KBASHOHTH‘IECKHFIV METO/J U3MEPEHUA
JUIJIEKTPUYECKOU MPOHUIIAEMOCTH
B MUIVIMMETPOBOM JIUAITA30HE YACTOT

K. I'. Barpakos, A. C. Jlo6ko

IIpu npoeaernu B HUM Il BI'Y pabot mo co3manmio 0ObEMHOTO Jiazepa Ha
cBoOOaHEIX AtekTpoHax (OJICD) [1] Bo3HMKAaET HEOOXOAMMOCTh ONPEIEICHUS K-
TPOJMHAMHYECKUX CBOWCTB JUAIEKTPUUECKIX MAaTEPHAIIOB, HCIIOIB3YEMBIX B PE30HA-
TOpax W BOJHOBOJAAX. B 4acTHOCTH, IpH Tak HA3BIBAEMOM «XOJIOJHOM» MOJIEIHPOBA-
HUU TIPOIECCOB HM3IYYCHHS B OOBEMHBIX IOU(PPAKIMOHHBIX TE€HEPaToOpax peajbHBII
AIEKTPOHHBINA MTyYOK 3aMEHSIETCS UMHUTATOPOM B BHJE TUAJIIEKTPUUECKOTO BOJHOBOJIA
C TaKUM pacueToM, 4yToOBI (a3oBas CKOPOCTh BOJHBI B BOJHOBOJE COBITaJalla CO CKO-
POCTBIO MCCIIEAYEMOTO IJIEKTPOHHOTO IydKa [2]. [ns onpeneneHust reoMeTpUIECKIX
MmapaMeTpoB UMHUTATOPa HEOOXOAMMO 3HATH IUAJIEKTPHUECKYIO MPOHUIIAEMOCTh € Ma-
Tepuaya BOJHOBOAA B pabodeM amama3oHe 4acToT. MHpopManus o0 3TOW BEIHIMHE
JUTSL pa3iIMYHBIX MaTepPHalIOB B IIMPOKOM JIHANa30HE YacTOT HeOOXOoIuMa TaKkke IpH
BEITIOJTHEHNHW paboT 1O CO3AAHUIO M3ITydaTeeld Y4epeHKOBCKOTO U KBa3HUYEPEHKOBCKO-
ro tuma. JluteparypHsix (Hampumep, [3, 4]) U CIpaBOYHBIX JaHHBIX W3-3a OOMIIHS
BCEBO3MOKHBIX JMINEKTPUYECKAX MAaTE€pPHaJoB (MHOTHE W3 KOTOPBIX MPU HACHTHY-
HOM XHMHYECKOM COCTaBE€ MOTYT HMETh HEKOTOPbIE OTIMYMS B (DU3MUECKUX ITapaMeT-
pax m3-3a Pa3NWYHBIX TEXHOJOTHI CHHTE3a) BO MHOTHX CIIydasx HemocTatodHo. llo
ATOW mMpuymHe OblTa pazpaboTaHa METOINKA, paccMaTpruBaeMasl B JaHHOH padoTe.

BBumy BaXHOCTH IUAJIEKTPUYECKUX MarepuaiioB B TexHuke CBU-mmanazona
MIPUMEHSETCS OOIBIIOE KOJMIECTBO PA3HOOOPA3HBIX METOIOB U3MEPEHUH IHAIEKTPH-
yeckod mpoHuraeMoctd. Cpenn HUX Haubolyiee pacpOCTPaHEH W CUUTACTCS CaMbIM
TOYHBIM PE30HAHCHBIN METOJ [S5], OJTHAKO €ro MPUMEHEHUE OTPAHUYCHO CAHTUMETPO-
BBIM JTMANIa30HOM JJIHH BOJNH. [Ipn mepexone B MHJUTMMETPOBBIA U CYyOMIIITIMETPO-
BEI JHMAana3oHbl MPUMEHSIOTCS KBa3HONTHUYECKHUE METOJBI. Y CTPOHCTBA Ha OCHOBE
pasauuHbBIX MomuduKanui UHTEphEepOMETpoB [6—8], KaKk MpaBHIIO, NAIOT BBICOKYIO
TOYHOCTb, HO JJIs MHOTHIX 337[a9 OHU SBJISIFOTCS N30BITOYHO CIIOKHBIMHU.

