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B cTaTbe paccMaTpuBalOTC 0CO6eHHOCTU
M3roToBJIEHUS ONTUYECKMUX 3/1IeMEHTOB As
npMMeHeHUs B Npubopax u ycTpomncreax
TeparepLeBoro guanasoHa, onucbiBatoTCs
CBOMCTBA U XapaKTEPUCTUKM ONTUYECKUX
MaTepuanoB A1 UX NPOU3BOACTBA, MPUBOASATCS
npumMepbl NpuMmeHeHus. Oco6oe BHUMaHUe
yAeNeHo 3/IeMeHTaM, UCMOo/b3YIoLWUMCS
VCK/II0UMTEJIbHO B TeparepueBbiX cCUCTEMAX

M YCTpOMCTBAXx.

KntoueBble c/I0Ba: TEparepLUeBoe U3fyyeHue,
ONTMYeCKMe 31eMeHTbI /18 TeparepLesoro
avanasoHa, MnH3bl dpeHens, f-theta AUH3bI
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BBEAEHUE
TeparepueBbiM (TT1) M31ydeHHEeM Ha3bIBaeTCs dJIeK-
TPOMarHMTHOE U3/IyuYeHHe B MHTepBaje YacToT oT 0,1
1o 10 TT'w (marHa BonHEL 3 MM - 30 MKM). OHO XOPOILIO
[IPOHHKAET CKBO3b MHOIHe AH3JIeKTPUYecKhe MaTe-
pHasIbl, TaKHe KaK IUIacTMacca, TKaHb, Oymara, Kap-
TOH, KOXa, KepaMHKa, IIOIJIoIlaeTcs aTMocdepor
3emu (B OCHOBHOM MOJIEKY/IaMH BOZBI) K OTPaskaeTcsl
OT IIOBEPXHOCTH MeTa/UIOB. M3jyyeHHe 3TOro aua-
mmasoHa JIerko QoKycHpyeTcsi, momobHO HHpaKpac-
HoMy (MK) m3nydeHuro. IIpy 3TOM OHO He SIB/SIeTCS
HOHHM3UPYIOUUM, KaK PeHTTeHOBCKOe. ITH CBOMCTBA
KCIIO/Ib3YIOTCSA IIPU IIPOM3BOACTBE JIEKAPCTB M KOH-
Tpojle KayecTBa IIPOLOBOJIBCTBEHHOM IPOAYKLIMH.
Taxke IpefAcTaBiseT OOJBIION HMHTEpeC HCII0/Ib30Ba-
Hye TII-U37yYeHHs B TAKUX IIPHIOKEHHUAX, KaK KOH-
Tpob 6e30IIaCHOCTH, IIPOBEpKa YIIAKOBOK, XapaKTe-
py3aLMs II0JYIIPOBOJHMUKOBBIX MaTepPHaJIOB, aHAJIM3
XMMMHYECKOTO COCTaBa, OHMOXHMMHUECKHe HCCIIefoBa-
HHUS 1 06/1aCTh TeIeKOMMYHHUKALIUH.

H3rotoBieHue HPH6OPOB, pa60Tamme B TT1-mua-
Ia3oHe, CBSI3aHO C Pa3paboTKOM MACCHBHBIX OITH-
YeCKHUX 3J1eMEHTOB, HM3rOTaBJIMBAeMBbIX M3 MaTepH-
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INTRODUCTION

The terahertz (THz) radiation is electromagnetic radia-
tion in the frequency range from 0.1 to 10 THz (wave-
length of 3 mm - 30 pm). It penetrates well through
many dielectric materials, such as plastic, fabric,
paper, cardboard, leather, ceramics. It is absorbed
by the Earth’s atmosphere (mainly by the water mol-
ecules) and is reflected from the metal surface. Radia-
tion in this range is easily focused similar to the infra-
red (IR) radiation. Moreover, it is not ionizing, like
X-rays. These properties are used in the production of
pharmaceutical drugs and quality control of the food
products. The application of THz radiation is of the
utmost interest in such areas as safety monitoring,
packaging inspection, characterization of semicon-
ductor materials, chemical composition analysis, bio-
chemical research and telecommunications.

The production of devices operating in the THz range
isrelated to the development of passive optical elements
made of materials that transmit the THz radiation
rather well. These materials should have the low dis-
persion of THz waves, high thermal stability, mechani-
cal strength, and chemical inertness. The reflective and
transmitting properties of optical components can be
changed, enhanced, or suppressed in a controlled man-
ner by selection of the suitable materials and applica-
tion of the special optical coatings to them.



NN OPTICAL DEVICES & SYSTEMS m

Syl 4

4JI0B, XOpOIIO IIPOITYCKAIOIMHX

[N}
o

Tlru-usnydyeHue. ITU MaTepHAJIbI
JOJKHBI 00/1a/laTh HH3KOM [HC-

60

—

w1
o

nepcuern TI1-BOJIH, BBICOKOU
TePMHUYECKOHN CTOMKOCTBIO, MeXa-
HUYeCKOM ITPOYHOCTBI0O U XHUMHU-
YeCKOM HHEePTHOCThI0. OTpaskaro-
IIHe W IIPOITyCKAIOIIKe CBOMCTBA
ONITHYECKHUX KOMIIOHEHTOB MOTYT
OBITH KOHTPOJIHPYEeMO H3MEHEHH,
yCUJIEHBl WJIM II0laBJIeHBl 33 CyeT
nogbopa MOAXOASIIHX  MaTe-
pHAIOB, a TaKke HAaHECeHHUs Ha

S
o

Transmittance, %
w
o

Kos3dduiirieHT IPOITYCKAHUS, %
N
o

—
(=}

50

40

30

Reflectivity, %

20

KosdpduliirieHT oTpaskeHUs, %

10

HUX CIeLHAJTbHBIX ONTHYECKUX
IIOKPBITHH.

BblIbOP MATEPUAJIOB
ONA N3rotToBJIEHUA

200

Puc. 1. Cnexmpbi nponyckanusi u ompaxkeHust HRFZ-Si
Fig.1. Transmission and reflectance spectra of HRFZ-Si
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TpagMLMOHHO [JI H3TOTOBJIE-
HUS [IaCCMBHBIX KOMIIOHEHTOB
TT1-POTOHMKM HCIIO/Ib3yeTCS  BbICOKOOMHbIL KpemHULL
(HRFZ-Si), BbIpaIlleHHBIM MeTOJ0M 30HHOH ITJIaBKHU (1]
U HUMEIOUIHM yAe/bHOe COIIPOTHBIEHHE B N-THIIE OT
10 kOMmxcM, n1ubo B p-TUIle OT 25 KOMXCM U BBILIE.
HRFZ-Si sBisieTCS HW30TPOITHBIM KPUCTAIINYECKHUM
MaTepHajioM, IIPO3pavyHBIM B LIMPOKOM [IHala3oHe
IUIMH BOJIH, HauWHas oT 6nmwkHero MK, U uMero-
MM HeH3MeHHOe IIPOIlyCKaHHe Ha ypoBHe 50-54%
0T 40 MHUKpPOMeTPOB 10 MUKPOBOJIH (pHUC. 1). 9T0 1103BO-
JsieT co3faBaTh Ha ero 6ase pasHoobpasHble ONTHYeE-
CKHe 371eMeHThI 1151 TI11-0IITO3/IeKTPOHHKH .

Kpome Si, BakHYI0 ponb s TTI-TIpHMeHeHHH
WUTPAIOT TaKHe KPHCTAJIBI, KaK KPHUCTAIIMYeCKHH
KBapll, candup, TepMaHHH, a TAIOKe aJIMas.

