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HucepraiiiiHy poOOTy NPHUCBIYEHO TEOPETUYHOMY (32 JIOMOMOTOIO
YHICIIOBOTO MOJIETTIOBAHHS) TOCIHKEHHIO 33]1a4, TIOB’ SI3aHUX MUTAHHSAM 30y DKCHHS
KUIbBATEPHUX TIOJIIB, TUTAaHHSAM TMPUCKOPEHHS ¥ (OKyCyBaHHS 3TYCTKIB
3apsKEHUX YaCTUHOK, 30KpEeMa, CTBOPEHHIO IJIa3MOBOi JIIH3M sl (POKYCYBaHHS
PEJSITUBICTCHKMX ~3TYCTKIB TMO3UTPOHIB, TUTAHHSM BHUKOPHUCTAHHS €(EKTIB
CaMOIHXKEKIlli Ta HEOJHOPITHOCTI TIa3Mu. BUKOPUCTOBYBasOCS OOYHMCICHHS
METO/I0M YaCTHHOK B KOMIpKax, 110, lepeadayae po3B’a3aHHs piBHAHb MakcBeia.
B nmocnmimkeHHI eHeprisi YacTMHOK CaMOIHXEKTOBAaHUX 3TYCTKIB €(EeKTHBHO
XapakTepu3yBajacs MO3/I0BXKHIM iMITyIbcoM. CaMOIHXKEKTOBaHI 3TYCTKH, 3aBISIKU
METO/IaM IXHbOT'O YTBOPEHHS, MOXYTh MaTH IUMPOKUI HAOIp eHeprii (HeoOX1THUX
JOCIITHUKY). A came, B po0OOTI iiJile MOBa MPO BUBUEHHS 30YIKEHHS KIIbBATEPHUX
MOJIIB B IJIa3Mi, TYCTHHA SIKOi JIOPIBHIOE TYCTHHI €JIEKTPOHIB B TBEPAOMY Tiii
(metanax) (n, = 1022 cMm™3 — 1023 cm™3) peHTreHiBCHKUM JIa3€PHUM IMITYJILCOM
(MoTy>XHa eIeKTPOMAarHiTHa XBUJIA); TOCHIIKEHHS (POPMYBaHHS, BIACTUBOCTEN Ta
poOJIl  €NEeKTPOHHUX COJIITOHHUX KaBepH B I1HEPIIIHHOMY CHHTE3l, a TaKOX
3TJQ/KyBaHHS TIOTICPEYHUX HEOJHOPIAHOCTEW B KPUTHUYHIM TOYIl 3a yMOB
B3a€EMO/IiT JJa3€PHOT0 IMITYJIbCY 3 HEOJHOPIAHOO TJIa3MOI0 B 1HEPIIIHHOMY CHUHTE3I;