YMepeHHy}o TOYHOCTb U JOCTATOYHYIO IMPOCTOTY MMECT METOA HM3MEPCHUSA KO-
3G PULHIEHTOB MPOXOKICHHUS U OTPAKCHUS M3ITYUCHHUS AUDIICKTPUIECKON TUIACTHHOM
[9]. [Ipu popmMHupOBaHUU OTPAKEHHOM BOJHBI MIPOUCXOAUT UHTEPPEPEHIIUS BKIAI0B
OT MepeHeN U 3aJHEN IpaHull JUAIEKTPUUYECKON TiacTuHKU. Kak pe3ynbraT, KpuBas
OTpaXCHUA 3aBUCUT KPOME yrJia MaJJCHUA OT TaKHUX IMapaMETPOB, KaK 4aCTOTa U3J1yUcC-
HUA, TOJIIMHA INIACTUHKH. Hpnqu 9Ta 3aBUCHUMOCTH H3-3a I/IHTep(bepeHHI/II/I SABIISICTCA
HEeMOHOTOHHOMW. Takass HEMOHOTOHHOCTh HMeEET MECTO, €CJIHM TOJIIHWHA IIJIAaCTUHKHU

MHOIo MCHBIIC JJIMHBI ITOIIOIICHHA (k}((/)/d << 1) B stux YCIIOBUAX 3aBUCUMOCTD

SBIISIETCSl TEM OoJiee pe3Koit, ueM OoJIblile TONIIMHA TacTHHKU. Ha puc. 1 npuBeneHs
pacyeTHbIe 3aBUCHMOCTH KOI(PPHUINEHTOB OTPAKEHHSI MOHOXPOMATHYECKOW BOJIHEI OT
JTUDIICKTPUUIECKON MTPOHUIIAEMOCTH TIPH TOJIIHUHE TACTUHOK d = 1,0 MM 11 d = 2,0 MM
Ha yacrore v = 78 I'T'. Kpuble paccunrtansl mo gopmyne
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Puc. 1. 3aBucumocTy Ko3(pPHUIHEHTOB OTpaXKeHUs OT € rpu yacrtore v =78 I'T':
a — TOJIIIMHA MmIacTUHEI 1,0 MM, 6 — TonmuHa MIACTHHEL 2,0 MM

2
_| (1—-n*){exp[-0,2Imd v+ & —c* /3] —exp[0,21md v+ e — c* /3]} |

r= .
‘(l +1)? exp[—0,21md v+ e — c* /13]— (1—-1)? exp[0,21d v+ & — ¢* /3]‘

VE— g2
3neck v —uactota uznydenus (I'Tw); ¢ — kocuHyc yriia magenus; 7 = ———— —
N g2
MIpU TOJSIPU3ALUU BEKTOPA AIEKTPUUYECKON HANPSHKEHHOCTH B IUIOCKOCTH MAJCHUS U
VE— g2
= 2
eyl-¢

KOCTH, MIEPIIEHANKYIISPHON IIOCKOCTH MaJACHUS.

(1

— TIpU TOJSIPU3AIIUN BEKTOpa JIEKTPUUECKOil HaNpsHKEHHOCTH B IIJIOC-

U3 mpexncraBieHHBIX TpaQuUKOB BUAHO, YTO JJIsi MAaTEpUANIOB C BEJIWYUHOU
e~7+10 1 IepBOro, IPUCTPETOYHOT0», U3MEPEHMSI JIyUllle UCIOIb30BaTh MIACTHH-
Ky MEHbIIEH TONMMHBI (A7 OONBLIMX TOJIIMH MOKET BO3HMKATh MHOTO3HAYHOCTH
IIPY BBIYUCICHUN JUAJIEKTPUUCCKON MPOHULAEMOCTH 10 KO3 (GUINEHTY OTPAXKEHNU).
[locTenenHo yBenuurBasi TONIIMHY IUTACTUHKH, MOYKHO YBEJIMYUTH TOYHOCTh ONpesese-
HUS JUJIEKTPUUECKON MPOHULIAEMOCTH (3a cyeT OoJiee pe3koil 3aBUCMMOCTH Koddduuu-

, oe(w)
€HTa Tpu OONBIIMX ToNIMHAX). Ecnu nucrepcust HeBenmmka (deAa) <<1), 10

MOYKHO ONpEAEIHNTh BEIHMYUHY €, M3MEPUB KOA(POHUIMEHTH OTPKEHHS IS Pa3sHBIX
3HaYEHUH 4acTOT NP OAHOM U TOM ke TOJIINHE TUTACTUHKH.

