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OCHOBHbIE NONOXEHUA»

CBeaeHUA o0 cTaHpapTe
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peBoda Ha PYCCKUM A3bIK MeXayHapoaHOoro AoKyMeHTa, yKasaHHOro B NyHKTe 4

2 BHECEH TexHunyeckum komuteToM no ctaHgaptmsayum TK 457 «KayecTBO BO3ayxa»
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BBegoeHue

NcToprveckn CnoXXmMnochb, YTO BO3AEWCTBME a3p0301en XapakTepunsoBarn MacCoOBOU KOHLUeHTpauneu
YacTuL, CBSI3AHHOW C XapakKTepHbIM PPakLUUOHHBIM COCTABOM, COOTBETCTBYHOLUMM pasnMuHbIM 0ONacTam
ocaxaeHua B pecnupatopHon cucteme. OgHako UMeroTca gokasaTenbCcTBa TOro, UTo 3HaHWe OAHOU TONbKO
MaCCOBOW KOHLIEHTpaLUn He obecnevynBaceT BbISIBIEHUSA COOTBETCTBYHOLLNX PUCKOB ANS 340P0OBbSI, CBA3AHHbIX
C BAbIXaHNEM HEeKOTOopPbIX aspo3onen. MHorme Tokcukonorndeckme nccnegoBaHuUsa CBMAETENbCTBOBANN, YTO
MPW Bblpa)XeHn A03bl BeLeCTB Yepes3 Maccy HeKoTopble yNbTpaMerikiue BablXxaeMble HepacTBOPUMBIE YaCcTu-
Libl MOTYT ObITb DONee TOKCUYHBIMU, YeM Donee KpynHble aHanorndHoro coctasa [4—11]. Pesynbtatel annage-
MUOIOrMYeCcKMX nccnegoBaHUM a3po3orien B okpyKarowen cpege ¢ Hadana 1990-x rr. nokasanu, 4to YacTtulbl
pasMepoM MeHee 2,5 MKM ornacHee ANd 340PpOBbSA HaceneHusa, 4YemMm 4yactuubl pasmepom MeHee 10 MKM, Npu
BblIpaXkeHWM 403kl N0 Macce [12—22]. XoTa B HacToswee BpeMs BNUAHME BAbIXaHUA O4YeHb MenKuX YacTul, Ha
300pOBbe PabOTHUKOB NPOMbBILLMEHHBLIX NPeANnPUATUN N3YYEHO Mano, eCTb OCHOBAHUS NonaraTbh, YTO BO3AeW-
CTBUE, CBSI3AaHHOE C BAbIXaHWeM TaKuX YacTuL, (0DpasyloLlMXcsl NPpW BbICOKOTEMMNEpPaTYPHbIX NpoLleccax, Ha-
npumMmep obpaboTke MeTanna n ceapke), oyaet 6onblle, Yem Morna obl NoKasaThb ero oLileHka Ha OCHOBE MaccChl
[23, 24]. [1pn COBMECTHOM pacCMOTPEHUN STOT (PaKT yKasblBaeT Ha Hanndime prucka ansi 300poBbsi PabOTHUKOB
NPOMBbILLNEHHBLIX NPeaAnpUATUA NPUY BALIXaHUM a3p030en, cTeneHb KOTOPOro 3aBUCUT OT pasMepa YacTul, U He
MOXeT ObITb COOTBETCTBYIOLLMM 0Dpa3oM oXapaKTepnsoBaHa TOMbKO C MOMOLLLIO MacCOBOM KOHLIEHTpaL M. B
3HaK MpPU3HaHWA MOTeHUMaNbHOU BaXXHOCTU pasMepa 4vacTul, MOCTerneHHO cTan UCMONb30oBaTbCA TEPMUH
«yNbTpaanucnepcHbIN a3po30/iby», OTHOCALLMNACA K a3p030M14aM, AUCNEPCHYIO pasy KOTOPLIX COCTaBNAKT YacTK-
1bl AnameTpom MmeHee 100 HM. B HacTosILee BpeMd TEPMUH LLUMPOKO NPUMEHSIIOT K a3p030/18M, B OTHOLLUEHNN
KOTOPLIX €CTb NOA03PEHME Ha HAaNU4YMe NoTeHUManbHbIX BAUSAHUA Ha 300PpOBbe B 3aBUCUMOCTU OT pasMepa
yactuu,. lNockonbky B nocneaHue roabl MUHTEHCUBHO BeAyTCH padboThl NO UCCNeaoBaHMIO U pa3paboTkam B 0b-
nactu HaHOTexXHoNnorMn, ocodboe BHMMaHMe ObING obpalleHo Ha NoTeHUManbHoe BO3AENCTBME Ha 300POBbE
MCKYCCTBEHHO NonyYyaemMblX YacTuL, ANaMeTPOM HECKONbKO HAHOMETPOB U APYTUX CTPYKTYP HAHOMETPOBOTO
ananasoHa [25—238]. B 3ToM KOHTeKCTe TePMUHbI «KMCKYCCTBEHHO MOJTyYeHHble HaHOoYacTULbI» UM «MUCKYC-
CTBEHHO NONYyYEeHHbIN HAHOA3PO30/b» NMPOU3BOLHO UCNONBL30BANM ANA CNUCaHUA YacTul, U aspo3onen Npu
CO30aHUMN HAHOCTPYKTYPUPOBaHHLIX MaTepuanos. OaHako oblenpuHAaThIM Habop onpeaeneHnun 3sTUX TeEPMU-
HOB B HACTOsILLEe BPEMSA HAXoOQUTCA Ha cTagum obcyxaeHua. nsa ACHOCTM B HACTOSILLEM cTaHAapTe TEPMUH
«HaHoYacTMLa» UCNOoNb3yeTcs ANnsl ONMcCaHUs BCex YacTul, asposonen anameTtpom He bonee 100 Hm, npea-
CTaBMNSAOLWMX NOTEHUMANBbHYIO ONACHOCTb AN 340POBbS NPpW BAbIXaHMW. [Ans 0bo3HavYeHUs bonee KpynHbIX
YyacTuL, OTHOCALLMXCA TEM HEe MeHee Mo CBOEMY pasMepy K HaHoguanasoHy (Takmx Kak arnomMmeparthbl HaHoYac-
TUL, 1 HAHOBOJIOKHA) U KOTOpbIe TakXKe MOryT npeactaBnaTb NOTeHUMaNbHY0 ONacHOCTb ANdA 340POBbSA, UC-
MNOMNb3YHT TEPMUH «HAHOCTPYKTYPUPOBAHHLIE YacTULbI», a AN a3po30/ien, o0bpaszoBaHHbIX 3STUMK YacTULaAMU
N HaHoYacTULaMKN, UCMONb3YIOT TEPMUH «HAHOA3PO30by.

[1pu BecbMa orpaHuUYeHHbIX AaHHBIX MO TOKCUYHOCTU U HUYTOXHO ManbiX AaHHbIX MO BO3AEUCTBUIO B Ha-
CTosLLEEe BpPeEMSl HE ACHO, KaK OO/MKHbIM 0bpasoM creayeT KOHTPONMMPoBaTb M pernaMmeHTUpoBaTh BO3OEN-
CTBUEe HaHoasposonen. CyullecTByeT OCHOBaHHOE Ha pesynbTaTax TOKCUKONMOrMdecknx uccnegoBaHU
NnoATBepXAeHne Toro, Yto onpeaendowm nokasartenem Bo3aeCTBAA YacTUL, Ha OpraHn3m Npu nx BabiXaHUn
ABNAETCA Nnnolwagb NoBepXHOCTU YacTul, a He UX nNHeunHble pasmepsl [9], [8], [9], [29]. OaHaKko cyllecTByOT
OoKaszaTenbCTBa, YTO B HEKOTOPLIX CNy4YasaXxX MOXeT ObITb BaXKHbIM YACMO YacTuL, B onpeaeneHHbIX gnanasoHax
pasmepoB [23]. [TocneaHne nccnengoBaHUs nepemelleHnsa YacTtul, B opraHMsmMe noaTesepannu Hanmdme 3aBu-
CUMOCTUM OT pa3mepa YacTuL, BEPOATHOCTU NepeMeLleHUdA oca)XaeHHbIX YacTUL, U3 AblXaTenbHbIX NYTEeW B APY-
‘e opranbl [30, 31]. Umetollencsa B HacTosiLee BpeMs MHopMaLMM HegoCTaTouHO AN onpeaeneHns Toro,
Kakue nokasartenu Yyactuu, (YMCno YacTtuy, onpeaeneHHoro pasmepa, nnowaabs NoBepXHOCTM YacTuL, M Macco-
BasA KOHLUEeHTpauusa) 1, COOTBETCTBEHHO, KakMe MeTOAUKU NOoNyyYeHUda 3TUX NnokKasaTtenen cneagyet UCNONb30-
BaTb MpPU OLEHKEe BO3OEUCTBUA HaHOal3po3onenm Ha opraHuam. [epBbiM aTanoM nonyyveHnst HeodXoanmou
MHpOpMaLnK SIBNSIETCA onpeaenieHne TeXHUYECKUX CPeACcTB, C MOMOLLLIO KOTOPbLIX BO3AENCTBUE MOXET ObITh
OLEeHEHO Ha OCHOBE pasnMYHbIX NoKkasatenen. B onuxanwen nepcnekrtuee dyayT npeaocraBneHbl cpeacTBa
Ona OoLeHK BO3AEeUCTBUN TaM, rae CyLecTBYeT OnacHOCTb HeaaeKBaTHOCTU MeTO40B, OCHOBAHHLIX Ha ornpe-
aeneHMn maccbl vactul, ocobeHHO B co3gaBaeMbiX 0OMacTaAX HAaHOTEXHOMOrMW, rae BO3OAeUCTBUE UCKYC-
CTBEHHO CO34aHHbIX HAHOYACTUL, MOXET ObITb CYLLECTBEHHLIM. DTO TakKe obecneynT OCHOBY A9 pa3BUTUA
bonee rnybokoro NOHMMaHUA CBA3N MeXay BO3AeNCTBUEM adp0o30ns N ero BNUAHNEM Ha 300P0OBbE C UCMNOSMb-
30BaHWEM psiga nokasaTenien BO3aAencTBUs U Anst pa3padboTkm cTaHO4apTOB NO onpedenieHnio XapakTtepucTuK.