OKpIM TOro, OyJM 3HAWJIEHI MapaMeTpH IS TUIa3MOBOI JIIH3M, sIKa J03BOJIMIA O



OJIHAKOBO Ta OJHOPIAHO  (OKyCyBaTH  TOCHIJIOBHOCTI  PENATHBICTCHKUX
MO3UTPOHHHUX 3TYCTKIB, BAXJIMBUM NUTAHHSAM OYJ0 JOCHIHKCHHS aMILTITYId
KUTBbBATEPHOTO MO Ta KoedirieHTy Tpanchopmarliii 3a 30yKeHHS KiJTbBaTePHUX
MOJIIB TMOCIIOBHICTIO 3TYCTKIB 3aps/DKEHUX YaCTUHOK B TJIa3Mi Ta JIIEJIEKTPHUKY.
byno mocnimkeno 30ymKeHHS Mo B IJ1a3Mi MOCTIIOBHICTIO 3TYCTKIB €JIEKTPOHIB
B HEPE30HAHCHOMY BHUIAJIKy. BUBYaeThCs Crocid yTpUMaHHS CaMOIH)KEKTUBAHUX
3ryCTKIB B (pa3i mMpUCKOPEHHS KITbBATEPHOT XBHJII, & TAKOX, BIUIUB 30BHIIIHBOTO
MarHiTHOTO TOJISI Ha €JEKTPOHHI 3TyCTKH, 10 30yIKYIOTh KiJIbBaTE€pHE IOJIE B
mwia3mi. Po3riasHyTo npoiiec KOMOIHOBAHOTO JIa3epo-IIa3MOBOTO MPUCKOPEHHS,
3aBJISIKU SIKOMY MOXJIMBO 3a0€3M€UYUTH TpaHCPEpP EHEPTii MK CAMOIHKEKTOBAaHUMHU
3TyCTKaMU ¥ KiJIbBAaTEpPHOIO XBWICHO. B Xxoi1 mucepTaniiHOro J0CiKeHHs 0YIIo
BUBUYCHO NUTaHHSA 30y/KEHHsS KUIbBATEPHOTO TMOJS B IUIa3Ml TBEPAOTUIBHOT
TYCTHHH, TOOTO TaKoi, 10 JOPIBHIOE I'YCTHHI BUIbHUX €JIEKTPOHIB B MeTanax. Pazom
3 BUKOPUCTAHHIM PEHTI€HIBCHKUX JIA3€pHUX IMITYJIbCIB, BUKOPUCTAHHS IUIa3MH 3
TaKUMH [apaMeTpamMu J03BOJsie 3a0e3neduuTH 30yKeHHsSI KUIbBATEPHHUX IOJIB
MPUCKOPEHHS 3 aMILIITYA00, IO AOCITaE KiIIbKOX (B JOCIIIKEHHI OJIU3bKO 2-4 i
OibIIIE) TEpaBOJbT HA METP. Byno MpoaeMOHCTPOBAHO, 110 3a O3HAYEHUX YMOB
KUIBbBAaTEPHUM TPOLEC CYNPOBOIKYETHCS (POPMYBAHHAM CaMOIHKEKTOBAHHMX
3TYCTKIB €JIEKTPOHIB B 00JIACTI CYTTEBOTO HETaTMBHOTO MPOCTOPOBOTO 3apsiy, a
TaKoK (QOpMyBaHHAM OOJACTI 3 MIJBUIIEHOI T'yCTHHOIO 10HIB, sika 3a0e3reuye
3HAYHE T0JIe MPUCKOPEHHS. SIK HACIOK — CAMOIHKEKTOBAaH1 3TYCTKH MOXKYTh OyTH
MPUCKOPEHI B 3HAYHOMY EJIEKTPUYHOMY TI0JIl. Byllo BCTaHOBJIEHO, 110 3a PI3HUX
napameTpiB JIA3EPHUX IMITYJIbCIB, BETUYMHA MO3I0BKHBOIO KUIBBATEPHOIO IMOJIS
OPUCKOPEHHS MOXKE JIOCSTaTh TEpaBOJbT Ha METpP 3a TMOPSAKOM BEIMYHH.
CaMOIH)KEKTOBaH1 3TyCTKH PYXalTbCsl B3IOBX KUIbBAaTEpPHOro Imy3ups 0e3
pyitHyBanHs nipotsirom 100 mepioaiB nazepa. OKpiM TOro, CHOCTEPIraeThCsl Tak
3BaHUN PEKUM KOMOIHOBAHOTO JIa3epO-TUTa3MOBOTO TpHCcKOopeHHs. lleit pexum
JI03BOJIsI€ 30€perTH Ta BUKOPUCTATH EHEPTII0 Ja3ePHOTO IMIYJIbCY, M0 PYHHYEThCS
i 9ac PO3MOBCIO/KEHHS B TuiazMi. EHEpris jla3epHOTO IMITYJIbCY TMEPeNaeThes

