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K BOIIPOCY OB AHAJIMTUYECKOHN YYBCTBUTEJBHOCTHU
I'EHETHYECKOI'O AHAJIM3ATOPA

B crarbe paccMOTPEHO BIHMSHUE OTPAXKEHHS U PACCESTHUS U3NTydeHUs (UIyOpEeClEHIIMHU B JIMHEHKe KallWUIIpOB Ha
aHATUTHYECKYIO YyBCTBUTEIbHOCTh FEHETUYECKOTO aHanu3aTtopa. OTpakeHHOE U PacCesHHOE U3Iy4eHHE CO3JaeT
(OHOBYIO 3aCBETKYy, KOTOpasi B psijie CIy4yaeB MOXKET MPEBBIIATh MHTEHCHBHOCTh MH(OPMATUBHOTO CHrHaja
¢ryopecuenunu. [lokazaHo, 4To OCHOBHOH BKJIaJ B (POHOBYIO 3aCBETKY JMHEHKH KaMIUIIPOB BHOCHT OTPaKCHHE
M3JIy4CHUS OT COCEAHMX KAIMIUIIPOB C BBICOKOHW KOHIEHTpaIuel ¢ryopoopoB 1, COOTBETCTBEHHO, BBICOKOH MH-
TEHCUBHOCTBIO (UTyOpeCcleHINH. DKCIICpUMEHTAIbHAs TPOBEPKa MPEATIOKEHHOW Mojenu popMupoBaHus (HOHO-
BOM 3aCBETKM ObIIa NMPOBEICHA HA CTAHAAPTHOM JIMHEWKE KaLIAPOB ¢ § KaNWUIIpaMH, B KOTOPOH OAMH U3 Ka-
NUJUISIPOB OBUT 3aII0JIHEH KOJUIOWAHBIM PAaCTBOPOM KBAHTOBBIX TOYEK. DKCIEPUMEHTAILHO MOJYYEeHHbIE 3aBUCH-
MOCTH MHTEHCUBHOCTH OTPa)KEHHOTO KalWIIIpaMu M3Jy4eHHs (IIyOpecleHIIMN I0CTaTOYHO KOPPEKTHO OMHCHI-
BAIOTCS NIPE/IIIOKEHHOW MOJIebi0. ECli MHTEHCHBHOCTH (PIIyOpPECHEHIIMH B PA3JIMUHBIX KAITMIUIAPaX JIMHEHKH OT-
JMYAIOTCS HE3HAYUTEIBHO, TO KalWUIAPh! HE OKa3bIBAIOT CYIIECTBEHHOTO BIMAHUSA ApYyT Ha apyra. [Ipu pasHuie
uHTeHCcuBHOCTHU (ryopecueHnny B 1000 pa3, addexTrBHAs aHATUTHYECKast YyBCTBUTEILHOCTD MA1aeT IPUMEPHO
B 100 pa3. 13 nomy4eHHBIX pe3yNbTaTOB CIEAYET, YTO IS MOyYEHHs BHICOKON aHAIMTHYECKONW YyBCTBUTEIBHO-
CTH TEHOMHOTO CEKBEHHPOBAHMS KOHLEHTpAIHs (HIyopodopoB H0DKHA OBITH MPUMEPHO OJMHAKOBOM BO BCEX Ka-
nuipax JuHeHkn. PaccMaTpuBaeTcs 1enecoo0pa3sHOCTh UCTIONb30BaHHS JTHHEEK KAMIUIAPOB ¢ OOJIBIINM KOJIH-
9YEeCTBOM KalMJUIIPOB U MEPHI 110 YMEHBIIEHHIO B3aUMHOT'0 BIHMSIHUS KaWIISPOB B JIMHEHKE KallIISIPOB T€HETH-

YECKOro aHajiusaropa.

Kniouesvie cnosa: anamutadeckas YYBCTBUTCIIBHOCTD, TCHETUICCKUI aHaJn3aTop, JIMHEHKa KalmuJiiisipoB

BBEJAEHUE

K OCHOBHBIM XapaKTepHCTHKaM T'€HETHYECKHX
aHanmm3atopoB [l, 2] oTHOCATCS UIMHA TMPOYTEHUS,
MaKCHUMalbHas aHAIW3UpyeMas JUIMHA, BPeMsl CTaH-
JapTHOTO (parMEHTHOTO aHalu3a, KOJIMYECTBO KaHa-
JIOB €TEKNNU (PIITyOpEeCHeHINH, aHATUTHYECKasT JyB-
CTBHUTENBHOCTh, TUHAMUYECKUI TUaNa30H U3MEPEHUs
CHUTHaJa B KaXXJIOM CHEKTpaJbHOM auamnasoHe [3, 4].
AHanmuTH4yecKasi 4yBCTBUTEILHOCTh ONpENENseT MHU-
HUMAJIbHYIO KOHIIGHTPAIIMIO aHAIM3UPYEMBIX peareH-
TOB, TAKUX KaK (UIyOPECIICHTHO MEUEHBIC (PPAarMEHTHI
JHK unmu xpacutenu B MOAEITBHBIX AKCIIEPUMEHTAX.
Bricokasi 9yBCTBHUTENBHOCTh WMeEET OOJBINIOE 3Hade-
HHE, KOTJa UCCIEAYIOTCS 00paslbl ¢ MajbIM KOJHYe-
cteom JIHK, xoropoe maxe mocne amrumdukanuu
C MOMOIIBIO MOJMMEPa3HOW LEMHON peakluuy M03BO-
JSET TONYYUTh WHTEHCHBHOCTH (DIIyopecueHIu,
OJTM3KKE K CUTHATY IIYMOB HJIM ()OHOBOTO M3ITyYEHHUS
[5]. [HoaTomy wmccnenoBanHus, HalpaBieHHBIE HA TIO-
BBIIICHUE AaHAJTUTHYECKOW YyBCTBUTEIBHOCTH TEHE-
THUYECKOTO aHalu3aTopa W omnpezelieHne ee (akTuye-
CKOI'0 3HaY€HHUS, SABJIAIOTCS AKTyaJIbHOU 3aaueil.
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DOAKTOPBI, BJIMAIOINE
HA YYBCTBUTEJIBHOCTb

OOBIYHO Tpexmnonaraercs, 4YTO aHAIUTHYECKas
qyBCTBHUTEJIBHOCTb OINpPENeNIAeTCs IIyMaMd H3Mepu-
TENBHOTO TpakTa, ()OHOBOM 3aCBETKOM W JIPYTHMMHU
napa3suTHeIME 3 dheKkTamu.

B pabore [6] wm3ydeHO BIHMSHUE OTPAKEHHOTO
OJUHOYHBIM KallMJUIAPOM M3Iy4YEHHS Jia3epa Ha 4yB-
CTBUTEIFHOCTH (PITyOpECIIEHTHBIX U3MepeHuil. B atoit
pabote nenaeTcsi BBIBOJ, YTO OCHOBHOM BKJaJ B HMH-
TEHCUBHOCTb (DOHOBOI 3aCBETKH B IETEKTOpax MIJs
CHCTEM KallWIISPHOTO 3JeKTpodope3a BHOCHT OTpa-
XKEHHOE OT Kamwuisipa W3ydeHue jasepa. B pabote
[IOKa3aHo, YTO JUIsl CTAaHJAPTHOM ONTHUYECKON CXEMBI €
HOPMAaJIbHBIM MaJI€HUEM JIa3€PHOTO JIyya Ha KalnuuIsp
U OpHU YCIOBHUH, YTO M3JIyYEHHE OT KamuuIipa coOu-
paetcst mapaboMyecKiM 3epkaioM B yriie 120°, mpu-
MepHO 4.2% MOIIHOCTH Ja3epHOIr0 H3JIy4deHus, Ia-
JAI0IIEro Ha KanuuLp, Imepepacmpeensercss Ha ¢$o-
TONprueMHOe ycTpoiicTBO. CBETOBOI MOTOK (hiyopec-

LEHINH F TIpu TeX ke yCIOBUSX paBeH [6]:
F =PKT(1-10""“)= PKTsbC xIn10, (1)

rae FF— motok duyopeciieHnun; K — KBaHTOBBIN
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BEIX0[] Ipo0OBI; 7 — Koa(duimeHT npomyckanus on-
TUYECKOW CHUCTEMBI; € — MOJSPHBIN Kod(hduIneHT
SKCTUHKIIUU TIPOOBI; b — ONTUYECKHHA yTh (IUaMeTp
kamsipa); C — KOHIEHTpanus (Giayopecuupyrone-
IO BEIIECTBA.

OneHKy, CJIeIaHHbIe M0 3ToW (hopMyJie IPU MOIII-
HOCTH JazepHoro m3mydeHus P =30 MBt, b = 75 mMkMm,
T=0.5, ¢=200000 a/monb, K = 0.15, moxasnIBaoT,
9TO IMOJHOE M3ITydeHne (IyopecIeHIIMd BO BCEM Te-

JIECHOM YTJIE COCTaBIsieT IMpuUMepHO F z8><|C| Br.

Tak, npu KounenTpamuy mpoost C = 107 Mo/ noTox
dryopectenm G6yaer cocrapasats F = 8 x 107 Br.
OTOT IOTOK PaBHOMEPHO pPacIpesiesieH B IIOJIHOM Te-
JIECHOM yrie 4m. 3epKajlo IIpHU yKa3aHHbIX BhILIE I1a-
paMeTpax coOupaeT U3JIydeHHE B TEIECHOM YIJE T.
IlosTomMy Ha ¢oTonpueMHUK MONAgaeT NPUMEPHO

25% nonesuoro curnana, T.e. F, =2x10""Br. B 10

e BpeMsi, P TOH K€ MOLIHOCTH Ja3epHOIo U3Iyde-
Hus P = 30 MBT B cTopoHy oTOnpuemnnka oTpaxa-

ercs npumepHo P, =1.3x107Br. Hcnonb3osanue

UHTEPPEPEHINOHHBIX (GHIBTPOB MO3BOJISIET NTOIABUTH
HapasuTHOE J1a3epPHOE M3ITyUCHHE, OTPAKEHHOE Ka-
NIUISIPOM, OJHAKO MPH 3TOM CHHXKAETCS MPOIyCKa-
HUC ONITHUYCCKOr'O KaHajia, YTO IMMPUBOAUT K CHUKCHHIO
YYBCTBUTCIIbHOCTU CHUCTEMBEI. HJ’IH MHUHUMM3aAUU I1a-
Pa3sUTHOrO JIa3€PHOTO M3JIyYEHHs, IIOIaJaroIIero
Ha QoTonpuemnuk, B pabore [6] ObLIO MpeAsOKEeHO
HCTIONIb30BaTh MPOCTPAHCTBEHHOE DPa3lesieHHue JIyueil
3a CYeT HAKJIOHHOIO MAJEHMs JIa3epHOT0 U3IIyueHUs
Ha Kammuisip ¢ mpo6oi. Takoi moaxo NCHoIb3yeTcs
B HACTOfIIEE BpeMs B TEHETUYECKOM aHaIHU3aTope
"HAHO®OP 05".

B psme pabor [7-9] oTmeuaeTcst ompenensioniee
BJIMSIHUE IIYMOB (DOTOMPHUEMHHKA HAa aHATHTHYECKYIO
qyBCTBHUTEJIBHOCTh CUCTEM Ha OCHOBE KaIMJUIIPHOTO
anekTpodopesa. PaccmaTpuBatoTcs BiusiHUS J1po0o-
BOTO mIyma, (UIYKTyallid CBETOBOTO TMOTOKA, (DHUIIBT-

paruu curnanos. B padote [10] ucciemoBan mporece
(doTopacnana ¢ryopeciHa 1o JeiCTBHEM JIa3epHO-
ro m3nydenusi. IlokaszaHo, 4ro ¢oronerpagauus Kpa-
CUTCJIA CHMXKACT UYBCTBUTCIBHOCTD I/ISMCpCHI/Iﬁ 1 Ha-
KJIa/IbIBa€T OTPAaHWYEHUS] HA MOIIHOCTh BO30YXIaro-
uiero jazepHoro uziaydenusd. Ilomyuennsie B [10] pe-
3yJIbTaThl IO3BOJIAIOT ONTUMHU3HPOBATH MOILIHOCTb
jazepa C y4eTOM BpPEMEHHM JECTPYKLUH KpachUTels
U BPEMEHHM HAaXOXKICHUS MOJIEKYJbl B 30HE JCHCTBUS
JIa3ePHOTO U3ITyUCHHS.

