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KHPHUII (JTokTOpauK quccepTanusacd AaHHOTALUACH)

JIuccepraunss MAB3yCHHUHI [0J13ap0Juru Ba 3apypatu. byryHru kyHna
wiM-paH coxacuaa ja3zep (U3MKacH Ba HOYM3UKJIM ONTHKA HYHAIUIIAPUHUHT
TE3KOp PUBOXKJIAaHAETraHU yJIbTpabuHadIa Ba peHTIeH HypJjapu coxajlapuia Xam
KEHT TaJKMKOT OJTMO OOPHUIIIHKU TaK030 3TMOKIA. byH1a KorepeHT MaHOanap XoCui
KWINILJA IOKOPU TapMOHHMKA TE€HEpauusCHra KYIAJEKTPOHJIM JKapa€Hiiap Ba
3appadallapHUHT KOHIEHTpalUslapu TabCUpPU Jiazep (PU3MKACUHUHT YCTYBOD
HyHanunuiapuaan oupuaup. Maskyp HyHanumga acocuid bTHUOOP PE30HAHC Ba
¥3apo TabCUpJAIIyBYH TYIKUHIAp ¢a3zajapu KBa3UCHHXPOHHM3M IMIapTiIapUaa
TEHEPALMSJIAHYBYM TapMOHHMKAJIAP CAMapaJOpJIMIMHA OLIMPHINTa KApATUITAH.
Ymby w3manwummap Jgasep (U3NKACH, HOYHM3UKIA ONTHKA, (HEMTOCEKYHIIN
rojiorpagus, aTTOCEKyHJ JaBOMUNIINK]IA UMITYJIbCIIAp TeHepauusiapy, yTa Te3K0p
XKapa€Hnap CHEKTPOCKOMUACH WYHAIMIUIAPUHU XAETra »XOpUW KWIHIIAA MYXUM
axaMuaT KacO dTaau.

JNamnoBun Hypianuml cudartuaa ¢oinanaHuil UHTEHCUBIMrUH 10
Br/cm® 6yiran GeMTOCEKYH/] TaBOMUIINKAATH HMITYIbCIAp SHEPTHSICHHU IOKOPH
rapMOHMKaJIapra ajaMallTUPUII CcaMapajopiIMTMHUA OLIMPHUII YYyH IOKOpPH
rapMOHHKa PE30HAHC TeHepalysiapy Ba JaMJIOBUM HYpPJIAHUII OWJIaH TapMOHHUKA
HypJIaHUIUIapu (a3alapuHUHT KBa3W MOCHAIIUIIN MAPTIAPUHUHT Oa’KapUIIHILIN-
Hu Tanad kwiagu. Ly caGabmm, 1okopyu rapMoOHHMKa TeHepalusiapuaa Mypakkao
CTpyKTypara nsra Oynran xamja dHAodJpan ¢yiJiepeHsiap CHHTapu CyHBUUN
HaHOMaTepuaJyiapAaH amanuétaa (QoWganaHull HMKOHUSTIAPU IKyJla Kam
YpraHWIraH.

[Inmasma xoslaTuaarn MyxuTiapAa KOKOPH TapMOHUKAIAp TIe€Hepauusuiapu
YCYJIMHU PUBOXJIAHTUPUIL, PE30HAHC TapMOHMKAJIAp TeHEpalusIapuaa 4actora-
JJApHU HOYM3UKJIM yCyJuiap €paamMua y3rapTUpUII camMapagopIurUHU OPTTUPUIL,
nazep aOnsuusacH kapa€HUJa IIAKIJIAaHTaH HaHo3appayajgap TaJKUKOTIapu
qYccepTalys MaB3yCUHUHI 3apypaTUHU KypcaTtagu. byHnaH Tamkapu, masep
abNIAIMICH YCYJIM acocHzia IOKOpW camapajiop HOYM3UKIW DJIEMEHTIAp SPaTHUII
nmazep (U3MKACH Ba HOYM3HUKIM ONTHUKAHUHT MYXUM MYaMMOCHHM €YHIIIJIA
anoxuaa axamusT KacO ATHO, Jla3ep IMmia3Macy KOHIEHTPAIMAICH TaXJIuiau Oyiinda
Ha3apuil HATHXKaJIap OJIUIT UMKOHUHU Oepajiu.

OpKUH  DJIGKTPOHJAP  KOHIIEHTPAUUSJIAPUHUHT  FOKOPU  TrapMOHHUKA
caMapaJiopJIiTMra Ba 3appadyajiap KOHIIEHTPAUUSCHHUHT IOKOPU TapMOHHUKA
reHepauysulapura TabCUpPU  XaHy3rada ypraHwiMad KoJIMoKaa. Maskyp
MacajaJlapHUHT €4MMH BaKyyM yJibTpaOuHadia coxacuia I0KOpU caMapaaopiiuk
KOTepEeHT MaHOanap spaTHll Y4YyH peaj CHUcTeMallapla IOKOpHU TapMOHHUKaap
PE30HAHC TEHEPALMSUIAPUHUHT Y3Wra XOCJIWIA BAa AaCOCUHA KOHYHUSTIAPUHU
YpHATUILA MyXUM WIMUN-aMaIuil axaMusT KacO 3Taju.

V36ekucTon Pecnyonukacu IIpesunentununr 2010 imn 15 nexabpnparu
IIK-1442—con «2011-2015 wwmnmapaa V36ekucron Pecniybniukacu caHoatuHu
PUBOXJIAaHTUPHUILIHUHT YCTYBOp HyHalMuUuiapu Ttyrpucuaa»tu Kapopu xampaa
Ma3Kyp  (aonmustra Terunum  OOmKa < MEBEPHU-XYKYKHH  XyXOKariapnaa
OenrunadraH BaszudamapHU amMaira OUIUPHINTa Ma3Kyp JUCCEePTAIvs TaIKHKOTH
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MyausH Japaykaaa Xxu3maT KWIaIu.

TagKuKOTHHHT pecny0jnKa (aH Ba TEXHOJOTMSJIADH PHBOKJIAHM-
IIMHUHT YCTYBOpP HyHAIUILJIAPUra OOFJIMKJIUIHU. TaJIKUKOT UM peciyOinKa
dan Ba TexHojorusiap puBoKIAHUMMHUHT DIl «DPusuka, acTpoHOMUS,
AHEPreTHKa Ba MAIIMHACO3JIMKY» YCTYBOP WYHAIMIIU JOUpacuia OakapuiraH.

Juccepranusi MaB3ycu OVMH4Ya XAJKAPO WIMHI TAaAKHUKOTJIApP IIAPXH.
Pe3oHaHC reHepalsiCHHUHT KYT 3JIeKTpOHIH dPderTiaapu ycTuaa eTakdu WIMHANA
Mapkasjgap Ba YHUBEPCUTETIIAp TOMOHMIAH, KymuaaaH, Mapus Kropu
yHuBepcuteTy (Ilapxk, @pannus), Make [Inank HOMUIAaru KOMIUIEKC cHCTEMalIap
¢usukacu wHcTUTYyTH ([pe3nen, ['epmanus), Wnmuit TaaKukoTIap MUIUTHMA
uHcTUTYTH (Monpean, Kanana), I[lekun ¢usuka unctutytu (Ilexun, Xwutoii),
MockBa paBnar yHuBepcutretn (MockBa, Poccust), CapaeBo yHUBeEpcHUTETH
(CapaeBo, bochus Ba I'epuerosuna), Poccust pannap akagemusicu yMmyMuid pusuka
unctutytu (MockBa, Poccus), Boponexx nmaBmar ynuBepcutetu (BopoHex,
Poccust)na miimuil TaAKUKOT HIIIapH 0JIMO OOPHIIMOKAA.

Kaxon  MuKEcuma  KyBBaTIu  YJIbTPAKUCKA  JIa3ep  MMILYJIbCIApH
YacTOTAJIApUHU HOYM3UKJIM Y3rapTUPHILHU 3JEKTPOH Ba Jlazep MalJoHU OuiaH
y3apo TabCHpIALIYBH MEXAaHW3MIIAPMHU TAaJKUK KWIMIIAA KaTop, >XyMilaJlaH
Kylugaru WiIMURl HaTWXKajlap OJIMHTaH: ajoxuaa (aosl 3JEKTPOHHU AaHATUTHK
SPUMKJIACCUK SKUHJIAIINIIKN OylnYa Hazapui HaTwxkanap oquHrad (Mapus Kropu
Ba [Iueppe ynusepcuretu, @panuus; Makc bopa unctutytu, I'epmanus); atom Ba
MOH PE30HAHCIApH MIITHUPOKUAA Ta3 MYXHTIApuJa IOKOpH TapMOHUKAIAp
Kkydaiumm Tacaukianran (CapaeBo yHuBepcuteTH, bocHus u ['eprieroBuna;
YMmymuii ¢pusnka uactutytH, Poccus).

BbyryHru KyHna nasep (pU3MKacu Ba HOUM3HMKJIM ONTHKA coXajlapuia Iia3Ma
XOJIaTUAaru MyXuTJapJa IOKOpPU TapMOHHMKA PE30HAHC TeHepauusuiapu Oyitnua
KaTtop, >KyMmjadaH, KyHugaru YCTyBOp MYHanunuiapja TaaKUKOTIap OJIM0
OOpwJIMOKIa: Jlazep IUIa3Macujia aromiiap, HOHJAp Ba JPKUH dBJIEKTPOHIAp
KOHILICHTPALIMSICMHY ~ aHUKJAIIHUHT  Ha3apuil Ba  amMajauid  yCyJUIapuHU
PUBOXJIAHTHPULI; FOKOPH TapMOHMKAa PE30HAHC TEHepauusiapura 3appadaiap
KOHIIGHTPAIMSICH  Ba  KYIIICKTPOHIM  ADQPEKTIapHUHT  TabCUpPH  (HUBHK
MEeXaHU3MJIAPUHU aHUKJIAI OViindya Ha3apuil Ba aMainii HaTWKajaap OJMHTaH.

MyaMMOHMHI YPraHWJITaHJIMK Japamacd. byryHru KyHJa HOpE30HaHC
IOKOpY TapMOHMKa TeHepauusiiapy TaxpuOaza Ba Ha3zapHuil >KMXaTIaH eTapiiiya
TYuK ypranuwiarad. FOKopu rapMoHHKa pe30HaHC reHepanusiapu Taxpudanapia
eTapjivya TaJKUK KWIMHIaH OWpPOK Ma3Kyp TaJKUKOTJIapraya Taxpuoda
HaTYOKajgapy OWJIaH MOC KelyBYd Mojenib spatuimarad. R. Taieb, V. Veniard,
E.S. Toma, C. Figueira de Morisson Faria, D.B. Milosevic Ba EBpoma
UrtudoxkunuHr  OomKa oJuMIIapd  TOMOHHMAAH OWp  Katop  Taxpuoda
KOHYHUSATIApUHU U(PONAJOBUM IOKOPH TapMOHHMKA PE30HAHC TIeHepauusiapu
MEeXaHU3MJIapu Takiu@ HTuiarad, Oy MeXaHuU3MJIap PE30HAHC coxara KYIIHU
rapMOHUKAJIAPHUHT Kydaiiumm Oyiinda Taxkpruba HaTwKajgapuaa TacauKIaHMaraH.
Kymanekrponnu ycymnap: kyn KoHpurypauusuid Baktin Xaptpu-Dok ycynu Ba
BakTiIM 3uWwiMK (yHkiuonan ycymiapu J. Zanghellini, D. Bauer Ba EBpoma
HUtTndokuHUHT OOIIKa OMMMIIAPH TOMOHUAAH KYI SJEKTPOHJIM METojap y3apo

6



TabCUpJANIYBIAp MAaBXKYIJIWUTH IIapTHAA OKOPUM TapMOHMKA T€HEpalUsIapuHU
MOJICJUIAIITUPUII YUYH WITapH KyJIJIaHUJIMAaraH.

Poccus omummapu B. CrpenkoB, M. HBano, C. CrpemoyxoB Oup
ANEKTPOHIU ycyhaaH (QoHgananuO, XM HaTWKajgapra »dSpUIIraH, aMMO
Kapaja€TraH TU3UMJapaa Tanad KUJIMHYBYM MOTEHIMAN Yypajiap TallkapuiaH
KUPUTUIIAAM, AHAJUTHUK MOJEN 3ca XucoOjaml HaTwkajgapu Owuinan OeBocuTa
O0oFMMK 3Mac Ba Oy IOKOpM TapMOHHMKa PE30HAHC TeHepalussIapuHHUHT (akat
Oo1IKa MoJeiapy OMIaH aHUK HaTHKaJapyuHU OCpUII MyMKHUH.

V36ekucronmmk  omumiap, xycycan, P.A. TameeB, H.A. Kymnarus,
T.b. YcMaHoBmap TOMOHMJAH CYCT MOHJAINTAaH Jia3ep IUIa3Macuia KOKOpH
rapMOHHKa TeHEepalusiapyd Ba KYNOKUMIIM Jla3ep Iula3Macuja FOKOpH rapMOHHMKA
PE30HAHC TeHepaluusIapu TaIKUKOTIapu oOJud OopuiaIMOKAa. Yiap Kywid
VMOHJIAITAaH TU3UMJIApAAa TYJIKAH y3yHIura 24 HM Oyiaran rapMoHHKa
HYpJaHUIUIApU  camMapaJopJIMTMHUHT  HHCOAaTaH  KyJna  MacT (10'8+10'7)
KHiIMaTiIapyu OJIMINraH. byHAaH Tamikapy, IOKOpPHM TapMOHHMKAa pPE30HAHC
reHepaluusIlapy Ba KYNOKMMIIM Jla3ep IUIa3Majapia Jiasep HypJIaHUIIN
SHEPTHSICUHN TAPMOHHKA SHEPIHSICUra Y3rapTUPHII caMapagopiaurd yays 10 Ba
10” kuitMaTiap onuHraH. BEPOK Ja3ep IUIa3Mac TAPKHOHMTa KHPYBYM HOHIAP,
aTOMJIAPHUHT 3JIEKTPOH CTPYKTypaJlapd Ba JamMjall HYpJIAHUIIW CHEKTpall
XYCYCUSTIAPUHUHT IOKOPH TapMOHMKA PE30HAaHC TeHepanusiapu Ba ¢asaiap
KBa3M MOCJAIINIIY MIapTIapura TabCUpH KapajiMaraH.

JAuccepraumsi MaB3yCHHHMHI JAHMCCepPTAlMS 0JM0 OOpWJIaéTraH oJIMi
TABJUM MYACCACACMHUHI WIMHI-TAAKMKOT HMUILIAPU OUJIaH OOFJIMKJIMIH.
Huccepramms  Ttaakukotn Camapkana gasnat yHuBepcutetn OT-D2-021
«SIpumyTKazruwiapga Ba MeTall HaHOMAaTepuauiapuia Yiadamiu XoAucaliap
dbusukacuy (2007-2011); d2-09 «Jlazep HypiaHUIIM IOKOPU TapTUOIU TeHE-
pauusiCu TapMOHUKAJIapHU PE30HAHC KyYaWTHUPHUII MEXaHU3MIIapH TAAKUKOTH
(2012-2016) maB3ycuaaru Joiuxanap qoupacuaa OakapuiraH.

TagKUKOTHHHI MaKcaJau IOKOpPH TapMOHMKA PE30HAHC TIeHepalusiiapura
3appadajiap KOHIEHTPAIMAICH Ba KYMAIEKTPOHJIU 3(G(EKTIApHUHT TabCUPUHU
aHUKJIanaad nuoopar.

TaagkuKOTHUHT Basudasapu:

IOKOPHY FapMOHUKA M€HEepalUsICh AIMAIITHPUIL CAMapaopJIUTUra Ba MabiyM
Oup OockuMyAa TU3UM OWJIAH PE30HAHC XOJIaTUra YTYBYM JamJjall HMITYJIbCU
TabCUPUHHU YPraHHUILI,

IOKOpY TapMOHUMKA PE30HAHC IreHepalusiapura 3appadaiap KOHUEHTpaIUsICcu
Ba KYIRJIEKTPOHIIU 3G (DEKTIAPHUHT TAbCUPUHU aHUKJIALLL;

IOKOpY TapMOHMKA PE30HAHC TeHepalusuiapu Oyinya TaJIKUKOT HaTHXKa-
JApUHU TYIIYHTUPYBUM IOKOPHM TapMOHHMKAa PE30HAHC TeHepalusuiapu Mexa-
HU3MJIAPUHU TYIIYHTUPHUII Ba IOKOPU TapMOHUKA PE30HAHC TeHepaluusiapu
IAPOUTIIAPUHH ONTHUMAJUIAIITUPHILL;

IOKOpU TapMOHHWKA PE30HAHC TeHepaIusIapu y4yH HUCTHUKOOJIIM HHIIIOHIAP,
XyCycaH, 3HI03apan (ysuiepeH, MeTal Ba SPUMYTKa3rHWiIap TypJid Japakana
MOHJIALLTAH JIa3ep MIa3MaJlapUHU Ha3apui TaJKUK KUJIHILL



Jasep IUIasMacuia aromuiap, MOHJIAp Ba JPKUH DJJIEKTPOHJIAP KOHLIEHTpA-
UUsJIADUHA Ha3apuil Ba aMaluil aHUKJIAll YCYJUIAapUHU XamJa KU3AUPYBUU
UMITYJIbC TTapaMEeTpIapUHU Ha30paT KWIMII OPKAJIH JIa3ep IUIa3MacH 3appadaliapu
KOHIIEHTpAIUsUIApUHUA OOIIKAPUII YCYTUHU UILIA0 YUKUILI,

IOKOPY TapMOHMKAa PE30HAHC TEHEpPaUMsUIApUHU MOJCIUIAIITUPUIT  YUYH
onTUMall JacTypui-Ha3apui TNaKeTMHU co3Jall Ba U3JMa0 TONUII Xamja
KYTIDJIEKTPOHIIN TU3UMIIAPHUHT aCOCJIAHTaH SIKWHJIAIIWIINHA SIPATHIII,

TEeKIIMPUII TUIOTE3a]apd HATWKAIAPUHUA YMYyMJAIITHPUIL Ba FOKOPH
rapMOHMKA PE30HAHC TEHEpPAUMsICH MEXAaHU3MIIAPMHM  AHUKIALL, IOKOPH
rapMOHHKAa pPE30HAHC TIEHEPALUSACUHU ONTUMAUIAIITUPHUIL HMKOHUSATIAPUHU
TaJKUK KAJTUII.

TankukoTHHHr 00beKkTH cudatuga nazep aONAMUSA yCynau OWIIAaH XOCHI
KWIMHTaH IUIa3Majap Ba KOIEPEHT HYPJIAHMIIMHUHT FOKOPU TapMOHHKalapu
OJIVHTaH.

TaagKMKOTHUHI TIpeIMETH KOTEpEHT HYpPJAHUIIHUHI FOKOPH PE30HAHC
rapMOHMKaNIapAa KymaneKTpoHau 3¢ dekraapiad noopar.

TagKMKOTHUHT ycy/ulapu — KynKoHpurypauusuim BakTim XapTpu-Dok
YCYJIH, BaKTJIM 3UWINK (PYHKIIMOHAJ YCYJIH, MOJIEKYJISIP TUHAMUK YCYIL.

TagKMKOTHUHT WIMMIA SIHTWJINTH KyHUaru HaTwxajaap/iad noopar:

KYIJIEKTPOHIN  3(Q(EKTIapHUHT PE30HAHC caTXJa HOH DIIEKTPOHHU
YUFOTUIMIIM OWJIAH HMOHJA Te3JaHWIl OWIaH XapaKaTjaHyBYM >SJIEKTPOHHUHT
HODJIACTUK COUYMJIMIIM HATHKACUIA IOKOPU PE30HAHC FapMOHMKA I'€HEpalHsIIApUra
0JIMO KEUIIN KYpCaTUiraH;

IOKOpY FapMOHUKa PE30HAHC reHepanusicu Oyinya Taxxpuba HaTWXKaJapuHU
TYIIYHTUPUII Ba ONTHMAJ Jamjlall Xamja KU3IUPYBUM HUMITYJIbCIApU XUCOOU
acocuja IOKOpPM TapMOHHKA PE30HAHC TEHEpaUuusICH >Kapa€HWHUA OINTHUMAJI-
JAIITUPUII HMKOHUMHU O€pyBUM IOKOPHM TapMOHHMKAa PpE30HAHC TeHepaluscu
MEXaHU3MH TaKJIU( STUITaH;

OMp Kappajdu HOHJAIITaH MyXWTjiapAa YTUILIapra acocClaHraH KOpU
rapMOHMKAa PE30HAaHC TEHEpauusUIapUHM  Ky3aTHII Y4YyH  HOHJIAIIMaraH
MYXUTIap/iaH UCTUKOOIN MyXHUT cudaTtuaa Gorgananui Takiud sTuiras;

sugodapan ¢ymiepennap CgotIn Ba CgptSb ma Cgy Moekynacu KoOHWFH
IJIa3MOH IOTWJIMII MAaKCUMYMJIADU CUJDKUIIM Ba KUPUTHITAH SIPUMYTKA3rudiap
MOH pe30HaHcHapura MyBO(PHMK Ba KydailyBuM TypyX TapMOHHUKAa PE30HAHC
TeHEPALMSUIAPUHUHT SIHTU TUIa3MOH FOTHIIMII MaKCUMyMIIapura CHIJDKUIIMHUHT
Hazapui XMcoOJIalll HATWXKAcUla HJHAO0XApaN (QyJulepeHyap apailaliMaCHHUHT
OyFJIaHMIIINM OPKAJIM XOCHJI KWJIMHTaH Jia3ep Iuia3Macuja rypyx rapMOHUKaJIapyuHU
OMp TEKHUC Ky4YalWTUPUII UMKOHUSATH KYpCaTUIITaH;

JABOMUMINIYA KarTa OVyiraH Ku3IMpYBUYM UMIYJIbC EpraMuja, Jasep
abmsauuscu JkapaCHMIa OJUHTaH IUla3Maja aTomJlap, HOHJAp Ba  JPKUH
AJIEKTPOHJIAD KOHIEHTpauuscCuHU (a3zanap MyBO(QUKIATUPWITAHAA FOKOPU
rapMOHMKANIAp TypyXd KydyaWWIIMHM XucoOra OJIMIITa acoCiaHraH Hazapui
aHUKJIAII YCYJIM UIIa0 YUKHUIITaH,

10 Ba 8 MUKOCEKYyHJA Y3yHJIMKra 3ra UMIyJbCiap abmsauusicu Epaamuaa
yIaepo Mmia3Macua 3appajiap KOHIEHTPALMICH OIIUIIN OWIaH YaCTOTaHU Yy3rap-
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TUpUII (PPEKTUBIUTUHU YSKITAHUIIT MEXaHU3MH aHUKJIAHTaH,

pe3oHaHC Ba (hazanap KBa3M MOCHAIIUIIN MIAPOUTIAPUHA MYBO(DUKIAIIUIIN
IJaTO coXacuja ajloxyjaa rapMoHukanap camapagopiauruaun 1000 wmapra
KydalTupuiira oiaud KelyBYM OepuiraH KOHLEHTpalusjga MOHJIAIIMII JAapaskacu
Ba KU3IUMPYBUM HMMIYJIbC JABOMUMIUIHU YpTacuaard OOFJIAHUII KOHYHUSITUHU
aHUKJIAII YCYJIA TaKJIU(Q dTUIITaH.

TaaKNKOTHHHI aMaJIU{ HATHIKACH .

IOKOPY TapMOHHKA PE30HAHC M€HEPALUSICUHUHT MaKCUMaJl caMapajiopJiurura
SpUIIAIIAA Jla3ep aONANUACH yUyH HUMITYJIbC MMapaMeTpIapyuHU aHUKJIANl YCyJIn
HuIn1ad YUKWIray,

ONTHUK 3UWINUTK (a30BUN MOAYJSILIMSUIAHTAH MUIa3Maliapaa IOKOPU TapMOHUKA
reHepanmsuIapy TakpruOacu OViinda Ba KOMIBIOTEPIM MOJCIUIAIITHPHII aCOCH]IA
Jazep  IUIa3Macujard  aromjiap,  HMOHJAp  Ba  JPKUH  AJIEKTPOHJIAp
KOHIIEHTpAIMSJIApUHNA Ha3apuil aHUKJIAIl YCYJIU UIIA0 YMKUIITaH;

PE30HAHC KYy4YarOBYM TypyX TapMOHUKAJIap XOJATUHU OOIIKAPHUIN YYYH
APUMYTKA3TUUIap KUPUTWITAH DJHAO3Apall (QyJulepeHiap apaiammMaiapuiad
doitnananum cxemanapy UILIa0 YUKUITaH.

TaagKMKOT HATHKAJIAPUHUHT MIIOHYWIMJIMIY Kyluiaruiapjan noopar:

KOMITBIOTEp/Ia MOJACIUIAIITUPHUII HATHKAJIapu KBAaHT MEXaHMKACHHUHT OUp
XWI MacajajapHd eudil Y4yH (oHJalaHuiIral JacTypJapHUHT KYJUIAHHUIIT
MMKOHUATIApU OolllKa Myaudiiap TOMOHUAAH OJIMHTaH IOKOPHU TapMOHUKA
CHEKTpJapUHU aHUKJAIl Oylinya Taxxpruda HaTHKaJlapu OWiIaH 3H]1 KEJIMACJHUIy Ba
HOPE30HAHC XojaTjap Y4YyH TYFpU KeJIyBUM Ha3zapui skapaHiapra 3uj
KeJIMACJIMTH OMJIaH OaxOoJIaHaJIH.

TagKMKOT HATHKAJAPUHUHT WJIMHUI Ba aMaJIMi aXaMHUSTH.

TagKMKOTUHUHT Ha3apuil axaMUSITH ITyHAAKU, Y FOKOPU TApMOHHUKA PE30HAHC
reHepa-uusIapuHy  XucoOjam Oyinya Takiu] KUJIWHTaH —SKUHJIAMIUIILIAP
Taxpuba HaTWXKalapyu OWIaH IOKOPYM AHUKIWKHU TabMHHJAII Xamlia FOKOpHU
rapMOHHMKAa PE30HAHC TEHepalusapu Y4YyH HMIYJIbCIap Ba HUCTUKOOJITH
MaTepHaIIapHU 1371a0 TOMUIITHY COTANIAIITUPHUII UMKOHUHH Oepajin.

TaaKuKOT HATIKATAPUHUHT aMajivil axaMUsTH IIyHAAKW, Y ONTHK 3WYINTH
¢dazoBuil MOTYNANMUIAHTAH TJIa3Maiiapaa ¢asanap KBa3yd MOCHAIIUIIN Ba IOKOPH
rapMOHHKa PE30HaHC TeHepanusiapu Oyiinya TaxpuOaapHu ONMTHUMAIIAIITHPHUII
YUyH KYIAJIEKTPOHJIM PE30HAHC PeKOMOMHaIMs ycynuaan (oigananum, Gan Ba
TEXHUKAaHUHT MyXUM cOoXajapuaa aMajaui KYJJaHWIWIIN YIyH TeHepalysiaHyBuU
Jla3ep UMMYJIbCIIapyU UHTCHCUBIIMKIIAPUHY €Tapiinia OIIUPUII UMKOHUHU Oepajiu.

TagKuKOT HATHKAJTAPUHHMHI KOPUH KWJIMHUIIM. [luccepramus ummaa
unuiad YUMKWIraH Jiazep adisuuscu EpAaaMua XOCWUJ KUJIMHYBYHM ILUIa3Majiap
XapaKTepUCTUKATIAPUHN aHUKJIAIl METOJOJOTHICH Xamja FOKOpPU TrapMOHUKaiap
pe3oHaHc reHepauuscuiu Kydantupum ycynu 14G0206 «SnoHus >kxaMUSTHUHUHT
Woxoauii umMui TaJKUKOTIApTa KYMAaKJIAIIUII TPAaHTU»HU OakKapuIlja WHIAUHHIHT
Jazep IUla3Macujla PEe30HAHC TapMOHUKANapU KYYalUIIMHUA TYHIIYHTHUPHUII YYyH
unutatwirad (Caurama THOOMET yHUBepcuTeTH Komuparu Wmrop THOOMET
Jasepiiap Ba oTaIbMOJIOTHS MapKa3w MabiymoTHomacu, 26.02.2016, Smonus).
Wnmuii HATWKAHUHT KYJJIAHUIIA MablyM KaM&0 MaTepuajuiap Ba DSHEprus
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capraHranga pe3oHAaHCHAp TapMOHUKAacH WHTeHcuBiIuruHM 10 wmapraba
Ky4alUIIMHA TabMUHJIATaH.

Nmnunr anpodanusicn. Jlyuccepranus HaTHXKalapu KyWHUJIard Xalkapo Ba
pecnyOnuka MuUKECHIArd WIMUM aWKymaH Ba cummnosuymiapaa: «dusuk
ANEKTPOHUKAHUHT Joi3ap0 wmyammonapu UzPEC—5» xankapo aHxymaHuaa
(Tamkent, 2009); «3amoHaBuil (PU3MKAHUHT 1073ap0 MyaMMoOJiapu» pecIyOynKa
amxymanuna (Camapkana, 2010); «Onrtuka Ba ¢otonnka—2013» xankapo
amxymanuna (Camapkann, 2013); @yHgaMeHTall aTOM CHEKTPOCKOIHMSICH XaJIKapOo
amkymann «DAC-XX» (Poccusi, Boponex, 2013); «3amonaBuii wunm-das:
Ha3apuil Ba aMaluil KYpuHUIINY Xankapo aHxyManu (Poccus, YensOunck, 2015),
V3P ®A Hou-nna3ma Ba Na3ep TEXHONOTUANAPH MHCTHTYTH KOWIMparx Maxcyc
KOHCTPYKTOPJIMK TEXHOJIOTUK OIOpOCHM WJIMHUNA CEeMHHapua ampoOalrusigan
yrrasuaran (09.03.2016) xampma ®Pusmka-TexHWKa WHCTHTYTH, MOH I1a3ma Ba
Jazep TEXHOJOTWUsUIapu HHCTUTYTH Ba (CamapkaHj JaBjaT YHUBEPCUTETH
xy3ypuaaru 16.07.2013.FM/T.12.01 pakamau Wnmuii kenram acocuga 01.04.11
UXTUCOCTUTH OViinya Ty3wiran OUp MapTaJMK WIMUN KEHTalll KOIIWJArd WJIMHMA
cemuHapa myxokama Kununran (04.05.2016).

