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Hucepraiiitny poOoTy MIPUCBSIYEHO BCTAHOBJICHHIO Gb13UIHIX
3aKOHOMIPHOCTEH MPOCTOPOBOI AMHAMIKM JIA3€pHUX IYUYKIB Oe3MepepBHOrO
BUNIPOMiHIOBaHHS TeparepiioBoro (TI'm) miama3oHy B BUMAAKY iX MOIIMPEHHS Ta
(dhoKycyBaHHS B BUIbHOMY IIpocTopi. JIJist po3B’si3aHHS 1TUX 3a71a4 OyJIM BUKOPUCTAHH1
METOJIY Cy4acHOi pa/iio(Pi3uKu Ta 0OUHUCIIOBAIBHOI €IEKTPOIUHAMIKH.

HaBenenuii ormsi jiTeparypu MOKas3ye, IO JTOCTIIKEHHS BUXPOBHUX MYUYKiB
TI' niama3oHy Ha JaHWUN Yac BUKIMKAE 3HaYHUM 1HTepec. Taki jJa3epHi MydkH, 110
MOEAHYIOTh Y CO01 MepeBaru TepareploBUX XBUJIb 1 OpOITAIBHUN KyTOBUH MOMEHT,
HEOOX1TH1 JUIs BUPIMICHHS BOXJIMBUX (DYHIAMEHTAIBHUX 1 MPUKIATHUX 3aBAaHb Y
rajiy3i TeparepioBoi Ta KBaHTOBOi OINTHKH, Bi3yani3alii 300paxeHb 3 HaJIBUCOKOIO
PO3AUTBHOIO  3JATHICTIO, TEparepluoBUX KOMYHIKAIIMHUX CHUCTEM  3B'SI3KY,
3aXOIUICHHS Ta OOepTaHHS MIKpPOOO'€KTIB, BUBYCHHS JIHIMHUX Ta HEIIHIHHUX
BI/ICYKIB MaTepialliB, MPUCKOPEHHS Ta MaHIMYyJIOBAaHHS €JIEKTPOHHUMHU 3TYyCTKaMH,
BUSIBJICHHS aCTPO(DI3UIHHX JHKEPE.

[cHye nBa MPUHIMIM TEHEpalii BUXPOBUX MYYKiB: OJWH — 3a JOMOMOTOIO
MPUCTPOIB MOAYJIAIIT XBUIHLOBOTO (DPOHTY ISl IEPETBOPEHHS XBUIHOBOTO (DPOHTY
3uvaiHuX T1'11 XBUIIb; a pu 1HIIOMY Oe3mocepeHbO 30y IKYIOTh 111 BUXPOBI ITyUKH
3 BUKOPHUCTAHHSM JICSIKUX JIa3epiB HaKauyBaHHs Ta/a00 pedyoBUH. OOMEXKEHHSIM Ha
BUKOPUCTAaHHSA IPUCTPOIB 3aCHOBAHMX HA INEPIIOMY MPHUHLMIL € BIIACYTHICTb
JOCTaTHLO1 KUTBKOCTI ICHYIOUHX 1 0a)KaHUX MaTepialliB B TepareprioBOMy Jiara3oHi,

a TaKoX JJId LUX MPUCTPOIB MPUCYTHS BIJHOCHO By3bKa CMyra MpPOIYCKaHHS



TeparepuoBUX XBWJIb. Y TOW 4Yac SK MHpHU 1HIIOMY NPUHUMUIII TeHepauii MOXHa
IpaloBaTh 3a BIJIHOCHO BHUCOKOI MOTY>KHOCTI Jia3epa HakadyBaHHS 3 IIMPOKOIO
CMYTOI TMPONMYCKAaHHS, HE3BAXKAIOYM HAa BIIHOCHO HU3bKY €(QEKTUBHICTH
nepeTBopeHHs. OjHak, yci i JOCHIKEHHS B OUTBIIOCTI BHMAJAKIB MPOBEICHI 3
BUKOPHCTaHHSIM IIMPOKOCMYTOBOT'O BUIIPOMIHIOBaHHS TeHEepaTopPiB
CyOIIKOCEKYH/JHHMX IMITYJIbCiB Ha OCHOBI ()€EMTOCEKYHIHUX JIa3€piB, 10 MPU3BOJAUTH
JI0 BHCOKOi CKJIQJIHOCTI BHUTOTOBJICHHS JIa3€pHMX CHUCTEM Ta B3a€EMOJIsS SIKOTO 3
PEUYOBMHOIO  3HAYHO  BIAPI3HAETHCA BiJA  B3aeMoAll Tpu  Oe3nepepBHOMY
BUIIPOMIHIOBaHHI.