B pabote [11] mpoBeneHa 3KCIIEpUMEHTAIbHAS
OILIEHKA 3HAYEHUM aHAJIUTUYECKON YyBCTBHUTEIBHOCTH
M3MEPEHHUsI CUTHAJIOB (DIIyOpeCUEHIIUY ISl TeHETUYC-
ckoro anamuzatopa "HAHO®OP 05". Ouenka mpo-
BE€ACHA Ui HICCTHU CICKTPaJIbHbIX AUAIIa30HOB, COOT-
BETCTBYIOIINX (hIyopecleHInu HamOollee pacmpo-
CTPaHEHHBIX B MPAKTUKE T€HETHYECKHX HCCIIEA0Ba-
Huli kpacureneil. [Ipu o1HOM U TOM K€ KOHLIEHTpaLuu
kpacureneit C = 10 M/ 6bII0 M3MEPEHO OTHOILIE-
HUe curHay/myM S/ N s pa3jiuyHbIX KPacUTENCH.
[lomyuenHble 3HaYeHUS TIpeACTaBIeHB B Tabm. 1.

PasnuuHble BEIWYMHBI CUTHAJIOB M OTHONIICHMUS
CUTHAJI/IITyM JUTSL Pa3IMYHBIX KpacuTemneil oOycioBe-
Hbl pas3jinuusIMU APKOCTU JIFOMHUHCCLCHIIMH, KBAHTO-
BOT'O BBIXO[Ia, NOTJIOLIEHNUS, YyBCTBUTEIBHOCTH PETHU-
CTPUPYIOLIEH CHUCTEMBbI B Pa3lWYHBIX CHEKTPAIbHBIX
Juarra3oHax. AHaIII/ITI/I‘IeCKy}O YYBCTBUTCIIBHOCTDH
Cops MUHHMMAJbHYIO KOHIEHTPALMIO KpPaCHTEIs,
KOTOPYIO MOYKHO 3aperMCTPHPOBATh, — OIPEIEIISIOT
CIIETYFOINM 00pa3oM:

(S/N)

cC =C——=, 2),
- TN 2

rae C — KOHIEHTpalysl KpacuTellel B 9KCIIEpUMEHTE;

S/N — Wu3MEepeHHOE OTHOIICHHWE CHUTHAN/IIYM;
(S/N),, — mpezenbHOE 3HAYEHHE OTHOLIECHHs CHI-
HaJI/TIIyM.

Ta6u. 1. Pe3ynbraTel M3MepeHus 3HAYCHUH CUTHA/IIYM U aHAJUTHYECKOH dyBCTBUTENHbHOCTH C,, UL TEHETHYECKUX
ananmm3aTopoB "HAHO®OP 05" ¢ ucmons3oBaHneM pacTBOPOB KpacuTenei ¢ koHneHTpamueid C = 10" M/n

Kpacureis 6FAM 5R6G 6TAMRA 6ROX 6Sy630 Sy660
Jymta BONHBL 520 550 580 610 626 658
I/I3Hy‘-ICHI/I$I, HM
S/N 109 129 54 19 14 27
—10
Cop, * 1077, 0.28 0.23 0.56 1.58 2.14 111
M/n
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Jns Hape)KHOM perucTparyu 0OBIYHO 32 MPeIeThb-
HOE 3HA4Y€HHE BEIMYMHBI CUI'HAJ/IIYM HPUHHUMAETCS
3HayeHue (S/N),, = 3. BenuuuHbl aHaIUTHYECKOH
YYBCTBHUTEJIBHOCTH, PACCUUTAHHBIEC ISl ATOTO 3Haye-
HUsI OTHOILIECHMS CUTHAJ/IIyM, MpHUBEJEeHbI B Tabm. |
u Bappupytorcs ot 0.23 go 2.14 M/n anst pa3muaHBIX
Kpacureneil. MI3MepeHuss Ha TEHETHYECKOM aHajau3a-
tope "HAHO®OP 05" mpoBomunuch B BOCEMHU Ka-
MUAJJIAPaX OJJHOBPEMEHHO C OJHOM M TOW k€ KOHLICH-
Tpauueii kpacuteneit C = 10~ M/m.

[lommygennsie B pabote [11] skcnepuMeHTaIbHBIC
3HAYCHUsS] OOBSCHSIOTCS TEOPETHUYECKOH 3aBUCHMO-
CTbIO MHTEHCUBHOCTH (uryopecueHund / oT mapaMer-
OB BeleCcTBa, MOTyYeHHOM paHee B padote [6]:

I'=n,Al =77,1ng,1/31, (3)
rae 771 — KBaHTOBBIN BbIXOJ q)HYOpCCHeHHI/II/I;
Al =1 k, pl — Konn4ecTBo M3ITydYeHHUs, MOTJIOLICH-
HOT'O B BeIIeCTBe; k, — KO3()(UIMEHT MOIJIOIEHHUS;
p — IUIOTHOCThH (hIyOPECIUPYIOIIETO BElecTBa; [ —
JUTHHA OTITUYECKOT0 MYTH (IHaMeTp Karuisipa).

Paznuuusg B aHaIUTUYECKOW YYBCTBUTEJIBHOCTH
IUTSE pa3nu4uHbIX (PIryopoOpoB OOBACHSIOTCS TaKKe
TEM, YTO JUIA BO30YXACHUS (HIyOpecHeHIINH UCTIOh-
30Bajach OJHA M Ta K€ JIMHA BOJHEI J, = 488 HM, KO-
TOpasi HE COBIIaaja C MAaKCUMyMaMH IIOTJIOLIEHUS
pasznu4aHbIX Guryopodopos.

INOCTPOEHHUE MOJAEJIN

B nacrosmelt paboTe paccMarpuBaeTCsl B3aUMHOE
BJIMAHUEC COCCOHHUX KallWLIAPOB B JIMHEHWKE KaITuJs-
poB reHermdeckoro anammsatopa "HAHO®DOP 05"
3a CYeT Pa3IMYHBIX MEXaHU3MOB MepepacIpeeNeHus
CBETOBBIX ITOTOKOB.

PaccmoTpuMm  (pparMeHT KanmWIUTSIPHOW JIMHEHKH
B PETHCTPUPYIOLIEN CHUCTEME T'€HETHYECKOro aHalH-
3aropa "HAHO®OP 05" (puc. 1).

Ha puc. 1 mokasansl gBa coceaHux Kanuiuiapa 1
U 2, Ha KOTOpble HajxaeTr Bo30yXKAarollee JIa3epHOe
usilydeHue [, B xanmmuisgpax BO3HUKAIOT CUTHAJIbI
tdhnyopecuientim /1 u [,. M3mydeHne oT KanmmuIspoOB
NoMaaeT Ha KaMepy uepe3 OObEeKTHB B Ipejesax Yu-
CIIOBOHM amepTyphl. PaccMoTpuM BenuumHy (poHOBOM
3aCBETKM BTOPOIO KallWIIsIpa, KoTopas o0yCIoBJIEHa
H3JIYYCHHUEM TIICPBOI0 Kanujiipa, U €€ BJIMUAHHUC
Ha aHAJUTHUYECKYI0 YyBCTBUTEIBHOCTH CHUCTEMBI pe-
TUCTpALUU.

Onenku OyzeM MpPOW3BOINTH B JBYMEPHOW Mojie-
JIM pacIpoCTpaHeHHs cBeTa. TenecHble YIibl 3aMEHUM
yIiIamMH Ha IUIOCKOCTH, ITOCKOJBKY B T'€HETUYECKOM
aHanM3aTope sl BO30YXKIeHUs (IIyopecleHIInN HC-
MOJIB3YETCS Y3KMM JIa3€pHBIA Iy4OK LIMPUHON IpU-
MepHo 40 MxM. OTpakeHHE W pacCestHhe H3ITy9IeHUS
(hnyopectieHIMl  OyleT MPOUCXOIUTH B Mpeaeax
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3TOM y3KO0# moJsiocsl. Bynem cuutarh, 4TO U3IydeHUE
¢diyopeclueHINH paclpocTpaHsercss B yriae 2m
B IUIOCKOCTH, MEPIECHIUKYISIPHON HAIIPaBICHUIO Ka-
NWUBSIPOB B JIMHEMKE KanmwuiapoB. Takol nmoaxox yi-
poliaet pacueTsl (POHOBOH 3aCBETKM M MO3BOJISET Ka-
YECTBEHHO OLICHHUTH B3aHMMHOE BIHUSHHE H3ITy4CHUS
COCCAHUX KaITUJIIAPOB B JIMHENKE KalnuJJIgpoB.

Ecnn nonmHOe M3nydeHne BTOPOro Kaluiusapa, AJis
KOTOpOTO MPOU3BOJIUTCS OLIEHKA aHATUTUYECKON YyB-
CTBUTEJIBHOCTH, COCTAaBISET [, TO B paMKax JByMeEp-
HOW MOZENH B OOBEKTHB CHUCTEMBI PErHCTpalMU II0-
naJiaeT I0JIC3HbBIN CUTHAJ /,:

152212%’ 4

D
e f= 2ar0tgﬁ’ D — nuamMeTp BXOZHOIO 3padka

o0BeKTHBa; H — paccTosHHe MeXIy KanmmUIIpHON
JMHEHKOH 1 BXOJTHBIM 3pa4KOM OOBEKTHBA.

Ot mepBoro kKamwusipa B 00BEKTUB OyaeT morma-
AaTb U3JIy4YCHUC

]cl 21157 Q)

rze /; — HOJHOE U3JIy4eHHe OT IepBOro KauuuIsipa.

D

Puc. 1. ®parmMeHT KanuuIIpHOW JIMHEUKU B pETru-
CTpUpYIOIIEH CHCTeME T€HEeTHYEeCKOro aHaJIu3aTo-
pa "HAHO®OP 05".

D — nuamertp BXOJHOTO 3payka 00bekTHBa, H —
paccTosiHHEe MEXIy KanWUISApHOM  JIMHEWKOMN
1 BXOJHBIM 3padKOM OOBEKTHBA, /| — PacCTOSHUE
MEXy KalsipaMu
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Ha Bropo#i kamwuisip OyaeT maaaTh HW3Iy4eHHE
¢yopecueHINN CO CTOPOHBI IEPBOr0 Kamujuisipa
B IIpeJieNax yria:

o= 2arctg§, (6)

rzae ¥ — paguyc Kamwuisipa, [ — paccTOSIHUE MEXIy
KalmuuIgpamH.

IlockonbKy wu3MydeHHE OT IEPBOrO Kallwuisipa
pacrnpocTpaHseTcs paBHOMEPHO BO BCE CTOPOHBI, TO
Ha BTOPOH Kanwuip OyZeT nonajiaTh N3IydeHue

o
21

YacTh 3TOro M3Iy4EHHUsS] OTPAa3HTICA OT HMOBEPXHO-
CTU Kanwuispa I,,, U pacceercss Ha pasIMYHBIX Je-
(exTax Kanumisapa /.

