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CTAH, TIPOBJIEMM 1 LIIJIAAXU PO3BUTKY HAYKHU B YKPAIHI

B. M. Jloxmes

Binninenns ¢izuku i actponomii HarionaneHoi akagemii Hayk YkpaiHu,
e-mail: vfa@nas.gov.ua

Bin penakuii

Ha npoxanns penakiii akanemik-cexpetap Binainenns ¢izuxu i actponomii HAH Vipainu Jlokte
Baguv MuxaiinoBud J1t00’ ;3HO TIOTOMBCS Oy OJIIKYBaTH Y HAIIIOMY JKypHAJIi CTaTTIO 32 MarepiaiaMu
Horo 3BITHOI 10MOBI/I1, 3po0iieHoi Ha 3aranpHux 300pax BOA HAH VYkpainu y kBithi 2019 p.

CrarTs MICTUTh BaXXJIMBHIA 1 0€3KOMIPOMICHUIM aHalli3 CTaHy CIpaB y HayKoBiH c¢epi B YkpaiHi
3araJjioM i B HalliOHaJbHIMI AKazemii HayK YKpaiHu, 30Kpema.

Penaxiiist Hatoro )ypHaily BBaKae 1€l aHali3 BAXKJIMBUM 1 TAKHM, 110 MOXKE OyTH IIKaBUM JJIs
aBTOPIB 1 YWTAYiB HAILLIOTO >KypHAIY.

Penakiiist BUCIOBIIOE BASYHICTH MIAaHOBHOMY Baanmmy MuxaiiinoBuuy 3a 3rofy OmyOiiKyBaTH
CTAaTTIO.

CTAH, TPOBJEMM I LIUVISIXU PO3BUTKY HAYKH B YKPAITHI

B. M. Jlokmes

Anoranisi. CTarTs NpucBSYCHA aHAJI3Y CIIpaB y HayKoBiH cdepi B YKpaiHi BIJIOMY, a TAKOXK B
aKaJleMi4Hif 1 yHIBepCcUTEeTChKiN Hayli. Po3misaarorecs mpobiaemu 1moB’si3aHi 3 BUOOPOM Hpiopu-

© B. M. Jlokrtes, 2019



B. B. JlokTes

TETHHUX HAIPSIMIB JIOCIIHKEHB 3 OVISAY Ha PO3BUTOK HAYKH y CBiTi, HEPCIEKTUBHOCTI OKPEMHUX i1

HaNpsAMIB 3 TO3UIIIM PO3BUTKY CBITOBOT €KOHOMIKH 1 MiCIISl HAYKH Y IIUX IPOIEcax.
BuciioBIroeThCs 3aHETIOKOEHHS CTABJICHHSM J0 HAyKH B YKpaiHi BlIaJIHUX 1HCTUTYLH, HEAOOLIH-

KOIO BaXKJIUBOCTI i U1 BCiX chep )KUTTEAISITBHOCTI IepKaBH, B TOMY YHCI, HAIIIOHAILHOT Oe3MEKH.
KurouoBi ciioBa: HarionansHa akanemist Hayk YKpaiHu, Hayka, pi3uka, TOCIHiHKeHHS, Tpo0ieMu

STATE, PROBLEMS AND WAYS OF SCIENCE DEVELOPMENT IN UKRAINE

V. M. Loktev

Abstract. The article deals with the analysis of affairs in the scientific field in Ukraine as a
whole, as well as in academic and university science. The problems related to the choice of priority
directions of research in view of the development of science in the world, the prospects of its
individual directions from the standpoint of the development of the world economy and the place
of science in these processes are considered.

Concerns are expressed about the attitude of power institutions to the science in Ukraine its
importance underestimation for all spheres of the state's life, including national security.

Keywords: National academy of sciences of Ukraine, science, physics, research, problems

COCTOSAHME, TPOBJIEMBI U I1YTHU PABBUTHUA HAYKU B YKPAUHE

B. M. Jloxmes

Annoranus. CtaThs MOCBAIIEHA aHAIK3Y JIe B HAy4HOU cepe B YKpauHE BIIETIOM, a TaKKe B
aKkaJeMHUYECKON U YHUBEPCUTETCKON Hayke. PaccmaTrpuBatoTcs mpoOieMbl CBSI3aHHBIE C BHIOOPOM
MPUOPUTETHBIX HAMpaBiIeHUI HCClIeJOBaHUM, YUUThIBasl pa3BUTHE HAYKU B MUPE, MEPCIEKTUB-
HOCTHU OTJEJIbHBIX €€ HAMPAaBICHUN C MO3ULUNA PA3BUTHSI MUPOBOM SKOHOMUKH U MECTA HAayKu B
3THX Tporieccax. Bricka3piBaeTcss 00ECIIOKOEHHOCTh OTHOIIIGHHEM K Hayke B YKpaWHE BIACTHBIX
MHCTUTYLUI, HEJJOOLIEHKON Ba)KHOCTHU €€ JJIsl BceX cep KU3HEAESITeTbHOCTH rOCcyapcTBa, B TOM
qrclie, HAIIMOHAIBHON 0€30MacHOCTH.

KuroueBsle ciioBa: HarmonanbHas akajemMusi HayK YKpauHbl, Hayka, (U3MKa, UCCIIEOBAHUE,
poOIeMBI
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Hacamnepen Mu MaeMO OLIHUTHU HAyKOBi
pe3yJbTaTu, OTPUMaHiI MHUHYJIOTO POKY
y Bigninenni ¢i3uku i acrponomii HAH
Vkpainu. 3a3Buuail MU MOAA€MO X K Taki, 10
BIITIOBIJIAIOTH CBITOBOMY PiBHIO, IPOTE, IO TaKe
CBITOBMI piBeHb 1 UMM BiH BHU3HAYA€THCS, HE
YTOYHIOEMO. X04a PO HHOT'O MOXYTh CBIUUTH,
HaNpHUKIAJ, IMIIaKT-PaKTOPU KYypHAIIB, Y AKUX
OIyOTIKOBaHO Pe3yabTaTH J0- CIiIKEHb. Y 1bO-
My IUIaHi Bce OUIBII-MEHII rapasf, OCKIIbKU
nepeBaKHy OUTBIIICTH POOIT OYI0 OMPHIIION-
HEHO B JJOCUTb NMPECTHXXHUX MIKHAPOIHUX
JKypHasax, 10 BKa3ye Ha 3aI[iKaBJICHICTh Y HUX
(axoBoi CHiILHOTH. AJle UM MOXKHA 1li pe3ysib-
TaTH, 4YaCTO-TYCTO OTPUMaHI CIIJIBHO 3 HaIllU-
MU 3apyOIKHUMH KOJIETaMH, 31CTaBUTH 3 THMH,
10 BXOAATH JI0 YIJIbHOI AECATKH HaMKpaImx y
cBiToBOMY peiitunry? Takoro Ha Moiil mam’sTi
JKOAHOTO pa3y 1e He OyIio.

Tomi U1 MaeEMO MU TIPUBLJ TSI HE32I0BOJICH-
Hs? MeHi 31a€ThCs, Hi, OCKIJIBKH BCE K TaKH
IIIOPOKY BIAETHCS «BUIATH HA-TOPa» KiJIbKa IPH-
CTOWHHX PEe3yJIbTarTiB, a TBOPYE CIiIBPOOITHUIITBO
13 3aKOPJJOHHUMH KOJIETaMH JIUIIE TiAKPECIIOE
BUCOKY KBai-(hiKaIlilo HAIIUX yYCHHX.

Hapa3si ¢i3uka, 3aaumaioyuch OCHOB-
HUM 11€0JIOT1YHUM (PyHIaMEHTOM ITi3HAHHS 1
NPOHUKHYBIIX MPAKTHYHO B yCi IPUPOTHUYL
JTUCITUILUTIHY Ta HABITh IeSKI T'yMaHITapHi, BTpa-
THUJIA TIEPILICTh IIO/I0 yBAark CycniibeTBa. Tenep
Ha MepIIi MiClis BUAIILIA METUITNHA 1 HAYKH, 110
il 00CITyTOBYIOTb.

Tomy, monmpu HU3KY JIOBOJI SICKpaBUX
pe3yibTaTiB, OTpUMaHUX (Pi3UKAMU MUHY-
JIOTO POKY, JKOJE€H 3 HUX HE MOTpPamuB 10
HaBU3HAYHIIINX HAyKOBUX AocsrHeHb 2018 p.
Taka TEHJEHIlisl CTIOCTEPITAEThCS BXKE HE OIHMH
piK, ane Tak, o0 y 1[bOMY MEpeiKy B3araii He
Oyno (i3uKy, g HE MaM’SITalo.

Hatowmicte B ocranni 10—15 pokiB y cdepi
HayK, 110 BUBYAIOTH JKUBY MaTEpilo, CTAIHUCS
KapJUHaJIbHI 3MiHH, K1 1HAKIIe, HIXK IPOpHU-
BOM, He Ha3Bell. TpuBanuii yac crocrepiraBcs
«repekic» y 01K pi3HUX HanpsAMiB (i3uku, 1o
OyJ0 BUITPABIAaHO, OCKUIBKY BiIOyBaBCs MpoIiecC
Mi3HAHHS HAOLIBII PyHIAMEHTAIBHUX 3aKOHIB
IIPUPOAH, IIPOTE MpUpoaAU HexuBoi. [loctynoso,
B Mipy HAaKOIMYEHHS 3HaHb 1 PO3KPUTTS Oara-

ThOX TAEMHHIIb, I0YABCSI PO3BOPOT 3arajibHO-
ro pOHTY CBITOBHX JOCTIIKEHb Y OIK (i3UKH
JKUBOTO, KU MU, HaXalb, mporaBuin. OqHak
pi3HI BIACTUBOCTI O1OCTPYKTYp, pelaryBaHHs
reHOMIB, IEPETBOPEHHS CTOBOYPHUX KJIITHH, PO-
60Ta MO3KY TOIIO III€ YEeKAIOTh Ha MOCIiTOBHUI
OIIKC 1 PO3YyMIHHS caMe 3 TOUYKH 30py (Hi3MYHOTO
X0y IO PO3KPHUTTS MEXaHi3MiB O10JIOTTUHUX
SBUII HAa MiKpopiBHi. CKaxy Oinblie: cTpororo,
¢bi13u4HO OOTPYHTOBAHOTO 1, TOJIOBHE, OJJTHO3HAY-
HOTO BU3HAYCHHSI )KUBOTO CTaHY 1 IOC1 HEMAE.

[TpoTe MUHYTOpPiIYHI pe3ynbTaTH B ranysi
Gi3uKH, X0U 1 HE MOTPANIN 0 JSCATKU Haii-
KpalluX, BCE )X MAIOTh BEJIMKE IMi3HABAJIbHE 1
NpUKJIaaHe 3HadeHHsa. HaBeny nuie nesiki:

* IpuOYTTS MiCJs OBOX POKIB MOJBOTY
KOCMIYHOTO arapara 10 acrepoiga benny; nei
actepoin, mo BigganeHuit Bix 3emii va 130 MtH
kM 1 Mae e 500 M y giamerpi, € HaltMeH-
M 00’ €KTOM, SIKOTO JiCTaBCs IUTYYHHUI anapar,
BUKOHABUIM MPHU IbOMY PEKOPAHI HaBiramiiiHi
MaHEBpH, OCKUIBKM CHUJIAa TSKIHHS CaMOro
acTepoina He MOXe yTPUMYBATH MOOIU3Y HbOTO
JKOJHHX TIPEMETIB;

* BIAKpUTTA HaiiBigmanenimoi Bix CoHIs
KapaukoBoi maHetu dapayT, BiCTaHb A0 AKO1
y 120 pa3siB 6inbmia 3a BifgcTaHb Bix 3emii 10
CoH1sL; 11e TOYaTOK JOCHIKEHHS OKpaiH HaIIoi
IUTAHETHOI CUCTEMU,

* PO3pOOJICHHSI HAATIPOBITHOTO TOKAMaKy

«Kwuraiiceke coniey; B [nctutyTi mnazmu AH
Kuraro 3yminm po3irpitu miasmy 10 Temmepa-
typu 10® °C (11e B 6 pa3iB BHILE 3a TeMIIEpaTy-
py B sapi CoHis), TOOTO (PaKTHUHO JAOCATHYTO
napameTpiB, HEOOX1THUX JJISl TEPMOSACPHOTO
CHHTE3Y;

* CTBOpeHHS y TexacbKOMY YHIBEpCHUTETI
KOMIPKH T1aM’SIT1 3aBTOBIIKH B OJIMH aTOM — TaK
3BaHOTO aTOMPHCTOPA;

* BiZKpuTTs (axiBigsmu [3painro, Kanagu ta
CIIA HOBOTO THIy HIYMY Mi)X HAaHOKOHTaK-
TaMu, 110 MalOTh Pi3HI TeMIepaTypu; Tak 3Ba-
HUl nenpra-T 1myM Bipi3HAETHCS Bill BITOMUX
paHime 6imoro (TemioBOoro) i ApoOOBOTO
(pmykryariitHoro) nrymis;

* ONIPUITIOAHEHHS HAMIPUKIHI{I MUHYJIOTO POKY
KaTaJoTiB TpaBiTaIliiHO-XBUILOBUX MOAIHN Bif
BepecHs 2015 o cepenunu 2018 p., K MICTATH
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B. B. JlokTes

BiTOMOCT1 TIPO BC1 CIJIECKH TpaBiTAliHUX
XBUJIb, II0 PEECTPYBAIUCS 3€MHUMHU JETEKTO-
paMu 1 CIPUYMHEHI 3IUTTAM PI3HUX 00’ €KTIB 3
riraHTCHbKMMH MacaMH.

SIK1110 MOPIBHATH HAI HAWKpallli pe3ybTaT
3 (pi3UKH 31 CBITOBHMH, TO MIEPETUHAHB ITPAKTUY-
HO HeMmae. besnepeyHo, My 3aiMaeMOCs MUTaH-
HSIMHU, SIKi Ha 9aci, aje 3 BIAOMUX MPUYUH TUKTY-
BaTU MOJY HaBPS/I YU MOXKEMO, 1 3TaJIOK PO HAC
y CBITOBUX pEeMTHHIax, Ha *aJlb, HE 3HANUJICIIL.
Moske, if uepe3 Te, 10 MU IMyOTiKy€eMO BITHOCHO
MaJio poOiT y HaHaBTOPUTETHILIUX KypHaJIax.
TuM He MEHI, CUTyalilo 3 MyOaiKamisaiMu y
ranmysi ¢i3uku s 6 He Ha3BaB kpuuyoro. [pu-
6mu3Ho 4045 % Hamux poOiT omy6IiKOBaHO
B 1HO3EMHUX XypHajlax 3 JOCUTh BUCOKH-
MU iMnakT-dakropamu. IIpobiema mosnsrae
CKOpIIIIe Y ITiIBUIIIEHHI aBTOPUTETY BITYUZHIHUX
JKYpHaJIiB, 30KpeMa THX, K1 B)K€ MAIOTh IMIIAKT-
(dakTop 1 BiH IOPOKY 3pOCTaE.

BriMm, yce cka3aHe 3 mpuBOAYy IMyOmiKamii y
HAMOMIKY1 EPCIEKTUB] MOXKE HE MaTH JKOJIHO-
o 3Ha4YEHHsI, OCKUIbKU €BPOCOI03 NPUITHSB HOBY
napajgurmy myOJiKaliifHOl MONITHKY — IJIaH S,
SKUM 3a0€3Meuy€eThCsl TTOBHA BiIKPUTICTh Ha-
YKOBUX CTaTe#, 10 TiArHE 3a cO00I0 HU3KY
(biHAaHCOBHX 1 OpraHi3aliiHUX 3MiH Ta 1HIIHNX BU-
Mor 110 aBTopiB. Lle HOBe AJist HAC 1 HAA3BUYAWHO
CKJIaJIHE TIMTAaHHS, SIKE TOTPe0ye OKpeMoro ooro-
BOPEHHS 1 pO3pO0IICHHS BIACHOT MOJTITUKH L0710
OTIPWJTIOHEHHS HAIIUX PE3YJIbTaTiB y *KypHa-
Jax BIAKPHUTOTO HOCTyIy. Taki 3MiHU MalOTh SIK
IMO3UTUBHI HACIIAKH, TAaK 1 Taki, 10 BUKIHMKAIOTE
3aHETIOKOEHHS.

KopoTko 1 Bxke He Bmeple 3ymUHIOCA Ha
CHCTEMI HAyKOMETPHUUYHUX OLIHOK. MeHi 9acTo
JOPIKaIoTh 3a OyLiMTO MepedinbIIeHHs 11 poi,
HaraJyrouu, siKk came s KiJIbKa pa3iB JOMOBI/IaB,
o Aesiki KpaiHu Bif Hel BiAMOBIAIOTHCS. Ha-
rajiato, 1e¢ HacIpaB/li TaK, aje BiJ I[I€] CUCTEMH
MOYMHAIOTH BiAMOBIsATUCS Miciast 10—15 poxkiB 1i
MOBCIOJIHOTO 3aCTOCYBaHHA. A MU, HEe Oa)Katouu
NPONTH Yepe3 HayKOMETPUYHUM Mepiof, 3 UM
3BOJIIKAEMO, 1110 1orano. Komiw 1 Hayka, 1 kpaiHa
nepedyBaroTh Jajieko HE B HaWKpaIloMy CTaHi,
TO OJTHAKOBO MiITPUMYBATH BC1 HAPSIMH HEMOXK-
JIMBO, 1 TYT Y IIPUTOJi MOXKYTb CTAaTH BiJIMOBITHI
iHeKcH, myOmikanii y peHTHHIOBUX JKypHaax,
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3ampoIleHi AOMOBII, 110 i CTAHOBUTH PEHTHHT
HayKOBIISL.

51 Bxe roBopus, 110 15-20 pokiB Tomy Kuraii,
Harpukiaz, mwiatus 10 $10 Tuc. 3a myoOmikaiito B
xKypHanax rpyn Nature abo Science, 6e3 oome-
JKEHB 3aIpOLIyBaB IOBEPTATUCS JOIOMY BUCHUX
3 HAUOUTBIIUMHY [TUTAT-1HIEKCAMH, TIPOTIOHYIOUYH
iM Taki cami 3apIuiatd, siki BOHU OTPUMYBAIU
y 3aXiJTHUX yHiBepcuTeTax. Takoi K MONTITHKU
JOTPUMYIOThCS 1 AEsIK1 1HII KpaiHu, sIKI XOUYTh
IMPUCKOPUTH PO3BUTOK CBOET HAyKOBOi chepH.
[Tpu nboMy cIiJ] YCBIIOMITFOBATH, IO PI3HUIIS
Mix iHgekcoM [ipmra 10 1 5, o6pa3Ho Kaxyuw,
SK MK HEOOM 1 3eMiieio, a OT BeauuuHu 40
1 35 — ne maitke oaMH 1 TO camuil piBeHb. |
KOJIM HAyKOBIIIB TAKOTO PIBHA CTa€ JOCTaTHbO,
MUIBTH 3HIMAIOTh, OCKIJILKH CHCTEMa BXKE cama
NPOIYKY€E X yU4eHUX 0e3 CrelriaJbHUX 3a0X0-
yeHb. [Ipore 3ayBaxy: SIK CBiUaTh pe3yabTaTH
JOCIIIIPKEHD, HAATO BEJIMKA KUIBKICTH BUCOKOIIH-
TOBAHUX YUYCHHX, HABIIAKH, CIIOTBOPIOE BiIOMY
rinoresy, cOpMyJIbOBaHY OJHUM 3 i7€0JIOTIB
HaykomeTpii Jlepexom Ilpaiicom me y 1970-x
pOKax, 110 MOJOBUHA HAYKOBUX BiIKPUTTIB Y
KpaiHi HAJIEKUTh YYCHUM, YUCIIO SIKUX TOPIBHIOE
KOPEHIO KBAJPAaTHOMY 13 3arajibHOi KUIBKOCTI 11
JIOCJIITHUKIB.

A 1o Hapasi maemo MHu? 3a JTaHUMH Ha-
YKOMETPHYHOIO aHalli3y HAayKOBIiB YKpaiHH,
SKUU 3/1ICHIOE Ta ompuitoaHIoE HamionanpHa
6i0mioTexa Ykpainu im. B.I. Bepnanceko-
ro, 10 6a3u Scopus BXoasiTh Onum3bko 41
000 ykpaiHCbKUX Y4YEHHUX, 3 SKUX THX, 110
BiZNOBiat0Th Kputepito [1paiica, — He Oinbie
200. Cranom Ha 02.02.2019 ingexc I'ipma 1 i
oinbme (1+) mamu 40 300 oci6, 15+ — mpubnms-
Ho 1000 mHaykoBmiB (<2,5 %), 20+ — GIU3BKO
600, 25+ — 280, 30+ — 80. Oxpemo 3ayBaxy:
akmo BuOparu 200 ykpaiHCBKUX Y4YEHHX, K1
3a kputepiem Ilpaiica mpairoroTh Ha CBITOBOMY
piBHIi, TOOTO MyOJIIKYIOTh CTUIBKH K BaroMHX
pe3ynbrari, ckinbku pemta 40 200, To ixHI
inaexcu l'ipma qopiBHIOIOTE 2425 1 BHILE, a
YacTKa CTAHOBUTH MEHIII SIK ITIBBIJCOTKA.

HaroMicTh s HEe MOS0 TOYKY 30Dy, IO
mudpa Mae npaBUTH 0ajl, OJJHAK 1 B3araii il He
BpaxoByBaTH HE MOXKHA. Bce x Taku He qyke
paBWIBHO, 11O aHi 3apIuiaTa, aHi CTaTyc, aHi
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BpEILITI-PEHIT WICHCTBO B AKajemii HElO0 He
BH3HAYAIOTHCSI, OCOOIHUBO Temep, KOJIH BCI i
JIaH1 JIETKO JOCTYITHI Ta KBaBO OOTOBOPIOIOTH-
csi. Mu 3HaeMo, 110 OIOPOKpPATH TOTOOIAIOTH
(dbopmManbHi MOKa3HUKH, OCKUIBKA BOHHU 3pYy4Hi,
ajie He MOXKHA 3arlepedyBaTH, 110 HAyKOMETpis
€ TapHUM 1 MOKH IO NMPAKTUYHO €IUHUM
IHCTPYMEHTOM MOHITOPUHTY CTaHy HAayKOBOTO
CeKTOpy B I1inoMmy. Ii nani B eskux kpaiHax BU-
KOPHCTOBYIOTH IIPY BUOOP1 HANPSIMY JAOCIIIKEHb
a00 pO3MOALII KOMITIB, OCKIJTBKU HIXTO HE X0Ye
BUTpayaTH iX BCIiMy. A Marodu BiANOBIAHY
iH(pOpMAILIiIO 1 KEPYIOUUCh HEIO SIK JOAATKOBOIO,
MO’KHA KOHILIEHTPYBAaTH OIO/KET HAa OKPEMUX Ha-
npsiMax JuIs iX MiACUIICHHS a0o JUTs aIeKBaTHOT
HIATPUMKH THX, XTO /1€ Ha epeIHbOMY Kpai.
Y uboMy KOHTEKCTi, rajgar, i Hame
Bigninenns, 1 Axkagemist mornu 6 chopmyiro-
BaTH CBOIO MO3HIII0. I 0cobHucTO BBaXkaro, 110
MOPIBHSHHS BYCHUX 32 IXHIMU 1HIEKCAMU ITUTY-
BaHHS CJIiJI BBOJAUTH 3 BEIUKOIO 00EPEXKHICTIO,
OCKUIBKH PO3KPUTTSI TAEMHUIIb IPUPOAH — IIPO-
11eC TBOPYHMH 1 HE MIJJIATae YiTKOMY TUIAaHYBaHHIO
Y1 KOPEKTHOMY BHMipioBaHHIO. BogHouac He
MOXY 3HAWTH MEPEKOHIMBUX aPTYMEHTIB IS
CIPOCTYBaHHS JTYMKHU PO Te, 110 KOJIU pobo-
TH TOTO YU 1HIIOTO aBTOpa Majo 3raayloTh y
(axoBiii miTeparypi, ToO BOHH a00 3 SIKUXOCh NPH-
YHH MaJoBiIoMi, a00 HIKOMY He IIiKaBi, 200 BU-
nepeKaloTh CBill yac (IIPOTe Take TPAIUISIETHCS
Ha/I3BUYANHO PiJKo). Y OyAb-IKOMY pa3i HU3b-
K€ IIUTYBaHHA Ma€ OyTH BaXXJIMBHUM CHUTHAJIOM
JUIsL BYeHOro. MOXy HaBiTh NMPUITYCTUTH, 1110
HEyIepeKeHa HayKOMETpisl 38 OKPeMHMH BHU-
HSATKaMHU Ja€ OUIbII peaicCTHIHe 1 00’ €KTUBHE
YSIBJICHHSI TIPO 3100yTKH OKPEMOTO HAyKOBIIS,
HDK BYCHI CTyMeEHi, 3BaHHS Ta mocaau. OqHak
X04y MiAKPECIUTH, 1110 BCE CKa3aHE CTOCY€ETHCS
nepenycim pynmamentanbHux (basic)
JOCIIKeHb, OCKIIBbKH TpukiaamHi (applied)
JOCHIJKEHHS CJiJ OLIHIOBATH 3a IHIIUMU
KputepisiMu. Jlo TOTO K, OKPEMOTO CTaBJIEH-
Hsl TOTPeOyIOTh MOJIOA] BUEHI, OCKIIBKHU IXHi
dbopmManbHi TOKa3HUKH BOUYEBUb HE MOXYTh
OyTH BUCOKHMH, TOMY TaK Ba)JIMBa MiATPUMKA
HAYKOBOT MOJOJI «3BEepXy», Mo AKaaeMis
1 HamaraeTbcst pobutu B Mipy cBoix cui. Ha-
YKOMETPHUYHA OI[IHKa OKPEeMHUX HAyKOBLIIB TICHO

MOB’s[3aHA 3 OI[IHIOBAaHHSAM YCTaHOB, HEIIOJaBHE
3aIpOBAHKEHHS SIKOTO CTAJIO MOMIIEI0, 1[0 MOXKE
BIUTMHYTH Ha HaIlly JiSUTGHICTD B IIIoMy. Mato Ha
yBa3l 3aCTOCYBaHHS Y MOBHOMY 00Cs31 METOAU-
KW pelTUHryBaHHs 1HCTUTYTIB. Lle o3Hauae, 1o
OararopiuHi cymnepeyky MiX yYeHHUMH 1 YMHOB-
HUKaMu 3aBepuirincs. [Ipu npoMy npuOidHUKH
HAyKOMETpii BCE 3BOIMIIU 10 1HIEKCIB 1 KUTBKICHUX
NOKa3HUKIB. [HIIII, HacaMmniepes rymaHitapii, nepe-
BaKHO 3 AKaJieMil, 3arepedyBajiy, 10 MPOTUIIPH-
POTHO OIIIHIOBAaTH BYEHOTO 32 (hOPMaIbLHUMH I10-
Ka3HUKaMH, SIK1 TUTBKY IIKOASATH HAyIIl 1 HE MalOTh
3 HEIO HIYOTO CILIBHOTO.

3 1BOro MPUBOIY JOPEYHO HAraJaTH, 10 He-
Oa)kaHHSI BUKOPUCTOBYBATH HAYKOMETPIIO Mpsi-
MO YH OIMOCEPEIKOBAHO MPHU3BENIO 10 BiOMOI
pedopmu PAH, B sKiit 6 pokiB ToMy nepemoriia
KOHCEPBAaTHBHA TOYKA 30pYy I110/10 BU3HAYAIBHOT
POJTi eKCTIEPTIB, a iX MepeBipKH BCTAHOBUIIH, 10
97 % ycTaHOB MpalLOOTh HA CBITOBOMY DPiBHI.
BBaxaroTh, 110 Taka «OJIMCKydYa» CaMOOIliHKa
cTaja CIlyCKOBHM radykoMm peopranizarii PAH.
V¥ 2013 p. Pociiiceky akaseMito, sika MpOIeMOH-
CTpyBaJa, 110 CAMOBJIOCKOHAIIOBATHCS HE CIIPO-
MOXHa, YKa30M Mpe3uieHTa OyJ0 BiICTOPOHEHO
BiJl yNpaBIiHHS MaiHOM Ta 1HCTHUTYTaMH, SKi
CHOTOJIHI MIATIOPSA/- KOBYIOTHCSI HOBOCTBOPEHO-
My MiHiCTepCTBY HayKH 1 BUIIIOi OCBITH.

MuHnysio BChOTO JaBa pPOKH, 1 KoMmicii,
copmoBani mo3a AkaJgeMi€ro, TPOBEIU KOM-
TUIEKCHE OIIIHIOBAaHHSI, OCHOBAaHE Ha HAYKOMETii.
Bonu nepesipunu 454 ycTaHoBH, 3 SIKHX 10
nepmioi kareropii morpanwin 142 iHCTUTYTH
(30 %), no npyroi — 205 (45 %), no Tperroi — 107
(25 %). Y ramysi npuponHuumux Hayk (¢i3uka,
XiMis 1 Oioioris) CHiBBigHOIIEHHS Take: 21
(12 %), 82 (45 %) 1 76 (43 %), TOOTO MOMITHO
ripiie, HiXK y oMy mo Akaaemii, xo4a, 3aBa-
Jocs 0, i HayKW Kpallle 3a 1HII MpeacTaBieH]
IHCTUTYTaMH 31 CBITOBUM piBHeM poOotH. [Ipote
OI[IHIOBAHHS TAKOTO YSIBIICHHS HE MiATBEPIUIIO,
OCKIJIbKM OIliHIOBAJIM HEe cTapi (6e3yMOBHO,
SCKpaBi) 3acllyru, a HUHIIMIHINA CTaH KOXHOT
yctaHoBU. Lle cTaBUTh NMEBHI MUTAHHSA 1 IEpeN
HaMH, KOJIU MPOLEAYPY OLIIHIOBAHHS MPOUITYTh
yci IHCTUTYTH 0€3 ypaxyBaHHS IX MeMOpiaJbHOT
ckinanoBoi. [lorogsrecs, Hami nepeBipKu JOBOII
M’sIKi, 1 OUTBIIICTH YCTAHOB Y HAC OTPUMYE rapHi
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OLIIHKH, aJie Y Oy/e TaK 1 Hajali, He 3Hal0 — Me-
TOZIMKA TIOCTIHHO BJIOCKOHATIOETHCS, a (DIHAHCOBI
OpraHy MOCTIHO HAIUTIOIOTh Ha KOPCTKIMIHUH 1
O1MbII KpUTUYHUM miaxiA. XoTinocs O nwuiie,
11106 Horo peani3oByBajIH YECHI Ta KOMIETEHTHI
(axiBIi, BiIOMI HE JIUIIE CBOEIO MPOdeciitHO0
MiJITOTOBKOIO, a 1 0€3/10TaHHO0 PeIyTaIli€lo.

3naroun 1i nepunerii, [Ipe3uais copsaMoBye
HAaC Ha MOCTYNOBY ONTHUMIi3allil0 Mepexi
aKaJeMIYHUX YCTAHOB 1 3aKpUTTS THUX, K1 HE
BiIMOBIIAIOTh cydyacHUM Bumoram. OgHak
el mporec BigOyBa€eThCs AyKe MOBLIBHO.
3anuniaeThCs JUIIE CHOAIBATHCS, IO LEe HE
KaMIlaHisi, a HaNoJIErIuBa BaXxka poOorTa,
sKa HE Ma€ Ha MeTi 000B’SI3KOBO NMPHUITUHUTH
JUSUTBHICTD Ti€l 9M 1HIIOT YCTAHOBH 3apajiy CKO-
poueHHs. KepiBHUIITBO yCTaHOB Ma€ CTEKUTH 32
BIJIOBITHUMH, 30KpeMa il HayKOMETPHUYHUMH,
MOKa3HUKaMH poOoTH, 60 eamHa Gopma Hario-
ro 3aXHCTy — IIe pe3yJabTaTHBHA 1, HATOJIOIIYIO,
KOpHCHA IS JIep>KaBU HAyKOBa AISUTBHICTD, SIKY
MOXHA YUMOCH I ITBEPAUTH.

Skmo BOHa BIANOBIJAa€E MPUUHITUM
KpUTEpisAM 1 Mae pyHIaMEHTaJIbHI Pe3yJIbTaTH,
CTaTTi B MXKHAPOJIHUX BUAAHHSX, BIPOBAKEH-
HSl pO3pO0OK, 3aXUCTH, TIOTIOBHEHHS MOJIOJTIO
TOILl0, TO TaKy Oprasizaiiro, 3BiCHO, HIXTO HE
ginaruMme.

[ToBTOpIO, 1110 BKA31BKH 100 BIOCKOHAJIEH-
Hs AkazneMmii #AyTh «3Bepxy», 1 iX HE MOXKHA
irnopyBatu. Tomy Ilpesunis HAH Vkpainu
BUMArae BiJ BIIIJIEHb MEBHUX i MIOX0 JOJI
TaKUX YCTAHOB.

Hanpuknan, npuegHanus X 10 01l mo-
TY>KHUX 3 1030aBJIEHHSM CTaTyCy IOPUIUYHOI
ocobu abo 3HMKEHHs iX crarycy. HaBpsia un mu
YHHUKHEMO IIbOT0, X04a TaK 3BaHe pe(opMyBaHHS
3a YMOBU BUKOHAHHS BCIX IOJIOK€Hb YHHHO-
ro 3aKOHO/IaBCTBA PO MPAL0 — HAJ3BUYANHO
CKJIaJ{Ha CIIpaBa.

IHmmit 6ik 1iei mpobiaemMu — MiATOTOBKA pe-
3epBYy KepiBHUX Ka/ipiB. OCTaHHIMU POKaMHU JU-
pekTopchkHil Kopnyc ycraHoB BDA Branocs
JIeII0 OHOBUTH, ajie B IIbOMY IUTAHHI € BEIHKI
TPYIAHOII, 1HOJI BAaXXKO 3HAUTU MPETEHCHTIB
HE JIMIIEe Ha TUPEKTOPChKE Kpiclio, a il Ha mo-
canu 3aBimyBaviB BigainiB. [Ipobiema He HOBa,
asie norpeOye oOroBopenHsa. Hanpukian, mono
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0o0MeXeHb Ha BIK IOCaJ0BOI 0COOU 1 KITBKICTh
KaJIeHII. Y HalmIuX yMOBax 3arajoMm Iporpe-
CHUBHA BHMOTa 111010 000B’S3KOBOI PEryisipHOi
porauii KajapiB 3apaau mpaBeaHOi OOPOTHOH 3
IePOHTOKPATIEIO Ta CTBOPEHHS Kap €pHUX JTi(PTiB
ITHOpY€E «MaJIeHbKY JIeTallb», a caMe: IInubo-
KW TIPOBaJl y BIKOBOMY PO3IOJiII YHCETBHOCTI
crniBpobiTHukiB HAH

VYkpainu, B SKOMY BiJTHOCHO MaJo JIFOIEH Bij
30 1o 55 pokiB — ocHOBHE Kepeno 3amin. OTxe,
YiTKO JOTPUMYIOUHCH 3aKOHY 1 Marouu Onari
HaMipH, SKUMHU, SIK BIJJOMO, BUMOII[EHA JI0pora
B MIEKJIO, MOJKHA 3aIIKOUTH crpasi. ToMy BBa-
JKaro, 110 MMPABUJIO 3MIHM KEPIBHULITBA 32 BIKOM
a0 MmicIs ABOX MOCAAOBHUX TEPMIiHIB JOIIIBHO
Oyno O THMYacoOBO MOM’SIKIIUTH 3 OIJISAY Ha
cnenudiky KoKHOI KOHKPETHOT yCTaHOBH, SIKY
i1 Mae BU3HAUaTH He3ajJexHe Ta 00 €KTUBHE
OIliHIOBaHHS. | SIKIIO BOHO 3aCBIAYHUTH, IO
yCTaHOBa MpaIlO€ Ha CBITOBOMY piBHi, TO HE
CJiJ BBaXKaTH 3aMiHy JAMPEKTOPa TaKOIO BXKE
000B’S13KOBOI0, 0COOIMBO SIKIIO PIBHOLIIHHOTO
KaH/IM/IaTa Ha «KPIcJI0» HEMae.

HactynHe nuTaHHs — cHiBOpans i3 3akia-
namu BuUIoi ocBitu Ta MOH VYkpainu. 3a-
rajoM BOHa Bi0yBaeThCs y HOpPMaJbHOMY
pexxumi, i y BOA npakTuyHO HEMa€ iIHCTUTYTIB,
NpOBiJHI CHiBpOOITHUKHU SKUX He Opanu O
y4acTh y miATOTOBLI CTyAeHTiB. [IpoTe BBa-
JKaro, 110 MU MOTJIM © MPUHHATH Ha KypCOBI 1
JUTUIOMH OiibIlie 4uncio ctyaeHTiB. KpiM Toro,
MinicTepcTBO 1 AKanemis MPOJOBKYIOTH TO-
IIYK HOBHX ()OPM BHXOBaHHS (paxiBIiB cydac-
HOTO PiBHSA. 30Kpema, MiAMHCAHO YTOAM 1010
CTBOPEHHS CHUIBHUX LIEHTPIB MaricTepchbKoi
NiATOTOBKH, SKI TOTYBaTUMYTh YYEHHUX Ta
1H)KEHEPIB /I BACOKOTEXHOJIOTIYHHX TaTy3ei.
Hemonasuo Kabiner MinicTpiB 3aTBEpauB Ha
nocajai aupexropa KuiBcbkoro akaaeMiqHOTO
yHiBepcHuTeTy uieHa-kopecrnonaeHra O.A. Kop-
JI0Ka, SIKUA poOUTH cripoOM SKOMOTA paHilie
3aJly4aTd CTYACHTIB O HayKOBOI poOOTH ue-
pe3 BIPOBAJKCHHSI HECTAHIAPTHUX LUIAXIB
B3aemozii KAY 3 iHO3eMHUMH yHIBEpCUTETaMHU.

[o crocyeThbest MKLTBHOT OCBiTH, TO Komeris
MOH Vkpainu 3aTBepauiia MIKIJIbHI MporpaMu
3 (pi3uku 1 actpoHOMii, po3pobineHi B Akanemii,
alle He MOXHa CKa3aTu, mo MIiHICTEepCTBO
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JIOTIOMAraenpocyBaTH ix y mkoiau. HarionanbHa
aKajzieMisi melarorivHuX HayK YKpaiHu MpoBe-
7a 1Bl Hapaau 3 MUTAHHS UX MIKUIBHUX TPO-
rpam, TeX CXBaJIWIA iX, ajie YU JOXOAATh BOHU
JIO IIKiJ, MEHI HEBiJIOMO, OCKITBKH, 3 PO3MOB
3 BUKJagadyaMu 3aranbHoi ¢izuku y KIII, Te-
nep 3a piBHEM 3HaHb CEPEHbOCTATUCTUYHUIN
a0iTypi€HT-BIIMIHHHUK MOCTYMA€ETHCS HABITH
a0ITypi€HTY-XOPOIIUCTY AECATUPIYHOI JaBHUHU.
I xoua po3pooruku 3HO BIOCKOHATIOIOTH TECTH,
3HaHHS HE MOKpamyoTbes. Jyxe TUBHO, 1110
npu Beryti 1o Bumry 3HO 3 ¢i3uku i actpoHomil
MoxkHa 3amMiHuTH Ha 3HO 3 iHO3eMHO1 MOBH.
Po3yMHUX TOSICHEHB Hil «palioHami3amii» s
HE Malo, nmpote Oauy ii HacliAKKW — CyliJbHA
nenpodecionanizaiis CyCcHiabCcTBa, SIKy MU
BifluyBaeMo Bxe Ternep. [Ipuunna nosoii 6a-
HaJbHA — PIBEHb BUKIAJAHHS CIAJa€ Pa3oM i3
3arajJbHUM piBHEM Hayku B kpaiHi. [1lo 3 um
poOuTH, HE 3HAIO.

