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METO/Ibl CHUXKEHUA ITIOMEX IIPU ITPOEKTUPOBAHUU
OIITUYECKOU CUCTEMbI KOAI'YJIOMETPA

Hogetimme cranmapTsl 1a00paTOpHON TUATHOCTUKU MTOKA3aTeNell TeMocTaza IpeAIoNaraloT HCCleIOBaHNEe MUKPO-
po0 — 3TO JECATKH MUKPOIUTPOB, OHAKO AHAIHM3 CTOJIb MAJbIX O0BEMOB SIBJIAETCS CIOXKHOM 3amaueil. Heobxo-
JIIMO CBECTH K MHHMMYMY IIOMEXH, CBSI3aHHBIE HE TOJBKO C JJIEKTPOHHOH YacTbiO, HO M C ONTHYECKUM Y3JIOM.
B cTathe npeanararoTcsi HEKOTOPBIE CIIOCOOBI CHIKEHUS TTOMEX TPH MPOEKTUPOBAHUN ONTHYECKOH CHCTEMBI Koary-
nomeTpoB. IIpencraBieHsl ycloBUs BOSHUKHOBEHHMS ITUX ITOMEX C TOYKHM 3peHHs Gusuku u ontuku. OnucaHa Me-
TOJMKA OTpPEETCHUs] ONTUMAIBHON JJIMHBI BOJIHBI Ul MPOBEACHHS aHAJIN30B HAa TEMOCTA3, JaHbl PEKOMEHIAlNN
0 BBIOOPY MCTOYHHKOB M3IydeHUs U (POTOAATIMKOB. [IpeasiokeHa KOHCTPYKIHUS TePMOCTATUPYEMOH TUTUTHI U U3-
MEpHTEIBbHBIX KaHAJoB. [IpoBeieH SKCIIepUMEHT, KOTOPBIH HATJISIHO MOKa3bIBaeT d(P(PEKTHBHOCTH MPEII0KEHHBIX
CIIoco00B CHIDKEHHS nomeX. ONUCcaHo BIMSHHUE Pa3iInYHbIX (paKTOPOB M OCOOEHHOCTEH KOHCTPYKIMH Ha ITOJIE3HBIH

BBIXOIHOM CUTHAJI.

K. cn.: onTuyueckuil KoaryaoMeTp, ONTHIECKas CHCTEMa aHAJM3aTopa reMOoCTa3a, BBIOOP UIMHBI BOTHBI

JUIS Koarysorpadun, CHIKEHHE IToMeX

BBEJIEHUE

KnorTuHroBele TecThl Ha AAaHHBII MOMEHT SIBIIS-
IOTCSI CaMbIMH PaclpOCTPAHEHHBIMH ISl MCCIIE0Ba-
HHUs Temocraza [1]. MIX oTHOcHTenbHAas IelIeBH3HA,
MPOCTOTA ¥ BMECTE C TEM TOYHOCTh CHIEJIAIM UX OUCHb
HOIYJISIPHBIMHU.

B cBs13u ¢ TeM, 4TO pydHOl METOJ SIBISIETCSI BECH-
Ma TPYOOEMKHM W IpPU 3TOM HE 00Jazaer BBICOKOU
TOYHOCTBIO, HaOMIOJAaeTcsi TEHIEHLHUsS Ha OTKa3 OT
PYYHBIX METOIOB B IOJNb3Y IIOJIyaBTOMAaTHYECKUX
koarynmomerpoB. OmHako mpoOiieMa HEZOCTAaTOYHOM
OCHAIleHHOCTH Jnaboparopuii B Poccum coxpaHnser
CBOIO aKTyaJlbHOCTH [1].

B nacrosimee Bpems CyLIECTBYIOT ABa IOIyaBTO-
MaTHUYECKUX CII0c00a PErnCTpalii B KOAryJIOMETPHH:
ONTHYECKUHA U MEXaHUYECKUI.

Koarynomerpsl, ocHOBaHHbIE Ha ONTHYECKOM Me-
TOJE U3MEPEHHUs, 110 HEKOTOPHIM JIaHHBIM, OoJiee Tou-
HBI [2, 3], uX Jerde aBTOMaTH3WpOBaTh [4], pacmm-
PHUTH BO3MOXXHOCTH OIHOT'O IpHOOpa IIsl IPOBENEHUS
U KIOTTHHIOBBIX, M HMMYHOTYOHIMMETPUYECKHUX,
U XPOMOI'€HHBIX METOAMK, KPOME TOr0, UX MOXKHO
aJanTUpPOBaTh II0A HUKTEPUYHBIE M JIUIIEMUYHBIC
mIa3Mel [2]. YaadHO CipoeKTHpPOBaHHAS ONMTHYECKAs
cHCTEeMa KOaryjJloMeTpa MOXKeT ObIThb YyBCTBHTENbHA
BO BCEM CIEKTpE KOAryJILHUOHHBIX aHAJIU30B B IIHU-
POKOM JMarna3oHe IoKa3aTenel reMocrasa.
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TEOPETUYECKHME OCHOBBI OITUYECKOI'O
METOJA U3MEPEHUSA

CymiecTByeT ABE ONTHYECKHE METOIUKU H3Mepe-
HUS TOKaszaTened remocrasza: HedenoMeTpus U Typ-
ounumerpus [5].

Hedenomerpuueckue koaryaoMeTpsl ONpPEAETSIOT
MOMEHT oOpa3oBaHUs (UOPHHOBOTO CTyCTKa IO M3-
MEHEHHUIO paccesHus cBera. JlerekTop mpu Hedeo-
METPUYECKOM METOJe HaXOOUTCSA MO YIJIOM K Ha-
narorieMy Ha oOpazern nydy (puc. 1, HarpaBienue b).

