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BBEAEHUE

IIpu IIPOU3BOACTBE OITHUYECKUX U3eTHN (Iprbopos,
YCTPOKCTB Pa3lIHYHOr0 Ha3Ha4yeHHs) BCe BBIIIYCKa-
eMble ONTHYeCKHe 37eMeHTHl I10C/Ie H3TOTOBIeHHS
TOJKHBI MPOXOJUTh aTTeCTallMI0 II0 CBOMM CIIeK-
TPaJIbHBIM XapaKTepHUCTHKaM [1]. BOIbIIMHCTBO COBpe-
MEeHHBIX IIPOM3BOZCTB PACIIONAraloT 1abopaTopUsIMHU
(CTPYKTYpPHBIMH IOAPa3fe/leHHUsIMH aHAJIOTHYHOIO
THIIa), B KOTOPBIX ITPOBOJST CIIeKTPa/bHBIE H3Mepe-
HUSI ONTHUYECKUX M3[eIHM K3 Pas3IHUYHBIX MaTepH-
ajioB, B TOM YHC/Ie CO CIOKHBIMH MHOTOCIOMHBIMHU
HHTepdePeHIIHMOHHBIMH OIITHYeCKHMHU IIOKPBITUSIMH.
B 3aBUCHMOCTH OT CHelHaJIM3aLHUK NpeAlpUSTHHI
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INTRODUCTION

During the production of optical devices (instruments,
tools for various purposes), all produced optical ele-
ments must be certified in terms of their spectral speci-
fications [1]. Most existent production facilities have
the laboratories (structural subdivisions of a similar
type) where the spectral measurements of optical prod-
ucts made of various materials are performed, includ-
ing those with the comprehensive multilayer interfer-
ence optical coatings. Depending on the business field
of enterprises and the need for product control, it is
possible to apply the special tools and devices providing
measurements in various spectral ranges that can cover,
in general, a wide spectral region, namely from ultra-
violet to the millimeter (terahertz) wavelengths.

The main role of spectral instruments in the optical
production is spectral control of the materials used and
optical coatings applied to the products obtained. Prior
to the final application of optical coatings, the struc-
ture and thickness of the coating layers are calculated
to obtain the required spectral specifications, followed
by the coating deposition on the test samples and mea-
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U II0TPebHOCTH B KOHTPOJE€ KOHKPETHBIX H3IeTHH
HCIIONB3YIOT IIPUOOPHI, obecriedyrBaroliue IIpoBefe-
HHe H3MepeHHH B Pa3HBIX CIEeKTPAJbHBIX JHAIla30-
HaX, KOTOpble MOTYT OXBaThIBaTh B LIeJIOM IIHPOKYIO
CIIeKTPaIbHYI0 00/1acTh - OT yJIBTPAPHOIIETOBOIO 10
MUJITUMETPOBOIO (TepareplieBoro) Auara3oHa IJIMH
BOJIH.

OCHOBHAsI POJIb CIIEKTPAJIBHBIX IIPHOOPOB Ha OIITH-
YeCKOM IIPOM3BOACTBE COCTOMT B CIIEKTPAIBHOM
KOHTpOJIe HCIIOJIb3yeMbIX MAaTepHalOB M OITHYe-
CKUX TIOKPBITHM, HAaHOCHMBIX Ha H3TOTaBIHBaeMble
usgenusi. [ ONTHUYeCKUX IIOKPLITHUI IIepes HTO-
rOBBIM HAaHeCeHHEeM IIPOM3BOAHUTCS pacyueT CTPYK-
TYpBl X TOJNIIMHBI CJI0eB B IIOKPBITUH [JIS LOCTH-
SKeHHUSI HeOOXOMMMBIX CIIEKTPAJIBHBIX XaPaKTEPUCTHK
C IIOCTeNyIOIIMM HaIlbl/IeHHeM IIOKPBITHS Ha TecTo-
Bble 06Pa3Ilbl U U3MEPEHHEM CIIEKTPATBHBIX XapaKTe-
PHCTHUK IIOKPBITUM. HMTOroBOe ITOKPBLITHE HAHOCHUTCS
TOJIBKO IIOC/IE TOTO, KaK OHO OTKAJIHMOPOBAHO U IIPO-
TeCTUPOBAHO. B KayecTBe CTaHIAPTHBIX 06pa3LoB s
H3MepeHUsI XapaKTepUCTHUK OIITHYeCKHUX ITOKPBITHH
Ha H3/eNHsIX HCIIOIb3YIOTCS CBUAETeNH HaIlblIeHHS
U3 TOTO >Ke MaTephasia AuameTrpom oT 20 mo 45 Mm
B BHe IUIOCKOIApaslIe/IbHOIO OKHA C ABYMS IIOJIH-
POBAaHHBIMHU IIOBEPXHOCTSMHU HJIM KIHHbBS C OLHOH
TIOJIMPOBAHHOM U OJTHOM MaTOBOM I10BEPXHOCTBIO.

HccnenoBaTeibCckHe MaTepHaoBenueckue Jiabo-
PaTOpPUK OpPraHM3aIMH, 3aHHUMAIOIIHeCcss CHHTe30M
ONTUYECKHUX MaTepHaoB, TpebylOT Hamu4us cob-
CTBeHHBIX IPHUOOPOB MM BO3MOSKHOCTEH BBIIIOTIHE-
HHUS H3MepeHHH B CIeLHaJIH3NPOBAHHOM Jabopa-
Topuu. IIpexkne Bcero B ITOLOOGHBIX 1abopaTOpHIX
H3MepsIIOT TaKHe OIITHYeCKHe XapPaKTEePUCTHKHM Kak
IIPOIlyCKaHHe, OTPKeHHe U KO3QQHUILIMEHT IIpesioM-
JIeHHSI B CIIeKTPaJIbPHOM [Halla3oHe, NpefHA3HAYeH-
HOM JIJI51 9KCIITyaTalluKl KOHEeYHBIX U3/e/IUH.

Llespro HacTosmeN paboTHl SIBISETCS JeMOHCTPa-
LIMSl BO3MOKHOCTEH H3MepeHMI OITHYeCKHX Xapak-
TEPUCTUK B IIHPOKOM CIIEKTPAJbHOM [HaIla30He
Ha 6asze 1abopaTOpPUM ONTHYECKOM CIIeKTPOCKOIINH
000 «Tupekc» (r. CaHKT-TleTepbypr).

NMPUBOPDLI U UX XAPAKTEPUCTUKN

[llnpoKkast 061aCTh 37IeKTPOMArHUTHOIO CIIeKTpa OT
ynpTpaduoneTosoro (Y®) mo teparepuesoro (TI1)
IOYAIla30Ha [JIMH BOJTH OXBAThIBAeT IIPAKTUYECKH BCe
HUIIN IIPUOOPOCTPOEHHUSI, CBS3aHHbIE C TeHepaluer
U JeTeKTHPOBAaHHEM U3/1yuyeHUH, ¢ QOPMUPOBAaHHEM
U Ilepefiauer HU300paskeHU, C BOSMOKHOCTBIO yIIpaB-
JIeHHUs HAIlpaBJeHHeM PpaCIpoCTpaHeHHeM U IIpe-
obpa3oBaHHEM IIOTOKOB 3IeKTPOMArHUTHBIX BOJH
M C UHBIMH, 0Oo/llee MHOTOYHCIEHHBIMH 3aJadaMHU
HayKd M TeXHUKHU. [IJI HCCIeOBaHHUM XapaKTepH-
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surement of the coating spectral properties. The final
coating shall be applied only after its calibration and
testing. As the standard samples for measuring the
optical coatings properties of the products, the deposi-
tion witnesses made of the same material with a diam-
eter of 20 to 45 mm shall be used in the form of a plane-
parallel window with two polished surfaces or wedges
with one polished surface and one matte surface.

The research materials science laboratories of the
enterprises engaged in the synthesis of optical materi-
als require their own tools and instruments or the abil-
ity to perform spectral measurements in a specialized
laboratory. First of all, there is a need for such optical
properties as transmission, reflection and refraction
index in the spectral range designed for the operation
of final products.

The purpose of this paper is to demonstrate the pos-
sibilities of spectral properties measurements in a wide
spectral range on the basis of the optical spectroscopy
laboratory of Tydex LLC (Saint Petersburg).

DEVICES AND THEIR SPECIFICATIONS
For measurements in a wide range of electromagnetic
spectrum (from the ultraviolet to the terahertz wave-
length range) covering almost all tool applications
related to the radiation generation and detection,
with the image formation and transmission, an abil-
ity to control the direction of propagation and trans-
formation of electromagnetic wave flows, and many
more research and technological issues, the following
devices can be efficiently used:
«  Wave spectrometer Photon RT by EssentOptics;
« Fourier spectrometer Vertex 70 by Bruker;
+ Spatio-temporal THz spectrometer TERA K8 by
Menlo Systems, the range of use of which is
given in Table 1.

SPECTRAL MEASUREMENT PROCEDURE

BY PHOTON RT

The measurements in the shortest wavelength regions
(ultraviolet, visible and near IR) can be made using the
Photon RT wave spectrophotometer (EssentOpics) (Fig-
ure 1). The spectrophotometer Photon RT is designed to
measure the spectral transmittance, reflection, opti-
cal density of flat optical elements with a coating in
the polarized and non-polarized light in the spectral
emission range from 185 to 1700 nm. The original opti-
cal circuit of the device with a reference channel and
a radiation receiver rotating around the sample allows
to perform the measurements at various incidence and
reflection angles to the sample surface. The minimum
sample dimensions are 12x10 mm, the maximum
diameter with the device cover closed is up to 120 mm.
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CTUK OIITHYECKUX 3IEeMEHTOB B AHama3zoHe YO-TT1
IJIMH BOJIH COBpeMeHHble MaTepHaioBefuecKue
nabopaTopuu 3¢PeKTHBHO IIPUMEHSIOT CIefyIoNre
Ipr6opHI:
e BOMHOBOM criekTpoMeTp Photon RT koMmaHUU
EssentOptics;
+ dypbe-criekTpoMetp Vertex 70 KomrnaHuu Bruker;
* IIPOCTPaHCTBEHHO-BpeMeHHOH TI11I-CIIeKTPo-
MeTp TERA K8 kommanuu Menlo Systems.
[TonynsIpHOCTh 3TH NPUOOPHI CHUCKAIH, b61aro-
Japsi BEICOKOMY paspelleHHI0, aBTOMaTH3allUMK IIPo-
Llecca M3MepeHUH U yA0OCTBY HCIIONIB30BAHUS IPHU
OIIpele/IeHUK I1apaMeTPOB OITHYECKHUX 3JIEMEHTOB
CaMBIX Pa3sHbIX pa3MepoB U GOpM, YTO OOBIYHO IIPH-
JaeT CIOKHOCTh IIPU pelleHHH IIOJOOHBIX 3aaad.
JlMara3oH MCIIONB30BaHUS NMPHUOOPOB IpelnCcTaBieH
B Tabi. 1.

