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YHuBepcajabHbIA HU(PPOBOH 30HI0BbIN 3JIEKTPOMETP
JJISE KOHTPOJISA MOJYNIPOBOHUKOBBIX IJIACTHH

AL Kapun, B.A. MukutreBuny, A.U. Ceuctyn, K.B. [1anTesieeB

Benopycckuil HayUOHAILHBI MEeXHUYECKULl YHUSEpCumen,
np-m Hezasucumocmu, 65, e. Munck 220013, Benapyco

Hocmynuna 23.08.2023
lpunsama k neuamu 26.09.2023

Hnst uccnenoBaHus M KOHTPOJS HOJTYHPOBOAHWUKOBBIX TUIACTUH ILIMPOKO HMCHOJB3YIOTCS OECKOH-
TaKTHBIE JIEKTPUUECKUE METOJIbl, OCHOBAHHBIC HA M3MEpeHHH MoTeHiuana nosepxuoctu (CPD) B coue-
TaHUU C OCBELICHUEM W/WIIM OCAKICHUEM 3apsIoB Ha oOpasel] ¢ OMOLIbI0 KOPOHHOTO pa3psiaa, a Takke
Ha u3MepeHuu nosepxHocTHol Goto-D/IC (SPV). [To ¢poro-2/IC BO3MOKHO OIpe/ieieHne BPEMEHHU KU3HU
HEOCHOBHBIX HOCHUTENEH 3apsina, ux JudQy3noHHYIO JUIMHY M OOHApy:KEHHE CIIEIOB TSKEIBIX METAIJIOB
Ha moBepxHOCTH. Kpome Toro, ¢ ucnonb3oBanueM (poto-2/IC BO3MOKHO ompeneneHre MOBEPXHOCTHOTO
CONPOTUBJICHUS MOIYNPOBOJIHUKOBON IUIACTUHBI, HEKOTOPBIE IapaMETPhl €0 JUAIEKTPUKA HA MOBEPX-
HocTH M OapbepHyto Goto-OC (JPV). PesynbraTel M3MepeHHs: dIEKTPUUECKUX MapaMeTpoB OTPaXKkaioT
BIIMSIHUE TIPUMIOBEPXHOCTHBIX XapaKTEPUCTUK HA KOHEUHBIE XapaKTEPUCTHKH YCTpoucTB. Llenmbio paboTs
SIBIISUIACh pa3pabOTKa YHHUBEPCATHHOTO LHU(POBOIO 30HIOBOTO AJIEKTPOMETPA, PEATU3YIOIIETO Pa3InvHbIC
OCCKOHTAKTHBIC DJIEKTPUYECKHE METOAbI aHajh3a MOJIYIPOBOJAHMKOBBIX IJIACTHH, B KOTOPOM Iieperada
MOJYYCHHBIX JaHHBIX, W3MEHEHHWE KOH(QUTypalud, yAaJEHHOE TECTUPOBAHHME M KaIMOpOBKAa OCYIIECT-
BIISIFOTCS 110 IM(POBBIM KaHAJIaM JIOKAIBHOTO ynpasieHus. B pabore ommcan pa3paOoTaHHBIN aBTOpamMH
YHHUBEPCAIbHBIA HHU(POBON 30HAOBBIA 3JEKTPOMETP, PEANU3YIOIIUI ONUCAHHBIC BBIIE OCCKOHTAKTHBIC
ANEKTPUIECKHUE METO/Ibl aHaH3a MOTYNPOBOAHUKOBEIX tacTHH (CPD, SPV u JPV). Ynpasnenue snextpo-
METpOM, BKJIIOUAIOIee Mepeaady MOTyYeHHBIX JaHHBIX, U3MEHEHHE KOH(QUTYpalu, YAaaEHHOE TECTUPO-
BaHUE U KaTMOpPOBKA, OCYIIECTBISETCS MO HU(PPOBBIM KaHANaM JIOKAJILHOTO yIpaBieHus. biaromaps BbI-
COKOMY OBICTPOJEHCTBUIO METOJIbI ONPEACICHUS TCKTPHUSCKIX XapaKTEPUCTUK MOAXOIAT Uil KOHTPOJIS
MIOJIYIIPOBOJHUKOBBIX ILIACTUH B IIpoLiecce NMpOU3BOACTBA. [IpuBeneHbl pe3ynbTaThl TECTUPOBAHUS PA3pPa-
00TaHHOTO 30HI0BOTO AekTpomerpa B pexkumax CPD, SPV u JPV, orpaxkaromue 3pPeKTUBHOCTD Tpe-
JIO’KEHHBIX ITOJXO0B.

KuroueBblie ciioBa: nudhpoBoil 30HIO0BBIN 3JIEKTPOMETP, KOHTAKTHAsI PA3HOCTh TOTEHIIMAJIOB, TOJIYIIPOBO-
JHUKOBasI IiacTuHa, 30u1 Kenbeuna, poro DJ1C, CPD, SPV, JPV
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Abstract

Non-contact electrical methods are widely used for research and control of semiconductor wafers.
The methods are usually based on surface potential measurement (CPD) in combination with illumination
and/or deposition of charges on the sample using a corona discharge, and are also based on the measurement
of surface photo-emf. By photo-EMF (SPV) it is possible to determine the lifetime of minor charge carriers,
their diffusion length and detect traces of heavy metals on the surface. In addition, using photo-EMF it is pos-
sible to determine the surface resistance of the plate, some parameters of the dielectric layer on the surface
and barrier photo-EMF (JPV). Electrical performance results reflect the influence of near-surface charac-
teristics on the final performance of devices. The aim of the work was to develop a universal digital probe
electrometer that implements various non-contact electrical methods for analyzing semiconductor wafers,
in which the change in operating modes and configuration, transmission of the received data, remote test-
ing and calibration are carried out via digital local control channels. This paper describes a universal digital
probe electrometer developed by the authors, which implements the above-described non-contact electrical
methods for analyzing semiconductor wafers (CPD, SPV and JPV), in which the change in operating modes
and configuration, transmission of the received data, remote testing and calibration are carried out via digital
local control channels. Due to their high speed, electrical characterization methods are suitable for inspecting
semiconductor wafers during production. The results of testing the developed probe electrometer in CPD,
SPV and JPV modes are presented, which reflect the effectiveness of the proposed approaches.

Keywords: digital probe electrometer, contact potential difference, semiconductor wafer, Kelvin probe,
photo EMF, CPD, SPV, JPV
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BBenenue

B MukposnexTpoHuke BakHOW mpoOmeMoit
SBIISIETCS.  MOJACPKaHHEe TpeOyeMoro KadecTBa
MTOBEPXHOCTH TOIYIPOBOJHUKOBBIX IUIACTHH Ha
BCEX 3Tarax TeXHOJIOrM4yeckoro npouecca. [lo mepe
repexojia MOJYIPOBOAHUKOBOTO MPOM3BOJCTBA K
Bce OoJyiee TOHKUM CIIOSIM CBOMCTBa MOBEPXHOCTH
U TPUIOBEPXHOCTHOW 00JacTH OYyIyT OKa3bIBaTh
Bce Oorplliee BIMSHHE HA  XapaKTEPUCTHKH
M3TOTOBJIEHHBIX 3JEKTPOHHBIX YCTPOMCTB.
3arpsi3HeHHe TIOBEPXHOCTH WM TOBPEXKICHHE B
pe3yabTaTe 00pabOTKU IIIACTUHBI MOTYT YBEIHYNUTh
CKOPOCTh PEKOMOWHAIIMM HOCHTENleH 3apsija Ha
[IOBEPXHOCTH W CHWXKATh HX HOJBMKHOCTb, 4YTO
IIPUBOJUT K YXYALICHUIO XapAKTEPUCTUK KOHEUHBIX
maenuii. UToObl TONYyYHTh MPUEMIICMBIA BBIXOT

MIPOYKIIAH, HEO00XO0NUMO KOHTPOJUPOBATH
XapaKTEPUCTHKU  TMOBEPXHOCTH  IUTACTHHBI  Ha
Pa3MMUHBIX  JTamax  MPOW3BOACTBA.  MeETOJIBI

OLICHKHU COCTOSTHHSI MOBEPXHOCTH U 3P PeKTHBHOCTH
Pa3IMYHBIX BUIOB €€ 00pabOTKM HEOOXOAMMBI Kak
mpu OTPabOTKE TEXHOJOTHUYECKHX MPOIIECCOB, TaK
U JIUISI TEXHOJOTMYECKOTO KOHTPOJSL B Ipoliecce

MPOU3BOACTBA.
Jost OLICHKH CBOWCTB IIOBEPXHOCTU
MOJYIIPOBOJHUKOB  HUCIOJB3YIOTCSI  Pa3IU4HbIC

METO/Ibl CIEKTPOCKOIINH, BKJIFOUYAIOIINE XUMUYECKHUH
n (U3MYeCKU aHai M3, a TaKXkKe ONTUYEeCKUEe |
3JIEKTPUYECKHE METO/IBI.

Pe3ynbrarel 37EKTpUYECKUX XapaKTEPUCTHK,
BO3MOJKHO, SBJIAIOTCS ~ Hauboyee IOJE3HBIMH,
MOCKOJIbKY OHHM JIy4YIlleé BCErO OTpa)katoT BIMSHHE

MIPUITOBEPXHOCTHBIX XapaKTEPUCTHK Ha KOHEYHBIC
xapaktepuctukn ycrpoiictea [1]. Kpome Toro,
Onaronapsi BBICOKOMY OBICTPOJCHCTBHIO METOJIbI
OTpeeNeHNs]  DIIEKTPUYECKUX  XapaKTEPHUCTHUK
MONXOJAT JUIsI KOHTPOJIA TOJYNPOBOJHUKOBBIX
TUTACTHH B TPOIIECCE TPOU3BOJICTRA.

beckoHTakTHBIE ~ 3JEKTPUYECKHE  METO[bI
OOBIYHO OCHOBaHBI Ha W3MEPEHHWH ITOTEHIIHANa
noepxHocti (CPD) B coueranum ¢ ocBelieHHEM
W/WITA  OCaKIECHHWEM 3apsmoB Ha o0paszer
MOMOIIIbI0 KOPOHHOTO paspsfa, a Takke Ha
mMepennu moBepxHocTHOU (oTo-D/IC. ITo doTto-
OZIC BO3MOXHO OIIpEJIeIEHHe BpPEMEHH IKU3HU
HEOCHOBHBIX HOCHUTENEH 3apsina, uX AU Py3HOHHON
mHbl (SPV) u cnemoB TSOKENBIX METaIOB Ha
noBepxHocTH. Kpome ToT0, € MicTionb30BaHHeM GOTO-
OJIC BO3MOXHO ONpENEICHUE TOBEPXHOCTHOTO
COTIPOTHBIICHUS MJIACTUHBI, HEKOTOPHIX MTapaMeTPOB
CJIOSl TMAJIEKTPUKA HAa TOBEPXHOCTH U OapbhepHOU
¢doro-3/AC (JPV) [2-8].

BecKOHTAKTHBIA ~ XapakTep 3THX METOJOB
u3MepeHust  0cOOEHHO  MpHBIEKAaTeleH,  T.K.
nenaeT OONBIIMHCTBO W3 HHUX HEPa3pyIIAloNuMHU,
HEMHBAa3MBHBIMH W TIO3BOJISIET  TPOBOJUTH
MUarHOCTUKY Ha pa3IMYHBIX JTamax o0padoTKu
IUIaCTHH, aHE)KJaTh OKOHUATEIbHON XapaKTePUCTHKH
YCTpOMCTBA. DIEKTPUUECKHNE METOJBI TpeIaraioT
BO3MOKHOCTH TOJHOPAa3MEPHOTO KapTHPOBAHUSA
TUTACTHH C BHICOKHM Pa3pelICHHEM.

Ha pucynke 1 cxemMaTHYHO IIpe/ICTaBICHBI
OECKOHTaKTHBIE JJEKTPUIECKHE METO/IBI,
MPUMEHSEMbIE JUIsl aHaln3a MOJYIPOBOIHUKOBBIX
TJTACTHH.
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Pl/lcyHOK 1 — CxemaruuHoe MMpEACTABIICHUC OECKOHTAKTHBIX QJICKTPUYCCKUX METOAOB, MPUMECHACMBIX JIJIA aHalin3a
TTOJTYTIPOBOTHUKOBBIX TACTHH: a — MeTon KensBuna—3ucmana (CPD); b — meron ¢oto-3/IC ¢ ocBemeHneM Ha IBYX
mmHax BoiH (CPV); ¢ — meton ¢poto-3/IC ¢ AByMS maTunkaM¥ Ha Pa3HBIX PACCTOSHHUAX OT CcBeTOBOTro matHa (JPV)

Figure 1 — Schematic representation of non-contact electrical methods used to analyze semiconductor wafers: a — Kel-
vin—Zisman method (CPD); b — photo-EMF method with illumination at two wavelengths (CPV); ¢ — photo-EMF meth-
od with two sensors at different distances from the light spot (JPV)
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B wmetone KempBuna—3ucmana (pucyHok la)
HCIIONB3YETCsI JTUHAMUYCCKUN KOHJICHCATOP,
00pa3oBaHHBIN TMOIYIPOBOAHUKOBON TUTACTUHON U
BUOPUPYIONIUM STAJIOHHBIM 00pa3iioM. B crieactBun
pPa3HOCTH  TIOTCHIMAJIOB  MEXIy  IUIACTHHAMU
MUHAMHYECKOTO  KOHJEHCATOpa, Ha  BBIXOE
NPEAYCHUINTENS BO3HUKACT TEPEMEHHBIA CHUTHAJ
¢ uactoroi BuOpamuu. Ha KoHaeHcaTtop Takxke
nona€rcst  HampsbkeHue  komrmeHcanuu  (Vbias),
MpH PaBEHCTBE KOTOPOTO PA3HOCTH IOTEHIINAIOB
Ha IUIACTHHAX KOHACHcATOpa aMIUIMTyJa Iie-
PEMEHHOTO CHTHAJla CTaHOBUTHCS PABHOM HYIIO.
OOBIYHO B TPAIUITMOHHBIX U3MepuTensix KenpBuHa—
3ucmana OCYIIIECTBISICTCS aBTOMaTHYECKas
(dazoBasi aBTOKOMIICHCAIIUSI H3MEPSEMOW  BEIIH-
YUHBI C TOMOIIBIO  (Pa3oBOro  JeTEKTOpa U
uHTerparopa [9].

Cremyetr OTMETHTH, 4YTO B MeTonax KenpBuHA—
3ucmMaHa  U3MEpSieMOM  BEIMYMHOM  SIBISICTCS
KOHTaKkTHast pa3HocTh noteHmanos (KPII) [9]. Tlox
KPII 3mecp moHmMaercs (GU3HUYECKHA Tapamerp,
BBeJleHHBIH Jisi onucanus d¢¢ekra A. Bonpra
(omekTpudyecTBO BombTa), T.€. BO3HUKHOBCHWE
Pa3HOCTH MOTEHIMAIOB B 3a30p€ MEXKIY IBYyMS
pasHopoaHbiMu Metaiiamu. KPIT cBsizana ¢ taku-
MU (QyHIAMEHTAIBHBIMH TIapaMeTpaMu TBEPJBIX
TeJ, Kak paboTa BbIXOJa JJICKTPOHA U YPOBCHb

depmu, T.e. HUMEWT TIyOOKHHA (QU3HUECKUI
CMBICSI W IIUPOKO HCHONB3YIOTCS B  (PHU3HKE
HOJTYTIPOBOHUKOB.

B rtpaguumonneix wm3Mepurensix  poto-2/1C
(pucyHOK 16 m 1c¢) TOIYNPOBOIHUK OCBEIIACTCS
CHUHYCOUIaTbHO MOJYJMPOBaHHBIM CBETOM 4epes3
MOJYIPO3PAYHYI0 METAUNTU3UPOBAHHYIO TUIACTHHY,

MOJIKITIOYEHHY IO K 3apsAA01yBCTBUTEIBHOMY
npenycunurento. Ha  BBIXOAEe — MpemyCHIIUTeNs
BO3HHMKAET IIEPEMEHHBIIl CHUTHAI C YacTOTOM
MOy JISLIUH.

Hdns  nomydyeHust TpeOyeMblX — (PU3NUECKUX
rapaMeTpoB MOJYNPOBOAHHUKOB, Hampumep, Ta-

KHX KaK BpEeMsS JKU3HH HEOCHOBHBIX HOCHTENEH
3apsifia, 3JICKTPOCOMPOTUBIICHUE ITOBEPXHOCTHOIO
cios, 6apeepHas Goro-3/AC u ap., HCIOIB3YETCSI
OCBCILICHUE C JByMsI Pa3JIMYHBIMHU JUIMHAMHU BOJIH
nmn  peructpamus (poto-2JIC oT ABYX 30HIOB,
HaXOJSIIIUXCS HAa Pa3IMYHOM PACCTOSHUU  OT
CBETOBOTO IISITHA. Mcmonmb3yeTcss CHHYCOMAATEHOE
MOJIyJIMPOBaHWE CBETa Ha pa3HBIX YacTOTax.
[Ipu >TOM BbIACIIEHUE CUTHAJIOB HAa KaXJI0H W3
4acTOT WM OT KaXKIOrO 30H/Aa OCYIIECTBISIETCS
yCuiaTeIAsMU C  CUHXPOHHBIM JE€TCKTUPOBAHUCM

M TIOCIENYIONUM HWHTerpupoBaHueM. CHTHAIBI
MOCTYTAIOT Ha aHAJIOTO-IIU(PPOBBIC IPEOOPa30BATEIN
1 Yepe3 COOTBETCTBYIOIIUE YCTPOHUCTBA COMPSHKCHUS
Ha MEPCOHAIBHBIM KOMIBIOTEp Uil AalbHEHIICH
ob0pabotku. Takum o00pa3om, TpaJWLHOHHBIC
M3MEPHUTENN TPEJCTaBIAIOT COO0H JO0CTAaTOYHO
TPOMO3JIKHE yCTPOHCTBA, TPEOYFOIINE OTHOCUTEILHO
0oJIbIIIOE BpEMsI HMHTCTPHUPOBAHUA CHUI'HAJIOB JJIA
MOBBIIIICHUST TOYHOCTH, a Takxke TpeOyromme
MMPEUMU3MOHHOTO COIIPSZKCHUSA YCUIIUTECIIBHBIX
kaHanoB. Bompoc B3anMoBiusaus Ha Goto-3/C oT
UCTOYHHKOB C Pa3IMYHBIMU JUIMHAMHU BOJIH CBETa
OOBIYHO HE IIOAHUMACTCA. HpI/I HCIIOJIb30BAHUN
TaKHUX YCTPOUCTB JIJIsl KAPTUPOBAHUS PACTIPEICTICHHS
U3MEPSAEMBIX IapaMETPOB 110 IOJIYIIPOBOJHUKOBOMI
racTuHe TpeOyeTcs MOBOJIBHO OOJBIIOE BpeMs
U, MO3TOMY, KaK MPaBHIO, KapThl PACIpEeICHUS
MMEIOT OTHOCUTENIEHO HU3KO0E pa3pelIeHue.

Henpto  paboTbl  sBIsIach  pa3paboTka
YHUBEPCATHHOTO dposoro 30H/I0BOT'O
3IIEKTPOMETPA, peaIu3yIoLero pasyinuHbIC
OCCKOHTAKTHBIE DJIEKTPUYECKHUE METOIbl aHalu3a
HOJIYHNPOBOAHUKOBBIX  IUIACTUH, B  KOTOPOM
nepefadya  MOJYYEHHBIX  JAHHBIX, HM3MEHEHHE
KOHQUTypaluy, yIal€HHOE TEeCTHpPOBAaHWE U
KaTMOpOBKa  OCYIIECTBISIIOTCS MO  LU(PPOBHIM

KaHaJlaM JIOKaJIbHOI'O yIIPaBJICHHUS.

Pa3paborka yHuBepcaabHOro nudpposoro
30HI0BOI'0 YJIEKTPOMeETpPa

Ha pucyHke 2 cxeMarnyHO MPEACTaBJICH
YyBCTBUTEIBHBIH AIIEMEHT paspaboTaHHOTO
YHHUBEPCAIBHOTO HU(POBOTO 30HIOBOTO 3JICKTPO-
MeTpa. OH BBINOJIHEH B BUJAE MI030J0YEHHOM Ieyar-
HOW TuiaTbl ¢ ruOkuM mmerdom. LleHTpanbHBIHI
301 1 ¢ orBepctuem (0,5 MM) IJIsT ONTOBOJIOKHA
SIBIIIETCS. OCHOBHBIM JIJISl PEXHMOB DPErHCTPAIUH
CPD u SPV. JlonomHuTeNnbHBIE 30HABI 2 W 3
pacrono)keHbl Ha OJWHAKOBOM PACCTOSIHUHA OT
HEeHTpaJbHOr0 W pabortator B pexxume JPV. Bce
30H/IBI OKPYKEHBI «ITAHOM TUTaBaoIIEH
semuu» (Vbias) [10]. Ha oOparHoit cropoHe
IUIaThl PACIOJIOKEHA MHKPOCXEMa C YEThIPbMS
OTIepaIlMOHHBIMU  YCWIIUTEISAMHA C  (heMToamIiep-
HBIMU BXOJHBIMH TOKAMU M PE3UCTOPHI 00paTHOU
ce3u (5 'Om). Kpome Toro, Tam e HaxOmSITCS
JJIEMEHTHl KPCIUICHUS ONTOBOJOKHA U  MhE30-
BUOpaTOpa, a TAKKe JICMEHThI SKPaHUPOBAHUS OT
BHeIIHUX HaBoaok. B pexume KPII mnara 3oHpa
BUOpUpYyeT 1oJ  JEHCTBHEM  Ibe30BUOpaTopa,
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a B pexumax ¢oto-3/1C oHa HE MOABWKHA, a
BO30YKJIEHHE OCYIIECTBISIETCS MOYTHPOBAHHBIM
CBETOM 4epe3 ONTOBOJIOKHO.

Vbias | Floating GND

25V i
25V,
@ . +\I\DA2 eI
v -
v —- — —OUIIHQ
Out3.
>
A
2 L
g
s
= 1
S|
> i —
v
1
3 \ o |
a b
Pucynok 2 — CxemMaTH4HOE TIPE/ICTaBICHUE YYBCTBU-
TENBHOTO  JJIEMEHTAa  YHHUBEPCAJIBHOTO  IHU(POBOTO

30H10BOTO 3ekTpomerpa (a) u hororpadus 30u1a (b)

Figure 2 — Schematic representation of the sensing ele-
ment of a universal digital probe electrometer (a) and
a photograph of the probe ()

OOmuM i1l BCEX PEKUMOB pabOTHI SIBIISCTCS
HEOOXOJUMOCTh ~ T'€HEpallMd  CHHYCOUAAJIBLHOIO
BO30Y)KIAIOIIET0 BO3JCUCTBHS C TOCICAYIOIIUM
AHAIM30M  aMIUTUTYAHO-(Pa30BbIX  XapaKTepHC-
THK CUTHaJla OTKJIMKa Ha  BO30yXKIaroiiee
BO3/IEHCTBHUE.

Panee Hamu ObIT paspaboTaH OOIIMI ITOIXOM
K TIOCTPOCHHIO HWHTEJUIEKTYaJIbHBIX  CEHCOPOB
AJI1 UBMEPUTCIIBHBIX CUCTEM, pa60TaIOHlI/IX 1o
CXEME CHHYCOUAAJIbHOE BO30YKICHHE — OTKIHK
Ha 0a3e COBPEMEHHBIX MHKPOKOHTposuiepoB [11],
B KOTOPOM HCIIOJIB3YIOTCS CBSI3KU TepH(EepUiTHBIX
YCTPOMCTB MHKPOKOHTpOJUIEpa B (POHOBOM PEIKH-
Me 6e3 yuactus mponeccopa (CPU). Ilpu stom
KOHTPOJUIEPHI MPSAMOTO nocTyma K mamsata (DMA)
00eCrevYnBalT BBICOKOCKOPOCTHOE TMEPEeMEICHHS
JAHHBIX MEXIy Tnepudepueid W/WIM MaMAThIO
6e3 yuactus CPU. Takoif moaxoa HWCHOIL30BaH B
HacTOSIICH padorTe.

B MukpokoHTpoiiepe TpW WHHIAATH3AIHH
3alyCcKaeTcsl OCHOBHOW  TpolLecC  TIeHepaluu
CUHYCOUJATHHOTO BO3OYXACHHS © 00pabOTKH

curHasa otkimka 6e3 ydactus CPU. Dto mporecc
paboTaeT HEMpephIBHO M OCYHIECTBISICT OOIIYIO
CUHXPOHHU3AIMIO0 YCTPONCTBA IO COOTBETCTBYIO-
MM TpepbiBaHusM W ¢uaram. TpaIuliMoOHHO

B MHKDOKOHTpOJUIEpAaX Al  CHHXPOHM3ALUHU
UCTIONIB3YIOTCS ~ CUCTEMHBIE  TaiiMepbl WM
OlepaluoHHbIE CHCTeMbl. B Hamem ciydae ajs
9THX LeJIell HCIONb30BaH OCHOBHOM Mpolecc
TeHEpaly CHHYyCa, 4YTO HCKIIOYaeT ero cOou.
B cBoto ouepens, CPU Ha MakcHMaabHOM CKOpOC-
TH o0padarkiBaeT (iary, MoJy4yeHHbIe OT OCHOBHO-
ro mpolecca U NpephIBaHui, TPOU3BOAUT 00padoT-
Ky noArotoBieHHbIX DMA AaHHBIX, OCYIIECTBISET
nepeaady IOJIyYEHHbIX Pe3yJbTaTOB U CIyxkeO-
HOM wmH(OpPMaMu BO BHEIIHHE YCTpPOICTBA,
a Take o0padaThiBaeT MpEpbIBaHUS OT BHEIIHUX
YCTPOMCTB, NPUHUMAET KOMAaHAbI M IapaMeTpbl
KOH(UTYpaINH.

B mHamem cnywyae reHepHpoBaHHE IIEpHOJA
CHHYyCa HENPEPBIBHO OCYMIECTBISIETCS C HCIOJIb-
30BaHMEM MpeI3arpyXeHHOW TaOIUIBl OJHOTO
nepuoaa cunyca (Nsin = 128 touek). [lapamrensHo
C 3TOM OCYILECTBISIETCS OLU(PPOBKA OTKIMKOB
¢ nomormipio ALIIl, KOTOpBIA TakKe OTCICKHBACT
BBIXOJ] CHTHajla 3a YCTaHOBJICHHBIE IPEIEIbI
C MOMOIIBIO AHAJOrOBOrO CJEISIIEro TpuIrepa
AWG. B coorBercTBUM C NpenyCTaHOBIECHHBIM
gucioM repuonoB  (Nperiods=4 wu  Ooiee)
HAKOIUICHUE JIAHHBIX OCYIIECTBJsieTCS B Oydepe
pasmepoM (Nsinx Nperiods). Ilpu 3amomHeHun
Oydepa renepupyercst IpepbIBaHUE U BHICTABIIACTCS
COOTBETCTBYIOIIMI ¢uiar TOTOBHOCTU JAHHBIX.
Jlanee BBIIICONMCAHHBIA MPOIECC HEMPEPHIBHO
MOBTOPSIETCSI.

[Ipn mosyuenun Qara TOTOBHOCTH JaHHBIX
CPU BHOCHUT HEOOXOOMMbIE H3MEHEHHUS B IIa-
paMeTpbl BO30YXKIAIOIIEro BO3JICHCTBUS W YCH-
JUTENBHOTO TpaKTa B 3aBUCUMOCTH OT PEXHMa
pabOTBl  YCTpOWCTBa, a TakXKe OCYILIECTBISIET
00pabOTKy MOJTYYEHHBIX JAHHBIX. JTO MPOUCXOAUT
HapajjiebHO CO CIEAYIOIIMM LUKJIOM TI'eHEpaLuu
cunyca. OOpaOoTka  IIOJYYCHHBIX  MAaCCHBOB
JaHHBIX  OCYILIECTBIISIETCSI C  HCIOJIb30BaHUEM
32/64-ro apudMeTHIecKOro COIpoIeccopa MUKPO-
KOHTpOJIEpa C IIOMOILBIO BCTPOEHHBIX CPEICTB
uugpoBoii ob6padorku curHanoB (DSP). Omna
BKITIOYAaET HOPMHPOBAHUE MACCHUBOB, (DMIIBTPALHIO
1 BBIYHMCIICHUE aMILIUTYIHO-(}a30BbIX MapaMeTpoB.
Kpome TOro, M3 MaccuBOB HAaHHBIX BBIAEISIETCS
omHOOalTOBBIN 128-pa3psmubiii MaccuB  (Scope)
JUIS. BU3yaJIU3allMi CUTHAJIOB Ha JKpaHE CHCTEMBI
yIpaBiCHHS.

Jis mosydeHMs ~— KOHEYHOTO — pe3ysbTaTa
TpeOyeTCsl HECKOJIBbKO OIMCAHHBIX BBIMIE LUKJIIOB,
B 3aBucuMocTH OT Homepa 1mkina (Cycle No)
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n3Mensiercss anroputMm oopabotku. IIpu Cycle No
paBHOM HYyII0 00paboTKa HE OCYIIEeCTBIISCTCS.
[locre  BBHITTONMHEHWS] KaXIOTO IMKIA KpPOMeE
myneoro Cycle No wunHKpementupyercs. Ilpu
3armmucu B Cycle No enuHUIBI HAYUHAETCS TPOIIECC
MOJTydeHUs] ¥ 0OpabOTKM JAaHHBIX B COOTBETCTBHHU
C BBIOpaHHBIM pPEXHUMOB ¥ HOMEPOM ITHKIA,
mo oxoHyaHmm KoTtoporo Cycle No oOHymseTcs.
Cucrema MOxeT paboTaTh B ABYX PEXHMax 3aIryc-
Ka: HeNpepbIBHOM, KOI/Ia TIOCNe TIOJY4YEeHHUs
KoHeuHoro pesyiprata CPU ocyuniecTBisieT 3amyck
(ycranoBka  Cycle No=1) CaMOCTOSTEIBHO,
W OKAyIleM, KOTJa 3allyCK OCYIIECTBISETCS OT
BHEIITHETO YCTPONCTBA, YTO HEOOXOAMMO IPH padboTe
B COCTaBE CKaHUPYIOMIUX CHCTEM.