TypOuarMerpuueckue KoaryJoOMeTphl PEerucTpu-
PYIOT MOMEHT CBEPTBHIBAHUS IUIA3MBbI IIPU MPOXOXKIIE-
HUM JIydya CBETa CKBO3b O0pa3ell, OLEHUBas TOJBbKO
TPaHCMHCCUIO CBETOBOTO MOTOKa (puc. 1, Hampasie-
Hue A). OGpasyronuiicst B pe3yiabTare peakiunu Gpuo-
PUHOBBIA CTYCTOK 3HAYUTENBHO MOBBIIAET OINTHYE-
CKYIO TIOTHOCTH OMOMPOOBI, BCIEACTBHE Yero Ha Je-
TEKTOp IHONajaeT MEHbIIE CBETa U cUCcTeMa (PUKCHPY-
€T 3TOT MOMEHT IO NaJCHUIO HampspkeHus Ha (oto-
nerektope [6].

Koarynomerp Moxer OBITH 3alpOrpaMMHPOBaH,
IPHU KaKOM MPHUPOCTE ONTHYECKOH MJIOTHOCTU MO OT-
HOIIEHUIO K UCXOJHOMY YpOBHIO (AD) HOIKEH peru-
CTPHPOBATHCSI MOMEHT CBepThIBaHMS. Bpems oT BHe-
CEHHUSl B ONTHYECKYIO KIOBETY MHAYKTOpa CBEPTHIBA-
HUS IO MOMEHTa JTOCTHKEHMs 3aaHHoro AD omperne-
JISieTCsl KaK BpeMs CBEPTHIBAHUS IIJ1a3Mbl B HCCIEIye-
MOM TECTE.
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[Ipr TypOMIMMETPUYECKUX HCCIIEAOBAHUIX HH-
TEHCUBHOCTb INPOIIEIIIEro CBETOBOrO MOTOKa /i MO-
XKeT OBITh OIpezieieHa 10 YPaBHEHUIO:

I Cbd®
lg—t=k——mr, 1
glo d* +a)’ M

rrne /y — WHTEHCHBHOCTH IMAJIAIOIIEr0 CBETOBOTO MO-
TOKA; /; — WHTEHCUBHOCTH ITOTOKA, IPOIIE/IIEro ye-
pe3 pactBop; C — KOHIIGHTpAIMs PacCEHBAIOIINX
YacTHIl B pacTBOpe; b — TOJNIIMHA TOTJIOMIAIONIEr0
CIIOSl pacTBOpa; d — CPEAHUH JAMaMeTp paccerBaro-
MUX YacTHL; K W a — KOHCTAHTBHI, 3aBUCAIINE
OT TPHUPOIBI BEIIeCTBA M METOJa M3MEPEHHs; A —
JUTHA BOJTHBI.

B kxauecTBe MCTOYHHMKA M3ITyYEHHUS B KOAryJIOMeET-
pHH Halie BCero MPUMEHSIOTCSI CBETOIMO/IBI, PeXkKe —
Ja3epel.

BpI100Op ATHHBTI BOITHBI JUTS KQXKI0T0 BUIA UCCIIENO0-
BaHWU BBIOMpAaETCS UCXOAA U3 (PUBNKO-XUMHYECKUX
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Puc. 2. Crnextp MOTTIOMIEHHUS IUIa3MBI KPOBH
YenoBeKa, NMPU MPOXOXKICHUN OJHOTO CaHTH-
MeTpa obpasma

U ONTHUYECKUX CBOMCTB IUIA3Mbl KPOBH U NPHMEHsE-
MBIX PEaKTHBOB.

[Ipu TypOuOMMETpUYECKUX HCCIEIOBAHUSAX Npel-
MOYTUTENIBHO HCIONb30BaTh KOPOTKUE JJIMHBI BOJH:
CHHUHA U ONVDKHUHA yIbTPaHUOIETOBBIA. JTO CBA3aHO
C TEM, YTO J0Jsl PACCEIHHOTO CBETa YBEIUYMBAETCS
00paTHO MPONOPLHOHATIBHO YETBEPTON CTENEHH M-
HBI BOJHBI, YTO BUAHO u3 ¢opmynsl (1), coorBerct-
BEHHO PHU MEHbLIEH JIMHE BOJHBI MPOLIEAIINNA CBET
OyZer cocTaBIATh OONBIIYIO YacTh OT TAAArOIIEro,
T.e. OyneT 0oJiee MHTEHCHBHBIM.

Taxke ncciegoBaHHE PAacTBOPOB PEKOMEHIYETCS
MPOBOAUTH IIPH JUTMHE BOJIHBI O0y4€HHS, COOTBETCT-
BYIOILIEH MaKCHMaJbHOMY IOIJIOILEHHIO, T.€. [UINHE
BOJIHBI, IIPM KOTOPOW MAaKCHMaJIeH I10Ka3aTellb I10-
rIIoreHus [6.

[Imazma KpoBH 4elOBEKa MMEET MKENTOBATBIA OT-
TEHOK, CJIe0BAaTEIbHO MAaKCUMYM IIOTJIOIIEHHS MPHU-
JeTcs Ha CHHIOK YacTh crekTpa [7]. Ha puc. 2 mpen-
CTaBJICH CHEKTP IOIJIOLICHUS TUIA3MBI ITyJia 340POBbIX
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JOHOPOB TIpH TPOXOKIeHnH 1 cm obOpasma. Mcxoms
W3 TPHUBEICHHOrO BHILIE, MOXXHO CHENaTh BBIBOA, UTO
muramna3od 370-470 uMm sBnsiercs HanbOosIee MpPearodTH-
TEJIbHBIM IS CTAHAAPTHBIX KJIOTTUHTOBBIX M3MEPEHHH.

AHaM3bl reMOCTa3a MOT'YT HPOBOJUTHCS TAKXKE B 3€-
JIEHOH, KpacHOM W HMH(QPaKpacHOM YaCTSIX CIIEKTpaA.
Hmuaer BomH ot 500 10 560 HM m ot 620 mo 760 HM
yIOOHBI [UIi HMMMYHOJOIMYECKHX HCCIIEIOBaHMH.
Taxoke KpacHOE M3IydeHHE MOXKET NMPUMEHSIThCS VIS
WCCIIEZIOBAHHUS HMKTEPHUYHBIX O00pas3oB (C BBICOKHUM
coJiepaHneM OMIMpyOrHa).