TagKUKOT HATHKAJAPUHUHT IbJOH KHIMHMIMN. [{uccepranus MaB3ycu
Oyiinua xamu 22 Ta WIMHMK UIIl HAIIP STTUPUWIITAH, )KyMiaaad 15 Ta uiMuii Makosa
HYQY3JIM XalKapo WIMHH KypHauIapia Xxamaa 5 Ta Te3UC XalKapo Ba peciyOinKa
KOH(epeHUuusIap Tyraamiaapyuaa YOI STUIITaH.

JucceprauMsHUHI Xa)KMU Ba TY3WJIMIOM. [[uccepranms KUpHIL, TypTTa
000, xynoca, ¢poligananuirad agabuétiap pyvxaru, 198 caxudamgan nbopar MatH,
40 ta pacmaan ubopar.
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JJACCEPTAIIUSIHUHI ACOCUM MASMYHH

Kupum xucmuaa TaIKMKOTHUHT J0J13apOJIMTH Ba 3apypaTH acOCIaHTaH,
Makcaaud Ba Basudamapu xamja TaIKUKOTHUHT OOBEKT Ba MpeaMETH
TaBcH(IaHraH,  Y30ekHcToH  Pecnybnmkack — (aH = Ba  TEXHOJOTHACH
TAPAKKUETUHUHT yCTYBOp WYHAJMIILUIAPUTa MOCIUTH KypCaTWIraH, WIMHHA
SHTUJIUTH Ba OJIMHTAH HATWKAJApHUHT WIMUNA Ba aMaluil axamusTH o4ud
Oepuiras.

HucceprauustHuHr  «HOKOpM TrapMOHHMKA pe30HAHC TeHepa-UHusAJIapH
Oyiimuya Hasapuii Ba TaxpuOa MabJyYMOT/Japw» OupuHYM OO0OMIa IOKOpHU
rapMOHHMKAa PE30HAHC TeHepalysulapura 3appadajap KOHIIEHTpaUusACH Ba
KYIJIEKTPOHIN 3()(PEKTIapHUHT TabCUPU MYaMMOJIADUHUHT XOJaTH, HOKOpHU
rapMOHHKAa PE30HAHC TEHEpAlMSUIApUHUHT Ha3apuid TAJAKUKOTH Ba YJApHUHT
auccepTalms ummuaa Takaud  KWIaéTraH [OKOPHM TapMOHUKA  PE30HAHC
reHepanuscu Mojiel OMlaH OOFIMKIUTH OYiinua anabuéTnap maxpu KeATUPUITaH.

HuccepranustHuHr  «HOKOpH rapMoHMKa pe30HAHC TeHepanMsIapura
KYIJIEKTPOHJIU 3¢ eKTIapHUHT TabCHUPW» VKKUHYU 600ua
KYIKOHQUTYpauusaau BakTiu XapTpu-Dok ycyiau acocuaa HOKOPH TrapMOHHKa
PE30HAaHC TEHepauusIapura 3JIEKTPOHJIApAPO Y3ap0 TabCUPJIAILYBHUHI TYpJIU
y31ra XOCIUKIApUHUHT TAbCUPH YPTaHWIITaH.

Baktra Oornuk IlpenuHrep TeHrJIaMacMHMHT TYFpU €4MMHU  Ouial
TAKKOCJIAaHTaH XHcoOJall MYpakKaOJMKIApUHUHT YHYa IOKOpU OyiMaraH
KUiiMaTinapuga KynkoHpurypauusian Bakmid XapTpu-Dok ycyaum  Kywid
KOppEeJLMSUIaHTaH TU3UMIIAp[a aHUK HaTW)KaJIapHU OJIMII WMKOHUHHM Oepaju.
Kynkondurypanusiau Baktim Xaptpu—Dok ycynuaa TYIKUH QYyHKUIUS XaKuaarua
dapa3 Kyhiugaru KypruHHUIITA dra.

¥(QuQ ) =D A L O[T Q.1 - (1)

h=1 je x=1

by epna Q,,..,Q; — 3appa4a KoopauHaragapu, A, ; — KYIKOH(Urypauusim

Ji
BakT Xaptpu-Dok ycymupa katop kodddumuentnapu, ¢f) —-n. xap Oup «
APKUHJIMK Japakajapy Y4yH KaTOPHUHT BaKTIU (QyHKLHUS.

Kynkondurypamusinu Baktin XapTpu-Dok ycylnd BakTid TaMWIbTOHUAH
aHUK aQJIMAIITUPUII CUMMETpHUsCM Ba (a3o HUMIa TYIUMK aHTUCUMMETPHK
eyrmIIapra 4eksioBiap kuputaau. by sca 6apua 3appaiapHUHT OOUUTAHFUY TYJIKUH

(Gynxuusnapyu 6up Xun OYIMINMHK TabMHUHIANIM, OOIIIaHFUY A-BEKTOp A, ; dca

Y3UHUHT UHAEKCUTa HUCOATAH TYJIMK aHTUCUMMETPHUK OYIIUIIN JIO3UM.

IOxopn rapMoHuka pe30HAaHC TEHEPALMSAIAPUHU MOJCIUIAIITUPUIN YUYH
JUCKPET y3rapyBUWJIap TyLIyHYacH Ba Te3kop Dypbe alMamITUpUILIAPUIAH
¢oiinananum Makcaara mMyBoduk. CuHycouganl TUILIM AUCKPET Y3rapyBUHIIap
TYLIYHYaCH DJIEKTPOHJIApApO ¥y3ap0O TabCUpJAIlyB IOTCHIUAIWHU SPATUILHU
COJJANIAIITUPHUII Ba CETKaHU OMp XWJI KMMMATIU yiyljiapra aKpaThill, Ba BaKIra
o6ormuk lllpeaunrep TeHriamMacu eYMMIIAPUHUHT OOIIKA JacTypiap €paamuia
OJIMHTAH HATWXKalapu OOIIKa HaTWXKanap OWIaH COJMUILTHUPHUIL UMKOHUHU Oepaju.
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Tannanran QyHKIMS KaTOpU YyYyH HHUCOMH XaTOMMKHUHT kamumru (~40
MWUIMAJIEKTPOH-BOJIBT) XUCOOra ONraH Xoijaa, MasKyp SKUHJIAIIAIIHWHT
aQHUKJIMTY Ba TE3KOPJIUTHY HyKTau Ha3apuaaH onTuMal 1ed xucobia MyMKHH.

Cerka yerapacuzia TYJKUH (QYHKUIUSACU KAaWTHUIIK OJIAMHM OJMII Ba OyHAaH
TalIKapy, CETKAaHWHI Y3YHJIUTMHU KaMaWTHPHUIAA KEpakid IOTYBUM YerapaHu
XOCWJI KWIMII y4yH KyHuJaru KYpUHMINIa dra  KOMIUIEKC  IOTYBUYH
noTeHUuaapaas GoiianaHuIan:

—IW () = —inx— x| O((x-x,)) ()

by epna x,, » Ba bnap OomIaHFU4Y HYKTa, Ky4 Ba KOMIUIEKC IOTYBUYHU
HOTeHIMan TapTuOuuau udonanaiiau. © noronamu XoBucaia (YHKLIUACH. X

c

OOLITaHFUY HYKTAHUHT YHT Ba 4al TOMOHUAA KOMIUIEKC FOTYBYM MOTEHIMAI «1»
Ba «-» HIIOpacH OwWjiaH aHUKIaHaau. MoJemIalliTUPUIl HATHXKAJApU IIyHU
KYpCaTAMKH, FOTWINII YerapaJapuHUHT MaBXKYyIJIUTH BAKTIM JAUMNOJUIAPHUA Ky4JIU
y3rapuiira oiaud Kenaau, OMpoK KOMILIEKC I0TYBUYM MOTEHIMAN TaApTHOUHU BaKTTa
OOFNMMK OYyJiraH JUOOJUIAPHUHT cH(pATIM TacHU(pUIra Xajl KWIYBYU TabCUP
YTKa3Maiiu, IyHUHT Y9yH Xap KaHjai (oijganaHuirad CeTKaHUHT YerapacujiaH
20 arom O6upnukiapu macodacuaa xxoitamrasn 0,2 aTom OupiMKIapu Kyyura Ba 1-
TapTUOIM KOMIUIEKC I0TYBUM NOTEHUUAINIaH (oM 1ataHUIIIN.

Yu ymuamnu QymiepeH cudaT TU3MMIIApAa FOKOPUM TapMOHUKAa PE30HAHC
reHepanusuIapura KynaiekTpoHiu 3¢ deKrnap TabCUpU TaAKUK KWIMHUO, OyHIa
MKKHUTa 3JEeKTPOH (aon ae0 Kapajaau Ba TU3UM 3JIEKTPOH ICEBIONOTEHIUAIN
KyWHJIAard KypUHUIITA 3ra.

2 _p2?
—3 32503 Ro —R, r <R
R; — R 2
V(r)=1- 250 3R02_ﬁ+R_,3 LR <r<R. I =x2+y2+72 (3)
Rg’_Ris 5 2 0 NN 0r 'n n n n
-250/r,r 2R,

KKy 5JIeKTpOH TabCUpHAlyBU NACAUTUPWITAH NOTEHUHAIM KyWUuJaru
KYpHUHUIIAA!

Vee :1/\/(X1_X2)2+(y1_y2)2+(21_22)2+2 (4)

1-pacmma mMa3kyp TU3UMHUHT JI€JIbTa UMITYJIbCHU TaTOUK 3THO, BakT OVitmda
TU3UM DOPKWH DBOJIOINMSACUHU XUCOOJAIIAaH OJIMHTAH FOTHJIMII  CHEKTPU
kentupunrad. bynna 0.057 atom Oupiukiapu ydyH IOTHIMII MakcuMymu 13-
rapMOHMKara MoOC KEJWIIW aHWK KypuHaau. MojaennamTupuiga Jia3ep
HYpJIAaHWIIIM MAarHUT MaWJIOH TAallKWJ STYBUYMCH XUCOOTa oOJIMHMaWu, OyHIa
Kapaja€TraH Jia3ep HypJaHUIIN WHTCHCHUBIUTHU (1013+1016 BT/CMZ) MOC paBUIIJIA,
pean Ttuzumiapaa (QolganaHWwIyBUYM Ba (aosl BJIEKTPOHHUHT PEJSTUBUCTUK
XapakaTura om0 KeJaMau.
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10 f

IOTHTHII, HACO OHPIHK
(53]
|

I J | i I L I J I ' I L I
0.0 0,5 1,0 1.5 2,0 2,3 3,0
yHeprus (a.0.)

1-pacm. UKKH aKTHB 3JIEKTPOHJIM (PyJLIepeH I TU3UMHUHT
TUINII CIIEKTPH

IOxopn rapMoHMKa pPE30HAHC TE€HEPAUMSICUHU Ja3ep HWMILYJIbCHUHUHT
YacTOTaCUHU MOJICJUIAIITUPHUIIIa JaBoMuiiury 60 ¢c. Oynran  gamoaii
Hypsianuiy yactoracu 0.057 atom Oupnukiapura TeHI TaHial OJUH/M.

Pe3onanc xonatmapaa deTnamuin OwiaH OOFIHMK TaAKUKOTIApAa Jdamilaiil
HypaaHumuHUHT yactotacu 0.046 atom Oupnukiapura TeHr ¢ovnananmiau. [y
Ousian Oup Katopja, sICCH MOHOXPOMATHK TYJIKUHIIApIaH MOC PaBULIAA YETJIALIHIL
y4yH HMITYJIbC WHTEHCUBIUTH Oyiinda myBopuK kenyBuum [aycc KeHranuim
kuputunan. yngail kunmmO, QoiinanaHuiyBud TYJIKMH KyHUJard KYpUHUIIra
KEJJIN:

Em:em(wJEosmw ©)
T

Maskyp Ti3um Ouiian TairyB4u yactoracu 0.057 arom Oupiukinapu (2- pacm)
Oynran (emMTOCEeKyHJT HMMIYJbCIApU TabCUpJAIIyBUa l03ara KeJIyBUM HOKOPHU
FapMOHHMKA PE30HAHC TEHEpAIMIIApU CHEKTPU YPraHWil SICKTPOHIApPapo
TabCUPJIATYB EHMMII (QYHKIHMICKH MHUKIOpUTA OOFIAHWIN TYpJW aHUKJIUKIAP
owran kypcatwiau. lllyHu Tabkupmam J103UMKH, KOH(GUTYypanusjiap COHUHUHT
Ooup Ehmmuim QyHKIUACH TakpuOWl KuiiMaTHUTrada KaMalWId PEe30HAHC FOKOPH
rapMOHUKAJIAPp T€HEPAMSUIAPUHUHT TYJIHUK WYKOJIHUIINUTA ONHO KeaMmaau, akCUHYa
Ky3aTWJIAETraH aJIMalITUPUII caMapaJopiaurd kamannu. bup yimdamnm xonga
aIMAlITUPUII CaMapaJOPIUTHHUHT KamManuiu Ky3aTwian. [llynu Tabkummain
MYMKUHKH, OMp YI4aMiind XO0Jjij1a IOKOpU TapMOHHMKA PE30HAHC T'eHEepalusICUHU
Ky3aTUIIl y4yH KaTTa MUKIOpJa KOH(PUTypalusylapHU KUPUTUII KEPaKIUTU
MazKyp ganwuiap OunaH Oofnumk. Taxpuba HaTHXKajgapura Kypa SHI HOKOpHU
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SKUHJIAIIAII OJITUTA QYHKIUSHUHT EWUITUIH OWJIaH KYNPOK aHWK SKAHJIAIIAIITHA
TaXMHWH KWIKIITA TYFPU KEJIJIH.

F

) ® 5 EfmnHm QYHKLIHA JIap
% TabBCHPIAUTYBH HYE
= 10 % ANTMAIITHPHITH HYE
= o 1 Snmmm YyHKIHACH
'E' g | & Gup ¥Ymaammu
% 3 &imum QYHEITHAIAD
g 1 ';'ﬂ o ~  SKCIepHMeHT
= B T - = ~  AHAITHTHE $axOJIAaIn
E ] | ép - .-il
2wl i) . A
= A A
==} - Wi W e
= i
L ] = —
E = E‘ 1 ; | T —
] o | .
= .
= T‘I
B I
L L = J LA B
1 3 25 2

1 3 5 ¥ 8 1 13 15 19 =21 2

TI'apMoHHKA TAPpTHOH

2-pacM. Pe3oHaHC I0KOPH rapMOHNKA TeHEePAMSICHHUHT
caMapaJopJINTrura SKHHJIAIUII TAHCHPH

Ky#ingarn myHocabar OyilMda aJMamiTHPHUIN caMapaJopiIUTHHU aHATUTHUK
Oaxosnar
I resonant  _ 27Z£23 fosc 1—~2 (6)
I nonresonant @ p3[z * M ( p)]2 4(Q - qa))z + rz

AIIEKTPOH aNMAIIMHUIIUHU XucoOJamail OJNMHraH HaTWXara SKWH HaTWKaHU
Oepau, OyHAA aHATUTUK MOJEN KYMAJIEeKTPOHIHU 3P(EKTHU V3 Wuura ojJManau.
[lynu Tabkumiam JO03UMKH, Ma3Kyp aHaIUTUK (opMyna OViiMya OJIMHTaH
TaXpuba HATWKAJAPUHUHT YETJIAIIMII WMKOHHATIAPYU KHPUTHUITAH acCOCHU
XoJlaTiapja dJIEKTPOH YTuill MexaHusmiiapu Ownan 6ormuk. [y Gomc Taxpuba
OwiaH MHUKIOpUNA MYBO(MUKIMKKA OJPUINUIIAA IOKOPH TapMOHHMKA PE30HAHC
reHEepaIMsICH JKapa€HUHN MOJCIIIAIIITUPHUII MaKcaira MyBopuK O0yaau.

DNeKTpOHJIapapo TabCUPJANIYB bTHOOpPra OJMHMAca FOKOPU TapMOHHUKA
pe3oHaHc TeHepanusiapu dpdextu TYynuK Oy3wnumra yupaiiau. [y Omman 6up
Katopaa GapKIaHyBuUd 3appaiap CHHTapH «JICKTPOHIIAP) aKC STTUPWIHIIN IOKOPH
rapMOHHKAa PE30HAHC TEHEPAIMAICH CaMapaJopJIMTHHU amaljaa KaMauTup-Maiiu.
Ma3skyp XOAMCAHHUHT JHT MyXUM aMajlil TaTOMKU SJICKTPOHIApapO UTAPUIIHIIHU
aHUK XHMcoOra ONUII Kepak, TaXpuOana MakcuMan SKUHJIUK Tanad JTuica,
IMAITUHUII KapaéHUTa KaTTa YbTHOOP KapaTHII JIO3UM dMaC.

Ma3kyp TagKMKOTIAap HaTWKajlapu, acocaH, CYCT KOppesIusIaHraH
TU3UMIIAp/a JIEKTPOH KOPPETAIMACHHHA aHUK XUcoOra oJIMaciaH aMaira OIIHUPHII
MYMKUAHJIUTUHU ~ Kypcatnu.  YmOy  KMXaT  3JEKTPOH  KOPPENSLMSICHUHU
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MOJICJUTAIITUPHUIITa HUCOATaH S3JEKTPOH AJIMAIIMHUIIHA MOJACIUIATUPHUII MYHO-
cabaTiapuHu OMp MyHYa cojia Macaja aed XucoOaaHau.

IOxopu rapmMoHuKa pe30HaHC TeHepauuscu OyTyHJIMIM4a Oup aTOMIIU
spdexTnap OumaH TYIWIYHTUPWIMILM, Y3yH Ja3ep IUIa3Macuja HypJaHUII
TapKIMIINAA FapMOHMKA Ba Jamilall HypJaHUIIM (pa3aJlapuHUHT MOCJIALIUILIN
KYIIWJIUIIA MyMKUHJIUTY WIK OOp KYpCATUIIIH.

HuccepramusHudr «FOKopu rapMoHnKa reHepanusic y4yH HOYM3HUKJIU
TH3MMJIAP MCTHKOO/JIAPM TAAKUKOTJIApW» YYMHUM OoOMIa BaKTIM 3UUIHK
(YHKIIMOHAT YCyld acocuaa IOKOPH TapMOHHMKAa PE30HAHC TeHEepalUsCHHU
MOJEITAIITUPUIL OYiinya XucoOall Taxxpudanapyu HaTHKadapy KEJITUPUITaH.

Baktnu 3uunuk  QyHkuuonan ycyauHuHT llpeaunrep Tenrmamanapu
€UuMJIapU  y3ap0  TabCHUpJAIIMaWauran onekTponsap yuyH Koss-Ilam
TEHIJIaMaJlapy  edyuMjapu OwiaH anmaimuthpunaav. byHpna QoiinananuiayBun
HOTEHIUA

Uks (r’t) = Ugyt (r’t) + UHartree(r’ t) + Use (r, t) (7)

AroHa AKHMHJIAIIHUIITN XI/ICO6JIaHaI[I/I Ba I11acCT TapTI/I6J'IH rapMOHHKaJIap YY4YH JIOKaJ
SUYJIUK aIII/Ia6aTI/IK SIKUHJIaIIWIITH 6§’J'II/IIHI/I MYMKUH.

U):?Cdiabatit:(r’t) = axc [n:kr) |n:n(t) . (8)

VY Xo1a IOKOpH TapTHOIM rapMOHHMKAIP YYYH aHUK aJIMAaIldHHII TOTEHIIHAINIaH
doiinananunaam (3-pacm).

10 e TapMOHWKaNAP CNEKTPU

- - - KTUAWLW CNEKTPKH

MHTEeHCHBNWK

r— 1 T 1 _ T T 1T T T T T T T 7T 1
1 3 & 7 9 11 13 15 17 19 21 23 25 27 29

FapMOHKUKa TapTUBH
o 1
3-pacm. Mnamii monugan (In™) 10KOpH rapMoHMKa pe3oHaHC
reHepaAuusiCHHU MOJIe/UIAIITHPHUII HATH/KAJIAPH

Wupmnii nmnasmacuja FOKOPH TapMOHMKA PE30HAHC IE€HEpalusulapyd TaaKHUK
>TiiaU. bynmapHu XxucoOra oiraH Xojjaa, WHAMM aTOMU y4YyH >KapaHUHHM aKcC
STTUPHUII YYyH CIEKTp AeNbTa CHDKHII yCynu Oyinya coxTa MOTEHLHAaUIapAaH
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¢oiinananunan, OUpoK axpatwiran wmakcumym 0.057 arom Oupnukiapu
yacrotaiu 13-rapMoHUKa coxacu OuinaH udoaanaHim.

Mornekynstp  Maiiionna Oapua  yriaepox  aTOMJIapH  XOCCaJapHHU
MOJICJUTAITUPHUII YUYH BaKTJIM 3UWIMK (YHKIMOHAN Hazapusicu ycyiau ounan Cep
¢ynnepeH muazMacuna OKOpYM TapMOHMKA TeHepauusuiapuaa uik 0op Hazapuii
MoJeUIalITUpUIl  onu0 OGopuinau. VYriaepod aromiapd HOpMajl CakjIaHyBYH
HoJiokan Tpoimnep-MaptuHe noreHuuany, anMammHum Cidtep (QpyHKIMOHAIY,
Ba JIOKAJl 3WWIMKIAp aauabaTuK SKUHIAMMII EpJaMuaa MOACIUTAIITHPUIIIN.
Xucobmam HaTHKAJIAPUHUHT TaxpuOa HaTWKalapu OWjiaH TaKKociall acoCHa
Ceo mumazMacuza IOKOPM TapMOHMKA TEeHepalusicu caMapagopiIUKIapUHUHT
OpPTHUILM TE3JTaHUII OWJIaH XapaKaTIaHAETraH AJIEKTPOH DHEPTHSCHHHUHT IJIa3MOH
TeOpaHuIUIapAard  OMp  Heya  JJICKTPOHJIApHH  yWFOTHINTA  Y3aTUIIUIIH
KYII3JIEKTPOHIIM PE30HAHC PEKOMOMHALIMS acOCua TYIIyHTHpUIaau (4-pacm).

T rrrrvrrTrrrrrryvr T rTrrrTrnmT T

OF = m ( Hazapud ]
| 60 .
2 ® (C Hazapua )
v C 10 ’

.l C,, Ttakpuoda

~

-6 F ? ] -

HHTeHCHBINK, HICO. OHPIHK

10 |- L -
L]

L 1 /| 1 1 1 1 1 1 1 1

0 6 8 10 12 14 16 18 20
IN'apmonuka TapTHdn

ra
—

4-pacm. bup xua mapoutaa Cg QysuiepeH MoJIeKyJIacH Ba yIjiepos
aTOMJIAPU/IAH TeHEePALMSUIAHYBYM FTAPMOHUKAJAPHUHT HUCOMI KyBBaT
CIIEKTPH

IOkopu rapmonuka pe3oHaHc reHepamusuiapy Cgp MIa3Macuja CYHUII
KO3 (UIMEHTUHUHT OKOPWINTHIa KapamMaclaH YIJIEpOoJ] acoCi Iuia3maliapra
HucoOaran ommimu Cgy Ma3Macuaa IOKOPH FapMOHUKA PE30HAHC TeHepalusiapu
TapKaJduIl JkapaéHuja sSXimu (Ga3oBUN MOCTANIyBH OuiiaH OOfjIaHMaraHJIUTUHU
kypcatagu. Iynmait kwmb, Cg T1UIa3Macuga Oup KaTop TapMOHHUKAJIap
Ky4aluIuaa KYm3JIeKTPOHIN peKOMOUHALMS YCYJIU TYFPU SKaHIUTU UCOOTIaH N,
Oy BakTga Mas3Kyp MyXMTiapja IOKOPH TapMOHUKAa PE30HAHC TeHepalusiapu
caMapaJIoOpJIMTUHU YEKJIOBYM OMUJUIap cudatuia Tapkaaui dddextiaapu Oyaunm
MYMKUHIUTH 3bTUPOG HTWiau. XakukaraH, Cg MosieKyjacu (HOTOMOHU3AIMS
kecumu 20 3B sHeprusiim coxa sSKUHUAAQ KyJa IOKOpU KeHr (1ojoca sipum
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keHriru 10 3B ra TeHr) mia3MoH pe3oHaHcra sra (TYJkuH y3yHiauru 800 HM
Oynran TutaH candup jgazepu HypaaHumuHUHT 11-, 13- Ba 15- rapmoHukanapu
skuauaa). Tabcupramys coxacuua ¢ymieperap suamrd (5x10%° em™) 6yiran
KUMaTiap Ba MabliyM Kecumra sra (OTOMOHHW3AIMS YUYYH IOTHIUII Y3YHIIUTH
XUCOOJaHTaH/1a, MyXHUT/Ia MJIA3MOH PE30HAHC COXAacuaa TapMOHUKAJIAPHUHT Ky4JIU
IOTWJIMIIATA 3ra OYyiaumuHu KypcatryBun yHuUHT 0,8 mm gan (7- Ba 17-
rapmoHukaiap yuyH) 0,3 muwmmmerp rada (11-, 13-, 15- rapmoHuKanap y4yH)
VY3rapuimand Ky3aTUIII MyMKHH.

Oxopu rapmMoHHWKa TEeHEepauMsUIapyd Jamilalll HYPJIAHUITUHUHT HKKH
YacToTadl MaljoHmapmaru Tankukomiapu Oaxkapuinmu  (5-pacm). Ilmaro
rapMOHUKaNap OONIIAHWUINNTa HUCOATaH IOKOPM TapMOHHMKA TeHepalusiapu
CHEKTPUHUHT HaTWXKajgapu OWIaH SXIMIA MOC KEIWIM KypcaTwiau. by
MOJCIIAIITHPUIITAH TAIKUKOT TH3UMH aHUKJINTH (BaKT OYyHMYa KUYHMK KaJIaMITh
WHTErpajliall, CceTKajlap opacujard wmacopajlapHUHI KUYUKIATH Ba 3 Ta
yiuanuiapja  CeTKaJIapHUHI  KaTTa  yidamiiapu), TaHJaHTaH  MOHM3aIus
MOTEHIMAIM AaHUKIUTA (KyMyIl aTroMjapu Y4YyH) Ba Jiazep HypJaHUIIN
UMITYJIbCJIApU  TMApaMETPJIApPUHUHT  TaXpuOaaard rapaMeTpiiapura SKUHJIUTH
OuiaH OOFJIHK.

Tt 7T 7rrrrr-~-~71rrrr-~r1rr+-~1r-~r~r+-r -1 717"
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= =B
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g 'S
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=]

=]

& B

=
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o 1o 1o 1 o9 1 o9 0 s 1 & B ¢ 1 & 0 s 1 4 1 4
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T'apMOHHKA TAPTHOH

a - KyTOJIAaHWIIH TEKUCIUKIIAPY TIapauies OYiraH HKKYA 9acTOTali JaMJIall HypIIaHuIy, O -
KyTOJIQaHWIIN TEKUCIUKIApH EPIEHANKYISIP OYNTraH NKKM 9aCTOTAIH JamJlall HypJIaHUIIIH, B - OUp
YyacTOTaJlM AaMJjall HypJIaHHUILIH.

5-pacm. Typiu umnyJibcjiap 61JIaH HYPJIAHTHPHIYBYH KyMYLI
IJIA3MAacH/a KOPH rapMOHUKA FeHepalMscu KyBBaTH CIIEKTpJiapu

Xucobnanwiap MKKUHYM TaPMOHUKAHUHT MalJOHU SJIEKTPOHJIAP KaWTHUIIH
[IapTUra JECTPYKTUB TabCUPU XaM CE3WIapiM Japaxkala dKAHJIUTMHUA KypcaTau.
Ma3zkyp XKMXaT SpUMKJIACCUK MaH3apa OWiIaH 3UJA KEeJIMaWau, UKKU TYJIKUHIN
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MaWOHJIap yYyH KYIPJICKTPOHJIW PE30HAHC PEKOMOWHAIUS  MOJCIMHUHT
TYFPUINTUHU KY3aTUIIMMHU3 XaM MYMKHH.

Nuauit miasmacu ydyH WMKKMA 4acTOTallu MailioHJap/ia I0OKOpUM TapMOHHUKa
PE30HAHC TEHEpPAUMSUIADUHUHT  HAa3apuid TaAKUKOTH  yTKaswinu. FOxopwu
rapMOHHMKa TeHepalysuiapyd HaTHXKalapy TaxXJWil Y4yH KUYUK KBapatiap yCylu
OwiaH OyJaKk anmpoKUUMALMICH XUCOOJAHUO, IOKOPH aHUKIUKIATH KAaTOp Y4yH
IUIATO TapMOHMKANapU SHEPrUsCUHU OJIMHJAH TAaXMUHUWA aHMKJIAIIHA Tajao
Kwiau. by Taxxpuba OmiaH TaKKOCIaHTaHAA IJIaTO TapMOHHUKAJIapH DHEPTUSCHIA
osruHa (1-3 TapTuO TapMOHMKA OpaMFU]A) YETJIAIIMII  Ky3aTUJIraH!
TabKUJIAHAW. O-pacMaa Jmamiami HypJIaHWUII MaWJAOHWHUHT TYypJiad Y3uTra
XOCIUKIIapuAa HHAWA aToMjapd Ba HMOHJApH IUIa3Macuaa FOKOPH TapMOHMKA
reHepanusacy HaTwkacu gamiam  Hypiaanumu 0.057 atom Oupnukiapuia
KEJITUPUJITaH.
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Tapmonnka-TapTidon- (800 -HM HYpJIAHHIIT A HHCOATAH)

+0 v ~ +1 ) ) +1 -
a-In"" Oup TYNKHHIM MaloH, O - N Oup TYIKUHIN MaiIoH, B - IN"™ UKKU TYJIKWHIA UKKUHYU
o +1 1% v
rapMOHHUKa MaiIoHH, T - IN"~ UKKK TYIKUHIN MaiJOH

6-pacm. TypJu mapoutaaru HypJaHUIIAA UHIUN MJ1a3MacHia IDKOPH
rapMOHHMKA reHePAlUACUHI MOAe/UIAIITHPUII HATHKACH

Kytunranunek, MHIUM HEWTpana Oup DJICKTPOHIU aToMiiap Y4YyH HOKOpHU
rapMoHUKa pe3oHaHC TeHeparusicu kKy3atwimaau. [y Ounan Oupra Takpuba
OwiaH TYJIUK MOC KelyBuM XucoOjamnuiap, yactotacu 0.057 arom Oupiukiapu
Oynran Oup TYJKWUHIM Jamiail MaWJoHWJa WHIUMNW HUIIOHU IIJla3Macuja
13-rapmonyKa Ky4yalHIIMHU KypcaTau. PaBilaHKW, UKKUHYM TapMOHUKaA (acocui
HypiaHu yuyH 10- Ba 14- rapMoHuka) 6yamMarania 5- Ba 7- rapMOHUKA PE30HAHC
XO0JIaT/IaH YETJIAaHWIIIM PE30HAHC Kywaluin XucoOjaHMmaiau. bupok acocuit
HYpPJIQHUIIT Ba YHUHT WKKWHYM TAPMOHUKACH OPTOTOHAT KyTOJIAHWIN TEKHCIIUTH
MalJIOHH/Ia FOKOPHM TapMOHHMKA TE€HEPAlUUSICUHU MOJCIUIAIITUPHIN HATHXalapu
MyXHM axamusTra sra Oymanu. YmoOy xonarna 13-rapmMoHuWKangaH Tamkapu 12-
TApMOHUKAHUHT XaM Kydaluiu aHuk Kys3atwigu. lllyHra xapamacman xap Oup
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Ky4aiiraH TapMOHMKAa WHTEHCUBJIMIM OWUp TYJIKWMHIM Jamiialira Kaparasga Oup
MyHYa KMYMK Ba IIYHU TabKUJUIAII JIOBUMKH, OUp TYIKUHIM MalAOHIA yJIapHUHT
CyMMap UHTEHCUBIUTHU 13-rapMOHMKA UHTEHCUBIIUTU/IAH OLIa/IH.