JlocnipkeHHs MOMUPEHHS] BUXPOBUX JIA3EPHUX IMYUYKIB Y BUIIBHOMY ITPOCTOPI €
BOXKJIMBUM JUIsI PO3YMIHHS OCOOJMBOCTEM 1X B3aeMOJii 3 HABKOJMIIHIM
cepenoBuieM. Taki MyYKH XapaKTepU3yIOThCS HASIBHICTIO OPOITAIHPHOTO MOMEHTY
IMITYJIbCY, SIKAW BIUTMBAE Ha X MOBEAIHKY 111 4YaC NOMKUPEHHS. Y BUILHOMY IIPOCTOPI
BUXOPU MOXXYTbh AEMOHCTPYBaTH CTAOUIBHICTh CTPYKTYPH XBHJIBOBOTO ()POHTY, IO
7103BOJIsI€ 30epiratu iX yHIKaibHI BIACTUBOCTI HA BEJIMKUX BIJCTAHSIX.

@doKycyBaHHS BHXPOBHX JIa3€PHHX IYYKIB y TEpareproBOMY Jiama3oHi €
CKJIQJHUM 1 BOJTHOYAC MEPCIIEKTUBHUM HAIMPSIMOM JOCHiKeHb. CHOKyCOoBaH1 MyUYKH
MalTh YHIKaJbHI BJIACTHBOCTI, SKI MOKHAa BUKOPHUCTOBYBATH [IJIi CTBOPEHHSI
HAJUIUIBHUX (POKYCIB, KOMIOAKTHUX (POKYCIB 3 pO3MIpaMH MEHIIE AUPPaKIIAHOT
MEX1, ONTHYHHX TOJIOK, CBITJIOBHUX TYHENIB, (OKYCiB 3 IJIOCKOI BEPIINHOIO,
Matpullb (okyciB Ta 1HmUX. DOKyCyBaHHS [IO3BOJISIE 3HAYHO 30UIBIIUTH
IHTEHCUBHICTh BUITPOMIHIOBAHHS Y 3a/1aHii 00JaCTi, 10 € KPUTUIHO BAXKIUBHUM IS
TaKuX 3aCTOCyBaHb, SK MaTeplaJO3HABCTBO, OIOMEAWYHI JOCTIKEHHS Ta
CIIEKTPOCKOMISI.

OcranHiM yacoMm jemaii OUIbINY yBary JOCTIAHUKIB MPHUBEPTAIOTH Ja3epHi
IyYKH BHUIIIOTO MOPS/IKY. Taki My4YKH MOXKYTh OyTH KOPHCHI B 3a7a4ax OTPUMaHHS
KOMITAKTHUX (OKYCIB 3 po3MipamMu MeHule JudpakiliifiHOi MexXl Ta BHUCOKOI
pO3aiIbHOI 3aaTHOCTI. JIJIsi OUIBII JETAJIbHOTO BHMBYCHHS MOJKJIHMBOCTEH TaKHX
3aCTOCYBaHb HEOOXIJIHE JOCIIDKCHHS PO3MOJAUIB 1HTEHCUBHOCTI y (OKaJIbHIN

001acTi BUCOKOANEPTYPHOI CUCTEMU (POKYCYyBaHHSI.



VY npyromy po3auil aucepranii Ha OCHOBI Ju(pakuiiiHuX 1HTerpams Pernes-
3oMMepdenpaa Brepiie OTPUMaHO aHAIITUYHI BUPA3H JUIsl OMUCY HEMapaKclalbHOI
audpakuii y BUIbHOMY MPOCTOPI MOJ, I€IEKTPUYHOTO Ta METAJIIEBOI'0 PE30HATOPIB
TeparepIioBOro jazepa y Mmporieci ix B3aemMoii 31 cripaibHO0 (a30BOI0 TUIACTHHOIO
3 pI3HUMH TOTOJOTIYHUMH 3apsgamu (N =0, 11 2).