Ha coBpeMeHHOM pBIHKE CYIIECTBYET MHOXECTBO
CBETOJIMOIOB, BCTPEUAIOTCS MOJEIH, COBMEIIAIOIINE
B OIHOM KOpIyC€ KpPUCTAJUIBI Pa3HBIX CIEKTPOB:
KpacCHBII-CUHUIN, CHHUI—3€JIEHbIN, KpacHbIA—3€IeHbIN
U J1aK€ TPEXLUBETHbIE — CUHUN—3€NEHBIN—KPACHBIH.
[TosTOMy, MCHONB3ysl TaKue KOMIIOHEHTHI U MPOBEAs
MPaBIIIBHYIO HACTPOWKY CHCTEMBI 0OpabOTKM CHUTHA-
JIOB, MO>)KHO CHPOEKTHPOBATh YHUBEPCAJIBHBIA KOAry-
JIOMETpP, KOTOpBI OyZeT CIIOCOOeH MPOBOIUTH BCE
BU/Ibl AaHAJIN30B (JPAKTOPOB CBEPTHIBAHUSI.

JIya mnst ocemieHust IpoObI TOMKEH OBITH J0CTa-
TOYHO y3KOHAIPaBIEHHBIM, COKYCHPOBAHHBIM. YTOJI
OCBEIIEHHS CBETOANOI0B 3aBUCUT OT MX KOHCTPYKLIHHU
u cocrasisier oT 15 mo 140 rpan. Jlns onthueckux
KOaryjJoMeTpOB MPENIOYTUTEBHO HCIOIb30BaHUE
CBETOIMOJIOB HABECHOTO MOHTa)Ka, B KOJIOE, C BUIU-
MBIM TEJIECHBIM yTJIoM ocBernenus 15—40 rpax [8].

Jns ycTpaHeHHs BIUSIHUS TIOMEX, KOTOPOE MOXKET
BbI3bIBATh MUTaHHE IPUOOPOB OCBEIIEHHS Ha 4acTOTe
50 I'm, a Takke OT €CTECTBEHHOIO JTHEBHOI'O CBETA,
KOTOPBIH OyIeT reHeprupoBath Ha (poToAMOmE MOCTO-
STHHBIM WJIM MeMJIEHHO (DIyKTYHPYIOIIMHA CUTHAIN, Ha-
HpsDKeHUE, I0AaBaeMoe Ha CBETOAMO/BL, CIEILyeT MO-
IOyJINpOBaTh 4acTOTOW B eXMHMIBI Kuiorepn. Curaain
Takol YacToThl OyaeT Jerko OT(QHIbTPOBATH W HE
cioxkHO oOpabateiBaTh. Kpome Toro, yBemmdnBaercs
pecypc paboThbl CBETOAMOA.

[IpreMHHKOM ONTHYECKOIO CHTHAajla MOXET BbI-
CTynaTh Io0oW (oTodNmekTprudecknii mpeodpazoBa-
Tenb. Yamie Bcero s TypOHMIMMETPHUUECKHX HCCIIe-

KroBeta ¢ 6monpoboii

JOBaHUM B Ka4eCTBE JETEKTOpa BhICTynaer Gporoanon
[4], T.k. ero OBICTpPOJEHCTBHE HA TIOPSIKH BHIIIE, YEM
y (doTopesucropa, mpu 3TOM OH 00Iamaer AOCTaTod-
HOW YyBCTBHUTEIBHOCTHIO [9].

AHanu3pl Ha TEMOCTa3 CIleAyeT HMPOBOAUTH IIPH
crabunpHOM Temriepatype 37 °C [10], mosTomy 610K
sTaeeK OOBIYHO TIPENICTABIISIET M3 CeOs MOIOTPEeBaAEMYIO
MAacCHBHYIO METaJUIMYECKYyIO0 IUIMTY. Matepuan st
€e M3rOTOBJICHHUS BBIOMpPAETCs 10 HECKOJIBKMM Iapa-
MerpaMm. OH JoiKeH o0nanaTh BBICOKMMHU TEIJIOEM-
KOCTBIO M TEIIONPOBOAHOCTBIO, OBITH JIETKHM, IPO-
CTBIM B 00pabOTKe, HEAOPOTHM, YCTOMYHBBIM K KOp-
po3un. OTHM YCIOBUSIM YAOBJIETBOPSIIOT CIUIABbI
ATFOMIHHS, TaKUE Kak JropatroMuanii [11].

Takke BaXHOW YACTBIO SABIISIETCS KOHCTPYKLIMS
W3MEPUTEIbHBIX SYEEK U H3MEPUTENbHBIX KaHAJOB.
JlnaMerp OTBEPCTHSI CO CTOPOHBI NaTYMKa JOJDKEH
OBITh TakoW, YTOOBI JTy4OM MOKpHIBAJIach BCA ILJIO-
IIagb CBETOYYBCTBUTEIBHOIO KpHCTala, B TaKOM
ciydae 3 dexTnBHOCTE peoOpa3oBanus OyneT Mak-
CHMAJIBHOM.

BmecTe ¢ 3TUM OIS IONOJHHUTENBHOM 3allUTHI
OT MOCTOPOHHEW 3aCBETKH HEOOXOOMMO HEMHOIO 3a-
TIIyOUTh W CBETOAWOMA, W (OTOAMOMA B TUIHTY SUEEK
(puc. 3).

Juamerp oTBepcTHs [UIA Jy4a OT CBETOAMOAA Lie-
necooOpa3Ho AenaTh He Oombie oTBepCTHs i ¢o-
TOOMOAA, @ PABHOE €MY MJIM HEMHOI'O MEHbILIE.