[Ipore He cninx 3abyBaru, MO TOW, XTO
KOHTPOJIIOE OCBITY, BU3HAYA€ CIPOMOXKHICTh
KpaiHu 10 PO3BUTKY, KU, SKIIO CUTyallis HE
3MIHUTBCS, MOXKE B3araii mpunuHuTucs. Han-
3BUYAiHy HeOe3MeKy Al Jep:KaBU, PIBEHb
NPUPOAHUYOT OCBITH B SKI 3HM)KYETHCA, HE-
JIBO3HAYHO B110OpaKyIOTh CJIOBa, BUKapOyBaHi
Ha ¢poHTOHI CTEINIeHOOCHKOTO YHIBEPCUTETY
(ITAP): «3uuwgenns 6yov-axoi nayii nenompebye
amomuux 6om6 abo BUKOPUCMAHHS pakem Odjle-
K020 padiycy Oii. Bapmo nuwe 3nuzumu sikicme
ocsimu i 003801UMU CRUCYBAHHA HA ICNUMAX.
Tooi nayienmu emupamumyms 8i0 pyK makux
nikapie. byoieni pyiinysamumymucsi 6i0 pyK makux
iHotcenepis. 1 powii smpawamumymscs 6i0 pyK ma-
Kux exonomicmis i Oyxeanmepis. Cnpaseonugicms
SHUKamuMme 8 PyKax maxkux npoKypopis i cyoois.
Kpax oceimu — ye kpax nayii». Jlo uux Mmyapux
CIIIB MEH1 HIYOTO JI0JIaTH.

He 3Haro, sixkuii ctan crpaB ctocoBHOo 3HO
y TYMaHiTapiiB, ajie y NPUPOIHUYHNX HAyKax
BOHO SIBHO HE O3HAaMEHYBAJO MPOrpecy, 10
TOTO K BUITYCKHHUKIB IIK1JI, OXOUUX MPOUTH
3HO 3 }i3uku, 30BCiM MaJio, 1 HIOPOKY iX 4HC-
10 MeHmae. Ti %k, XTO 00upae MPUPOJHUIUI
¢dax, 3700yBIIN OCBITY, JUIIE MOMOBHIOIOTH
CTPYMKH BIIIUIMBY 1HTEJEKTY 3 HAIIOi KpaiHH,
K1 OCTaHHIMHM POKaMHU NEpPETBOPHIIUCS HA

NMOBHOBOAHI piku. [lapagokcanabHO, ane MOTOKU
BAJIIOTU TYAHU-CIOIU PETEIBHO IMiJPaxOBYIOTh, a
OJTHOCTOPOHHIN TJIMH Mi3KiB 1 TeHO(OHY, AKi
JOPOXKUi 3a OyIb-sIKy BaJIOTy, Maii’ke HIKOTO
He XBWIIOE. [Ipuyomy BIATIK Mi3KIB KPUTHYHO
[MO3HAYacThCA came Ha Akagemii. Biama x Tak i
HE BHCJIOBMJIA CBOTO CTABJIEHHS JI0 IIbOTO HEOE3
MIEYHOTO TSI KpaiHU SIBUIIIA — BTEY1 3 HEl HAYKO-
BO OCBIYCHUX TPOMAJISIH.

Kinpka cniB mpo Haiibosrouimy mpooie-
My — (hiHaHCOBHH CTaH HamMX ycTaHOB. BoHa
HACTUIBKH CKJIaJHA, IO OMHHYTHU i1 HEMOX-
auBo. CtaH 3 OIOKETHUM (iHAHCYBAaHHSIM i
Axanemii, 1 HAyKu B IUJIOMY BHAA€THCS MEHI
KPUUYILUM, PO 10 HEOIHOPA30BO BXKE HIIIIO-
Csl, IPOTE POKaMH HIYOTO HE 3MiHIOEThCS. ToMy
JIEIII0 IPOHIYHO 3ayBay, 110 OCKUIBKH (hiHAHCOB1
3anuTU AKazaemii 3a70BOJIBHIIOTHCS IMOTa-
HO, B3a€EMOBIIHOCHHH MK HAMHU — CEKI[ISIMH,
BIIJIJICHHSAMH, YCTaHOBAMH, BiAAinaMu —
ycknaaHoThees. [lepedpazoByroun Muxaiina
BynrakoBa: BU€HI — JIFOAU TapHi, aje rpoIo-
B€ MHUTaHHA X 3ircyBajo. SIKIo X cepio3Ho,
TYT € JIBa acrekTu — (hiHaHCyBaHHS Akaaemii i
PO3IOJIUT OTPUMAHUX KOUITIB. SIKIIO Mpo mepie
BCE JICTAJIBHO BiJOMO, TO MPUHIIUIIU PO3MOLTY
MIXK CEKIisIMU 1 BigAiJIEeHHSIMU (HaKTHUHO
3aKpUTi. AJle 3HaI0UH, SIK BOHU PO3MOIUISAIOTHCS
y BOA, nymato, mock nofiioHe BigOyBaeThes 1 B
itomy. ToOTO, HE3BaYKAIOUM HA PSIJT MPOIIO3UIIIH,
HaBiTh BUMOT MI0JI0 BUKOPUCTAHHS SKICHUX
KpPUTEpIiB OLIHKH, MO CyTi 30epiratoTecs crapi
panasHCHKI BiICOTKH, 3MIHUTH SIKi B yMO-
Bax JKOPCTKOTO e(iUTy KOIITIB HEpeaJbHO.
€nune, mo Baanocs 3aiicautu y BOA, — 1e
CUMBOJIIYHUN niepernian (piHaHCYBaHHS IMiCHsA
TOTO, SIK KOMICisl Hamoro BiamauieHHs y 2016 p.
NpoBeJia PEHTHHTYBAaHHS, HA OCHOBI SIKOTO TPU
Kpallli yCTaHOBU OTPUMAJIH KPUXITHE, 51 O CKa3aB
NPAaKTUYHO HEBiAUyTHE, 301JIbIIEHHS 6a30BOTO
(iHaHCYBaHHS, a YCTAHOBH 3 KIHLS MEPEiKy —
TaKe caMe KPUXiTHE 3MEHIICHHS.

He 3Haro, 1o Hac yekae y MaitOyTHbOMY, aJe,
MeHi 371a€eThes, 6e3 neBHoi MoaepHizanii HAH
VYkpainu, OHOBJICHHS 11 CTPYKTYpH, HaNpsMiB
MISIIBHOCTI, TakK 1100 BOHU O1NIBIIE BiAMOBIIAIN
noTpedam CycrHiibcTBa, BiICTEKYBalu pycia
CBITOBHUX TEHJCHIIIN, HE 00ifiTHCS. MeHI Ba)KKO
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c(hopMyIIIOBaTH JTOPOXKHIO KapTy — 1€ CIpaBa
KOJIEKTHBHA, KPIM TOTO, MEHE JIETKO 3BUHYBaTHU-
TH y TIEBHOMY TIOMYIIi3Mi, ajie 51 O He YeKaB 3MiH,
SK1 HaM MOXXYTb OyTH HaB’si3aHl 3BEpXY, K 1€
cranocs y Pocii, a0 siki HaKpeCIUTh HEIOAaBHO
crBopeHna HaykoBa paja, a cripoOyBaB Ou JIisiTH
Ha BUIMEPEKCHHS, 103asK Oy/b-Ki HaIlll HAMipu
MOXYTb BUSIBUTHUCS 3aIi3HIIMMU.

SAxmo mocayxatu uneHiB HaykoBo-
ro KOMiTeTy, TO IIOCh YK€ 3po0yieHo, ale B
IHCTUTYTax pe3yJabTaTH IUX Mii MOKH 10 He
Biq4yBaroTh. MoXIuBo, 1ie 3apano? Hidoro
CTpAIIHOIO — MM TepIUIsAYi, uekarumemo. ba-
raro Hajall mokjagacrbes Ha HamloHallbHUNA
¢dona. OTxe, HE MOXKHA CKa3aTH, 10 BCE 3a-
BMEPJIO 1 110 X04a O aKTUBHI HAyKOBI[I HIYOTO
HE poOaATH, aje OUIBIIICTh YYEHUX Ta U
YUHOBHUKIB BHU3HAIOTh, 1110 CYYaCHHUH piBEHBb
YKpPalHCBKOI HAyKH € HEJOCTAaTHbO BUCOKUM, a
TOMY HOIIYKH BapiaHTiB cTparerii HayKoBOTO
PO3BUTKY KpaiHU HE NMPUNHUHSIOTHCSA. 30Kpe-
Ma, OJUH 13 MPOEKTIB MiATOTyBaja CHEIialbHO
crBopena komicis npu I[pe3unii HAH Ykpainu
M1l TOJIOBYBaHHSM Bille TIpe3uieHTa Akaaemii
akanemika A.I. 3aropoguworo. Lliero x mpo-
OneMor0 3aliMaeThCsl TPOMaJChKa iHIIaTHBHA
rpyna mija criBkepiBHULITBOM akagemika S.C.
SukiBa 1 wieHa-kopecnonaenta A.M. Herpiiika,
HEIO X OMiKytThes 1 B MOH, i, He BUKITIOUEHO,
me ne-HeOynb. HiXTo BIAKPUTO HE OroJorye
HanpsMiB 3pO3yMIJIOTO HAYKOBii CHINIBHOTI pe-
(dbopMyBaHHS Ta OCHOBHHUX MOTO MOJIOXKEHb. A
NUTaHHS L€ CKJIagHe 1 OaraTorpaHHe, B SIKOMY
HEOOXiTHO IWTH SKOTOCH TIEBHOTO KOHCEHCYCY,
OCKUIBKH MOBHOI 3roau He Oyae Hikoiu. I gum
JOKJIaJHIIIe MU HaMaraTUMeMOCsI OKPECIUTH
MaiOyTHeE, TUM Kpallle, OCKUIbKH MepeBakHa
OLTBIIICTH 3 HAC CBiJJOMA TOTO, IO PO3BUTOK
HAyKOBOi rany3i 0e3 mpuB’si3KU 0 PO3BUTKY
TaKuX HaWBaXJIUBIMIUX cdep, K OCBiTa, 30-
KpeMa IIKiJIbHA, OXOPOHA 3/I0POB’s, EKOHOMIKa,
000poHa, CITbChKE TOCIOIAPCTBO, TPAHCIIOPT,
nemMorpadis, €KoJIoTisl TOIIO0, € a0COTIOTHO He-
MOXJIUBUM. ToMy 0e3 ydacTi yHIBEpCUTETIB Ta
BHUCOKOTEXHOJIOTIYHOI TPOMHUCIIOBOCTI, B TOMY
yrcii 000poHHO1, HiYoro He Buiiae. IloTpiOHO
IIYKaTH 3B’S3KH 1 OalaHC MK PI3HUMH Tary3s-
MU PO3BUTKY KpaiHH B IIIJIOMY, a 1€ 3aBJaHHS
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HE Ui OKpeMoro BijjineHHs. HanesHo, mepiri
OpPIEHTUPH MAIOTh MPOJYyHATH BiJ MOJITHKIB,
MOTIM €KOHOMICTH, IOPUCTHU MAIOTh cHopMy-
JIOBATU CTPATETivHI TUTAHW Ta TI00aIbHI I,
OIIHWBIIM HAIlli MOXJIMBOCTI 3 TOUKH 30pPY IO-
Tpeb Hayku 1 ocBiTH. OIHAK € U 1HIIIa TOYKA 30pY
— AkajieMisi Ma€ MPOSIBUTHU 1HIIIATHBY B I[LOMY
nuTaHHi. Sk Ou Tam He Oyino, Hama napadis
— TepeaoBCiM HayKa Ta il MoJenb, afeKBaTHA
3arajJbHOJEPKaBHOMY PO3BHUTKY, 1 TYT MOXKHA
BUOKPEMUTH TPH CKJIAJIOBi: HayKa aKaJaeMivHa,
YHIBEPCUTETChKA 1 rajy3eBa, IPUIOMY B KO-
My cTaHi nepe0yBa€e OCTaHHS, CKa3aTh BaXKKo.
Jlirounii paHiiie «TpUKyTHUK» 3pYHHOBAHO, a Un
MOXHA IIIOCh BITHOBUTH 0€3 OHOTO 3 «KYyTiBY,
cynutH He Oepycs. Hemae omHOTo 3aKoHO/1aB-
9Oro JOKyMEHTa, SIKHi Ou He 3arajioM, a 3 Iud-
pamu (popMyIIOBaB CTpaTeriyHy METy HayKOBO-
TEXHOJIOT1YHOTO PO3BUTKY KpaiHM, BKa3yBas,
94Oro KOHKPETHO BiJl HAC OYIKYIOTh 1 IO HA HAC
MOKJIaatoTh. ToMy 0e3 3araibHoi cTpaTerii Bax-
KO po3po0isaTH «napuianbHy». Hemae cymHiBIB,
110 pecypcCiB Ha BCIX HE BUCTAYHTh, aJIe MU BECh
Yac TOBOPUMO IPO MIATPUMKY HaMKpaIiux, mpo
BUKOPUCTAHHS YChOTO MOXKIIUBOTO 3apajyl OC-
HOBHHX mnpioputeTiB. He obiiiTucs i 0e3 nepe-
TBOPEHHSI HAYKOBOI chepr Ha OibI TPUBAOIUBY
JUTSL MOJIOZI1. 320XOTHTH MOJIOJIb MOKHA JIMIIIE
[[iKaBOIO pOOOTOIO, siKa 3a PIBHEM BIJIIOBIAAE
cBiTOBIi. Ha mipoMy crtify 30cepeaunTn Hatr 3y-
cuiuIs. 3 omAy Ha JeMorpadivHi TeHAEHIIT 1
rino0anbHy 60poThOY 3a TaJdaHTH, 3pOOUTH IIe
Jy’Ke HEeTpOCTO, MIPOTE 1HIIOTro He 1aHo. [Hakie
Ka)Xy4H, pO3pOOJIAI0OUN CTPATEril0 HABITH IS
Axanemii, MU MaeMO HacaMmIlepe] BU3HAYHU-
TH LJIi: MM X04eMO OyTH cepesa pO3BUHEHUX
KpaiH uM Oa)kaeMo JIMIIE BTPUMATH HUHILIHIN
piBEeHb, HE CTIOIIBAIOYUCH OYy/Ib-KOJIU MOTPAITUTH
Ha MepeHiil Kpai, 1 mIaHyeMo KOPHCTYBaTUCS
JUIIE 9y)KUMH JOCSITHEHHSMU. YCi 11l TUTaHHS
TI€I0 UM 1HIIOIO Miporo BimoOpaxeHo y «bimiit
KHH31», TIATOTOBICHIH ydacHuKamMu Dopymy
yKpaiHcbkoi HaykoBoi giacnopu (Kuis, 20-22
skoBTHS 2018 p.).

Panime y cycnisibcTBi Oyia moMiTHa «pe-
KJIaMa HayKu», MPOTOJIOIIYBAJIOCS, IO HayKa
— e gobpe, a 3HaHHSA € IiHHICTIO. Tenep m0-
Ope — 3apo0nsATH TpolIi, JOKIAA0UYd MIHIMYM
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IHTENeKTyaJbHUX 3yCUJIb, TOMY HayKa HE 3a-
tpeOyBana. Kpim toro, HAH VYkpainu sk
CYCHUIBbHHMIA 1HCTUTYT Ha TJIi Cy4aCHOTO >KUTTS
BUITISIIA€ JOBOJII apXaiqHO, HABITH O€3B1THOCHO
JI0 TaKUX MpooIeMm, sIK cepeiHii BiK i1 €wieHiB 200
iX sIKICHMI CKJaa. 3po3yMiJio, y Takiid cuTyarii,
HE 1HII[IIOI0YH MIBUIKUX 1 KapAUHAIBHUX, a HE
KOCMETHYHUX 3MiH, pyXaTHCs BIIEPE]] BaXKO.

3 iHmoro 60Ky, 6€3CYyMHIBHO CIIPHSIOTH PO3-
BUTKY aMOIIiifHI 3aBIaHHs MI>KHAPOIHOTO PIBHS,
SIK1 CJTI/I CTaBUTH, CTBOPIOIOYM BiATOBITHI yMO-
BU Uil poOOTH. SIK HayKOBEllb, 51 BIAUYyBalO, 10
JUTSL IOCHTIIHUKA Y9aCTh Y PO3B’SI3aHHI BEJIUKHX
npobiseM € nepBuHHOW. [Ipyre micie nocinae
MOKJTHBICTb ITPOBEICHHS IOCIT/KEHb HA CyYaCHHX
IHCTPYMEHTAX, BIIKPUTICTh, MOOUTBHICTH, a BXKe
MOTIM — PIBEHb COLIAIBLHOTO 3a0€3MEYEHHS], IPOTEe
0e3 HbOTO B3araji HIKOTO He yTpuMaTu. byab-sakuii
HayKOBELlb, 0COOJIMBO MOJIOJIUI, Ma€ OTPUMYBATH
JOCTOMHY 3apIuiary i xoue OyTH BIIEBHEHHM Yy Orna-
TOIOTYYHOMY ChOTOJICHHI Ta MallOyTHBOMY.

IIle oxma noBoni rocrtpa mnpoOiue-
Ma — I€ CIIIBBIJHOIIEHHSA aKaJeMi4HOl Ta
yHiBepcUTeTChbKOI Hayku. He cekper, 1mo Tpu-
BAJIMI Yac MU JKWJIM B YMOBAX MPIOPUTETHOCTI
nepiuoi, Ha AKy (PakTHYHO 1 MOKJIagagocs 3a-
Oe3nedeHHs 1HHOBAL[IHHOTO PO3BUTKY KpaiHU.
Tenep, HACKIIBKHU 5 PO3YyMiI0, TPEH MOCTY-
IIOBO 3MIHIOETHCS, 1 3HAUHI KOIITH MOYUHAIOTh
cpsiMOBYBaTHCs B yHiBepcuteTH. OcTaHHi y
[IbOMY 3alliKaBleHi, 00 MParHyTh MOTPAUTH
JI0 PI3HUX MDKHAPOJHHUX PEUTHHTIB, SKiI BU3HA-
Yal0Th NMPECTHX BUILY 1 10 SIKUX 0€3 MOTY>KHO-
ro JOCHITHUIBKOTO CEKTOPY LUISX 3aKPUTHH.
Tomy MaiiOyTHS cTpareriss Mae BpaxoByBa-
TH 1 1110 00CTaBUHY Yepe3, CKaKiMO, PO3yMHY
MiKBiTOMUy Koorepauito. [IpornonyioTs 6e3miu
NpPUMaHOK, adu CTyleHT oOpaB JJig HaBYaHHS
TOHM 4K IHIIUK BUII 200 Ty YW 1HITY HAYKOBY
opraHizauiro Jjs noaanbiioi podoTu, ajge Ha
Jpyromy etari AKaJieMisi 1 YHIBEpCUTETH CTAIOTh
KOHKYpEHTaMHU. MeHi 3[1a€ThCs, IbOTO MOXHA
YHUKHYTH 32 JIOTIOMOT'OI0 OpraHi3alii CijibHIX
nociimpkens. [Ipu iboMy mpiopUTET Mae 3au-
IIATHCS 32 TUM MICIIEM, Y SIKOMY PE3yJIbTaT MOX-
Ha OTPUMATH CKopilue uu sikicHime. Lle Takox
OIHH 13 THUIMIB MOOUIBHOCTI a00, AKIIO XOUETE,
akazeMigHo1 cBOOOIM TBOpYOCTi. MOXKHA HISTH

1 B 1HIIMH croci0: GBIl KOPOTKOTEPMIHOBI
4y OUIBII PU3UKOBAHI MPOEKTH Kpalie BUKO-
HYBaTH B YHIBEpCHUTETaX, a IOBTOCTPOKOBI 1
BHCOKOBApPTICHI, sIKI MOTPeOyIOTh CKIATHOTO
oOnaiHaHHA, — B aKaJIEeMIYHUX IHCTUTYTax a0o
HAayKOBHMX LIEHTPaX. 3IUTTS )X YHIBEPCUTETIB
3 Akazemiero abo iX He3ale)XHE ICHYBaHHS
1030aBBJIsiE HAyKy BapiaTUBHOCTI PO3BUTKY, SKa
€ KOPUCHOIO JJISl HAYKOBOT'O IMOIIYKY.

MOoXTHBO, BUCIIOBJICHI MipKyBaHHS J€XTO
PO3LIHUTH K MassyHIO. bynb jacka, ane BOHU
CIPUYUHEH] TUM, 1110 HABKOJIMIIIHIN CBIT CTPIMKO
PO3BUBAETHCS, @ MU 3aCTPAINIH Y MUHYJIOMY.
3MiHIOBaTHCS MOTPIOHO MIBUAKO, 1 pearyBaTu
CJIiJ HE JIMIIE Ha HACIIAKH 3MiH y CYCHUIbCTBI,
a HaMaraTucs X04 iHKOJIU JisITH Ha BHUIEPE-
eHHs. Haxanp, y Hac yCBIJIOMJICHHSI CUTYaIlil
NPUXOAUTDH 3 BEJIMKUM 3aIli3HEHHSIM. Y Hac €
Konnenmis po3BuTky Akaaemii, ane, ik MeHi
371a€THCS, BOHA HE MICTUTh KOHKPETHHUX KPOKIB
4y Xoua O MPUOIM3HOI OIIIHKHM Yacy BUKOHAHHS
THUX YU IHIIUX MPOTOJIOLMIEHUX 3axoaiB. Tomy
B MOIIYKY mpioputeTiB pepopmyBanas HAH
VYkpaiHu sik HayKoBOi IHCTUTYIi1, HAlIeBHO, OYyII0
0 CIIyUIHO MOYaTH 3 MO3KOBOTO HITYPMY, X04a
IpU [IbOMY MU HE 3MOXXEMO OMHMHYTH MHUTAHHS
HaJIeXKHOI (P iHAHCOBOI MIATPUMKHU pedopM, IIPO
HEOOX1THICTh SIKUX YYTHO 3 yciX 60kiB. Kaxxyun
npo pedopmu, Maro Ha yBasi 1 3MiHHU, K MU
MoOTIH O IPOBECTH 3a BIACHUM JIEKaJIOM, SIKIIO,
3BUYAIHO, YCBIIOMUMO X HEOOXITHICTb.

Taxk, mu Bci Buitnuu 3 CPCP, B sikomy Oyro
npuaymeHo 6arato cBoOoj, aje Ha HayKy
BHULISIIACS TTOMITHA YacTuHa OromxkeTy. Pa-
nsHchkui Coro3 MociiaB Apyre MicIle y CBITi 3a
BUTpAaTaMH Ha HAYKOBI JOCTI/DKEHHS, 1 TPOBiTHA
pOJIb Y TOCATHEHHI HayKOBOTO MAPUTETY 13 3aX0-
oM Hanexaina Axagemii. Posmag CPCP naB Ham
MOJITUYHY, IHTEJIEKTYaJIbHY 1 JyXOBHY CBOOO/TY,
aJie Ipu IIbOMY MU CTHUKHYJHCS 3 Oe3nperie/IeHT-
HUM CKOPOYEHHSM MiATPUMKH HayKH (aHAJIOTiB
y cBITI HeMae). | mocTae MiITKOM IPHUPOIHE 3a-
NUTAHHS: a YA € HayKa CTIMKOIO 10 TaKMX «HE
poOHUX» 30ypeHb? 3 0JHOTO OOKY, MU BHKHIIH,
a 3 1HIIIOTO — MEPETBOPUIIMCS Ha IPYTOPSITHY 3a
pIBHEM Cy4YacCHUX HAyKOBHUX JIOCSTHEHBb KpaiHy,
o0OpaBIIM K HAyKOBa OpraHizallisi CTpayCcoBUI
CTHJIb TTOBEIHKM — HIYOTO IIbOT0 HE ITOMIYaTH.
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II1e pa3 HAroJOIIyI0, MU — CIIAIKOEMIII IOTY>KHOT
1 0e3 mepeOUTbIICHHS MTepeloBOI B HAYKOBOMY
nJaHi ep>KaBH, B sAKii HAyKOBI MOLIYKH Be-
JMCS IO BCbOMY (DPOHTY, a paasHChKa Blaja B
0co0i mepumux MepcoH BUMarajia BiJl y4eHUX
pe3ynbTaTiB Jigepchkoro piBHi. B Ykpaini
BIIajia BiJl mpoOJieM HayKH BiJACTOpPOHHIIACS,
BHACIJIIJIOK YOT0 HayKa JierpaayBasa, IHPOKOro
bpoHTYy JoCHiKeHb Hapas3i Hemae, 1 Mu (dak-
THUYHO MPOTABUJIIM MOSABY y CBITOBIN HAyIll LIJIHX
HanpsAMiB, OCKUIBKH iX HIXTO HE BiJICTE)KYyBaB,
a KOJIM PO HUX HaBITh 1 3HAJH, 3alI0YaTKyBa-
TH 1I0Ch 32 OpPakoM KOIUTIB 1 KaJpiB HE MOIJIH.
Yac MuHYB, 1 3MiHH, 1T0A00AIOTHCS BOHH HaM
9H Hi, OXOIMUJIM BC1 CTOPOHU HAIIIOTO JKUTTS, &
MU 3 POKY B PIiK IPOIOBKYEMO (hiHAHCYBaTH Ha-
npsiMu, 1o Oynu akryanbHUMHU B 1970-1980-
X pokax. 3 iHIIOro OOKy, B KpaiHi 3’ SBHJIMCS
pi3HI EKOHOMIYHI KJIaHU 1 HAUMOTYXKHIII 3 HUX
(cupOBUHHUM, (IHAHCOBHM, arpapHHii) B HayIli
HE 3alliKaBJIeHI Ta KOWITIB Ha i MATPUMKY HE
natoth. [IpoTe HIXTO IIe HEe CIPOCTYBaB CEHC
KOMYHICTUYHOTO racna «Hayka — 11e mpogyKTuB-
Ha CHJIa», 1 TaK BOHO 1 € B KpaiHaX 3 pO3BUHEHOIO
npoMucioBicTio. B Ykpaini nmpo Hboro 3ady-
7, @ OT)KE, MU JTUBHUMOCS y XBICT aMEpUKAHCh-
KX, €EBPOMEHCHKUX, a31aTCHhKUX JIOKOMOTHUBIB,
AKI 4yepe3 MIMPOKE BIPOBAKCHHS Cy4aCHUX
HAayKOBUX PO3pOOOK MarOTh 3HAUHUU NpUOY-
TOK, aJi¢ BiAJaJSIOThCS BIJ HAC 3 BEIUUEC3HOIO
IIBHJIKICTIO.

VY CBITI HIOPOKY 3pOCTa€ KiJAbKICTh Ha-
YKOBUX MyOJikamiii y TONOBUX XKypHajax,
Ha IPYHTI SIKUX, BJAcHE, 1 MOCTAIOTh 3Tr0JI0M
iHHOBAIIiITHI 3acTocyBaHHs. B YkpaiHi, 3BicHO,
TaKOi TEHJCHIIIi HEe CIIOCTEPIraeThCsl, 110 JIETKO
MOSICHUTH 00’ €KTUBHUMH 0OCTaBHHAMH, ajI€ €
1 cy0’eKTHBHA CKJAJ0Ba — HAIE HEIOBIPIUBE
CTaBJICHHS O BEJMKOI KITBKOCTI MyOmiKaIliid.
BBaaro, 1110 JOKH HayKOB1 KEPIBHUKHU BHCO-
KOTO paHry, a 32 HUIMU W JOBOJI BEJIMKa Ya-
CTHMHA BITYM3HIHUX JOCHIJHUKIB HA3UBATH-
MyTb MyOmiKaniiHy aKTUBHICTh IpadoMa Hi€lo,
Vkpaina 3 11i€i npipBu He BUOEpeThCs. Y MeHe
HEMae 5KOJJHOTO CYMHIBY, 1110 B pa3i, SIKIIO Y HAC
OynyTh rpadOMaHu TaKuX >KypHaJiB, sSIK Science,
Nature, Phys. Rev. Lett., Phys. Rev., Rev. Mod.
Phys. 3 iMmnakr-(akropamu 5—7 1 BHILE, HAM 04~
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HYTb 3a30puTH 1HII1 Kpainu. [IpoTe Hapasi status
quo iHIUH, 1 3 UM Hidoro He 3podum. Tomy i
3MA€THCS PUPOIHOIO AUBHA KapTHHA: Oy/Ib-IKUI
NPEICTaBHUK BIIAIM HA MUTAHHS, XTO BUHHUH,
10 CUTYyallis 3 IHHOBALiIMU B YKpaiHi NpsMo
NPOTHJIC)KHA CBITOBii, MUTTEBO BiAMOBIJAE:
«Hayka» a0o Ie TOYHiIe — «AKaJeMis HAyK».
Hawm 3akuaaioTs, 110 MU He 3a0e31euyemMo Mpo-
PHBH, HE CTBOPIOEMO BHCOKOTEXHOJIOT1YHI MPO-
JIYKTH 1 CTaJIH JIUIIE OOTSHKIMBUM COIIaTbHUM
TArapeM JUIsl CyCHiJIbCTBa, TOMY Kparie Oyae
0e3 Hac, OCKUIBKU Bce, 110 MOTPIOHO, MOXKHA
KynuTd. Lle THIIOBMII OIS HALIOIO BUIIOTO
JIEP>KaBHOTO KEPIBHUIITBA 1, HAXKaJb, OLTBIIOCTI
oJirapxiB. 3BiJICH aHTHaKaJAeMi4Hi MaHipecTH
1 HamaJKu Ha AKaJeMiro, sika BUSIBUJIACS KePT-
BOIO TaKOTO CTABJIEHHS Yy CycHiNbCcTBI2. Tum
caMUM AKaJeMilo IPaKTUYHO BHIIYYHIIU 3 MPO-
recy GopMyBaHHS €KOHOMIYHOI MOJIITHKHU Jep-
JKaBH, a BJIaJla, JaBaiiTe BiIBEPTO BU3HAEMO,
NpOCTO HE 3HAae€, MO 3 HaMU poouTu. I crae
Jenani sicHime, Mo OYiTbHUKU KpaiHu Hi Ha
110 cepiio3He B OpraHizallii HayKoBoi cdepu He
CIIPOMOJKHI, OCKUIBKH 1€ MUTAHHS 1X HE JyXKe
XBUIIOE. MU HE 3yMiiu 3HAUTHU MEPEKOHIU-
BHUX apTyMEHTIB, I00 3MIHUTH IIi TEHEHIII, a
HACIpaB/i, CKopilie OOsIUCs ApaTyBaTH Biia-
1y, HE 3asBUJIM TYYHUH MPOTECT, HE OMUPATHCS.
Mu cunnumo, 06pa3Ho Kaxkyuu, K y ¢opreri, Ha
CTIHAX SIKOI Hamucau: «Y Hac yce 4ylI0Bo, Ipo-
Onem Hemae, He Tpeba Hac uinatu!y». HixTo i He
ginae, ajge JINAIUIO 0 TOTO, IO >KOJHA MapTis,
JKOIHUH KaHauaar y Ilpesunentu He BKio4ae y
CBOI MPOrpaMu MyHKTIB PO PO3BUTOK HAyKH, 1
1€ BXKE BBa)XKaIOTh HOpMAJIbHUM. Take macuBHe
nepeOyBaHHs y (opTeni — HalldLIbII porpariHa
MO3MIIisA, OCKUIBKHM Il MypH caMi BIaIyTh Yepe3
Heno(hiHaHCYBaHHS, HEYBary i MpOCTO CyCIiIbHE
3a0yTTs. [Ipu npomy € GaraTo 3aimikaBIeHUX
oci0, siKi 30BCciM He 3a0yliu Mpo pi3HOMaHITHE
MaifHO Akazgemii, mpo i1 3eMeNbHI MUISHKY i
JIMIIE OYIKYIOTh HAa KOMaHIY «(]acy.
CakpaMmeHTalbHE NMUTAHHS «XTO BUHHHUU?»
BXKE HeaKTyaJlbHe, Ta 1 He Mae OJHO3HAYHOI
Biamosial. 51 6 Ha HEOrO B3arajl He 3BaXkas. A OT
nutanns «l1lo podutu?» 3anumaeTscs Ha 4Yaci,
0COOJIMBO TOJI, KOJH KJIAHU TP BIIAJI YACTKO-
BO 200 LIJIKOM 3MIHIOIOTHCS 1 HAa CIIEHY BHUXO-
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JISITh HOBI, paHillle HeBiIOMI MIEPCOHAXKI, 3 IKUMHU
noTpiOHO po3nounHaT podoty. HaneBHo, € cenc
HaMaraTucsi JI0CSITH SIKOTOCh KOHCEHCYCY 3 Bia-
JI010, TUM Oinblie, o € HaykoBuii KoMiTeT, STKuit
MOX€ JIOTIOMOTTH B LIbOMY, X04a OCOOUCTO 51 HE
MOKJIaJat0 BETUKUX CIOJIBaHb HA KOHCTPYKTHB-
HUIA T1aJIOT 3 MPEICTAaBHUKAMH BIIAJIN — 1€ UTIO31s.
Brim, Akanemis He Mae mpaBa 3aMHUKaTUCA Y
CBO{if KacTOBiil KpUBi, MpilOYX MPO BTpaycHe
MUHYJIE, K€ HIKOJIU BXE HE TIOBEPHETHCS. MU sk
CYBOpP1 OIIOHEHTH MYCHMO KPUTHKYBATH Jiii BIia-
I, 0COOJIMBO Y MMUTAHHSAX HAYKH 1 OCBITH, aJie 115
KpHUTHUKA Ma€ OyTH OOTPYHTOBAHOIO 1 BIIKPUTOIO.
be3 Hel rpoMajisiHCbKe CyCHIUIBCTBO MPUpPEUEHE
Ha 3acTiil. Tak, cepen Hac, Ha xaib, Hemae A.J[.
CaxapoBa, KM YMiB IO-CIIPaBKHBOMY CMIJTHBO
1 IPUHIIUIIOBO TOBOPUTHU 3 MOKHOBIAISMH,
HATOMICTh Hac 0arato, 1 XoTijiocs O po3paxoBy-
BaTU Ha «KOJIEKTUBHOTO» AHpis JIMUTpOBHYA.
3BICHO, HIXTO 3 HAC HE HAJTAIITOBAHWUI Ha BO-
POKHEYY, a Hallll THX1 MipKyBaHH BJaja He 4ye,
X04a 3aralib-HOBIJIOMO, 110 B KpaiHi, Je Blaja
Ha KPUTHUKY BUCHHUX BIAINOBIJIA€ MPE3UPIUBUM
MOBUAHHSM, TPOMAJITHA HE MalOTh HIAHCIB Ha
JIOCTOMHE JKUTTSL.

bynw nacka, He crpuiimaiiTe MOI CJI0Ba K
HeoOIpyHTOBaHi 3akuau BciM Ham. Hi, nmpocto
Ba)KKO TI030yTHCS BITIYTTSI, IO «TAK KUTH i
HE MOKHa». Ponb Hayku B KpaiHi CHIIBHO TIpHU-
HUKEHA, 1 CJIJI NIYKAaTU TPAEKTOPIIO BUXOLY 3
Takoi cutyarii. MeHi, TOBTOPIO, 3AAETHCS, 110
MOIITOBX Ma€ UTH BiJl AepKaBH, ajne, MalOyTh,
caMe MM B TOM 4M IHIIUH crOci® MaeMo HOTO
1HILIIOBATH, MOXE, Pa30M 3 YHIBEPCUTETAMH,
NpeACTaBHUKAMU IIPOMHCIIOBOCTI, SIKa MOTpedye
HAyKOBUX Po3po0Ook. Jleski koneru, ski 3aiima-
IOTHCS IPUKJIATHUMH TTUTAHHSAMH, 3aKJINKAIOTh
NPOBECTH HAYKOBY MOO1Ii3aIlif0 1 CKOHIICH-
TPYyBaTUCS Ha AKUXOCH JIBOX-TPHOX BaXIJIHU-
BUX JUIS KpalHU 3aBJaHHSAX HABITh HA LIKOTY
dbyHIamMeHTaIbHIN HayIli, MOBIISB, OTIM yce
OKyNHTbCs. /IMBHO, ajie TOro K caMoro BUMarae
BJaja, sika Oyna O y 3axBarti, IKOM HayKa craja
KOPUCHOIO 1 KomepuianizyBanacsa. Kpim Toro,
HE MOKHA HE TIOMiYaTH, 110 YKpaiHa JaBHO BKE
OKYTIOBaHAa BUCOKMMH TEXHOJIOTISIMU 1HO3EMHOTO
BUPOOHUIITBA. [JIsIHBTE, HA YOMY MM 13UMO,
K1 TaJPKETU B HAIIUX KHUIICHSIX, 4epe3 gKi

Mepexi MU MpHAeMO B iHTepHeT. | Tak He muie
y moOyTi. 3ramaiiMo, siki BiiCHKOBI CTAaHIAPTH MU
BIIPOBA/IKYEMO, SIK1 JITAKHM BUKOPHCTOBYEMO?
VYce e pesynbraru npaii BUeHHX, sKi 3aiima-
I0ThCSl (PyHIaMEHTAJIIbHOIO HAyKOIO, alie Mpo
Hel YoMyCh yci 3a0yBaroTh. SIK mpuOidHUK
NPIOPUTETHOTO PO3BUTKY (DyHIAMEHTAIBHOI Ha-
YKH 1 BBXKAIOYH 11 CaMOJOCTAaTHBOIO I[IHHICTIO,
X0Uy HAarojIOCUTH, 110 MOi eMOI[iiHI BUCTYIIH
Ha 1i 3aXUCT JaJIeKi BiJl peaIbHOCTI, OCKIJIbKH
il moTpiOHO Bxke 3aHeCTH Yy UepBOHY KHUTY
VYkpainu. [Ippuomy Mu He OJHI Taki y CBITI.
11106 OyTH MpaBUILHO 3pO3yMIJIMM, HAaBEy MPO-
rHO3 B1JIOMOTO aMEpUKaHChKOTO (yTypoJiora
Bbproca Crepuninra (Bruce Sterling) crocoBHO
¢byHnamenTanbHOi Hayku y XXI CT., sIKHii BiH aB
npubau3Ho 15 pokiB ToMy: «AkaznemiuHa cdepa
He 30epexe TpaaMilii, 0 ICHYBAJIH MPOTATOM
JIEB’SITH CTONITh. BOHA CTaHe 1HAYCTPiaTbHOO —
yce pOo3yMHO, MOOIITEHO, TIPOTE YKOPCTKO CHOKY-
COBAHO Ha MPOAYKIIT Ta NPUOYTKY, 1 IuIIe HeOa-
raTbOM pe3epByapaM aOCTPAKTHOTO 3HAHHS IO-
IIACTUTH BIKHUTH I1iJ] HAopoM puHKY. Kimacuuni
JUCIUTUTIHA 3MIHATHCS, TiAJAIITyBaBIIUCH TTi]]
6i3Hec. Di3uKa eneMeHTapHUX YaCTHHOK, fKa
Oyna moTpiOHa X0JIOAHIHM BiliHI, MOXe OyTH
3aTpeOyBaHa HaHOTEeXHOJOTrissMU. Hanpsmu
JOCIIJKEeHb 13 3alIaMOPOWINBOIO IIBUJIKICTIO
3MIHIOBAaTUMYTbhCS, 3aluIIalouu 6e3 podo-
T Oyab-sikoro npodecopa, sIKMil HamaraTu-
METHCS 3aJIMINATUCS CTAPOMOJHUM, 010J0Tis
00’€eTHA€THCS 3 KIOEPHETHKOIO...». MoXHa cTa-
BUTHCS JIO IIMX CJIIB 3 HEAOBIPOIO, BBAXKATHU 1X
¢anrasiero, aje He MOXKHA HE BU3HATH, 1110 MU €
KUBUMHM CBIJTKAMH IOYATKy TaKOTO MaiOyTHBO-
ro, KOJIM HayKy BCE BiABEPTILIE 3araHATUMYTh Y
SPMO KOPUCHOCTI, BUMAraTuMyThb 4OrOChb KOH-
KPETHOTO 1 TAKOTO, 1[0 MOXHA MPOJIaTH, HE BOA-
YarO4YM YKOIHOT PI3HUII MIXK 3aBIaHHSIMU (PyHa-
MEHTAJIBHOTO IaTyHKY 1 po3poOkamMu Ha oTpedy
npomucioBocti. [Ipore HAH VYkpainu 3aBxau
BUPI3HAJIACS IUIECTIPSIMOBAHICTIO 1OCHTIIKEHb
Ha BIPOBAKCHHS, a OTXKeE, MOMIOHUN PO3BH-
TOK TOJii He Mae OyTH JJIsI HAC HOBHHOM). €,
IIONpPaB/a, 1 MPOTHIIEKHA TOUKA 30pY, 32 SKOIO
dbyHaaMeHTaNbHA HayKa 30€pexeThes, He TOMY
10 3MIHUTKCS CyCHiIbHE CTaBJICHHS A0 Hei, a
TOMY IO 3aBXJU HAPOKYBAaTUMYTHCSI MOJIOJ1
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JIFOITH, SIKI HIYUM IHIITMM 3aiiMaTHCS HE 3aX0UYTh,
OCKUTBKM TaKa MisSUTbHICTh HE JUIIe 30aradye
HAI[lOHAJIBHY KYJBTYpY 1 KyJIbTYpy JIIOJCTBA, a
il nae HAcONOAY BIMBHOI, HIYUM HE OOMEKEHOI
TBOpUOCTi. II{0 KOHKPETHO MOXKHA 3aPOIIOHY-
BaTH B IIi{ CUTYaIlil, MEHI CKa3aTu CKJIAJIHO, aJe
K MU — JIOCJHIAHUKY, 1 aHAII3yBaTH HEMPOCTIi
npoOnemMu s Hac 3BUYHA crpasa. He 3Haro,
IO caMe 3apa3 IJIAHYIOTh «BEPXH», MPOTE €
BITYYTTS, [0 TUTaHHS aHademu Akagemii abo
K MIHIMYM ii aBTOHOMI{ 3 MOPSAJKY AEHHOTO
He 3H4T0. Ha Mmilt BnacHui po3cys, mpuHaiMHI
y HaOMMK4iil mepcrneKkTuBi HbOro pooUTH HE
BapTO, OCKIJIBKU BTPATHU BUSBIATHCS 3HAYHO
oimpmmmu. B Akagemii 30cepekeHo Bce Iie
NOTYKHHMH 1HTEJNeKTyaJdbHUHM moTeHmiam, 1 ii
pO3Bal 3HUIIUTH Woro. Bix’i31 HayKoBIIB 3a
KOP/IOH TaKOX CIIiJ] AKOCh rajJbMyBaTH, aje He
yKazamH 4d 3a00poHaMH, a 3aTpeOyBaHICTIO 1
HiJBUIICHHSAM IPECTHXKY HAyKOBUX Mpodeciii.
SIKIIO iHTeNeKTyalbHUN piBEHb HAIIOI KpaiHH,
MOCTIHHO CMaJalouu, NepeTHe TEeBHY MEXY, MU
HIKOJIM HE 3MOXKEMO HOTO MOTIM BiJHOBHUTH, IO
MpU3Belie 10 HEMOMPAaBHUX 3MiH — MU OyaemMo
HE JIMIIIE HECTIPOMOXHI BUPOOJIATH HAyKOMICTKY
MPOIYKIIiI0, a i HE 3MOKEMO HaBITh 3PO3yMITH,
110 came BiZI0yBa€eThCs Y HAyKOBOMY CBITI 1 I1e-
pPETBOPUMOCS Ha MEPECIYHUX CIIOXKUBaviB. 3a
TAaKOTO CI[EHApil0 HACTaHE MOBHA Jerpajaris
Kpainu, sika He Oyne BXkKe HIKOMY MOTpiOHOIO.
S nmemo 3rymyo GapOu, ane Takuil pO3BUTOK
NI HEe € HEMMOBIPHUM, 1 TYT KOHCTPYKTUBHA
MO3MUIIis BUCHUX, Hacammepea (Pi3ukiB, MOKe
OyTu BKpail BaxumBoro. Came ToMy f 1 3BepTa-
10CS1 10 BEJIMKOI ayAUTOPil YNTauiB, MOXKIIMBOCTI
Kol 3HaiiTh BiAmoBiml Habarato OinbIIi, a
po3yMiHHs mpobaem rubmre. Kpim Toro, xozu-
HOTO 3 HAaC HEe MOX€ HE XBHIIIOBATH MaiOyTHE
Axanewmii. [lepeTHyBIIHM BiKOBUH pyOixk, MU pa-
30M 3 AKaJIeMi€r0 MepexMUBAEMO CKPYTHI YacH,
OCKIJIBKM PO3BHUBATHCA 32 (PIHAHCOBOTO TOJIO0-
MOpPY HEMOXKJIMBO, a BUXIJ 31 CTaHy CTarHarii
notpeOye 3HaAUHUX PECypCiB, SIKHX He-Mae.
[Tpu ibomy Oyab-sika O€3isTIbHICTh BCTYIIAE Y
IPOTUPIYYS 3 IHTEHCUBHUM PO3BUTKOM BCHOTO 1
BCs HaBKOJIO Hac. HaBiTh y Takiii HeCpusTINBIi
Ut TBOpYOi poOoTu cutyanii Akagemii Hale-
KUTHh O1JbIlIa YaCTUHA PE3YIbTATIB BUCOKO-
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ro piBHA cepejl THX, 10 OTPUMaHi1 HayKOBOIO
cheporo Ykpainu. Aje HI0pOKy, AUBISYUCH HA
MiJICYMKH CBITOBUX JOCATHEHB, BiAYyBa€El,
0 LIbOr0 KpUTHYHO Maio. KammorigHe
¢biHaHCyBaHHS HE MOXe 3a0€311eUUTH OHOBIICH-
Hs Akanemii B 11 HUHIIIHBOMY CKJIaJi, a OTXKE,
CJIiJ1 [yMaTyu B HanpsMi ii ckopodeHHst. BoxHouac
HEOOX1/THO CTyKaTu B yci ABepi, 100 JOMOITUCS
HE JIMIIE PO3LIMPEHHS IPaHTOBOI MiATPUMKHU
31 30epekeHHsIM 0a30BOro (iHAHCYBaHHS, a U
ICTOTHOTO 301JIBIIEHHS CaMHUX TPAHTIB 32 yMO-
BU, 110 €KCIIEpTU3a iX Mae OyTH HE3aJeKHOIO 1
npodeciitHo 6e310raHHoIo.