Ha pucynke 3 mokasan 0a30BbI alTOpUTM
pabotel CPU mpu oXugaHUW W TOJTydYeHWH ¢Jiara
TOTOBHOCTH JaHHBIX. llpm orcyrcTtBum (rara
MPOUCXOANT BBIXOA W3 Tmoxanporpammsel. Ecmm

(bmar akTHUBEH, TPOUCXOTUT TEPEX0a K OTpabOTKe
c

JNAHHBIX B  COOTBETCTBUH
PEXKUMOM pabOTEHI.

( Main SIN Processing )

If Flag Data CMP

YCTaHOBJICHHBIM

CPD
SIN
Processing

If MODE CPD

SPV
SIN
Processing

Resistance
SIN
Processing

4 Ret

( eturn =
\ 4
Pucynok 3 — basoserit  anroputm pabdorer CPU mpm
MONy4eHHH W 00paboTke (hrara TOTOBHOCTH TaHHBIX
(Data CMP)

Figure 3 — The basic algorithm of the CPU when receiv-
ing and processing the data ready flag (Data CMP)

Paccmotpum  anroputmbl  padotsr CPU  mpu
Pa3IMYHBIX peKUMax paboThl yCTPOHCTBA.

Pesxxum u3mepennsi KOHTAKTHOI Pa3HOCTH
norennuaaoB (MODE CPD)

Panee wmamm Obpu1  paspaboraH mHQPPOBOI
mamepurenb KPII, ©He TpeOyromuii ¢a3oBoii
ABTOKOMIICHCAIlUU, HCHOIb3yeMONH B TpaJHULIMOH-
HOM 30H1e KenpBHHA, B KOTOPOM ONpENENSIETCS
aMITTUTYIa TIPEMEHHBIX CUTHAJIOB TIPU ABYX MPOM3-
BOJIBHBIX HampsokeHusix Bias Up m Bias Down,
MPWIOKEHHBIX K JUHAMHUYECKOMY KOHIEHCATOPY,
OTKyZa BBIUMCIISIETCS KPII " BEJIMYMHA,
MIPONOPIMOHANbHAS PACCTOSHUIO MEXKIY 30HI0M
u mnactuHo [12]. OtcyTcTBUE KOMIEHCAIIUU
HE TO03BOJSET Ha3biBaTh Takoil u3meputenab KPII
3oH710M KenbpBuHa.

B pexxume CPD B030y)1arommM Bo3IEHCTBHEM

SIBIISIETCS BHUOparus OTHOM 3 IUIACTHH
IUHAMAYECKOTO  KOHJEHCaropa C  IIOMOIIBIO
MIbE€30IUIACTUHEI.

Ha pucynke 4 npuBen€H anroputm oOpabOTKH
nmauueix B pexume CPD. M3mepenune n o6padoTka
B 3TOM pEeXHME TMPOU3BOJUTCS 3a CEMb LIUKJIIOB.
Peanbnast 00paboTka AaHHBIX MPOMCXOAMUT TOJIBKO
B 3 u 7 nukiax, npuuéM B 3 I[UKIE JaHHBIE
MONTy4aloTCsl TpH HU3KOM HampspbkeHuu (Bias_
Down) Ha auHaMHU4YecKOM KOHJAEHcaTope, a B 7 —
npu BeicokoM (Bias_Up). Ilepekmouenue Hanpsi-
JKEHUN OCYIIECTBIISICTCS TakkKe B 3 W 7 IHKIAX.
Paszuuna mexny Bias Down u Bias_Up cocrasnsier
HECKOJIbKO BOJIBT, MO3TOMY TpPH MEPEeKIIOUSHHUIX
BO3ZHUKAIOT OOJIBIIINE TIEPEXOJHBIE IPOIIECCHl B
YCHJIMTENIbHOM TpakTe. B mepByro ouepens s
YCTpaHEHHsI WX BIMSHUS OBUTH BBEJICHBI IMYCTHIC
mukiel 1, 2 u 4, 5, 6. KpoMe TOro, mMycThle IUKIBI
TaKk)Ke HCIOJB3YIOTCS IS Pa3HECEHUs 10 Bpeme-
HU TIPOIECCOB TMepelad JaHHBIX Ha BHEIIHHE
yCTpoiicTBa, Tak B nukiIax 1 u 4 ycTaHaBIWBaeT-
ca  Flag ScopeRQ, wuHunuupymomui mnepegadu
ocumiorpaguyeckux ~ maccuBoB  Scope.  [lo
OKOHYAHMIO IMKJIAa 7, B KOTOPOM MPOU3BOAATCS
OKOHYaTeNbHbIE pacyéThl W 3amonusercs Oydep
KOHEGYHBIX  JIaHHBIX, YyCTaHaBiuBaeTcsa  ¢uiar
DATA Ready, uro unumuupyet nepenauy oydepa
KOHEYHBIX JAaHHBIX Ha BHEIIHHE YCTPOICTBA.

OnucaHHoe  BBIIE  OOECTIEYMBACT  HAJEKHYIO
rnepenavyy JaHHBIX.

Ilepen BBITIOJTHEHHEM  pabodmx  IUKIIOB
ocymecTBisieTcst copoc AWG, a mocie ux

BeimonHeHuss AWG aHamm3upyeTcss Ha TpPeaMeT
OMMOOK, CBSI3aHHBIX C TPEBBIIICHUEM CUTHAJIOM
JIOITYCTUMBIX 3HAUEHUW. Pe3ynbTar Takke 3aHOCUT-
cs1 B Oydep KOHCUHBIX JIAHHBIX.
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CPD
SIN
Processing

Return

If Cycle No=1;4

Set Flag
ScopeRQ

Reset Flag
ADC AWG

Y

If Cycle No =3

Shift Data to Mean Value
Apply CRC filter
Calculate Amplitude and Phase

No
Store Amplitude 1,
Phase 1, .
Flag AWG Bias UP | [
Scope Buffer 1 v
v Cycle No ++
Yes Shift Data to Mean Value
If Cycle No =7 Apply CRC filter
Calculate Amplitude and Phase
No
< Store Amplitude 2,
Phase 2, Calculation
3 Flag AWG CPD & Distans
Cycle No=0 Scope Buffer 2 set l
e N Set Flag
. Retum | Bias Down | 1« DATA Ready
PI/leHOK 4 — AJ'IFOpI/ITM 06pa6OTKPI JaHHbIX B PEKUME U3MEpCHUs KOHTAKTHOM Pa3HOCTU noreHuua-

1o (MODE CPD)

Figure 4 — Data processing algorithm in the CPD mode (MODE CPD)

PesxxuM usmMepeHus MOBEPXHOCTHOM
¢oro-21C (MODE SPV)

B pexume SPV B030ykmarommM BO3ICHCT-
BHEM SIBJISIETCSI CHHYCOMIAIBLHO MOJIYJIHMPOBAHHBIN
CBET [JBYX JAnuH BosH KpacHeli (Red) w
nHdppakpacHbiii (IRed).

Kak ymommHamoch paHee, B aHAJIOTOBBIX
YCTPOHCTBAaX HCHONB3YETCsS OCBEIICHHE C ABYMS
pa3NUYHBIMKA ~ JAJMHAMH BOJH C  Pa3IMYHBIMU
4acTOTaMH CHHYCOHUIAIbHON MOIYJISILINH.

Curnanel pa3feisitoTCsl CHHXPOHHBIM — JE€TEKTH-
pOBaHMEM Ha JBa KaHaja C IOCJIEAYIOIIUM
ONpelieJIeHUEM  aMIUIUTYAHO-4aCTOTHBIX  Iapa-
METpOB.

IIpn umdpoBoit 006pabOTKE TNPEACTABIAETCS
1esnecoo0pasHblM BPEMEHHOE Da3JielIeHHe CUTHa-
noB otkinka Goto-2/1C ot Bo30Oy)aeHHUs pa3HBIMU
JUIMHAMKU BOJIH. B TakoM cilyuae HCK/IIOUaeTcs
B3aMMOBJIHSIHAE OTKINKOB ¢oTo-2/IC, a Taxxke
HCIOJIb30BaHUE TOJIBKO OJHOTO KaHajla MCKIIoYaeT
HOIPEIIHOCTH OT PACCOIIACOBAaHUS KaHAJIOB.
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SPV
SIN
Processing

Return

Set Flag
ScopeRQ

Set
IRed Light

Y

If Cycle No =2;4

Reset Flag
ADC AWG

Shift Data to Mean Value
Apply CRC filter

Set
Red Light

Calculate Amplitude and Phase |

\ 2
Store Amplitude 1,
Phase 1,
Flag AWG
Scope Buffer 1

A

Cycle No ++

If Cycle No=5

Shift Data to Mean Value
Apply CRC filter
Calculate Amplitude and Phase

Cycle No=0

y
Store Amplitude 2,
P Set Flag | Calculation Phase 2,
~ |DATA Ready Life Time Flag AWG
v Scope Buffer 2

Pucynox 5 — Asroput™ 00pabOTKH JJTaHHBIX B pexXuMe u3MepeHus nosepxuoctHoi gporo-31C (MODE SPV)

Figure 5 — Data processing algorithm in SPV mode (MODE SPV)

Ha pucynke 5 npuBenén aaroputm o0paboTku
nanueix B pexxume SPV (MODE SPV). Usmepenue
1 00paboTKa B 3TOM pEXUME MPOU3BOJUTCS 32 MSTh
IUKIIOB. PeanbHas 00paboTKa JaHHBIX MPOUCXOAUT
TONBKO B 3 M 5 IMKIAX, MpUYeM B 3 IIUKJIE JaHHbIE
MOJTY4at0TCsI TIPH OCBEIICHUH HH(PAKPACHBIM CBETOM
(IRed), a B 5 — mpu kpacuom (Red). [lepexmouenue
CBeTa ocymlecTBisieTca B 3 u 5 nukiax. B nukie 1
ycranasnuBaercs Flag ScopeRQ, nmannmumpyrommii
nepenayn OCLMIIIOTpagUIECKUX MacCHBOB
Scope. Bo 2 u 4 mmkiax OCyIIECTBISIETCS COpOC

AWG, a B 5 nukie NpOHU3BOIATCS OKOHYATEIBHBIC
pacyérel, 3anonHseTcst Oygep KOHEUHBIX AaHHBIX U
ycranasnuBaetrcst gpiaar DATA Ready.

Pexum n3mepenusi 6apbepHoii poro-31C
(MODE JPV)

B oatom pexume ¢oro-O/IC wucmonblyercs
JUIs TEHEpUPOBAHUS IIEKTPUUECCKUX 3apsioB B
HOJTYNPOBOJHUKE, a C IIOMOLIbIO HECKOJIBKUX
30H/I0B, HAXOISILMXCS HAa Pa3IMYHOM DPACCTOSIHUH
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OT CBETOBOTO [IATHA, OMNPEACISIETCS —XapakTep
pacTekaHus 3apsioB. JTO TMO3BOJIET ONPEICIATh
ANIEKTPOCONPOTURIICHHE, a TaKKe, MPH HATUYUU
MEJKUX p-n-TIepexofioB, OapsepHyto ¢oro-O/IC

Resistance
SIN
Processing

(JPV). Ilpn wHANMAIA3AINN PEKIMa TTOJITH30BaTEIb
MOXKET BBIOpaTh KpacHBIM WM WH(PpPAKPACHBIH
WUCTOYHHMK OCBEIICHUS, YTO OIPENENeT TIyOuHYy
TeHEepaIIH 3apsJIOB.

Set Channel 1

Set Flag
ScopeRQ

Y

Shift Data to Mean Value
Apply CRC filter
Calculate Amplitude and Phase

Set Channel 2

l—l

Store Amplitude T,
Phase 1,
Flag AWG
Scope Buffer 1

Shift Data to Mean Value
Apply CRC filter
Calculate Amplitude and Phase

vlv—l

Store Amplitude 2,

Phase 2,
Set Channel 3 Flag AWG
Scope Buffer 2
Shift Data to Mean Value R ‘t' Fl
If Cycle No = 4 Apply CRC filter ABS(?AV\?(QJ‘
Calculate Amplitude and Phase J'
v
Store Amplitude 3, Cycle No ++
< Phase 3,
Flag AWG
Scope Buffer 3 m
v
_ Set Flag Calculation
Cycle No=0| | paTA Ready [ | Resistance

PucyHnok 6 — Anroputm 00pabOTKH JaHHBIX B peXUMe U3Mepenust oapbepHoii poro-2JIC (MODE JPV)

Figure 6 — Data processing algorithm in JPV mode (MODE JPV)

Ha pucynke 6 mpuBenén anroputM oOpadOTKH
maHaelx B pekmme JPV (MODE JPV). B stom
pexXuMe H3MEpPEHHEe W 00paboTKa IMPOM3BOIUTCS
3a "eThlpe NIWKIA. PeampHas 00paboOTKa MaHHBIX
npoucxoautr Bo 2, 3 u 4 unukiax, npuyéM B
KOKIOM U3 W3MEpPUTENbHBIX IUKJIOB JIaHHBIC
MONTy4alOT OT PAa3NIU4YHBIX KaHAJIOB YCHUJICHHSA

(3oHma). llepekioueHne KaHAJIOB OCYIIECTBISETCS

BHYTPEHHHUMH CPEJICTBAMH  MHUKPOKOHTPOJLIEPA.
[lyctble UWKIBI HE WCIONB3YIOTCS, T.K. HET
HEOOXOAMMOCTH OXKUTaHUS YCTaHOBJICHUS

MEPeXOAHBIX IpoueccoB. B a3rtom pexume naxe
KEeJaTeIbHO MAaKCUMAaJIbHO OBICTPO OIPOCHUTH 30H-
nel. B muxite 1 ycranaBmmBaercs Flag ScopeRQ,
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VHUIMAPYIOMUN TIepeiady OCIIIIOrpaduIecKux
MaccuBoB Scope. Copoc AWG npoucXoauT BO BCEX
muknax. B 5 mukie mpousBOAATCS OKOHYATEINb-
Hbple pacyérhl, 3amonHseTrcss Oydep KOHEUHBIX
JaHHBIX U ycraHaBiuBaercs ¢uiar DATA Ready.

Pe3yabTaThl TECTHPOBAHHUS YHHBEPCATbHOTO
G poOBOro 30HA0BOI0 YJIEKTPOMETPa

TCCTI/IpOBaHI/IC OCYHICCTBJIAJIIOCH IIpU pa60Te
30HAOBOT'O 3JICKTPOMETpPA B COCTABE CKaHI/IpyIOH_ICﬁ

CHUCTEMBI. B KauecTBe TECTOBOM HCIOIB30BaJIACh
MOJTYTIPOBOJHMUKOBAs IUIACTUHA CO CJIOEM OKHCIA,
Ha KOTOpPOM paHee OCYIIECTBIIach HACTpOMKa
CHCTEMBl OCAXKICHHS 3apsioB KOPOHHBIM paspsi-
B pesynbrate

IIPOU30LLEN

JOM B DAa3IUYHBIX pEKUMaXx.
3apsaa
MPOOOH OKCHAHOTO CJIOS, YTO CO3/al0 JAe(EeKTHYIO
obmacte. C TOMOLIBIO TOJIYYEHHOH IUIACTHHBI

OCAXKIEHUS W30BITOYHOI'O

HacTpoiika H

OCYILECTBISIIACH
pa3pabOTaHHOTO 30HOBOTO JIEKTPOMETPA.

TECTHUPOBaHHE

PucyHnok 7 — Pe3ysbraThl TECTUPOBaHHs pPa3pabOTAHHOIO 30HAA B PEKUMAX H3MEPEHUS KOHTAKTHON pa3HOCTH
noreHImanoB (MODE CPD), mosepxuoctroit poTo-2/IC (MODE SPV), 6apeeproit poto-23/1C (MODE JPV)

Figure 7 — Results of testing the developed probe in CPD, SPV and JPV modes

Kak BugHO M3 prucyHka 7 AeEKT BBIABIISCTCS
Bo Bcex pexumax. Omnako B pexxmme JPV Bo3-
MOJKHO OoJiee JIeTalbHOE BBIIECTICHHE CTPYKTYPHI
nedekra. Creayer OTMETHTh, 4YTO IUIACTHHA
JIONITOE BPEMs HCIOJB30BAJIaCh B JIA0OPATOPHBIX
YCIIOBUSIX TP HACTPOHWKE 30HAOBOTO D3JIEKTPO-
MeTpa W OblIa 3arpsi3HEHa. 3arpsi3HEHUS TMOBEPX-
HOCTH BBIABIIIMCE B pexknme CPD, B koTopom
nadopmarust  GOpMHpPYETCSI C  TIOBEPXHOCTH.
B pexxumax SPV u JPV mrdopmarus Gopmupyer-
Cd OT TOIIOBEPXHOCTHBIX CJIOCB (HA TIIyOMHE

s¢dexTuBHOrO morjomieHuss ¢Bera). [loatomy
3arpsi3HEHHsT  MTOBEPXHOCTH, TMPAKTUYCCKH, HE
BBISIBIISTIOTCSI B OTUX PEKHMAX.
3akiiloueHue

Hcnone3oBanne COBPEMEHHBIX MUKPO-
KOHTPOJUICPOB TMpPU MOCTPOCHUH H3MEPHUTEIBHBIX
CHUCTEM  OTKpBIBACT  IIMPOKUE  MEPCIICKTHBHI.

IIpy TpOEKTHUPOBAHUM H3MEPHUTEIBHBIX CHCTEM
BR)XHO YYHTBHIBaTh OCOOEHHOCTH M BO3MOXKHOCTH
nepudepuiHbIX YCTPOMCTB UCIIOIb3YEMOI0 MUKPO-
KoHTpoiepa.  OnTUManpHOE  paclpeneieHHe

W3MEPHUTENBHBIX ~ MAHUMYISIIUA ~ MEXAYy  TepH-
(hepHitHBIMHM YCTPOHCTBAMHU, & TAKIKE MEKIY HUMHU
¥ TIPOIIECCOPOM, TTO3BOJISIET CO3/1aBaTh U3MEPUTEINb-
HBIE CHCTEMBI C TpeOyeMBbIM YPOBHEM HaJAEKHOCTH
1 6ecriepe0OMHOCTH.

Hudposass  orpabotka u  QruisTpamms
MEPBUYHBIX  JAaHHBIX B  PEXKHME  PEaTbHOTO
BpEeMEHHU cpeacTBamMu IudpoBoi 0OpabOTKH cHT-
HajoB (DSP) MukpokoHTpomiepa  3HAYUTEIHLHO
CHIDKAeT ypOBEHb IIYMOB M CIy4YailHBIX HAaBOOK,
T. €. TIOBBIIIAET TOYHOCTH M BOCIPOU3BOIUMOCTD
MOJTy9aeMbIX pe3ynbTaToB. OTCYTCTBHE HEO0XO-
TUMBIX B aHAJOTOBBIX CHCTEMaX CHHXPOHHOTO
JIETEeKTHPOBAHUS C TOCIIEAYIOIIIM HHTEIPUPOBAaHIEM
YMEHBIIIAET BpEeMSI M3MEpPEHHH, YTO CYIIEeCTBEHHO
npu paboTe yCTPOWCTB B COCTaBe CKAHHPYIOILINX
CHUCTEM, OOECIIEUMBAIONINX KapTUPOBAaHHE pe-
3yJIBTATOB.

PazpaboTannslii yHMBEpCATbHBINH MHPPOBOI
30HOBBI  ANEKTPOMETP Ui KOHTPOJS TIOIy-
MPOBOJHUKOBBIX TUIACTHH pPEaU3yeT OCHOBHBIC
OECKOHTAKTHBIE JJIEKTPUYECKHE METOABI B OTHOM
YCTpOMCTBE. VYIpaBleHUE JJIEKTPOMETPOM, T. €.
nepefada  MOJYYEHHBIX — JAaHHBIX, HM3MEHEHHE
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KoH(pHUTYyparwn, ynajaéHHOE
KaJuOpOBKa,  OCYIIECTBISETCS
KaHaJIaM JIOKaJIbHOTO YITPABJICHUSI.

Ha ©6a3e paspaboranHoro mudpoBOro 30HIO-
BOTO  2JIGKTPOMETpa CO3J[aHbl  CHCTEMbl  CKa-
HUPOBAHUSI MOJYIMPOBOJHUKOBBIX IUTACTHH IS
OAO «HuTerpam» (benapycs).

TECTHPOBAaHUE WU
mo 1udGpoBEIM
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Abstract

Metrological support creation and use of heat transfer etalons are important stages in
the development of modern materials science. This is especially concerned to the emergence
of new materials in the world with previously unattainable thermophysical parameters. The purpose of this
work was to develop and experimentally verify the idea of joint application of the transient gratings meth-
od which is well-known in nonlinear optics and the single thermal diffusivity etalon of conventional type
for the heat transfer metrological control in materials of a wide values range. The method proposed
is based on thermal diffusivity etalon application as a source of calibrated optical signals that are excit-
ed in it by short laser pulses. Their lifetime is formed by the etalon thermal diffusivity and on the tran-
sient grating spatial period. The etalon linear graph of gratings lifetimes as a function of the grat-
ings periods squared and grating lifetime of the material under study are used for the thermal
diffusivity calculation. Thermal diffusivity of thin sub-surface layers of the samples under study — duralu-
minium, monocrystalline silicon and thermoelectric lead telluride film was measured. The results obtained
are in close agreement with the reference values.

Keywords: transient gratings, etalon of thermal diffusivity, metrological control, sub-surface layers
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IIpuMeHeHHe ITAJIOHA TEMIIEPATYPONIPOBOTHOCTH
JJIS1 KOHTPOJIS MapaMeTpa TeNJIoNepPeHoca B MOrJI0IAIIINX

MaTepI/IaJIaX
E.B. UBakun

Benapyckuii 2cocyoapcmeennulil ynugepcumem
np-m Hezasucumocmu, 4, e. Munck 220030, benapycw
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Cosznanne, KOHTPOJIb W TOCTOSHHOE HMCIIONB30BAHNE JTAIOHOB TETUIONEPEHOCA SIBIIIOTCS Ba)KHEH-
muMHA (paKkTopamMH B Pa3BUTHU COBPEMEHHOTO MaTEepPHAJIOBEIEHUI. DTO B OCOOEHHOCTH aKTyaJbHO B CBS3H
C TIOSIBJICHWEM HOBBIX MaTepHANIOB C HEJOCTHKMMBIMHU paHee Teruo(pu3ndecKuMu napameTpamu. Llembro
paboThl sABIANACH pa3paboTKa W AKCIEPUMEHTaJIbHOE anpoOMpOBaHME WIAEH COBMECTHOTO MPHMEHEHUS
M3BECTHOTO B HEIMHEWHON ONTHKE METOJa JUHAMHYECKHX PEHIETOK M OJHOTO ATalOHa TEeMIIepaTypo-
MIPOBOIHOCTH CTaHIAPTHOTO THIIA JJISI METPOJIOTHYECKOTO KOHTPOJIS TTapaMeTpPOB TEIIONEpPeHoca B MaTe-
pHanax ¢ MUPOKAM JHara3oHoM 3HadeHul. [IpeanoskeHHbIi METOT OCHOBAH Ha MCIIOJIb30BaHUHU CTaHAPT-
HOTO DJTajoHa TEMIIEPaTypONpPOBOIHOCTH KaK WCTOYHHKA KaTMOPOBAHHBIX ONTHYECKUX CHUTHAJIOB,
BO30Y)KAaeMbIX B HEM KOPOTKHMH Ja3epHBIMA HMMITyJIbcaMu. WX AIUTETHOCTH OmperenseTcs Kodd-
(PUIIMEHTOM TEeMIIEPaTypOTPOBOAHOCTH dTAIOHA W TIEPUOJOM AMHAMUYecKkor pemérku. [locaennuit merko
KOHTPOJIUPYETCS CPEIACTBAMHU COBPEMEHHOM ONTHUKH. [I0CTpOSHHBIN C TTOMOIILIO 3TAJIOHA JIMHEHHBIH TpauK
3aBHCHMOCTH BPEMEHH KU3HU MHOKECTBA JMHAMUYECKIX PEIIETOK OT KBaJpaTa WX MEePHOJI0B B COUCTAaHUH
C M3MEpPEHHBIM BpEMEHEM JKH3HH PEHIETKH B MCCIEAYEeMOM MaTepHajie MO3BOJISIOT BBIYHCIUTH KOd(PU-
[IUEHT TEMIIePaTypOIPOBOIHOCTH. B MPHUITOBEPXHOCTHBIX CIIOSX MUKPOHHOW TONIIMHBI B TPEX oOpasmax —
JFOPATFOMUHUH, MOHOKPHCTAITMYECKAH KPEMHHUH W TEPMOAIIEKTPHUK TEILTYPH] CBUHIIA — ITPOBECHBI H3Me-
PEHHSI HICKOMBIX TTapaMeTpoB. Pe3ynbTaTel TECTHPOBAaHUS OIM3KO COOTBETCTBYIOT CIIPABOYHBIM 3HAYCHHUSM.

KialoueBble cioBa: IUHAMAYECKHE PEIIETKH, STANOH TEMIEPAaTypOIPOBOAHOCTH, METPOIOTHYCCKUN
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Introduction

The heat transfer standards reproduction and
storage are currently based on the comprehensively
studied materials application [1]. Metrological value
is supported by using a set of several measures and its
implementation at a given temperature can be carried
out only at a separate points of the mastered metro-
logical range. The need to expand the range of mea-
sures, insufficiency of the existing set of measures
and nonuniform of their distribution over the range
of thermal diffusivity are problems that are relevant
and have been discussed for a long period of time [2—
4]. However, their solution by traditional means is a
very long and expensive procedure. The substance
used as a reference measure must have chemical in-
ertness, physical homogeneity, non-hygroscopicity,
absence of phase transitions, stability of properties
over time, low cost, etc.

In [5] an attempt is made to create a new class of
metrological control devices — a multivalued etalon
of thermal conductivity. The essence of the proposed
approach is to create a standard with controlled in-
ternal heat sources, which, depending on their power
and distribution in space, form a specific thermo-
physical parameter, and it is then used for metrologi-
cal control of materials. However, for a number of
objective reasons of a fundamental nature, this idea
have received a negative assessment by the experi-
enced specialists (see, for example, [6]).

The aim of this work was to develop a method
for multi-valued metrological thermal diffusivity
control of a material in an extended range of values
by using a standard unambiguous standard in combi-
nation with the transient grating method application.
The method was tested by samples application with
well-known thermal parameters.

Transient grating application
for the metrological problem of heat transfer
solving

Patent [7] proposes the idea of solving one of the
metrological problems on the basis of the transient
gratings method application, which is now widely
used in the scientific world [8—10]. According to the
method, two interfering beams from a pulsed laser
light up the sample at an angle ® to each other. In this
case, an interference pattern is formed in the form of
light and dark rectilinear equidistant bands following
the period A, depending on the angle between the
beams A =A\/2sin(6/2). Due to the absorption of light,

spatially periodical heating of the sample occurs on
the surface or in volume, which leads to a phase dif-
fraction grating formation with the same period A.
The third light beam from the continuous wave laser
is directed to the sample and the light beam under-
goes diffraction with the formation of diffraction or-
ders of plus and minus the first orders. A diagram of
a laser device for determining the thermal diffusivity
of materials is shown in Figure 1. In different em-
bodiments, it is given in numerous works concerning
the transient gratings recording or application (see,
for example, [11]).

Figure 1 — Diagram of a laser-based device for the thermal
diffusivity of materials measurement: 1 — source of pulsed
laser radiation; 2, 3 — interfering light beams; 4 — sample
under test; 5 — continuous wave laser; 6 — special diffrac-
tion beam splitter; 7 — detector for the diffracted signal
kinetics recording; 8, 9, 10 — diffracted beams of zero and
of the +£1-orders; 11 — digital system for the diffraction
signal recording and processing; 12, 13 — optical elements
for light beams bringing to the sample under study

According to the early developed theory [12]
for three-dimensional transient gratings, in the ap-
proximation, which is obviously performed when
making measurements, the intensity of the signal
of the first order of diffraction varies according to
the exponential law:

() = 1(0) {exp(-t/1)} 7, (1)

where the diffraction signal decay 7 is inversely pro-
portional to the thermal diffusivity y of the sample
under study in the direction of the grating vector:

T=A%8n%y. ()

If the heating of the sample is essentially of
surface nature and therefore the thermal gradient is
formed simultaneously in two directions — along the
sample surface (due to spatially periodic heating) and
along the normal to it, the diffracted signal decay is re-
corded through an complementary error function [12]:
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I(t) = 1(0) {erfc(t/t)’>}? ; (3)
T=A%/4n’y . )

From the above relations it follows that in
order to measure y by the transient grating meth-
od, it is necessary to experimentally determine two
values: grating period and its lifetime. The grat-
ing period can be measured for example, by using
a standard microscope equipped with an eyepiece-
micrometer. The time constant T is determined by
standard comparison of the experimental kinetics
of diffraction signals recorded with the theory in
accordance with the relations (1) or (3) depending
on the type of grating (volume or surface).

Metrological support of the thermal diffusiv-
ity measurements begins with the calibration of the
measuring setup, shown in Figure 1. For this pur-
pose a stainless steel etalon of thermal diffusivity
No. MTO 01.01.005-30/062, manufactured and offi-
cially certified at the Research Institute of Metrology
named after D.I. Mendeleev, St. Petersburg, is used.
According to the passport attached to the etalon, its
thermal diffusivity is ..., = 0.04 cm*/sec. Further,
using the etalon as the sample under study, and the
transient grating recording of different grating peri-
ods, a linear calibration graph T (A yae,) Should
be constructed, as shown in Figure 2. The scale
along the x axis from x =0 to the maximum value
x=(Ayy,)” is selected depending on the range of
measured parameters expected.
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Figure 2 — Calibration graph T .., (Agaion)”

Then, transient grating with an arbitrarily se-
lected period A, is excited in the sample under study
and lifetime of the transient grating t, is determined
by standard interpolation.

With the help of the graph in Figure 2, it is
found to which period of the thermal grating A,
the equality T T

X

etalon

is valid. The desired value

etalon

of thermal diffusivity y, is calculated using the for-
mula below:
J2

It is convenient to determine the value of the
Aiaion USING the Toion (Agaion)’» stored directly in the
rather popular program OriginPro8. In this case, it
is also advisable to use the Screen Reader option
within this program. Using the manual movement
of the crosshair, we find the point on the line graph
that gives Y = t,. At the same time, we find the value
of A°,,1, and calculate the thermal diffusivity of the
sample under study using the ratio (5).