FOxopu rapmonuka pesonanc resepauusicu Cgy QyiepeH MHAUN Ba cypbMma
aTOMJIapy HUMIUIAHTJIAHTaH IUIa3Majap/a TaKKOCIall MakKcaaula XaM TaJKHUK
ATWIIU. ATOMIIM KM UYKH MOJIEKYJlalu (3HA03pall Qysuiepennap) ymnepenaap
cudpaT MoIJaNapAaH Ty3WIraH HUILIOHJApJAru IjiaMajapja IOKOpU rapMOHHMKa
pE30HaHC reHepanusuiapura Oyiaran KU3UKUILI HAIIOHIAPHU aTOMIIA IPUMYTKA3TH4
HUIIOHJIAap OuWjaH OWpJAIITUPHUII Ba yiapAa OUp BaKTHUHT Vy3uga IOKOPHU
caMapaJIopJIMKKa 3ra Oup KaTop rapMOHMKaIap Kydailunuiapu Ouiiad OOFIIUK.

CoxTa mNOTEHIMaJIra MOC KEIyBYM aTOMJIAp YYYH AaHUK aJIMAallWHUII
MOTEHIMANN KalyJl KUJIMHUO, Oy rapMOHUKA CHEKTPJIAPUHUA HUCOATAH aHUKPOK
OJIMII MMKOHMHU Oepanu. ByHna OKopM TrapMOHHMKA TE€HEpalUsICH >KapaEHu
HOAIUa0ATUKIIMIUIaH 103ara KeJyBUM KaMUWIMKIAP JIOKaJ 3WWIMKIAp acocHja
TAHJIAHTaH COXTa NOTEHUUAJUIADHUHI KaMUYWIMKIApU Kabu Oynmaiiau. Ymoy
Gymiepennap y4yyH HOTWIMII CHEKTPJIAPUHUHT TAaJKUKOTIap HaTwxXalapu 7-
pacmia KenTHPUITraH.

o
T

=
T

o
T

=

Juepras (0.057 .6.)

HOTHIHN KecCHMH (HECD DHEpUrE)

a-Cgg 6-Cgo+In B-Cgot+Sb.

7-pacm. TypJu TH3UMIIAP YYYH BAKTJIHN yCYJ OMJIaH XMCOOJAHTAH IOTHIUIII
CIIEKTPH

Ounosapan ¢ymieper (CgotIn Ba CgotSb) mmazmanapuga Cgy MIa3MaHUHT
MJIa3MOH oTUiUI MakcuMymu Cgo mazmacuaarud 15-rapmonukanan 13- Ba 21-
rapmonukaiapra cunkuau CgotIn Ba CgotSb ra myBoduk Ba Oy Ky3aTuiniapaa
OJIMHTaH WHJWNA Ba CypbMa HOHJAPH OTHIMII MaKCUMyMJIapura sIKMHJIAIIUIINIA
kypunau. lllynnmait skan xucoOmam Taxpubacuna Cgy KOOMFM MapKa3ui aToMm
CIEKTpUTa CyCaTHUpyBUM Tabcup VyTKasmaian. bynga Cg KoOurmaaru
JOKaJIJJalIMaral »JIEKTPOHJIap MapKa3uil aToM »JJIEKTPOH 3UWIMTHIa KyWwId
TEOpaHMIIITIAP OCTHA KailTa MOCIHAIIUII XYCYCHSTHTa dra Ba MapKa3uil aTtom
WOH3ALUSICH UCTUCHO KUJIMHMAaraH.

8-pacMma MoC THU3MMIIApJia FOKOPH TapMOHHKAa pPE30HAHC TIeHEpaIlMsICh
TaJKUKOT HaTWXajapu KenTupwirad. ['ypyxjia KydarOBUM KYIIHM TapMOHUKaiap
WHTEHCUBIIMKIIADUHUHT MaKCHUMaJl OIIWINK Oapya XoJulapAa aiHaH IJIa3MOH
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IOTWINII  TUKIApU  MaKCUMyMJapu  coxXacuja OKOWIAITaHJIUTd — IOKOPH
rapMOHUKAJIM TEHEpalus pe30HaHC Kydyaluiu aed Oaxosamra UMKOH Oepaju.
Ma3kyp XOJUCAaHUHT aMajuil  axaMUATH aTTOCEKYH]l JIaBOMMMIIMKIAru
UMITYJIbCIIADHU camapalid TeHepalusIcH y4yH (olgamaHuin MyMKUHIUTHIAIUD.
IOxopn yifoHraH caTxJIapHM ONTHK Jamilall >Kapa€HU KYMAJIEKTPOHIIN
peKoMOMHaIMsg  MOJAEIM OpKaIu  sxXmu  udoAallaHUIIM  Ba  XucoOJjall
HATWKAJIAPUHUHT TaXpruOa HaTHXKanapy OWiIaH TYJIUMK MOC KEJIMIIUTa KapaMac/aH,
pPE30HAHC CaTXJIApHUHT OWpPMyHYAa WHBEPC OaHIJIMK XOCHJ KHJIMHTAHJIATH
MapouTHIa PE30HAHC PEKOMOMHAITUS XapakTePUHW TYIIYHTUPHIIHA Taiad
KWiaau. YWFOHTAH cTaxJjapJa WHBEPC OaHIJIMK XOCWJI KWIHMIIHWHT OJIIUHTU
MeXaHu3Mallapu

ds/dt = pa|c|2 -, (9)

201 . 1 C 4+ L 4S
; ['ﬁll . ('ﬁll In . § {'ﬁll+5h

0.0k " gt LI BB B R LI | sgengyg | gl

HeTencHBIHE JorapHME,
-

HHCO. DHpIIHE

T'apmonrka TapTabH

a—Cgg ; 6—CegotIn; B—Cgo+Sh
8-pacm. TaaKuK dTHIAETIaH TH3UMJIAP/AA PE30HAHC IOKOPH FAPMOHHMKA
reHepanusicu

V3 MYMra HOXJACTUK YWFOTHII Ba CHOHTaH HYPJIAHUII MEXAHU3MIIAPUHMU OJIAJIH.
bupok crnoHTaH HypJaHUII MyXUTAa Kyn (QOTOHIM pe30HaHCra SKUH Oyiauiiura
OofnMMK Oynmaran Xxojga Ky3aTWiaad, LIYHUHT YYyH HYpJaHUIIra pPEe30HaHC
yacToTaja KOTEepeHT OyiaraH xucca KyWhujgard OoflaHuIIra oJubd KeyBUYd
MaxOypuil HypaaHuil OuiiaH upoAaIaHUIIN JO3UM:

ds/dt= polc| —s(T,, + Byu) (10)

Pe3onanc pekoMOMHAIUSIHM AHUKJIOBYM Ma3Kyp MEXaHU3M  TaJKHUK
KWIMHYBYHM PE30HAHC YaCTOTa SIKWHHMJIA HOPE30HAHC CUTHAITHUHT Ky4dJu OYIUIIN
aKka (aoyt JJIEKTPOH SKUHJIAIIUINKIA amMajra OIIMPWITaH aHAJIWTUK Oaxosarl
AHUKJUTUHUHT FOKOpHM Oynuinura TabCcup Kypcataau. MaxOypuil HypJIaHUII
XyucoOura TapMOHWKA CHUTHAJIM Ky4daluWIIM CUHTapu >Kapa€Hiap acocuil Ba
VUFOHTaH caTxjap opacuja WHBEpC OaHIIMKKa dra OyiMaraH Ttusumiapnaa, 4
CTaxXJIM JKapa€Hyiap JOWpacujiard OpajuK carxjapja WHBEpC OaHUIMK XucoOura
€KUM FOTWINITHUHT TYPJIM KaHA/UIapuaa HHTepepeHIns 1eCTPYKIUACH IIapOruTHIa
€nuK MaxOypuil IOTWIMII KYJUIAaHWIMIL Yerapajapuaa to3ara Keaulld MYMKHH.
Ymby WMKKMTa MEXaHW3M IOKOPHM TapMOHHMKA pPE30HAHC TeHepaluusiapu
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cxemajapuja HucOaTaH EHTWJ aMaira omwmpuiaaau. byHaa pe3oHaHC carxia
YUFOTHIIMIN >Kapa€HU KOTEpPEeHT »5Mac Ba Taxpubanapna QoiinasaHuITyBUU
eTapiivya OKOpU HHTEHCUBJIMKIAP XHcOOMTa oJiraHia IOKOpU TapMOHHKA
MalJIoOHJIapy  MaBXyuuruaa pyh  Oepamu.  K¥mamekTpoHin — pe3oHaHC
pekoMOuHanus  kKapa€HHMIa KOTepeHT OyiaMaraH  XapakTepyd  JamJlail
HYpPJIAHUIIMHUHT MYXUMM aMaJldid axaMHITH JIa3ep IUIa3Machia PE30HAaHC YTHUII
DHEPIrUsiCUra SIKUH DSHEPrusUId JJIEKTPOHJAp OKMMH  WYHaIuIIuAa OKOpHU
rapMOHMKAa PE30HAHC TEHEpalMsICU CaMapaJopiUrUHU eTapiinya Ky4dalTHPHUIII
UMKOHUSITUHH OEpHILN XUCOOIaHaIH.

Hucceprauusinuar «HOKOpM rapMoOHHKA TreHepauMsicura 3appadaJjap
KOHI[EHTPANUSICHHUHT TabCHUPW» 10 HOMIIAHTaH TYPTUHYH OO0OMIa FOKOpHU
rapMOHMKAa TEHEpalMsICH, Iy JKyMJIaJlaH IOKOpPU TapMOHUKA PE30HAHC
TreHepalusiacy >kapa€Hura 3appadajap KOHIIEHTPAIUACH TabCUPUHU YPraHuIl
HaTWXKaJlapu KEJITUPUJITaH.

Heiitpan 3appavanap KOHIIEHTPAUUsSCHUHU HA3apyuil aHUKJIANIAA MOJICKYJISIpP
muHamuka ycynu ITAP IMD naketu acocupa spaTwiraH AacTypiap €paaMuja
amanra omupwiad. Molekyngp JAWMHaAMUKa ~yCyJIWra YHUHT  AHUKJIWTH,
HAHOCTPYKTYypa IIAKJUIAHUIIWHA TaAKUK KWIWII HWMKOHMHUHT MaB)XXYJJIUTH,
HUIIIOH peai KPUCTAJT TApKUOMHU Ba aTroMjapapo y3apo TabCUPHH TACBUPIIOBUU
KaTTa MUKJOPJAAard SMIUPHUK COXTA MOTEHITMATHU XUCOOTa OJIUIIN KUPAIH.

Nonnap KOHIIEHTpAIIMSICUHKU OJIMII UMKOHUSITH Jla3ep aOsalusIcua HeUTpan
aToMJap KOHIIEHTpAIMICUTa MOHU3AIUS SXTUMOJUTMTHHU KYMAWTUPHUIL acOCHIA
KWIMHTaH Ba aHAJIUTUK yCyJUlap €KM BaKTJIM 3UWIMK (DYHKIIMOHAT YCYJUIapUIaH
¢oitnananuin acocuia aMaira OUMpHUIIaIu.

bupunumn ramma yriaepona IasMacuja IOKOPU TapMOHMKA TeHEpalusiiapu
Kyuyaluinura ja3zep abJsiusiCi TabCUPU TAAKUKOTH YTKa3uiau. TanakukoTiaap oup
XWI 1apoutAaa onub Oopuwiaau Ba OyHIAa HUIIOH o3acujaa Iia3mMa TypJu
JABOMUMIMKKA dra aOisiust UMIOyJabciaap EpaaMua XOCWUJ — KWIMHJIU.
JaBomuitnru 10 HaHOCEKyHIa OYyiraH aOisAIus MMIYJIbC TUTa3Machaa OJMHTaH
HaTWXkanapaa 9-man 15-raya TapTuOIM rapMOHHUKaIap Ky3aTHJIIW Ba YJIApPHUHT
WHTEHCUBIUKIAPU aproH rasujia OJMHTaH TapMOHUKalap OWiIaH TaKKOCJIaHUO,
mia3Maza TapMOHMKAJIap MHTEHCUBIMTMHUHT 2-5 MapTa OLIMINM Ky3aTWigu. by
BaKT/Ja aproH Ta3u MYXUTHIA FOKOpPU TapTuOiM rapmonukamap (15 taprubman
IOKOpY OynraH) aHya caMmapalid »dKaHjduru Ky3aTuiau. JlaBomuiinuru 8
NUKOCEKYHJa Oynran aOnsiuus HUMIYJIbCH IUTa3Macuja OJIMHTaH HaTHXallapaa
rapMOHUKAQJIAp WHTEHCHUBJIMIM aproH rasuja OJMHTaH TapMOHUKajIap OujiaH
TaKkKociaaHuO, OyHAa Teckapu HaTWXa, SIbHU aproHja TrapMOHHUKajap
WHTCHCUBJIMTUHUHT 2-5 MapTa OIIMIIM Ky3aTWIIW. YTJIepoj Iula3Macujia
reHepalysJIaHyBUd FrapMOHUKAJIAPHUHT SHT FOKOPHU TapTHOM 27 Ta TEHT.

Maskyp 3pdekTHr TYIIyHTUPHUI Y9yH Jazep almsmusicu xapa¢Hu rpadur
HUIIOHKW OVin4a TaakukoTiap Oaxapwinu. CKaHEpIOBUM DJIEKTPOH MHUKPOCKOI
€plamMuia OJIMHTaH TaCBHUPJAp JAaBOMUNINIU 8 MUKOCEKYH/1a OYITaH UMITyJIbCIiap
OwiaH XOCWI KWIMHTaH IUIa3Ma (PaKkeTWHUHT MaKCUMall  CcaMapaJopiiuK
Ky3aTWJITaH X0JIaT/Ia XaM HaHo3appasiap MaBxKyJ AMaciluruHu kypcatau. Huinon
naBomuinuru 10 HaHOCEKYHJa OYnraH MMIYJIbC HUCOATaH KaM WHTEHCUBIMKIA
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oyrmatmaranga (1x10° Bt cm®) ymuammapn 20 gan 100 HM. raua Gymram
HaHO3appajap XOCUJI OYJIUIIN aHUKJIAH/H.

Aprou rasunuar 3pammrn 6x10' eM™ ra Tenr. Taxpn6a MapouTHIA YIIEPOT
HUIIIOHH J1a3ep abIAIUiCH (SbHH 8 MMKOCEKYHAAIN UMITYIbe yayH 2x10%° Bt cm™
Ba 10 HaHOCEKyHJaIW HMMIIYJIbC Y4YYyH 10° Br CM'Z) Ia3Macu 3UWIMTH MOC
paBuIIIa 2.6x10* cm® Ba 2.5x10% cmra Tenr skanaMTH xucoonagau IMD ITAP
opkanu. MaHTHKaH aTomJiap KOHIEHTPAlMsACH KaH4YaJMK [oKopu Oyiica,
KJIACTEpJaHMII Japakacu LIyH4Ya OKOPH OYJIMIIMHU TaXMHH KWJIHMII MYMKHH.
bynna 30 HaHOCEKyHIaJaH KEWWH YJAPHUHT XOJIATIAPUHU aHUKJIAINIIA YypTada
YUHII TE3JIMTY TabCHUPJAILIYB COXACHa 3appayanap TaKCUMOTIapUIaru XUCCacH
HUIIOH [03aCHJaH YYMIIAa KjacTepiaHuin gapaxacura teHr. llynmait kumu0,
MOJIEKYJISIp JUHAMUK MOJEJUIAIITUPUII  TabCHpJANIYB 30HAcuAa Yyriepoj
aToOMJIapu OJIaTUM FOKOPM KOHIEHTpAIMSICHHU XucoOra onraH xoiga, 10
HAHOCEKYHJAJIM HMMIIYJbCIap YYyH KaTTa Yadamiid KiacTepiap IIaKUIaHWIIN
KYpcaTHJIIU. —TapMOHUKA MHTEHCUBIIUTH YYyH MyHOCa0aT

3

1, oc |d,| N2L2 (11)

2
Oy epma d,—qew YacroTaga HypIAHTHPYBYM JUIIOJ] MOMEHTH, ‘dq‘ —anoxuaa

3appadya HOYM3HMKJIM ONTHK »ABOOWHMW aHriatagu, N—HypJaHTUpYBUM aTtomJap
3UWIATH, L—MYXUT y3yHJIUTH.

2 2
/‘dqAr ~2-5 ra TeHr, Ba 8

MUKOCEKYHIAmM wmMmyiascmap yayH NY“=2.6x10" cm®, L"“=0.5 wmwM,
2
]d
HAHOCEKYHJAJIM UMITyJIbclap OWiaH IIaKJJIaHTaH I[Ula3mMara HucOataH Oup
TapTUOra OMMINKU YPHATWIIUA. AProH IUia3Macura HucOaTaH IOKOPU TapMOHMKA
YUKW Ky4aluInM IJ1a3Ma TapkuOuja KUYUK HaHo3appayiap Oopiuru OuiaH
TYITYHTUPWIAIIA MyMKHH.

['padut HUIMIOHU 103acHaa TYPJIM YIBTPAKUCKA UMITYJIbCIAPH TIJIa3MaCHHUHT
TypAu TIApOWTIapAa INIAK/UIAHWUIIUIAATH FOKOPH TapMOHHMKA TeHEpaIMsUIapu
KEWMHTH Tax) MM YTAEPOJ acocid MaTepHuasl Ila3Macujaa KyI MUKIOpAaru
HaHO3appajgap MaBXYUIMTH  FOSCHMHU  TacAukiaaau. 10  HaHOCEKyHIaIH
umyascaapauar 0.33x10°, 10° Ba 3x10° BT cM HHTCHCHBIMKIAD YIyH YIIEPOL
aTOMIIAp KOHIIEHTPAIMACHHUHT Kuitmartmapu 10°°, 2.5x10" Ba 3.7x10" cm™
oy, MHTEHCHB MMKOCEKyHT ummyibeaapu (6.6x10°, 2x10%°, 6x10™ Br cm™ )
Y4yH aTOMJIap KOHIEHTPAUUSICUHUHI TAcCT KUHWMAaTiapu (1.1><1017, 2.6x10' Ba
4x10" CM'S) OJIUHTaH OYau0, onTUMAaJ IJIa3MaHU MIAKUIAHTUPHUIIIA Oy UMITYJIbC
DHEPTUSICH Ba YHUHT JAaBOMUWJIMUTMHHHT Xajl KWIyBYM XHCCAa DSKAHJIUTUHU
KypcaTaJu.

Kymuunuk rokopu TapMOHWKA TEHEpalusiapu TaJAKUKOTIApU Jiazep
abmsAMsCH yCyu OMIIaH XOCHUJ KHJIMHTaH, KUCKa miazMa myxutiaapuaa (0,5 mm)
dolinananran xonga onud OopwiraH. by myxut y3ywiauru L HuHr OepuiraH
rapMOHHMKAa KOT€PEHTIMK Y3YHJIUTMJAH OPTUIIM JaMjall HypJIaHUIIAHUHT

plasma
dq

10 HaHOCEKYyHIANM UMITyJIbCHAD YYYH

qulasma /1 qAr ~0.2-0.5, «kuiimatnap kypcaraauku, ‘dqp'as’“a “mapamerp 10
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SHEPIrUsACHHU TapMOHMKA JHEPrusicura ajJMallTUPHUII CaMapaJopiurd Kyhujaa
KEJNTUPWITaH MyHOCa0aT OpKaJii KaMalUIIMHNA KYpcaTau:

o [MJ (12)
AK

Oy ep/ia KOTepeHTJIUK Y3YHIUTH KyHuaarnda aHuKJIaHaIu:

L =— (13)

dazanap KBa3W MOCIALIUIIN MIAPTHUIA IOKOPU TapMOHHMKA T'e€HEpalUsIIapu
camapaJIopJIMKJIapura 3appadajjap KOHIIEHTPALUIACH TAabCUPUHU KapaiMus.

KuznupyBun Ba JamMjIOBUM HUMITYJIbC Opacujard Keuwkum 43  Hc.
SKAHJIMTMHU XpcoOra oyiraH xonjaa, Ag Ba Mn Hummonimapu ro3acugad 100 MxMm
macodaza HEWTpas aTomiiap Ba HOHJAP KOHIUEHTpaIUsyIapu TaAKUK STHIIH.
Hypnanum okumu 1.2 Jix/cm? oynranna, ITAP IMD ycynu €pnamuna Ag Ba Mn
3appauanapu KoHIeHTparusiapu yays 2.7x10" cm™ Ba 1.8 x10" cm™ kuitmatiap
OJIMHTaH. Ym0y KOHIICHTpalUsijgap HYpPJAHUIIHUHT O€puiraH »HEprusicujia
KU3JIUPYBYU UMITYJIbC JJABOMUILIUTUTAa OOFJIUK AMACTUTH aHUKJIaH]IH.

VY3iykcu3 MyxuThaa HypJaHUII TapKaaumuaa ¢daszanap KBa3UMOCTANTyBU
mapTIapyuiad TalllKapuaa camapaopiivK Kydaluiny Kydujaara MyHocadatT opKajiu
ndoaanamn MyMKUH:

2
n,(L L, L) oc #{H gt —ZCOS[nL}e‘(L’ZLa’} (14)
L L,
1+4r° aj
k
n (qL.L, L
(AL, L) ) (15)
q q np(L,Laq,qu)

Oy epaa L —MyXUTHHUHT Y3YHJIUTH, —TapMOHUKA TapTUOM, L, —FOTHJIMII y3YHJIUIH,
E,(a,L,L, . L ) “TapMOHMKaHHUHT HUCOMI Kydaiumu. [lammam HypJaHuIl TYJIKUH

y3ywmuru A ~800 HaHoMmeTpra TeHT OViITraH HMMIYJIbC (-TApMOHUKACH YYYH
KOTEPEHTIIMK Y3YHJIUTHHY KyWuaarnda KeITHPUII KyIai:

L, (Mm) 1.4x10%° /gN ,(em™) (16)

Hypmnanum okumMuHuHT 1.5 I[)K/CM2 J1a Ba KOHIUECHTPALUSHUHT KEJIITUPUIITAH
KuiiMaTinapuaad okopu monnamuin 10% Oynranga 31-rapMOHMKA KOTEPEHTINK
y3ywiuru 0,7 MuwmMMmeTpra TeHr. by uWHepT rasnapia Ma3Kyp TapMOHMKA
KOTEpEeHTIIMK y3yHauruaad 10 mapra KM4UuK.

[InaTo coxacupaa miasma y3yHJIurd 5 MM OyJiraHaa camapaopiuK Y3yHIUTH
KHCKa GYIran IiasMa caMagopiiury Ounan 6up xui 6§16, y Taxmunan 4x107° ra
TeHr OYynanu. By BakTAa 3UWIMIM MOIYJSLMSUIAHTAH MYXHUTIApAa aaMallTHPUIL
camapaznopimknapu 10 MapTa OpTUK SKaHJINTY aHUKJIAHTaH.
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O9-pacmga Ag Ba Mn HUINIOHJAPUHUHT S5 MM Y3YHJIHMKIATH Y3JIYKCH3
wiazMacu Ba y3ywiauru 0.4 mMm Oynran 8 Ta mia3mMa OKUMHUJA TapMOHUKAaap
aIMalITUPUII CaMapaJOPJIMTUHUHT KUECHM KHiIMaTiapu KeiartupuiraH. Pacmaan
KYPUHAJIWKU, MOJJa Typjapu Ky4arOBUM TapMOHUKAJIApP >KOWJIAIIMII XOJATWTa
TabCUP KWiagu Ba Oy HUIIOHJIAPHU KHU3JIUPraHaa H3pKUH BJIEKTPOHIIAP
KOHIIEHTPAIMSCH Typjiuya SKaHiIurura Oornuk. Jlazep aOmsmus ycynu OwuiaH
OJIMHTaH ONTHK 3UWIMTH (Pa30BUU MOAYJSUHUSJIAHTAH Jia3ep IUia3macuaa Oup
TYIJIaM  OKOpM TapMOHMKA TEeHEe-palysUlapuHd  Ky4YaUTUpHUII  yCYJIUJIaH
IIa3Majiard MOHJIAp KOHIICHTPAIMACHHY aHUWKJIAI y4yH (polgamaHuIl MyMKHH.
Korepentnuk y3yHnuruau anukiamiaa acocuia Ag Ba Mn HUIIOHTAPUHUHT SPKUH
JIEKTPOHIAPH KOHIEHTpauisuIapu Moc pasuiiga 6.2x 10 Ba 8.1x 10 cm™ ra Tenr
dKaHIUTH xucobnanran. IOkopum rapMOHHMKA caMapagOpJAUTHHUHT JamIlail
HYpJIAHUIIM ONTHUK YKUIAH Y30KJAIIUIIWra OOFJIMK paauain OOfJIaHMILA FOKOPH
rapMOHHMKA CaMapaJOpiIUTHHUHT KECKUH KaMmalumu Ky3aTwian. ONTHK 3UWIATH
dazoBuil MoayAIMsIIAHTaH TUIazManapiaa ¢asaiap KBa3d MOCHAIIMIIKA acOCH[a
Kydaum Oyinya TaxpuOa HATWKaJapUHU aHUK MUKIOPUM OJIIUHAAH aWTHII
Y4yH Ha3apuid  aHUKJIAHTaH  D3JICKTPOHJIAp  KOHLEHTPALMSICUHUHT  aHUK
KuiiMaTiaapuaad GongaaaHuI MyMKIH.

n Hazapua

I'apMoHHKa TapTHOH I'apMoHHKA TapTHOH
6 55 41 4 33 3l 27 68 % 44 I3 7
T T T T T T T ! I ' ' I | l
600 L | e 5-1m Nnasma 600 | = 5-MM nnazma
KyMyL — 8 0.4-uM nnazma l | mMapraHey  — 8 0.4-wmm nnasma
|

i 1 Hazapua
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MHTeHcuenmnk (HMchB. BupaurK)
MHTeHcueamnk (HMchB. Bupaurn)

2 (HM)

a) KyMyII TIa3Macua 0) mapraser rurasmMacusa

9 - pacm. 3uusiuru ¢a3oBuii MOAYISIUSJIAHTAH IJIA3MAJIaApPAAa IOKOPH
FapMOHUKA IreHePpAUMsICUHHUHT KyYalnmm

O-pacmzma Maprasen miaasMacuia 23-TapMOHUKAHMHI PE30HAHC Kydalu-
IIUHU KYpulll MyMKuH. Taxxpuba HaTuxkanapu ¢daszanap KBa3u MOCTAIIHIINA OWIaH
rapMOHMKANIAp PE30HAHC TeHEepAUMSUIApUHUHT Oupranukaa OakapuiIHILINHU
TacAUKIaiaM. Maskyp Kydyallum pexumpaa *aBoOyiap MYCTaKWUIMTH XOJIHMJIA
acoClIaHyBYM IUIa3MajZia TapMOHHMKajJap HYypJAHUIIM TapKAJIMIIUHA XUCOOJaIl
NroOpTMHIra BaKTJIM JUIOJb KYWHIMO, MapraHel ajJoxXujga aTOMUHUHT HOUYMU3UKIU
’KABOOMHM Hazapuil xucoOjamiia BakKTJIM 3UWIMK (YHKUHOHAN YCYJIUJaH
¢oiinananunau. bynaa 6apua ONTUK 31EKTPOHIIAP ’KaBOOJIapU MOAEIIAILITUPHUILIN.
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byryarn kyHma ¢azanmap KBa3d MOCJAIIMIIA Ba FOKOPU TapMOHHKAJap
PE30HAHC TeHEpalMsUIapUHA OUp BaKTAa OaXapWIMIIWHUA TACIUKIOBYH, HUHKOP
ATYBUM Takpuba HaTIKallapu MaBxkya smac. by amanuii MyxuM HOYMU3UKIU
TU3UMIIApJa, XyCyCaH, MHAWM HUILIOHM [03acujia Jiazep aOisauscu ycylau OujiaH
XOCWJI KWJIMHTaH TJIa3Macujia aToMiiap Ba MOHJIAP KOHIICHTPALUSICUHHU XHUCOOJIAIT
aTomJiap y3apo TabCHUpJAllyBU HIIOHWINA MOTEHIUAUIAPY MABXKY] SMACIUTH YUyH
Mypakka0d xucobsaHagu. BHUpOK TanKuMKOTAA KU3AMPYBYU HMITYJIBC YMYMHM
SHEPrusicura aTomyiap KOHUEHTPALMSICUHUHT TYFPU MNPONOPIIMOHAN HKAHJINUTH,
Oepuiirad SHEPrusga KU3IWPYBUYM HMITYJILC WHTCHCUBIUTHHH HA30paT KWJIHII
Wynmu OujaH pe3oHaHC ImapTiapura Qaszanap KBa3MMOCIAIIYBH COXaJapuHU
co3J1a1l UMKOHWHH OCPUIIH KYpCaTUITaH.