IV
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B 5TOM KOHTEKCTe HacTosILMA cTaHdapT yCcTaHaBNMBaeT obLWEenpuHATBIE TEPMUHBI U onpeaeneHns, a
TaKXKe pyKOBOACTBO NO U3MEPEHUIC NoKasaTenen, XxapakTepusyoLnx BO3geNCTBME HAHOA3po30en Ha paboT-
HUKOB MPOMBbILUNIEHHBIX MPeanpusTUiA, MCNONb3YLWMX HAaHOTEeXHOMorMn. B ctaHaapTe npuBeaeHa nHdopma-
LU NO TEeXHUYECKUM cpeacTBam, MNO3BOMALWMM NOMy4YnTb Oornee aaekBaTHYHO OLEHKY BO3AeNCTBUN
HaHOAa3pPOo30Nen, YeM NP UCNOMb30BAHUN CYLLECTBYIOLWMX METOA0B U paboynx 3TanoHOB, U, TaKUM obpasom,
HacTOALWLWIA cTaHaapT byaeT cnocobecTBOBaATL POPMUPOBAHUIC OCHOB A1 PacLUMPEHUS 3HAHUIA O TOM, KaK BO3-
NencTBMe HaAaHOAal3POo30sen, CBA3aHHOE C XapakTepom paboThl, AOIMKHO Hanbonee agekBaTHO U3MEpPATLCS.
Pa3BuTue 1 agantauust COOTBETCTBYHOLWMX NOAX0A0B K U3MEPEHUAM SABNAETCS BaXKHbIM CYLLIECTBEHHbLIM LLa-
roM K paspaboTtke 1 BHegpeHuto byaymnx sTanoHOB BO3AENCTBUA ANS HAHOA3PO30Nen.
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HAUMWOHANBbHBIWN CTAHOAPT POCCUUCKOWN PEOEPALUMN

BO3QYX PABOYEW 30HbLI

YnbTpagucnepcHble a3po3osiv, a3po30/iM HAHOYACTUL, U HARHOCTPYKTYPUPOBaHHbIX YacTUL,.
OnpepeneHne XxapakTepuUcTUK U OLEeHKa BO3OeUCTBUA NpU BAbIXaHUN

Workplace atmospheres. Ultrafine aerosols, nanoparticle and nano-structured aerosols. Inhalation exposure
characterization and assessment

[laTta BBeaeHna — 2012—12—01

1 Obnactb NpMeHeHUA

Hactodawunin ctaHaapT pa3paboTaH B CBSI3U C:

- YBENMUYMBAKOLMMCH BHUMAHUEM K BO3MOXHBIM pUCKaM A5s1 30POBbSA, BO3HUKAOLWUM MpU BO3AEN-
CTBUW a3pO30Nien C YacTULLaMKn, pasMepbl KOTOPBIX NeXaT B HaHoguanasoHe (cobupaTtenbHO Ha3biBaeMbIX Ha-
HOA3PO30AMIK, BKIOYAA NofyvyaemMble B KayecTBe NOOOYHbLIX NPOAYKTOB B pas3nUYHbIX NMPOU3BOACTBEHHBIX
npoueccax Tak HasbiBaeMble YNbTPaTOHKOAUCTIEPCHBIE a3po30n),

- OTCYTCTBMEM COBPEMEHHbLIX METOANYECKMX PYKOBOACTB U CTaHOAPTOB, NPUMEHUMBLIX AN CHMKEHUS
PUCKOB ANS 340POBbLA, U

- HeobXoaUMOCTbIO pa3paboTKM 0OOCHOBAHHLIX METOAMK 0TOOPA NPob Kak YacTu OUEHKN COOTBETCTBY-
loLLero BO3AeNCTBUS U CTAHAAPTOB MO MOHUTOPUHTY.

OCHOBHOW Lenbio paspaboTkn cTaHaapTa bbINo npegocTaBieHne nofb3oBaTensamMm HeobXoAMMON NCX0-
HON MHpOPMaLA N PYKOBOACTBA Mo O0TOOpY Npob, 4Tobbl crneuuanncTbl U UccrnegoBatenn B obnacTtu npo-
MbILLUNEHHOW TMIMeHbl MO MX MCNOMNb30BaTh B LEeNsaAX 3dodpeKTUBHOMC ONUCaHUA U KOHTPOMNS BO3AEUCTBUSA
HaHoa3po30nen B paboyen 3oHe A0 TOro, Kak oyayT paspaboTaHbl U BHeAPEHbI KOHKPETHLIE npeaenbHO O0-
nyckaemble YPOBHU BO3OEUCTBUA U 3TanoHbl. HaHoaspo30nM B NPOU3BOACTBEHHOU cpee MNMpeacTaBnsioT
Krnacc gUcnepcHbIX CUCTEM, COCTOALLMX NpenMyLLIecTBeHHO 13 YacTuy, pasmepom MmeHee 100 HM B gnameTpe
(B BUAE OTAENbHbLIX YacTUL, MNK arnoMepaToB).

HacTtodaw 1 ctTaHgapT coaepXUT peKkoMmeHaaLlnMn no cueHKe BO3AEeNCTBUM HAHOA3PO301EN, CBA3AHHLIX C
XapakTepoM paboThl, N NpeAcTaBNsAeT COBPEMEHHbLIN YPOBEHb TEXHUYECKOTO pa3BUTUA, UMEIOLLIMNCS K MOMEH-
TY ONyONMKOBaHUA MeXayHapoaHOro ctaHgapTa ¢ ocobbIiM akUEHTOM Ha YacTuubl AMaMeTpoM B HaHOAMana-
3o0He. Takke npuBegeHa OCHOBHadaA uHdopMauuss no MexaHuamam obpasoBaHUA U nepemMeLlleHUs
HaHOa3pO30Nen B NPON3BOACTBEHHbLIX YCNMOBUAX 1 NO NMPOM3BOACTBEHHBIM NpoLeccaM, CBA3aHHbIM C BO3AeN-
CTBMEM HaHoaspo3onen. PaccMoTpeHbl CUCTEMBI NMoKasaTenen Bo3genUCcTBuUsA, npurogHble Ansi HAHCAas3PO30-
nen, a TakkKe XapaKTepHble MeToAdbl OLUEHKU BO3OAEUCTBUSA CO CCbIFIKOM Ha 3TU CUCTEMbl NoKasaTenewn.
[lpBeaeHa KOHKpeTHada UHpopmMaumsa no Mmetoaam nonydyeHUs XapakrepucTuk asposonen Kak Lenoro, Tak u
ONgA oTAeNbHbIX YacTuyL,.

2 TepMuUHBLI N onpeaeneHus

B HacTodAweM cTaHgapTe NpUMeHeHbl crneayoLlne TEPMUHBI C COOTBETCTBYHOLMMUN onpeaeieHUsMU:

2.1 KYMYNAUMOHHLIN a3po3onb (accumulation aerosol): Aspo3onb, 0bpasyroLWMUCA NMPpU POCTE YacTuL,
Ha cTagaum obpasoBaHUA 3apoablllen 3a cHeT KoanecueHUUK, koarynsauum n/mnin koHaeHcawuuu.

[Tpunmeyanwmne—Moabl pacnpegeneHnn YacTul, aspo3orien no paamepam 0bbIMHO HAXOAATCSH B Ananas3oHe OT
50 HM 40 1 MKM, HO UM He OrpaHnYEHb.I.

U3pgaHne odbvumanbHoe
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2.2 as3poauHaMudeckun guameTtp (aerodynamic diameter): JnameTp cpepunyeckon YacTtuubl NoT-
HocTbto 1000 Kr/M3, UMetoLLEn CKOPOCTb OCaXKAEHUSA TaKyHo Xe, Kak U paccMaTpuBaemMas Yactmua.

[TpumeyaHune— AspoanHaMmnyeckun amameTp, CBA3AHHbIN € MHEPLMOHHBIMW CBONCTBaAMM YaCTUL, a3po30ris,
0BObIYHO UCMONBL3YIOT AN onucanus Yactuy pasmepom 6onee 100 HM (NPUBNN3NTENBHO).

2.3 aspo3onb (aerosol): MetactabunbHas B3BeCb TBEPAbIX UM XXUOKNX YacTUL, B rase.

2.4 arnomepart (aapo3onen) (agglomerate <aerosols>): Mpynna 4yacTuy, yaepXXnBaembiX BMECTE OTHO-
cCUTEeNbHO cnabbiMn cnunamu, B ToM Ynucne cunamn Ban-gep-Baanbca, anekTpoctaTU4ecKumMmn U cunamMmm noBep-
XHOCTHOIO HaTSXXEHUS.

[TpumeyvyaHune— TepMnH 4acTo NCNOMb3YIOT BMECTO TEPMUHA «arperarm.

2.5 arperart (asapo3onen) (aggregate <aerosols>): [(pynna vyacTtul, B KOTOPOW pasfiniHble KOMMOHEHTH
yAepXKMBaOTCA BMeCTe OTHOCUTENbHO CUMbHBIMK CUlaMn, 1 BCNeacTBUE 3TOM0 Henerko Apodarca Ha YacTu.

[TpyumedaHune— TepMnH 4YacTo UCMONb3YIOT BMECTO TEPMUHA «arnomepary.

2.6 koarynauusa (coagulation): ObpasoBaHne bonee KpynHbIX YacTUL, NpY CTONKHOBEHUN MeNKUX Yac-
TUL, U UX nocrneayoLwem CrimaHui.

2.7 koanecueHuusa (coalescence): ObpazoBaHmne 0AHOPOAHLIX YaCcTUL, NMPK coyaapeHnn bonee MenKux
yacTuy, U UX nocneayroLwem ClMaHn UnM cMeLlleHnn CoCTaBNALLNX UX BELLEeCTB.

2.8 UCKYCCTBeHHO co3gaHHaaA HaHo4vacTuua (engineered nanoparticle): HaHovacTuua, cneunansHo
co3faHHas ¢ 3agaHHbIMU XapakTepUCTUKaMn.

2.9 noaBUXHOCTb (aapo3onen) (mobility <aerosols>): CnocobHOCTbL YacTULbl a3p030Ns NepeMellaTh-
cd noa BNUAHMEM BHeLLHEro BO3AeNCTBUS, TAKOro Kak anekTpoctaTtudeckoe, TepMmuieckoe rnose UM B pesynb-
TaTe andysnn.

2.10 puameTp noaBuxKHocTU (mobility diameter): dQnameTtp cepuieckon Yactuubl, UMeroLLIEN TaKyIo
Xe NOABWMXKHOCTL, Kak 1 paccMaTpuBaemMas yactumua.

[TpwnmeyaHune—[uameTp NOABUXKHOCTU ODBbIYHO UCMONMBb3YETCH AN ONUCaHUS YacTul, pa3mMmepoM MEHEE Npu-
6nunantenbHo 500 HM N HE 3aBUCUT OT NNTOTHOCTU YaCTULLbI.

2.11 HaHoa3apo3onb (nancaerosol): A3po3onb, AUCNepCcHYO a3y KOTOPOro COCTaBNdAlOT HaHOYac-
TULbI.

2.12 HaHovacTuua (nanoparticle). Hactuua HOMUHaNLHBIM AUaMeTPOM (reOMEeTPUYECKM, a3pognHa-
MWUYECKM, OANaMETPOM NOABUKHOCTU, ANaMETPOM NpoeKLUn nnn nodsiMm gpyrum) meHee 100 HM.

2.13 HaHOCTpPYKTypupoBaHHasa YacTuua (nanostructured particle): Hactuua, Bkniovarowasa CTpyKTyp-
Hble arnemMeHThl pasamepom MmeHee 100 HM, KOTopble onpeaensoT ee pusndeckne, XuMmmyeckne n/mnm bionorn-
yecKkne CBOUCTBA.

[Tpumedanune—MakcnmanbHbIM pa3smep HAHOCTPYKTYPUPOBAHHOWN YaCTULbI MOXET BbITb 3HAUUTENBHO BONb-
we 100 HMm.

lpumep — Az2nomepam HaHo4vacmuy duamempom 500 HM cniedyem paccMampueamb KaK HAaHOCMPYKMypu-
pO8aHHYrO Yacmuuy.

2.14 KoHAeHCaUUOHHbLIN a3po3onb (nucleation aerosol): A3p0o30nb, YacTULLI KOTOPOro obpasyoTcs
NpenMyLLECTBEHHO B ra3oBOU pase, HanNnpMMep 3a cUeT Takoro npoLecca, kak obpasoBaHue 3apoabllliein B ne-
peHacbILLEeHHOM nape.

[Tpunmedanune—Pacnpegenenns yactuu no pasmepam o6bIvHO OTHOCATCS K gnanasony oT 1 4o 50 HM, HO UM
HE OrpaHUNYeEHbI.