BuBueHi ¢i3uuHI 0COOIMBOCTI IPOCTOPOBO-EHEPIETUYHUX XapPaKTEPUCTHUK
OTPUMaHUX BUXPOBUX INYYKIB NpPH iX TOMMUPEHHI B PI3HUX 30HAX AudpaKIii.
ITokazano, mo cmipaibHa (a3oBa IUIACTUHA ISl JIA3€pPHOTO MydKa, 30yHKEHOTO
JHIHO NOJspU30BaHoI0 Mojot0 EH11 mienekTpuuHoro pe3oHaropa, 3 mpocTopoBoi
CTPYKTYpH 13 MaKCUMYMOM 1HTEHCHBHOCTI B 1eHTpi (N = 0) dbopmye KUIbLIEBY
ctpykrypy (n = 1, 2). [ns na3zepHuX Ny4yKiB, YTBOPEHUX a3MMYTaJbHO
MOJISIpU30BaHO0 TEor MOmor0 Ta pamiadbHO mMOJspu3oBaHOO0 TMor Moo, ix
MOYaTKOBUH KiIbIeBUM TPodisib (N = () mepeTBOPIOETHCS B POPiib 13 MAKCUMYMOM
IHTEHCUBHOCTI B 1IeHTp1 (N = 1), a Hajaui 3HOBY B KijblieBUH (N = 2). 3a Takux yMOB
XBUJIBOBUH (DPOHT Ja3zepHOro mydka, 30ymkeHoro £H11 MOJI010, IEPETBOPIOETHCS 31
cepuvHOTO B criipaibHuii 3 oHiero (N = 1) Ta 1Boma (N = 2) TOUKaMu CHHTYJIIPHOCTI
Ha OcCi, TOJ K JuIsi Pa30BOT CTPYKTYpH Ja3epHUX IMyUKiB, yTBOpeHHX TEo1 Ta TMo1
MOJIaMH, 3’ SBIAE€THCS 00JACTh 3 ABOMA Ta TPhOMa TOUYKaMU (Pa3zoBOT CHUHTYJISPHOCTI
1103a BICCIO, BIJITTOBITHO.

HaBeneno, mo y BUIBHOMY MpOCTOpl cHipaibHa (ha3oBa IJIacTUHA ISt
JIA3epHOro IMydYKa, 30y/HPKEHOTO JIHIMHO MOJISPU30BaHOK MO0 TE11 meTaneBoro
pe3oHaTopa, 3 mpodiIo 3 MAaKCHMYMOM 1HTEHCHUBHOCTI B meHTpi (N = 0) yTBOproe
aCUMETPHUYHE KIJbIle 3 JBOMa Makcumymamu (N = 1, 2). Jlns mazepHUX MYyUKiB,
chopMOBaHMX a3UMYTAIbHO TOJISIpU30BaHOK [Eor Momo0 Ta pasaianbHO
noJIsipu30BaHoOr  TMo1r  MO010, TOYaTKOBa TMOMEPEYHA KUIbIEBA CTPYKTypa
iHTeHcuBHOCTI moJis (N = 0) TpaHCHOpMYeThCS B CTPYKTYPY 3 MaKCHMAJIbHOIO
IHTCHCUBHICTIO BUITPOMIHIOBaHHS B IIEHTPi (N = 1), a MOTIM 3HOBY B KiJbleBY (N = 2).
®da30BUil (POHT NPOMEHIO Ui OCHOBHOI momepeyHoi Ey KoMIoHeHTH myuka,
30y IKeHOro MO0t TE11, 3MIHIOETHCS 31 c(hepUUHOTO Ha CripaibHHK 3 ogHie (N =