XVYJIO0CA

1. Unk Oop aHUK TMOTEHIMAUIAp Ba JaMJIOBYM  HUMITYJbCIApPHU
AKCIIEPUMEHTAJ MapaMeTpiapura sSIKWHIApUHU MOJCIUIAIITHPUII aCOCHJIa IOKOPHU
TapMOHUKAQJIM  CHEKTpJIAp PE30HAHC TeHepaluscu TyFpucuiaa OapKapop
uH(bOpMAaITUS OJIUII TAbMUHIIAHTaH.

2. HOxopu rapMOHMKAa pE30HAHC TeHEepalusUlapyd HOHJIAIIUII, Ja3ep
MaWJIOHH/Ia DJCKTPOHJIAD TE3JaHUWIIM, TE3JIaHWII OWilaH XapakaTjiaHyBYH
ANIEKTPOHHUHT HOAJIACTHK COYWIMINA HATM)KACHIa WOH HWYKH DSJIEKTPOHJIAPHU
pPE30HAHC caTxra yHUFOTWIMINM HyIu OWJIaH pPE30HAHC caTxXJiapyu OaHIJIUTUHU
TabMUHJAII, MaXOypuil HypJIaHUII acocuja aHW TapTHOIM HOPE30HAHC
rapMOHKaJIap Kydaiumm Tydaiiii pe30HaHC TapMOHUKAJIAp TeHepalysiapy OniaH
YUFOTHIITAH CaTXJIaH acOCHH caTxra OJIIEKTPOH PEKOMOWHANMACHUIAH TalIKUIT
TOTTAHJIUTH KYpCaTUJITaH.

3. Unk ©Oop, wmomnekymsp waiiioHna Oapua yriaepoJ aTOMIIAPUHUHT
XUCCAIAPUHU TYIUK MoJAeamTupuil yayH ¢yiiepern Cgp Mmiazmacuaa HOKOpU
rapMOHMKAa TEHEPAMSUIAPUHU 3UWINK (DYKHIIMOHAT HA3apUSICUHUHT BaKTUH
OOFJaHMIIITN yCYTU EpAaMuIa MOJICTUTAIITUPIIINO (PyJuiepeHap 03aBuil MIa3MoH
pE30HAaHC coxajapujard TrapMOHMKaJTapHUHr Oy coxara MOC KejlMmaraH
rapMoHuKanapra Hucoaran 10 MapTa Kydaluily aHUKJIaHTaH.

4. Duposapan ¢ymiepernap In Cgq Ba Sb Cgo nasep mimasmanapuaa
KAPUTHITAH aTOMJIap aToMap pe3oHaHchapura QysuiepeHiap KOOUKIapy Mmia3MoH
IOTWJINIIT MaKCUMyMJIapu CUJDKUIIM Xucobura cod Cgo ¢ymnepenura HucOaTaH
PE30HAHCIM KydaillraH IOKOpUM TapMOHHUKAa TypyXJlapyu CWDKHUIIKA Py Oepuiiu
TOTIVJITaH.

5. Jlazep mmazMacu KOHIICHTPAIMSCH OIIWINKA HATI)Kacuja FOKOpHU
rapMOHHKa TEHEpANMsUIapy camMapaiopiIuKIapyu OPTHINWHHA YEKJIOBUM (aKTopiIap
OPKUH DJJIEKTPOHJIAP KOHIEHTpAIMsUIApu OPTUINM OuiadH ¢a3za MOCHAIUHA
Oy3WIHIIY XUcoOUTa COMUp OVIHIM KYpCaTHUITaH.

6. Mumuii 1a3Macuja ONTHMal — caMapaJIopJIMK (2x10’4) KHUUMaThu
KU3AUPYBYM HMIYJIbC WHTEHCHUBIIUTHU 2x10° Br cm” Ba napomuiiuru 10 1ic
Oynranma, XpoMm IUIa3Macuaa 3Ca ONTHUMAJ KU3AUPYBYH HMITYJIHC WHTECHCUBIIUTH
10" Bt cm™” Ba maBommitnuri 100 ¢c Gyaramma amanra ommpuiamd, Oy Xomat
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yimly 3JIeMHTIapAa PEe30HaHC CAaTXJAPHUHT MOHJIAHUII JapakKaJapUHUHT Typiauda
SKaHJIMTUIAH Janojar oepau.

7. Kucka (100 ¢c taprubuma) Ba marteHcus (10 Br cm™) mMmyisciap
abmsusacuaa ymaamu 10 HM OYiraH HaHO3appavaiap IMaKIIAaHHIIHN JIOKaJ MaiI0H
apdekTn xucoOura CcycT MaioHIapAa IOKOpU TapMOHHUKA TeHEpIUsIapu
KydJaluInura, Kyd4id MaiIoHJIapia 3ca dSpKUH DJIIEKTPOHJAP Ba HypJaHYBUH
aumnosuiap 3(pQPEeKTUB KOHICHTpAIMACH KaMalummra oiau0d KeMuId — Kai
KUJIMHTaH.

8. Unk Oop onTuk 3u4iaurd (a3zoBUil MOJEIAIITHPWITAH IUIa3Maiapaa
KU3AMPYBUM HMITYJIbC WHTEHCUBJIMIY Ba JAaBOMHMIJIMTMHUA XUCOOra OJraH XoJjjaa
IOKOpH TapMOHHKa PE30HAHC TeHepalfsulapyd CaMapaJopiIMKIapUHU OOUIKAPHII
YCYJIHM UILIA0 YUKUITaH.
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HAYYHBINA COBET IIO NPUCYKJIEHUIO YYEHOUN CTENIEHU
JOKTOPA HAYK 16.07.2013.FM/T.12.01 npu ®PU3UNKO-TEXHUYECKOM
NHCTUTYTE, MHCTUTYTE NOHHO-IIJIASBMEHHbBIX U JIASEPHBIX
TEXHOJIOTMA U CAMAPKAHJICKOM I'OCYJIAPCTBEHHOM
YHUBEPCUTETE

CAMAPKAHJICKHA TOCYJIAPCTBEHHBI1 YHUBEPCUTET

PEJIbKHH ITABEJI BUTAJIBEBUY

BJAUAHUE MHOTI'OSJIEKTPOHHBIX DOPEKTOB U
KOHIEHTPALIMU YACTHUL HA PESOHAHCHYIO 'EHEPALIUIO
BbBICIINX TAPMOHHUK KOI'EPEHTHOI'O U3JIYYEHU A

01.04.11 — JIazepnas ¢usnka (pusuko-MaTeMaTHYeCKHe HAYKH)

ABTOPE®EPAT JJOKTOPCKOM TUCCEPTAIINN

Tamkent — 2016



TeMa TOKTOPCKO# AuccepTanuu 3aperucrpuposana moa Homepom 30.09.2014/B2014.3-4.FM117 B
Broicuieii arrecTannonHoi komuccuu npu Kaounere MunuctpoB Pecny0iuku Y30eKucTaH.

JlokTopckast nquccepraliys BioiiHeHa B CaMapKaHICKOM roCyIapCTBEHHOM YHUBEPCUTETE.

ABtopedepar muccepraiuu Ha TpeX s3bIKax (y30eKCKH#, pycCKWi, aHTIIMHACKHI) pasMelieH Ha
BeOcTpanuiie Haydnoro cosera mo aapecy (www.fti-kengash.uz) u Uudopmarmonno-odpa3zoBaTearHOM
nopraine «Ziyonety» mo aapecy (Www.ziyonet.uz).

Hay4Hplii KOHCYJIbTAHT: I'aneeB Pamuna Amuposuy,
JOKTOp (PU3HKO-MAaTEMaTH4YECKUX HayK

OdunuanbHbie ONMOHEHTHI: Ycemanos Tumyp bekmypanosuy,
TOKTOp (pr3HKO-MaTeMaTHYECKUX HaYK, podeccop

KOcynoB /I:kapaat bakuakanoBuy,
TOKTOP (PH3HKO-MaTEeMAaTHIECKUX HAYK

AzamaroB 3akup TaxupoBuy,
JOKTOp (PU3HKO-MAaTEMaTHYECKUX HAYK

Benymas opranusanus: HauuonaabHbIii YHUBEPCUTET Y30eKUCTAHA

3amura COCTOUTCS « » 2016 r. B 4acoB Ha 3acemanuu HaydHoro coBera
16.07.2013.FM/T.12.01 npu PuU3HKO-TEXHUYECKOM HWHCTUTYyTe, HCTHTyTe WMOHHO-TUTA3MEHHBIX W
na3zepHbIX TexHosoruil u CamapkaHJCKOM TrocyaapcTBeHHOM yHuBepcutete (anpec: 100084, r.TamkeHT,
Bomomsop iiyin, 26. Tem./daxc: (+99871) 235-42-91, e-mail:lutp@uzsci.net).

C TIOKTOPCKO# UCcCcepTaIeil MOXKHO 03HAKOMHTECS B MIH(DopMannoHHO-pecypcHOM eHTpe DU3nKo-
TEXHUYECKOTO MHCTUTYTa (3apeructpupoBana 3a Ne ) (aapec: 100084, r.Tamkent, bomom3zop itynu,
26. Ten.: (+99871) 235-30-41).

ABTopedepar auccepTaiuy pa3ociaH « » 2016 .

(mpotokoun pacceuTky Ne oT 2016 1.).

C.JL JlyTnyanaeB
npejcenarens HayqHoro coBera 1o mpucysXIeHHIO
YYEHOW CTENeHH JOKTOpa HayK, A.(].-M.H., mpodeccop

A.B. Kapumos
y4eHbI cexpeTapb Hay4HOro coBera 1o npucyxJIeHuI0
YYEHOU CTENeHH JOKTOpa HayK, 1.(].-M.H., Ipodeccop

C.A. baxpomoB
Ipejcenarenb Hay4Horo ceMyuHapa 1npu onHopa3oBoM HayuHom cosere
0 TIPUCYXJICHUIO YYCHOM CTENEeHN TOKTOpa HayK, A.¢.-M.H., Ipodeccop
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BBE/IEHUE (aHHOTALMS AOKTOPCKOM JUCCEPTALMHI)

AKTYaJIbHOCTb M BOCTPeOOBAHHOCTH TeMbl Auccepraumu. Ha ceronns B
OBICTPO pPa3BUBAIOIIEMCS HAIMPABICHUU JIA3€PHBIX TEXHOJIOTHMH W HEITWHEHHOU
ONTHUKH HCCIICTOBAHMS MO M3YYCHHIO BIUSHHS MHOTOAJIEKTPOHHBIX ITPOLIECCOB U
KOHICHTPAIIMA YAaCTUI[ HA TEHEPAlMI0 BBICIIMX TapMOHUK JUIS IOJTYyYECHUS
KOTepEHTHOTO HU3Iy4YeHUs B O0JIACTH BaKyyMHOTO YibTpaduonera U MITKOro
PEHTIeHa NPEACTABIAIOTCS OJHUMH W3 NEPCHEKTUBHBIX HAIPABICHUM JA3€pHOU
¢usuku. [Ipu 3TOM OCHOBHOE BHHUMAaHHUE YIEISIETCS MOBBIIEHUIO 3((HEKTUBHOCTH
TeHEpPUPYEMBIX TApPMOHUK B YCIOBUSAX pE30HAHCA W KBAa3UCHMHXpOHU3Ma (a3
B3aUMOJCHCTBYIOIIMX BOJH. JlaHHBIE MCCIENOBAaHUS HMMEET BAXXHOE HAy4HO-
NPUKJIAJAHOE 3HAYECHHUE JJIsl MPaKTUYECKOM pealn3aluu MEepCHeKTUB B 00JacTh
JmazepHON  (U3MKU, HEIWHEWHONW ONTHUKHU, (EMTOCEKYHAHOW rosiorpadum,
FEHEpAllMM  UMIIYJIbCOB  aTTOCEKYHAHOW  JUIMTEIBbHOCTH,  CIEKTPOCKOIIMU
CBEPXOBICTPHIX MPOIIECCOB.

BrinonHeHne yciaoBHI pPE30HAHCHOM TE€HEpPAlMM BBICIIMX TapMOHUK U
KBa3HCOINIAaCOBaHMUs (a3 M3JIyYCHHs] HAKaYKd C H3IYyYEHUEM TapMOHHK
00ecreynBaeT CylIeCTBEHHOE YyBeauyeHue I(P(EKTUBHOCTH MPeoOpa3oBaHUs
SHEPTUH MMITYIbCOB (heMTOCEKYHIHON JUTHTEIPHOCTH HHTEHCHBHOCTHIO 10M-10™
B1/cM’, HCTONB3YeMBIX B KA9ECTBE M3IYUCHHS HAKAYKH, B H3IYUCHHE FAPMOHHK.
B cBs3u ¢ 3TUM, BO3MOKHOCTH HMCIIOJIB30BAHUSA B MPAKTUKE N€HEPAIMU BBICIINX
rapMOHUK HCKYCCTBEHHBIX HAHOMATEpPHUAJIOB, UMEIOLIUX CIOXHYIO CTPYKTYpY, a
TaK)Ke MOJAOOHBIX YHAO0IIPATBHBIM (yJIepeHaM, OCTAIOTCSI MAJIOU3yYE€HHBIMHU.

BoctpeOboBaHHOCTh TEMBI JIHUCCEPTAIMU TIOKA3bIBACT PA3BUTHE METOJUKH
reHEpallMi BBICHIMX TapMOHUK B IIJIa3MEHHBIX OOpa30BaHMSX, TOBBIIICHUE
7 (PEKTUBHOCTH HEIMHEWHOTO TPEOOpa3oBaHUs YACTOTHI TPH PE30HAHCHOUN
TeHEpallMi BBICIIUX TapPMOHMK, HCCIICJOBAHWE HAHOYACTUIl, OOpa3yIOIMUXCS B
nporecce JsazepHoil admsuuu. Kpome TOro, co3gaHue BbICOKOA(()EKTUBHBIX
HEJIMHEHHBIX 3JEMEHTOB Ha OCHOBE METOJa Ja3epHOW aOysiuuyd MpeacTaBisisi
0COOYI0 3HAYUMOCTD JIJIsl PEUICHUS BAXHBIX MPOOJIEM HEIUHEWHOW ONTUKH, JAIOT
BO3MOKHOCTb ITOJIYYEHHSI TEOPETUUECKUX PE3YIIBTATOB MO aHAIU3Y KOHUEHTPAlUN
JIa3€pHOM IIa3MBl.

Jlo cux mop BIMAHHME KOHIIEHTPAlMKU CBOOOJHBIX 3JEKTPOHOB HAa
3 PEeKTUBHOCTh TEHEpallMd BBICIIUX TApPMOHMK B IIJla3Max M BIIUSHUE
KOHIIEHTPAIlMX YaCTHUI] HA T€HEPALMIO BBICIIUX TAPMOHUK OCTAIOTCS MPAKTHUYECKU
HEU3yYCeHHbIMU. PemieHne 3TUX 3a7a4  IO3BOJUT YCTAHOBUTH OCHOBHBIE
3aKOHOMEPHOCTH M OCOOCHHOCTH PE30HAHCHOW T'e€HEPAIMH BBICIIUX TaPMOHHK B
peanbHbIX CHUCTeMaX, WMEIOINX TMPAKTUYECKU HWHTEpeC NpU  CO3JaHUU
BBICOKO?(P(EKTHUBHBIX HMCTOYHUKOB KOTEPEHTHOTO W3IIYYCHHsS] U YCTaHOBIICHUU
BAJKHBIX HAYYHO-TIPAKTUYECKUX 3aKOHOMEPHOCTEM.

Hacrosmas nuccepranus B ONPENEIECHHONM CTENEHW MOCBAILIECHA PELICHUIO
3amay, ykazaHHbix B IlocranoBnenun Ilpesunenra PecnyOnuku Y30ekucran
[111-1442 «O nmpuopuTeTax pa3BUTUs NPOMBIIUIEHHOCTH PecyOnuku Y30ekucran
B 2011-2015 rogax» ot 15 nexadbps 2010 roma, a Takke B APYrux HOPMATUBHO-
IPaBOBBIX JOKYMEHTAX, IPUHSATHIX B JaHHOMU cepe.
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CooTBeTcTBHE HCCJIE0BAHUA NPUOPUTETHHIM HANPABJICHUAM Pa3BUTHS
HAyku M TexHoJioruid PecnyOiauku Y30exkucran. [luccepranuonHas pabora
BBIIIOJTHEHA B COOTBETCTBUU C NMPUOPUTETHBIM HAIIPABICHUEM Pa3BUTHSI HAYKHU U
TexHoJoTuM B pamkax nporpammsl: @ II — «Dusuka, aCTpOHOMHUS, SHEPTETUKA U
MAaIlHOCTPOEHUEY.

MeskayHApOAHbIH 0030p HAYYHBIX HCCJIEI0BAHUN MO TeMe TUCCEePTAIUM.
HccnegoBanusi MHOTOAJIEKTPOHHBIX 3P (HEKTOB B PE30HAHCHOM I'eHepaIuy BBICIIMX
TapMOHHK, CBSI3aHHBIE C MOBBIIICHHEM 3((EKTUBHOCTH PE30HAHCHOMN TeHepaluu
BBICIIMX TFapPMOHUK, IPOBOJATCS B BEAYIIMX HAYYHBIX LIEHTPAaX U YHUBEPCUTETAX,
B yacTHoctH, YHuBepcutere Ilbepa m Mapuu Kropu (IlTapmx, Ppanuus),
WNuctutyTe (U3NKHM KOMIUIEKCHBIX cucteM uMeHH Makca Ilmanka ([pe3nen,
I'epmannst), HampoHanbHOM HWHCTUTYTE HayyHbIX HcciieqoBanuil (Monpeais,
Kanana), Ilekunckom wuHcturyTe OGu3uku (Ilekun, Kwuraii), MockoBckoM
rocynapcTBeHHOM yHuBepcutere (MockBa, Poccusi), Yuusepcutere CapaeBo
(CapaeBo, bocuust u I'epuerosuna), Muctutyre obmeit ¢pusuku PAH (Mockaa,
Poccust), Boponexckom rocynapctBeHHOM yHuBepcuteTe (Boponex, Poccus) u
psiie Ipyrux 3apyOeKHbIX HayUHbIX HEHTPOB MUpA.

Ha MupoBOM ypoBHE B M3YYCHUHM MEXAHU3MOB B3aUMOJCUCTBHs JIA3€PHOIO
HOJii W HEJIWHEHHOro mnpeoOpa3oBaHMsl YacTOTHl MOIIHBIX YJIbTPAKOPOTKHUX
JA3€PHBIX HUMIIYJIbCOB IIOJy4YEH pPsii HAYYHBIX pE3YJIbTATOB: TEOPETHUYECKUE
pe3ynbTaTbl MO  AHAJIUTHYECKOMY  TOJYKIACCUYECKOMY  MPHUOIMKEHUIO
€AMHCTBEHHOTO aKTUBHOTO 3JekTpoHa (YHuepcuteT Ilbepa m Mapuu Kiopw,
@panuus; uHCTUTYT Makca bophHa, ['epMaHus); MOITBEPX AEHBI BO3MOXKHOCTU
YCUJIEHHUS BBICIIMX T'APMOHMK B T'a30BBIX CPENaX C MCHOJIb30BAHUEM aTOMHBIX U
MOHHBIX pe3oHaHCcOB (YHuBepcuteT CapaeBo, bocuus u I'epueroBuna; MHCTUTYT
obmeit puszuku PAH, Poccus ).

B Hacrosiiee Bpemsi B 001aCTH JlJa3epHON (PU3UKU M HETMHEWHON ONTHKHU TI0
PE30HAHCHOM TIeHepaluy BBICIIMX TapMOHMK B IUIA3MEHHBIX Cpelax Mo psay
IIPUOPUTETHBIX HANPABICHUNW NPOBOLATCS HCCIEIOBAHUA, B TOM YHCIE: IIO
pPa3BUTHIO  TEOPETHUECKUX M  NPAKTHUECKUX  CIIOCOOOB  OMNpEIeNICHHUs
KOHIICHTpAMl CBOOOJHBIX 3JIEKTPOHOB M HMOHOB, aTOMOB B JIa3epHOI IJIa3Me;
IIOJIyYEHBbl HAy4HbIE U IPAKTUYECKUE PE3YJIbTATBHl 10 OIPEACICHUIO OCHOBHBIX
bu3HUeCKMX MEXaHU3MOB, a TAKXKE BJIMSHUIO MHOTOXJEKTPOHHBIX 3(P(HEKTOB Ha
PE30HAHCHYIO T'€HEPALUIO BBICIINX TAPMOHUK.

Crenenb u3yyeHHOCTH Npodsaembl. Ha naHHBIE MOMEHT HEpPE30HAaHCHAs
reHepanuus  BbICHIMX ~ TAPMOHMK  HM3y4Ye€Ha  JOCTAaTOYHO  MOJHO  Kak
DKCIIEPUMEHTAIIBHO, TaK M TEOpETUYECKU. Pe30HaHCHAas TreHepanus BBICIIAX
FapMOHUK JOCTaTOYHO TNOAPOOHO HCCIEOBAaHA HSKCHEPUMEHTANIbHO, HO C
TEOPETUYECKON TOYKHM 3PEHHUS JI0 HACTOSIIEr0 MCCIEI0BAaHUS HE ObLIO CO3/1aHO
MOJICNIH, TIOJHOCTBIO coriacyrolieics ¢ skcnepumentom. R. Taieb, V. Veniard,
E.S. Toma, C. Figueira de Morisson Faria, D.B. Milosevic u npyrumu yueHbiMu
cTpaH EBpocoro3a npemiokeH psii MEXaHU3MOB PE30HAHCHOM M'€HEPALMU BBICIINAX
rapMOHHUK, KOTOpBIE OIUCBIBAIOT HEKOTOpBIE DKCIIEPUMEHTAIILHBIC
3aKOHOMEPHOCTH, HO HE IOATBEPKIAIOT HSKCIEPUMEHTAIBHBIE JaHHBIE IO
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YCWJICHHIO COCEIHHUX TapMOHHK B 001acTH pe3oHaHCa. MHOT03JEeKTPOHHBIC
METOJbl: MHOTOKOH(HUTYpallMOHHBIM BpeMeHHOH Metron XapTpu-DPoka U
BpEMEHHOM MeToa (YHKIMOHANA TUIOTHOCTH YCIEIIHO MPUMEHSIIM paHee
J. Zanghellini, D. Bauer u apyrue y4eHslie crpad EBpocoro3a 1jis MOAeIupOBaHuUs
rE€HEpalyy BBICIIMX TAPMOHUK MPU HAJUYUU B3aUMOJICHCTBHUS, KOTOPBIE PAHEE HE
OBLITM MCTOJIb30BaHBI.

Poccuiickue yuenbie B. Crpenkos, M. lBanoB, C. CTpeMOyX0B, UCHOB3Ys
OJTHODJICKTPOHHBIE METOIbI, TTOYIMIH XOPOIIHE PE3YIbTAaThl, OJTHAKO TpeOyeMbIe
MOTEHITHANBHBIC Oaphepbl BBOSATCS B pacCMaTpPUBAaEMbIE CHCTEMbI H3BHE, a
aHaJMTUYECKasi MOJICTb HAMPSIMYIO HE CBS3aHa C PE3yJibTaTaMU PACUu€TOB U MOXKET
JaTh BEpPHBIC PE3YIbTAThl JIMIIb B JAPYTHMX MOJEISAX PE30HAHCHOW TeHepaluu
BBICIIIUX TAPMOHUK.

VYyuenbiMu u3 Y30ekucrana, B uactHoctd, P.A. ['aneeBbiM, . A. Kynaruusim,
T.b. YcMaHOBBIM, MPOBOJSATCS MCCIEIOBAHUS T€HEPAIMM BBICHIMX TAapPMOHUK B
CUJIbHOMOHU3UPOBAHHOM IUIa3Me, a TaKXE PE30HAHCHOW TEHEpalld BBICIIUX
rapMOHUK B MHOTOCTPYMHOH J1a3epHO# ia3me. MiMu B CHIIbHOMOHU3HPOBAHHBIX
CUCTEMAax IMOJYYEHO U3IyYeHUE TapMOHHK 10 A=2+4 HM, 0JlHaKO 3((HEKTUBHOCTH
npeoGpa3oBaHMs B TApMOHHUKH C TAKHMH JUTHHAME BOJH Kpaiire mMana (10 + 107),
Kpome Toro, mo pe3oHaHCHOW T'€HEPAIMU BBICIIMX TAPMOHHK M T€HEPALIMU BBIC-
IMX TAPMOHUK B MHOTOCTPYHHOU Jla3epHOM TuiazMe mojydeHbl 3(G(HEKTUBHOCTH
npeoOpa3oBaHusi B PHEPIUM TAPMOHHMK COOTBETCTBEHHO 10* u 10°. OzmHako
po0JIeMbl BIUSHUS CIIEKTPAIBHBIX CBOMCTB M3MYyUYCHHUS HAKAYKU U DJICKTPOHHOU
CTPYKTYpbl aTOMOB, a TakK)K€ HOHOB, COCTaBJSIONIMX JIA3€pHYIO IUIa3My Ha
PE30HAHCHYIO TEHEPAIMI0 BBHICIIUX TapMOHUK W KBa3ucoriacoBaHue ¢as, He
PacCMOTPEHBI.

CBsi3b TEMBI JUCCEPTALNH C IJIAHAMH HAYYHO-UCCIIEA0BATEIbCKIX PadoT
BbICIIET0 Y4Ye0HOr0 3aBe/leHHsl, B KOTOPOM BbINOJHEHA JHCCEPTALMSL.
HuccepranonHas paboTa BbITIOJIHEHA B pamkax mpoekToB OT-d2-021 «Dusuka
pa3MEpPHBIX SIBJICHUN B MOJIYITPOBOJAHUKOBBIX U METAJUIMYECKUX HAHOMATEpHUaIax»
(2007-2011); ®2-09 «MccnemoBaHue MEXaHM3MOB PE30HAH-CHOTO YCHIICHUS
rCHEpallMd  BBICIIMX  TapMOHHMK  Jja3epHoro  um3nydeHus»  (2012-2016)
CamapkaH/ICKOTO TOCYJapCTBEHHOTO YHUBEPCUTETA.

Leabio ucciae0BaHUA SBISETCS ONPEACIICHUE BIUSHUS MHOTO3JIEKTPOHHBIX
3(QPEeKTOB M KOHIEHTpAIlMU 4YaCTUIl Ha PE30HAHCHYI0 TEHEpaIMi0 BBICIINX
rapMOHHUK.

3aga4m Hccae0BaAHUSA:

W3YYUTh BIUSHUE UMIYJIbCOB HaKauKU, KOTOPbIE MOTYT BCTyMNaTh B PE30HAHC
C CHUCTEMOW Ha OIpeJeeHHBIX 3Tanax, Ha 3(PPEeKTUBHOCTh T€HEPAIMU BBICIINX
rapMOHHUK;

OTIPEJICITUTH BIMSIHIE MHOTORJIEKTPOHHBIX 3((HEKTOB ¥ KOHIICHTPAIIUUA YACTHI]
Ha PE30HAHCHYIO T€HEPAIMIO BBICIIUX TAPMOHUK;

BBIIBUTh ~ MEXAaHHU3M  PE30HAHCHOW TE€HEpalMd BBICIIUX TapMOHUK,
OOBSACHSIIONINI Pe3yabTaThl SKCIIEPUMEHTOB 10 PE30HAHCHOM T€HEPAIM BBICIIINX
rapMOHUK M ONTUMHU3UPOBATH YCIOBUSI PE30HAHCHOW TEHEPAIMU BBICIIUX
rapMOHMUK;
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TEOPETUYECKH HUCCIEAOBaTh MEPCIEKTUBHBIE MaTEpUasbl JJIi PE30HAHCHOMN
IFE€HEpAIlMU BBICIIMX TAPMOHUK, B YAaCTHOCTH, JIa3€pHBIC IUIa3Mbl METAJUIOB M
MOJTYTIPOBOHUKOB Pa3IMYHON CTEIIEHN HOHU3AIINN, SHI03IpalibHbIC (DYIIIepEeHbI,;

pa3paboTaTh METObI PKCIEPUMEHTAILHOIO U TEOPETUUECKOTO OIpeeIeHuUs
KOHIICHTpAIIM aTOMOB, HOHOB M CBOOOJIHBIX AJICKTPOHOB B Ja3€pPHBIX IUIa3Max, a
TAKK€ METOJbl YIPABJICHUS KOHIEHTpPAIIMECH YacTUIl B JIA3€pPHOM IIIa3Me C
MTOMOIIIBIO KOHTPOJISI TApaMETPOB UMITYJIbCOB a0JISAIINHY;

MPOBECTU TMOUCK M HACTPOUKY ONTHUMAIBHOTO MPOTPAMMHO-TEOPETUUECKOTO
rnakera Jjisi MOJCIUPOBAHUST PE30HAHCHON TEHEpallMu BBICHIMX TAapMOHUK U
MOCTPOEHHUST 000CHOBAHHBIX MPUOJIMIKEHHBIX MHOTO3JIEKTPOHHBIX CUCTEM;

0000ImMHUTE pPE3yNbTaThl TMPOBEPKHA THUIOTE3 U ONPEACIUTh MEXaHU3MbI
PE30HAHCHON TEHEepallMy BBICHIMX TapMOHUK, KCCIEA0BaTh BO3MOXKHOCTHU
ONTUMHU3AIMU PE30HAHCHOM r'€HepaINK BBICIITUX TAPMOHUK.

B xadecTBe 00beKTa HCCIAEI0BAHUSA B3AThI IUIA3MEHHBIC CPEJIbl, TOJYYCHHbIC
METOIOM JIa3epHOM aOJISIITUK U BBICIITHE TAPMOHHUKH JIA3€PHOTO MU3ITyUCHUS.

IIpeameTomM Hcciaeq0BaHMsl SBIISIOTCS MHOTO3JEKTPOHHBIE 3(P(dEKTHI Mpu
PE30HAHCHOM Te€HEpallMM BBICIIUX TAPMOHUK KOTEPEHTHOT'O U3JTYYECHUS.