Kpucmaaauueckuil keapy, SIBISETCS OBY/I1y4eIlpeioM-
JAAIOIMUM MaTepHaIOM, YTO CjIeAyeT Y4YHMThIBATh,
eC/IM BasKHA IOJNSIpU3aLUs U3MydeHUs. [1st paboTsl
B TT'1-AHaIia3oHe IIpU IIPOHM3BOACTBE A/2 u N/ 4 BonHO-
BBIX IIACTHUH MCIIO/NIB3YeTCS MaTepHal B FeOMeTpPHUU
«X-Cpes», KOTZa II0BePXHOCTD IIJIACTUHBI IePIIeHINKY-
JISIPHA OCH X KPHCTAJIIA.

Hapsny ¢ KpucTa/UIM4ecKUM KBapLieM [/ U30TOB-
JIeHus ONTHYeCKHUX 3JIeMeHTOB IpubopoB, paboraio-
mux B TI'-IHamnasoHe, HHOTAA, KOTAA II0JIIpHU3aLHs
M3/ydeHHUs He Ba’KHA, LienecoobpasHoO MCII0/Ib30BaTh
naasnenblii keapy. ETo CTOMMOCTh MeHbIIe, a 06paboTka
He TpeOyeT OpHMeHTALMH KPHUCTA/LIA U ONTHYECKUX
3JIEMEHTOB I10 KpHUCTajulorpadpuyeckum ocsim. CIiek-
TPBI IIPOIYCKAHUSA KPUCTAJIIMYECKOIO M I1JIaBJIEHOrO
KBaplia IIpefCcTaBaeHbl Ha PHUC. 2.

Can¢up, momobHO KPHUCTA/UIMYECKOMY M ILIABJIe-
HOMY KBaplly, Impo3padeH B TI'1I-06/1aCTH TaK ke, KaK

SELECTION OF MATERIALS

FOR THE THz OPTICS PRODUCTION
Conventionally, the high-resistance silicon (HRFZ-Si)
grown by the floating-zone method [1] and having
a specific resistance in the n-type from 10 kOhmxcm,
or in the p-type from 25 kOhmxcm and higher is used
for the production of passive components of THz pho-
tonics. HRFZ-Si is an isotropic crystalline material
being transparent in a wide range of wavelengths,
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Puc. 2. Cnekmpbl nponycKaxus NAGCMUH 0NmMu4eckoz0
Kpucmanauyeckozo keapua (YepHobill) U NAasneHo20 Kk8apua
(kpacHwbll) moAwuHoU 4 Mm

Fig. 2. Transmission spectra of the optical crystalline quartz
(black) and fused quartz (red) plates with the thickness

of 4 mm
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U B BUAuMou (puc. 3). ITomobuo HRFZ-Si, u3 canndupa,
rMeromlero 67M3KUM K KPeMHHIO II0Ka3aTe/lb IIPeloM-
JIeHHSI, U3TOTaBIMBAIOTCS THUIIO-THUIIepP- U MONyCchepH-
4yecKkue TUH3bL A1 Tl L-1eTeKTOPOB K FeHepaToOpoB Ha
6a3e GOTOIPOBOASINUX AHTEHH.

Tepmanuii B TTU-AHaIIa30He UCIIOAb3YeTCs [JIS U3T0-
TOBJIEHUSI aKTUBHBIX 3/1eMEHTOB aKyCTOONTHYeCKHX
yCTPOMCTB [2]. TakoKke OH NMPHUMeHSeTCSI B MHOIOCIIeK-
TPAIBHBIX TEIJIOBH3HMOHHBIX npubopax MK + TI1g
IMaIasoHos [3].

JIJ1s1 K3rOTOB/IEHHSI OKOH BXOZa-BBIXO/IA B MOIIHBIX
HUCTOUHHMKaX TII-U3/1ydeHUs HCIONb3YeTCsl II0JIH-
KPHUCTA/UIMYEeCKUH ajiMa3, KOTOPBIM Ipo3padeH OT
yabTpadronera 10 MHIMMETPOBOTO [Halla3oHa.
[TOMUKPUCTAZINYECKUI anMa3 o61azaeT BBICOKOM
TeIJIONIPOBOJHOCTBI0 U HU3KUM KO3QPHUIIMeHTOM Tep-
MHYeCKOro paclIMpPeHMs, YTO I103BOJISIeT eMy BBLAEp-
SKUBATh OOJIBIIIME JIyueBble HATPY3KH [4].

IlepclieKTHBHBIM MaTepHaIOM [JIsi U3TOTOBIEHMUS
ONTHKHU B JAJTMHHOBOIHOBOM obnactu TrL-IHarna3oHa
aBisercs apcedud 2anius (GaAs). O6 5TOM MOXKHO
CyIUTh, CPAaBHHBASI €T0 CIIeKTP IIPOITYyCKAHMS CO CIIeK-
Tpamu HRFZ-Si u Ce (puc. 5).

Hpyryio rpymnmy MatepranioB TI1-GOTOHUKH IIpen-
CTaB/ISIIOT IONHMepPbl. HeKoTopble M3 HUX HMeEIOT
OTJIMYHYI0 IIpo3padyHocTh B TII-AHamasoHe IIpH
OTHOCHMTE/IBHO HH3KOM OTPa’KeHHH. IIpakTH4YecKoe
WUCIIO/Ib30BAHMEe HaXomaT IonuMeruarnedHTeH (TPX),
Picarin (Tsurupica), LHK/I007ePUHOBBIN IIOTHMEpP
(Zeonex), LUKINYECKUN 01eOUHOBBIN COIIOIHMEP
(COC mnu TOPAS), mmonustuied (HDPE), BbICOKOMOJIE-
KyJsipHBIN monustuieH (UHMWPE), nonuterpadiio-
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Fig.3. Transmission of sapphire samples with the thickness
from1.0 to 4.3 mm

starting from the near IR, and having a constant
transmission at the level of 50-54% from 40 microm-
eters to the microwaves (fig. 1). This allows the devel-
opment of various optical elements for the THz opto-
electronics on its basis.

In addition to Si, the crystals such as crystalline
quartz, sapphire, germanium, and diamond play an
important role in the THz applications.

Crystalline quartz is a birefringent material that
should be considered if the radiation polarization is
important. For work in the THz range, the material in
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Fig. 4. Transmission spectrum of a diamond plate with the
thickness of 0.5 mm
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Fig. 5. Transmission spectra of n-GaAs, HRFZ-Si and n-Ge
plates with the thickness of 5 mm
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postuien (PTFE, ¢Toporuiact unu TednoH), u monu- || the “x-cut” geometry is used in the production of A/2
npornuneH (PP) [5]. Ilpu 6Gonpmwux anuHax BomH || and A/4 wave plates, when the plate surface is perpen-
IIpOIlyCKaHHe 3THX moauMepoB 6eccTpykrypHoe || dicular to the x-axis of the crystal.

U 1Iockoe. IIpM KOPOTKHMX JAJAHMHAaX BOJNH, Kak IIpa- It is reasonable to use the fused quartz along with the
BUJIO, MeHbIle 200 MHKPOMETPOB, IOSIB/ISIIOTCS Xapak- || crystalline quartz for the production of optical ele-
TepHBIe IIOJIOCHl IIOIIOmeHuUs (puc. 6), cBsg3aHHble || ments of devices operating in the THz range, when
c cobcTBeHHBIMU KonebaHUSIMH, a Takke yBenuuu- || the radiation polarization is not important. Its cost is
BaeTCs paccessHHe HAa HEOJHOPOSHOCTSX MaTepHuana. || lower, and its processing does not require any orienta-
[TonyMepsl 06BIYHO CTAHOBSATCS MeHee IIpo3padHbIMU || tion of the crystal and optical elements along the crys-
IIPH yMeHBbIIeHUH JJIMHbI BOTHBI. tallographic axes. The transmission spectra of crystal-

TPX-3TOJIerYalIIiK U3 BCeX U3BeCTHBIX IToKUMepoB. || line and fused quartz are shown in fig. 2.