2.15 vactuua (particle): Managa guckpetHaqa 4yacTb BellecTBa onpeaeneHHoro arperatHoro COCToOAHUSA
(TBEPAOro UNKU XXUAKOro).

[Tpumevanune—Cwm. [32].

2.16 nepBuUYHaga Yactuua (primary particle): Hactunuya, He obpasoBaHHas 3a cyeT 0bbeanHeHUa bonee
METKUX YacTuL,.

[TpumeyanHwme—TepMnH obBbIMHO OTHOCUTCH K YacTuuam, obpasoBaBLMMCH U3 3apoblllen B ra3oBoun hase
00 TOro, Kak npounsoLuna Koarynsiumsi.

2.17 BTOpuYHana YacTuua (secondary particle): Hactunua, obpasoBaBluascs B pesyfibTaTe XMMUYECKUX
peakuun B rasoBoun pase (nNpeBpalleHue rasa B YacTulbl).

2
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2.18 nnowaab NoBepXHOCTU, aKTUBHaA (surface area, active): [Nnowaab NOBEPXHOCTN YaCTULbI, He-
nocpeacTBEHHO y4acTBYOLLIAA BO B3aUMOAENCTBUSAX C OKPYXXatOLLIMMK MONEKynaMn rasa.

[Tpnmevanune—Irlnowagb akTUBHOW MOBEPXHOCTU NPONopuUMOHanbHa KBagapaTty AnameTrpa YacTuubl, eCnu
pasMep YacTtuu MeHble cpeaHen anvHbl cBobogHoro npobera Monekyn rasa, u nponopumnoHanbHa gAnameTpy YacTtuubl,
eCcnu pasMmep vacTuy HamHoro bonblle cpegHen anuHel ceobogHoro npobera monekyn rasa.

2.19 nnowagb NOBEepXHOCTU, yaenbHaA (surface area, specific): ['lnowaas NOBepPXHOCTU, Npuxoasn-
LLasica Ha egMHULLY MaccChl YacTuubl MW BellecTBa.

2.20 ynbTpagucnepcHbIU aspo3onb (ultrafine aerosol): A3po30nb, COCTOALNN NMPEUMYLLLIECTBEHHO 13
yNbTpaMenkux YacTul,

[TpnmeyaHune— TepMnH 4acTo NCNONb3YIOT ANA a3po3onen, 00pa3oBaHHbIX YacTULLAMUN, NONTYYEHHBIMWN B Ka-
YyecTBe NOOOYHbBIX MPOAYKTOB (CryYanHble YacTulbl) NPOLECCOB TaKNX, KAk CBapKa U ropeHune.

2.21 ynbTpamMenkada vyactuua (ultrafine particle): Hactmua ¢ HOMUHanNbHbLIM AnamMeTpoM (reoMeTpruYec-
KM, aspoanHaMnyYeckum, gmamMeTpomM NoABWKHOCTU, nnowagn npoekun nnu nodbeim gapyrum) 100 HM 1nu
MeHee.

[TpymMeyaHne—3TOT TEPMMH HACTO NCNOMNB3YIOT ANs YacTuLl, 0OpasyloWmMXCcs B KavecTBe NOBOYHbBIX NPOAYK-
TOB NPOLLECCOB (Crny4YanHble YacTulbl), TAKMX KAk CBapKa 1 ropeHune.

3 O603Ha4YeHUSAA N COKpaLLeHUS

AFM — aToMHasa cunoBasd MUKPOCKOMUSA;

BET — meToa onpeaeneHus nnowaan nosepxHocT bpyHayspa — OMmeTa — Tennepa [33];
CPC — koHaeHcaUMOHHBLIA CHEeTYUK YacTuL;
DMA — aundpdepeHumnanbHbid aHannsaTtop NoaABUKHOCTWN;

EDX — 3HeprogncnepCMoHHbIN peHTreHocnekTpanbHbIM aHanns;
EELS — cnekTpockonusl sHepreTu4eckux NotTepb 3NeKTPOHOB;

ELPlI — 3nekTpuiecknn MMNakTop HU3KOro gaBleHUs;

ESEM — cKkaHUpYOLWKWKA 3NEKTPOHHBIN MUKPOCKON AN OOBLEKTOB OKpyXKatoLllen cpeabl;
FEG-SEM — ckaHupyrowWwmnn 3nekTpoHHLIN MUKPOCKON ¢ aBTO3MUCCUOHHON NYLLKOW;
GSD — reomeTpuyeckoe cTaHOapTHOE OTKIIOHEHMUE;

HEPA — BbICOKOS(PEKTUBHBIN PUNBTP OYUCTKMN BO3OYXa;

ICRP — MexayHapogHasa koMmuccus no paguonormndyeckon salnTe;

MMAD — aspoaunHammnyeckmn guameTp, COOTBETCTBYIOLWUN LieHTpalnbHON MegunaHe pacnpegeneHus
yacTuL, No pasMepam;

NSOM — ckaHupyowas ontudeckass MUKPOCKONUA B ONKHeEM none;

OPC — onTu4eckun cyeTuynk YacTtumu,;

SEM — ckaHupyowmnn 3NeKTPOHHbBIN MUKPOCKONM;

SMPS — ckaHupyowmin knaccudpukaTop noaBMXKHOCTM YacTul, noLwaroBbli 3MepuTenb NOABUKHOC-
T YacTULL;

SPM — ckaHupylowaa soHaoBasad MUKPOCKOMUS;

STEM — ckaHupylownn npocseYBaoLlLnA 3NeKTPOHHBLIN MUKPOCKON;
STM — ckaHupytowast TyHHeNnbHasi MUKPOCKOMAUS;
TEM — npocBevnBatolM SNEKTPOHHBIM MUKPOCKON;

TEOM® — BubpaLUUOHHbBIE MUKPOBECHI C KOHUYECKUM 3neMeHToM);
A, — MWHUManNbHO ACMNyCTUMada OTHOCUTENbHAA Nnowaib NpoekLMn YacTulbl AnamMeTpoM d Ha none
3peHnsa MUKpocKkona, BblpaXkeHHas B A0NAX A;.
A. — nnowagb Nonsa 3peHus MUKpockona, M? (CM. NpunoxeHne A);
A, — adpekTnBHAA Nnowaab NOAMNOXKKN, M2 (CM. NpUNoXeHue A);
C, — cuYeTHasa KOHLUEeHTpauusi HacTuy, Kak pyHKUNS X guameTpa, M (CM. NpunoxeHne A);
d — anameTp vYacTuubl, M;
E, — 3pdeKkTUBHOCTL 0TOOpa Npob Kak PyHKLMA gMamMeTpa YacTuL, (CM. npunoxeHune A);
N, — MUHUManbHoO AonycTuMoe Y1Ccno YacTtul, gmaMmeTpoM d B nNone 3peHnsa Mukpockona (CM. npusio-

XeHune A);

) TEOM siBnsieTcs NpUMEPOM Nnoaxogsallen Nnpoaykumm, umeroencs B npogaxe. llaHHas nHpopmaumns npmeegeHa
ans ynobcrea nonb3oBaTtenen HacTosIWEro craHgapTa u He sensietcs peknamon NCO HasBaHHOW NpoaYKUUW.
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n, — MWHUManNbHO AOMYCTMMas NAOTHOCTb YacTUL, Ha NOANOXKKE MUKPOCKONa, M2 (CM. NpUoxKeHne A);
g — pacxod npu oTbope npob, m3/c (cm. npunoxeHne A);
{ — NpoAoIKUTENLHOCTL OTHOPa NPOobLI, C (CM. NpUNoXeHne A);

A — AOJIMHAa BOJHBLI OcBellarero NICToOYHUKa, M.

4 Uctopua Bonpoca

4.1 HaHoaspo3onu (B T. Y. yNbTpaaucnepcHble) U UX NOTeHUUanbHoe BO34eNCTBUE
Ha 300poBbe

Pe3ynbTaTbl TOKCUKONOrMYEeCKUX nccneaoBaHniA, NpoBoAUMBIX ¢ KoHUA 1980-X IT., ykasbiBaOT Ha TO, YTO
BO3OEUCTBME Ha 300POBbLE, CBA3AHHOE C BALIXaHNEM HAHOA3PO30MNen, MOXKET He DbITb TECHO CBA3AHO C MacCoW
yacTtuy,. PaHHMe uccneagoBaHUs Ha kKpbicax [4], [9], [34] ¢ ncnonb3oBaHMUEM YacTul, NonuTeTpaTopaTUNEHa
(MTP3) gnameTpom npmbnuamtTenbHo 20 HM nokasanu, YTo Hanu4me B BO34yXe YacTul, NpeanonoXUTENbHO
MHEePTHOro HepacTBOPUMOro BellecTBa ¢ MacCOBOW KOHUeHTpaunen meHee 50 MKr/M3 MOXeT NpuBecCTU K ne-
TanbHOMY Ucxoay. PesynbTaThl bonee nos3gHUxX nccrneaoBaHni nokasanu, YTo TOKCUMHOCTb HEPaCTBOPUMbIX Ma-
TepnanoB Ha eguHULY Maccbl yBenMuiMBaeTcd MNpU yMeHbLUeHUM pasMepa 4YacTul. TodHble MexaHU3MBbI
NpoLeccoB, NOCPEeACTBOM KOTOPLIX 3TW BelleCcTBa NPOoABNSAOT Oonee BbICOKYH TOKCUYHOCTL NMPU MEHbLLLUMX pas-
Mepax vyacTul, elle A0TKHbI ObITb BbIICHEHLI, XOTS CYLLIECTBYET MHOIMo runotes. PesynbtaTthl psaa nccneaoBa-
HN NoKa3anu, YTo buonorMvyeckasl peakumst 3aBUCUT OT MoLwaan NnoBEPXHOCTU YacTuUL, OCaXKAeHHbIX B NErkux
[8], [9], [39]—][37]. Takxke OLINO BLIABUHYTO NpeanonoXeHue, YTo BCneactene HedbonbLWoro gnamMmeTtpa HaHo4Yac-
TUL, OHU CMOCODOHBLI NPOHUKHYTL B 3nNUTENManbHbIe KNeTKX, nonaaas npu 3Tom B KpoBoToK nerkux [31], [38]—[4 1],
N MepeMeCTUTLCS B FONTOBHOW MO3T No 0boHATeNnbHbIM HepBam [30]. BozaencTeme Ha 340p0OBbe, CBSI3aHHOE C MOo-
NOOHOWN aKTUBHOCTbLIO YaCcTUL, BO3MOXHO, TECHO CBA3AHO C pasMepoM YacTul, a Takke ¢ Ux Yucnom. M3BecTHo,
yTO DONbLUASA A0NS aTOMOB, BXOAALLMX B COCTAB YacTuUL, C pasMepoM B HaHoaManasoHe, HaxoauTcsa Ha UX NOBep-
XHOCTW, B CBA3M C YeM HaHOYaCTULI NPOABNAIT YHUKaNbHbIE PU3UKO-XUMUYeckne cBoncTBa. MOXHO OXXnaaTb,
YTO DMonorMvyeckast akTUBHOCTbL YacTUL, C pasMepoM B HaHoAManasoHe OyaeT TeCHO CBA3aHa ¢ AMaMeTPOM Yac-
TWL, NoLWaabo NOBEPXHOCTUA U aKTUBHOCTLIC NOBEPXHOCTN.