He meHee BaxkeH 00beM KIOBETHI M IMHA U3MEPH-
TEJIBHOI0 KaHasa. XapaKTep 3aBUCUMOCTH MHTEHCUB-
HOCTH CBE€Ta IIPHU MPOXOXKAECHUH MOHOXPOMATUIECKO-
IO CBETOBOI'0 ITOTOKA Yepe3 CJIOW BElIeCTBA ONUCHIBA-
ercs 3akoHoM byrepa—Jlam6epra—bepa [10]:

I=1,-¢, ()

rae Ip 1 | — WHTEHCUBHOCTH CBETOBOIO IOTOKA, ITa-
JAIONIET0 Ha BEMIECTBO W MPOIIEIIET0 CKBO3b HEro;
o — ko3 Pumment ceeromoriomienns, C — KOHIIEH-
Tpalws pacCTBOPEHHOTI'0 BEIIeCcTBa, b — TOINIIMHA T10-
TJIOMIAFOIIETO CIOS.

Aaagparma
N
CaeTomon N\
DoToamon
sl Puc. 3. PacrojokeHne KIOBETHI, CBETOIHOIA
=1 u ¢oronuona B IUIMTE OJNOKa H3MEpPEHHs
MeTaLTHYecKas IUIHTA o) (mpomopruy MOKa3aHbl CXeMaTHIHO)
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Puc. 4. Xapakrep paccenBaHus CBeTa C JJIMHON BOJHBI A HA 4aCTHUIAX AUaMeTpa d.

a—d<A/10, 6—d<l, B—d>1

OTUM 3aKOHOM OIrpaHUYMBAETCS MUHUMAaJbHBII
pa3mep kroBerbl. bonee paHHHE MoJeNU KoaryJloMer-
poB pabotaim ¢ mpobamu A0 1 Mi, a TyTh Jyda
B JUIMHY 00bI9HO cocTaBisul 10 mm [6]. CoBpeMeHHBIE
KE aHaIN3aToOpBl paboTalT ¢ MUKPOIPOOaMu — TIO0-
psaaka 100 MK 1 MeHee, TIyTh JIy4a B Ouompode mpu
3TOM MOXKET COCTaBIIATH 10 3 MM. Tak Kak TOJNIIMHA
MOIJIOLIAIOMIETO CJIOSI COKPAIAeTcsl B pasbl, IPU pe-
THCTPALlMM MaJIbIX KOHLEHTPALUi M3MEHEHHE CHTHa-
Jla MOXeT OBITh O4eHb Majo. B aTom ciydae ocobo
BaXHO OOECTIEYUTHh OONBIIYI0 MOMEXOYCTOWYHBOCTH
JUIS COXPaHEHUS] TOUHOCTH PE3YNIbTaTOB.

[Ipu n3roroBieHUN IeTaneu U3 Iropajis Ha COBpe-
MEHHBIX CTaHKax 0O0paboTaHHAs MOBEPXHOCTh METall-
J1a MOJy4aeTcs 3epKaJIbHO-TJIaJIKOH, YTO MOXKET CO3-
JaBaTh NPOOJIEeMbl NPHU HM3MEPEHUH, T.K. CHIBHO II0-
BBIIIAETCS KOJIMYECTBO OTPAKEHHOI'O CBETA, T.€. IIyMa.

Oco0eHHO BaKHO U30eXaTh OTPAKEHUH OT CTEHOK
KaHaJIa ¥ A4YeliKu NpH U3MEPEHUH KOHLEeHTpauuu D-
quMmepa. D-mumepsl — 3TO HPOAYKTHI Aerpajaliun
¢ubpuHa, HeOONbIME GparMeHTh OemkoB [13]. U3-
MEpeHHE KOHLEeHTpauuu D-aumepa mnpousBomuTCs
UMMYHOTYPOHANMETPUUECKH — METOAOM JIATEKCHON
arrmroTrHAIWY [14]. B peakiinoHHON CyCcreH3uH Mmpu
3TOM IPHUCYTCTBYET OONBLIOE KOIMYECTBO MEIKHX

CeeToguoabl
e

doToguoapl

HAYYHOE I[TPUBOPOCTPOEHME, 2022, Tom 32, Ne 2

qacTWIl — JIATeKCHBIX cdep amamerpom 0.22—
1.00 mxmMm [15].

Xapakrep pacceMBaHUs 3aBHCHUT OT COOTHOLLEHHS
JUIMHBI BOJIHBI CBETA U JUAMETPa 4aCTHII, HA KOTOPBIX
MIPOUCXOIUT paccenBanue (puc. 4).

PeakTuBBl ¢ wYacTUIAMM CpeIHEro JAuaMmerpa
0.7 MKM NPUMEHSIOTCS ISl UCCISAOBAaHUS B KPACHOM
cnektpe; 0.4 Mmkm — B cuHeM. KapTtHa paccenBaHuS
B 000MX ciydasix OyJer COOTBETCTBOBATh MPEACTaB-
JIEHHO# Ha puc. 4, 0.

VYuuTeBas BBIMIECKA3aHHOE, A IPABHIBHON pa-
00TBI cienyeT MOKpbIBaTb W3MEPUTEIbHbIE SUEHKU
W KaHaJbl M3HYTPH CBETONOIVIOIIAIONINM CJIOEM, Ha-
MIpUMEpP YEPHON MaTOBOU KPacKOM.

SKCIHEPUMEHT

Ha »skcnepuMeHTaNbHON YCTAHOBKE, ONTHYECKas
4acTh KOTOPOM MOKa3aHa Ha puUC. 5, B KAYECTBE HUC-
TOYHHMKOB CBETa HCIOJIb30BAINCH CBETOAMOMBI C IUTU-
Hoit BomHBI 470 HM. dDoTOmpMEMHUKAMHU CITYKUJIH
KpeMHUueBble (OTOAMOIBI, CUTHAJI KOTOPBIX YCHIIHU-
BaJICS C MOMOILbIO TPAHCUMIIEAAHCHOI'O YCHIINTEIISL.