Kpome 3TOro, or BTOporo Kanwsuisipa OTpPa3uUTCS
Iy omp ¥ pacceercs Ha AedeKTax I, ,,c — 4acTh BO30YXK-
natoriero m3nmydeHus /,. Taxke Bo3MoXKHa ¢uroopec-
HeHOHMA Ppa3JINYHbIX 33Fp$13H€HI/II>i Kanujuigpa 104
JeHCTBUEM BO30YXKIAIOLIEro U3IydeHus I, 4. OTH Ha-
Pa3UTHBIC HU3TTYUYCHUSA 6yIIYT nmonaaatb B O6’BCKTI/IB
pETUCTPUPYIONICH CHCTEMBI, cOo3AaBas (OHOBYIO 3a-
CBETKY:

Iy

I=1 (7

= Iomp + [pac + ]B.Dmp + Iﬁ.pac + 13.4)' (8)
Paccmotpum BimsiHHE 3THX (hakTOpoB Ha (oOHO-
BYIO 3aCBETKY.
OcHOBHasl 4aCTh OTPaKEHHOT'O OT KaIMUIApa CBe-
Ta QopMHUpyeTCs Ha BHEIIHEH TIpaHMIe Kamujuisipa,
Kak 3TO [MOKa3aHo Ha puc. 2.

B/2

Jlyuy

Puc. 2. OTpaxkeHue cBeTa Ha BHELTHEN TOBEPXHOCTH
Kanuusipa.

D — numameTp BXOIHOTO 3padka oObekTuBa, H —
paccTosHHEe  MEXIy  KalWUIIPHOW  JIMHENKOU
U BXOJHBIM 3padKoM OOBEKTHBA, 7 — paaUyC Ka-
MUIsIpa

AHAJIMN3 UTHTEHCHUBHOCTU ®AKTOPOB,
BJIMAIOINX HA ®OHOBVYIO 3ACBETKY

[Mamarommii Ha KaMWIIISP JTyY MO YIIIOM ¢ K HOp-
MaJIi TIOBEPXHOCTH KaIMILIApa C PaycoM 7 OTpaxa-
eTcs IO/ TeM K€ CaMbIM YIJIOM U IOMajaeT BO BXO[-
HOM 3padyoK OOBEKTHBA CHCTEMbBI PErHCTPALUH.
B 00BeKkTHB perucTpupymolieil cucTeMbl OyayT mora-
JaTh JY4U OT COCETHET0 KalMLIpa IPH YCIOBHU:

Ah=h, —h =2rsin§cos%, ©)

h, =rsin(£—ﬁj,
4 2

h, = rsin(erﬁJ.
4

rIe

2

Otomy wuHTEepBany Al OymeT COOTBETCTBOBATH
yroi
h —h
0 = arctg———=. (10)
/
[lpu wHTEHCHMBHOCTH (IyopecleHIIMd B IEPBOM
Y BTOPOM Kanwuisipax [, u I, mone3Hbple CUTHAIIbI, 0-

MaBIIie B OOBEKTHB PETHCTPUPYIOMIEH CHUCTEMBI OT
3THUX KaWUISIPOB, OYAyT PaBHBI

r,-12, (11)
2

-1t (12)
27

Benmunna m3mydeHus OT IMepBOro Kamnwuisipa, 1mo-
MaBUICTO B PE3YyJILTATC OTPAKCHUA OT BTOPOT'O KaIlnJI-
nsipa B OOBEKTHB PETUCTPUPYIOMIEH CHCTEMBI, OyIeT
paBHa

1,,= iI R=

2r
=inarctg £[2cos£sin£) R (13)
2r [ 4 2
rae /| — paccTrosiHie MEeXIy Kanwuiapamu, R — Ko-
3G GULMEHT OTpaKeHHS W3ITyYEHUs MIPU yriiax, Oau3-
KHX K /4.

Cnenyer OTMETHTbh, UTO M3Iy4YEHHE OT COCETHETO
Kanmwusipa OyAeT oTpakaTbCs HE TOJIBKO OT Hapyxk-
HOH TIpaHMLBl KaOWUISIpa, HO U OT €ro BHYTPEHHEH
MOBEPXHOCTH TPU YCJIOBHM 3alOJIHEHUS Kalluuisipa
rejeM, IMoKa3aTelb MPEJIOMIIEHHs] KOTOPOro mpumep-
HO paBeH IOKa3aTeli0 MpeIOMJICHHs KBaplEBOTO Ka-
nuwusipa. [IpumepHsIil X0 Jiydeid B 3TOM Cilydae IMo-
Ka3aH Ha puc. 3.

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 4
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Puc. 3. Xon nmyuel, oTpaX€HHBIX OT BHYTPEHHEH
MOBEPXHOCTH KalMJIAPA.
D — nuameTp BXOJHOTO 3payka oObekTuBa, H —

paccTosHHEe  MEXIy  KalWUILIPHOW  JIMHEHKOU
U BXOJIHBIM 3paykoM OOBCKTHBA, ¥ — paanyc Ka-
MUJIsipa

OHCHKI/I, BBIITIOJIHCHHBIC JI 3TOIO0 Cliy4das, IMOKa-
3BIBAIOT, YTO JTMATIA30H BHICOT A/ OyneT 3HAYUTENHFHO
MEHBbIIE, YroJ MajJeHus CBeTa Ha Kamwuisip OJIH30K K
CKOJIB3SIIIEMY, TIO3TOMY KO3(h(OHUIINEHT OTpaKeHHS OT
BHYTPEHHEW IIOBEPXHOCTU KalWLIsApa 3HAYUTEIILHO
MEHBIIIE, YeM B ClIydae OTPaKeHHS OT BHEIIHEW I10-
BEPXHOCTH, IOITOMY OTPAKCHUC OT BHYTPCHHHUX II0-
BCpXHOCTCﬁ B OLCHOYHBLIX pacu€Tax Y4YMUTbIBATH HE
Oynem.

OTHOCHUTENbHAST UHTEHCUBHOCTD OTPa’XCHHOI'O0 U3-
JTyYeHHs TI0 OTHOLICHUIO K ITOJIE3HOMY CHTHAIY IIep-
BOT'0 Kanwuisgpa OyaeT paBHa:

1
=£=larctg zcoszsinﬁ xR, (14)
I Jij [ 4 2

cl

Takke MOXXHO OIICHUTH BIIUSTHUE OTPAKCHUS H3-
JIYUCHHA OT KallUJIJIAPOB, OLICHUBASA BCIWMYUHY OTHO-
IIIEHNUs CUTHAJ/(POH
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Yo, o.e.

014
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Paccrosinue / Mexny kamuiuiipaMy, MM

Puc. 4. 3aBUCHMOCTL OTHOCHUTEILHONH MHTEHCHUBHOCTH
OTPaXEHHOTO W3IyYeHUsI J, OT PACCTOSHHUS MEXIY
Kanusuisipamu /.

2 1 B

—X—X

I, R .
! arctg "l 2cos " sin B
[ 4 2

(15)

HpI/I TUIMUYHBIX 3HAYCHHUAX ITapaMETPOB OITHUYC-
CKO#l crcTeMBbl TeHOMHOTO cekBeHaTtopa (D = 10 mm,
H =50 MM, = 0.09 MmM) BenmmunHa Al — auama3oH
BBICOT OT CCPCAMHLI Kallljuisipa, HpU HOOoNagdaHHuU
B KOTOPBIA OTPaXKCHHBIE JIydH HOMNAAaI0T B OOBEKTHUB
PETUCTPUPYIOIIEH CUCTeMbl, — OYyJeT COCTaBJISAThH
Ah =0.00634 MM, a yron /2 Oynet paBeH

B

D
— =arctg——=0.1pan.
2 2H
[To popmynam DpeHenst MOKHO OIIEHUTH BEITNUH-
HYy K03 (UIIMeHTa OTpaskeHHs CBeTa JJIsl KBapIEBOTO
kamsipa (n = 1.46) npu yriax nageHusi BOJIUM3U yr-
na /4. JIns s-cocraBusiromei KoapUITUEHT OTpaxe-
Hus Oynmer mpumepHo paBeH R, = 0.1 u mis p-
cocrapisitomiel R, = 0. Cpennuii K03pPUIUEHT OT-
paxeHust Oyzaet pasen: R = 0.05.
3aBHCUMOCTb OTHOCHTEIBHOM MHTEHCUBHOCTH OT-
PKEHHOTO H3IIyYeHHs, PACCUMTaHHAs MO Qopmylie
(14) nna yka3zaHHBIX TApaMeTPOB, TTOKa3aHa Ha puc. 4.
3aBUCHIMOCTh OTHOIIEHHS] CHTHA/(QOH IS pas-
JIMYHBIX 3HAYEHUN OTHOUIEHUS HWHTCHCUBHOCTEU
¢yopecueHIMHM B IEPBOM M BTOPOM KalmuIspax

(16)

I
k=-%, paccumrannas mo ¢opmyne (15), mokazana

1
Ha puc. 5.
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Puc. 5. 3aBHCHMOCT OTHOIICHHS CUTHA/(DOH [T pa3IMIHBIX 3HAYCHHUHA
OTHOIIEHWS MHTCHCUBHOCTEH (hiryopecueHuy k IepBoM U BTOPOM KaNmlIIpax.

[Ipy HEGONBIINX PACCTOSIHUAX MEXKAY Kaluuisipa-
MU 3HAYHUTENbHAS YacTh M3Iy4YeHUs (IIyOpecleHINH
B OJHOM W3 KallWJIJSIPOB OTPa)KaeTCs COCEOHHMH Ka-
nwuisipamu. CleNaHHbIe OIICHKH MOKa3bIBAIOT, YTO Ha
paccTosiHUM 1-2 MM Kanwuisip OTPaKaeT B CHUCTEMY
peructpanuu 6osee 1% IMoIe3HOTO CUTHANA B IIEPBOM
kammuape. OTpakeHne n3mydeHus (IIyopecIeHIINN
OyzeT NIPUBOJUTh K YMEHBIICHUIO OTHOIICHUS CHUT-
Hai/QoH O. U3 puc. 5 BumgHO, 9TO TIpU £ = 1, T.€. TIpn
OJMHAKOBOW HMHTEHCHBHOCTH ()IyOpecLEeHIMH B CO-
CeIHNX KamwuiIpax, Mapa3suTHOE OTpaKeHHE OT CO-
CeHMX KallWISIPOB HE OKAa3bIBa€T CYIIECTBEHHOTO
BIMSHUS Ha BennuuHy O. Ilpu yBennuyeHun HHTEH-
CHUBHOCTH ()JIyOpecLEeHIMH B OJHOM H3 KallWJUIIPOB
B 10 pa3 Mo OTHOUIEHMIO K COCEIHMM KamwuIspaM
(k = 0.1) BenmumHa oTHOWIEHWs curHai/(poH Oymer
MeHbIe 3 Ha paccTossHUM 10 [ = 1 MM. YBennuenue
WHTEHCUBHOCTH (PIIyOpEeCUEHIMH B OJHOM M3 KaIluil-
nsipoB B 100 pa3 (k = 0.01) mprBOIUT K HEBO3ZMOXKHO-
CTH IPOBEJEHUS U3MEPEHUN B JIMHEVKE KaIUIUISPOB.

Hpyrum ¢daktopom, BIUSIONUM Ha (POHOBYIO 3a-
CBETKY, ABJISICTCA paCCEAHNUEC CBCTAa HA pa3JIMYHBIX HE-
OJHOPOAHOCTSX, 3arPsI3HEHUAX, OCTaTKaX IMOJIMUMUI-
HOW 0005I0YKHM U T.N. BenmunHa paccesHus: xapakre-
pusyercs KodQUIIMEHTOM paccestHus ¢

1

§=-4, (17)
13
1 r
rne 1, =—1arctg7 — H3JIy4YeHHe, Majarolniee Ha Ka-
/4

NUWUISIp 2 CO CTOPOHBI Kanwjuisipa 1; I, — uznydeHue,
paccestHHOE KanuIsIpoM 2.