JlocuTh Ba)XKO B HUHINIHIN cUTYyallii 3HAWTH
NPUBOAU JJISL ONTUMI3MY. MOXXIIMBO, BOHHU TO-
JATAIOTh y HaJii, 110 MU BUCTOIMO, 30epexe-
MO AKaJIeMir0 1 JOBEIEMO HAIIUM YPSIOBIISIM,
JIeTyTaTaM pi3HOTO PiBHS, MEPeCiYHUM I'poMa-
JsiHaM, 110 0e3 10alIuBOro 3aXUCTy HAYKOBOT
nparii maciuse MailOyTHe B YKpainy He npuiize.
I3 BTpaToro HaykKHn HEMHHYY€ BMHPA€ OCBIiTa,
SKICHA MEIUIIMHA, 000POHO3AATHICTh KpalHU —
e akcioma! OTxe, pO3BUTOK (pyHIaMEHTaTbHOT
HayK{ 1 HAyKOBO CIIPSAMOBAHOi OCBITH, a Ta-
KOX CTBOPEHHSI YMOB JUIsl pOOOTH BUCHUX —
HaWBaXJMBIII 000B’SI3KH Cy4acHOI JiepKaBH,
npo AKi y Hac yomych 3a0ynu. Came Ha bOMY
CJiJ] BeCh yac HarojomryBaTu. Bpemri-pemr,
HayKa 1 OCBiTa pa3oM 3 TEXHOJOTIYHUMH J10-
CSATHEHHSIMH JIFOJICTBA HA BiIMIHY BiJl TIOJITHKH,
peririi, HalioOHAJLHUX MPIOPUTETIB € TUMU HE-
OaraTbMa YMHHUKAMHU, sIKi 00’ €IHYIOTh, a HE
pO3’€AHYIOTH HE JUIIE OKpeMi Hamii, a i yce
moncTBO. ToMy 3aKiMKalo, He IIKOAYIOUH CHII,
BCUIIKO HaMaraTtucs JOHECTH IO CBIIOMOCTI,
HacamIepe] NepeciyHuX TpoMajsiH, a MOTiM
BXKE 1 BIaJHUX CTPYKTYp, 11O HayKa MoTpedye
JOBIpU 1 MIATPUMKHU HE TUIBKH 1 HE CTUIBKU
yepes 1i yTuiaiTapHi MOXJIUBOCTI, a yepes ii
O1/IbII BUCOKE 3aBAaHHS — HECTU CBITJIO 3HAHbD,
HiATPUMYBATH 100pOUYECHICTh, MOPAIHICTD Ta
HOPMaJIbHI JIFOCHKI CTOCYHKH.

Crarra Hagiiinoa no pegaxiii 28.08.2019 p.
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Summary

The article deals with the analysis of affairs in the scientific field in Ukraine as a whole, as well
as in academic and university science. The problems related to the choice of priority directions of
research in view of the development of science in the world, the prospects of its individual directions
from the standpoint of the development of the world economy and the place of science in these
processes are considered.

Concerns are expressed about the attitude of power institutions to the science in Ukraine its
importance underestimation for all spheres of the state’s life, including national security.

Particular attention in the analysis is given to physics, which remains the foundation of the nature
and the world knowledge, penetrating not only natural sciences, but also in some humanitarian.

Approaches to assessing the scientific activity of individual scientists and research institutes of
the NAS of Ukraine and other scientific organizations, including the use of scientific and metric
data, are discussed.

Considerable attention is paid to the problem of science financing in Ukraine, attitude to it not
only of the authorities, but also society as a whole, the interconnection of science and education,
personnel policy and the threatening intelligence leakage from Ukraine abroad.

Keywords: National academy of sciences of Ukraine, science, physics, research, problems

VIIK: 53,52
DOI: https://doi.org/10.18524/1815-7459.2019.3.179346

CTAH, IPOBJIEMU I IIIJISIXU PO3BUTKY HAYKHU B YKPATHI
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Pedepar

CrarTs mpuUCBAYEHA aHaNI3y CIIPaB y HayKoBiH cdepi B YKpaiHi BLIIOMY, @ TAKOK B aKaJeMIuHiH
1 YHIBEPCUTETCHKIN HayIli, 30kpema. Po3risaaiorscst mpoliiemu OB’ si3aHi 3 BAOOPOM MPiOpUTETHUX
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HaMpsMIB TOCIIKEHb 3 OIVISY Ha PO3BUTOK HAyKH y CBITi, IEPCIIEKTUBHOCTI OKPEeMHUX ii Hampsmi
3 MO3HIIIN PO3BUTKY CBITOBOI €KOHOMIKH 1 MICI[Sl HAYKH Y ITUX MPOIIECaXx.

BucnoBatoeTbCsl 3aHENOKOEHHS CTAaBJIEHHSIM J10 HayKu B YKpaiHi BJIaJAHUX IHCTUTYLIH,
HEJIOOLIIHKOIO BXKIIUBOCTI ii IS BCIX c(ep KUTTEAISIIBHOCTI IepKaBy, B TOMY YHCIIi, HAIIIOHATIBHOT
Oe3MeKH.

OcobnuBa yBara B aHami3i npuainseTbes (i3ulli, ska 3aMUIIaeTbess PyHIAMEHTOM Mi3HAHHS
NPUPOJAH 1 CBITY, MPOHUKHYBIIM HE TiJAbKU y NMPUPOAHUYI NUCIUILIIHU, a HABITh Yy Je-AKi
ryMaHITapHi.

OOroBOpIOIOTHCS MIJXOAU 11010 OL[IHKM HAyKOBOI JISUIBHOCTI SIK OKPEMHUX HAyKOBIIIB, TakK 1
HayKoBO-JociHuX iHCTUTYTIB HAH VYkpaiuu Ta iHIIMX HAyKOBUX OpraHi3amiid, y TOMy YHCH 3
BUKOPHCTAaHHSIM HAayKOBO-METPUYHMX JIaHUX.

3HayHa yBara NpuIUIseThes npodiieMi piHaAHCYBaHHS HayKu B YKpaiHi, CTaBJIEHHS 10 Hel He
TIJIBKH BJIQJHUX CTPYKTYP, @ 1 CyCHIIBCTBA BIIJIOMY, B3a€MO3B 13Ky HAayKH i OCBITH, KaJpOBii
TIOJIITHIII 1 3aTPO3JIMBOMY BUTOKY IHTEJIEKTY 3 YKpaiHH 3a KOP/IOH.

Kuarouosi ciioBa: HanionanbHa akajiemis Hayk YKpaiHu, Hayka, (hi3uka, TOCIiKEeHHs, TpoOIeMu
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PI3UKA HAHOTPAH3UCTOPIB: 2D EJIEKTPOCTATUKA MOS 1 MOJEJIb
BIPTYAJIBHOI'O BUTOKY

1O. O. Kpyenak, M. B. Cmpixa

AHoTamis. Y 4eTBepTii 13 cepii METOAMYHO-OTIISAIOBUX CTaTel, OPIEHTOBAHUX HA JIOCIITHUKIB,
CTY/ICHTIB, acIipaHTiB Ta BHKJAJa4iB BHIIOI IIKOJIM, JOKIATHO po3risiHyTa 2D enexrpocrarmka
MOS. Tloka3aHo, 1110 BOHA MOTIPIIY€E XapaKTEPUCTHKH TPAHCIIOPTY EIIEKTPOHIB Y MOJBOBUX TPaH-
3UCTOPAX, 30UTBIIYIOUH MiAMOPOTOBUI PO3KH/I 1 BUKITUKAIOUU €(EKT 3HWKEHHS 6ap’ epy, 3yMOBJICHUH

© 1O. O. Kpyrsik, M. B. Crpixa, 2019
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crokoM (DIBL), sikuii y cBOIO uepry 301bIIy€e BUXIAHY MPOBLAHICTD 1 3MEHIIY€ TPAHUYHY HANpyTy
B KOPOTKOKaHAJILHUX TpaH3uCcTOpax. Taki eeKkTH Ha3uBaloTh 1 ehekTaMu KOPOTKOro KaHairy. Mi-
POIO TOTO, SIK TPAH3UCTOPH POOIIATHCA JIe/lalli MIHIATIOPHIIIUMH, OCHOBHUH BUKIIUK, SIKUH IIOCTAE TIe-
pel CXeMOTeXHIKaMH, MOJIATae B KOHTPOII HaJl KOPOTKOKaHAIbHUMU e(eKTaMu. 3a3BU4ail Uis LIbOTO
noTpiOHe YucenbHe MOJIEITFOBAHHSI.

KuarouoBi ciioBa: HaHoenekTpoHika, nonboBuid Tpansucrop, MOSFET, 2D enekrpocraruka, Me-
TPUKa TPAH3UCTOPIB, KEPYBaHHS TPAH3UCTOPAMH, BipTyaJIbHUN BUTIK

PHYSICS OF NANOTRANSISTORS: 2D MOS ELECTROSTATICS AND VIRTUAL
SOURCE MODEL

Yu. A. Kruglyak, M. V. Strikha

Abstract. In the fourth one from the line our new tutorial reviews, directed to serve students,
university teachers and researchers, the 2D electrostatics of MOS is considered in detail. It is
demonstrated, that 2D electrostatics degrades electron transport in field effect transistors by
increasing the subthreshold swing and causing the DIBL effect, which in its turn increases the output
conductivity and reduces the threshold voltage in short-channel transistors. Since these effects are
more pronounced in short-channel transistors, they are also called short channel effects. As transistors
get smaller and smaller, the main challenge with circuitry is to control the short-channel effects. As a
rule, numerical modeling is required.

Keywords: nanoelectronics, field effect transistor, MOSFET, 2D electrostatics, transistor metrics,
transistor control, virtual source

OU3UKA HAHOTPAH3UCTOPOB: 2D JIEKTPOCTATUKA MOS U MOJEJIb
BUPTYAJIBHOI'O HCTOKA

0. A. Kpyanax, M. B. Cmpuxa

AHHOTanms. B uyerBeproif W3 HOBOW CEpUM HAIIMX METOIMYECKUX OO30pHBIX CTarei,
OPHEHTHPOBAHHBIX HA CTYJICHTOB, aCIUPAHTOB, ITPETIOAAaBATENICH BBICIIICH IIIKOJIbI  HCCIIEI0BATENCH,
nopo6Ho paccmorpeHa 2D snekrpoctarika MOS. [Toka3aHo, 4To OHa yXy/IIIAaeT XapaKTEPUCTUKU
TPAHCIIOPTA 3JIEKTPOHOB B TIOJIEBBIX TPAH3UCTOPAX, YBEITUUUBAS TOIIOPOTOBBIN pa3dpoc U BBI3bIBAS
sapdekr cHKeHus: Gapbepa, oOyciopiaeHHbIN cTokoM (DIBL), koTOphIii B CBOIO Ouepensb yBEH-
YHUBACT BBIXOIHYIO MPOBOIAMMOCTh M YMEHBILIACT MOPOrOBOEC HAMPSIKEHHE B KOPOTKOKAHATBHBIX
TpaH3ucTopax. ITH 3(h(EeKThl Ha3bIBAIOT Takxke d(pPeKTaMu KOpoTkoro kanaia. [lo mepe Toro, kak
TPaH3UCTOPHI CTAHOBSITCS BCE MUHUATIOPHEE, OCHOBHOW BBI30B, C KOTOPBIM BCTPEYAIOTCS CXEMOTEX-
HUKH, CBOAUTCS K KOHTPOJIIO KOPOTKOKaHANBHBIX 3¢ dekToB. Kak mpaBuiio, 1uist 3Toro TpedyeTcs umc-
JICHHOE MOJICJIUPOBAHUE.

KuroueBble cy10Ba: HaHOANIEKTPOHMKA, 1ToaeBoi Tpan3uctop, MOSFET, 2D anekrpocraruka, Me-
TPUKA TPAH3UCTOPOB, YIPABICHUE TPAH3UCTOPAMH, BUPTYaIbHBIA HCTOK
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1. Beryn

OCHOBHUM INPUCTPOEM CYUACHOI €JIEKTPO-
HIKH 3QJIMIIAETHCS TOJIBOBUN TPAH3UCTOP Me-
Tal-ieeKTPUK-HAIIBIPOBITHUK 3 1307b0Ba-
HuM 3atBopoM MOSFET, a ToMy po3ymiHHS
0a30BHX MPHUHIIMITIB HOTO POOOTH HATIE)KUTH IO
000B’SI3KOBUX KOMIIETEHIIIH KOXKHOTO CYy4acHOTO
HayKOBIIS, BUKJIJa4a YU 1HKEHEpa, IPUIETHOTO
1o 1iei cepu. Teopito poootu MOSFET Gyno
no0Oy1oBaHo 111e B 60-Ti pOKM MUHYJIOTO CTOJITTS
(muB. Hamp. [1]). BinToai BoHa 3a3Hana CyTTe-
BOTO PO3BHUTKY; NMPOTE B OCHOBHOMY MiJIXiJ /10
MOJIEJIIOBAaHHS TPAH3UCTOPIB 3aJTUIIUBCS TOM
cammii, mo i 50 pokiB TOMyY.

VY mepuriii 3 HOBOI cepii HAIIMX METOAMYHUX
ONNISIIOBUX cTaTei [ 1] Mu nanu 3araabHUM onuc
tpanzucropa MOSFET. Mu po3rsiHynu ¢i3zud-
Hy crpyktypy MOSFET Ta iforo BonbT-amnepHi
xapakrepuctuku (BAX) nBoxX TUMIB — BUXIIHI i
nepeaaBaibHi, onucaiu 10 METpUYHUX MOKa3-
nukiB MOSFET, nocratHix 1jis aHanizy sSKOC-
Ti HAHOTPAH3HUCTOPiB, OOTOBOPUIIU MPUHLIUIIN
KEPYBaHHSI MMOJIbOBUMH TPaH3UCTOPAMH depe3
NpUKIagaHHs Hanmpyru Ha 3atBop. [lokaszaHo,
110 3aBXKIH iICHY€ 6ap’ep Ha MEXKIi MOMIXK CTOKOM
1 KaHaJIOM TPOBIJHOCTI, IKUW OTPUMAB HA3BY
BIPTyaJIbHOTO CTOKY.

Hamry HactynHy crarTio [2] Oyino mpucBsS4eHO
BuKI1a0B1 KiaciuyHoi Teopii MOSFET. Mu o6ro-
BOPWJIY TUTbKU HAMCYTTEBIIII 171e1 3BHUHOTO ITi/I-
X071y, SIKUM TaKOX OTPUMAB HA3BY «3TOPH — BHU3Y.
30KpemMa, MU OOMEKUITUCS MOJICITFOBAHHSIM JTiHIH-
Hoi o0nacTi Ta o6macti HacuueHHs: BAX.

VY nponoBXeHHs BUKJIaAy (i3MUHUX MPUH-
IIUIIIB MOJICTIIOBAHHS HAHOTPAH3UCTOPIB, PO3-
noyvatoro B [1, 2], y crarti [3] po3misnyTo izu-
Ky MPOIIECIB y HAIIBIPOBITHUKOBIN TiAKIAAII
MOSFET. s ¢izuka BU3HAYAETHCS BUTHHOM
30H, IO 3aJICKUTh BiJl TOBEPXHEBOTO TOTEHITia-

1oy ¥, AKMH y CBOIO YE€Pry BU3HAYAETHLCS HAIPY-
roro Ha 3atBopi V. Mu onepxanu JOCTaTHbO

3arajbHy (opMyiy, 10 HOB’s3ye V. 3 g, Ta-
KOX ISl IIUTKOM 1HIIO1 cTpykTypu MOS, cTpyK-
TypH 3 HaATOHKOIO KPEMHIEBOIO ITiAKIIAKOIO
(Extremely Thin Silicon-On-Insulator/ETSOI),

[0 XapaKTepHa IS TeNepilIHLOI TeHACHIIIi MiHia-
TIOpH3aLlil TPAH3UCTOPIB. MU NIepeCBITIMITUCS, 1110
ocHoBHI ocobmuBocTi crpykrypu ETSOI moni6Hi
JI0 BIIAaCTUBOCTEM MacuBHOI cTpykTypu MOS.

Ha nponosxenHs ormsiny (Gi3sMuHUX NPUHIIU-
ITiB MOJIENIOBAHHSI HAHOTPaH3UCTOPiB [ 1-3] y wiit
OIVISIIOBO-METOANYHIHN CTATTI MU pO3IIstHEMO 2D
enekrpoctatiky MOS i1 3ymMOBIeH1 Heto eeKTH,
a gani copMyTrOeMO BKE KJIACUYHY MOJEIb
BIpTYaJbHOTO BUTOKY 0€3 SIBHOTO BpaxyBaHHS
MOKJIMBOCTI 0aTiCTUYHOTO TPAHCIIOPTY.

Mu noci o0roBoproBasd, IKUM CaMe YHHOM
MOBEPXHEBUI MOTEHITIANl HAIiBIPOBITHUKOBOI
I IKJIIKHA 3MIHIOETHCS 31 30UTBIIICHHSM HAPYTH
Ha 3aTBOPI, 3aCTOCOBYIOUM BHKIIIOYHO 1D enek-
TpocTaTuky. OJHaK y HAHOTPAH3UCTOPAX 3 KO-
POTKMMH KaHAJIaMU MPOBIAHOCTI MOTEHIIIAH,
NPUKIIAACHI 10 BUTOKY 1 10 CTOKY, CTBOPIOIOTh
CHJIbHE €JICKTPUYHE T10JIE B3/IOBXK HAINPSIMY Ka-
Haiy. L{iTkoM OueBHIHO, IO €JNEKTPOCTaTHY-
HUI TOTeHI1an y KopoTkokaHaibHOMYy MOSFET
Oyzie CHJIbHO 3MIHIOBAaTHCA 1 B HANpsIMKY X, 1 B
HanpsAMKy y (puc. 1).

Puc. 1. Mikporpama nepepizy MOSFET, orpumana

HAa CKAHYIOYOMY esieKTpoHHOMY Mikpockomi (Texas

Instruments, 1997), na sikiii 100pe BUIHO BCi KOHTAKTH

i ieleKTPUYHU MPOLIAPOK, L0 i30J110€ 3aTBOP Bij
KaHaJIy IPOBiTHOCTI.

BpaxyBanus 2D enekTpoCTaTuKH, 0COOIHU-
BO B HAaHOTPaH3HUCTOpaX, COPUUHMHSE BaXKIUBI
Hacaiaku s pexxumiB poootu MOSFET. Ak
300pa)kKeHO Ha puc. 2 JIiBOPYY, NPUKIAACHHS
BEJIMKOI HAIIPYTH HA CTIK 3CYBa€ XapaKTEePUCTUKY

log,, I, oc Vs niBOpYyH.
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Jr. Jr ;

V,.=10B |
log1,, B2 Ve | cnan v,

AV, / Vs =005B |
I A/ |
,rf' ‘_-"’(’I"r’r,-. V; )/ mkT i
rd I
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1/ .
/1 |
4 I

: -~

> | >

L{GS Lmin L

Puc. 2. Ilpukiaagu Toro, ik ypaxyBaHHs 2D eJleKTPOCTATHKH MO3HAYAETHCSA HA XapaKTEPUCTHKAX KOPOT-
KOKaHAJbHUX TPaH3ucTOPiB. JliBopy4: pe:kum edekTy 3HMKeHHA 6ap’epy, inaykoBaHoro ctokom (DIBL), mo

3cyBae nepeaBaibHi xapakrepucruxu 10g,, I, ¢ oc V. ; Taka noseainka moxke GyTn Takok iHTEpnpeToBaHa

sIK 3MEHIIEeHHs! ToporoBoi Hanpyru V. 3i 36iapmennsiv nanpyru na croxky. IlpaBopyu: cnag V), sk pesyabrar
3HUZKEHHSI IOPOTOBOI HANIPYIH Y HAHOTPAH3UCTOPAX.

Ile# 3cyB Ha puc. 2 moB’s3aHuil 3 edek-
TOM 3HIDKCHHS 0ap’€py, IHIYKOBAHOTO CTOKOM

DIBL = —AV s /IAV,; (nuB. puc. 11 crarri [1]),

ne AV, — Taka 3MiHa HallpyTy Ha 3aTBOPI, SKa
HeoOXiHA JUJIA TOTO, MO0 MIATPUMATH CTPYM
CTOKY HE3MIHHHUM IPHU 3MiHI HAIIPyTH Ha CTOKY

Ha Beauuuny AV, . SIKIO B3STH HEBEIUKUI
CTPYM, SIKMI BIIMIOB1/Ia€ TPAH3UCTOPY B PEIKUMI
«ON» (TmyHKTHpHA JIiHIS HAa PUC. 2), TO MU TIO-
0a4rMo, 110 BEJIMKa HAIpyTa Ha CTOKY 3MEHIIY€E

BEJIMYMHY NIOpOroBoi Hanpyru Ha AV, . OgHak,

oJiep>KaHuil paiiie Bupas s V, (1uB. popmy-
ay (13) 3i crarti [3]) HE MICTUTB 3aJIEKHOCTI BiJ
HaIlpyry Ha CTOKY, i MPUYMHA LILOTO IOJSArae
B HEBpaxyBaHHI 2D eNeKTpOCTaTHKH. [HITUM

pOsIBOM 2D eNeKTPOCTATUKU € 3aIEXKHICTb V.
B1Jl TOBKHHM KaHaJTy MPOBITHOCTI (pHC. 2, TIpa-
BOpyd). BuximHuii onip TpaH3WCTOpa TaK camo
noB’si3aHuil 3 2D enekrpocratukoro. Li Ta iHmm
MMTaHHSA, TIOB’s13aH1 3 2D eJIeKTPOCTATUKOI0, MU
00TrOBOpPUMO JaJIi.

22

2. 2D enekrpocratnka MOS

Bpaxysatu 2D enekTpoCTaTuKy MOKHA IUISA-
XOM YHCEIbHOIO PO3B’A3aHHS JBOBUMIPHOTO
piBHsiHHS [lyaccona, a konu WaeThest Mpo TpaH-
3UCTOP 13 Jy’KE€ KOPOTKHM KaHaJIOM, TO CJIiJ
pO3B’s13yBaTu TpUBUMIpHE piBHAHHSA [lyaccoHa.
YucenbHe MOJEIIOBaHHS LIIUPOKO 3aCTOCOBY-
€ThCS B IPOEKTYBAaHHI HAHOMETPOBUX TPaH3MUC-
TOPIB JUIsl TPOMHUCIIOBOrO BUpOOHUITBA. Hame
K 3aBJIaHHS MOJISITA€ B TOMY, 1100 MOOyayBaTH
SAKICHO MPaBWIbHY (13MUHY KapTUHY IPOLECIB
y MOSFET.

2D pieuanns Ilyaccona
3akoH ['aycca amisi eeKTpUYHOTO 3MIIICHHS
3aMHUCYETHCA K

6'[j(x7y):p(xvy)a (1)

ne D — BeKTop 3MIlIeHHs], p — I'yCTUHA 3apsIy.
3B’S130K 3MIMICHHS 3 €IEKTPUYHHIM TT0JIEM BU3HA-
Ya€ThCS CITIBBITHOLICHHSIM

D(x.y)=&E(x,y), @
Je &, — JleJeKTpUYHa NPOHUKHICTH HAIIBIIPO-

B1JIHMKA a00 OKCHHOI IJIIBKH, SIKI MU TyT BBa-
KAEMO TTPOCTOPOBO OfHOpITHUMU. EnekrpocTa-
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TUYHHUHA TIOTEHITiaN TIOB’ I3aHUIA 3 €JICKTPUUHUM
OJIEM:

E(x,»)=-Vy(x,y), 3)
Tox piBHsAHHS [lyaccona HaOyBae BUITIS LY
2 2
8v2/+81/2/:_p(x,y). @)
ox~ Oy &

Hac 0coOnmuBO HiKaBISATh PO3B’A3KH PIBHSIHHS
[TyaccoHa B miAIOporoBiii 00JacTi Ta Ha CaMOMYy
MOYaTKy peXXUMy iHBepCii, Koiu BpaxyBaHHs 2D
€JIEKTPOCTATHKH JIO3BOJISIE 3pDO3YMITH TIPUPOILY

edexry DIBL i cnagy V,. B nianmoporosomy
pexxumi

p(x,y)=qIN,(x,y) =N (x,»)]~—gN,, (5)
Jle OCTaHHS PIBHICTh BUIUIMBAE 3 MPUITYLICHHS
6ap’epy LloTTki (BUIBHI HOCIT B KaHaJ1 MIPOBIJI-
HOCTI1 — JIIPKU - CTBOPEH1 TUIbKU aKLENTOPaMH 3
KOHIEHTpawieo N, Kl TOBHICTIO 10HI30BaHI 1
OJTHOPI1JTHO PO3TOILICHI).

[ap pienexkTpuka Ta eJeKTPol 3aTBOPY € vac-
TUHAMU KaHaJly IPOBIJHOCTI i MOBUHHI OyTH

BKJTIOUEHI B PO3MIISi TIPU 3HAXOKEHH] W (X, V).
EnekrpoHHMM (4M AIPKOBUM) 3apsoM Y Iapi
JeNIeKTpUKa 3a3BHYail HEXTYIOTb, TOXK PIBHAHHS
Jlarnmaca As1st IIbOTO MIApy 3aMUIIETHCS K

Oy Oy
—+ =0.
ox* oy’

B 3aranbHOMY BUMNAIKY JJIs1 3HAXOKEHHS
€JIEKTPOCTATUYHOTO TMOTEHITIaTy CJIiJl YUCETBHO
pO3B’s13aTH cUcTeMy piBHAHB (4) Ta (6). Mu x
Ha/1aJli 0OrOBOPUMO SKICHI MIAXOAH A0 PO3YMiH-
HS pO3B’SI3KIB LIUX PIBHSHb.

Oco06nuBy yBary npuaiiiMo KOPOTKOKaHAb-
HUM TpaH3ucTopam, epektu 2D eIeKTPOCTaTUKH
B SIKUX OCOONUBO ICTOTHI. Y BUMAJAKY JIOCTaTHBO
JIOBTOTO KaHATy MPOBIAHOCTI MOTEHITiA 3MiHIO-
€THCSI B3/IOBXK HAIPSIMY KaHay MOBLIBHO, TOX

2 2
0 l/2/ << 0 1/2/ (7)

ox oy
1 piBHSIHHA (4) 3BOJUTHCS 0 OJHOBUMIPHOTO
piBusHHS [Tyaccona (quB. Bupas (57) crarri [2]).

(6)

3HayHa i CyTTEBA YAaCTHHA CY4YacHOI TPaHIIiii-
Hoi Mozaeni MOSFET noGynioBana B IpHUITyIIIEHH1
(7). Leti miaxia HA3UBaXOTh HAOIMKSHHSIM ITLIaB-
Horo kaHany (gradual channel approximation).
CraHgapTHU TIIXiT 10 MOJIEITIOBAHHS KOPOTKO-
kaHanbHX MOSFET 3BoguThcs 10 po3poOKu
MOJIeJi ISl JOCTAaTHBO JIOBTOTO KaHay Mpo-
BITHOCTI 3 TOAAJBIINM YpaxXyBaHHSAM €(EKTiB,
CHPUYMHEHUX 2D eNeKTPOCTATUKO [4—7].

Cnao nopozogoi nanpyau ma DIBL
[epenumemo piBHsHHSA (4) ¢ ypaxyBaHHS (5)
JUIS PEKUMY BUCHAKCHHS B BUTIIAII

Oy _gN, oy
o' & ot

(8)

st --MOSFET enexTpocTaTrnyH#iA TOTEHITI-
aJl 3pOCTa€ B1Jl BUTOKY /10 CTOKY, TOX dy/dx > 0.

Enexrpuune none, —dy/dx , Takox 3011bLTY€Tb-
Csl BiJl BUTOKY JI0 CTOKY, TOMY KpUBHU3HA ITOTECH-

uiany d’w/dx’ nonarsa. Lle Tak caMo BUILTHBAE
3 pe3y/bTaTiB MOJICIIOBaHHS HAHOTPAH3UCTOPIB,
300paxeHux Ha puc.16 Ta 17 crarti [1]: sk npu
HU3bKiH, TaK 1 MpH BUCOKIM HAmpy3i HA CTOKY

3aeXHICTh E.(X) Mae BiJl’€MHY KPUBU3HY, TOXK
KPUBHU3HA €IEKTPOCTATHYHOTO MOTEHIAy J0-
JlaTHa.

BpaxoBytoun nogaTHy KpuBH3HY (x), iepe-
nutiemMo (8) B BUTTISAIL

az_l// _ qﬂeﬂ
&

= )
2
e ay S
_gN, oy
Meff = . P <N,. (10)

PiBHsiHHA (9) — 1€ ONHOBUMIpHE PiBHSIHHS
[TyaccoHa Jisi €1eKTPOCTaTHYHOTO MOTEHIiaTy
BIVIMO HAIIBIPOBITHUKOBOT MiJKIAAKH 3 ePeK-
TUBHOIO KOHIIEHTPAIIEIO aKIETITOPiB, MEHIIIO0
BiJI iXHBOI (DaKTHYHOI KOHIEHTpaIii. 3riaHo 3
Bupa3oM (13) poboru [3], moporosa Hampyra
OB’ s13aHa 3 KOHIIEHTPAIIIE€I0 aKIETITOPIB SIK:
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J2g¢e.N (2
VT:VFB‘I‘ qgs A( WB)+2

ox

Vg (11)

OckinbKu BpaxyBaHHS 2D eNeKTPOCTaTHKU

edektuBHO 3meHIIye N, (10), MoxkHa O4iKyBaTH
3HW)KEHHSI TOPOTroBoi Hanpyru. [Ipu ckopodeHHi

: 2 2
JIOBKMHU KaHaIly KpUBU3HA MoTeHuiany d y/dx
30UIBIIY€THCS, IO 3MEHIIY€E e(EeKTHUBHY KOH-
LEHTPALIII0 aKIIENTOPIB 1 3HMKY€E TTOPOTOBY Ha-

npyry. Came 1ie 3yMOBIIIO€ 3MEHIIEHHS V. 31

CKOPOUYEHHSM KaHally IpoBIAHOCTI (cnag V).
Uepes aHaoOr1yHi MipKyBaHHs MOYKHA 3pO3yMITH

aBuie DIBL 1 3MeHIIeHHs V, 31 30UIbIIEHHAM
HATpPyTH HAa CTOKY MpH (PiKCOBaHIM JOBKUHI Ka-

HaJIy: 31 3pOCTAaHHAM VDS KpHUBH3HA HOTeHI_IiaJ'Iy

2 2 :
d“y/dx” 301nblIyeThes, €peKTUBHA KOHIIEHTPA-

1is aKLEnTopiB qui roporosa Harmpyra V,
3MEHUIYIOThCS.

BpaxyBaHHs 2D e€neKTpOCTaTUKH TATHE IIE
OoMH Hacaigok. bap’ep Mik BUTOKOM 1 KaHa-
JIOM KPUTHYHO BaXJIMBUM U1 (PYyHKIIOHYBaHHS
TpaH3ucTopa. B imeani Bucora 1ip0ro eHepreTiy-
HOTO 0ap’€epy LIIKOM KOHTPOJIIOETHCS HAIIPYTOI0
Ha 3aTBOPI, @ HaIlpyra Ha CTOKY HISIK Ha HEi He
BIUTMBAE (AUB. puC. 3, 3rOPH).

VY peanbHOMY TpaH3UCTOP1 MOTEHINIAT CTOKY
JloCsiTae TaKy BEPIIMHU Oap’epy U ACIIO 3HIKYE
ii (puc. 3, 3uu3y). Uepes Hmxuuit 6ap’ep npo-
XOJIUTH OUIBIINN CTPYM MU TiM camiil Hampy3i
Ha 3aTBOpi. MoXHa cKka3aTu i MO-1HAKIIOMY:
noTpiOHa MEHIlIa Harpyra Ha 3aTBOpi, 100 3a-
0e3neunTH MOTPIOHUM CTPYM, OCKUIBKHU Oap’ep
OyJI0 3HIKEHO Yepe3 BIUIUB 000X TMOTEHITIaiB
— 1 3arBopy 1 cToKy. Lleit edpext DIBL 3cyBae

nepenaBalbHy XapakTepucTuky log,, [, oc Vi
aiBopyu (puc. 2).

24

Tinbku 3aTBOp
KOHTPOSIOE BHCOTY Gap’epy

E (xy=0)

HHzbKa Vo

E-(x,y=0)

HH3bK& V, »s

DIBL
\

~— p—

Puc. 3. Bnaus Hanpyru Ha cToky Vps Ha BHcoTy

0ap’epy. 3ropu: Hanpyra V,; He BIUIMBA€ Ha BHCOTY

G6ap’epy. 3uu3y: Hanpyra Vps Jemo 3HUKY€E BHCOTY
06ap’epy (edpext DIBL).

Takwmii miaxig 31 3HUKEHHSAM O0ap’€py TaKOXK
JTO3BOJISIE 3pO3YMITH, YOMY BpaxyBaHHs 2D enek-
TPOCTAaTUKU 3HUXKYE €(EKTUBHY KOHIICHTPAIIIIO
akienTopis. st CHIIBHO JIETOBAHMX IT1JIKJIAJIOK
30HU CKJIQJIHIIIE BUTHYTH, a TIPH BpaxyBaHH1 2D
€JIEKTPOCTATUKH CTIK JI0TIOMOTa€ 3aTBOPY 3HU3U-
TH 6ap’ep. JloBxuHa 00:1aCTI KaHATY POBIAHOC-
Ti, 110 TIepeOyBae i BIUTMBOM CTOKY, 3aJICKHUTh
Biz 2D reomMeTpii TpaH3UCTOPA, 10 OOTOBOPECHHS
SIKOT MM TIEPEXOJIUMO.

T'eomempuune expanysans

ExpanyBaHHs 3apsiiiB XapakTepHe I Me-
TaJIIB Ta HAIIBIPOBIIHUKIB. SIKIIIO B IEBHOMY
CEepEOBUIIl YTBOPUBCS «€(PEKTUBHUHN 3apsim»
(HaJUTMIIIOK TIO3UTUBHOTO 3apsiAy HaJ| HEraTHB-
HUM, Y¥ HaBIAKH), PYXJIUBI HOCII CTpyMy po3-
TaIOBYIOThCS TaK, MO0 HEUTpasizyBaTH (expa-
HYBaTH) 1IeH 3apsaa. XapaKTepHY BiJCTaHb, Ha
SIK1i 3apsi]] €KPAHYETHCS, HA3UBAIOTH IOBKHHOIO

€KpaHyBaHHs, a00 *k JoBxkHHOIO Jlebast L, :

(12)

1€ n, — KOHLEHTpAllis eIeKTPOHIB.
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Y MOSFET peanizyeTbcs iHIIUN BapiaHT
eKpaHyBaHHS eJIeKTpU4IHOro mnois. Puc.4 inro-
CTPY€E TaK 3BaHE «T€OMETPUYIHE CKPAHYBaAHHSI.