Metoabl HccjieI0BaHMsl: MHOTOKOH(DHUTYpallMOHHBIH BpPEMEHHON METOJ
Xaptpu-®Poka, BpEeMEHHOM MeTOJ (PYHKIMOHAJAa TUIOTHOCTH, MOJICKYJISIPHO-
TUHAMHUYECKUN METO/I.

Hayynasi HoOBH3HA HCCJIeI0BAHMSI  3aKJIIOYAETCS B CIEIYIOIIUX
pe3yJabTarax:

MOKa3aHO, YTO MHOT03JICKTPOHHBIE J(P(DEKThI TMPUBOIAT K PE30HAHCHOU
reHepalMy BBICIIUX TAPMOHUK B PE3yJIbTaTe HEYNPYIoro paccesiHus yCKOPEHHOTO
AJIEKTPOHA HA MOHE C BO30YKJIEHUEM DJIEKTPOHOB MOHA HA PE30HAHCHBIN YPOBEHD;

NPEJIOKEH MEXaHU3M PE30HAHCHOW TeHepalud BBICHIMX TapMOHUK,
OOBSICHSIIOIINI Pe3yJIbTaThl YKCIIEPUMEHTOB 110 PE30HAHCHON T'€HEpaIliy BBICIIIUX
FapMOHMK M TO3BOJIAIOIIUN ONTUMHU3UPOBATH MPOILIECC PE30HAHCHON TeHEepaluu
BBICIITUX TapMOHHWK Ha OCHOBE pacueTa ONTHUMAJbHBIX HMIYJIbCOB a0JsAIUd M
HaKayKu;

MPEJIOKEHO HCIOJIb30BAaHUE HEHMOHW3WPOBAHHOM IIJIa3Mbl B KayeCTBE
NEePCIeKTUBHOW Cpeabl i1 HAOJIOJCHHS PE30HAHCHOW TeHEpallid BBICIINX
rapMOHMK, OCHOBaHHOM Ha Mepexoaax B OJHOKPATHO MOHHW3UPOBAHHBIX Cpeax;

Ha OCHOBE TEOPETUUYECKUX PACUYETOB CJBUTA IJIA3MOHHBIX MUKOB MOTJIOIMICHUS
o6omouku Mosiekynbl Cgy B dHAOIIpanbHBIX (ymiepeHax Cgotln u CgotSb k
COOTBETCTBYIOIIIMM HMOHHBIM PE30HAHCAM BHEAPECHHBIX TMOJYIMPOBOJIHUKOB U
CIBUra MakCUMyMa PE30HAHCHOTO YCHUJICHHS T'PYIIbl TAPMOHUK K HOBBIM ITHUKaM
MJIa3MOHHOTO TOTJIONIEHHUSI, TOKa3aHa BO3MOXKHOCTh PaBHOMEPHOIO YCHUJICHUS
IpYINbl TapMOHUK B JIa3€pHOM IUIa3Me, CO3JaHHOM HCHApeHHUeM CMecH
SHO0YIPATBHBIX (PYIIIICPEHOB;

pa3paboTaH METOJi TECOPETHYECKOIO OIPEACICHUS KOHIIEHTPAIlUd aTOMOB,
MOHOB M CBOOOJHBIX DJIEKTPOHOB B IUTa3ME€, OCHOBAHHBIA Ha YYETE YCUJICHUS
TPYNIBI BRICIIMX TAPMOHUK TMPHU KBA3WUCOTJIACOBAaHWMHU (a3 B MpOIECCE JIa3epHOU
a0JISAIMH C UCTIONH30BAHUEM JUTHHHBIX UMITYJIHCOB a0JISIITNH,
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BBISIBJICHBI MEXaHU3Mbl oOrpaHuueHusi 3(QexTuBHOCTH mpeoOpazoBaHUsS
4acTOThI C POCTOM KOHILIEHTPALIMU YACTHI] JIA3€PHOM I1a3MBbl YIJIEpOJa CO3JaHHOU
C HUCIOJB30BAaHUEM HUMITYJbCOB a0JSLMU JUIMTEIBHOCTBIO & MUKOceKyHA U 10
HaHOCEKYH].

peyIokKEeHa METOAMKA ONPEAEIICHUS] 3aKOHOMEPHOCTH 3aBUCUMOCTHU CTEIIEHU
MOHM3ALMU TIPU 33JaHHON KOHILIEHTpAMM OT JUIMTEIBbHOCTH UMITyJbca aOasuuu
IOPUBOJAIIAS K YCUJICHUIO OTAEIbHON BBICIIEN TapMOHUKH B 00J1acTH 1j1aTo Oosiee
gyeMm B 1000 pa3 mpu coueTaHnu KBa3UCOTIACOBaHUS (a3 U pe30HAHCHBIX YCIOBUH.

IIpakTH4eckue pe3yabTaThl HCCJIEI0BAHMIA

pa3zpaboTaHa METOAMKA OIpeneseHUs] MapaMeTpPOB HMITYJIbCOB Ja3epHOM
abAuu s AOCTHOXKEHNUS HanOombIiel 3¢ (HEeKTUBHOCTH PE30HAHCHOW TEeHEpaluu
BBICIIIUX TAPMOHUK;

pazpaboTaHa METOJUKA TEOPETUUYECKOTO ONpENeNieHUs KOHIEHTPaluu
aTOMOB, MOHOB W CBOOOJHBIX 3JIEKTPOHOB B JAa3€pHOM IUIa3ME Ha OCHOBE
KOMIIBIOTEPHOTO MOJEIMPOBAHUS M DSKCIEPUMEHTaX [0 TeHEepaluu BBICIIUX
FapMOHMK B IUIa3Max C MPOCTPAHCTBEHHO MOJAYJIHPOBAHHOM ONTHYECKON
IUIOTHOCTBIO;

pa3zpaboTaHa cxema HCIIOJIb30BAHUS CMECH SHAO3pPajbHBIX (PYIIIEPEHOB C
BHEJPEHHBIMHU TOJYIPOBOAHUKAMHU JJIsi YNPABICHUS IOJOKEHUEM TIpYIIIbI
PE30HAHCHO YCUJIEHHBIX TAPMOHHUK.

JI0CTOBEPHOCTD Pe3yJIbTATOB MCCJIEI0BAHUM COCTOUT B CIIEIYIOIIEM.

Pe3ynbpTaTh KOMITBIOTEPHOTO MOJICIIUPOBAHUS MOATBEPKIAAIOTCS
MPUMEHUMOCTBIO HUCIIOJIb30BAHHBIX MPOrpamMM I PEIICHHS] CXOXKHUX 3aaay
KBaHTOBOIA MEXaHUKH, HEMPOTUBOPEYUBOCTHIO C pe3yabTaTaMu
AKCIIEPUMEHTAJIBHOTO ONPEJEICHUs] CHEKTPOB BBICIIUX TapMOHUK JPYTUMU
aBTOpAMH, a TaKXKe€ HENPOTUBOPEUNBOCTHIO C OCHOBHBIMH TEOPETUYECKUMHU
MOJIO’KEHUSIMU, CIIPABEJIMBBIMU JIJIs1 HEPE30HAHCHOIO CIydasl.

HayuHasi u npakTH4YecKasi 3HAYUMOCTD Pe3yJIbTATOB HCCIEI0BAHMSA.

Teopernyeckass 3HAYMMOCTb PE3YJIBTATOB HCCIEAOBAHMM 3aKIIOYACTCA B
TOM, YTO IPEIIOKEHHBIE MOIXO0Jbl K PacuyeTy PEe30HAHCHOW T'€HEpalWy BBICIIHMX
TFapMOHMK MO3BOJIIIOT OOECHEUUTh BBICOKOE COOTBETCTBHE C 3KCIIEPUMEHTOM, a
TaKXK€ YIOPOCTUTh IMOMCK MEPCHEKTUBHBIX MAaTepUalioB M HMIIYJIbCOB IS
PE30HAHCHOM reHepaluy BbICIINX TaPMOHUK.

[IpakTyeckass 3HAYUMOCTb PE3YyJbTATOB MCCIEIOBAHUNA JUCCEPTALMU
3aKJIF0YAETCS B TOM, YTO MO/JIETh MHOTORJIEKTPOHHON pE30HAHCHOW PEKOMOMHAIIUU
MOET OBITh MCIMOJB30BaHA JUIsl ONTUMHU3AIUU IKCIEPUMEHTOB MO PE30HAHCHOM
reHepalMi BBICIIMX TapMOHMK M KBa3ucoriacoBaHuio (a3 B IUIa3mMax C
IPOCTPAHCTBEHHO MOJIYJIUPOBAHHON ONTUYECKOM IUIOTHOCTBIO, YTO MO3BOJISET
3HAUYUTEIBHO YBEIUYUTh UHTEHCUBHOCTh T€HEPUPYEMBIX HMITYJIbCOB JIA3€PHOTO
U3IyYeHUs N7 UX NPUMEHEHHUS B MPAKTUYECKH BAXKHBIX OO0JACTAX HAYKU U
TEXHUKH.

Bueapenue pe3yabTaroB HCCJIeIOBAHM . Pa3zpaboTtannas B
IMCCEPTAIMOHHON paboTe METOJO0JIOTHSl OMPECNICEHUSI XapaKTEPUCTUK IJIa3Mbl,
CO3/1aBa€MOM C TIOMOIIBIO JIa3epHOM aOMsMM, a TakKe METOJ YCUJICHHS
PE30HAHCHOM TeHepalMi BBHICIIMX TAapMOHUK HCHOJb30BaHbl B rpante 14G0206
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«I'paHT comeicTBHsI TBOPUECKUM HAYUYHBIM UCCIENOBaHUIM SMOHCKOro obiiecTBa
COJICUCTBHUSl PAa3BUTUI0O HAyKW» i OOBICHEHHS YCUJICHUS PE30HAHCHBIX
rapMOHUK B Ja3zepHoi 1uiazme uHausa (3axmtoueHue llentpa odrambmonoruu u
nepenoBbIX Ja3zepoB npu MenunuHckoMm YHuBepcutere Cautama, 26.02.2016,
SInonwust). IlpuMeHeHHE TOJMYYCHHBIX pPE3yJiIbTaTOB TO3BOIMIO 10 KpaTHO
MOBBICUTh UHTEHCUBHOCTh PE30HAHCHBIX TAPMOHUK IIPU TEX KE 3aTpaTax SHEPrUU
U PEIKUX MaTEpHUaoB.

Anpobanusi padotbl. Pe3ynbraTel AuccepTalM TPOIUIM arnpoOaIuio Ha
CIIEYIOMUX KOH(PEPEHIMIX U CUMITO3nyMax: 5-il MexayHapoaHo# KOH(pEepeHInu
«AKTyanbHble TpobieMbl pusndeckoit snextponuku UzPEC-5y» (Tamkent, 2009);
PecniyOnukanckoii ~ koHdepeHiun  «3amMOHaBUW  (UBMKAHUHT  J013ap0
myammodnapu» (Camapkang, 2010); 2-it MexayHnapoaHoi koHpepeHunn «OnTuka
n (doronmka-2013» (Camapkang, 2013); MexayHapoaHoil KoH(EpeHIMH 110
dyHaamMeHTanbHOM atoMHOM criekTpockonuu «DPAC-XX» (Poccust, Boponex,
2013); Mexnaynapoanoit koHpepeHuu «CoBpeMEeHHasi HayKa: TEOPETHUECKUN U
npaktuueckuid  B3rsa»  (Pocems,  YemstOunck, 2015), ©Ha  cemuHape
CrnenMaiM3upoBaHHOIO  KOHCTPYKTOPCKO-TEXHOJIOTMUECKOro  broopo  mpu
NHCTUTYyTE WOHHO-TUIA3MEHHBIX M Ja3epHbIX TexHonoruid Axanemun Hayk
Pecnyonmku  ¥Y30exkuctan (09.03.2016), a Ttakke B oaHOpa3oBoM HaydHom
cemunape npu Hayunom coere 16.07.2013.FM/T.12.01 npu ®Pwusuko-
TEXHUYECKOM HMHCTUTYTe, WHCTUTYyT€ HOHHO-IUIA3MEHHBIX U  JIA3€pPHBIX
TexHosorud u  CaMapkaHJICKOM  TOCYJapCTBEHHOM  YHUBEPCUTETE  IIO
MPUCYKJECHUIO YYEHON CTEeNneHW JOKTOpa Hayk mno creuuainsHoct 01.04.11-
Jlazepuas dusuka (04.05.2016).

Ony0uKOBaHHOCTL  pe3yJbTaroB. [lo Teme auccepranum  BCEro
onyOJIMKOBaHbI 22 Hay4yHbIe pabOThl, U3 HUX 15 cTareil u3JaHbl BO BIUSTEIBHBIX
MEXIYHAPOJIHBIX KypHajgaX, a TakkKe O Te3MCOB WU3JIaHbl B COOpHHKaxX
MEXIYHAPOIHBIX U PECITyOTUKAHCKUX KOH(PEPESHITHIA.

O0bem M cTpyKTypa Auccepranmu. /luccepranys COCTOMT U3 BBEICHUS,
YEeThIpEX TJIAB, 3aKJIIOYEHHS M CIMCKAa HMCIOJb30BAHHOW JINTEPATYPhl, COAEPKHUT
198 cTpanuIl MaTMHOMIMCHOTO TeKcTa, 40 pUCYHKOB.
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OCHOBHOE COIEP KAHUE IUCCEPTALINU

Bo BBemeHmm 000CHOBaHBI  aKTyallbHOCTb W  BOCTPEOOBAHHOCTD
uccienoBaHus, cOpMyIMPOBAHbBI LIETH U 3a/1a4H, BBISIBICHBI OOBEKT U MPEAMET
HCCIICIOBAHNS, OIPEIECIECHO COOTBETCTBUE HCCIEHOBAHUA IPUOPUTETHBIM
HAIpaBJICHUSIM DPa3BUTUS HAykKu U TexHoiorud B Pecnybmuke VY30ekwucraH,
M3JIOKEHBl Hay4dHas HOBH3HA M TNPAKTUYECKUE PE3YIbTaTbl WCCIENOBAHUA,
000CHOBaHa JIOCTOBEPHOCTh MOJIYYEHHBIX PE3YyJIbTaTOB, PACKpPbITA UX HAay4yHas U
paKkTHYECKast 3HAYUMOCTb.

B mepBoi rnaBe «Teopernvyeckue M 3KCHEPUMEHTAJIbHBbIC TAHHbIC I10
PE30HAHCHOI reHepaluy BHICIIUX FTAPMOHUK» MPUBEACH 0030 JUTEpPaTypPHBIX
JAHHBIX TIO0 COCTOSIHUIO MPOOJIEMBbI BIMSIHUS MHOTOXJIEKTPOHHBIX 3(PGHEKTOB U
KOHIICHTPALIMM YaCTUI[ HA PE30HAHCHYIO I'€HEPALMIO BBICIINX FAPMOHHUK, & TAKKE
110 TCOPETUYECKUM HCCIIEOBAHNAM PE30HAHCHOM I'€HEpPalM BBICIIUX TAPMOHUK U
UX CBSI3U C MPEIJIOKEHHON B JIUCCEPTAIIMOHHOW paboTe MOJEIbI0O pPe30HAHCHOU
TE€HEPALIMU BBICIIUX TAPMOHUK.

Bo Bropoi rmaBe «BJiiMsiIHME MHOIOYJIEKTPOHHBIX J(P(EeKTOB Ha
PE30HAHCHYI0 TC€HEpPAlHI0 BBICHIMX TapPMOHHUK» pPACCMOTPEHO BIMSHUE
Pa3IMYHBIX OCOOEHHOCTEM MEKAJIEKTPOHHOIO B3aMMOJICUCTBUS HA PE30HAHCHYIO
IFEHEPALMI0  BBICHIMX TapMOHMK HAa OCHOBE MHOTOKOH()UIYpallMOHHOTO
BpeMEHHOro Metoaa Xaprpu-Doka.

[lokazaHo, 4TO  NOpU  OTHOCUTEIBHO  HEBBICOKOM  YBEIWYCHUU
BBIUHCIIUTEIIBHON CIIOKHOCTH MO0 CPABHEHUIO C MPSIMBIM PELICHUEM BPEMEHHOTO
ypaBHeHusi lllpeaunrepa, MHOTOKOH(UTYpallMOHHBI  BPEMEHHOM  METOJ
Xaptpu-Poka MNO3BOJISIET IOJYYUTh TOYHBIE PE3YJIbTATBl Il CHJIBHO
KOPpEJIUPOBAaHHBIX CUCTEM. B MHOrOKOH(UIypallmOHHOM BpPEMEHHOM METOJIe
Xaptpu — Poka NpeInoI0KEHUE O BOTHOBOW (PYHKITUU UMEET BU/T

n n¢ f
lIJ(Q11---an !t) = ZZAth (t)H(DJ(:) (Q;cat) ' (1)
h=l gl x=1
rae  Q,..,Q;—KOOpAMHATBI 4YacTul, A; ; —KO3(PUIMEHTHl  pa3oKEHUs B

MHOTOKOH(HTYPaIJMOHHOM BPEMEHHOM MeToje XapTpu, ¢\ —n, BpPEMEHHO-

x
3aBUCUMbIE (PYHKIIMHU PA3T0KEHUS ISl KAXKJA0W CTENEHU CBOOOIBI K.
MHorokoHuUrypaiMoHHbelii BpeMeHHON MeTo]l XapTpu-Doka TakkKe BBOIMUT
TOYHYI0O OOMEHHYIO CUMMETPUIO BPEMEHHO-3aBUCHMOI'0 TaMWJIbTOHHAHA U Orpa-
HAYECHHE HA MOANPOCTPAHCTBO IIOJHOCTBIO AHTUCUMMETPHUYHBIX PELICHUM.
B3anMozeiicTBUE 3JEKTPOHOB B JAaHHOM METOJE MapHOE. DTO MPUBOJUT K TOMY,
YTO HAYaJbHbIE BOJHOBBIE (YHKIIMM BCEX YaCTHIl SABIISIOTCA HUICHTHUYHBIMH, a
HavalbHbIH A-BEKTOP A, ; HNOJUKEH OBITh MOJHOCTHIO AHTHCHMMETPM3UPOBAH IO

OTHOILIEHUIO K CBOUM MHJIEKCaM.

Jna  MopenupoBaHUS ~ PE30HAHCHOM TIEHEpAllMM  BBICIIMX  T'apPMOHMK
1eJ1eco00pa3HO HKCIOJIb30BAaTh IMPEJICTAaBICHUE JUCKPETHBIX MEPEMEHHBIX U
ObIcTphIX Tpeobpa3zoBanuii Pypre. Ha ocHOBaHMM CpaBHUTEIBHBIX MCCIIETOBAHHIMA
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pa3IMYHBIX TMpPEICTaBiICHUM ObUTIO BBIOPAHO TPEJICTABICHHE JIUCKPETHBIX
NEePEMEHHBIX CUHYCOUJATBHOTO THUIIA, KOTOPOE pa30MBAET CETKY HA PaBHbIE JOJH
Y YOPOILIAET CO3JAaHUE MOTEHIHAIA MEXIICKTPOHHOTO B3aMMOJECHUCTBUS, & TAKKE
MO3BOJIIET CPAaBHUBATh PE3YJIbTAaThl C JAHHBIMU, IOJYYEHHBIMH C MOMOIIBIO
OpPYTUX TporpamMM JUisi pelieHuss BpeMeHHoro ypaBHeHusa Ilpenunrepa.
VYuuThiBas, 4TO OTHOCHUTEINIbHAS OIIMOKA sBJsieTCs HU3KOU (~40 MUILIMAIEKTPOH-
BOJIBT) IS BHIOPAHHBIX (YHKIMM pas3liokKeHUs, JAaHHOE MPUOIMKEHHE MOXKHO
CUMUTATh ONITUMAIBHBIM C TOUKH 3PEHUSI TOYHOCTH U OBICTPOACHCTBHSI.

KoMIuiekcHbIe MOTJIOMIA0NINE TOTEHIMAIBI UCIOJb30BAIMCH Il CO3JaHUs
MOTJIOUIAIONIMX TPAHUI, HEOOXOAUMBIX JUISI YCTPAHEHHUS OTPAKEHHH BOJHOBOM
(YHKIIMH OT TPaHUIIBI CETKH, a TAKKE U COKPAIEHUS NJIUHBI CETKH M HUMEJH
BH/I:

—IW (X) = —irglx— x| O(F(x - x,)) , )

rac x.,, n u b 0003Ha4aIOT Ha4YaJIbHYIO TOYKY, CHUIY H IIOPAJOK KOMILICKCHOI'O

TOTJIOIIAIONIETO MOTEHIMAa, & 0003HaYaeT CTymneHuaTyo QyHKIHI0 XoBHCaia,
3HaK «+» ONpeAensieT MOJOKEHHE KOMIUIEKCHOTO MOMIOMIAIIET0 MOTEHIHAlIA
CIIpaBa OT X,, 3HAK « - » COOTBETCTBEHHO cjieBa. MoaeaupoBaHue MoKa3alio, 4To

CaMO HaJIW4YME TMOMVIOMAIIMNX T'PAHUL CHWJIBHO W3MEHSET BPEMEHHOM HWIIOJb,
OIHAKO MOPANOK KOMIUIEKCHOTO IIOIJVIOIIAIOMIETO NOTEHUMAla HE HMeEeT
PEIIAOIIETO BIMSHUSA HA KAYECTBEHHBIN XapaKTep BPEMEHHO-3aBUCUMOTO JUIIOJIS,
[IOATOMY HCIIOJB30BAINCh KOMIUIEKCHBIE TOIVIOIIAONINE IMOTEHUHAIB! |-TO
nopsiaka cuwiod 0.2 aTOMHBIE €IWHHIIBL, PACIOJIOKEHHBIE Ha paccrosHun 20
ATOMHBIX €IMHUI] OT KpaeB JII000M UCIOIb30BaHHON CETKH.

HccnenoBanust BIMSHUS MHOTO3JIEKTPOHHBIX 3(()EKTOB Ha PE30HAHCHYIO
TEHEPALINIO BBICIIIHNX rapMOHUK BBIIIOJIHEHBI VIS TPEXMEPHOMI
(pymiepeHonog00HON CUCTEMbI, B KOTOPOW aKTUBHBIMH MPUHUMAJIUCH TOJIBKO JBa
JJIEKTPOHA, a IOTEHIMAJ JJIEKTPOHHOTO OCTOBA CUCTEMbI UMEN BU/L:

RZ —R?
3 20 JR R g
RS —R; 2
250 \3R? |r?® R?
V(r)=1{- R R 20 R -0y, R <r <R, rn=x§+y§+zn2.(3)
-250/r,r >R,

IIpy >TOM CMATYEHHBIM MOTEHIMAI JBYXJJEKTPOHHOI'O B3aWMOJECHCTBUS
MOYKHO IIPEJICTABUTh B BUJE:

V., :1/\/(x1—x2)2+(y1—y2)2+(zl—22)2+2_ (4)
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ChoekTp TOIVIOUIEHUS JAaHHOM CHUCTEMBbI, IOJYYEHHBIH BBIYHCICHUEM
CBOOOJTHOM HBOJIIOIMM CHUCTEMBI BO BpPEMEHHM TIOC]E TMPUIOKEHUS JIeNbTa-
UMITYJIbCa, IPUBEAEH Ha pUC. 1. MakcUMyM NOTJIONIEHUS CUCTEMBI COOTBETCTBYET
13-t rapmonuke uzinydeHus c sHeprued 0.057 aToMHBIX eIMHHUIBI. MarHuTHas
COCTaBJAIIOIIAsl JIA3€PHOTO MMITYJIbCA IIPU MOJECIUPOBAHWU HE YYUTHIBACTCH,
MTOCKOJIBKY paccMaTpuBacMbIe WHTEHCUBHOCTHU (1013+1016 BT/CMZ),
COOTBETCTBYIOIIME HCIIOJIB30BAaHHBIM B PEAIBHBIX JKCIEPUMEHTaX JiazepaM, He
MIPUBOJIAT K PEIISITUBUCTCKOMY JIBUKEHUIO aKTUBHOTO 3JIEKTPOHA.
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| II
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Puc. 1. Cniektp norJiomeHust Moesau QyJuiepeHa ¢ 1Byms
AKTUBHBIMHU YJIEKTPOHAMM

[Ipu MoaenupoBaHUM PE30HAHCHON T'€HEpaIlMH BBICIIUX TAPMOHHUK HECYIas
4acToTa (® JA3€PHOr0 UMITYJIbCa JJIUTEIbHOCTHIO 60 PeMTOoCeKyH T MpUHUMAach
paBHOM 0.057 aTOMHBIX €AVHUII.

Jlns uccnenoBaHus OTCTPOMKH OT PE30HAHCA UCIOIb30BAJIach HeCyIas
gactota 0.046 atoMHBIX eauHUIBI. BMecte ¢  3THM JId  BBEACHHUA
COOTBETCTBYIOIIUX OTKJIOHEHUM OT TUJIOCKOM MOHOXPOMATUYHOW  BOJIHBI
BBOJIMJIOCh COOTBETCTBYIOIIEE ['ayccoBO yIupeHue o MHTEHCUBHOCTH UMITYJIbCA.
CoOOTBETCTBEHHO UCIIOJIb3yeMasi BOJIHA UMEJa BUI:

E(t) = exp(w]Eo sin(at). (5)
T

N3ydyeHne CHEeKTpOB PE30HAHCHOM TE€HEpaluu  BBICIIMX T'apMOHUK,
BO3HHMKAIOIINX TPH B3aUMOJCHCTBUM JaHHOW CHUCTEMBbI C (DEMTOCEKYHIIHBIMU
MMIYJbCAMH, UMEIOIIMMU LeHTpalibHYI0 YyacToTy 0.057 aTOMHBIX eIUHHUIIBI (PUC.
2), moka3ajno, YTO YMEHbIIIEHNE Yucia KOHPUTYpaIuid, BIUIOTh 10 OAHOU (PYHKITUU
PA3JIOKEHNsI HE NPUBOAUT K IOJHOMY HMCYE3HOBEHHUIO PE30HAHCHOW TI'E€HEpaluu
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BBICIIUX TapMOHUK, HO  YMEHBIIAET HaOmogaemyr0  3Gh(EeKTUBHOCTH
npeobpazoBanus. B omgHomepHOM cnydyae Habmomaemas 3G(PEKTUBHOCTH
npeoOpazoBaHusl yMEHbIaNack. MOXXHO YTBEp)KIaTh, YTO MMEHHO C JIaHHBIM
¢dakTOM cBsi3aHa HEOOXOTUMOCTh BBEICHHUS OOJBIIOTO YHC/Ia KOHOUTYpAIHA IS
HaOJI0/ICHUS PE30HAHCHOM TeHEepaIliy BBICIINX TAPMOHUK B OJHOMEPHOM ClTydae.
Hau6omnpiryto 61M30CTh K SKCIIEPUMEHTATLHBIM TAaHHBIM UMEII0, KaK U CIIeI0BAIIO
OKUJaTh, HAN0OJIEe TOYHOE MPUOIMKCHHE C IECThIO (PYHKIMSIMH Pa3TI0KEHUSI.

L 6 PYHRIDNT PA3/IoKe i
- 0e3 yIeTa B3aHMO e IcCTBHA
10 A =% 34 Gez yIeTa 0GMeHA
b (o] 1 PYHKIHA PAzToKeHHA

8 L ] OTHOMEPHBII CIIVIAail
= [m} 3 yHRIIT  PATIOMKeHIA
2 1 *
:C:’ F‘H? q ~ FKCIIEPHMeHT
== -
5 6 — -'9 H ~ - AHATHTHICCKAA OIeHKA
= Er:i -
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Puc. 2. Brussnue npu0an:KeHnid Ha 3(PpPEeKTUBHOCTH
PE30HAHCHOM reHepauMy BbICIIMX TAPMOHMK

AHanuTtudeckas oreHka 3G PEeKTUBHOCTH MTPeoOpa30BaHUS 10 COOTHOIICHUIO

I resonant st fosc l—'2
= 3 2 2 2 (6)
I nonresonant @ p [Z *M ( p)] 4(Q - qa)) +I

JaBajia pe3yJbTar, OMU3KHM K pe3yibTaTy O0e3 ydeTa AJIEKTPOHHOTO OOMEHa,
MOCKOJIbKY aHaJUTHYECKas MOJIeJb HE BKIIOYaeT B ce0s 3TOT CYIIECTBEHHO
MHOTOAJICKTPOHHBIN 3 dekt. CrnemyeT TakkKe OTMETHTh, YTO BO3MOKHBIE
OTKJIOHCHHS OT KCIIEPUMEHTA, TTOJIy9aeMbIe 110 JaHHOW aHAJIMTUYECKOH (hopmyiie,
TaK)Ke CBS3aHBl M C MEXaHHW3MaMH TIEPexo0J/ia AJIEKTPOHA B OCHOBHOE COCTOSHUE,
PacCMOTPEHHBIMU TIpH €€ BbIBOJE. [103TOMY ISl TOCTMXKCHHS KOJMYECTBEHHOTO
COOTBETCTBHUS C DKCIIEPUMEHTOM TPEAMOYTUTEIHLHO MOJICTUPOBAHKE IpoIecca
PE30HAHCHOM TeHepaIliy BHICIINX TapMOHUK.

[TpeneOpexenne MEXIIICKTPOHHBIM B3aMMO/ICHCTBUEM ITOJIHOCTBIO
paspymano 3g¢heKT pe30HaHCHON TeHepalluy BBICIIUX TapMOHHK. Bmecte ¢ aTum
MIPEJCTABIICHUE JJICKTPOHOB KAaK Pa3IMUMMBIX YACTHIl MPAKTHYCCKH HE CHU3HUIIO
3 PEKTUBHOCTH PE30HAHCHOM T'€HEpaIliy BBICITUX rapMoHUK. Hanbosee BaKHBIM
MPaKTUYCCKUM TPUIOKECHUEM JIAHHOTO SIBJICHUS SBISICTCS HEO0OXOAUMOCTH
TOYHOTO y4€Ta MEKIJICKTPOHHOTO OTTAIKUBAHUS, TOT/Ia Kak 0OMEHHBIM 3¢ dexTam
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HE CIIeyeT YAENATh OOJBIIOr0 BHUMAHUS, €CIM He TpeOyercs MaKCHMajbHOU
OJIN30CTH K SKCIIEPUMEHTY.