Koaddumment paccessHus sIBISI€TCS TEXHOJIOTHYE-
CKUM MapaMeTpOM, MOCKOJBKY OINpeNenseTcs KOIH-
94eCTBOM Je(PeKTOB, KaYeCTBOM OUYUCTKM KalwuIspa,
3arps3HCHUAMUA KaK BHYTPH KallWJljidpa, TaK U CHapy-
xu. [lo sxciepuMeHTaIbHBIM JaHHBIM, KO OUITHEHT
paccesiHUsI MOKET BapbHPOBAThCA B MIMPOKUX MpEe-
nax ¢ =0.01-0.0001.

[TockonbKy HM3Iy4YeHHE pacceuBaeTcsl KamuuIsipoM
BO BCE CTOPOHBI paBHOMEPHO, TO B OOBEKTHB PETHCT-
pupymolei cucrembl OyAeT momajgarb paccesHHOE

D
usiydenue [, B ipejienax yria = 2arctgﬁ :

I (18)

1, ¢ to ; D
=—-¢ xarctg—x arctg—.
2

Pt l 2H

OTHOCI/ITCJ’II)Ha}I HNHTCHCUBHOCTDH paCCGHHHOFO n3-

JIy4EHHUs IO OTHOIICHHIO K IOJIE3HOMY CHUTHAITy IIEp-
BOT'O Kanmwuisipa OyeT paBHa

(19)

& r
=Zarctg—.
Ty pia gl

A oTHOIIEHWe CUTHAN/(QOH, 0OYCIOBIEHHOE pac-
CesTHHEM CBETa Ha TEXHOJOTMYECKUX Jedekrax, Oyuer
paBHO

_ I, N 1_2 rlH
) —_—
I 1, érD

(20)

p2
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Puc. 6. 3aBUCUMOCTb OTHOLICHUSI CUTHAJ/(DOH OT PACCTOSIHUSL MEXIY KalWUIsIpaMu JUlsl Pa3iIn4HbIX
3HAUYEHHUH kK OTHOCUTENILHON WHTEHCUBHOCTH M3JIy4eHUs (hIyopeceHIIMN BO BTOPOM KaluuIsIpe.

Koappununenr paccessuust Broporo kammwuispa & = 0.

01

camE=0.] |
100000
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Puc. 7. 3aBUCMMOCTb OTHOLICHHS CHI'HAI/(OH OT PaccCTOSHUS | MEXIY KalWUIApaMH
JUIsl pa3JInYHBIX 3HaUeHHUH ¢ KO PHULMEHTa pacCessHUsI BTOPOTO KaluuIsipa.
OTHOCHTE IbHAS UHTEHCUBHOCTH CUTHAIA BO BTOpoM Kamwuisipe k= 0.001

3aBUCHMOCTH OTHOIICHHS CUTHAI/(DOH OT pac-
CTOSIHUSI MEX/y KaIlWJUIAPaMH JUIsl Pa3THMIHBIX 3HAa4e-
HUI K03 dunuenTa paccessHust ¢ U OTHOCUTEIBHOM
WHTEHCUBHOCTU H3ITy4eHHs] (IIyOpEeCUEeHIIMH BO BTO-

L

7 paccuuTaHHble TIO (popmyIte
1

poM Kanmmuisipe k =
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(20), npeacrasnensl Ha puc. 6, 7. 13 puc. 6 u 7 Bua-
HO, 4TO pacCesiHue U3ITyYEeHHUs OT COCETHUX Kaluuis-
POB HAaYMHAET WIPaTh 3aMETHYIO POJIb MPU OONBIINX
3Ha4YeHUsX Kodpunmenta paccesaus ¢ > 0.01 u mpu
0O0JIBIIION pa3HUIlE UHTEHCUBHOCTH W3IMydeHHS (Iiryo-
pecueHnMK cocenHux KamwupipoB &k < 0.001.
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IIpyn OTCyTCTBUM B JHMHEMKE KallMUISIPOB 3aMETHBIX
TEXHOJIOTHUECKUX Je(EKTOB, BIMSHHUEM PpacCESHUs
Ha (OHOBYIO 3aCBETKY MOXHO TpeHeOpedbh, TOCKOIb-
Ky R > ¢:

7,
Vp

rac Y, — OTHOCHUTCJIIbHAad MHTCHCUBHOCTL OTPAKCHHO-
r'0 M3JIy4eHHs 10 OTHOLICHHUIO K IOJIE3HOMY CUTHAITY
MEPBOro Kanujjidgpa, yp — OTHOCHUTCJIbHAs1I HHTCHCUB-
HOCTBh PacCcesHHOTO M3TY4YEHHS 10 OTHOILIEHHIO K TO-
JIE3HOMY CHUTHAITy TIEpBOTO Karmuisipa; R — koaddu-
UEHT OTpaXeHUs Kamwuisipa; ¢ — KOIDPUIHEHT
paccestHus Kanuyuisipa.

Bo30yxnatomee n1a3epHoe HU3IyueHHE IPHU Ompe-
JETCHHBIX YCIOBHSAX TaKKe€ MOXKET BHOCHTH CBOU
BKIaJ B (OHOBYIO 3acBeTKy. B peructpupyrouryio
CHCTEMY MOJKET TONaaaTh PaccesHHOEe BO30YXKIaro-
ee M3Iy4eHHe M IMapasuTHOE HM3IydeHHe (uryopec-
INEHIOWKU, BO3HHUKAIOUICC Ha PAa3IMYHBIX Z[C(I)CKT&X
U 3arps3HeHnsX. [ MUHUMHA3AIMN BO30YKJaf0Iero
Ja3epHOr0 M3IyYeHHUs, MOMAJAOIEro B CUCTEMY pe-
THCTpPAallUK, HCHOJB3YIOTCS  MHTEpEpPEHIIOHHBIE
q)HHI)TpBI C BBICOKUM IOIJIONCHUEM Ha AJIMHE BOJIHBI
BO30Y»Aarommero m3nydeHust A. Eciau mHTeHCHBHOCTH
B030YXKIAfOIIETO N3ITy4eHUsI — [;, TO UHTEHCUBHOCTh
PACCEeSHHOI0 KalMIUIAIPOM M3IydeHus [,) MOKHO 3a-
MMCaTh CIeAYIONM 00pa3oM:

]p/l =1, '6/1 XlOiDA»

:§x0.717r, 1)

(22)

rae & — ko3 uIMeHT paccesHus BO30YKIArOIIETO
n3nydeHus; D, — onTuyeckas IUIOTHOCTh (QUIbTpa
Ha JJIMHE BOJHBI BO30Y>KAAIOLIETO M3Iy4YeHHUs, ycTa-
HOBJICHHOT'O B CUCTEME PErHCTPALIH.

[lome3nbrit curHan (iryopecueHIud B COOTBETCT-
BuH ¢ (3) paBeH

I,=n,xAI=1In,k,-p-l, (23)

rae 7], — KBaHTOBBIH BBIXOA (IyOpecLEeHIHY;

Al =1k,pl — xonuuecTBO MH3IydeHHs, MOIIO-

LIEHHOTO B BellecTse; k, — ko3(uuuenT normioue-

HUS; p — TUIOTHOCTH (PIIyOopecuupyIoIIero BeecTna;
| — nivHA OMTHYECKOTO MYTH (IHaMETp Karmmuisipa).

OtHomienne curHai/(hoH, 0OYCIIOBICHHOE paccesi-
HUEM JIa3ePHOTO BO30YK/IAIOIIEr0 U3yUYCHUS Ha TeX-
HOJIOTHYECKUX AedekTax, OyeT paBHO

S zll_fzz n,k,p! znak/l

107,
T e x0 g P

(24)

qI/ICHeHHI)Ie OLICHKU, CACJIaHHBIC HpI/I THUIINYHBIX
3HaueHusax D; = 6.0, & = 104, MOKa3bIBAIOT, YTO

OTHOIIIEHUE CUTHA/(POH, 00YCIOBICHHOE pacCcessHuEM
JIA3ePHOTO M3ITYYCHHUS, JOCTATOYHO BBICOKOE — OoJiee
10" 4 He OKa3BIBAET 3aMETHOTO BIMAHMS HA aHAIMTH-
‘IGCKYIO ‘IYBCTBI/ITCHI)HOCTI).

Boz0yxnaromiee nmazepHOe M3ITYYEHHE TaKKE MO-
JKET BBI3bIBATH ()IYOPECICHIIUIO IIEHTPOB IOTJIOIIC-
HUsl. IHTEHCMBHOCTE (DIIyOPECIIEHIIMN B 3TOM CIIydae
MOXKHO 3aIUCaTh CIEAYIOIIUM 00pa3oM:

Izp)v:]g‘nz’kz‘pz‘l’ (25)

I7e 1,— CpeIHuil KBaHTOBBIM BBIXOA (IIyOpeclLeH-
K 1e(eKToB; k,— K03(GULUESHT MOIJIOLICHUs a-
3epHOTO W3JIy4eHUs Ha JedeKTax; p, — KOHIIEHTpa-
st 1epeKToB.

OtHomienne curHay/oH, oOycnoBieHHOE (iryo-

pecriernueii neeKToB Ha KaMWUIspe MO IeHCTBHEM
J1a3epHOr0 BO30YKIAIOIIEr0 N3IyUeHUs, PaBHO

1 k
Mzgzzﬂ_iﬁﬁ (26)
Izi)2 n k, p,
U3 oroit dopMynsl cremyer, dYTO Hgaxe NpH
k
77—”1=1, k—i=1 (hmyopecrieHIIMA Ha TEXHOJOTHYE-
P 2

ckux Jedekrax OyJeT UrpaTh 3aMETHYIO POJib, €CIIU
KOHIEHTpaIus Ae(eKToB Oy/eT COIMOCTaBhMa C KOH-
neHTpaiueit guyopodopa B kamwispe. YuciieHHbIe
OILICHKU TOKAa3bIBAIOT, YTO KOHIEHTpaIus Je(eKToB,
MpU KOTOpOW (uIyopecleHsi Ha HUX OyIeT urpartb
3aMETHYIO POJIb, COCTaBIIAET MPUMEpPHO p, = 10° ne-
(ekTOB Ha OTpe30K Kamwuiipa IHHOH 50 MKM.
OOBIYHO KOHIICHTPAIIUS TEXHOJOTHYECKUX Je(hEKTOB
3HAYHTENILHO MEHBIIIE, IO3TOMY 3TOT (haKTOp HE OKa-
3bIBAE€T 3aMETHOTO BIMSHHUS Ha pe3ybTUpPYIOIIee OT-
HOIIIEHUE CUTHAI/(OH.

Takum o6pa3oM, OCHOBHOW BKJal B ()OHOBYIO 3a-
CBETKY JIMHEHKHU KalHMJUIIPOB BHOCUT OTPAKECHHUE H3-
JMYYeHUS] OT COCEJHUX KAIMIUIAPOB C BBICOKOW KOH-
neHTpaiueit GpayopohopoB U, COOTBETCTBEHHO, BBI-
COKOI MHTEHCUBHOCTBIO (hITyOpeCeHIINH.

IKCIEPUMEHTAJIbHAS [TIPOBEPKA MOJIEJIbHBIX
OLIEHOK

OKcliepUMeHTanbHasi IpoBepKa pPacCMOTPEHHON
Mozienu GpopMupoBanrsl POHOBOM 3aCBETKH ObLIa MPO-
Be/ICHa Ha CTaHIAPTHOM JIMHEHKe KallMILUIIPOB ¢ § Ka-
nwusipamu. OnuH U3 KanwuisipoB ObUT 3amosiHeH 2%
KOJIJIOWIHBIM PacTBOPOM Ha OCHOBE KBAHTOBBIX TOUYECK
CdS/ZnS (KT-620) u dortomonumepa. [pyrue xammi-
JIApbl ObUTH 3amoyiHeHbl Bojou. [locne 3amosHeHHS
Kalwusipa KOMIO3UIMeH (OTOMOIUMED ¢ KBAaHTOBBI-
MU TOYKAMH IOJMMEpPU30BaJICA npu mnomoumu Yd-
OCBETUTEJIS C JUIMHOM BOJHBI U3Ny4YeHHs A = 365 HM

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 4
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Puc. 8. CriexTp JTIOMHHECIICHIINM KOMIIO3UIIUU C KBAHTOBBIMU
toukamu KT-620 u cnekTpanbHble 007acT (IIyOpeCcIeHIINN
CTaH/IAPTHBIX KpacuTesel, UCIIOIb3YeMbIX Ul TeHETHIEeCKUX

AaHAJIN30B.

u moirHocThi0 3.0 Br. CriekTp JIIOMUHECIICHITNHN HC-
NO0JIb3yEMBIX KBAHTOBBIX TOUEK IIOKa3aH Ha puC. 8.