XoT4 HeobxoanmMbl gansHenwmne nccnegoBaHna PUsnvecknxX XapaktepucTk HaHOal3po30en, KoTophle
Hanbonee TeCHO CBA3aHbl C NOTEHLUMAaNbHBIM PUCKOM AN 300POBbSA, OYEBUAHO, YTO OLEHKN BO3OEUCTBUS
TONbKO HA OCHOBE MacChl YacTuUL, HegocTaTouHO. MMetoT MecTo 0DOCHOBaHUA ANs pekoMeHaaunm Beibopa 13
TpeX OCHOBHbIX (PU3NYECKUX NoKasaTenen Bo3gencTeus (Macchl, NoLwaan NoBepXHOCTU N YMchna YacTul,) ang
KOHTPONA MPOU3BOACTBEHHLIX HaHOa3po3onen nnowagn Ux noBepxHocTU. B AaHHOM KOHTEKCTe MNOHATUE
«nnowiaab NoBePXHOCTU adpo30nda» onpeaeneHo HeveTko. [Nnowaab NoBepXHOCTU YacTUL, a3p0o30Ns 3aBUCUT
OT NPUHATOrC noaxoda K onpegeneHUo noHATUA. ['eomMeTpudeckaa nnowagb NOBEPXHOCTU COOTBETCTBYET
pU3nN4ecKon NOBEPXHOCTU 0OBLEKTA, U €e 3HaYEeHUe 3aBUCUT OT WKanbl ANMWH, UICNOMb3YeMOW NMpu N3MepeHNH.
N3ameputenbHasa wWKana anvH onpeaenseTt BePXHUA pasmep obbeKTa, KOTOPbIN HE MOXET DbITb ODHApPYXeH ¢
NMOMOLLb MeToda U3MepeHnn. Hanpumep, MeTodbl, OCHOBaHHLIE Ha aacopoObuUnMM MONEKyn, UMEKT LKany
ONWH, copasMepHyo ¢ AnameTpoM aacopbupyembix monekyn [33]. NMoaodbHbiMm 0bpaszom B BUMONOrM4YecKkom
CMbICINe nnowagb NOBEPXHOCTU, CKOpee BCero, byaeTt onpeaensaTbCcs pasmepom HanMmeHbLen BMonormvyeckin
aKTUBHOW MONeKynbl, B3aUMMOAEUCTBYIOLWEN C YaCcTULLaMM B Tele YeroBeka.

XOT4a MMeeTcAa MHOMo AaHHbIX B MOMb3y UCNONB30BaHUA Nnolwagn NoBepXHOCTU aspo3ons B KayecTBe
Mepbl BO3AEUCTBUSA, TakKe HeoDXoaMMO paccMaTpuBaTh XapakKTepUCTUKA BO3OEUCTBUSA B 3aBUCMMOCTU OT
MaccChl a3p0o30Ms U CYETHOM KOHLUEHTpaU MK aspo30nd, noka He dyaeT nonydeHa bonee noapodbHasa nHdopma-
M. KpoMme Toro, pesynbTaTbl HEKOTOPLIX UCCNeaQoBaHMK NoKasarnum, YTo MOryT OblTb KPUTUYECKUE pa3Mepbl
yactuu, onpegensowmne metabonmuecknin NyTe U TOKCUMHOCTb BAbIXaeMbIX YacTuL, B nerkux [41], [42]. OAns
KaXKOoro 13 nokasarenen Bo3gencTems, Ho 0CoODEeHHO B cllyvae MacCoBOW KOHLUEHTpaLU K, Heodxoanmo nprume-
HATb OTOOP NPoD, CenekTUBHBLIN MO OTHOLLIEHUIO K pasmMepam vacTul, Anst rapaHTum Toro, Yto otbupatoTcs
TONbKO YacTuLbl B Npedenax coOOTBETCTBYIOLWLEro gnanasoHa pasmepoBs [43].

4.2 OcaxaeHUe HAHOYACTUL B Nerkux

BepodaTHOCTb oca)aeHUa YacTul, B NEerkux 3aBUCUT OT cpeaHeln BepOoATHOCTU OCaXKaAeHUs BAbIXaeMou
YyacTuLbl onpeaeneHHoro gMamMmeTpa Ha KakoM-nnmbo ydacTke AbixaTtenbHbiX nyTen. ObLas BEpoATHOCTb OCaX-
eHns cKlagblBaeTCcs U3 CYMMbl BEPOATHOCTEN OCcaXaeHUs YacTuL, B KOHKPETHOM obnacTu ablxaTenbHbIX My-
Teln. ObbIYHO BbIAENAT TPW rMaBHbIEe aHaToMu4eckme obnacTtu:

- 3KcTpaTopakanbHyt obnacTb, B KOTOPOM NPONCXOAUT OcaXKJeHne B HOCOBbLIX NMpoXodax, BO pPTy, ropTa-
HU U TNOTKE:

4
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- TpaxeobpoHXuanbHy 00NacTb, COCTOALLYIO U3 TPpaXen N OPOHXOB, U3 KOTOPbLIX OCaXKAEHHbIE YacTULLb
yaansawTca UnnapHbIM BO34ENCTBUEM;

- anbBEONAPHYO 00NAaCTb, OXBAThIBAIOLLYHO AblXaTellbHble BPOHXMONBI, arnbBeONsSIPHbIE X0kl N anbBeo-
Inbl.

JTa knaccudunkaums deina ogodbpeHa ICRP [1] n HaumoHanbHbIM coBeToM CoeagmnHeHHOro KoponeBcTBa
no pagunonormndyeckon sawnte u usmepeHuam (NCRP) [44] npun paccMoTpeHU moaenen 4YenoBeyecknx abixa-
TeNbHbLIX NyTeW, NCNONb3yeMbIX ANA BbIMUACIEHUA 003 MOHU3IUPYIOLWEro n3ny4YeHus, NornoweHHbIX B AblXa-
TeNbHbIX NYTAX pabOTHUKOB NPYU BO3AEUCTBUN PagUOHYKITOOB.

Mopaenb ocaxgeHus, paspadboTtaHHaa ICRP, onucbeiBaeT pacnpegeneHne BablXaeMblX TBEPAbIX YacTuL, B
pasnnU4YHbIX aHATOMUYECKUX 0DNAacTsIX Tena, XapakTepHbIX ANsl Bo3pacTa 1 nona cybbekra n pasnuiHbiX pusm-
onornvecknux napameTtpoB. Moaenb ocaXKaeHus ABNSeTCA 0AHUM U3 LUECTU SNEMEHTOB 0bLLEen MOAEeNN AblXa-
TENbHbLIX NMyTEen YenoBeka ANd pagnonormieckon 3alnTel BMecTe ¢ MopdomMeTpren, usnonornen abixaHus,
pagunaunoHHoW buuonormen, odbesBpeXmMBaHMemM N 4O3MMETPUEN.

MeCTO U MHTEHCUBHOCTbL OCa)XaeHUda YacTul, B AblXaTeNbHbIX NYTAX YenoBeka onpeaenaTca MexXaHus-
MaMUn PU3NYECKNX NPOLLECCOoB, a Takke MOPPONOrM4ecKMMmM 1 PuUsnMonormyeckuMimn napamMmeTpamm gblXaTerb-
HbIX NMyTen cybbeKkTa, BAbIXaloLero Yactuupl.

CyllecTByeT NATb MMaBHbLIX MeXaHU3MOB OCa)XXaeHUAa BObIXaeMbIX YacTul,;:

a) cegMmMmeHTauunsi, obycnoBneHHasa AeUCTBMEM Ha YacTULbl TPaBUTALMOHHBIX CATT;

D) MHEepUMOHHOe CTOJNIKHOBEHMe, XapaKkrepusytollee noseaeHne MacCMBHbIX YacTUL, B BO3AyXe;

C) 3agepXaHue, KOToOpoe MMeeT MeCTO, Korga Kpasd 4YacTulbl conpukacaroTcs ¢ NOBEPXHOCTLIO AblXa-
TENbHbLIX NYyTEW, YTO NMPUBOANT K ee OCaXXAeHUIo;

d) auddysna, odbycnoBneHHas XaoTUYHLIM (BPOYHOBCKUM) ABUMXKEHUEM MarblX YacTuULL U

e) aNneKTpocTaTtnyeckoe NpUTsKeHue (ecnm YacTulbl HeCcyT 3apsa).

B 6onblWIMHCTBE cny4yaes NnocneaHnmMm MeXaHM3mMoM npeHebperatoT, XOTs1 OH MOXET BNUATb, €CINN CYyDb-

eKT HaxoAUTCHa B cpeae YacTuL, ¢ BbICOKUM 3apaaoM. MMrpockonMYHOCTb YacTul, Takke MOXET BIUATL Ha UX
ocaykgeHune, ycunnBas ero 3a c4eT CTOJIKHOBEHUA U ceguMeHTaLnu.

Mopdponorma abixatenbHbIX NyTen U gpyrue ousnonormdeckne napameTpbl MOryT CUINMbHO U3MEHATLCH
Ons pasHblX pabOTHUKOB, a TakkKe B 3aBUCUMOCTU OT TUNA OCYLLECTBMNAEMON UMW AEeATENBHOCTU. HekoTophble
hakTopkbl, B TOM YACME BO3pacT, Hann4ue 3adboneBaHn aAbiXaTernbHbIX NYyTEN 1 NOJ, MOTYT UCKaXKaTb HOpManb-
HOoe CTpoeHne N PYHKUMOHUPpOBaHMe AblXxaTenbHbIX NyTeW. INporHosnpoBaHe BepOATHOCTU ocaXXaeHUa vyac-
TUL, B Nerknux obbl4HO OCHOBAHO Ha yCpedHEeHHbIX napameTpax, 1 Takum obpasoM OHO He MOXET OXBaTUTh
ananasoH go3 aspo3onen, UMeLWnUX MecTo Anga gpyroun rpynnel nogen. OgHako B 0TAENbHbIX 403UMETPpUYEcC-
KX Modenax Anga nerknx yuTeHbl HEKOTopble pakTophbl, BHOCALLME BKNa B rpyNMNoBLIE pasnyna Npu ocaxie-
HAN YacTUL, U OYULLEHUN OT HUX (Hanpumep, aHaTOMUYeCcKMe U pUs3nonormyeckme napameTpbl oCaXXaeHus
YacTuL, XapaKTepHble Anda pasfM4YHbIX BO3PACTHbIX WM MNOMOBLIX TPynn, U mMoanduuupyrolme dakTophl,
yUnThbIBaloLMe 3aboneBaHMe, UMerolleecsd A0 OCaXAeHUs, UMK MPUCTPacTUEe K KYPeHWo, BRUsaoLWne Ha
ouvuLLeHWe AbIXaTeNbHbIX NyTen oT YacTuu, [1]).

Ha pucyHke 1 nokasaHbl 3aBUCUMOCTb 0DLLIEro YnCna OCaXAEHHbIX YacTUL, 1 A0Ns YacTUL, oCaXKaeHHbIX
B pasfnUHbIX 00NacTaxX AbIXaTernbHbIX MYyTEN YenoBeka, OT pasMepa Yyactuy, B AnanasoHe oT 1 HM Ao 100 mkm,
nony4yeHHas ¢ ucnonbsosanmem mogenun ICRP. Kpuble npmBeaeHbl Ana «odbpasuoBoro MHAMBMAyyma», abl-
LaLero 4yepes HoC Unun poT, KoTopbln 1/3 BpeMeHn NpoBen B cuasiyemM nonoxXeHuu, a 2/3 BpeMeHn — BbINOo/SI-
HAS Nerkyro pusmdeckyro Harpysky (CtaHgapTHasa pabovasa Harpyska [1]).