METOAUKA CNEKTPAJIbHbIX U3MEPEHUIA
HA NMPUBOPE PHOTON RT

H3MepeHHS CIEeKTPaJIbHOr0 KO3QPHIMEHTa IIPOIly-
CKaHMS, OTPa’KeHHUS, OINTHUYECKOM IUIOTHOCTH IIJIO-
CKHUX ONTHYeCKHX JeTaJler C IOKPhITHEeM B IIOJSIpH-
30BAaHHOM M HEIIO/JIIPM30BaHHOM CBeTe B JMaIla3oHe
oT 185 mo 1700 HM, oxBaThlBawIleM Y®-, BUAUMYIO
u 6nmwkHIO HMK-06/1acTH CIIeKTpa, MOXKHO IIpOBe-
CTH Ha BOJTHOBOM cIekTpopoToMerpe Photon RT
(EssentOpics) (puc. 1). OpuruHaIbHasg ONTHYeCKas
cxeMa Inpubopa ¢ OIOPHBIM KaHAJIOM U IPHeMHH-
KOM H3JIy4eHHs, BpaIlAIOUIMMCS BOKpyr obpasia,
[I03BOJISIOT IIPOBOJUTDL M3MEPeHM 107, Pa3/TIMYHbIMU
yraaMy IaJieHus U OTPaskeHHs j1yda K II0BEPXHO-
cTH obpasua. MHHUMaIbHBIN pasMep JIeTalH, Iapa-
MeTphl KOTOPOM Heob6XOAMMO H3MEepHTb, COCTaB-
nseT 12x10 MM, MaKCHMaJIbHBIN JUAMETP — 10 120 MM
(C 3aKpBITOM KPBIIIKOM ITpubopa). CriekTpasbHOe pas-
pemenue 10 0,3 HM M TOYHOCTh U3MepeHuUs 10 0,01%
COOTBETCTBYIOT COBpeMeHHBIM TPeOOBaHMSIM, IIpeib-

Ta6nuua 1. Paboyne cnekTpasnbHble AMana3oHbl Crek-
TpanbHbIX Npn60opoB
Table 1. Operating spectral ranges of spectral devices

Ha3aHue npubopa
Name of the device

Anana3oH A/IMH BOJH
Wavelength range

Photon RT EssentOptics 185-1700 HM
185-1700 nm

Bruker Vertex 70 0,67-670 MKM
0,67-670 pm

TERA K8 Menlo Systems 2-0,2 Ty nam 150-1 500 MKMm

2-0,2 THz or 150-1500 pm
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The spectral resolution up to 0.3 nm and measurement
accuracy up to 0.01% meet the current requirements for
the similar research tools (Table 2).

Applied capabilities of the PHOTON RT spectrophoto-

meter:

« Spectral range from 185 nm to 1700 nm;

¢ Measurements in the polarized light from 220 nm
to 1700 nm;

¢ Measurement of transmission T, Ts, Tp (for the
angles 0-75°), calculation of T(s+p)/2, for a given
light incidence angle;

¢ Measurement of absolute reflection R, Rs, Rp
(for the angles 8-75°), calculation of R(s+p)/2, for
a given light incidence angle;

» Measurement of the substrate material absor-
bance;

+ Automatic measurement and calculation of the
complex refractive index and layer thickness for
single-layer homogeneous coatings;

« Measurement of the polarization and beam-split-
ting cubes;

« Automatic beam shift compensation when mea-
suring the thick sample transmission at various
angles;

« Calculation of the average R and T values in
a given spectral range.

A deuterium discharge lamp, a halogen lamp, and

a calibration mercury-argon lamp are used as the radia-
tion sources. The dimensions of the light spot on the
sample are 6x2 mm. The beam is collimated in the
measurement channel, the beam divergence is +1°. The
spectral measurements of the product transmission

Puc. 1. Cnekmpogomomemp PHOTON RT (EssentOptics) [2]
Fig. 1. Spectrophotometer PHOTON RT (EssentOptics) [2]
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SIB/ISIeMBIM K II0fI06HBIM IpHbopaM HCC/IefoBaTeNb-
CKoro xiacca (tabm. 2).

Hcronp3yeMble BO3MOXKHOCTH CIIEKTPOPOTOMETpA
PHOTON RT:

* CHeKTpaJbHBIM JHAIA30H OT 185 HM 710 1700 HM;

* HM3MepeHHs B IIOJIAPHU30BAHHOM CBeTe OT 220 HM
001700 HM;

e u3MepeHHUe nponyckanus T, Ts, Tp (m1s yrios
0-75°), pacuet T(s+p)/2, Ans 3afaHHOIO yrja
IaZieHus CBeTa;

e u3MepeHHe abCOTIOTHOrO OTpakeHHA R, Rs, Rp
(nnst yrimos 8-75°), pacuer R(s+p)/2, s 3amaH-
HOrO yIJa IaJleHus CBeTa;

* M3MepeHHe IIOIJIOIEeHMS MaTepraJia IIOAJIOKKH .

* aBTOMATHYeCKOe H3MepeHHe H pacyeT KOM-
IUIEKCHOTO ITOKa3aTesisl IIPeJIOM/IEHHS U TOJ-
IDMHBL C/I0SL IJIS OJHOCIOMHBIX OJHOPOJHBIX
IIOKPBITHH

* M3MepeHHe IIONAPH3ALMNOHHBIX KU CBETOHe/IH-
TeJIbHBIX KYOHKOB;

* aBTOMaTHYecKas KOMIIeHCALMs CMeLIeHHU Iy4ya
[P KM3MePeHUH MPOIyCKaHUS TOJCTBIX 06pas-
LIOB [10J], Pa3/IMYHBIMHU YIJIaAMU,

e pacuer CpefHHUX 3HadeHHM R U T B 3aJaHHOM
CIIeKTpPaJIbHOM HMHTepBaje.

B KayecTBe MCTOUHUKOB H3/IyYE€HHUS HUCIIOIb3YHTCA
IelTepreBasl JaMIla, TajJoreHHasl JlaMIla, KaJlubpo-
BOYHAsl PTYTHO-aproHoBas jamIia. PasMep CBETOBOIO
naTHa, popMupyemoro Ha obpasiie, paBeH 6X2 MM.
B M3MepHUTeIFHOM KaHajie JIYY SBJISeTCS KOJIMMUPO-
BaHHBIM, PAaCXOLMMOCTb Jiydya paBHa *1°, CIieKTpajb-
Hble HM3MepeHHUsI IPOIyCKaHHS H3Me/lHH IIPOH3BO-
JOATCS IIPU 3aaHHOM YyIJie MaJeHus M3/IydeHHs Ha
obpaser - ot 0 10 75 IPajiycoB, a OTPasKeHUs ~ [IPH YITIe
najgeHus ot 8 1o 75 rpanycos. IIpu mepexofe OT U3Me-
PEeHHU MPOMNYCKAHUS K U3MEPeHUSIM OTPKeHHS /4
perucTpauyyd HHTEHCHBHOCTH CBeTa (QOTOLEeTEKTOp
aBTOMAaTHYeCKH IlepeMellaeTcs BOKPYI [epsKaTesis
obpaslia Ha 0OCh OTPa’kKeHHOTO CBEeTOBOILO Jiy4a, Jep-
>KaTesb 06paslia MOBOPavYKBAeTCS Ha YyCTaHOBIEHHBIH
YroJI K IafaioleMy H3/JIyYeHHI0. ITO II03BOJISeT IIPo-
BOOUTH H3MepeHUs KO3QPUIIMEeHTOB IMIPOIIYCKAHUSI
U OTPKEHHS B OGHOM M TOH >Ke JIOKQJIBHOM IT0BEepX-
HOCTHOH 30He OITHYecKOH [eTalHd, He BBIHHMAas
JOIIOJIHUTE/IBHO [eTalb U3 M3MEepPUTEIbHOIO0 OTCeKa.
B KadecTBe QOHOBOIO CHUIHaJ H3MepseTcsl IyCTOU
KaHas 6e3 obpasiia Kak /Il H3MepeHH I Ko3bUIIHeH-
TOB IIPOIYCKAaHMS, TAaK K OTPasKeHMU.