1) Ta nBoma (N = 2) TOYKaM# CUHTYJISIPHOCTI. B TOM ke "ac aist XBUIbOBOTO (PPOHTY
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Ex KOMIOHEHTH Jla3epHOTO MyYKa CIIOCTEpIraeThCcs yTBOpeHHS Tprox (N = 1) Ta
4oTUpboX (N = 2) rBUHTOBUX BUTKIB. Tomi K y ¢azoBomy mpodiji MOMEepeuHUX
KOMITIOHEHT My4KiB, yTBOpeHuX TEor Ta TMo1 Mogamu, cioctepiraerbcsi 00JaacTh 3
JIBOMA Ta TPhOMa M03a0CHOBUMH TOYKAMH CHHTYJISIPHOCTI (ha3u, BiJIOBITHO.

Posmoginu dasu 11 monepeyHnX KOMITOHET JIa3epHHUX IyYKiB, 30yHKEHUX
MOJIaMU JII€JIEKTPUYHOTO Ta METaJIEBOr0 Pe30HATOPIB 3 OJJHOPIAHOIO MOISPU3ALIIETO,
MaroTh 4iTKO C(hOPMOBaHY BUXPOBY CTPYKTYPY, SIK B 30H1 DpeHens, Tak 1 B najbHIN
30HI. OpHak, I Ja3epHUX MYUKiB, 30Y/DKEHHX MOJAaMH 3 HEOIHOPIIHOIO
noJIsIpu3aIli€ro, po3noAum (a3su HaOyBalOTh CTIMKOI CTPYKTYpU TUTHKU B JaJIbHIN
30HI.

B tperbomy po3nuil aucepTaiiiiHoi poOOTH BHEpIIE OTPUMAHO AaHATIITHYHI
BUPA3H JJISI OMMCY KOMITOHEHT IOJIIB BUIIPOMIHIOBAHHA y (hOKaNbHINA 00JaCTl JH3H
Ui Ja3€pHOTO MydYKa, yYTBOPEHOTO MOJAMH XBWJICBIIHOTO MiCIEKTPUYHOTO Ta
METaJIEBOTO PE30HATOPIB TEPAreplioBOro ja3epa, y mpoleci iX B3aeMO/I1i B BIIbHOMY
IPOCTOPI 31 CHipabHOIO (Pa30BOIO MIACTHUHOIO.

[TokazaHo, 1110 y okanbHiN 00JaCT1 JIIH3M 32 B1ICYTHOCTI cripaibHO1 (a30Boi
MJIACTHHY, JOCTI/DKYBaHWM  Ja3epHUl MydokK, 30ymkeHudd wmomoro EHu
JIEJEKTPUYHOTO PE30HATOpa, MAE MAKCUMYM 1HTEHCHUBHOCTI BUIIPOMIHIOBAHHS Ha
oci. BBeneHHS TOMOJOTIYHOTO 3apsiAy MNPU3BOAMTH JO TOSBU MIHIMyMY
IHTEHCUBHOCTI BUITPOMIHIOBAHHS Ha OC1, @ TAKOXK JI0 30UIBIIIEHHS PO3MIpY (POKaTbHOT
wsimu. [{iist mazepHoro myuka, cpopmoBanoro mogamu 7Eor Ta TMo1 Ti€TIEKTPHYHOTO
pe3oHaTOpa, 3 TOMOJIOTTYHUMH 3apsgamMu N = 0 1 N = 2 po3moiJ iHTEeHCUBHOCTI
30epirae kuibleBy ¢opmy, a mpu N = 1 npodiab mydyka MEPETBOPIOETHCS Ha
rayconoaiOHuid. XBWJIBOBUM (POHT 13 30UIBIICHHSIM TOMOJOTIYHOTO 3apsiay Yy
doxanpHIA 00JACTI JIH3W JJII KOMIIOHEHT JIa3epHUX My4YKiB, 30yPKEHHX MOJIaMH
EH11, TEor 1 TMoi, mepeTBOprOEThCs 3 cPepudHOro Ha CHipaJdbHUNA 3 PI3HOIO
KUIBKICTIO TBHUHTOBUX BHTKIB Ha oci. [lpeacrtaBneHi pe3ynbTaTu IOCHIIKEHb
3aJIEKHOCT1 BIJIHOCHOTO BHECKY MOTYXHOCTI KOKHOI KOMIIOHEHTH TOJS JIA3ePHUX
MYy4KiB, 30yI>)KEHUX JaHUMH MOJIAMU, TIPU PI3HUX 3HAYEHHSX TOMOJOTIYHOTO 3apsiLy

B BHITAJIKy TOCTPOTO (hOKYCyBaHHS.