Kak BUAHO 13 pUcyHKa 1, obliee Y1Co YacTuL, OCaXXAeHHbIX B NTErKUX, AOCTUraeT MUHMMYMa NPU aspo-
OMHaAMUYeCKOM aunameTpe Jvactuy npubnusntenoHo 300 HM. YacTuubl ¢ TakuMm pasMepoM OyayT CIULLKOM
oonbLwnMn ansa apdekTnsHon andpdysumn 1 CNUWKOM ManbiMy Anga 3PEKTUBHOIO y4acTUst B CTONKHOBEHMUSIX
Mnn 3agepxaHun. [Ana vyactul, pasMep KOTOPbIX MeHblLUe COOTBETCTBYHOLWEro MUHUMYMa Ha KPUBOWN, NMPOrHO-
3npyemMoe YNCNOo OCaXAeHHbIX YacTUL, yBeNTMYMBaEeTCSs, MOCKONbKY NP YMeHbLUeHUU AnamMeTpa YacTul, YCUn-
BaeTca anddysna. HaHouacTuubl pasmepom bonee 10 HM ocaXxaaroTcs B NEpPBYIO o4Yepedb B anbBEONSIpHON
obnacTtu, B TO BpeMs Kak YyacTuubl ¢ pasmepom meHee 10 HM ocakgatoTcsl B O0ONbLUOM KONTMYECTBE B BEPXHUX
NyTSIX U B MEHbLUEM KONMUYECTBE B TpaxeobpoHXxuarnbHoOW obnactn n3-3a Ux oueHb BbICOKON AN Yy3NOHHON
NOABUMXHOCTW.

Ha pucyHke 2 nokasaHbl NPOrHO3npyemMble obLLee YACTIO OCaXKAEHHbIX YacTUL, U A0S YaCcTUL, ocaXaeH-
HbIX B pasnUYHbIX o0bNnacTax AblXaTenbHbIX NyTEW YenoBeka, ANs YeTblpeX NONMUANCNEPCHBLIX a3p030nen ¢ No-
rapnomMmyeckn HopmarbHbIM pacrnpegeneHnem 4vactul, no pasmepam (B Kaxgom cniydae ¢ GSD, paBHbIM
OBYM) ANSA «CTaHOapTHOro» MHAMBMAYYMA U HOCOBOTO AbIXaHWUS Npu «CTaHOAapTHOW paboyvein Harpyske».
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[TpumeuaHnune— [onaocaxaeHHbIX HacTUL BKITIOYAET TAKKe BEPOATHOCTb BAbIXaHUS YacTuL, (BAbIXaeMOCTb).
CuunTtaetcs, YTO MHAMBUAYYM BAbIXaeT YacTULbl Yepes3 HOC (CNMOWHbIE NMMHUK HA rpaduke) nnu poT (MYHKTUPHLIE NTUHUN

Ha rpadouke) U BbINONHAET cTaHAapTHbIE paboune onepaunm [1]. Belamcnenns d61nm BbINOMHEHBLI C NCNONb30BAHUEM MNPO-
rpammbl LUDEP [2].

X — AnameTp Yactuubl, MKM; Y — 0NA 0CaXAEHHbIX YAaCcTUL, OT 0DLLero coaepXaHua aspo3ons B oKpyxatLem Bosayxe, %; T — ob-
LLee YUCNO YacTUul,;, 2 — O0NA YacTUull, OCAKOSHHbIX B 3KCTpATOpaKanbHOW 0b6Nnactu; 3 — Q0N YacTull, OCAaXOEeHHbIX B TPAXeobpOHXNK-
anbHOW obnacTtu; 4 — Oonsa YacTul, 0CaXXAeHHbIX B anbBeONApHON obnactu

PUCYHOK 1 — 3aBUCUMMOCTb ODLEro Yncna n 4onm 0CaXxXaeHHbIX YacTul B pas3nunyHbiX obnacrsx
AblXaTenbHbIX NyTEW YeNnoOBEKa OT pa3mepa YacTtuy

N3 pucyHKOB 1 1 2 BUAHO, YTO 3HAYUTENBHAA A0NS BAbIXaeMbIX HaHOYACTUL, OyaeT ocaXaaThCs B AblXa-
TeNbHbIX NyTAX. HacTuubl pasmepom bonee 5 HM ocakgaroTcsl NPeNMYLLIECTBEHHO B aNbBeOoNsipHOMN obnacTtu
nerkux. OgHako NporHosnpyeTcs 60MbLUAasi BEPOATHOCTb OCaXAEHUA HAHOYACTUL, B 3KCTPaTopakanbHOW U Tpa-
XeobpoHXMansHON obnacTax, 0CODEeHHO YacTul, pasmepomM MmeHee 5 HM. OcaxaeHue YacTul, B 3TUX obnacTax
BaXXHO YYUTLIBATHL MPU U3yYeHUn 3aboneBaHnin AbIXaTeNbHbIX NyTEn, HanpumMmep XPOoHUYECKMX 0OCTPYKTUBHbIX
nerovHbix 3abonesaHui (XOJ13) nnn actmel. Kpome 10ro, ocaXkageHHble B AblXaTenbHbIX NYTAX YacTULbl MOTYT
nepemMecTUTbLCH B KaKOU-HMUOYOb APYron ydacToK Tena. SKCnepuMeHTanbHble gaHHble NoATBEPXKAAtoT YBEN-
YyeH1e BePOATHOCTU oCaXKaeHUs nNpnu yMmeHbLUEeHUN pasmMepa YacTul, a Takke U3MeHeHUe Yucna ocaaeHHbIX
YyacTuL, NPY U3MEHEHWW XapaKTepa AblXaHUs U YPOBHSA Harpy3ku padboTHuKa [45], [46]. Bbino nokasaHo, YTo Be-
POATHOCTb OCaXXAEHUA YacTUL, B AbIXaTeNbHLIX NYTAX BbILLE Y ML, CTpagaroLlnx nero4HbIMy 3adbonesaHusamu,
TakiumMmun kak XOJ13 [47].
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[TpwnmeyaHune— [Jonsa ocaxaeHHbIX HacTUL, BKITIOYAET TAKKe BEPOSATHOCTb BAbLIXaHUS YacTul, (BAbIXaEMOCTb ).
Bbino NpuHATO, YTO MHAMBUAYYM BAbIXaN YacTulbl YepPE3 HOC (CMNOLWHbIE NMMHUKU HA FPpadUKe) UNn PoT (NYHKTUPHLIE NTMHUN

Ha rpadurke) n BbINONHAN cTaHAapTHble paboune onepauunn [1]. Belamcnenms 6einm BoINOMHEHbLI C UCNOMB30BAHNEM MPO-
rpammbl LUDEP [2].

X — gnameTp 4actul, BbIMUCIIEHHBbIM METOOAOM MeAnaHbl, HM; Y — O0NS OcCaXKAeHHbIX YacTull, OT ODLLEero coaepxXaHmnsa as3po3ons
B OKpyXawLem Bosayxe, %, T — Bce ocaXaeHHbIe YacTUUbl, 2 — O0NSA YacTul, OCa)XXaeHHbIX B 3KCTpaTopakanbHOW 0bnacTtu;
3 — OONS 4acTul, OCAXOEHHbIX B TPaxeodbpoHxmanbHoOU obnacTtn, 4 — gona vYacTtul, ocaXkAeHHbIX B anbBeonsapHoOU obnacrtu

PucyHok 2 — lporHo3snpyemble obwee Yncrno oCaxXaeHHbIX YacTul, U 4oNs YacTul, OCaXAeHHbIX B PA3NNYHbIX
obnacTsax gblXaTenbHbIX MYTEN YeNOBEKa, ANA NONMAanCcnepcHoro asposons ¢ GSD aspognHaMmmnyeckoro anameTpa,
COOTBETCTBYIOLLENO LEHTPanNbHOWM MeauaHe pacnpegeneHnsi, paBHbIM ABYM

4.3 lepemMelleHUe HaHOYaCTUL, B OpraHuamMe vyenoBekKka

Kak ObI1n1o onnucaHo Bhille, 40N HAHOYaCTUL, OCaXKAEHHbLIX NPY BAbIXaHUX B anbBeONAPHOU U Tpaxeob-
POHXUANbHOW 0DNACTAX AbIXaTelNbHbIX NyTen YenoBeka, 6onbLe No cpaBHEHUIO C BAbIXaeMbIMW YacTULLAMIA
bonbuiero gnametpa. ['ocne ocaxxgeHusi HaHOYaACTULbI TAKXKE MOTYT OCTaBaTbCsl B NIErKUX AoNbLUe, Yem bonee
KPYMNHbIE YacTulbl, U3-3a ocnabneHns o4UCTKN U Bonee CUNbHOMO yaepXnBaHuda. PesynbTaTthl UCCneaoBaHuin
NErknx Menkux rpbI3yHOB 1 KNEeTOUYHbIX KYNbTYp Nnokasany yMmeHblueHne cnocodbHOoCTU B dparouutose (norno-
LLIeHUWN) N OYUCTKE OT HaHoYacTUL, Makpodparamm no cpaBHEHUIO ¢ TOHKOAUCNEPCHBIMU YacTULaMN TOU XKe ca-
Mo Macchl [48], [49]. beino nokasaHo nMpu MccneaoBaHUM Ha KpbiCax U XOMSIKax, YTO HeKoTopble TUMbl
HaHo4YacTuL, (HanpuMep, Anokcuaa TuTaHda, yrnepoaa) nerdye npoHUKaT Yepes bapbepHbIv CNoN anuTennans-
HOW KNeTKN U BXOAAT B UHTEPCTULMANbHYO TKaHb Nerkmx nnm kposoTok [39], [50]. NonaB B KpOBb, HAHOYACTU-
Lbl MOTYT nepemMellatbCa C Hen U ocaxgatbesd B Apyrux opraHax [40]. PesynbtaTtbl uUccnegoBaHUiA
YyenoBeYeCcknx opraHM3sMoB C UCMOMb3oBaHMEM MeYeHHLIX paguoakTUBHBIM U3OTOMOM YrNepoaHbIX YacTull
pasmepomM MmeHee 100 HM nokasanu ObICTpOe NnepemMelleHne HaHo4YacTuL, No DONLLLIOMY KpYry KpoBoobpalle-
HUA [39], [21]. MeTabonuyeckni NyTb BAbIXaeMbliX HAHOUACTUL, MOXKET TakKe 3aBUCETb OT UX XMMUYECKOTO CO-
cTaBa; Hanpumep pesynbTaTbl UCCNEeOoBaHMM Ha KpbliCcaxX MNoKasanu, YTO B TO BPEMS KakK HaHoYacTULb
yrnepoaa ObICTPO NepemMeLlaroTcsl Mo KPOBOTOKY U BHenerouHbIiM TkaHsim [40], npu noaobHbIX MccneaoBaHMSIX
C HaHoYacCTULUAMWN MeTannM4eckoroc npnans bolno BbISIBNEHO, YTO NepeMellaeTcs ToNbKo Hebonbllas AonS
HaHo4vacTuy, [31].

[1pn nccnegoBaHWM Ha KpbicaxX HAbNAanoCk nNepeMelleHme HaHo4YacTuL, No 0OOHATENBHOMY HEPBY B
FONMOBHOM MO3rI MOCNe X OCaXKaeHUs1 B HOCOTrMoToYHOW obnact n gbixatenbHblX NyTax [30]. O BO3MOXHOCTU
noaobHOro MexaHnama nepemeLleHnss HaHoOYacTuUL, B OpraH3Me YemoBeKa B HacTosiLee BpeMsl HEU3BECTHO.

