHOBCKHMX CUCTEM HEKOTOPBIX BeAyuX (U3MKOB [11] cyIiecTBeHHO 3aTOPMO3HIIO €ro AaibHeHIee pa3BUTHE.
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B mioTHBIX cpepax Kakaas 4acTHIA MOCTOSHHO B3aMMOJIEHCTBYET ¢ OOJBIIMM YHCIOM APYTUX YaCTHII, TOITOMY
TaKhe TOHATHS KakK JUIMHA CBOOOJHOTO Mpodera W MapHble CTOJKHOBEHHUS, UCIIOJIb3yEMble B KHHETHYECKOW TEOpHH
ra3oB, HENPUMEHHMBI K JKHJIKOCTSAM. HampoTwB, mpelcTaBieHHE O CaMOCOIJIaCOBAaHHOM IIOJIE XOPOILO OTpaXkaeT
peanbHyI0 (QU3NYECKYI0 CHTYAIMIO B IUIOTHBIX cucTeMax. Kpome Toro, mpuOIMKeHHBIH yueT B3aUMOJAEHCTBHS MEXKIY
YaCTHIAMH B MOJIEIIM CaMOCOTJIACOBAHHOTO TIOJIS TTO3BOJISIET B MPHHIIUIIE ONMCHIBATH (Pa30BBIC MEPEXOBI YK€ B 3TOM
MIPUOIIIKEHNH, KOTOPOE MOKET OBITh IPUHATO KaK TIaBHOE MPUOIIKEHUE TEPMOIMHAMHYECKOH TEOPHH BO3MYIIICHUH
[49]. TIpemmaraeMbrii MOAXOJ TaKKe MOXET OBITH 3((EKTHBEH NPH OMHUCAHUU CHCTEM OONBIIOrO YHCIa YacTHIl B
IIPOCTPAaHCTBEHHO-HEOAHOPOAHBIX YCJIOBHSX, HAIpPUMEpP, BOJIM3M MOBEPXHOCTH WM TPAHUIBI C TBEPABIM TEJIOM.
BaxHbpIM SBISIETCST M TO, YTO B pPaMKaX METOAa CaMOCOITIACOBAHHOTO IOJIS TOMHMO TAapHBIX B3aHMMOJCHCTBHH
€CTECTBEHHBIM 00pa3oM yUYHTHIBAIOTCSA TPOWHBIE M 00Jee BHICOKHE B3aUMOICHCTBHUS, KOTOPBIE BHOCAT CYIIECTBEHHbIH
BKJIaJ] B TEPMOJMHAMHUYECKHE CBOWCTBA IUIOTHBIX cHCTeM [23,46], U y4eT KOTOpPBIX OKa3bIBaeTCs HEOOXOAMM IS
00OBSICHEHUsI HEKOTOPBIX HAOJI0IaeMbIX (P PEKTOB.
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The paper presents formulated requirements to disedgnamic device designed for working substanedirfig into the ionization
zone of plasmas facilities. The role of geometrfaators in formation of a supersonic flow is detered, as well as, the role of gas-
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BUBIP PEXKUMY BUTIKAHHS FA3Y Y BAKYYM I KOH®IT'YPAIIl ®OPMYIOUOI'O EJTEMEHTY J1JI OJAYI
POBOY0i PEUOBUHH B IVIA3MOBMHI OF' €M
10.B. KoBTyHn, O.M. O3epos, € 1. Ckidenko, B.b. IOdepos
Hayionanenuii naykosuii yenmp «Xapkiecokuil (i3uKo-mexHiuHuLl iHCIumym»
eyn. Axademiuna 1, Xapxie, Yxpaina, 61108
VY poboti chopMysIbOBaHO BMMOTM A0 Ta30JMHAMIYHOIO IPUCTPOIO, NMPU3HAYCHOMY JUIS BBEAEHHS POOOYOI PEUOBMHHM B 30HY
ioHI3alii MIa3MOBUX OPHUCTPOiB. Bu3HaueHO poiib reoMerpudHuX (GakTopiB y (opMyBaHHI HAI3BYKOBOTO IIOTOKY, @ TaKOX
ra3ofMHaMidYHUX (aKTOPiB y [JOCSITHEHHI HEOOXiZHUX MapaMeTpiB 3a MexaMd (OPMYIOUOro ejeMeHTa. PO3MISIHYTI YMOBH
MiHiMi3anii KIacTepu3arii ra30JHHaAMIYHIX [TOTOKIB IPU BUTIKaHHI B BAKyYM.
KJFOYOBI CJIOBA: mia3ma, cormio, HaJI3BYKOBHH MOTIK, BAaKyyM, KJacTep

BbIBOP PEXKUMA UCTEUEHUS T'A3BA B BAKYYM U KOHOUT'YPAIIUU ®OPMUPYIOLIEI'O SJIEMEHTA IJIA
MOJAYH PABOYEI'O BEILECTBA B IINTASMEHHBINA OFbEM
10.B. KosTyH, A.H. O3epos, E.N. Cxubenko, B.b. IOdepos
Hayuonanvnvuii nayunsiii yenmp «Xapovkoeckuii pusuko-mexHuiecKutl UHCmumym»
yi. Akademuueckasn 1, Xapvros, Vkpauna, 61108

B pabote chopmynupoBanbl TpeOOBaHUSA K Ta30AMHAMHUUECKOMY YCTPOUCTBY, IpeAHa3HAYCHHOMY AJIs BBOJA PabOYero BElIeCTBa B
30HY MOHM3ALMH IUTa3MEHHBIX YCTaHOBOK. Ompe/eseHa poiib reOMeTpHYeCKUX (PakTopoB B pOPMHUPOBAHMU CBEPX3BYKOBOIO IIOTOKA,
a TaKKe Ta30JIMHAMUYCCKUX ()AKTOPOB B JOCTHIKEHHH HEOOXOIMMBIX IapaMeTpOB 3a MpeneiamMd (HOPMHUPYIOMIETO 3JICMEHTA.
PaccMOTpeHBI yCIoBUsI MUHHUMHU3AIMN KJIACTEPH3ALUH T'a30IMHAMUYECKUX TIOTOKOB IIPH UCTCYCHIH B BAKYYM.

KJIFOUEBBIE CJIOBA: mia3zMa, comuio, CBepX3BYKOBOMH MTOTOK, BaKyyM, KJIacTep

WseectHo [1-13], 4TO CBEPX3BYKOBBIE Ta30JMHAMHUYECKHE TOTOKM WM CTPYH HAXOIAT JOCTATOYHO IIMPOKOE
NpUMEHEHHE B PasIMYHBIX pasjeiaX HAyuyHOro (U3MYECKOrO OSKCIIEPUMEHTA M €ro PasiM4HbBIX IMPAKTHYECKHX
npuMeHeHusx. Hanpumep, B GU3HKe aTOMHBIX M 3JIEKTPOHHBIX CTOJKHOBCHHM B KAYeCTBE MHUIICHEH sl TIepe3apsiaKu
HOHHBIX TyukoB [1,2,4], B sjepHOM (HM3MKE KaK IOJSIPH3alMOHHbIE MHIIEHH [5], B MojeKyIspHOH (H3HMKE Kak
HCTOYHUKH MOJICKYIISIPHBIX MTYYKOB [6, 7], B CIIEKTPOCKOITHH KaK HCTOYHUKH BaKyyMHOTO yibTpaduoiera [8, 9], B HaHO
TEXHOJIOTHSIX KaK OJWH W3 BO3MOMHBIX MCTOYHHKOB TIONYYCHHS KIACTEPOB OONBIIMX Pa3MEpPOB W WHTCHCHBHOCTCH
[10-12], a Tarxe mis mojaun pabodYero BEMIECTBA W COIMYTCTBYIONIMX MAaTEPHAOB B TUIA3MEHHBIC M TEPMOSIICPHBIC
ycTanoBku [13]. [ToMHMO 5TOro, CBEpX3BYKOBbIE TIOTOKH M CTPYHM MOTYT HAWTH JOCTATOYHO IIHPOKOE IPUMEHEHHE TIPH
NpOBENCHNY (PU3UYECKUX HCCIICIOBAHUM M TEXHOJOTMYECKUX pPa3pabOoTOK B O0OJACTH MAarHMTO-IIIa3MEHHOM
nepepaboTKU OTPabOTAHHOTO SAEPHOTO TOILIMBA B YaCTHOCTH, METOAOB 3(P(EKTUBHOTO BBOAA IepepadaThiBAEMBIX
MaTepHaoB B IIa3MEHHBIA 00bEM PaseIuTeNsLHOro yeTpoiicTsa [14].

OIHMM W3 TPEUMYLIECTB B HCIOJB30BAHUU CBEPX3BYKOBBIX Ta30JMHAMUYECKHX IMOTOKOB B IUIa3MEHHBIX
YCTPOMCTBAX SBISETCS BO3MOXKHOCTH (DOPMHMPOBAHHMs JIOKAJIM30BAHHOW B MPOCTPAHCTBE C 3aJaHHBIMH MapaMeTpaMu
obacTy B3aWMOMCHCTBUS HEUTpaJbHOTO Tasa (mapa) ¢ TIa3sMoi. DTO JaeT BO3MOXKHOCTh YMEHBIIHNTH, BIaid OT
obacTy B3aMMOJEHCTBHS, BKJIAA TPOIECCca MEepe3apsakd B DHEProGasaHC IUIa3Mbl, T.€. CHHU3WUTh SHEPTETHUCCKHUE
TOTEPHU U3 TUTa3MBI.

Beinonnennsie panee padotsl [13, 15-18]m0 nHKeKIMU ra3a B IIA3MEHHBINA 00bEM, HE PEIIAI OJHOTO BaXKHOTO
BOIPOCA — PACIPEIC/ICHNE TIOTHOCTH TIOTOKA B JaJbHEM ITOJIE CTPYH, YTO BEChbMa BaXKHO MPH BBHIOOpE KOHPUTYpaIHu
(dopMEpoBaTenst TOTOKA M €ro MPOCTPAHCTBEHHOW JIOKATM3alMH, T.€. MECTa €ro PacroOKEHHUS OTHOCHTEIBHO
IasMeHHoro o6pasosanus. B pabore [19] skcrepuMEHTAIBHO YCTAHOBJIEH KPUTEPHI MOA00US 11t GOPMHUPYIOIIETO
SIIEMEHTA TI0 YIJIy PACXOJMMOCTH CBEPX3BYKOBOM CTPYH, MPH €€ UCTEYEHHH B BAKYYM OT F€OMETPUH (POPMHPYIOIIETO
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JyeMeHTa (CBEPX3BYKOBOTO COIUIA), KOTOPBIA 3amaercs otHoureHuem |/d,, tme | — pgnwHA CBEpX3BYKOBOM
(mucbdy3opHoii) yactu coruia, dy — IMAMETpP BBIXOJHOTO OTBEPCTHSI COILIA.

CyIIecTBEHHO B@XHBIM BOIMPOCOM TIPH BBIOOpE pEXMMa WCTEYCHHWS Ta3a B BaKyyM U KOH(HUTypaItin
(OPMHPYIOIIETO BIIEMEHTA JUTS TOJaYr pabovero BENIeCTBa B IUTa3MEHHBINH 00BEM SBIACTCS BOSMOXKHOCTh U CTETICHB
KJTaCTepHU3alliy Ta3oAnHaMuIeckoro motoka [10-12]. BakHOCTH 3TOTO BOMpOCa OMpenesseTcss TeM, 4YTO IerMovKa
TPOIECCOB, TMPOUCXOMAIIAX TPH OOpa30BaHUM KJIACTEPOB W KIACTCPHBIX KOHIIIOMEpaToB (ITyYKOB) SIBISETCS
JIOCTATOYHO CJIOKHOW W HEPAaBHOBECHOM.

B Toe BpeMst ra30IMHAMHAYECKOE YCTPONCTBO, CO3[AHHOE Ha ITUX MPUHIIAINAX TTOI00Us, TOIKHO YIOBIETBOPST
CJIEAYIOIIMM DKCILTYaTallMOHHBIM TPEOOBAHUSIM:

- obecreunBaTh CTAIIMOHAPHBIN M UMITYJIbCHBIN PEKUM PabOTHI;

- obecrneunBaTh WHXEKIMIO HEHTPAJIbHOrO Ta3a Kak BIOJb, TAaK W MOMEPEK MArHUTHOTO MOJs Ha TpeOyembie
pacCTOsTHUS OT cpe3a POPMHUPYIOIIETO HIEMEHTA;

- MOMEPEYHbI pa3Mep ra30JMHAMHUYECKOr0 MOTOKA J0JDKEH OBITh CpaBHHM, HO HE 6oJjiee, MOMEPEUHOro pa3mMepa
TOKOBOTO KaHala WM IUIA3MEHHOTO 00pa3oBaHMsl, OMPENesieMOTO pa3MepamMu TIOTIEpeYHHKa, HAapHMep, KaTOXHOM
MOBEPXHOCTH MPUMEHHUTEIBHO K OTPAXKATEILHOMY paspsly WIN 3JIEKTPOHHOTO MyYKa B CIIydae ITyYKOBO-TIIIA3MEHHOTO
paspsina;

- TIepena;] IUIOTHOCTH Ta3a Ha TPAHMIIEC CTPYS - BAKYYM JOJIKEH COCTABISITH HECKOJIBKO MOPSIIKOB BETHUHH;

- MAaccoBblil pacxoj paboduero BEmECTBA IOIDKCH OOECIeUMBATH CO3aHMe MiasMbl mioTHocthio ~10M cm™ B
60IbIIOM 00BEME C TOCTATOYHO TOHKOM PEryIHPOBKOM €0 BEUYHHBL,

- CBEPX3BYKOBO# MOTOK pabovero BemecTsa, HHKEKTUPYEMbIN B IIa3MEHHBIN 00bEM, 0KEH ObITH OJHOPOIHBIM
MO0 COCTaBy M B HEM JIOJDKHO OBITh MOJHOE OTCYTCTBHE TSDKENBIX KJIACTEPOB, & WX KOJIHYECTBO JOJDKHO OBITh
MUHUMH3UPOBAHO.

Takum 00pa3oM, MOCTAHOBKA 3ajJayd HA I[IEPBOM IJTale 3aKII0YaeTcss B OOOCHOBAHHHM BO3MOXKHOCTH BhIOOpa
peKHMa BBOjA pabo4yero BENIECTBA B IUIA3MEHHBIA 00bEM B BHJIE CBEPX3BYKOBOrO (ra3oqMHAMUYECKOrO) MOTOKA
3aJ[aHHON MHTEHCUBHOCTH (IJIOTHOCTH) M PACXOJMMOCTH Ha 33laHHOE PACCTOSHUE, a B JalibHelneM (Ha BTOPOM 3Tare)
MPaKTHYECKAs PEATH3aIlisl YCTPOMCTBA 3aJaHHOM KOHPUTYpAIK U TPeOYEMBIX TapaMeTPOB.