Hageneno, mo JsazepHuil my4dok, copmoBaHuil mMojoro 7FE11 METaseBoro
pEe30HATOpPa, MPU TONOJOTIYHOMY 3apsaal N = 0 Ta 2 yTBOpIOE (POKANBHY IUISIMY 3
MaKCUMYMOM B IIEHTpi, a Npu 3Ha4eHHI N = 1 ¢oKycyeTbcs B Kinblie. XBUIBOBUI
¢bpoHT E; KOMIOHEHTH BUXPOBOTO IyYKa B MOMEPEYHOMY Tepepisi i3 3apsaom N = 1
Mae TpU CHIpaJIbHUX BUTKA, & XBUJIBOBUH (PPOHT AJII BUXPOBOIrO My4YKa 13 3apsI0OM
N = 2 Mae BX€ YOTHPHU CHipaibHI BUTKH. B TO# ke yac xBuiboBHM (GpoOHT E,

KOMITOHEHTH BUXPOBOTO Iy4Ka B MOMEPEYHOMY Tiepepisi 13 3apsiaoM N = 1 Mae oauH

CHipaJIbHUM BHUTOK, a XBWJIbOBUW (POHT I Mydka 13 3apsioM N = 2 Mae 1Ba
criipayibHi BUTKH. JIJis J1azepHOro mydka, chopMOBaHOTO MOAOK 7FEp1 METaIeBOrO
pe30HaTopa, 3 TOMOJIOTIYHUMH 3apsaaMu 1pu N = 1 mpodiias IHTEHCUBHOCTI ITy4Ka
MEePETBOPIOETHCS HA rayconoaionuil, a mpu N = 0 1 N = 2 po3noALT IHTEHCUBHOCTI
30epirae KipneBy ¢Gopmy. XBUIBOBUKA (DPOHT IS 000X KOMIIOHEHT BHXPOBOTO
My4yka B MONEpPEYHOMY IHepepi3l 3 3apsaoM N = 1 mae 1Ba chipajibHl BUTKH, a
XBUITLOBUHT ¢dbpoHT myJKa IS
N =2 npoduyib Ma€ TPHU CIIpaJIbHI BUTKH.

YerBepTuii po3ausl AMCEPTALIHHOI pOOOTH NPUCBAYEHUN TEOPETUUYHOMY Ta
eKCIEPUMEHTAIbHOMY BCTAHOBJICHHS (PI3UYHMX OCOOIMBOCTEM CTPYKTYPH OIS
Ja3epHUX MYYKIB BUIIOTO TOPANKY, 30yMxKeHUX KoMOiHOBaHUMHU TEon+EH2n Ta
EH1ntEH3, Momamu (N = 1, 2, 3) mieleKTpUYHOTO PE30HATOpa TepareproBOro
na3epa, Mpu iX MOMUPEeHH] Ta (PI3UYHUX BIACTUBOCTEH Ja3ePHUX MYyUKiB, YTBOPEHHUX
JaHAMH MOJIAMH, TPH iX TIOMIPHOMY Ta TOCTpoMYy (OKYyCyBaHHI y BiIBHOMY
npocrtopi. [lokazano, Mo cymapHa IHTEHCHBHICTh TOJIS My4YKa, YTBOPEHOTO IUMH
KOMOIHOBaHMMHM MOJIaMHU, BU3HAYAETHCS yCiMa TphoMa KOMITIOHEHTaMu. L{eHTpanbHi
MaKCUMYMH IOJISI JTJA3EPHUX IMyYKIB 3HAYHO 3MIIIYIOThCS BiJl FTEOMETPUYHUX (DOKYCIB
JOCIKYBAHUX JIIH3 31 30UTBIIEHHSIM CBOTO MOPSAKY N. HaBeaeHo, 1o monepevHwmit
PO3IOI1T CyMapHOi IHTEHCUBHOCTI TOJIs My4Ka, copmoBaHoro Moot 7 EoiqtEH21q
J1EJEeKTPUYHOI0 XBUJIEBIJHOTO PE30HATOPA, B 00JIaCTI MAaKCUMaIbHOT IHTEHCUBHOCTI
choKyCOBaHUX MYYKIB BUIPOMIHIOBaHHS 30epirae KijablenoaiOHui BUTIIS SK MpU