NMPOBEAEHWE U3MEPEHUW

Jns ynpasnenus npubopom Photon RT, ycTaHOBKU
pabounx mapaMeTpoB M3MePeHHI U BBIBOAA Pe3yb-
TAaTOB HM3MepPeHHMH dYepe3 KOMIIBIOTEeD MCIIONIb3YeTCs
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values are performed at a given radiation incidence
angle to the sample (from 0 to 75 degrees), and the
reflection measurements are performed at an angle of
incidence from 8 to 75 degrees. When switching from
the transmission measurements to the reflection mea-
surements for the light intensity registration, the pho-
todetector is automatically moved around the sample
holder on the reflected light beam axis, the sample
holder is rotated by a set angle to the incident radiation.
Such design features makes it possible to measure the
transmission and reflection coefficients in the same
local surface area of an optical element without an ele-

Tabnuua 2. Xapaktepuctukmn npnbopa Photon RT
Table 2. Specifications of Photon RT

[lnanasoH namepeHui

185-1700 HMm
Spectral range

CneKkTpanbHOe paspeLleHme B yKa-
3aHHOM AManasoHe

Spectral resolution in the specified
range

0,3 HM (185-330 HM)
0,6 HM (350—990 HMm)
1,2 HM (990-1 650 HMm)

MUHUMaNbHbIV War CKaHnpoBaHMA

Minimum scanning pitch 0,25 Hm

Bocnpon3sBoAnNMOCTb AIMHbI BO/THDbI

Wavelength reproducibility 0,12 Hm

TOYHOCTb YCTaHOBKW OJ1MHbI BOTHbI

Wavelength accuracy +0,24 Hm

Yron pazsopoTta obpasua npu nsme-
pPEeHMN NPOMYyCKaHMS

Sample rotation angle for
transmittance measurement

0-75°

Yron pazsopoTta obpasua npu nsme-
PEeHNU OTPaXKeHUs

Sample rotation angle for reflection
measurement

8-75°

LLlar nepecTpovikn yria noBopoTa
cTonunKa

Adjustment step for the table
rotation angle

LLlar nepecTpovikn yrna noBopoTa
doTonprmemMmHmnKa

Adjustment step for the
photodetector rotation angle

TOYHOCTb yCTAaHOBKM yraa noBopoTa
cTonmka

Setting accuracy of the table
rotation angle

0,05°

Pa3mep cBeTOBOro nNaTHa Ha
obpasue
Light spot size on the sample

6%2 MM

Yron pacxoanMmMocTu iyya
Beam divergence angle

PHOTONICs vOL. 17 Ne5 2023 383
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[IporpaMMHoe obecreueHue
PhotonSoft. CornacHo mporuenype
CIIeKTPOMETpP IIOC/Ie BK/IIOYEHHS
HeobXO[MMO IIPOrpeTh He MeHee
30 muHyT. Pabodyre mapameTpsl,
KOTOpBIe 3aal0TCs TIepef M3Mepe-
HUeM, BKIOYAT B cebs guara-
30H CKAaHHMPOBAHMSI, LIl CKAHUPO-
BaHHS, KOJIHMYECTBO YCPeLHEHHUH,
MeTOJ, CIJIQKMBAHMS, THII IIOJIS-
pusanuu. Jlalee IPHUCTYHAIOT
K TIIpolleccy KaJUOPOBKU CIIeK-
TpOMeTpa, KOTOPBIH IIPOM3BO-
OUTCS TOJNBKO IIOCIe OIIpefiene-
HUSI, YTO ONITUYECKUI KaHAI IIyCT.

Puc. 2. KoHguzypayus ucmouHuka, 06pasua U npuemMHUKa: a) usmepeHue npo-
nyckadus, b) usmepeHue ompaxkeHus nod yzaom 45 zpadycos

Fig. 2. Source, sample and receiver configuration: a) transmission measurement,
b) reflection measurement at an angle of 45 degree

IIo pesynbTaTaM KaJubpPOBKHU
Ha 5KpaHe b6ymeT HabmrogaThCs
CIleKTpajbHas KpHUBas CO 3HadeHHeM cIekTpa 100%
BO BCEM YCTAaHOBJIEHHOM pAuarasoHe. C/leylOlUM
IIAroM SIBJISIeTCSl yCTaHOBKA obpaslia Ha IpelMeTHBIH
CTOHK. 3aTeM 3a/IaeTcsl PeXKUM (OTpaskeHHe KK IIPo-
IIyCKaHHe) U yrojl IOBOPOTa CTONHMKA, IIOC/Ie Yero
[IPOU3BOAMTCS H3MepeHHe CIIeKTpa HCCIefyeMOoro
obpasua (puc. 2). Pe3ynbTaThl B BUJeE CIIEKTPAJIbHOU
KPUBO 3Ha4eHU I KO3GPULIKeHTa IIPOIyCKAHKS UIN
OTPa’KeHHUsI BBIBOASITCS B IIporpaMme, obpabaTtbiBa-
I0TCSI, COXPAHSIOTCS B BUJE YHC/IOBBIX JAaHHBIX U pac-
Ie4aThIBAIOTCS B BHe IpadUKOB (pHcC. 3).

METOAUKA CNEKTPAJIbHbIX U3MEPEHUIA
HA NMPNBOPE BRUKER VERTEX 70

ITpyu HeobXOIMMOCTH IIpOBeleHHs H3MepeHHH B NIR,
MIR u FIR cHOeKTpajabHBIX [OHAIla30Hax, H3Mepe-
HUSI IIPOU3BOASTCA Ha Qypbe-crieKTpomeTpe Bruker
Vertex 70 (puc. 4). CrexkTpoMe-

ment removal from the measurement compartment.
The background signal is measured as an empty chan-
nel without any sample, both for the transmission and
reflection measurements.

EXECUTION OF MEASUREMENTS

The “PhotonSoft” software is used to control Photon RT,
set the measurement parameters and display the mea-
surement results on the computer screen. After initia-
tion, the spectrometer needs to warm up for at least 30
minutes. Prior to the measurements, the necessary
parameters shall be set, including the scanning range,
scanning pitch, number of averagings, smoothing
mode, polarization. Further, having determined that
the optical channel is empty, the spectrometer shall be
calibrated, according to the results of which a spectral
curve will be observed on the screen, with a spectrum

Tpel Vertex BBIAENSIOTCA Cpelu

ucciaenoBaTenbCkux  HMK-dypbe-
CIIEKTPOMETPOB  YHHBEPCAIbHO~
CTBIO, KOTOpyI0 obecreduBaeT
MHHOBAIIMOHHAs KOHCTPYKIIHSA
ONTUYeCKOM  CHCTeMBbl. IIpu
3TOM [IJIsI IIPOBeNEHHS H3Me-
PeHHUH B Pa3IU4YHBIX YacTsIX
HNK-gramasoHa HMCIONb3YIOT pas-
Hble KOMOMHALMKU HCTOYHHU-
KOB U IIPHEMHHKOB H3/y4YeHU,
a Takoke CMEeHHBIe CBETOMEIHUTEIN
B MHTeppepomeTpe MamKe/IbCOHA
(tabim. 3).

ITpu CTaHIAPTHBIX U3MEPEeHUAX
Ha an/I6ope Vertex 70 gjas1 guara-
30H0B NIR, MIR ycTaHaB/IHMBaeTCqd
CIIeKTPajbHOe paspelleHHe H3Me-

domrman s mowre, || wamm—s
i

L

[y —— R A PO e —

Puc. 3. BHewHuli 8u0 uHmepdgetica npozpammsl PhotonSoft
Fig. 3. Appearance of the PhotonSoft program interface
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peHuU 8 cMm, misa nuamasoda FIR - 4 cm’, mig guarna-
30Ha FFIR - 2 cm'l. TIpu HeobX0AMMOCTH ITPOBeEeHUS
BBICOKOTOUHBIX M3MePeHHH CyLIeCTBYeT BO3MOKHOCTh
IeperTH K 60Jiee BEICOKOMY CIIEKTPAJIBHOMY pa3pelle-
Hulo 10 0,5 cm! B 1r060M pabouem guamasoHe.
Onrtuueckas cxema ¢Qypbe-CIIeKTPOMETPa IIOCTPO-
€Ha Ha OCHOBe [BYX/y4YeBOTO HHTepdepoMeTpa,
B KOTOPOM IIpU IIepeMellleHMH OJHOIO H3 3epKaj
MEeHSeTCSI Pa3sHOCTh Xola MeXIy HHTepdepHUpyIo-
IMUMH JIy4aMH. [JIg yMeHbIIeHUs BIHUAHUS BHEII-
HUX BO3JEHCTBHUIM HHTepdepoMeTp MOSUPHKALHL
Vertex 70 IIOCTpOeH IO CXeMe C 3epKaJlaMH B BHJE
YIOJIKOBBIX CBeTOOTpaskaTener. Vertex 70 obopymo-
BaH He-Ne sasepom C JJIMHOH BOJHBI HU3MydYeHUS
633 HM. BrIxogHasi HOMHHaJbHAs MOIIHOCTh — 1 MBT.
Jlazep ympaBisieT IO3HLIMEH M CKOPOCTBIO IIOABHK-
HOro 3epKajia HHTeppepomMeTpa U HCIIOIb3YeTCS /I
TOro, 4TOOBI ONpemeNnsiTh IO3ULIUK BBIOOPKU [aH-
HBIX. B KauecTBe MCTOYHHMKA NIR-M3/TyYeHHS (6msK-
Hero MK-m3nydeHHUs) HCIIONB3YyeTCS BOIbOPaAMOBASI
JaMIla B TrajJloreHHOM aTMocdepe. B KauecTBe HCTOY-
HuKa MIR- u FIR-u31y4eHus (cpe/:LHero U JOaJIbHEero
HK-u3ny4deHHs) HCIOAb3yeTcsl I106ap, HCTOYHHK
M3JlyuyeHUs, IpelCTaBISIomUN coboir U-obpasHyio
Oyry u3 Kapbuja KpeMHHsI, KOTOPBIK pacKassieTcs
M H3/Iy4daeT IIPH IIPOIYCKAaHUHU 4Yepe3 Hero 3JjIeK-
TPUYECKOro TokKa (codyeTaHHe ABYX 0B - glow (cBe-
4yeHHe) M bar (maHenp) - MOPOSUIO TeXHHYECKHMI
TEePMUH «I7106ap» OT COCTABHOTO aHIJIMICKOrO CI0BA
globar). [lns manpHero guamasoHa AyIMH BOMH FFIR
(o 670 MKM) HKCIIO/Nb3yeTCsl HeIPepBIBHBIKM CIIEKTP
H37y4yeHUsT PTYTHOM AYrOBOM JaMIIbl. JlamIla pac-
[I0JIOKeHa B OTHE/IbHOM KOPIIyCe C BOOSHBIM OXJIaK-
JeHHeM, H3JIyuyeHHe JIAMIIBl BXOOHUT B CIIEKTPOMETP
yepe3 BHeIIHee OKHO B KopIyce. Pasmep 3acBeuu-
BaeMoM obnacTu Ha obpasle Kak NpPHU H3MepeHHH