Ax
Xx = Xetalon ( Aetalon

)

Results of control measurements

It is worth to note that since all the necessary
information when performing measurements is
taken from optical radiation, the surface and vol-
ume of the sample under study should be of high
optical quality with minimal losses caused by light
scattering.

Control measurements of thermal diffusivity
were performed for duraluminium and silicon sam-
ples. The specimens are made in the form of plates
30%30 mm and 2 mm thick, one surface of which is
polished to optical quality. The heat transfer in the
semiconductor film of the currently popular narrow-
bandgap thermoelectric PbTe with a thickness of
2.3 umonaglass substrate was also studied. Inall sam-
ples excited by laser beam at wavelength 0.532 pm,
the surface heating is realized.

Duraluminium grade D16T

—
a

—

(%]
L

,_.
[=]
L

Diffracted signal, mV

0.6

0.4 0.8 1.0

Time, us
Figure 3 — Kinetics of the diffracted signal decay at
surface excitation of duraluminium. Grating period is

A, =25pum. Its lifetime according to comparison with
theory (3),1s 0.31 ps
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At Ax =25 pm, by using the plOt Tetalon (/\etalon)2
and the OriginPro8 program, the value of Ay, 1s
determined. By using the ratio (5), thermal diffusi-
vity of sample was found to be x,=0.496 cm?/s.
From the reference data [13] it follows that the ther-
mal diffusivity of duralumin grade D16T, as the re-
sult of dividing its thermal conductivity by the bulk
heat capacity, lies in the range of 0.48-0.51 cm?/s.

Monocrystalline silicon

With this semiconductor, all the same actions
are performed as with duralumin. At the grating peri-
od A, =25 um, diffraction kinetics with a decay time
of 0.21 us was registered. It was found that in this
case A%, =30.7 um®. As a result, we determine
the value of thermal diffusivity:

625 5
=0.04 =0.83 cm?/s.
Xx (30.7]

The reference value of monocrystalline silicon
thermal diffusivity is 0.9 cm?/s [14].

Lead telluride thermoelectric film

When studying thin film on a substrate, it is im-
portant, first of all, to use radiation at a wavelength
that provides high surface absorption to excite the
thermal grating, so that the initial depth of heating
of the film is significantly less than its thickness. and
secondly, to choose the grating period so small that
during the relaxation of the DR the heat does not
reach the surface of the substrate. The latter require-
ment is met when satisfying the inequality A <nd,
where d is the film thickness [12]. Otherwise, the
measurement result will refer to the effective thermal
diffusivity of the film-plus-substrate system.

25

1.0

0.5

Signal of diffraction, mV

o
wn

0.5 1.0 1.5 2.0

Time, ps
Figure 4 — Diffraction signal during excitation of a ther-
mal transient grating in a 1.3 pm thick PbTe film on glass.
The period A, and the lifetime t, of the lattice are 5 um
and 0.37 ps, respectively. The white line is the theoretical
curve (ratio (3))

By using the graph in Figure 2, the OriginPro8
program, as well as ratio (5), the required value of
is determined to be 0.018 cm%/s. This value of ther-
mal diffusivity well corresponds to the result of mea-
surement obtained in [15].

Conclusion

A method is proposed that allows metrological
support measurements of the thermal diffusivity .
of solid-state materials in a wide range of y, values
by using a single etalon with a certified thermal dif-
fusivity value o0n- The basis of the measurements
is a line graph T .., (A.uion)” coOnstructed, which, due
to the method application, can be considered as a
multi-valued graphic material for metrological sup-
port of thermal measurements.

It has been experimentally shown that a
thermal diffusivity etalon with a passport value
Yetaton = 0.04 cm*/sec can be used for metrological
support of measurements of samples with thermal
diffusivity in different ranges compared to ¥ iion:
% = 0.496; 0.830 and 0.018 cm?/s. This possibility
is realized as well through the use of an easily con-
trolled parameter — the transient grating period A.
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O BO3MOKHOCTH HCIIOJIb30BAHUS MEeIUIIMHCKUX JIMHEHHBIX
ycKopuTeieil JIEKTPOHOB B Ka4eCcTBe HCTOYHHMKA MMOJIA
TAJIOHHOT0 UMITYJIHLCHOTO ()OTOHHOTO M3JY4YeHUS
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VIT «cATOMTEX»,
ya. Tukano, 5, 2. Munck 220005, Beaapyco

Hocmynuna 26.05.2023
lpunama k neuamu 22.09.2023

I'eHepupyroIIre HICTOYHUKU UMITYJILCHOTO (POTOHHOTO U3ITYUYCHHsSI HAXOIAT BCe OOJIbIICE TPUMEHEHHE
B HayKe M MPOMBIIIICHHOCTH. B CBsI3H ¢ 3THM pacTéT noTpeOHOCTh B TPHOOpaxX JO3UMETPUUSCKOTO KOHTPOJI,
CIOCOOHBIX PadOTaTh B MOJIIX UMIYJILCHOTO (POTOHHOTO M3nyueHus. OJIHAKO J0 HACTOSIIETO BpEMEHH HET
HCYEPIBIBAIOIIEH METOIUKH, ONUCHIBAIOIICH KPUTEPUH BEIOOPA HCTOUHUKOB ATAJIOHHBIX TIOJICH UMITYIIHCHO-
ro ()OTOHHOTO M3JIyYCHUs, HEOOXOIUMBIX I KATMOPOBKH U MOBEPKH JO3MMETPUUYECKOTO0 000pYyTIOBaHUSL.
Lenbro pabOTHI ABISIIOCH U3yYEHUE BO3MOKHOCTHU HUCIIOIB30BAHUS MEJIUIIMHCKOTO JIMHEHHOTO YCKOPUTEIISI
aeKTpoHOB (nanee JIYD) B kauecTBE TEHEPUPYIOIIETO UCTOYHUKA ATAJIOHHOTO TOJIS UMITYIBCHOTO (DOTOH-
HOTO M3JIy4YCHUs JUIs KAJIMOPOBKU U MOBEPKH JIO3UMETPUIECKOro o0opynoBanus. B pabore ucciieoBammich
OCHOBHBIC XapaKTEPUCTHUKH NOJIsI (POTOHHOTO U3MYUYCHHUS (CIISKTP U CPEIHSIS SHEPTUS H3IIyUYCHUS, MOIIHOCTh
KEPMBI B BO3JyX€ M MOIIHOCTh aMOMEHTHOTO SKBHBAjIeHTa 103kl H*(10), co3naBaeMas MojeM B 3aJaHHOI
Touke), reHepupyemoro JIYD B nByx pexumax padoter: 6 MB u 18 MB. JlonosHUTENsHO UCCIIe0BaIach
BO3MOXKHOCTH OCJIa0JICHUS UHTCHCUBHOCTH (POTOHHOTO U3inydeHus JIYD cBUHIOBBIM (GUIBTPOM. DKCIIEPH-
MEHTAJILHOE OTPE/ICTICHIE MOITHOCTH KEPMbI B BO3/IyXe (Jlajiee MOITHOCTh KEPMbI), TEHEPUPYEMOU TIOJIeM
(hotoHHOTO M3NMyueHus JIYD B 3alaHHON TOYKE, POU3BOAMUIOCH IyTEM MPSIMBIX U3MEPEHUH MPU TTOMOIIN
ATAJIOHHOTO Jto3uMeTpa. Pacuér cniekTpa u cpenueit sHeprun (GoToHHOTO M3MydeHus JIYD, npou3Boauics
pu oMo MonTe-Kapino monenupoBanus B nporpamme Fluka. Ha ocHOBE pe3ysibTaTOB M3MEPEHUH U
MOJIEIMPOBAHKS IPOU3BEIEH PACUET MOIIHOCTEH aMOMEHTHOTO YKBUBAIEHTa 1036l H*(10), reHepUpyeMbIX
JIYD B 3ajjaHHOM TOYKE. Y CTAaHOBJICHO, YTO CBHHIIOBBIN (UIBTP A(h(HEKTUBHO 0CIIadIIseT (POTOHHOE U3ITyUe-
Hue JIVD Kak 1o MOITHOCTH KEPMBI, TaK U [10 MOI[HOCTH aMOMEHTHOTO SKBUBAJICHTA JIO3bI JI0 YPOBHEH, TIOI-
XOJISIIINX JUIS KATHOPOBKH M TTOBEPKH JIO3UMETPUIECKOT0 000PY/I0BAHUS, MPEIHASHAYCHHOTO IS Pa0OTHI
B IOJISIX UMITYJILCHOTO M3NydeHus. [lokazaHo, 4TO CBUHIIOBBINH (DUIIBTP CYIIECTBEHHO BIUSET KaK Ha CIIEKTP
(dhotonHOTO M3Ny4YeHHs JIYD, Tak U Ha €ro CPETHIOI YHEPTHUIO.
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Abstract

Sources of pulsed photon radiation are widely used in science and industry. In this regard, there is a
growing demand for dosimetry instruments capable of operating in these pulsed photon radiation fields.
Until now there is no comprehensive methodology that describes the characteristics of reference fields
of pulsed photon radiation required for calibration and verification of dosimetry equipment. The aim of
this paper was to study the possibility of using a medical linear electron accelerator as a generating source
of a reference pulsed photon radiation field. The paper investigates main characteristics of photon radiation
field (namely, spectrum and average energy) generated by CLINAC in two modes of operation: 6 MV and
18 MV. Additionally it researches the possibility of attenuation of the CLINAC photon radiation intensity
by a lead filter. The spectrum and average energy of the CLINAC photon radiation were calculated by means
of Monte Carlo simulation in the Fluka program. The validation of the calculation was determined by com-
paring the attenuation coefficients calculated by the model with ones obtained experimentally by using real
CLINAC:s. Experimentally, the attenuation coefficients were obtained by measuring the air kerma rate gener-
ated by the photon radiation fields of Varian VitalBeam and Varian iX CLINACs at a given point of space.
Based on the simulation results, the *(10) ambient dose equivalent ratio generated by CLINACs were
calculated. It was found that the lead filter effectively attenuates the CLINAC photon radiation in terms
of both air kerma rate and ambient dose equivalent rate to levels suitable for calibration of dosimetry equip-
ment designed to measure pulsed radiation. It is shown that the lead filter significantly affects both the photon
spectrum of the CLINAC and its average energy.

Keywords: Monte Carlo modelling, linear electron accelerator, pulsed photon radiation
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BBenenue

'enepupytompe  HCTOYHUKH  HMMITYJIBCHOTO
(oTOHHOTO M3IIyYeHHs (Janee — TEHEPUPYIOLIUH
HUCTOYHHUK) HIMPOKO HCIIOJIB3YIOTCS B PasIMUHBIX
00JacTAX HayKH (YCKOPUTENM BBICOKHX DHEPTHi),
MPOMBIIIICHHOCTH  (HEepa3pyIIaronidi  KOHTPOJIIb)
u MenunuHBl (JTydeBas Tepanus). [lo cpaBHeHHIO
CO CTaHIAPTHBIMH PAJAMOHYKIMIHBIMU HCTOYHH-
KaMH  (OTOHHOTO H3IYyYCHHUS, TEHEPHPYIOIINE
HCTOYHHMKU OONamaloT psAaoM mpeumymiectB. OHH
CIIOCOOHBI CO3/1aBaTh TTOJIST BEICOKOIHEPTeTHIECKOTO
(hoTOHHOTO W3IMy4eHHus (C TPAaHWYHON DJHEpPrHei B
JECATKH METa’IeKTPOHBOJET), @ TaKXKe MO3BOJISIOT
peryJmpoBaTh €ro mapaMeTpbl: HHTEHCHBHOCTD
W3ITyYeHUs], JUINTEIBHOCTh M YacTOTY HMITYJIbCOB.
C TOYKM 3peHus paauauoOHHOW 0e301TacHOCTH
OCHOBHBIM  TIPEMMYIIECTBOM  T'€HEPUPYIOIINX
HCTOYHUKOB SIBJSICTCSl peali3amus KOHIETIINU
«plug and work» [1]: UICTOYHHUK TeHEPHUPYET NOHHU-
3UpyIollee M3NIyuYeHHe Npu Tofade MUTaHus,
a TIPU €ro OTKIIOYEHUH TeHEPUPYIONIHA HUCTOYHHK
nepecTaéT npeICTaBIIsATh PAJHAlMOHHYIO OITACHOCTb.

Brlieo0o3HaueHHbIE TIPEUMYIIECTBA 00yCIIaB-
JWBAIOT POCT 4YHca TOJNb30BaTesiell TI'eHepu-
PYIOLIMX HCTOYHUKOB, 4YTO B CBOIO oOuepenb
MOBBIIIAET CHOPOC Ha MPUOOPHI JO3UMETPUUECKOTO
KOHTpOJIS, KOTOpbIE  CHOCOOHBI  MPOM3BOAUTH
HU3MEpEeHHsT B CO31aBAaCMbIX JaHHBIMH HCTOYHHKA-
MU HMIYJIbCHBIX (QOTOHHBIX TomsAX. CrnenoBa-
TEJILHO, JJIS BO3MOXKHOCTH KaJUOPOBKM JaHHBIX
MpUOOPOB TO3UMETPUUECKOTO KOHTPOJII HE00Xo-
JUMbl WCTOYHHMKHM O3TaJOHHOTO TIOJIS HMITYJbC-
HOTO ()OTOHHOTO M3ITY4EHHUSI.

Ha ceromusimHuii JeHs HE CYIIECTBYET YETKUX

U HUCYUCPIIBIBAOIINX  MCTOAWK,  OMHCBIBAOIINX
B IIOJHOH MEpEC  XapaKTCPUCTUKH  ISTAJIOHHBIX
ToJIe HUMITYJIbCHOI'O (1)OTOHHOFO U3JIy4YCHU,

a TaKXKe PEKOMEHJAIlUil 1O BBIOOPY TeHEPHUPYIO-
[MX WCTOYHUKOB, TPUTOMHBIX Ui KaTHOPOBKU
TAKOro JIO3UMETpPHYECKOro obopymoBanus. Kak
CJIC/ICTBHE, B HACTOsIIEE BpeMs HAET aKTUBHAS
paboTta TO TIOWCKY, pa3pabOTKe W CO3TAHHIO
TCHEPUPYIOIIET0 UCTOYHHUKA STATOHHOTO HMITYJIbC-
HOTO (POTOHHOTO H3IYYCHHS], CIIOCOOHOTO CO31a-
BaTh ¥ BOCIPOM3BOAMTH OISl C 3aJaHHBIMHU
XapaKkTepUCTUKAMMU.

OmHMM W3 TEHEPHUPYIOMUX HCTOYHHUKOB, CIIO-
COOHBIX CO37aBaTh M BOCIPOHM3BOJIUTH HMMITYJIbC-
HOE TI0Jie BBICOKODHEPTETHUECKOTO (HOTOHHOTO
H3JIyUYCHUA C 3aJaHHBIMU XapaKTCpuCTUKaMu,

SIBJISICTCSL  MEIMIIMHCKUM JIMHEWHBIM yCKOPUTEIb
anexTpoHoB (JIYD).

JIYD  cmocobeH  reHepwpoBaTh  BBICOKO-
SHEPreTUYECKOE MUMITYJIbCHOEC (POTOHHOE U3JIyUCHHE
C TPaHMYHBIMU JHEPTUsAMHU BIUIOTH 10 25 MaB n
9acTOTOH ciemoBanuss uUMIynbcoB mo 400 ' [2].
OnHako, OCHOBHOEC €ro Ha3HAYEHUE — TeHepalus
moJsieli BBICOKON WHTeHCHBHOCTH. JIYD crocoben
n3ny4daTth 10 600 MOHUTOPHBIX €IWHUI] B MHUHYTY
(mox MoHuTOpHOU enuHuIel (nanee — ME) monn-
MaeTcs no3a, paBHas | cantul peif, reHepupyemas
B BojgHOM (paHTomMe Ha riyomne 10 cm, pacro-
JIO)KCHHOM Ha PacCTOSHUH 1 M OT HCTOYHHUKA [2])
[Tosromy mpsimoe wucnons3oBanue JIYD B ka-
YeCTBE MCTOYHHKA STAIOHHOTO HMITYIECHOTO (ho-
TOHHOTO W3IyYCHUS IJIs1 KAIUOPOBKH W TTOBEPKHU
JIO3UMETPUUECKOTO o0opyOBaHUS  SIBIISCTCS
3aTpyJHHUTEIbHBIM. BHauame HeoOxomumo ocia-
OWTh HMHTEHCUBHOCTH IOJISI IO MOIIHOCTH JI03bI
B 3a/IaHHOW TOYKe (Jlaiee — TOYKa H3MEpECHHs)
0 3HAYCHWHA Juama3oHa, B KOTOPOM JIO3H-
METpUYECKOe 000pYJI0BAHUE CIIOCOOHO KOPPEKTHO

perucTpupoBaTh ~ HOHM3MPYIOLIEE  H3JIyuCHHE.
HaubGonee mpocthiM  crmocoOoM  ocialieHus
WHTEHCUBHOCTH  (OTOHHOrO m3iaydeHus JIYD

SIBIISIETCS] MCTIONIb30BaHKe (DUITbTPa, U3TOTOBJICHHOTO
U3 MaTepuaja BBICOKOH IUIOTHOCTH C OOJBIIUM
aTOMHBIM HOMEPOM W PACIOJIOKEHHOTO MEXIY
WCTOYHUKOM U3ITyYEHHSI U TOUKOH N3MEPEHHUSL.

H3mMepenne MT03UMETPUYECKUX XapaKTEPUCTHK
nosist u3nydenus JIYD B Touke M3MepeHus: 0OBIYHO
BBITOJTHSETCS C UCIIOJIB30BAHUEM STAIOHHOTO 03U~
MeTpa Ha OCHOBe HWoHmM3armoHHou kameps! (MK).
[Mpu takom moaxone 0a30BOW M3MepsieMOH H03U-
METPUYECKOW BEIUYHHON SBISETCS MOIIHOCTh
KepMbl B Bo3ayxe. [lepeBoj KepMbl B ONepaluoH-
HYIO TO3MMETPUYECKYIO BETMYMHY OCYLICCTBISCTCS
P TIOMOIITM HOPMHUPOBOYHOTO KOIPPHUITHEHTA,
KOTOpBIA 3aBUCUT OT OJHEPruHM M3JIydeHus [3].
[looTroMy i KOPpPEKTHOTO TIEPEeBOAa KEPMBI
B 3QJIaHHYIO OICPAIMOHHYIO BEJIWYHMHY HEO0OXO-
JIUMO 3HAaTh CIEKTP (POTOHHOTO H3IIyYCHHS U €ro
CPEIIHIOI0 YHEPTHIO.

[lpu mnpoxoxneHun uepe3 (QUIBTP CIEKTP
(DOTOHHOTO W3IIyYEHHUs] TPEeTeprieBaeT 3HAYUTEINb-
HBIC HCKQKEHHS, TPH ITOM OylIeT W3MEHSTHCS
W CcpemHss OHeprus (HOTOHHOTO  M3ITyUCHHS
(moxm cpemHelt SHeprued (HOTOHHOTO HW3ITYUCHUS

MMOHMMAEeTCsl  BEJIMYMHA,  YUCIEHHO  paBHas
SHEPTuHM,  YCPEIHEHHOW 10  HWHTEHCHUBHOCTH
W3ITy4YEHHUS).
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IIpsiMoe wu3MepeHue CIEKTpa HMITYJIBCHOIO
¢doronHoro  wm3iaydenus JIYD  craHAapTHBIM
CIIEKTPOMETPUYCCKUM 000pYyJIOBaHUEM M PAcUET
€ro CpeAHEN HPHEpPIruM SBISAETCS KpalHE CI0KHOU
U joporocrosmeit 3agauei. M3-3a storo B ps-
JI€ Cly4aeB IPsAMOE H3MEPEHUE 3aMEHSAETCS
KOMIbIOTEpHBIM MoHTe-Kapno MonenupoBaHueM.
Takoli momxox  MO3BOJSIET  paccyUTarb  BCE
HEOOXOMMBIE XapaKTEPUCTUKHA TIONS (POTOHHOTO
mnydeanst JIVD ¢ MHUHUMaTbHBIMH 3aTpaTaMH.
Lenpto paboThl SBIATIOCH M3yYEHHE BO3MOXKHOC-
TH WCTHONB30BaHUSA JIYD B KadecTBE HCTOYHHKA
STAJIOHHOTO  MOJIA  MMIYJIbCHOIO  (POTOHHOTO
W3JIyUYEHHUS.

MaTepna.m)I U METOAbI UCCJICI0BAHUA

OneHka BO3MOXKHOCTH HCHOib30BaHusA JIYD
B KaueCTBE MCTOYHHUKA ITAJOHHOTO OISl HMITYIIbC-
HOrO  (POTOHHOTO  M3IYYCHHUS  TPOU3BOIUIIACDH
B HecKoibko 3TanoB. Ha mnepBoM osrame Obu1
BoimosiHeH  Monte-Kapno  pacuér  cmekTpoB
¢oronHoro wmzmyuenus JIYD, mpomemmux uepes
CBUHLIOBBIN (UiIbTp 3agaHHON TommuHbl. Ha ocHo-
BE MOJIENBHBIX CIIEKTPOB PACCUUTHIBATIACH CPEIHSS
SHEprusl TMpoIIennero 4yepe3 (GUIbTp (QOTOHHOTO
m3nydeHus. Jlamee ObUTM TIpOBENEHBI TPSMBIC
W3MEpPEeHHS MOIIMHOCTH KEPMBI, TEHEpHUpyeMOn
JIVD B 3amanHO#l Touke. PaccumTaHHbIE 3HAYCHUS
CpemHell »SHEepruyM W3NYy4YEeHHS HCIIOJb30BAINCh
JUISL  HaXOXJCHUs  KOA(QQUIIMEHTOB  IepeBojia
MOIIHOCTH KEpPMbl B MOIIHOCTH aMOHEHTHOTO
sKkBUBajeHTa 1036l H*(10) cormacHo Iy6MKa-
uuu [3]. Ha ocHOBe monyueHHbIX 3HadeHuit *(10)
YU CpPaBHCHHMH OSTHUX 3HAYCHHWH C pabdo4MM Juarma-
30HOM JIO3MMETPHYECKOTO 000PYIOBaHUS, TIPOU3BO-

IUIAch OLIEHKAa BO3MOYKHOCTHM  MCIIOJIB30BaHUS
JIVD B KayecTBE WCTOYHMKA  DTAJOHHOIO
T10JIs1 I/IMHyJIBCHOFO (bOTOHHOFO I/ISJIyT-IeHI/ISI.

JlononHuTensHO B paboTe OICHMBANACh CIOCO0-
HOCTh CBUHIIOBOTO (PUJIbTpa OCIA0NATh (HOTOHHOE
n3nyyenue JIYD 1o MOIIHOCTM KepMbl U IO
MOIIHOCTH aMOMEHTHOTO 3KBHBAJICHTA JI03bI.
Crenenp commacus Mexay Monre-Kapio
MOJISIBI0 W JKCIIEPUMEHTOM B JaHHOH pabote
OIICHMBAJaCh MyTEM COIIOCTABIIEHUS PACUETHBIX U
MOIETLHBIX 3HaYeHUH KOIPHUIIMEHTa OCIabICHUI
mo MomHoCTH KepMmbl. I[lom  kxoaddummerTom
ocnalOieHus TO MOIIHOCTH KepMbl (Jiayee
k03 punMeHT 0ociIabiieHusI) TOHUMAETCS BEIMYMHA,
YHCJICHHO paBHAs OTKIUKY STAJIOHHOTO J03UMETpa

MPU OTCYTCTBUHU (UIBTPA, OTHECEHHOTO K OTKIIH-
Ky STaJIOHHOTO JIO3UMETpa IPH HAIWYUKA (PHIIBT-
pa. B kadectBe ¢uibTpa B HacTosimed padoTe
WCIOJIb30BAJIUCh CBUHIIOBBIC TUIACTUHBI OMpe/e-
NEHHOW TonuuHbl. [Ipu 3TOM cyMMapHas ToJuHa
(unpTpa  OAHO3HAYHO  3a7aTCsl  KOJIHMYECTBOM
TaKHX TUIACTHH.

[Ipsimple W3MepeHHs MOITHOCTH KEPMBI B
HacTosIel paboTe MPOBOAMINCH HA METUITMTHCKIX
JUHEWHBIX YCKOPHUTEISIX OJIIEKTPOHOB IS ABYX
pexuMoB pabotel: 6 MB (yckopurens Varian Vi-
talBeam) n 18 MB (yckopurens Varian iX). Iloxn

peXUMOM  pabOThl TIOHUMAETCs HOMUHAJbHAS
SHEpPrusi  NEPBUYHOIO  JJIEKTPOHHOIO  Iy4Ka,
magaroiero Ha wmumens JIYD. B kauectBe

W3MEPUTEIBHOTO MPHOOpa B paboTe UCIIOIB30BAJICS
stanonHbIi qo3umerp JAKC-ATS5350/1 ¢ Bxopsummu
B €r0 COCTaB MOHHU3ALMOHHBIMU Kamepamu PTW
TM32002 u PTW TM30010 [4].

CrmegyeT OTMETHTh, 4TO COIJIaCHO  ITyO-
mukanuun  [5], JIYD pabGoraromme B pexuMe
18 MB, TreHepupylOT BTOPUYHOE HEHTPOHHOE
U3ITy4YeHHE BBICOKHX DJHEPIHi, OOYCIOBICHHOE
(bOTOSIIEPHBIMU ~ PEAKIMSIMH  B3aUMOJCHCTBUS
BBICOKOHEPIeTHYECKOTO  (POTOHHOTO  M3JIy4CHUS
C KOHCTPYKIMOHHBIMU MaTEpHalaMU YCKOPUTEIISL.

OpHako BBHJY TOrO, 4YTO JIO3UMETPHUUYECKOE
0o0OpyIOBaHME, HCHONb3YyeMOE B  HACTOSIICH
pabore, a wumenHo: WK PTWTM32002 wu

PTW TM30010 B cocTaBe 3TallOHHOTO JO3UMETpa
JKC-AT5350/1, mpakTudecku HE YyBCTBUTEIHHO
K HEHTPOHHOMY HW3IY4YEHHIO, BKJIaJ| JAHHOTO BHA
U3TY4YeHHs] B CYMMapHyI0 MOITHOCTh aMOMEHTHOTO
SKBUBAJICHTA J03bI, TeHepupyeMoii JIYD B Touke
U3MEpEeHHsI, T0JaraeTcsi NpPeHeOPEeKUMO MaJlbIM.
Kak cnenctBue, B Hacrosmield paboTe mojaraercs,
YTO BCE pACCUUTAHHBIE JO3MMETPUUYECKHE BEIH-
YUHBl (POPMHUPYIOTCS HCKIIOYUTENBHO (POTOHHBIM
wznydenunem JIVD. B mocnemyrommux paboTax
IUTAHUPYETCsl  JIeTAIbHOE  WM3Y4YeHHWE  BIMSHUSA
BTOPHYHOTO HEUTPOHHOTO W3IY4YEHHs, TEHEpH-
pyemoro JIYD mpH HCIONB30BAaHUN CBHHIIOBOTO
¢wibTpa, Ha JO3MMETpHYECKOE O0OpYIOBaHHE,
KOTOpPOE MOXET OBITh YyBCTBUTEIBHO K JAHHOMY
TUIY U3IY4eHHs, a UMEHHO: IO3UMETPhI HAa OCHOBE
TKaHEIKBUBAJICHTHOTO TUIACTHKA.

MonTe-KapJiio Mosesib JKCiepuMenTa

MonTte-Kapno Monenp skcrepuMeHTta Oblia
co37aHa B KOMIIBIOTepHOU mporpamme Fluka [6, 7]
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Bepcun 4.3.1. Mogens (pucyHok 1) mpencraBisiet
coboit HMCTOYHUK (hoToHHOTO W3ITy9CHHUS,
Ha pacCcTOSHUU 548 MM OT KOTOPOTO pacrojaraet-
csi cBUHIOBBIA ¢uiubrp. Ha paccrosiaum 2548 mm
OT HMCTOYHHKaA pacrojaracrcs HOHU3allMOHHAas
Kamepa. Mogenb QuiabTpa NpencTaBiIseT coOoi
KOHCTPYKLHMIO,  COCTOSIILYIO M3 JepiKaTelis

(mepemHssE CcTEHKAa — QIIOMHHUN  TOJNIUHON

1 cM, 3amHSSI CTEHKa — CTajdh TONIIWHON 2 MM),
B KOTOPOM pAaCIIONaraloTcsl CBUHIIOBBIC IUTACTHHBI
(DUKCUPOBAHHON TOJIIMHBI  (pa3Mep  IUIACTHHBI
10x10 CMZ). Monenb HMOHU3AIMOHHON  KaMepsl
MpeAcTaBIsieT co00i BO3MYIIHYIO cdepy paainycoM
7 cM, OKPYXEHHYIO CIIOEM IOJIMMETUIMETAKPU-
Jara TOJIMUHOW 2,3 cM, KOTOpBIA oOOecreynBacT
AIIEKTPOHHOE PaBHOBECHE.

Source

2000 mm

Pucynox 1 — I'padpuueckoe npencrasienne Monrte-Kapsio Mozenn skcriepuMenTa Juisi pacuéra criekTpa (OTOHHOTO

H3JIy4YCHUS U KOS(l)(l)PIHI/ICHTa ocabieHust H3JIyYCHU

Figure 1 — Graphical representation of the Monte Carlo model of the experiment for calculating the photon radiation

spectrum and the attenuation coefficient

Hctounnkom (OTOHHOTO HM3ITydeHUSs SBISIIACH
MOJENb TOJOBKM wu3iayyatens JIVD, ocHoBaHHas
Ha pabote [8]. Bcero ObIIO co3maHO JBE MOJENH
U3JIydaress, COOTBETCTByromue AByM JIVD: Var-
ian VitalBeam (mns pexuma 6 MB) u Varian iX (ans
pexxuma 18 MB). OcHOBHBIE pa3muyust MEXITY
MOJICTISIMH ~ 3aKITIOYAIOTCSI B KOHCTPYKITUH  MH-
[IeHH, CTIIAKUBAIONIET0 (WIBTpa W BTOPHYHOTO
KOJUTUMATOpA.