OH mpo3paueH B yabTpadHosieTe, BUIUMOM U AANIb-
HeM HHOPAKpacHOM [Halla3oHax, 4YTO, HAIpHUMep,
I103BOJISIET MCIIO/Ib30BAaTh Ie/IU-HEeOHOBBIH JIa3ePHBIH
ay4 [ HacTpoMKU TII-ONTHYecKUX cHhcTeM. Ero

II0Ka3aTesb IIpeJloMieHus ~1,46, U OH IpaKTHYeCcKH 100
He 3aBHCHUT OT JJIMHBI BOIHEI B IVIMHHOBOJTHOBOM JHa-
masoHe. TPX - TBepAblM IPOYHBIM MaTepHhas, KOTO- 80

PBI MOXKET ObITh MeXaHHUYeCKH IIpeBpallleH B pas-
JIMYHBIE OIITUYECKHe KOMIIOHEHTHI, TaKKMe KaK JTHH3bI
U OKHa. OTMeTHM TaKoe cIelnuduyeckoe IIpUMeHe-
HUe TPX, Kak MCIIO/Ib30BaHHE €ro B KayeCTBe BBIXOLI-
HOr0 OKHa B ra30BBIX MOJIEKY/ISIPHBIX Jla3epax, OLTH-

(o))
o

S
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— HDPE 2 MM

IIpomyckaHue, %
Transmission, %

— ZEONEX 2 MM
4ecKHd HakayuBaeMbIX CO,-jla3epoM, BCIEICTBHE €ro oo — TPX 2 MM
IIpo3pavyHOCTH BO BceM TlL-muamasoHe K abCcoiioT- — UNMWPE 2 MM
HOTO IIOAABJI€HHS H3J/Iy4YeHHs HaKauyKH B OKPECTHO- 0 B L
cTsix A=10 mMuKpoMeTpoB. Tarke okHa u3 TPX mpu- 20 10 100
MEHSIOTCS B KPHUOCTATAX B KaYeCTBe «XOJIOAHBIX» OKOH. a) JUIMHA BOIHBI, MKM | Wavelength, pm

[Iponnyckanue TPX B TTL-mHamna3oHe He 3aBHCHT OT
TeMIlepaTypbl. TeMIlepaTypHbIM KO3QOHUIIMEHT II0Ka-
3aTesisl IIpe/ioOMJIeHHS -3,0-10"* K! (mng muamasoHa
TeMIiepatyp 8-120 K).

IToAusmuaed — 3TO JIETKUM M 3JaCTUYHBIM KPHCTal-
JIM30BaHHBIM MaTepHana. TepMOCTOMKOCTb HeKOTO-
PBIX MapoK IIOAM3THIeHa pgocturaer 110 °C, pmormy-
CKas oxnaxkaeHue go -45 + -120 °C B 3aBUCUMOCTU OT

100

80

[N}
o

IIporyckaHue, %
Transmission, %

Mapku. IIONHMITH/IEH KMMeeT XOpOIIKe AHINIEeKTPU- 40 =TT AT
YecKHe XapaKTePHUCTHUKH, XMMHYECKY M pafHally- — PICARIN 2 MM
OHHYIO CTOMKOCTb. IIOoKasaTenb IpeoMyeHHs ~1,54 20 — PP2 MM
U 1260 MeHsIeTCst B IIMPOKOM [JHalla30He JTHH BOJH. PTFE2 MM
OGBIYHO I [TPOM3BOACTBA OITUYECKUX KOMIIOHEH- 0 L LI
TOB HCIIO/Nb3YeTCsl IIOJIHUA3TH/IEH BBICOKOHM IIIOTHOCTH 20 10 100

b) JUIMHA BOJIHBI, MKM | Wavelength, pm

(HDPE) miM CBepXBBICOKOMOJIEKY/ISIPHBIH IIOJIM3TH-
JieH BBICOKOU U10oTHOCTU (UHMWPE). TOHKUe IVIeHKU
HDPE wucnonb3ytorca B Tli-monspusaTopax. Takoke
HDPE npuMeHsSeTCS IPH HM3TOTOBJIEHHH OKOH [Jif Puc. 6. Cnekmpbl nponyckaHus:

OIITOAKYCTHYECKHX IIPHEMHHUKOB. C/ielyeT OTMETHUTD, a) TPX, noauamuneda (HDPE u UHMWPE) u ZEONEX;

4to nponyckanue HDPE B TT'Li-AHamna3oHe He 3aBUCUT b) COC, noaunponuaera (PP), mepnoHa (PTFE)

OT TeMIIepaTyphbl, YTO II03BOJISEeT HCIIONb30BaTh ero u Picarin (Tsurupica)

B KpuocTaTax. Ero TemMmnepaTypHbIM K03)UIIHEHT Fig. 6. Transmission spectra of: a) TPX, polyethylene (HDPE
IoKasaTessl IpeloMieHus -6,2:10"* K gns puama- and UHMWPE) and ZEONEX; b) COC, polypropylene (PP),

30Ha Temiepatyp 8-120 K. UHMWPE uMeeT xopollee Teflon (PTFE) and Picarin (Tsurupica)

CoYeTaHHe >KeCTKOCTH M MeXaHH4YeCKOH AeMIPHUpPY-

PHoTONICs vOL. 19 NO.5 2025 4
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IOLeN CIIOCOOHOCTH, XOPOIIO ITOAJAETCS MeXaHH4e-
cKort obpabotke. ITo COBOKYIIHOCTH cBOKcTB UHMWPE
nerye monaupyercs, yem HDPE, 4To BasKHO IIPH H3T0-
TOBJIEHUH ONTUYECKHUX 3JIEMEHTOB.

Toaumempapatoposmuaen (PTFE) - 3TO TBepABIH
U TSDKeJBIH IUIACTUK 6e0ro LiBeTa C IUIOTHOCTBIO
OKoJI0 2,2 T/cm3. Ero TeMIlepaTypa IJIaBIeHHSI COCTaB-
nset 327 °C, IIpU 3TOM OH COXpaHseT CBOM CBOLCTBA
B IIIMPOKOM JHalasoHe TemrepaTyp ot —73 °C mo 204 °C.
IloxkasaTesnp mpesoMaeHHUs n=1,43 B IIMPOKOM JHaIla-
30He JIMH BOJIH.

ZEONEX obnamaeT OTAHMYHBIMM MeXaHHUYeCKUMU
CBOMCTBAMH, XOPOIIeH XHMHYEeCKOH CTOHKOCTBIO
1 O4eHb HHU3KOH [lerasaliyell B YCIOBHSIX BaKyyMa 0
1022 mM. pT. cT. Jlyumwue o cpaBHeHHIO ¢ TPX Mexa-
HU4YecKUe cBoricTBa ZEONEX [enalT BO3MOSKHBIM
KCIT0/Ib30BaHME 3TOrO0 IUIACTHKA [JI H3TOTOBJIEHUS
TT-TIpU3M.

COC mpuB/IeKaTesleH K3-32 BBICOKOHM paboueil Tem-
[epaTypel, OTIMYHOIO IIPOIYCKAaHMSA, HM3KOTO [BY-
Jy4erpesioMIeHHUss W HHU3KOTO BJIArOIOT/IOIIeHMS.
BaskubeIM mocTouHCTBOM COC SB/ISETCS BO3MOMKHOCTD
M3TOTOBJIEHUS U3 HET0 pa3HooOpa3HBIX TepareplieBbIX
KOMIIOHEHTOB MeTomoM 3D-meyaTu.