MOMIPHOMY, TaK 1 IIPU TOCTpOMY (HOKYCYBaHHI.



BuxpoBi my4yku 3 iX cTaOUIbHICTIO MPHU MOLIUPEHHI Y BIIBHOMY IMPOCTOPI €
NEPCIEKTUBHUMHU NIl CTBOPEHHS CHCTEM O€3IpOTOBOrO 3B'SI3KYy y TeparepuoBOMy
Jiana3oHi, 3a0e3Me4ylourd BUCOKY MPONYCKHY 3JaTHICTh 1 CTIMKICTh JO MEPEIIKO/I.
CdokycoBani BHUXpPOBI MyYKH JIO3BOJISIIOTH CTBOPIOBAaTH KOMMAKTHI (okycHu 3
po3MipaMu MeHIIe JUGPaKLUIMHOI MeXi, ONTUYHI TOJKH, (POKYCH 3 IIJIOCKOIO
BEpUIMHOIO, Ta 1HIII. [{e BiIKprBae HOBI MOXIIMBOCTI JIJIsl CTBOPEHHSI HAHOCTPYKTYP,
300py MIKpOYacTHHOK ab0 poOoTH 3 Ol0j0riyHUMH 00’€kTaMu. JloCIiiKeHHS
(oKyCyBaHHSI TaKUX IMYYKIB CHPUSIIOTH PO3pOOIl BUCOKOUYTIMBHUX CEHCOPIB, IO
3MaTHI BUSBIATH HE3HA4YHI 3MIHM B CEPEAOBHINI ab0 XapaKTepHCTHKaX 00’ €KTiB.
JocaimkeHHs: (OKyCyBaHHSI TepareploBHX IMyYKiB, 30yJKEHMX MOJaMH BHILOTO
MOPSAIKY, CIOpPUSIE€ TOSABI MEPEIOBUX TEXHOJNOTIM y TaKUX Taly3sX sIK MeIUIMHA,
KOMYHIKaIlii, MaTepiaJIo3HaBCTBO, KBAHTOBA (pi3uKa 1 kpunrorpadis, B TOMy 4UCIi y
cepl HOBUX METOIB KOJyBaHHS JaHUX Y KBAHTOBUX KOMYHIKAIIisX.

KirouoBi cioBa: JieleKTpUYHMA XBWIEBIAHMM pPE30HATOP, METAJIEBUUI
XBWJIEBIIHUN PE30HATOP, TepareploBHil Jlazep, BUXPOBI Iy4KH, CIipajibHa (a3oBa
IUIACTUHA, KOMOIHOBaHI  MOJAM, HEOJHOpIJHA  MOJSApU3allis, IOIIUPEHHS

BUIIPOMIHIOBaHHS, TOCTPE Ta MOMipHE (OKYCYBaHHS.
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ABSTRACT

Svystunov O. O. Dynamics of laser beams of the terahertz range with phase
singularities. Qualifying scientific work as a manuscript.

Thesis submitted for obtaining the Doctor of Philosophy degree in specialty
105 — Applied Physics and Nanomaterials (10 — Natural Sciences). V. N. Karazin
Kharkiv National University of the Ministry of Education and Science of Ukraine,
Kharkiv, 2025.

The dissertation work is devoted to establishing the physical regularities of
spatial dynamics of laser beams of continuous radiation of the terahertz (THz) range
in the case of their propagation and focusing in free space. To solve these problems,
methods of modern radiophysics and computational electrodynamics were used.