Puc. 5. Ontuueckuii 610K dKC-
MePUMEHTAIBHON YCTAHOBKU



24 IT1. O. JIVI'OBA4, T. B. MUPMHA

@2 3auepHeHHble AYeiKu

22 23

HanpaxeHne, B

Bnecrawue a4eiku

23 2.3

4 5 (Homep mmutsr)

Puc. 6. I'padyk 3aBUCHMOCTH BETMYMHBI HANIPSHKEHUS OT AMAMETPa OTBEPCTHUS

il Brecrawpe Aaueikn
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Puc. 7. CooTHOIIEHHE CUTHAI/TITYM

CurHaiel QUKCHPOBANINCH AHAIOTOBBIM OCIIHILIO-
rpadomM ¢ MUHHMAaJIBHBIM TIpeAesoM n3Meperus 2 MB.
Bce 3Hauenuss — ammuTyaHele, yacrora | klm,
(hopma — meaHIp.

W3mepenust npoBOAMIINCE HA JECSTH IUIUTAX, B KaXK-
JIOi 110 YeThIpe HEe3aBUCHUMBIX, HO OIMHAKOBO HACTPO-
eHHBIX KaHama. [IaTh mmuT mMmenu riaaakyio odpabo-
TAaHHYI0 METaJUVIM4YECKyl0 IIOBEPXHOCTb (Hajnee —
OnecTsIue TUTUTHI), IpyTHe ObUIM TOKPHITH YePHOM
MaTOBOHM KpacKoil (masee — 3a4epHEHHBIE IUIHTHI).
Cpenu Kaxkaoi IpyIsl ObUIM SK3EMIUIIPHI C Pa3HBIMU
IUaMeTpaMH HM3MEpUTENbHBIX KaHayoB. [lns Omects-
mux: 2 v 2.2 MM 1 TpH 110 2.3 M. 11 3a4epHEHHBIX:
2,2.2,2.25, 2.3, 2.35 mm. (IIpucBonM tumTam rpyr-
bl COOTBETCTBEHHBIE HOMepa 1-5.)

_..__

58.7 58.8

(Homep mmuth)

YpoBHU HampsKEHUM, 3aMEpEHHbIE HAa YEThIpEX
KaHaJIax KaKIOM IJIUThI, ObUIM NPUBECHBI K CpEeIHe-
My apu(METHYECKOMY, T.K. pPa3HHUIAa MEXAy KaHaya-
MU OIpeneNnsieTcs B OCHOBHOM ITOIPEIIHOCTBIO CBETO-
JIMOJI0B.

Haubonee 3Haunmoe BIMsSHUE OKa3aj THII TOBEPX-
HOCTH IUIMTHL. [lapasuTHas 3acBeTka M3-3a MHOIO-
KpPaTHOTO OTpPa)K€HWsI OT OJECTANIMX CTEHOK 0e3 mo-
KPBITHSI 3HAYUTENbHO YBEINYMBAET BBIXOAHOW CHUT-
HaJ, TpaduK MoKa3aH Ha puc. 6.

[Ipupoct HampspKeHus 3a CcYeT M3MEHEHHs aua-
MeTpa 0T MUHMMAJIbHOTO K MAaKCUMaJIbHOMY COCTaBHUII
18.7 % ma Omectsimux u 46.2 % U 3a9epHEHHBIX
wnt. [Ipu 3ToM cpenHsis pa3HULA aMIUIUTYA MEXIY
IUTMTaMH pa3Hoi 00paboTku coctaBmia 69.7 %.

HAVYYHOE ITPUBOPOCTPOEHME, 2022, Tom 32, Ne 2
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W3 momy4eHHBIX JaHHBIX OBUIO PACCYMTAHO COOT- BmecTe ¢ 3THM 107 MTapa3UTHOTO OTPa’KEHHOTO
HOULIEHUE CUTHAJ/IuyM. Puc. 7 HarnmsaHO MokasblBaeT CUTHalAa Ha Onectamux miauTax pocrturaer 7.1%
4acTh HANpsDKeHWd IIyMa B obmiem curHame. B atom  (puc. 8).
cllydqae IIyM — 4YacTb IIOMEX, CO3JaHHas dJIeKTpHUe- Ha 3auepHeHHBIX IUIMTAX JIOJISI 3TOTO CHTHAJIA HE TIpe-
cKoil cxemoii. brectsmue mmThl nMeroT otHomenne  Beimaer 0.2% (puc. 9).

JydIIe, OTHaKO pa3HUIla ¢ 3a4epHEHHBIMH HEBEINKA.

O Jons curHana ¢ $otoamoaa npy usMepeHun oTpaxexHoro nyua, B [ons curHana c poroguoaa. Npu MSMepeHUH NpoLLIeAIIero ayua

3 6.4% 71 %
3.4% 4.4% 7 V)
7 | 3.4%
6
m 5
4
%
E
g2
1
0
1 2 3 4

(Homep muTh)

Puc. 8. CooTHoIIEHNE MTOJE3HOTO CUTHAJIA U OTPAXKEHHOT0, CHATOTO B OTBEPCTUAX TS KIOBET, IPH U3MEPEHUH
Ha ONecTSIIUX IMTaX (Ha BEIHOCKAX yKa3aHbI IPOIEHTHBIE 0N Ul OTPaKEHHOTO JTy4a)

B lona curiana ¢ oTogmoga npu MamepeHMmn NpoLeguero nyya

0.2% 0.2%
4.5 02% 0.2% |-
o 0.2% ' ' '
2.5 < - = = £ - -] .
0 R -
1 2 3 4 5

(Homep mmutsr)

N w ~

Hanpsenmne, B

[

Puc. 9. CooTHomIeHNE MTOJIE3HOT0 CUTHAJIA U OTPAXKEHHOT0, CHATOTO B OTBEPCTUSAX IS KIOBET, IPH U3MEPEHUH
Ha 3aYEpPHEHHBIX IUINTaX (Ha BBIHOCKAX yKa3aHbI IPOLICHTHBIE TOIH JJISl OTPAXKEHHOT'O JTy4a)

OTpakeHHBIH CUTHAJI CHUMAJICSI C OTBEPCTHH JUIS CursHansl ¢ 3a4€pHEHHBIX U OJECTSIUX IUIUT CO-
KIOBET, 1 3TO TOJBKO OJJHO HAIpaBJIEHHE PAacIpoCcTpa-  IMOCTaBieHBI Ha puc. 10.
HEHHS OTPaXEHHBIX Jy4ed, OJHAKO Pa3HHUIlA OYEHb [o rpaduxam Ha puc. 6 1 10 MOXKHO 3aMETUTH eIle
BEIIMKA, YTO HATJIAIHO ITOKAa3bIBAET MOJOKHUTEIBHOE  OJHY MpoOJIeMy IUTUT O€3 MOKPHITHUS — HEOIHMHAKO-
BIIVSTHUE 3a4EPHSIOIIETO MOKPBITHS. Basg oOpaboTka. CrenaHHbIE B pa3HOE BPEMs U Ha pas-
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HBIX CTaHKaX, OHM PAa3JIM4alOTCs 10 OTPaXkaTelnbHON
CIIOCOOHOCTH.