Bepudukamus wmoneneir m3mydarens JIYD
MPOBOAMIIACH IYTEM  OMpEENCHUS TOJOKCHHS

rIyOMHBI ~ MaKCUMyMa  TIOTJIOMEHHOW  JIO3BI,
co3aaBaeMoil mpu 00IydeHNH (OTOHHBIM H3ITyde-
HUEM BOJIHOTO (paHTOMa, PACIIOIIOKEHHOTO Ha pac-
crosHud | M ot wumsnydarens [9, 10].  Jononnu-
TEJIBHO OIpEAeTIach OTHOCHTENbHAs BEIWYHHA
MOTJIOMEHHON 1036l Ha TiyOomHe 10 cm. Ilomeped-
HBII pa3Mmep (OTOHHOTO TOJNS Ha TepenHed Tpa-
HU daHTOMa paBeH 10x10 eM?. PesynbraTel onpene-
JICHHs TIOJIOKEHUSI MaKCHMyMa TOTJIOMIEHHOW J10-
361 M OTHOCHUTEJILHOM BEIWYMHBI TOTJIOIIEHHON
no3bl Ha TiryOnHe 10 cM mpegcTaBieHs! B Tabmutie 1.

Tabnuya 1/ Table 1

Pe3y.]'ll)TaTbI onpeaecJiecHuss MaKCUMyMa TMOTJIONIEHHOM 103b1 IJI51 MO/IeJIel JINHEIHOT 0 YCKOPHUTEJIA JIEKTPOHOB

Determination of depth of maximum dose for CLINAC models

Varian VitalBeam 6 MB Varian iX 18 MB

Pexxum paboTbl - -

) Pacuér HoxymenTanus Pacuér HoxymenTanus
(Mode of operation) ) ) ) ) ) )

(Calculation)  (Specification) (Calculation) (Specification)

[Tonoxxenne MakcuMyMa MOTJIOMIEHHON
AO3bI, CM 1,62+0,10 1,60+ 0,15 3,10+0,10 3,3+0,15
(Depth of maximum dose, cm)
OTHOCHUTEIbHAS BEJIMYHMHA HOI‘J'IOH.[éHHOI\/‘I
J10361 Ha riryoune 10 cM, % oT MakcuMyMa 66+ 2 67 +1 78 +£2 0+ 1

(Relative value of dose at 10 cm depth, %)
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Anamu3 TaOmuIel | TTOKa3pIBaeT — XOpOIIee
coriacue MCEXAy MOACIbHBIMU BCIWMYHMHAMU, U
3HAYCHUSIMU, TPHUBEAEHHBIMH B  TEXHHYECKOU

nokymentaruu JIYD. M3 3TOro MOXHO caenarhb
BBIBOJ, YTO MOJIEJIM M3Jydaresied COOTBETCTBYIOT
peampHbiM JIYD u MOryT OBITH HCIOJIB30BAHBI
JUUISL JAJbHEUIIIUX Pacu€ToB.

Pacuér xapakTepucTuK GOTOHHOIO
U3/1y4eHHUs1 JIMHEHHOI0 YCKOPHUTEJIA
3JIeKTPOHOB MeToa0oM MonTe-KapJio

[lomepeunblii  pasmep 1onst  (HOTOHHOTO
mnydeHust JIYD, wucmonp3lyemMoro s pacuéra,
paBHsiics  15%15 cv’ Ha paccrosHuu 1M  oT
WCTOYHMKA Wu3dAy4yeHus. Jlius Kaxaoro pexuma
JIYD paccuuntano mo 6 TOYEK, COOTBETCTBYIOIIMX
3aJlaHHOM ToIMHe cBuHIA B uibTpe: 0 cM, 5 oM,
8cm, 10 cm, 12 cm, 15 cM. [t KaxKa0i TOYKH ObLT
paccyuTaH CIeKTp (DOTOHHOTO M3ITyYCHHs B 00Jac-
™ pacnojoxeHuss WK, sHeprusi, norioméHHas
B akTtuBHOM o00béme WK, u cpemHsas osHeprus
¢oronHoro m3nyuenus, nagaromas Ha UK. Cpennsist
sHeprust POTOHHOTO U3JTyUEHHUS], TIPOILEAIIETO Yepe3
(GUIBTP, pacCUUTHIBATIACH COTIIACHO (POopMyIIe:

Z,‘Ei I i
zil i ’
rae <E> — cpenHss sHeprus usinyuenus (MaB); £, —
sHeprus MoHomuHuu (M»sB); [, — oTHOCHTenbHas
WHTEHCUBHOCTh MOHOJIMHHH B CIIEKT]E.
Koaddunment ocnabnenust (HOTOHHOTO H3IIY-
YCHHMSI CBHMHIIOBBIM  (DUJIBTPOM  PacCUMTHIBAJICS
coracHo (opmyie:
_Ey(-g(£))
Ej(1-g(Ep))’

(Ey = (1)

2)

rae E, — sneprus, nontomenHas B K mpu oTcyTcT-
BUM (uibTpa Mexnay wusmydarenem u UK; E,—
sHeprus, noroueHHas B MK npu 3ananHoi Tonune
¢unprpa (I —mar, OJHO3HAYHO OIPEACIISIOIIUN
TONIMMHY (HUIBTpa); g — KOAPPHUIMEHT KOPPEKINU
Ha TOpMo3HOe m3myderue [11].

PesynbraTsl pacuéra ciekTpoB u3nydeHus JIVO,
npoleanero yepe3 GUIbTP 3aJaHHOM TONIIMHBI
NpHUBEJIEHBl Ha pUCYHKe 2. Pesynmprartel pacuéra
CpeqHell SHepruM W3IY4YeHHs B 3aBHCHMOCTH OT
TOJIIMHBI CBUHIA B ()MWIBTPE NPUBEICHBI B TaOnu-
1e 2. Touka «0» B TabmuIie 2 COOTBETCTBYET CITydalo,
npu kotopoM Mmexay JIVO um MUK orcyrcreyer
¢uneTp. Ha pucyHke 2 gaHHOMY Cly4ar0 COOT-
BETCTBYET HauaJIbHBIN CIIEKTP.

N3 pucyHnka 2 BUIHO, YTO C POCTOM TOJIIHHBI
CBUHIA Ui O000WMX pEXKUMOB paboter JIYD
BO3pAacTaeT MHTEHCUBHOCTh IHMKA aHHUTWIALAN
MO3UTPOHOB 512 k3B u nuka xapakTepucTHIECKOro
u3nmydeHnss Bombdpama 69,5 kaB. Ilpu 3TOM
MUK XapaKTepUCTHYECKOTO H3JIy4EeHUs CBHHIA
88 k9B  mpakTHuYEecKH MOJHOCTBIO OTCYTCTBYET.
OTcyTcTBHE MHKAa XapaKTEPUCTUYECKOTO H3Iyde-
HUSl CBHHIIA OOBSCHSCTCS KOHCTPYKIMEU (PUIIBTpA:
Ha BBIXOAE (WIBTpa paCTOIOKEH CIOH Kenesa,
KOTOPBIM TIPAaKTHYECKH MOITHOCTBIO TacUT JIMHUIO
88 k»B. Hammune mnMka XapakTepUCTUYECKOTO
U3JTy4eHUs] BoJb(pama OOBSCHIETCS H3IyYCHUEM
NpSIMOTO Ty4yKa, MPOMIEAIINM 4Yepe3 BTOPUYHBIN
BONb(paMoOBEIll  kKoutmMmarop. Ilo wmepe pocta
TOJIIMHBI CBHHLA B (UIBTPE MHTCHCUBHOCTh
U3Iy4YeHUs] MpSMOro Iydka majgaer. B To Bpewms
KaKk MHTEHCHUBHOCTb W3JY4YEHHs, IPOLIEIIETO
yepe3  BTOPUYHBIH  KOJUIMMATop,  OCTaéred
MOCTOSTHHOM.

Tabnuya 2/Table 2

PesysabTaTr pacuéra cpegHeii JHepruu (OTOHHOrO M3JIy4YeHHsl JIMHEHOTO YCKOPUTEJNsl 3JICKTPOHOB,
NMpoLIe/IIero Yepe3 CBHHIOBbIN (PHIBTP 3aJaHHOMH TOJLIMHBI

The result of calculation of mean energy of CLINAC photon radiation passing through a lead filter of a given

thickness

Tommuua cBUHIIA
B humnbTpe, cM

Cpenssist 3Heprust (POTOHHOTO U3MyUCHHS TUHEHHOTO YCKOPHUTEIS 3NEKTPOHOB, MaB + 36
(Mean energy of CLINAC photon radiation, MeV + 30)

(Lead thickness, cm) Pesxum 6 MB / (6MV mode) Pesxum 18 MB / (18 MV mode)
0 1715+ 26 4217 £ 44
5 2644 + 167 4355+ 139
8 2727 +£270 4072 £ 195
10 2728 +£430 3852 +281
12 2685 =440 3586 +£273
15 2477 £ 470 3084 +£231
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é 1] msHauaneueiii cnextp (Initial spectrum)| ¢
S == 5 c¢m cBuHer (5 cm Lead)

0 4
2 _ 0.9 == 8 cm cBuHer (8 cm Lead)
g &08: == |0 cm cBuHer] (10 cm Lead)
g g 071 m= |2 cMm cBuHer (12 cm Lead)
= E 06 == |5 cm cBuHen (15 cm Lead)
2o .
E E 0.5 1

[

E E’ 0.4 1
5 <031
g i
= 02-
© 0.14

0 ‘ . ‘ ‘ ‘ : . ‘

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 5.5 6 6.5 7
Jueprusi, M>B (Energy, MeV)
1.1+ b
2
g L wH auanebiii ciextp (Initial spectrum)
Z 091 == 5 cm cBunel (5 cm Lead)
EDos] == 8 cm cBuHel (8 cm Lead)
5 2,' _ == |0 cm cBuHen (10 cm Lead)
E I 0.7 m= |2 cMm cBuHer (12 cm Lead)
= = 061 == |5 cm ceurer (15 cm Lead)
< Y .
= E 0.5
S g 041
5 =03
g i
=02
© 0.1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Jueprusi, MaB (Energy, MeV)

PucyHok 2 — MogenbHble CHEKTpPbl (POTOHHOTO H3IYYCHUS JIMHEHHOIO YCKOPUTENS OJIEKTPOHOB, IPOLICALIETO
Yyepe3 CBUHIIOBBIN (QHIIBTP 3aJaHHON TONIIUHEL: a — pexknM 6 MB; b — pexnm 18 MB

Figure 2 — Model spectra of photon radiation of CLINAC passed through a lead filter of a given thickness:

a—6 MV mode; b — 18 MV mode

W3 tabmunpl 2 MOXHO CAEIaTh BBIBOJ, YTO
[0 Mepe YBEIWYCHUS TOJILIMHBI CBUHLA B (UIBTPE
CPEAHssl DHEPrusl M3JIyuyeHHs BHAyajle BO3PAcCTacT,
JOCTHrasi HEKOTOPOI'0 MAaKCHMAJIbHOI'O 3HAYCHMSI.
OnHaKo MO JOCTHMXKEHHM OIPEACNEHHOW TONLIMHBI
CBHUHILIA, CPEIHsSI SHEprus HauMHAeT majath. PocT
CpeIHEH SHEPrur C YBEJIMYCHUEM TOJIIIUHBI CBUHIA
MOKHO OOBSICHUTB, PAacCMOTPEB KPUBYIO 3aBHCHU-
MOCTHMacCOBOrOKOdpHIIneHTa0CTa0IeHUSI CBUHLIA
OT 2HEPruH (POTOHHOTO U3ITYUEHHS, IPEICTABICHHOM
B pabore [12], ¥ COMOCTaBHB 3HEPIreTUYCCKHUIA
WHTEpBaJl JAHHOW KPUBOW CO CHEKTPOM (POTOHHOTO
n3nydenus JIYD. Jlanee mo TeKCTy IMJIOMIAAb TOJ]

CIIEKTPOM B »HepretuueckoMm unHreppaie 0-3 MsB
Oyner o0o03HauaThCs KaK HU3KOIHEPreTHYECKas
obnacte cmektpa. [lnomane mox coekTpom B
SHEepreTHyeckoM HHTepBaie 3—18 MaB  Oyner
0003Ha4YaThCS KaK BBICOKORHEPreTHYecKas 001acTh
cnekrpa. Takoe pasnesneHue 0OyCIOBIECHO TE€M, YTO
corimacHo pabote [12], mns wmaTepBana (-3 MaB
(oToHHOE W3NMyueHHe C 0oJee HHU3KOW 3Hepruci
B3aMMOJICHCTBYET CO CBUHIOM | BOJb(pamom
WHTEHCHBHEE, 4eM (pOoToHHOe u3imyueHHe c Oolee
BBICOKOW 3Heprueil. B sneprernueckom MHTEpBaje
3-18 MhB xapakTep B3aUMOJCUCTBUS MEHSETCS
Ha MPOTUBOIIOIOKHBIN.
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Jlst pexuma 6 MB (pucyHoOK 2a)
HU3KOPHEpreTHYecKas o0JacTh CIeKTpa OoJblie
BBICOKODHEPTeTHYECKOW O0JacTH CIeKTpa IpH-
MEpHO B 2 pa3a. DTO NPUBOAUT K TOMY, YTO IO
Mepe pocTa TONIUHBI (QWIbTPA CHEKTP HAYMHAET
cMmemiatbes BmpaBo. Kak crienctBue, pactér ero
cpenusis sHeprud. OAHAako HauMHAsg C HEKOTOPOH
TOJNIIIMHBI CBUHIIA, CIIEKTP JOCTHUTAET COCTOSHHUS,
npu KOTOPOM ero HU3KO3HEpreTHyecKas
9acTb CTAHOBUTCS TPHUMEPHO DPABHON BBICOKO-
SHEPreTUYeCKOl. DTO TPUBOIUT K YMEHBIICHHUIO
CpeaHel PHEepruy M3JIy4eHHUs ¢ POCTOM TOJIIIMHBI
¢uneTpa. Bce BhIecka3aHHOE CIPaBEIIMBO U
s pexuma 18 MB  (pucyHok 2b).  OcHoBHOE
OTIIMYUE 3aKIIOYaeTCs B TOM, 4YTO (DOTOHHBIA
cnektp JIVD s nanHOrO peskuma uMeeT OOJbIIYIO
JHEepreTudecKyo mupuHy. M3-3a 3TOro  yxe
JUTSE. HA4YaJIbHOTO CIIEKTpa HU3KOIHEpPreTHdecKast
0o0JlacTh TPUMEPHO paBHA BBICOKOIHEpPreTHYEC-
koi. Kak ciencrBue U3MEHEHHE  XapakTepa
3aBHCHMOCTH CpEeIHEH DJHEepPruu OT TOJIIUHBI
(UIBTpa MPOUCXOANT PAHBIIIE.

BtopeiMm  MexaHW3MOM,  BIUSIONIMM  Ha
YMEHbBIIIEHHE CPEIHENH 3HEPTUU C POCTOM TOJIIH-
HBl  (WIbTpa, SBISETCA  BKIQA — W3IYUYCHHS,
MPOMIEIIEr0 Yepe3 BTOPUYHBIM  KOJIMMATOP.
[lo mepe pocTta TONMHHBI CBHHIA B (UIBTpE,
WHTEHCUBHOCTb  M3JIY4YEHHUS  IOPSIMOTO  IIyd4Ka
ymenbmiaercsi.  [lo 1ocTHKEHMM ~ HEKOTOPOM
KPUTHYECKOW TOJIIWHBI, WHTEHCHBHOCTh H3Jyde-
HUS, TpoIIeamero 4epe3d QUIBTP, CTaHOBUTCS
paBHOW WHTEHCHBHOCTH H3JIYYCHUS, MPOIIEAIIETO
4yepe3 BTOPUYHBIA KOJIUMATOP. AHATUTHUECKUI
pacué€T TMOKasbIBaeT, YTO CJIOW Bosb(pama TOI-
muHOH 6,9 cM  (TONIIMHA BTOPUYHOTO  KOJI-
numatopa wmogenu JIYD  Varian VitalBeam)
mo kodpdunueHty ocnabieHus MOPUMEPHO
COIIOCTAaBHM CO CBHMHIIOM ToyuuHou 11,3 cm
(mns  wm3nmyuenus JIVD B pexume 6 MB).
Cro#i Bomb(pama TonmuHON 7,8 cM (ToNIIUHA
BTOPHUYHOTO  KoJiMMaropa  moxenn  JIVD
Varian iX) pnst nznydenus JIYD B pexume 18 MB
COMOCTaBUM CO CBHUHIIOM TojmuHOH 12,3 cm.
I[Ipn  jganpHeWmeM  yBEJIWMYEHUH  TOJIIMHBI
¢uiIbTpa UW3NydYeHWE, Mpoulleaniee depe3 BTO-
PUYHBIN KOJJTMMAaTOp, CTAHOBUTCS WHTEHCUBHEE
M3IIy4eHus, mpourenmero dvepe3 ¢unbTp. Kak
CIeACTBUE  CPENHsSS  OJHEpPrus  CYMMAapHOIO
M3JIy4eHUsS B TOYKE W3MEPEHUS CTPEeMUTCS
K HEKOTOPOH IMOCTOSHHOW BENIMYWHE IJISI 000UX
pexxumMoB paboTer JIVD.

Pacuér koappunuenta ocinadieHus
HA peajibHOM JIMHEITHOM yCKOpHUTeJIe
3JIEKTPOHOB

OKCIeprMEHTATbHOE  OTpeneieHne  Kod(-
¢unmenta ocnabneHus (HOTOHHOTO HU3ITYUCHHS
JIVD  cBUHIOBBIM  (DUIBTPOM  MPOU3BOAMUIIOCH
MyTeM M3MEpPEHHs] MOITHOCTH KePMBbI, CO37aBa€MbIX
peanbHBIMU JTMHEWHBIMH ycKoputensamu Varian Vi-
talBeam (pexum 6 MB), Varian iX (pexum 18 MB)
B TOUKE U3MEPEHUsI, PACIIONOAKEHHOM Ha pacCTOSIHUN
2548 mm ot Mumenn JIYD. ITlonepeunslii pasmep
(hOTOHHOTO TOJNST HA PACCTOSTHMHM | M OT MUIIEHU
JIYD cocraBmstm 15x15 cm. CBUHLIOBBIA (UIBTP
pa3Melaics Ha pacCTOSHUU 548 MM OT MHILEHU
m3nyyarenss JIYD Ha crenmanbHOM Jepikarene,
3aKpEIJICHHOM Ha U3JIydarelie.

W3mepennst kepMbl, co3maBaeMoi (HOTOHHBIM
nosiem JIY3, mpoBoaAKIINCH TPH ITOMOLIH 3TaJIOHHOTO
nmosumerpa JIKC-AT5350/1 mnpomsBoactea VII
«ATOMTEX». Ilpm wu3MmepeHHsIX CO CBHHIIOBBIM
(uIbTpoM B KavyecTBE AETEKTOpa HCIOJIb30Baach
UK PTW TM32002 ¢ akTHBHBIM 00BEMOM paBHBIM
1 1. UK pasmermianacy Ha pacctossHUU 2548 MM OT
mutiern JIYD. Jlns obecriedeHus: 3IEKTPOHHOTO
paBHOBeCHs BHYTpH akTuBHOro o00néMa UK
nomenanach B cepy M3 MOIMMETHIMETaKpuiIaTa
TOJIIIMHOH 2,3 cM.

Jusa  w3MmepeHWs KepMbl TPU  OTCYTCTBHH
¢unbrpa (Touka 0 cMm) O6bu1a ncnonb3oBana UK PTW
TM30010 ¢ akTuBHBIM 00BEMOM paBHEIM 0,6 oM.
Jna obecriedeHnss 3JIEKTPOHHOTO PABHOBECHS H
cTa0WIM3aluyu PeXMMa HM3MEPEHHUs, Ha KaMmepy
CBEpXy HaAeBaICA CQEPUUCCKUI KOJIMAUYOK U3
MoJIMMEeTUIMETaKpmiIara tonmuuol 4,7 cm. Bau-
Iy pasinuus TOJIIMHBI KOJNIAYKOB y Kamep A

BO3MOKHOCTH  COTIOCTAaBIICHHS  W3MEpPEHHU  C
pe3ynbrataMu  MOJICIIMPOBAaHUS, OBUIM BBEACHBI
MOTIPaBOYHBIE KOAPPUIMEHTHL. DTH KO3 PHUIHCH-

Thl YYHTBIBAIOT TOT (PAaKT, 4TO (POTOHHOE H3ITy4e-
Hue JIYD wuHTeHcHBHee ocnalmsercs ciaoeM
MOJIMMETHIIMETAaKpUiIaTa TONIIHHOW 4,7 cM  d4eMm
CJI0€M MONUMETUIMETAaKpUIaTa TOMIIUHON 2,3 cM.
Pesynbratel pacuéra ko3ddunmeHToB ociad-
JIEHUS TIpUBEACHBI B Tabmmme 3 Ui peKuMa
6MB, u B Tabmune 4 nmns pexuma 18 MB.
JomomHuTensHO B TaONHIIAX TPENCTABICHBI pe-
3yJbTaThl AHAJUTHUECKOrO pacuéra Kod(pQHUIMCH-
Ta OCIIA0JICHHSI B TPEIIOJIOKECHUN Y3KOTO ITyYKa.
IIpm anamuTHYeckoM pacdére MpeanoiaraeTcs,
4T0  OCJIa0JicHWEe  WHTCHCUBHOCTH  W3JIyYCHUS
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IIPOMCXOOUT 110  OSKCIOHCHUMAIbHOMY 3aKOHY IIydka. Bkiiaa u3nyuyeHus, paccestHHOro Ha puibTpe,
C HCIOJIB30BAHHEM MAacCOBBIX KOA(PQPHULUMEHTOB W W3IYYEHHUs, MPOLICAIIET0 CKBO3b BTOPHUYHBIN
ocnabnenust cornacHo pabore [11]. Koadduument xkommumarop, noctarouyHo man. OgHako jpasiee, 1O
ocnaliieHUst ~ [pU  AHAJTUTHYECKOM  pacu€Te  Mepe pocTa TOJIIUHBI CBHHIA, PACXOXKICHHUS MEX-
OTIpeNeNsICs KaK OTHOIIIEHUE KepMBbI, CO3/IaBaéMON Iy aHAJIUTHYECKHM pacuéToM U HKCHEPUMEHTOM
M3ITydeHUEeM JI0 MPOXOXKIEHUS (UIbTpA, U KEPMbI, CTAHOBITCS  CYyIIECTBEHHBIMH. [lpm  TommmHe
CO3/1aBacMOW HM3JIy4eHHEM TOcjae mpoxoxaeHuss  GuiabTpa MeHee 10 cM, MOXHO TIPEINOIOKHTD,
yepes GuibTp. Kepma paccunThiBajach U3 CHEKTpa UYTO OTIMYME B OCHOBHOM CBS3aHO C BTOPUYHBIM
M3ITy4eHus cornacHo (popmyre: W3JTy4YeHUEM, PACCESIHHBIM Ha Marepuaie QuiIbTpa.
K, =Zi E0y E,.)(Hﬂ)i’ 3) Onnako TpH TOMIIHHE ¢dunprpa Oonee 10 cm cy-
p IIECTBEHHBI BKJIaJ HAUYWHACT JaBaTh W3Iy4YEHHE,
TI€ Qg — GmroeHC  (HOTOHHOTO  M3IY4EHHS C  HpONIeAIIee Yepe3 BTOPUUHBIA KOIIMMATOp. OTO
SHEprueu E[(I/CMZ); (K,,/p); —MaccOBBIl KO3(- MOXKHO MPEANOIOKUTL MCXOAA H3 Xapakrepa
duIMeHT nOmIOmeHMs s Bo3gyXa  (cMY/T);  M3MEHeHWs KOX(pUIHEHTa OCIa0JIIEHUsI C POCTOM
E, —sneprus ¢poronnoro usnyuenus (M»aB). ToNMHB! cBUHIA nocie 10 cm. [l moaTeepikne-
W3 tabmuu 3 w 4 BWAHO, YTO PE3yNbTaThl HUS JAHHOTO MPEIOJIOKEHHs ObLIO MPOU3BEIACHO
Mounre-Kapimo MOAenIupoBaHUS HMEIOT XOpOIIee  JIBa  JOMOJIHUTENBHBIX  H3MEPEHHS  MOIIHOCTH
corylacueé C OJKCIEpUMEHTAIbHBIMU  JAaHHBIMH. KEpPMBI TPW TONIIMHE CBUHIA B (UIBTPE paBHOU
CpaBHeHMe  pe3ynbTaroB  MoaenupoBaHuss U 20 cMm u 25 cMm. Bputo ycraHOBIIEHO YTO NP TOJ-
JKCIIEPUMEHTa C aHAJUTHUYECKUM pacuéToM I0- [uHe CcBUHIA B ¢Guibtpe Oonee 20 cM  Kodd-
Ka3bIBAa€T, YTO /0 TOJIIMHBI CBHHIIA PaBHOW 5 cM  (PUIIMEHT OCIaOJieHUs TepecTaeT 3aBUCETh OT
ocia0yieHe WHTEHCUBHOCTH HW3IYYCHUS WAET [0  TONMMHBI (UIBTPA M CTPEMHUTCS K MOCTOSHHOMN
9KCIIOHEHIIMAIBHOMY 3aKOHY OCHaOJeHHs Y3KOTO  BEJIMYMHE.
Tabnuya 3/Table 3
Pe3yabTar pacuéra kodgduuuenta ocaadaeHus AJsi JUHEHHOI0 yCKOpUTe/sl 3J1eKTpoHoB Varian VitalBeam
(pexxum padorsl 6 MB

Result of attenuation coefficient calculation for Varian TrueBeam CLINAC (6 MV mode)

TonmuHa cBuHIIA

AHanuTH4YecKuil pacuér Mounre-Kapio pacuér, + 3o OKCTepuMeHT
B QUIIBTpE, CM

(Lead filter thickness, cm) Analytical calculation (Monte-Carlo calculation) (Experiment)
0 1.0 1.0 1.0
5 19,4 17,1 £1.6 19,4
8 90 74+9 80
10 246 210+ 44 201
12 672 506116 481
15 2964 1417 £394 1399
Tabnuya 4/Table 4

Pe3yabTar pacuéra koddppuuuenta ociaadjeHus AJasl JUHEHHOT0 yCKOpUTeJsl J1eKTpoHoB Varian iX (pe:xum

padotsl 18 MB)

Result of attenuation coefficient calculation for Varian iX CLINAC (18 MV mode)

TommuHa cBUHIIA B

(uBTpE, CM AHaTUTHYIECKUH pacuéT Momnte-Kapmo pacuér, + 3¢ DKCIIEPUMEHT
(Lead fil t,er thickness, cm) Analytical calculation (Monte-Carlo calculation) (Experiment)

0 1,0 1.0 1,0

5 16,9 16,1 +0,8 16,6

8 81 72+6 71

10 227 180 + 21 177

12 631 451 +57 416

15 2896 1326 £233 1097

187



Tpubopul u memoowt usmeperutl
2023.—T. 14, Ne 3. — C. 179-190
A.A. 3acopoouiok u op.

Devices and Methods of Measurements
2023, vol. 14, no. 3, pp. 179-190
A.A. Zaharadniuk et al.

JIONIOTHUTENTLHO CTOUT OTMETHTD, YTO Pa3IHIKe
MEXIy KodpduuueHnramu ocnabiaenus mns JIVO
Varian VitalBeam B pexume 6 MB u JIYD Varian iX
B pexxume 18 MB umeer manyro Benuuuny. Tak, npu
TOJNIIMHE (UIBTPa paBHOM 15 cM, 3TO pasnuuue He
npesbIaer 25 %.

OnpeneneHue MOIIHOCTH AMOMEHTHOI 0
IKBUBAJIEHTA 103bl, CO31aBA€MOI0
JIMHEHHBIM YCKOPHTeJ1eM 3JIeKTPOHOB

IlepeBox MOUIHOCTH KEPMBI B MOIIHOCTb
aMOMEHTHOTO 3KBHBasieHTa 10361 H*(10), renepu-

pyemoii JIYD B Touke H3MEpPEHHUS Ha PaCCTOs-

HuM 2548 MM OT uW3Iydarens, POU3BOIUICS
cormacHo opmyre:
H*(10) = a(E) %K., *y(E), “

rie K,;, — MomHocTs kepMbl B Bosayxe (I'peii/uac);
o(F) — koaddunmMeHT mepexoma OT KepMbl K
aMOMEHTHOMY  JKBUBalleHTY 1036l  (3B/I'peit);
v(E) — monpaBouHbIii MHOXKUTENs UK; E — cpemuss
sHeprus n3mydeHus JIVD ( MaB).

Pesynbrarel pacuéra MOImHOCTEH aMOMEHTHOTO
SKBUBAJEHTa J03, reHepupyeMbix JIYD Varian
VitalBeam nns pexuma 6 MB u Varian iX nns
pexxuma 18 MB npuBesiens! B Tadnuie S.

Tabnuya 5/Table 5

MomHOCT aMOMEHTHOI0 JIKBHBAJICHTA /03bl, TeHEPHPYEMbIX JHHEH(M YCKOpHUTeJIeM 3JJICKTPOHOB B
3aBHCHMOCTH OT TOJIIUHBI GUILTPA JJISl PA3INYHBIX PEKAMOB PadoThI

Ambient dose equivalent power generated by CLINAC depending on filter thickness for different modes

of operation

Varian VitalBeam pexum

6 MB, 600 ME/mun
Varian VitalBeam 6 MV mode,

TonmmuHa cBUHIA

Varian iX pexum 18 MB, 400 ME/mun
Varian iX 18 MV mode, 400 MU/min

B QUIBTpE, CM 600 MU/min
(Lead filter thickness, em) K, p/ H*(10), 38/4 H*(10), 38/4 K, p/
(K, Gy/h) — (H*(10),Svh)  (E¥(10), Sv/h) (K- Gy/h)
0 62,20 80,83 41,87 48,35
5 3,14 3,85 2,52 2,91
8 0,77 0,95 0,59 0,68
10 0,31 0,38 0,24 0,28
12 0,13 0,16 0,10 0,12
15 0,044 0,055 0,038 0,046
Pesynprater  mpenctraBmenst ¢ yuérom 400 ME/MHMH) B TOYke M3MEpEHHs Ha PAacCTOSHUHU

KoppekTtnpoBkn Tmokazanuit MK na ocmabienne
dbotonHoro wm3mydenus JIYD cmoem mommMeTwnIi-
Merakpuiara M 4yyBcTBUTeNbHOCTH MK K BBI-
COKOYHEPTeTHIECKOMY (hOTOHHOMY U3ITyUCHHUIO.