Tabnunua 3. Xapaktepuctukm npmbopa Bruker Vertex 70
Table 3. Specifications of Bruker Vertex 70

o6wmin (0,67-670 MKM)
NIR (0,67—-8 MKM)

MIR (1,33-27 MKM)

FIR (14—335 MKM)

FFIR (185—-670 MKM)

[nanasoH namepeHuin
Spectral range

CneKkTpasibHOe paspelleHune 0,5-8cmt

Spectral resolution

TOYHOCTb BO/IHOBOIO YMCaa 0,01 cmtHa2000cmt

Wave number accuracy

doToMeTpuyeckast TOYHOCTb 0,1%T
Photometric accuracy
OTHOLWEeHMe CUrHan/wym >7000:1

Signal to noise ratio

Syl 4

Fig. 4. Fourier spectrometer Vertex 70 with an attachment
to measure the reflection spectrum from the sample [2]
Puc. 4. ®ypve-cnekmpomemp Vertex 70 ¢ npucmaskoti 0asl
u3mepeHus cnekmpa ompaxkeHus om o6pasua [2]

value of 100% in the entire set range. The next stage is
to place the sample on the object table, then set the
mode (reflection or transmission) and the table rota-
tion angle, then the spectrum of sample under study
shall be measured (Figure 2). The results in the form of
a spectral curve of transmittance or reflectance values
are displayed in the program, processed, stored as the
numerical data and printed as the graphs (Figure 3).

SPECTRAL MEASUREMENT PROCEDURE

BY BRUKER VERTEX 70

If it is necessary to perform the measurements in the
NIR, MIR and FIR spectral ranges, one can use the
Bruker Vertex 70 Fourier spectrometer (Figure 4). The
Vertex spectrometers stand out from the research FTIR
spectrometers due to the versatility provided by the
innovative optical system design. In this case, the
appropriate combinations of radiation sources and
receivers are used in varios parts of the infrared range,
as well as the replaceable beam splitters in the Michel-
son interferometer (Table 3).

When performing the standard measurements by
Vertex 70, the spectral resolution of measurements for
the NIR, MIR ranges is set to 8 cm™!, for the FIR range -
4 cm™, for the FFIR range - 2 cm™; if the high-precision
measurements are required, it is possible to set the spec-
tral resolution up to 0.5 cm™' in any operating range.

The basis of the Fourier spectrometer is a double-
beam interferometer: when one of the mirrors is moved,
the path difference between the interfering beams is
changed. To reduce the external influences, the Vertex
70 interferometer is designed according to the circuit
with mirrors in the form of corner reflectors. Vertex 70
is equipped with a 633 nm HeNe laser. The rated power
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IIPOIyCKaHMs, TaK M OTpPakeHHs COCTaBJsgeT 1 cM
B IHMaMeTpe.

CnextpoMeTp obopymoBaH DLATGS [eTeKTOpoM
DigiTect co BCTPOEHHBIM IIpefyCHJIHTeneM. ITa
cbopka [eTeKTopa COAEPKUT aAHAIOro-LHUPPOBOU
mpeobpasoBaTesib, KOTOPHIM IpeoOpa3oBhIBaeT aHa-
JIOTOBBIM CHUTHaA B LHUQPPOBON HeEIOCPelCTBEHHO
B AeTeKTope. ITOT LHUQPOBOM CHUTHAJ IIepelaeTcs
cxeMe 06pabOTKH JaHHBIX 6/10Ka 37IeKTPOHUKH CIIeK-
TpoMeTpa. CTaHAApTHBIK AeTekTop Aisi NIR- u MIR-
JMAIMa30HOB — U po3ieKTpudecKuU RT-DLaTGS w/KBr
JleTeKTOP, KOTOPBIM IepeKpblBaeT AHAIIa30H CIIeKTpa
oT 12,000 mo 250 cm’?, QYHKIHMOHHPYET MPH KOM-
HAaTHOM TeMIlepaType M HMeeT 4yBCTBUTE/IbHOCTb
D*>2-108 (cm T'1i'/? Br'l). B KavyecTBe MpHEMHHUKA 15
FIR u FFIR obnacten wucronssyercs RT-DTCS w/PE
IEeTeKTOp, IepeKkpbiBatoInuil 700-10 cMm! 0671acTh cIiex-
Tpa C YyBCTBUTEIBHOCTBIO D*>4x108 (cm T2 BT)
1 Takoke paboTaromuil 6e3 oxnMaskAeHUs IIPU KOMHAT-
HOI1 TeMIlepaType.

VICTOYHMKY, [OeTeKTOpPbl M CBeTOHeMTeIHM Ha
Vertex 70 MMeEIOT 3JIeKTPOHHOE KOOHPOBaHME s
pacro3HaBaHUS IIPUOOPOM, COOTBETCTBYIOLIME IIapa-
METPBI 3arpysKaloTCsl aBTOMaTH4eCKd. TexHH4eckoe
COCTOSIHH e BCeX Y3JIOB CIIeKTPOMeTpa IIOCTOSIHHO KOH-
TPOJIMPYeTCsI CUCTeMOM CaMOAHArHOCTUKU KM HHQOP-
MHUPOBaHHS 4epe3 YIPaB/IALIYI0 IIPOrPAMMY, YTO
ympomaeT paboTy cO CIIeKTPOMETPOM M II03BOJISET
JHUATrHOCTUPOBATh HEHCIIPABHOCTH.

Bce ¢yHKUMH ylipaBieHHs Qypbe-CIIeKTPOMETPOM
Vertex 70 BBIIIONHAIOTCS B mporpaMmme OPUS oT KoMm-
naHuM Bruker, xoTopast obecrieurBaeT: perucTpaLlio
nHTepdeporpamM; QPypre-nmpeobpa3oBaHue HHTep-
deporpaMM B CIIeKTpP C MCIIOb30BaHHeM (a30BoHU
KOPPeKLUMH U alogU3alllH; MaTeMaTH4ecKkyo obpa-
OOTKYy CIIeKTPOB; Ipe[CTaBlIeHHe NAHHBIX B Ipadu-
4YecKoOM M LHMOPOBOM BHIe Ha 3KpaHe MOHHTOpa
c coxpaHeHHeM B daiji. Taikoke B IIporpaMMe MOKHO
[IPOBOAUTb HACTPOHMKYy M TeCTHPOBAaHHE COCTOS-
HUs Npubopa M IOMydaTb OTYUETHl AJIS aTTeCTal[UU
dypbe-criekTpoMeTpa.

MNcnonb3yemble BO3MOXHOCTU
¢ypbe cnekTpometpa VERTEX 70:
CHeKTpa)'[beII/I nuamna3oH or 0,670 MKM [0
670 MKM ;
e u3MepeHHe NpomnyckaHusi T B cPoKycHpOBaH-
HOM Ha 06pasiie UIK KOJUIMMHUPOBAHHOM JIy4e;
* H3MepeHHe OTpaskeHHS R /1 yrios 11-85°;
* M3MepeHHe B IOJSIPHU30BAHHOM CBeTe BO BCeX
JHarasoHax;
* pacueT CpefHMX 3HaueHHH R U T B 3aJaHHOM
CIIeKTPaJIbHOM HHTepBaje;
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output is 1 MW. The laser controls the position and speed
of the interferometer’s moving mirror and is applied to
determine the data sample positions. The source of NIR
radiation (near infrared radiation) is a tungsten lamp in
a halogen atmosphere. A globar lamp is used as a source
of MIR and FIR radiation (medium and far infrared
radiation) being a U-shaped silicon carbide arc that
heats up and radiates when an electric current is passed.
For the far FFIR wavelength range (up to 670 pm), a con-
tinuous spectrum of mercury arc lamp radiation is used.
The lamp is located in a separate water-cooled housing;
the lamp radiation enters the spectrometer through an
external opening in the case. The illuminated area size
on the sample, both during the transmission and reflec-
tion measurements, has the diameter of 1 cm.

The spectrometer is equipped with a DigiTect DLATGCS
detector with a built-in preamplifier. Such a detector
assembly contains an A/D converter that converts the
analog signal to the digital one directly in the detector.
This digital signal is transmitted to the data processing
circuit of the spectrometer’s electronics module. The
standard detector for NIR and MIR bands is the pyroelec-
tric RT-DL'TGS w/KBr detector that covers the spectral
range from 12,000 to 250 cm™, operates at the room tem-
perature and has a sensitivity of D*>2x108 (cm Hz"? W-).
An RT-DTGS w/PE detector is applied as a receiver for the
FIR and FFIR bands, covering the 700-10 cm™! spectral
region with a sensitivity of D*>4x108 (cm Hz"> W-1) and
operating without cooling at the room temperature.

The Vertex 70 sources, detectors and beamsplitters are
electronically coded to be recognized by the devices, and
the appropriate parameters are loaded automatically.
The technical condition of all spectrometer’s modules
is constantly controlled by the self-diagnostics and
information system through the control program that
simplifies operation of the spectrometer and allows
diagnosing any malfunctions.

All control functions of the Vertex 70 Fourier spec-
trometer are performed in the OPUS program by Bruker
that provides the following: registration of interfero-
grams; Fourier transform of interferograms into the
spectrum using the phase correction and apodization;
mathematical spectra processing; data presentation in
the graphical and digital form on the display with sav-
ing as a file. Moreover, it is possible configure and test
the device condition and receive reports for the Fourier
spectrometer certification in the program.

Applied capabilities of the VERTEX 70 Fourier
spectrometer:
+ Spectral range from 0.670 pm to 670 pm;
¢ Measurement of transmission T in a sample-
focused or collimated beam;
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* MaTeMaTH4ecKHe Ipeobpa-
30BaHUS CIEKTPAIbHBIX KPU-
BoIX RUT;

* oIpefie/ieHHe CTeNeHU IO/
PH3ALMH U 3KCTUHKUHH IS
IIOJISIPU3ATOPOB;

* ompeleNeHHe 3UIHITHYHO-
CTH BOJIHOBBIX IUIaCTUH H3
KPHUCTAJ/UIMYeCKOro KBaplia;

» obbefHHeHHe CIIeKTPOB CO
BCeX CIIeKTPAJIBHBIX JHaIla-
30HO0B Vertex 70 uU OpPyrux
CIIeKTPa/IbHBIX IPHOOPOB.