CriexTp JIOMUHECLEHLIMN UMEET MakKCUMyM B paid-
oHe 620 HM, MOJyHMIMpUHA CIEKTpa — MPHUMEPHO
30 um. /s Bo3OYKIOEHHS HCIIONb30Bajach JIMHA
BotHBI 400 HM. CHexkTp JTIOMHHECIICHIINN U3MEPSIICS
Ha crnekTpodmyopumerpe HITACHI F4010. Ha rpa-
(uke mOKa3aHbl CHEKTpaibHbIE O00JacTu (Qiyopec-
LEHIUU CTAHAAPTHBIX KpacuTeled, HCIOIb3yeMbIX
JUTSI TEHETHYECKUX aHATU30B.

Hcnonp3oBaHre KBaHTOBBIX TOYEK BMECTO Opra-
HUYECKHX KpacuTeneld ObUIo O0YCIOBIEHO WX YHH-
KaJbHBIMA CBOMCTBaMH. DTH MaTepualbl 00JagaroT
BBICOKOW SIPKOCTBIO (DJIyOPECLCHLIUH, YTO OIpeness-
€TCS BBICOKMMHU 3HAYCHHSAMHU KO3 (UIIMEHTa 3KC-
TUHKIMA W KBaHTOBOT'O BBIXOJA JIIOMHUHECLEHIHH.
KBaHTOBBIE TOUKHM UMEIOT IIMPOKYIO MOJIOCY BO30YXK-
JEHHSI, YTO TIO3BOJISIET MCIOIB30BaTh OAMH MCTOYHHK
BO30Y’KIAIOLIET0 U3JIy4eHus], HaIpUMEp, B IUara3oHe
400-500 BHM pans BO30YXKJICHUS JIFOMHUHECICHITHH
KBAaHTOBBIX TOUYEK C Pa3IMYHBIMM CIEKTPaMHU JIIOMH-
HecueHIMK. JlroMHHOOpPHI Ha OCHOBE KBAaHTOBBIX
TOYEK SBISIOTCS HEOPraHWYEeCKHMH MaTepuanaMu
U 00JIaJ]af0T BBICOKOH (POTOCTAOMIILHOCTBIO, YTO TIO-
3BOJISIET UCIIOJIb30BATh MOLIHOE JIA3€PHOE H3Iy4YEHHUE
JUTSE BO30YKIEHUS IIOMUHECIICHIIN 03 pucKa Jierpa-
JAllMU ¥ BBITOpaHus ToMUHOpOpa. KBaHTOBBIE TOUKH
UMEIOT BeChMa y3KWH W CUMMETPUYHBIA MHK (IIyo-
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peciieHny 0e3 JTMHHOBOJIHOBBIX XBOCTOB U JPYTUX
ocobennocteir. llonmoxenne makcumyma Qiryopec-
LEHLIMU ONpPENENsieTcss Pa3MepoOM KBAHTOBBIX TOYEK
W MOXKET BapbHpPOBATHCS B NIMPOKUX Mpeaesax.

N3obpaxenne THMHEWKH KaNMULIPOB, B KOTOPOH
OIWH KallWJUIAP 3allOJIHEH KBAHTOBBIMM TOYKaMHU
(cmipaBa, 1), mokazano Ha puc. 9. OcranbHBIE CEMb
KalnmuJijIgpoB 3aIllOJIHCHBI BOZ[OI>'I U HE JIIOMUHECUHPY-
torT. CoceHre KamwusIpsl OTPakKaroT 3aMETHYIO
4YaCTb M3JIYYCHHS JIIOMHUHCCUHCHIUMU OT IIE€PBOr0 Ka-
uispa.

Jis peructpanuy n300pakeHUs JTMHEHKH Kallvil-
JSIPOB  MCHOJIB30BANCS OWHOKYISIPHBIH MHKPOCKOI
¢ mBeTHOH BHmeokamepoi (5.0 Mm), nuamerp BXOI-
HOTO 3payka 00beKkTuBa coctaBisil D = 54 mm, pabo-
yee paccrostaue H = 70 mM. JlromuHeceHus B Ka-
MUUISIpE BO30YKJallach CBETOAUOTHBIM HCTOYHUKOM
C IWHOM BOJHBI M3nmyueHusa 365 um. B kanane peru-
CTpalliil YCTaHABIWBAJICS CBETOPMIBTP, OJOKUPYIO-
mmid ynerpaduoneToBoe u3nyueHue. B momyueHHOM
n300paKeHNN U3MEPsUIach IPKOCTh CBETIIBIX IOJIOC /;
U uX mupuHa Al VIHTEHCHBHOCTH OTPaKEHHOTO U3-
JIy4EHUS OLIEHNBANIACh, KAK

E =1 xAh,. 27)
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Puc. 9. JIuneiika u3 8§ KanmUIAPOB.
Kammmursip 1 3anoyiHeH KBaHTOBBIMH TOY-
kamu (cmpaBa). OcTanbHBIE KaITMIIISPEI
OTPAXarOT 3aMETHYI0 4YacTh HU3JIy4eHHs
JIFOMHUHECUEHIIUH IEPBOTO Kanumuisipa

DKCIIEpUMEHTANBHO TOJTyYeHHas! 3aBUCUMOCTD HH-
TEHCUBHOCTH OTPaKEHHOI'O H3JIyY€HHsI OT paccrosf-
HUSI MEXy KallWUJLIpaMH B COIIOCTaBJIEHUH C Teope-
THYECKOH 3aBHCUMOCTBIO, PACCUMTAHHOM 1O QopmyIie
(14) m yuuThHIBarOImEH TONBKO OTPaKEHHE OT KaIHII-
JSpOB, MpezcTaBieHa Ha puc. 10.

Pacuersr o dopmyie (14) mpoBogMIMCEH TPH CiIe-
nytonmx mapamerpax: D = 54 mMm, H = 70 MM,
R =0.07, = 0.736 pag, r = 0.09 mm. DkcniepumeH-
TaNbHbIE M PacCUMTAaHHBIE 3aBUCHMOCTH HOPMHPOBa-
JUCh K U3TYYEHUIO NIEPBOTO KaMJUIsApa, 3all0JTHEHHO-
ro KBaHTOBBIMHU TOUYKaMH. B 11e10M 3KcIiepuMeHTab-
HO TIOJNyYeHHAas 3aBHUCHMOCTh WHTEHCHUBHOCTH OTpa-
JKEHHOTO M3JIyY€HHs JOCTaTOYHO KOPPEKTHO OIMCHI-
BaeTCs TEOPETHYECKON 3aBUCHMOCTHIO. YMEHBIICHUE
OTPaKEHHOTO CUTHAJIa Ha OOJIBIINX PACCTOSHUSIX OT
JIOMUHECIUPYIOUIETO Kamwuisipa OOBSCHSETCS TeM,
YTO Ha 3TH KaHMJUISAPHI MONMAAaeT MEHbIIE U3ITyUeHHS
JIOMUHECLCHIMN H3-32 OJIOKMPOBAHMS HW3IY4YEHUS
ONMU3NIeKAIIMMU KaWUIIpaMy. Y BeJTHUeHHbIC 3Have-
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Puc. 10. DxcniepiMeHTAIFHO TOJXyYE€HHAs 3aBHCUMOCTh WHTCHCHB-
HOCTH OTPaKEHHOT'O HM3JIyYCHHSI OT PACCTOSHHS MEXIY Kaluuisipa-
MH B COTIOCTABIICHHH C TEOPETHIECCKOH 3aBHCUMOCTEIO (14).

HUS OTHOCHUTEIBHONH HMHTEHCUBHOCTH OTPAKEHHOIO
V3Iy4YeHUs] TI0 CPaBHEHHUIO C TEOPETUYECKOW 3aBUCH-
MOCTBIO TIpH MANBIX PACCTOSHHUSAX, MO-BHANMOMY,
00yCJIOBJICHBI BKJIAZOM PACCESTHHOTO M3TY4eHUs, 1MOo-
CKOJIBKY B MOJENFHOM SKCIIEPHMEHTE JIMHEeHKa Ka-
MUUIAPOB OCBEIIANACh IIUPOKHM ITyYKOM BO30YXK-
Jaroriero m3nmydeHus. 11oaToMy WHTEHCHBHOCTH W3-
JyYeHUs], MaJarolero Ha BTOPOH KanuJuIsIp U MOJIBEp-
TaIOMIEeToCs pacCestHU0, ObllIa 3HAYUTENHHO OOIbIIe
MO CPaBHEHMIO CO CIy4aeM OTPaKEHUS H3Ty4eHUs,
KOTOPOE MPOUCXOAUT MPAKTUUYECKUA B OJHOMN IUIOCKO-
ctu. CrieqlyeT OTMETHTh, YTO B TEHETHYECKOM aHAJH-
3aTope Kak OTpaKeHHE, TaK U pacCessHUE MPOUCXOJISAT
B OJIHOM TIJIOCKOCTH, W TEOPETUYECKHE 3aBHUCHMOCTH
OyIyT KOPPEKTHO OIMHUCHIBATH (DOHOBYIO 3aCBETKY.
[lockonpky w3mydeHUE (DIYOPECHEHIINN OT/IEb-
HOTO Kanmwuisipa IPOMOPIUOHAIBHO KOHIICHTPAIUU
(dayopodopa B 3TOM Kanwuisipe, TO s 3PHEeKTHB-
HOM aHaJIMTUYECKOH 9yBCTBUTENBHOCTH C,4 M OTHO-
CUTCIIbHOM  aHAJIMTUYECKOH  YYBCTBUTCIILHOCTH

HAYYHOE [TPUBOPOCTPOEHME, 2025, Tom 35, Ne 4



K BOITIPOCY Ob

x= < ¢ yuetom (15) MOXKHO 3amucaTh

np
S, p
i jc"”’

C .
7= 140.0089x 2P
C !

np

C, =(1+o.0089>< (28)

(29)
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BO BCEX Kamwulsipax JHHEHKH oAHa M Ta ke (p = 1);
I 1 Cl ~
= — = —— OTHOIIEHNE WHTEHCHBHOCTEH JIIOMHU-
I 2 C2
HECLEHLIUA B TMEPBOM U BTOPOM KaWJUIPAX;
C;, C;, — xoHueHTpanuu ¢GiyopopopoB B IEPBOM
Y BTOPOM KalWJLIsIpax.
3aBUCUMOCTh  OTHOCUTEIBHOM  aHATUTHYECKOM
YYBCTBUTEJIIBHOCTU OT PACCTOSHUS MEXAY Kalulis-
pamu JJis pa3inyHbIX 3HAYEHUH OTHOLIEHMS p UHTEH-
CHUBHOCTEH JIIOMUHECLUEHIMU B MIEPBOM U BTOPOM Ka-
NWUBSIpax MOpeacTaBieHa Ha puc. 11.
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Puc. 11. 3aBUCUMOCTb OTHOCUTEIHHON aHATUTHYECKOM YyBCTBU-
TEJILHOCTH OT PacCTOSIHUS MEXAY KamWUIIpaMHu AJIs pa3IUMYHbIX
3HaueHudt p = 10; 100; 1000; 10 000.
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Puc. 12. CxpuH-110T 3KpaHa nporpamMMsl ynpasienus nprubopa "HAHO®DOP 05".
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U3 3aBucumoctn (29) u puc. 11 cnenyer, uro, ecnu
WHTEHCUBHOCTH JIIOMMHECLEHIMH B PAa3JIMYHBIX Ka-
MWUIApax JMHEWKH OTIMYAIOTCS HE3HAYUTEIhHO
(p ~ 1), TO KamMIIAPHI HE OKA3BIBAIOT CYMIECTBEHHOTO
BIMsAHUS Apyr Ha npyra. [Ipu p = 10 sdpdexTuBHas
AQHAJMTUYECKAsl  YyBCTBUTEIBHOCTh  YMEHBINACTCA
MpUMEpHO B 2 pa3a B cocenHeM kanwuisipe. [lpu p =
=100 »ddexTrBHAS aHATUTAYECKAs YYBCTBUTENb-
HOCTb yMeHbIIaercs B 3—11 pa3 B npeaenax JMHEHKH
kamusipos. [pu p = 1000 s dexrrBHas aHanuTHYE-
CKasl 4YyBCTBUTEIBHOCTh MajgaeT IpuMepHO B 30—
110 pa3s w® cocraBaser mpuMepHO 3 X 10—
1.1x 10" M/n. TTpu p = 10000 > dexTHBHAS aHATH-
THYeCKass YyBCTBHTENBHOCTh TMajmaer Oojee UeM
B 1000 pa3 (107 M/).