Ilens manHOW pabOTHI 3aKIItOYAETCS B 00OCHOBAHMH BO3MOXHOCTH BBIOOpa peXUMa BBOJIa pabOUero BeIllecTBa B
TUTA3MEHHBIA 00bEM B BHUIEC CBEPX3BYKOBOTO (ra30JMHAMHYCCKOTO) MOTOKA 3a/JlaHHONW MHTECHCHBHOCTH (IUIOTHOCTH) W
pacXoAMMOCTH Ha 3aJaHHOE PACCTOSIHHE, & TAaKXKe YCIOBHM MTOCTHXKEHHS MHWHHMAJIbHO BO3MOXHOTO YPOBHS €ro
KJTaCTepH3aIHH.

POJIb TEOMETPUYECKUX ®PAKTOPOB B ®OPMUPOBAHHUU CBEPX3BYKOBOTI'O ITOTOKA

[noTHast rasoBas MHMINEHb, HEOOXOaMMas sl OOpPa3OBaHWS BBICOKOIUIOTHOM IUIa3Mbl, CO31Aa€TCA IyTEM
WCTEYEHNs rasa B BaKyyM uepes comio JlaBans WM comio Apyroi KoHurypamnuu. B pesynbraTe yero oOpasyercs
CBEPX3BYKOBas HENOPACUIMPEHHAs Ta30Bas CTPYys, HCTEKAIOIIAsA B 3aTOIUIEHHOE MPOCTPAHCTBO U XapaKTEPHU3YIOIIAsiCs
cTenenbo HepacuetHoctd N=PyYP,,, rie P, — naBnenue Ha cpese cormna, P, - naBienne B OKpyKalolei ra3oBoi cpeje.

Jlns ananuM3a MOBENEHHMs Ta30BOTO II0TOKA B MPOBOMALIEM KaHajle, & MMEHHO B COIUIE, BOCIOJIb3yeMCs
ypaBHeHHeM oOpaiienus Bo3aeicTsus [20]:

%:%[ﬂmz—l), 1)

rae S - Ionaak MOMEPEYHOro CEYeHHsT IPOBOIAIIETO KaHaa, V — CKOpOCTh ra3a B KaHaie, M = v/a —gucio Maxa, a —
MECTHasi CKOPOCTh 3ByKa. DTO YPaBHEHHE OIMCBHIBAET 3aKOHOMEPHOCTh M3MEHEHHS! CKOPOCTH IOTOKa OT IUIOLIAAN
MOTMEPEYHOr0 CEYCHUsI, MMPU ATOM MPUHUMAETCS PSI IOMYILICHUH, B KOTOPBIX ra3 CUUTACTCS HIACATbHBIM, a MOTOK
OJTHOMEPHBIM, CTAIIMOHAPHBIM U aauabarndeckuM. M3 ypaBrenust (1) BUIHO, YTO JUTS YBEIHYCHUS CKOPOCTH MOTOKA V
(dv> 0) nmpu mo3BYKOBO# cKOpocTH, Korga V <a (M <1), monepeunoe ceuenue S nowkHo ymenbmiatcs (dS< 0), a npu
CBEPX3BYKOBOM ckopocTu mpu V >a (M >1 ) nonepeunoe ceuenne S 1okHo yeenuuusatbes (dS> 0). JIsmkenue rasa co
ckopocThio 3Byka (M =1), COOTBETCTBYEeT CaMOMy y3KOMY MECTY, KOT[a IUIOLIaAb MOMNEPEYHOr0 CEYCHHS JOCTHraeT
skctpemyMa (dS= 0) U Ha3bIBaeTCsl KPUTHYCCKUM CedeHHEM. TakuM 00pa3oM, MPU COBMEIICHHH CXOMAIICTOCS H
pacxosLIerocss KOHYCOB MOXKHO MOJYYHTh YCTPOWCTBO, NpPU [OBIKCHHH [0 KOTOPOMY, Ta30Bblii MOTOK Oyaer
YCKOPATHCS 10 CBEPX3BYKOBBIX CKOPOCTEH. DTOT MpUHUMI U ObUT Hcnonb3oBaH B 1890T0ay MIBEACKUM HHKEHEPOM
JlaBasiem [yt KOHCTPYKIMH COILIA APOBOM TYpOHHBL.

B 3aBHCHMOCTH OT BEIMYUHBI IPOTHBOABICHHS P, (1aBIeHHe OKpYyKaroLieil ra30Bo# Cpeibl) MOTOK Yepe3 COILIo
MOJKET BeCTH ceOs mo-pasHomy. Ilpu P,=P, Teuenus uer u pacxox raza G=0.IIpu ymensinenuu P, ycTtaHaBauBaeTcs
JI03BYKOBOE TeueHHe B coruie. [Ipy HEKOTOpOM 3HAa4YEHHH MPOTHBOJaBlieHUs P, B MHUHUMAaJIbHOM CEYEHHU COILIA
YCTaHABIMBAETCSI CKOPOCTh 3BYKA, a JABICHHE CTAHOBUTCS PABHBIM KPHTHUECKOMY Py, IIpm 3TOM BO3MOXHBI ABa
peXMMa TE€UeHUs B PACLIMPSAIOLIEHCA 4acTH. J03BYKOBOE Tedenue, eciu P.=P, > P, u csepx3pykosoe P.=P, < P,
Ipu nansHeiIIEM TOHKEHIH TPOTHBOIABICHUs P, Teuenue B coruie He m3mensiercs [20].

W3menenue ynciaa Maxa BoJIb TPYOKH TOKa MOXKET ObITh onpezeneHo no gopmyne [20, 21]
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rae S, u S — I0Ia b BBIXOAHOTO M KPUTHYECKOTO CEYCHHUS COILIA, Y — IOKa3aTelb aqrnadaThl — OTHONICHHUE YICITbHBIX
TEIUIOEMKOCTEN PacIIMPSIOIErOCs rasa, Ul OJHOaTOMHBIX Ta30B 5/3, nByxaToMHbIX 7/5, TpexaToMHbIX 4/3.

W3MeHeHHe APYTUX MapaMeTPOB MOXKHO OIPEAEIUTH € IIOMOIIBIO ra3oAnHaMuueckux Gpyrkmuuii [20-22]
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P o T, a)

rae To, Po, po, @, u Ty, Py, py, & — TeMmeparypa, JaBjieHHe, IUIOTHOCTh, CKOPOCTh 3BYKa B Ta3e, COOTBETCTBEHHO, HA
BXOJIC M BBIXOJIC COIUIA. B TPEIImonokeHn , YTO TEUCHHUE Ta3a SBISCTCS M303HTPOIIMUECKHM, TI0 BBIIIE TIPUBEICHHBIM
COOTHONLIEHHSIM OBLIM OIIpeAeIeHsl Oe3pa3MepHbie 3aBucumMoct S,/S=f(M) —puc. 1, Tf/T,= f(M) —puc. 2, R/P,= f(M)
— puc. 3, po/py — puc. 4 u ala,= f(M) — puc. 5. Kak BugHo u3 puc. 1 npu S/S=const HanboJbliee 3HAYEHHE YHCIIA
Maxa 4 COOTBETCTBEHHO HauboOJIblIee H3MEHEHHE TeMIeparypsl (puc. 2) u cKopocTh 3ByKa (puc. 5) mocturaercs s
oxHoaToMHbIX ra3oB (y=5/3). Jlus TpexaroMHbIX Ta3oB (y=4/3) HabmrogaeTcs HauboJblIee H3MEHEHHE IABIICHHS
(puc. 3) u miorHocTH (puc. 4).
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Puc. 1.3aBHCHMOCTb OTHOIICHHUS IJIOMIACH BBIXOIHOIO
CCUCHHS COIUIA K KpUTHYECKOMY CEUYCHHIO OT 4rciia Maxa Juis
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Puc. 3.3aBucUMOCTb OTHOILIEHHS JABJICHUI ra3a BO BXOJIHOM U

M

BBIXOJHOM CEYEHHH COILIa OT yncia Maxa Ipyu pa3InNIHOM

3HAUEHUH Y

Puc. 2.3aBUCHMOCTb OTHOLICHHUS TEMIIEPATYp r'a3a BO

BXOJHOM Y BBEIXOJTHOM CEUEHHUU COTUIA OT uyncia Maxa npu

pas3JIU4HOM )

3HAYEHUH y

M

Puc. 4.3aBUCHMOCTb OTHOIICHHUS IUIOTHOCTH Ira3a Ha BXOJIE B
COIUIO K IUIOTHOCTH HA BBIXOJIE OT Yucia Maxa Ayt pa3iuaHbIX

B kauecTBe ra3oJIMHAMHYECKOTO YCTPOWCTBA ISl CO3[aHHs ra30BOil MHIICHH (MHXXEKIHMH rasza B IUIa3MCHHbIH
00beM) ObUTO BBIOPAHO COIUIO C TeOMETpHeil OJIM3KOW K ONTHMAaJbHOM, M3 CEpHH COMes OMHCaHHbIX paHee B [19].
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Comio (puc. 6) umeer Creayroue reOMETPHIECKUE pa3Mephl. TUaMeTp U UTHHA KOH(Y30pHOU (CXOAsIIeics) dacTu
comna 4 u 12,5mMm, muamerp u anuHa guddysopHor (pacxomsmieiics) yacti comta 8 m 32,5mm. ['eomerpus
KOH(Y30pHOH YacTH COIIa 3adaeTCs YIJIOM CXOISINErocss KOHyca paBHbIM 20,=16,66°, reomerpus audhdy3opHOit
4acTH COIUIA OMPEIENISICTCS yIJIOM pacxozsierocst konyca 20,=13,44°, [luamerp kpurtndeckoro cedenust 0,33mMm u
cootBeTcTBeHHO S,/S=587,69.IIpoBeneM pacyer U aHAIN3 ra30AMHAMHUYECKUX [IAPAMETPOB PACCMATPUBAEMOTO COILIA
1 00pa30BaHHOIO MM Ta30JHHAMHYECKOro IoToka (cTpyw). ITo JaHHBIM MOJdy4eHHBIM U3 rpadukos (puc. 1-5), mis
manHoro comia ¢ S/S=587,69, ObuiM onpenesNeHbl OCHOBHBIE Ta30JMHAMHYECKHE OTHOIICHHS IOTOKA

3aTOPMOXKEHHOTO U JIBFDKYIIETOCs T'a3a, KOTOPbhIE MPECTaBIIeHbI B Ta0me 1.
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Puc. 5.3aBucuMOCTh OTHOIICHUSI MECTHOM CKOPOCTH 3BYKa
ra3a BO BXOJHOM U BBIXOJHOM CE€YEHHH COIUIa OT yhciaa Maxa
TIPU Pa3IMIHOM Y

Puc. 6.'eomerpus ncenemxyemMoro coruia

Tab6muma 1
OcCHOBHBIE Ta30JUHAMHUYECKIE OTHOMICHHS IIOTOKA ra3a MPOXOIAIIET0 Yepe3 COIIo
ITapameTpsl v
[IOTOKA 5/3 7/5 4/3
M 21 10,2 7,9
TdTy 148,2 21,8 10,4
Py/P, 267218,2 48347,7 25669,3
pol/py 1803,5 2218,1 2465,2
a/a, 12,2 4,7 3,2

IpunuMas TemrepaTypy rasa Ar man (mepex) comiom (temmeparypy TopMoxkeHus) Tg=293K v KOHIEHTPAIHMIO
gacTun B BEIXOAHOM cedennu cormma N,=1-10° M ompenennM mapamerpbl 3aTOPMOKEHHOTO M JBIKYIEroCs rasa,
HCIONB3ysl BeIpaxkeHus (3-5) M OCHOBHOE ypaBHEHHE KUHETHYECKOH Teopuu razoB (Kiaiinepona-MeHpeneesa).
Pe3ynbrarhl pacuera OPUBEICHBI B TaOIHMIIE 2, TIC COICPIKATCS BBIIIEIEPEUNCICHHbIE MAPaMeTPhl Ta3a 10 U HOCie
coIuia, a takke V,(M/C) CKOpOCTh BBIXOJHOTO 1MOTOKa 1 G —MaccoBblil pacxo[ rasa. [Ipu npenein-HOM OTKaYHBAEMOM
JIaBJICHWH B Kamepe IutasMeHHoil ycranoBku P,<0,0013331Ia, B o6beme Oyner GpopMUpOBaThCS HEAOPOCIIMPEHHAS
ra3oBas CTpys €O creneHbto HepacueTHocTd >200. [Ipu 3TOM pacnpeneneHne JaBieHus U APYTrHX ra30AdHAMHUYECKHX
napaMeTpoB ra3a BIOJNb OCH COIUIA OCTACTCS PACYCTHBIM, MOCKOJBKY YMEHbLICHHE MPOTHBOAABICHHs P, He MOxer
PacipOCTPAaHUTBCS BBEPX I10 TEYEHHIO CBEPX3BYKOBOIO 1OTOKA [23].

Tabmnuua 2
OcHOBHBIE TTapaMeTphl Ta3a Al Ha BXOJIE M BBIXOJE COTUIA
To, K Py, ITa po, KT/M® &, Mlc G=v,pv- S, kr/c
293 7,296-10 1,196 318,79 1,835-F0
T,, K P, ITa Py, KI/M® a,, M/c v,=M-a,, m/c
1,98 0,273 6,63-10 26,19 550,31

M3meHeHne mapaMeTpoB Ta30BOTO IMTOTOKA MO OCH COIUIa MOXHO TOJYYHTH, 334aBasICh IUCKPETHBIMH 3HAYCHUAMHU
gyucna Maxa. CormacHo Qopmynam (2-5) HaXoIuM COOTBETCTBYIOMIHME IUIOMIAAN TIOTIEPEYHOTO CEYEHHsS COIIIa H
3HAUEHHs] OCHOBHBIX Tra30JMHAMHUYECKUX I[apaMeTpoB IMOTOKa B ITHX cedeHusix. Ha puc. 7 u 8 mpencraBieHb
pacrpeeneHus: OCHOBHBIX ra30IMHAMUYCCKHX ITapaMeTPpOB (POPMHUPYEMOT0O IIOTOKA BJIOJb OCH COILIA.
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Puc. 7.Pacnipenenenue nasnenns P, temmeparypst T Puc. 8.Pacnpenenenue unciaa Maxa M, MecTHO# ckopocTi
IJIOTHOCTH p ra3a BJ0JIb OCU COILIA 3ByKa &, CKOPOCTH IIOTOKA Ia3a V BJOJIb OCH COILIA

KJACTEPU3ALIUSI CBEPX3BYKOBOI'O IIOTOKA, UCTEKAIOLIEI'O B BAKYYM, 1 YCJIOBUSI EE
MWUHUMU3ALIUU

OnnuM 13 Hambosiee OBICTPO PA3BUBAIOIIMXCS PA3JIENIOB SKCIEPUMEHTAIbHO-TEOPETUIECKUX HCCICIOBAaHUN B
obnacTi (PU3KMKH M XUMHHU SBJISIOTCS HCCIIENOBAHUS C KiaacTepHbIMH mydkamu [10-12, 24, 25]B manHOM ciydae B
paMKax MOCTaBJICHHOM 3a/auu TpeOOBaHKe MUHUMHU3AIMY YPOBHS KJIACTEPU3AIMHU TIOTOKA CBS3aHO C HEOOXOIUMOCThIO
peanusaniy Jpyroro TpeOoBaHUs, IPEIBABILEMOro K GOPMUPOBAHUIO CBEPX3BYKOBOTrO (ra30AMHAMUYECKOT0) MOTOKA
pabouero BelecTBa, MOJyYCHHE OJHOPOJHOTO MO COCTaBY MOTOKa PabOYero BELIECTBA, MHXKCKTHPYEMOTO B 30HY
00pa3oBaHusl [Ia3MBl.