CoBpeMeHHble ao3umMmeTpudeckne mogenun nerkux denoseka (Hanpumep, ICRP 1994 [1], NCRP 1997
[44]) npUHUMAOT BO BHUMaHUE pasmMep YacTuL, B NPOrHO3MPYEMbIX A0NAX ANsl OCHOBHLIX 0bnacTen abiXxaTenb-
HbIX NyTen (CM. pUcyHOK 1). BnuaHue KOHKpPeTHOro pasmMmepa 4yactul, Ha UX BbiBedeHWe 13 opraH3ma B 3TUX MO-
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OensaX y4TeHo He MOJTHOCTbO, MOCKONbKY B OCHOBY onpedeneHns CKopoCTW BbiBEAEHUS YacTUL, U3 Nerknx nnm
X NepeMeLleHns B Apyrine opraHbl MOfIOXKeHa Macca YacTul, ocaXKaatoLWmMxXcsa B OCHOBHbIX 061actax abixa-
TenbHbIX NyTen. Takum obpasom, No AaHHbIM, UMEOLLIMMCA Ha MOMEHT pa3paboTku 3TUX Moaenein, 0OCHOBaH-
HbIX Ha CKOPOCTU BbIBEAEHUS YacTUL, B 3aBUCUMOCTU OT UX Macchl, HEBO3MOKHO onpeaennTb, Kakie YacTuLibl
(HaHoYacTULBI N Bonee KpynHble) ocaxaaroTcH B 3aJaHHON 0BnacTu AbiXaTebHbIX MyTen. 3TO MOXeT ObIThb
obnacTblo ccnegoBaHWUA No ganbHenemMy pasBUTUIO Moaernn.

4.4 OUsnvYeckne XxapakTepucTUKM HaHOal3apo301en

4.4.1 ®opmMmupoBaHue

Hanbonee pacnpocTpaHeHHbIA NyTb POPMUPOBaAHUA HAHOYACTULL — 0Dbpa3oBaHMe B rasoBoun pase [52],
[53]. BTOT NpoLecc XxapakTepusyeTcsl nepBoHaYanbHbIM 3TanoM 0bpaszoBaHUA OUYeHb ManeHbKUX 3apoablllen
N3 MONeKynsapHon doasbl. 3apoabllin NOCTENEHHO PACTYT 3a CYET Koarynauum n/unm npoLeccoB pocTa NoBep-
XHOCTU (reTeporeHHOW KoHAaeHcaLlUun, peakumni Ha noBepxHocTn). MexaHu3M Bcero npouecca CUnbHO 3aBUCUT
OT KONMYeCcTBa UMERLLIEroCcsl KOHOEHCUPYEMOTO razoobpasHoro Mmartepuana, ero TepmMogmHaMmmyeckux U XMmMu-
YeCKUX CBOMUCTB, a Takke YCroBUM NpoTeKaHUS.

A3p0o305b 0bpasyeTcs U3 UCXOQHbIX BELWECTB, KOTOPbIE NMDO UCNapSAOTCs U3 EMKOCTU C XKUAKOCTbIO UMK
TBEPALIM BELLECTBOM, NMMOO CYLLECTBYIOT B BO3AYXe Kak HENOCPEACTBEHHO CMELLUNBAEMbIE XUMUYECKN aKTUB-
Hble rasbl. ObpasoBaHWe KoOHOEHCUPYHIOLWLErocd napa npoucxeanT Npu oxnaxaeHun U/nnm XuMmny4eckon peak-
1M UCXOQHBIX Fra30B, NPUBOASALLEN K NepeHachILLEHNIo, A0CTaTOUYHO CUITBHOMY ANa 0bpa3oBaHUA rOMOreHHbIX
sapoasbien. I'pn BEICOKOW CKOPOCTU 0bpasoBaHus 3apoasbillen, korga oyaeT fpopmmnpoBaThest 0bnako 3apo-
AOblLlenr BbICOKOW MIIOTHOCTK, POCT YacTul, dyaeT npenmyLLecTBEHHO 0DYCNOBNMBATLCS Koarynsiumen, Kak, Ha-
npuMep, B criydae KBapLeBOW NMbINMW UM CBApPOYHbIX ras3oB, 00pas3yroWnXCcs B NMaMeHHbIX U NasMeHHbIX
npoueccax. Pexxum npoLecca HarpeBaHus, a TakKe XapakTepUcTUKM MmaTepuana KoHOeHCUPYeMOro aspo3ons
(Takne Kak BSI3KOCTb, MOBEPXHOCTHAA U 0bbeMHasa andpdysna) ABNATCA OCHOBHBIMW NapaMeTpamMun, onpeae-
NALWUAMN OKOHYaTENbHYH MOPONOrMI0 YacTuL, a3p0o30Nd U X BHYTPEHHIOK CTPYKTYPY. Ecn YacTuubl aspo-
3014 BCe BpeMs HaxoadaTCcs B XXUAKOM COCTOAHUN, TO OHU OCTaloTCca cpepUndeckKnMMn nocne koarynaumm ns-3a
ObICTPON KoanecLeHUUN coyaapsaoLmnxces Kanenbs. Ecnn aBMXXeHUe BelWeCTBa BHYTPU YacTuULbl MOAABMASIETCS,
HanpMMep n3-3a Pe3Koro NoOHUXeHUs TeMnepaTypbl B Xo4e npoLecca obpasoBaHUA YacTuL, TO KoalnecLeHLUS
sameangaeTtcs. Co BpeMeHeM Mexay coyaapsaroLlmMmnuca Yactuuamm 6yayT BO3HUKATh NepeLlenkn ¢ nocneayto-
LM obpa3oBaHNEM arperaTtoB ¢ CUMbHLIMUA BHYTPEHHUMN CBA3AMU. 1P HU3KON TeMnepaType B KOHLE Nnpo-
Llecca Koarynsums npMBoanT K obpasoBaHMUO arnoMepaTtoB, yaepXKMBaeMblX BMECTE 3a CHET OTHOCUTENbHO
cnabdbix cun BaH-gep-Baanbca nnn cnabbix anekrpoctaTU4ecknx cu.

[1pn HAU3KOWN CKOPOCTK 0Dbpa3oBaHUA 3apoabillen, npusogsien K HebonbLIOW CHETHOW KOHUEHTpaLUnn
BHOBb 0Opa3yroLLMXCA YacTuL, NpsaAMas reTeporeHHas KoHAeHcaLUnsa aspo30/IbHOro napa Ha NOBEPXHOCTSIX Cy-
LLIeCTBYIOLWKMX YacTUL, onpeaenseT AMHaMUKy pacnpeaeneHuns Yactul, aaposond no pasmepam. lNpumepom 4aB-
NATCHA KOHOEHCUPYEMble napbl OpraHNYeCcKUX coeaUHEHNN Ha CTpoUTENbHBLIX NNollaakax, obpasyrolnecs
npn acdanbTnpoBaHum gopor. KoHaeHcaUuMOHHBIN POCT MOXET NPUBECTU K 0Bpa3oBaHUIO AOCTATOYHO Kpyn-
HbIX YacTuL, C AMaMeTPOoM, He nonagaroLwMM B HAaHOMETPOBLIW AManasoH, Aa)Xe ecnun obLlas Macca KOHAEHCH-
pPyeMOoro BellecTtea Mana.

[Tpy romoreHHOM 0bpaszoBaHMK 3apoabllien CKOPOCTb MX 0bpasoBaHUA OyaeT CUNbHO 3aBUCEThL OT CTe-
NeHW HacbILWeHUs napa U MOXeT U3MEeHATLCA Ha HECKONBbKO NOPSAAKOB, AaXe eclii USMeHeHUe CTENEHM Hachl-
LLIeHNs1 He3HauMTeNnbHO. B nepcnekTrBe npm COOTBETCTBYHOLWEM HEKOHTPONMMPYEMOM 0bpasoBaHUM YacTul, B
BO3OyXe paboyen 30HblI YacTo ObIBAET AOCTATOUHO PACCMOTPETh TOMMbKO rOMOreHHoe obpasoBaHue 3apoabl-
len Kak eAUHCTBEHHbLIN MexaHU3M obpa3oBaHUs 4YacTul, Korga nepeHacblleHne AoCTUraeT KPUTUYECKOro
3Ha4YeHUs. ITO 3HaAYEeHMe CyLLeCTBEHHO bonblle eanHULbI, T. €. CTeNEeHU HacklLWEeHNA, HeobXoaAMMOW ANA reTe-
POreHHOoU KoHAeHcauun napa Ha nMmeroLlmecs NoBepXHoCcTU. Bo MHOMMX BbICOKOTEMMepaTypHbIX npoueccax,
TaKMX KaK nnameHHasa obpaboTka cbipbsl (HANpUMep, OKUCNeHWUe TeTpaxnopuaa TuTaHa B npoLecce nonydve-
HUSA AUOKCUAAa TUTaHa), peakunsi razoobpasHbIX MICXOQHbIX BELLECTB NPUBOANT K 0Opas3oBaHMO HOBBLIX coeun-
HEeHUN, KPUTUYECKUN pa3Mep KacTepoB KOTOPLIX KpaWHe man, nopsaka BenuduHbl guameTtpa monekyn. B
OaHHOM crnydae obpasoBaHme 3apoablllen SIBNAEeTCS YNACTO KUHETUYECKAM NMPOLIECCOM, a CKOPOCTh 0bpa3oBa-
HUSA 3apoablilleid aspo30ns paBHA CKOPOCTU peaKkunn rasoodpasHbiX MCXoaHbIX BelecTB. [danbHenwmin pocT
YacTuL, MPOUCXOaNT NPenMyLLECTBEHHO 3a cUeT Koarynsiuun. INoxoxaa cutyauusa Habnogaetca npun obpaso-
BaHWW Napa Haa pacnnaBneHHbIMX MeTannamMmu, Korga UCXogHblM BELLLECTBOM a3p0o30Ns ABNAETCA nap MeTarn-
na, B KOTOPOM NponcxoaunTt obpasoBaHme saep KoHaeHcaunm npm oxnaxaeHmm Un oKUCNeHnn B Bo3ayxe. 31O
camble BaXKHble MeXaHM3Mbl 0DpPa3oBaHUS HAHOA3PO30NEN.
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Ecnu yactuubl yKe NpUCyTCTBYIOT B BO3AYXe, TO B KOHAEHCUPYIOLLEMCS nape HabnioaatoTCsl KOHKYPUPY-
loLLIMEe NPOLLEeCChl reTepOoreHHoN KoHaeHcaunm n obpasoBaHus 3apoablllen. ['eteporeHHast KOHAEHCaLU NS KOH-
OeHCUPpYEMBIX BellecTB OyaeT npeBanupoBaTb, €Cli MMerLwasicd nnowagb NoBepXHOCTU bonbllue, Yem
oXXmnagaeTcd Npu roMoreHHoOM obpasoBaHUKM 3apodblllen B KOHKPETHLIX TEPMOANHAMUNYECKUX YCITOBUSIX. B aTOM
cnyvyae obpasoBaHMe HOBbLIX vacTul (pasMepoM AuMameTpa B HaHoaManasoHe) MoXeT ObiTb 3amMeaneHo.
OaHako ecnu UMetoLlmecs YacTuubl yaansoT U3 Bosayxa (Hanpumep, npyu duneTpauum), To nnowagb nosep-
XHOCTW ONSA reTeporeHHon KoHaeHcaunm byaeT yMeHbLLIAaTbLCHA U 3TO MOXET NPUBECTU K YBESTMYEHUIO YACA Ha-
HoYacTul, copMUPOBaBLLUMXCS NPWU rOMOreHHon koHaeHcauun. NoaodHele ABNeHNSA MOryT HabnoaaTees B
pabouen 30He, HO TOYHO NpeacKasaTh UX KpanHe TPpYAHO N3-3a HegocTaTka MHopMaLnMn 0 TepMognHaMmmnyec-
KNX YCINOBUAX N XUMUYECKOM COCTaBe KOHOEHCMpYyeMOW napoBoU ¢passil.