CaMOIH)XEeKTOBAHUM 3IyCTKaM B pa3i MOTPAIISHHA 3TyCTKIB B ()a3u MPUCKOPEHHS,



Jlaji, KOJIM 3TYCTKH Nepe0yBaroTh B (ha3ax YNOBIIbHEHHS KUIbBATEPHOT XBUJI1, TXHS
CHeprisi mepefaeTbCs XBWI, a XBWIS HPHUCKOPIOE HACTYIHI CaMOIHXEKTOBaHI
sryctku. lle mpu3BoAuTH 10 30UIBIICHHS aMIUITYd MOJs MPUCKOPEHHS [0
MIPOJIOHT ALl MPOIECY MPUCKOPEHHS U, SK HACIIIOK, MOJIMIIEHHS €()EKTUBHOCTI
nporecy. HacTymHuM mWTaHHSIM JOCTIHKEHHS OyJI0 BHUBYCHHS TIPOIECY
KOTE€PEHTHOTO CKJIAJIaHHA TMOJIB MPUCKOPEHHS MICHsS JIa3epHUX IMITYJbCIB Yy
JaHIiokKy. Croci0 (3aKOH) CKIaJaHHsS TIOJNIB TMPUCKOPEHHS MiCHs Jla3epHUX
IMITYJIbCIB B JIIHIHHOMY BHIAAKy € JT00pe BIJIOMHM: SIKIIO JIa3epHI IMITYyJIbCH
OJIHAKOBl, TO TOJSi MPUCKOPEHHS MICIS HUX CHIBBIIHOCATBCA SIK Aq:Ay:A; =
1:2:3, nme 1HAEKCH [ BUKOPUCTOBYIOTHCS JUIsl MO3HAYEHHS HOMEPY JIa3€pHOTO
MIysbCcy, A; — aMmIunTyna. B HenmiHIHHOMY BUNAJKYy KOT€PEHTHE CKJIaJaHHS
NOPYUIY€EThCA, JIa3€pHI IMITYJIbCH MOXYTh MNOTPAIUISTH B (a3 MPUCKOPEHHS
KiTbBaTepHOi XBWI. Ha BiMiHy Bij momepeaHboi 3a1adi, ¢ HeraTUBHUN e(eKT —
eHeprisg XBuJi BTpadaerbes. OIUH 31 NUISXIB PO3B’SI3aHHS 1€l MpoOIeMH — Tak
3BaHE «MJIAIITYBaHHS». MeXaHi3M «HOiJIalliTyBaHHs» OyJl0  JOCIIIKEHO
aBTOpaMH ¥ MPEJCTABICHO B pe3yJibTaTax JOCTIIKEHHs. 3aBIIKU HOMY, BIIAaJoCs
YaCTKOBO BIJIHOBUTH MEXaHI3M KOTE€PEHTHOI'O CKJIaJaHHS B HEJIHIMHOMY BHITAJIKY.
[Ticnst OCTaHHBOTO JIA3E€PHOTO IMITYJIBCY TOCIHIIOBHOCTI, 1[0 MOTpAIisiB B (azy
YIOBUIBHEHHS KUTHBATEPHOI XBHJII, CIIOCTEPITanocs 30IBIICHHS aMIUTITY AN OIS
MIPUCKOPECHHS 32 BUKOPUCTAHHS «IIiJTANTYBaHHD». B X0M1 TOCTIKSHHS TUTaHHS,
OyJ10 BUABIICHO €(PEKT 3pOCTaHHS aMIUTITYIU KiJIbBATEPHOTO TIOJIS TICTS JIa3ePHUX
IMITyJIbCIB. ByJio 3HalijieHo, 1110 aMIUIITya MOJis MPUCKOPEHHS MOXe 10 6 pa3iB
MIEPEBUIIyBaTH 3HAYEHHS aMILTITYIH MOJIs MPUCKOPEHHS TICJIS IEPIIOTO JIa3ePHOTO
IMITYJIBCY.

BuByasocss BAKOpUCTaHHS HEOTHOPITHOT TUTa3MHU 31T M ITPUMKH TTPOTIECY
MIPUCKOPECHHS CAMOTH)XEKTOBAHOTO 3TYCTKY U IMiJIBUILIEHHS TPATIEHTY IPUCKOPEHHSI.
B nuceprariiiniii poOOTI pO3TASHYTO CHOCIO 30UIBIICHHS TYCTUHHU EJIEKTPOHIB
MJIa3MH, 110 MPU3BOAUTH A0 JUHAMIYHOTO 3MEHIIEHHS PO3MIpy KiJIbBAaTEPHOIO

My3Upsi, B3JIOBXK SIKOTO PYyXa€ThCS 3TYCTOK €JIEKTPOHIB.



byno BuBYeHE NUTaHHSA 3HAXOHKEHHS NapameTpiB 3aJJisl 3a0e3MedeHHs
SIKOMOTa MEHIIIOTO TPOCTOPOBOIO Ta €HEPTETUYHOTO PO3KUAY CAMOIHKEKTOBAHUX
3rycTKiB. BukopuctaHo MexaHi3M NpoduUIOBaHHS, 0 JJ03BOJIAIO OTPUMATH
CaMOIHYKEKTOBAaHUH 3TyCTOK, TPOCTOPOBHUI pO3MIp SKOTO B KiJIbKa pa3iB MEHIIE 3a
pO3Mip KUTBBATEPHOTO Iy3HUps. ByJ0 BHUBYEHO MPOCTOPOBUN Ta EHEPrETHYHUN
po3kua 3rycTkiB. OTpuMaHi 3HA4Y€HHS € BIJHOCHO MaJlUMH W JO3BOJISIIOTH
BUKOPHCTOBYBATH 3TyCTKH B MOJAJIBIINX JOCTIIPKEHHAX B pa3l €eKCIEPUMEHTAIbHO1
peaizalili MexaHi3My.