UsBecthbl [12, 26, 27]pa3nuuHble METOABI MOJYYEHUs KIACTEPOB M KJIACTEPHBIX MYyYKOB. DTO arperanus rasa,
9pO3usi MOBEPXHOCTH TBEPAOTO TEia, pacIbUICHHE, Jla3epHas alOJsius, UMITYJIbCHBIC IYrOBBIC Pa3psbl, arperauus
kiactepoB. Ocoboe MeCTO B 3TOM MEpeyHe 3aHMMAET METO/] MOJYYCHHUS KIIACTEPOB M KJIACTEPHBIX MYYKOB B COILIOBBIX
ucrounukax. Hauamo stomy 6buio monokeno B 1956 roxy Bekepom u Xenkecom [28], KoTOpble 0OHApy KuiIM
WHTEHCUBHYIO KOHJICHCAIIMIO BEIIECTBA B CBEPX3BYKOBBIX CTPYsX, (OPMHUPYIOLIMXCS MPH Tra30AWHAMHYECKOM
pacuiMpeHun rasza depe3 HeOousipinue coria. I[Ipomecc KiacTepu3alyy MOTOKAa MOXKHO IMPEICTABHUTH CIEIYIOLINM
obpaszom. ['a3, mepBoHa4aIbHO HAXOMASAIIMICS TEpel] COIUIOM B IMOKOe Ipu Temieparype To u maBneHun P, npu
HCTEYEHHH Yepe3 COILIO B BaKyyM paciiupsiercs. [Ipu 3ToMm ra3 yckopsiercst 1 oxnaxaaercs aaunadarinyecku. Korma ras
3a CHET OXJIAXKICHHsSI CTAHOBUTCS MEPECHIICHHBIM, HAUNHAETCS POCT KJIAacTepoB. B pe3ynbrare B CBEPX3BYKOBOW CTpye
obpasyercst cMeCh KJIacTepoB M raza (HEKOHICHCHPOBaHHBIX 4vacTuil). IIponecc GOpMHUPOBaHUS KIACTEPOB M HX
pa3sMepoB 3aBUCAT OT YCJIOBHU paciiupenus rasza B crpye [10, 11]. [lns xapakTepuCTUKH Tpoliecca GOpMHUPOBaHUS
KJIacTepoB ObLT BBEJCH Oe3pa3MepHbiii mapametp [29]:

d ) 085 EPO

g T2 %)
0

rae d —auameTp KPUTHYECKOTO CeYeHHs Coruia, MKM; Py — maBnenue Haja coruioM, mbap; To — Temmeparypa rasa Jo

pacmupenus; Ky — KOHCTaHTa, 3aBHCsIIas OT COpTa rasa, Hampumep, st Kr kg:2,9-1(§, Ar kg:1,7-1(§, Ne kg:1,8-16,

He k&=4.

Iporecchl GopMUpoBaHus WM HE (HOPMUPOBAHUS KJIACTEPOB B COIUIOBBIX YCTPOMCTBAX JOBOJBHO CHIIBHO
3aBUCAT OT (popMBI coruia. Mcronbp30BaHne 3BYKOBBIX COIEN ¢ TOYKH 3PEHHMS MHHMMU3AIMH YPOBHS KJIACTEPU3ALMH
ra3oJIMHaAMUYECKOT0 II0TOKa (CTpyH) BIIOJHE IPUEMIIEMO, HO 3TO MPOTHBOPEYMT TPEOOBAHHIO IO PACXOAUMOCTH
[OTOKa U TPeOyeMOi IJIOTHOCTH II0TOKA B JaJbHEM IIOJIE CTPYH, T. €. HA TPEOYEMOM PACCTOSHHU B 30HE 00pa3oBaHUs
miotsocteit wiasmer 10M+10° em®. Jlns comen konmueckoii popmsr Benmunna d B BeipaskeHnu (5) TOIDKHA GBITH
3aMCHEHA Ha JINAMETP GKBHBAIICHTHOIO KOHUYECKOT'O COILIA» Ueq, KOTOPOE JIACTCS CIECTYIOMIM OTHOIICHUEM:

_c{y)td
de tga, ©

rae c(y) — KOHCTaHTa, 3aBHCSIIAs OT TUIMA rasa, Muisi ogHoatomHoro rasa c(y)=0,73, nByxaromuoro rasa c(y)=0,86,
MHOroaroMHoro rasa ¢(y)=0,98;a; — yroun, paBHbIil OJOBHHE YIia KOHYycCa pacxosuieics yactu cora. [loatomy ams
paccMaTpuBaeMoro coma (cM. puc. 6) Beipaxkenue (5) ¢ yuetom otHoueHus (6) MpUMET ClIeYIOIHN BUA
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Ha puc. 9 npescTaBieHsl pacueTHbIe 3aBUCUMOCTH Oe3pa3MepHOro mapamerpa ['* oT nuamerpa KpUTHYECKOTO CeUeHHUs
COIlIa ¥ MOJIOBUHHOIO yIJIa KOHyCa PacXoIAIIeics YacTu comia npu 3HadeHusx Py=1 6ap u T¢=293 K mis Ar. Bumso,
yro 3aBucuMocth [*=f(d) ¢ QukcupoBaHHBIM yIJIOM KOHyca pacxomsiueiics wactu corma 20;=13,44°, yxe mnpu
d>50mkM mo3Bomsier pocturath 3Hauenuit 1*>10° ®yukums [*=f(0) npu auamerpe KPUTHYECKOTO CEUCHHS COILIA
d=330mkM npusEMaer 3uauenns [*>10° tonpko mumb ¢ yriaom 20,<23°. Utor GobIIoro KOMHYECTBa HCCIeI0BAHMIT
3aKITIOYAETCS B TOM, YTO HHTCHCHBHAS KJIACTEPH3AIIS CBEPX3BYKOBOIO [IOTOKA HAYHHACTCS TOT/A, KOra mapamerp I
npepbinraer BenumunHy 300. Cpeinuil pasmep KiIacTepoB MpU 3TOM yBenuuyuBaercsi (rpy0o) MPOMOPLHOHAIBHO
semmunne (*) 2972210, 30]. bonsmue kmacreps! ¢ uncaom gactur N>10" aromos/kmactep GpopMupyioTCs B ycioBusx,
xoraa [*>5-10". TIpeacranser unTepec mpoBecTH oueHKH mapamerpa [* is paccMarpuBaemoro coruia. Ha puc. 10
NPHUBEACHBI pacyETHBIC 3aBUCUMOCTH Oe3pa3MepHoro mapamerpa ['* ot gaBneHus P Ha BXoze B COIUIO MPU AUAMETPE
kpurrdeckoro cedenus cormta 0,33mm u To=293 K mns Ar u He. M3 npeacTaBiICHHBIX 3aBHCUMOCTEH BHIHO, YTO
KJIaCTepH3allusl CBEPX3BYKOBOTO MOTOKA [isi Al HAYMHAETCSI TIPH MEHBIIUX JAaBJICHUIX HaJ COIUIOM B cpaBHeHHH ¢ He
u OyIeT MPOUCXOIUTH NP AABJICHUN OOJIBIIIEM, YeM 7,1-16 [Ta. [Tpu naBneHnn P0>2,37-1G [1a HaunHaeTcs MaccoBOE
kacrepooGpasosanne (I*>10% ¢ pasmepamu kmacrepos Gomee 100aromoB Ha kmactep. Takim 06pasoM, BEIOPAHHBIIT
PEXKUM U TTapaMeTphl TeUeHHs raza Ar gepes coruio (Tabi. 2) GyayT crnocobcTBOBaTh 06Pa30BAHMIO KIIACTEPOB B MIOTOKE
pabouero BelIeCTBA, MHXEKTHPYEMOro B 30HY 0Opa3oBaHHs IUIa3Mbl. B ciyuae TedeHus ra3a He BBHIMONHSIOTCS
YCIIOBUSI MHHHMH3ALMK KIACTEPU3ALMH Ta30JAHHAMUYECKOr0 MOTOKA (CTPyH) NMpPU HCTCYCHHH B BaKyyM. Takum
obpaszom, ganHbie puc. 10 MO3BOJSIOT HAXOAUTH 30HY MUHHMAIbHON KIIACTEPHU3AlMHU [TOTOKA, YTO XOPOLIO BUAHO Ha
npumepe He.

«, rpapychl i
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Puc. 9.3aBucumoctu napamerpa I or Juamerpa Puc. 10.3aBucumoctu mapamerpa I OT JaBeHHs Ha BXOJE B
KPUTUYECKOTO CEYCHHUS COILIA U TIOJIOBUHHOIO YIIa KOHyCa cor1o. CIUIOMHON TOPU30HTAIBHOM TMHUEH OTMEUYECHA
pacxopsuieiics yactu comia. CIUIOIHON ropu30HTaNbHOR rpaHMIa HApaCTaHUs IPOLECCOB KIaCTepU3aLuU B
JIMHUEH OTMeueHa IpaHHIa HapacTaHUs [IPOLECCOB CBEepX3BYKOBOM 11oToke npu I'*>300

KJIacTepU3aluK B CBEPX3BYKOBOM moToke mpu [*>300

POJIb TABOAUHAMUNYECKHUX ®AKTOPOB B JOCTUKEHUU HEOBXOAUMBbBIX
IMAPAMETPOB CBEPX3BYKOBOI'O IIOTOKA 3A IPEJEJIAMU ®OPMUPYIOUIEI'O DJIEMEHTA

Bompmioe 3Hauenwe ais BEIOOpa TeOMETpHH (OPMHPYIOMIETO 3JIEMEHTAa M KOHCTPYKIUHU Ta30IWHAMHYECKOTO
YCTpOUCTBA Il CO3JaHMS Ta30BOM MHMINEHH, HEOOXOAMMOH miisi oOpa3oBaHUS BBICOKOIUIOTHOW IIIa3Mbl, WMEET
nHpOPMANHUs O paclpeNelieHuH IUIOTHOCTH IOTOKA B AalibHEM Tone cTpyd. CyIIecTByeT HECKOJIBKO BO3MOKHOCTEH
[31-34] nonyuenuss gaHHBIX 00 3TOM. DTO AKCIIEPUMEHTAIBHBIE MCCIIEJA0BAHHUs IUIOTHOCTH MOTOKA B JajbHEM IIOJIE
CTPYH, WCIIONB30BAHUE YHCICHHBIX METOJIOB, YTO SBISIETCS JOCTATOYHO TPYIOEMKHM |, HAKOHEI, HEpeIKo
UCTOJNB3YIOTCS TPUOIMKECHHBIC MOJICIH, KOTOPBIE C PA3JIMYHOW CTCHCHBID TOYHOCTH MOTYT COOTBETCTBOBATh
YHCICHHOMY U (DM3MYCCKOMY DKCIIEPHUMEHTY M HE YYHMTBHIBATH BS3KOCTH ra30JJMHAMHUYECKOTO MOTOKa. PeanbpHO M3-3a
HAJIMYHS TTOTPAHUYHOTO CJIOS BOJIM3M CTCHOK (POPMHUPYIOMIETO MOTOK 3JIEMEHTa IUIOTHOCTh Ta3a B mepudepuiiHON
YaCTH CTPYH CYIIECTBEHHO OOJIbINE IIOTHOCTH, BHIYMUCICHHOMN JJISl CiTydasi HEBSI3KOro (MIealbHOI0) UCTEUEHHS ra3a B
Bakyym. B [31-34] Obutn npeyioxKeHbl HECKOIBKO MPUOIIKEHHBIX (YTOUHEHHBIX) MOJIEIICH, MO3BOJISIONINX TTOBBICHTh
TOYHOCTh pacueTa MapaMeTPOB CBEPX3BYKOBOH CTpyH, HMCTEKAalOMeW B BaKyyM M3 peanbHBIX comen. O6iacTeio
MIPUMEHNUMOCTH ITHX MOJIEJEH SBIAETCS NalbHEee MoJie CTPYH, KOTOPOe HAYMHACTCS C TPAHUIIBI CIUIONTHOCTH BHU3 IO
IIOTOKY, TZIe CKOPOCTb rasa B CTPye BO3DACTaeT, MPUOIIKAsch K MPeAeIbHOMY 3HauYeHHIO Vmas(2YRTo/(y-1))"2 a
JMHWA TOKa TPAKTHICCKH TPSMOIMHCHHBI; KPUTEPHUEM 3TOTO sBisieTcst coriacHo [35] orHomenue I/re>10, rme r —
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paguyc CTpyH, e — paguyc comia Ha cpe3e. Hwke mpuBemeM HEKOTOpbIC amMpPOKCHMAIMH YHCICHHBIX PacdeToB
pacrpeneseHus MIOTHOCTH ra3a B JalbHEM IOJIe OCECHMMETPHYHOW CBEPX3BYKOBOIl CTpyH B JIEKapTOBOH CHCTEME
KOOPIHMHAT C HAYAIOM KOOPIMHAT B IIEHTPE BHIXOAHOTO CEUCHHS COIUIA U B IIOJIPHOM CHCTEME KOOPIMHAT C HAYAIOM B
LEHTPE BBIXOAHOTO CEYCHHs COIUIA, B BHAEC HOPMYIL:

|. Mozenb Maiipenca [33]:

2

pley) v -1, of x)" 1_((3/—1)yEMj2 o
0, 4 r, 2X '

8)

rae X, Y — HPOXONbHAs W TOIEPeYHas KOOPAWHATHI PacdeTHOM TodukH. JlaHHbIC, MOMydeHHBIE 1O (Gopmyse (8),
COOTBETCTBYIOT PE3yJbTaTaM, IMOJYYCHHBIM METOJOM XapaKTEPUCTHK, IPH OYCHb OONBIIUX 4yHciax Maxa Ha BBIXOJEC
coma (B pabore [36] cpaBuenue npuseaeHo npu M>10,v=1,4).