Hecmotpst Ha TO, 9TO OTpaXeHHBIH CHUTHAN OBLI
U3MEpPEH TOJBKO C BEPXHUX OTBEPCTHH ISl KIOBET,
00I1yI0 KapTUHY MOKHO OLEHHUTb, CPABHHUB Pa3HHIIBI

% MpUPOCT HaNPAXXEHUA 33 CYET OTPAXKEHUH

HanpameHwe, B

IT. O. IVI'OBAA,

T. B. MUPMHA

CHTHAJIOB Ha 3aYEPHEHHBIX M ONECTAIMX IUINTAX TPH
OJIMHAKOBBIX JTHaMETPaX OTBEPCTHH.

B takom ciydae BunHO (puc. 10), uro Oomee moio-
BUHBI YpPOBHSI HAaNpsHKEHHS Ha (OTOIMOAE MOXKET
CO3/1aBaThCs 33 CUET OTPAKEHHSI.

B CvrHanbi ¢ 3auepHeHHbIX NAUT

4 5
(Homep mmutsr)

Puc. 10. CooTHOLICHNE TTOIE3HOTO CUTHAJIA M TAPA3UTHOT0, BO3HUKIIETO B PE3YIbTATE OTPAKEHUH NPH N3MEPEHNUHT

Ha OJECTAMX IUINTax

BbIBO/IbI

Ilo pe3ynbraraM TEOPETHYECKOI'O aHAJIM3a U JKC-
MeprMEHTa MOXXHO CJHIeNaTh BBIBOI 00 3¢ddexTuBHO-
CTH NPEAJIOKEHHBIX MEP IO CHUXEHHIO IIOMEX B OIl-
THYECKUX y3JIaX KOaryJoMeTpOB.

MoskeT noka3aTbCsl, YTO MOJNE3HBIM CUTHAI BO MHO-
ro pa3 Oomble JFOOBIX W3MEPEHHBIX IIYMOB W MPO-
Onema Kak TakoBasi He CTOMT. OHAKO HE CTOUT 3a0bI-
BaTh, YTO KPUTEPUH pPerucTpaluy BpeMeHU 00pa3oBa-
HUS CTyCTKa — OTHOCHTEJIBHOE M3MEHEHHE CHTHala,
a He ero abcomoTHOE 3HaueHne. Kpome Toro, peares-
THI ¥ IIJ1a3Ma KPOBH CaMH IO ceOe SBJISIFOTCS MPersT-
CTBMEM Ha IyTH JIy4a M CHJIBHO CHW)XAIOT CHUTHAJ.
[Ipyn nporexkaHnu peakuuu, OCOOEHHO NPH HCCIENO0-
BaHUM IJIA3Mbl CO CHUKEHHBIMH 1OKA3aTEIISIMU I'eMO-
crasa, JeibTa CUTHAJA MOXET COCTaBIIATH IIECATKU
MUJIJIUBOJIBT.

Eme cnoxHee kapTMHA CTAaHOBUTCS IPU MUMMYHO-
JIOTMYECKUX M3MEPEHUsIX, KOI/la CaM peareHT MEHseT
XapakTep paclpoCTpaHEHHs] Napa3UTHOTO CHUTrHaja
B XYZLIYIO CTOPOHY.

[IponymMaHHasi KOHCTPYKLUS U TEXHOJOTHS MOTYT
CAeNaTh ONTUYECKUH KOaryjJoMeTp YHHBEPCaJIbHOU
CHCTEMOMH, CITOCOOHOW BBIMIONHATH OYEHBb HIMPOKHI
CIIEKTp aHaJM30B Ha IeMocTa3. BbICcOkas TOYHOCTh
U crnenr(UIHOCTh PE3YNIbTAaTOB YIOBJIETBOpPSET ca-

MBIM COBPEMEHHBIM TpeOOBaHMSAM COBPEMEHHOH Me-
IULMHBI B 00JaCTH TNarHOCTHKH.
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CONSTRUCTION OF AN OPTICAL COAGULOMETER SYSTEM
AND WAYS TO REDUCE INTERFERENCE

P. O. Lugovaya, T. V. Mirina

Ufa state aviation technical University, Russia

The latest standards of laboratory diagnostics of hemostasis involve the study of micro—samples — tens of mi-
croliters, however, the analysis of such small volumes is a difficult task. It is necessary to minimize the interfe-
rence associated with not only the device electronics, but also the optical node. The article suggests some ways
to reduce interference when designing the optical system of coagulometers. The reasons for the appearance of
these interferences from the point of view of physics and optics are presented. The method of determining the
optimal wavelength for hemostasis tests is described, recommendations are given on the choice of emission
sources and photodetectors. The design of a thermostatically controlled plate and measuring channels is pro-
posed. An experiment has been conducted that clearly shows the effectiveness of the proposed methods for re-
ducing interference.The influence of various factors and design features on the useful output signal is described.