Ha  ocHOBaHuMM  pe3ynbTaTOB  JaHHBIX  MCCIEAOBAaHMH B  ciabo
KOPPEIMPOBAHHBIX CHUCTEMAax TOYHOCTh Yy4eTa JJIEKTPOHHOM KOPPEISLUA HE
OKa3bIBaCT KAYECTBEHHOT'O BJIMSHMS HAa HAaOJIIOJaEMOCTh PE30HAHCHOM reHepaluu
BBICILIUX TapMOHUK. /[aHHOE 00CTOATENBCTBO OCOOO 3HAYMMO B TOM OTHOIIEHUH,
YTO MOJEJIMPOBAHUE 3JIEKTPOHHOTO 0OMEHa—HaMHOI0 OoJiee ImpocTast 3a1a4a, 4eM
MOJIEIUPOBAHUE IIEKTPOHHON KOPPEISLUN.

BnepBble 1OKa3aHO, 4YTO pE30HAHCHAS T€HEpaluuy BBICIIMX T'apMOHUK
LEJIUKOM OOBSACHSAETCS OJHOATOMHBIMU MHOTO3JEKTPOHHBIMH 3¢ dexkTamu, a
CJIEIOBATENIbLHO, MOXKET COUETAThCSl C COTJacOBaHMEM (Da3 HAaKauKU U TapMOHMK
IIPYU PaCIPOCTPAHEHUH U3IIyYECHHUsSI B IPOTSHKEHHBIX IIJ1a3Max.

B tpetnent rnase «McciieoBaHue NEPCHEKTHBHBIX HEJIUHEHHBIX CHCTEM
JJIA PE30HAHCHOM IeHepaluy BBICHIUX TFAPMOHHUK» INPUBOAATCA PACUYCTHBIC
JQHHBIE II0 MOJCIMPOBAHUIO PE30HAHCHOM TE€HEPAlMM BBICUIMX TAapMOHUK Ha
OCHOBE BPEMEHHOI'0 MeTOAa (PyHKIIMOHANIA IJIOTHOCTH.

B Meroge BpeMeHHOro (yHKIMOHAla IUIOTHOCTH PEIICHHE YpaBHEHUS
[lIpenuHrepa 3ameHsieTCsl pelIieHHeM cucTeMbl ypaBHeHud Kosna-Illama mos
HEB3aMMOJICUCTBYIOIINX JIEKTPOHOB. MCIIONB3yeMBblii B HEM ITOTEHIAAI

Dy (11 8) = Uy (11 1) + 0o (1, 1) + 00, (1, 1) (7)

SBJISICTCSl €IMHCTBEHHBIM MPUOIMKCHUEM, a Il HU3IINX TapMOHUK JTOMYCTHMO
aauabaTHyecKoe MPUOIHNKEHNE JTOKAIbHON INTIOTHOCTH

Ufcdiabatic(r!t) = ch [n:kr) |n:n(t) ' (8)

TOrla KaxK IJIsd BBICIIHNX T'apMOHHK HCIIOJB3YCTCA TOYHBIM OOMEHHBIN IIOTCHIIMAJI

(puc.3).

10 - —— CNEKTP FAPMOHKUK

= == = CNeKTp nornoweHnsa

|Og OTHOCUTENBHOW MHTEHCUBHOCTU

T T T T T T T T T T T T T T 1
1 3 5 7 9 1 13 15 17 19 21 23 25 27 29

ITopsaaoK rapMOHHKI

Puc. 3. Pe3yabTaTbl MOAEJIMPOBAHUSA PE30HAHCHON reHepalMy BbICIIMX
TApMOHHUK OT MOHA UHIAMSHA (In+1)
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JInst MOJIeTMpPOBaHUs PE30HAHCHON MeHEpallM BBICIIMX FAPMOHUK B IJIa3Me
UHAUS aTOM MHAUS TIPEACTABICH C HCIOJIb30BAaHUEM IICEBOMOTEHIIUAIIOB,
MO3TOMY TIOJIYYEHHBIH MO METOJy JeNIbTa-CABUra CIEKTp ObUI HECKOJIBKO
YIOPOUIEHHBIM U UMEJT SIPKO BBIPAKEHHBIM MakCUMyM B oOnacTt 13- rapMOHUKH
usnydeHust ¢ yactoroit 0.057 aTOMHBIX €AMHHIIBI, KOTOPBIA COMOCTABISIETCS CO
CIEKTPOM TIOTJIOIICHUSI JAHHOW CHUCTEMbI, MOJYYeHHbIM Ha OCHOBEe Dyphe-
npeoOpa3oBaHUM.

BnepBbie MpoBEIEHO TEOPETHUECKOE MOJICIUPOBAHUE TE€HEPAIMU BBICHIUX
rapMoHUK B masme ¢QymiepeHoB Cgy METOAOM BPEMEHHO-3aBHCHUMOW TEOPUHU
(GyHKIIMOHAMa MJIOTHOCTH Ui Ciydas TOJHOTO MOJEIMpPOBaHHUS BKJIaJa BCEX
aTOMOB YIJiepoJa B MOJIEKYJSIPHOE MOJe. ATOMBI YIJIEpoAa MOJAEIUPOBAINCH C
HCIIOJIb30BaHUEM HOPMOCOXPaHSIOIINX HEJIOKaJIbHBIX MOTEHIIUAJIOB
Tpoitnnepa-MapTtunca, oOMeHHoro @yHkuuoHana CraTepa, KOPPEISIIMOHHBIX
(GyHKIIMOHATIOB, aArabaTUYecKOro MPHUOIMKEHUS JIOKAJIbHOM IIOTHOCTH. Ha
OCHOBE CpPAaBHEHHUSI PACUYETHBIX JAHHBIX C SKCIHEPUMEHTAIBHBIMHM IOKA3aHO, YTO
3HAUUTETbHOE YyBeIMYeHHE A(G(HEKTUBHOCTH T'EHEpAIMKM BBICIIMX TapMOHUK B
ciaydyae 1iazMbl Cgy OOBSICHSETCS HA OCHOBE MHOTOXJIEKTPOHHOM PpPE30HaHCHOM
pPEKOMOMHAIIMY KaK TIepe/iadya dYHEPTUU YCKOPSIEMOTO JIEKTPOHA Ha BO30YKIIEHUE
Cpa3y HECKOJIbKUX 3JIEKTPOHOB B TUIa3MOHHOE KoJiebaHue (puc. 4).
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Puc. 4. CpaBHUTEJBbHBIN CIEKTP MOIIHOCTH FTAPMOHHMK OT AaTOMOB YIJIepoAa U
MoJiekyJ Qpyiepena Coo Py HIEHTHYHBIX YCJIOBUAX

VYcunenue reHepanuu BBICHIUX TapMOHHMK B TiazMe Cgy MO CpPaBHEHHUIO C
I1a3MoM  yriepojia, HeCMOTpsi Ha OoJjiee BBICOKMM KO3(UIIMEHT 3aTyxaHwus,
yKa3bIBaeT Ha TO, YTO PE30HAHCHAs I€HEPALMU BBICHIMX rapMOHMK B mazMe Cgp
HE CBfA3aHa C XOPOIIMM (ha30BbIM COTJIACOBAaHMEM IpPU PACHPOCTPAHEHUHU. IDTO
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00CTOSITETLCTBO ~ JIOKA3bIBAET  CIPABEUIMBOCTh MOJIETH  MHOTOAJICKTPOHHOMN
PE30HAHCHON peKOMOWHAIIUU TIPU YCUJICHUU psijia TapMOHUK B miasme Cgo, TOTIA
Kak 3¢ (deKThl pacnpocTpaHeHUs OBLIM TpPHU3HAHBI (PAKTOpPaMH, CYHIECTBEHHO
orpaHu4MBarOIUMU 3G (HEKTUBHOCTh PE30OHAHCHOW T'€HEPAIMK BBICIIUX FAPMOHUK
B MmoJaoOHbIX cpenax. JleiicTtButenbHO, ceueHue Qorounonusauuu Cgy UMeEET
ITUPOKUN TUTAHTCKHUM MIa3MOHHBIN pe3oHaHce npuMepHo npu 20 3B (oxoso 11-i,
13-i1 u 15-i1 rapMOHUK U3ITy4EeHHs] TUTaH-CanUPOBOTO Jlazepa C JJIMHOW BOJIHBI
800 HM) ¢ MOJYHIMPUHON Ha MOJOBUHE BBICOTHI MOJIOCHI 10 3JIE€KTPOH-BOJBT.
Brruucnss aivHy MOTJIONMIEHUS! ¢ MCHOJb30BAHUEM MPEAINOoJIaraéMoi IMIOTHOCTH
bymaepeHoB W M3BECTHBIM  ceueHWeM  (OTOMOHM3alUHM, B  OOJacCTH
B3aMMOICHCTBUS (5><1016 CM'S) MOJIyYMM, YTO JUIMHA TOTJIOLIECHUS U3MEHSETCA OT
0.8 Mm (st 7-i1 u 17-11 rapmonuk) g0 0.3 mm (auist 11-#, 13-i u 15-if rapMOHUK).

UccnenoBanue reHepaiii BLICIIMX TAPMOHUK BBIMOJHEHO B JBYXYAaCTOTHBIX
MOJISIX Hakayku (puc.S). BeIsIBICHO, YTO CHEKTPHI T€HEPAIUMU BBICIIUX TapMOHUK
HaxXoJATCA B XOPOUIEM COOTBETCTBUHM C HKCHEPUMEHTAIBHBIMH pE3yJbTaTaMu
re€Hepalyy BBICIIMX TAPMOHHMK. TOYHOCTh MOJEIUPOBAHUS UCCIEAYEMBIX CUCTEM
oOecrieueHa MajbIM IIArOM WHTETPUPOBAHUS 0 BPEMEHU, MAJIBIM PACCTOSHUEM
MEXIy TOYKAMHU CETKM U OOJIBIIMMH pa3MepaMu CETKH B TPEX H3MEPEHHSX,
TOYHOCTHIO BBIOPAHHBIX TOTEHIIMAJIOB HWOHM3alMU (JUIsi aTOMOB cepedpa) u
0JIM30CTHIO TAPAMETPOB JTA3EPHOTO UMITYJIBCA K SKCTIEPUMEHTAIILHBIM.
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MNopAQOK rapMoOHHKH

a-JIByX4acCTOTHas HaKayka C MapajuieTbHON MOspHu3aIeil; 0-1Byx4acToTHas HaKadKa ¢
OPTOTOHAJILHOW MOJIApU3alME; B-OJHOYACTOTHAS HaKayKa

Puc. 5. CrieKTpbl MOIHOCTY F'eHEePAIlUHM BbICIINX TAPMOHMK B IJIa3Me
cepedpa, 00s1yuyaemMoi pa3jiM4YHbIMA UMITYJIbCAMH
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PacueTsl moka3pIBatOT 1ECTPYKTUBHOE BIUSHUE KOJUIMHEAPHOTO IOJI BTOPOM
FapMOHMKA HA  yCJIOBUS  BO3BpaTa dJIEKTPOHOB. IIOCKONBKY  JaHHBIE
00CTOATENIBCTBA HE MPOTHUBOpPEYAT IMOJYKIACCUUECKOM KapTHHE, MOYKHO TaKkKe
0XXUJaTh  CHOPaBEMJIMBOCTh  MPEHJIOKEHHONM  MOJIEId  MHOTOXJICKTPOHHOM
PE30HAHCHOM PEKOMOWHAIIMY JIJIS IBYXYaCTOTHBIX IOJICH.

brul0 mpoBEAEHO TEOPETHUECKOE MCCICAOBAHUE PE30HAHCHOM TeHEpaluu
BBICIIIMX TapMOHMK B JIBYXYaCTOTHBIX IOJSAX JJIS IUIa3Mbl HWHAWA. AHaIU3
pPE3yJIbTATOB I'€HEPALUH BBICIIMX TAPMOHHUK IMPOBOJWIICS C MOMOIIBID KYCOYHOMU
anmnpoKCHUMalMd  METOJIOM  HAWMMEHBIIUX  KBaJgpaToB, 4YTO  TpeOoBaJio
3a0J1arOBPEMEHHOTO TIPUMEPHOTO OIPEACIICHUs] YHEPTUA TAPMOHUK IUIATO IS
OoJbITIei TOYHOCTH pasnokeHus. [Ipu 3ToM oOHapy)keHo HeOobIIoe (B Mpeaeiax
1-3 mnopsAnKoB TapMOHUK) OTKJIOHEHHWE B DJHEPrUSX TapMOHUKH Cpe3a Mo
CPaBHEHUIO C HKCIEPUMEHTOM. Pe3ynbTaThl TeHEepalliyd BBICHIMX TAapMOHHUK B
Ijla3Me aTOMOB U HMOHOB HWHIUS IIPU PA3IMYHBIX OCOOCHHOCTSX IOJIS HaKa4yKd
MPUBEACHBI HA PUC. 6 B €AMHHUIIAX TAPMOHMK M3IydyeHus Hakadyku 0.057 aTOMHBIX
CIMHUIIBI.

N3 puc. 6 BHUAHO, YTO B TMOJHOM COOTBETCTBUHM C MOJEIBIO
MHOTOJJICKTPOHHOM  PE30HAHCHOW pEKOMOMHAIIMM PpE30HAHCHAs TeHepalus
BBICIIUX TapMOHMK JIsi HEWTPaJbHBIX OJHOAJICKTPOHHBIX aTOMOB WHIUS HE
HaOmogaeTcs. OMHAKO UMeeM ycuieHue 13-l TapMOHUKH B IUIa3Me€ MHAMS NpU
HaKayKe 0JJHOYACTOTHBLIM 1oJjieM ¢ yacToToi 0.057 aTOMHBIX €IUHULIBI.
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Puc. 6. CriekTp reHepanuu BbICHIMX FTAPMOHUK B IVIa3Me MHAMS
B Pa3JIMYHBIX YCJIOBUAX 00/1y4eHHUS
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JIeWCTBUTENBHO, NONMANAOIIAE B OTCTPOMKY OT pe3oHaHca S5-1 U 7-1
rapMOHUKHM HaKauKd H3JIy4eHUS BTOpOW rapMOHUKH (To ecth 10-1 u 14-1
TFapMOHHMKM OCHOBHOM HAKauKH) HE SIBJIAIOTCS PE30HAHCHO YCHWIIEHHBIMH. Oco0yto
BaXHOCTh MPUOOPETAIOT PE3yJbTaThl MOJCIUPOBAHMUSI T€HEPAlMU BBICIINX
TFapMOHUK B II0JIE OPTOTOHAJIBHO MOJSPU30BAHHOM JBYXYaCTOTHOW HAKaykKH C
UCIIOJIb30BAHUEM OCHOBHOI'O M3JIyYEHHs M €r0 BTOPOM TrapMOHMKU. OTYETIMBO
BUJIHO, YTO B JIaHHOM CJIy4ae yCWJIMBAETCS HE TOJIBKO 13-, HO u 12-9 rapmoHMKa
OCHOBHOTO H3i1y4deHMs. HecMoTps Ha TO, 4TO yCWIEHHE KaXIOW TapMOHUKH
HECKOJIBKO HIDKE, YeM Uil OJHOYAaCTOTHOIO TOJIA, CIEIYET OTMETHUTH,
MIPEBBIIICHUE UX CYMMapHON MHTEHCUBHOCTHIO MHTEHCUBHOCTH 13-l rapMOHMKH B
OJTHOYACTOTHOM IIOJIE.

JUist cpaBHEHUs ObUTa TAaK)Ke MCCIIE0BaHA PE30HAHCHAS TE€HEPALMs BBICIIMX
rapMoHUK B 1uiazmax ¢ymiepeHa Cgy C UMIUIAHTUPOBAHHBIMUA aTOMAaMH UHAUS U
cypbMbl. HTEpec k QyruiepeHaM ¢ aTOMaMu WM J1aXKe MOJIEKYJIaMU BHYTPH (Tak
Ha3bIBaEMbIM SHAO3APAIbHBIM (yJJIepeHaM) KaKk K MULICHSIM JJisi PE30HAHCHOM
IEHEPALMK BBICIIMX TFapMOHHMK BO3HMKAET IO IPUYMHE, YTO MX HCIOJIb30BAHUE
NEPCHEKTUBHO [UJISl COBMEILIEHUS YCHUJICHUS HECKOJIBKMX TapMOHUK B ILIA3Me
(yjuIepeHOB C MCKIIIOUUTENBHO BBICOKOM 3()(PEKTUBHOCTHIO MPEoOpa3oBaHUs B
HOJTyTIPOBOJHUKOBBIX MUIIIECHAX, TOABEPTIINXCS JIA3epHOU a0IIsILIUU.

B kauectBe nceBaonoTeHIana OblI IPUHAT TOUYHBIM OOMEHHBINM MOTEHLUAT
JUTSI COOTBETCTBYIOIIMX aTOMOB, YTO MO3BOJIMJIO MOJIy4aTh 00JIe€ TOUHBIE CIIEKTPbI
rapMOHUK, IOCKOJbKY B 3TOM CJIy4a€ BBIUYMCIEHUS HE TEPSIOT TOYHOCTH OT
HeaauadaTUYHOCTH 3¢ (deKTa TeHepaluuu BBICHIMX TapMOHHMK B TOH CTENEHH, B
KOTOpOM  Hed(PPEKTHBHBI  ICEBAONOTEHIMANbI, BBHIOPAHHBIE HAa  OCHOBE
MPUOJIMKEHUH JIOKAJIbHOW IJIOTHOCTU. Pe3ynbTaThl HcCIeAOBaHUS CHEKTPOB
MIOTJIONIEHUS 17151 JaHHBIX (YIUIEPEHOB MPUBEJEHBI Ha pUC. 7.
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Puc. 7. CHeKTpI)I MOrJIOIICHUSI, BLIYUCJICHHBIC BPEMCHHO-3AaBHCUMbBIM
METOAOM IUISI PA3JIMIHBIX CUCTEM

B miazme suposmpansHbix (ymiepeHoB (Cgotln u Cgot+Sb) makcumym
MJIa3MOHHOTO TMorjoIieHus mia3Mbl Cqg cMecTuiics ¢ 15-i rapmonuku k 13 u 21
rapMoOHMKaM cooTBeTcTBeHHO B ImasMe Cgotln m Cgo+Sb, uto Omusko
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COOTBETCTBYIOIIUM HAaOIOIa€MbIM MaKCHUMyMaM TOTJIONIEHUS HOHOB WHAMS U
cyppMbl. CienoBaTenbHO, B BBIYMCIUTENBHOM 3KciepuMeHTe obosiouka Cgy HE
OKa3bIBACT IMOJIABJISIONIETO BIUSHUS HA CHEKTP IEHTpajbHOro aroma. IIpu sTom
JeJI0KaIN30BaHHbIE JEKTPOHBI 0005104KU Cgyp MMEIOT CBOMCTBO IOJICTPAUBATHCA
noj 6osiee CHIIbHBIE KOJIEOaHHUS SJIEKTPOHHOM IJIOTHOCTH IIEHTPAJIBHOTO aToOMa C
BO3MOXHON HOHHU3AIMEH IEHTPAIIbHOTO aTOMa.

Ha puc.8 mpuBeneHbl pe3yiabTaTbl MCCIEAOBAHUS PE30HAHCHON TI'eHepalun
BBICIIIMX TAPMOHUK B COOTBETCTBYIOIIUX CHUCTEMaX. Y CUJICHHBIE TPYTIIBI COCETHUX
TapMOHHMK CMEHIAJIMCh BO BCEX CIydasx K MaKCUMyMmMaM IUIa3MOHHOTO
MOTJIOUICHHsI, YTO JaeT BO3MOXKHOCTh CUWTATh JaHHOE YCHIIGHHWE TeHepaluu
BBICIIIUX TaPMOHUK PE30HAaHCHBIM. [IpakTHueckas 3HaYMMOCTb JAHHOTO SIBJICHUS
3aKJIIOYaeTCsi B BO3MOXKHOCTU €r0 HCIIONBb30BaHMs g Oosee 3¢hdekTuBHON
TeHEepalMi aTTOCEKYHIHBIX HMITyJbCcOB. HecMOoTps Ha TO dYTO MOJEINb
MHOTO03JIEKTPOHHOM pPE30HAaHCHOM PEKOMOMHAIMU XOPOUIO OMHMCHIBAET IMPOLECC
ONTUYECKON HaKauKH BBICOKOBO30YXJIEHHOTO YPOBHS, a pacyeThl UMEIOT XOpOLIee
COOTBETCTBHUE C 3KCIEPUMEHTOM, HEOOXOIUMO MOSICHUTHh XapaKTep PE30HAHCHOM
pPEKOMOMHAIIMU MPU HAJTMYMHU HEKOTOPOW 3aCEIEHHOCTH PE30HAHCHOTO YPOBHI.
JIeCTBUTENBHO, YKAa3aHHBIM paHee MEXaHU3M paccesieHus BO030YyKIEHHOTO
YPOBHSI
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Puc. 8. Pe3oHaHCHAas reHepanys BbICHIUX TAPMOHUK B HCCJIeyeMbIX
CHCTEMAX

BKJIFOUAET B Ce0s TOJBKO HEAIACTUYHOE BO30YXKIAECHHUE U CIIOHTAHHOE M3JIyuyEHUE.
OpHaKo CIIOHTAaHHOE W3Iy4YeHUE HaOII0JaeTcsi BHE 3aBUCUMOCTH OT OJIM30CTH
noJis K MHOTO(OTOHHBIM PE30HAHCAM B Cpelie, MOAITOMY KOIE€pEeHTHbIH BKJIaj B
U3ITyYCHUE Ha PE30HAHCHOM 4YacToTe [OJDKEH OMNHUCHIBATHCS BBIHYXICHHBIM
U3ITyYEHUEM:

ds/dt = polc| —s(T,, +By,u). (10)
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JIaHHBIN MEXaHU3M, OIMpPENESIOUINI PEe30HAHCHYI0 PEKOMOMHAIINIO, BIUSET
Ha TOYHOCTh aHAJTUTHYECKUX OLICHOK, CACIAHHBIX B MPHUOJIMKCHUH €IMHCTBEHHOTO
AKTUBHOTO 3JICKTPOHA, KOTOpasi TEM BBIIIE, YEM CUJIbHEE HEPE30HAHCHBIM CHUTHAI
rapMOHUKHM BOJM3M YacTOTHI HCCIeayeMoro pe3oHaHca. IlogoOHbIN Tmporecc
YCUJICHUS CHUTHajJda TapMOHUKHA 3a CYET BBIHYXKJICHHOTO M3IYYEHUS MOXKET
MPOUCXOAUTH JaXE B CUCTEMAaxX, B KOTOPHIX HET MHBEPCUU HACEICHHOCTH MEXIY
OCHOBHBIM U BO30Y>KJICHHBIM COCTOSTHHEM, JIUOO B paMKax YeThIPEXYpPOBHEBOTO
mpoliecca, i€ UHBEPCHUSl JOCTUTACTCS C HEKOTOPBHIM MPOMEKYTOUHBIM YPOBHEM,
100 B IpaHUIaX MPUMEHUMOCTH 3allpeTa BHIHYKJIEHHOTO MOTJIOICHUS B YCIOBUU
JECTPYKTUBHON MHTEP(DEPEHIINN Pa3IMYHbIX KaHAJIOB norjoiieHust. O0a TaHHBIX
MEXaHHM3Ma JIETKO PEAIM3yIOTCSI B CXEME PE30HAHCHOW TEeHEpaluy BBICIIHUX
TapMOHUK, IIOCKOJBKY TIpollecC BO3OYXKICHUS Ha PE30HAHCHBIM ypPOBEHb HE
KOTE€PEHTEH M MPOUCXOJUT B MPUCYTCTBUM MOJSI BBICIICH TapMOHHMKU, KOTOpas €
Y4ETOM HCIIOIb3YEMBIX B JKCIIEPUMEHTAX WHTEHCHUBHOCTEH MOKET CUHMTAThCS
NOCTaTOYHO CUJIbHOW. DBaXHOW TMpPaKTUUYECKOW CTOPOHOM HEKOT€PEHTHOIO
XapaKkTepa HAaKauykKu B MPOIECCE MHOTOXJIEKTPOHHOM PE30HAHCHOW PEKOMOMHAIIUN
SBJISIETCS] BOBMOHOCTh CYIIECTBEHHO YCUINUTD () PEeKTUBHOCTh pe3oHancHoi ['BI'
C TIOMOIIIBIO HAIMPABICHUS B JA3EPHYIO IIa3My MOTOKA AJIEKTPOHOB C SHEPTUSIMU,
OJIN3KUMHU K DPHEPTUHU PE30HAHCHOTO MEPEX0/Ia.

B uyerBeproii riaBe «BiMsiHMe KOHUEHTPANMU YACTHI[ HA TeHEPALHUI0
BbICIIIUX TAPMOHMK) MPUBEACHBI PE3YIbTAThl U3YUEHUSI BIUSHUS KOHIICHTpAIlUU
YacTHIl HAa TEHEpAlMIO BBICIIMX TapMOHHMK, B TOM 4YHCIE€ Ha PE30HAHCHYIO
TE€HEPaIMIO BBICIINX TAPMOHUK.

3ajadya TEOPETUUYECKOTO OMNpEeNCHUs] KOHIIEHTPAlU HEUTPAbHBIX YaCTHIL
pelieHa MeTOJI0M MOJICKYJIIPHOU JUHAMHUKU C TTIOMOIIBIO TPOTPaMMBbl, CO3/TaHHON
Ha ocHoBe makera ITAP IMD. K HecOMHEHHBIM TOCTOMHCTBAM METOJA
MOJIEKYJISIPHON TUHAMUKH OTHOCHTCSI €r0 TOYHOCTh, BO3MOKHOCTh HUCCJIEIOBAHUS
dbopMHUpOBaHUA HAHOCTPYKTYP, YUYET PEATbHOW CTPYKTYpbl MHUIICHH U HaJu4He
OOJBIIIOT0  KOJMYECTBA AMITUPUYECKUX TICEBIOMOTEHIINAIOB, OIMUCHIBAIOIINX
MEKaTOMHOE B3aUMO/ICHCTBUE.

OnpeneneHrve KOHIIGHTPAllMd HMOHOB OBUIO  BBHIMIOJIHEHO HA OCHOBE
IPOU3BECHUSI BEPOSTHOCTH MOHU3AIMHU B TOJIE€ UMITYJIbCA JIA3EPHON a0y Ha
KOHILICHTPAIIMIO HEWUTpPaJbHBIX AaTOMOB, JIETKO peaju3yeTrcsi Ha OCHOBE
AQHAJIMTUYECKUX METOJIOB WJIM C HCIOJB30BAaHUEM BPEMEHHOIO METOJa
(GyHKIHOHANA TUNIOTHOCTH.

B mepByro ouepenb OBLIIO MPOBEACHO HCCIEAOBAHWE BIMSHUS Ja3epHOM
a0 HAa YCWICHHE TEeHEepalldd BBICHIMX TapMOHUK B IUIa3Me€ YIJIepo/a.
UccnenoBanust mpoBOAUINMCH B OJJMHAKOBBIX YCIOBHUAX, U IJIa3Ma CO3/1aBajach Ha
MOBEPXHOCTH eI UMITYJIbCaMU aOJIAIUKU Pa3IMUHON JIUTEIbHOCTH. [{1s ciydas
10-Hc uMnynbcoB abasuuu ObUIO TOKa3aHO, YTO AJI FapMOHHK ¢ 9-i mo 15-10
7 PeKTUBHOCTH TPeoOpa30BaHUs B YIIIEPOAHOM T1a3Me ObLTa OT 2 710 5 pa3 BhIIIIE,
yeM B aproHe. Beicmme ke mopsaku (Oonee 15-To) reHepupoBalMCh B aproHe
oonee »ddexTuBHO, YeM B yriaepogHoW tuiazme. g UMITyIhCOB aOJIsIuu
JUTMTEITEHOCTBI0 8 TUKOCEKYHI, 3(PPEKTUBHOCTh TEHEPAIUH BBHICIIMX TapPMOHHK
g 9-15 rapMoHUK B aprone Oblia B 2-5 pa3 BbIllle, YEM B YIJIEPOJIHOM IIa3Me.
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HawnlGosee BbICOKMIT MOPSAOK HAOTIOAABIINXCS B DKCIIEPUMEHTAX T€HEPHUPYEMBIX
rapMOHUK B YIJIEpOAHOM I1a3Me ObLT paBeH 27.

st o0bsacHenust 3Toro 3ddexra ObUIO MPOBEACHO MCCIEIOBAaHUE JIa3epHON
abmsauuu B ciydae rpadurtoBoi 1enu. CHUMKH, TOJTYYEHHBIE C IOMOIIbIO
CKAaHUPYIOIIEH  DJJIEKTPOHHOM  MHUKDOCKONHMHM, HE TMOKa3aJld IPUCYTCTBUS
HAHOYACTUIl HAa HAIBUICHHBIX MOMJIOXKKAX Tociie albisuuu -MUKOCEKYHIHBIMU
UMITyJIbCAMH ~ JaKe JJs MaKcUMaldbHOM 53(PGdEeKTUBHOCTH MpeoOpa3oBaHUsl.
Haobopot, ajisi cpaBHUTEILHO YMEPEHHOM HMHTEHCUBHOCTH ucmapeHus 10-Hc
umiyascamu  (1x10° Bt cM®) 6BLIO OGHAPYKEHO MHOXECTBO HAHOYACTHIL,
pa3Mepbl KOTOPBIX BapbupoBaiich oT 20 10 100 Hwm.