Il. Mogens Jleiitca [32]

2
ﬁ = VV 0’4 62 D 1 , (9)
o, V... [1-J3) x* 1+050
L
2
rae Cl):X 1 55 — yriooii mapamerp, J =| 1+ L > |1+ 2 B 12 - OTHOCHMTENILHBIN UMITYJIbC
x (1-3)* yM y-1 M
rasa Ha cpese CoILIa.
[ll. Monens LlyBanosa [31]
T -2
() A
OIS N P T ) L
o 22wy 2V \n ) 1%

— 2 o
rme k1 —y(y—l)M - UMEeT CMBICI MapaMeTpa IMomoOus M paccMaTpuBaeMoro kiacca cTpyd; 6 — yrox

pacIIUpeHHs CTPYH, ﬂl = ]_249@0#11% '
IV. Mogens PoGeprea [32, 33]

olr.6) _ k [ .
———2=05k|1+— — cosé)™, (11)
o Ty ) |y o
V. Mogens I'epacumora [32]
p _021y-1* a7 od;)
e — (e : 12)
Po r- e,

roe 6, =arctg - HOPMHPOBOYHBIA YTOJ, ONpPENeNIeMBI Yepe3 OTHOCHTEIBHBIM MMITYJbC Taza Ha cpese

(1-3)
J
comia J.

IIpoBeeM OLEHKH MPH HCTeUeHHH Ar Ul paccMaTphBaeMoro comma mpe pe=1,196xr/m° u p,=6,63-10" kr/m°.
Pe3ynbTaThl IPOBEAEHHBIX OLIEHOK 1Mo (GopMmyiaaM (8-12) miust oceBOro pacmpelneieHust IUIOTHOCTH MEPECYNTAHBI IS
konuenrpanuu yactur N no gopmyine N=pR/ky, rae K, — nocrosunas bonbnmana, u npuBeaeHsl Ha puc. 11. Pacyers
MIPOBOIMIINCH, HauWHas ¢ ganbHero mojst ctpyu I =~10r=0,04M u 3akaHunMBas raOapUTHBIMH pa3MeEpaMd KaMEpbl
mrasMenHoi ycraHoBku 0,14m. Buawo, uto momenu |, Il, Il maror coBmamaromie maHHBIC, KOTOPBIC MPAKTHYCCKU
YKJIaIBIBAIOTCS HA OJHY KPHBYIO. 3HaYCHHUS OLECHOK auist Moaeneii IV u V maror npebiinenne Ha 25+35%0T 3HaueHMi
paccuutanubIX Mo moneism |, 1, 11.

IIpoBepka JOCTOBEPHOCTH AIMPOKCUMAIMOHHBIX pacyeToB (OIEHOK) MPOBOIMIACH IyTEM HX CPaBHEHUS C
9KCIIEPUMEHTAIbHBIMU JaHHBIMH, TOnydeHHbIMU B [18] (cM. puc. 12). Pacuer nmpoBoAMiICSA MO anmpoOKCHMAIMOHHBIM
vomensim -1l mast Ar m CO,, ¢ pacxogoM raza COOTBETCTBCHHO 7,8CM3/C H 15,7CM3/C, TaKUM K€ KakKk U B
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3KCHCpHMeHTaﬂLHOﬁ pa60Te. MaxkcumanabHOE OTKJIOHSHHE OKCIICPUMCHTAJIbHBIX TOYCK OT PACUCTHBIX KPUBBLIX IJIA Ar

45%, nst CO, mpu pacxojax rasa q:15,7CM3/C 118%,a npu q:7,8CM3/C 120%.

3,0x10" T

T T T T T — —
10" 4 pacuer Ar, q=7,8 cm’lc
= - — pacuer CO,, g=15,7 cm’/c
10" 4 ) 3
Lo 10774 - - pacyet CO,, g=7.8 cm/c
E m  akenep Ar, =7.8 cm’/c
2,0x10" 4 & ® okcnep CO,, =157 cm'/c
75 - 107 A akcnep CO,, q=7 8 cm'lc
= 1,5x10™ 4 <{ 1015=— \.\
= A
1,0x10" 4 'TD“‘-
5,0x10" 4 10" "-_:‘_\\
0.0 T - - T " o 1024 . T -
0.04 0,068 0.08 0,10 0,12 0.14 1 10 100

L - paccrosHue oT cpe3a conna, M Kanu6p auameTpa oTeepcTis BoixoaHoro conna L/d,, oTH. eanH.

Puc. 12.3aBHCHMOCTE OCEBOM IIOTHOCTH YACTHIT
CBEPX3BYKOBOTO ITOTOKA Ha yaaneHun L ot cpesa cora,
BBIP@)KEHHOTO B KAIMOpax quamerpa O, BBIXOJHOTO OTBEPCTHS
cornia Ipu (PUKCUPOBAHHBIX 3HAUCHHSAX PacXoja rasa Juepes
COILIO

Puc. 11.OceBoe pacmpezielieHue IUIOTHOCTH YacTHIL B
3aBHCHMOCTH OT PACCTOSHHUS 33 CPE30M COILIA.
Pacuerneie Mmonenu: | - Maiipenc, |l — Jleiite, |l — llyBanoga,
IV — Pobeprc, V - I'epacumon

3AKJIIOYEHUE

B pabote paccMOTpeHbI IMIaBHBIE aCMEKThI [0 CO3/IaHHI0 ra30MHAMUYECKOr0 YCTPOWCTBA Ul BBOJA pabouero
BEIlECTBA B Tra30-Mapoo0pa3HOM COCTOSHMM B IUIa3MEHHbIE YCTAHOBKM, B TOM 4YHCIE€ W YCTpPOMCTBa
MarHUTOIUIA3MEHHOTO pPa3JeeHus] OTpabOTaHHOrO SIIEPHOrO TOIUIMBA. 3a/adya CO3JaHHs TAKOrO YCTpoicTBa MMeer
3aMeTHyIo Tpeasictopuio [1, 2, 13, 15-19]rak Kak mogo0HbIE YCTPOHUCTBA paHee MCIIOIb30BAINCH I 00pa3oBaHMs
3JIEKTPOHHOTOPSIYEH IJIa3Mbl BBICOKOW IUIOTHOCTH (21015 CM'3) B OTKPBITHIX JIOBYIIKaXx M Ha YpPOBHE 1.10%cm® B
3aMKHYTbIX JIOBYILIKaX.

B pamMkax mocTaBieHHOM 3a/1a4K ObLIH PACCMOTPEHBI CIEIYIOIINE BOIPOCHL:

- chopmynmupoBaHbl TpeOOBaHMSA K CO3JaBACMOMY T'a30JHMHAMHYCCKOMY YCTPOWCTBY JUIi TOJa4du pabodero
BEIICCTBA B IUIA3MCHHBIA O00BEM B BHJIC CBEPX3BYKOBOIO MOTOKA 3aJaHHOW WHTCHCUBHOCTH W PACXOJUMOCTH Ha
TpedyeMoe paccTosIHUE;

- PaCUYETHBIM MYTEM B MPE/IOJIOKESHUU H303HTPOMUUECKOTO TEUCHHUS Ta3a ONpPe/IeICHbl XapaKTePHbIE MapaMeTPhI
(S/SEF(M), TITo=f(M), P/R=f(M), p/po=Ff(M), a/a=f(M)) rasomunamMmuueckoro moToka, GOpMHPYEMOTo ¢ IOMOLIBIO
CXOJIAILETOCA-PACXOISAIIErOCs COILIA, Ha BXOJE M BBIXOJIE M BOJIb ero npopoisHoit ocu (P, T,p,=f(l) u M, a, v=£(l));

- TPOBEJICH aHallM3 BO3MOXKHOW KJIACTEPU3ALMHU CBEPX3BYKOBOTO IOTOKA M HA OCHOBAaHHUU 3TOTO PAaCCMOTPEHBI
YCIIOBHSI MUHUMHU3AIIWH YPOBHS KIACTEPU3AINH Ta30JHHAMHUYCCKAX MOTOKOB (CTPYit) MPU MX UCTEUCHUHN B BAKYYM;

- C MOMOMIBIO MPUOJIMKEHHBIX MOJICIICH aPOKCUMAIINU PE3yIbTaTOB YUCICHHBIX U (PU3MYECKUX IKCIIEPUMEHTOB
OIPE/IeTICHO N3MEHEHHE INIOTHOCTU CBEPX3BYKOBOTO MIOTOKA, HCTEKAIOIIET0 B BAKyyM, B IaIbHEM MOJIe CTPYH, KOTOPOE
HauuHAETCS ¢ (OT) TPAHUIIBI CILIONIHOCTH BHU3 10 MOTOKY, TI€ CKOPOCTH Ta3a BO3PACTAET 0 MPEeIbHBIX BEIHUIHH, a
JIMHUH TOKA MPAKTUYECKHU MPSIMOIUHEHHBI.
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APPLICATION OF *He*" AND *He?" BEAMS
OF THE COMPACT ACCELERATOR “SOKOL” FOR ION BEAM ANALYSIS
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Some planar structures have been studied by “He*" ion beam and the backscattering spectrometry. Thicknesses of separate layers
were determined in the optical coating consist of 13 alternated Ta,Os and SiO, layers on the SiO, substrate. Oxygen fraction was
measured in VN coating formed by ion beam assisted deposition technique (IBAD) and in Nb,Os coating deposited by laser
sputtering. Besides deuterium concentration distribution in titanium deuteride layer on Mo substrate was measured by *He®* ion beam
and the D(3He,p)4He nuclear reaction.

KEY WORDS: multiply charged ions, ion beam analysis, backscattering spectrometry, D(He,p) reaction

3ACTOCYBAHHS ITYUKIB ‘He*" TA *He*” MAJIOTABAPUTHOI'O IPUCKOPIOBAYA “COKOJI”
JJIA IOHHO-ITYYKOBOI'O AHAJII3Y
C.I'. Kapnycs, B.M. bonnapenko, O.B. I'onuapos, JI.C. I'tazynos, A.B. 3au,
B.B. Ky3bmenko, B.M. IicTpsik, B.I. CyxocraBens
Hayionanvnuii Hayxosuii Llenmp “Xapkiscoxuii pizuko-mexuiunuti incmumym”
8yn. Akademiuna 1, m. Xapxie 61108, Vkpaina

3a goromMorofo mydka ionis *He®" Ta criekTpoMeTpii 3BOPOTHOTO PO3CIOBAHHS MPOBEIEHO IOCIIKEHHS Py MIAHAPHUX CTPYKTYP.
B ontuyHOMY MOKPHUTTI, IO CKIAAaeTbes 3 13-m moueproBux mapiB Ta,Os ta SiO, Ha minkiagmi 3 SiO,, BUMIpsSHI TOBIIMHU
OKpeMUX mapiB. BuMmipssHO BMICT KHCHIO B MOKpUTTI VN, mo Oyno copMOBaHEe MUISXOM HANWICHHS BaHAIII0 Ha IMiJKIAAKY 3
OJTHOYaCHUM OIPOMIHIOBaHHSAM ioHaMu a3zory (Meron IBAD), ta y mokpurti Nb,Os, HaHeceHOMy 3a IOIIOMOTOIO JIa3epPHOTO
posnunenns. Kpim Toro, 3a gomomorowo myuka iowis “He®' Tta smepuoi peakuii D(*He,p)'He BuMipsiHui po3mozin KoHIEHTpauii
JeUTepilo B Iapi IelTepuy TUTaHy, HAHECEHOTO Ha MOJIIOACHOBY MiKIaIKY.
KJIOYOBI CJIOBA: Garato3apsiiai iOHH, aHATI3 Ha iOHHEX ITy4KaX, CIIEKTPOMETpIsi 3BOPOTHOrO poscitoBanms, peaxiis D(CHe,p).

MPUMEHEHHUE MYYKOB ‘He’* M *He’* MAJIOTABAPUTHOI'O YCKOPUTEJISA “COKOJI”
JJIs1 MTOHHO-ITYYKOBOI'O AHAJIM3A
C.I'. Kapnycs, B.H. Bongapenko, A.B. I'onuapos, JI.C. I'ta3ynos, A.B. 3an,
B.B. Ky3bmenko, B.M. IInctpsik, B.U. CyxocraBen
Hayuonanvhvlii Hayuuvli yenmp «XapbKoscKuil (puzuKo-mexHuuecKutl UHCmumymy»
ya. Axademuueckas 1, 2. Xapvros 61108, Yrpauna

C moMopio myuka uoHoB *He®' i criekTpoMeTpuu 0GpaTHOrO paccesHus MPOBEICHO UCCIENOBAHNE PAAa IUIAHAPHBIX CTPYKTYp. B
ONTHYECKOM MOKPBITHH, cocTosimieM u3 13-u yepenytoumxcs cinoeB Ta,Os u SiO, Ha momnoxke u3 SiO,, OmpesesieHbl TOMIIUHBI
OTHENBHBIX coeB. M3MmepeHO coiepikaHHe KHCIOpPoAa B TMOKPHITHH VN, chOPMHPOBAHHOM IyTEM HANbUICHHS BaHAIWsA Ha
MIOJUTO’KKY C OJJHOBPEMEHHBIM 00JydeHneM noHamu a3ota (Metoxa IBAD), u B mokpeitTuu Nb,Os, HAHOCHMOM C IIOMOIIBIO JIA3€PHOTO
pacmsutenms. Kpome Toro, ¢ momompio myuka mouoB remmst “He?' u smepmoit peaxumn D(CHe,p)*He m3mepeno pacrpeencHue
KOHIICHTpaLUK AeHTepHs B cIoe AeiiTepuia THTaHA, HAHECEHHOTO Ha MOJIMOICHOBYIO TIOJUIOKKY.

KJ}IO‘IEBI)IE CJIOBA: MHOro3apsiiHble HOHBI, aHaJIM3 Ha MOHHBIX IyYKaX, CIIEKTPOMETPHsS OOPaTHOTO pacCesHUs, PeaKmus
D("He,p).

2

Onekrpocrarndeckue yckopurenu (ESA) mmpoko npuMeHsoTcs B siiepHON (PU3UKE M HOHHO-ITYYKOBOM aHaIN3e
(IBA). OcHOBHBIM ITPENMYILECTBOM TaKHX YCKOPHUTENEH SBISIETCS XOpoIasi CTAOMIBHOCTD 1O SHEPTUU HOHOB.