Keywords: optical coagulometer, optical system of the hemostasis analyzer, wavelength selection for coagulography, noise
reduction

INTRODUCTION study is angled to the incident beam on the sample
(Fig. 1, direction b).
Clotting tests are currently the most common for Turbidimetric coagulometers record the moment of

the study of hemostasis [1]. Their relative cheapness, plasma coagulation when a light beam passes through
simplicity and, at the same time, accuracy made them a sample, estimating only the transmission of the light
very popular. flux (Fig. 1, direction A). Because the fibrin clot gen-
Due to the fact that the manual method is very la-  erated as a result of the reaction raises the optical den-
borious and does not have high accuracy, there is sity of the bioassay, less light enters the detector, and
a tendency to abandon manual methods in favor of the system compensates for this by lowering the vol-
semi-automatic coagulometers. However, the problem  tage across the photodetector [6].
of insufficient equipment for laboratories in Russia
remains relevant [1].

~ Currently, there are two semi-automatic recording Fig. 1. Detection of fibrin clot formation using turbi-
'methods in coagulometry: optical and mechanical. dimetric (direction A) and nephelometric (direction b)
According to some data, coagulometers based on methods

the optical method of measurement are more accurate
[2, 3], they are easier to automate [4], expand the ca-
pabilities of one device for performing both clotting
and immunotubidimetric, and chromogenic research.
In addition, it can be adapted for icteric and lipemic
plasmas [2]. A well-designed optical system of a coa-
gulometer can be sensitive to the entire spectrum of
coagulation analysis in a wide range of hemostasis

The coagulometer can be programmed at what in-
crease in optical density in relation to the initial level
(AD) the clotting moment should be recorded. The
time from the introduction of the clotting inductor into
the optical cuvette until the specified AD is reached is
defined as the plasma clotting time in the test under
study.

parameters. In turbidimetric studies, the intensity of the trans-
mitted light flux /; can be determined by the equation:
THEORETICAL FOUNDATION 3
OF THE OPTICAL MEASUREMENT METHOD I, . Cbd
lg—=k T (D
1, d" +ahk

There are two optical methods for measuring he-
mostasis parameters: nephelometry and turbidimetry — where I is the intensity of the incident light flux; /; is
[5]. the intensity of the flow passed through the solution;
Nephelometric coagulometers determine the mo- C is the concentration of scattering particles in the
ment of formation of a fibrin clot by changing the solution; b is the thickness of the absorbing solution
light scattering. The detector in the nephelometric layer; d is the average diameter of scattering particles;

28
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k and a are constants depending on the nature of the
substance and the method of measurement; A is the
wavelength.

As a source of emission in coagulometry, LEDs
are most often used, less often — lasers.

The choice of wavelength for each type of research
is made based on the physicochemical and optical
properties of blood plasma and reagents used.

In turbidimetric studies, it is preferable to use short
wavelengths: blue and near ultraviolet. This is due to
the fact that the portion of scattered light increases in
inverse proportion to the fourth power of the wave-
length, which can be seen in formula (1); accordingly,
at a shorter wavelength, the transmitted light makes
up a greater part of the incident light, i.e. is more in-
tense.

Also, the study of solutions is recommended to be
carried out at an irradiation wavelength corresponding
to the maximum absorption, i.e. the wavelength for
which the absorption index is maximum [6].

Human blood plasma has a yellowish tint, there-
fore, the absorption maximum is in the blue part of the
spectrum [7]. Fig. 2 shows the absorption spectrum of
plasma from a pool of healthy donors during the pas-
sage of 1 cm of the sample.

Fig. 2. The absorption spectrum of human blood
plasma in the case of passing one centimeter of the
sample

Based on the above, it can be concluded that the
370-470 nm range is the most preferred for standard
clotting measurements.

Hemostasis analyses can also be carried out in the
green, red and infrared parts of the spectrum. Wave-
lengths from 500 to 560 nm and from 620 to 760 nm
are proper for immunological studies. Also, red emis-
sion can be used to study icteric samples (with a high
content of bilirubin).

There are many LEDs on the modern market, some
models combine crystals of different spectra in one
housing: red-blue, blue-green, red-green, and even
tricolor blue-green-red. Therefore, by using such
components and properly configuring the signal
processing system, it is possible to design a universal
coagulometer that is able to perform all types of clot-
ting factor analyses.

The sample illumination beam must be sufficiently
narrowly directed, focused. The illumination angle of
the LEDs depends on their design and ranges from 15
to 140 degrees. For optical coagulometers, it is prefer-
able to use surface-mounted point-to-point LEDs in
a flask with a visible solid illumination angle of 15—
40 degrees [8].

To eliminate the influence of interference, which
can be caused by flashing of lighting devices at a fre-
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quency of 50 Hz, as well as by natural daylight, that
generates a constant or slowly fluctuating signal on
the photodiode, the voltage supplied to the LEDs
should be modulated with a frequency of units of ki-
lohertz . A signal of this frequency is easy to filter and
to process. In addition, the service life of the LED gets
increased.

Any photoelectric converter can act as an optical
signal receiver. Most often, a photodiode acts as a de-
tector in turbidimetric studies [4], since its speed is
orders of magnitude higher than that of a photoresis-
tor, while it has sufficient sensitivity [9].

Hemostasis tests should be carried out at a stable
temperature of 37 °C [10], so the block of cells is
usually a heated massive metal plate. The material for
its manufacture is selected according to several para-
meters. It should have high heat capacity and thermal
conductivity, be light, easy to process, inexpensive,
and resistant to corrosion. These conditions are met by
aluminum alloys, such as duralumin [11].

Another important characteristic is the design of
the measuring cells and measuring channels. The di-
ameter of the hole on the side of the sensor should be
such that the entire area of the photosensitive crystal
is covered by the beam, in this case the conversion
efficiency is maximum.

At the same time, for additional protection from
extraneous illumination, it is necessary to slightly
deepen both the LED and the photodiode into the cell
plate (Fig. 3).

Fig. 3. The location of the cuvette, LED and pho-
todiode in the plate of the measuring unit (propor-
tions are shown schematically)

It is advisable to make the diameter of the hole for
the LED beam no larger than that of the hole for the
photodiode, but equal to it or slightly less.

Equally important are the volume of the cuvette
and the length of the measuring channel. The nature of
the dependence of the light intensity during the pas-
sage of a monochromatic light flux through a layer of
substance is described by the Bouguer—Lambert—Beer
law [10]:

I=1,-¢, )

where I, and 7 are the intensities of the light flux fall-
ing on the substance and passing through it; a is the
coefficient of light absorption, C is the concentration
of the dissolved substance, b is the thickness of the
absorbing layer.