Jis M3TOTOBJIEHMS Pa3IUYHBIX ITACCHMBHBIX 3JIe-
MeHTOB TT1-AMana3oHa B HEKOTOPBIX Clydasix ymob-
Hee MCII0JIb30BaTh hoAunponuder. IIOTUIIPOIIMIIEH
[IOJIy4alOT IIOJIMMepH3aliiel IIPONMIeHa B IPUCYT-
CTBUM META/UIOKOMIIJIEKCHBIX KaTaJikn3aTopoB. OH
6oee yCTOMYHUB K BO3/I€HICTBHIO arPECCUBHBIX Cpef, I10
CpaBHEeHHIO C ronustuaeHoMm HDPE u nyume obpaba-
ThIBAETCS MEXaHHUYEeCKH.

9ddexTHBHOE ITpeobpasoBaHMe CBETOBBIX I1yUKOB
Tl-AuamnasoHa TpebyeT MCIIONB30BAHMS IIPOCBETIISI-
IOIIKX ONMUYeCKUX NOKPbIMULl 10 aHAJIOTUH C TeM, KakK
mofo6Hble TTOKPBITHS HCIIONB3YIOTCS B APYIUX (BUIHU-
Mom u HK) obnmactsix msnydeHus. OpHako B TILI-
obnactu TpebyeTcsi NpUMeHeHHe CIIeLUAIbHBIX,
IIPO3payvyHbIX B 3TOM AUAalla30He [JIMH BOJIH, ITOKPhI-
THH H3 IOJHMEpPHBIX MaTepHanoB. K TakKMM OTHO-
CUTCSL noau-napa-kcuauaerosvle (IIIIK) (mmapuaeHOBEBIe)
IIOKPBITHUS.

IIIIK MOKPBITHS XapaKTepHU3YIOTCSI BBICOKOM OFHO-
PONHOCTBIO KM BBICOKMMH 3aIIUTHBIMHU CBOMCTBaMH,
VMHePTHOCTBIO K OOJIBIIMHCTBY OpraHUYecKUX PacTBO-
pUTelled M PAacTBOpaM KHCJIOT, INeJIoYer M COJIeH.
dopMHpOBaHMe ITOKPHITHS He TPebyIOT BBICOKUX TeM-
IepaTyp, YTO UCKIIOYaeT IIeperpes feTanel. B MoKpel-
TUHU OTCYTCTBYIOT BHYTPEHHUE HaIIPSISKeHHUS .

Hcrionp3ys mokasaTenb mmpenoMmiaeHus IIIIK n=1,63,
pPac4yeTHBIM IyTeM IS [IPOCBET/IeHHS B HY>KHOM JHa-
I1a30He JUIMH BOJIH MOYKHO OIIPeZe/INTh TONIIHHY IIPO-
CBET/IAIOIIEro OKPhITHA. Ha puc. 7 moKa3aH y4acToOK
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Sapphire similar to the crystalline and fused quartz,
is transparent in the THz region as well as in the vis-
ible one (fig. 3). Similar to HRFZ-Si, the hypo-hyper-
and hemispherical lenses for the THz detectors and
generators based on the photoconductive antennas are
made from sapphire that has a refractive index close
to the silicon’s values.

Cermanium is used in the THz range to manufacture
the active elements of acoustic and optic devices [2]. It
is also applied in the multispectral thermal imaging
devices of the IR + THz ranges [3].

The polycrystalline diamond that is transparent for
ultraviolet radiation to the millimeter range, is used
to produce the entry and exit gates in the powerful
THz radiation sources. The polycrystalline diamond
has high thermal conductivity and a low thermal-
expansion coefficient that allows it to withstand high
radiation loads [4].

A promising material for the production of optics
in the long-wavelength region of the THz range is gal-
lium arsenide (GaAs). This can be judged by comparing its
transmission spectrum with the spectra of HRFZ-Si
and Ge (fig. 5).

Another group of materials for THz photonics
includes the polymers. Some of them have excellent
transparency within the THz range with relatively
low reflectivity. Polymethylpentene (TPX), Picarin
(Tsurupica), cycloolefin polymer (Zeonex), cyclic ole-
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Puc. 7. Cnekmp nponyckaHus NnAdCMuHbl KpUCMAaAu4eckozo
K8apua ¢ 08yXCMOPOHHUM NPOCBEMASIIOLLUM NOKPbIMUEM U3
MK (kpacHoili) u 6e3 nokpbimus (4epHbili)

Fig. 7. Transmission spectrum of a crystalline quartz plate
with a double-sided antireflective coating made of PPX (red)
and without coating (black)
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CIIeKTpa MPOIYCKaHHSA IIJIACTUHBI M3 KPUCTaJIMye-
CKOTO KBaplla C OBYXCTOPOHHHM IIPOCBETJIAIONIHUM
nokpeiThem u3 IIIK TOJMIIUHON 60 MKM. [HMaria3oH
OIMH BOJIH IIpocBeTieHus 200-600 mxM. IIpocBetis-
fo1ye MoKpeITUs K3 ITITK MOKHO HAaHOCUTD M Ha ITOJ-
JIOKKU 13 HRFZ-Si.,

Tru-OKHA, INH3bl U 3EPKAJIA
B pasnuunbix TILU-IpUbOpax U YCTPOMCTBAX IIHPOKO
NIpUMeHSIOTCSL oKHa U3 HRFZ-Si, KpHCTa/IM4ecKoro
KBapLa (z-cpe3) ¥ camdupa, a TakoKe U3 IIACTHKOB.
OKkHa MOTYT OBITh KaK ILIOCKOIIApaJIIe/IbHble, TakK
Y KJIMHOBUHBIE,

OKHa, M3TOTOBJIEHHBIE M3 KpUCMAAAUYECKO20 Keapud, L A

061a1aI0T CIeqyIONMMH BaKHBIMU CBOMCTBAMHU |
*  OHM IIPO3PAYHBI B BUAUMOM [UATIa30He ATHH r b p 1“7 |p 1Y b
BOJIH, YTO I103BOJISIET JIETKO HACTPAUBATh OIITH-
YecKyIo CUCTeMY II10 reJIMK-HeOHOBOMY JIa3epy;
e OHH He U3MEHSIOT COCTOSIHUE JIMHEMHOMU 1015~ T T T
pH3alLMHU Ty4a; — Iumep- T=L+A, tne A<D/2
¢ OHHU MOTYT OXI&KAATHCS HIDKE A-TOUKH SKUIKOTO monychepa  moaycdepa Honychepa  JIMH3A-CIIYIIA»
renusd. Hypo- Hyper- Hemisphere Bullet lens
Insa TTu-npuMeHeHUH koMmmnaHus «THIEKC» usro- hemisphere  hemisphere
TaBJIMBaeT JMH3bl KIaccuyeckor dopmbl u3 HRFZ-Si b)
u TPX [6]. Ocobyio KaTeropuio IpefcTaB/IsOT coOOi
nonycepruyeckrie JUH3bl Pa3TIMYHON POPMBI: THIIep- Puc. 8. Domozpadus u 3cKu3bl HEKOMOpPbIX AUH3 U3 HRFZ-Si:
ronycdepsl, monycepsl, THUIIONONYycHephl U JIMH3EL — |  2unonoayceepa, eunepnonycgepa, noaycdepd, AUH3A-«nyAs»