Ornucani BUIIE TOCTIKEHHS MTO€IHAHT TUTAaHHAM 30y )KCHHS KIJIbBATEPHOTO
MOJI PEHTTeHIBCHKMMU JIa3€pPHUMH IMITYJIbCAMH 32 YMOBH TYCTHHU IUIa3MH, IIO
JIOPIBHIOE TYCTHHI BUIBHHUX €JIGKTPOHIB B MeTanax. lle mocmimkeHHs Hapasi
pO3IIIAIae€ThCAd B SKOCTI IepcneKkTuBHoro. [{ns peanizamii moaiOHOTO TemIy
NPUCKOPEHHS, HEOOXIJHI Jla3epu 3 MapaMeTpaMu, JOCATHEHHS SIKUX MOXIJIMBE
TEOPETUYHO M Hapas3l JAOCHKYyeTbcs. EkcrepuMeHTH 3 KIJIbBATEPHOIO
IIPUCKOPEHHS Hapa3l BXkKe BiI0OyBalOThCS, iXHIA TEMIT Ta MACIITA0 3pOCTAE B TAKUX
npoekTax, ik EUuPRAXIA.

BonHouac, motpiOHO 3a3Ha4yWTH, 3a7adl, 10 BUBYAIUCS, MPUITYCKAIOTh
MacmTabyBaHHS — 1€ JCTalbHIlIE PO3’SICHAETBCA B TEKCTI  PO3MLIIB.
MacmrabyBaHHs 103BOJISIE aIaliTyBaTH Pe3yIbTaTh KOHKPETHUX 3a7ay JUIsl 1HIIUX
napameTpiB CUCTEMH, ISl 1HILIOT KOHKPETHOI 3a/1a4l 0€3 HEOOX1JHOCTI MOBTOPHUX
po3paxyHkKiB. Ik q00pe BiIOMO, 3MEHIIIEHHS (I3MYHUX PO3MIPIB MPUCKOPIOBAYIB
pazoM 31 30UIBIIECHHSM iX €(PEeKTUBHOCTI (TEMIIIB MPHUCKOPEHHS) € HarajabHOIO
noTpedoro. bibin Toro, BioMi 3apa3 IIeIEKTPUYHI 1 METalIeBl CTPYKTYPH 4epe3
Gbi3u4He SBUINEC EJIEKTPUYHOTO MPOOOI0 HE JI03BOJSIIOTH OTPUMATH TPATIEHTH
npuckopenss nonayg 100 MeB na metp (B aesikux okpemux Bunagkax 10 40 I'eB Ha
METp 32 OCOOJIMBUX YMOB, HAIIPUKJIIA, B Kanuisipi). Tox, KiTbBaTepHE NPUCKOPEHHS
B IJIa3Mi JIO3BOJISIE BUPIMIATUA OJPa3y JBa 3aBJIaHHS W CTBOPUTH KOMIAKTHHM U
e(eKTUBHUI PUCKOPIOBAY HOBOTO THITY JJIS 3apsPKEHUX YACTHHOK.

@okycyBaHHSI MO3UTPOHHUX 3TYCTKIB € HEOOXITHUM B OyAb-sSKOMY

Cy4acHOMY €JIEKTPOH-TIO3UTPOHHOMY KoJiaiiepi. B  3amponoHoBaHiii poOOTI



BHUBYAETHCS TJIa3MOBA JIiH3a JIJ1s1 POKYCYBaHHSI 3TYCTKIB, 10 JO3BOJISIE OJTHAKOBO Ta
OJTHOPIMHO (POKYCYBATH IMOCITITOBHOCTI PEISTUBICTCHKUX TO3UTPOHHUX 3TYCTKIB.
[Ipononyerhcst KoHIryparii Ijaa3MoBUX JIIH3. BOHU JOCHIKYIOTHCS IUISIXOM
YUCJIOBOTO MOJICIOBaHHS. BCl BUMIagKu OTpUMaHi I 3TYCTKIB 3 PO3MOALIOM TIO
[Nayccy (B HaOmmKeHHI KOCHMHYCY) BIAMOBIMHO 1O BiJACTaHI MDK HHMH Ta
BIIHOIIICHHS 3apsay. JIOBKUHU 3ryCTKiB OyJi0 00paHO TaKMMH, IO JOPIBHIOIOTH
L, = A/2. Byno nokasaHo, 110 3ryCTKH (JOKYCYIOThCSI OJTHAKOBUMH CHUJIAMH, a TXH1
HeHTpH (HOKyCyIoTheA Tipiie, HiX GponTu. Cepell BUNaAKIB pO3TIsSAaBCS BUIAIOK
poIbOBAHOI MOCIIOBHOCTI 3TYCTKIB, JUISl SIKOi CTPYM MEPIIMX 5-TH 3TYCTKIB
nopiBaioe 2k — 1, k < N, N = 5. JlochnipkeHHSI € HOBUM Ta aKTyaJlbHUM, ajKe
dboKycyBaHHSI MO3UTPOHIB € JOCUTH CKIIAHOIO 337]a4€l0, OCKUIBKH MO3UTPOHHUIM
3TyCTOK TPUTATYE EJeKTpPOHU T1a3Mu. Yeped 1me cuia (QOKycyBaHHS €
HEOJHOPIAHOW. [[71s 3a/laHuX mapaMeTpiB CUCTEMH B JOCIIHKEHHI TPEICTaBICHO
oJHOpiaHE (OKYCYBaHHS IOCIITIOBHOCTI PENISTHBICTCHKUX 3TYCTKIB. Pe3ynbpTaTn
JOCIIJKEHHSI MOXYTh OTpPUMaTH MPaKTU4YHY peami3alilo 3  BIJMNOBIIHUM
(boKyCyBaHHSIM.