3akjarouyeHue

Pacuér nokazai, 4To MOIIHOCTE aMOMEHTHOTO
skBUBajeHTa 1036l H*(10),  remepupyemas
JIUHEHHBIM  yCKOpHUTEJIeM  3IeKTpoHoB  (JIVD)
B IpsSMOM Tyuke, cocTtasisier 80 3B/4 st ciydast
Varian VitalBeam (pexum 6 MB, 600 ME/mun),
n 48 3B/u qns cnyvas JIYD Varian iX (pexum 18 MB,

2548 mm ot mumenu JIYD. CBHUHIOBBIA (QUIBTP
mo3BoysieT  AGGEKTUBHO  OCIAOIATh  (HOTOHHOE
m3nydenne JIYD 1o MOMHOCTH aMOWEHTHOTO
SKBHBAJIEHTa JO3bl. Tak, QWIBTP TOJIIIHUHON
15cM mO3BONSET yMeHBIIMTHL 3HaueHue H*(10),
reHepupyemoe JIVD, Ooiee wem B ThICSYY pas.
3nauenue H*(10), reHepupyeMoe B TOUKE H3MEPEHHS
nosieM (POTOHHOTO M3TYUYESHHs, TPOIIEAIIETO Yepe3
15 cm cBunma, nus cinydas Varian VitalBeam (pe-
xkum 6 MB, 600 ME/MuH) coctaBmsier 0,055 3B/4,
a mi cioydas Jarian iX (pexum 18 MB,
400 ME/mun) sto 3Hauenue cocrasiser 0,046 38/4.
Conocrapnsisi JaHHBIE 3HAYEHHS C THIHYHBIM

1
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UAma30HOM  HW3MEPEeHWH  CTaHIapTHOTO  JIO3H-
METPHUYECKOTO 000pyaoBaHUs (I JTO3UMETpa
IKC-AT1123 [13] »TOoT [nama3oH COCTaBIISCT
0.1 Mx3B/9—10 3B/4), MOXXHO C/I€TIaTh BBIBOI, UTO ITPH
HaJIWIUH CBHHIIOBOTO (prutbTpa, JIYD MokeT OBITh
WCTIOJIb30BaH B KadyeCTBE HCTOYHUKA 3TaJIOHHOTO
TI0JIS1 UMITYJIECHOTO (DOTOHHOTO M3ITydeHHUSI.

VYcTaHOBIIGHO, YTO, HAYMHAs C OMNpeNesIEHHOU
TOJIIUHBI (UIBTPA, (OTOHHOE M3ITydeHHE B TOYKE
M3MEPEeHHS B OCHOBHOM OTIPEIETISIeTCS N3ITydeHUEM,
MPONUIEAIIUM Yepe3 BTOPUYHBIN Koummmarop. U3
9TOTO MOXKHO CJIeJIaTh BBIBOJ], YTO TPH HEKOTOPOM
TONMmUHE (UIBTPA CHEKTP € CPEHHSSI DHEPIrus
(hOTOHHOTO W3IY4YEHHs] B TOYKE H3MEpPEHHs OyayT
OTIPEICIATHCSI HE TOJIBKO PEXUMOM paboThl JIVD,
HO W KOHCTPYKIIMEW BTOPUYHOTO KOJUITMMATOPA.
W3 sTOrO MOXHO C/Enarh BBIBOJ, HYTO PaCUETHI
[0 OTPENEICHUI0 XapaKTePUCTHK ToJiell (HOTOH-
Horo uznydyenus JIYD, npuBenéHHbIE B HACTOALLECH
pabore, HEOOXOAMMO OYIET TMPOW3BOAUTH IS
KQKJI0M KOHKPETHOU MOJIENIN YCKOPUTETISL.

MopenupoBaHre TOKa3allo, YTO  CPEIHAA
sHeprus GoToHHOTO M3nydeHus JIVD, mporeamniero
gepe3 GWIBTP, 3aBUCUT Kak OT BBIOPAHHOTO
pexuma pabOThI, TaK W OT TONIIWHBI (DHIBTpA.
[Ipu orcyrcTBUM WIBTpa CpemHsas DHEPIrus
mnyderns JIVD mia pexuma 18 MB mpumepHo
B 2,4 pa3za Ooiplle CpefHel PHEPTHU W3ITYUCHHS
JIYD nmna pexxuma 6 MB. Ilo Mmepe pocTa TOIIIHHBI
(unpTpa pasHWUIA B CpPEOHEH DHEPTHUH MEXKIY
STUMH pEeXUMaMH yMeHblnaerca. llpum Ttommmae
¢unprpa paBHOM 15cM  pasnmmunme B CpemHEH
SHEPTUHM MEXIy IBYyMs pexxkuMamu padotel JIYD
He npeBbImaet 25 %.

[lomyueHHsle  pe3yabTaThl ~ MOTYT  OBITH
WCTIOJIb30BAHBI TUTS OTIpe/ieTICHHS K03(h-
(hMIIMEeHTOB TIEpeBOJa MOIIMHOCTH KEPMBI B HEOO-
XOIIUMYTO OTIePAIIMOHHYIO JIO3UMETpHYIec-
Kyl0 BEIMYMHY CODMacHO myOmukanuu [3] mpu
pabore ¢ momsiMu (GoToHHOTO W3IITydeHHUs JIYD.
DTO B CBOIO OYepeIb MTO3BOIHT HCITOJIB30BaTh JIYD
B Ka4eCTBE HWCTOYHHMKA OTAJIOHHOTO  TIOJIA
AMITYJTBCHOTO (DOTOHHOTO M3ITYYEHHUS.
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Abstract

Increasing the reliability of control of cast iron structure and its physical and mechanical char-
acteristics is an important scientific and technical task of the machine-building industry. The paper
studies the possibilities of controlling the structure of cast irons using structural noise created by ul-
trasonic scattering on graphite inclusions of different shapes. The subject of the present stud-
ies was such characteristics of structural noise as amplitude-temporal A(f) and as root mean square
value of the amplitude of the ultrasonic waves backscattering field 4", compared with the data on ul-
trasonic velocity and strength or tensile strength of cast iron samples. As a result of the studies,
a significant difference between the amplitude parameters of the A" structural noise obtained for samples
with different shapes of graphite inclusions at 5 MHz was revealed for the first time. So, for example, for
samples of gray cast iron (Russian: CY10, CU15, CY20, CY25), having predominantly plate-like form of
graphite inclusions, the value of 4" on 14-15 dB exceeds that measured in high-strength specimens of the
cast iron with the prevailing form of spherical graphite inclusions BU50 (Russian), etc. At the same time
growth of longitudinal ultrasonic velocity amounted to 20-25 %. The method of rejection of gray cast iron
from high-strength cast iron according to the data of amplitude parameters of structural noise A" at unilateral
and local sounding of the object without using an additional reference signal reflected from its oppositional
wall is suggested.

Keywords: ultrasonic wave scattering, graphite inclusions of different shapes, method of controlling
the structure and strength of cast irons, ultrasonic probes
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Oo0OpaTHoe paccesiHUe YJIbTPAa3BYKOBbIX BOJIH KaAK OCHOBA
METO0/1a KOHTPOJISI CTPYKTYPbI M PU3UKO-MEXAHUYECKUX
CBOWCTB YyI'YHOB

A.P. Baes', H.B. JleBkoBuy’, E.II. Ba6yk’, M.B. Acaguas’
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IToBbimIeHNE HAEKHOCTH KOHTPOJIS CTPYKTYPbI UyTYHOB M MX (DPU3UKO-MEXaHMYECKUX XaPAKTEPUCTHK
SBIISIETCS. BAKHOM HAy4YHO-TEXHHYECKOW 3aJaueil MalIMHOCTPOMTEIBbHOM IpOMBIIITICHHOCTH. B pabote
N3yYeHBl BO3MOXKHOCTH KOHTPOJISI CTPYKTYpPhl UYI'YHOB, HCIIOJIB3YSl CTPYKTYPHBIM IIyM, CO3JaBacMbli
paccessHIEM YIbTPa3BYKOBBIX KoJieOaHMH Ha TpaduTOBBIX BKIIOUCHMSAX pa3HOM ¢opmbl. [Ipeamerom
HACTOSIUX MCCIICAOBAaHUN SIBISINCh TAaKUE XapaKTEPUCTUKHM CTPYKTYpHOTO IIyMa KaK aMIUTUTYAHO-
BpeMeHHbIe A(f) M CpeHeKBapaTHUHbIC AMILIATYIbl A" BOJNH PacCesHHs, CONOCTABIAEMBIE C IAHHBIMH
M0 CKOPOCTH YJBTPa3BYKOBBIX KOJeOaHHWH, a TaKkKe NMPOYHOCTHIO WM BPEMEHHBIM CONPOTHUBICHHEM
Ha pacTsbKeHHe o0pas3loB YyryHOB. B pesyibraTe HcCClIeOBaHMH BIEPBBIC BBISIBICHO CYIIECTBEHHOE
pasiHuMe MEXIy AMILIATYIHBIMH MapaMeTpaMH CTPYKTypHOro imyma A", momydeHHsIME 11 00pasioB
¢ pa3Hoil ¢opmoii rpaduTOBBIX BKItOYeHHE Ha wactore 5 MI'm. Tak, Hampumep, Iuisi 00pasloB Ceporo
gyryna (CH10, CU15, CY20, CY25), uMmerommx NpEeuMyIIECTBEHHO IIaCTUHYATYIO0 (GopMy rpaduToBBIX
BKMIOueHNH, BemmunHa A" Ha 14-15 1B TpeBBIIAET Ty, YTO M3MEPEHA B BBHICOKONPOYHEIX UyTYHAX
¢ mpeBanupyromei ¢Gopmoil BrmoueHWd Tpadura mapoBupHon ¢Gopmbel — BUS50. IIpu stom, poct
MPOJOJIBHON CKOPOCTH YJIBTPa3ByKa C YBEIHMUEHHEM BPEMEHHOTO COINPOTUBIEHHs cocTaBmi ~ 20-25 %.
[peayoxken MeTOI OTOPAKOBKHM CEPOT0 YyryHa OT BBICOKOMPOYHOTO 10 JIAHHBIM aMIUTUTYAHBIX IapaMeT-
poB cTpyKTypHOro myma A" mpu 0OXHOCTOPOHHEM W JTOKANBHOM TPO3BYUMBAHUK 0OBEKTA 6E3 HCIOIB30-
BaHUsI JONOJIHUTEIILHOTO OOPHOTO CUTHAJIA, OTPAKEHHOTO OT €0 ONIO3UTHOM CTEHKH.

KiroueBble cjioBa: paccessHUE YIbTPa3ByKOBBIX BOIH, BKIIOUCHHS TpaduTa pa3Hoil (hoOpMBbI, CIIOCOO KOHTPOIIS
CTPYKTYPHI U IPOYHOCTH YyTYHOB, YIBTPA3ByKOBBIC MPEOOPa30BaATEIN
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Introduction

Increasing the reliability of testing the structure
of cast irons and their physical-mechanical proper-
ties (PMP) by nondestructive methods is an impor-
tant technical and scientific problem of the machine-
building industry. Significant efforts of developers
of such methods and means of control are directed
on attraction and use of new effects of interaction of
external fields, including acoustic, electromagnetic,
etc. for expansion of technical possibilities and no-
menclature of controlled objects. It concerns not
only the methods of nondestructive testing, which
give at "volume probing" of metal averaged indica-
tors of informative parameters correlating with the
structure and PMP, which is realized as a rule by
acoustic methods [1], but also obtaining such data
on the properties of local areas of the object. As
for a number of methods of control of structure and
PMP of cast irons by electromagnetic methods, for
example [1-3], their use has limitations due to high
sensitivity to the mobility of domains in alternat-
ing fields. And this, in turn, depends on a number
of peculiarities of the casting technology itself and
proper holding of the processes running in accor-
dance with the Technical Conditions at a particular
production plant, including the additives introduced
into the metal, holding of the melting temperature
regime, etc.

It should be noted that in some cases suffi-
ciently reliable information on the structure of cast
irons is achieved in the evaluation of small-sized
products, when it is possible to carry out volumetric
magnetization of products. In this case, a number
of factors that reduce the reliability of estimation
of PMP and structure of the material are reduced
[3]. Sometimes, under certain conditions (as a rule,
laboratory), quite important information about the
PMP of cast irons can be obtained by measuring
the structural noise or Barkhausen noise created by
the motion of the domain structure under the influ-
ence of a low-frequency magnetic field applied tan-
gentially to the surface of a specially protected ob-
ject surface [2]. However, as mentioned above, the
measured output signal readings are quite sensitive
to the influence of the above factors on the signal-
response when the depth of local probing does not
exceed 0.5-1.0 mm.

With regard to the use of ultrasonic methods of
structural and PMP testing of cast irons, the magnetic
characteristics of the latter practically do not affect
the values of acoustic parameters, including the ve-

locity C of a particular ultrasonic mode, attenuation
and scattering coefficients on structural inhomoge-
neities — mainly graphite inclusions. It is very im-
portant that the shape and geometrical parameters of
the latter have a significant influence on the strength
properties of cast irons, as well as on the elastic
Young's moduli £ and shear moduli G, the coefficient
of volumetric compression K-, and the density of the
material p. In this case:
CLir= (E/P)O'SFL,T,R ) (1)
where F; rp is a function depending mainly on the
Poisson's ratio, and the indices L, T and R refer to
the longitudinal, transverse and Rayleigh modes, re-
spectively.

In view of the relationship between ultrasound
velocity and PMP, simplicity of realization and
wide possibilities of volumetric, surface, subsurface
sounding of cast irons, such devices and acoustic
methods find more and more widespread application
for structural analysis of cast irons [4—6]. It should
be noted that informative parameters having a func-
tional relationship with the ultrasonic velocity (and,
accordingly, with elastic moduli) can be used to de-
termine the ultrasonic velocity, including, for exam-
ple, critical angles of passage or reflection of elastic
waves from the liquid-iron boundary, etc. [7].

In this case, naturally, as in the previous case, it
is required to finish the local surface of the object to
the roughness R, < 5-10 pm, as well as to create a
local or immersion bath and a device for controlling
the angle of incidence (reception) of the ultrasonic
beam on the object.

In some cases, the methods of sounding the ob-
ject by using the signal-response, characterizing the
attenuation parameters of ultrasonic waves, includ-
ing the attenuation coefficient of ultrasonic or spec-
tral characteristic of the signal 4A(@) [8] are promis-
ing. However, despite a number of advantages, the
use of such a method, there is a disadvantage due to
the fact that its realization requires the appropriate
orientation of the oppositional surface of the object
in relation to the working surface of the input and
mechanical processing of both surfaces at the thick-
ness of the layer of sounded metal /4 > h, providing
the necessary accuracy of amplitude measurements.
Note that a similar problem occurs for the most
widely used in practice ultrasonic control method
mentioned above, which consists in determining the
ultrasonic velocity well correlated with the PMP of
cast irons.
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In the present work we suggest to expand tech-
nical possibilities of structuroscopy for rejection
of high-strength cast iron from gray cast iron, to
apply the method consisting in using as an informa-
tive parameter the mean-square amplitude of waves
backscattered on graphite inclusions (or structural
noise). It determined in the characteristic time range
At,, = t,—t,, where the choice of time boundaries
is realized from the condition, at which the super-
imposition of additional waves is excluded. It is as-
sumed that the control of the local subsurface zone of
the object can be realized without using data on the
parameters of the acoustic signal reflected from the
opposing wall of the object under study.

It should be noted that similar problems for esti-
mating the grain baleness or determining the bound-
ary of the thermally hardened layer characterized
by the difference in grain size of the structure of the
metal hardened by chemical-thermal treatment were
solved, for example, in [9-10]. In this case, as it is
known [1], such acoustic samples as ultrasound ve-
locity C, specific acoustic resistance R and elastic
moduli change not so significantly depending on the
baleness or grain size of the metal.

In [10]. to increase the reliability of measure-
ments it was proposed to use as a reference signal
to use the amplitude of the "penetration signal"
Ay, which is a pulse of a surface wave propagat-
ing along the boundary of the ultrasonic probe (UP)
with the steel surface from the ultrasonic source to
the receiver of waves. The object of the present re-
search are cast iron samples differing in the form of
graphite inclusions, on which, according to known
data, both physical-mechanical and acoustic prop-
erties correlating with them essentially depend. In
this case, the change in the ultrasonic velocity and
specific acoustic impedance can reach tens of per-
cent. It should be expected that the scattering field
of ultrasonic waves on the ensemble of graphite
inclusions will change more markedly depending
on their shape, size and content of the spherical,
vermicular graphite, which, naturally, requires re-
search to develop a method for rejecting cast irons
according to their amplitude characteristics of
structural noise.

Thus, the purpose of the present work was to
study the features of ultrasonic wave scattering in
cast iron samples depending on their structure, ten-
sile strength, as well as correlated with them ultra-
sonic velocity, which is of interest for the develop-
ment of a method of rejecting cast iron, for example,
high-strength from gray cast iron.

Development of the methodology and scheme
of acoustic measurements

Below, along with the development of a meth-
odology for research into the scattering of ultrasonic
waves mainly on graphite inclusions of cast irons
and the analysis of the acoustic path, are the means
of measurement explained in Figure 1. The latter il-
lustrates the scheme of measurements designed to
determine the amplitude characteristics of the scat-
tering field of the probing signal, which is the subject
of research.

6 7

4 5

PR AN
Wrwir=alt
\53 L A

1

Figure 1 — Scheme of the experimental study of the influ-
ence of cast iron structure on the amplitude characteris-
tics of the backscattering field: 1 — object; 2 and 3 — emit-
ting and receiving elements (sensors) of the transducer;
4,5 — generator and receiver of electrical impulses, re-
spectively; 6 — device 11-8; 7 — electronic block of signal
processing; 8 — graphite inclusions

The object of research were the samples of cast
irons produced at Minsk Automobile and Tractor
Plants, belonging to gray cast iron grades (CYU10-
CY25), high-strength (BU50), ductile (KBY35), hav-
ing ferrite and pearlite phases in the base. Primary in-
formation about the structure and their physical and
mechanical properties, including tensile strength,
hardness, etc., was obtained on the submitted sam-
ples.

At the preliminary stage of the work, a set of
studies was carried out to select the optimal design of
the device containing two prismatic UP, with charac-
teristic prism angles (4° < {y, B} <10%) and operat-
ing frequency f= 1.8—10 MHz. At the same time, the
distance between the emitting and receiving trans-
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ducer of the ultrasonic device was varied in the range
/= 0-2 mm, and the angle B = . In view of the small
angles of the UP prism, it is fair to estimate the input
angle of the longitudinal ultrasonic wave into the
steel according to (1):

a = arcsin[(C,/C,) sinB =B C,/C, , (2)

where C, is the ultrasonic sounding velocity in the
UP sounding prism; C, — in cast iron, which, as will
be shown below, increases with increasing number
of gray cast iron grade (from CY10) to high-strength
(BUY50). increases with increasing strength of sam-
ples up to 30 %. As follows from (3), in this case,
the angle of entry of the ultrasonic coil into the metal
should decrease by almost the same amount).

Installation for research (Figure 1) contains a
generator of pulse signals with bell-shaped envelope
fed to the radiating probe of the device, which excites
in the sample elastic oscillations, part of the energy
flow of which spreads along the interface surface of
the working surface of the UP, cast iron wetted with
contact fluid. The other part is scattered on graphite
inclusions (predominantly) and metal grains, form-
ing the so-called field of ultrasonic vibrations scatter-
ing on material inhomogeneities or "structural noise"
caused mainly by graphite inclusions. Then the sig-
nal is received by the receiving probe amplified and
gets simultaneously to the electronic signal process-
ing unit and to the computer screen. With the help of
a special program, the processing and determination
of the amplitude value of the of the scattering waves
or structural noise of the 4" recorded at which there
is no superposition of additional parasitic signals and
the arrival time of the impulse reflected from the op-
posing wall #=1¢,. In this case, the A" is defined as
root mean square value of the amplitude of the ultra-
sonic wave scattering field measured in the time range
t, <t<t,, and:

AV =[0 (4)1) iy,

where 4,=A(t,) is the amplitude of the i th signal
measured at the moment 7.

Synchronization of electronic units and selec-
tion of the working area of the receiving signal pro-
cessing is performed with the help of the time inter-
val meter M1-8 (Russian). (Its use allows to measure
by echo-method the longitudinal wave velocity in
cast iron with an acoustic base of 4 cm with an error
not worse than 0.3-0.5 %). To increase the reliability
of measurements the following is performed. At the
beginning, the adjustment of the measuring system

(€)

and electronic units is checked on each sample using
a special witness sample. And to increase the reli-
ability of the 4" value estimation, it is determined as
the average of four readings recorded on the sample
surface when the UP shifted by 0.5-1.0 mm relative
to the initial position.

Research results and their discussion

As mentioned above, the subject of the pres-
ent studies are acoustic parameters of surface and
subsurface waves backscattered on graphite inclu-
sions, which are compared with our data on ul-
trasonic velocity, as well as data on physical and
mechanical properties, including tensile strength,
etc., measured on the equipment of the central ten-
sile tear strength laboratories of Minsk automobile
and tractor plants.

The first, or preliminary stage of the work was
to identify plant the optimal device design and ultra-
sonic (piezoelectric) transducer, operating frequency
which is expected to be published later. It was found
that the best reliability and stability of readings is
achieved when the distance between the prisms of
UP [—Al, where Al is the thickness of the sound-
insulating layer separating the emitting and receiving
prisms of the ultrasonic probe, the design of which
is similar to the separately combined transducer [1].
The best sensitivity of amplitude readings to changes
in the structure of cast irons was observed at operat-
ing frequencies /= 4-5 MHz.

Moreover, Figure 2 shows characteristic depen-
dences of amplitude-time characteristics A(¢) of the
field of scattering of the acoustic signal on the graf-
fite inclusions of different shapes, called "structural
noise".

Figure 3 illustrates an important result of the
work — dependence of the basic characteristic of
structural noise A" (Formula 1) obtained on cast iron
samples with different shape of graphite inclusions in
the selected time interval At,,, as well as the velocity
of ultrasonic testing from the value of their strength
or tensile tear strength o.

As can be seen from the presented in Figure 2
amplitude-temporal characteristics of structural noise
A(?) quite clearly traced their growth with "com-
plication" of the form of graphite inclusions from
spherical (samples BU50) to lamellar (CU15, CY25),
differing in value ¢. This is confirmed more clear-
ly by the data of change in the mean-square ampli-
tudes of A" structural noise and ultrasonic sounding
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velocity from the value characterizing the strength of ~ data for samples BU50 and KBYS it decreases up to
materials (Figure 3). In the first case this difference  7-8 dB. As for the ultrasonic velocity, its change is
is of 13—14 dB, and when comparing the obtained of 20-25 %.
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Figure 2 — Characteristic amplitude-time dependences of the structural noise caused by ultrasonic scattering on graphite
inclusions in cast irons of BU50 (a), UBI'35 (b), CU25 (c¢), CU15 (d): root mean square value of the amplitude of the
ultrasonic waves backscattering field characterizing the structural noise 4", mV =2 (a), 3,1 (b), 8,8 (¢), 12 (d)

On the basis of the data obtained above it — there are difficulties or practically impossible
should be concluded that it is possible in principle to apply known acoustic methods of probing, includ-
to carry out quite reliably rejection of high-strength  ing measurement of the ultrasonic velocity, signal
cast irons from gray irons of the specified grades, spectrum or attenuation coefficient, which is mainly
as well as those that are close to them in properties, due to the shape and geometry of the controlled ob-
which is very important for expanding the techni- ject;
cal possibilities of diagnosing the structure of cast — additionally requires probing the structure of
irons and their properties. It should be noted that it  the material in certain local zones of the object in the
is preferable to use the proposed method in those absence of a reference signal created by the reflec-
cases when: tion of the acoustic pulse from the opposing.

196



Tpubopwvr u memoowl usmepeHul
2023.—T. 14, Ve 3. - C. 191-198
A.R. Baev et al.

Devices and Methods of Measurements
2023, vol. 14, no. 3, pp. 191-198
A.R. Baev et al.

AN, 102V

30 C, 10°
) 76.0
2.5T N .o: i
\ 2 Y 244 1°-
2,0t <! 2T
\\ }4/
1,57 <« >0
\\
1,01 > ‘oo 14.5
(1 N 1
0 5,
0.5T o ‘Qa—'-‘-o—O—e 140
} t } t 6:()
1 ()()I 20 I30 | 400 | 5& c. IMl'[a
CY KBY BY

Figure 3 — Experimental dependences of the root mean
square value of the amplitude of the ultrasonic waves
backscattering field characterizing the structural noise (1)
and longitudinal ultrasonic velocity (2) on strength or tem-
porary tensile strength

As for the depth of metal probing #, it can be es-
timated on the basis of data on the above-mentioned
characteristic time interval ¢, <¢<¢, of the fixed
structural noise created by the acoustic pulse at scat-
tering, which arises as a result of signal scattering on
grafite inclusions:

h=0.5C (t,-t,),

which reaches 5-10 mm. At the same time, the use
of Barkhausen noise [2] for this purpose, even in the
best design, gives information about the properties
of cast iron to a depth of no more than 0.5—-1 mm.

It should be noted that at present the theoreti-
cal description of the above processes of ultrasonic
scattering on graphite inclusions having a very com-
plex shape and representing an ensemble of spatially
distributed chaotically scatterers (reflectors) is the
ultrasonic wavelength, is not possible. Analyzing
the influence of the shape of graphite inclusions (as
well as the area of the metal-graphite boundary §)
on the 4" amplitude parameters and the course
of the dependence of A(¢) on o, we to the roughness
predominantly can state their simultaneous decrease.
It is assumed that there is the increase in the area
of interaction of the acoustic field with the ensemble
of ultrasonic scatterers, as well as its special geom-
etry, that have a significant effect on the mechanism
of interaction of elastic oscillations with inhomoge-
neities of inclusions and on the intensity of structur-
al noise received by the UP transverse dimensions

d; <<\ where A is the ultrasonic wavelength, is prac-
tically impossible.

As it follows from our study the evaluation of
cast iron structure by the proposed method depends
on the requirements to the reliability of measure-
ments, which mainly depends on the preparation of
the contact surface area of the object on the area of
1-1.5 cm?, including its roughness (R, <5-10 pm).
For convenience of operation and constancy of
acoustic contact in any spatial position of the ultra-
sonic device on the object, it is proposed to use com-
pact magnetic nozzles made of rubber.

Conclusion

On the basis of the developed methodology and
installation, a complex of studies of structural noise
created as a result of ultrasonic waves dissipation on
graphite inclusions of different shapes at one-way
sounding of grey iron samples (CU10, CU15, CU20,
CU25), high-strength iron (BY50), forging iron
(KBU35). At the selected optimal operating frequen-
cy of 5 MHz the amplitude-time A4(?) is obtained, as
well as the mean-quadratic dependence of the ampli-
tude of 4", scharacterizing the structural noise, and
longitudinal wave velocity on strength or temporary
resistance to rupture at a tensile 6 = 120-165 MPa.

As a result of the research, a significant differ-
ence between the parameters of structural noise 4"
of the samples to study was revealed. For example,
for grey cast iron samples (CU10—CUY25), which
have predominantly lamellar graphite inclusions,
the A" value is of 13—14 dB or more than that mea-
sured in high-strength cast iron BU50 specimens
with the prevailing form of spherical graphite inclu-
sions. At the same time, it was found that ultrasonic
velocity speed decreasing were to be of 20-25 %
respectively. For cast iron samples KBY35, the
measured 4" value is of 45 dB less than that of
the prevailing form of spherical graphite samples
of cast irons.

For the first time, a method for rejecting high-
strength cast iron grades BU with number 50 and
more — from grey cast iron is proposed, consisting
in for one-way ultrasound input-reception of metal
without the use of an additional support signal re-
flected from the opposing wall, and determination
of the mean quadratic amplitude root mean square
value of the amplitude of the ultrasonic waves back-
scattering field on graphite inclusions in a specified
time interval.
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Abstract

The dispersion control of micro- and nanoparticles by their images is of great importance for ensuring
the specified properties of the particles themselves and materials based on them. The aim of this article was
to consider the possibilities of using the Hough transform for dispersion control of overlapping particles and
their agglomerates. Analysis of the application of the Hough transform for overlapping particles and their ag-
glomerates showed the following. The particularities of the conventional implementation lead to the preferred
registration of large particles, the shift of the centers of overlapping particles, and the distortion of the size
values. To use the Hough transform correctly, fine-tuning of all its parameters is required. To automate this
process, the dependences of the number and size of particles recorded in the image on the parameters of the
Hough transform was investigated. The studies were carried out on test images with a known number and
size of particles. The results showed that when the threshold parameters of the Hough transform change, the
number of detected particles stabilizes near their optimal values. When the size range of particles detected by
the Hough transform changes, the histogram of the particle size distribution changes. In this case, the optimal
width of the range is determined by the most stable extremes of the histogram. The maximum center-to-center
distance is set at least half of the optimal range. The configuration algorithm is described and implemented.
It implies repeatedly running the Hough transform with different combinations of parameters. The algorithm
includes stages of coarse and fine-tuning, which allows to getting closer to the optimal parameters. The ef-
ficiency of the algorithm has been confirmed on test and real images. Tests have shown that the errors in de-
termining the size and number of particles of the multi-pass Hough transform are on the same level or exceed
these indicators for analog methods.