3o06paxkeno tpu ctpykrypu MOSFET. [lns
DG ETSOI cunosi aiHii eIeKTPUIHOTO MO
CTOKY 3aKOPOYYIOTHCSI Ha BEPXHHOMY i HUKHBO-
My €JIEKTpOJaxX 3aTBOPIB, IPOHUKAIOYH B KaHAT
TIJIBKY HA BIJICTaHb MOPSIKY A . Ko Bemuau-
Ha A MeHIIa BiJ IOBKUHU KaHAy ITPOBITHOCTI
L, A< L, elekTpu4yHe MOJI€ CTOKY HE MOXE
«JIOCATHYTH» TIOYATKy KaHaJTy MPOBITHOCTI ¢
TOMY HE MOX€E MOHU3UTH Oap’epy. B nbomy BU-
naaky edexr DIBL npakTuaHO BiacyTHIN. Toune
3HAYEHHS TOBKUHU T€OMETPUYHOTO €KpaHyBaH-
Hs BU3Ha4YaeThesl 2D reomeTpiero TpaH3UCTOpa,
ajie 1HTYITUBHO 3pO3yMIJIO0, 1[0 YUM IIIJBHIIIE
OTOYCHHM KaHaJl 3aTBOpaMH, TUM €(EKTUBHIIIIE
Oyze reomeTpuyuHe eKkpanyBanHs. Ha puc. 4 Haii-
CUJIBHIIIIE TEOMETPUIHE CKpaHyBaHHS peai3y-
eTbesa B cTpykTypi DG ETSOI, it tomy ETSOI
3 MOABIMHUM 3aTBOPOM MEHIII 3a BCE MiANANAE
M1 BIUTUB €(EeKTiB, MOB’sI3aHUX 13 2D eneKkTpo-
CTaTHUKOIO.

Puc. 4. TeomeTpuyHe eKpaHyBaHHS B TPhOX THIIaX
MOSFET. JliBopyu: macuBHa crpyktypa MOSFET.
IIpaBopy4 3ropu: onno3arsopuuii SG ETSOI. IIpaso-
py4 3uu3y: ABo3arBopHuii DG ETSOI. B edexTuBHOMY
MOSFET cnJiosi JiiHil e1eKTPUYHOT0 MOJISI Bil CTOKY
NMPOHUKAKTH y KAHAJ MPOBiIHOCTI JIMIIe HA BiICTAHb

~ A, ockinbkn OiibIna YacTHHA JIiHil 3aK0pOUyETHCS

HA BePXHbOMY il HIKHBOMY 3aTBOpax [8].

Xo4 po3paxyHOK BEIUYHMHA A Ui JOBLIBHOT
reomMeTpii 3aTBOpiB TPAH3UCTOPA MOXKE BUS-
BUTHUCS ayxke cknanuum [9, 10], eBpuctuyHi
MIpPKYBaHHS Mi/Ka3yl0Th, Bil YOr0 MOXe 3aJie-
»katu BennunHa A . Hacammepen 3BepHiMOCS

10 onHOBUMIipHOTO piBHsIHHA [Tyaccona Brmu6
KPEMHI€BOT IMiIKJIAIKN

=4 (13)

Lle piBHSHHS MOXKHA HAOMHKEHO TIEPETMCaTH SIK:

d’y ~ Ve —Vs
dy’ A’

; (14)

Oepyuu 10 yBary, mo aust V, >y, (Hanpyra Ha
3aTBOPI1 BUILA B1Jl 3HAYEHHSI IOBEPXHEBOTIO 110-

TEHIlialy), 3HaUeHHs d 21///dy2 Oyae MoJaTHHUM,
a koediuieHT npomnopuiiHocti B (14) oOpano 3
MIpKyBaHb BUMIPHOCTI SIK 0O€pHEHUI KBajpaT
nosxkunu. [Ipupisaioroun (13) 1 (14), onepxxyemo:

Ve —¥s _ gN, ‘
A’ &g

Buxopucraemo BitoMuii po3B’sS30K Y peKUMI
BUCHa)KEHHS [2, 3]

(15)

N W,
Vo= ——Q(C'//S) vy =L o tvs. (19

ne W, —roBlyHa mapy BUCHaxeHHs, C,, — eM-
HiCTh OKcuaHOI TTiBKU. 3 (15) Ta (16), Bukopuc-
ToByrouH popmyimy (5) crarti [3], ogepkyemo

(17)

Ie ¢, — TOBIIMHA OKCUIHOI TUTIBKH.
3 (8) Ta (4) omepxyeMo OJHOBUMIpHE PiBHSH-
Hs [lyaccoHa B3710BXK MPOBIAHOTO KaHAIY:

2
d l//s(x) :'//s_VG +qNA (18)
dx’ A? ’
B IKOMY MH Biﬂpa3y BU3HAYUIINUCA, 10 IIYKA€EMO
HOBerHeBI/Iﬁ HOTeHI_IiaJ'I Y340BXK HpOBiI[HOl"O

N

KaHay ¥ (x) =y (x) o 3amMiHOI0 3MIHHUX

b=y, v, + Wy (19)

s
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OZIEPKY€EMO MpocTe AudepeHIiaabHe PIBHSIHHS

d’¢ ¢

V2 .2 = O 5 (20)
dx~ A

Y PO3B’SI30K AKOTO ¢ = exp (£ x /A) BXOAUTH Be-

nuauHa A , Bu3Ha4yeHa 3a (17).

OTXe, MU OJIEPKYEMO XapaKTCPUCTUUHY
JIOBKMHY T€OMETPUYHOTO eKpaHyBaHHS A , Ha
SIK1i 30ypeHHsI, BUKJIMKAHE TMTOTEHITIaJIOM CTOKY,
3aracae. SIKimo noBXKHWHA KaHaly MPOBIJHOC-
Ti L>A, 10 epextnn DIBL y KOPOTKOKaHAIb-
HUX TpPaH3UCTOpax OyayTh He3HAUHI1. Bennuunu

L~(1.5-2)A npuilHATHI 1J1s CbOTOJHILIHIX
kopoTkokaHaibHuX MOSFET. Sk Bumnnusae 3
(17), matoTh nepeBary TOHKI Jli€JIE€KTPUYHI IIPO-
HIapK{ Ta TOHKI 00JacTi BUCHaXEHHS. SIK 30-
OpakeHO Ha puC. 4, y TaKUX BHUIIAJIKaX CHIIOBI
JIHI{ eIeKTPUYHOTO TOJIsi CTOKY CKOPINI 3a BCE
3aKOpOTATHCSA a00 Ha 3aTBoOpi, a00 Ha He3aps-
JDKEHIH o0nacTi mAKIagKy, 3aMICTh TOro, 100
JIOCSITHYTH [OYaTKy KaHajly IPOBITHOCTI i 3HU-
3UTH, HEXall HaBITh HE Habararo, 0ap’ep.
OTixe, BUIllE 3alIPONIOHOBaHA €BPUCTUYHA
OI[IHKA XapaKTePUCTUYHOI JOBXUHHU reoMe-
TPUYHOTO €KpaHyBaHHsS A . 3MIMCHEHO TaKOX
aKypaTHIII OMIHKKA A JUIS PiI3HUX CTPYKTYDP

MOS [9-11]. B minomy, Agyix > Apgersor -
TpaH3uCTOp TUM KpaIIHii, YUM MEHIIIA JOBKUHA
reOMETPUYHOTO eKpaHyBaHHsI. 3arajibHa 3aKOHO-
MIPHICTh TaKa, 110 YUM ILIiJbHIIIEe KaHAT po-
BIIHOCTI OTOYEHO MPOBIIHUMU E€IEKTPOIAMH,
30KpeMa, 3aTBOPHUMHU, THM MEHIIA JTOBKHUHA
T€OMETPUYHOTO EKPaHyBaHHS.

2D enexmpocmamuka: EMHICHA MOOEb

Ha puc. 5 300paskeHO KOpUCHUI METOA Bpa-
XyBaHHs 2D enekTpocTtatuku. KoxHuii KOHAeH-
caTop Ha IbOMY PHCYHKY MOJIEIIO€ eJIEKTPO-
CTaTUYHHM 3B 430K yCiX YOTHPHOX TEPMiHAJIIB
MOSFET 3 BepimmHoro 6ap’epy, BipTyaabHUM
BuTOKOM VS. Cama BepiinHa 6ap’epy MICTHThb-
csl MOOJU3Y CepeMHU KaHally MPOBIJHOCTI 3a

HU3BKUX 3HAY€Hb V), 1 3CYBA€THCS 1O BUTOKY
31 301IBIIEHHSAM HANpyTrd Ha CTOKY, TOXX Hapa-
METPH KOHJICHCATOPIB 3aJIeKaTh Bl HAIPYTH Ha

26

ctoky [12]. IToTpiGHO po3B’si3atu 2D piBHAHHS
[Tyaccona mpu 3ananiit reometpii MOSFET mst
OI[IHKA €MHOCTI KO)XHOTO KOHJEHCcaTopa, Oji-
HaK, EMHICHUN aHai3 MEpexi KOHAEHCATOPiB
MOXe€ 1 B Hal3araJbHIIIIOMY BUII/IKy PUBECTH
70 KOPHCHUX pe3ynbraTiB. Puc. 5 Bignosigae
MacuBHiN cTpykTypi MOS. AHanoriuHi mepe-
K1 KOHJIEHCATOPiB MOXKe OyTH TOOYI0BaHO /ISt
Oynb-sIKMX 1HIIUX CTPYKTYp MOS, Takux sk
SG (Butik — 3arBop) i DG (ctik — 3aTBOp) SOI
MOSFET [12].

N

E, 'Y

v

Puc. 5. €EmuicHa 2D ejexkTpocTaTHYHA MOAENb s

MacuBHOI cTpykTypu MOS. KoxkHuii koHaeHcaTop

MO/IEJTIO€ eJTeKTPOCTATHYHMIL 3B’ A30K eJ1eKTPOIiB BU-

TOKY, CTOKY, 3aTBOPY i MiAKJIAJAKHU 3 BEPIIHHOIO eHep-
TeTHYHOro 6ap’epy.

Jns anamizy mpocToi Mepexi KOHJeHcaTo-
piB Ha IIbOMY PUCYHKY BHKOPHCTAHO MPUHLUI
cynepno3uuii konaeHcaropis. Crouyarky mpu-
MyCTIMO, 1110 HApyra Ha TEPMiHAIH HE MOJA€Th-
cs1, aJie 3aps/ Ha BepIInHi 6ap’epy HEHYIbOBUI
(Qg #0). ExBiBaJIeHTHA €JIEKTPUYHA CXEMA, 110
BI/IMOBITa€ Takid cuTyalii, 300pakeHa Ha puC.
6 JTiBOpYyY.

CymapHa eMHICTh Ha VS 3aIUCy€EThCS SIK

Cz = CG—VS + CS—VS + CD—VS + CB—VS , (21)

a BIAMOBIIHMUM MOTEHIIAN y TOYIIi, 1[0 BiJMO-
Bijae VS, mopiBHIOE

9
CZ
Tenep npuITycTiMO, 110 HANIPYTY IO 3aTBOPY
MIPUKJIAICHO, aJIe PEIITy TePMiHaIIB 3a3€MJICHO.
BiamoBigHa exBiBajieHTHa cxeMa 300pakeHa Ha
puc. 6, mpaBopyd. Bxian y notenmian y tourti VS
B1JI TEpMiHAJy 3aTBOPY TeTep JOPIBHIOBaTUME

Vs = (22)
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Vo=Ve=V,=V,=0 Ve=V,=V,=0

C.\‘ \i¥'+C.') I‘.\‘+Cii Vs -

Puc. 6. CripoieHi ekBiBaJIeHTHI cxeMH KOH/eHca-
TOpiB 0e3 nmpukJageHus Hanpyru. JliBopyu: i3 3aps-
nom (J; Ha BipryaanHomy Butoky (VS). IpaBopyu:
3 HYJIbOBHM 3apsiioM Ha VS i HeHY/Ib0BOIO HANIPYT OO

Ha 3aTBOPI.
Coors
= V.; 23
Vs C, G (23)

aHAJIOT1UHI BKJIAJHU OEPKUMO 1 BiJl YCIX PeIITH
TEpMiHaJIB: JJIs [LOTO CJIiJI MOJaTH Ha MOTPio-
HUM TepMiHaJI HAaMpYyTYy, a pelITy TepMiHaiB 3a-
3eMiuTH. [licns miacyMoByBaHHS BCIX BKJIAIIB
BiJl YOTHPHOX TEPMIHAIIIB 1 MOTEHIliaNy Bija He-
HYJIBOBOTO 3apsy IpU HYJbOBHX Hampyrax Ha
BCIX TepMiHaJIax OAEPKYEMO

" :(CGVSJVG{CSVSJVS{CDVSJVD+[CBVSJVB+Q_S.
CZ CE CZ CZ CZ

(24)

Ile#t Bupa3 mopiBHAEMO 3 aHAJIOTIYHUM 1D

pesynbratoM (dopmyna (11) crarti [3]), 3 sskoro
BUILINBAE, IO

O
=V, +=5.
Vs 6T

ox

(25)

MoxHa nokasaru, o 2D pesynsrart (24) 3B0-
quThes 10 1D (25) y ToMy BUIIAJKY, SKILO €M-
HICTh OKCHJIHOTO IIapy 3aTBOpY Habararo Oijib-
a BiJl EMHOCTEH PEIITH TEPMIiHAMIB. Y 1bOMY
BUITAJIKy ITOTEHITIA)I Ha BEPIITNHI 0ap’€py IIIKOM
KOHTPOJIIOETHCS HAIPYTol0 Ha 3aTBOPI, a peuiTa
TEpPMIHAJIIB HA HHOTO HE BILTMBAaIOTh. CaMe 1boro
MParHyTh yci po3poOHUKU TpaH3UCTOPIB. Tomy
BOHM a00 CTBOPIOIOTH SKOMOTI'a OLIbIIlY €EMHICTb
3aTBOPY, pOOJISTYM TOHIINM IIap JleIeKTpUKa ado
K 100Mparoyn A1eJeKTPUK 3 SIKOMOTa BUILOIO

JieJEKTPUYHOIO MPOHUKHICTIO, a00 K MaKCHU-
MaJbHO, HACKIJIBKH 11€ MOXKJIUBO, 3MEHIIYIOTh
€MHICTh PELITH TEPMiHAIIB IIIISIXOM T'€OMEeTpUY-
HOTO €KpaHyBaHHS 3 METOI0 €JIEKTPOCTATUYHO
130JTF0BaTH PEILTY TEPMiHAIIB BiJl BILIMBY Ha Bip-
TyaJbHUH BUTIK y TOULI BepuinHu Oap’epy. Ilpu
[[bOMY, OJHAK, 301IBIIIEHHS EMHOCTI 3aTBOPY
MOJKE€ TATHYTH O1JIbIIIE €EMHICHE HAaBAHTAKCHHS
Ha MOTIepeIHii BUX1THUI KacKaJ| B IHTETpaIbHIN
CXeMi, a 3B1/ICH 1 30UIbIIEHHS TPUBAJIOCTI (PPOH-
TiB IMITYJIBCiB, 3aTPUMOK TOIIO.

PosristHeMo BUMAOK, KOJIM HAMIPYTy MPUKIa-
JICHO TUTBKHU J0 3aTBOPY Ta CTOKY, a PEIITYy Tep-
MiHaJIiB 3a3eMJIeHO. B mignoporoBomy pexumi,
KOJIM MaJIUM 3apsiIOM MOXKHA 3HEXTYBATH, BUPa3
(24) cupomryetbes 10

Cous |y | o ly (6)
CZ CE

OTxe, TUIBKM 3aTBOp Ta CTIK BIUIMBAIOTh Ha
MOTEHIIAaJl Y TOUL BipTyaJIbHOTO CTOKY VS:

Vs =

oy _ Cos  OVWs _ Cpoys _

oV, C, ov, Cs
VY TpaH3UCTOP1 BUCOKOI SIKOCTI KOHTPOJIb 3
00Ky 3aTBOpY Mae OyTH 3HAYHO €(PEKTHUBHIIINM,

27)

2

aHiXk 3 00Ky CTOKY: Oy /0V,>> 0y, /0V, . Ta-
KOXX MPAarHyTh 0 TOTO, 00 3MIHM MOTEHIlia-
Jy BIANOBiaJIM 3MiHaM HampyTH Ha 3aTBOPI:

0y /0V, = 1. Takum 4nHOM, KpHUTEpii €PEeKTUB-
HOTO TPaH3UCTOpa 3 BUCOKUMHU TEXHOJIOTISIMHU
(dbopMyBaHHS 3BOISTHCS JO BUKOHAHHS TIOaITh-
IIUX YMOB:

CG—VS >> CD—VS’
Cops = Cs.

3MEHIIEHHS TOBILMHU JII€JIEKTPUYHOTO 1Iapy

(28)

36utbmrye C, ¢, @ TEOMETPUYHE €KPAHYBAHHS

sMenmye Cp .

Konnencaropu B eKBiBAJICHTHIH CXeMi MOXKHA
0e3mocepeHbO MOB’SI3aTH 3 MepeaaBaJbHUMHU
xapakrepuctukamu MOSFET. Ctpym cTOKy ekc-
MTOHEHITIMHO 3aJIC)KUTh BiJl BUCOTH 0ap’epy Mixk
BHUTOKOM 1 TTPOBITHMM KaHAJIOM (JIMB. HaMp. BU-
pa3 (7) crarri [1]):

27
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g oce P8 = e (29)
[Tepenumemo Bupa3s (26) iHakie:
yy =+ D2y, (30)
m m
m= G
C b

e G-VS (31)

DIBL = ﬁ.

G-VS

Tenep ctpym cToKy (29) MOXHa 3 JOTIOMOTOIO
(30) nmepenucaru sk:

qys/kT _ eq(VG +DIBLxVp,)/mkT

I e (32)

[TinnoporoBuil po3Ku Mpu crajiii Hanpys3i
Ha CTOKY, 3T1/IHO 3 BUpa3oM (4) crarti [1], Bu-
3HAYAETHCS 5K

-1
log,, [
ss=| 2080 lns) | 53,47 (33
oV
1 1ae TaKy 3MiHYy HampyTH Ha 3aTBOPI, SKa MPH-
3BOAMTH 10 3MiHH cTpyMmy B 10 pasis. [ligmo-
POTOBUH PO3KHU KOHTPOIIOETHCS BEINYNHOIO

m=>1, tox SS=>60MmB/0exkaoa. TlokiasBmu

Csps=C,, 1 Cy s=C, (eMHICTb HaNIBIPO-
BiJIHMKOBO{ MiAKIAJKH B PEXHUMI BUCHAXKEHHS),
3 (31) onepxumo

m :1+&+ Coys +Cpys )
C

ox ox

(34)

L1eit Bupa3 nmopiBHsieMo 3 Bupa3oM (31) crarti
[3] mst koedimieHTa €PEeKTy MiIKIATKU B PEKU-
Mi BUCHXEHHS, SIKUW Oyno onmepkano mius 1D
eJieKTpocTaTiHuHoi Mozeni. [lepmmii qogaHoK,
OJIHHUIIS, BIATIOBIAE 17I€ATbHOMY ITiIMTOPOTOBO-
My po3kuay. pyruii 1omaHok BiAmosigae 3a 1D
edexr (nuB. Bupas (31) crarri [3]), 3yMOBICHMIA
MaJiHHsSM HAIMpyTd Ha 3aTBOPI W MiAKIAI B
peXUMi BUCHaKEHHsI. Takuil TOJIAHOK BiJICYT-
Hill s ctpykrypu ETSOI B peskxumi moBHOTO
BHUCH@)KEHHSI — Ha Bi/IMiHY BiJl MACHBHOI CTPYK-
typu MOSFET. Tpertiii nomanok 3yMOBIeHU
BpaxyBaHHsM 2D eJIeKTpocTaTuku. Mu 6auumo,
10 BpaxyBaHHs 2D eNeKTPOCTaTUKU 301JIbIIyE
koe(dimieHT eexTy miaKIaaKku i 0JHOYACHO

28

30ibIIye mignoporoBuil Haxui. Lleit edexr, 30-
OpaxeHuii Ha puc. 7, HeOaxkaHuH, 1 HoTo 3a3BU-
Yyail HaMararoThCs 3MCHIIHUTH.

log1, log1,

Vos =108 _ W V=108
S T —
g bs =0.058 g -
RD s — e - I —
7
¥4 / / MiANoporoBHii Haxwui / /
// VsV )imkT / abimuyerscs p / Ve =0058
// /
V, Ves Ves

Puc. 7. ITosiBa epexty DIBL (1iBopy4) i 30i/ib1eHHst
nianoporosoro Haxuay (nmocepeauni). Ilpasopyyu 30-
Opaxeno edext npodoro (punch through), sikuii Mmu

00roBOPpUMO HHKYE.

Cri oKpeMo Bi3HAYUTH, IO EMHICHA MO-
nenb 2D enekrpoctaruku onucye edext DIBL.

Sk BugnO 3 (32), sxmo 30imsmmta ¥, Ha AV,
TO JUIS IITPUMAHHS CTPYMY CTOKY CTaJIiM HE00-

XifgHO 3MeHIHTH V; . [oTpiOHE 3MeHIeHHs V,
CTAHOBUTUME

AV, ==DIBLx AV, (35)
o GakTHYHO 1 € Bu3HaueHHsM epexty DIBL .

OTxe, eMHICHA MOJIETTb I03BOJISIE SIKICHO 3PO-
3yMITU €(EKTH, CIPUUMHEH] BpaxyBaHHAM 2D
eJIEKTPOCTATUKH, JIJIsl CTPOTOTO OIHCY SKHX T10-
TpiOHO YKMCENbHO PO3B’si3yBaTH piBHSAHHSA [ly-
accoHa. B eexTHBHUX TpaH3UCTOpPAaX BILIUB
€MHOCTI 3aTBOpY Ha BipTyaJbHHUI BHUTIK (TOUKY
BEPIIMHU MMOTEHIIAILHOTO Oap’epy A HOCIIB
y KaHaJll) TOBUHEH JIOMIHYBaTH HaJ BILUIUBOM 3
OOKy IHIIMX TEpPMiHATIB, €KBIBAJIEHTHI EMHOCTI
SKHAX 30UTBIIYIOTH ITiAMOPOTOBHIA PO3KH/T 1 CIIPH-
YUHSIOTH €EKT 3HIKEHH 0ap’€py, IHTyKOBaHO-
ro crokom, DIBL .

3. Macmra0yBaHHS TPAH3UCTOPIB

Ocranni monaza 50 pokiB MO3HAYEHi CTPIMKUM
nocTynoM y cdepi MiHiaTIOpH3allii iHTerpaib-
HUX CXeM, MaciITadyBaHHs (a00 CKeiiHra — Bif
anrI. Scaling) TpaH3UCTOPIB 1 CAMHX €JIEKTPO-
HHUX MPHUCTPOIB. SIKIO MacmTabyBaHHS TpaH-
3UCTOPIB BUKOHAHE KOPEKTHO, MPOIYKTUBHICTh
IHTErpaJbHUX CXEeM IiIBUIIY€EThCs. BUKoHyrOUM
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MaciTa0yBaHHSI KOPOTKOKaHAIbHUX TPaH3HCTO-
piB, mapaneabHO MParHyTh M030yTUCS Bif edek-
TiB 2D eNeKTPOCTaTUKH.

l'onoBHa Meta MaciitaOyBaHHs 300pa’keHa Ha
pHc. 8: Py 3MEHIICHH] BCiX JIHIMHUX PO3MIpiB
TpaH3HUCTOpa y K Pa3iB HAIPYTU i CTPyMH BCiX
HOro XapakTepHUCTUK TaK CaMO MOBHHHI 3MEH-
IIUTUCS B K Pas3iB.

BuxiagHuii

CTalOTh HEIPUUHATHO BEJIIMKUMU ¥ TPAaH3UCTOP
Moke Oytu mpoburto. Edexr mpobdoro Tpan3uc-
TOpa MU 0OTrOBOPUMO HIDKYE. 3aBIaHHS MacIll-
TaOyBaHHS B K pa3iB BOAYAIOTh TaK CaMO B TOMY,

00 3MeHmuTd L, y K pa3iB TaKUM YHHOM,

11106 MacmTabOBaHUI TPAH3UCTOP 3 JOBKHHOIO

MaciwrabopaHuii
L— Lk
MOSFET ’/ MOSEET
p-Si
p-Si
1, 1 A

>

V

D5

Puc. 8. MacwradyBanus Tpansucropa. JliBopy4 300paxeHo BUXiqHuii TpaH3ucTop i Hadip iloro xapakrepucTuk.

TpaBopy4 306paxeno MacIITaGOBaAHMIi TPAH3UCTOP i3 KoediniecnTom MacmTadyBanus K > 1.

Puc. 8 (mpaBopyu) itocTpye 04iKyBaHy 3Mi-

Hy IOpOTrOBOi Hanpyru V, 31 3MEHILEHHAM JI0-
BkUHU KaHaiy nposigHocti MOSFET. 3men-

mIeHHs V, y KOpPOTKOKaHAJIbHUX TPaH3UCTOpax
BUKJIUKaHe epekTamu 2D eIeKTPOCTATUKH.
Hixue Big nesikoi MiHIMAJIBHOT JOBKHUHHU KaHa-

Ay L, Hampyra V, He TiIbKM Jy:Ke Maja, alle
W HaJITO YyTIMBA 10 AOBXKUHU KaHany L . Huxk-

ye Bix L minnoporosuii poskun SS ta DIBL

L=1L, /x He mananas Aii KOPOTKOKaHAJIbHUX
2D edexris.

Ornycanuii BUIIE MiAXIT 10 MaciTabyBaHHS
TpaH3uCTOPiB OyB 3ampornoHoBaHui PobGepTom
Hennapnom nonan 40 pokie Tomy [13], 1 moci
CIIY’)KUTh JJOPOTOBKA30M JI0 MacImTaOyBaHHS HE
TUTBKH TPAH3UCTOPIB, ajie i IHTETPaTbHUX CXEM.
OcHoBHa i7es MacmtaOyBaHHs 3a JleHHapaOM
TIOJIATAE B TOMY, 1100 yC1 pO3MIpH TPaH3UCTOPIB

3MEHIITUTH B K Pa3iB, 30UIBIITUTH KOHIICHTPAITIO

29
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JIETYBaHHS B T€ K YHCJIO Pa3iB, 1 SMEHIIUTH Ha-
NpyTy KUBJICHHS B k pa3iB. Taka mocTtaHoBKa
3a7a4l MATPUMYE €JIEKTPUYHE 0JIe B KaHall B
Xo/1 MacmTa0yBaHHs MOCTiHHUM. Macmiraly-
BaHHJ 3a J[eHHapIOM BKIIIOYAE:

1) 3MeHIIeHHS BCIX PO3MIpIB:

LW = (LW)/k,
t, =t /K,

W, =W, /x, (36)
y; =y, /5
2) 301nbIICHHS JIETyBaHHS KaHaIy:
N,= kN ; (37)
3) 3MeHIIeHHs HApYyTH JIKepesa KUBJICHH:
Vip =Vop K. (38)

Bennunna W, — ne mupuHa o61acti BUCHA-

KEHHS, & y; — Lle MIMOUHA p-n-TIepeXony BH-
TOKY/CTOKY.

Posrnsitnemo mporec mMacmTaOyBaHHS, BUKO-
PUCTOBYIOYM HAWMPOCTII MIPKyBaHHS ¥ OIliH-
ku. [lepmr 3a Bce, eNEKTPUYHE MMOJIE B KaHAJI

nopisatoe E~V, /L 1 Ttomy 1 V,, 1 L cain
3MEHIITUTH OTHAKOBO ISl TOTO, 00 SIEKTPUIHE
ToJIe B BUXITHOMY M y MacITabOBaHOMY KaHaTi
3QJIMIIATIOCS TTOCTIHHUM.

HusbkomonpoBa MBUAKICTH €IEKTPOHIB — 11€
PYXJIUBICTh, IOMHO)KEHA HA €JIEKTPUYHE TT0JIC.
[Tpumnyckaroun, o pyxJauBICTh ITiJ Yac MacIi-
TaOyBaHHS HE 3MIHIOEThCS, OAYUMO, IO IITBU/I-
KICTh HOCIIB CTPyMy TaK CaMO HE 3MIHUTHCS.
JleHHap1 PUITYCTUB, III0 BUCOKOTIOIBOBA IIIBU/I-

KICTh JOPIBHIOE IIBUIKOCTI HACHYEHHS V., , AKa
3a3BHYaAll € MaTepialbHUM MapaMeTpoM, 10 He
3MIHIOETHCA TIpH MacinTaOyBaHHi. OTxe, IIBU/I-
KICTb HOCIIB Ipu MacITaOyBaHHI HE 3MIHIOETHCS
B YChOMY Jliana3oHi MOJTIB.

BaxnmuBo macmitaOyBaTu TOBIIMHY 00JacCTi
BUCHQKCHHS

W, - 2¢,

(Vbi + VDD) H

A
ne V,,— BOynoBaHuUil NOTEHLIAN p-n-IIEPEXOIIB.
Sxwmo V,,>>V,., To 301IbLICHHS JIETyBaHHS B

K Ppa3iB 1 3MEHIIEHHS V,, B 1€ K 4UCIIO Pa3iB

30

MIPUBOUTH JI0 3MEHILICHHS IIUPHHA 00J1aCTi BU-

CHaXEHHS B K pasiB. fkuio 7, i y, macmraly-
BaTH TaK CaMo, TO ePeKTH 2D eIeKTPOCTATUKU
B MacImTabOBaHOMY TPaH3UCTOPi CTaHYTh BHU-
SIBIIITUCS] CHJIBHIIIIE TIPH JOBXUHI KaHAITy TIPO-
BIZIHOCTI B K pa3iB KOPOTIIii, aHI)K Y BUXITTHOMY

TpaH3UCTOPI. SIK HACTIIOK Benn4unHa L . 3MeH-
HIUTHCS PUOIHU3HO B K pasiB.

€MHICTh JOPIBHIOE
€A
C=—,
t

[©]

Jie ¢ — TOBIIIMHA OKCHJTHOTO Iapy abo >k 00acTi
BUCHa)KeHHS. OCKUTBKY BCI TOBIIMHU 3MEHIITY-

. 2 .
IOTBCA B K pPasiB, a IUIoIa A —-BK pasiB, TO

BCI €MHOCTI 3MEHIIAThCA B K pasiB, omHak C, , 5K
€MHICTb OKCHJTHOTO IlIapy Ha OJMHMIIIO OBEPXHI,
30UTBIIUTHCS B K Pas3iB.

Po3risnemo BB MacitaOyBaHHs JleHHap-
Jla Ha Ba)KJIMBI XapaKTEpHCTHKHU TPAH3UCTOPA.

3apsi1 iHBEPCIHHOTO MIapy JOPIBHIOE
0=-C _(V,-V,).

Ockinpku C, 3pocTae B Kk PasiB, a HAIPYTH
3MEHIIYIOThCS B TAaKe K YHMCIIO pa3iB, TO 3apsij
IHBEPCIMHOTO IIapy Ha OJMHHMINIO TOBEPXHI TPH
MaciTabyBaHHI HE 3MIHIOETHCS.

Tenep po3misiHEMO CTpyM

I, =W0Ov.

OCKITBKY 3apsi 1 MIBUIKICTh HE 3MIHIOIOTHCS
npu MacmTaOyBaHHI, a ITUPUHA 3MEHIIYETHCS B
K Pas3iB, TO i CTPyM 3MEHIIYETHCS B K Pa3iB.

Toxx HaBeeMO 3arajibHi BACHOBKH /ISl MACIII-
taOyBanHsa /leHHapaa npu 30€peKeHH] eJeK-
TPUYHOTO TIOJISI CTAJTUM:

0=0,

V=,

C=Clk,
C,=>«xC

ox?

(39)
I = 1, Ik
BukopucroBytoun macimrabyBaHHs JleHHap-

J1a, epeBipruMO poOOTOCTIPOMOKHICTh MacII-
Ta0OBaHMX MEPEX. 3aTpUMKa MEpexi — Ie Jac,
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HeoOXx1aHu# s Bunanenus sapany C-V,, , Ha-
KOIMYEHOTO MEPEKEBUMHU EMHOCTSIMU,

__CVy

IDS

Sk BUAHO, 3aTpUMKa MEPEXi 7 3MEHIIUTh-
ci B k pasiB. [loryxnicts P, =V,,[,; 3MeH-
ITyeThest B K- pasiB. ['yCTHHA TIOTYKHOCTI B
OAMHUIIX Bm/m* pu MaciTabyBaHHI HE 3Mi-
HIOE€TbCS. OCKUIBKH pO3MIp KOXKHOTO TpaH3HUC-
TOpa 3MEHIIYEThCA B K° Pa3iB, TO MIITBHICTH
TIaKyBaHHS TPAH3UCTOPiB D 30iMbIINTHCS B K
pasiB. Hapemri, Taka Ba)JimBa METPHKA, 5K J10-

OyTOK MOTY>KHOCT1 Ha 3aTPUMKY Mepexi P, -7

3MEHILYEThCS B K~ PasiB.

OTxe, ansa macmtaOyBaHHs 3a [leHHapIoM
npu 30epexeHH] CTaNIO0CTI eNeKTPUYHOTO MO
MaeMo:

t=C-V,, /1, =k,

P,=V, 1, = P, /x,
P,/A= P, /A,

D:%:sz&

(40)

P,t=C-V), =P, -t/

3nificHuTy MacmTabyBaHHs 3a JleHHapaoM
HE TaK JIETKO, SIK BUAAETHCS HA MEPIIHA MOTIIA/,
OCKIJIbKU JICSIKI BEJIMYUHU MAacIITaOyBaHHIO HE
MiUISITaloTh. 3raaiiMo, HaPHUKIal, BUPaA3 IS

noporosoi Hanpyru V, (11). Hanpyra mioc-
KUX 30H V,, He MaciuTabyeTbcs, a MOTCHIIA

¥, BIIHOCHO HEUYTIMBMI O MacIITaOyBaHHS,
TO Y BIJIMOBIHOCTI A0 cueHapito JleHHapaa

V,=V,/x. Bpaxyemo, OIHaK, IIO 3aCTOCY-
BaHHS HETPATUIIHHUX PEKUMIB JeTyBaHHs [7]
MOJKE TTO3HAYUTHUCS Ha pe3ybTraTax MaciTady-
BaHHSL.

CtoxoBa 001aCTh BUCHAKEHHS 3aJI€KHUTE Bl

\/(Vbl. +V,,)/ N, . Ockinbku BOy1OBaHMH I0-

TeHuian V,, ve maciradyerscs, 10 W, =W, /k
(36). IligmoporoBuii po3Ku1 HEYYTIUBUU 0O
MacmtTa0yBaHHs. BCl 11l YNHHUKY TTO3UTHUBHI.

Pazom i3 TUM, po3pOOHUKH TPAH3UCTOPIB Ta iH-
TErpajbHUX CXEM MOCTIMHO BIOCKOHAIIOIOTh
MacitaOyBaHHs, IparHy4u 3arporoHyBaTH IpH-
CTpOi 3 e OIIBIIMM 3a0LIa/PKEHHSAM TOTYX-
HOCTI1 i MEHIIIO0 3aTPUMKOIO.

OnHak chOroiHI MacIITabyBaHHS MPUCTPOIB
Hapa)XaeThCsl Ha CepHO3HI BUKIIMKH, 1 IEXTO Ha-
BITh Mepe/pikae MBUAKUI KiHEIlb Py MacITa-
OyBanHs. OnHa 3 poOiieM TOB’si3aHa 3 OKCHUJI-
HUM [IapOM 3aTBOPY, OCKUIBKH JOCATHYTO MEXIi
y 3MEHIICHH] TOBIMHH L[LOTO IIApPy S0 BEIUYHU-
HU MOPSAKY 1.5 Hum, 10 BiAMOBIZAE MEKITHKOM
monekynam SiO, [14]; nmomanbiuie 3MEHIIEHHS
TOBIIHHM MTPU3BEJIE 10 HAMIPHOTO MPOTIKaHHS
cTpyMy. Ll o6cTaBHHA CIIOHYKa€ MEPEXOIUTH
Bix uiockux MOSFET no FinFET [15], ski 3a-
0e3reuyroTh Kpaluil el1eKTpOCTaTHUHUI KOHTp-
0JIb 32 Ti€l caMOi TOBIIMHYU OKCUJHOI IJIIBKH
[16]. llle oguH BUKIUK JalbIIOMYy MacIiTady-
BaHHIO TPAH3HUCTOPIB MMOB’sI3aHMI 13 HEBAAIUMU
cpoOamu MaciTabyBaHHS IMiAIOPOrOBOTO PO3-
kuay SS . ko 3amatucss MakCUMalbHO J0-
3BOJICHUM cTpyMoM Y pexkumi «OFF», To Benu-

yuHa SS MOBMHHA HE HAa0araro MepeBUIyBaTH
60 mB/oexaoda i cTpyM TIOBHHEH JIHIHHO 3poOC-
TaTU BUIE BIJ MOPOTY, JJsd 4Oro mnorpiOHa

V,p =1B, mo0 nocarayTv moTpiOHOTO 3HAYCH-

H cTpyMmy [, B pesxumi «ON». Sk HacmiaoK,
HE BIAE€ThCs MacluTaOyBaTH HANPYyTy KUBJICHHS.
Bxe 3anponoHOBaHO JIeKiJIbKka HOBUX apXITeK-
TYp TPaH3UCTOPIB JUIsl PO3B’sI3aHHS 1i€] Ta MO-
ni0HuX mpoomem [17].

4. IIpo0iii Tpan3ucTOpiB

[Tocunenns 2D edekTiB MOXKe IPU3BECTHU 10
eJIEKTPUYHOTO MPOo00I0 KaHaIy, TOOTO 10 3a-
KOpOYYBAaHHS CTOKY Ha BUTIK. ¥Y Takiil cutyamii
CTPYM 1/I€ BiJl CTOKY ¥ 10 BUTOKY 3a B1JICYyTHOCTI
a00 3a MIHIMaJIbHOTO BIUIMBY Hampyru Ha 3a-
TBOPI (puc. 9).
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Vs Vis Vis

Puc. 9. Hacigku BoiuBy 2D edexriB Ha BuXiqHi xa-
paktepuctuku MOSFET. JliBopy4: 10cTaTHHO 10BIrHii
KaHAaJ MPOBITHOCTI 3 Ay:Ke BeJTUKHM BUXITHUM OMIOPOM.
Iocepeauni: KopoTKMii KaHaJ 3 HU3LKUM onopoMm. Ilpa-

BOPYY: TPAH3UCTOP, MOLIKOIKEHUIT TPOGOEM.

Ha puc. 9 niBopyu BrmiB edekTiB 2D eneKTpo-
CTaTUKU He3HAYHUH: MiAMOPOTOBUNA PO3KH/T JIHIIIE
Tpoxu Oinbmuii 3a 60 mB/oexaoa 1 epext DIBL
npuitHaTHU#. Koy 2D edextu cTaroTh OMITHU-
MU (puc. 9 mocepennHi), ManopoOroBUid pO3KH/I
CYTTEBO 3pocTae, a epexT DIBL poOUThCs ayxe
BenukuM, 100 »B/B 1 Buie. 3a nominyBaHHs 2D
edekTiB (puc. 9 mpaBopyd) CIOCTEPIraeThCs Pi3-
Ka jerpanaiis (GyHKIIIOHAJILHOCTI TpaH3UCTOpa.
CTpyM TUIBKH C1a0KO 3aJICKUTH BiJl HAIPYTH HA
3arBopi, a DIBL B3araji He MiAMAa€ThCsl BU3HA-
YCHHIO, OCKUIBKH MIAMOPOrOBI BUXITHI XapaKTe-
PUCTUKHU MPH HU3BKUX Ta BUCOKUX HANpyrax Ha
CTOKY HaBiTh HE MapaJie/ibHi 10 OC1 HAMPYT.