KnHeTuKa reTeporeHHoOU KoHgeHcaL MM napa Ha yXxe CyLWeCcTBYLWMX YacTuLax NpmMBoanT K yBENNYEHUIO
KONM4ecTBa BellecTBa KOHAeHCUpYeMOoro napa, npmxoadalerocs Ha e JuHULY Macchbl YacTuu, NPpU yMeHbLUEHNIA
X pasmepa (oboraweHune). NockonbKy CKOPOCTb KOHAEHCAL MM MOMEKYN napa Ha HaH0a3PO30NsX NPONMOPLUO-
HanbHa NOBEPXHOCTHOM KOHLUEHTpaLWUM aspo3ond, coaepaHne aacopdupoBaHHOro TOKCUYECKOro MaTepua-
na, BblpaXXeHHoe B A0NAX HaHoYacTul, NponopLMoHanbHO yaebHOW Nnowagn noBepXHOCTU. OTO BaXKHO C
TOKCUKOMOTUYECKOM TOUKN 3PEHUSA, yYUThIBaAsA, HanpumMep, YTo NoNUUUKNMYecKe apoMmaTudeckne yrnesogopo-
abl (MAY), Tsbkensle meTannel U Apyrue KoHAeHCUpyeMble TOKCUUHBIE BELLECTBA COHAPYXXUBAIOT B 3HAYUTEb-
HbIX KONMMYecTBax B BWAE HaHo4YacTUl, SABMASAIOLWMXCH, TakmM obpasom, adpdeKTUBHON OpMON nepeHoca
COOTBETCTBYHILLUX BELLECTB.

4.4.2 Koarynauus

Bo MHormx cny4asix npyn obpasoBaHUM HaHOYacTuUL, NPU BBICOKOW TeMmnepaTtype buHapHas koarynauus
ABNAETCA AOMUHUPYIOLLIMM MPOLLECCOM pocTa, onpeaensaronm oKoHYaTeNbHoe pacnpeaeneHne Yactul, no
pasmepam. OnpegensaoMMin napaMmeTpamm, oOycrnoBnNMBaoLWMMM Koarynauuto, SBNATCa B3aMMHoOe nepe-
MeLLIeHNe YacTuL, UX pasmMep, cueTHas KOHLEeHTpaLMs, a Takke CBOMCTBa BELLeCTB, onpeaensawoLne nepepac-
npeaerieHne BelwecTBa BHYTPW YacTuL,

TBepable HAHOA3PO30/IN YacTo NpeacTaBnalT cobon arnomeparthbl, COCTOALME U3 BONLLIOro Ymcna
NepBUYHBIX YacTuL. MNpumepamMmu ABNSAIOTCA caxa, obpasyoancs npu ropeHnn AU3ensLHOro TONNMBea, U Nbib,
obpasyoLlascs npu ceapke. Paamep NepBUYHLIX YacTul, onpeaensieTcd MU3SMeHeHUsIMM TeMnepaTypbl B Xoe
npouecca nx pocta. B gnanasoHe BbICOKUX 3HAYEHUN TeMNepaTypbl coyaapsarowmecst HacTtumubl byayTt koanec-
LMpoBaTb A0 TeX Nop, Noka cpedHAaAa NpoaoKUTENbHOCTbL KoanecueHUMn Mexay Yyactmuamum dyaget mana no
CpaBHEHWIO CO BPpeEMEHEM CTONIKHOBEHUS M BPEMEHEM HaXOoXAeHusl B obnacTu BbICOKON TemnepaTtypbl. Kak
TONbKO CUCTeMa oxXlaXgaeTcsl, KoanecueHuus ocnabesaeT, 1 coyaaparowmecst HacTULbl OyayT COXPaHATb UC-
XOAHYHo chepudeckyto dopmMy 1 pasmep. ArperaThbl 1 arrioMmepaTbl 0bpasyoTCsl U3 3TUX NEPBUYHBIX YacTUL, NMe-
pea nx cnegyrwwmm coygapeHuem. CTpyKTypa pacTylmx arfiomepaTtoB UMmeeT dpakranbHbl Xapakrep, a
obpasyrowmnecs aspo3onm — DONbLIYIO yAenbHYO NNoLwangb NOBEPXHOCTH.

BOnn3n COOTBETCTBYIOLLMX NCTOYHUKOB HAHOYACTULL, HANPUMeEpP 30HbI UCMApEeHUs NPU CBapKe, MaccoBas
KOHLIeHTpauusa KoHOeHCMpyeMoro BelliecTBa obblMHO cocTaBnsaeT HaMmHoro 6onblue 1 mr/m3. YacTtuubl, nona-
aarowme B 30Hy AblXaHUa paboTHUKA, OyayT npeTepneBaTb MHOXECTBEHHbIE akThbl COyAapeHnn, a pacnpene-
neHne 4yactuy, No pasMepam npu koarynauum asposong oyaet CTpeMUTLCH K aCUMNTOTUMECKOMY BUAY. ITO
pacnpegeneHne XxapakrepumsyeTtcsd NOCToAHHbIM 3HadeHnemM GSD 1 Tem, 4TO cpeaHUM AnamMmeTp YacTuL, He 3a-
BUCUT OT MepBOoHavanbHOroe 3HavyeHUsa CYETHOM KOHUEHTpauunm U pasmepa KoHAeHcUpoBaHHLIX saaep. [pu
acMMNTOTUYECKOM BMAe pacnpeaeneHusa ang NcxogHoro MOHoAMCNepCcHOro pacnpeaeneHnsa Yactul, no pas-
mepam GSD gocTturaet saHaveHUs npubnmantensHo 1,35 paHblue, 4emM B crnydae nepBoHaYvansHOro LWUpOoKoro
pacnpegeneHusa.

B Bo3ayxe peanbHoOW padoveit 30Hbl B POHOBOM KONMUYECTBE MOXKET MPUCYTCTBOBATL MNblflb, NMomnagato-
laga U3 gpyrmx UICTOUHUKOB; HAHOYACTULIBI MOTYT oceflaTb Ha YacTuuax 3TOW NbINW B pesynbTate andpgpysunn.
[Tockonbky koadpdpunumneHT anddy3nm HaHo4YacTUL, 0bpaTHO NPOonopLUOHaNeH KBaapaTy UxX anameTpa, notepu
HaHo4acTuL, 3a cyeT anddy3nn pe3ko YyMeHbLLAKTCH MPK YBENUYEHUN AMaMeTpa, YTO NPUBOAUT K 3HAYUTESb-
HOMY YBENUYEHUIO BpeMeHn yaaneHusa. Takum obpasoM, yaaneHne HaHo4YacTUL, 3a cHeT UX OCaXXAEeHUs Ha
yacTuuax rpyboaucnepcHoOu nbinn U Koarynsumusa HaHoYacTULL ABNSIIOTCH KOHKYPUPYHOLWKMMK NpoLueccamMn. YTo-
Obl YacTULbI AMaMeTpoM 1 MKM BbICTyNanu B kadecTBe 3 PEKTUBHBIX OUACTUTENEN OT HAHOYACTULL, MacCOBas
KOHLIeHTpaLuuMsa Nbinv AommkHa ObiTh bonee 5 mr/ms.

4.4.3 llepemelleHUe HaHoOYaCTUL B BO3QyXe

[Mpn ckopoCTU NOTOKa BO3ayxa, npeocbnagatoLen B paboden 3oHe, HaHOYaCcTULLbl MOTYT paccMaTpuBaTb-
CS KaKk He umerowme nHepunn. OcaxaeHue YacTuL, Ha NOBepPXHOCTAX, B OCHOBHOM, onpegenseTca aguddysu-
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en, TypbyneHTHoU andpdysnen n TepmodPopesomM, HO NMPKU HaNMMUYUA CUMbHBIX SNEKTPOCTAaTUMECKUX NOJMEN C
BbICOKOW HaNPshXKeHHOCTbLIO U 3apsPKeHHbIX YacTuL, MOXeT Habntogatbesl U anektpodgopes. KonnmyecTBeHHO
ocaXkaeHune MOXXHO OLUEHUTb C MOMOLLLIO TakK HasbiBaeMOU CKOPOCTU OCaXXdeHUs, XapaKkTepusyrowien CoOoTHO-
LLIeHNe MeXay CKOPOCTbIo NepemMelleHUda YacTuL, K NOBEPXHOCTU U KOHLEeHTpauuen Yyactul, Ha Hel. CKOpPOCTb
oCaXOeHWs 3aBUCUT OT pasMepa YacTuubl U CTRPYKTYPbLI TYPOYNEHTHOro NOrpaHMYHOro Crnog NoToka y noBep-
XHOCTW. [1pn HeboNbLLOM pasMepe YacTul, U B 3aCTOMHOM BOo3ayxe Andpdy3nNOoHHBIN NorpaHUYHbIN cnon obpa-
3yeTCsl TONbKO 3a cUeT OPOYHOBCKOro ABMXKEHUA YacTul,. [ pagneHT cogepKaHns B 3TOM criydae 6ornee poBHbIN
MO CPaBHEHWUIO CO CpeaHUM rpagneHToOM coaepXaHua, BOSHUKaOLWKUM B TYPOYNeHTHbIX yCnoBuax. B gaHHOM
crnyyae 3aBUXPeHUst TYPOYNEHTHOro NoToKa NPOHUKAKT B TaMUHAPHBIW NOrpaHUYHbIA CIION CryvanHo, nepe-
HOCS YacTuubl bnnXe K cTeHaMm, TakMM obpasoM, YMeHbLLIAs paccTodHUE, Ha KOTOPOM YacTuLbl MO ObITb
3axBadeHbl OpoyHOBCKOW Anddy3nen nepen Tem, Kak AOCTUrHYTb CTeHbl. 10 3TOM npuUYMHE CKOPOCTL
oca)XaeHus YacTuL, byaet 6onblie Ans TypodyneHTHOro NoToKa BO3ayxXa.

OaHako B LUenom Ans HaHo4acTul, (U ynbTpaMernkux Yactul) byaeTt xapakTepHa o4YeHb HU3Kas CKOPOCTb
oCaXXOeHWs1 Ha NOBEPXHOCTAX. TakuMm obpasom, oaHaXadbl nNonas B BO3AyX, HAHOYacTULbI B paboyvein 3oHe By-
OyT AONro B HeEM HaxoOuTbCS.