B po6oTi Oyno BUKOHAHO TOCHIIKEHHS aMIUNITYAN KUIbBATEPHOTO MOJIA Ta
kKoeditieHty TpaHcopmarlii 3a 30yKEHHS KUTbBATEPHUX TOJIIB TMOCIIJOBHICTIO
3TYCTKIB 3apsPKCHUX YACTHHOK B TUIa3Ml Ta J1EJIEKTPUKY. B poboTI mocmimkeHo
30y>KeHHSI KUTbBATEPHOTO TMOJISI MOCIIOBHICTIO 3TYCTKIB 3aps/IPKEHUX YACTUHOK B
JeIIEKTPUIHOMY PE30HaTOpl. BUKOHAHO YMCIOBE MOJICIIFOBAHHS 1HXKEKITIT 3TYCTKIB
3apsAIKEHUX YaCTUHOK (€JIEKTPOHIB) 10 AIEJIEKTPUUYHOIO PE30HATOPY (CTPUKEHB 13
JEJIEKTPUKA 3 METaJeBUM KOXYXOM) i 30yPKeHHs KibBaTepHoOro nois. Bigomo,
0 MakKcHUMajbHEe 3Ha4eHHS KoediiieHTy TpaHchopmaiii TR, 1mo JOpIBHIOE, B
CIPOIIICHOMY, JIIHIWHOMY BHIIAJKy, BIJIHOIIEHHIO MaKCUMaJIbHOTO  TOJIS
MPUCKOPEHHSI MICIS 3TYCTKY JI0 MAaKCUMAJIBHOTO TOJS YIOBIIBHEHHS B CEpPEIMHI
3TYCTKY, ckianae TR = 2 nist oHOTO 3rycTKy. B po00oTi Oyi10 mpoieMOHCTPOBAHO,

110 Y BUNAJIKY THXEKIIi TOCI1JOBHOCTI 3TyCTKIB 3 IEBHUMU [TapaMeTpamu, 30KpemMa,



3 JTOBXKHUHOIO, 1110 A0piBHIOE 0,54 MOBXMHU KIJTbBATEPHOI XBUJII, MOKHA OTPUMATHU
3HaueHHs koedimienty TR = 2N, ne N — 11e KiJIbKIiCTh 3TyCTKIB.

B po6oTi nuigixom ABOBUMIPHOTO YHCJIOBOTO MOJIEIIOBAHHS BUBYEHO
€BOJIIOLIII0 KIJTbBATEPHOI CHIIM (DOKYCYBaHHS, IO € Ha 3TYCTKU €JIEKTPOHIB MPH
PO3MOBCIO/KEHHI E€JIEKTPOHHUX 3TYCTKIB y IJIa3Mi B 3QJICKHOCTI BiJ] JIOBXKUHU
3TYCTKY Ta BIACTaH1 MK 3TYCTKaMH JIJIsl Pi3HUX MPO(DIIB CTPYyMy 3TyCTKY.

B xoml pmocmimkeHHS IS TOCHIJOBHOCTI JIOBIHX PENSTHUBICTCHKUX
CJIEKTPOHHUX 3TYCTKIB OyJI0 3HAWJAEHO MeEXaHI3M, KU NpPU3BOAUTH [0
PE30HAHCHOTO 30y/PKeHHS KUTHBATEPHOTO TOJS HABITh Y BHUIMAIKAX, KOJU YacTOTa
1HXKEKLIi 3ryCTKIB BIAPI3HAETHCA BlJ YAaCTOTH IUIa3MU. B 1IbOMY BHIIAJIKy, YaCTHHA
3TYCTKIB, 110 MOTPAIUIAIOTH B (a3 NePOKyCyBaHHs, BTPAdalOThCS. 3a PaxyHOK
I[OI'0 TPOIIECY CHHXPOHI3alllsl BIAHOBIIOEThCS. OIHAK, BOJHOYAC, Je(OKyCcoBaH1
3TyCTKM N€pecTaroTh OpaTH ydacTh y 30yKEHHI KUIbBAaTEpPHOTO IMOJd. 3a
JIOTIOMOTOI0 BIIHOCHO HEBEJIMKOTO MArHITHOro moiisa (Moxke OyTu 3a0e3rneueHo
NOCTITHUMU MarHiTaMH), MOXJIMBO TOBEPHYTHU 3TYCTKH Ha BICh CHCTEMH B IIOTP10H1
¢dasu, BIIHOBUBIIM CUHXPOHI3AIII0. 3TYCTKH, IO TMOBEPHYJIUCA, MIATPUMYIOThH
pe30HaHCHE 30y/IXKeHHsI KiibBaTepHoro noJis. [1ig yac qocmikeHHs 0yi0 BUKOHAHO
YUCJIOBE MOJICTIOBAaHHS 30y/DKEHHS HEMHIWHOI KIJTbBATEPHOI XBWJII B IUIa3Mi
pENIATUBICTCHKUM €JIEKTPOHHUM 3IYCTKOM 3 TYCTHHOIO 3apsly, L0 3pOCTae 3a
3akoHOM ["aycca, a moTiM 3MeHInyeTbes (pi3ko 10 0).