Keywords: scanning probe microscope, SPM image, particles, dispersion control
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IIpumenenune npeodpasoBanus Xada 1 KOHTPOJIA
AUCIIEPCHOCTH HAKJIAABIBAIIIMNXCH YACTHI] U UX

arjiomMeparoB
ILB. I'ynsieB

Yomypmekuii pedepanvrviii uccieoosamensckuii yenmp Ypanvckozo omoenenus Poccutickoii akademuu Hayx,
ya. umenu T. Bapamzunotl, 34, 2. Hoicesck 426067, Poccus

Tocmynuna 05.06.2023
Ipunama x nevamu 04.09.2023

KonTponp nmucnepcHOCTH MHKpPO- W HAHOYACTHI[ 10 HM300paXEHHSIM HMEET OOJbIIOe 3HAYeHHE
JUTsE oOecTriedueHus 3aIaHHBIX CBOMCTB CaMHUX YacTHIl M MaTepHajoB Ha WX ocHOBe. Llenpro manHO#l pabOTHI
SIBIISITIOCH MCCIIEZIOBaHNE BO3MOXKHOCTEH MpUMeHeHHs mpeodpazoBanus Xada st KOHTPOJS TUCTIEPCHOC-
TH HAKJIAJBIBAIONIUXCA YaCTHUI[ W MX arjoMeparoB. AHanmW3 TMPHUMEHEHHs mpeoOpasoBaHus Xada
JUTST HAKJTaIbIBAIOIIMXCS YacTHI] W WX arjioMepaToB ToOKazan ciexyromee. OcoOeHHOCTH KOHBEH-
[IMOHAJBPHON pealn3aliy TPUBOMAT K MPEANOYTHUTENFHOW pErHCTpaliyd OONBIINX YaCTHI], CMe-
IMICHWIO TIEHTPOB TEPEKPBHIBAIOIINXCS YACTHIl, HCKAXEHHWI0 pa3MepoB. [l KOPpPEeKTHOTO WCIOb-
30BaHMs TpeoOpazoBanms Xada TpeOyeTcss TOUHAs HACTpOWKa BCeX ero mapameTpoB. s aBTOMa-
TH3allMd TaKOW HACTPOMKH WCCIEIOBAaHBl 3aBHCHMOCTH KOJHMYECTBA W pa3Mepa pPEerHCTPUPYEMBIX
Ha W300paKEHWHM 4YacTUI[ OT TapaMeTpoB TpeoOpazoBanms Xada. McciaemoBaHus TPOBOAMINCH
Ha TECTOBBIX HM300paXEHHAX C W3BECTHHIM KOJIWYECTBOM M pa3MepaMu YacTuIl. Pe3ymbTaTsl mokazaim,
YTO TPU W3MEHEHWH IIOPOTOBBIX IMAapaMeTpoB TpeoOpa3oBaHus Xada HYHCIO PETHCTPUPYEMBIX
YacTUIl CTAOMIM3UPYyeTCs BONM3M WX ONTHUMAIBHBIX 3HaueHWH. [Ipm m3MeHeHMM amama3oHa pa3MepoB
perucTpupyeMbeix mpeoOpa3oBanneM Xada UYacTHIl W3MEHSAETCS THUCTOTpaMMa pAaCIpeleNIeHns YacTHI]
mo pasmepam. llpm 3TOM omnTHManbHAas IHWPHHA IUama3oHa OIpeNeNsieTcs Mo Hauboyee yCTOMYHUBBIM
IKCTpPEMyMaM THCTOTpaMMbl. MaKCHMalbHOE MEXIIEHTPOBOE PACCTOSHHE YCTAaHABIMBAETCS HE MeHee
MOJIOBMHBI ~ ONTUMAIBHOTO jauamna3oHa. OmucaH ©  pealn3oBaH  aITOPUTM  HACTPOWKH, TIOA-
pa3yMeBalOIIM  MHOTOKPAaTHBIM  3amyck mpeoOpazoBanmss Xada ¢  pa3IUIHBIMH  KOMOHWHa-
OUAMHA  TIapaMeTpPoB. AJTOPHTM BKIIOUAET OJTambl TPyOOH W TOYHOW HACTPONKH, ITO3BOJISIIO-
e TOYHEee TMPUOTU3UTCS K ONTUMAIbHBIM MapaMerpaM. PaboTOCIOCOOHOCTh anropuTMa TO-
TBEp)KJIEHA Ha TECTOBBIX M pEAIbHBIX H300paxkeHWsX. llpu STOM MOTpEmHOCTH OmpeeNeHus
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Introduction

The micro- and nanoparticles dispersion con-
trol is important to ensure the specified properties of
particles and materials based on them. Traditionally,
various types of microscopy associated with obtaining
high-resolution images are used to dispersion control.
Conventional methods [1] of processing such images
imply segmentation, identification of objects and mea-
surement of their sizes. Threshold filtering (binarization
[2, 3]) and contour analysis [4]) are the most common
segmentation tools. However, the use of these tools
reduces the accuracy of determining the size of over-
lapping particles and particles with varying degrees
of brightness. There are more complex segmentation
methods, for example, parametric [5], variational [6],
neural network [7]. These methods have significant
limitations in application (complexity of implementa-
tion, high demands on computing resources) and are
not always available in open libraries such as OpenCV.

The disadvantage of conventional image pro-
cessing procedures is the necessity of manual pa-
rameter settings. At the same time, for automation
of dispersion control, it is advisable to use methods
with automatic parameters setting [8]. In addition, as
shown in [9], conventional methods for segmentation
of overlapping and touching particles do not always
determine their real contours. In this case, structural
methods that can take into account the hidden part of
the particle contour are more effective. Such methods
include surface curvature detectors [10] and geomet-
ric shape detectors based on the Hough transform.
Unlike curvature detectors, the Hough transform has
found much wider application in commercial [11]
and free software [12]. The aim of this article was to
consider the possibilities of using the Hough trans-
form for particle dispersion control.

Problem definition

The scheme for calculating the distribution of'il-
luThe simplest case [13] of particle dispersion moni-
toring implies manual parameters adjustment and
manual results filtering, more complex — the use of
additional add-ons, such as neural networks [14], fil-
ters [15]. However, this approach reduces the avail-
ability of the resulting software. The main task of
this work is to develop an algorithm for automatical-
ly adjusting the parameters of the Hough transform
without modifying the conventional implementa-
tion of the transform. This implementation generally
includes the following procedure.

1. To find the boundaries of objects in the image,
contours are allocated using the Canny method.

2. The brightness gradient for the boundary
points is calculated.

3. Rays perpendicular to the tangent to the
boundary points and directed along the brightness
gradient are plotted.

4. Candidate centers of circles are localized.
These include the image pixels through which the
largest number of rays have passed.

5. The dimensions of the circles are determined.
Non-zero points are located around the candidate
centers at a distance taking values from the minimum
to the maximum allowable radius. The final radius of
the circle is defined by the largest number of bound-
ary points removed from the candidate center by the
value of this radius.

The conventional implementation of the Hough
transform in conditions of superposition of particles
with a large size range, as well as in the presence of
noise, may have the following disadvantages.

1. Incorrect localization of particle centers
caused by in local gradient calculating errors (espe-
cially on small, low-contrast particles).

2. Inaccurate determination of the particle size
in agglomerates caused by the fact that only one cir-
cle is assigned to each candidate center.

3. There is a preferred registration of large cir-
cles (pseudo-circles, fragments of circles), since for
them the threshold of correspondence (coincidence)
to the candidate center turns out to be greater than for
small circles.

These disadvantages are partially eliminated
by manually adjusting the parameters of the Hough
transform. However, to do this, it is necessary to
change up to five parameters at the same time, and
this increases the processing time and the risks of
human influence on the results. At the same time,
there are examples of particle size control algorithms
that do not require manual adjustment. These include
neural networks, for example, ParticlesNN [16], and
the ELSD method (ellipse and line segment detector,
a detector of line segments and ovals) [8]. The re-
sults of segmentation of images of overlapping par-
ticles (Figure 1a) using these methods are presented
in Figure 1b,c and in Tables 1, 2. Four types of test
images were used for evaluation: type 1 —a set of
densely packed particles of the same size; type 2 —
particles of three standard sizes with a low density of
placement; type 3 — particles of three standard sizes
with high density of placement; type 4 — particles of
two standard sizes with a high density of placement.
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Figure 1 — Particles detection in the source images (a) using a neural network (), the ELSD method (c) and the multi-
pass Hough transform (d)

The 256%256 test images were formed from a Vv (e xa (v v )2 < R2-
background relief F[x,y], simulating the non-ideality X,y (X=Xo)"+(y=yo)" <Rg:

of the scanner, and a particle image Q[x,y] with ra- O[x,y]=z20+2 \/ R2—(x=x0)>—(y—y0)?.
dius R, and coordinates (x, ¥, z,):

Flx,y]=255-2R+ As Figure 1 shows, even the most modern
+(R0 /(2sin(0,5x7/128))+ Ry /(2c0s(0,5ym/ 128))); means of dispersion control require some refinement:
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neural networks — additional training; the ELSD
method — filtering of neighboring results. This
gives reason to consider that the development
of algorithms for automatic adjustment of the Hough
transform parameters may be of great practical im-
portance due to the wide use of this transformation.
The conventional implementation of the Hough
transform, presented in the OpenCV library, involves
setting five parameters: the center-to-center distance,
the minimum R ;, and maximum R, radii of par-
ticles, the Canny threshold p, and the Hougt accu-
mulator threshold p,. The value of p, determines
the sensitivity of the Canny detector (the higher the
value of p,, the lower the sensitivity). The value of
P, determines the sensitivity of the Hough transform
(the lower the value of p,, the more circles are reg-
istered). Studies have shown that the graphs of the
dependence of the number N of registered circles on
the values of p,, p, have stabilization zones outlined
with a dashed line in Figure 2, which was obtained
during image processing type 3 Figure la. These
zones correspond to the optimal values of p,, p,.

min

Number of circles
[\ N [\
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Figure 2 — Examples of graphs of the dependence of the
number of detected particles (image type 4 in Figure la):
a—from the Canny threshold; b —from the Hough
threshold

Determining the size range
and center-to-center distance

The range of the detected particles sizes (mini-
mum R, ; and maximum R, sizes) significantly af-
fects the results of the dispersion control. Too large
a range of sizes in the presence of agglomerates
and overlapping particles leads to the registration
of pseudo-circles near the maximum values of the
range. In this case, you can use the analysis of the
histogram of the particle size distribution in pixels
of the image (px). In particular, when changing the
range in the histogram, those peaks (marked with
arrows in Figure 3) that correspond to real particles
will be stable.
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Figure 3 — Histograms of particle size distribution for the
image type 3: a —range 0-20; b —range 0-30; ¢ —range
0-50; d — range 0-70

After specifying the size range of the recorded
circles, the minimum center-to-center distance is set
at a level that is at least half of the width of the range.

Parameters setting algorithm

Based on the studies described above, the algo-
rithm for setting the parameters of the Hough trans-
form (multi-pass Hough transform) can be formu-
lated as follows.

Step 1. The p, value is adjusted. The image is
processed with different p, values in the range from
1 to 300 in increments (50), with a minimum value
of p, = 1. The stabilization zone is determined auto-

matically based on the minimum change in the num-
ber of particles N with a change in p, (minimum of
the first derivative). If there are several stabilization
zones, p, is determined according to the minimum
extremum of the number of particles (circles).

Step 2. Coarse adjustment of p, is carried out.
The image is processed with different p, values in the
range from 1 to 100 in increments (10). The range
of the p, value is set in accordance with the stabiliza-
tion zone (zone of minimal change) of the particles
number.

Step 3. A histogram of the particle size distri-
bution is formed. The range of particle sizes and
the center-to-center distance is determined.

Step 4. Fine-tuning of p, is performed within
the previously set range. The value of p, is increased
with a small step (1) to stabilize the number of par-
ticles (clusters).

The results of comparing the multi-pass Hough
transform with analogous methods are presented in
tables 1, 2 (the results are obtained on test images
presented in Figure 1a). The value of ¢, in Table 1
was defined as the relative deviation of the number
of detected particles N from the true value of N;:

EN =|N—No|/N().
The value of ¢, in Table 2 was defined as the

relative deviation of the average measurement value
R from the true value of the radius R,:

.

Table 1
Relative error ¢y of determining the number of particles
Particle size deter- Image (Figure 1a)
mination method Type 1 Type 2 Type 3 Type 4
ParticlesNN 0.477 0.266 0.120 0.200
ELSD 0.136 0.200 0.060 0.127
Multi-pass Hough 0.022 0.020 0.018
transform
Table 2
Relative error g, of the particle radius determination
Particle size deter- Image (Figure la)
mination method Type 1 Type 2 Type 3 Type 4
ParticlesNN 0.037 0.061 0.526 0.489
ELSD 0.043 0.058 0.036 0.007
Multi-pass Hough 0.022 0.037 0.031 0.015

transform




Tpubopwvr u memoowl usmepeHul
2023.—T. 14, Ne 3. — C. 199-206
P.V. Gulyaev

Devices and Methods of Measurements
2023, vol. 14, no. 3, pp. 199-206
P.V. Gulyaev

Tables 1, 2 show that the accuracy indicators €,
g of the multi-pass Hough transform on the test im-
ages are on the same level or exceed these indicators
for analog methods.

250

_ = NN
[ AN B T V]
w O W

.

Number of circles
W

9 2
wn O

36 38 40 42

Hougt accumulator threshold

a

For real images (Figures 4, 5), the stabiliza-
tion zones available on the dependence graphs
N(p,), N(p,) may be relatively narrow and not
obvious.

Figure 4 — Relative stabilization of the number of silver nanoparticles (a) and results of particles detection in the ima-
ge (b). Image from the NT-MDT Spectrum Instruments website: https://www.ntmdt-si.com/resources/scan-gallery

Number of circles

17.5 20.0 225 250 27.5 30.0 325
Hougt accumulator threshold

15.0

a

b

Figure 5 — Zones of relative stabilization of the number of erythritol particles when the parameter p, is changed (a) and
results of particle separation in the image (b). Image from the NT-MDT Spectrum Instruments website: https://www.

ntmdt-si.com/resources/scan-gallery

Therefore, it is advisable to accompany the ad-
justment of these parameters by monitoring the ab-
solute and relative values of the particles number.
In particular, in Figure 4a, the relative stabilization
zone is located in the range p, = 38—40 and is charac-
terized by a minimal change in the particles number.
At the same time, an estimation of the target range
of the absolute value of the particles number can be
obtained using the minimum R _;, and maximum
R, values from the histogram, as well as the image
sizes SxS§ in pixels:

Nmin :(S/Rmin )2§ Nmax Z(S/Rmax )2~

Figure 5a shows three stabilization zones, from
which the first zone was automatically selected, fo-
cusing on the minimum deviation from the permissi-
ble number of particles N,;, = 164. The correspond-
ing result is shown in Figure 5b.

Conclusion

The performed studies allowed to obtain the
following results. When changing the threshold pa-
rameters of the Hough transform, zones of detected
particles number stabilization are observed, which
determine the optimal values of the transformation
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parameters. At the same time, the histograms of the
particle size distribution show distinct peaks cor-
responding to the marginal sizes of the detected
particles and determining the range and minimum
center-to-center distance of the Hough transform.
Based on the results obtained, an algorithm has
been developed for automatically adjusting the pa-
rameters of the Hough transform.
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CoBpeMEeHHBIC CPEJICTBA KOHTPOJISI CUCTEM O0ECIICUCHHUsT BOJON Ha MPEANPUSITHUIX WIH B JKUIHIHON
cdepe UCIONb3YIOT Ja3epHbIe CUCTEMbI 30HAMPOBAHUS KUAKOCTH. [Ipu 3TOM, Kak MPaBHII0, HCIIOIB3YIOTCS
nabopaTOpHbIC aHATU3bl MOJYYCHHBIX MPo0 JKUIKOCTH, a TakKe CIEKTPaJbHBIC METOABl aHaln3a
Ipru CKaHUPOBAHUU KUJIKOCTHU U3JTYHYCHUCM PA3HBIX JJIMH BOJIH. Ot noAXOoAbl HE MO3BOJIAIOT MPOBOAUTH
aHaJM3 B peaJlbHOM MacliTabe BPEeMEHH JIBHIKYILETroCs MOTOKA JKUAKOCTH (TOTOYHBIN aHanmu3). B pabore
paccMOTpeH BapHaHT TOCTPOCHHSI CHUCTEMbl OOHapyXEHUsl M HJICHTU(UKAIMKA aBapUHHBIX CTYCTKOB
3arpsI3HSAIONIMX BEUIECTB B OTOKE *KHJIKOCTH C UCTIOJIb30BAHNEM JIa3€pPHOT0 U3IyUYEHHUs B pealbHOM MacIlTa-
Oe¢ BpeMeHU. [IpuBeieHBl OCHOBHBIE TIPUHIIMIIBI TOCTPOCHUSI CUCTEMBI, OJIOK-CXeMa CTPYKTYPbI CHCTEMBI U
napaMeTphbl I/IILGHTI/I(i)I/IKaHI/II/I CTYCTKOB HUCCJICAYCEMBIX BCIICCTB, IMPOTCKAIOIINX B pr60HpOBOI[aX CHUCTEMbI
KaHaJIM3alluu WJINW BOJOOYUCTKU HA MPOMBIINUICHHBIX MPECATIPUATHAX. HpI/I IMOCTPOCHUHU CUCTEMbI HCIIOJIb-
3yeTcsl HECKOJIBKO JUIMH BOJIH JIA3€PHOIO U3JIy4€HUsl, OJHOBPEMEHHO HAIPABJIEHHBIX B OJHY HCCIELYEMYIO
TOUKY CTryCTKa HCCJICAYEMOr'o IIOTOKa XKUAKOCTH. I[JII/IHI)I BOJIH M3JIyYCHHSA ONPCACIIAOTCA Ha CTaauu
MIO/ITOTOBKH K MccienoBanuio. Ha 3Toil HauaneHOM cTaanu nporecca aHaTU3uPYIOTCS ONTHYECKHUE CIIEKTPBI
MIPOITyCKaHMs BEIIECTB, KOTOPbIE allpHOPH BO3MOXKHBI B HCCIIETyEMOM MOTOKE KUAKOCTH. OCHOBHOM KpHTe-
pI/Iﬁ Bm60pa JJIAH BOJIH — PAa3JInure ONTHYCCKUX CIICKTPOB IMPOIIYCKaHWA BCUICCTB Ha BbI6paHHBIX JJINHaX
BOJIH. I[JISI BO3MOKHOCTH TCXHUYCCKOT'O PA3JAC/ICHUA CUTHAJIOB HA PA3JIMYHBIX MJIMHAX BOJIH 30HAUPYIOUICTO
U3JIYUCHUA TMPOU3SBOAUTCA MOAYJIALUA TIIOTOKOB I/I3J]y‘-ICHI/II7L COSI[aHI/IC 3TAaJIOHOB I/II[CHTI/I(bI/IKaHI/H/I
BEIIECTB B CTYCTKaxX IOTOKA >KUAKOCTH TPOU3BOAUTCS B (QOpME pemieTdaTbix (QYHKIHHA, COIEpIKaIIiX
COCTABJIAIOIINE ONTUYECKOrO CIEKTPa MIPOIYyCKaHUs BELIECTBA Ha ONPEEJICHHBIX [UIMHAX BOJIH Ja3€pHOI0
n3irydeHusl. MOoaysiuio U3JIyd4eHHs NPEeAIaracTcsl MPOBOAMUTH IyTEM YIPAaBICHUS HAKAYKOM KaXJI0ro
u3 uanydarenedl cuctemsl. [Ipemaraemasi cucreMa HaieT MpUMEHEHHEe B He(TerazoBOH, mepepadarbl-
BaIOIHCﬁ IMPOMBIIIJIICHHOCTU, B CHUCTCMax q)HJILTpaHI/II/I U OYUCTKU BOI[OCH36)KCHI/I$1, MIPOMBIIIJIICHHBIX
NPENPHUITUSAX U MPEIIPUSTHIX TePepabOTKU CeTbCKOX03HCTBEHHON MPOIYKIIUH.
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Abstract

Modern tools of water supply systems monitoring at enterprises or in the housing sector use laser lig-
uid sensing systems. In this case, as a rule, laboratory analyses of the obtained liquid samples are used, as
well as spectral analysis methods when scanning the liquid with light for different wavelengths. These ap-
proaches do not allow for real-time analysis of a moving fluid flow (flow analysis). The paper considers a
version for constructing of a system for online detecting and identifying emergency clots of pollutants in a
liquid stream using laser radiation. The basic principles of the system construction, the block diagram of the
system structure and parameters for identification of clots of substances under study flowing in the pipelines
of the sewage or water treatment system at industrial enterprises are given. When constructing the system,
several wavelengths of laser radiation are used, simultaneously directed to the one point of the studied clot
of the studied fluid flow. Light wavelengths are determined at the stage of preparation for the study. At this
initial stage of the process, optical transmission spectra of substances that are a priori possible in the studied
fluid flow are analyzed. The main criterion for wavelengths choose is difference in substances optical
transmission spectra at the se selected wavelengths. For the possibility of technical separation of signals
at different wavelengths of the emitting radiation, the radiation fluxes are modulated. Creation of standards
for identification substances in fluid flow clusters is carried out in the form of lattice functions containing
the components of the substance optical transmission spectrum at certain wavelengths of laser radia-
tion. Modulation of radiation is proposed to be carried out by controlling the pumping of each emitters
of the system. The proposed system will find application in the oil and gas, processing industry, water filtra-
tion and purification systems, industrial enterprises and agricultural processing enterprises.

Keywords: laser probing, laser radiation modulation, substance spectrum analysis
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BBenenue

B psige 3amaq oOHapysKEHHsI CTYCTKOB BEILIECTB
B TIOTOKE JKHAKOCTH HCIIOJIB3YIOTCS JIa3epHbIC
MeTOABl HACHTH(UKamuu BemecTs. OmpauM w3
HaIpaBlieHUH TOCTPOEHUS CHUCTEM OOHAPYKEHHS
1 UACHTU(UKAIMU CTYCTKOB KaKHX-JIMOO BEIIECTB
SIBIIICTCS.  30HIUPOBAHHE IKHUIKOCTH JIa3epHBIM
JYy4OM C Pa3IMYHBIMU JUIMHAMHU BOJH W3TYYCHHS.
[Momydaemprii  mpu  1MOJOOHOM  30HIUPOBAHHH
ONTUYECKUI CIEKTP MPOMYCKAHHS HCCIETyEeMbIX
BEIIECTB MO3BOJISIET HICHTU(PHUIINPOBATH BEIIECTBO,
a, CIIeIOBATENbHO, W OOHAPYKUTh 3TO BEIIECTBO
B moToke >kumkoctd [1-3]. B mampHelmem B
CTaThe pPacCMATPUBAIOTCS ONTHYECKHE CIIEKTPHI
MIPOITYCKaHMS PA3IMYHBIX BEIIECTB.

Ho cymecTtByeT psin TeXHUYECKHX MpoOieM,
KOTOpbIE  OTPAaHUYMBAIOT  MPUMCHEHHE W3-
BECTHBIX TEXHOJIOTHH J1a3epHOTO 30HAMPOBAHHUS
UCCIIelyeMBIX CPE/I.

Bo-miepBbIX, 30HAMPOBAHHUE  MPOU3BOIUTCS
MHOKECTBOM JIA3€PHBIX JIy4eld C pazIUdHBIMH
JUIMHAMHU BOJTH, COOTBETCTBYIOIIUX ONTHYECKOMY
CHEKTpY OOHapy>KuUBaeMbIX BemiecTB. [lpu >TOM
[IOCIICIOBATEIILHOE 30HUPOBAHUE JIydaMU C pPa3-
JUYHBIMHA JJIMHAMHM BOJIH W3JIYYCHHsI HCKIHOYAeT
BO3MOXKHOCTh OOHApYKEHHUSI BEIIECTB B PEaIbHOM
MaciTabe BpeMenu. [lapannensHoe 30HIUpOBaHNE
Jyd4aMH C pa3HBIMHA JUIMHAMH BOJH W3Iy4YCHHS
MIPUBOJUT K CIIOKHBIM CXeMaM Peai3alliil CUCTEM
Y YCIIOKHEHHUIO KOHCTPYKIIUH aIlaparypebl.

Bo-BTOpBIX, CymecTByer eme mpodiema,
CBs3aHHAsT C HEOOXOJUMOCTHIO 30HAUPOBAHUS
IMOTOKA HUJKOCTH JIA3ePHBIMHU JIydaMHd B OJIHOM
TOUKE CrycTka BeriectBa [4—7]. DTo 0coOEHHO
B&KHO IPH BBICOKOW CKOPOCTH JIBUXKCHHUS IMOTOKA
KUJKOCTH, a Takke NpH HeOONbIMX pa3Mepax
pPETHCTPHPYEMOTO BEIIeCTBa, CPaBHUMOTO C pas-
MEpaMH amnepTypbl ONTORJIEKTPOHHBIX  TIap
«u3myvarenb-poronpuéMHIK» [8, 9].

ABTOpaMu OBUTM TPOBENICHBI KCCIICIOBAHUS
METOZOB OOHapyXeHUs M (UKCAUK aBaAPUHHBIX
CTYCTKOB  Da3lIMUHBIX COpPOCOB B  peajlbHOM
MaciTabe BPEMEHH. BbIIM TMpeIuioskeHbl pas3iiny-
HBbIE TIOAXOMBI K OMpPEIEIIEHHUI0 HEKOTOPHIX BUIOB
CTYCTKOB 3a CUET aHaIM3a ONTHYECKOW IJIOTHOCTH
Cpell Ha BBIOpaHHBIX AaNpPUOPHO JUIMHAX BOIH
na3epHoTo u3nydeHus. [Ipu 3ToM aHaTU3UPOBAIKCH
ONTUYECKUE CIEKTPBI MPEIojiaraéMbix COPOCOB
C BBIJICJICHUEM TaKUX IPU3HAKOB (DOPMBI CIEKTpa
CUTHaJIa KaK 3KCTPEMYMbI, YE€PEIOBAHKUE BIAJUH U
BO3BBIIMICHHOCTEH OPMBI KPHBOM.

JlanpHeilliee pa3BUTHE METOJIOB 3aKIJIIOYaJIOCh
B  WCIIOJIb30BAaHUHM  HECKOJBKHX  BBIOpaAHHBIX
IUTMH BOJH W3ITyYCHHS B XapakTEPHBIX TOUYKaX
ONTHYECKOTO CIIEKTPa WCCIEAYEMOTO BEIIeCTBa.
beu1  mpensiokeH MaTeMaTHMYeCKHMW —anmapar C
WCITOJIb30BAaHUEM  OTHOCHTEIIBHOTO  OMHCAHUS
CITIEKTPOB CHUTHAJIOB, KOTOPBIH TO3BOJIUI CO3AaBaTh
STAJIOHBI HIACHTU(GUIINPYEMBIX BEIIECTB B BHUIC
OTHOCHTEIHLHOTO OIMCaHUA. bBBUIO TIpemsioskeHo
WCIIONB30BaTh  BEPOSITHOCTHYIO ~ MOJENb  JUIs
OTIMCAaHUSl PETUCTPUPYEMBIX ITAPaMETPOB CTYCTKOB
B BHJE OINTHUYECKOM IIJIOTHOCTH HCCIEAYEMOMI
cpensl. PaccmaTpuBanmch pa3indHBIE BeIIECTBa
MpH  aBapUUHBIX cOpoOcax: pacTUTENBHOE Maclo,
He(Th, aAHTHOMOTHKH, MUKPOYACTHIIBI TUTACTHKA H JIP.

OcraBasiack HepemeHHOH mpodiieMa QpuKcanuu
ONTUYECKOTO CIIEKTPa CT'YCTKa B OJTHON TOYKE CPE/IbI
napajuieJIbHO Ha HECKOJIBKUX alpHOpU BHIOPAHHBIX
JUTHHAX BOJIH, YTO U PACCMATPHUBAETCS B HACTOSAIICH
My OJTMKAIIHH.

B pabote paccMoTpeH OIUH W3 BO3MOXKHBIX
BapHaHTOB pealln3allid CUCTEMbl HICHTHU(UKAINN
CTYCTKOB BEILIECTB B IMOTOKE KUIKOCTH B PEATILHOM
Macmrabe Bpemenu [10].

OcHoBHbBIE NMPUHIUIBI MOCTPOCHUSA CUCTEMbI

Tloozomoska k opeanuzayuu npoyecca 30HOUPOBAHUs
cpeosl 8 ude NOMOKA HCUOKOCMU

YcnoBueM SBISETCS MTOUCK BEIIECTB U3 allPHO-
pPU HM3BECTHOTO CIHUCKA, 3aJaHHOTO OIEpPaTOPOM.
[To yka3zaHHBIM B CHHCKE BEIIECTBAM COCTABIISICTCS
MEPEUCHb  ONTHUYECKUX  CIEKTPOB  BELIECTB.
[IpousBonuTcs aHaiaM3 ONTUYECKOTO CIIEKTpa Be-
LIECTB HA OTJAMYMS IO OTAEIbHBIM CIIEKTPAJIBbHBIM
cocrapnsromuM. Jlanee cocraBnsieTcss 0000IIEH-
HBIM CIIMCOK JIJIMH BOJIH L W3 ONTHUYECKOTO CIIEKTpa
KOKJOTO M3 BEIIECTB, MO KOTOPOMY BO3MOXKHO
UACHTU(OUIIUPOBATH BEIIECTBO:

L={L, L, Ly ...Ly,L o ... L, ...

Li={L;y,Lp, Ly, ... Ly},

L,};

raie i—Homep BemectBa, i=1,2,...m (m-
KOJIMYECTBO BELIECTB); k; — MHAEKC CIEKTPaIbHOM
cocrapmsiromie (k=1,...,k;); n—nmnHa cnucka

n=2. (ki ek,
paBHO KOJIMYCCTBY BBI6paHHLIX JJIHWH BOJH JIA
BEIIECTBA i, KOI/a JUIMHEI BOJH PA3JIMYHBIX BEIECTB
HEC ITOBTOPSAIOTCA.

JUIMH BOJIH, KOTOpas paBHa
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OIIBIT TOKA3bIBACT, YTO ISl KAXKIOTO BEIIEeCTBA
Oyaer otoOpaHo He Oosee 3-5 JUIMH BOJIH.
HeoOxoauMo yuuThIBaTh, 4TO KOJTUYECTBO BEIIECTB,
KOTOPBIE PAacCMaTPUBAIOTCS KaK ITOTCHITHMAJILHEBIE
cOpoChl B CHCTEMYy OYHCTKH TPEANPHUSITUS HE
MpeBbIIIAeT 3—5 BEIIECTB.

Cosz0anue 5manonos 0Jis Kaxircoo20
U3 AHATUZUPYEMBIX CCYCMKO8 BEUfeCE

IIpennonararorcss Tpu BO3MOXKHBIX BapUaHTa
[IOCTPOEHUS TAIOHOB!

— B BHJIE peIIETYATON QYHKIIUH C IOTYYCHHBIMH
3HAQUEHUSIMH aMILTUTY/l COCTABISIOMIMX Ui BBIO-
PaHHBIX JUIMH BOJIH JUIS KaXXI0r0 U3 BEILECTB;

— B BHUJIE COOTHOLICHUN MEXAYy aMILIUTYJIaMU
COCTABIISIIOIIMX peIIeTYaToON (GYHKUUH JUIS KasKao-

M

I

Ln-Z J—:n-l Ln

~8

a

TO BEIIECTBA, KOTOPBIE MOTYT OBITH IPHBEICHBI
K OnHapHOU (hopMe peCTaBICHIS;

—B BHUAC OWHApPHOW pemeTdyaToll (yHKIINHU,
MOJTy4YE€HHOU NIPU CPAaBHEHUH aMILIUTY]] pelIeT4aTon
(byHKIIMM C  OINpeneJeHHBIM YPOBHEM IOpOTa
JUTSE K&KIOTO U3 BEIIECTB.