[Tpubop ocHameH Habopom

TOIIOTHUTENbHBIX IIPHUCTaBOK IS
M3MepeHHs MPOINyCKaHUs B co-
KyCHPOBAaHHOM JIyde, IIPOIyCKa-
HUSI B KOJUIMMHUPOBAHHOM JIyd4e,
3epKaJIBHOTO OTPa’KEHHUS IMpHU
MHHHMa/JIbHOM (UKCHPOBAHHOM
yIje majgeHust ayda 11 rpamycos,
3epKajJIbHOTO OTpPakeHHUs C Ilepe-
MEeHHBIM YIJIOM IIaJIeHHUsI JTy4a OT
13 mo 85 rpanycoB (puc. 5). Kaskgas
IIPHUCTaBKa MOXeT OBITh [OIIOJ-
HeHa JepskaTejleM /JIs Bpalle-

Puc. 5. Vicnonb3yembie npucmasku: a) CmaHoapmHas npucmaska 0As usmepe-
HUS NponyckaHus; b) Mpucmaska c KOAAUMUPOBAHHBIM AYHOM OAS L3MepeHU s
nponyckawus; ¢) Mpucmaska dAs u3mepeHust ompaxkeHus nod yzaom T1°;

d) Mpucmaeka das uamepeHUs ompakeHus npu yzaax om 13 8o 85°

Fig. 5. Attachments used: a) Standard attachment for transmission measure-
ment; b) Attachment with a collimated beam for transmission measurement;
c) Attachment for reflection measurement at an angle of 11°; d) Attachment for
reflection measurement at the angles from 13 to 85°

HHS [I0JIIPHU3aTOPOB C marom 0,5°
C  yOpaBasieMBIM  MOTOPOM,
a Takke MMeeTCS BO3MOKHOCTb YCTAHOBUTH IIOJIS-
pH3aTOp M3Iy4eHHS [0 H/UIH II0C/Ie H3MepSIeMOro
obpasua J1st U3MepeHHUH B IIO/ISIPU30BAHHOM CBETe BO
BceM paboueM AMama3oHe AJIKH BOJH.

Vertex 70 cHabskeH CHCTeMOI IIPOLYBKH CyXHM BO3-
JyXOM; KIOBeTHBIM OTCeK M BHYTPeHHSIS 4aCTh KOPIIyca
CIIeKTpOMeTpa IIPOAYBalOTCSA OTHAenbHO. IIpomyBka
KaMep CYyXHM BO30yXOM M HX OCYIIKa C ITOMOIIBIO
CUIHKarejas II03BOJIsieT CYIIeCTBEHHBIM 06pasom
YMEHBIINUTh HETaTUBHOE BIMSHHE YIJIEKHCIOTO rasa
Y [apOB BOABI, HAXOOALIMXCS B BO3AyXe, Ha Pe3yib-
TaThbl U3MEPeHHS CIIeKTPOB.

NMPOBEAEHUE U3MEPEHUN
JJ1s1 Ka>KOO0ro CIIeKTPa/IbHOIO JHalla30Ha M3MepeHHUE
Ha mpubope Vertex 70 yCTAaHaBIMBAIOTCSI Heobxonu-
Mble HCTOYHMK U3/IYYeHHUS, CBETOJeIUTE/Ib U OKHA BO
drmaHIIaX Ha BHYTPeHHMX CT@HKaX KIOBETHOI'O OTCeKa,
BeIOMpaeTCs IpHEeMHHK H3nydeHHUs. Ilocime dero
B IIporpaMMHoOM obecrieuenun OPUS BbrIbHparoTcs
HeoOXOAMMBble ITapaMeTpbl H3MePeHUH /I KOHKpeT-
HOIO IHala3oHa.

[Ipy M3MepeHMH IIPOINyCKaHMS obpaslia CHaudaaa
M3MepseTcsa HHTepdeporpamma IMyCTOro KaHala
B OTCYTCTBHe obpasiia, KOTOpasi IPUHUMAETCs B Kavue-

» Measurement of reflection R for the angles 11-85°;

» Measurement in the polarized light in all bands;

« Calculation of the average R and T values in

a given spectral range;

¢ Mathematical transformations of the R and T

spectral curves;

« Determination of the polarization and extinction

degree for the polarizers;

« Determination of ellipticity of the wave plates

made of crystalline quartz;

« Spectra consolidation from all spectral ranges of

Vertex 70 and other spectral tools.

The device is equipped with a set of additional attach-
ments to measure transmission in a focused beam,
transmission in a collimated beam, specular reflection
at a minimum fixed beam incidence angle of 11 degrees,
specular reflection at a variable beam incidence angle
from 13 to 85 degrees (Figure 5). Each attachment can
be supplemented with a holder for polarizer rotation by
controlled motor with 0.5° increments. Moreover, it is
possible to install a radiation polarizer before and/or after
the measured sample for measurements in the polarized
light over the entire operating wavelength band.

Vertex 70 is equipped with a dry air purging system,;
the sample compartment and internal part of the spec-
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cTBe GOHOBOIO MJ/IM OIIOPHOIO CHUTHAJIA, 3aTeM H3Me-
psieTcsi MHTepdeporpamMma HcClefyeMoro obpasma.
B pe3synbrate obpatHOro dypee-rpeobpa3oBaHUs LaH-
HBIX MHTepdeporpaMM BOCCTAHABIMBAIOTCS CIIEKTPEI
obpasua 1 poHOBOro CUrHaia. st yCTpaHeHHUs apTe-
bakToB mpeobpa3oBaHUsSI ABTOMATHYECKHU MPHUMEHS-
I0TCA IIpolleflypa alofu3aluud KU (a3oBoil KOppek-
uuu. IlyTeM [eleHHUs IepBOTO CIIeKTpa Ha BTOPOH
OIIpefieNisiICSL CIIeKTP IIPONycKaHHUs obpasua. B mpo-
rpaMMHOM obeclle4eHHUHU aBTOMATHYeCKH MCKIIIO-
4aeTcsd CHeKTpajbHasi 3aBUCHUMOCTb MHTEHCHBHOCTH
KWCTOYHMKA M3JIy4YeHUs, CIeKTpajbHble XapaKTepH-
CTUKH CBETOZE/NMUTENSI U LPYTUX 3/IeMeHTOB OITHYe-
CKOT'O TPaKTa, CIeKTP YyBCTBHUTEIBHOCTHU [eTeKTOpa.
B mporpaMMHOM obecliedeHHH IIPUCYTCTBYeT BO3-
MOSKHOCTb MCK/IFOYMTh M3 MTOTOBOIO CIIeKTpa aTMOC-
depHoe moroeHue apos Bogsl U CO,.

[Ipu ©3MepeHHH OTPsKeHM s B KauecTsBe GoHa U3Me-

Reflectance, %

20
10

10

Wavelength, um

Puc. 6. Cnekmp ompaxxeHusi 3manoHH020 3epKaAd € 3epKanb-
HbIM 30A0MbIM NOKPbIMUEem

Fig. 6. Reflection spectrum of a reference mirror with specu-
lar gold coating

psdercs HHTepdeporpaMma OTPaKeHHOIO CHUTHaJIa
OT 30JI0TOTO 3epKaJId, YCTAaHABIMBAaeMOLO Ha MeCTO
obpasua, a 3areM H3MepseTcs HHTepdeporpamma
OTPa’KeHHOTO CHIHajaa OT CaMOI0 MCC/IefyeMoro
obpasuma. B pesynbraTe obpartHOro ®ypre-mpeobpa-
30BaHMS JAHHBIX HHTepdeporpaMM BOCCTAHABIHUBA-
I0TCSL CIIeKTPhI 0bpasia u GOHOBOro CUrHana. Pe3yib-
TaT JleJleHus CreKTpa obpasma Ha GOHOBBIM CHUTHAI
3aTeM YMHOXAeTCsl Ha U3BeCTHBIM CIIeKTP OTPasKeHH s
3TAJIOHHOI'O 3epKajla C 3ePKAJIbHBIM 30JIOTBIM IIOKPBI-
TveM (puc. 6). B muamasoHe IJIUH BOJH, IIpPeBBINIA-
omux 10 MKM, KO3QPUIMEHT OTPakeHHs 3epKajia
CUHTAEeTCsl IIOCTOSIHHBIM (RAu=98,5°/o). Yrcio LUK/I0OB
CKAaHHPOBAHMS [JIsI M3MepeHUsI QOHOBOLO CHUIHaa
M obpaslia yCTaHABIMBAeTCS PaBHBIM 32, II0 OKOH-
YaHUM HM3MepPeHHM BCe LUK/IbI YCPeAHSIOTCS B OAHH
CIIeKTP.

trometer case are purged separately. The chamber purg-
ing with dry air and drying with silica gel can signifi-
cantly reduce the negative impact of carbon dioxide and
water vapor in the air on the spectrum measurement
results.

EXECUTION OF MEASUREMENTS

The necessary radiation source, beam splitter and
windows in the flanges on the inner walls of the
sample compartment are installed on Vertex 70 for
each spectral measurement range, and a radiation
receiver is selected. After that, the required measure-
ment parameters for a specific band are selected in the
OPUS software.