TexHuyeckn KBa3HMONTHYECKass METOIUKA ONpPENesICHHUs AUNIEKTPUIECKOH Mpo-
HHIIAeMOCTH ObllJa OCHOBaHA HAa M3MEPEHUSIX OTHOCHUTEIBHOTO KOd(duItneHTa 3ep-
KaJIBHOTO OTpaXkKeHUs 1moJ] yriioM 45° nuneitno nonsipusoBanaoro CBU-usnyueHust B
TpakTe Ha ocHoBe JiydeBonoB [1/1JI [10]. B [1JJI addexruBHO pactnpocTpansercs Mo-
na EH,;, xotopas mMeeT NUHEHHYIO MOJsipu3anuio U ¢Ga3oBbIi (QpPOHT, OMU3KUI K
IUIOCKOMY, YTO YIPOINAET MHTEPIPETALNIO Pe3yIbTaToB. KOHCTPYKTHUBHO OCHOBHBIM
y3710M U3MEPUTENBHOTO CTEHJA SIBIISJICS JIy4E€BOAHBIM yTroJKOBbIM 90-rpagycHBIN OT-
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pakaTenb, IIe NOCEPEeOPEHHOE METAJUINYECKOE 3€PKAI0 3aMEHSIOCh HCCIEoYEMbIMU
obpasuamu. bnaromapsi TakoMy peleHHIO Bce OTpaKEHHOE HM3IyueHHe 0e3 yTeuek
coOMpanochs Ha TEPMUCTOPHBIA aeTekTop MS5-50 u3mepurens momHOcTH M3-22A.
HcrournkoM m3mydeHus CITy ki reHeparop 1'4-142.

Benuunna koadduinmenta orpaxenus usmepsuiack st CBU-kepamuku 22XC
[11]. Ucnonp3oBanack BoJHA ¢ MOJApHU3aLMEN 3JIEKTPUUECKOr0 BEKTOpA, HApaBJIeH-
HOT'0 NEPHEHIUKYJIPHO IUIOCKOCTU IaJCHUS Ha JUAJIEKTPUUECKYIO IUIaCTHHKY. Yac-
TOTA MAJAOIIETO UTYISHHS U3MeHs1achk ot 76,0 mo 78,33 I'T11. Yron mageHus: BOJIHBI
M0 KOHCTPYKTUBHBIM OorpaHuueHusM coctaBisi 45°. Koaddumment orpakenns kepa-
MHYECKOro 00pasua onpenessics OTHOCUTENBHO K03 duiimenTa oTpaxeHus ot noce-
PeOpPEHHOr0 METaJUIMYECKOro 3epKajia, IPUHUMAeMOro 3a €IUHMILY, YTO IO03BOJIMIIO
HU3MEPATh MOIIHOCThH TOJIKO OAMH pa3 ISl Kaxaoro oopasua. B tabauue npexacras-
JIEHBI PE3yNIbTaThl H3MepeHui Koadunrenta otpaxenns 22XC u pacyera ero BelH-
YMHBI € 110 3TUM JaHHbIM. Kak cienyer w3 npuBeIeHHBIX 3Ha4YeHUH, pa3dpoc 3Haue-
HUW OIpenensieMol IUAIEKTPUYECKON NPOHMIIAEMOCTH HMMEET BEIMUYMHY MOpsKa
onHOro mpoueHTa. Hanbomnbiiee OTKIOHEHHE UMEET MECTO AJISl TIEPBBIX TPEX 3Haue-
HUH, NIPUBEICHHBIX B Ta0uuue. ITO OOBICHACTCS TEM, YTO 3TH YaCTOTHl HAXOMASATCS B
obacT MUHEMYMa K03 (DHUIIHEHTa OTPasKEHHSI.

Ko punumnents! orpaxkenus kepamuku 22XC

Yacrora, [T Koadpunpmenr Bennunna €, BEIUUCIIEH-
oTpaKkeHus Has 1o gopmye (1)
76,0 0,003 9,21
76,2 0,003 9,17
76,4 0,003 9,22
76,6 0,014 9,24
76,8 0,028 9,24
77,0 0,041 9,23
77,2 0,063 9,23
77,4 0,090 9,24
77,6 0,117 9,24
77,8 0,147 9,24
78,0 0,175 9,24
78,2 0,213 9,25
78,33 0,228 9,25

Jlnama3oH 4acToT Ui ONpeAeNeHHs TUAIIEKTPHUYECKON MPOHUIIAEMOCTH, TIPUBE-
JEHHOW B TaOHUIle, BBHIOMPAJICS HMCXOMS W3 HEOOXOMMMOCTH IOMaJaHus B 00JacTh
HauboJiee pe3Kol 3aBUCUMOCTH KO3(PPUIIMEHTA OTPaXKCHHUS TPU TOJIIUHE TUIACTHHKU
2,0 MM (ToHas 1ocTymHast 001acTh YaCcTOT H3MEPEHUs COCTABIISIA TIPUOIIM3UTEITHHO
53—78 I'Tm). Jlng womocTpanvy Ha puc. 2, a TPHUBEICHA TEOpETUIeCKas 3aBHCUMOCTh
K02 QHIMEHTa OTPAKEHHS OT YACTOTHI, a Ha PHC. 2, O — SKCIIEPIMEHTAIBHBIE TPAQHKH.
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Puc. 2. Teopernueckas (uis € = 9,24) (@) 1 IKCnepUMEHTaNBHbIE (6) 3aBUCHMOCTH
OTHOCHTENBHOTO K03 dunueHTa orpakeHns kepamuku 22XC OT 9aCTOTHI