[InotHocTs aprona 6x107 em®. CooTBeTcTByIOIME IOTHOCTH YIIEPOLHOMN
IJIa3Mbl MIPU SKCIIEPUMEHTAIBHBIX YCJIOBUSIX JIa3epHOU a0msiuu (2><1010 Br cm
o1 8-TIIC UMITYJIBCOB U 10° Br cm? st 10-HC UMITYJIbCOB), HaMICHHBIE C
nomortsio IMD ITAP, Obliid paBHBI 2,6x10" em® u 2,5><1018 em”. Jloruumno
nojiaratb, 4TO YEM BBIIIE KOHIIEHTpAlUs aTOMOB, TEM BBIIIE CTENEHb HX
KJIACTEepHU3alliK, TaK KaK HauOOJIbIIMK BKJIAJ B paclpe/elieHue YacTUll B 30HE
B3aUMOJICHMCTBUSl N1a€T UX CPEIHSAS CKOPOCTh MPH BBUIETE, OMPEACISAIOMIAs HX
noJiokeHue npuMepHo 4epe3 30 He mociie Havasia abJyiAluu, PaBHO KaK M CTEIECHb
KJIACTepU3alldd TPU BBUIETE C TMOBEPXHOCTU MHUIeHU. Takum oOpazom,
MOJIEKYJISIPHO-TMHAMUYECKOE MOJICTUPOBAHUE MOKA3bIBAET, YTO, C YUYETOM 0CO00
BBICOKOM KOHLIEHTpAlluu aTOMOB YIJIEpOJia B 30HE B3aUMOJECHCTBHUA, 00pa3yroTCs
KpPYITHBIE KJIAcTEPHI B cirydyae 10-HaHOCEKYHIHBIX UMITYJIbCOB. IHTEHCUBHOCTD -1
FapMOHUKH MOKET OBITh MPEJICTABIICHA KaK

1, oc |dg| N2L, (11)

o 2 o
rac dq—):[I/IHOJ'IBHBII/I MOMCHT HM3JIy4YaTCii Ha 4YacTOTC (w, ‘dq‘ —HCJIIMHCHUHO-

ONTHUYCCKHN OTKIUK OTACIBHOM YacTuIilbl, N— IMIOTHOCTh M3aydareneu, L—uirHa
Cpenpl.

bpulo yCTaHOBIEHO, 4YTO B Cllydya€ CpPABHUTEJIBHO HU3IIUX MOPSIIKOB
21 4 Ar
/|d;

2
FapMOHUK ‘dq‘"asma ~2-5 B cayyae aOmauuu  10-HaHOCEKYyHIHBIMU

UMITYJIbCAMH.

Pacuersr st abmsiiuu 8-MMUKOCEKYHIHBIMU uMITyibcamMu (N = 2.6x10%
eM®, L = 0.5 wmm | P /1 ~0.2—0.5,) TNOKa3bIBAKOT, YTO MapaMeTp
2

Idy
i1a3Mou, copmupoBaHHOi 10-HAHOCEKYHIIHBIMU MMITyJIbcaMu. MOXXHO clienaTh
3aKJII0YEHUE, YTO 00Jiee CUIIbHbIE HHU3IIME TapMOHUKH, T€HEPUPYEMbIE B ILIa3Me
M0 OTHOIIEHUIO C apTrOHOM, MOTYT OBITh OOYCJIOBJIICHBI MPUCYTCTBHEM MAaJIbIX
HAaHOYACTHII, KOTOPHIE MOTYT YBEIUUUTh d(H(PEKTUBHOCTH AITUX TAPMOHHUK.

[Tocnenyromuii aHanu3 TEHEpPAUMU BBICHIMX TapMOHUK OT PpPa3IN4HbIX
YABTPAKOPOTKUX Ja3€PHBIX HMITYJIBCOB B ILIa3Me, CO3[JaHHOW Ha IMOBEPXHOCTH

rpa@uTOBOM 1€MW TPU PA3TUYHBIX YCIOBUSX €€ (OPMUPOBAHUS TaKKe
MOATBEPJUI TUMOTE3y O HAIMWYUU OOJIBIIOrO0 KOJIMYECTBA HAHOYACTHUII B IIa3Me

2
‘dqp'asma BbIIIIE OOJiee YeM Ha MOPSJIOK MO MArHUTYJAE IO CPAaBHEHUIO C
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yriaepona. J{ns 10-HAHOCEKYHIHBIX MMIY/IbCOB NpH HHTeHcHBHOCTSX 0,33%10°,
10° u 3x10° Br cMm? 6bum MOJYyYE€HBbl KOHIIEHTpAIIMM aTOMOB Yrjiepoja 1018,
2,5x10"® u 3,7x10"® cm®. Jlns mHTEHCHBHBIX MUKOCEKYHIHBIX HMITYJILCOB
(6.6x10°%, 2x10" 1 6x10™ Bt cMm™ ) 6buH MOy HeHB! GONICe HU3KHE KOHICHTPALNH
atomoB (1,1x10%, 2,6x10"" u 4x10" CM'3), YTO YKa3bIBAET Ha PEIIAIONIUNA BKJIAJ
IUIOTHOCTH PHEPTUM UMITYJIbca (10 CPAaBHEHHMIO C MHTEHCUBHOCTBIO UMITYJIbCA) Ha
dbopMHpoBaHUE ONTUMAIBHOM TIJIa3MBI.

BonbIIMHCTBO HCCNENOBAaHUM TEHEpAIlMU BBICIIUX TapMOHUK B ILUIa3Max,
MOJTYYEHHBIX METOAOM JIa3epHOW aOJsAlMK, MPOBOJUIUCH C UCIOIb30BaHUEM
KOPOTKHMX oOsacteil mma3Mbl (MeHee 0.5 Mwm). DTo CBsI3aHO C TE€M, YTO MpHU
MOCJEAYIONIEM YBEJIMUCHHUH JJIMHBI cpenibl L Ooibliie IIMHBI KOTEPEHTHOCTU ISt
JaHHOW TapMOHHMKH 3(PGEeKTHBHOCTh MpPeoOpa3oBaHMs HAKAYKA B TAPMOHUKY
YMEHBIIIAETCSI B COOTBETCTBUU C COOTHOIIICHHEM

sin AK % ’
— , (12)

| oc

rac mimHa KOrepCHTHOCTH OIIPCACILACTCA CICAYIOIIUM 06pa30M

T

L =—
K TAK (13)

PaccMoTpuM BiMsIHME KOHLIEHTPALMU YacTULl HA 3((EKTUBHOCTh I'eHEpaluu
BBICILIMX TAPMOHUK B YCIOBHUSX KBa3HUCOrjaacoBaHus (as.

HccenenoBannuch KOHLUEHTPALMKM KaK HEUTPAJIbHBIX aTOMOB, TaK U MOHOB IIPH
rncnapenuu nened Ag u Mn Ha paccrossauu 100 MKM OT MOBEPXHOCTEN C YUETOM
3a7EpKKU MexXy ucrnapeHueMm u Hakaukou B 43 Hc. C nmomompto [TAP IMD s
IIOTOKA U3JTy4eHus B 1.2 Jhx/cm® Gbin IIOJIy4E€Hbl KOHLEHTPAMA COOTBETCTBEHHO
Ag-2.7x10" em®, Mn-1.8 =10 cm™. JlaHHble KOHIGHTPALMH MPAKTHYECKH HE
3aBUCEIIN OT JUIUTEIBHOCTH UCTIAPSIOIIETO UMITYJIbCA ITPU TOM KE €r0 SHEPTUH.

O} peKkTUBHOCTh YCHJIEHUS TPHU PACIPOCTPAHEHUHM B HENPEPBIBHOW cpele

BJIAJTM OT YCIIOBUI KBa3UCOTJIaCOBaHUS (a3 OMpeesieTCsi COOTHOIICHUSIMU
L2 L/L, L
~L/L, —(L/2L,)
n,(LL,,L)oc——=——|1+e "= —2cos T e : (14)

11472 b= “
L

k
np(qL, Laq , qu)
n, (L, La1q , qu)

E,(a,L L, L) (15)
rane L—mmHa cpeapl, (-NOpAOOK TapMOHUKH, L, —JIMHAa IIOTJIOIIECHHUS
E,(a, L, L., qu)—OTHOCI/ITeJ'IBHOG YCUJICHUE TAPMOHUKHU. JUIMHY KOT€PEHTHOCTH ISt

g-ii TapMOHMKHU TIPU IJIMHE BOJHBI Hakauku A ~800 HM MOXHO yJIOOHO 3amucaTh
KaK
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L (Mm) ~1.4x10"° /gN ,(cm ™). (16)

Torma npu motoke Goxee 1.5 JIk /cM® JUIMHA KOTEPEHTHOCTH JUISl TAPMOHHK
okoisio 31-ii craHoButTca mMeHee 0.7 MM Npu cTeneHd HoHu3anuu okoso 10% u
MPUBEICHHBIX BBIIIE KOHIIEHTpausax. 1o mpumepHo B 10 pa3 MeHblle, yeM
JUTMHA KOTEPEHTHOCTU B MHEPTHBIX I'a3ax.

C ydeToM TOro 4To ISl S-MUJUTUMETPOBOM TMia3Mbl 3(()EKTUBHOCTH ObLIa
MPAKTUYECKH TaKOM K€, KaK M I KOPOTKOHM IIa3Mbl, U COCTaBisiga 4x 10° B
obmactu miaro, AGPEKTUBHOCT, TIpeoOpa3oBaHUsI B Ciydyae cpea  C
MOJYJIUPOBAHHON TUIOTHOCTHIO Oojiee yeM B 10 pa3 mpeBbIIACT TUIUYHBIC
s pexTUBHOCTH TPeoOpa3zoBaHusl B KOPOTKUX MIIa3Max.

Ha puc. 9 mpuBeneHsl COOTBETCTBEHHO Mg Ag U Mn cpaBHUTEIbHBIE
3 PeKTUBHOCTH MPeoOpa3zoBaHUS ISl S-MUITUMETPOBON HEMPEPHIBHOM MJIa3Mbl U
8 0.4-MIIITMMETPOBBIX TIA3MEHHBIX CTpyH. BUaHO, 9TO THIT BemiecTBa BIHSET Ha
MOJIOKEHUE YCUJIEHHBIX TPYII T'APMOHHUK B CBSI3M C PA3HOCTHIO KOHLEHTpaLUi
CBOOOJHBIX 3JIEKTPOHOB NpPH MCHAPEHUH MuULIeHEH. MeToja YCUJIEHUs TPYIIIbI
BBICHIMX TAPMOHUK B IUIa3ME C MPOCTPAHCTBEHHO MOAYJIMPOBAHHOW ONTHYECKON
IJIOTHOCTBIO MOKET OBITh UCIOJIB30BaH AJI1 TOYHOTO ONPEAEICHHUS KOHIEHTPAIuu
AJIEKTPOHOB B IIa3MEHHBIX (pakenax, MOJyUYeHHBIX METOJOM JIa3epHOU abJIsIUu.
BrrunciieHHbIE HA OCHOBAHUHU OIPEAEIEHUS IJTMHBI KOTEPEHTHOCTU KOHIIEHTPaun
CBOOOJHBIX IJIECKTPOHOB COCTaBHIIM 6.2x10" u 8.1x10" cm® coorBercTBEHHO B
ciydyae cepebOpa u mapranmna. Kpome Ttoro, mpu HCClEIOBaHUU PpaydaIbHOU
3aBUCUMOCTH 3(P(HEKTUBHOCTH TEHEpAIllMM BBICHIUX TapMOHHUK C YAQJICHHEM OT
ONTUYECKOM OCH HMITyJIbca HaKayku OOHApyXKEeHO pPE3KOe CHUKEHHE
3¢ ()EKTUBHOCTH TeHEpAIMK BHICIIMX FTAPMOHUK. B coueTanuu co 3HaHHEM TOYHOMN
KOHLIEHTPAIMU CBOOOIHBIX AJIEKTPOHOB, ONPEIETIEHHON TEOPETHUECKH, 3TO MOKHO
UCIIONIb30BaTh Uil TOYHOTO KOJMYECTBEHHOIO TMPEACKA3aHUS PEe3yJbTaTOB
AKCIIEPUMEHTOB M0 YCHUJIEHHWIO Ha OCHOBE KBaszHcoriacoBaHus (a3 B IUIa3Max C
MIPOCTPAHCTBEHHO MOIYJIMPOBAHHON ONITHYECKOM MIIOTHOCTBIO.

Mopsagok rapmoHukn Mopsaok rapMoHNKK
63 35 47 41 35 31 27 63 55 47 41 35 31 27

I [ I [ [ I I I [ I I I I |

——5-mm nnaswa
—8 0.4-mm cTpyn
| Wpacuer

600 cepebpo ||' L g0l l MapraHey — =—— g-rowr;: nnasma
I - A-1am cTpyn

m pacyet

|
|'ﬁ’.

Ii ‘ [
4007 | | 400

200 ' iyl " | |' " i . 200
i |

MHTEeHCMBHOCTL , OTH. 84
MHTEHCUMBHOCTL , OTH. €4

15 20 25 ol

AnvHa BOMHbI, HM [invHa BOMHbI, HM
a) B Iu1a3max cepebpa 0) B mIa3Max mMaprasia

Puc. 9. YcujieHue reHepanuy BbICIIMX FTAPMOHMK B Pa3JIHYHBIX MJIa3Max
C MPOCTPAHCTBEHHO MOYJIMPOBAHHOM MJIOTHOCTHIO
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Ha puc. 9 B ciyuae mia3mbl MapraHiia BUJIHO PE€30HAHCHOE yCwiieHue 23-i
TapMOHUKH. OKCIEPUMEHTAIbHBIE PE3YJbTAaThl MOATBEPKAAIOT BO3MOKHOCTH
HAOJIONICHUST PE30HAHCHOM TeHepalMy BBICIIMX TapMOHHMK COBMECTHO C
KBazucoriacoBanueMm (a3z. s TeopeThuyeckux pacdyeToB HETUHEHHOTO OTKIIMKA
OTJIETTLHOTO aTOMa MapraHila MCIOJIb30BaJICSd METOJl BPEMEHHOro (hyHKIIMOHAJa
IUIOTHOCTH, MPUYEM MOJEIUPOBAJICS BKJIAJ BCEX ONTHUECKUX AJIEKTPOHOB, MOCIHE
Yero BPEMEHHO-3aBUCUMBIM JUIOJb TOJACTABISUICA B aJIFOPUTM  pacuera
pacupoCTpaHEHUs HU3JIy4eHUS TapMOHUK B IJIa3Me, 4TO OOOCHOBAaHO B CIy4ae
HE3aBHCUMOCTH BKJIQJIOB JIAHHBIX PEKUMOB YCUJICHUS.

B  Hacrosimiee BpeMs ~HE HUMEETCS  AKCIEPUMEHTAIbHBIX  JIAHHBIX,
MOATBEPKIAIOMIMX WM  OMNPOBEPralolMX  BO3MOXKHOCTH  OJHOBPEMEHHOIO
KBa3uCOTJiacoBaHusi (pa3 M pPE30HAHCHOW T'E€HEpallUM BBICIIMX TAapPMOHUK. IJTO
CBSI3aHO C TE€M, YTO JUIi MHOTHX MPAKTUYECKU BAXKHBIX HEITMHEUHBIX CHUCTEM, B
YaCTHOCTH IUIa3Mbl UH/IUA, MIOJICUET KOHIEHTPALMA aTOMOB U HOHOB, MOJTYYEHHBIX
METOJIOM  JIa3e€pHOW  aOJSIIUM, 3aTpyAHEH H3-3a OTCYTCTBHUSI  HAaJIEKHBIX
MOTEHIIMAJIOB B3aUMOJICHCTBUS aTOMOB. OJTHAKO OOHApyXEHHasi B UCCJICIOBAHUU
npsiMasi MPOTIOPIIMOHAIIBHOCTh KOHIICHTPALIMA aTOMOB OOIIEH PHEPTrUu MMITYJIbCa
a0JIAIMK TTO3BOJISIET MEPECTPOUTH 00JIaCTh KBa3UCOIIacOBaHUA (a3 K pEe30HAHCY
yTeM KOHTPOJISI HHTCHCUBHOCTH UMITYJIbCa a0JISIIMK MPU TOM K€ €ro SHEPTHUH.

3AK/IIOYEHUE

1. BmnepBele oOecrnieueHa HajaexHas HHPOpMAIUs O CHEKTpax PE30HAHCHOU
TCHEPAIMK BBICIIUX TAPMOHUK HA OCHOBE TOYHBIX MOTCHITMATIOB M OJM3KUX K
AKCIIEPUMEHTAIILHBIM TMapaMeTpax UMITYJILCOB HAKauKH.

2. TlokazaHo, 4TO pe30HAHCHas TEHEpANWs BBICIIMX TapMOHHK OOYCIIOBJICHA
3aCEICHHEM PE30HAHCHOTO YypPOBHA IyTeM BO30YKICHHS BHYTPEHHUX
DIIEKTPOHOB HWOHA HA PE30HAHCHBIM YPOBEHb B pe3yibTaTe HEYIPYroro
paccesiHis YCKOPEHHOTO 3JIEKTPOHA, a TaKXe MOCIEIyIoNel peKkoMOnHaIuen
AJIEKTPOHOB C BO30YXJICHHOTO YPOBHSI B OCHOBHOE COCTOSIHUE C TeHeparuei
PE30HAHCHOM TapMOHUKHM B  PE3yJbTaTe€ BBIHYXKJIEHHOTO  M3JIy4YCHUS,
MIPOUCXOIAIIETO U3-3a BIUSHUS HEPE3OHAHCHON rapMOHUKHU TOTO YK€ MOPSAKA.

3. BmepBpie mpoBeneHO TEOPETUYECKOE MOJICTUPOBAHUE TEHEPALUU BBICIINX
rapMoHuK B miasme ¢yinepeHoB Cgy METOIOM BPEMEHHO-3aBHCUMOM TEOPUHU
GbyHKIIMOHATA TUIOTHOCTH ISl Cy4as TIOJTHOTO MOJIEIMPOBAHUS BKJIaJla BCEX
aTOMOB yTJIEpOJa B MOJIEKYJISPHOE ITOJIe, TIPH 3TOM IOJIYYCHO YCHIICHUE
TapMOHUK B 00JIACTH TMOBEPXHOCTHOTO IJIA3MOHHOTO pe30HaHca (hYJUICPEHOB
Ceso B 10 pa3 BeIIIe, UeM BHE JaHHON 00JIaCTH.

4. TlokazaHo, 4TO B Ja3epHOM I1azme dHA03ApalbHbIX (ysiepeHoB In Cg 1 Sb
Ceo MPOUCXOTUT CMENICHUE MaKCHMyMa PE30HAHCHOTO YCHIJICHHS TPYIIIIBI
BBICIIIMX TapPMOHHK OTHOCHTEIBHO YHUCTOTO Cgy B CBSI3UM C CMEIICHHUEM
MaKCUMyMOB TUIa3MOHHOTO TIOTJIONIEHUS  (PyJuiepeHoBOil  000MOYKH K
aTOMapHBIM PE30HAHCAM BKJIIOUYEHHBIX aTOMOB.

5. IlokazaHo, 4YTO OCHOBHBIM (DaKTOPOM, OTPAHWYUBAIOIIUM BO3MOXKHOCTH
noBbIIeHUST 3(P(EKTUBHOCTH TEHEpPAIlMd BBICIIUX TApPMOHUK 33 CUYET
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YBEIMYECHUS] KOHUEHTPALMH JIA3EPHOM IUIa3Mbl SIBISETCS HApPYLIEHUE YCIOBUMI
coriacoBaHus a3 ¢ yBeIMUEHUEM KOHLIEHTPALUU CBOOOIHBIX AIKTPOHOB.
[ToxazaHo, YTO OoNTHUMaJibHAs B OTHOUIEHUH 3PPEKTUBHOCTH MPeoOpa30BaHUs
(2x10") mnma3sma MHAMS MOXKET ObITh IIONyYeHA TPH HCIIOIb30BAHUH
UMIYJbCOB aOJSAIUM IUTENbHOCThIO 10 NMKOCEKYHT M MHTEHCHBHOCTBIO
2x10° Br cM?, Torga Kak ONTHMAibHAs IUIA3Ma XpPOMa CO3MAeTCS TpH
UCIOJb30BaHUU HUMIIYJbCOB abisauuu jmrenbHocThio 100 demrocexkyHn u
uHTeHCHBHOCTRIO 107 BT oM uro cBs3aHO C Pa3IUYHBIMUA CTCIICHAMHU
MOHU3ALUH PE30HAHCHBIX YPOBHEW TAHHBIX 3JIEMEHTOB.

ITokasaHo, 4To MpH KOpPOTKUX (mopsiaka 100 dc) i nntencuBHbIX (Gomee 10M
Bt cM”) UMITynbcax abusimun 06pasyroTCs HAHOYACTUIB pasMepoM Goiee 10
HM, KOTOPBI€ YCHJIMBAIOT T€HEPAIMIO BHICIIMX TAPMOHHK B CJIa0BIX MOJIAX 32
cyeT »(d@dekTa JOKAIBHOTO TOJis, @ B CHIBHBIX IMOJSX JIMIIb CHUXKAIOT
5$(EeKTUBHYIO KOHICHTPALMIO M3IyYalOIIUX JUIOJed U CBOOOJHBIX
AIIEKTPOHOB.

BrniepBbie pa3paborana MeTtoauka ynpaBiaeHHs 3p(HEKTUBHOCTHIO PE30HAHCHOU
IEHEPALMA BBICIIMX TapMOHMK HAa OCHOBE KOHTPOJS JUIMTEIBHOCTH U
MHTEHCUBHOCTH BO30Y’KJAIOLIETO HMMITYJIbCa B IJIa3Max € MPOCTPAHCTBEHHO
MOJYJTMPOBAHHON ONTHYECKON IIJIOTHOCTHIO.
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INTRODUCTION (Annotation of doctoral dissertation)

Topicality and relevance of the subject of dissertation. Nowadays in the
fast developing field of laser technologies and nonlinear optics the research
directed to the study of influence of multielectron effects and concentration of
particles on resonant high-harmonic generation for the production of coherent
radiation in vacuum ultraviolet and soft X-ray range is considered one of the most
promising directions of laser physics. At the same time the main attention is paid
to increase the efficiency of generated harmonics in conditions of resonance and
quasi-synchronization of phases of interacting waves. These studies are connected
with the application of coherent radiation in the field of laser physics, nonlinear
optics, femtosecond holography, generation of attosecond pulses, spectroscopy of
ultrafast processes.

Fulfillment of conditions of resonant high-harmonic generation and quasi-
matching of phases of pump radiation with radiation of harmonics provides
substantial increase of efficiency of conversion of energy of femtosecond pulses
with intensity 10'*-10" W/cm? used as pump radiation into radiation of harmonics.
In connection with this the possibilities of utilization of artificial nanomaterials
which have complicated structure as well as ones like endohedral fullerenes in
practice of high-harmonic generation remain weakly studied.

The demand for the subject of the dissertation is shown by the development of
the methodology of high-harmonic generation in plasma formations, the
enhancement of the efficiency of nonlinear frequency conversion at resonant high-
harmonic generation, the study of nanoparticles which are produced during the
process of laser ablation. Moreover, the creation of highly efficient nonlinear
elements on the basis of the laser ablation method, while being of special
importance for the solution of important problems of nonlinear optics, give the
possibility to obtain the theoretical results on the analysis of concentration of laser
plasma.

The influence of concentration of free electrons on the efficiency of high-
harmonic generation, as well as the influence of concentration of particles on high-
harmonic generation still remain almost completely unstudied. The solution of
these problems will help to establish basic laws and peculiarities of resonant high-
harmonic generation in real systems which are of practical interest in creating
highly efficient sources of coherent radiation in vacuum ultraviolet spectral range.

This thesis is devoted to solving in a certain degree the problems noted in the
Decree of the President of the Republic of Uzbekistan DP-1442 “On the priorities
of industrial development of Uzbekistan in 2011-2015” of 15 December, 2010 as
well as in other normative legal documents accepted in this field.

Conformity of the research to the priority directions of science and
technology development of the Republic of Uzbekistan. The dissertation
research has been carried out in accordance with the priority areas of science and
technology of the Republic of Uzbekistan in the framework of F II “Physics,
astronomy, power engineering and engineering industry”’.
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Review of international scientific researches on the theme of the
dissertation. The researches of multielectron effects in resonant high-harmonic
generation connected with the increase of efficiency of resonant high-harmonic
generation are carried out in the scientific centres of the University of Pier and
Marie Curie (Paris, France), Max Planck Institute for Physics of Complex Systems
(Dresden, Germany), Max Born Institute (Berlin, Germany), the National Institute
for Scientific Research (Montreal, Canada), Beijing Institute of Physics (Beijing,
China), Moscow State University (Moscow, Russia), Saraevo University (Saraevo,
Bosnia and Herzegovina), the Institute for General Physics of the Russian
Academy of Sciences (Moscow, Russia), Voronezh State University (Voronezh,
Russia) and a series of other foreign scientific centres of the world.

On the World level a series of scientific results in study of mechanisms of
interaction of laser field and nonlinear conversion of frequency of powerful
ultrashort laser pulses: theoretical results in analytical semiclassical single active
electron approximation (University of Pierre and Marie Curie, France; Institute of
Max Born, Germany); possibilities of enhancement of high harmonics in gaseous
media using atomic and ionic resonances are proven moaTBep K/ IeHbl BO3MOKHOCTH
YCHUIICHUA BBICIIHNX T'apMOHHK B I'a30BbIX CpCAaX C HCIIOJIB30BAHHCM ATOMHBLIX H
noHHbIX pe3onancoB (University of Sarajevo, Bosnia and Herzegovina; Institute
for General Physics of Russian Academy of Sciences, Russia).

Nowadays in the field of laser physics and nonlinear optics in resonant high
harmonic generation in plasma media in a series of priority directions research is
carried out, including: development of theoretical and practical ways of
determination of concentration of free electrons and ions, atoms in laser plasma;
scientific and practical results are obtained in determination of the main physical
mechanisms influencing resonant high-harmonic generation are obtained.

Degree of study of the problem. Now non-resonant high-harmonic
generation has been studied almost completely both experimentally and
theoretically. Resonant high-harmonic generation has been investigated
experimentally and in detail, but from the theoretical point of view, up to this
investigation there was no model was created which agreed completely with the
experiment. R. Taieb, V.Veniard, E.S. Toma, C. Figueira de Morisson Faria, D.B.
Milosevic and other scientists from European Union suggested a series of
mechanisms of resonant high-harmonic generation which describe certain
experimental regularities of this process, however, lead to conclusions not
confirmed experimentally, particularly, to the enhancement of the harmonics
neighbouring to the resonant one out of the resonance area. Multi-electron
methods: multiconfigurational time-dependent method of Hartree-Fock and time-
dependent density functional method have been successfully used before by J.
Zanghellini, D. Bauer and other scientists from the European Union to model high-
harmonic generation in the presence of collective interaction. However, they have
not been used before to model resonant high-harmonic generation.

Russian scientists V. Strelkov, M. Ivanov and S. Stremoukhov got good
agreement with experiments using single-electron methods, but the required
potential barriers are introduced into the considered systems from outside, and the
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analytical model is not connected directly with the results of computation and can
give true results only in other models of resonant high-harmonic generation.

The scientists of Uzbekistan, in particular, Ganeev R.A., Kulagin I.A. and
Usmanov T.B. did investigations of high-harmonic generation in strongly ionized
plasma as well as in multijet laser plasma. For strongly ionized systems they got
radiation of harmonics up to A=2-4 nm, but the efficiency of conversion into
harmonics with such wavelengths is extremely small (10® — 107). Moreover, in
resonant high-harmonic generation and high-harmonic generation in multijet laser
plasma, conversion efficiencies of 10™ and 10 correspondingly were obtained.
But the problems of influence of spectral properties of pump radiation and
electronic structure of atoms as well as ions, which compose laser plasma, on
resonant high-harmonic generation and quasi-synchronization of phases are not
considered.

Connection of the topic of the dissertation with the plans of scientific
research works of the higher educational institution, where the dissertation
was carried out. The dissertational research was carried out in the framework of
the following projects of Samarkand State University: OT-F2-021 “Physics of
dimensional phenomena in semiconducting and metal nanomaterials” (2007-2011);
F2-09 “Investigation of mechanisms of resonant enhancement of high-harmonic
generation of laser radiation” (2012-2016).

The purpose of the research is determination of the influence of
multielectron effects and concentration of particles on resonant high-harmonic
generation.

Tasks of the research:

to investigate the influence of pump pulses, which can enter the resonance
with the system at certain stages, on resonant high-harmonic generation;

to determine the influence of multielectron effects and concentration of
particles on resonant high-harmonic generation;

to determine the mechanism of resonant high-harmonic generation which
explains the results of the experiments on resonant high-harmonic generation and
to investigate the possibilities of optimization of resonant high-harmonic
generation with its help;

to investigate theoretically the promising targets for resonant high-harmonic
generation, particularly, laser plasmas of metals and semiconductors with different
degrees of ionization, endohedral fullerenes;

to develop the methods for experimental and theoretical determination of
concentration of atoms, ions and free electrons in laser plasmas, as well as to
develop methods of control of particle concentration in laser plasma using control
of parameters of ablating pulse;

to perform search and tuning of optimal program and theoretical tools for
modelling the resonant high-harmonic generation, as well as for stating justified
approximations and simplifications for multi-electron systems taking into
consideration the quantum confinement;
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to generalize the results of checking the hypotheses, determine the
mechanisms of resonant high-harmonic generation and to investigate the
possibilities of optimization of resonant high-harmonic generation.

As the object of the research, the plasmas obtained by laser ablation method
and high harmonics of laser radiation are taken.

The subject of the research is multi-electron effects in resonant high-
harmonic generation of coherent radiation.

The methods of the research: Multiconfigurational time-dependent method
of Hartree-Fock, time-dependent method of density functional, molecular
dynamical method.

The scientific novelty of the research consists of the following results:

it is shown that multi-electron effects lead to resonant high-harmonic
generation as a result of nonelastic scattering of accelerated electron on the ion
with excitation of ion’s electrons to resonant level;

a mechanism of resonant high-harmonic generation was suggested, which
explains the results of experiments on resonant high-harmonic generation and
allows to optimize the process of resonant high-harmonic generation on the base of
computation of optimal pump and ablation pulses;

usage of nonionized plasma as promising medium was suggested for the
observation of resonant high-harmonic generation based on transitions in singly
ionized media;

on the base of theoretical calculations of plasmon absorption peaks of Cgo-
molecule’s casing in endohedral fullerenes CgotIn and Cgo+Sb to corresponding
ionic resonances of encapsulated semiconductors as well as shift of the maximum
of resonant enhancement of a group of harmonics to the new plasmon absorption
peaks possibility of uniform enhancement of a group of harmonics in laser plasma
created by evaporation of mixture of endohadral fullerenes has been demonstrated,;

a method was developed for the theoretical determination of the concentration
of atoms, ions and free electrons in plasma which is based on consideration of
enhancement of a group of high harmonics during quasi-phase matching at hte
rocess of laser ablation using long heating pulses;

mechanisms of restriction of efficiency of frequency conversion with growth
of concentration of particles in laser plasma of carbon created using ablation pulses
with duration of 8 picoseconds and 10 nanoseconds were revealed,;

a technique of determination of dependence laws of degree of ionization at
givn concentrations was suggested which leads to enhancement of single high
harmonic in the plateau region up to more than 1000 times at the combination of
quasi-phase matching and resonant conditions.