Puc. 9 nemoHCTpye Takox Te, IK BpaXyBaHHS
2D eneKTpOCTaTUKH BIUIMBAE HA BUXI1JIHI Xapak-
TEPUCTUKH TpaH3ucTopiB. [Ipu gocratHhO 10B-
roMy KaHaJli MPOBITHOCTI CTPYM CTOKY B 00JIacTi
HACHYEHHSI CTaJIMi 1 BUX1IHA HANpyTa MpsMYE J10
HecKiH4YeHHOCTI (auB. puc. 7 31 crarti [1]). diua
MOSFET 13 KopoTKMM KaHAJIOM BHX1/IHA Harpyra
CYTTEBO 3MEHIIy€eTheA. [IpuunHy 11b0ro 3po3yMitu

JIerKo: CTpyM nponopuiiiauii 1o (Vg —V;),a V;
3MEHIIIYEThCSI 31 3pOCTAHHSM HAIPYTH HA CTOKY 4e-
pe3 edext DIBL. He Biznpasy 04€BHUIHO, 1110 POJIh
2D eneKkTpoCTaTUK! B MiAMOPOroBiil o0macTi, ae
dbopMmyeThest i BUMiproeTbest DIBL 1 nie 3apsn y
KaHaJli HEXTOBHO MaJIMii, TaK CaMO BAXKIIUBA, SIK
1 BHIIIE BiJ] TIOPOTY, JI¢ PYXJIMBHM 3apsil y KaHaT
Benukuid. [lokazaHo, ofHaK, 110 B €(PEKTHBHUX
TpaH3uCcTOpax onHi i Ti xk edexru DIBL 2D enex-
TPOCTATUKHU CIIOCTEPIrarOThCs K HUXKYE, TaK 1
BHUIIIE Bia moporoBoi Hanpyru [11, 18]. Hapemrri,
paBopyd Ha puc. 9 300pakeH] BUXIJIHI Xapak-
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TEPUCTUKH TPAH3UCTOpa 3 MPoOOEM: Hampyra Ha
CTOKY Jy’K€ CHJIbHO BIUIMBAa€ HA CTPYM HaBiTb B
001acTi HACUYEHHSI.

[Tpo06iii BinOyBaeThCs TOAL, KOJTH €ICKTPUIHE
MoJIe CTOKY MOKPUBAE BECh KaHAI MPOBITHOCTI
aX JI0 BUTOKY: MPUOJIM3HO TOJI, KOJIU 00JIacTh
BHUCHQ)XEHHS CTOKY 3MHKA€ThCS 3 00JaCTIO BU-
CHa)KeHHS BUTOKY (puc. 10, miBopyH).

[NoeepxHeruit npodii Ipobiii niaknanku

T —_—— fT T N
p-Si p-Si

Puc. 10. Iepepizu MOSFET, 110 1eMOHCTPYIOTH MexKi
BHCHAKeHHSI IPH MOBEePXHEeBOMY Npoodoi (;1iBopy4) i

npu npodoi miakaaaKku (mpaBopyy).

Sk 300paxeno nmpaBopyd Ha puc. 10, Mexi
o0ylacTeld BUCHAXKCHHSI MOXYTh MaTH CKJIaJHI
npoiii, 3yMOBJIEH] SIK pexxuMamMu 2D JieryBaHH,
Tak 1 eexramu 2D enexrpocraruku. Bracmigok
I[LOTO 3MUKaHHS Ta MEPEKPUTTS 001acTel BUCHA-
JKEHHSI MOXKe BiIOyBaTHcs sK MOOINU3y MOBEpXHi
noxiny Si/SiO,, Tak i mmbme B miaKIaai, iy
BIIMOBIAHOCTI JI0 I[bOTO BiZI0OYBa€THCs ab0 TO-
BEPXHEBHI Po0Oiii, a00 P00 MiIKIaIKH.

Kpurepiii ynukaeHHs npobdoro L > W, +W,
MOXXE MPUCITYKUTHUCS TITBKHU IS Ty’Ke Tpy0oi
ominku. [losicnenns nporo gae puc. 11.

E

-
>

Puc. 11. Limroctpauist mpodoro. CyuinbHa JiHis Biinosizae
HOPMAJIbHOMY CTAHY TPAH3MCTOPA, MyHKTHPHA — MPO-
0o10. Cipa 30Ha 300paska€ 00/1aCTb BUCHAXKEHHSI CTOKY.
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AOcomoTHr# 1po0iii BiiOyBa€eThCs TO/I, KON
MOTEHIIall CTOKY HE MPOCTO MOKPHBAE BECh Ka-
HaJ MPOBITHOCTI i HE MPOCTO 3HIKYE Oap’ep,
a JIKBitye Oap’ep IUIKOBUTO. 32 TAKOi CUTYyalii
eJIEKTPOHH MEPETIKaI0Th BiJl BUTOKY Ha CTIK,
He moTpedyroun Aii moTeHIiamy 3arBopy. [Ipo-
01if MOYKHA BU3HAYUTH ¥ 1HAKIIIE: SIK CUTYAIIIlO,
KOJIM KOHTPOJIb HaJl CTPYMOM 3 OOKY CTOKY Ta-
KWW caMuil e(heKTUBHUM, SIK 1 KOHTPOIb 3 OOKY
3aTBOpY. 3TiIHO 3 EMHICHOIO MOzeILTIO (27), TIpo-

o1t BinOyBaetbes, ko Cg, e = Cp . Peanbny
HAIpyTy Ha CTOKY, 1110 BUKJIMKAE MPOOiid, MOXKHA
OLIIHUTH YUCENBHO, PO3B’s3ytoun 2D piBHSIH-
Hs [lyaccoHa ais TpaH3UCTOpPa 3 KOHKPETHOIO
CTPYKTYPOIO.

Otxe, Mu 00rOBOpMIIH, SIK 2D €eKTpoCcTaTu-
Ka TMopyurye poOoTy KOPOTKOKaHaJIbHUX TPaH-
3UCTOPIB. SIK k€ PYHKIIOHYE EIEKTPOCTATHIHO
nobpe 36anancoBanuit MOSFET (puc. 12)? V
TaKOMY TPaH3UCTOPI € 001acTh MOOIHM3Y MOYATKY
KaHaJy MPOBIIHOCTI, sfiKa mepedyBae Mija CHIb-
HUM KOHTpoOJIeM 3 00Ky 3aTBopy. B miii o0mac-

Ti none dE_ /dx Maie i BOHa BKIIIO4ae B cebe
BEpIIMHY 0ap’epy, «eKpaHOBaHY» BiJ BILTUBY
MOTEHIIaTy CTOKY, IO J03BOJIsSI€ YTPUMYBATH
edexr DIBL He3HAYHUM.

0=,

GS

a
TN\

O06nacTb Nij KOHTPONEM 3aTBOPY

7

- . .ox
36iabiienns Vi, BobmacTi HacHueHHs cuabHime 3Hukye E,.
nobau3y CTOKY i He Crpasiie NOMITHOTO BILIMBY HA BepLIHHY Dap’cpy

Puc. 12. 3ouna giarpama ejnekTpocTaTHYHO A00pe
30anancosanoro MOSFET npu Beaukiii Hanpy3i i Ha
CTOKY, i Ha 3aTBOpi. Ik MoKa3ye NyHKTHPHA JIiHisd,
3pPOCTAHHS HANIPYTH HA CTOKY 30i1bIIy€e MOTEeHLiag B
o0s1acTi HACMYeHHs], He 3a4inaloun 6ap’ep Ha MOYATKY

KaHaJYy, 110 epedyBa€ MiJi KOHTPOJIEM 3aTBOPY.

[ToTenmian nobnm3y BepIuHU Oap’epy KOHTp-
OJIFO€ BHCOTY 0ap’epy, a pa3oM i CTPyM CTOKY
B TpaH3uCTOpi. B iAeani mei moTeHmial noBu-

HEH BU3HAYATHUCS TUTBKU 3aTBOPOM, SIK Y BUpasi
(25). Ha mpakruui Hampyra Ha CTOKY 3aBXIH
CIIpaBIIsie ACSKUI BIUTUB HA MOTEHINAN MOOIH-
3y BepIIMHU Oap’epy, K, HAMPUKIAMI, 3T1IHO 3
(26); 0coOMUBO 11€ CTOCYETHCS KOPOTKOKAHAIb-
aux MOSFET. I'mobansHe 3aBaaHHs, 110 CTOITE
nepes Au3aiiHepaMu TPaH3UCTOPIB, MOJIATAE B
TOMY, 100 TapaHTyBAaTH, 1110 3apsif] IHBEPCIHHOTO
1apy Ha BEepIIMHI 0ap’epy MiuIArae KIacuyHo-
My 1D pesynbrary, a came:

QX:O ==Cs(Vss =V7), (41)
ne x =0 Biamoizae BepiuHi 60ap’epy. Mox-
Ha MPUIYCTUTH, 110 came 1D enexkTpocTaTuka
MOS, y pamkax sikoi omepkaHo Bupas (41), 3a-
CTOCOBHA JIO BEpIITUHU 0ap’€py, OCKIJIBKU came B

niit Tourti d’y /dx* =0, i 2D pisusnns [lyacco-
Ha 3BOAUTKCS A0 1D piBHsHHA. OHAK ITPU Bpa-
XyBaHHI 2D €JIeKTPOCTATUKH OPOTOBa HAIIpyTa
BUSBIISIETHCS 3aJI€KHOIO BiJ] HAIIPYTH HA CTOKY:

VT = Vro - §VDS > (42)

ne napameTp o BpaxoBye DIBL.

Ctpym y MOSFET npu Bucokiii Hanpy3i
Ha CTOKY CTBOPIOIOTH €JIEKTPOHH, SIKi JI0JIAI0Th
Oap’ep, TMPYHIYIOTh KPi3h HEBEIUKY 00IACTh
3a BEpUIMHOIO Oap’epy Ha MOYATKy KaHAIy, 10
XapaKTepU3YETHCS HU3bKUM TI0JIEM, a TIOTIM BXO-
JSITh B 00JIACTH 3 BHCOKHM IIOJIEM y CTOKOBii
YacTHHI KaHaly. «By3bKOIO TOPIOBUHOIO», 1110
00MEKY€E CTPYM CTOKY, € I HeBETTHKa 00JIacTh 13
HU3BKUM 1ioJieM. Ll kapTuna (yHKIIOHYBaHHS
MOSFET noni6na 10 KapTHHHA poOOTH Oirmossip-
HOTO TPaH3UCTOPA 3 IBOMA p-N-TIEPEXOIaMHU, J1e
pOJIb BUTOKY Bifirpae emitep, HU3bKOIOJIbOBA
00J1acTh Ha MOYATKY KaHaJy Biairpae posb 6asu,
a BUCOKOIIOJIbOBA 00JIACTh CTOKY — I1€ aHAJIOT KO-
nexropa. Ananorig Mmibxk MOSFET i 6inonsipaum
TPaH3UCTOPOM Ayxke TicHa [19].

[Tpu HU3BKINM HaMpy3i HA CTOKY CTPYM IpO-

nopuiiHuil 10 V,,, OAHAK, IPU BUCOKIH CTO-
KOBIi#l Hampy3i cTpyM y 100pe 30a1aHcOBaHOMY

MOSFET 3anexuts Bif V), MEHIIOW0 Mipoo.
B TpaH3ucTOpi 3 JOBI'MM KaHAJIOM CTPYM Ha-
cuayeThes. e BiOyBaeThes TOMY, 10 CHITLHUMA
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KOHTPOJIb 3aTBOPY €KpaHy€ MOTEHIlia B OKOJIi
MOYATKy KaHaJy BiJ BIUTUBY MOTEHINAy CTOKY.
30u1bleHHs V¢ 3a MeX1 Halpyru HaCUYECHHS
V 547 TIEPII 32 BCE 30LIIBIIYE MOTEHIIIAN Ta €JIEK-
TPUYHE I0JIe MOOIU3Y CTOKOBOTO KIHIISI KaHATY
npoBigHOCTi. B 106pe 36anancoBanomy MOSFET
Harpyra CTOKY JIMIIIE HECYTTEBO BIUIMBAE HA I1O-
TEHIiaJ Ha cCaMOMY ITOYaTKy KaHally, o B TiJ-
CYMKY TPU3BOIUTH J0 CKIHUEHHOT BUX1IHOT MPO-
BIJTHOCTI TpaH3ucTOpa. Xo4ya i HEMae MPUYUH
BBAXaTH, IO POJIb 2D €IEeKTPOCTATUKN HUKYE
BiJ] TOPOTY TaKa Xk, K 1 BUIIE BiJ] TOPOTY, OJTHAK,
JIOCBIJI 3aCTOCYBAaHHSI MOJIEJI BIpTyaJIbHOTO BH-
ToKy 15t moope 360anmancoBannx MOSFET cBin-
YHTh, 110 1€ CTpaBi Tak [18], 1 uucenpHe Mose-
JIFOBAHHS ITIATBEPKYE TaKU BUCHOBOK [11].

Bukrnazena kapTHHa BIUIMBY €JIEKTPOCTATUKH
B e(peKTUBHUX TpaH3UCTOpax Oy/ie BUKOPHCTaHA
Mi3HIIIEe Uil TIHOIIOTo po3yMiHHs (D13UKHU Ha-
HOTPaH3UCTOPIB.

5. MoaeJib BipTyaJJbHOTO BUTOKY

ChpolieHy MOJelb BIPTYyaJIbHOI'O BUTOKY, MO-
nenb V'S HyliboBOTO piBHS, OyJI0 BUKIIAIEHO B [2].
Lro Mozesb ToOyIOBaHO 3 BUKOPUCTAHHSM TIPO-
CTUX TPAJIMIIIHHUX MIPKyBaHb, HA BIIMIHY BiJ
cydacHoi mozemni VS [18], siky Oyio po3pobieHo
cremianbHO /T (D13MKU HaHOTpaH3ucTopiB. [ami
MH YTOYHHUMO MOJIEJIb HYJIbOBOTO PiBHS i BUKJIA-
JIeMO BUXIJIHY MOZIeTb V'S Ta pi3uyHi IPUHIINIIH,
110 JIeKaTh B 11 OCHOBI.

Crpym ctoxy MOSFET B 3aransHOMy BHIIaA-
Ky 3aIUCY€ThCS K

Ips =W |gx:0(VGS’VDS) [V, (Vs Vs ) - [(43)
ne x =0 BiAmoBigae ToUI BipTyaJbHOTO BUTOKY
VS na Bepmuni 6ap’epy. CTpyMm HenepepBHHUMA,
TOMY MM MOKE€MO OOYHCIIIOBAaTH HOro Tam, 1e
HaMm 3pyuHime. B epexruBaomy MOSFET nHa
BepIIMHI 0ap’epy, K BUIUIMBAE 3 a”Hamizy 1D
enexkrpoctatiku, Q (Vyg, Vo) = O (V) . Maemo
3pOOUTH TITBKH HEBEJMKY MOTPABKY Ha €PEeKT
DIBL. Jlani Mu yTOYHUMO MOJIETh V.S HYJTbOBOTO
PiBHS, B3SIBIIM JI0 YBaru e(peKTu eleKTpocTa-
Tk MOS. 1o % 10 MBUAKOCTI €JICKTPOHIB

W Vs Vs ) Y 3aCTOCYBaHHI JJ0 HAHOTPAaH-
= X= . .
3UCTOPIB, TO HAM JIOBEAETHCS BiIIMOBUTHCS BiJl
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KOHIICTIIIIT «3rOpU — BHU3Y, SIKy MU JI0CI BUKO-
PHUCTOBYBaJIM B Wil cepil cTarel, MPUCBIYECHUX
¢bi3u1i HAHOTPAH3UCTOPIB, 1 CKOPUCTATUCS y3a-
rajJbHEHOI0 MOJEIIII0 TPAHCIOPTY EIEeKTPO-
HiB Jlangayepa — [larra — Jlynnctpoma (JIZJI)
[20-25], sika €JMHA TIOBHOIIIHHO OITHUCY€ KJIACUY-
HUH TPaHCIIOPT y HAHOEJIEKTPOHILIL.

Mopens VS Hynb0BOTO piBHS 0a3y€ThCs HA IBOX
OKpeMHX Bupazax (28) crarti [2] mist cTpymy cTo-
Ky B JIiHIHHII 061acTi i B 0051acTi HACHYESHHSL:

/4
Iy = f,u| O Vgs) Vpss

Lpsir =W vy, OVis),

K1 300paXkeH1 MyHKTUPHUMH IPSIMUMH Ha PHC.
13. PeanbHa BHXi/IHA XapaKTepUCTHKA, 300pake-
Ha Ha [bOMY PUCYHKY CYLIJIbHOIO JIiHI€I0, € Ha-
CJIITKOM IIJIAaBHOTO MO€THAHHSA JIiHIHHOT 00macTi
Ta 001aCTi HACHUYEHHS 3 IOTIOMOTOI0 BUPA3y JJIs
CepEeAHbOT MIBUIKOCTI, 10 3aJIEKHUTh Bl HAIpPYy-
T'H Ha CTOKY, B BUIJISII

WV Vs ) = Four (Vis) Vs

VoV,
FSAT(VDS)= DS_—_DSAT B /8
|:1+(VDS/VDSAT) }

ne F,,— QyHKIIS HACUUCHHS CTPyMY CTOKY, a
HaTpyra HACUYEHHS Ha CTOKY

(44)

., (45)

V vsatL .

DSAT =

(46)

vl

DSAT

%

Puc. 13. Buxigna xapakrepuctuka n-MOSFET, BBim-

KHEHOTI'0 32 CXeMOI0 3i CIiJIbHUM BUTOKOM, IPH Jie-

KoMy (pikcoBaHOMY 3HAaYeHHi HAaMpPyru Ha 3aTBoOpi

(cyuinbHa qinis). IlynkTupHi npsMi BignosigawTs

CTpPYMY B JIiHiliHil o01acTi Ta B 00/1acTi HACMYeHHHA
3riiHo 3 Bupasom (44).
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Panimme 3apsin Ha BepmuHi 6ap’epy OyB onu-
CaHMM TakK:

Q(VGs)ZOa VGS < T>

Q(VGS) = _Cox(VGS - VT)9
Ve =Veg = V.

Vs >V, (47)

Mu tenep posymiemo, mo C, B (47) norpio0-

HO 3aMiHMTH Ha eMHicTh C,, ONUCYyBaHy BHpa-
30M (58) 31 crarTi [3], sSIK OCIIJOBHA KOMOTHAITISI

C,, Ta €MHOCTI HaNIBIIPOBIJHUKA B PEXUMI 1H-
Bepeii C”, ok C, <C, . Mu Takox posymie-

Mo Tenep, sk onucatu Q(Vi,V,y) HUXKYE BiI
nopory. TakuM 4MHOM, MM MOXXEMO YTOUHHUTH
MoJieTTb V'S, BKIIFOUMBIIH 0 HET K IMiIMOPOTOBY
MIPOBIAHICTH, TaK 1 HAJMIOPOTOBY.

Ilionopocosa obnacmw

Konu Hanpyra Ha 3aTBOpI HUXKYA BiJ] TIOPOTO-
Boro 3HaueHHs1, MOSFET nepeGyBae B mimnopo-
roBomy pexxumi. Puc. 14 mopae Xiz 3a1eKHOCTI

O (V) c Vg B niHiliHOMY MacmTabi 1 B JIora-
pudmigHomy. Paninre Mu mokaszanu (IUB. BUpa3
(45) 31 crarti [3], 110 TOBEpXHEBA €JICKTPOHHA
koHIeHTparis B MacusBHoMy MOSFET B mizaro-
POTOBOMY PEKUMIi OMTUCYETHCST BUPA30M

oOW;)=-(m-1)C,, KT gatvo-roomir. (48)
q

Amnanoriyauii pesynsrar (nuB. Bupas (96) 3i
crarri [3]) Oyno onepxano i st ETSOL Tinieku 3
m = 1. KimouoBoto 17151 000X BUIA/IKIB € EKCIIOHEH-
1iiHa saneskHictb Q(V,;) oc explq(Vyg — V) /ImkT |
B T IMOPOTOBOMY PEXKHMI.

3 (43) ta (48) omepKyeMo BUpa3 sl CTPY-
My B MacuBHomy MOSFET B migmoporoomy
peXKUMI:

kT Vo Vim
Lys =W (m=1)C, —e"" "™y )| .(49)
q -
Haranaemo, 1o BigmoBigHO 0 €MHICHOI MO-

neni (34),

m=1+—=,
C

ox

(50)

ne Cs - cymMapHa €MHICTb, 110 BIUIMBA€ Ha BIp-
TyaJdbHHUH BUTIK VS. Y BuUmaaky MacUBHOTO
MOSFET ne cyma eMHOCTEH yCiX YOTHPbOX
Tepminanis (21).

log(Q )

Puc. 14. 3apsinoBa rycTuna B iHBepciiiHomy mapi B
3aJ1e;KHOCTI Bil HANPYrW Ha 3aTBOPi (MYHKTHPHA KPH-
Ba), a TAKOXK y Jorapudmiuaomy macmrabi (cyuijibHa

KpHUBa).
Jlnst cTpyMy CTOKY B T IIIOPOTOBOMY PEKHUMI
Ma€EMO TaKOXK BUPA3 JUIS MATIOPOTOBOTO PO3KHLY
(4) 31 crarTi [1]:

-1
SS:{M} =2_3mk_T_
aVGS q

[ B /oexaoa]
(51)
[TinmoporoBuii po3Ku] 3a3BUYail HABOISATH
y mB/oekaoa; SS < 100 mB/oexada BBaXarOTh
MPUIHATHAM 3HAYCHHSIM.
Puc. 15 noka3zye, 4oMy miaAnoporoBuii po3Ku

€ TaKOIO BaXJIMBOIO METPHKOIO TPAH3UCTOPIB.
A

log/,s

Loy

Puc. 15. 38’5130k nmigmoporosoro po3kuay SS i3 Hanpy-

roio jukepena suienns V. Crpym y pexnmi «ON»

BiANoBigae MakcuMaJIbHill HaNpy3i JxKepea KUBJIEH-
Hsl, NPUKJIAaJeHiii 10 3aTBOPY.
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Husbki 3HaueHHs [, OaxxaHi Ui Oynb-sIKHX
MPUCTPOIB, OCKIJIBKH TOJII €JIEKTPOHHA CXeMa
MPHUCTPOIO HE CIIOKUBAE HAJJIUIIKOBOT MOTYX-
HOCTI B peKuMi o4iKyBaHHs. JlJis 3a71aHOTO 3Ha-

4yeHHA /.. MeTpuka SS BU3HAyae€ Ty Hampy-
Iy JuKepena KHMBIEHHA V), , ska 3a0e31eunTh

notpi6uuii ctpym I, . Moro Bucoki 3HageHHs
CHPUSATIUBIII ISl PUCKOPEHOTO (YyHKIIOHY-
BaHHS CJICKTPOHHOI CXEMH, OCKIJIbKH BC1 EMHOC-
Ti CXeMHU MOXYTh 3apsKATUCS 1 PO3PSIKATUCS
mBHUALIE. Y TPaH3UCTOPA 3 MEHIINM SS MoTpio-

HC 3HAYCHHA CTPYMY I oy HOCATAETHCS IIPU MCH-

111} Hanpy3i JpKepena skuBleHHs V. Enexrpo-
HHA CXeMa MpaloBaTUME 3 TI€I0 K MIBUAKICTIO,

are OCKUTbKH TIOTY>KHICTb TIPOTIOpIiiiHa 10 V), , TO
cxema Oyzie po3citoBaTH MEHIITy MOTYXHICTb. Cho-
rOJIHI, KOJIM Ha OJHOMY KPHCTaJIi 1HTErpajbHOT
CXEMH PO3MILIYIOTh MUIBSIPU TPAH3UCTOPIB,
pO3CilOBaHa MOTYKHICTh HAOyBa€ KPUTUYHOTO
3HAYEHHS — SIK aKTUBHA MOTY>KHICTh Y poO04OMY

PeXuMI, 1110 Iponopiiiina 10 V2, , Tak i HOTy-
HICTh y PEKUMI OUiKyBaHHS, 10 BU3HAYAETHCS

BEIMYUHOK [ .

3rigno 3 (51), HaliMeHIIUH MiAnOPOroBUI
po3kun SS npu KiMHATHIH Temmeparypi J10-
piBHIOE 60 MB/0exada. I1OBHICTIO BUCHAXKEHI
Tpansuctop, Taki, sk ETSOI MOSFET, xa-
PaKTEpU3YIOThCS 3HAUCHHSIM m =1 1 HaHOUTBII
NpUIATHI JUI TOCSTHEHHs HAallMEHIIINX 3HAYE€Hb
SS. Buie Bizx mopory cTpym 3pocTae MpHOIU3HO
JiHIAHO 31 301IBIIEHHSAM HANpPYTH Ha 3aTBOPI,
TOX MiHIMaJIbHA Mexa i SS, 1o JopiBHoe 60
MmB/oexada, BU3HAUAE 1 HIDKHIO MEXY HaNpyrH

Jkepena xuBieHHs V. Ha mpakrtuni 3apas
1151 HYOKHS MeXa JiopiBHIoe 1 B. Haragaemo, 1o
MacmTaOyBaHHS TpaH3UCTOPIB 3a JleHHapaoM
npH 30€peKeHHI eEKTPUYHOTO OIS CTATUM

norpedye MacmtaOyBanHs V,, (38) 3 KOXKHOIO
HOBOIO TEXHOJIOTIYHOIO reHepariero. OCKiIbKu
B MIiJIMTOPOTOBOTO PO3KUAY SS € HUKHSI Mexa
(mpum KiMHATHIHN Temmeparypi!), TO MOTYXHICTb
JoKepena )KUBJICHHS MaclITaOyBaHHIO BXKE HE
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nigsrae. L{s obcraBuHa 1 € CYyTTIO KPUTUYHOT
HUHI MpoOJIeMHU AUCUTIALI] MOTYKHOCT1 1HTe-
rpajibHUX cxeM [26].

OTxe, B MiAMOPOrOBOIO PO3KUIY € HIKHS
MeXa 3 ypaxyBaHHsM Toro, ujo m >1. Puc. 16
MOSICHIOE TIPUPOY TaKoT MEXi.

|
0 X

Puc. 16. Tepmoionnuii crpym y MOSFET.

v

CtpyM CTOKY (pOpMYIOTH €TIEKTPOHH, SIKi OyIIH
€MITOBaHI BUTOKOM 1, IOJIONIABIITN Oap’ep, Aai
CKOUYIOTBCA JIO CTOKY. VIMOBipHicTb Taxoi Tep-
MOIOHHOT eMicil €KCIIOHEHIINHO 3aJIEKUTh BiJ]

BUCOTHU Oap’epy Ej:

_ _ERlkT
PS—)D - .

(52)

Taka exCnoHEHILIMHA 3aJ€KHICTh TATHE 3a

co0010 eKCNOHEHIIHY 3anexHicTh O oc Vo
1 0OMeXy€e MiAMOPOTOBUH PO3KHI 3HAYCHHSIM

SS > 60 mB/0exaoa Tpu KIMHATHIN Temrepa-
Typi. 3anponoHoBaHo (Hi3UYHI MiIXOIH, 110 J0-
3BOJISIFOTH MMOI0JIATH Take oOMexeHHs [27, 28].

3anuiaeTrbesi OOrOBOPUTH CEPEAHIO IIBUJ-
KICTb €JIEKTPOHIB y KaHaJi MPOBIAHOCTI MFO B
MiIMTOPOTOBOMY PEXKHMI; aJPKe HaBEICHHI BUILE
Bupa3 (15) 3acToCcoOBHMIA TIMBKHU BUINE BiJ MO-
pory. B niimoporoBomy pexxumi cepets MIBHI-
KICTh y TOYIIl BIpTyaJbHOTO BUTOKY (BEpIIMHA
0ap’epy) BU3HAYAETHCS BUPA3OM

— 2 ns(o) — ns(L)

YT T o)

, (53)
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ne D - xoedinieHT nudysii eaekTpoHiB. 3 mpo-
CTOI MOJIeJIi TEPMOIOHHOI €MIiCii BUTUIHBAE, 1110

ng(L)/ ng(0)=e """,

TOXK
_ D —qVpg /KT \ _ kT p —qVps kT

| = (1-e )—72(1‘6 )-(59)
Je OyJl0 BUKOPHUCTAHO CITiBBigHOIIEHHS Eii-
HINTeHHA MK KoedimieHToM audy3ii enexTpo-
HiB D 1 ix pyxnuBicTio u. IlincraBnsroun (54)
1o (49), onepKyeMo CTaHIApTHUW BUpa3 IS
CTPYMY B HiIIOPOTOBOMY pexumi [7]:

2
IDS — ,Llcm%(m_l)(k%j e'I(VGS’Vr)/ka (l_e*ans/kT) . (55)

Bigznaumo me onua MoMeHT. 3 puc. 16 30-
BCIM HE OYEBHUJIHO, IO €JICKTPOHU MOBUHHI
nudyHIyBaTH KPi3h BECh KaHAJ MPOBITHOCTI.
®i3uyHO OUIBIII KOPEKTHUM BHUIAETHCS TE, IO
ENEKTPOHH TU(DYHAYIOTH KPi3b HU3HKOIIOIBOBY
o0yacTh KaHajy, a MOTIM CHJIbHE E€JIEKTPUUYHE
MoJIe IBHUAKO MPOHOCUTH X Kpi3b pelITy 10-
BXKUHH KaHaTy. Y BIAMOBITHOCTI 10 TaKO1 MOJIEi
JIOBXXKWHY KaHaJly TpoBigHOCTI L cmix Oymo 6
3aMIHUTH HA NIEBHE MEHIIE 3HAYEHHS JOBKUHU

nudy3iiiHoi oomacTti / < L . Yepes 11e Ha MpakTH-
Il CKJIQJHO BU3HAUUTHU MEPeeKCIIOHEHIIHHUIMA
(dakrop, ogHak Bupas (55) 3abe3neuye 3a10B1Tb-
HUH OIMKC PeaNbHUX TPAH3UCTOPIB y 1ijtomy [7].

3-nio nopoey 6 obracms uwye 8i0 nopozy

Bupas (48) Busnauae 3anexsicte Q(V;)
HIDKYE BiJl TOPOTY, @ B PEXKHUMI CHIIBHOI 1H-
Bepcii, 3rinHo 3 hopmymnoro (58) crarti [3],
OWVy)=—C"(Vog —V;) . Onnak, nepexin 3
MiIMOPOTOBOTO PEXKKUMY B PEIKUM CHIIBHOI 1HBEP-
Cii € MOCTYNOBUM, 1 I1€ TOTPIOHO BpaXxOBYBATH.
Ile 0ocobnMBO BaXJIMBO IPU MOJEIIIOBAHHI 1 IIPU
YHCEILHOMY PO3B’si3aHHI piBHsAHB [lyaccona —
Bonbivana s Q(y ), 10 J1eXKaTh B OCHOBI TaK
3BaHUX MOJIEJIEH TTOBEPXHEBOTO MOTeHIIIamy [29].

[Toseninky Q oc V., MOXHa ONUCATH €MIIi-
puuno. OnuH 13 3anmpononoBanux [30] BupasiB
Ma€ BUTJISI:

O(Vs)=-mCg" %T In(1+¢""es"7™T) (56)

i 3Hauens Vo <V, MOXHA BUKOPHCTATH

poskian In(x) =1+ x imnepenucaru (56) sk

KT | sy ymir
€ ’

inv
OVss) =—mCq (57)
o 6mu3bpKo A0 dhopmynu (48). B mpakTuuHux
PO3paxyHKax MepeaeKCIIOHEHIIIHHNN MHOKHHIK
HE € ICTOTHUM, TOX eMITipHYHuiA Bupa3 (57) -
KOM NPUMHATHUM.

Hus V., >V, Bupas (56) nae Bxe BiIoMUil
[IPaBUJIbHUUN PE3YJIbTAT:

QW) =—Cr Ve —V,). (58)

Takum ynHOM eMmmipuyHuid Bupas (56) npu-
JaTHUN A7 onucy noBeainku Q oc Vo Bif Mif-
MOPOTOBOT 00IACTI A0 00IACTI 3 CHIIBHOIO 1HBEP-
ciero. Mogenb BIpTyaJIbHOTO BUTOKY VS BUKO-
PHUCTOBYE AEIIO MOKpaIlleHy Bepcito BUpasy (46),
3a0e3Meuyroun THM Kpalle o€ THaHHS o0acTei
31 c1abKorO Ta CHIIBHORO 1HBepciero [18].

Ha 3aBepieHHs BiI3HAUMO TICHUM 3B’SI30K
MK cTpymMamu I,.. ta I,, . Mu Oauunm,

o ]OFF OCeXp[(VGS—VT)/ka] , a CprM
I,y <V —V,, TOX y HACYMKY
Inl, <l,,. (59)

CucremHi au3aiiHepy MOIIM O 3MEHILIUTHU MO-
POroBy Harpyry ¥, 3 Tum, o6 30ubmmTy 1)), , o
30UIBIIUTE IIBUAKOMIIO, OJHAK, 1€ TSITHE 3a COO0I0
CKCIIOHEHLIIMHE 3pOCTaHHA [ .. 15K HACIIOK 30U1b-
IIIeHHSI AMCUTIALTIT TIOTYKHOCTI B P&KHMI O4IKYBaHHSL.
Puc. 17 moxe npaBuTH 3a IPUKIIA] TAKOTO KOMII-
poMicy 3aCTOCOBHO JI0 TexHounorii 65 nv NMOS.
et pyHIamMeHTATBHIIT KOMITPOMIC € Oe3rocepeTHIM
HACNIIKOM (DI3MYHUX TPUHIMIIB (DYHKIIOHYBAHHS
MOSFET.

Bupas (46) nae 3Ha4eHHs HANpPyryu Ha CTOKY
Vps4r B PEXKHMMI CHIIBHOI 1HBEpCii. Mozens Bip-
TYaJIbHOTO BUTOKY VS 3BOIUTD V), Y PEXKHMI
cuiIbHOI 1HBepcii 10 k7 /q B miamoporoBomMy
PEeXHUMI eMIIpUYHO. XapaKTepHa MOXUOKa TaKkol
€BPUCTUYHOI nporeaypu meHma 3a 10% [18].

Sk nemoHCTpye puc. 7 31 cTarTi [2], Monenb
V'S 3 BUCOKOIO TOUHICTIO ONHCYE EKCIIEPUMEH-
TaJIbHI JaHi JUIsl HAaHOTpaH3ucTopiB. 1le BuKIH-
Kae€ MojuB, 00 Taki mapamMeTpu, Ik 4 1 v, , Ma-

sat °
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I0Th OYEBUAHMM 1 ACHUHN (PI3UUHUN CEHC Y TOMY
BUIAJIKY, KOJU JIOBXKHHA KaHaJIy MPOBIIHOCTI
B 06arato pasiB mepeBakae CEpPeHI0 JOBKUHY
BUILHOTO TIPOOIry, aje e He Ta CUTYyaIlis, sKa
Ma€e MiClie B HAaHOTpaH3ucTopax. ToxX JUIIAETh-
Csl IOKHU PO3MIISAJATH Il BETMYUHH K EMITipUYHI
napameTpu. [lam Oyzne po3BUHYTO TEOpPito TpaH-
CIIOPTY €JEKTPOHIB Y HAHOTPAH3UCTOPAX, 1 MU
no0aynmMo, 1o Li HapamMeTpu MOXYTh HaOyTH
SICHOTO (DI3UYHOTO 3MICTY.

£ -
Topr,  © . * ]
nA/uM - 4
10 E - i

0 458 “x S50 600 650 100 750 &0 850

o, nA/um

Puc. 17. I'padik sanexnocri log,, I, o I, nnn
TexHousorii 65 um NMOS [31].

[Tini6’emo migcymku. B miit crarTi Mu 1o-
KJIaJTHO pO3MIAHYNIU enekTpocTtatuky MOS. V
HEepUIMX CTATTAX HAIIOI cepii MU MOKa3aH, 110
1D enexTpocTaTrka JJ03BOJISIE 3PO3YyMITH, SIK Bifl-
OyBa€TbCsl BUTHH 30H 1 3HWXKEHHS O0ap’epy, 110
JTIO3BOJISIE TIOTOKOB1 €JIEKTPOHIB pyXaTUCS Bif
BUTOKY i 10 cToKy. BpaxyBanus 2D enektpo-
CTATHKH IIPU3BOIUTH 10 Ierpasialii TpaHCIOPTY
€JIEKTPOHIB Y MOJIBOBUX TPAH3UCTOPAX, 30171b-
IIYIOYH ITiITOPOTOBUIM PO3KHUJ 1 CIPHUUHSIOUN
edext DIBL, sxuii y CBOIO 4epry 301IbIIy€E BU-
X1JJHY IIPOBITHICTH 1 3MEHIIY€ IOPOTOBY HAIPyTy
B KOPOTKOKAaHAJIBHUX TpaH3ucTopax. Kinbkic-
He BpaxyBaHHs 2D eneKTpPOCTaTUKHU MOoTpelye
YHCEIBHOTO IMIJIXOAY, ajle BCl CYyTTEBI epeKTn
MOXHa (Pi3MYHO 3pO3YMITH i Ha SAKICHOMY PiBHi.

Edextn 2D enekTpocTaTUKH MOTipIIYIOTh
(GYHKIIOHYBaHHS TPAH3UCTOPIB 1 MPU3BOIATH
710 1) miAmoporoBoro po3kuIy, BUILOTO 3a QyH-
JaMeHTaabHy MexXy B 60 mB/oekaoa, 2) 3cyBy
IPOXiHUX XapaKkTepucTuk log,, I, oc V¢ miBo-
pyd nipu 301TbIICHHI HAaNpyTH Ha cTOKY (DIBL),
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3) BUHMKHEHHS 3aJIe)KHOCT1 TOPOTOBOi HANPYTH
BiJI TapaMeTPiB 3aTBOPY I HANIPYTH HA CTOKY, 4)
HU3bKOTO BUXigHoro omnopy. Konu epexru 2D
eJIEKTPOCTATUKU CUJIBbHI, 3aTBOP yXKe HE KOHTp-
OJTIOE CTPYMY B KOJII «BHUTIK — CTIK» 1 TPAH3UCTOP
3a3Hae Mpo6o10. OCKIIBbKY 111 €PEeKTH JTy’Kue BU-
SIBJISIFOTHCSL B KOPOTKOKAHAJIBHUX TPAH3UCTOPAX,
iX I1le Ha3UBalTh €(PEKTaMU KOPOTKOTO KaHAITy.
Mipoto Toro, Ik TPaH3UCTOPHU POOIATHCA AEAATL
MiHIaTIOPHIIIMMH, OCHOBHUH BUKJIHK, 11O T10-
CTa€ MepeJ CXeMOTEXHIKaMU, MOJIArae B KOHTP-
OJli KOPOTKOKaHAThHHUX e(eKTiB. 3a3BUUAM, IS
[[bOTO MOTPiOHE YHCETHHE MOJICITIOBAHHS.

[ToBeprarouncek 10 Bupaszy (43), 6auumo, Mo
3aJIEXKHICTD JX:O(VGS’ Vs) Mag€ LIUIKOM NpUIAHSAT-
He ¢izuane nosicaeHHs. [Llox 10 criiBMHOKHUKA
W Vs Vs ) __, 3 IbOTO BHPasy, TO B HANIMX
NOJANIBIIMX CTATTAX MU NMOOYIyeEMO aJleKBaTHY
¢bi3uuHy KapTHHY TPAaHCIIOPTHUX SBUIL Y HAHO-
TPaH3UCTOPAX, BUXOISIH 3 y3araJbHEHOI MOJIEIi
TpaHcnopTy enekTpoHiB Jlannayepa-/larra-Jlynn-
crpoma [24, 25], 1 BCTAaHOBUMO 11 3B’SI30K 3 TPaIu-
[IAHUM TIIXOIOM «3TOPH — BHU3Y.