Hcnonp30BaHNEe HMCTOYHUKOB MHOT'O3apsiIHBIX HOHOB M, COOTBETCTBEHHO, YBCIIMUCHHWE OSHEPIUU ITyYKOB
pacmupsier Bo3moxkHocTd ESA [1-4], B ToM uncne, B 3agayax IBA.

KoneyHo, mpu 53TOM BEIMYMHBI TOKOB MHOTO3apSAHBIX HMOHOB MHOTO MEHBIIE TOKOB, ITOJMYYaeMbIX Ha
0THO3aPAHBIX HOHAX. TaK, B YCIOBHSX Ta30BOT0 Pa3psiia HCTOYHMKA KOJTHYeCTBO HoHOB He®™ Ha 11Ba mopsika MeHbIie
xonudecTsa nonos He' [5]. Ho ans psina metonos IBA, Hanpumep, [71s CIEKTPOMETPHE pe3epdOpaOBCKOr0 06pPaTHOTO
paccesaus (RBS), BenmuunHa TOKa HOHHOTO ITy4YKa HE SBISETCS CYIIECTBEHHO OTPaHMYUBAIOMINM (HaKTOPOM.

B obmem mapke ESA cBoro “Humry” 3aHUMAarOT ManorabapUTHBIE YCKOPHUTENH TOPU30HTAIBHOTO THIIA, KOTOPHIE
yIOOHBI TEM, YTO AaHAJUTHYECKYIO YCTAHOBKY Ha MX 0a3¢ MOXXHO Pa3MECTHTh B OTHOCUTEIBHO HEOOJIBIIOM TOMEIICHHN
(25-30 M?). JIs TAKHX YCKOPHTEIeH HAMPSDKEHHE HA BHICOKOBONBTHOM KOHIYKTOpE OOBIMHO He mpeBbimaeT 2 MB. K
nanHomy tuity ESA otHocutes u yckopurtens “Cokxon” HHI XDTU [6].

© Karpus S.G., BondarenkbN., Goncharo®.V., Glazunov L.S., Za®&.V., Kuz’menkoV.V., PistryakV.M.,
Sukhostavetg.l., 2015



91
Application of“He?* and®*He?* beams of the compact accelerator EEJPVol.2No.22015

Lenpto HacTosiLEeH pabOTHI SBISIETCS UCCIEIOBAHKUE PACIPEIeNICHNs] XUMHYECKUX DJIIEMEHTOB B psijie 00pa3loB,
COJICPXKAIIMX CIIONCTBIC IUIAHAPHBIC CTPYKTYPHI, C TIOMOIIbI0 MeTonuK IBA Ha myuke ABYX3apsIHBIX HOHOB TEIUS
yckopurens “Cokorn’.

IKCIHEPUMEHT
B Hacrosmee Bpemst yckopurens “Cokos” oCHaIIeH HOBBIM MHKEKTOPOM C MCTOYHWKOM ITEHHUHTOBCKOTO THIIA C
XOJIONHBIMH KaTOJaMH W MPOAOJIBHON CHCTEMOM M3BJICUEHHS [7], ITO MO3BOSET T€HEPUPOBATh IyYKH JBYX3aPSTHBIX
HMOHOB renus ¢ dHeprueit 10 4 MsB u Tokom 10 20 HA Ha MUIICHH.
OxcrepuMeHTH 0 IBA Ha mydkax HOHOB *He*" n *He** MIPOBOJWINCH HA OJHOM U3 BBIXOJOB YCKOPHTEIS.
JleranbHasi cXxeMa HCIOJIb30BaBIINXCS SKCIIEPUMEHTAIBHBIX YCTPOUCTB MpeicTaBlIeHa Ha puc. 1.

=g

1 _\ﬁz\\/ 12
6 /\\
11

10

Puc. 1. Cxema 3KcriepuMeHTaIbHBIX YCTPOUCTB, PACIIOI0KEHHBIX BAOIb OJHOTO U3 BBIXOA0B yckopures “Cokon”
1 — y3eI1, MO3BOJISIIONINI BBIIBUTAaTh TOHKYIO YIJIEPOJHYIO MHIICHb HA TPACKTOPHUIO MyYKa; 2 — auadparmMa &5 MM; 3 — MarHUTHBIN
Macc-anaiuzatop (MMA); 4 — cTanapTHBIN IIEJIEBOH MPUOOP B CHCTEME CTAOWIIM3AIMU SHEPTUU MyUKa; S5 — 3JEKTPOCTATHYCCKUIN
aHamuzatop (EA); 6 — MexaHuueckuil mIpepbiBaTeNb IydKa B CHCTEME MOHUTOPUPOBAHHUS KOJIMYECTBAa HMOHOB, MAJAIOIIMX Ha
MHUILIEHb; 7 — JAETEKTOp, PETUCTPUPYIOIIUI HOHBI, pacCestHHBIE Ha BPAILAIOIIUXCS JonacTsaxX npepriBatens; 8§ — menb 0,9x9 mm; 9 —
kamepa i IBA; 10 — obpaszen-mumrens; 11 — nqetekTop, perucTpupyIOmril HOHBL, paccesiHHble Ha mumieHu; 12 — Si(Li) nerextop.
Crpenka noKa3bIBaeT HANPaBJICHHUE ITyYKa MOCIIE BEIXOIA U3 YCKOPUTEIIS.

B Hacrosimei paboTe BO BceX pacCMOTPEHHBIX CIydasX IydOK Hajaj Ha MHUIIEHb-00pasel] BAOJIb HOPMaNU K €T0o
moBepxHOCTH. [loBepXHOCTHO-OaphepHBId AeTekTop 11, MCIONB30BaBIIMICS TPH HM3MEPEHHUH CIIEKTPOB OOPaTHOTO
paccesirmst (OP) HOHOB, 6bLT ycTaHOBIeH mox yrmom 6=170° mo OTHOWIGHMIO K myuky. Si(Li) nerekrop,
TIPUMEHSIBIIHIICS [7Isl PErHCTPALIMH TIPOTOHOB C SHepruei mopsyaka 13 MaB u3 peaxuun D(*He,p)*He, Gbi1 pacionoxKeH
oz yriom 140° k HaNpaBIEHHIO MydKa.

TeopeTnyeckuii M SKCIEPUMEHTANIBHBIA aCHEKThl aHalM3a 00pa3loB c momMouipio crekrpomerpun OP (B Tom
gucie, RBS u HepesepdopaoBckoro paccesiHusi) moipoOHO H3II0KEHBI B psijie 0030poB [8-11].

[Ipu BbIIETICHHH U3 OOIIEr0 MOHHOTO MyUKa, BRIXOSIIErO H3 YCKOPUTEIS, IBYX3apsIHbIX HOHOB 'He ¢ sHeprueii
Ey ¢ momompio MMA mnposiBisiercs 3p(eKT oIHOBPEMEHHOTO BBIICICHHUS M OAHO3APSIHBIX HOHOB MOJIEKYJISIPHOTO
BoJIOposia ¢ dHeprueit Ey/2. Dta “mpumecs” oo H," BO3HMKaeT M3-3a MPUCYTCTBUSA OCTATOYHOrO Ta3a H, B HOHHOM
HCTOYHHKE, KOTOpOe OOYyCIOBICHO T'aXCHHEM KOHCTPYKIMOHHBIX MAaTEpHAJIOB MCTOYHMKA, a TAKKe MPUCYTCTBHEM
TapoB BOJBI B OCTaTOUHOU aTMocdepe [12].

B HacTosiIee BPeMsI Tl CHIDKEHHS OTHOCHTETBHOTO cofiepyarus HoHoB H,™ B myuxe nonos “He”’, namaromem na
MHILICHb, HAMHU HCHOIb3YIOTCS ABE METOIUKH: a) AUCCONMAINS MOJIEKYJIIPHOTO Iy4Ka Ha TOHKOM yTJIepOAHOH IUICHKE,
ycranoBieHHOi ieper MMA; 6) Beitenenne myukos H," u ‘“He’* B momepeunom mone EA, ycTaHOBIEHHOTrO mocie
MMA. B nocnenneMm ciydae 10Jii MOHOB H," B My4YKe HMOHOB, MAJAIOIIMX HAa MUIIEHb, COCTABIAECT OKoJo 3 %.
ITompoOHO pe3yIbTaThl COOTBETCTBYIOIIUX YKCIICPUMEHTOB OBLIH MPECTaBICHbI B pabore [13].

IlepBasi MeTOAMKA OOECIEUMBACT HECKOIBKO OONMBIMIA d((eKT NpH OuMIIeHMH mydka HOHOB 'He’™ ot
COMYTCTBYIOMMUX HOHOB H,', HO TIpM 5TOM MMeET MEeCTO yBEIMYEHHe SHEPreTHUeCKOro pa3bpoca B IyUKe, MaJarolleM
Ha MHIIEHb, YTO HEXEJAaTeJIbHO NPH UcIoab30BaHuu criekrpoMmerpun OP. ITosToMy B HacTosimel paboTe Uit OUUCTKA
ITyYKa MPUMEHSUIACh BTOPasi METOANKA.

Hy’XHO OTMeTHTb, UTO s psAga MeTomuk IBA mpumech monoB H,™ B myuxe moHOB *He®" MoxeT He SBIATHCS
CYIIECTBEHHO MemIalomuM (GaktopoM. Tak, MpH HCIONB30BaHNH crekTpomeTpun OP, Jmine B HU3KORHEPreTHUECKOH
YacTH CIIEKTpa, KOTOpas COCTaBIgeT mHpuMepHO 25-30% BCero 3HEPreTHYECcKOro Hana3oHa PEerHCTPHPYEMbIX
paccesHHBIX HOHOB, HaOmozaerca HanoxkeHue crnektpoB OP wmoHOB Bomopoma u remusi. COOTBETCTBEHHO,
BBICOKO3HEPreTUYecKas 4acTh CIIEKTPa, B KOTOPOH PETUCTPHPYIOTCS TOJIBKO OOPAaTHO pacCesHHbIC MOHBI I'elTUs, MOXKET
OBITh NPOAHATIM3UPOBAHA OOBIYHBIM 00Pa30M.
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PE3YJIbTATbHI U3MEPEHUI U OBCYKJIEHUE
Jlanee paccMOTpeHbI HEKOTOpPbIE IMPUMEPHI UCIONb30BaHUs ITydKa JBYX3apsiAHBIX MOHOB TelMs Ha yCKOpUTENe
“Cokoun” uist U3y4eHHs pacrpeiesIeHuil XMMHUUECKHUX JIEMEHTOB I10 IITyOrHEe 00pa3LoB.

Hccnenosanue MHOroca0iHoro nokpoiTus Ta,0s/Si0,/Ta,05/.../Ta,05 Ha noayioxkke u3 SiO,

[MoxpeITHEe OBUIO MONYYEHO ¢ MOMOIIBI0 MOOYEPETHOTO ocaxaeHus okcuaoB Ta,Os u SiO, Ha obOpasen. Takoro
polia TIOKPHITHS UCTIONB3YIOTCS TOCTATOYHO IMUPOKO. B 4acTHOCTH, OHM HaXOIAT MPHUMEHEHHE TIPU CO3TaHHUH JTa3ePHBIX
HHTEpPEPOMETPOB U onTHdecKux GuiabTpos [14,15].

B namewm cirydae com HaHOCHIIMCH C TIOMOIIBIO JTa3epHOT0 PacIbUICHH B BRICOKOBaKyyMHOU Kamepe. Beero Ha
nccienyemMblii oopasen Obu10 monepeMeHHo HaHeceHo 7 cioeB Ta,Os u 6 cnoes Si0,. Hwke (B ToM uncie Ha puc. 2) B
0011l HyMepaluy HaHECEHHBIX CJI0EB, HAUMHAs C BHELIHETO0, K cosiM Ta,Os OTHOCATCSI HEeUeTHbIE HOMEpa, a K CII0sM
SiO, — yetHbie. TakuM 00pa3oM, IPU OCAKICHUU EPBLIM HAHOCHIICS 13-i col, a mocineqHumM — 1-i.

O06pazen; uccnenoBaics ¢ nomouipto crekrpomerpun OP. Ha puc. 2 npexacraBnensl crnektpsl OP HOHOB oT
JAHHOTO 00pa3iia, W3MEPEHHBIC C TPUMCHEHHEM ITyYKOB OJHO3APSOHBIX W JIBYX3apsIHBIX HOHOB TEIHS NpPHU
MPHOJIM3UTEIIFHO OIMHAKOBOM 3HAYCHHUHU HAIPSDKEHUS Ha BBICOKOBOJIITHOM KOHIYKTOpE YCKOopuTens — okoo 1,5 MB.

HuskosHepreTnyeckast 4acTh 3KCHEPHUMEHTANBHOTO crekTpa “b” (obmacts kananoB 30-170) mpencrasnser coboi
cyneprosuimio crektpoB OP monos ‘He u monoB H', mockoneky ounctka mpumecu uoHoB H,™ 0T 0cHOBHOrO myuka
*He** ¢ momompio EA He JaeT CTONPOLEHTHBIH pe3yibTaT (€CIM HE NMPHHOCHTH B JKEPTBY MHTEHCHBHOCTbH TOKA
OCHOBHOTO ITydka). OCOOEHHOCTBIO ATOM YaCTH CHEKTpa SBISETCA TPYIIA U3 7-W Y3KUX IHKOB, COOTBETCTBYIOIIHNX
paccessHIIO HOHOB H' Ha TanTane, BXOMIIIEM B COCTaB BerecTsa cioes Ta,0s (o6mactp kananos 80-170). Ho B manHOM
cllyyae 3Ta 4YacTh CHEKTpa IpakTHYecKH He no0aBisier MH(OpMalnuu B OTHOLICHUH HCCIEIyeMoro obpasua, o
CpaBHEHHIO ¢ MH(OpMaIHMe, U3BJICKAeMON M3 BBICOKOIHEpPreTHueckor yactu crekrpa (170-650 xaH.), cBS3aHHOM C
paccesHUEeM HCKIFOUUTEIFHO HOHOB IelTusl.

CrexTp “b” M3Mepsuics MPH dHEPTHH, HECKOJIBKO MeHbIlel sHeprun 3,034 MaB pe3oHaHca ynpyroro paccesHus
nonos ‘He Ha sapax '®0 [16], 4To6BI CBeCTH K MUHUMYMY IIPUCYTCTBHE HEPETYISIPHOCTEN B CIIEKTPE.
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Puc. 2. DHepreTuyeckue CrieKTPEI HOHOB, 00PATHO PacCEesSTHHBIX Ha MHOTOCTIOWHOM MOKPHITHH Tay0s/Si0,/.../Tay0s/Si0,.
a — CIIEKTp, MOJYYCHHBI MPH HCIOIB30BAHUH ITydKa OXHO3aPSAHBIX HOHOB “He, b — CIIEKTp, TOJIYYECHHBIA MPU HCIOJIB30BAHUN
JIBYX3apsIHBIX HOHOB.