Kak BHUAHO u3 Tabyi. 3, CIek-
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FIR u FFIR 4YacTHUYHO II€peKpEBI-
BaTCcs. O6belHHeHHe OTeNb
HBIX CIIeKTPOB B eQUHBIM CIIEeKTP,
OXBaTHIBAIOIIUHM AHara3oH 0,670~
670 MKM, OCYIIECTBIISIETCS C IIOMO-
mp0 GyHKOIUHU «Merge Spectra»
mporpaMMmHoro makera OPUS ot
KoMmmaHuu Bruker (puc. 7). Hto-
TOBBle Pe3yJbTaThl HM3MepeHHU
B BHU/JIe CIIeKTPAJIbHOM KPHUBOK 3Ha-

YeHHUH KO03QOUIIMEHTa IIPOIyCKa-
HUS UIA OTPKEHHUST COXPAHSIIOTCS
B BHJle YUC/IOBBIX AAHHBIX K pac-
[1eYaTHIBAIOTCS B BHJe TPapHKOB.

~

bl R e

Puc. 7. BHewHul 8ud uHmepa@etica npozpammsbl OPUS Bruker
Fig. 7. Interface appearance of the OPUS Bruker program
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METOAUKA CNEKTPAJIbHbIX U3MEPEHUIA
HA NP NBOPE TERA K8

Jlns paborel B 6onee OIHMHHOBOTHOBOM [Haria-
3oHe (mo A=1500 MKM) ucmonb3yercs Meton TIIi-
CIIeKTPOCKOIIMK C paspelleHHeM II0 BpeMeHH (THz
time-domain spectroscopy, THz-TDS). H3mepe-
HHS IIPOBOASATCA Ha ycraHoBKe TERA K8 THz-TDS
system (Menlo Systems) (puc. 8). TIL-CIIeKTpoMeTp
TERA K8 mpencraBiser cobol 3aKOHYEHHOe pelle-
HHe [/ IPOBefeHUsl POCTPaHCTBeHHO-BpeMeHHOM
TTLI-crieKTpocKOIKMK. OTKpBITass KOHCTPYKLHS [103BO-
75eT HCII0/Ib30BaTh JAHHBIM CIIEKTPOMeTpP B pas3/ivy-
HBIX Hay4YHBIX NpHMeHeHHAX. B coctaB TERA K8
BXOJUT IlepecTpanBaeMbIl (peMTOCeKyHIHBIH Jia3ep
HaKayK4d C OJIMHOM BOJHBI 780 HM MIM 1560 HM,
ONTHYeCKas JIMHHA 3afepKKku, TII-sMHTTep U [OBa
Jetekropa, TII-OIITHMKAa M KOMIIBIOTEP CO CIIeI[Ha-
JTU3UPOBAHHBIM IIPOIPAMMHBIM obecrieueHHeM IS
06paboTKU I0/yuYeHHbIX JaHHbIX.

TexHMKa CIEKTPOCKOIIMH C BpPeMeHHBIM paspe-
InIeHUeM OCHOBaHa Ha KOTePeHTHOM [IeTeKTHPOBa-
HHUH UMITY/IbCOB TIII-M3/TyYeHMs, MPOIIeAIIero MIH
OTPa’KeHHOT0 OT HCC/IelyeMoro obpasia ¢ IOMOIIBIO
OJJHOTO M TOTO >Ke JIa3epHOr0 HMMIIY/IbCa. Ba’kHOM
OT/INYUTE/IbHON 0COOeHHOCTBIO 3TOM METONUKH SIBJISI-
€TCS BO3MOKHOCTh C BBICOKMM paspelleHHeM H3Me-
PATH 3JIEKTPpUYECKOe II0jIe TepareprieBoro MMIIYJIbCa,
Hecymero MHQOpPMAIHMI0 He TONbKO 06 aMIUIUTyZe,
KaKk B ciay4dae ¢yphe-CIIeKTPOCKOIMH, HO M 0 ¢ase
CUTHaJIA.

YIIBTPaKOPOTKHI JIa3ePHBIM HMITY/IbC Pas3fiessieTcs
Ha MMIIYJbC HaKadKW M 30HIUPYIOIIHME HMIIYJIbC.
HMIMIIybC HaKauyKH MCIIONb3YeTCs [JI reHepaluu
TeparepleBoro KMIIyJIbCa, KOTOPBIK obpasyeTcs
B pe3ysbTaTe BO3[JeHCTBHS JIa3epHOTO M3/IydyeHHs Ha
boTOpPOBOAALIYI0 AaHTeHHY. 30HIMPYIOIIME J1a3ep-
HBIM KMMIIYJIbC B3aHUMOZEHCTBYeT C OIlpeleleHHBIM
y4aCTKOM TeparepleBoro MMIIy/IbCa B [eTeKTOpe.
C IOMOIIBI0O MeXaHHUYeCKOH JIMHUU 33Jep>KKU H3Me-
HAETCS BpeMs IMPUXOAA 30HAMPYIOINEro MMIIYIbCa
Ha [eTeKTOp, OTHOCHUTEeIbHO HMIIy/bCa HaKauyKH,
B pesyibTaTe CKaHUPOBAaHHS HHTEpBajga BpeMeH-
HOM 33[ep>KKH MeXAY 30HIUPYIOLIHMM HMIIYIbCOM
Y MMITy/IbCOM HaKauyKH 3aMepsI0TCA Pa3sHble YYaCTKU
HMIIyJibCa C BPeMeHHBIM paspelleHHeM, COOTBeT-
CTBYIOIIMM JJIMTEIPHOCTH 30HAMPYIOLIEr0 MMITY/IbCa.
Takum obpasoM, B [eTeKTOpe 3JeKTpPHYecKoe II0jie
TeparepleBoro UMIIyJabCa PeruCTPUPYeTCs KaK QyHK-
LM BPeMeHHOMU 33JleP>KKH 30HIHUPYIOIIero HMITY/IbCa
Y M3MepseTcs BCs BpeMeHHas popMa TeparepieBoro
MMITyJIbCa.

s reHepalMy U LeTeKTHPOBAHMS IIMPOKOIIONIOC-
Horo TTI-H371y4YeHUsl HCIIOIb3YIOTCSA IIOJIYIIPOBOLHM-

Syl 4

Puc. 8. BHewHuli 8ud THz-TDS cnekmpomempa TERA K8
(Menlo Systems) [2]
Fig. 8. Appearance of the TERA K8 THz-TDS spectrometer
(Menlo Systems) [2]

When measuring the sample transmission, it is
necessary to measure the empty channel interferogram
in the absence of a sample. It is taken as a background
or reference signal, then the interferogram of sample
under study is measured. As a result of the inverse
Fourier transform of these interferograms, the spec-
tra of sample and background signal are restored. The
apodization and phase correction procedures are auto-
matically applied to eliminate the transformation arti-
facts. By dividing the first spectrum by the second, the
transmission spectrum of the sample is determined.
The software automatically excludes the spectral depen-
dence of the radiation source intensity, spectral prop-
erties of the beam splitter and other optical system
elements, and sensitivity spectrum of the detector. The
software is able to exclude the atmospheric absorption
of water vapor and CO, from the final spectrum.

When measuring reflection, the interferogram of
reflected signal from the gold mirror installed in place
of the sample, is measured as a background, and then
interferogram of the reflected signal from the sample is
measured. As a result of the inverse Fourier transform
of these interferograms, the spectra of sample and
background signal are restored. The result of divid-
ing the sample spectrum by the background signal is
then multiplied by the well-known reflectance spec-
trum of the reference mirror with specular gold coat-
ing (Figure 6). In the wavelength band exceeding 10
pm, the mirror reflectance is assumed to be constant
(Ryy=98.5%). The number of scanning cycles to mea-
sure the background signal and the sample is set equal
to 32. Upon completion of measurements, all cycles are
averaged into one spectrum.
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Tabnuua 4. Xapaktepuctmikm npmbopa TERA K8 Menlo
Systems
Table 4. Specifications of TERA K8 Menlo Systems

KoBble aHTeHHBI TERA8-1 LT-GaAs, B036y>1<,uaeM1>1e
dbeMToCeKyHAHBIM j1a3epoM. TII-3SMUTTEp U JETEeKTOP
MMEIOT MHUKPOIIOJIOCKOBYIO aHTeHHY GOTOpe3sucropa,

BhIpalleHHYI0 Ha GaAs (LT-GaAs) IIo[JIo>KKe IIpH HH3-
KOM TeMIlepaType. BcTpoeHHas monychepuyeckas
KpeMHHMeBas JIMH3a, YCTAaHOBJIeHHAas Ha IIaThopMe
XY, cobupaer u KotumupyeT TIi-usnydeHue. [eo-
MeTpus (GOTOCONPOTHUBIEHUS AaHTEHHBI, Ilapame-
TPbl KpeMHHEBBIX JIMH3, a TakKe CBOMCTBA 3IHUTaK-
cuanbHBIX C(n0eB LT-GaAsS ONTUMM3HUPOBAHBI [JIf
MAaKCHMaIbHON 3PGEeKTUBHOCTU BBIXOmHOTO TTII-
M3JIyYeHHsI, COXPAHsSA IIPU 3TOM OITHMAJIbHYIO IIPO-
IIyCKHYIO CII0COOHOCTb. XapaKTepHUCTHUKU IpHbopa
TERA K8 Menlo Systems mpencraBieHs! B Tab1. 4.

Hcrionp3yemblie BO3MOKHOCTH THz-TDS crieKTpome-
Tpa TERA K8:

* CIeKTPaJIbHBIN JHaMa30H oT 150 MkM 70 1500 MKM;

e u3MepeHHe INpomyckaHusi T B cPoKycHpOBaH-

HOM Ha 06paslie U1K KOJUIMMHPOBAHHOM JIy4e;
* H3MepeHHe OTpaskeHHS R 1mof yriiom 45°;
* M3MepeHHMe B II0IIPHU30BAaHHOM CBeTe,;
e II0OJIHOe aMIUIUTYAHOE U (pa30Boe HeTeKTHPOBa-
HUe;

e oOIpefeeHHe CTeIeHH IONSAPHU3ALUU M 3KC-
TUHKLUMH 15 [10JISPU3aTOPOB;

e ompefeneHHe 3JIMIOTHYHOCTH BOJHOBBIX IIJIa~
CTHUH U3 KPUCTAJUIMYECKOTO KBapILia;

e oOmperneneHHe IIOKa3aTeNls IIPeJIOMJIEHHS Mare-

puasnos;

* IIOJIyYeHHA TrL[‘306pa)KEHI/IH.