JlocmimkeHo 3aliexkHICTh KoedimieHTy TpancdopMallii Ta MaKCUMaJIbHOTO

MOJIsl MPUCKOPEHHS BiJl JOBXKUHU 3TYCTKY MIPU HE3MIHHOMY 3apsay 3TycTKy. bymo
3HAWJICHO, 110 JOBXKHUHA 3TyCTKY 7)‘/ 4B HEeJIIHITHOMY BUTIQJIKY € ONTUMAaJIbHOIO0. 3a

Hei MOkHa Jocsiartu koedimienty Tpancdopmariiii TR =~ 6 (3a paXyHOK JOBKWHU
3TYCTKY Ta HEJTIHIAHOCTI). 301IbIIeHHS KoediieHTy Tpanchopmariii mpu3BOIUTH 110
MOJIIMIIEHHS €(EeKTUBHOCTI MPUCKOPEHHSI K1JIbBATEPHUM TOJIEM.

Takox BUBUEHO 3aJICKHICTh PaaiaIbHOI CHUJIM BiJl JOBXHHH 3TYCTKIB Ta
B1JICTaH1 MiXK 3ryCTKamMu. PO3Tiis1aBcst BUNIAIOK 3TyCTKIB 3 OJTHOPITHUM PO3IOI1JIOM

CTPYMY B30BX 3TyCTKY, @ TaKOX, 3TYCTOK 31 3pOCTaHHSIM CTpyMYy. TakuM 4YHHOM,



pe3yabTaTH JAOCTIIKEHHSI MOXKYTh OyTH peali3oBaHi MPAKTUYHO ISl PO3B’SI3aHHS
TPYIHOIIIIB, III0 BUHUKAIOTH B JJAOOPATOPHUX YMOBAX Ta OB’ sI3aH1 3 MPOIIECaMH, 110
OomMMCaHl y BIAMOBIAHUX 3anayax. lIpeacraBiaeHi B auceprariiiHiii  poOOTi
pe3ynbTaTH B TOW YM I1HIHMK CHOCIO JO3BOJISIIOTH MIABUINUTH €(EKTHBHICTH
INPUCKOPIOBAYIB  3aps/DKEHUX YAaCTUHOK: JIO3BOJISIIOTH 3poOUTHM  iX  OLIbII
KOMITAKTHUMU ¥ MIABUIIUTH TPAJIEHTU IPUCKOPEHHSI.

Ku11040Bi cj10Ba: 4nciioBe MOJICIIOBaHHS, KITbBATEPHE TI0JIE, MarHiTHE MMOJIE,
CJICKTPUYHE MOJIe, MIa3Ma, IIa3MoBa JIiH3a i (OKYyCyBaHHS 3TYCTKIB, CTPHUKCHb
13 JieJeKTpuka, KoedilieHT TpaHcopMmailii, po3noaut mo [ayccy, 3rycTok
CJIIEKTPOHIB, TYCTHHA 10HIB, oOumciieHHs metomoMm PIC, piBHsaHHS MakcBemna,

eHepri;I YaCTHHOK, JIa3c€p.



ABSTRACT

Bondar D. S. Study of excitation of fields in plasma and dielectric by powerful laser
pulses and relativistic electron bunches for acceleration, focusing and heating of

electrons and positrons. - Qualification scientific paper, Manuscript.

Thesis for scientific degree Doctor of Philosophy by specialty 105 — “Applied
physics and nanomaterials” (Branch of knowledge 10 - Natural sciences). — V. N.
Karazin Kharkiv National University. Ministry of Education and Science of
Ukraine, Kharkiv, 2024.