B o0oux cmekrpax (puc.?2) CIDIOMIHAS JHHHS TPEICTaBISET COOOH pe3yibTaT MOArOHKH C IOMOIIBIO
MonenupoBaHus criekTpoB OP monHoB renmsa. Criermudukol TaHHOW 3amadd SBISAETCA TO, YTO KaXKIBIH W3 NMHKOB B
CIEKTpaX COOTBETCTBYET OIPEACICHHOMY XHMHYECKOMY OJJIEMEHTY M3 OIPENeNICHHOTO CJI0S B MOKPHITHH. B
COOTBETCTBHM C 3THM M JJaHA MapKHPOBKa MUKOB (IM(PBI OTHOCATCS K HOMEpaM HAHECEHHBIX CIIOEB B MX 0OIIei
MOCTIEIOBATEIbHOCTH, HAYMHAs C BHENIHEero cios). B 0o0ouMx chekTpax IITPUX-MYHKTUPHOW JHHUEH HaJ NHKaMU
BBIJIEJICHA 00J1aCTh, B KOTOPO# PErHCTPUPYIOTCSI HOHBI TelNsl, paccesiHHbIe Ha siipax atoMoB Ta u3 cioeB Ta,Os. Kpome
TOTO, B CHEKTpe “b” MyHKTUPHO# JMHUEH BBIZEICHA 001aCTh, B KOTOPOH PErHCTPUPYIOTCSI HOHBI TENUsl, PACCESHHBIE Ha
Si n3 cnoes Si0,.

B criektpe “a” ¥ BBICOKOHEPTeTHUECKOM JacTh criekTpa “b” (o0macth kaHanoB 180-600), oTHOCSIIEHCS TOTBKO K
OP nonos renust, cion Ta,Os IMOKPHITHS MPOSIBIISIIOTCS. B BU/IE OT/AEJIECHHBIX JIPYT OT ApYra IMMKOB, KaX/IBIH 13 KOTOPBIX
COOTBETCTBYET ONpE/IENCHHOMY JHANa30Hy YHEPriil perncTpupyeMbX HoHoB *He, paccesHHBIX Ha sapax aToMoB ' Ta.
CrnosiM, KOTOpBIE OJIIKE K BHEIIHEH MOBEPXHOCTH 00pa3iia, COOTBETCTBYIOT B CIIEKTPax OOJNBIIHE YHEPTUN PACCESTHHBIX
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UoHOB. [IpoMexyTkn ¢ MUHMMaNbHBIM BbixogoM OP MexaIy 3TUMM NUKaMM CBS3aHBI C IOTEPEH SHEPrUM HOHOB
MIEPBUYHOTO ITy4YKa U PACCESHHBIX HOHOB B ci0sX Si0;, B KOTOPBIX TaHTAI OTCYTCTBYET.

MO>KHO BHAETH, YTO B CIieKTpe “b” mposBisitoTest Bee 7 cioeB HaHeceHHOro Ta,0s, B TO BpeMsl Kak B CIIeKTpe “a”
TIPOSIBIISIIOTCS JIMILB 5 “BepXHUX’ cioeB Ta,0s, 4To B MOCIEAHEM CIydae CBSI3aHO C HEJOCTaTOYHOW TITyOMHOM aHanm3a
NP UCTIOJIb30BAHUHU ITy4Ka OJHO3APSIHBIX HOHOB reius ¢ sHeprueit 1,5 MaB.

Kpome Toro, B cnekrpe “a” cmou SiO, BOOOIIE HEMOCPEICTBEHHO HE MPOSIBILTIOTCS, 8 B IKCIIEPHUMEHTAIFHOM
cuekTpe “b” (cMm. obmacte 170-250 kaH.) psia Takux cioeB (8-i u 6-if B 00mIeH HyMepaIiu CJI0eB) MPOSBISAIOTCS B BUIE
HEOOJBIINX MHUKOB, COOTBETCTBYIOIINX PACCESHUIO MOHOB TN Ha sApax aTOMOB Si, BXOASIINX B COCTaB BEILECTBA
9THUX CI0E€B. Maiasi BEIMYMHA 3THX NUKOB 110 CPAaBHEHMIO C ITMKaMU paccesHus Ha Ta cBs3aHa C ropas3lo MEHbIICH
BEJIMYMHON CEUCHUS PACCESHUS MOHOB Tellis Ha spaxX aToMOB Si 0 CPaBHEHHUIO C CEUCHHMEM paccesHHs Ha sapax
atoMmoB Ta.

B cBs3u ¢ emie MeHbIIeH BEIMYMHOM CEYEHUS pAacCEesTHUS MOHOB Iesids Ha Spax aTOMOB KHCIIOpPOJa, B CIEKTpe
“b” coBceM He MPOSIBISIOTCS BapHALlMK BBIXOAA PAacCEsHUs, CBSI3aHHBIC C Pa3HBIM COZIEP)KaHUEM KHCIIOpPOJa B CIOSIX
Ta205 n SIOQ

ITpn oOpaboTtke crekTpoB “a” u “b” B KauecTBe BHEUIHEro CTaHJapTa MCIOJB30Bajcs obOpaser u3 uucroro Ta.
O6paboTka MPOBOAMIACH IO OOBIYHOI MTPOLEAYPE ITyTEM CPaBHEHHUS SKCIEPUMEHTAIFHOTO CIIEKTPA C MOJIEIIBHBIM.

MopenupoBanue cnektpoB OP HOHOB renusi NMPOBOAMIOCH B TPEIIONOKCHHWH, YTO CCUCHHS PacCesHHs
onmceBatoTCs hopMmyiort Pesepdopaa ¢ ydeTom monpaBku Ha SKPaHUPOBKY sIpa dJIEKTPOHAMH 000J04YKH aToMma [17],
a TPACKTOPUH MOHA 10 PacCesHHs Ha SApe KaKoro-JIM00 aToMa M IOCIe PAacCesHHS SIBISIOTCS MpAMOoIuHEHHbIMU. Kak
OOBIYHO, TPU MOAEIHPOBAHMHU YUUTBHIBAIUCH KOHEYHOE OJHEPIeTHUECKOE pa3pelleHue CrekTpomerpa U 3ddext
SHEPreTU4ECKOro CTPArTJINHIa HOHOB, KOTOPBIH YCHUINBAETCS [0 MEPE NPOJBIKEHUSI HOHOB CKBO3b BEILIECTBO.

[IpuMeHHUTETBHO K HACTOSIIEH 3a7a4ue UCCICTOBAHUS MHOTOCIOWHOTO TOKPBITHS, IPH MOJCIUPOBAHUN CIIEKTPOB
MPEIIONIArajoch, YTO KaXKJbI CJIOHM MOKPBITHS COCTOMT M3 OKCHa crexuomerpuyeckoro cocrara (Ta,Os wim Si0,).
3TO MO3BOJIMIIO YMEHBIINTH YUCIIO MOJrOHOYHBIX MapaMETPOB MOJIEINH, TIOCKOJIBKY B JJAHHOM Cllydae TaKOBBIMU OBLTH
TOJIBKO MCKOMBIE TOJIIINHEI CIIOEB.

Ha puc. 2b MozenbHBII CHEKTp paccesHHBIX HOHOB Tellisl PacHpOCTpaHeH Ha BCIO oOylacTh 3Hepruil. MoxxHO
BUAeTh, uro 12-fi m 10-it cmom, comepxamue SiO,, NPOSBIAIOTCS TOJBKO B MOJCIFHOM CHEKTpe. B
SKCTIEPMMEHTATBHOM K€ CMEKTPE OHM He MpOSBIAIOTCS M3-3a MHTEHCHBHOTO BBIXOJA paccesHus MoHoB H' B oToi
gacTh cnekTpa. Kpome Toro, kKak B 3KCIIEPIMEHTAIFHOM, TaK U B MOJEIBHOM CIIEKTpax He MpOSBILIIOTCS 4-U u 2-U
cion SiO;, 9TO CBSI3aHO C HAJIOXKEHHEM COOTBETCTBYIOMIMX NTHKOB MallOW MHTEHCHBHOCTH HAa WHTEHCHBHBIC ITHKH,
CBsI3aHHBIE C paccessHueM Ha Ta, Bxozsmem B coctaB 13-ro u 11-To cioes.

B cnekrpax, IpeiCcTaBIEHHBIX HA PUC. 2, MOXKHO BHJETh, YTO 110 MEPE YMEHBIIEHHUS SHEPTHH PETHCTPHPYEMbIX
HOHOB Trenmust (T.e. TO Mepe 3ariayOsieHHs Iydka B BEIIECTBO MHUIIEHH), CTCIEHb COBHAICHHUS MEXIY
9KCIIEPUMEHTAIBHBIM U MOJEJIBHBIM CIIEKTpPaMU HECKONbKO yxyamaercs. Tak, B criekTpe “b” kauecTBO MOATOHKH Ha
MHKE, COOTBETCTBYIOLIEM CIIOI0 13, HECKOJIBKO XyXKe KauecTBa MOATOHKH, COOTBETCTBYIOIIETO Clol0 1. AHaNOru4yHo, B
CIEKTpe “a” KauecTBO MOATOHKU HA IMHKE, COOTBETCTBYIOILIEM CJIOK0 9, XyXke KadecTBa MOATOHKU, COOTBETCTBYIOILETO
cnoro 1. DToT 3¢dext sBuseTcs OOBIYHBIM JUI aJTOPUTMOB, HCIOJB3YEMbIX NpH NoAroHke crektpoB OP, u, B
OCHOBHOM, CBS3aH C TEM, YTO B TAaKHUX aJTOPUTMax IPEIIIOJIaraeTcsl MpSIMOJIMHEHHOCTh TPACKTOPUI MOHOB IIPH MX
MIPOJIBI)KEHUH B BEIIECTBE. B peanbHOCTH K€, TPAaeKTOPUH HOHOB HE SIBISIOTCS CTPOTO TPSIMOJIMHEHHBIMH, a
MIPETEepIIEBAIOT OTKJIOHEHUS B pE3yJibTaTe BO3JICHCTBHS TaKOTO CTATHCTHYECKOTO IIPOIecca, KaKk MHOTOKpAaTHOE
paccesiHue.

B tabimme npeacraBieHsl pe3yabTaThl 00paboTku criekTpoB “a” u “b”. B ckoOkax yka3aHBI TOJIIWHBI CIOEB B
MKM, PACCYHTaHHbIE, HCXO/ U3 IIOTHOCTH SiO,, M0Ty4aeMoro TepMuIecknM myteM (2,3 r/cM’) i IIOTHOCTH P-(hassl
Ta,0s5, KoTOpas SBILETCS pAaBHOBECHOH MPH KOMHATHOM Temmeparype (8,2 r/em’).

Tabnuna
ToNIIUHBI OTAENBHBIX CJIOEB MHOTOCIOWHOTO MOKphITUs Ta,0s/Si0,/.../Tay0s/Si0,, ompeneneHHbIE ¢ TOMOIIBIO
CIIEKTPOMETPUH 00PAaTHO PACCESIHHBIX MOHOB T'eITHsL.

Homep | Crexnomerpuueckuit Dueprus nonos E(*He"=1,50 M>B Dueprus nonos E(*He?"=3,02 MaB
cinost 9JIEMEHTHBII COCTaB Tonmuna cios, 10" at./eM? (Mxm) Tommuua cnos, 10" ar./em? (Mxm)
1 Ta,0s 1,3 (0,17) 1,2 (0,13)
2 SiO, 1,7 (0,25) 1,7 (0,25)
3 Ta,05 1,0 (0,11) 1,0 (0,11)
4 SiO, 1,5 (0,22) 1,6 (0,23)
5 Ta,0s 1,1(0,12) 1,0 (0,11)
6 SiO, 1,5 (0,22) 1,6 (0,23)
7 Ta,05 1,0 (0,11) 1,0 (0,11)
8 SiO, 1,3 (0,19) 1,8 (0,26)
9 Ta,0s 1,2 (0,13) 1,0 (0,11)
10 SiO, — 1,7 (0.25)
11 Ta,05 _ 1,0 (0,11)
12 SiO, - 1,8 (0,26)
13 Ta,05 - 1,0 (0,11)
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MO>KHO BHJIETh, YTO BEMUUHBI M3MEPEHHBIX TOJNMIMH Jj1st ciaoeB Ta,Os sIBISIOTCS OJM3KMMH, XOTS TOJNIMHA 1-r0
(BHEIIHETO) CJIOSI HECKOJIBKO OOJIBIIE TOJIIUH JIPYTUX CIOEB (3TO MPOSIBISETCS U B HECKOJIBKO OOJIBIIEH IMOJIyIIMPHHE
1-ro nuka B crekTpe “a”).

Jlist mepBBIX CEMH CJIOEB pe3ysbTaThl M3MepeHus TommuH cinoeB Ta)Os u SiO,, MoiydyeHHBIE NPH Pa3HBIX
SHEPTUSIX aHATU3UPYIOMIErO IydyKa, TakKe SBIIOTCS OMu3KuMH. [Ipy 3TOM BEeNMUMHBI TONMMH §-r0 M 9-TO Cioes,
MIOJTy4YEHHbIE NPH 3HEpruu noHoB 1,5 MsB, MOXXHO cuMTaTh MEHEEe JOCTOBEPHBIMH, ITOCKOJIBKY UM COOTBETCTBYIOT
CYIIECTBEHHBII cOPOC SHEPTUU MOHOB ITydKa M BO3PACTAOIAs MPU 3TOM HEOIPEAEICHHOCTh B BEIMYMHE TOPMO3HON
CcrocoOHOCTH HOHOB (3TO MPOSBIISIETCS U B KA4ECTBE ITOATOHKH MHKA, OTHOCAIIETOCS K 9-My CIof0, B CIeKTpe “a’”).

U3 cektpa “b” MOXXHO BHAETH, YTO B OTJIMYHE OT MOJITOHOK Ha MHKaX, COOTBETCTBYIOMUX ciosiM Ta,Os ot 1-ro
mo 11-#, Ha TUKe, COOTBETCTBYIOIIEM 13-My CIl010, HAabII0JaeTCsl 3aMETHOE PACXOKIECHUE MEXKITY dKCIIEPUMEHTATLHBIM
U MOJIENIbHBIM criekTpamu. [IpuunHa 3Toro He sicHa (BO3MOXHO, 3TO CBSI3aHO C BIIMSHHEM IIEPOXOBATOCTH HMCXOIHOM
MIOBEPXHOCTH IOJJIOKKH), HO MOKHO CUUTATh, YTO ITOJIy4EHHOE 3Ha4€HHE TOJIIMHBI 13-r0 cios (cM. Tadi.) sBisieTcs
HanMeHee TOYHBIM.