PaccmoTpuMm mocnenHuE W3 TIEpEUYHCICHHBIX
BapHaHTOB.

DTaloHbl Ha KaXJ0€ BEIIECTBO COAEpKAT
3HAYEHUS AMITUTUTY S COCTABIISIONIUX OITHYECKOTO
CIeKTpa TI0O BCEM JUIMHaM BOJH  CIIMCKa
L (pucynok 1). BBoaurcs mnopor omnpeneneHus
3HAYEHUH ONTHUYECKOTO CIEeKTpa BemecTB (AS), 4To
MO3BOJISIET COCTABHTH JTAJOHBI B BUIC OMHAPHOU
peuteryaroii ¢Gynkimu S' co 3nauenumsmu (0,1).
[Ipumep mosydeHus: 3TajioHa B BHJEC OWHAPHOM
peuieTyaToil pyHKIMU pUBEnEH HA pUCYHKE 1.

Sl

1

L 0 L, L[, Is

Ln-l Ln
b

Pucynoxk 1 — [IpencraBnenne pemeTdaToil GyHKINU: @ — UCXOAHAS perrerdaras GyHKOus; b — OnHapHas pemerdaras

byHKIUSA

Figure 1 — Representation of a lattice function: a — the original lattice function; b — the binary lattice function

IIpeBbillieHHE  COCTaBISIONIEH  ONTHYECKOTO
crekrpa S; nopora AS IpuBOIUT K 3HAUEHUIO HTAJIO0-
Ha paBHOMY l; eclin e 3HaueHUE COCTaBJIAIOIIEH
ONTHYECKOTO CIEKTpa HUxke mopora AS, To 3Hade-
HUE dTajloHa npupaBHuUBaetcs 0.

Csedenue uzmyuenull pasHvlx OIUH 60IH K OOHOU
moyKe 30HOUPOBAHUS C2YCMKA 8 NOMOKE HCUOKOCTNU

Ora 3ajjaya MOXKET pelaThCsl C IOMOIIBIO
YCTAaHOBKHM U3JIydaTelied B OJHOW IJIOCKOCTH
ceueHHss TPYObl TO OKPYKHOCTH TPyObl WM
U3Iy4YaTeid COOHMPArOTCS B OJUMH CBETOBOIHBIN
KaHajJ C HalpaBJICHHEM Ha YCIOBHYH TOYKY
WCCJICJIOBAHUSL TOTOKA JKUJKOCTUA 30HIUPYHOIIUM
JIA3E€PHBIM H3JIyYCHUEM.

Ilpy >TOM BO BTOPOM Ciy4ae IOTOKH
W3JTYYEHUsI C Pa3HBIMHU JUTHHAMHU BOJH CMEIIHBAIOT-
ca. CrnemoBaTeiabHO, HEOOXOAMMO B JajibHEHIIIEM

pasjiejiecHHe TIOTOKOB mocie Qukcamuu ux (Ho-
TOMPUEMHHUKOM. OJTO BO3MOXHO TNpU IUPPOBOIA
00paboTKe CUTHAJIA C MCIOJIb30BAHHEM OBICTPOTO
npeobpazoBanust Oypre.

Hpyroit moaxo— MOAYJALMS IMOTOKOB CHI-
HAJOB Ha OMNpEeNeNEHHBIX YacTOTaX, a TOcie
MOJIYYCHHSI OOIIET0 CHUTHAJA €ro JEMOJTYJISIIHS
M0 W3BECTHBIM dYacToTaM Moayisuu. llpm pea-
JMU3alUA ~ WCIIOJIB3YeTCS  MpsMas — MOMYJISIUS
C 4YacTOTHBRIM jmamazoHoM He Beimme 1111
IUIsT o0ecTieYeHHsI JTHHEHHOTO TpoIlecca MOIYJIs-
un. Jisg OONBIMMHCTBA TUHAMHUYCCKUX TIPOIIEC-
COB, TIPOUCXOJIINX B JKUIKOH cpeme ¢ obpa-
30BaHUEM  CTYCTKOB, YacTOTHI  IEPEXOTHBIX
MPOIIECCOB NIBIDKCHUS CTYCTKOB HAXOMSITCS HUXKE
4acTOThl MOAYJSIUK. [Ipy 3TOM KOJIMYECTBO YaCTOT
MOJYJISIIUU PAaBHO KOJHMYECTBY BHIOPAHHBIX JUIHH
BOJIH JUJISl BCEX BEILECTB.
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CTpyKkTypa cucTeMbl O0HAPYKEHUA U
UIeHTH(PUKAIUM CTYCTKOB BelleCTB
B NOTOKE KUAKOCTH

Cucrema comepXuT (PUCYHOK 2) n Ja3epHBIX
m3nyuvarened  1-1,..., 1-n, Hampumep, nazep-
HBIX JIMOJIOB, KOJIMYECTBO KOTOPBIX OMPEIEIICHO
Ha CTaJUH TOATOTOBKH K 30HIWPOBaHUIO. OIBIT
IIOCTPOCHUSI JTaHHBIX CHUCTEM TIOKa3bIBa€T, YTO
KOJMYECTBO H3JIydaTeleld He TMPEBBIIIAET OJHOTO
JIecsATKa TIpH  HIeHTH(UKAIU 1-5  BemmecTB

B ITOTOKC KUIKOCTH.

|

Pucynok 2 — Crpykrypa cuctemsr: 1-1, 1-2, 1-3, ..., 1-i,
..., 1-n — nazepusie uznyuarenu; 2-1, 2-2, 2-3, ..., 2-i, ...,
2-n — MopyasTOpHl M3Nydenus; 3-1, 3-2, 3-3, ..., 3-i, ...,
3-1n — ONTOBOJIOKOHHBIM KaHai; 4 — GJIOK CyMMHUPOBaHUS
MOTOKOB M3JIy4YeHHUM; 5 — ontuueckuii 00k GopMUpoBa-
HUsI Y3KOHAMPaBICHHOTO MOTOKA HM3JIy4YeHUs; 6 — KaHal
JIBUYKEHUSI BOIHOM Cpelpl; 7 — CrYCTOK 3arpsi3HSIOLLETO
BemecTBa; 8 — GpoTonpuéMHNK; 9 — yCHINTENb CHUTHANA;
10-1, 10-2, 10-3, ..., 10-4, ..., 10-n — geMonyaaTOpPHI
curHana; 11 — 610K Ormo3HaBaHMUS BEIIECTBA

Figure 2 — Thestructure ofthe system: 1-1,1-2,1-3, ..., 1-,
... 1-n —laser emitters; 2-1, 2-2, 2-3, ..., 2-i, ..., 2-n — ra-
diation modulators; 3-1, 3-2, 3-3, ..., 3-i, ..., 3-n—fiber
optic channel; 4 —the radiation flux summation unit;
5 — optical unit for the formation of a narrowly directed
radiation flux; 6 — the channel of movement of the aquatic
environment; 7 — a clot of a polluting substance; 8 — pho-
todetector; 9 — signal amplifier; 10-1, 10-2, 10-3, ..., 10-,
..., 10-n — signal demodulators; 11 — substance identifica-
tion unit

Wznydyenue OT KakAOro H3JIydaTelsl MOJY-
JUpYeTCss C 4acTOTOl f, B MOIYIATOpE H3Iyde-
Huss 2-1,...,2-n u 1nopa€rcs MO OIITOBOJIOKOH-
HoMy Kanany 3-1,...,3-n B Onmok 4 cymmmupoBa-

Husl noTokoB m3nmydeHuit [11]. C 6moka cymmupo-
BAHMSI TIOTOKOB JIA36pHOE  M3JIyUYEHUE 4Yepe3
ONTUYECKUI ook (dbopmupoBaHusL Y3KO-
HaIlpaBJICHHOIO0 [IO0TOKA W3JIy4eHHUsT 5 Halpas-
JnfeTcss B TMOTOK JKMJIKOCTH, pacHpOCTpaHsIo-
IUICS TI0 KaHAJIy MABW)KCHHS BOIHON Cpemsl O,
B KOTOPOM BO3MOYKHO TIIOSIBJIEHME CTYCTKa
3arpsi3HSIIOLIETo BenlecTna 7.

CocraBrnsmone OTpaXEHHOTO U PACCESTHHOTO
ONTHUYECKUX H3IY4YeHHH mocrtynaior B  (oTo-
MpUEMHUK 8, KOTOPBIH (OPMHUPYET DIEKTpUYec-
KUH CHUTHAJI, KOTOPBIM, MPONAS 4Yepe3 YCUIUTENb
curHasia 9, HampaBisieTcss B 7 JIEMOAYJISTOPOB
cur"ana 10-1, ..., 10-n.

Ha BbeIxome neMonyasiTOpOB — IMONyYaeTcs
CUTHQJI B BUJE pemieTdarod (YHKIUH, KaKIas W3
COCTABIISIIOLINX KOTOPOM IOKa3bIBaeT 3HAYEHHE
AMILIUTYZbI U1 OAHOTO M3 W3Jydarenei ¢ AJIMHON
BOJIHBI U3TyueHus L.

[lomyuennast pemrerdarasi GyHKINS B BHJE Ta-
paJUIEIbHOTO KOJla HampaBiisieTcss B OJOK OMO03-
HaBaHMs BemlecTsa 11, rie MpoucXoauT cpaBHEHHE
MONTyYeHHON pemeTdaToil (QyHKIMH C KaXIbIM U3
STAJIOHOB aHAJIM3HUPYEMBIX BEILIECTB, COAEPIKALIUX
3HAYEHUS! aMIUIUTY[l COCTAaBISIOIIUX ONTHYECKOIO
CIIEKTpA I10 BCEM JIJIMHAM BOJIH CIIUCKA L.

Bi10K 3TAJIOHOB COAECPKUT 71 ITATIOHOB BEILIECTB
B BHJE pemeTdarblXx (QYHKOUA WM OHHAPHBIX
pemreryareix  QyHkuuid. [lonmydyeHune OMHAPHBIX
pemieTyareix (QYHKIUH TPOU3BOIUTCS B OJOKe
OMO3HABaHUS NYTEM  CIEHUATBHONH  IU(POBOIi
00pa0OTKM  MOCTYMAIONIMX JIAHHBIX B BUJIC
pemeTyaTtol QyHKIHH.

B 07n0ke omosHaBaHMS TPOMCXOAUT TMpeodpa-
30BaHME TIONyYEHHOH  pemeTyarod  (QYHKIUH
K OMHApHBIM penIeT4aThiM QYHKIHUSM IBYX BUIOB.

B nepeoMm ciydae, NPOUCXOJUT CpPaBHEHHE
aMIUTUTY COCTABISIOIIMX pemeryarod (QyHKIUH
C HEKOTOpBIM TOpPOTOM, KOTOPBIN oOlpenensercs
Ha CTaJuM TPEABAPUTENBHOW MOATOTOBKH 3TaJO-
HOB U 3aBUCHUT OT IIIyMOB, BO3MOKHBIX HaBOJIOK U
34CBETOK.

Bo BrOopoMm cilydae, MPOUCXOAMUT IOCTPOCHUE
OuHapHOUW pemieTyarol QyHKIMU MyTEM CpaBHEHHUSI
aMIUIUTYJ] COCTABIISIONIUX peleTdaroil ¢pyHkuuu S,

0 TIPABUITY:
§;>8;—~1
§;<8; >0

>

T7ie i — HOMEp COCTaBIISIIOIIEH pereTyaToi pyHKuny;
i,j=1,...,n, TAC 1 — KOITUYECTBO COCTABJISIOUINX
pemeTyarol QyHKIHH.
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IlonyueHHoe  mpencTaBieHUE — pELIETYATON
¢byHKIIIE  00JamaeT WHBApHAHTHOCTHIO K CXKa-
THIO0, PACTSDKEHUIO  aMIUTUTYJ  COCTaBIISIONIUX
pemer4arol (YHKIUH. DTO BaKHO, MOCKOIBKY
MIPOBOIUMBIE M3MEPEHUS MPOUCKOISAT B YCIOBHSIX
myMoB u momex. llosTomy cymectByer pasdpoc
MOJTy4aeMbIX 3HAYCHHI B OTMPEAeTEHHOM IHaIa3o-
He, KOTOPBIH MOXHO OIWCAaTh TPYOKOW TMOTper-
HOCTH Ha COCTABIISIONINX PereTdyaTol (yHKIIHH.

Takum oOpa3omM, peanusyercs IOCTPOCHHE
STAJIOHOB B BUJIE OMHAPHOU perieTdyaToll (yHKIHH.

3akJjaroueHue
HpI/IMeHCHI/IG MO,Z[y.l'I}I]_[I/II/I MHOT'O30HI0BOT'O
na3epH0ro I/I3J'Iy‘-ICHI/I}I IIO3BOJINIIO pe].HI/ITI:

CIeAyIOImKe 3aJaud Npu OOHApy>KeHHH M HWACH-
TU(UKAIUK BPEIHBIX BEILECTB B PAa3JUYHBIX 3a71a-
Yax HayKH U TEXHUKU:

— oOHapy)XKeHHEe U WACHTH(UKALMUS CrycTKa
BEIIECTBA B PEabHOM MacluTade BpeMEHH;

— BO3MOXKHOCTb  OJIHOBPEMEHHOIO  MHOIO-
30HAOBOTO BO3JEMCTBHA JIa3€pHOIO M3IIy4EHHUs
Ha OJHY TOYKY CIYCTKa B JKMAKOCTH Ipu (pukca-
LM CI'yCTKA BEILECTBA;

—obecrieueHre 3alIUThl 30HAUPYIOMIEro W3-
Jy4EHHUS OT BHEIIHUX IIOMEX U 3aCBETOK.

[Ipu »TOM mpeaBapUTENIbHO AHAIUZUPYIOTCS
ONTUYECKUE CIEKTPhl UCCIENYEMBIX BEIIECTB
W CTpPOSTCS  JTAJIOHBI Ui WACHTH(QUKALUH
npy BBIOPAHHBIX JUIMHAX BOJIH JIA3EPHOTO H3IIyde-
Hus. /s GONBLIIMHCTBA 3aJad KOJIMYECTBO JJIUH
BOJIH HE TIPEBBIIIACT JCCSTH.

YnobHO WCIONb30BaTh Ui OMO3HABaHMS
ONTUYECKUX CIIEKTPOB BEIIECTB IPEACTABICHHE
B BHUJAE pemeTdaTsix (YHKUMH B OHMHApHOM
OTHOLICHWH HAJIWYMS COCTaBJSIIOIIUX — CIIEKTpA.
Mogynauusi ~ 1a3epHOTO  HM3JIyYEHHS  MOXKET
NPOBOAMTHCS ~ MYTEM  YNpPAaBICHUS  HAKadKoM
Jazepa WIM C HCIOJIb30BAHUEM  CIICLHAJIBHBIX
MOJYJISITOPOB JIyda Ha 3JEKTPOONTHYECKUX HIIH
MarHUTOOINITHYECKHX CBETOBBIX 3aTBOPAX.

CymecTByeT ONpeeséHHBIA  KJIacc  3ajad,
B KOTOPBIX HEOOXOAMMA WACHTU(HKALUS BELIECTBA
B peajbHOM Maciitabe BpeMeHH. K HUM MOXHO
OTHECTH:

— oOHapy)XeHHE BpEIHBIX BELIECTB, KOTOPHIE
MOMAAAI0T B CUCTEMY MTUTHEBOTO BOJIOCHAOKEHUS;

— oOHapy)KeHHE OTHENbHBIX, 3apaHee W3-
BECTHBIX BEIIECTB, B CHUCTEMaxX CTOYHBIX BOJ
B Cllyyae aBapHHHBIX CUTyallMd Ha MPOMBIILICH-
HBIX MIPEINPUITHSAX;

— OOHapyKeHHE BPEIHBIX 3arps3HUTENEH Mpu
MPOM3BO/ICTBE THINEBBIX IPOJYKTOB, B TIpoIlecce
nepepaboTKH CeTbX03MPOAYKTOB;

— oOHapykeHHe BpeIHBIX COpPOCOB Ha XH-
MHUYECKH OIAcCHBIX TPOM3BOJCTBAX, Ha CKJIaJax
XpaHEHUs] XUMUYECKUX PEaKTHBOB;

— oOHapykeHHe yTedek HepTn u Hedre-
MPOAYKTOB Ha JOOBIBAIOIINX W TiepepadaThIBaro-
X HePTh MPEINPUATHSX;

— OOHapyKeHHE YTEYEeK pPAa3INYHBIX BEIIECTB
MIPH TPAHCIIOPTUPOBKE MO MOPCKOMY, BO3JYITHO-
MY 1 KEJIE3HOIOPOKHOMY ITYTSM;

— KOHTPOJIb TEXHOJOTHYECKUX IPOIECCOB, TIe
MCTIOJIB3YETCS HECKOIBKO PA3IMYHBIX BEIIECTB U JIp.

B OompmmHCTBE TOAOOHBIX 3ama4  MOTYT
OBITh WCIIONB30BaHBl JIA3€PHBIE CUCTEMBI WICH-
tauKaruyu  BemecTB. [IpeaToKeHHBIH — BBIIIE
BapHaHT IIOCTPOCHUS JIA3€PHOM CHCTEMBI pelraer
3aaqy MACHTU(HUKAIUN BEIIECTB B pEabHOM
MacimTabe BpeMeHH.

CHmcox HCIoJb30BAHHBIX HCTOYHHKOB

1. XKypaseno B.M. OO0 uACHTUPUKAIIMA HCTOY-
HUKOB HedTsHpix 3arpssHennit / B.J. Xypasems,
B.P. Mapuues // Austrian Journal of Technical and Natu-
ral Sciences. Section 10. Technical Sciences. — 2015. —
Ne 9-10. — C. 65-68.

2. Bouapos B.H.  VccnenoBanne  MHOTOMEPHBIX
a0COPOIMOHHBIX AHATUTHYCCKUX CHUTHAJIIOB OCH3WHOB B
cpennem MK-nnanazone / B.H. bowapos [u ap.] // Kypnan
aHanmuTrdeckor xumud. —2019. — T. 74. — Ne 5. — C. 356—
364. DOI: 10.1134/S1061934819020047

3. Alekseev V.A. System Eliminating Emergency
Discharges in Industrial Facilities Waste Waters Using
Relative Signal Description / V.A. Alekseev, S.I. Yuran,
V.P. Usoltsev, D.N. Shulmin // Devices and Methods of
Measurements, 2022, vol. 13, no. 2, pp. 105-111.

DOI: 10.21122/2220-9506-2022-13-2-105-111

4. Kucenb A.A. TloTOYHBIA aHAMU3 ¥ KOHTPOJIH
TII: Metonpl aHamu3a, MPEHMYIIECTBA U crenuduka
npumenennst / A.A. Kurens, J[.A. UepHOKO3MHCKUHA,

W.N. 3unsbepman //  ABTOMaTH3amps B TIPOMBIII-
aeHHocTH. — 2016. — Ne 2. — C. 42-46.
5. Kueenb A.A. Koutponb copepkanusi HedTe-

MPOAYKTOB B CHCTEMax OOOPOTHOTO BOJOCHAOKCHUS /
A.A. Kurens, JI.A. UepHOKO3UHCKHI / ABTOMaTH3aINs B
npomsliieHHocTr. — 2014, — Ne 5. — C. 30-33.

6. Gu Z. Application of Raman spectroscopy for the
detection of acetone dissolved in transformer oil / Z. Gu,
W. Chen, L. Du [et al.] // Journal of Applied Spectrosco-
py, 2018, vol. 85, no. 2, pp. 205-211.

DOI: 10.1007/s10812-018-0636-2

212



Tpubopwvr u memoowl usmepeHul
2023.—T. 14, e 3. — C. 207-213
B.A. Anexcees u op.

Devices and Methods of Measurements
2023, vol. 14, no. 3, pp. 207-213
V.A. Alekseev et al.

7. Copoxun @.I'. cnionp3oBaHuE POTOMETPUICCKOI
TEXHOJIOTUM B MpOLECCe MOTOYHOTO aHallu3a KadecTBa
HedTenponyktoB / @.I'. CopoxuH // ABTOMAaTH3aIMs B
npomsbitieHHoctd. — 2013, — Ne 10. — C. 19-21.

8. Feng J. Method of correlation coefficient optimi-
zation used in UV-VIS spectrophotometric analysis for ef-
fluent in catalytic ozonation/J. Feng, H. Chen, X. Zhang //
Journal of Applied Spectroscopy, 2018, vol. 85, no. 4,
pp. 683-693. DOI: 10.1007/s10812-018-0716-3

9. Kopcakos B.C. WUnppakpacHast on-line criekrpo-
CKOIIMS I aHaJIM3a BOAHBIX pacTBopoB / B.C. Kopcaxkos,
J.51. T'ynbko, M.C. Kopcakos, JI.B. Xykosa // Bytinepos-
ckne coobmenus. —2016. —T. 48. —Ne 12. — C 115-120.

10. [Marenr 2792152 P®d, MIIK GOIN 21/31.
VYcTpoiicTBO KOHTpOIIA aBapuitHbIX cOpocoB / C.U. FOpaH,
B.A. Anexcees, B.I1. Yconbues // 3asBurens Y iMypTCKHA
T'AY. 3asBka Ne 2022122806 ot 24.08.2022. Omy6m.
17.03.2023. bron. Ne 8.

11. Ilapeaues 1.A. DNEKTPOONITHIECKUAE MOy~
TOPBI JIa3€PHOTO M3JIY4YEHHUs] Ha OCHOBE BBICOKOOMHBIX
kpucrayuio KTiOPO, / M. A. Tlaprages, }O.B. Kynemos,
B.A. KpakoBckuii [u ap.] // Hoxnaner Tomckoro rocy-
JapCTBEHHOIO YHUBEPCUTETa CUCTEM YIPaBJICHHS H
pamuosnektponuku (Hoxmaaer TYCVYP). — 2012, —
Ne 2(26). — 4. 2. - C. 90-93.

References

1. Zhuravel VI, Marichev VR. On identification of
sources of oil pollution. Austrian Journal of Technical
and Natural Sciences. 2015; 9-10, section 10:65-68. (In
Russ.).

2. Bocharov VN, Ganeev AA, Konyushenko IO,
Nemets VM, Peganov SA. Study of multidimensional
absorption analytical signals of gasolines in the mid-IR
region. Journal of Analytical Chemistry. 2019;74(5):356-
364. (In Russ.). DOI: 10.1134/S1061934819020047

3. Alekseev VA, Yuran SI, Usoltsev VP, Shul-
min DN. System Eliminating Emergency Discharges in
Industrial Facilities Waste Waters Using Relative Signal

Description. Pribory i metody izmereniy = Devices and
Methods of Measurements. 2022;13(2):105-111.
DOI: 10.21122/2220-9506-2022-13-2-105-111

4. Kigel AA, Chernokozinsky DA, Zilberman II.
Flow analysis and control of TP: Methods of analysis, ad-
vantages and specifics of application. Automation in in-
dustry. 2016;(2):42-46. (In Russ.).

5. Kigel AA, Chernokozinsky DA. Control of the
content of petroleum products in circulating water sup-
ply systems. Automation in industry. 2014;(5):30-33. (In
Russ.).

6. Gu Z, Chen W, Du L, Shi H, Wan F. Application
of Raman spectroscopy for the detection of acetone dis-
solved in transformer oil. Zhurnal prikladnoj spektrosko-
pii = Journal of Applied Spectroscopy. 2018;85(2): 205-
211. DOI: 10.1007/s10812-018-0636-2

7. Sorokin FG. The use of photometric technology
in the process of in-line analysis of the quality of petro-
leum products. Automation in industry. 2013;(10):19-21
(In Russ.).

8. Feng J, Chen H, Zhang X. Method of correlation
coefficient optimization used in UV-VIS spectrophoto-
metric analysis for effluent in catalytic ozonation. Zhurnal
prikladnoj spektroskopii = Journal of Applied Spectros-
copy. 2018;85(4):683-693.

DOI: 10.1007/s10812-018-0716-3

9. Korsakov VS, Gulko DYa, Korsakov MS, Zhu-
kova LV. Infrared on-line spectroscopy for the analysis
of aqueous solutions. Butlerovskie soobshcheniya = But-
lerov Communications. 2016;48(12):115-120. (In Russ.).

10. Yuran SI, Alekseev VA, Usoltsev VP. Emergen-
cy discharge monitoring device. Patent RF, no. 2792152,
2023.

11. Pargachev IA, Kuleshov YuV, Krakovsky VA,
et al. Electrooptical modulators of laser radiation based
on high-resistance KTiOPO, crystals. Doklady Tomsk-
ogo Gosudarstvennogo Universiteta sistem upravleniya i
radioelektroniki (Doklady TUSUR) = Reports of Tomsk
State University of Control Systems and Radioelectronics
(Reports of TUSUR). 2012;2(26), part 2,90-93. (In Russ.).

213



Tpubopwvr u memoowl usmepeHul Devices and Methods of Measurements
2023.—T. 14, Ne 3. - C. 214-222 2023, vol. 14, no. 3, pp. 214-222
Anna Anisovich et al. Anna Anisovich et al.

DOI: 10.21122/2220-9506-2023-14-3-214-222
Automatic Measurement in Metallography

Anna Anisovichl, Maria Markevichz, Jigmeddorj Vanchinkhuu®

!Institute of Applied Physics of the National Academy of Science of Belarus,
Akademicheskaya str., 16, Minsk 220072, Belarus

Physical-Technical Institute of the National Academy of Sciences of Belarus,
Kuprevich str., 10, Minsk 220141, Belarus

*National University of Mongolia,

Ulaanbaatar, Mongolia

Received 20.06.2023
Accepted for publication 19.09.2023

Abstract

Quantitative analysis of the structure of metals and alloys is an important part of modern metal science.
To obtain quantitative data and build dependencies, metallographic image processing programs are used,
oriented both for scientific research and for use in industry. Programs capable of automatically perform-
ing metallographic analysis are of great interest to consumers. When advertising such programs, it is often
claimed that they allow quantitative analysis of the structure with virtually no time. The purpose of this
work was to determine the time spent on quantitative metallographic analysis in some image processing
programs presented on the Belarusian market. Connected and unconnected metallographic objects were con-
sidered. It is shown that automatic quantitative analysis is possible for unconnected objects (powders, cast
iron graphite). The time required is within a minute. For connected objects (structures of metals and alloys
after metallographic etching), the time required to detect objects and obtain digital data is 10—40 min or more,
depending on the complexity of the object, which is unacceptable for factory laboratories that analyze a
large number of samples per shift. Therefore, it is recommended that potential users of metallographic image
processing software always require a substantive demonstration of the automatic measurement capabilities
of the proposed software.

Keywords: image processing programs, automatic measurements, grain size
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3 . .
Moneonvckuii nayuonanwvHwuili yHusepcumem, Ynan-bamop, Monzonus

Hocmynuna 20.06.2023
Hpunama k nevamu 19.09.2023

KonnuecTBeHHbIN aHAMN3 CTPYKTYphl METAJIOB M CIUIABOB SIBJISIETCS BA)KHOW 4YacTbIO COBPEMEH-
HOT0 MeTajuloBeieHus. [l moyyeHusl KOJINYECTBEHHBIX JAAHHBIX U MOCTPOEHUS 3aBUCUMOCTEH HCIOJb-
3yI0TCS MeTamorpaduuecKiue mporpaMmMbl 00pabOTKH N300paKeHNH, OpUEHTUPOBAHHBIC KaK HAa Hay4HBIC
WCCIIeIOBAaHMUs, TaK M JUIsl UCIIOJIB30BaHUS B MPOMBIIIJICHHOCTH. BobIoil HHTEpeC y MOTpeOuTeNs BbI3bI-
BAaIOT MPOTPaMMBbI, CIIOCOOHBIE aBTOMATHYECKH MPOBOJWTH MeTamorpaduueckuii ananus. [Ipu pekname
TaKUX IPOTpaMM 3a4acTyl0 YTBEPKJAEeTCs, YTO OHM MO3BOJIIOT MPOBECTH KOJIMYECTBEHHBIN aHAIN3 CTPYK-
TypBI IIpaKTHYeCcKHu Oe3 3aTpaT BpeMeHH. Llenbio qaHHOM paboTHI SBISUIOCH ONPEe/ICHHE 3aTpaT BPEMEHH
Ha KOJMYECTBEHHBIH MeTaliorpaQuuecKuii aHalu3 B HEKOTOPBIX Mporpammax 00paOOTKH H300pakeHHH,
MpeACTaBICHHBIX Ha OEOPYCCKOM pbIHKE. PaccmarpuBaimuch CBA3aHHBIE M HECBA3aHHBIC MeTaIorpagu-
yeckne o0beKThl. [loka3aHo, 4To A7 HECBA3aHHBIX OOBEKTOB (MOPOLIKH, IpadUT UyryHa) BOBMOXKEH aB-
TOMAaTHYECKUI KOJIMYECTBEHHBIM aHaNu3; 3aTpaThl BPEMEHHU MPU 3TOM COCTABJISIIOT B Mpejaeraax MHHYTHI.
st cBA3aHHBIX OOBEKTOB (CTPYKTYPBI METAJUIOB M CIUIABOB MOCJIE METAILIOrpaguIeckoro TpaBjiIeHus ) 3a-
TpaThl BpEMEHU Ha OOHapyKeHHE OOBEKTOB M MOJyueHHE HU(PPOBBIX JaHHBIX cocTaBisitoT 10—40 MuH n
OoJiee B 3aBUCUMOCTH OT CJIO)KHOCTH OOBEKTa, YTO HEMPHEMIIEMO JUIsl 3aBOJICKUX JIaOOPaTOPHid, KOTOpPBIE
AHATM3UPYIOT OOJBIIOE KOJIMYECTBO 00pa3loB 3a cMeHy. [103TOMy MOTEHUIHUATBHBIM TOTPEOUTENSIM TPO-
rpaMMm 00paboTKu MeTautorpaguyeckux M300paKeHUH pEeKOMEHAyeTcs Bcerga TpeboBaThb MpeaMeTHON
JIEMOHCTPALMF BO3MOXHOCTH aBTOMAaTHYECKUX U3MEPEHHI TIpeAaraeMoro mporpaMMHOTo 00ecreueHHs.
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Introduction

Quantitative imaging of microstructures is an
important part of modern materials science. It allows
the linear dimensions and areas of structural units to
be measured and, based on this, various dependen-
cies to be established, graphs to be created, etc. In
the past, quantitative metallography was based on
manual measurements, which has been the subject
of extensive research. In some cases, where pos-
sible, analogue equipment was used [1], which is
still prescribed in the standards in force, in particular
GOST 21073.4-75 "Non-ferrous metals. Determina-
tion of grain size by the planimetric method".