[lpoBepka BIMAHUS WMHTEHCUBHOTO W3IyUEHHS
¢ryopecueHIny 0IHOTO M3 KalWUIAPOB Ha COCETHHE
KallWIIIpB! JTMHEHKN MPOBOIMIACH TAKXKe B NPUOOpe
"HAHO®OP 05". Jluneiika KanwuisipoB, B KOTOPOI
OOVH W3 KalWUIIPOB ObLI 3allOJIHEH KBAaHTOBBIMH
TOYKaMH, [TIOMEIAIACH BMECTO CTAHIAPTHOU JINHEUKH
KalwUIIpoB. 3aCBETKAa M CYUTHIBAHUE ITPOU3BOIMIINCH
B CTaHJapTHOM pexkume. CKpHH-IIOT 3KpaHa Mpo-
rpaMMBbl yIPaBIECHUA [TIOKa3aH Ha puc. 12.

BricokonnTeHCHBHAsE (piyopecueHIusT B OZHOM
U3 KalWUIIPOB CO3/aeT 3aMETHYI0 (DOHOBYIO 3aCBET-
Ky NPakTUYECKH BO BCEX KallWUIIpax JIMHEWKH U Jie-
JaeT HEBO3MOXKHBIM TMPOBEAICHUE KOPPEKTHBIX H3Me-
pEHU.

W3 momydeHHBIX pe3ynabTaToB CieayeT, 4To s
MOJTyYEHUS] BEICOKOH aHAJMTUYECKOM 4yBCTBUTEIIHHO-
CTH KOHIEeHTpanus (iayopodopa HomKHA OBITH TpH-
MEpPHO OJIMHAKOBOM BO BCEX KalWLIApax JIMHEUKHU.
Jns peanuzanuu BBICOKOM YyBCTBUTEIBHOCTH T'€HE-
TUYECKOTO aHaju3aTopa WCIOJIb30BaHHUE JIMHEEK Ka-
NIUIIPOB ¢ OOJIBIINM KOJIMYECTBOM KaIMUIIPOB HE
umeeT OoNbIIOro cMbicha. J{ns yMeHBbIIEHUs! B3anM-
HOTO BJIMSHUS KaIWUIAPOB MOXKHO CYIIECTBEHHO
YBEJIMYUTH PACCTOSTHUE MEXY KalUIsIpaMu.

BBIBOJIbI

Takum oOpazom, B paboTe PacCMOTPEHO BIHSIHHE
OTPaXCHHUSI U PACCESHUS M3NIyueHHs (DIyopecueHInN
COCCAHUMM KallWJIsipaMu B JIMHENKE KanuJujigapoB
Ha aHAINTHYECKYIO YyBCTBUTEIBHOCTh I'€HETHYECKO-
ro aHanusaropa. OTpaXeHHOE U pacCcesHHOE U3Jyue-
HUSI CO3JAIOT JIOTIOJHUTENbHYI0 (POHOBYIO 3aCBETKY,
KOTOpasi B psilie ClydaeB MOXKET MPEeBbILAaTh HHPOP-
MaTUBHBIA curHan (myopectieniun. TeopeTndecku
MOKa3aHO M JKCHCPUMEHTAJIBLHO IMOATBECPIKACHO, YTO
OCHOBHOW BKJIaJl B (JOHOBYIO 3aCBETKY JHMHEHKH Ka-

NIUISIPOB BHOCUT OTPaKEHHE M3JIYyUYEHUSI OT COCEl-
HUX KalmWUISIPOB C BBICOKOW KOHIIEHTparmei ¢uyo-
poopoB U, COOTBETCTBEHHO, BHICOKOW MHTEHCHBHO-
CTBhIO (hIyopeceHInH. DKCIIepUMEHTaIbHAsT TPOBEP-
Ka TIpeAyioKeHHOH Monenu QopMupoBaHHs (OHOBOI
3aCBETKH ObLIa MpOBE/IEHA Ha CTaHIAPTHOM JIMHEHKe
KaMWuIApoB € 8 KamwuisipaMy, B KOTOPOH OAMH
13 KamwuIsIpoB ObUI 3all0JIHEH KOJUIOMIHBIM PacTBO-
POM Ha OCHOBE KBaHTOBBIX TOYEK M (hoTomoIHMMeEpa.
9KCHCpI/IMCHTaIH>HO IMMOJTY4YCHHLIC 3aBUCHUMOCTH HH-
TEHCUBHOCTH OTPAXEHHOT'O M3JIyYeHHsI JIOCTATOYHO
KOPPEKTHO ONMCBHIBAIOTCS JBYMEPHOW MOJENbBIO OIl-
THYECKOH cHCTEMBI. ECIIM MHTEHCHBHOCTH JIFOMUHEC-
HECHIMU B PA3IMYHBIX KalWJJigpax JIMHEWKHU OTJIMYa-
IOTCSI HE3HAYMTENBHO, TO KallMJUIIPhl HE OKa3bIBAIOT
3aMETHOTO BIUSHUSA IpYr Ha japyra. IIpu pazHuue uH-
TeHcuBHOCTH (ayopecueniuu B 1000 pa3 addexrus-
Hasl aHAJMTHYeCKas YyBCTBUTEIBHOCTH IAJaeT IpH-
MepHO B 100 pa3. U3 nmomydeHHBIX pe3yiabTaToOB Clie-
JIyeT, 4TO JUIsl MOJIYYEHHsI BBICOKOM aHaIUTHYECKOU
YYBCTBUTEJIILHOCTH  KOHIEHTparus  ¢uryopodopa
JOJKHA OBITh IPUMEPHO OAMHAKOBOM BO BCEX KaIlMJI-
Jspax JuHedku. [Ipy ucnosb30BaHuM JIMHEEK Kallui-
JSIPOB C OOJIBIINM KOJIMYECTBOM KaIMUIAPOB CIIELyeT
YUUTBIBaTh UX B3aMMHOE BIIMSIHUE — OTPA)KEHHUE U3-
JMy4deHus: (QIyopecleHIUN KaK ¢ pa3IMYHOH WHTEH-
CHUBHOCTBIO, TaK U PA3JIMYHBIM CIIEKTPaJIbHBIM COCTa-
BOM.
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CONCERNING ANALYTICAL SENSITIVITY
OF A GENETIC ANALYZER

V. E. Kurochkin, F. L. Vladimirov, A. S. Aldekeyeva, N. A. Korneva

Institute for Analytical Instrumentation of the Russian Academy of Sciences, St. Petersburg, Russia

The article considers the effect of reflection and scattering of fluorescence radiation in a capillary array on
the analytical sensitivity of a genetic analyzer. Reflected and scattered radiation creates background illumina-
tion, which in some cases can exceed the intensity of the informative fluorescence signal. It is shown that the
main contribution to the background illumination of a capillary array is made by reflection of radiation from
neighboring capillaries with a high concentration of fluorophores and, accordingly, high fluorescence intensity.
An experimental test of the proposed model for the formation of background illumination was carried out on
a standard capillary array with 8 capillaries, in which one of the capillaries was filled with a colloidal solution of
quantum dots. The experimentally obtained dependences of the intensity of fluorescence radiation reflected by
the capillaries are quite correctly described by the proposed model. If the fluorescence intensity in different ca-
pillaries of the array differs insignificantly, then the capillaries do not have a significant effect on each other.
With a 1000-fold difference in fluorescence intensity, the effective analytical sensitivity drops approximately
100 times. The results show that to achieve high analytical sensitivity in genomic sequencing, the fluorophore
concentration should be approximately the same in all capillaries in the array. The feasibility of using arrays of
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capillaries with a large number of capillaries and measures to reduce the mutual influence of capillaries in the
array of capillaries in the genetic analyzer are discussed.

Keywords: concentration sensitivity, genetic analyzer, capillary array
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INTRODUCTION

The main characteristics of genetic analyzers [1, 2]
include the reading length, the maximum analyzed
length, the time of standard fragment analysis, the
number of fluorescence detection channels, analytical
sensitivity, and the dynamic range of signal measure-
ment in each spectral range [3, 4]. Analytical sensi-
tivity determines the minimum concentration of ana-
lyzed reagents, such as fluorescently labeled DNA
fragments or dyes in model experiments. High sensi-
tivity is of great importance when analyzing samples
with a small amount of DNA, which, even after am-
plification using the polymerase chain reaction, allows
obtaining fluorescence intensities close to the noise
signal or background radiation [5]. Therefore, studies
aimed at increasing the analytical sensitivity of a ge-
netic analyzer and determining its actual value are an
urgent task.

FACTORS AFFECTING SENSITIVITY

It is usually assumed that analytical sensitivity is
determined by noise in the measuring path, back-
ground illumination, and other parasitic effects.

The effect of laser radiation reflected by a single
capillary on the sensitivity of fluorescence measure-
ments was studied in [6]. This work concludes that the
main contribution to the intensity of background illu-
mination in detectors for capillary electrophoresis sys-
tems is made by laser radiation reflected from the ca-
pillary. The work shows that for a standard optical
scheme with normal incidence of the laser beam on
the capillary and under the condition that the radiation
from the capillary is collected by a parabolic mirror at
an angle of 120°, approximately 4.2% of the power of
the laser radiation incident on the capillary is redistri-
buted to the photodetector. The fluorescence luminous
flux F under the same conditions is equal to [6]:

F =PKT(1-10""“)~ PKTebC xIn10, (1)

where F' is the fluorescence flux; K is the quantum
yield of the sample; T is the transmission coefficient
of the optical system; ¢ is the molar extinction coeffi-
cient of the sample; b is the optical path (capillary
diameter); C is the concentration of the fluorescent
substance.

Estimates made using this formula for a laser rad-
iation power of P = 30 mW, b =75 pym, 7 = 0.5,
& =200 000 I/mol, K = 0.15 show that the total fluo-
rescence radiation in the entire solid angle is approx-
imately F' ~8x |C , [W]. Thus, at a sample concentration
of C= 10" mol/l, the fluorescence flux is F=8 x 107> W.
This flux is uniformly distributed in a total solid angle
of 4n. The mirror, given the above parameters, col-
lects radiation in a solid angle of . Therefore, approx-

imately 25% of the informative signal reaches the
photodetector, i.e. F,, =2x10"?W. Meanwhile, with
the same laser radiation power of P = 30 mW, approx-
imately £, =1.3x 10°W is reflected toward the pho-

todetector. The use of interference filters allows sup-
pressing parasitic laser radiation reflected by the ca-
pillary, but this reduces the transmission of the optical
channel, which leads to a decrease in the sensitivity of
the system. In order to minimize parasitic laser radia-
tion incident on the photodetector, it was proposed in
[6] to use spatial separation of beams due to oblique
incidence of laser radiation on the capillary with the
sample. This approach is currently used in the genetic
analyzer "NANOFOR 05".