B memoM MOXHO cpenaTh BBIBOJA, YTO NMPUMEHEHHE ITyYKa JBYX3apsAHBIX MOHOB T'eJIMs MO3BOJIMIO IOJYYUTh
Gospiie MHGOPMALUK TIPU UCCIIEIOBAaHUHU JIAHHOW MHOTOCIIOWHOHM CTPYKTYpBI, Ye€M IIPH HCIOJIb30BAHUM “‘IITATHOTO”
ITy4Ka OJTHO3aPSAHBIX HOHOB TENHSI.

HccnenoBanue nOKPHITHS U3 MOPUCTOro VN

OO6paszer mpeacTaBisul coO0l TUIEHKY W3 HUTPHIA BaHAAWS, HAHECEHHYIO C ITOMOINBIO HANBUICHUA BaHAIUS Ha
MOJUTOKKY M3 rpaduTa ¢ OJHOBpEeMEHHBIM oOiydeHueM obOpasma moHamu a3ora (meron IBAD [18-20]). Tommmaa
mwieakn coctaBmwia 0,12 mkm. OcoOEHHOCTBIO MaTepHaia IUICHKH OBUI BBICOKHH YPOBEHb IOPHUCTOCTH, KOTOPBIN
obecrieunBaeTcsl 3a CUET NPUMECH HEKOTOPOTO MHEPTHOTO ra3a B MOHHOM MCTOYHHMKE. Takoro poja IuieHKH SIBISIOTCS
NEPCICKTUBHBIMU C TOYKWU 3PCHHUA CO3JaHUSA MaTCpUuaioB, CHOCO6HI)IX YACPKUBATH 3HAYUTCIBHBIC KOJIWMYECTBA
Bojmopoaa [21]. B maHHOM ciywyae B KauecTBE WHEPTHOTO ra3a HMCIOJIB30BAICS HEOH, KOTOPBIH Hapsiay C a30TOM
HalrycKajcs B 00beM HMOHHOTO MCTOYHMKA. [IOpHCTOCTh BellecTBa IJICHKH M3MEpSIach 10 METOJMUKE, COYeTarouen
W3MEpEHNE JIMHEHHOW TOJIIMHBI IUIEHKH C TOMOLIbI0 NpodWIoOMeTpa W MaccOBOM TOJNIIMHBI C TOMOIIBIO
cnextpoMeTrpuu RBS [21]. 3MepenHas BenuurHa MOPUCTOCTH cocTaBuiia 27 %.

I'padur B KauecTBe MOUTOKKH 00ECIEUNBAT HAMMEHBIIYIO CTCTICHb BIMSHUS Ha BRICOKOIHEPTETHYCCKYIO YacTh
cnexTpoB OP, cBsI3aHHYIO C caMHM MaTepPHaJIOM IUICHKH, aHAJIN3 KOTOPOH 1 OBLT IEeTbI0 HCCIIeJOBaHUS.

Ha puc. 3 mpencrasnens! criektpsl OP HOHOB renust OT JaHHOTO 00pasna, W3MEpEeHHBIE TPH Pa3HBIX YHEPTHAX
TyJKa.

RBS, E(*He")=1.50 MeV

T T 1
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] Channel sy
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* 1 o) h=1.1x10 "at/cm~;
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2 | 14N
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Puc. 3. CriekTpsl 00paTHOTO paccesHUs MOHOB TejMs OT IUICHKH W3 MOPHUCTOr0 HUTPWAA BaHAAWS, U3MEpPEHHbIE Ha IydYKax
OIHO3APAMHBIX H ABYX3apsAHbIX HOHOB ‘He.
B 00oux cnekTpax CIUIOLIHAs JIMHUS MPEACTABIsET cOOOW pe3ysbTaT MOATOHKU C MIOMOIIBI0 MOJEIHPOBaHus criekTpoB OP noHoB
renusi. PesynbraTel 06paboTku (TOMNIIMHA TUIEHKH /1 M OTHOCHUTEIbHBIE aTOMHBIE COOTHOIIEHUSI MEXIY KOMIOHEHTaMH BEIIECTBa
TUIEHKH) MPE/ICTAaBICHBl B KOMMEHTapHAX KO BTOPOMY CIIEKTpY.

MOXXHO BHAETH, YTO BO BTOPOM CIEKTpE, M3MEPEHHOM Ha IyYKE NBYX3apSOHBIX HOHOB TelHs HpH OobIIeH
SHEPruH, JOCTUraeTCsl MOJTHOE paszeneHue MMKoB OP, COOTBETCTBYIONINX a30Ty U KHCIOPOJLY BEIIECTBA IICHKH.
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BHenpeHHsIil HeOH MpakTHYecKu He NposiBUiCS B criekTpax OP. DTo 03Hauaer, 4yTo ero copep’kaHue B BELIECTBE
IIJIEHKHA BEChbMa MaJIo.

O6pamiaer Ha cebs BHUMaHHE HEOOBIYHO BHICOKOE COJEp)KaHHE KHCIOpoJa B IUIEHKe. Bo3MOKHO, 3TO sBIIsieTcs
CIEICTBHEM BBICOKOM CTENEHUM MOPUCTOCTH IUIEHKM M OKHUCIEHMSI MOBEPXHOCTU IMOpP KUCIOPOJAOM, NMPOHUKIIMM B
IUIEHKY M3 BHEIIHEH aTtMocdeps! TU(Qy3HOHHBIM Ty TEM.

HccaenoBanue nokpoiTus Nb,Os Ha nmoaiioxke u3 SiO,

ITokpsITHE OCaXIaN0Ch Ha MOIOKKY C TIOMOIIBIO Ja3€PHOTO PACTIBIIICHUS] OKCHAA HUOOHS B BHICOKOBAaKYyMHON
Kamepe. Takoro poja MOKPBITHS, HapsiLy ¢ PaCCMOTPEHHBIMM BbIIIE MOKPBHITHAMHU U3 Ta,0s, Takke HCHONB3YIOTCS B
ONITHYECKUX YCTpOHCTBax [22].

3amaueil HACTOSIIETO MCCIEI0BAHUS OBUIO OIpeeNICHHE COIEPKaHUS KUCIOPOAa B MMOKPHITUH, TIOCKOJIBKY HEJIb35
OBUIO MCKIIIOUUTB, YTO NPH PACIBUICHUH UMEET MECTO HEKOTOPOEe M3MEHEHHE CTEXMOMETPHHU BELIECTBA MOKPHITUS 110
CPaBHEHUIO C KJIACCUYECKOI CTeXHOMETpUEH.

Jns uccnenoBanust Obula BIOpaHa METO/AMKA, OCHOBaHHas Ha pe3oHaHce E,.=3,034 MaB ynpyroro paccesHus
nonos ‘He Ha sapax 0. B pabote [16] muddepeHnaTbHOe CEYCHUE PACCESHUS B OKPECTHOCTH JAHHOTO PE30HAHCA
6bUT0 M3MepeHo Ut yria 170,5° B 1aGopaTopHOil cHCTeMe KOOPAMHAT ¥ MOKA3aHO, YTO B MAKCHMyME CEUeHHS €ro
BeMM4rMHA B 23 pa3a IIPEBOCXOAWT pe3epoploBcKoe 3Ha4UeHHE cedeHMs. lllupnHa pe3oHaHCca COCTABISIET OKOJIO
15 x3B. Drta MeTonmka HEOAHOKPATHO IPUMEHSIIACH TTPH U3MEPEHNH KOHIICHTPAIMOHHBIX Mpodmieii kucmopona [23].

Ha manorabaputaom yckopurene “Cokon” 3HEPrHH, HEOOXOIWMOW ISl JaHHOW METOAWKH, MOYKHO JOCTHYB
TOJIBKO TIPH HCTIONB30BAHMM IMydKa JAByX3apsaaHbiX HoHOB ‘He. JIs TOro, utoBhl BHIOpaTh 3HEpruio noHoB 'He
ONTHMAIBHYIO JJIA aHaJH3a Kuciopoa B mieHke Nb,Os, npeasaputesnsHo usMepsuics criektp OP mpu sHepruu HOHOB
3,00 MaB, T.e. HeCKONbKO HIKe pe3oHanca 3,034 MoB ympyroro paccesirmst °O(a,0). BeqnduHa TONMIMHBI [UICHKH,
ompejeneHHas w3 crektpa, cocrasmia 1,0-10' ar./cm®. Mcxoms m3 9Toro 3HadeHus, pacueTHas BeIMUMHA cOpoca
SHEPruu IyYKa MOHOB Teliisl B AaHHOM IUICHKE IPU SHEPTUH HOHOB, PaBHOM MK O1M3KO0# K E,., cOCTaBHIIa PUMEPHO
AE=43 x3B, 4TO MO MOPANKY BEIUYMHBI CPAaBHUMO C LIMPUHON JaHHOTO pe3oHaHca. V3MepeHue copepikaHust
kucopoaa B mieHke Nb,Os Gyaer KOPpeKTHBIM, eclIH MakcuMyM Bbixoga OP HMOHOB remms Ha sapax ‘O Gymer
COOTBETCTBOBATh CJIOI0 BEIIECTBA IJICHKH, KOTOPHIM JI0CTaTOYHO ynayleH oT o0ewx ee moBepxHocTed. IIpomie Bcero
SHEPTHIO ITy4Ka BEIOpaTh OJIM3KOH K 3HaueHuo E,.,+4F/2. B HaneMm ciydae ucnonb3oBaiack sHeprus 3,050 MaB.

Ha puc.4 mnpeacrasnen coorBercTByromuii cnektp OP wuoHoB renmsa. Ha pucyHke He mokaszaHa
“HenH(popMaTUBHAA” U HaIICH 3aadd HU3KOPHEPIeTHUYECKas YacThb CIIEKTPa, B KOTOPOH MPOWCXOIWUT HAIOKCHHE
criektpoB OP HMOHOB renus 1 BOXOPOAA.

120 ————"F————T—T——T—T—T1

—s—E(*He’" )=3.00 MeV
100 o ——E(*He*)=3.05 MeV .

80 - Nb,O,/SiO, i

Counts
o
o
1

0 T T
200 250

T T T T T
300 350 400 450 500 550 600 650 700

Channel

Puc. 4. CiexTpsl 00paTHOTO paccessHUsI HOHOB Tenus oT IwieHKH Nb,Os Ha moaoxke SiO,.
+
B KkauecTBe MepBUUHOTO IyUKa HCIIONB30BaIcs myuok “He?'.

[TockonbKy u3MepeHus crnekTpos OP mpoBOAMINCH IIPH HECKOJIBKO OTJIMYAIOLIMXCS SHEPTHAX IEPBUYHOrO I1yUKa,
CIIEKTPBI CABHHYTH OTHOCHUTENHHO APYT Apyra. B BHICOKODHEPreTHdECKOH 06IacTH CIEKTPOB MOKHO BHJETh IIHK,
COOTBETCTBYIOIIUI pacCesHHIO Ha sApax aToMoB Nb, BXOASIIMX B COCTAaB BEIIECTBA IUIEHKU. KpoMe Toro, B CHeKTpax
HabJTI0MIaeTcsl CTYNEeHbKA-KOHTHHYYM, COOTBETCTBYIOIIAs PACCESHHIO HAa SApax aToOMOB Si M3 COCTaBa BElIECTBa
MOUTOKKH. BTOpoil CHEKTp OTIMYaeTCs O MepBOTO MPHCYTCTBUEM MHTEHCHBHOTO IIHKA, COOTBETCTBYIOIIETO
PE3OHAHCHOMY PACCESHHIO HOHOB TEIMs Ha SAPaX aToMOB 'O, BXOISIIMX B COCTAB BEIIECTBA MICHKH. Kak oGpaserl-
CTaHJApT I aHATH3a KHUCIOPOJAa HCIONB30Baics OKcHA KpeMHHs SiO,, coiepkaHHe KHCIOpoAa B KOTOPOM
cocraiset ¢*'=53,26 macc.%.

[IpUMEHHTENBHO K F€OMETPUM CHCTEMBI IMy4OK — 06pasel] — AEeTEKTOp, KOTOpas MCIONb30BaNach B HACTOSLIEH
paboTe (cM. Bblle pasfen ‘“DKCIEPUMEHT’), BHLIPAKEHHE /IS MACCOBOTO COIEPHKAHHSA KMCJIOPOAA B BEIIECTBE
HOKPBITHS 00pa3Ia, aHATU3UPYEMOM C IOMOIILIO JAHHON METOIMKM, IPUHUMAET BUI;
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+ 1Al Sm (kEi'ES )
|cos 6’| 0 1)

)Qst ?

kS”1 (EI”GS )

, 1
kS (E )+ leosd] Sy (kE
rie k=k(6) — kuHemaTHuecKuii GaKTOp I YIPYroro paccesHus uoxa ‘He Ha sipe atoma '°O mpu yrie paccesnus 6,
S,(E) u S,"(E) — COOTBETCTBEHHO, BEIMUMHBI MACCOBBIX TOPMO3HBIX CHOcoOHOCTei (MdB-cM*/Mr) MOHOB remus B
BellecTBe o0pasla W cTaHaapra kak QyHKiuu SHepruu E wonoB; Q u Q" — miomand MUKOB, COOTBETCTBYIOIIUX
Hcrob3yeMoMy pesoHancy ‘O(a,z) B crektpax OP, M3MepeHHBIX Ha oOpasle M CTaHIapTe HPH OJHHAKOBBIX
9KCIIO3UIMAX M FHEPTUSX MyYKa.