The dissertation is devoted to the theoretical (by numerical simulation)
research of a number of problems related to the excitation of wakefield, to the
investigation of processes of accelerating and focusing bunches of charged particles,
the finding of a plasma lens for focusing relativistic bunches of positrons, the
investigation of the effects of self-injection and plasma inhomogeneity. PIC
calculation method was used which involves the solution of Maxwell equations. In
the study, the energy of the particles of self-injected bunches was effectively
characterized by longitudinal momentum. Self-injected bunches, due to the methods
of their formation, can have a wide range of energies (necessary for the researcher).
Namely, the paper deals with the study of excitation of wakefield in plasma, the
density of which is equal to the electron density in metals (n, ~ 1022 cm™3 —
1023 cm™3) by an X-ray laser pulse (powerful electromagnetic wave); study of the
formation, properties and role of electron soliton cavities in inertial fusion, as well
as smoothing of transverse inhomogeneities at a critical point under the interaction
of a laser pulse with an inhomogeneous plasma in inertial fusion; in addition,
parameters were found for a plasma lens that would allow the sequences of
relativistic positron bunches to focus uniformly. An important issue was the study

of the amplitude of the wakefield and the transformer ratio for excitation of



wakefield by the sequence of charged particle bunches (beams) in plasma and
dielectric. Excitation of the field in the plasma by a sequence of electron bunches in
the non-resonant case was investigated. The process of combined laser-plasma
acceleration is considered, thanks to which it is possible to ensure energy transfer
between self-injected bunches and the wake wave. The method of restoring the phase
synchronization of laser pulses and the wake wave is studied, as well as the influence
of the external magnetic field on the electron bunches that excite the wakefield. The
studies described above are connected by the question of excitation of the wake field
by X-ray laser pulses under the condition of plasma density equal to the density of
free electrons in metals. Together with the use of X-ray laser pulses, the use of
plasma with such parameters allows the excitation of wakefields with an amplitude
of several (in the study of about 2-4 and more) teravolts per meter. It was shown that
under these conditions the wakefield process is accompanied by the formation of
self-injected electron bunches in the region of significant negative space charge as
well as regions with high ions density as well as formation of regions with increased
ion density, which provides a significant acceleration field. As a result, self-injected
bunches can be accelerated in a significant electric field. It was found that for
different parameters of laser pulses, the amplitude of the longitudinal wakefield
acceleration can reach a teravolt per meter. The self-injected bunches move along
the wake bubble without breaking for 100 laser periods. In addition, the so-called
combined laser-plasma acceleration mode is observed. This mode allows to save the
energy of the laser pulse, which is destroyed during propagation in the plasma. The
energy of the laser pulse is transmitted to the self-injected bunches when the bunches
enter the acceleration phase, then, when the bunces are in the phases of deceleration
of the wake wave, their energy is transmitted to the wave and the wave accelerates
subsequent self-injected bunches. This increases the amplitude of the acceleration
field and, as a consequence, improves the efficiency of the process. The next
question of the study is the process of coherent addition of accelerating fields after
laser pulses in the chain. The method of the acceleration fields addition after laser

pulses in the linear case is well known: if the laser pulses are the same, the



acceleration fields after them are correlated as A;:A,: A; = 1:2:3, where the
indices i are used to denote the laser pulse number, A; — is the amplitude. In the
nonlinear case, the coherent assembly is broken, the laser pulses can fall into the
phase of acceleration of the wake wave. Unlike the previous problem, this is a
negative effect — the energy of the wave is lost. One of the ways to solve this problem
IS the so-called “adjustment” (or “tuning”). The mechanism of “adjustment” was
investigated by the authors and presented in the results of the study. Thanks to it, it
was possible to partially restore the mechanism of coherent addition in the nonlinear
case. After the last laser pulse of the sequence, which entered the phase of
deceleration of the wake wave, there was an increase in the amplitude of the
acceleration field using the "adjustment”. During the study, the effect of increasing
the amplitude of the wakefield after laser pulses was investigated. It was found that
the amplitude of the accelerating field can be up to 6 times the value of the amplitude
of the accelerating field after the first laser pulse.

The use of inhomogeneous plasma to support the acceleration process of the
self-injected bunch and increase the accelerating gradient was studied. The author
of dissertation considers a method of increasing the density of plasma electrons,
which leads to a dynamic decrease in the size of the wakefield bubble along which
the electron beam moves.

The issue of finding parameters to ensure the smallest possible spatial and
energy scatter of self-injected bunches was studied. The profiling mechanism is
used. The use of this mechanism allowed to obtain a self-injected bunch, the spatial
size of which is several times smaller than the size of the wake bubble. The spatial
and energetic scattering of bunches, emittance was studied. The obtained values are
minimal and allow the use of bunches in further studies in the case of experimental
implementation of the mechanism. The experiments on wakefield acceleration are
already underway, increasing in rate and scale in projects such as EUPRAXIA.