A number of works [7-9] note the decisive impact
of photodetector noise on the analytical sensitivity of
systems based on capillary electrophoresis. The influ-
ence of shot noise, fluctuations in the light flux, and
signal filtration are considered. In [10], the process of
fluorescein photodecomposition under the action of
laser radiation is studied. It is shown that photodegra-
dation of the dye reduces the sensitivity of measure-
ments and imposes restrictions on the power of the
exciting laser radiation. The results obtained in [10]
allow optimizing the laser power, taking into account
the time of dye degradation and the time the molecule
remains in the laser radiation zone.

In [11], an experimental assessment of the analyti-
cal sensitivity of measuring fluorescence signals for
the NANOFOR 05 genetic analyzer was carried out.
The assessment was carried out for six spectral ranges
corresponding to the fluorescence of the dyes most
commonly used in genetic research. With the same
dye concentration C = 10 M/L, the signal-to-noise
ratio S/N was measured for different dyes. The ob-
tained values are presented in Tab.

Tab. Results of measuring the signal/noise values and
analytical sensitivity C,, for genetic analyzers "NA-
NOFOR 05" using dye solutions with a concentration
of C=10" M/L

Different signal values and signal/noise ratios for
different dyes are due to differences in luminescence
brightness, quantum yield, absorption, and sensitivity
of the recording system in different spectral ranges.
Analytical sensitivity C,, — the minimum concentra-
tion of the dye that can be recorded — is determined
as follows:

c C(S/N) ’

— n, , 2
np S / N ( )
where C is the concentration of dyes in the experi-
ment; S/N is the measured signal-to-noise ratio;



(S/N),, is the limiting value of the signal-to-noise
ratio.

For reliable recording, the limiting value of the
signal-to-noise ratio is usually taken to be (S/N),,= 3.
The values of analytical sensitivity calculated for this
value of the signal-to-noise ratio are given in Tab. and
vary from 0.23 to 2.14 M/L for different dyes. Mea-
surements using the "NANOFOR 05" genetic analyzer
were carried out in eight capillaries with the same
concentration of dyes C = 10~ M/L simultaneously.

The experimental values obtained in [11] are ex-
plained by the theoretical dependence of the fluores-
cence intensity / on the parameters of the substance,
obtained earlier in [6]:

I=n,Al =n,1k,pl, (3)

where 7, is the quantum yield of fluorescence;
Al =1 k,pl is the amount of radiation absorbed in
the substance; £, is the absorption coefficient; p is the

density of the fluorescing substance; / is the length of
the optical path (diameter of the capillary).

Differences in analytical sensitivity for different
fluorophores are also explained by the fact that the
same wavelength 1, = 488 nm was used to excite fluo-
rescence, which did not coincide with the absorption
maxima of different fluorophores.

CONSTRUCTION OF A MODEL

In this paper, we consider the mutual influence of
neighboring capillaries in the capillary array of the
genetic analyzer "NANOFOR 05" due to various me-
chanisms of redistribution of light fluxes.

Let us consider a fragment of the capillary array in
the recording system of the genetic analyzer "NANO-
FOR 05" (Fig. 1).

Fig, 1. A fragment of a capillary array in the record-
ing system of the genetic analyzer "NANOFOR 05".
D is the diameter of the entrance pupil of the objec-
tive, H is the distance between the capillary ruler and
the entrance pupil of the objective, / is the distance
between the capillaries

Fig. 1 shows two neighboring capillaries 1 and 2,
on which the exciting laser radiation /; falls. The fluo-
rescence signals /; and [, arise in the capillaries. The
radiation from the capillaries reaches the camera
through the objective within the numerical aperture.
Let us consider the magnitude of the background il-
lumination of the second capillary, which is caused by
the radiation of the first capillary, and its effect on the
analytical sensitivity of the recording system.

We will make estimates in a two-dimensional
model of light propagation. We will replace solid an-
gles with angles on a plane, since a narrow laser beam
of approximately 40 pm in width is used to excite flu-
orescence in the genetic analyzer. Reflection and scat-
tering of fluorescence radiation will occur within this
narrow band. We will assume that fluorescence radia-
tion propagates at an angle of 2w in a plane perpendi-
cular to the direction of the capillaries in the capillary
array. This approach simplifies the calculations of
background illumination and allows us to qualitatively
estimate the mutual influence of the radiation of
neighboring capillaries in the capillary array.

If the total radiation of the second capillary, for
which the analytical sensitivity is estimated, is /,, then
according to the two-dimensional model, the informa-
tive signal /.,: enters the registration system objective:

B
]c2 =1, Z:

“

where f :2arctg%, D is the diameter of the en-

trance pupil of the objective; H is the distance be-
tween the capillary ruler and the entrance pupil of the
objective.

From the first capillary the radiation enters the ob-
jective:

I,=1, ﬁs
2r
where [, is the total radiation from the first capillary.

The second capillary is exposed to fluorescence
radiation from the first capillary within the angle:

®)

o= 2arctg§, (6)
where r is the radius of the capillary; / is the distance
between the capillaries.

Since the radiation from the first capillary spreads
uniformly in all directions, the second capillary is ex-
posed to radiation:

a
I1=1—. 7
= (7)

Part of this radiation gets reflected from the capil-
lary surface /,,, and scattered by various defects of
the capillary 7.

In addition, part of the exciting radiation /, will be
reflected from the second capillary /,,,, and scattered
by defects /.. It is also possible for various conta-
minants of the capillary to fluoresce under the action
of exciting radiation /,,. These parasitic radiations
will enter the lens of the recording system, creating
background illumination:



Ly=1, +1.+1, +1

& omp 6.omp 6.pac

+1,, (8)

Let us consider the influence of these factors on
background illumination.

The main part of the light reflected from the capil-
lary is formed on the outer boundary of the capillary,
as shown in Fig. 2.

Fig. 2. Reflection of light on the outer surface of the
capillary.

D is the diameter of the entrance pupil of the objec-
tive, H is the distance between the capillary ruler and
the entrance pupil of the objective, r is the radius of
the capillary

ANALYSIS OF THE INTENSITY
OF FACTORS AFFECTING
BACKGROUND LIGHT

A beam incident on the capillary at an angle ¢ to
the normal of the capillary surface with a radius 7 is
reflected at the same angle and enters the entrance
pupil of the objective of the recording system. The
beams from the adjacent capillary will enter the lens
of the recording system under the condition

Ah=h,—h, =2rsin§cos%, )]

where

h, =rsin[£+£}
4 2

This interval Ak corresponds to the angle

h —h
0=arctngz. (10)
With the fluorescence intensity in the first and
second capillaries /; and I,, the informative signals
entering the lens of the recording system from these
capillaries are equal to:

) (11)

(12)

The magnitude of the radiation from the first capil-
lary, entering the lens of the recording system as
a result of reflection from the second capillary, is
equal to:

1 01R=

'/’2:27r !

= LR x arctg {%[2 cos%singﬂ ,

21

(13)

where / is the distance between the capillaries, R is the
radiation reflection coefficient at angles close to n/4.

It should be noted that radiation from a neighbor-
ing capillary will be reflected not only from the outer
boundary of the capillary but also from its inner sur-
face, provided that the capillary is filled with a gel,
which refractive index is approximately equal to the
refractive index of the quartz capillary. The approx-
imate path of the rays in this case is shown in Fig. 3.

Fig. 3. The path of rays reflected from the inner sur-
face of the capillary.

D is the diameter of the entrance pupil of the objec-
tive, H is the distance between the capillary ruler and
the entrance pupil of the objective, r is the radius of
the capillary

The estimates made for this case show that the
range of heights A/ is significantly smaller, the angle
of incidence of light on the capillary is close to the
sliding angle, therefore, the reflection coefficient from
the inner surface of the capillary is significantly less
than that for reflection from the outer surface, so we
will not take reflection from inner surfaces into ac-
count in the evaluation calculations.

The relative intensity of the reflected radiation in
relation to the informative signal of the first capillary
is equal to:

1 1 2 .
y, =2 = —arctg —rcoszsmé xR, (14)
I, B 42

cl
It is also possible to estimate the effect of reflec-

tion of radiation from the capillaries on the value of
the signal/background ratio:

5 Lo
1,
L1 B

=—2x— . (15)
I, R r T . B
arctg| —| 2cos—sin—
[ 4 2

For typical values of the parameters of the optical
system of the genome sequencer D = 10 mm, H =
=50 mm, » = 0.09 mm, the value of A2 — the range
of heights from the center of the capillary, upon enter-
ing which the reflected rays enter the lens of the re-
cording system — is A/ = 0.00634 mm, and the angle



p/2 is equal to:
i} D
— =arctg—— =0.1rad. 16
2 8 2H (16)
Using Fresnel formulas, one can estimate the value
of the light reflection coefficient for a quartz capillary
(n = 1.46) at reflection angles near the angle /4. For
the s component, the reflection coefficient is approx-
imately equal to R, = 0.1 and for the p component R, =
= (. The average reflection coefficient is equal to: R =
=0.05.
The dependence of the relative intensity of the re-
flected radiation, calculated using formula (14) for the
specified parameters, is shown in Fig. 4.

Fig. 4. Dependence of the relative intensity of the
reflected radiation on the distance between the capil-
laries.

The dependence of the signal/background ratio for
different values of the fluorescence intensity ratio in

the first and second capillaries & :i—z, calculated us-
1
ing formula (15), is shown in Fig. 5.

At small distances between the capillaries, a signif-
icant part of the fluorescence radiation in one of the
capillaries is reflected by the neighboring capillaries.
The estimates show that at a distance of -2 mm, the
capillary reflects more than 1% of the informative
signal in the first capillary to the recording system.
Reflection of fluorescence radiation leads to a de-
crease in the signal/background ratio 6.

Fig. 5. Dependence of the signal/background ratio for
various values of the fluorescence intensity ratio in
the first and second capillaries.

From Fig. 5 it is evident that if £ =1, i.e. if fluores-
cence intensity is the same in adjacent capillaries, pa-
rasitic reflection from adjacent capillaries does not
have a significant effect on the value of 6. With an
increase in the fluorescence intensity in one of the
capillaries by 10 times in relation to adjacent capilla-
ries (k=0.1), the value of the signal/background ratio
will be less than 3 at a distance of up to / =1 mm. An
increase in the fluorescence intensity in one of the
capillaries by 100 times (k = 0.01) makes it impossible
to carry out measurements in a row of capillaries.

Another factor affecting background illumination
is the scattering of light on various inhomogeneities,
contamination, remnants of the polyimide shell, etc.

The scattering value is characterized by the scatter-
ing coefficient ¢:

g=22
3

(17)

I ro. e
where 1, :—‘arctg7 is the radiation incident on ca-
T

pillary 2 from capillary 1; I, is the radiation scattered
by capillary 2.

The scattering coefficient is a technological para-
meter since it is determined by the number of defects,
the quality of capillary cleaning, and contamination
both inside and outside the capillary. According to
experimental data, the scattering coefficient can vary
within a wide range £ = 0.01-0.0001.

Since the radiation is scattered uniformly by the
capillary in all directions, the scattered radiation 1,
will enter the lens of the recording system within the

angle g = 2arctg%:

I (18)

—Lgxarct zxarct 2
7 1 Sam
The relative intensity of the scattered radiation
with respect to the informative signal of the first capil-
lary will be equal to:
Y, =£arctg£. (19)
T /
And the signal/background ratio, caused by the
scattering of light on technological defects, will be
equal to:

L, 1L #lH

Por, I ErD (20)

p2

The dependences of the signal/background ratio on
the distance between the capillaries for different val-
ues of the scattering coefficient ¢ and the relative in-
tensity of fluorescence emission in the second capil-

lary & =§—2, calculated using formula (20), are shown

1
in Figs. 6, 7.