At present, there are numerous image process-
ing programs that automate the work of a metallur-
gist and provide ample opportunities for quantita-
tive materials science. Metallurgical laboratories are
equipped with metallographic complexes for ana-
lyzing the structure of metals and alloys, of which
computer analysis tools are an important part [2].
At the same time, any possibility that allows to au-
tomate the work of the operator and to minimize
the influence of the human factor in the analysis of
the structure of metals and alloys is very attractive.
Therefore, development in this direction is quite
active [3], not only in materials science, but also
in other branches of sciences [4]. Quantitative pa-
rameters of microstructure, such as grain size, can
also be obtained by methods based on other prin-
ciples, in particular electron backscatter diffraction
(EBSD) [5].

Not only is the number of software products
increasing, but the number of companies and inter-
mediaries involved in selling them is also growing.
Various organizations, especially factories, are of-
fered to purchase programs for quantitative metallo-
graphic analysis of the structure. At the same time,
it is claimed that the software allows automatic pro-
cessing of images of structures and obtaining results
in a minimum of time. After the purchase of such
software, it is often the case that the claimed automa-
tion is not true.

The purpose of this work was to determine the
time spent on quantitative metallographic analysis in
some image processing programs presented on the
Belarusian market.

Materials and methods of experiment

Scale image No. 4 according to GOST 5639-82
"Steels and alloys. Methods of detecting and deter-

mining grain size", as well as images of microstruc-
tures of high strength cast iron and carbon steel and
photographs of structures obtained by scanning elec-
tron microscopy were selected as objects of study.

A metallographic complex based on an MI-1
inverted metallographic microscope was used for
photography and quantitative processing. The image
was captured using a video camera with output to
a personal computer monitor. Image processing
was carried out using the IMAGE-SP program [6],
which allows to measure the area, minimum and
maximum diameter, length, width and average grain
size, as well as some other parameters. The program
was calibrated using a certified object micrometer
(GOST 7513-55). The illustrations available on the
Internet for the STAMS 700 program [7] are also in-
cluded in the consideration. Both programs — SIAMS
and IMAGE-SP — belong to reliable software tradi-
tionally offered for purchase as part of metallograph-
ic complexes for studying the structure of metals and
alloys.

Main part

In order to take measurements in any image pro-
cessing program, the program must specify which
objects are to be processed. To do this, these objects
must be detected and painted in conditional colors
(creating a so-called mask) according to their size.
Detection is done by selecting parts of the image and
adjusting the brightness range.

When studying so-called unconnected objects,
it is possible to automatically detect objects for
analysis [8]. Examples of such objects are powders,
chemical crystals, granules and so on, i.e. a set of
objects in the field of view of a microscope, each of
which can be considered as an individual object. For
them, the position of some structural elements in re-
lation to others is not important; only their presence,
quantity, size and distribution in space are of inter-
est. Unconnected objects can be quantitatively ana-
lyzed in image processing programs in a minimum of
time [9]. Figure 1 shows an example of unconnected
objects (commercial diamond crystals) for which the
dimensions were measured in an image processing
program. The object detection is almost automatic
because the objects and the substrate (slide) differ
significantly in brightness. In principle, an image of
such an object obtained in a bright or dark field can
be considered as binarized, which does not require
any additional processing for quantitative process-
ing. Figure 1 shows the "mask" after the "object de-
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tection" operation; objects that fall within a certain
dimensional interval are painted with a certain color
and are taken into account in the table (on the right in
Figure 1), which shows their linear dimensions, area

and some functions derived from them (perimeter,
conditional diameter, shape factor, etc.). The analy-
sis was carried out "in a few mouse clicks" and the
time required was minimal.

LIS

UM [ MAG.:-1; HV:0; 3B:0;

Bl Patsancysis :BUFFER1[1]- IMAGEos — O SN
| Coloring | Results J
=}
BOGE BE & 8
Parameters Buffer Number Area, % |
M List_ 0 1IMAGEOS 33 7,33
< > |
TP EEE LT ERBa
Parts | Distribution |
| P Min.diameter Max.diameter Perimeter o
65,14 68,66 210,85 61,26
6514 68,66 22578 61,07
59,86 66,9 208,11 60,16
581 73,94 203,45 59,56
6338 63,38 200,77 59,5
6338 63,38 203,01 588
581 65,14 210,05 57 44
56,34 581 191,71 5661
**** 56,34 59,86 181,27 56,05

Figure 1 — Detection of unconnected objects (diamond crystals) in an image processing program

The same applies to the possibility of measur-
ing the size of graphite inclusions in gray cast iron
(Figure 2a), if the section is not etched to the micro-
structure. Due to the large difference in brightness
between graphite and the metal matrix, graphite

_ ol

BUFFERT1 [1] 100% - 2a

inclusions can be considered unconnected objects.
The image in Figure 2a is presented with a blue mask
already applied. The convenience of detecting such
objects makes it possible to create industry-oriented
image processing programs [10].

BUFFER1 [2] 100% - 2aT(1)

M <
MAG. :0; HV:0; 3B:0;

Figure 2 — Detection of unconnected () and connected (b) objects (iron graphite) in an image processing program

The situation changes radically when metallo-
graphic etching is performed. For connected objects,
their position relative to each other and how they
change within the sample is important. In metallog-
raphy, connected objects are the structures of mul-

tiphase alloys, single-phase materials with a grain
structure, etc. In particular, inclusions of graphite in
gray cast iron on a thin section after etching can only
be considered connected objects (Figure 2b). There-
fore, analysis of the structure in automatic mode is
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not possible since other details of the image (in this
case, pearlite) are also recognized by the computer
program as separate objects simultaneously with
graphite. Such an image has to be corrected manu-
ally. The time required for such work is 10-30 min,
which is not sufficient for the factory laboratory,
where hundreds of structures are analyzed per shift.
Real images of the structure are always imper-
fect. A fairly good image of the structure of Steel 3
is shown in Figure 3. The image contains relatively
few defects and the etching shows the structure well
for qualitative analysis. However, the brightness
of the image is uneven and there are areas where
the grain boundaries are not sufficiently devel-
oped by the etchant. These seemingly minor im-
perfections do not allow automatic grain selection.
The stages of image selection are shown in Figure 4

=T )

BUFFER1 [2] 100% - image02(1)

e

M <

um | MAG.:0; HV:0; 3B:0;

® £ X

as the colouring is changed in different bright-
ness ranges. The left, brightest part of the image is
painted first. The grain boundaries are not coloured
and the grains are not fully coloured. On further
attempts to colour all the grains on the left side of
the image, the grains merge with the boundaries
to form a single object, and on the right side, the
grains are separated by the boundaries but are not
fully coloured. The best result for object selection is
shown in Figure 5a. In practice, there are two objects
in the image: red and yellow. "Cutting" into the
grains to get a satisfactory result has to be done man-
ually (Figure 5b). The time required to process the
image was more than 30 min. In such a situation, it is
sometimes quicker to create the image Figure 5 by
manually "outlining" each grain, which is far from
automatic.
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Figure 3 — IMAGE-SP program window, the initial stage of image selection

Figure 4 — Steps in the Object Detection Procedure in IMAGE-SP
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When advertising ordinary software products,
dealers and representatives of development compa-
nies often omit required manual steps. However, in
order to attract a customer, a result similar to that
shown in Figure 5b is usually presented.

i |

Figure 5 — Masks of objects obtained in the image pro-
cessing program: a — automatic execution; b — manual
execution

Image processing software recognizes objects
by their brightness [11]. Black and white (binarized)
images are best suited for this purpose. Figure 6a
shows a black and white image of standard No. 4
GOST 5639-82, for which the "object detection"
operation was performed in the "IMAGE-SP" pro-
gram. Under the condition of ideal image quality (no
"garbage", open grain boundary lines), the detection
of objects (grains) is automatic and the analysis can
be performed "in two clicks". There are, however,
certain peculiarities. The reference structure is indi-
cated by a circle. This used to be done to facilitate
comparison, as we see the structure on a circular field

due to the design of the equipment in the microscope
objective. The grains that are cut off by a circle are
perceived by the program as separate objects. In ad-
dition, although it is technically possible to introduce
the rejection of such objects in automatic mode, it
can be time consuming. The same situation occurs
with any other structure containing, for example,
scratches, which are also perceived by the program
as lines delimiting the object. It should be remem-
bered that the quality of real structures obtained in
the laboratory depends significantly on many factors:
staff qualifications, capabilities of the equipment
used, properties of the sample itself, time allotted for
sample preparation, significance of the results of the
analysis, customer requirements, etc. As a rule, the
quality of the section is neglected as much as pos-
sible in urgent analyses, especially in factory produc-
tion, when the metallographic laboratory must give
an answer within 10-20 min. An example of such a
section is shown in Figure 6. Improvement by any
method is out of the question in this case. In this case,
there is no question of improving it by any methods.

Therefore, we have to admit that the simplest
and most reliable way to determine the grain size is
the comparison method according to GOST 5639-82.
The human eye is quite accurate in determin-
ing whether a structure belongs to a certain value.
An error (or discrepancy) of 1 point declared by
GOST is enough to confirm the correctness of the
results. As a rule, the operator is rarely mistaken in
this case.

When processing images, various filters can be
applied. Here is a partial list: median, white balance,
edge detection, maximum filter, low and high pass
filters, detail enhancement, smoothing, brightness,
differential, etc.

Figure 7 shows some stages of image process-
ing of a single-phase grain structure in the STAMS
700 program [7] using various filters. Despite the
fact that this program is a well-known and reliable
software product, it took 15 steps to restore the grain
boundary mesh, including: local contrast, threshold
segmentation, skeletonization, skeleton decoupling,
fine particle removal, closure, skeletonization, in-
version, transformation , restoration, inversion, clo-
sure, topological skeletonization, masking. Thus,
“automatic” structure analysis requires a certain
amount of time to carry out preparatory operations.
As a result of the processing, each grain of the struc-
ture is marked and ready for measurement [12],
Figure 8.
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Figure 6 — Microstructure standard according to GOST 5639-88, the result of the “object detection” operation (a);
an example of low-quality thin sections; steel 08kp, section, etching (b)

Figure 8 — Images demonstrating the capabilities of the SIAMS 700 program

Direct processing of the image obtained in a  Figure 9 shows the result of identifying objects in
scanning electron microscope also takes a lot of time.  such an image, performed manually within 40 min.

220



Tpubopul u memoowt usmepeHul
2023.—T. 14, Ne 3. - C. 214-222
Anna Anisovich et al.

Devices and Methods of Measurements
2023, vol. 14, no. 3, pp. 214-222
Anna Anisovich et al.
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30.0kV x845 10um

Figure 9 — SEM image of the surface of the galvanic coating: a — original; b — with an object detection mask

Measurements of individual objects in the
structure obtained with a scanning microscope (Fig-
ure 10) are not particularly time-consuming and are
often sufficient.

12.0kV x20.0k SE(U)

Figure 10 — Nickel nanoparticles, scanning electron mi-
Croscopy

In [13] the problems of the use of different op-
tions for the processing of a scanning electron micro-
scope image were considered. An automated method
was developed to analyze the shape and size of duc-
tile pits formed during fracture of VT23 and VT23M
titanium alloys. The method is based on the analysis
of the image topology and includes the operations of
smoothing the original fractographic image, convo-
lution with a filter to detect topological ridges, de-
termination of the threshold value with subsequent
skeletonization to identify the boundaries between
the pits, and clustering to isolate connected areas.
Considering the listed sequence of operations, such
image processing also takes a lot of time.

Conclusion

It is noted that the software market offers au-
tomatic data processing programs for quantitative
analysis in metallography.

The possibilities of automatic analysis of con-
nected and unconnected metallographic objects are
considered. It is shown that the time required for
detecting unconnected objects (powders, gray cast
iron graphite) is minimal and can practically be at-
tributed to automatic measurements. The time spent
on data processing for connected objects in some
image processing programs is analyzed. It is shown
that on average the time spent on detecting objects
(grains or phases of metal alloys) is 10—40 minutes,
which is unacceptable for industrial metallographic
laboratories.

Potential users of image processing software are
encouraged to always request a substantive demon-
stration of the automatic measurement capabilities of
the offered software.
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Crarpy, HanpaBlICHHbIE B PENAKIMIO JKypHaja, JODKHBI YIOBIETBOPATH TpeOOoBaHMSAM «MHCTPYKIMM O MOpsiike
oopmienns kBan(pUKaIIMOHHON HaydYHOH paboThI (AHCccepTaiun). ..», yreepxaenHol [locranosnennem BAK Pb
01 28.02.2014 . Ne 3

1. Marepuan cTaTby JODKEH COOTBETCTBOBATH ITPO-
(uITIo JXypHAJIa M U3J1araThesl PeebHoO SCHO.

2. Crarbs NpEACTABIISCTCS HA PYCCKOM WM aHIJIMA-
CKOM $I3bIKE U ITyOJIMKYETCsI Ha SI3bIKE MTPEACTABICHUSI.

3. IloctynuBiMe B peAaKIUIO CTaTbU MPOXOJIST JIBOM-
HOe Toyrycienoe pereHsupoBanue. OCHOBHBIE KPUTEPUH
11e1eco00Pa3HOCTH OMYOIMKOBAHUS — aKTYalbHOCTh TeMa-
THUKH, I/IH(i)OpMaTI/IBHOCTL, Hay4YHas HOBU3HA.

4. Crarbs IPEACTABIISACTCS B paciedaTaHHOM U B JJIEK-
TPOHHOM BHJIE B (popmare TekcToBOrO pemakropa Word
for Windows, Habop — crmonrHsiM TekcToM (6e3 IeneHus
Ha KomoHKH). OOBEM CTaThl HE MJOIDKEH TIPEBBINIATH
14 crpanu, Brimodas TekeT (mpudrt Times New Roman,
pasmep 12 1., uarepsan 1,5), Tabnunpl, rpadudecknii ma-
Tepuall, BCIO HeOOX0IMMYI0 HH(OpMaLnIo Ha aHTIIMICKOM
SI3BIKE.

5. Ha mepBoii cTpaHulle CTaTbu YKa3bIBAIOTCS: Ha-
3BaHHE CTaThH, (aMwinu aBTOpPOB ((amuiius aBropa,
C KOTOPBIM CJIEAyEeT BECTH MEPErnucKy, OTMedaeTcsi 3BE3-
JIOYKOH WM YKa3blBAaeTCs €ro ajpec O3JIEKTPOHHOW MO4-
THI), HA3BaHMUA W TOYTOBBIC ajgpeca opraHu3anuii (ynuma,
HOMEp J0Ma, HHAEKC, TOPOI, CTpaHa), B KOTOPBIX paboTaroT
aBTOPBI, HA PyCCKOM U aHITIMHCKOM si3bIKaxX. CTaThst BKITIO-
yaeT: aHHOTanuio (B mpeaenax 200250 cioB); KIItOYEBEIC
cioBa (He Ooree 5); BBe/IeHNE, B KOTOPOM JICNIAETCsT Kpar-
KM 0030p CJICTaHHOTO B MUPE ¥ KOHKPETHO (POpMyITHpYeT-
Cs 11e71b pabO0ThI; OCHOBHYIO YaCTh; 3aKIIIOYEHHUE, B KOTOPOM
B CXKAaTOM BHJE CHOPMYIHPOBAHBI OCHOBHBIE TIOJTyYEHHBIE
pe3yabTaThl ¢ yKa3aHUEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOKHOCTEN MMPUMEHCHUA; CIIMCOK MCIIOJIb30BaAHHBIX
HUCTOYHUKOB. AHHOTaI_[I/ISI, KJIFOUCBBIC CJIOBA, CIITMCOK HC-
IMMOJIb30BAHHBIX MCTOYHHUKOB MPEACTABIAIOTCA Ha PYCCKOM
Y aHIJIMKCKOM SI3bIKaX.

6. AHHOTanMs JODKHA OBITH WH(POPMATHBHOH (co-
JIep>KaTh «BBDKUMKY» U3 BCEX Pa3/IeNIOB CTATbH — BBEJCHUS
C YKa3aHHEM LeJIM PadOThI, METOIMKH, OCHOBHOH YaCTH H
3aKITFOYCHUS).

7. I'padmaeckuil mMarepuan NOJKEH OBITH KOHTpAcT-
HbIM U 4€TKUM. HeoOxommmo IpuaepKuBaThesi €ANHOO-
Opasuss TEXHHKHM HCIIOJHEHUsI OJHOTHITHBIX HWILTIOCTpa-
. PucyHOk momkeH pacrnonarartbesi mociie  adsara,
coziepKallero cchlIKy Ha Hero. He momyckaercst pa3me-
IIEHHE PUCYHKOB B KOHIIE Iojpasienia M crarbu. M3o-
Opa3uTenbHBII MaTepuan BCTABISETCS B TEKCT CTaThH,
a Takke Haércs B BHAC OTACIbHBIX (aitios (dpopmar tif,
jpg, pa3peumenue He meHee 300 dpi). Texct Ha prcyHKax
HabWpaeTcs OCHOBHOH TapHUTYPOH; pa3Mep KTl COn3Me-
pUM C pa3MepoM pHCyHKa (JKelaTelbHO 8 IMyHKTOB). Bee
PUCYHKH HYMEPYIOTCS W COIPOBOMKAAIOTCS IOAPHCYHOU-
HBIMH TOATTUCAMH. PparMeHTHl PUCYHKAa 0003HAYAIOTCS

CTPOYHBIMH KYPCHBHBIMH JIATHHCKUMH OYyKBaMU — «a»,
«b» uT. 1. Hagmucw Ha pHCyHKax M TOJIIHMCH K PHCYH-
KaM JaloTcs Ha PyCCKOM M aHIVIMHCKOM si3bIKax. Bee co-
KpalieHust ¥ 0003HA4YEeHUs! JOJDKHBI OBITH paciiugposa-
HBl B MOJIPUCYHOYHOW TOJNMUCH. PHCYHKHM »KenaTeiabHO
npenocTaBisiTh B IiBeTe. Ha prcyHKax J0JKHBI OBITH yKa-
3aHBl OCH C 0003HAYECHHUEM MMPUBOAUMBIX BEJIMYHWH U Mac-
mradoB. Ha rpadukax He Hy)XHO JaBaTh KOOPIUHATHYIO
CEeTKy, €CII 3TO He ocuwuiorpamma. Bo Bcex cimywasx
Ha pPUCYHKaX JOJDKCH OBITh MPHUBEAEH MacIITa0.

8. YV rpadukoB, WMEIOMMX YHCIOBBIC 3HAYCHUS
10 OCSIM, PAMKH JIOJDKHBI OBITH OTKPBITHI, @ 3aCEUKH Ha-
MIpaBJIeHBI BHYTPh paMKH. Ha prcyHKax, MpeacTaBIIsIonnx
co0oii rpauKy 3aBHCUMOCTEH, HE CIIEyeT JelaTh pa3Mep-
HYIO CETKY, CJISyeT AaTh JIUIIb 3aCEUKH Ha OCSX, IPUUEM
BCE 3aCEUKH JIOJDKHBI ObITH onmdposanbl. Ecinu ocn Ha pu-
CyHKax ounu(poBaHbl, TO OHHM 3aBEPINAIOTCS HA MO3MLUH
OYepEeHON 3aceuKH, I7Ie 3aceuyka HE CTAaBHTCS, a BMECTO
YHUCIIOBBIX 3HAYCHUH NAIOTCs 0003HAYCHUS NMEPEeMEHHON U
enunaMIa m3Mepenus. Ecimm ocu He onndpoBbIBalOTCS, TO
OHU 3aBEPIIAIOTCS CTPENIKAMH, PAZOM C KOTOPBIMH JAIOTCSI
0003HAYCHNS TTIEPEMEHHBIX 0€3 eTUHHIl H3MEPEHHSL.

9. INomyToHoBEIe (hoTorpadmm MPUOOPOB TN UX Ya-
CTEH NPENCTABIAIOTCS TPH MyONUKAUK B TEX CIydasx,
KOI7Ia OHM HECYT CYIIECTBEHHYIO MH(pOPMAIHNIO, KOTOPYIO
HeITb3s1 BRIPa3UTh MHBIM criocoboM. dotorpaun JOIKHEI
OBITH BBICOKOKaYe€CTBEHHBIMH, KOHTPACTHBIMH, C XOPOIIO
Pa3InYUMBIMH JAETAISIMH.

10. WMmmoctpanmu (rpaduku, anarpaMmmbl, CXEMBI,
4yepTexu), prucoBanueie cpeacteamu MS Office, nomKHBI
OBITHh KOHTPACTHBIMH M 4€TKMMH. HemomyctuMo HaHece-
Hue cpeacrBaMu MS Word kakux-1m00 3J1eMEHTOB MTOBEPX
BCTaBJICHHOTO B (aifll pyKOTMCH PHUCYHKA (CTPENKH, TOA-
MMICH) BBHUIY OONBIIOTO PHCKAa WX MOTEPU HA dTammax pe-
JAKTUPOBaHUS M BEPCTKH. MinmocTpanym HOMMKHBI UMETh
pa3Mepbl, COOTBETCTBYIOIIME WX HH(POPMATHBHOCTH:
88,5 cMm (Ha omHY KOJOHKY), 17—17,5 cM (Ha ABE KOJOH-
k1) uian 23 cM (Bo Bech JncT). IloaToMy KenareabHO H30-
OpaskaTh OTAEIbHBIC HIEMEHTHI ¥ Ha IIIHCH Ha PUCYHKE TaK,
4TOOBI NPH YMEHBIIEHUH MaciuTaba pHCYHKa JI0 OIHOTO
U3 YKa3aHHBIX pa3MepoB OYKBBI U LU(PBI IPHOOPETH BbI-
coty 2-2,5 MM, DJIEMEHTHI CXeM 3—5 MM, OT/IeIbHBIE TOUKH
1 MM, a IMHUH JOJDKHBI OBITH IIPH STOM Pa3HECECHBI Ha pac-
crostaue He meHee 0,5—1 mm.

11. Haamucn u 0603HaYSHHUS HA WLTIOCTPAIUAX Clie-
JyeT pacriojararb Tak, 4TOObl OHM HE CONPHKACAIINCh
HU C KakuMHU €€ vacTsamu. Ha 3agHuil tuiaH wutocTpanuu
JKETIaTeNIFHO He TOOABIATE CEPHIi (IIBETHOW) (POH FITH CETKH.

12. Tabmumpel HE MOMKHBI JyOIHpOBaTh TIpadu-
ku. Kakmas tabnuia nmeer 3aroioBok. Ha Bce TaOmmippt
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W PUCYHKH CJEAYET AaBaTh CCHUIKM B TeKcTe. TaOiuirbl
HE JIOJDKHBI COZIEPXKAaTh BEPTHKAIbHBIC JIMHUM, IEJISIINE
Tabnuiy Ha ctonOubsl. HasBanwe n conepskanue Tadmmig
TIPE/ICTABIISIETCS] HA PYCCKOM M aHIVIMHCKOM SI3BbIKaX.

13. O0o3HaueHHsI U COKpAIICHUs, NPUHSTHIC B CTa-
The, PAacII(PPOBBIBAIOTCS HEMOCPEACTBEHHO B TEKCTE.

14. Pa3mepHOCTB BCeX BEIMYHUH, IPUHATHIX B CTAThE,
JIOJDKHA COOTBETCTBOBATh MEKIyHApOJHON CUCTEME €IH-
Hun u3mepenuii (CH).

15. HabGop ¢dopmyn momKeH MPOBOAWUTHECS B pEOax-
tope MathType nenmukom. Habop ¢opmyn u3 cocTaBHBIX
3JIEMEHTOB HE JIOITyCKaeTcsi, HoMepa (GpopMyl — 110 IpaBo-
My kparo. Hymepytotes aumib opMystbl, Ha KOTOPBIE €CTh
CCBUIKH B TEKCTE.

16. HeoOXxoauMO HUCIONB30BaTh CICIYIOIIUE yCTa-
HOBKM pezaktopa Qopmyn. Pazmepsl: momubiii — 10 mT,
MOJICTPOUHBIN — 9 NT, MOA-MIOJICTPOYHBIN — 7 IT, CHMBOJI —
14,5 nt, moacumBoin — 12,5 nt. CTuiu: TEKCT, (QyHKIHS,
yucno, kupwumina — mpudrt «Times New Romany, Bek-
top-marpunia — mwpupt «Times New Romany, >kupHBbIif;
TpeYecKuil MaJbli, rpedecKil OOIBIION, CUMBOI — MIPUPT
«Symboly», mpamoit; nepemernas — mpudt «Times New
Roman», kypcus.

17. OtnenpHBIE CTPOYHBIE OYKBBI W CICHHANBHBIC
CHUMBOJIBI HaOHMpAIOTCSI B TEKCTe TapHHUTypoir Symbol
0e3 ucmoap30BaHus penakropa ¢opmya. [Ipu Habope
dbopmynr © OyKBEHHBIX OO0O3HAUCHHN HEOOXOAUMO Y4YH-
TBIBATh CJIC/IYIONIME MpaBUia: PYCCKHN aa)aBUT He HC-
MOJIb3YeTCsA; Tpedeckue OyKBbI, MaTeMaTHYECKHE CUM-
Bouibl (grad, div, In, min, max u ap.), CAUHHIEI U3MEpPE-
nus (Bt, Ik, B, kr u np.), kupuinndeckue OyKBbI, COKpa-
LIEHUSI OT PYCCKUX CJIOB (qcp); 0003HaYECHNUS XUMHYECKUX
2JIEMEHTOB ¥ COCAMHCHHH (B T. Y. B MHICKCE) HAOUPAIOTCS
NMPSIMO; JTaTHHCKHUE OYKBBI — IIEPEMEHHBIC ¥ CHMBOJIBI (pr-
3WYECKUX BENMYMH (B T. 4. B HHICKCE) HAOHMparoTcs Kyp-
CHBOM; BEKTOPBI — XHPHBIM HIPUPTOM (CTPEIKH BBEPXY
HE CTaBATCH).

18. Hadepranue o603HaueHHIT B pOpMYITax i B OCHOB-
HOM TEKCTE JIOJDKHO OBITH MOJHOCTBIO UIEHTHYHO. B pac-
mudpoBKe (HOpPMyYII, KOTOpasi HAUMHACTCS CJIOBOM «ITIE»,

CHUMBOJIBI ¥ X MOPS/IOK JOJDKHBI COOTBETCTBOBATH CHMBO-
JIaM ¥ UX TOPSAIKY CICI0BaHUS B (POPMyIIax.

19. Crimcok MCHONIb30BaHHBIX MCTOYHHKOB COCTABIISI-
eTcsl B TOPSIIKE YIOMUHAHHS CCBUIOK IO TEKCTY, JOJDKCH
coziep Karh IoJHbIe OubIorpaduyeckue JaHHbIe U ITPUBO-
JUTCS B KOHIIE cTaThl. He pexomeHayeTcst 1aBaTh CCHUIKU
Ha MaTepualibl KOH(EPEeHIHii, CTaThH U3 AIIEKTPOHHBIX XKYp-
HaytoB 0Oe3 uaeHtudukaropa DOI, yueOHbIC OCOOHS, HH-
TepHeT-pecypchl. CCHUIKM Ha HEOITyOJIMKOBaHHBIE PaOOTHI
He JomyckatoTcs. JKenaresnpHo, YTOOBI KOJTMYECTBO CCHUIOK
6s110 He MeHee 10; camonmTipoBanue — He 6omee 20 %.

20. ABTOpBI Ha OTAENIBHOIN CTPaHULIE IPENLOCTABISIIOT
0 cebe cremyromme cBeleHMs: (paMIIHs, UMSs, OTYECTBO,
yuUeHasl CTENCHb W 3BaHHE, MECTO pabOThl M 3aHMMaeMast
JIOJDKHOCTB, aJIpec AIEKTPOHHOM CBA3M.

21. Crarbu, n3nararomye pe3ynbTaTbl UCCIEI0BAHNMH,
BBITIOJIHEHHBIX B YUPEXKICHHSX, JOJDKHBI UMETh COOTBET-
CTBYIOIIIEE Pa3pelIeHUue Ha OIMyOJIMKOBaHHE B OTKPBITOM
neyary.

22. Ilpu HEoOXOAMMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBAIOTCSI HAUMEHOBaHKE (hOHJIA, OKa3aBILero (pHHaH-
COBYIO TOJIEPKKY, MM YPOBCHb M HAaHMMEHOBAHUE IPO-
rpaMMBI, B paMKax KOTOpPOH BBIMIOJIHEHA padoTa, Ha pyc-
CKOM M aHIJIMHCKOM SI3bIKaX.

23. ABTOpBI HECYT OTBETCTBEHHOCTb 3a HalpaBiie-
HHE B peJIaKIMIO cTaTeil, paHee y)Ke oIy OIIMKOBAaHHBIX HIIH
MPUHSTHIX K NeYaTH APYTUMH U31aHUSIMH.

24. CtaTby, HE COOTBETCTBYIOIINE MEPEUNUCIEHHBIM
TpeOOBaHUSIM, K PACCMOTPEHHIO HE MPUHUMAIOTCS U BO3-
BpamamTca aBropaM. JlaTol MOCTYNJIEHUS CUHUTAETCs
JICHb MOJTyYeHHUs pelaKkiiel MepBOHaYaIbHOTO BapHaHTa
TEKCTa.

25. Pepakiust mpeaocTaBisieT BO3MOXKHOCTh TIEPBO-
0YEpEIHOTO OMYONMKOBAHUS CTaTell JMIIaM, OCYIIECTBIIs-
OIIAM TTOCJIEBY30BCKOE 00ydYeHHE (aCIIMpaHTypa, JOKTOp-
aHTypa, COMCKATEeIbCTBO), B TOJ 3aBEPIICHHS OOYyYCHUS;
HE B3MMaET IUIaTy ¢ aBTOPOB 3a OIMyOJIMKOBAHHE HAYYHBIX
cTarell; OCTaBIsIeT 3a co0OM MpaBO MPOM3BOIUTH pellaK-
TOPCKHUE MPABKU, HE UCKAXKAIOIINE OCHOBHOE COJEpIKAHUE
CTaThH.
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