[TpocTopHasi 30Ha AJiss 0OpasL[OB I103BOJISIET JIETKO
MHTeIpUpPOBaTh [OIOJHUTeNbHOEe o0bopymoBaHHUe,
HaIlpUMep, IOJSPU3ATOPhl H3/y4YeHHsI, POTATOPHI,
ClleliMa/IbHbIe JepKaTelu [yisi 06pasloB C Harpepa-
TeJIbHBIMU HJIH OXJIAKAAIIMMU 3JIeMeHTaMU, MexXa-
HUYeCKHe IMOJABMXKKH 00pasloB, CHHXPOHHU3HPO-
BaHHble IPUEeMHUKH H3ydeHUs. [Iasd IIONy4dYeHHs
Tru-nu306paskeHUs B JAHHOM CIIEKTPOMETP HCIIONb3Y-
eTcs criennanbHbIA 610K TERAImage, KOTOPBIE BKIIIO-
yaeT B cebs IByXKOOPAHUHATHYIO MOTOPHU3UPOBAHHYIO
IIO/IBKKKY C fepskaTeseM 06paslia M IporpaMMHOe
obecrieueHHe A IOJNYyYeHUS U PeKOHCTPYKLHHU
H300paskeHUH.

NMPOBEAEHUE U3MEPEHUN

B cnyuyae M3MepeHHSs CIIeKTpa IIPOIycKaHHUs obpasia
M3ydaronas ¥ IIPHeMHast aHTeHHBI PaCIIOararTcs
Ha OJHOM JIMHWMM K OJHOM BBICOTe, Ha IyTH TIL-
MMIIYJIbCA M3/IyYeHHS YCTaHOBIEHHI 4 THUH3bI U3 TPX
¢ dokycHBIM paccrossHueM 54 MM (TPX - Tepmoria-
CTUYHBIM IOAHONeQHH, Mpo3padeH Bo Bcem TIT-
nuanasoHe, TPX SBsSeTCS TOPrOBOM MapKOM SIIOH-
CKOM XHMMHYeCKoM KoMmaHuu Mitsui Chemicals).
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Awnana3oH
CKaHWPOBaHMS
Spectral range

2,5-0,2 Ty (150-1500 MKM)

CrnekTpasnbHoOe
paspeLueHue
Spectral resolution

1My,

OnHamu4yecknm
AnanasoH
Dynamic range

60 ab6

MepecTpavBaeMbii
GemMToCeKYHAHbIN
nasep Hakayku
Tunable femtosecond

MmMnynbc ganHa

BOJIHbI 780 HM/1560 HM,
ONNTEeNbHOCTL 85 dc,
yactota 100 My,

pump laser MOLHOCTb 30 MBT
Pulse wavelength 780 nm/1560 nm,
duration 85 fs, frequency 100 MHz,
power 30 mW

Onana3oH > 850 nc

CKaHMpOBaHUA

Scanning range

CKopoCTb 0o 20 Iy,

CKaHMpOBaHUA

Scanning speed

BbICTPbIV MM NOLLATOBbLIN
fast or step by step

PeXnM CKaHMpOBaHMS
Scanning mode:

Table 3 shows that the NIR, MIR, FIR and FFIR
spectral bands are overlapped. The merging of indi-
vidual spectra into a single spectrum covering the
range from 0.670 to 670 pm is performed using the
Merge Spectra function of the OPUS software by
Bruker (Figure 7). The final measurement results
in the form of a spectral curve of transmittance or
reflectance values are stored as the numerical data
and printed as the graphs.

SPECTRAL MEASUREMENT PROCEDURE

BY TERA K8

In order to work in a longer wavelength band (up to
A=1500 pm), the THz time-domain spectroscopy
method (THz-TDS) is applied. The measurements are
performed using a TERA K8 THz-TDS system (Menlo
Systems) setup (Figure 8). The TERA K8 THz spectrom-
eter is a turnkey solution for the spatio-temporal THz
spectroscopy. The open design allows this spectrom-
eter to be used in a variety of scientific fields. TERA
K8 includes a tunable femtosecond pump laser with
a wavelength of 780 nm or 1560 nm, an optical delay
line, a THz emitter and two detectors, the THz optical
elements, and a computer with the specialized soft-
ware for the obtained data processing.
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KoHnourypauus 3THUX JIMH3 U HX II0JI0KeHHe Ha U3Me-
PUTe/IbHOE peJibCe BBICTPAHBAETCS TaKUM o0b6pasoM,
4TOOBI HM37My4eHHe GpOKYyCHPOBAIOCh B MUHHUMAJIBHYIO
amepTypy B MeCTe pacIoNoKeHHs obpaslia u Iepe-
JABajJi0 MaKCHMAJIbHYI0 MOIIHOCTh OT H3/y4alollen
aHTeHHBl K IPHEeMHOM aHTeHHe. MHUHHMa/lbHas
ameprypa, B KOTOPYIO yaaeTcs cGOKYCHPOBATh U3JIyye-
HMe, COCTaB/IsgeT 5 MM. B cyyae u3MepeHUs CIIeKTpa
OTpaskeHHs OT 06pasiia KOHQUIYpALIUs H3/Tydarollem
Y [IPHeMHOM aHTeHHBI MeHSeTCs, OHHU yCTaHaB/IHBa-
I0TCS Tof, yryiom 90 IpamycoB Apyr K Apyry. Obpasert
YCTAHABIMBACTCA B TOYKY (QOKYCHPOBKHU IIOf, YIJIOM
45 rpaycoB K IajaolleMy H3nydeHHI0. TakuM obpa-
30M, U3MepeHHe OTPaskeHHUsI 0T 06paslia OCyIIeCTBIs-
€TCS TOJBKO IIOJ YIJIOM 45 IpasycoB OTHOCHTEIbHO
HOPMaJI K IIOBePXHOCTH obpasma. B cxeme mpubopa
KCII0JIb3YeTCs [Be IIPUeMHBble aHTeHHBI: OJHA [JId
M3MepeHHUs IPOIyCKaHUS, a Apyras /s U3MepeHUs
OTPa’KeHMSI, YTO II03BOJISIeT He IIepecTpauBaTh IIPH-
bop IIpu cMeHe peXkuMa U3MepeHHuH (puc. 9).

BpeMeHHBIe 3aBHUCHMMOCTH (OTOTOKA MPHEMHOM
AHTEHHBI M3MEPSIOTCS C IIOMOINBIO IIPOrPaMMBI
K8 TeraScan, II0CTaBAsIeMOM CO CIIeKTPOMETPOM
(puc. 10). Ilomck BpeMeHHOH QOPMBI HMIIYJIbCA,
HACTPOMKA HAKJIy4Illero II0JIOKeHHS JIMH3 Ha OITH-
YecKOM JIMHHMH, a TakKKe TOHKasl MOACTPOMKA IIOJIO-
SKeHHS! KpeMHHEeBBIX JIMH3 H3/lydarollell U IMpHeM-
HOM aHTeHHBI OCYLIeCTB/ISIOTCS C IIOMOLIBI0 QYHKITUH
OBICTPOro CKAaHMPOBAHUS JTHHHUM 33[epPKKU. [laee
B mporpamMe TeraScan 3aZarOTCs [IapaMeTPhI CKa-
HUPOBAaHHUS, W I[IPOU3BOAUTCS KM3MepeHHe BpeMeH-
HOM 3aBHCHMOCTH aMIUIUTyApl TIL-uMIynbca. s
[I0JIy4eHHUsI CIIeKTPaJIbHOM XapaKTepPHUCTHKU HCCe-
nyemoro obpasiia B cydae M3MepeHMsl CUTHaja Ipo-
IIyCKaHHA B KauyecTBe QoHA KM3MePSIeTCS BOJIHOBAS
dopma HMMIIy/IbCa M3TYUYEHHs, MPOLIeAIIEro 4epes
IIyCTOM KaHaJl. 3aTeM H3MepseTcs

Syl 4

Puc. 9. KoHpuzypayus onmuydeckol AuHUU 0451 U3mepeHul
nponyckaxus u ompaxeHus Ha Tera K8. (O6paseu, ycma-
HaeAugaemcs 8 ueHmpe, cAesa usny4arow,asi Ty, aHmeHHa,
cnpasa demekmop TI Y, usAy4eHus npu usmMepeHuu npony-
CKaHusi, caepxy demekmop Tl U3AY4eHUs npu usmepeHuu
ompax)<eHus)

Fig. 9. Optical line configuration for transmission and
reflection measurements by Tera K8 (the sample is installed
in the center, a THz radiating antenna is on the left, a THz
radiation detector for transmission measurement is on the
right, a THz radiation detector for reflection measurement is
on the top)

The time-domain spectroscopy method is based on
the coherent detection of terahertz radiation pulses
transmitted or reflected from the sample under study
using the same laser pulse. An important distinctive
feature of this method is the ability to measure the elec-
tric field of a terahertz pulse with high resolution. Such

BOJIHOBasi popMa HMITy/IbCa, IIPO-

miegmero 4epes o6pa3eu, ImomMe-

IeHHBIH B TOUYKy Qokyca GOKy-

CHUpYyIOIIeH JIMH3E. B ciydae
HM3MepeHHMH CUIHaJla OTPasKeHHs
B KauyecTBe ¢QoHA H3Mepsercs
OTPa’KeHHe BOJIHOBOM (QOPMBI

HMIIyJIbCA OT 3epKaja C 307I0ThIM
IIOKPBITHEM, 3€PKalo yCTaHaBIIH-
BAaeTCs B TO >Ke IIOJIOKEeHHe, UTO
U U3MepsieMbIi obpaselr.
ObpaTtHoe dypbe-TIpeobpasoBa-

HHe BpeMeHHOMN GOPMBI KMITy/IbCa
nsMepeHHoro ¢oHa u obpasla
IIPOM3BOAUTCS C ITOMOIIBIO IIPO-

Puc. 10. BHewHuli 8ud uHmepgetica npozpamm TeraScan, TeraMat Menlo Systems
Fig. 10. Interface appearance of the TeraScan, TeraMat Menlo Systems software

rpammbl  TeraMat, pe3yJIbTaThI
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COXPaHSIOTCS B arl B UUPPOBOM BHe. TakKe B 3TOU
IporpaMmMe MOXKHO IIPOBECTH pacyeT I10Ka3aTejs
IpejloM/IeHHs] MaTephana obpasua. [lanbHemmas
0bpaboTka pe3y/nbTAaTOB H3MepPeHHUM 3aKI0YaeTcs
B Ie/IeHUH CUTHaa obpasiia Ha CUIHaJl 0T GoHA U BO3-
BeJIeHUH BeTMYMHBI B KBAIPaT, 4YT0OHI ITpeobpa3oBaTh
CIIEKTPAIBHYIO 3aBHCHMOCTh aMIIIMTYABI 3JIEKTPHU-
YeCKOTO IIOJISl 3JIeKTPOMAarHHUTHOMN BOJIHBL B CIIEKTP
MHTEHCHUBHOCTH H3/Iy4YeHHsI. I IIOyYeHHUS I10J1-
HOro crexrpa oT 185 HM 1o 1500 MKM BCe CIIeKTPBI
C Tpex IpHOOPOB IOATOTABIMBAIOTCS M HMIIOPTHPY-
I0TCA B IporpamMmy OPUS u CIIMBAIOTCS C IIOMOIIBIO
CIleMaabHOM QYHKIMU «Merge Spectra».