Fig. 6. Dependence of the signal/background ratio
on the distance between the capillaries for various
values of the relative intensity of fluorescence emis-
sion in the second capillary.

The scattering coefficient of the second capillary
¢=10.01

From Figs. 6 and 7 it is evident that scattering of
radiation from adjacent capillaries begins to play



a noticeable role at high values of the scattering coef-
ficient £ > 0.01 and at a large difference in the fluo-
rescence radiation intensity of adjacent capillaries
k<0.001.

Fig. 7. Dependence of the signal/background ratio on
the distance between the capillaries for various val-
ues of the scattering coefficient of the second capil-
lary.

The relative signal intensity in the second capillary
k=10.001

If noticeable technological defects in the capillary
array are not available, the influence of scattering on
the background illumination can be neglected, since
R>¢:

IA
7V

where y, is the relative intensity of reflected radiation
in relation to the informative signal of the first capil-
lary; y, is the relative intensity of scattered radiation in
relation to the informative signal of the first capillary;
R is the capillary reflection coefficient; & is the capil-
lary scattering coefficient;

Under certain conditions, the exciting laser radia-
tion can also contribute to the background illumina-
tion. The recording system may be exposed to scat-
tered excitation radiation and parasitic fluorescence
radiation arising from various defects and contami-
nants. To minimize the exciting laser radiation enter-
ing the recording system, interference filters with high
absorption at the wavelength of the exciting radiation
A are used. If the intensity of the exciting radiation is
1), then the intensity of the radiation scattered by the
capillary /,, can be written as follows:

I, =1,-& %107,

=§><0.717T, @1

(22)

where & is the scattering coefficient of the exciting
radiation; D; is the optical density of the filter at the
wavelength of the exciting radiation installed in the
recording system.
The informative fluorescence signal in accordance
with (3) is equal to:
I,=n,xAl=1In,k,-p-l, (23)

where 7, 1is the
Al =1 k,pl is the amount of radiation absorbed in

fluorescence quantum yield;

the substance; k, is the absorption coefficient; p is

the density of the fluorescing substance; / — optical
path length (capillary diameter).

The signal-to-background ratio due to scattering of
laser excitation radiation on process defects is equal
to:

1, _ mkpl _nk,

YL, X107 g

Numerical estimates made for typical values of
D; =6.0; & = 10" show that the signal-to-background
ratio due to scattering of laser radiation is quite high
— more than 10" — and does not significantly affect
the analytical sensitivity.

Exciting laser radiation can also cause fluorescence
of absorption centers. The fluorescence intensity in
this case can be written as follows:

p-Ix10", (24)

](11/121«'772'16',02'[- (25)

where 77, is the average quantum yield of defect fluo-

rescence; k, is the absorption coefficient of laser rad-

iation on defects; p; is the concentration of defects.

The signal/background ratio due to the fluores-
cence of defects on the capillary under the action of
laser excitation radiation is equal to:

b2
Id;z n, ky p,

From this formula

_[izn_ik_iﬂ. (26)

it follows that even at
77_/1:1’ k—i=1 fluorescence on process defects will
P 2

play a noticeable role if the concentration of defects is
comparable to the concentration of the fluorophore in
the capillary. Numerical estimates show that the con-
centration of defects at which fluorescence on them
will play a noticeable role is approximately p, = 10° of
defects per 50 um long capillary segment. Usually the
concentration of process defects is significantly lower,
so this factor does not have a noticeable effect on the
resulting signal/background ratio.

Thus, the main contribution to the background il-
lumination of an array of capillaries is made by the
reflection of radiation from neighboring capillaries
with a high concentration of fluorophores and, accor-
dingly, high fluorescence intensity.

EXPERIMENTAL VERIFICATION
OF MODEL ESTIMATES

An experimental check of the considered model of
background illumination formation was carried out
using a standard capillary array with 8 capillaries. One
of the capillaries was filled with 2% colloidal solution
based on quantum dots CdS/ZnS (KT-620) and photo-
polymer. Other capillaries were filled with water.



After filling the capillary with the composition, the
photopolymer with quantum dots was polymerized
using a UV illuminator with a radiation wavelength of
A =365 nm and a power of 3.0 W. The luminescence
spectrum of the quantum dots used is shown in Fig. 8.

Fig. 8. Luminescence spectrum of the composition
with quantum dots KT-620 and spectral regions of
fluorescence of standard dyes used for genetic analy-
sis.

The luminescence spectrum has a maximum in the
region of 620 nm, the half-width of the spectrum is
approximately 30 nm. A wavelength of 400 nm was
used for excitation. The luminescence spectrum was
measured on a HITACHI F4010 spectrofluorimeter.
The graph shows the spectral regions of fluorescence
of standard dyes used for genetic analysis.

The use of quantum dots instead of organic dyes
was due to their unique properties. These materials
have high fluorescence brightness, which is deter-
mined by high values of the extinction coefficient and
quantum yield of luminescence. Quantum dots have
a wide excitation band, which allows using one source
of exciting radiation, for example, in the range of
400-500 nm, to excite the luminescence of quantum
dots with various luminescence spectra. Phosphors
based on quantum dots are inorganic materials and
have high photostability, which allows using powerful
laser radiation to excite luminescence without the risk
of degradation and burnout of the phosphor. Quantum
dots have a very narrow and symmetrical fluorescence
peak without any long-wave tails or other features.
The position of the fluorescence maximum is deter-
mined by the size of the quantum dots and can vary
widely.

The image of a capillary array, in which one capil-
lary is filled with quantum dots (on the right), is
shown in Fig. 9. The remaining seven capillaries are
filled with water and do not luminesce. The adjacent
capillaries reflect a noticeable part of the lumines-
cence radiation from the first capillary.

Fig. 9. Array of 8 capillaries.

One capillary (1) is filled with quantum dots (right).
The remaining capillaries reflect a noticeable part of
the luminescence radiation of the first capillary

A binocular microscope with a color video camera
(5.0 MP) was used to record the image of the capillary
array; the diameter of the entrance pupil of the objec-
tive was D = 54 mm, the working distance was H =
=70 mm. Luminescence in the capillary was excited
by a LED source with a wavelength of 365 nm.

A light filter blocking ultraviolet radiation was in-
stalled in the recording channel. The brightness of the
light bands /; and their width AA; were measured in the
resulting image. The intensity of reflected radiation
was estimated as:

E =1 xAh,. (27)

The experimentally obtained dependence of the re-
flected radiation intensity on the distance between the
capillaries in comparison with the theoretical depen-
dence calculated using formula (14) and taking into
account only the reflection from the capillaries is
shown in Fig. 10.

Fig. 10. Experimentally obtained dependence of the
intensity of reflected radiation on the distance be-
tween capillaries in comparison with the theoretical
dependence (14).

Calculations using formula (14) were performed
with the following parameters: D = 54 mm, H =
=70 mm, R = 0.07, # = 0.736 rad, » = 0.09 mm. The
experimental and calculated dependences were nor-
malized to the radiation of the first capillary filled
with quantum dots. In general, the experimentally ob-
tained dependence of the reflected radiation intensity
is quite correctly described by the theoretical depen-
dence. The decrease in the reflected signal at large
distances from the luminescent capillary is explained
by the fact that less luminescence radiation reaches
these capillaries due to the blocking of the radiation
by nearby capillaries. The increased values of the rela-
tive intensity of the reflected radiation compared to
the theoretical dependence at small distances are ap-
parently due to the contribution of scattered radiation,
since in the model experiment the array of capillaries
was illuminated by a wide beam of exciting radiation.
Therefore, the intensity of the radiation incident on
the second capillary and subject to scattering was sig-
nificantly greater compared to the case of radiation
reflection, which occurs practically in one plane. It
should be noted that in the genetic analyzer, both ref-
lection and scattering occur in one plane, and the theo-
retical dependences will correctly describe the back-
ground illumination.

Since the fluorescence emission of an individual
capillary is proportional to the fluorophore concentra-
tion in this capillary, then for the effective analytical
sensitivity C,, and the relative analytical sensitivity

C . .
¥ =—— we can write, taking into account (15):

np
6,'p
l JC""’

C, = [1 +0.0089 x (28)



C .
= 14 0.0089><5”Tp, (29)

np

Z:

where C,, is the limiting analytical sensitivity in the
case when the fluorophore concentration in all capilla-
ries of the array is the same (p = 1); pzizQ is
] 2 C2
the ratio of the luminescence intensity in the first and
second capillaries; C,, C, are the concentrations of
fluorophores in the first and second capillaries.

The dependence of the relative analytical sensitivi-
ty on the distance between the capillaries for various
values of the ratio of the luminescence intensity in the
first and second capillaries p is shown in Fig. 11.

Fig. 11. Dependence of relative analytical sensitivity
on the distance between capillaries for different val-
ues of p = 10; 100; 1000; 10 000.

From dependence (29) and Fig. 11 it follows that if
the luminescence intensities in different capillaries of
the array differ insignificantly p ~ 1, then the capilla-
ries do not have a significant effect on each other. If
p = 10, the effective analytical sensitivity decreases by
about 2 times in the neighboring capillary. If p = 100,
the effective analytical sensitivity decreases by 3—
11 times within the array of capillaries. If p = 1000,
the effective analytical sensitivity drops by about 30—
110 times and is approximately 3x10°—1.1x10"* M/L.
If p = 10000, the effective analytical sensitivity drops
by more than 1000 times (10~" M/L).

The effect of intense fluorescence radiation from
one of the capillaries on neighboring capillaries in the
array was also tested using the "NANOFOR 05" de-
vice. A capillary array in which one of the capillaries
was filled with quantum dots was placed instead of
a standard capillary array. [llumination and reading
were performed in the standard mode. A screenshot of
the control program is shown in Fig. 12.

Fig. 12. Screenshot of the control program for the
"NANOFOR 05" device.

High-intensity fluorescence in one of the capilla-
ries creates a noticeable background illumination in

almost all capillaries in the array and makes it imposs-
ible to perform correct measurements.

The results show that to achieve high analytical
sensitivity, the fluorophore concentration should be
approximately the same in all capillaries in the array.
To achieve high sensitivity of the genetic analyzer,
using capillary arrays with a large number of capilla-
ries does not make much sense. To reduce the mutual
influence of capillaries, the distance between capilla-
ries can be significantly increased.

CONCLUSIONS

Thus, the work considers the effect of reflection
and scattering of fluorescence radiation by neighbor-
ing capillaries in a capillary array on the analytical
sensitivity of a genetic analyzer. Reflected and scat-
tered radiation creates additional background illumi-
nation, which can exceed the informative fluorescence
signal in some cases. It has been theoretically shown
and experimentally confirmed that the main contribu-
tion to the background illumination of a capillary ar-
ray is made by reflection of radiation from neighbor-
ing capillaries with a high concentration of fluoro-
phores and, accordingly, high fluorescence intensity.
The proposed model of background illumination for-
mation was experimentally verified using a standard
capillary array with 8 capillaries, in which one of the
capillaries was filled with a colloidal solution based
on quantum dots and a photopolymer. The experimen-
tally obtained dependences of the reflected radiation
intensity are quite correctly described by a two-
dimensional model of the optical system. If the lumi-
nescence intensities in different capillaries of the array
differ insignificantly, the capillaries do not exert
a noticeable influence on each other. With a 1000-fold
difference in fluorescence intensity, the effective ana-
lytical sensitivity drops approximately 100 times. It
follows from the results that to obtain high analytical
sensitivity, the fluorophore concentration should be
approximately the same in all capillaries of the array.
When using capillary arrays with a large number of
capillaries, their mutual influence should be taken into
account — reflection of fluorescence radiation with
both different intensities and different spectral compo-
sitions.