B pesynbrare 00pabOTKH CHEKTpOMETpUYECKOW HH(OpPMAIMU IOMYYEeHO CIEAyIoIlee COOTHOLICHHE aTOMHBIX
KOHIIeHTpauuii HuoOms wm kucmoponma: Nb(2)O(5,1), dro OMM3KO K TEOPETHYECKOMY CTEXHOMETPHICCKOMY
COOTHOLIEHHIO.

res

HccaenoBanne pacnpenejeHus AeiiTepusi B NOKPBITHH U3 IeliTepu/ia TUTAHA Ha NMOJJI0KKe M3 MOJIN0AeHa

[IpuBe/ICHHEIE BBIIIE MPUMEPhI OTHOCHIMCH K MCIIONB30BAHHIO CIIEKTPOMETPHH YIPYTO paccesHHbIX noHoB ‘He.
Ho /15 HEKOTOPBIX MPHKIAIHBIX 33124 BO3HAKAET HEOOXOIMMOCTh U B HCIIOIb30BAHUH ITyuka HOHOB ~He. Hampumep,
JUIS HAXOXKAEHHS pacrpelielieHnsl IeiTepusi B MPUIIOBEPXHOCTHOM CJIO€ 00pas3loB NMPHUMEHSETCS PE30HAHC SACPHOU
peaximu D(CHe,p)'He ¢ makcumymom npu suepruu E,.,= 0,69 MaB [10]. Illupusa pe3oHaHCa Ha €ro IOJNYBBICOTE
cocrasiser 0,72 MaB. Pe3onaHc siBisieTcs CyleCTBEHHO HECUMMETPHYHBIM OTHOCHTEIIFHO MAaKCHMyMa: YMEHbBIICHNE
CEYEHHUS peaKklUy BIBOE OTHOCUTEIBLHO MaKCUMyMa focturaetcs npu sHepruu 0,69-0,26 MsB ¢ Hu3K03HEpreTuueckon
CTOPOHBI pe3oHaHca u mpu dHepruu 0,69+0,46 MbB — ¢ BRICOKORHEPTeTHIECKONW CTOPOHHI.

B wactHOCTH, METOAMKA C WCHONB30BAHHMEM ITOTO PE30HAHCA NMPHUMEHSACTCSA Ul HAXOXKACHUS paclpeAcIeHHs
JefiTeprst B IEPBOI CTEHKE TEPMOSIEPHBIX YCTAaHOBOK [24].

IIpenmeToM HacTOSIIEro HMCClIeIOBaHUS Oblla CHENMaibHAs MHUIICHD, BHITOJHEHHAs HA OCHOBE MOKPBITHUS W3
neiirepuna TuraHa TiDy Ha momIokKe M3 MOJUOACHA. Takue MHIICHH HCIIOIB3YIOTCS IS T'€HEPaIldi IOTOKOB
HEHTPOHOB ¢ momomibio peakiun D(d,n)’He. OGbrano mapamerp x u3MeHsiercs B mpeaenax ot 0,8 1o 1,8, mockombKy
IIpH Xx=2, T.€. IpH NepexoJie K TUTHAPUAY TUTaHA, HACTYIIAeT CHIIBHOE OXPYITUUBaHKE BEIIECTBA OKPHITHS.

[Ipe/IBapUTEILHO C MOMOIIBIO CIEKTPOMETPHH siep OTAaul Ha myuke noHoB 'He' (Merom ERDA) 6Gbuto
OIIPEJIENICHO, UTO B HCCIEIyEMOM TIOKPBITHH HET TPUMeCH M30Tora 'H B 3aMETHOM KOJHYECTBE, a H3 CIEKTPOMETPHH
OP npoToHOB OblTa HaliicHa TONIIWHA TTOKPBITHS 4,28 MKM.

OCHOBHOM HENBI0 HACTOSIIIIETO HCCIIeI0BAaHMS OBIIIO N3MEpeHNE KOHLECHTPAIOHHOTO pacIipeaeiIeH s AeHTepus
10 TTyGHHE MOKpHITHs. PacdeT MOKa3al, uTo €CJIM JUIA TOi IeJH MCIOJIb30BaTh IY4OK OJHO3ApSIHBIX HOHOB “He ¢
sHeprueil mo 2 M»B, To riryOmHa aHann3a HE TPEBBICHT 3,7 MKM, YTO MEHBIIE HAMIEHHOH TONIIWHBI TOKPBITHS.
o3TOMy ISl H3MEpEHHs TaHHOTO PacTpeIeNeHts HCTIOTb30BaJICS TyUOK JABYX3apsAaHbIX HOHOB “He. [Tpn n3Mepenusx
TOK ITyYKa COCTaBIIsLI 3-7 HA.

Jna ompeneneHus KOHIIGHTpALMU JAEHTepUs B MOKPHITUM B KadecTBE CTaHAapTa HCIOJIb30BaJIcA obpaser ¢
u3BecTHOH crexuomerpueit TiD ;.

[TIpn wn3MepeHMM KOHUEHTPALMOHHOIO MpoQuisl JAeHTepusi MPOBOAMWIOCH CKaHHUPOBaHHE IO SHepruu £
aHaJM3HUPYIOLIEro My4YKa MOHOB ‘He*" B npeaenax ot 1,0 no 3,0 MsB u u3MmepeHue BbIXOJa MPOTOHOB U3 pEaKIMU
D(*He,p)*He xak Ha 06pasiie, Tak U Ha CTaHIapTe.

B xaxxnoit Touke npoduis MaccoBasi KOHIEHTPALMS JeUTepHsl ONpeAessilach 3 BEIPayKeHUS
Y Sm (EVES )
YS[ S;it (Ei'ES )
rae ¢” — mMaccoBas KOHIEHTpaIus JICHTEPUs B BEWIECTBE CTaHAapTa; Y M Y — COOTBETCTBEHHO, BBIXOJ IPOTOHOB,
usMepeHHblil Ha obpasue u craaapre; S,(E.s) U S, (Ers) — MaccoBble TOPMO3HBIE CIHOCOOHOCTH HOHOB *He B
BelecTBe oOpasla Ha JaHHOW TiIyOWHE W B BEIIECTBE cTaHaapTa. Beuay Toro, uto BenmnumHA S,,(E,.) 3aBUCHT OT
3JIEMEHTHOT0 COCTaBa aHAJIM3MPYEMOTrO BEIIEeCTBa, T.€. OT TOH K€ MCKOMOH KOHIEHTPAalHU ¢, TO JJIS KOPPEKTHOTO
BBIUUCIICHUSI KOHLIEHTpPAIlMM JEHTEepHsl C IOMOILBIO BBIpAXKEHHA (2) HCIIONB30BAJICS METOJ IOCIEJOBATEIBHBIX
npuOIKeHuid. B nanpHelinieM MaccoBoe cofepyKaHue ASHTepHs NEePecUUThIBAIOCH B ApAMETP X, XapaKTepU3YIOIINI
aHanu3upyeMoe BemecTBo NMOKpbITHs TiDy. ITocKonbKy NpH U3MEpEeHUsIX My4OK IMajasl M0 HOPMalk K MOBEPXHOCTH
MHUILEHH, TO IIyOMHA, COOTBETCTBYIOIIAs MAaKCHMYyMy BBIXO/a PEAaKLUH JJIs AaHHOH »Hepruu E, MOHOB U MCKOMOW
KOHIIEHTPAIMU JIeHTepus, ONpesensaiach Kak pa3sHOCTb MPOEKTHBHBIX NMPoOeroB HOHOB R,(Eo)-R,(E,.s). Ilpu pacuere
TOPMO3HEIX CIIOCOOHOCTEH M MPOSKTUBHBIX MTPOOEroB Ucmob3oBaics kox SRIM [25].

Jlns mepecdera MaccoBOTO 3HAUCHMS TIIyOWHBI B JIMHEHHOE 3HAUCHHE HCIIOIH30BAJIACH SKCIEPHMEHTAIbHAS
Benmunna wiotHoctd TiH, 3,76 r/em® [26], KoTopast IPUMEHHTEIBHO K HALIEMY CIIy4aio ¢ BHEAPEHHBIM JAeHTEpHeM
OblTa CKOPPEKTHPOBAHA 10 BEIMUMHBI 3,91 T/CM’ B MPEANONONKEHHH OT TOM, YTO MapaMeTphl KPHUCTAILTHYECKOi

cC=¢C

; 2
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peIIeTKH BellecTBa HE M3MEHSAIOTCS NPH 3aMEeHe OJHOI0 M30TONa BOAOPOJA Ha JIPYroil, ¥ ¢ y4eTOM H3BECTHOTO
COOTHOILEHUS MEXKy MacCaMu U30TOIIOB 'HuD.

Pacuer moxasa, 4To NpH BBIYUCICHUHU MOTPEITHOCTH OINPEEIICHHUS TITyOHHBI B IOKPHITUM MOXKHO HE YUHTHIBATh
SHEPreTUYeCKUi CTParrIMHI-HOHOB, IOCKOJIBKY BO BCEM JAMAla30HE SHEPTHil IydyKa M COOTBETCTBYIOIIMX INIyOMH
BEIMYMHA CTPArTJIMHTA CYIIECTBEHHO MEHBIIE JHEPreTHYECKON IMpPUHBI CaMoro pe3oHaHca. TakuMm o0Opazom,
BEIMYMHBl JAHHOW MOTPENIHOCTH ONpENeNAI0TCA IlapaMeTpaMy HCHOJIb3yeMoro pe3oHaHca peakmuu. OOmiee
paspernieHue mo riayounae B mokpeiTuu TiD, coctaBmimo mpumepHO 1,5 MKM U OOYCIIOBIEHO YHEPTreTHYSCKON IMUPUHON
pe30HaHca.

Ha puc. 5 mpeacrapnen n3MepeHHbIH KOHIIEHTPAIIMOHHEIA MTPOQIIIE AeHTepusl.

interface( proton backscattering data )
v

209 *He* 1.0 MeV

'

0.5 1

Depth, um

Puc. 5. Pacnipenenenue aeiitepus no ray6une nokpsitus TiDy Ha Monmu6neHOBOM MOMNOKKE.
B xaudecTBe opanMHATHI BHIOpaH CTEXHOMETPUUECKUH MapameTp x. BepTukanbHble “yCbl” IEMOHCTPUPYIOT TOJIBKO CTATUCTHUECKYIO
CPEIHEKBAIPATUUHYIO OTPEIIHOCTD.

Ha puc. 5 ropusoHTalbHBIE YCBI, IEMOHCTPUPYIOLIHE MOTPEUIHOCTh ONpEeSieHUs] TTyOUHbI, HECUMMETPHYHBI,
MIOCKOJIbKY, KaK YKa3aHO ObLJIO BBIIIE, PE30HAHC SIBJISIETCS CYIIECTBEHHO HECHMMETPUYHBIM OTHOCUTEIBHO MaKCUMyMa.

OKcnepUMeHTalbHasE 3aBUCUMOCTb JEMOHCTPUPYET [OCTATOYHO OJHOPOJHOE paclpeneleHue aelrepus Mo
riryouHe nokpeiTHs. CpeiHee 3HaUCHNE CTEXHOMETPUYECKOT0 TapaMeTpa X B 00JIaCTH IJIaTo cocTaBiseT 1,6.

BenmnunHa riryOMHBI, COOTBETCTBYIOIIEH neperndy B paclpeaeieHHH AelTepws, OiamM3Kka K 3HaueHuo 4,3 MKM
TOJIIIMHBI JAHHOTO IOKPBITHUS, ONPEAEIEHHOMY HE3aBUCUMO C IOMOIIBI0 ciekTpoMeTpuu OP mpoToHOB.

W3 naHHOH 3aBHCHMMOCTH HE CJIEAYET AENaTh BBIBOJ, YTO JCHTEpHI NMPOHHMKAET W B BEIECTBO ITOJUIOXKKH,
MTOCKOJIBKY PACTBOPHMOCTH BOJOPOAA M IeWTepus B MONUOIeHE KpakiHe Hu3ka [26]. Kaxymeecs “pacruipiBanme”
pacipeneneHus AEHTeprsi Ha TPAHMIE pasfena IHMOKPHITHE/TIOUIOKKA OOYyCIOBICHO KOHEYHBIM pa3pelleHHEM MO
rITyOHHE UCTIONIb3yEeMON METOAUKH.

BbIBO/IbI

Takum 00pa3om, NMpPUMEHEHHE Iy4YKa JBYX3apsIHBIX MOHOB TeNUs HAa MaJOra0apUTHBIX 3JIEKTPOCTATHYECKUX
YCKOPHUTENSIX TO3BOJIIET PACUIMPUTH BO3MOXHOCTH HCIIOJIB3YEMBIX METOAUK HOHHO-ITYYKOBOTO aHaln3a 3a CYeT
JBYKPAaTHOTO yBEJIMYEHUs] SHEPrMM HOHOB W, COOTBETCTBEHHO, YBEJIMUYEHHs MIyOMHBI aHanu3a. B wactHOCTH, 3TO
OTHOCHTCS K UCCJIEJJOBAHHIO MTOKPBITHH C TOMOIIBI0 0OpPaTHOTO paccesiHHsl HOHOB M SJEpHbIX peakiuid. Kpome Toro, B
CIIEKTPOMETPUH OOpPATHOT'O pacCestHUS 3TO IO3BOJIIET YBEJIMYWTH paspelieHne 10 MaccaMm. Bce 310 ObLIO
IIPOJICMOHCTPUPOBAHO B HACTOSIIIEH paboTe Ha psijie TPHMEPOB UCCIICJOBAHMS CIOUCTHIX IUIAHAPHBIX CTPYKTYP.

[TpencTaBnsieTcst, YTO HWCMOJIB30BAHHBIE METOJUKH MOTYT OBITH TOJIE3HBIMH TPH aHAIN3E MOJOOHBIX CTPYKTYP,
0COOCHHO Ha CTaJUX OTPaOOTKN TEXHOJIOTUHU NX HAHECEHHSL.

B nacrosmee Bpems yckopurenu cepun “Coxoxn”, pazpadorannoii B XOTU, ycnenHo mpuMeHSIOTCS U B IPYTHX
HAy4YHO-HCCIE0BATENBCKUX IIEHTpax, B yacTHOCTH, B Tamkente (HUM mpuxnaguoit ¢usuku Taml'y, Y3bekucran),
UepHoronoBke (MHCTUTYT mpoOieM TEXHOJIOTHH MHKPOIIEKTPOHHUKH M ocobouucThix MmartepuaioB PAH), Cymax
(Muctuyt npukitagnoit pusnkn HAH Ykpaunsr). MoKHO HaaesTbhCs, YTO HAII OMBIT MOJEPHH3ALUH TaKOH YCTaHOBKU
B HHII X®TU B HampaBicHUM HCIOJIB30BAHUSA [BYX3apsOHBIX IIyYKOB MOJKET OKAa3aTbCs IIOJE3HBIM U JJIA
BBIIICYTOMSHYTHIX IIEHTPOB.
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ABTOpBI BBIpaXaIOT OslarogapHocTh cBouM koswieram [linykucy A. (MuctutyT dusuku, r. BunsHioc, Jlutea) u
I'yrne ATI. (HHL X®TU) 3a 1Iof0TBOpHBIE IUCKYCCHUM IO OTJCJIBHBIM HANpaBICHUSM HCCIEAO0BaHUH,
MIPE/ICTaBICHHBIX B HACTOSIIECH padoTe.
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