3AK/TIOYEHUE

[IpencraBieHHBIe IIPUOOPHI M METOAMKHU ITPOBEIEHUS
C MX [TIOMOIIBIO CIIeKTPAIPHBIX H3MepPeHHU N IT03BOJISIOT
Peann30BbIBaTh HCCIeN0BaTeIbCKUE 334U I10 U3y4e-
HUIO OIITHYECKUX XapaKTePUCTHK MaTepHasoB, IIep-
CIIeKTUBHBIX MAJIS HCIIO/Nb30BaHHS B TeXHHKe, pabo-
Talolllell B Pa3IHMYHBIX CIeKTPaJbHBIX [JHaIa30HaX
(o1 Y@ o TTmy) [3-21].

OnTHhyeckye H3JeIdsi, KOMIIOHEHTHl OITHYeCKHX
CHCTEM U IIPUOOPHI AJI HAyKU M IIPOMBIIUIEHHOCTH,
B IIPOM3BOACTBE KOTOPBIX [UISI IIOyYeHHUsI CIIeKTPaslb-
HBIX XapaKTePUCTHK HCIIONB3YIOTCS PacCMOTPeHHBIe
npubopsl, mpeAcTaBieHbl Ha canite OO0 «Tupexc»
(r. Caukr-Tletepbypr) [2]. CoBpeMeHHas npubopHas
6a3za ;mabopaTopuu II03BOJSET BECTH OTPAbOTKy Tex-
HOJIOTMYeCKHX ITPOLIeCCOB ITPOM3BOACTBA OIITHYECKUX
37IeMEHTOB U JleTaJlell TepareplLeBOro AHaIla3oHa -
CPaBHUTETBHO HOBOIM PBIHOYHOM HUIIM, JEeMOHCTPH-
pyIoler BEICOKKE TeMITbl MHHOBALIMH.
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pulse provides information not only in relation to the
amplitude, as in the case of Fourier spectroscopy, but
also in relation to the signal phase.

The ultrashort laser pulse is divided into a pump pulse
and an probe pulse. The pump pulse is used to generate
a terahertz pulse being formed as a result of the laser
radiation impact on a photoconductive antenna. The
probe laser pulse interacts with a certain section of the
terahertz pulse in the detector. By using the mechani-
cal delay line, the arrival time of the probe pulse at the
detector is changed in relation to the pump pulse; as
aresult of scanning the time delay interval between the
probe pulse and the pump pulse, various pulse sections
are measured with a time resolution corresponding to
the probe pulse duration. Thus, the electric field of tera-
hertz pulse is recorded in the detector as a time delay
function of the probe pulse, and the entire temporal
shape of the terahertz pulse is measured.

To generate and detect the broadband THz radiation,
it is possible to apply the TERA8-1 LT-GaAs semiconduc-
tor antennas excited by a femtosecond laser. The THz
emitter and detector have a microstrip photoresistor
antenna grown on a GaAs (LT-GaAs) substrate at low
temperature. The terahertz (THz) radiation is obtained
and collimated by a built-in hemispherical silicon lens
mounted on the XY platform. The antenna photoresis-
tance geometry, silicon lens parameters, and proper-
ties of the LT-GaAs epitaxial layers are optimized for
the maximum terahertz (THz) output efficiency while
maintaining the optimal bandwidth. The specifications
of TERA K8 Menlo Systems are given in Table 4.

Applied capabilities of the TERA K8 THz-TDS
spectrometer:

* Spectral range from 150 pm to 1500 pm;

¢ Measurement of transmission T in a sample-

focused or collimated beam;

« Measurement of reflection R at an angle of 45°;

« Measurement in the polarized light;

 Full amplitude and phase detection;

« Determination of the polarization and extinction

degree for the polarizers;

« Determination of ellipticity of the wave plates

made of crystalline quartz;

« Determination of the refractive index of materials;

« THzimage acquisition.

The spacious sample area allows easy integration of
additional equipment such as the polarizers, rotators,
special sample holders with the heating or cooling ele-
ments, mechanical sample advancers, or synchronized
radiation receivers. To obtain a THz image, this spectrom-
eter applies a special TERAImage unit including a two-
dimensional motorized slider with a sample holder and
software for the image acquisition and reconstruction.
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EXECUTION OF MEASUREMENTS

In the case of measuring the transmission spectrum
of a sample, the radiating and receiving antennas
are located on the same line and at the same height;
four TPX lenses with a focal length of 54 mm are
installed in the path of the THz radiation pulse. The
configuration of these lenses and their position on
the measuring rail is arranged in such a way that
the radiation is focused into the minimum aperture
at the sample location and transmits the maximum
power from the radiating antenna to the receiving
antenna. The minimum aperture into which radia-
tion can be focused is 5 mm. In the case of measur-
ing the reflection spectrum from a sample, con-
figuration of the radiating and receiving antennas is
changed, they are installed at an angle of 90 degrees
to each other. The sample is placed at the focal point
at an angle of 45 degrees to the incident radiation.
Thus, the reflection measurement from the sample
is performed only at an angle of 45 degrees relative
to the normal line to the sample surface. The device
circuit includes two receiving antennas: one for the
transmission measurement, and one for the reflec-
tion measurement that allows not to rebuild the
device when changing the measurement mode (Fig-
ure 9).

The time dependences of the receiving antenna
photocurrent are measured using the K8 TeraScan
software supplied with the spectrometer (Figure 10).
The search for the pulse temporal shape, setting the
best position of lenses along the optical line, as well
as fine-tuning the silicon lens position of the radiat-
ing and receiving antennas are performed using the
fast delay line scanning function. Next, the scan-
ning parameters are set in the TeraScan program,
and the time dependence of the THz pulse amplitude
is measured. To obtain the spectral specifications of
sample under study during the transmission signal
measurements, the waveform of the radiation pulse
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transmitted through the empty channel is measured
as the background, then the waveform of the pulse
transmitted through the sample placed at the focus
point of the focusing lens is measured. In the case of
the reflection signal measurements, the pulse wave-
form reflection from a mirror with a gold coating is
measured as a background, the mirror is set in the
same position as the measured sample.

The inverse Fourier transform of the measured
background and sample temporal waveforms is per-
formed using the TeraMat program, the results are
saved to a file in the digital form. Moreover, this
program allows to calculate the refractive index of
the sample material. Further processing of the mea-
surement results consists in dividing the sample
signal by the background and squaring to convert
the spectral dependence of the electric field ampli-
tude of the electromagnetic wave into the radiation
intensity spectrum. To obtain a full spectrum from
185 nm to 1500 pm, all spectra from three devices
shall be prepared and imported into the OPUS pro-
gram and combined using the special Merge Spectra
function.

CONCLUSION

The presented devices and spectral measurement
methods allow completing the research tasks to study
the optical properties of materials that are promising
for use in the equipment operating in various spectral
ranges (from ultraviolet to terahertz) [3-21].

The optical elements, components of optical sys-
tems and devices for the field of science and industry,
during the production of which the considered devices
are used to obtain spectral specifications, are given on
the website of Tydex LLC (Saint Petersburg) [2].

The authors declare that they have no conflict of
interest. All authors took part in the article prepara-
tion and supplemented the manuscript in terms of
their work.

Contribution of composite authors: The article was
prepared on the basis of long-term work experience of
all composite authors.

ABOUT AUTHORS

Kaplunov Ivan A. - Dr. of Sc. (Eng.)Tver State University;
e-mail: kaplunov.ia@tversu.ru, Tver, Russia.
ORCID 0000-0002-1726-3451

Kropotov Grigory |. - Cand. of Sc. (Phys.&Math), General Manager TYDEX, LLC.,
St. Petersburg, RUSSIA.
ORCID 0000-0001-9041-6701

Rogalin Viadimir E. - Dr. of Sc. (Phys.&Math), Institute of Electrophysics and Electric
Power, Russian Academy of Sciences, St. Petersburg, Russia.
ORCID 0000-0002-2980-5385

Shakhmin Alexey A. - Cand. of Sc. (Phys.&Math), lead engineer TYDEX, LLC.,
St. Petersburg, Russia.
ORCID 0009-0003-9566-2823




HUBOL A A munnic S5 ousina o i nepvcw

UEHTP HTH nonurtex

HHHHHH

3-6 okTa6pa 2023 roaa, r. NepmMb

BCEPOCCUUCKASA
OUAHOBCKAS
KOH®EPEHLUA

MO BONOKOHHOM ONTUKE >

2025

Cant
BKBO-2023:

[eHepasibHbIN
CMoHcop:

TANC
CnoHcopbl:

+ NordLase
<> cneuuasibHblie
FACTENM