The studies described above are combined by the question of excitation of the
wake field by X-ray laser pulses in a plasma with a density equal to the density of

free electrons in metals. This study, currently considered as promising. To realize



such a rate of acceleration, lasers with parameters that can be achieved theoretically
and are currently being studied are needed.

In addition, the tasks studied involve scaling — this is explained in more detail
in the text of the sections. As is well known, reducing the physical size of
accelerators along with increasing their efficiency (acceleration rates) is an urgent
need. Moreover, the now known dielectric and metal structures due to the physical
phenomenon of electrical breakdown do not allow to obtain accelerating gradients
larger than 100 MeV per meter (in some cases up to 40 GeV per meter under special
conditions, such as in a capillary). Therefore, wake acceleration in plasma allows
you to solve two tasks at once and create a compact and efficient new type
accelerator for charged particles.

Positron bunches focusing is necessary in any modern electron-positron
collider. In the current work, a plasma lens for focusing beams is studied, which
allows to focus sequences of relativistic positron bunches uniformly. There are
different configurations of plasma lenses. They are investigated by numerical
simulation. All cases are obtained for Gaussian distribution (in the cosine
approximation) bunches according to the distance between them and the charge
ratio. The lengths of the bunches were chosen to be equal to L, = A/2. It has been
shown that the beams focus with the same forces, and the centers of the beams focus
worse than their fronts. Among the cases, we considered the case of a profiled
sequence of bunches, for which the current of the first 5 bunches is equal to 2k — 1,
k < N, N = 5. The study is new and relevant, because the focusing of positrons is
a rather difficult task, because the positron bunches attract plasma electrons. Because
of this, the focusing force is inhomogeneous. For considered system parameters, the
study presents a homogeneous focusing of a sequence of relativistic bunches. The
results of the study can be put into practice with the appropriate result of focusing.

The study of the amplitude of the wakefield and the transformer ratio for the
excitation of wakefield by the sequence of charged particles bunches in plasma and

dielectric were performed. The excitation of the wakefield by a sequence of bunches



of charged particles in a dielectric resonator is investigated in this work. Numerical
simulation of injection of bunches of charged particles (electrons) into a dielectric
resonator (a dielectric rod with a metal casing) and excitation of a wakefield is
performed. It is known that the maximum value of the transformer ratio TR, equal
to (in the simplified case) the ratio of the maximum accelerating field after the bunch
to the maximum decelerating field in the middle of the bunch is TR = 2 for one
bunch. It was shown that in the case of injection of a sequence of bunches with
certain parameters, in particular, with a length equal to 0.51 of the wavelength, it is
possible to obtain the value of the transformer ratio TR = 2N, where N is the number
of bunches.

By using two-dimensional numerical simulation, the evolution of focusing
force acting on electron bunches during their propagation in plasma has been
investigated in dependence on the bunch length and distance between bunches for
various current profiles of the bunch.

The mechanism for the sequence of long relativistic electron bunches, that
leads to resonant excitation of the wakefield even in cases where the frequency of
injection of bunches differs from the plasma frequency, has been studied.

In this case, some of the bunches that fall into the defocusing phases are lost.
Due to this process, synchronization is restored. However, at the same time,
defocused bunches participate in the excitation of the wakefield. With a relatively
small magnetic field (can be provided with permanent magnets), it is possible to
return the bunches to the axis of the system in the desired phases, restoring
synchronization. The returned bunches support the resonant excitation of the
wakefield.

During the study, a numerical simulation of the excitation of a nonlinear wake
wave in plasma was performed by a relativistic electron bunch with a charge density
that increases according to Gauss's law and then decreases to 0.

The dependence of the transformer ratio and the maximum accelerating field

on the length of the bunch with a constant charge of the bunch is investigated. It was



found that the length of the bunch 74/4 in the nonlinear case is optimal. With it, the
transformer ratio TR = 6 can be achieved (due to shaping of long bunch and
nonlinearity). Increasing the transformer ratio leads to an improvement in the
excitation efficiency of the wakefield.

The dependence of the radial force on the length of the bunches and the
distance between the bunches was also studied. The case of bunches with a uniform
current distribution along the bunch was considered, as well as a bunches with an
current increase. Thus, the results of the study can be implemented in practice by
solving the difficulties that arise in the laboratory associated with the processes
described in the problems. The results presented in the dissertation in one way or
another increase the efficiency of charged particle accelerators: allow to make them
more compact and increase the accelerating gradients.

Keywords: numerical simulation, wakefield, magnetic field, electric field,
plasma, plasma lens for focusing beams, dielectric rod, transformer ratio, Gaussian
distributions, electron beam, ions density, PIC calculation method, Maxwell
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