This law limits the minimum size of the cuvette.
Earlier models of coagulometers worked with samples
up to 1 ml, and the beam path in length was usually
10 mm [6]. Modern analyzers work with microsam-
ples — about 100 pl or less, while the beam path in
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a biosample can be up to 3 mm. Since the thickness of
the absorbing layer is reduced by several times, the
change in the signal can be very small when recording
low concentrations. In this case, it is especially impor-
tant to ensure greater noise immunity in order to
maintain the accuracy of the results.

When manufacturing duralumin details on modern
machines, the treated metal surface is mirror-smooth,
which can create problems for measurement, because
the amount of reflected light, i.e. noise, increases
greatly.

It is especially important to avoid reflections from
the channel and cell walls when measuring the D-
dimer concentration. D-dimers are fibrin degradation
products, small fragments of proteins [13]. Measure-
ment of D-dimer concentration is carried out immuno-
turbidimetrically, by the method of latex agglutination
[14]. In this case, the reaction suspension contains
a large number of small particles — latex spheres with
a diameter of 0.22—-1.00 um [15].

The nature of scattering depends on the ratio of the
wavelength of light and the diameter of the particles
on which scattering occurs (Fig. 4).

Fig. 4. Scattering of light with wavelength 4 on the
particles of the diameter d.
a—d<A/10, 6—d<l, B—d>1

Reagents with particles of an average diameter of
0.7 um are used for research in the red spectrum;
0.4 um — in the blue. The scattering pattern in both
cases will correspond to that shown in Fig. 4, 6.

In view of the above, for proper operation, the
measuring cuvettes and channels should be covered
from the inside with a light-absorbing coating, such as
black matte paint.

EXPERIMENT

On the experimental setup, the optical component
of which is shown in Fig. 5, LEDs with a wavelength
of 470 nm were used as light sources. Silicon photo-
diodes served as photodetectors, the signal of which
was increased using a trans-impedance amplifier.

Fig. 5. Optical block of experimental setup

The signals were recorded with an analog oscillos-
cope that has a minimum measurement limit of 2 mV.
All values are amplitude, frequency 1 kHz, meander
shape.

The measurements were carried out on ten plates,
each with four independent but identically arranged
channels. Five of the plates had a smooth, machined
metal surface (hereinafter referred to as the shiny
plates), others were covered with black matte paint
(hereinafter referred to as the blackened plates). Each
group included specimens with different diameters of
the measuring channels. For shiny ones: 2, 2.2 mm
and three 2.3 mm each. For blackened: 2, 2.2, 2.25,
2.3, 2.35 mm. (Let's assign the corresponding num-
bers 1-5 to the plates of the group).

The voltage values measured on the four channels
of each plate were reduced to the arithmetic mean,
since the difference between the channels is deter-
mined mainly by the error of the LEDs.

The type of plate surface has the most significant
influence. Spurious light due to multiple reflections
from shiny uncoated walls significantly increases the
output signal, the graph is shown in Fig. 6.

Fig. 6. Graph of the dependence of the voltage value
on the diameter of the hole

The increase in voltage due to the change in di-
ameter from the minimum to the maximum amounted
to 18.7% for shiny and 46.2% for blackened plates.
The average amplitude difference between plates of
different processing was 69.7%.

From the obtained data, the signal-to-noise ratio
was calculated. Fig. 7 clearly shows the portion of the
noise in the overall signal. In this case, the noise is
part of the interference created by the electrical cir-
cuit. Shiny plates have a better ratio, but the differ-
ence with blackened ones is small.

Fig. 7. Signal-to-noise ratio

At the same time, the portion of the spurious re-
flected signal on shiny plates reaches 7.1% (Fig. 8).

Fig. 8. The ratio of the useful and reflected signals in
the holes for the cuvettes, when measured on shiny
plates (the percentages for the reflected beam are in-
dicated above)

On blackened plates, the portion of this signal does not
exceed 0.2% (Fig. 9).

Fig. 9. The ratio of the useful signal and the reflected
signal in the holes for the cuvettes, when measured on
blackened plates (the percentages for the reflected
beam are indicated above)
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The reflected signal was measured in the holes for
the cuvettes, and this is only one direction of propaga-
tion of the reflected rays, but the difference is very
large, which clearly shows the positive effect of the
black coating.

The signals from the blackened and shiny plates
are compared in Fig. 10.

Fig. 10. The ratio of the useful signal to the parasitic
signal resulting from reflections in the measurements
on shiny and blackened plates

According to the graphs in Figs. 6 and 10 one can
see another drawback with uncoated plates — unequal
processing. Made at different times and with the use
of different machines, they differ in reflectivity.

Although the reflected signal was only measured
from the top cuvette holes, the overall picture can be
assessed by comparing the difference of signals on
blackened and shiny plates with the same hole diame-
ters. Fig. 10 shows that more than half of the voltage
value on the photodiode can be created due to reflec-
tion.

CONCLUSION

Based on the results of theoretical analysis and ex-
periment, it can be concluded that the proposed me-
thod to reduce interference in the optical units of coa-
gulometers are effective.

The useful signal may seem to be many times
greater than any measured noise and the problem as
such is not worth it. However, one should not forget
that the criterion for recording the clot formation time
is the relative change in the signal, and not its absolute
value. In addition, reagents and blood plasma are
themselves an obstacle to the path of the beam and
greatly reduce the signal. When the reaction proceeds,
especially when studying plasma with reduced hemos-
tasis, the signal delta can be tens of millivolts.

The picture becomes even more complicated dur-
ing immunological measurements, when the reagent
itself changes the nature of the propagation of the pa-
rasitic signal for the worse.

Thoughtful design and technology can make the
optical coagulometer a versatile system capable of
performing a very wide range of hemostasis tests.
High accuracy and the specificity of the results meet
the most modern requirements of modern medicine in
the field of diagnostics.
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