The literature review shows that the study of vortex beams in the THz range is
currently of considerable interest. Such laser beams, combining the advantages of
terahertz waves and orbital angular momentum, are necessary for solving important
fundamental and applied problems in the field of terahertz and quantum optics,
ultrahigh-resolution imaging, terahertz communication systems, capturing and
rotating microobjects, studying linear and nonlinear responses of materials,
accelerating and manipulating electron bunches, and detecting astrophysical sources.

There are two principles of vortex beam generation: one is by using wavefront
modulation devices to convert the wavefront of conventional THz waves; and the
other is directly exciting these vortex beams using some pump lasers and/or
substances. The limitation to the use of devices based on the first principle is the lack
of a sufficient number of existing and desirable materials in the terahertz range, and
also for these devices there is a relatively narrow bandwidth of terahertz waves. While
with the other generation principle it is possible to operate at a relatively high power
of the pump laser with a wide bandwidth, despite the relatively low conversion
efficiency. However, all these studies in most cases were carried out using broadband

radiation from subpicosecond pulse generators based on femtosecond lasers, which
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leads to high complexity of manufacturing laser systems and the interaction of which
with matter is significantly different from the interaction with continuous radiation.

The study of the propagation of vortex laser beams in free space is important
for understanding the features of their interaction with the environment. Such beams
are characterized by the presence of orbital angular momentum, which affects their
behavior during propagation. In free space, they demonstrate the stability of the phase
front structure, which allows them to preserve their unique properties over large
distances.

Focusing vortex laser beams in the terahertz range is a complex and at the same
time promising area of research. Focused beams have unique properties that can be
used to create ultra-dense foci, compact foci with dimensions smaller than the
diffraction limit, optical needles, light tunnels, flat-top foci, foci matrices, and others.
Focusing allows for a significant increase in the radiation intensity in a given area,
which is critically important for applications such as materials science, biomedical
research, and spectroscopy.

Recently, higher-order laser beams have attracted increasing attention of
researchers. Such beams can be useful in obtaining compact foci with sizes smaller
than the diffraction limit and high resolution. To study the possibilities of such
applications in more detail, it is necessary to study the intensity distributions in the
focal region of a high-aperture focusing system.

In the second section of the dissertation, based on Rayleigh-Sommerfeld
diffraction integrals, analytical expressions were first obtained to describe the non-
paraxial diffraction in free space of the modes of dielectric and metallic resonators of
a terahertz laser during their interaction with a spiral phase plate with different
topological charges (n =0, 1, and 2).

The physical features of the spatial and energetic characteristics of the obtained
vortex beams during their propagation in different diffraction zones have been
studied. It is shown that a spiral phase plate for a laser beam excited by a linearly
polarized EH11 mode of a dielectric resonator forms a ring structure (n = 1, 2) from a

spatial structure with an intensity maximum in the center (n = 0). For laser beams
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formed by an azimuthally polarized TEo: mode and a radially polarized TMo: mode,
their initial ring profile (n = 0) is transformed into a profile with an intensity maximum
in the center (n = 1), and then again into a ring (n = 2). Under such conditions, the
wavefront of a laser beam excited by the EH:i1 mode transforms from spherical to
helical with one (n = 1) and two (n = 2) singularity points on the axis, while for the
phase structure of laser beams generated by the TEo: and TMo1 modes, a region with
two and three phase singularity points off-axis appears, respectively.

It is shown that in free space, a spiral phase plate for a laser beam excited by a
linearly polarized TE1: mode of a metal resonator forms an asymmetric ring with two
maxima (n =1, 2) from a profile with a maximum intensity in the center (n = 0). For
laser beams formed by an azimuthally polarized TEo; mode and a radially polarized
TMo: mode, the initial transverse annular structure of the field intensity (n = 0) is
transformed into a structure with a maximum radiation intensity in the center (n = 1),
and then again into an annular one (n = 2). The phase front of the beam for the main
transverse E, component of the beam excited by the TE:i1 mode changes from
spherical to helical with one (n = 1) and two (n = 2) singularity points. At the same
time, for the wavefront of the Ex component of the laser beam, the formation of three
(n = 1) and four (n = 2) helical turns is observed. While in the phase profile of the
transverse components of the beams formed by the TEo: and TMo1 modes, a region
with two and three off-axis phase singularities is observed, respectively.