Ha 3aBepiuieHHs1 HaroJa0CciMo: CTaTTs € HAaCia-
KOM IpocityXoByBaHHs ogHuM 3 Hac (FOOK) kyp-
cy neknii «Fundamentals of Nanotransistors»
[25], mpounTanux oH-naiH B 2016 porii mpod.
Mapxom Jlyaactpomom (Mark Lundstrom),
B pamkax iHiniatuBu Purdue University /
nanoHUB-U [www.nanohub.org/u]. B Hiii Ta-
KOX BUKOPHCTAHO HAIPAIFOBAHHS aBTOPCHKOTO
Kypcy «®i31uKka KOHJEHCOBAHOTO CEPEOBUIIIAY,
sxuii M aprop (MBC) ynponoBxk ocTaHHIX
POKIB YHMTA€ JUIsl MaricTpiB (akyJIbTeTy pajiio-
(hi3UKH, EIEKTPOHIKH 1 KOMIT IOTEPHUX CHUCTEM
KuiBChKOTO HaIliOHAIBHOTO YHIBEPCUTETY IMEHI1
Tapaca IlleBuenka.
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Summary

In the fourth one from the line our new tutorial reviews, directed to serve students, university
teachers and researchers, the 2D electrostatics of MOS is considered in detail. As it was discussed
in our prewious articles 1D electrostatics gives good understanding of the bend of zones and of
lowering of the potential barrier between source and drain, which allows the flow of electrons to
move from source to drain. On the contrary, 2D electrostatics degrades electron transport in field
effect transistors by increasing the subthreshold swing and causing the DI/BL effect, which in its
turn increases the output conductivity and reduces the threshold voltage in short-channel transistors.
Quantitative consideration of 2D electrostatics requires a numerical approach, but at the same time
all the significant effects are physically understandable on qualitative level. 2D electrostatics destroys
the functioning of transistors and leads to: 1) a sub-threshold swing greater than the fundamental
limit of 60 mV/decade, 2) the shift of the transfer characteristics to the left with increasing of drain
voltage (DIBL), 3) the threshold depends on the gate parameters and voltage on the drain, 4) low
output resistance. When 2D electrostatic effects are strong, the gate loses control over the current and
the transistor undergoes punch-through. Since these effects are more pronounced in short-channel
transistors, they are also called short channel effects. As transistors get smaller and smaller, the
main challenge with circuitry is to control the short-channel effects. As a rule, numerical modeling
is required.

Keywords: nanoelectronics, field effect transistor, MOSFET, 2D electrostatics, transistor metrics,
transistor control, virtual source
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Pedepar

VY yeTBepTiil i3 cepii METOMUYHO-OINIAIOBUX CTaTei, OPIEHTOBAHUX Ha CTYJEHTIB, aCIipaHTIB,
BHKJIAJ[auiB BUIIOI IIKOJIM Ta JOCIITHUKIB, JOKIAAHO po3misHyTa 2D enekrpoctaruka MOS. Sk
OyJ10 MMOKa3aHo B MEPIINX CTATTX Ii€i cepii, BpaxyBaHHA 1D eNeKTPOCTaTHUKH JJO3BOJISE 3pO3yMITH
BUTHHHM 30H 1 3HI)KEHHS MMOTEHLIAJBHOTO 0ap’e€py MIX BHUTOKOM 1 CTOKOM, IO JI03BOJISIE MTOTOKY
€JIGKTPOHIB PYXaTHUCS BiJ BUTOKY 110 CTOKY. HaTomicTh 2D eneKTpocTaThKa MOTipIIy€e XapaKTe-
PUCTUKU TPAHCHOPTY E€JEKTPOHIB Y MOJIBOBUX TPAH3UCTOPAX, 30UIBIIYIOUH MMiITOPOTOBUI PO3KUA
1 Buknmkaiouu epexr DIBL, sikuii y CBOIO 4epry 3011blIy€e BUXiAHY MPOBIIHICT 1 3MEHILY€E T'pa-
HUYHY HaIrpyry B KOPOTKOKaHaJbHMX TpaH3ucTopax. KijgpkicHe BpaxyBaHHS 2D €l1eKTPOCTaTHKH
noTpedye YHCETBHOTO MiAX0/TY, pa30M 3 TUM BC1 CYTTeBI e(hekTH (Pi3HuHO 3pO3yMisi i Ha SIKICHOMY
piBHi. BpaxyBanHus 2D eNeKTpOCTaTHKH MOTipuIye (GyHKIIOHYBaHHSA TPAH3UCTOPIB 1 MPU3BOIUTH
10: 1) mianoporoBoro po3Kuay, O1IbIIOT0, aHK yHAaMeHTanbHa Mexa B 60 mB/oexaoa, 2) 3CyBy

IPOXIJHUX XapakTepuctuk log,, I, oc V, NBOpyY NpH 30LIbIIEHH] HAIPYTU HA CTOKY (€QEeKT
DIBL), 3) BUHUKHEHHS 3aJIe)KHOCTI 3HAYSHHS NIOPOT'Y BiJ ITapaMeTpiB 3aTBOPY 1 HAIPYTH Ha CTOKY,
4) Hu3pKOro BUXiHOTO onopy. Komu edekru 2D eneKTpoCTaTUKH CHITbHI, 3aTBOP YKE HE KOHTPOIIOE
CTPYyMY B KOJI «BHUTIK — CTIK» 1 TPaH3MCTOp 3a3HAa€ Mpo6o10. OCKIIBKU 11l e()EeKTH BUSBISIOTHCS
Ty’K4e B KOPOTKOKaHAJILHUX TPAH3UCTOPAX, X e Ha3MBaIOTh e(heKTaMHU KOPOTKOTO KaHairy. Mipoio
TOT0, SIK TPAH3UCTOPH POOIATHCS JIe1ali MiHIaTIOPHIIIIMMU, OCHOBHHI BUKIIMK, SIKUM MOCTA€E MEPe/]
CXEMOTEXHIKaMH, TIOJISIra€ B KOHTPOJIi HaJl KOPOTKOKaHAIBHUMU eekTaMu. 3a3Bu4aid 1Jsi bOTO
MOTPIOHE YHCEThHE MOJICTIOBAHHSI.

KurouoBi cioBa: HaHoenekTpoHika, moiasoBuit Tpansuctop, MOSFET, 2D enexrpocraruka,
METpUKa TPAH3UCTOPIB, KEPYBAHHS TPAH3UCTOPAMH, BIPTYaIbHUI BUTIK
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Abstract. It is presented an advanced quantum-kinetic model to describe the nonlinear-optical
(spectroscopic) effect caused by the interaction of infrared laser radiation with a gas atmosphere.
We determine the quantitative features of energy exchange in a mixture of CO_,-N,-H,O atmospheric
gases of atmospheric gases, which can be used in the development of new sensory spectroscopic
technologies for observing the state of the atmosphere.
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MOJEJIOBAHHSA HEJITHIYHUX ONTUYHUX E®EKTIB B3AEMO/II IASEPHOI'O
BUITPOMIHIOBAHHSA 3 ATMOC®EPOIO I JETEKTYBAHHSA EHEPI'OOBMIHHUX
MMPOLECIB B CYMIIIY ATMOC®EPHUX I'A3IB

1O. A. Bynaxosa, O. B. [mywxos, O. IO. Xeyeniyc, A. A. Ceéunapenxo, I B. lenamenxo,
H. buxoswenko

AnoTtauiss. Po3po0i1eHo BIOCKOHAJICHY KBAaHTOBO-KIHETHYHY MOZENb JUIsl OMHCY HETiHIHHO-
ONITUYHOTO (CIIEKTPOCKOMIYHOT0) e(PEeKTY, CHPUIMHEHOTO B3aEMOIIEI0 1H(Pad4epBOHOTO JTa3epHOTO
BUIIPOMIHIOBaHHS 3 arMoc(heporo. BusHadyeHi KiIbKICHI 0COOIMBOCTI OOMiHY €HEpri€ro B CyMiri
CO,-N,-H,0 armocdepnux rasis, iki MOKXyTh OyTH BUKOPHUCTaHI IIPU PO3POOII HOBHX CEHCOPHHX
CTIIEKTPOCKOIIIYHUX TEXHOJIOTIH CIIOCTEPEKEHHS 32 CTAaHOM arMocdepHu.

KirouoBi ciioBa: kiHeTHka eHeproooMiHy, arMocepHi ra3u, BUPOMIHIOBAHHS JIa3epa, JeTeK-
TyBaHHS

MOIEJUPOBAHUE HEJIMHEMHBIX ONITUYECKNX D®DEKTOB
B3AUMO/JIEVCTBUS JIASEPHOI'O U3JIYUYEHHUS C ATMOC®EPOU U
JETEKTUPOBAHUME SJHEPI'OOBMEHHBIX NTPOLHECCOB B CMECH
ATMOC®EPHBIX I'A30B

10. A. Bynaxosa, A. B. Imywrxos, O. IO. Xeyenuyc, A. A. Ceunapenxo, A. B. Uenamenxo,
H. bvikosuwernko

AnHoTauus. Pa3zpaborana ycoBepIIeHCTBOBaHHAsI KBAaHTOBO-KMHETHYECKAs MOJIENb /ISl OTIH-
CaHMsI HEIMHEHHO-ONTHYECKOTO (CIIEKTPOCKONMUYECKOr0) 3(h(hekra, BEI3BAHHOTO B3aUMO/ICHCTBHU-
eM MH(PaKpacHOTO JIa3epHOr0 M3NMydeHHus ¢ arMochepoit. OnpeneneHsl KOJMUECTBEHHBIE 0CO-
Oennoctu oOmena suepruei B cMecu CO,-N-H O armMocdepHbIX ra3oB, KOTOPbIE MOTYT ObITh
MCIOJIb30BaHbl IPU pa3pabOTKE HOBBIX CEHCOPHBIX CIIEKTPOCKONUYECKUX TEXHOJIOIMM Habmone-
HUS 32 COCTOSTHUEM aTMOocC(dephl.

KiroueBble cj10Ba: KMHETHKA YHEProOoOMeHa, aTMOC(EpHBIE Ta3bl, H3IyUYeHHUE J1a3epa, AeTeK-
TUPOBaHHE

1. One of the most important problems in the
modern sensor electronics, molecular and envi-
ronmental physics is connected with a searching
new physical effects and construction of new

city and quantitatively elucidate the features of
energy CO,-N, in the energy-N, exchange of at-
mospheric gases during the passage of powerful
laser radiation pulses. This topic is of a great im-

sensors (e.g. [1-7]). In this paper we present the-
oretical fundamentals a new, improved quantum-
kinetic atomic-molecular approach to theoretical
modeling of nonlinear optical (spectroscopic) ef-
fects in the interaction of electromagnetic (laser)
radiation with the gas atmosphere of an industrial

portance for further solving the problems of laser
(lidar) sounding of atmosphere and creation new
sensor devices on the laser system basis [1-21].
The required theoretical modeling is based on the
numerical solution of the differential equation
system, which describes the time evolution of
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the relative populations of levels of atmospheric
gas molecules.

First, let us consider qualitatively some fun-
damental aspects of the interaction of electro-
magnetic radiation with atoms and molecules of
the atmospheric environment. Indeed, in the case
of an intense external field, a nonlinear response
of atoms and molecules will obviously occur. It
should be noted that cases of both resonant and
non-resonant interaction of electromagnetic ra-
diation with atoms and molecules of atmospheric
gases can be considered separately.

The obvious consequence of resonant interac-
tion (in particular, absorption) of electromagnetic
radiation (hereinafter, as a rule, will be coherent,
that is, laser radiation) by molecular gases of
the atmosphere is the quantitative redistribution
of molecules by the energy levels of internal
degrees of freedom. In turn, this will change the
so-called gas absorption coefficient. Changing
the population levels of the mixture of gases
causes a disturbance of thermodynamic equilib-
rium between the vibrations of molecules and
their translational motion, resulting in kinetic
cooling of the environment.

At the same time, as shown in [2,5], it is very
important to use more realistic and accurate val-
ues of constant constants in the corresponding
quantum-kinetic models. For example, we are
talking about realistic data regarding the depend-
ence of the resonance absorption coefficient of
CO, (and other atmospheric gases too) over time.

At the same time, in the interaction of laser
radiation with a mixture of atmospheric gases,
relatively complex processes of resonant excita-
tion transfer, in particular, from CO, molecules
to nitrogen molecules, will take place. As a re-
sult, a quantitative change in the polarizability of
the atmosphere will be observed. As a result, the
complex dielectric constant of the atmospheric
medium will change, which will lead to a signifi-
cant transformation of the energy of laser pulses
in the gas atmosphere [1-4].

Indeed, in a nonlinear medium, the dielectric
constant depends on the intensity of the electro-
magnetic wave [:
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where c is the speed of light, £ is the electric
field strength of the wave.

Obviously, expression (1) defines a specific
type of nonlinear interaction - nonlinear response
of the medium. In (1) the index “0” indicates the
undisturbed value of the dielectric constant:

&, =6, +ia,lk,,

2

and the index “N” - the corresponding increase
due to nonlinear interaction. It should be noted
that a generalization of equation (1) in the case
of propagation of radiation in an aerosol medium
leads to introduction of the corresponding addi-
tive [1]:

N
£,=2 6, (FT,), (3)
v=l

which is the sum of the perturbations of the com-
plex dielectric constant from the individual cent-

ers. In (3), the vector 7, determines the position
of the particles in space, N is the total number

of particles. The valueg, is equal to the value
of the complex dielectric constant of the particle
and its halo, when the observation point is inside
the localized inhomogeneity, and is equal to zero
otherwise. The halos around the aerosol parti-
cles are due to the perturbation of the dielectric
constant due to temperature, vapor, or plasma in-
homogeneities (see more details in Refs. [1-6]).
The latter result from the nonlinear interaction
of laser radiation with the substance of particles.

When laser radiation interacts with atoms and
molecules of atmospheric gases, there is also the
so-called Kerr electronic effect, which arises due
to the deformation of the electron density distrib-
uted by the field, almost immediately following
the change of field, as well as the orientation
effect of Kerr [1] . The relaxation time of this ef-
fect for atmospheric air under normal conditions
is 10" s. This effect leads to the dependence of
the dielectric constant on the field of the elec-
tromagnetic wave in the formula (1) of the form
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Based on the measurement of nonlinear air
polarization, it was shown [3] that the contribu-
tion of the electronic mechanism to nonlinear
air polarization is very small, and the value of

the constant for air is 5-10™'° units SGSE. For

Gaussian beams and plateau beams, the Kerr ef-

fect leads to the self-focusing of light, described

in detail, for example, in [1-4]. If the length

of the nonlinear interaction (self-focusing) is a
Lo R g ( 87,

-
. 1} ; (%)
\E |E|2 €€y

then the realization of the effect on distance L 1S
possible if the threshold intensity is defined [1]:

Gaussian beam with radius R

(6)

Lop 10" W-em? for R, =0,1

and L,=10° m.If L;=10° m, then I,,, ~10° W-cm?.

For infrared laser wavelength 2=10.6 pm,

the critical autofocus (L, = L,) power is as fol-
lows:

Cq[ €&,
F, :ﬂR§IH0P =£=1a7'10“ w. (7)

Correspondingly, one has P =1,7- 10° W for
A=1,06 um.

2. Here we construct an improved quantum-
kinetic model to describe the nonlinear-optical
(spectroscopic) effect caused by the interaction
of infrared laser radiation with a gas atmosphere
and consider the quantitative features of energy
exchange in a mixture of CO,-N_-H,0 atmos-
pheric gases of atmospheric gases [2,5].

Typically, for the quantitative description
of energy exchange and the corresponding re-
laxation processes in a mixture of CO,-N-H,0
gases in the laser radiation field, one should first
consider the kinetics of three levels: 10°0, 00°1

(CO,) iv=1(N,). The system of differential
equations of balance for relative populations is
written in the following form:

dx
dl] :7ﬂ(w+2gl)lo)x| +ﬁwx2 +2ﬂgl)m)x]0 +FN(X1)»
dx, 0
ar =ax, —(0+ QO+ Pyy)x, +Ox; + Pyx, + Fy(x,),
8
. (8)

=00x, — (60 + Py )x; +P30x§ +Fy(x;).

dt

Here, x, = N,/ Neo, » X, = Ny,/ Neo, » X, =
E‘)NN2 / Neo,
tions 10°0, 00°1 (CO,); Neco, 1S concentration

5 N g0, Ny, are the level popula-

of CO, molecules; My, is the level population
v=1(N,); O is the probability (s™') of resonant
transfer in the reaction CO, — N,,o is a prob-
ability (s) of CO, light excitation, g = 3 is sta-
tistical weight of level 02°0, B=(1+g)'=Y4; d is
ratio of common concentrations of CO, and N,
in atmosphere (6 = 3.85-10); F, (x) — additional

nonlinear term; XIO’ Xg and X_? are the equilib-
rium relative values of populations under gas
temperature 7:

x =exp(- £/7),

8 =8 —expl5r/ 1)

)

Values E, and E, in (1) are the energies (K) of
levels 10°0, 00°1 (consider the energy of quan-
tum N, equal to E)); P, , P,, and P, are the prob-
abilities (s!) of the collisional deactivation of
levels 10°0, 00°1 (CO,) and v =1 (N,).

Note that having obtained the solution of the
differential equation system (8), one can further
calculate the absorption coefficient of radiation
by CO, molecules:

aco, =0o(x1 —x2)Nco, . (10)

The o in (10) is dependent upon the thermo-
dynamical medium parameters according to [1].
The different estimates (c.g.[1-5]) show that for
emission of the CO,-laser the absorption coef-
ficient:
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Og =0CO, tOH,0- (11)
is equal in conditions, which are typical for sum-
mer mid-latitudes o (H=0) = (1.1-2.6)- 10° cm™,
from which 0.8-10° cm™ accounts for CO, and
the rest — for water vapour (data are from ref. [2]).

On the large heights the sharp decrease of air
moisture occurs and absorption coefficient is
mainly defined by the carbon dioxide. T

It is known [2-5] that the resonance absorp-
tion by the molecules of the atmospheric mixture
of laser radiation is determined by the change in
the population of the low-lying level 10°0 (CO,),
the population of the level 00°1 and vibration-
translational relaxation (VT-relaxation), as well
as intergenerational vibration relaxation (VV’-
relaxation). For the wavelength of infrared laser
radiation (eg, CO, laser of 10.6um), the duration
of the corresponding pulse will satisfy the in-
equality z,<¢ <1, ., where ¢, , . are the values
of time, respectively, of rotational and oscilla-
tory relaxation. For accurate numerical calcula-
tions, it is important to accurately determine the
probabilities of P, P, , P,, deactivation due to
the levels of 10°0, 00°1 (CO,) and v =1 (N,),
the probability of Q resonance energy transfer
CO, — N, the excitation probability  pulse of
CO, laser and other constants.

computing was performed with using the PC
code Superatom [24-28]). It is clear that the time
dependence of the relative resonance absorption
coefficient of laser radiation by CO, molecules
for different laser pulses differs. In Table 1 we
list the Temporary dependence of resonant ab-
sorption relative coefficient o, ( sm™) for
rectangular (R), gaussian (G) and soliton-like
(S) laser pulses (intensity I, 10° W/sm?) on the
height H=10km : A- data of modelling [1,2]; B
and C- our data.

The effect of kinetic cooling of the CO, is
determined by the condition (for Odessa region):

Ao <(E, NE, —E))aly, =1.51ad, . (12)

Note that expression (12) is significantly dif-
ferent from early qualitative estimates [1,2,5].
The numerical parameters obtained allow us to
further quantify the effects of the kinetic cool-
ing of CO,, depending on the parameters of the
model of the atmosphere and the parameters
of laser radiation. The analysis shows that the
energy flux that causes the gas to heat through
the absorption of water vapor radiation is pro-
portional to the intensity of the laser radiation.

Table 1.

Temporary dependence of resonant absorption relative coefficient o, (sm™) for rectangu-
lar (R ), gaussian (G) and soliton-like (S) laser pulses (intensity I, 10° W/sm?) on the height
H=10km : A- data of modelling [2]; B and C —our data.

t B
us 1=10° 1=10° 1=10° 1=10° | I=10° 1=10° 1=10° 1=10°
G G

0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

1 0.48 0.12 0.46 0.12 0.41 0.11 0.43 0.10
2 0.34 0.08 0.32 0.07 0.26 0.04 0.29 0.05
3 0.41 0.27 0.37 0.19 0.31 0.18 0.34 0.19
4 0.48 0.35 0.44 0.29 0.37 0.26 0.39 0.27

Below we present the results of computing the
relative absorption coefficient o ~(normal-
ized to linear absorption coefficient) based on the
solutions of the system (8). All data obtained for
the distribution of pressure altitude and tempera-
ture are taken from the model of the atmosphere
of the middle latitudes (Odessa) [22, 23]. The
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At the same time, when the critical value of the
critical parameter is reached, the heating of the
steam will prevail over its cooling for any mo-
ment of time. In such a physical situation, the
effect of kinetic cooling will cease to exist. In
any case, the quantitative manifestation of the
kinetic effect may vary for different atmospheric
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conditions, laser radiation parameters, and different
values of atomic-molecular parameters (set of en-
ergy, spectroscopic and radiation characteristics).
Obviously, this will significantly influence and ap-
propriately determine the energy conditions of the
laser sounding of the atmosphere of an industrial
city, and the latter, in turn, will redefine the quanti-
tative possibilities of finding quantitative character-
istics of spatio-temporal fields of concentrations of
substances in the atmosphere of an industrial city.

References

[1].Zuev V. E., Zemlyanov A. A., Kopytin Y. D.,
Kuzikovsky A. V. Powerful laser radiation
in an atmospheric aerosol. -Novosybirsk,
1984. -224p.

[2].Khetselius, O. Yu. Optimized Perturbation
Theory for Calculating the Hyperfine Line
Shift and Broadening of Heavy Atoms in a
Buffer Gas. Frontiers in Quantum Methods
and Applications in Chemistry and Physics;
Cham: Springer, 2015,Vol. 29, pp 55-76

[3].Gordiets B. F., Osipov A. 1., Kokhlov R. V.
About cooling the gas under powerful CO,
laser radiation passing in atmosphere. J.
Techn. Phys. 1974, Vol. 14, 1063-1069.

[4].Geints Y. E. and Zemlyanov A. A., Near- and
mid-IR ultrashort laser pulse filamentation
in a molecular atmosphere: a comparative
analysis. Appl. Opt. 2017, 56, 1397-1404

[5].Glushkov A. V., Serbov N. G., Bunyakova
Yu. Ya., Prepelitsa G. P., Svinarenko A. A.
Sensing the kinetical features of energy
exchange in mixture CO2-N2-H20 of
atmospheric gases under interacting with
laser radiation. Sensor Electr. and Microsyst.
Techn. 2006. N4. P. 20-22.

[6].Wei, P.-S., Hsieh, Y.-C., Chiu, H.-H., Yen,
D.-L., Lee, C., Tsai, Y.-C., & Ting, T.-C.
Absorption coefficient of carbon dioxide
across atmospheric troposphere layer.
Heliyon. 2018, 4(10), e00785.

[7].Glushkov A. V., Malinovskaya S. V., Am-
brosov S. V., Shpinareva I. M., Troitskaya O.
V., Resonances in quantum systems in strong
external fields consistent quantum approach.
Journ. Techn. Phys. 1997, 38(2):215-218.

[8].Glushkov A. V., Dan’kov S. V., Prepelitsa G.,
Polischuk V. N., Efimov A. V., Qed theory
of nonlinear interaction of the complex
atomic systems with laser field multi-photon
resonances. Journ. Techn. Phys. 1997,
38(2):219-222.

[9].Glushkov A. V., Shpinareva 1. M., Ignatenko
V., Gura V. 1, Study of atomic systems
in strong laser fields: spectral hierarchy,
dynamical stabilisation and generation of
ultra-short vuv and x-ray pulses. Sens. Electr.
and Microsyst. Tech. 2006, 3(1), 29-35.

[10].Khetselius O. Yu., Glushkov A. V.,
Gurnitskaya E. P., Loboda A. V., Mischenko
E. V., Florko T. A., Sukharev D. E.,
Collisional Shift of the T1 Hyperfine Lines in
Atmosphere of Inert Gases. AIP Conference
Proceedings. 2008, 1058, 231-233.

[11].Florko T. A., Ambrosov S. V., Svinarenko
A. A., Tkach T. B., Collisional shift of the
heavy atoms hyperfine lines in an atmosphere
of the inert gas Journal of Physics: Conf.
Series. 2012, 397(1), 012037.

[12].Glushkov, A.; Loboda, A.; Gumnitskaya, E.;
Svinarenko, A. QED theory of radiation emission
and absorption lines for atoms in a strong laser
field. Phys. Scripta. 2009, T135, 014022.

[13].Khetselius, O. Y. Relativistic Energy
Approach to Cooperative Electron-y-
Nuclear Processes: NEET Effect. Quantum
Systems in Chemistry and Physics; Springer:
Dordrecht, 2012; Vol. 26, pp 217-229.

[14].Buyadzhi V. V., Glushkov A. V., Mansarli-
ysky V. F., Ignatenko A. V., Svinarenko A.
A., Spectroscopy of atoms in a strong laser
field: New method to sensing AC Stark ef-
fect, multiphoton resonances parameters and
ionization cross-sections. Sensor Electr. and
Microsyst. Techn. 2015, 12(4), 27-36.

[15].Bunyakova, Yu. Ya.; Glushkov, A. V;
Khetselius, O. Yu.; Ignatenko, A. V;
Bykowszczenko, N.; Buyadzhi, V. V. New
approach and microsystem technology of
advanced analysis and forecasting the air
pollutant concentration temporal dynamics
in atmosphere of the industrial cities. Sensor
Electr. and Microsyst. Technol. 2017, 14(3),
65-78.

47



10. 4. Bynskxosa, O. B. I'mymkos, O. 0. Xenemniyc....

Ta 1.

[16]Glushkov A. V., Khetselius O. Yu., Kuzakon
V. M., Prepelitsa G. P., Solyanikova E. P.,
Svinarenko A. A., Modeling of interaction

Analysis and forecast of the impact of
anthropogenic factors on air basein of an
industrial city. Ecology: Odessa, 2010.

of the non-linear vibrational systems [23].Glushkov A. V., Khetselius O. Yu,

on the basis of temporal series analyses
(application to semiconductor quantum
generators). Dynamical Systems - Theory
and Applications (Lodz Univ. ). 2011,
BIF110.

[17].Glushkov A. V., Prepelitsa G. P., Svinarenko

Bunyakova Yu. Ya., Prepelitsa G. P,
Solyanikova E. P., Serga E. N., Non-linear
prediction method in short-range forecast
of atmospheric pollutants: low-dimensional
chaos. Dynamical Systems - Theory and
Applications (Lodz Univ. ). 2011, LIF111.

A. A., Zaichko P. A, Studying interaction [24].Glushkov, A. V. Methods of a Chaos

dynamics of the non-linear vibrational

Theory. Astroprint: Odessa, 2012.

systems within non-linear prediction method [25].Khetselius, O. Yu. Forecasting evolutionary

(application to quantum autogenerators).
Dynamical Systems Theory. Eds. .
Awrejcewicz, M. Kazmierczak, P. Olejnik,
J, Mrozowski, Vol. T1 (Lodz Univ. ). 2013,
467-4717.

[18].Glushkov, A; Khetselius, O; Svinarenko, A..;

dynamics of chaotic systems using advanced
non-linear prediction method. Dynamical
Systems Applications; Awrejcewicz, J.,
Kazmierczak, M., Olejnik, P., Mrozowski,
J., Eds.; Lodz Univ.: Lodz, 2013; Vol. T2,
pp 145-152

Buyadzhi, V. Spectroscopy of autoionization [26].Glushkov A. V., Svinarenko A. A,

states of heavy atoms and multiply charged
ions. Odessa: TEC, 2015.

[19].Glushkov, A. V. Atom in electromagnetic
field. KNT: Kiev, 2005

[20].Glushkov A. V., Advanced Relativistic En-
ergy Approach to Radiative Decay Process-
es in Multielectron Atoms and Multicharged
Ions. In: Nishikawa K, Maruani J, Brandas
E, Delgado-Barrio G, Piecuch P (eds) Quan-

Khetselius O. Yu., Buyadzhi V. V., Florko,
T. A., Shakhman A. N., Relativistic quantum
chemistry: An Advanced approach to the
construction of the Green function of the
Dirac equation with complex energy and
mean-field nuclear Potential. In: Frontiers
in Quantum Methods and Applications in
Chemistry and Physics. Cham: Springer,
2015, pp 197-217.

tum Systems in Chemistry and Physics: [27].Glushkov A. V., Gurskaya M. Yu,

Progress in Methods and Applications. Se-
ries: Progress in Theoretical Chemistry and
Physics, vol 26. Springer, Dordrecht. 2012,
pp 231-252.

[21].Glushkov A. V., Ternovsky V. B., Buy-
adzhi V. V., Prepelitsa G. P., Geometry of a
Relativistic Quantum Chaos: New approach

Ignatenko A. V., Smirnov A. V., Serga I.
N., Svinarenko A. A., Ternovsky E. V.,
Computational code in atomic and nuclear
quantum optics: Advanced computing
multiphoton resonance parameters for atoms
in a strong laser field. J. Phys: Conf. Ser.
2017, 905(1), 012004.

to dynamics of quantum systems in electro- [28].Glushkov A. V., Khetselius O. Yu,

magnetic field and uniformity and charm of
a chaos. Proc. Intern. Geom. Center. 2014,
7(4):60-71,

[22].Bunyakova, Yu. Ya.; Glushkov, A. V.

48

Svinarenko A. A., Buyadzhi V. V., Methods of
computational mathematics and mathematical
physics. P. 1. TES: Odessa, 2015.

Crarrs Hagiinwia no pegakmii 12.08.2019 p.



Sensor Electronics and Microsystem Technologies 2019 —T. 16, Ne 3

PACS 64.60.A+82.70.R  UDC 530.182, 510.42
DOI https://doi.org/10.18524/1815-7459.2019.3.179348

MODELING OF NONLINEAR OPTICAL EFFECTS IN THE
INTERACTION OF LASER RADIATION WITH ATMOSPHERE AND
SENSING FOR ENERGY EXCHANGE IN A MIXTURE ATMOSPHERIC
GASES
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Summary

The aim of the work is to develop and present a new approach for advanced analysis, modeling
of nonlinear optical effects in the interaction of laser radiation with atmosphere and studying the
quantitative features of the energy exchange in a mixture atmospheric gases. The obvious con-
sequence of resonant interaction (in particular, absorption) of electromagnetic radiation (a rule,
coherent, that is, laser radiation) by molecular gases of the atmosphere is the quantitative redistri-
bution of molecules by the energy levels of internal degrees of freedom. In turn, this will change
the so-called gas absorption coefficient. Changing the population levels of the mixture of gases
causes a disturbance of thermodynamic equilibrium between the vibrations of molecules and their
translational motion, resulting in kinetic cooling of the environment. It is presented an advanced
quantum-kinetic model to describe the nonlinear-optical (spectroscopic) effect caused by the inter-
action of infrared laser radiation with a gas atmosphere. We determine the quantitative features of
energy exchange in a mixture of CO,-N,-H,O atmospheric gases of atmospheric gases, which can
be used in the development of new sensory spectroscopic technologies for observing the state of
the atmosphere. The results of computing the relative absorption coefficient (normalized to linear
absorption coefficient) are presented.

Keywords: kinetics of energy exchange, gases in atmosphere, laser radiation, sensing
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MOJIEJIJIOBAHHSA HEJITHIYHUX ONITUYHUX E®EKTIB B3AEMO/II JTASEPHOI'O
BUITPOMIHIOBAHHA 3 ATMOC®EPOIO I IETEKTYBAHHSA EHEPTTOOBMIHHUX
IMPOLECIB B CYMIIIY ATMOC®EPHUX I'A3IB

1O. A. Bynsxosa’, O. B. [ywxos!, O. FO. Xeyeniyc!, A. A. Ceunapenko’, I’ B. lenamenxo’,
H. Buxoswenxo’
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Pedepar

Mertoto poboTH € po3poOKa HOBOTO MiXOTY JI0 BAOCKOHATIEHOTO aHAITi3Y, MOJICITFOBAHHSI HETiHIHIX
ONTUYHMX €(DEKTIB PH B3aEMOIIT JIA3€PHOTO BUIIPOMIHIOBAHHS 3 aTMOC(EPOIO Ta BUBYCHHS KUTbKICHUX
0c00MBOCTEN OOMiHY €HEpri€lo B cyMillly arMOc(epHUX ra3iB. BHaciigok pe3oHaHCHOI B3aeMoii (30-
KpeMma, MOIIMHAHHS) EJIEKTPOMArHiTHOTO BUIIPOMIHIOBAaHHSI MOJICKYJSIPHUMH Ta3aMu atMocdepu Mae
Miclie KUTbKICHHH Tepepo3NoIil MOJIEKYIT 32 €eHEPreTHYHUMHU PIBHSMH BHYTPIIIHIX CTYIIEHIB CBOOOIH.
VY cBOIO uepry, e 3MiHIOE 3BaHUi KOe]ILliEHT MONTMHAHHS BiMIOBIIHOTO ra3y. 3MiHa piBHS HaCeIeHOC-
Tel CyMillli ra3iB CIPUYMHSIE MOPYLICHH TEPMOJMHAMIYHOI PIBHOBArM MK KOJTMBAaHHSIMHU MOJICKYJ Ta
iX TOCTYNaJIbBHUM PYXOM, 1110 TIPU3BOAUTH JI0 KIHETUYHOTO OXOJIOMKEHHS cepenoBuina. [Ipeacrasinena
B/IOCKOHAJICHAa KBAHTOBO-KIHETUYHA MOJETH JIJIsl OMUCY HENiHIMHO-ONTHYHOTO (CIIEKTPOCKOMIYHOTO)
eeKTy, CIPUINHEHOTO B3aEMOJIIEI0 IH(PPAUESPBOHOTO JIA3EPHOTO BUIIPOMIHIOBAHHS 3 aTMOC(EPOIO Tasy.
[IpencraBneHa BIOCKOHAIEHAa KBAHTOBO-KIHETHYHA MOJEINb VIS OMUCY HENIHIMHO-ONTHYHOTO (CTIeK-
TPOCKOIIYHOTO) €(heKTy, CIPUINHEHOTO B3aEMOJIIEI0 1H(PaUEePBOHOTO JIA3€pPHOTO BUIPOMIHIOBAHHS 3
armocdeporo rasy. BuzHaueHi KUIbKiCHI 0COOIHMBOCTI 0OMIHY €HEpri€ro B CyMilll aTMOc(hepHHX ra3iB
CO,-N.-H,O armochepHux rasis, ski MOXyTb OyTH BUKOPUCTaHi MPH PO3POOLI HOBUX CEHCOPHUX
CHEKTPOCKOIIYHIX TEXHOJIOTIH CIIOCTEPEKEHHS 3a cTaHoM atMocdepu. [Ipencrasneni pesynsratu 00-
YHCJICHHS BITHOCHOTO KOe(illieHTa MONTMHAHHS (HOPMOBAHOTO JI0 JTIHIHHOTO Koe(illieHTa MOTTTMHAHHS).

Kuro4oBi cj10Ba: KiHeTHKa eHeproooMiHy, arMoc(epHi ra3u, BUIIPOMIHIOBaHHS J1a3epa, IeTEKTyBaHHS
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KOMIT'FOTEPHUI CUHTE3 I AHAJII3 IIMPOKOKYTHOI'O ITPUMMAJIBHOI'O
NPUJIALY OIITUYIHOI'O JIOKATOPA

A. 1 Jlenix, B. B. Aluxo, B. I. Canmoniu

MixBinoM4Hii HayKOBO-HaBUaIBHUH (pizuko-TexHiuamid 11ieHTp MOH 1 HAH VYkpainu npu
OnecbkoMy HallioHaJIbHOMY YHiBepcuTeTi iMeHi [.I. MeunukoBa
ByJ1. JIBOpsiHCchKa 2, Oneca, 65082, Vkpaina,
ten. 723-34-61, e-mail: ndl_lepikh@onu.edu.ua

KOMIT'FOTEPHUI CUHTE3 I AHAJII3 IIMPOKOKYTHOI'O ITPUMMAJIBHOI'O
MNPUJIIALY OIITUYIHOI'O JIOKATOPA

A. 1 Jlenix, B. B. Aluxo, B. I. Canmoniu

Anotanis. [IpoBeneHo anamiz mpoOgeMaTuke B crielu@ivHIi 001acTi ONTHKO-EJIEKTPOHHOTO
npwianoOyayBaHas. OnucaHo po3poONieHH ONTHYHHUN TpHiIal, sSKAN 3a0e3rnedye miarpamy
CIpsIMOBaHOCTI onTuyHOro Jiokaropa (OJI), 3a HOro BUKOpHUCTAaHHSM, BTPHUI IIWpIIE, HDK B pasi
3aCTOCYBaHHS CTaHIAPTHOT JTiH3H. ONUCAHO TEXHOJIOTIIO HOTO PO3POOKH B IPOTPaMHOMY CEPEIOBHIII
3D monemtoBanHs. OnmcaHa CYTHICTB 1 IJIb KOMI'FOTEPHOTO TPAacyBaHHS MPOMEHIB B aCIEKTi
MOCTABJICHOTO 3aBAaHHs, 00pOOKa 1 OIlIHKa OTPUMAaHHX JaHUX.

Kuarwuosi cioBa: ontuyna jokaiist, 3D MozeIroBaHHsI, TpacyBaHHs IPOMEHIB, JIiH3a

© 1. 1. Jlenix, B. B. fuko, B. I. Canroniii, 2019
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COMPUTER SYNTHESIS AND ANALYSIS OF WIDE-WIDE OPTICAL LOCAL
RECEIVER

Ya. I. Lepikh, V. V. Yanko, V. I. Santoniy

Abstract. The analysis of problems in the specific area of optoelectronic instrumentation is
conducted. Describes the developed optical device, which provides the radiation pattern of the optical
locator (OL), using it, three times wider than in the case of using a standard lens. The technology of
its development in the 3D modeling software environment is described. The essence and purpose
of computer ray tracing in the aspect of the task, processing and evaluation of the received data are
described.

Keywords: optical location, 3D modeling, ray tracing, lens

KOMITIBIOTEPHBIN CUHTE3 U AHAJIU3 IIUPOKOYT' OJIBHOI'O IPUEMHOI'O
IMPUBOPA OIITHYECKOI'O JIOKATOPA

A U Jlenux, B. B. AInxo, B. U. Canmonuui

Annotauus. [IpoBeneH aHamu3 nmpoOieMaTHKy B crielin(puaeckoii 001acTH ONTHKO-EIEKTPOHHO-
ro npudopocTpoeHus. Onucan pa3paboTaHHBINA ONTHYESCKHA PUOOP, KOTOPBIH 00eCIIeunBaeT JHa-
rpaMMy HarpaBJICHHOCTH ontudeckoro jiokatopa (OJI), ¢ ero ucnonp30BaHUEM, BTPOE IIUPE, YEM B
cllydae MPUMEHEHUS! CTaHAAPTHOM JuH3bl. OnucaHa TEXHOJIOTHS €ro pa3padOoTKU B MPOrpaMMHOMN
cpezne 3d mopenupoBanus. OnycaHa CyIHOCTD U LIE/Ib KOMITbBIOTEPHOM TPACCUPOBKH JIyuel B acIieK-
TE MOCTABJICHHOTO 3a/1aHMs1, 00Pa0OTKA M OIIEHKA MOTYYEHHBIX JTAHHBIX.

KaioueBble ci1oBa: ontuueckas jjokanus, 3d MoaenpoBaHue, TPaCCUPOBKaA Jy4eH, JTHH3a

Beryn : .
HA Ha BX1JIHY OIITHKY 1 BEAC N0 11 YCKIIaJIHCHHS.

Pimmennst mpoOneMu CeKTOpyBaHHSM JiarpaMu
(3actocyBaHHS OUTBIIOT KITBKOCTI (HOTOMIOIIB)
BUKIIMKA€ TIPOOJIEMU CIIONTYYCHHSI CEKTOPIB Ta
iABUIIEHHS [[IHU IIPHCTPOIO.

Jiis GaraTboX MpakTUYHUX 3aBJaHb IOTPiOHE
mmpoke nosne 3opy OJI. Jleski 3 HuX:

*  BU3HAUYEHHS LUICH;

*  OXOpOHA NEPUMETPIB;

*  KOHTpOJIb 3aBa/l.