TakuM 00pa3oM, BUJIHO, YTO CHOCOO OMpECTCHUs JUIICKTPHUECKON POHUIIAe-
MOCTH KBa3WMONTUYECKAM METOJIOM C BO3MOXXHOCTBIO BapPhbUPOBAHUS TOUHOCTH H3Me-
peHusl BBIOOPOM HamOoJiee KPYThIX YYaCTKOB 3aBUCHMOCTH JIACT PE3yJIbTaThl, JOCTA-
TOYHO MIPUEMIIEMbIE JIJISl MHOTUX ITpuMeHeHui. KpoMe Toro, 4acToTHBIE 3aBUCHUMOCTH
K03 uUIMeHTa OTPAXKECHUS TUIACTHH PAa3UYHONW TOJIIUHBI MOTYT CIIY>KHUTh OCHOBOM
METOJIUKN M3MEPEHHS HEeCYIIeH YacTOThl OJIMHOYHOTO MMITYJIbCHOTO CUTHAJIA H3ITyde-
Hus nporotuna OJICH.
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QUASI-OPTICAL METHOD OF DIELECTRIC CONSTANT
MEASUREMENT IN A MILLIMETER WAVEBAND

K. G. Batrakov, A. S. Lobko

Performing research on creation of the volume free electron laser, necessity of precise
knowledge of electrodynamic properties of dielectric materials used in resonators and wave-guides
was recognized. In many cases published data are poor, therefore described technique was developed.

Quasi-optical methods are mainly applied during dielectric measurements in millimeter
and sub-millimeter bands. The devices based on the different modifications of interferometers
have high accuracy, but for many objectives they are too much complicated.

Moderate accuracy together with comparative simplicity one can obtain using measure-
ments of reflection and transmission coefficients of a dielectric wafer. Interference of the
waves from front and back surfaces of a dielectric wafer exists during formation of total re-
flected wave. As the result, reflection function depends on besides the incidence angle also on
such parameters as radiation frequency and wafer thickness. This dependence is non-
monotonous, if the wafer thickness is much less than absorption length of a dielectric material.
In these conditions the dependence is as more curved as thickness is larger. In Fig. 1 calculated
dependencies of reflection factors of monochromatic wave as function of dielectric constant
(permittivity) are shown for wafer thicknesses d=1.0 mm and 2.0 mm at 78 GHz.

From these curves is obvious that for materials with the value of e~7-10 for first, ‘ap-
proximate’, measurement one should better use a wafer of smaller thickness. For larger thick-
nesses multi-valued results can originate from dielectric constant calculations out of reflection
factor measurement. Scaling up the wafer thickness is possible to increase accuracy of dielec-
tric constant determination due to more steep dependence of the reflection factor at larger
thicknesses. If dispersion is insignificant, it is possible to determine the & value measuring re-
flection factors for various frequencies at the same wafer thickness.

Technically quasi-optical method of dielectric constant definition was based on meas-
urements of relative specular reflection factor for 45° incidence angle. Linearly polarized mi-
crowave radiation propagated in a tract on the base of PDL beam-guides, where EH;; mode is
effectively spread. This mode has linear polarization and phase front, close to plane, that sim-
plifies data interpretation. Structurally main component of the measuring set-up was beam-
guide 90-degree reflection unit, where the silver-plated metal mirror was substituted by studied
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samples. Due to such solution, total reflected radiation gathered without any leakage on the
M5-50 thermistor detector of M3-22A power meter.

The value of reflection factor was measured for 22XC ceramics. The wave with perpen-
dicular polarization was used. Reflection factor of a ceramic sample was determined relative to
reflection factor of silver-plated mirror, which was taken as a unity. That has allowed measur-
ing microwave power only once for each sample. Observed data of 22XC reflection factor and
calculations of its € value represented in the Table. As follows from displayed values, the accu-
racy of dielectric constant has the deviation about one percent.

The frequency range was selected on the assumption to use the most steep dependence of
reflection factor of 2.0 mm wafer (available frequencies were approximately of 53-78 GHz
range). For demonstration, the theoretical dependence of reflection factor on frequency and
experimental graphics are showed in Fig. 2a and 2b.

Evidently, the proposed quasi-optical method for dielectric constant determination, due to
its possibility of accuracy variation by choice of the steepest parts of frequency dependence,
gives results acceptable enough for many applications.
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