The phase distributions for the transverse components of laser beams excited
by modes of dielectric and metallic resonators with uniform polarization have a
clearly formed vortex structure, both in the Fresnel zone and in the far zone. However,
for laser beams excited by modes with inhomogeneous polarization, the phase
distributions acquire a stable structure only in the far zone.

In the third section of the dissertation, analytical expressions were first obtained
to describe the components of the radiation fields in the focal region of the lens for a
laser beam formed by the waveguide modes of the dielectric and metallic resonators

of a terahertz laser during their interaction in free space with a spiral phase plate.
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It is shown that in the focal region of the lens in the absence of a spiral phase
plate, the studied laser beam excited by the EH1: mode of the dielectric resonator has
a maximum of radiation intensity on the axis. The introduction of a topological charge
leads to the appearance of a minimum of radiation intensity on the axis, as well as to
an increase in the size of the focal spot. For a laser beam formed by the TEo: and TMo:
modes of the dielectric resonator, with topological charges n = 0 and n = 2, the
intensity distribution retains a ring shape, and at n = 1 the beam profile becomes
Gaussian. The wave front with an increase in the topological charge in the focal region
of the lens for the components of the laser beams excited by the EH11, TEo: and TMoz
modes turns from spherical to helical with a different number of helical turns on the
axis. The results of studies of the dependence of the relative contribution of the power
of each component of the field of laser beams excited by these modes at different
values of the topological charge in the case of tight focusing are presented.

It is shown that the laser beam formed by the TE11 mode of a metal resonator
forms a focal spot with a maximum in the center at topological charges n = 0 and 2,
and at the value n = 1 it focuses into a ring. The wave front Ex of the vortex beam
component in the cross section with charge n = 1 has three spiral turns, and the wave
front for the vortex beam with charge n = 2 has already four spiral turns. At the same
time, the wave front Ey of the vortex beam component in the cross section with charge
n =1 has one spiral turn, and the wave front for the beam with charge n = 2 has two
spiral turns. For a laser beam formed by the TEoz mode of a metal resonator with
topological charges at n = 1, the beam intensity profile becomes Gaussian, and at n =
0 and n = 2 the intensity distribution retains a ring shape. The wavefront for both
components of the vortex beam in the cross section with charge n = 1 has two spiral
turns, and the beam wavefront for n = 2 has three spiral turns.

The fourth section of the dissertation is devoted to the theoretical and
experimental establishment of the physical features of the structure of the laser beam
field excited by the combined TEon+EH2n and EH-1n+EH3z, (n =1, 2, 3) modes of the
dielectric resonator of a terahertz laser during their propagation in free space and the

physical properties of the laser beams formed by these modes during their moderate
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and tight focusing. It is shown that the total intensity of the beam field formed by
these combined modes is determined by all three components. The central maxima of
the laser beam field are significantly shifted from the geometric foci of the studied
lenses with an increase in their order n. It is shown that the transverse distribution of
the total intensity of the beam field formed by the TEo1q+EH214 mode of the dielectric
waveguide resonator in the region of maximum intensity of the focused radiation
beams retains a ring-shaped appearance both at moderate and at tight focusing.
Vortex beams, with their stability when propagating in free space, are
promising for creating wireless communication systems in the terahertz range,
providing high bandwidth and resistance to interference. Focused vortex beams allow
the creation of compact foci with dimensions smaller than the diffraction limit, optical
needles, flat-top foci, and others. This opens up new opportunities for creating
nanostructures, collecting microparticles, or working with biological objects.
Research on focusing such beams contributes to the development of highly sensitive
sensors that can detect minor changes in the environment or characteristics of objects.
Research on focusing terahertz beams excited by higher-order modes contributes to
the emergence of advanced technologies in such fields as medicine, communications,
materials science, quantum physics, and cryptography, including in the field of new
methods of data encoding in quantum communications.
Keywords: dielectric waveguide resonator, metallic waveguide resonator, terahertz
laser, vortex beams, spiral phase plate, combined modes, inhomogeneous

polarization, radiation propagation, moderate and tight focusing.