Practical results of the research:

a technique for the determination of parameters of laser ablation pulses to
achieve the maximal efficiency of resonant high-harmonic generation was
developed;

a technique for theoretical determination of concentration of atoms, ions and
free electrons in laser plasma was developed on the basis of computer simulation
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and experiments on high-harmonic generation in plasmas with spatially modulated
optical density;

a scheme was developed for using the mixture of endohedral fullerenes with
embedded semiconductors to control the position of a group of resonantly
enhanced harmonics.

Reliability of the obtained results consists in the following:

The results of computer simulation are confirmed by the applicability of used
programs for the solution of similar problems of quantum mechanics, consistency
with the results of experimental determination of spectra of high harmonics
performed by other authors as well as consistency with basic theoretical
assumptions which are true for non-resonant case.

Scientific and practical values of the results of the research.

The theoretical value of the results of the research is that the suggested
approaches for calculating the resonant high-harmonic generation allow to ensure
high correspondence with the experiment as well as to simplify the search of
promising materials and pulses for resonant high-harmonic generation.

The practical value of the results of the dissertational research is that the
model of multielectron resonant recombination can be used for optimizing the
experiments on resonant high-harmonic generation and quasi-phase matching in
plasmas with spatially modulated optical density allowing to increase substantially
the intensity of generated pulses of laser radiation for their application in
practically important areas of science and technology.

Application of the results of the research. The developed in the
dissertation methodology of determination of the characteristics of plasma created
by laser ablation as well as the method of enhancing the resonant high-harmonic
generation were used in the grant 14G0206 “Grant -in - Aid for Creative Scientific
Research of the Japan Society for the Promotion of Science” for explaining the
enhancement of resonant harmonics in laser plasma of indium (Letter from the
Center for Ophthalmology and Advanced Lasers of the Saitama Medical
University of 26.02.2016, Japan). Application of the obtained results allowed to
increase the intensity of resonant harmonics more than 10 times at the same
expenses of energy and rare materials.

Approbation of the research results. The results of the dissertation were
approbated on the following conferences and symposiums: the 5" International
conference “Actual Problems of Physical Electronics UzPEC-5" (Tashkent, 2009);
Republic Conference “Actual Problems of Modern Physics” (Samarkand, 2010);
the 2" International Conference “Optics and Photonics-2013” (Samarkand, 2013);
International Conference for Fundamental Atomic Spectroscopy “FAS-XX”
(Russia, Voronezh, 2013); International Conference “Modern Science: Theoretical
and Practical View” (Russia, Chelyabinsk, 2015), and at the seminar of Special
Construction and Technology Bureau at the Institute of lon-Plasma and Laser
Technologies of the Academy of Sciences of the Republic of Uzbekistan
(09.03.2016) as well as at the one-time Scientific seminar of the Scientific council
on award of scientific degree of doctor of sciences 16.07.2013.FM/T.12.01 at
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Physical-Technical Institute, Institute of lon-Plasma and Laser Technologies and
Samarkand State University(04.05.2016).

Publication of the research results. On the topic of the dissertation 22
scientific works are published in total, out of them 15 articles are published in
influential international journals, as well as 5 theses are published in the
proceedings of international and republican conferences.

Volume and structure of the dissertation. The dissertation consists of an
introduction, four chapters, the conclusion and a list of used references, contains
198 pages of main text and 40 figures.
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THE MAIN CONTENT OF THE DISSERTATION

In the introduction the topicality and relevance of the theme of dissertation
are proved, the purpose and tasks, objects and subject of the research are
formulated, the conformity of the research to priority directions of development of
science and technologies in the Republic of Uzbekistan is stated, the scientific
novelty and practical results of the research are stated, the reliability of the
obtained results is proved and the scientific and practical importance of the
obtained results are revealed.

In the first chapter “Theoretical and experimental data on resonant high-
harmonic generation”, a review of references is presented on the current state of
the problem of influence of multielectron effects and concentration of particles on
resonant high-harmonic generation as well as on theoretical investigation of
resonant high-harmonic generation and their connection with the model of resonant
high-harmonic generation suggested in the dissertation.

In the second chapter “Influence of multi-electron effects on resonant high-
harmonic generation”, the influence of different peculiarities of electron-electron
interaction on resonant high-harmonic generation is investigated on the basis of
multiconfigurational time-dependent method of Hartree-Fock.

It is shown that, at relatively low computational difficulty compared with the
direct solution of time-dependent Schrodinger equation, multiconfigurational time-
dependent method of Hartree-Fock allows to get exact results for strongly
correlated systems. In the multiconfigurational time-dependent method of Hartree-
Fock scheme the assumption about the wavefunction has the form:

nooo M f
Y(Q,... Q) = zz Ajl...jf (t)H¢J(,’:) Q..1) (l)

W=t Je=l x=1
where Q,,...Q, - particle coordinates, A, ; - expansion coefficients in
multiconfigurational time-dependent method of Hartree, ¢! —n_ time-dependent
expansion functions for each degree of freedom «.

The multiconfigurational time-dependent method of Hartree-Fock also
introduces the exact exchange symmetry of time-dependent Hamiltonian and the
restriction on the subspace of fully antisymmetric solutions as well as two-particle
nature of electron-electron interaction. The interaction of electrons in this approach
Is pairwise. This leads to the fact that the starting wavefunctions of all particles are
identical and the starting A-vector A, ; must be fully antisymmetrized in relation

J
with its indices.

For simulating the resonant high-harmonic generation it is reasonable to use
the representation of discrete variables and fast Fourier transformations. On the
basis of the comparative research of various representations the discrete variable
representation of sinusoidal type was chosen, which splits the grid in equal parts
and simplifies the creation of electron-electron interaction as well as allows to
compare the results with the data obtained using other programs for the solution of

59



time-dependent Schrodinger equation. Taking into account the fact that the relative
error is low (~40 millielectron-volt) for chosen functions of expansion, this
approximation can be considered optimal from the point of view of precision and
speed.

Complex absorbing potentials were used to create absorbing boundaries
which are necessary for removing the reflections of wavefunction from the
boundary of the grid as well as for shortening the grid length, and had the form:

—iIW (x) = —i77x — x| O(*(x — x,)) (2)

where x., » and b denote the starting point, strength and order of complex

absorbing potential. ® denotes Heavyside step function, the “+” sign defines the
position of the complex absorbing potential to the right from x_, the “-“ sign

denotes the position to the left correspondingly. The simulation has shown that the
very presence of absorbing boundaries changes the time-dependent dipole, but the
order of complex absorbing potential has no decisive influence on the qualitative
character of the time-dependent dipole, so complex absorbing potentials were used
with strength 0.2 atomic units placed at the distance of 20 atomic units from the
edges of any used grid.

Investigations of the influence of multielectron effects on resonant high-
harmonic generation are performed for the three-dimensional fullerenelike system,
in which only two electrons were considered active, and the potential of the
electron basis of the system had the form:

2 _p2
20 RE=R) <R
R:-R 2

2 2 3
V(r) = —( 250 j[s)RO —{r—+RTi}J—UO,Ri<I’<RO, r,=x2+y:+z2. (3

RE-R’ )\ 2 2
-250/r,r>R,

At the same time the smoothened potential of two-electron interaction can be
represented in the form:

Vo =1 (X = %,)7 + (Y, = ¥,)2 +(2, - 2,)* +2. (4)

The absorption spectrum of the given system, which was obtained by
computing the free evolution of the system in time after the application of delta-
pulse, is presented in Fig. 1. The maximum of absorption of the system
corresponds to the 13" harmonic of the radiation with the energy of 0.057 atomic
units.The magnetic component of the laser pulse is not included during the
simulation because the considered intensities (10**-10'® W/cm?), which correspond
to lasers used in real experiments, do not lead to relativistic movement of active
electron.
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Fig. 1. Absorption spectrum of fullerene model with two active electrons

During the simulation of resonant high-harmonic generation the carrier
frequency of laser radiation ® with duration 60 femtoseconds was assumed to be
0.057 atomic units (corresponding to 800 nm wavelength).

To investigate the detuning from resonance, carrier frequency of 0.046 atomic
units was used. Together with this, to introduce the corresponding deviations from
flat electromagnetic wave, necessary Gaussian broadening by pulse intensity was
introduced. The used wave had the form correspondingly:

E(t) =exp((t_£°)2onsin(a>t) (5)

T

The investigation of spectra of resonant high-harmonic generation emerging
during the interaction of the given system with femtosecond pulses with central
frequency of 0.057 atomic units (Fig. 2) showed that the decrease of the number of
configurations up to 1 expansion function did not lead to the full disappearance of
resonant high-harmonic generation although it decreased the observable
conversion efficiency. In one-dimensional case the observed conversion efficiency
was decreased. One can state that indeed due to this fact the necessity of
introduction of many configurations for observing the resonant high-harmonic
generation in one-dimensional case is related. As it should be expected, the closest
proximity to experimental results had the most exact approximation with 6
expansion functions.
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Fig. 2. The influence of approximations on the efficiency of
resonant high-harmonic generation

The analytical estimate of conversion efficiency by the relation:

I resonant 272&—23 fOSC FZ
= 3 2 2 2 (6)
I nonresonant a) p [Z * M ( p)] 4(Q - qa)) + r

gave the result which was close to the result without consideration of electron
exchange, because the analytical model does not include this substantially multi-
electron effect. It should be also noted that the possible deviations from the
experiment obtained using given analytical formula are also connected to the
mechanisms of transition of an electron into ground state considered at derivation
of the formula. So for achieving quantitative agreement with the experiment,
simulation of the process of resonant high-harmonic generation is preferable.

The neglect of electron-electron interaction destroyed the effect of resonant
high-harmonic generation completely. At the same time the representation of
electrons as distinguishable particles almost did not reduce the efficiency of
resonant high-harmonic generation. The most important practical application of
this phenomenon is the necessity of exact accounting of the electron-electron
repulsion, while the exchange processes should receive not so much attention
unless maximal proximity to the experiment is required.

Based on the results of the given research in weakly correlated systems, the
precision of accounting the electron correlation has no qualitative influence on the
observability of resonant high-harmonic generation. This effect is especially
Important because the simulation of electron exchange is much simpler task than
the simulation of electron correlation.
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It is shown for the first time that resonant high-harmonic generation is
explained completely by single-atom multielectron effects and hence can be
combined with phase matching of pump and harmonic at the propagation of
radiation in extended plasmas.

In the third chapter “Investigation of promising nonlinear systems for
resonant high-harmonic generation”, the computational data on resonant high-
harmonic generation simulation are presented on the basis of the time-dependent
density functional method.

In the time-dependent density functional method the solution of Shrodinger
equation is replaced by the solution of a system of Kohn-Sham equations for non-
interacting electrons. The potential used in it

Oye (1) =0, (1) + 0y (1Y) +0,. (1, 1) (7)

Is the only approximation of the method, and for lower harmonics the adiabatic
approximation of local density is allowed

:cdiabatic(r’t) = 5)«: [n](r) |n:n(t) ’ (8)
while the exact exchange potential is used for high harmonics(Fig. 3).
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Fig. 3. Results of modelling of resonant high-harmonic generation
from indium ion (In*")

For the simulation of resonant high-harmonic generation in indium plasma,
indium atom was represented using pseudopotentials, so the spectrum which was
obtained by delta-kick method was a little simplified and had very prominent
maximum in the region of 13" harmonic of radiation with frequency of 0.057
atomic units, which was compared with the absorption spectrum of the given
system obtained on the basis of Fourier transformation.
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For the first time a theoretical simulation of high-harmonic generation in
plasma of Cg, fullerenes by the time-dependent density functional method for the
case of full simulation of contribution of all atoms of carbon in the molecular field.
Carbon atoms were modelled using norm-conserving nonlocal potentials of
Troiller-Martins, Slater approximated exchange functional, correlation functionals
as well as adiabatic local density approximation. On the basis of the comparison of
calculation data with experimental data it is shown that significant intensity
enhancement of high-harmonic generation in case of Cgy plasma can be explained
on the basis of the model of multielectron resonant recombination as transfer of the
accelerated electron’s energy to excitation of a few electrons at once in plasmonic
oscillation (Fig. 4).
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Fig. 4. Comparative power spectrum of harmonics from carbon atoms
and Cg, fullerene molecules at identical conditions

The enhancement of high-harmonic generation in Cgo plasma compared to
carbon plasma, despite the higher extinction index, points out that resonant high-
harmonic generation in Cg, plasma is not connected with good phase matching
during the propagation. This circumstance proves the correctness of model of
multielectron resonant recombination during the enhancement of a series of
harmonics in Cgy plasma, while the effects of the propagation were found to be
factors which sufficiently limit the efficiency of resonant high-harmonic generation
in such media. Indeed, cross-section of photo-ionization of Cgy has a broad giant
plasmon resonance approximately at 20 electron-volts (near the 11", 13" and 15"
harmonics of titan-sapphire laser radiation with wavelength of 800 nm) with full
width at half maximum of the band 10 electron-volt. When computing the
absorption length using the supposed density of fullerenes in the interaction region
(5%10™ cm™) and known cross-section of photo-ionization we obtain that the
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absorption length changes from 0.8 mm (for the 7th and 17th harmonics) to 0.3
mm (for the 11th, 13th and 15th harmonics).

The research of high-harmonic generation in two-frequency pump fields was
performed (Fig.5). It is shown that high-harmonic generation spectra in two-
frequency fields are in good agreement with the experimental results of high-
harmonic generation. Precision of simulation of the investigated systems is
provided by small step of integration, small distance between grid points and large
grid sizes in 3 dimensions, precision of the chosen ionization potentials (for silver
atoms) and proximity of parameters of modelled laser radiation to experimental
ones.

Calculations show the destructive influence of the collinear field of second
harmonic on return conditions of electrons as well. As far as these circumstances
do not contradict the semiclassical model, one can also expect the correctness of
the proposed model of multi-electron resonant recombination for two-frequency
fields.
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Fig. 5. Power spectra of high-harmonic generation in silver plasma
irradiated by different pulses

The theoretical study of resonant high-harmonic generation in two-frequency
fields was performed for indium plasma. The analysis of the results of high-
harmonic generation was performed using piecewise approximation by the least-
squares approach that required preliminary approximate determination of cut-off
harmonic for better precision of the expansion. At the same time small deviance
(within 1-3 harmonic orders) in cut-off harmonic energies was noticed compared to
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experiment. The results of high-harmonic generation in indium plasma of atoms
and ions for different peculiarities of pump pulse are presented in Fig. 6 in the
units of energy of harmonics of pump radiation of frequency 0.057 atomic units.

It is seen from Fig. 6 that in full agreement with the model of multielectron
resonant recombination, resonant high-harmonic generation was not observed for
single-electron approximation neutral atoms of indium. However, we have the
enhanced 13" harmonic in indium plasma at the pump of single-frequency field
with the frequency of 0.057 atomic units.
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Fig. 6. Spectra of high-harmonic generation in indium plasma at
different irradiation conditions

Indeed, the detuned from the resonance the 5" and 7" harmonics of driving
radiation of the second harmonic (that is, 10" and 14" harmonics of the main
pump) are not resonantly enhanced. A special importance, however, get the results
of high-harmonic generation simulation in the field of orthogonally polarized two-
frequency pump using the main radiation and its second harmonic. It is clearly
seen that in this case not only 13" but also 12™ harmonic of the main radiation are
enhanced. Despite the fact that the enhancement of each harmonic is somewhat
lower than for single-frequency field, their summary intensity excess over the
intensity of the 13"™ harmonic in single-frequency field should be mentioned.

For comparison, resonant high-harmonic generation was investigated in
plasma of Cgy fullerene with implanted ions of indium and antimony. The interest
in fullerenes with atoms or even molecules inside (the so-called endohedral
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fullerenes) as for targets for resonant high-harmonic generation emerges due to the
reason that their utilization is promising for the unification of enhancement of
several harmonics in fullerene plasma with exceptionally high conversion
efficiency from semiconducting targets which have undergone laser ablation.

As pseudopotential, exact exchange potential for corresponding atoms was
accepted that allowed to get more precise harmonic spectra, because in this case
calculations do not lose precision due to non-adiabaticality of the effect of high-
harmonic generation to that degree where the pseudopotentials chosen on the basis
of local density approximation are inefficient. The results of the investigation of
absorption spectra for the given fullerenes are presented in Fig. 7.
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Fig. 7. Absorption spectra calculated by time-dependent method for
different systems

In the plasma of endohedral fullerenes (Cgo+In and Cgo+Sb) the maximum of
plasmon absorption shifted itself from the 15" harmonic in Cg plasma to the 13"
and the 21" harmonics in the plasmas of Cg+In and Cgo+Sb correspondingly, that
is close to the corresponding absorption peaks of ions of indium and antimony
observed both theoretically and experimentally. So, in the computational
experiment the Cg shell has no overwhelming influence on the absorption
spectrum of the central atom. At the same time the delocalized electrons of the Cqg
shell have the property to tune to stronger oscillations of electronic density of the
central atom with possible ionization of the central atom.

In Fig.8 the results of investigation of resonant high-harmonic generation in
corresponding systems are presented. The enhanced groups of neighbouring
harmonics in all cases shifted themselves to the maximums of peaks of plasmon
absorption which allows to consider this enhancement of high-harmonic generation
a resonant one. The practical importance of this phenomenon consists of the
possibility of its utilization for more efficient generation of attosecond pulses.
Despite the fact that the model of multielectron resonant recombination better
describes the process of optical pump of highly excited level, and the calculations
have good correspondence with the experiment, the character of resonant
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recombination in presence of some population of resonant level should be
explained. Indeed, the mechanism of depopulation of the excited level

2
ds/dt = polc|” —sI', 9)
.G =] 1 I il 1
e} " a 1 C+In b -C_+Sh C
@ 60 ] . 60
-
£ Lr u ]
O . ]
5 L0 . . .
3 .
i1} ]
E 0.3 " [ [l : "
n.:D,IJ- "aan LI [ TEREERR R gt "y
o | 1 | | " | L | | 1 | L | " | L | L |‘ L 1 L 1 L | L | |
%ﬁ 1] 5 10 15 20 25 inn b 10 15 20 25 in o 5 10 15 20 25 in

harmonic order

a-Cgg b-Cgo+In c-Cgo+Sbh.
Fig. 8. Resonant high-harmonic generation in the investigated systems

includes only non-elastic excitation and spontaneous emission. However,
spontaneous emission can be observed independently of proximity of the field to
multiphoton resonances in the medium, so coherent contribution into the radiation
on resonant frequency should be described by the stimulated emission:

ds/dt = poc] —s(T,, +B,u) (10)

The given mechanism, which determines the resonant recombination,
influences the precision of analytical estimates made using single active electron
approximation, that is the less exact the stronger is the non-resonant signal of a
harmonic close to the frequency of the investigated resonance. Such process of
enhancement of harmonic signal on behalf of the stimulated transition can take
place even in the systems where there is no population inversion between the
ground and the excited states either in the frames of four-level process, where the
inversion is achieved with some intermediate level or in the boundaries of
applicability of prohibition of stimulated absorption in conditions of destructive
interference of various channels of absorption. Both given mechanisms can be
easily realized in the scheme of resonant high-harmonic generation because the
process of excitation to resonant level is non-coherent and takes place in presence
of the field of a high harmonic which can be considered as relatively strong taking
into account the intensities used in experiments. An important practical feature of
incoherent character of the pump during the multielectron resonant recombination
process is the possibility to enhance substantially the efficiency of resonant high-
harmonic generation by directing into the laser plasma a flow of electrons with
energies close to that of resonant transition.

In the fourth chapter “Influence of concentration of particles on high-
harmonic generation”, the results of investigation of the influence of
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concentration of particles on high-harmonic generation including resonant high-
harmonic generation are presented.

The problem of theoretical determination of concentration of neutral particles
was solved by molecular dynamical method using the program created on the basis
of ITAP IMD package. The evident advantages of the method of molecular
dynamics are high obviousness, the possibility of studying the formation of
nanostructures, the account of the real structure of the target and availability of a
large number of empirical pseudopotentials describing the atomic interaction. The
simulation of ablation by relatively long pulses was performed through averaging
by a few shorter measurements. Such an approach, which is not realized in the
starting form of ITAP IMD code, allowed to make calculations without quadratic
growth of computational difficulty with the increase of simulated time of ablation.

Determination of concentration of ions was performed on the basis of the
multiplication of ionization probability in laser ablation pulse by the concentration
of neutral atoms, and can easily be implemented both based on analytical methods
and using the time-dependent density functional method.

In the first turn the investigation of the influence of laser ablation on the
enhancement of high-harmonic generation in carbon plasma was performed. The
research was carried out at the same conditions, and the plasma was created on
surface of the target by ablation pulses of different duration. For the case of 10-
nanosecond ablation pulses it was shown that for harmonics from the 9" to the 15"
the conversion efficiency in carbon plasma was 2 to 5 times higher than in argon.
The highest orders (from the 15™) were generated in argon more effectively than in
carbon plasma. For 8-picosecond ablation pulses the efficiency of high-harmonic
generation for 9"-15" harmonics was 2-5 times higher than in carbon plasma. The
highest order of the generated harmonics in carbon plasma, which were observed
in the experiment, was equal 27.

To explain this effect, an investigation of the process of laser ablation was
performed for the case of graphite target. The photos, which were obtained through
a scanning electron microscopy, did not show the presence of nanoparticles on the
sprayed surfaces after the ablation using 8-picosecond pulses even for the
maximum conversion efficiency. On the contrary, for relatively moderate intensity
of ablation using 10-ns pulses (1x10° W cm™) a lot of nanoparticles whose size
varied from 20 to 100 nm were found.

The density of argon was 6x10"” cm™. The corresponding densities of carbon
plasma at the experimental conditions of laser ablation (2x10'® W c¢m * for 8-ps
pulses and 10° W cm for 10-ns pulses), which were found using IMD ITAP, were
equal 2.6x10"" cm™ and 2.5x10™ cm™. It is natural to assume that the higher is the
concentration of particles the higher is the degree of their clusterization as the
highest contribution to the distribution of particles makes their average velocity at
the take-off from the surface which determines both their position approximately
30 nanoseconds after the beginning of ablation and the degree of clusterization at
the take-off from the surface. Thus the molecular dynamical simulation also shows
that, taking into account extremely high concentration of carbon atoms in the
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Interaction area, the formation of large clusters in case of 10-nanosecond pulses is
observed. The intensity of the g™ harmonic can be expressed as

1, oc |d,| N2 (11)
where d, is the oscillating dipole at the frequency qo, \dqf - nonlinear optical

response of a single particle, N - density of oscillators, L - length of the medium.
It was found that in case of relatively low harmonics |a2=™[ /|| ~2-5in

case of ablation by 10-ns pulses.
Calculations for 8-ps ablation (N = 2.6x10" cm® L = 05 mm,

7% /12 ~0.2-0.5,) show that the parameter |d2=|" /|d/|" is higher by an order of

magnitude compared with the plasma formed by 10-nanosecond pulses. A
conclusion was made that stronger low harmonics generated in plasma (relative to
argon) can be explained by the presence of small nanoparticles which can increase
the intensity of these harmonics.

The consequent analysis of high-harmonic generation from various ultrashort
laser pulses in graphite plasma at different conditions of its formation also
confirmed the hypothesis about the presence of a lot of nanoparticles in carbon
plasma. As a result of the simulation of ablation by 10-ns pulses at the intensities
of 0.33x10% 10° and 3x10° W cm?, the concentrations of carbon atoms in the
interaction region were correspondingly 10, 2.5x10" and 3.7x10" cm™. As a
result of the simulation of ablation by picosecond pulses (at the intensities of
6.6x10°, 2x10" and 6x10™ W cm™ ), lower concentrations of atoms were obtained
(1.1x10", 2.6x10*" and 4x10"" cm™®), which points out the decisive contribution of
the density of pulse energy (compared to pulse intensity) on the formation of
optimal plasma.

Most of the performed researches of high-harmonic generation in plasmas
obtained by the method of laser ablation were carried out using short plasma
plumes (less than 0.5 mm). This is connected with the fact that at subsequent
increase of the length of the medium L greater than the coherent length for the
given harmonic, the conversion efficiency of pump into harmonic is decreased

according to the relation:
2
inAK L
m[—sm A} (12)
AK

where the coherent length is determined in the following way:

T
Lk —R (13)
Now we shall consider the influence of concentration of particles on the
efficiency of high-harmonic generation in conditions of quasi-matching of phases.
The concentrations of both neutral atoms and ions were investigated at the
ablation of Ag and Mn targets on the distance of 100 mkm from the surface taking
into account the delays between the ablation and pump of 43 nanoseconds. For the
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radiation flux of 1.2 J/cm?, the concentrations were obtained using ITAP IMD
package Ag-2.7x10Y cm®, Mn-1.8x10" cm®  correspondingly. These
concentrations had almost no dependence on the duration of the ablation pulse at
its same energy.

The efficiency of enhancement during the propagation in extended
noninterrupted medium far from quasi-phase matching conditions is given by the
relations

2
n (L L, L )oc# 1+es —2c0s| 71 e 2w (14)
p a k L 2 L
1+47% = X

k

n,(aL, L, , L)
n,(L, L, L)
where L—length of medium, q - harmonic order, L, - absorption length,

E,(a,L,L,,L ) - relative harmonic enhancement. Coherent length for the q"
harmonic at pump wavelength 1 ~800 nm can be conveniently written as:

E, (oL L, L) (15)

L, (mm) ~1.4x10" /gN _(cm™®) (16)

Then at the flux higher than 1.5 J/cm?, the coherent length for harmonics near
the 31" becomes less than 0.7 mm at the degree of ionization about 10% and
concentrations given above. This is also 10 times less than the coherent length in
noble gases.

Taking into account that for 5-mm plasma the efficiency was nearly the same
as for short plasma and was 4x 107 in plateau region, the conversion efficiency in
case of media with modulated density exceeds typical conversion efficiencies in
short plasmas by more than an order of magnitude.

In Fig. 9 comparative conversion efficiencies are presented for Ag and Mn
plasmas correspondingly for 5-mm non-interrupted plasma and 8 0.4-mm plasma
jets. It is seen that the type of the matter influences the position of enhanced groups
of harmonics due to the difference of concentrations of free electrons at ablation of
targets. The method of enhancement of groups of high harmonics in plasma with
spatially modulated optical density can be used for the exact determination of
concentration of electrons in plasma plumes, obtained by laser ablation. The
concentrations of free electrons calculated on the basis of determination of
coherence length were found to be 6.2x10% and 8.1x10™ cm™ correspondingly in
cases of Ag and Mn. Moreover, by the study of radial dependence of efficiency of
high-harmonic generation with getting away from the optical axis of the pump
pulse sharp, decrease of the efficiency of high-harmonic generation was also noted.
In connection with the knowledge of the exact concentration of free electrons
determined theoretically, this can be used for quantitatively exact prediction of the
results of experiments on the enhancement of high-harmonic generation on the
basis of quasi-phase matching conditions in plasmas with spatially modulated
optical density.
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Fig. 9. Enhancement of high-harmonic generation in different plasmas
with spatially modulated densities

In Fig. 9, in case of manganese plasma, the resonant enhancement of the 23"
harmonic is seen. The experimental results approve the possibility of observation
of resonant high-harmonic generation simultaneously with quasi-phase matching.
For theoretical calculations of nonlinear response of a single manganese atom the
time-dependent density functional method was used so that the contribution of all
optical electrons was modelled, after which the time-dependent dipole was
substituted to the algorithm of calculation of propagation of harmonic radiation in
plasma, that was justified in case of independence of contributions of the given
regimes of enhancement.

Unfortunately, nowadays there is no experimental data which approves or
declines the possibility of enhancement of single harmonic due to joint quasi-phase
matching and resonant high-harmonic generation. This is due to the fact that for
many practically important nonlinear systems, particularly, indium plasma, the
calculation of concentration of atoms and ions obtained using laser ablation is
complicated due to lack of reliable interaction potentials of atoms. But the
observed direct proportionality of concentration of atoms to the total energy of
ablation pulse allows tuning the area of quasi-phase matching to the resonance by
controlling the intensity of ablation pulse while holding its energy. The required
initial degree of ionization should be estimated based on model of multielectron
resonant recombination.

CONCLUSION

1. For the first time reliable information about spectra of resonant high-harmonic
generation is provided on the base of exact potentials and parameters of pump
pulses close to the experimental ones.

2. It is shown that the resonant high-harmonic generation is determined by
population of resonant state by means of excitation of inner electrons of ion to
resonant level as a result of inelastic scattering of the accelerated electron as
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well as by subsequent recombination of electrons from the excited level to the
ground state with generation of resonant harmonic due to stimulated emission
influenced by nonresonant harmonic of the same order.

For the first time theoretical simulation of high-harmonic generation in the
plasma of Cg, fullerenes was performed using the time-dependent density
functional method for the case of fully modelling the contribution of all carbon
atoms into molecular field, at the same time the enhancement of harmonics was
obtained in the range of surface plasmon resonance of Cgy fullerenes 10 times
higher than outside this range.

It is shown that in laser plasma of endohedral fullerenes In Cg and Sh Cg, shift
of maximum of resonant enhancement of a group of high harmonics relative to
pure Cg due to shift of plasmon absorption maxima of fullerene casing to
atomic resonances of embedded atoms.

It is shown that the main factor restricting the possibilities of enhancement of
high-harmonic generation by increasing concentration of laser plasma is the
breach of conditions of phase matching with increase of concentration of free
electrons.

It is shown that optimal relative to conversion efficiency plasma of indium can
be obtained using ablation pulses with duration of 10 picoseconds and intensity
of 2x10° W cm, while optimal plasma of chromium is created using ablation
pulses with duration of 100 femtoseconds and intensity of 10"* W cm, that is
linked to different ionization degrees of resonant levels of these elements.

It is shown that at short (on the order of 100 femtoseconds) and intense (more
than 10" W cm™) ablation pulses nanoparticles of the size more than 10 nm are
formed which increase high-harmonic generation in weak fields due to local
field effect and in strong fields they only decrease the efficient concentration of
radiating dipoles and free electrons.

For the first time a technique of control of efficiency of resonant high-
harmonic generation was developed based on control of duration and intensity
of ablation pulse in plasmas with spatially modulated optical density.
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