«aynu» (puc. 8). Tumepnonycdepa - 3To HebosbIuas Fig. 8. Photograph and sketches of some lenses made of
OIITUYECKas IIOBEPXHOCTh, BRIIIOJIHEHHAas B popme HRFZ-Si: hypohemisphere, hyperhemisphere, hemisphere,
monycdepsl, HO C FPAHUYHBIM H3ruboMm, mpessimaro- | ‘bullet”lens

muM 180°. I'mmeprionycdepbl U I[OAychephl HCIIONb
3y10Tca B TII-ONTHYeCKUX CHUCTeMax, OCHOBAaHHBIX
Ha >QdeKTe TBepHOTeNIbHOM HMMepcuu [7]. T'umo-
nonycepa - 3T0 ycedeHHass dopma monycoepude- || fin copolymer (COC or TOPAS), polyethylene (HDPE),
CKo¥M nHuH3bl. OHa Hcronb3yeTcss B pasnuuHbix TT'n- || high-molecular-weight polyethylene (UHMWPE),
ONTHYeCKUX cucTeMax U B Tru-mukpockonuu [8]. || polytetrafluoroethylene (PTFE, fluoroplast or Teflon),
JIuHza - «Iynas» IpefcraBiseT coboii monycepy,
COBMEIleHHYIO C LIUIMHIPOM, Ile pamuyc chepuye-
CKOM II0BePXHOCTH paBeH R, nuameTp LMIHHIpa 2R,
a obmas TonmuHa L. Takve TUH3BI TPUMEHSIOTCS IIPU
H3IOTOB/IEHHMH HHTEIPUPOBAHHBIX JIMH30BbIX aHTEHH,
B ToM uucre mig Tr'a- u CBY-guamasonos. Ilony-
cdepsl u runepnonycdeprl u3 HRFZ-Si mmupoxo mpu-
MEeHSIIOTCS /I HM3TOTOBJIEHHS IIPHEeMHBIX YCTPOKCTB
MaTpUYHOILO THIIA B cucTeMax TII-CKaHHMPOBaHUSA
U BU3yanusauuu [9,10].

Si akcukoubl. KoHHYecKass JIMH3a MM aKCHUKOH
(puc. 9) ucmonw3yeTcs Aj1s peobpasoBaHMs rayccosa
Iy4yKa B IIY4OK Beccens. AKCMKOH QOKYCHPYeT H3J1y-
YeHHe B JIMHUIO, COCTOSILYI K3 MHOKECTBA TOYeK
B/IOJIb ONTHYECKOM ocH. IlonyueHHass JTUHUSL obpa- | Puc. 9. AKCUKOHbI U3 8bICOKOOMHOZ0 Si
3yeT KOJBLIO IIOCTOSIHHOM WIMPHHBI C yBeJIHUMBalo- | Fig.9. Axicons made of high-resistance Si
IIUMCS JUAMeTPOM IIPH YBeIHYeHUH PACCTOSHUS [0

PHOTONICS vOL. 19 No.5 2025 6
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3JIeMeHTa (pHC. 10). M3roTaBINBAIOTCS aKCUKOHBI 13
HRFZ-Si.

TTu-AuH3bl Pperesq. YIIpaBreHHe H3TydeHHeM Heob-
XoouMo Bo MHorux TI'u-mpuMeHeHHIX. Yallle BCero
OHO OCYIIECTB/ISIETCS C IIOMOIIBIO I1apaboIuyecKUux
3epKkan U pedpakLMOHHOMN ONTUKH. OfHAKO JUdpaK-
LIMOHHAs ONTHKA IIPeJoCTaB/seT HOBble, IIPUHIIMIIN-
aJIbHO [Apyrue BO3MOMKHOCTH, ITOCKOJIBKY II03BOJISIE€T
OCYIeCTB/SATh IPOCTPAHCTBeHHOe Ipeobpa3oBaHHeE
nyda. [ yIOBIeTBOpeHHs IOTpebHOCTEH B AUb-
PaKkLMOHHON oNTHKe B TI1-4acTOTHOM [HaIla30He
6pl1M pa3paboTaHBl METOA pacyeTa M TeXHOJIOTHS
usrorosneHusa Tru-nuH3 OpeHens IOCPeACTBOM
3D-mievaru [9].

JInH3el PpeHesst KMeIT MHOIOYPOBHEBBIH pebed,
MaKCHMAaJIBHO IPUOIIKEHHBIN K HIeaNbHOM dpopMe
dasoBor GyHKUMH AUPPAKIHUOHHOIO QoKycaTopa
B IIATHO. MOHOXpOMaTHYeCKass M IIMPOKOIIONIOCHAS
MUH3bl PpeHessl OTAMYAIOTCS TOMLIMHOM IPOGHIISL
MHKpopenbedpa. TII-MOHOXPOMaTHYECKHE JIMH3bI
Openens (kuHOQOpPMBI 1-TO mopsaka) paboTaroT Ha
PpacyeTHOM 4YacToTe, YacTOTaX, KPAaTHBIX pacdeTHOU
YacToTe, U B IIMPOKOM [JHAIla30He BBICOKMX YaCTOT.
TI-IIMPOKOIIONOCHBIe TUH3BI OpeHesnst (KRUHOGOPMBI
BBICOKOTO IIOPSIAKA) HMEIOT I POKHU I pabovur I AUaa-
30H YaCTOT, KOTOPBIM «CABHUHYT» OJIFKe K pacieTHOMN
yacrtore. TakumM ob6pasom, TIL-MOHOXpOMaTHYeCKHe
nvH3bl OpeHensa cjienyeT HCIOAb30BaTh B TOM CIIy-
4yae, ecnu Tpebyercs 3¢dPeKTHBHOe yIIpaBIeHHe

LECEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
ONTUYECKUE YCTPOUCTBA M CUCTEMbI I
LECEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
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Puc. 10. Cxema ¢oKycuposKu u3Ay4eHust akCuKOHOM
Fig.10. Diagram of radiation focusing by an axicon

Puc. 1. ®omozpapus moHoxpomamuueckoll AUH3bI
®peHens uz COC

Fig.11. Photograph of a monochromatic Fresnel lens made
of COC

7  ®OTOHMKA TOM 19 Ne5 2025

and polypropylene (PP) find their practical applica-
tion [5]. At the long wavelengths, the transmission of
these polymers is structureless and flat. At the short
wavelengths (typically less than 200 micrometers),
there are some typical absorption bands (fig. 6) related
to the natural vibrations, with the enhanced scatter-
ing by the material inhomogeneities. The polymers
usually become less transparent as the wavelength
decreases.

TPX is the lightest of all well-known polymers. It is
transparent in the ultraviolet, visible and far infrared
ranges that, for example, allows using a helium-
neon laser beam to tune the THz optical systems. Its
refractive index is ~1.46, and it is almost independent
of wavelength in the long-wavelength range. TPX is
a hard and durable material that can be mechanically
converted into various optical components, such as
lenses and windows. A certain specific application of
TPX is its use as an exit gate in the gas molecular lasers
optically pumped by a CO, laser, due to its transpar-
ency in the entire THz range and absolute suppression
of pump radiation in the vicinity of A=10 micrometers.
Moreover, the TPX gates are also used in the cryostats
as the “cold” gates. The TPX transmission in the THz
range is independent of temperature. The temperature
coefficient of the refractive index is -3.0-10~* K-! (for
the temperature range of 8-120 K).

Polyethylene is a light and elastic crystallized mate-
rial. The heat resistance of some polyethylene grades
reaches 110 °C, allowing cooling to -45 + -120 °C,
depending on the grade. Polyethylene has good dielec-
tric characteristics, chemical and radiation resistance.
The refractive index is ~ 1.54 and is changed little over
a wide range of wavelengths. The high-density poly-
ethylene (HDPE) or ultra-high-molecular-weight high-
density polyethylene (UHMWPE) are usually used to
produce the optical components. The thin HDPE films
are applied in the THz polarizers. HDPE is also used to
make the gates for optoacoustic receivers. It should be
noted that the HDPE transmission in the THz range
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nydykoMm TTi-HempeprelBHOro H3aydeHus. TIIi-
IIMPOKOIIOJIOCHBIE JTHH3BI PpeHels MOKHO HMCIIONb
30BaTh [/ ynpaBiaeHUsS TIL-MMIYJIbCHBIM H3/1y4de-
HUeM. B KavyecTBe MaTepHasia H3rOTOBJIEHHUS s
oboux BUAOB TTIL-IMH3 dpeHens HCIIONb3yeTCs Tep-
MOIUIACT M3 LHKI00JepUHOBOro cormonruMepa COC.
OCHOBHBIMHU IIpEMMYLIECTBAMU JIMH3 PpeHens Hal
pedpakMOHHBIMY JIUH3aMHU SAB/IAETCS MIPAKTHYECKU
[IOJTHOe OTCYTCTBHe chepuyecKUX abeppalllM, MeHb-
IIasi TOJMIIMHA U MeHBIINEI BeC IIPH paboTe ¢ myIKaMU
bospIIoro fMaMeTpa U, Kak CJIeACTBHE, TydIlas ayde-
Basi CTOMKOCTb 32 CYeT MeHBILero IOIJIOUeHHs H3JIy-
YeHHs] BHYTPH TeJla JIMH3BL.