JocuTe yacto He MOTPIOHO HAaBITh BU3-
HAYeHHsA HANpsSMKYy Ha 3aBajy, a Ba)JIMBUH
aume caMm Qakxt ioro nosiBu. B npomy Bumaza-
Ky NpUHHATUA ONTUYHMNA CHUTHAN MoOXe OyTh
c(hOKyCOBaHUI Ha YYTJIMBY MOBEPXHIO OJHOIO
¢oromnpuiiManbHOro neperBoproBada. CyuacHi
MIBUAKOII0Y1 (OTOAIONM (HATIPHUKIIA]] TAaBUHHI)
MaroTh Yy TIMBY IOBEPXHIO, 1110 HE IEPEBUIILYE B
miameTpi 1 mm. Ile Haknagae 3HaYHI OOMEKEH-

IMocTanoBKa 3aaui

Sxmo itk (00°€KT) ONTHYHOT  JIOKAITii
MOXe€ 3’SIBUTHCS 3 BHITQJJKOBOTO a3UMYTaJIbHO-
r0 HaIpsIMKY, JOIUIBHO JOMaraTucs BisUIOBOI
JiarpaMy COpsSIMOBAHOCTI JJISl TPUHMAabHOTO
Ta BUIPOMIHIOBAJLHOTO ONTUYHHUX CIIEMEHTIB.
JIns mpuiiManbHOrO ONTUYHOIO €JIEMEHTa 3a-
BIAHHS 3BOJMUTHCS JIO MOXKIUBOCTI (DOKyCy-
BaHHS JyTW IO CBITUTBCS, 3 KyTOM PIBHUM
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HeoOXxiHOMY KyTKy 30py OJI, B rutory uyTiuBoi
MOBEPXHI OINTOEJIEKTPOHHOIO MEPEeTBOPIOBaYa
IpU BiANOBITHOMY IOCTHUpPYBaHHI. Po3risHemo
3aCTOCYBaHHS 3BUYAHOI CepUIHOT JTIH3H IS
MIOCTaBJICHOTO 3aBAHHS.

/% oTonpuimay
d<Tmm

\ #

/( {”  onTuuHa sice

Z’/ (Z

Puc. 1. OnTuyHa cxemMa 3acTtocyBaHHs chepuuHoi
Jin3u B OJI 3 INPpOKOKYTHHM 10JIeM 30PY.

Ly uL> — gincrani Big nimsu 10 JIyTH 10
CBITHUTBCS 1 11 300paKeHHS;

d — niamMeTp 4y TIMBOTO IMOBEPXHI POTOTPHIA-
Maya,

H| wn H, rabaputHi po3mipu ayru i ii 300pa-
KCHHS;

S — peanbHuii KyT 30py OJI;

o — HeoOxiaHuM KyT 30py OJI.

Jns  migBUIIEHHS YYTIWMBOCTI JIOKaropa
HE0OX1HO 301IbIITYBaTH BXIHY anepTypy MpH-
HMaJIbHOTO ONITHYHOTO MPUIIATY, B HAIOMY BH-
najKy aiameTp JiH3u - D. 3 Pucynka 1 st ToH-
KHX JIIH3 CIIPaBETUBO

Hy Li, (1)

Ha Bigcraus L , MOKHA HaKJIaCTH OOMEKEHHS

TOMY IIIO JliaMeTp JIiH3U HE MOXe OyTH MEHIIe
cBoe€i (hokycHoi Binctani — F . Toxi

Hy2D-sin(3) 5

Hns kyta 30py Jiokatopa — 60° 1 BXinmHiit
areptypi — 50 mm (3) raGapuTHa JOBKXHHA
300paXeHHsI Tyru ckjiaae Ourbmie 25mm. bes

JOAATKOBOI  ONTHYHOI O0OpOOKM  (CKIIAJAHUI
00’ €KTHUB 3 BEJIMKOIO KIJTBKICTIO JIIH3 1 T.11.) TOOY-
JlyBaTH TAKUU JIOKATOP HE € MOXJIMBUM. SIKIO
BUKOPHCTOBYETHCS OUH (POTOMI0/, Uy TJIMBA MO~
BEPXHSI SIKOTO Ma€ JiaMeTpoM 1l mm, TO KyT 30py
OJI 3 ToHKOI cepuuHOi JIiH30I0 Oy/ne MeHIIe
2,3°. Ha mpakTuili OTpUMaTH KyT 30py Oijiblie
1,6° nocutp ckmagHo. HeoOxigHO po3poOuTH
ONTUYHUN TpUIIaa, 10 JO3BOJISIE MOOYITyBaTH
OJI 3 MakCUMaJIbHO IIMPOKUM pPEaIbHUM KYTOM

30py.

Metoa po3B’si3aHHA 3a1a4i

Texnonozia po3pooKu ONMUYHO20 NPUNAOY
oz wupokozo kyma OJ1

[Tpunan po3poOIsBCS METOIOM ITEPAaTHBHOT
kopekuii #oro 3D Momem 3 IOCHIIKCHHIM
ONTUYHUX BJIACTHBOCTEH KOMIT IOTEPHUM Tpa-
CYBaHHSM IPOMEHIB Ha KOXHOMY IukiIi. Tpa-
CyBaHHS TPOMEHIB TPOBOIWIACH METOJOM
IHBEpCHOTO TPacyBaHHs, KOJIH JKEPEJIOM CBITIa
CTa€ ONPOMIHEHUH 00’€KT. Y HalIoMy BUIAIKY
e Jyra [0 CBITHTHCS 3 KyTOBHM po3Mipom 60°.
3D cuieHa cKIa1a€ThCs 3 TBOX 00’ €KTIB: YTH IO
CBITUTBCS JOBXKHUHOIO 10 M 1 qOCIIIKyBaHOTO
ONTUYHOTO TPUIALy. 3AIACHIOETHCA IOCTHPY-
BaHHSI CUCTEMH 3MIILIEHHSM 1 TOBOPOTOM IpHJIa-
Iy TAKUM YHHOM 1100 300paskeHHs AyTH OTpa-
IO Ha CrenianbHy MOBepxHIO. OIHIOETHCS
rabapuTHUi po3mip 1 CQOKYyCOBaHICTb 30-
OpakeHHs. OCKUIBKM B JaHOMY BHUMAJKy
JOCIIKY€EThCSL KYT JAlarpaMu CIPSIMOBAHOCTI,
TO MM HE OILIHIOEMO €HEPreTHYHi IHTeTrpasbHi
napaMeTpy NPUIHATOTO ONTUYHOTO CUTHAITY.

OnTuyHui NpUJIaJa 3 po3MMPEHOIO Aiarpa-
MO CIIPSIMOBAHOCTI

Amnani3 BapiaHTiB 0a30BUX THIIIB ONTHYHHX
npuiIaiB MoKas3as, IO JJIsl TIOCTABJICHOI 3a/a-
4l ONTUMAJIBHOIO € TPU3Ma 31 CKJIAJHOIO A3ep-
KaJbHOIO TIOBEPXHEIO BHYTPILIHHOTO BiIOUTTS.
BxinHOIO MOBEpXHEIO € KPYTOBUI CErMEHT LIU-
JiHApPA, 0 OJHOYACHO € BUMOTOI0 KOHCTPYKIIiT
JIOKaTopa 1 CIYXHUTh PO3LIMPEHHIO iarpamu.
Jns Bubopy ¢opmH MOBEpXHi, L0 BigOHMBaEe
Oynu BUBYEHI PILICHHS JJIS 13epKAJIbHUX aHTCH
HBUY nianazony. MakcuMaabHO IIUPOKHIA OIS
Ma€e TOpOoigaibHO-napaboniyHui pedaexTop.
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Bin yTBOprOo€ThCS 00EpPTaHHSIM YTBOPIOIO-
4oi, 0 € BiApPi3KOM TapaboH, HABKOJIO BICI,
[0 MEepHeHAUKYIsIpHa Bici adciuc mapadoru.
Touka ¢okycy mnapabomu mpu TakoMmy o0ep-
TaHHI YTBOPIOE «(POKAIBHY JIYTY», Y3IOBX SKOi
PO3TaIIOBYIOThCS MepeTBopioBaui. Takuil ped-
JIEKTOp TOENHY€E BIACTHBOCTI MapadOIivyHOro
1 chepuyHoro n3epkai. BukopucraHas Topoi-
JATbHO-TIApa0OIIYHOTO peduiekTopa T03BOIISE
OpraHi3yBaTd NPUIMaHHS B IIUPOKOMY CEKTOPI
(«By371i CKaHYBaHHS») Y3I0BX (POKAJIBHOI TyTH
0e3 moMiTHOTO po3doKycyBaHHsS. Bukopucro-
BY€ThCsI 0pceTHUI BUpi3 cerMeHTa 6a30Boi (i-
Typd, MPUYOMY TaKUM YHMHOM, IIO0 IUIOIIMHA

[To6ynoBa mapadonu oOepTaHHsa Ha 6a30BOMY
2

. X
ecKi3i 3a GopMyJIoI: ¥ = 1 F ne F - hokycHa

BiJCTaHb

| |
®opMyBaHHS BEPTHKAIBHOTO KyTa AiarpaMu
CHPSIMOBaHOCTI

54

BISTOBOI JliarpaMy CHPSIMOBAHOCTI JISITNA T
KyToM 45° 1o Bici obGepranus (Puc. 2). [ToBepx-
HS TIPU3MH, 1[0 BUKOHYE POJIb TOPOiNaIbHO-TIa-
paboMIYHOTO A3epKaia TMOKPUBAETHCS TOHKUM
mapoM Metany. [cHye neKiibka TeXHOIOTIN i€l
npouenypu. JoOpuit pe3ynbrar gae HaMUICHHS
y BaKyyMi, HallpuKJIaja, aimominiro. [Ipuzma pos-
paxoByBajiach JJIsl BUTOTOBJICHHS 3 ONTHYHUX
Mapok ckia. Ta 11 maboparopHuii BapiaHT 3 op-
raHivYHOTO CKJIA MOKa3aB MPAKTUYHO PO3pPaxXyH-
KOBI ONTHYHI XapaKTEpPUCTHUKHU. YCi MOBEPXHI,
He 3a/isH1 y popMyBaHH1 300paxeHHs, O0axaHo
3pOOUTH MAaTOBUMH 1 TIOKPUTH CBITJIO MOTIIMHA-
IOYUM ILIAPOM.

Ha Bizminy Bix napadomnoiga oOepTaHHs, TOPOiL.-

rapabomnivyHe A3epKano OyAyeThCcs 00epTaHHIM
mapaboJii HaBKOJIO Bici IapalieNbHil Bici x Ha
BifcTaHb [ - k, 1e k - BapilioBaHUI napameTp

®dopmyBaHHs Kpyrooi aneptypu. OdcerHuil BUpi3

3abesneuye GOoKyCcyBaHHS Ha CIIEIialbHY
MOBEPXHIO Y BEpXHIN YaCTHHI puIiay
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®opmyBanHa BuXigHoi noBepxHi. Ha nel
(hOKyCy€eThCs 300paXKeHHS IyTH M0 CBITUTHCS

dopMmyBaHHS IIWTIHAPUIHOI TTOBEPXHI BXiTHOT
aneptypu. Lle momaTkoBO po3mmMproe miarpamy
CHPSIMOBaHOCTI

®dopMyBaHHS OTBOPY JUIsl BCTAHOBJICHHS
BUIIPOMiHIOBa4a. L{eif exeMeHT noBHHEeH
MIiHIMaIIbHO 3aTiHIOBATH BXiJIHY aniepTypy

Pe3ynbTryroue 300paskeHHS NpUIIaLy

Puc. 2. locainoBHicTh moGynoBu 3D Mozes1i oNTHYHOTO MPHUIAAY.

Ha puc. 2 HaBezieHa TOCITIIOBHICTh CHHTE3Y
ONITUYHOTO MPUJIALY 3 PO3LIIUPEHOIO A1arpaMoro
CHPSIMOBAHOCTI Y MPOrpaMHOMY CEpEIOBHII
Autodesk Inventor. IIpu xoxHiit kopekuii 3D
MOJIeJli TIPOBOAMIIOCS TPAaCyBaHHS MPOMEHIB B
MporpamMi aHajizy ONTUYHUX 00’ €KTIB KOMIaHil
Lambda Research Corporation - TracePro.
Ha pucynky 3 HajaHi CKPIHIIOTH TaKOTO
JOCTIDKeHHS. 3aBIsSKN aHali3y XOIy MPOMEHIB
BIQJIOCS BUOpaTH HANOUIBII ONTHMAIBHE IIO-
JIOKEHHSI OTBOPY JJIs1 BCTAHOBJICHHS J1a3€pHOTO
BUIIPOMIHIOBaYA.

Biceh mmmiHAPUYHOTO OTBOpY MapayielbHa
IPOMEHSIM, 3aJOMJICHUM BXIJHOIO MOBEPX-
HElo, Mo 3a0e3redye MiHIMaJIbHE 3aTiHECHHS.
Kpim Toro, 1ieit oTBip po3TamioBaHuil B Miclli 3
MIHIMaJTHHOO MIUTBHICTIO TIPOMEHIB IO MPOX0-
JISITh.

[Ticns xoxxHOT Mommdikarii 3D Momemi on-
TUYHOTO TIPUJIALy MPOBOIUBCS €KCIOPT (haiiimy
MozieNli 'y TporpamHe cepepoBuine TracePro.
[ToTiM BUKOHYETBCS ii TIO3UITIOHYBaHHS, yTOU-
HEHHS NTapaMeTpiB JKepell CBiTa, TpacyBaHHS
MIPOMEHIB 1 aHaJli3 OTPUMAaHUX PE3YJbTaTIB.
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P e I

Puc. 3. TpacyBaHHsl IPOMEHIB 1110 BUXOAATH 3 Iy IO

CBiTHTBHCA.

Puc. 4. a) giiicHe 300paxeHHs1 yr'd 0 CBITUTbCA Y
60° Ha BMXiHili MOBepXHi OoNTHYHOrO mMpuiaaxy; 0)

(doro iioro peanizauii 3 oprekia.

Ha pucynky 3 a) HaBeJieH CKpIHIIIOT IPOrpaMu
TracePro 3 iHTErpajgbHOIO OIIHKOIO TPaCyBaHHS
npoMeHiB. KoxeH npoMmiHs, 1110 IpOHIIoB yepe3
BUXIJIHY ITOBEPXHIO 3aJIMIIIAE€ KPAIIKY, SICKPaBiCTh
SIKOT 3aJIEXKHUTH BiJI eHEPTeTUYHUX XapaKTEPUCTUK
npoMeHst. PaKTUYHO 1€ KOMIT'IOTepHAa MOJIEIb
JICHOTO 300pa’keHHs JyTH 10 CBITUThCS B 60°
Ha BUXIJHIA TOBEpXHi ONTUYHOTO mpuianry. ['a-
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OapuTHHUI po3Mip 300paskeHHs JOpiBHIOE 12 MM.
Sxmo B OJI BUKOPHCTOBYETHCS OIUH (HOTOMION,
SIKUI Ma€ 4y TIIUBY TIOBEPXHIO 1mm?, TO KyT 30py
OJI i3 3acToCyBaHHSIM 3aIIPOIIOHOBAHOTO MpUJIa-
oy cknane 5°. Lle maiixke BTpuyi Oiiblie, HIX B
pa3i Toukoi chepruHoi miH3U. OMHAK IHOTO HE
nocratHbo At modynosu OJI 3 kyramu 30py B
JIECSTKU TPATYCiB

3aki0ueHHs

IcHyt0TH IEBHI BUpIIIICHHS ITi€1 3a1a4i. AJie B
Oy/b-sSIKOMY BUNAJIKY, PO3pOOJICHUN HAMU TIpU-
Jaj CyTTEBO CHPOILYE LI PilIEHHs, Ma€e Kpaiii
TEXHIYHI XapaKTePUCTUKU 1 MEHIITY BapTiCTh.
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COMPUTER SYNTHESIS AND ANALYSIS OF THE WIDE-ANGLE OPTICAL
LOCATOR RECEIVING APPARATUS
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Education and Science and the National Academy of Sciences of Ukraine at the Odesa
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Summary

The analysis of the problems in a specific field of optoelectronic instrumentation, namely: the
field of application and means of achieving a wide-angle field of view has been made. A comparative
calculation of the use of a spherical flat lens for the formation of a wide-angle directional diagram
is presented. The technology for the development of optical instruments using computer simulation
in Autodesk Inventor 3d synthesis software environment and the Lambda Research Corporation -
TracePro program for analyzing optical objects by ray tracing is described. The searching by the
classification features of an optical device that is synthesized, by analogy to the microwave range
of reflector antennas has been substantiated. The developed optical device is described, which is a
prism with a complex mirror surface of internal reflection, which provides the directional diagram
of an optical locator (OL) when it is attracted three times wider than in the standard lens case using.
Skin windows of program windows are given that explain the sequence of actions with geometric
objects during the optical device construction. The essence and purpose of computer ray tracing in
the aspect of the task, the processing and evaluation of the data are described.

Keywords: optical location, 3d modeling, ray tracing, lens
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KOMII'IOTEPHUI CUHTE3 I AHAJII3 IIUPOKOKYTHOT'O TPUMMAJIBHOI'O
IMPUJIAY OIITUYHOI'O JIOKATOPA

A. I Jlenix, B. B. Anko, B. I. Canmoniu

MixBioMuHii HayKOBO-HaBYaIbHUH (izuko-rexHiuynuii nenrp MOH 1 HAH Vkpainu npu
OnecbkoMy HarioHanbHOMY yHiBepcuTeTi iMeHi 1. I. MeunukoBa
ByJ. JIBOpsiHChbKa, 2, Oneca, 65082, Ykpaina,
ten. 723-34-61, e-mail: ndl_lepikh@onu.edu.ua

Pegepar

[TpoBeneHo anami3 npobaeMaTHKU B crieudiuHiid 067JacTi ONTHKO-EIEKTPOHHOTO MPHIIa100y-
IyBaHHS, a caMe: c(epr 3aCTOCYBaHHS Ta 3aCO0M JOCATHEHHS IHUPOKOKYTHOTO 1oJis 30py. HaBo-
JTUTHCS TIOPIBHSUIBHUI PO3paxyHOK 3aCTOCYBaHHS c(PepUUHOI IIIOCKOT JTIH3H 3311 (HOpMyBaHHS
IIMPOKOKYTHOI BisSUIOBOI JiarpaMu crnpsiMoBaHOCTi. OTMHMCAaHO TEXHOJOTII0 PO3POOKH ONTUYHUX
IpUJIaJIiB 32 JOTIOMOTOI0 KOMIT FOTEPHOTO MOZIETIOBAHHS B IPOrpaMHOMY cepenoBuiii 3D cunresy
Autodesk Inventor Ta B mporpami aHaiizy ONTHYHHUX 00’ €KTiB TpacyBaHHSM npomeHiB Lambda
Research Corporation - TracePro. OOrpyHTOBY€ETbCS MOIIYK 32 Kiacu(pikaiiHUMH O3HAKaMH OIl-
TUYHOTO MPUJIaLy, II0 CHHTE3Y€ThCS, 3a aHajiorielo a3epkanpbHux anteH HBY nianasony. Omnwm-
CaHO pPO3pOOJICHUH ONTHYHHMIA TPUIA] L0 € MPU3MOIO 31 CKJIAJHOI0 J3EPKAIBHOI0 MOBEPXHEIO
BHYTPIIIHBOTO BiIOUTTS, KM 3a0e3meuye aiarpaMmy CHpsMOBaHOCTI onTu4HOro Jokaropa (OJI),
3a WOro 3aJlyueHHsIM, BTPHUl LIMpIIE, HIK B pa3i 3aCTOCYBaHHS CTaHIApTHOI JiH3u. HaBoasaTs-
CSl CKUHILIOTH BIKOH IPOTpaM SIKi MOSICHIOIOTH MOCIIAOBHICTh /il 3 T€OMETPUYHUMHU 00’ €KTaMU
mig yac moOyIoBH ONTUYHOTO mpmiamy. OmucaHi CyTHICTh 1 IiJIb KOMIT IOTEPHOTO TPacyBaHHS
IIPOMEHIB B aCIEKTi OCTABICHOTO 3aBIaHHs, 00OpOOKa 1 OI[iHKa OTPUMAHUX JaHHX.

Karouosi cioBa: onTuyHa jokaiis, 3D MozentoBaHHs, TpacyBaHHs IPOMEHIB, JTiH3a
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DETERMINATION OF RADIATION DECAY PARAMETERS FOR HEAVY COMPLEX
ATOMIC SYSTEMS

V. V. Buyadzhi, A. V. Glushkov, E. V. Ternovsky, O. L. Mykhailov, O. Yu. Khetselius
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DETERMINATION OF RADIATION DECAY PARAMETERS FOR HEAVY COMPLEX
ATOMIC SYSTEMS

V. V. Buyadzhi, A. V. Glushkov, E. V. Ternovsky, O. L. Mykhailov, O. Yu. Khetselius

Abstract. The combined relativistic energy approach and relativistic many-body perturbation
theory with the zeroth order ab initio model potential optimized one-particle representation are used
for precise computing the energy levels and radiative decay probabilities (radiation amplitudes) of
heavy alkali elements, in particular, there are listed data for the 7s ,—np, ..., 0P, ,,,,-0d, ., , (0=7-10)
transitions in Fr and some E1 and E2 transitions in a single ionized Hg" atom. The comparison of the
calculated values with available theoretical and experimental (compillated) data is performed..

Keywords: radiative decay parameters, heavy atomic systems, relativistic energy approach
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BU3HAYEHHS TAPAMETPIB PAJIIAIIIMHOT'O PO3IATY JIJISI BAXKKHUX
CKIIAJHUX ATOMHUX CUCTEM

B. B. Byaoorcu, O. B. [ywikos, €. B. Tepnoscokuti, O. JI. Muxauinos, O. FO. Xeyeniyc

Anorauisi. KoMOiHOBaHMIA PeNATHUBICTCHKUI €HEPTeTUIHUH MIIXIJT 1 pETSITUBICTCHKA Teopist 30y-
pEHb 0araTtbOX TiJ 3 OHOYACTKOBY ONTHMI30BaHUM ITOTEHIIAIOM ab initio MOJIEIi HyIbOBOTO TTOPSI/I-
Ky BHKOPHCTOBYIOTBCS JUISl TOYHOTO PO3PaxyHKy PiBHIB €HEprii i IMOBIpHOCTEH pajialiiitHOro po3-
naay (pamiamiiHuX aMIDITYT) BaKKUX JIy>)KHUX €JIEMEHTIB, 30KpeMa, HaBeICH] JaHi JIIs TIEPeXoIiB
7S,,, = 1D, r3p» NP, s3,- N, o, (0=7-10) B Fr i nesxux nepexonis E1 1 E2 B onHOKpaTHO i0HI30BaHOMY
aromi Hg. [IpoBeneHo mopiBHSIHHS PO3PaXyHKOBUX 3HAYECHb 3 HASIBHUMH TEOPETUYHUMU 1 EKCTICpH-
MEHTAJIbHUMH (y3arajJbHEHUMH) JaHUMHU.

KuaiouoBi ciioBa: mapamerpu pamianiiiHOro posmajy, BaKKi aTOMHI CHCTEMH, PEIISITUBICTCHKUN
CHEePTEeTHYHUM TT1IX1]T

ONPEAEJEHUE MTAPAMETPOB PAJIMALITMOHHOI'O PACTTAZIA JJIA TAXKEJIBIX
CJIOXHBIX ATOMHBIX CUCTEM

B. B. byaoorcu, A. B. Iywxos, E. B. Tepnosckuii, A. JI. Muxaiinos, O. FO. Xeyenuyc

AnHoTanms. KoMOMHUPOBAaHHBIN PENATUBUCTCKUA SHEPTeTHUESCKHUNA TTOXO0 M PEIITHBUCTCKAS
TEOPHsI BOMYIIICHHI MHOTHX TEJl C OJHOYACTUYHBIM ONITUMHU3UPOBAHHBIM MOTEHIMAIOM ab initio
MOJIEJIM HYJIEBOTO MOPSIKA UCIIOJIB3YIOTCS JUIsl pacdeTa ypOBHEH YHEPIUU U BEPOSTHOCTEU paju-
allMOHHOIO pacnaja (paJuallMOHHBIX aMIUTUTY/) TSDKENbIX IIEJIOYHBIX 3JEMEHTOB, B YaCTHOCTH,
IPUBEIEHBI IAHHBIE JUISL IEPEXOIOB 7S, ) — NP, .. 0, NP, 1, ,-0d, .., (0=7-10) B Fr 1 HeKoTOPBIX IIEpE-
xonoB E1 u E2 B ogHOoKkpaTHO noHnsupoBanHoMm arome Hg. [IpoBeneHo cpaBHEeHHE pacueTHbIX 3Ha-

YEHUH C UMEIOIIUMHUCS TEOPETUUECKUMHU H HKCTIEPUMEHTAILHBIME (0000IIEHHBIMHI) TAHHBIMHU.
KunroueBsble cj10Ba: mapameTpsl paJualiOHHOIO paclaia, TSHKEIbIe aTOMHBIE CHUCTEMBI, PEIIATH-

BUCTCKHW YHEPreTUYECKUN TIOAXO

1. Introduction

Study of energy and radiative parameters
of complex atomic systems, including systems
in highly-excited, Rydberg states is of a great
interest to create new quantum (atomic) sen-
sor devices, quantum computer systems etc. It
is self-understood that the correct data about
different radiation, energetic and spectroscopic
characteristics of the multielectron atoms and
corresponding ions, namely, radiative decay
widths, probabilities and oscillator strengths
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of atomic transitions, excitation and ionization
cross-sections are needed in different atomic,
molecular physics topics, laser physics and
quantum electronics, as well as in astrophysics
and laboratory, thermonuclear plasma diagnos-
tics and in fusion research [1-9]. In this light, a
special interest attracts studying the energy and
radiative characteristics of the heavy complex
atomic systems. There have been sufficiently
many reports of calculations and compilation of
energies and oscillator strengths for these atoms
and corresponding ions (see, for example, [4—
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23]). In many papers the standard Hartree-Fock,
Dirac-Fock methods, model potential approach,
quantum defect approximation etc in the differ-
ent realizations have been used for calculating
energies and oscillator strengths. However, it
should be stated that for the heavy alkali atoms
(such as caesium and francium and correspond-
ing ions) and particularly for their high-excited
(Rydberg) states, there is not enough precise in-
formation available in literatures.

In order to determine the transition probabili-
ties one usually uses usually a standard ampli-
tude approach. Each of theoretical approaches
to calculation of transition probabilities con-
tains critical factors (configuration interaction
or multiconfiguration treatment, spectroscopic
coupling schemes and relativistic corrections,
exchange-correlation corrections convergence
of probabilities results and of the dipole length
and velocity forms, accuracy of transition ener-
gies etc) which need to be adequately taken care
of to get reliable results.

One of the powerful approached to study-
ing energy and spectral parameters of complex
atomic systems is provided by a relativistic ener-
gy approach, which allows correctly to calculate
the radiative decay characteristics for atoms and
ions and new data on the transition probabilities
for some interesting atoms and ions. Originally
the energy approach to radiative and autoioniza-
tion processes in multielectron atoms and ions
has been developed by Ivanova-Ivanov et al [ 10-
12]. More advanced version of the relativistic
energy approach has been further developed in
Refs. [13-15]). The energy approach is based
on the Gell-Mann and Low S-matrix formal-
ism combined with the relativistic perturbation
theory (PT). In relativistic case the Gell-Mann
and Low formula expressed an energy shift AE
through the electrodynamical scattering matrix
including interaction with as the photon vacuum
field as a laser field. The first case is correspond-
ing to determination of radiative decay char-
acteristics for atomic systems. Earlier we have
applied the corresponding generalized versions
of the energy approach to many problems of
atomic, nuclear and even molecular spectros-
copy, including, cooperative electron-gamma-
nuclear “shake-up” processes, electron-muon-

beta-gamma-nuclear spectroscopy, spectroscopy
of atoms in a laser field etc [21-29]. Different
advanced computational generalizations have
been considered in Refs. [16-23].

In this paper the combined relativistic energy
approach (REA) [10-13] and relativistic per-
turbation theory (PT) with the zeroth order ab
initio one-particle representation [28-31] is used
for computing spectral parameters of the heavy
complex systems (Fr, Hg" ). The comparison of
the calculated data with available theoretical
and experimental data is performed.

2. The theoretical method

In the relativistic energy approach (REA) an
imaginary part of the electron energy shift of an
atom is directly connected with a radiation de-
cay possibility (transition probability). An ap-
proach, is based on the Gell-Mann and Low for-
mula with the QED scattering matrix. The total
energy shift of the state in relativistic atom can
be presented in the standard form:

AE =ReAE +117/2, (1)
where T is interpreted as the level width, and
the transition probability P = I'. In the papers of
different authors, the ReAE calculation proce-
dure has been generalized for the case of nearly
degenerate states, whose levels form a more or
less compact group. One of these variants has
been previously [23,26] introduced: for a system
with a dense energy spectrum, a group of nearly
degenerate states is extracted and their matrix M
is calculated and diagonalized. If the states are
well separated in energy, the matrix M reduces
to one term, equal to AE . The non-relativistic
secular matrix elements are expanded in a PT
series for the interelectron interaction.

The complex secular matrix M is represented
in the form [11, 28, 29]:

M=M"+M" M MO o

where M is the contribution of the vacuum dia-

grams of all order of PT, and M O M MY those
of the one-, two- and three- quasiparticle dia-
grams respectively. M is a real matrix, propor-
tional to the unit matrix. It determines only the
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general level shift. It is usually assumed M"” =0.
The diagonal matrix M" can be presented as a
sum of the independent one-quasiparticle contri-
butions. For simple systems (such as alkali atoms
and ions) the one-quasiparticle energies can be
taken from the experiment. Substituting these
quantities into (5) one could have summarized
all the contributions of the one -quasiparticle
diagrams of all orders of the formally exact rela-
tivistic PT. However, the necessary experimental
quantities are not often available.

An imaginary part of electron energy can be
defined in the lowest order of the perturbation
theory as [10-12]:

mAB(B) -~ x vl

T asn>f
[a<n<f

(3a)

where (o>n>f) for electron and (a<n<f) for

vacancy. The matrix element is determined as

follows:

sin|wjr, * *

— (= a@)¥y(r2)¥; ()
(3b)

yl

* *
ijkl = [[dndn¥; (”I)Syj(”z)

2

The separated terms of the sum (3) represent
the contributions of different channels; for ex-
ample, a probability of the dipole transition is
as follows:

1 ‘w"‘n‘
Ly =—-V

O 471. a0y

4

Substitution of the expansion for sin|w|r /r ,
on spherical harmonics to matrix element of in-
teraction gives as follows [11,13]:

o oYY nh W JiJs A
Vigsa *[(]1)(]2)(]3)(]4)] ;( 1) [ml —m ﬂjXIng(lz?"‘) (5)
Qx = ;?ul +er, (6)
where j is the total single electron momentums,
m, — the projections; 09is the Coulomb part of

interaction, Q% - the Breit part. The imaginary
Cul

part <* contains the radial R, and angular S,
integrals as follows:

mQf" (12;43) =2 Im{R, (12:43) 5, (12:43) + R, (12:43) 5, (12;43) +

(7

+R, (12;43)s, (12;43)+ R, (12;43) s, (12:33)}.
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The angular coefficient has only a real part:

2 2
®)
{A1,1,} means that A,/ and /, must satisfy
the triangle rule and the sum 3 +/ +/, must be
an even number. The rest terms in (7) include the
small components of the Dirac functions. The
tilde designates that the large radial component
f must be replaced by the small one &, and
instead of / l: = [, —1 should be taken for j, </,
and [ =] +1 for j,>1,. The detailed expres-
sions for the Coulomb and Breit parts and the
corresponding radial R, and angular S, integrals
can be found in Refs. [11].The total probability
of'a 4 - pole transition is usually represented as
a sum of the electric P and magnetic P parts.
The electric (or magnetic) A - pole transition
y — 0 connects two states with parities which

by A (or A +1) units. In these designations

JiJs A
51(12;43):‘91(13)‘9»(24) 84(13)_{11113}[1 IOJ

PE(y > 8)=2(2j+1)0F (15:79)
P (y - 8)=2(2+1) 0 (8:5)

Q;b = Q/1C " +Qﬁ/;171 +Qf,r4+1
Qf :Qf,y/l-
)
In our work the relativistic wave functions
are determined by solution of the Dirac equa-
tion with the potential, which includes the Iva-
nova-Ivanov “outer electron- ionic core” poten-
tial [10] and polarization potential [4]. The cali-
bration of the single model potential parameter
has been performed on the basis of the special
ab initio procedure [13,29]. In Refs. [13] the
lowest order multielectron effects, in particular,
the gauge dependent radiative contribution Im
OE . for the certain class of the photon propa-
gator calibration has been treated. The value
of this contribution allows to estimate an ef-
fectiveness of quantitative accounting for the
multielectron correlation effects. The minimiza-
tion of the gauge-non-invariant contribution Im
OE . provides a reasonable criterion in the con-
struction of an optimized one-electron represen-
tation in the relativistic many-body perturbation
theory. The minimization procedure leads to the
system of the integral-differential equation that
can be solved using one of the standard numeri-
cal codes. In result, this provides the construc-
tion of the optimized one-particle representation
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and improves an effectiveness of the numerical
code. As it is known (c.f.[1,27]), an accuracy
of computing the transition probabilities can
be significantly increased by means of adding
a multi-electron polarization exchange-correla-
tion potential into the transition amplitude. The
correct relativistic expression for the polariza-
tion operator has been presented in Refs. [3,4]
and used by us in this work. All calculations are
performed on the basis of the code Superatom
(version 93).

3. The results and conclusions

We applied the above described approach to
compute the oscillator strengths (reduced dipole
matrix elements) for a number of transitions in
spectra of the heavy alkali atom of francium. In
Table 1 there are listed the theoretical reduced
dipole matrix elements for a number of transi-
tions, computed within: 1) relativistic Hartree-
Fock (RHF) method, ii) the empirical relativ-
istic model potential method (ERMP), iii) the
relativistic single-double (SD) method in which
single and double excitations of the Dirac-Har-
tree-Fock (DHF) wave function are included to
all orders of perturbation theory [5] and iv) our
data. Let us note that the precise experimental
data for the 7p, , , ,-7s transition are as follows:
p, - 1s=4.277 and 7p,,-7s=5.898 [9]. The im-
portant features of the approach used are using
the optimized one-particle representation and an
effective taking into account the exchange-cor-
relation (including the core polarization) effects
(see Refs. [3,4,11,38-31]). An estimate of the
gauge-non-invariant contributions (the differ-
ence between the oscillator strengths values cal-
culated with using the transition operator in the
form of “length” G1 and “velocity” G2) is about
0.3%. The REA results, obtained with using the
different photon propagator gauges (Coulomb,
Babushkin, Landau) are practically equal.

Further we present the data of calculations
of the energies and probabilities of radia-
tion transitions (oscillator forces), in particu-
lar, E1 transitions: 5d"7p(P,.P, )-5d"6s(S, ),
5d"7p(P, ,.P. )-5d"7s(S, ), E2 quadrupole tran-
sition 5d”6s*(D,,,D,,)- 5d'%s (S, ,) in a single
ionized Hg" atom. It should be noted that the
ion is characterized by, firstly, not good enough
level of study of spectral characteristics, and
secondly, it is very interesting from the point of
view of necessity of correct consideration of both
relativistic and correlation corrections, since the
transitions pass in a sufficiently strong field of
the nucleus with charge Z = 80 . Within our for-
malism, the above states are usually interpreted
as one- and three-quasiparticle electron states
(6s) (vacancies 5d') above the skeleton of filled
electron shells 5d'%6s.

In Tables 2.3, we provide our theory data as
well as experimental data (Moore, NBS) and
alternative theoretical calculations of the ener-
gies and probabilities of dipole E1 transitions
5dl°7p(P1/2, 3/2) 5d106S(Sl/2) 5d107p(P1/2, 3/2)
5d"°7s(S,,), E2 quadrupole transition

d96sz(D5/2, 5)- 3d'%6s (S, ) in Hg* (HF -
Hartree-Fock data, DF - Dirac-Fockdata, DF
(exp.) — Dirac-Fock (using experimental transi-
tion lengths), RPT-MP - data of relativistic PT
with model potential (MP) zero approximation,
Our-our theory; Exp. — experimental data (from
NBS) [4,7,30]. The analysis of the presented
data shows that, first, the standard methods HF,
DF in a single-configuration variant give a very
high error in the calculation of energies and
probabilities of radiation transitions, and when
used in the DF scheme of experimental transition
lengths, the accuracy of calculations is signifi-
cantly , since it is obvious that using empirical
data makes it possible to efficiently take into ac-
count some of the very important in quantitative
terms of correlation corrections

Table 1
Theoretical reduced dipole matrix elements for a number of transitions of Fr (see text)

Transition i: RHF ii: ERMP iii: SD-DHF iv: Our data

Tpin-7s | 4279 4.304 - 4.256 4272 (G1)

4.274 (G2)
8pin-7s | 0.291 0.301 0.304 0.327 0.306 0.339
9pin-Ts - 0.096 0.110 0.092
Tpsn-Ts | 5.894 5.927 - 5.851 5.891
8p3n-Ts 0.924 0.908 0.934  0.909 0.918
9p3n-7s - 0.420 0.436 0.426

63



B. B. bysmku, O. B. I'lmymkos, €. B. Tepnoscekuid, O. JI. Muxaiinos, O. 0. Xenemniyc

Table 2.
Transitions energies for 5d''7p(P, ,,P, )-5d"6s(S, ), 5d""7p(P, ,,P. )-5d"'7s(S, ), 5d°6s’(D, D, ,)-
5d'%s (S, ,) in Hg" (in Ry): HF - Hartree-Fock data, DF - Dirac-Fockdata, DF (exp.) — Dirac-
Fock (using experimental transition lengths), RPT-MP - data of relativistic PT with model
potential (MP) zero approximation, Our-our theory; Exp. — experimental data (from NBS);

Method Ees |7P12-6S12 | 7TP32-6S112 TP112- 7S12 | TP312-7S12 | D312- S12| Dsp- S
Exp. -1.378 0.987 1.020 0.115 0.148 0.461 0.324
HF -1.07 0.721 0.721 0.095 0.095 0.863 0.863
DF -1.277 0.904 0.922 0.109 0.127 0.608 0.460
RPT-MP | -1.377 0.986 1.019 0.114 0.147 0.462 0.325
Our -1.378 0.987 1.020 0.115 0.148 0.462 0.324
Table 3.

Probabilities of E1 transitions 5d"7p(P, P, )-5d"6s(S, ), 5d""7p(P ,,P, )-5d""7s(S, )
in Hg + (in s'): HF - Hartree-Fock data, DF - Dirac-Fockdata, DF (exp.) — Dirac-Fock (using
experimental transition lengths), RPT-MP - data of relativistic PT with model potential (MP)
zero approximation, Our-our theory; Exp. — experimental data (from NBS);

Method | 7P3p-6S12 | 7Pip- 6S12 | 7P3p- 7Si2 | TPip- 7Sia | Dap- Si2” | Dsp- Sin’
Exp. 1.53-108 2.35-107 1.44-10% 6.37-10’ 53.5+2.0 11.610.4
HF 4.75-10° 4.75-10° 3.65-10’ 3.65-107 1360 1360
DF 8.45-107 1.67-107 6.89-10’ 4.71-107 257.0 77.4

DF (Eexp) 1.17-108 2.04-107 1.10-10% 5.52-107 63.9 13.3

RPT-MP | 149-10° | 231.107 | 141.10° | 633.10° | 54.53 11.84

Our 15110° | 233107 | 14310° | 635.10° | 53.84 11.72

Note: *5d°6s*(D,,,D,)- 5d'%s (S, ,);

3/2

Our theory consistently performs an efficient
accurate account of the main exchange-correla-
tion effects, which will include the effects of the
mutual shielding of particles, the exchange-po-
larization quasiparticles through the polarizable
many-electron core, as well as their interaction
with the atomic core through photonic vacuum,
iterative corrections and other. This, as a result,
provides a physically reasonable agreement be-
tween theory and experiment.
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Summary

Study of energy and radiative parameters of complex atomic systems, including systems in
highly-excited, Rydberg states is of a great interest to create new quantum (atomic) sensor devices,
quantum computer systems as well as for different atomic and laser physics and quantum electron-
ics. The combined relativistic energy approach and relativistic many-body perturbation theory with
the zeroth order ab initio model potential optimized one-particle representation are used for precise
computing the energy levels and radiative decay probabilities (radiation amplitudes) of heavy al-
kali elements (francium) and singly ionized atom of Hg. There are listed data for the 7s ,—np,
np, ,,-nd,, ;, (n=7-10) transitions in Fr and the energies and probabilities of radiation transitions
(oscillator forces), in particular, E1 transitions: 5d'7p(P P, )-5d'"6s(S, ), 5d"7p(P, ,.P, )-
5d'7s(S, ,), E2 quadrupole transition 5d°6s*(D.,,,D, ,)- 5d'%s (S, ) in a single ionized Hg" atom.
The comparison of the calculated values with available theoretical and experimental (compillated)
data is performed. The analysis of the presented data shows that, first, the standard methods HF, DF
in a single-configuration variant give a very high error in the calculation of energies and probabili-
ties of radiation transitions, and when used in the DF scheme of experimental transition lengths, the
accuracy of calculations is significantly , since it is obvious that using empirical data makes it pos-
sible to efficiently take into account some of the very important in quantitative terms of correlation
corrections. Our theory consistently performs an efficient accurate account of the main exchange-
correlation effects, which will include the effects of the mutual shielding of particles, the exchange-
polarization quasiparticles interaction through the polarizable many-electron core and others.