Tlru-MoHOXpOMaTHYecKKe JIMH3bI OpeHens GOKy-
cupyior TI'-usnydeHue jaydiie, 4yeM pedpakIjMOH-
Hble TMH3bI. CpaBHeHHE HHTeHCHBHOCTH M3J/Iy4eHH,
CPOKYCHPOBAaHHOIO AHUQPPAKLHUOHHOM THH30U Ppe-
HeJIs C MHTeHCUBHOCTBIO HM3TyYeHUsI, CPOKYCHUPOBAH-
HOro pedpaKIIMOHHON TUH30M U3 TPX, IIpefcTaBaeHO
Ha puc. 12.

Tl - IIKPOKOIIOOCHBIe JIMH3bI DpeHens GOKyCH-
pytor TTu-u3nydeHue He Xyke, 4YeM pedpakLHOH-
Hble JUH3bI. Ha puc. 13 mpencraBieHO CpaBHEHHE
CIIeKTpa MHTeHCHBHOCTH M3/Iy4YeHHS, COOKYCHPOBAH-
Horo AuGPaKIIMOHHOMN JTUH30M PpeHens (pacueTHas
pabouas gacrora 1 Tl'r, dokycHOe paccTosiHue 90 MM,
OyaMeTp JIMH3BI 93 MM), CO CIIEKTPOM HHTEHCHBHO-
CTH M3Jly4yeHHs, CPOKYCHPOBAHHOIO peppaKIMOHHOM
nuH30u 13 TPX.

il 4

does not depend on temperature that allows it to be
used in the cryostats. Its temperature coefficient of
refractive index is -6.210% K for the temperature
range of 8-120K. UHMWPE has a good combination of
rigidity and mechanical damping capacity, and lends
itself to machining with no difficulty. Based on the
combination of properties, UHMWPE is easier to pol-
ish than HDPE that is important in the production of
optical elements.

Polytetrafluoroethylene (PTFE) is a hard, heavy, white
plastic with a density of about 2.2 g/cm3. Its melting
point is 327 °C, and it retains its properties over a wide
temperature range from -73 °C to 204 °C. Its refractive
index is n~1.43 over a wide range of wavelengths.

ZEONEX has excellent mechanical properties, good
chemical resistance and very low vacuum degassing
in the conditions of up to 10> mmHg. The superior
mechanical properties of ZEONEX compared to TPX
make it possible to use this plastic for the production
of THz prisms.

COC is attractive due to its high operating tempera-
ture, excellent transmittance, low birefringence, and
low moisture absorption. An important advantage of
COC is the possible production of various terahertz
components using the 3D printing process.

In some cases it is more convenient to use polypro-
pylene to manufacture various passive elements of the
THz range. Polypropylene is obtained by polymerizing
propylene in the presence of metal-complex catalysts.

0o 100 - 200

Puc. 12. 'paguk pacnpedeneHust UHMeHcuBHocmMu
u3Ay4eHusl, cpoKycuposaHHo20 AuH3ol ®peHens (caesa)

u peppakuuoHHoli auH3ol (cnpasa)

Fig. 12. Distribution graph of radiation intensity focused by
a Fresnel lens (left) and a refractive lens (right)

0,30
- —— PedpakumnoHHasg IHH3a, TPX
0,25 - Refractive lens, TRX
— U POKOII0I0CHAS
[ nuH3a dpeHens, COC
0,20 Wideband Fresnel’s lens, SOS

Ammutyzna Tri-nons, a6e. en.
Amplitude of the THz field, absolute units

Il
0 0,5 1,0 1,5 2,0

Yacrorta usnydenus f, Tl | Radiation frequency f, THz

Puc. 13. CpagHeHUe cneKmpos amnaumyobl nNoAsl,
CHOKycUpoBAHHO20 AUH3AMU

Fig.13. Comparison of the amplitude spectra of the field
focused by the lenses
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Puc. 14. TT'y acepuyeckas f-theta auHza
Fig.14. THz aspherical f-theta lens

[t GOKYyCHPOBKU HM3Iy4eHHs B cucreMax TT1i-
BU3ya/JIM3allMHM M CKAaHHPOBAHHSA BMeCTO chepuue-
CKHX JIMH3 MOXHO HCIonb3oBaTh f-theta num3b [6]
(puc. 14), crocobHBle 00eCIeYuTh IUIOCKYIO (POKYCH-
PYIOILIYIO I[IOBePXHOCTb M IIOYTH IIOCTOSHHBIM pa3-
Mep MATHa II0 BCeMY IIO/NI0 CKaHHMPOBaHHA. Takue
JMHH3BL pa3paboTaHbl A obecriedeHHUs] THHEHHOrO

—— PeasibHOe II0JIOSKEHHE
MaKCHMyMa
Actual position

of the maximum

— JIuHeNHas 3aBUCHMOCTh
Linear dependence

KoopAauHaTa MakCHMyMa U3Ty4eHUsI, MM
Coordinate of maximum radiation, mm
- N w
o o o
T T T T

o
T

=30 =20 -10 0 10 20 30

YTOJI mafieHus U3TyIeHUs Ha IUNH3Y, TPak.

Puc. 15. 3asucumocmb nonepe4Hol KoopOUHAMbl
makcumyma TTu, usny4eHust 8 pokyce f-theta auH3bl om yana
OMKAOHEHUS!

Fig.15. Dependence of the transverse coordinate of the THz
radiation maximum at the focus of f-theta lens from the
angle of deviation
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It is more resistant to the aggressive environments
compared to the HDPE polyethylene and is better pro-
cessed mechanically.

The efficient conversion of THz-range light beams
requires the use of antireflective optical coatings, similar
to the methods when such coatings are used in other
(visible and IR) radiation regions. However, in the THz
region, the special polymer coatings that are trans-
parent in this wavelength range are required. These
include poly-para-xylylene (PPX) (parylene) coatings.

The PPX coatings are specified by high homoge-
neity and high protective properties, inertness to
most organic solvents and solutions of acids, alkalis
and salts. The coating development does not require
any high temperatures that eliminates overheating of
parts. There are no internal stresses in the coating.

While using the refractive index of the PPX n=1.63,
the antireflection coating thickness can be deter-
mined by calculation for antireflection in the required
wavelength range. Fig. 7 shows a section of the trans-
mission spectrum of a crystalline quartz plate with
a two-sided antireflection coating made of PPX with
a thickness of 60 pm. The range of antireflection
wavelengths is 200-600 pm. The antireflection coat-
ings made of PPX can also be applied to the HRFZ-Si
substrates.

THz GATES, LENSES AND MIRRORS

In various THz devices and equipment, the gates made
of HRFZ-Si, crystalline quartz (z-cut) and sapphire,
as well as plastics, are widely used. The gates can be
either plane-parallel or wedge-shaped.

The gates made of crystalline quartz have the following
important properties:

+ they are transparent in the visible wavelength
range that allows easy tuning of the optical sys-
tem for a helium-neon laser;

« they do not change the state of linear polariza-
tion of the beam;

« they can be cooled below the A-point of liquid
helium.

For the THz applications, TYDEX manufactures the
lenses of classical shape using HRFZ-Si and TPX [6].
A special category includes the hemispherical lenses
of various shapes: hyperhemispheres, hemispheres,
hypohemispheres and “bullet” lenses (fig. 8). A hyper-
hemisphere is a small optical surface made in the
shape of a hemisphere, but with a boundary bend
exceeding 180°. The hyperhemispheres and hemi-
spheres are used in the THz optical systems based
on the solid-state immersion effect [7]. A hypohemi-
sphere is a truncated form of a hemispherical lens.
It is used in various THz optical systems and in the
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CMelleHH4 JIydya KaK TMHeMHOH QYHKIUH YIJIa OTKJIO-
HeHUs, YTO IIPUBOAUT K IIOCTOSIHHOM CKOPOCTH CKa-
HUPOBAaHUS Ha IUJIOCKOM ITOBEPXHOCTH. OHH H3ro-
TaBJIMBAIOTCI MeTomoM 3D-mmeyatu u3 COC. F-theta
JMHH3B TakKe obecredMBalOT IIOCTOSIHHYIO a3y
IIHMPOKOIONOCHOro TI'L-U37y4eHHs B IIOCKOCTH CKa-
HUPOBAHHUS U BBICOKOE paspellleHHe H300pasKeHHUs.
M306paskenus, popmupyemble obbektBamu f-theta,
obnamaroT 60uKko0bpa3sHBIM HCKa’keHHeM, a II0JI0-
>KeHHe IITHa Ha IUIOCKOCTH H300pakeHHS IPSIMO
IIPOIIOPLIMOHAJILHO YIy CKAHHUPOBaHHUS. JTa 0cobeH-
HOCTb yCTpPaHseT HeobXOIUMMOCTb CJIOSKHOM 3JIeKTPOH-
HOHM KOPpPeKLHHU U I103BOJISeT CoOHUpaTh OBICTPYIO,
OTHOCHUTE/IBHO HeJOpPOryl0 M KOMIIAKTHYIO CHCTeMy
CKaHHpoBaHMUS. F-theta MTHH3HI TakKe 0becrIeYHBaAIOT
IIOCTOSIHHYIO $a3y IMHPOKOII0NOCHOTO TI'1I-U3/1ydeHUs
B IIJIOCKOCTH CKaHHPOBAaHHS M BLICOKOe pa3pelleHHe
H306paskeHU.

Ha puc. 15 moxkasaHa 3aBHCHMOCTDH IIOIIE€PEeYHOU
KOOpPIMHATEl MaKcUMyMa TTL-u31ydeHHsS B QoOKyce
f-theta nuH3BI OT yria oTKIOHeHHUs (yria HafeHHUs
Tru-usnydenust Ha f-theta nmH3y). Kak BuUmHO u3
PHCYHKa, B [Halla3oHe yIJIOB OT —25 g0 +25 rpapy-
COB JaHHAasl 3aBHUCHUMOCTb JIMHEHHA, YTO I103BOJISeT
IIPOBOJMTh CKAaHHMPOBaHHE IIJIOCKOM IIOBEPXHOCTH
C IIOCTOSIHHOM CKOPOCTBIO.

[liss IpUMeHeHUM, Ife HeoOXOAHUMO II0JIHOCTBIO
oTrpasuTh TTi-usnydyeHue, KoMmmoaHusa «THIEKC»
npejjaraeT KCII0/1b30BaTh TTy-3epkasa [6]. 9TH 3epKaa
H3rOTaB/IMBAIOTCS M3 IVIaBJIEHOr0 KBaplia, IOKPBITOIO
30JI0TOM C 3aIIMTOM M3 IIJIEHOK AHOKCHUIA HUTTPHS
(I,O;) 1 guokcuaa KpeMHHUs (SiO,). CIeKTp oTpake-
HU TaKOIO 3epKajia IIpe/CTaB/ieH Ha pUc. 16.
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40
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Reflectivity, %

0 | 1 I I I I I | 1 1
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JUIMHA BOJIHBI, MKM | Wavelength, pm

Puc. 16. OmpaxkeHue TI'u 3epkana
Fig.16. Reflection of the THz mirror
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THz microscopy [8]. The “bullet” lens is a hemisphere
combined with a cylinder, where the spherical surface
radius is R, the cylinder diameter is 2R, and the total
thickness is L. Such lenses are applied in the manu-
facture of integrated lens antennas, including those
for the THz and microwave ranges. The HRFZ-Si hemi-
spheres and hyperhemispheres are widely used to
produce the matrix-type receiving devices in the THz
scanning and visualization systems [9,10].

Si axicons. A conical lens or axicon (fig. 9) is used to
transform a Gaussian beam into a Bessel beam. The
axicon focuses the radiation into a line consisting of
many points along the optical axis. The resulting line
generates a ring of constant width with an increas-
ing diameter as the distance to the element increases
(fig. 10). The axicons are made of HRFZ-Si.

THz Fresnel lenses. The radiation control is neces-
sary in many THz applications. Most often, it is
achieved using the full-parabolic deflectors and refrac-
tive optics. However, the diffractive optics provide
new, fundamentally different possibilities, since it
allows for spatial transformation of the beam. In order
to meet the needs for diffractive optics in the THz fre-
quency range, a calculation method and production
technology for the THz Fresnel lenses using the 3D
printing process have been developed [9].

The Fresnel lenses have a multi-level profile that is
close to the ideal form of the phase function of the dif-
fraction focuser into a spot to a maximum level. The
monochromatic and broadband Fresnel lenses have
various thickness of the microrelief profile. The THz-
monochromatic Fresnel lenses (Ist order kinoforms)
operate at the rated frequency, frequencies multiple
of the rated frequency, and in a wide range of high
frequencies. The THz-broadband Fresnel lenses (high-
order kinoforms) have a wide operating frequency
range that is “shifted” closer to the rated frequency.
Thus, the THz-monochromatic Fresnel lenses should
be used in the cases where efficient control of the
THz-continuous radiation beam is required. The THz-
broadband Fresnel lenses can be used to control the
THz-pulsed radiation. Thermoplastic made of cycloole-
fin copolymer COC is used as a material for both types
of THz Fresnel lenses. The main advantages of Fresnel
lenses over the refractive lenses include the almost
complete absence of spherical aberrations, smaller
thickness and lighter weight when working with the
large diameter beams and, as a result, better radiation
resistance due to the less radiation absorption inside
the lens body.

The THz monochromatic Fresnel lenses focus THz
radiation better than the refractive lenses. A com-
parison of radiation intensity focused by a diffractive
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Truy-CNEKTPOAENMUTEINU N NYUYEOLAENTUTENN
JlJisi IpUMeHeHUH, Iie HeobXooUMO OTPa3suTh OIIK-
Hee HHOpakpacHoe (BMK) uau cpegHee HHPpPaKpac-
Hoe (CHK) u3ny4eHHe U COXPAaHUTb IIPHU 5TOM XOpolllee
nponyckaHue B Tru-guamasone, «THJEKC» mpemia-
raet Tl'1-criekTponenuTent [6].
BUK-TT1-crieKTpogeIuTenb HMCIOAb3YeTCS [IJIs
oTmeneHus TII-M31ydeHHsI OT HaKadyKW THUTaH-
canduposoro nasepa, a CHMK-TI'-CIeKTpoOe/ruTeNlb —
oT Hakauku CO,nmasepa. Ins usrorosneHus BHK-
Tr'U-CrleKTpoJe/nuTe/led HCIIOIb3YITCS I10JJIOKKH
M3 BBICOKOOMHOI'O Si MJIM KPHUCTA/IIMYEeCcKOro KBaplia
C HaHeCeHHeM BBICOKOOTPa’KAIOLIero AHIIeKTpHUYe-
CKOTO IIOKPBITHSI (R>90%) B mmarasode 730-860 HM.
IIpx H3TOTOBIEHUU CI/IK-TFu-cneKTponenHTeneﬁ Ha
IIOZI/IOKKHM M3 TeX >Ke MaTepHaJIOB HAHOCATCS BBICO-

Fresnel’s lens with the radiation intensity focused by
a TPX refractive lens is shown in Fig. 12.