Keywords: radiative decay parameters, heavy atomic systems, relativistic energy approach
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Pegepar

BuBueHHSs eHEepreTHYHHUX Ta BUIIPOMIHIOBAJIbHHUX MApaMETPIB CKIIAIHUX aTOMHUX CHCTEM, BKIIIO-
Yal0uu CUCTEMH Y BHCOKO 30y/DKEHHUX Ta Pi0epriBCbKUX CTaHaX, MPEICTABIISIE€ BEIUKUN IHTEpPEC s
CTBOPEHHSI HOBUX KBAaHTOBUX (aTOMHHUX) CEHCOPHUX MPUCTPOIB, KBAHTOBHX KOMIT IOTEPHUX CHUCTEM,
a TaKOX JUIs PI3HUX 3a/1a4 aTOMHOI 1 Ja3epHOi (Pi3MKH Ta KBAaHTOBOI eJIeKTpoHiku. KomOiHOBaHMit
PETSTUBICTCHKUI €HEPreTUYHMMA MiIX1 1 peTSITUBICTChKA OaraToyacTUHKOBA TEOPis 30ypeHb 3 ONTH-
Mi30BaHHM MOJIEIBHUM HAOIMKEHHSIM BHKOPHCTOBYIOTBCS JUISi TOYHOTO PO3PAaxXyHKY PiBHIB €HEpril
1 iMOBIpHOCTEH pajiaiiHoro po3nany (pamialifHIX aMIUTITY/) BaKKUX JIy>KHUX €l1eMeHTIB ((paH-
1iif) 1 onHoloHI30BaHOro aroma Hg. IlepepaxoBani JaHi 1yist EPeXOMiB 78, ,— 0P, , 1., 0P, ,,-0d, ) )
(n=7-10) y Fr ta enepriii Ta iIMOBIPHOCTEN BUIIPOMIHIOBAHHS TIEPEXOH (KOIUBAJIbHI CHIIH), 30Kpe-
ma, nepexomu E1: 5d"7p(P, P, )-5d"%s(S, ), 5d"7p(P ,.P, )-5d"°7s(S, ), E2 mepexin 5d° 6s*(D,,
D, ,)- 5d'%s (S, ,) B onHOKpaTHO y ioHizoBaHoMy aromi Hg. ITpoBOIMThCS MOPiBHAHHS 00UMCIICHUX
3HA4YEHb 3 HASSBHUMHU TEOPETHYHUMH Ta EKCIICPUMEHTAILHUMH (CKJIaJICHUMU) JaHUMU. AHAJI3 Ipe/-
CTaBJICHUX JAaHUX TOKa3ye, 110, MO-Teplie, CTaHaapTHI MeTonu Ty Xaptpi-Poka ta [ipaka-Doka
([1®) B omHOKOHDIrypariifHoMy BapiaHTi Ia0Th J{y»e BUCOKY MOXHOKY B OOUMCIICHH] eHepriii 1 iMo-
BipHOCTEH pajialliifHuX MepexoiB 1 MpH BUKOpHCTaHHI B cxeMi J{d ekcriepuMeHTaIbHUX TOBXUH
Nepexoy TOUHICTh OOYHCIIEHb CYTTEBO 3POCTAE, OCKUIBKM BHKOPUCTAHHS €MITIPUYHHUX JAHUX JJO3BO-
J1si€ epeKTUBHO BpaxXyBaTH JIEsKi {y’Ke BaKJIMBI B KUIbKICHOMY BiJIHOIIEHHI KOPEJSIiHHI MOTPaBKH.
Po3BuHyTa TEOpist MOCIITOBHO BUKOHY€E €()EKTUBHE YpaXyBaHHS OCHOBHUX OOMIHHO-KOPEJSLIHHUX
eeKTiB, 30KpemMa, e(heKTiB B3aEMHOTO €KpaHyBaHHS YaCTUHOK, OOMIHHO-TIOJIIPU3ALIiHY B3a€EMOJIIIO
KBa314aCTMHOK Yepe3 MONSIpU3y€e MU OararoeIeKTpOHHUI OCTOB Ta iHIII.

KirouoBi ciioBa: napamerpu paaiaiiHOro po3mnany, BakKi aTOMHI CHCTEMH, PEISTUBICTCHKUIN
CHePreTUYHUH i IXi/1
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RELATIVISTIC APPROACH TO CALCUATION OF IONIZATION CHARACTERISTICS
FOR RYDBERG ALKALI ATOM IN A BLACK-BODY RADIATION FIELD

A. V. Glushkov, V. B. Ternovsky, V. V. Buyadzhi, A. V. Tsudik, P. A. Zaichko

Abstract. The combined relativistic energy approach and relativistic many-body perturbation
theory with the zeroth Dirac-Fock-Sham approximation are used for computing the thermal Blackbody
radiation ionization characteristics of the alkali Rydberg atoms, in particular, the sodium in Rydberg
states with principal quantum number n=10-100. The detailed analysis of the data of computing
ionization rates for the Rydberg sodium atom demonstrates physically reasonable agreement between
the theoretical and experimental data. The accuracy of the theoretical data is provided by a correctness
of the corresponding relativistic wave functions and accounting for the exchange-correlation effects.

Keywords: Rydberg alkali atoms, relativistic theory, Blackbody radiation field
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PEJIATUBICTChKHUI MIIXIA 10 PO3PAXYHKY IOHIBAIIMHNUX
XAPAKTEPUCTHUK PIABEPI'IBCBKUX JTYKHUX ATOMIB VY IIOJII TEIIVIOBOT'O
BUITPOMIHIOBAHHSA

O. B. I’'nywkos, B. b. Tepnoscokuii, B. B. Byaoorcu, A. B. 1]yoik, I1. A. 3aiuko

Amnorauisi. KoMOiHOBaHMIA peNATHBICTCHKUI €HEPTETUIHUM MIIXIJT 1 pETSITUBICTCHKA Teopis 30y-
pEHb 0aratbOX T 3 3 ONTUMI30BAaHUM JIPAK-KOH-IIIEMiBCHKAM HYJIHOBUM HAOIMKEHHSIM BHKOPHC-
TOBYIOTBCS JJIsl OOUMCIICHHS 10HI3AIlIMHUX XapaKTEPUCTHK JIY)KHUX Pig0epriBCbKUX aTOMIB B TTOJI
TETJIOBOTO BHUIIPOMIHIOBAHHS a0COJIOTHO YOPHOTO TiJIa, 30KpeMa, aToMa HaTpiro B piaOepriBChKUX
CTaHax 3 TOJIOBHUM KBaHTOBUM 4uciioM h = 10-100. AHani3 taHHUX 0OYMCIICHHS IIBHIKOCTI 10HI3a-
1i1 aroMa HaTpilo y piA0EPTiBCHKIX CTaHAX JEMOHCTPYE (DI3UIHO PO3YMHY 3TOY MK TEOPETHUYHUMHU
1 eKCIIepIMEHTAJIBbHUMH JaHUMH. TOYHICTH TEOPETHYHHX JAHUX 3a0€3MeUy€eThCsl KOPEKTHICTIO 00-
YHCJICHHS BiJIOBIIHUX PENATHBICTCHKUX XBMJIOBHUX (PYHKIIIH 1 TIOBHOTOIO ypaxXyBaHHS OOMiHHO-
KOPEJSLIHHUX e(EeKTiB.

Kuio4oBi ci10Ba: pinOepriBChbKi JIyXKHI aTOMH, PEISITUBICTChKA TEOPisl, TEIIOBE BUITPOMIHIOBAHHS

PEJIATUBUCTCKOM MOJXOI K PACUETY HOHU3AIIMOHHBIX XAPAKTEPUCTHK
PUABEPI'OBCKUX HIEJTOYHBIX ATOMOB B I10JIE TEIIJIOBOI'O U3JIYYEHUA

A. B. Inywikos, B. b. Tepnosckuii, B. B. Bysioorcu, A. B. Llyoux, I1. A. 3auuko

AnHoTtanms. KoMOMHIPOBAaHHBIA PENSTUBUCTCKAN YHEPTUTUIECKUHN TIOIXOM M PEIIITHBUCTCKAS
TEOpHs] BO3MYIIEHUII MHOIMX Te€Jl C ONTUMHU3MPOBAHHBIM TUPAK-KOH-IIEMOCKHM HYJIEBBIM IIPU-
OMKEHUEM HCHOJIb3YIOTCS JJISl BBIUMCIIEHUS] MOHU3AMOHHBIX XapaKTEPUCTHK IIEJIOUYHbIX PUIOep-
TOBCKMX arOMOB B II0JI€ TEIJIOBOTO M3JIy4€HHUs] YEPHOIO Te€Na, B YACTHOCTHU, aTOMa HAaTpHs B PHUI-
OEpProBCKUX COCTOSIHUSX C IIaBHBIM KBAaHTOBBIM 4yuciioM n=10-100. AHanu3 JaHHBIX BBIYMCICHUS
CKOPOCTEH HMOHM3AIlMM aroMa HAaTpUsl B PHIOEPTOBCKUX COCTOSHHAX JEMOHCTPUPYET (U3HMUECKH
pa3syMHOE corlacue MeX/ly TEOPETHUECKUMU U HKCIIEPUMEHTAIbHBIMU JaHHBIMU. TOYHOCTh TEOpe-
TUYECKHX JIAHHBIX 00€CHEeUMBAETCS KOPPEKTHOCTHIO BBIYMCIICHUSI COOTBETCTBYIOIINX PEJIATUBUCT-
CKHX BOJTHOBBIX (DYHKIIMI U ITOJTHOTON ydeTa 0OMEHHO-KOPPESIIUOHHBIX A(PdeKToB.

KuroueBble cj10Ba: prI0EproBCKHE IIETOYHBIE aTOMBI, PEIATUBUCTCKAS TEOPHS, TETIOBOE M3ITyYCHUE

new topic of the modern theory is connected
with consistent study of ionization of Rydberg
atoms by blackbody radiation [1-5]. An account
for the AC Stark shift, fast redistribution of the
levels’ population and photoionization provid-
ed by the environmental black-body radiation
(BBR) field became of a great importance for

Introduction

A significant progress in experimental laser
physics, appearance of the tunable lasers allow to
study unique properties of atoms and ions in the
Rydberg states. The experiments with Rydberg
atoms had very soon resulted in the discovery of

an important ionization mechanism, provided by
unique features of the Rydberg atoms. Relatively
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successfully handling atoms in their Rydberg
states [1-14]. Spectroscopic data on the excita-
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tion and ionization processes of Rydberg atoms
by black-body radiation are very important not
only for the above numerous applications, in-
cluding spectroscopy of ultracold plasma, but
also for the physics of the Rydberg atoms in
resonators, Rydberg masers, and microwave de-
tection techniques quantum level of sensitiv-
ity, optical and atomic standards of frequency,
atomic clocks, which in turn opens new ways of
constructing quantum standards for measuring
fundamental constants (including the elucida-
tion of drift value of the fine structure constant)
testing physical postulates of inertial navigation,
magnetometry and more. Finally, it is important
that many of the effects of low-energy quantum
optics and electrodynamics (e.g., indiscriminate
Rabi oscillation damping in a resonator quantum
field or Cummings collapse, Dicke radiation,
processes in single-atom masers, two-photon
masers, two-photon masers, , the subtle effects
associated with the quantum properties of the
photonic field in the microwave range) can be
quantitatively adequately studied on the basis of
physical systems with RA.

The standard methods for computing the
spectroscopic parameters of the Rydberg atoms
in the BBR field are based on the different ver-
sions of the model potential (MP), quasiclassical
methods (see e.g., [5-24]). It should be men-
tioned the simple and quite effective quasiclas-
sical approach to compute the thermal ioniza-
tion rate for Rydberg atoms [1,4,5]. Naturally,
the standard methods of the theoretical atomic
physics, including the Hartree-Fock and Dirac-
Fock ones, should be used in order to determine
a thermal ionization characteristics of neutral
and Rydberg atoms. The correct calculation of
spectroscopic parameters for the heavy Rydberg
atoms in a black-body radiation field requires
using strictly relativistic models and an accurate
accounting for the exchange-polarization effects.

In this paper an energy approach and rela-
tivistic perturbation theory (PT) with the model
density functional Dirac-Kohn-Sham zeroth ap-
proximation [25-33] are used to compute the
spectroscopic parameters (rate of the BBR-in-
duced decay, radiative lifetimes) of the Rydberg
alkali atom atom in a black-body radiation field.

2. The Rydberg atom in a Blackbody ra-
diation field: theoretical approach

The physical aspects of interaction of the Ry-
dberg atom with black-body electromagnetic
radiation field are considered many times from
different points of view. One could remind that
the frequency of a greater part of the black-body
radiation field photons ® does not exceed 0.08
atomic units including temperatures of the order
thousand K. The standard approach supposes
using ( in a case of alkali atom) the known one-
particle model approximation for calculating
the energy and spectral parameters such as (ex-
citation and ionization probabilities, ionization
cross section etc). Usually one should start from
a product with the Planck’s distribution for the
thermal photon number density [1,9]:

0)2

2 exp(@) kT)—1]

pwW,T)= (1)
where c is the speed of light and £ is the Boltz-
mann constant, [onization probability (rate) of
the bound state n/ results in the integral over the
Blackbody radiation frequencies:

W, (1) =c [0, (@)p(o, T

|E,|

2)

The total expression for the magnitude of the
full rate of the Rydberg atom ionization can be
written as the sum

WéOBlR =Wasr + W + W gpr + Wy 3)
where the first term in (3) describes the direct
photoionization rate from the initially excited
state nL, the second term, second term is the
ionization rate of the atoms in the high-lying
states inhabited by thermal radiation, an electric
field; the third term in (3) is the full rate of direct
ionization of the Rydberg atom in the surround-
ing to the initially excited states; lastly, the latter
is the ionization of high-lying states inhabited by
the known two-stage process.

The total width of an experimentally observ-
able Rydberg state of an atom or ion (naturally

71



O. B. I'mymixos, B. b. TepHoscekuii, B. B. bBysmxu, A. B. Lynik, I1. A. 3aiuko

isolated from all external fields except BBR)
consists obviously of natural, spontaneous radia-
tion width and BBR-induced (thermal) width:

Ftot — Fsp + FBBR (T) (4)

It should be mentioned that the above formu-
las for determining probabilities, transition rates,
lifetimes are written in a non-relativistic approxi-
mation and are actually used in the vast majority
of modern theories and model representations
about the processes of excitation and ionization
of Rydberg atom in the field of thermal radiation
(see, e.g., [1]). It should be emphasized that, in
fact, the process of excitation and ionization of
RA by thermal radiation is not a simple pro-
cess, as it may seem at first glance; moreover,
I emphasize the theoretical and experimental
complexities of the description of Rydberg atom.

From a theoretical point of view, the sequen-
tial consideration of the process should include
direct photoionization from the initially excited
state nL, ionization by pulling electric impulses
of high-lying Rydberg states inhabited by thermal
radiation, direct photoionization of the adjacent
rarefied states, thermal radiation, at the end of the
ionization by electrical impulses above the located
states, populated by two-many-step processes. In
our view, in any case, the most correct and con-
sistent quantum theory of excitation and ioniza-
tion of Rydberg atom in the field of thermal radia-
tion is preferably based on the principles of QED,
or the corresponding relativistic approximation.

We apply a generalized energy approach [25-
29] to compute the Rydberg atoms spectroscopic
characteristics (rate of decay or ionization, ra-
diative lifetimes etc). The radiation decay prob-
ability is connected with the imaginary part of
electron energy shift. The latter is presented as:
AE =ReAE +1I/2, where I is a level width, and
decay probability P=I". The imaginary part of a
shift AE is defined in the PT second order as (in
atomic units):

ImAE =(1/47m) D Vil (5)
a>n>f
where (o>n>f) for electron and (a<n<f) for
vacancy. The matrix element is determined as
follows:
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il ‘]2(1 a102)¥1(r2)¥] (1)(6)

VI = [ dn )% 5 (ry)

The effective lifetime t, y of the Rydberg atom
state is naturally inversely proportional to the
full decay rate of the excited state as a result of
spontaneous transitions I';(z) and transitions
induced by thermal radiation T, (zssz,), that
is, it can be written:

1 1 1

=0+ =—+
T o

z-BBR (7)

The detailed description of the matrix ele-
ments and procedure for their computing are
presented in Refs. [2,28-33]. The relativistic
wave functions are calculated by solution of
the relativistic Dirac equation with the model
Dirac-Kohn-Sham zeroth approximation plus
correlation potential [29-32]. All calculations
(the numeral code Superatom-ISAN, version 93
is used) are performed with an accurate account-
ing for the exchange-correlation effects (includ-
ing polarization, screening effects, continuum
pressure and others) as the effects of the PT sec-
ond and higher orders.

3. The results and conclusions

In Table 1, we present our theoretical data
as well as experimental Gallakher-Cooke data
(Virdginia group) and Gounand estimates for the
effective lifetime of the Rydberg states 17p, 18p
in the spectrum of the Na atom [4,5,9].

In 1 we present experimental and theoretical
data on the total rate of BBR-induced ionization
for the Rydberg nS states of the sodium atom
(T = 300K): Experiment (circles and squares)
[3]; Theory: an improved quasiclassical model of
Beterov etal (continuous line) [5] and our theory
(dashed line).

In the case of states with n below 15, the ex-
perimental data were obtained using a fluores-
cence technique at a temperature of 400K. The
lifetime of states with n more than 15 were meas-
ured using the field ionization method. Com-
parison of our data with the experimental results
shows a physically reasonable good agreement
of these data, and for nS and nD states the agree-
ment is better than for nP states.
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Figure 1. The total rate of BBR-induced ioniza-
tion for the Rydberg nS states of the sodium atom
(T =300K): Experiment (circles and squares); Theory:
an improved quasiclassical model of Beterov etal (con-

tinuous line) and our theory (dashed line).

for these states are quite large, while for the nD
states of the sodium atom the pattern is fun-
damentally different. In our theory, the effects
sought are taken into account quite carefully and
correctly, and therefore the theory is in a physi-
cally reasonable agreement with the experiment.
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RELATIVISTIC APPROACH TO CALCUATION OF IONIZATION
CHARACTERISTICS FOR RYDBERG ALKALI ATOM IN A BLACK-BODY
RADIATION FIELD
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Summary

Spectroscopic data on the excitation and ionization processes of Rydberg atoms by black-body
radiation are very important for numerous applications, including spectroscopy of ultracold plasma,
physics of the Rydberg atoms in resonators, Rydberg masers, and microwave detection techniques on
quantum level of sensitivity, optical and atomic standards of frequency, atomic clocks, magnetom-
etry and more. In this paper the combined relativistic energy approach and relativistic many-body
perturbation theory with the zeroth Dirac-Fock-Sham approximation are used for computing the
thermal Blackbody radiation ionization characteristics of the alkali Rydberg atoms, in particular,
the sodium in Rydberg states with principal quantum number n=10-100. The detailed analysis
of the data of computing ionization rates for the Rydberg sodium atom demonstrates physically
reasonable agreement between the theoretical and experimental data. The deviation of the data of
quasiclassical calculations from the experiment is due to the neglect of quantitatively important
exchange-correlation effects, especially in the case of nS states. The accuracy of our theoretical
data is provided by a correctness of the corresponding relativistic wave functions and accounting
for the exchange-correlation effects.

Keywords: Rydberg alkali atoms, relativistic theory, Blackbody radiation field
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Pedepar

CriekTpOoCKOIiYHI J1aHi Mpo npouecu 30y/UKeHHS Ta 10Hi3allil aToMiB piOepriBCbKUX aTOMiB
y TIOJIi BUITPOMIHIOBaHHSI YOPHOTO TijJIa € TyXe BAKIMBUMHU JJISI YUCICHHHUX 3aCTOCYBaHb, BKIIIO-
Yar04YH CIEKTPOCKOIIIIO YIBTPAXOIOAHOI I1a3MH1, (Pi3UKy piaOepriBChKUX aTOMIB B PE30HATOPAX,
pia0epriBcbKUX Ma3epiB, PO3BUTOK HOBHX METOIB MIKPOXBHJIBOBOTO JIETEKTYBaHHS Ha KBAaHTO-
BOMY PiBHI YyTJIMBOCTI, ONTHYHI aTOMHI CTaHJIAapTH YacTOTH, aTOMHI TOAUHHUKH, MarHITOMETPis
touo. KoMOiHOBaHUH peNATUBICTCHKUI €HEPreTUYHMIA MiAXiJ 1 PeNsATHUBICTChKA Teopis 30ypeHb
0aratbOX TUI 3 3 ONTHUMI30BaHUM MipaK-KOH-IIEMIBCBKUM HYJIHOBHUM HAOJIMKEHHSM BHUKOPHCTO-
BYIOTBCS [l OOUMCIICHHS 10HI3alIHHUX XapaKTePUCTHK JIY>)KHUX PiI0epriBCbKUX aTOMiB B MOJI
TETJIOBOTO BUITPOMIHIOBaHHS a0COIIOTHO YOPHOTO TijIa, 30KpeMa, aToMa HaTpiio B pia0epriBChKUX
cTaHax 3 FOJIOBHUM KBAaHTOBUM uuciioM n = 10-100. Axami3 gaHHUX OOYMCIIEHHS MIBUIKOCTI 10-
Hi3allii aToMa HaTpilo y pia0epriBCbKUX CTaHaX JEeMOHCTPYE (Di3MYHO PO3YMHY 3rojly MiX Teope-
TUYHUMH 1 EKCIIEPUMEHTALHUMU JaHUMU. BiIXuleHHS JaHUX KBa3iKIACHYHUX PO3PaxXyHKIB BiJ
EKCTIEPUMEHTY I10B’S3aHO 13 HEypaxyBaHHSAM KUIbKICHO BaXKJIMBUX OOMIHHO-KOpENALIHHUX edek-
TiB, 0COOIMBO Y BUMAAKy NS-cTaHiB. TOUHICTh HAIIMX TEOPETUYHUX JAHUX 320€3MeUy€THCS KOPEK-
THICTIO OOYMCIICHHS BiIIOBITHUX PEISATUBICTCHKUAX XBUIbOBUX (DYHKIIIN 1 TOBHOTOIO YpaxyBaHHS
OOMIHHO-KOPEISALIHHUX e(EeKTiB.

KurouoBi ciioBa: pinGepriBChbKi JTy>KHI aTOMH, pENISITUBICTCHKA TEOPisl, TEIJIOBE BUIIPOMIHIOBAHHS
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ITHOOPMALIA J1JIs1 ABTOPIB.
BUMOI'M 1O O®OPMJIEHHSI CTATEHN Y )KYPHAI

Kypnan «CeHcopHa €lIEKTpOHIKA 1 MIKPO-
CHCTEMHI TEXHOJIOTi1» IMyOJIiKy€e cTaTTi, KOPOT-
Kl TTOBIIOMJIEHHS, TUCTU 10 Pepakiiii, a Takox
KOMEHTapi, 10 MICTATh pe3ynbTatu (yHaa-
MEHTAJIBHUX 1 NPUKIAAHUX JOCITIDKEHb, 3a
HACTYITHUMU HANIPSIMKAMH:

1. ®i3uuHi, XiMiYHI Ta I1HIII SBMINA, Ha
OCHOBI IKUX MOXYTh OyTH CTBOpPEHI CEHCOPH

2. [IlpoekTyBaHHS 1 MareMaTHYHE MOJe-
JIIOBAaHHS CEHCOPIB

3. CeHncopu Qpi3MIHUX BETUYNH

4. OnTuuHi, ONTOENEKTPOHHI 1 pajiamiiai
CEHCOpH

5. AKyCTOENEeKTPOHHI CEHCOPH

6. XiMiuHI CeHCOpH

7. Biocencopu

8. Hanocencopu (¢i3uka, Marepianm, TeX-
HOJIOTi5)

9. Marepianu a1t CEHCOPIB

10. TexHomorisi BUPOOHHIITBA CEHCOPIB

11. Cencopu Ta iH(dopMaIiitHi cucTeMu

12. MikpocuCTeMHI Ta HaHOTEXHOJOTIT
(MST, LIGA-TexHomOTIs TA 1H.)

13. Jlerpanauis, MeTpoJjoris i cepTudika-
11isl CEHCOPIB

Kypnain myOmikye TakoX 3aMOBJICHI OTVISIIN
3 aKTyaJbHUX MUTaHb, IO BIAMOBIIAIOTH HOTO
TEMaTHIli, TOTOYHY iH(POpPMAII0 — XPOHIKY,
nepcoHaii, TaaTHI peKJIaMHI MOBIJIOMJICHHS,
OTOJIOLICHHS I[0JJ0 KOH(EPEHIIIH.

OCHOBHUII TEKCT CTarrTi IIOBUHEH BIJI-
noBigatu BuMoram IlocranoBu Ilpesmmii
BAK Vkpaiam Big 15.01.2003 p. Ne7-05/1
(bronerenr BAK Vkpainu 1, 2003 p.) i OyTH
CTPYKTYpOBaHMM. Martepiainu, 10 HaJCHIIA-
I0ThCst 10 Penmakiii, moBMHHI OyTH HamucaHi 3
MaKCUMAJIbHOIO SICHICTIO 1 YITKICTIO BHKJIATy
TEKCTy. Y IOJaHOMY PYKOIHCI MOBHHHA OyTH
OOTrpyHTOBaHa aKTYyaJbHICTh pO3B’sA3yBaHOL
3amavi, copMyllbOBaHA MeETa JOCIIKCHHS,
MICTUTHCS] OpUTiHAJIbHA YacTHHA 1 BUCHOBKH,
10 320€3MeYyI0Th PO3yMIHHS CYTi OTPUMAaHUX
pe3ynbTariB 1 iX HOBH3HY. ABTOpHM TOBHUHHI
YHUKAaTH HEOOTPYHTOBAHOTO BBEICHHS HOBHX
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TEPMiHIB 1 By3bKONIPO(IIbHUX KAPTOHHUX BU-
CJIOBIB.

Penaxuis sxypHaily mpocuTh aBTOPIB IpHU Ha-
MpaBIIeH] cTaTel 10 APYKYy KepyBaTUCS HACTYII-
HUMU TPaBUTIAMHU:

1. Pyxomnucu MOBHUHHI HAJICUIATUCS Y IBOX
MPUMIPHUKAX YKPAaTHCHKOIO, ab0 POCIMCHKOIO,
a00 aHIIIICHKOI0 MOBOIO 1 CYHPOBOIKYBATHUCS
¢aiinamu TekcTy 1 MatoHKiB Ha CD. Pykommcw,
AKl TPOTOHYIOTHCS aBTOpaMu 3 YKpaiHu abo
kpain CH/I] no BUgaHHS aHMIIMCHKOI0 MOBOIO
000B’SI3KOBO JIOMIOBHIOIOTHCS  YKPaiHOMOBHOIO
a00 pOCIWCHKOMOBHOIO Bepcier. EnekTpoHHa
KOIIisi MO)ke OyTH HajiciaHa eJIeKTPOHHOIO TO-
ITOXO.

2. TlpwitasatHi dpopmaru Tekcty: MS Word
(rtf, doc).

3. IlpwuiiastHi rpadgiudi ¢popmaru s pu-
cyskiB: EPS, TIFF, BMP, PCX, WMF, MS Word
1 MS Graf, JPEG. PucyHnku cTBopeHi 3a J1omo-
MOTOIO TPOTPAaMHOTO 3a0e3MeUeHHs ISl MarTe-
MaTHUYHUX 1 CTATUCTUYHUX OOYMCIICHb, TOBHHHI
OyTH IIepeTBOPEHI 10 OTHOTO 3 IINX (OpPMAaTIB.

4. Ha crarti aBTrOpiB 3 VYKpaiHU MaroTh
OyTH €KCTIEpTHI BUCHOBKH IPO MOXKJIUBICTH BiJI-
KPHUTOTO JPYKY.

Pykonucu HajcujaaTu 3a aapecolo:
Jlemix Spocnas Imiy, 3act. roi. penakropa,
OnechKuii HalliOHAIBHUN YHIBEPCUTET iMe-
i [. [. MeunukoBa, MHH®TIL] (HIJI-3),
Bya. JIBopsincbka, 2, Opeca, 65082,
VYkpaina.

Tenedon / paxe +38(048) 723-34-61,
E-mail: semst-journal@onu.edu.ua,
http://semst.onu.edu.ua

30iticnioemvbcs.  aHOHIMHe  peyeH3)8aHHs
pyKonucie cmameii.



IIpaBuia NiATOTOBKH PyKOMHUCY:

Pyxonucu moBUHHI CynpOBOMIKYBaTHCS 0(i-
IHHUM JIUCTOM, IAMMUCAaHUM KEPIBHUKOM yCTa-
HOBH, Ji¢ Oyna BukoHaHa poOota. Lle mpaBuio
HE CTOCYETHCSI pOOIT NIPE/ICTABICHUX aBTOPAMH
13 3aKOPJIOHY YU MI>)KHAPOJAHUMHU TPYyTIaMU aBTO-
piB.

ABTOpPCBKE IIPABO NEpEeX0oInTh Buaasio.

TutynpHUI apKy1I:

1. PACS i VYuiBepcanbuuii JlecsatkoBuii Kox
Knacudikauii (YIK) (m1st aBropis i3 kpain CH/J)
— Yy BEpXHbOMY JiBOMY KyTi. [lomyckaeTbes ae-
KUJIbKA BIUIUJIEHUX KOMaMK KOXIB. SIKIO HIsSKI
KOJIM Kiacudikaii He o3Ha4yeHi, kon(u) Oyne(-
yTh) Bu3HaueHo Pepaxiiinoro Koneriero.

2. Ha3Ba pobotu (1o HeHTpy, MPONHUCHUMHU
mitepamu, mpudt 14pt, KupHO).

3. IlpizBume (-a) aBTOpa(-iB) (MO UEHTDY,
mpudT 12pt).

4. Ha3Ba ycTaHOBH, TTOBHA ajpeca, Tenedo-
HU 1 (hakcu, e-mail 17151 KOKHOTO aBTOpa, HUK-
4e, yepe3 OJUH 1HTEepBaJ, OKPEMUM PSIKOM (T10
HeHTpy, mpudT 12pt).

5. Anoranis: 1o 1000 cumBoIIiB.

6. KitrouoBi cioBa: iXHs KIJIbKICTh HE TOBH-
HHA MIEPEBUIILYBaTH BOCbMH cliB. B ocobmuBux
BUIAJIKaX MOXXHA BUKOPUCTOBYBAaTH TEPMIHU 3
JIBOMa — 4H Tpboma cioBamu. Lli cioBa moBu-
HHI OyTH PO3MIIIEHI ITi/I aHOTAIIIEIO 1 HAIMKMCaHi
TI€I0 CAMOIO MOBOIO.

[T.. 2,3,4,5,6 nocniJOBHO BUKJIACTH yKpaiH-
CHKOIO, aHTITIMCHKOIO 1 POCIHCHKOIO MOBaMH.

Jlyist aBTOPIB 3 3aKOPJIOHY, SIKi HE BOJIOIIIOTH
YKpaTHChKOIO a00 poCiChKOI0 MOBaMH, MIl. 2-5
BUKJIQJIAIOTHCS aHIIIHCHKOO MOBOIO.

7. JIo KO)KHOTO MPUMIpHUKA CTATTI J0OJa-
I0ThCS pedeparn yKpaiHChKOI / POCIHCHKOIO
(B 3aJ1€XKHOCTI Bl MOBH OpHTiHAIy CTaTTi), Ta
aHTITIHCHKOI0 MOBaMU (KOXKeH pedepar Ha oKpe-
MoMy apkytii). OcoOnmuBy yBary ciij mpu/i-
JSTH HAMMCAHHIO PE3IOME CTaTTI aHTTIHCHKOIO
MOBOIO. JIJIsT IOTO JOIITBHO KOPUCTYBATHCS
MmocayraMu KBaslipikoBaHMX CIEIiajTiCTiB-JIiHT-
BICTIB 3 MOJAJIBIINM HAYKOBHM peAaryBaHHIM
Tekcty aBTopoM(-amu). [lepen cmoBom «pede-
paT» HEeOOXiJIHO HamucaTy MOBHY Ha3BY CTaTTi
BiJIMOBiAHOIO MOBOIO, YJIK, mpi3Buiia ta iHiri-
anu aBTOPIB, Ha3BU ycTaHOB. Pedepar obcsrom
200-250 cniB Mae OyTH CTPYKTYPOBaHHM: METa

(uiTkO chopMyTbOBaHA), METOAU JIOCIIIKEHHSI,
pe3yabTaTh JOCIIKeHHS (CTHUCIIO), y3araib-
HeHHs a00 BucHOBKH. [licist TekcTy pedepary 3
a03a1ry po3MIIIyIOThCs KIIFOYOBI1 CIIOBA.

8. TexcT crarTi MOBUHEH OyTH HaIPYKOBAaHUI
yepe3 1,5 iHTepBanu, Ha O6110My marnepi popma-
Ty A4. Ilons: 3miBa - 3¢Mm, cripasa - 1,5¢m, BBep-
Xy 13HuU3y - 2,5cm. pudt 12pt. [lix3aronoskwy,
SIKITIO BOHU €, TIOBUHH1 OyTH HaJIpyKOBaHI Mpo-
MUCHUMU JIITEpaMH, KUPHO.

PiBHsIHHS MOBUHHI OyTH BBE/EHI, BUKOpPHUC-
toBytoun MS Equation Editor abo MathType.
Po6GoTH 3 pyKOIIMCHUMHU BCTaBKaMH He MpHiiMa-
10Tbcs. Tabnuii nmoBuHHI OyTH IpelCTaBieHI
Ha OKpEeMHX apKymax y (opmari BiIIMOBITHUX
TEKCTOBUX (hopMariB (AMB. BUILE), YH Y Ppopma-
T1 TEKCTY (3 KOJIOHKaMH, BIIIIJICHUMHU 1HTEpBa-
JaMH, KOMaMH, KparkaMm 3 KOMOIO, YU 3HaKaMu
TaOyIIOBaHHSA).

9. V KiHLI TEKCTy CTaTTi yKa3aTH Mpi3BUlIIa,
iMeHa Ta Mo 6aTbKOB1 YCIX aBTOpIB, MOIITOBY
anpecy, renedon, dakc, e-mail (17 KopecrnoH-
JIeHITiT).

10. Cnucok niTeparypu MOBUHEH OyTH Haj-
pykoBaHuil yepe3 1,5 iHTepBasiu, 3 JiTepary-
pOrO, MPOHYMEPOBAHOO B MOPSAKY il MOSABU B
TekcTi. bibmorpadis ApyKyeTbCcs IHILIE TaTHHU-
1er0 (KUPHWIUIS TIOAA€ThCSA B TPaHCIITEepallii).
[Topsimox odopmiieHHs niTeparypd MOBUHEH
Biamosigatu BuMmoram BAK Vkpainwm, Hampu-
KJIaI:

[1]. .M. Cidilkov skii. Elektrony 1 dyrki v
poluprovdnikah. Nauka, M. 450 s. (1972).

[2]. J.A. Hall. Imaging tubes. Chap. 14 in
The Infrared Handbook, Eds. W.W. Wolfe, G.J.
Zissis, pp. 132-176, ERIM, Ann Arbor, MI
(1978).

[3]. N. Blutzer, A.S. Jensen. Current readout
of infrared detectors // Opt. Eng., 26(3), pp. 241-
248 (1987).

11. [Tigmucu 10 pUCYHKIB 1 TAOIUITh TOBUHHI
OyTH HaJpyKOBaHi B pyKOIHKCI 3 JBOMA ITpobiia-
MU TICIIS CHUCKY JIiTeparypu. BHHOCOK, SIKIIO
MO>KJIMBO, Oa)KaHO YHUKATH.

[TpuiimaroTbcs TUTBKUM BHCOKOSIKICHI PUCYH-
ku. Harmicu 1 cuMBOJIM TIOBUHHI OyTH HaAPYKO-
BaHI ycepenuHi pucyHky. HeraruBwm, crmaiinu, i
JIaro3uTHBH HE PUIIMAIOTHCS.

KokeH puCyHOK MOBHMHEH OyTH HaJpyKOBa-
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HUI Ha OKpEMOMY apKylIli 1 Matu po3Mip, II0
He niepesuirye 160x200 mm. 11t TEKCTY Ha pH-
CYHKax BUKOpHUCTOBy#iTe mpudt 10pt. Ogunmii
BUMipy MOBHHHI OyTH MO3HAYEHI MiCIs KOMH
(He B KpyIJIUX JyXKax). YCl pUCYHKH HMOBHHHI
OyTH MPOHYMEpPOBaHI B TMOPSAAKY iX MOSBHU B
TEKCTi, 3 YaCTHHAMH MMO3HAYeHUMU 5K (), (0),
1 T.A. Po3MmileHHsI HOMEpIB PUCYHKIB 1 Hamu-
Cy ycCepeaMHI MAJIOHKIB HE J03BOJIAIOTHCS. 3i
3BOPOTHOI CTOPOHU, HAIUIIITH OJIBIIEM HAa3RBY,
npizBuIie(a) aBropa(-iB), HOMEp MaJlfOHKA 1 TT0-
3HAUTE BEPX CTPLIKOIO.

dotorpadii moBuHHI OyTH OpUTIHATHHUMHU.
KonbopoBuii 1pyk MOXIJIMBHUMA, SKIIO HOTO Bap-
TICTh CIUIAUY€THCSI ABTOPAMHU YH iX CIIOHCOpPa-
MH.

12. Crarts mae OyTH miamucaHa aBTOPOM
(ycima aBTOpamu) 3 3a3HaYE€HHSIM J]aTH HA OCTaH-
HIl CTOPIHIII.
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ABTOpU HECyTh MOBHY BIJIOBIAAJIbHICT 3a
Oe3moranHe MOBHE O(OPMIIEHHS TEKCTY, OCO-
01MBO 3a MPAaBUJILHY HAYKOBY TE€pMiHOJOTIO (i1
CJIiJ 3BIPATH 32 (AaXOBUMM TEPMiHOJOTIYHUMHU
CJIOBHUKAMH).

13. JlaToro HaIXOMKEHHS CTATTI BBAXKAETHCS
JIEHB, KOJIM JI0 PEIKOJIET1i HAIMIIIOB OCTAaTOYHHMA
BapiaHT CTaTTi MiCIs PELCH3yBaHHS.

[Ticns oxep>kaHHA KOPEKTYpH CTATTI aBTOP
MMOBHWHEH BUIIPABUTH JIUIIIE TTIOMUJIKH (YITKO, CH-
HBOIO 200 YOPHOIO PYUYKOIO HENpaBHIbHE 3a-
KPECIIUTH, a IOPSIT 3 UM Ha TI0JIi HallMCaTy 1pa-
BUJILHUH BapiaHT) 1 TEPMIHOBO BiTICIIATH CTATTIO
Ha aJpecy pelKoJIerii eeKTPOHHOIO MOIITO0.

[Tignuc aBTopa y KiHIII CTATTi O3HAYaE, IO
aBTOp Iepeiae mpaBa Ha BUAAHHS CBOET CTATTI
penakiii. ABTOp rapaHTye, 10 CTaTTsS OPUTi-
HaJIbHA; Hi CTATTS, HI PUCYHKH 10 HEi He Oyiu
onyOIIKOBaHI B 1HIIMX BHUJIAHHSX.

BinxuiieHi cTaTTi He TOBEPTAIOTHCSI.
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