The THz broadband Fresnel lenses focus THz radia-
tion no worse than the refractive lenses. Figure 13
shows a comparison of the radiation intensity spec-
trum focused by a diffractive Fresnel lens (rated oper-
ating frequency 1 THz, focal length 90 mm, lens diam-
eter 93 mm) with the intensity spectrum of radiation
focused by a refractive lens made of TPX.

To focus radiation in the THz imaging and scan-
ning systems, it is possible to use f-theta lenses [6]
(Fig. 14) instead of spherical lenses. They are capable
of providing a flat focusing surface and a nearly con-
stant spot size over the entire scanning field. Such
lenses are designed to provide a linear beam offset as
a linear function of the deflection angle that results
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KOOTpasKaIolle IIOKPBITHS B JHaIla3oHe 9-11 MKM.
CIIeKTpHI IIPOIYCKAHUS U OTPAsKeHU s CIIeKTPOAe/IUTe-
7Ie TIpHBeZleHbl Ha PUCYHKax 17 1 18.

Jlyuedeaumenu — 3TO ONITHYECKHEe 37IeMEHTHI, IIpeJHa-
3HaYeHHBbIe I pa3fe/ieHus yda CBeTa Ha JBe WU
6oree yacTu. OHU IPUMEHSIOTCS B PA3/IMYHbIX OITH-
YeCcKUX CXeMaxX, a TakKkKe B MHTepdepomeTpax. Kom-
nanusa «THIEKC» usrotaBauBaeT TIL-IydenennTenu
IByX TUIIOB [12]:

* OJHOIIPOXOAHBIE JIyuefeUTeNH (OHH HUCIIOIb
3YIOTCS B OIITUYECKUX CXeMax, IZie U31ydeHHe
MIPOXOAMT Yepe3 Je/TUTelb OOUH Pas);

* MHOIOIIPOXOAHBIE JIyuele/uTe/IH /11 UHTepde-
POMeTpOB (TaKOM HelUTeNb IpefHA3HAYEeH [
MHOTOKPATHOI0 IIPOXOKAEHHUS Jlyda). B oTnu-
4He OT OJHOIIPOXOAHOI0, MHOTOIIPOXOHBIH
JydenenuTe b UMeeT OUYeHb BBICOKYIO IIJIOCKOIIa-
PaJLIeIbBHOCTD IIOBEPXHOCTEH.

Martepuan s TIL-nydenenuTesled — 3TO BBICOKO-

OMHBIH Si. CIIeKTPHI IPOIIYCKAHUS U OTPaskeHUs IIPU-
BelleHbl Ha pucC. 1.

3AK/TIOYEHUE

Pacmmpenue npumeHeHHs: TTIL-U3/ydyeHHUsT [ejlaeT
aKTyaJIbHBIMM 33fla4M Pa3paboTKU M HM3rOTOBIEHUS
3QPeKTUBHBIX ONTHYECKUX D37eMeHTOoB s TIu-
Oouarna3oHa. HoBBIM B 3TOM 067acTH SIBISETCS pas-
paboTKa M M3rOTOBIEHHE OINTHYECKHX 3/eMeHTOB
[JIS yIpaB/eHUsS XapaKTepPHUCTHKaAMH Iy4KoB TI'II-
u3ydyeHuss B cucTemMax TII-BHU3yaJHM3allMH KM CKa-
HUPOBaHHUS. [IpuMepaMM TaKUX pPelleHHH C/ly>KaT
nuH3bl ®penens u f-theta nuH3bI.

s u3roToBaeHUs TTL-ONITUKK HCII0Ih3YIOTCS pas-
JUYHBIE MaTepHaJIbl KaK H3BEeCTHBIe II0 H3rOTOBJIe-
HHUIO KJIACCHMYeCKOM ONTHKH, TaK WU HOBBHIe, paHee
He HaXOAMBIIHe IPUMEHeHHMS C 3TOM Lenblo. IIpu-
BeJleHHble B CTaThe CIEeKTPbl M OPyTHe XapaKTepH-
CTUKY KPHUCTA/JIOB U IJIACTHKOB I103BOJISIIOT BBIOPATh
HeoOXoAMMble MaTepHabl [Isl U3TOTOBJIEHUS OITH-
YeCKHUX KOMIIOHEHTOB [jis IIPHMEHEHMS B HCCIeNO0-
BaTe/nbCKUX TII-cMcTeMaX, a TakXKe B Pa3/IMYHBIX
Tru-ipubopax.
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in a constant scanning speed on a flat surface. They
are manufactured using the 3D printing process and
COC. The f-theta lenses also provide a constant phase
of broadband THz radiation in the scanning plane
and high image resolution. The images obtained by
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position on the image plane is directly proportional to
the scanning angle. This feature eliminates the need
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in the scanning plane and high image resolution.

Fig. 15 shows the dependence of the transverse coor-
dinate of the THz radiation maximum at the focus of
f-theta lens from the angle of deviation (angle of inci-
dence of the THz radiation on the f-theta lens). As can
be seen from the figure, in the range of angles from
-25 to +25 degrees this dependence is linear that allows
scanning a flat surface at a constant speed.

For the applications where it is necessary to com-
pletely reflect THz radiation, TYDEX suggests using
the THz mirrors [6]. These mirrors are made of fused
quartz coated with gold and protected by the films
of yttrium dioxide (I,0;) and silicon dioxide (SiO,).
The reflection spectrum of such a mirror is shown
in fig. 16.

THz SPECTRUM SPLITTERS

AND BEAM SPLITTERS

For the applications where it is necessary to reflect
the near infrared (NIR) or intermediate infrared (IIR)
radiation while maintaining good transmission
in the THz range, TYDEX offers the THz spectrum
splitters [6].

The NIR-THz spectrum splitter is used to sepa-
rate the THz radiation from the pump of a titanium-
sapphire laser, and the IIR-THz spectrum splitter is
used to separate from the CO, laser pumping. The
high-resistance substrates made of Si or crystalline
quartz with a highly reflective dielectric coating
(R>90%) in the range of 730-860 nm are applied to pro-
duce the NIR-THz spectrum splitters. When producing
the IIR-THz spectrum splitters, the highly reflective
coatings in the range of 9-11 pm are applied to the sub-
strates made of the same materials. The transmission
and reflection spectra of the spectrum splitters are
shown in Figures 17 and 18.

The beam splitters are optical elements designed to
split a light beam into two or more parts. They are
used in various optical schemes, as well as in the
interferometers. TYDEX manufactures two types of
the THz beam splitters [12]:
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 single-pass beam splitters (they are used in
the optical circuits where the radiation passes
through the splitter once);

« multi-pass beam splitters for interferometers
(such a splitter is intended for the multiple
beam passes). In contrast to a single-pass one,

a multi-pass beam splitter has very high plane-
parallelism of surfaces.

The material for THz beam splitters is high-resis-

tance Si. The transmission and reflection spectra are
shown in Fig. 1.

CONCLUSION

The expanded application of THz radiation makes
the development and production of efficient optical
elements for the THz range relevant. The novelty
in this area is the development and production of
optical elements for controlling the THz radiation
beam specifications in the THz imaging and scanning
systems. Examples of such solutions include the
Fresnel’s lenses and f-theta lenses.

Various materials are used to produce the THz
optics, both those well-known due to the manufac-
ture of classical optics and new ones that have not pre-
viously found application for this purpose. The spectra
and other specifications of crystals and plastics given
in the article allow us to select the necessary materials
for the manufacture of optical components for use in
the research THz systems, as well as in various THz
devices.
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