4.5 ®dusnonornyeckoe o6ocHoBaHUe onpepeneHUA HaHOYacTUL, U HARHOa3po3onen

4.5.1 ObwMe nonoxeHUnN

XOT8 K HaHoYacThLamM obbIMHO OTHOCAT YacTulbl pasmepomM MmeHee 100 HM, B HacTosiLee BpeMs UMEET-
CH HeAoCTaTOUHO MHAOPMAaLIMM O NOBEeASHNN YacTuUL, U BUONOTMYECKMX B3aUMOOEUCTBUSAX ANsl YCTaHOBNEHUS
CTaHOapPTU30BaHHOIMO TEPMUHA «HAHOYAaCTULA» U « HAHOAa3POo30Nb» B OTHOLLEHWN BMAHUS Ha 300POBbLE Ye-
noeeka. lNepen yctaHOBNEHMEM CTAHOAPTUIOBAHHLIX TEPMUHOB AOTKHLI ObITh peLleHbl TPy NpobreMsl.

4.5.2 OnpepeneHua guamMeTpa 4YacTul, ¢ y4eTOM OUONOrnYeckmx ocobeHHoOCTEN

OnameTp He siIBNsieTca abCONOTHOWU MEePOoUn XapaKTepUCcTUK YacTul, HO 3aBUCUT OT MeToaa N3MEePEHUN.
[TpOHUKaHMe YacTu, U UX oca)XaeHue B AblXaTenbHbIX NYyTAX TPaaULNOHHO ONMUCHIBANM B TEpMUHAX aspoanHa-
MYECKOro AMamMeTpa YacTul, onpeaensaemMoro kak anametp cdepsbl nnoTHocTbio 1000 kr/m3, koTopas NposB-
NnaeT aHanormdHoe aspoauHamMuyeckoe noBedeHue, YTo U uUccrnegyemasa dactuya. OgHako npyu anametpe
MeHee npubnnsntensHo 500 HM NoBegeHMe YacTuL, B bonbluen cteneHn onpeaensaeTcs Anddysnen, Yem as-
poanHamunkon. Takum obpasom, B HAHOMETPOBOM AManascHe bonee yMecTHO onpeaensite AnamMeTp YacTul, B
nokasaTtensax gupdy3noHHBIX XapakTepuUctuk. iInameTp SNekTpuyieckon noaBMKHOCTU, onpeaensemMbln Kak
anameTp cpepundeckon YacTULbl C TOM XKe caMOoN 3MeKTpUIeckon nogBMXKHOCTLIO, YTO U UccneayemMas YacTu-
1a, JaeT Xopollee npeacrtaBreHne ¢ ANpdpy3noHHBIX XapakTepuCcTUKax U cpaBHUTENBHO NPOCT AN Usmepe-
HUS. DTOT AMAMETP MOXET OKasaTbCH Noaxoasiwm ans onnucaHusa 4YyacTtul, B HAHOMETPOBOM AunanascHe, rae
BEPOATHOCTb OCaXAeHUs 1 nocrneaytoLwasa dbnonornyeckas peakuua byayt 3aBUCETb OT NapamMeTpa, PaBHOMo
NN NpUbNMXKaLWErocs K 3Ha4eHUIo anamMeTpa anekTpruiyeckon noasmkHocTn. OgHako BEPOSITHO, YTO opma
N, BOSMOXHO, MMOTHOCTb HEKOTOPLIX YacTuUL, byaeT obyCcrnoBnmMBaTh UX NOBeAeHMNE B AblXaTelbHbIX NYTX, KO-
TOPOE HEMb3A NPOrHO3MPOBaTh HA OCHOBE AMaMeTpa 3NnekTpuieckon noagBMKHOCTU. Hanpumep, 40 CUX NOp He
CHO, KaK auamMeTp 3NeKTpU4Yeckon MnoABWKHOCTUA CBsA3aH C (PUINYECKUMWU CBOUCTBaAMWU YyrnepoaHbiX
HaHOTPYDOOK U Kak OHW ByayT BeCTU cebd npu nocneayrowem BAbIXaHUN.

4.5.3 BaXHOCTb pa3Mmepa 4YacTuLl ¢ OUONOrM4ecKkom ToOUYKN 3peHusn

[TPUHATO orpaHUYMBaThL pasMep HaHo4vacTul, cBepXxy 3HadveHrem 100 HM, XoTs OH ODOLIMHO He CBA3aH C
1oBedeHWeEM YacTul, B AblXaTelNbHbIX NMYTAX Nocne Ux ocaxgeHuda. B oTHOLWEHNX BONPOCOB 340POBbA YEeNoBe-
Ka MOXXHO AaTb onpegeneHne HaHoOYacTUL, OCHOBaHHOE Ha BepPOATHOCTU UX ocaKaeHUs B Nerkux [CM. puUcy-
HOK 1, KpuBbIE ANS1 ACNMKU YacTUL, OCaXKaeHHbIX B anbBeonsapHou obnacTtu (BabixaHWUe Yepes HOC U poT))].

Kpome Toro, COOTBETCTBYIOLLEE onpeadeieHne MOXET NoTpeboBaThCcda ANy ydyeta ocobeHHOCTEN BNUS-
HUA pasMepa 1 apyrux Pusnko-XMMmM4eCcknx CBOUCTB YacTuL, Ha X nepemMelleHne nocne ocaxaeHud. ['pun am-
ameTpe vYactuy, meHee 200—300 HM nx donusndeckne cBoMUCTBa DyayT HE TOMbKO onpeaendaTbCHd pasMepoMm, HO
N N3MeHATbCA. [lpn yMeHblLIeHUN pasMepa YacTuL, KpMBU3HA NOBEPXHOCTU, pacnonoXxeHue (M onsi) aToMoB
Ha NOBEPXHOCTN YacTULbl U 3aBUCSALLIME OT pasMepa KBaHTOBbIEe 3pdeKThl, TakMe Kak KBaHTOBOE OrpaHmnyeHme,
B 3HAYUTENbHOW CTENEHU ONpeaensatoT UX NoBeaeHne. ST CBOUCTBA MOTYT ObITb BbipaXKeHbl Y YacTUL, pasme-
pOM 3HauduTenbHo O6onblwe 100 HM, BKMYawWKUX cocTaBndawwme pasmepoM MeHee 100 HM, Takmx Kak
arnomeparTbl HaHOYacTUL, ¢ ManbiMM opakTanbHBIMU pasMepamMu.

4.5.4 BaxHocTb 0O6pazoBaHuUA arnoMmeparoB/arperatoB HaHovYacTuL,

B HacTosiLee BpeMs HEM3BECTHO, OANHAKOBLIM WU pa3HbIM BUONOrMYeckMmM gerncTemem obrnaaatoT OT-
OenbHble HAaHOYaCTULbI, OCaXKAeHHbIe B AblXaTelbHbIX NYTSX, U KPYMHbIE arnomMepaThbl U arperaTbl HAaHOYaC-
TUL,, COCTOSALLIME N3 TAKOro e obbema BellecTBa. Ecnu arnomepaTtbl UK arperatbl HAaHOYACTUL, MOSTHOCTLIC
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paspyLIaoTCs Npu ocaXKaeHnm, To BEPOATHO, UTO pesynbTUpyloLllee bnonormyeckoe Bo3gencTeme dyaeT no-
O0OHO BO3AENCTBUIO OTAENbHBIX HAHOYACTUL,. Takum obpasom, ecnn bruonormyeckas peakums ceasaHa ¢ no-
LLIaabto MOBEPXHOCTU OCaXKAEHHOIo aspo30/s, TO ANd 3a4aHHOro cdbemMa BelllecTBa peakuns Ha oCaXaeHHbIe
arnomMmepartbl/arperatbl ¢ OTKPbITOW dopakTanbHO-NOA0OHON CTPYKTYPOWN, BEPOATHO, ByaeT aHanorMuHa peak-
L1 Ha oTAeNbHbIe YacTULbl B 9KBUBANEHTHBLIX Ao3ax. C Apyron CTOpOHLI, ecnn buonoruveckasl peakuusa Ha
oca)XaeHue YyacTul, onpeaensieTca Ux anameTpoMm (Kak, AOIMKHO ObITh, NPOUCXOAUT B clyvae ¢ nepemMelleHu-
emM 4yacTuL), TO, BEPOATHO, UTO peaKuusi Ha oTAelNbHble HAHOYACTULbI, OCaXXAEHHbIE B AblXaTeNbHbIX NyTAX, Oy-
OeT oTNnUYaThbCH OT peakunn Ha 3KBUBANEHTHYIO 403y arnoMepaToB/arperatoB, KOTOpble He pa3genstoTcs Npu
ocaxkaeHuu. ['lpun BHegpeHNN caHUTapPHO-TUTMEeHNYEeCKOro KOHTPONSA BO3AEeNCTBUA HaAHOYaCTUL, coaep Kallnx-
CH B BO3ayxe paboyen 30HbI, Ha 300poBbe paboTHUKA, HEODXoaAMMO paspaboTaTb HOpMaTKUBLI NMpeaeribHO A0-
NycKaembIX coaepXaHun W cTaHaapTHble o00pasubl HaHoYacTUL, WU UX arnomepartoB/arperatoB And
obecnevyeHnst 4OCTOBEPHOCTU NOMyYaeMbIX NP KOHTPOMNE pes3ynbTaToB C YYETOM TOr0, UTO pesynbTUpyloLlee
BNAHME Ha 30POBbLE 3aBUCUT OT pasmMepa YacTul, ocaXAeHHbIX B AblXaTeNbHbIX NMyTaX.

4.5.5 3aknwveHue

[Moka He ByaeT nony4veHa nogpodHasa nHpopmMauma No 3TUM TPeM BonpocaMm, NpeacTaBfAeTcsa Leneco-
ob6pa3HbIM OCTaBUTb HOMUHaNbHOE onpeaenieHne TepMnMHa « HaHo4YacTULa» Kak YacTuLbl ¢ AMaMeTpoM MeHee
100 HM N TEpMUHA «HAHOA3PO30Mby» KaK a3po30/s, COCTOSALWEro U3 OoTAeNbHbIX UMK CrpyNnMpPOBaHHbIX HAHO-
4YacTuL, N HAHOCTPYKTYPUPOBaHHbLIX YacTuL,. OaHako HeobXoanuMOo yUYNTbIBATb, YTO 3TU onpeaeneHns NoaxoaaT
He ANA Kaykaoro crydasa n MoXeT notpeboBaTtbes nx Moandukaumsa ¢ y4eToM JanbHEenWnxX ncernegosaHnin u
crneumduyecknx CBOMCTB YacTuL, 0CODEHHO eclnn HauvyMHaT UccneaoBaHne BHOBb CO3aHHbIX HaHOMaTepua-
NoB, YTobObLI 0becneuynTb Bonee rMybokoe NOHMMaHWe NoTEeHLNanbHOM ONACHOCTU ANA 3A0P0BbA, KOTOPYH OHU
MOTyT NpeacTaBnAThb.

5 UCTOYHUMKKM HaHOaA3poO305en B NpOU3BOACTBEHHOU cpeae

HanbonbLwaga pacnpocTpaHeHHOCTb HaHOa3po30/1en B pabovnx 3oHax cBsdaHa ¢ PopMUPOBaHMEM Yac-
TUL, B NpoLiecce obpasoBaHUsA 3apoabillen 1 koHaeHcaumn. Bee BeicokoTeMnepaTypHble npoLuecchl (Takue Kak
papnHUpoBaHmne N obpaboTka, TepMUYecKoe pacnblneHne, cBapka, peska v LWN1goBKka MeTansnoB) NpUBOOAT K
obpa3oBaHUIO YacTuL, MeTanna u/unm oKCMaoB MeTanna HebonbLIoro pasmepa, ¢ 6onbLON yaenbHOW NNo-
LLaabo NOBEPXHOCTU M BO MHOTUX CIydasix HU3KOM pacTBOPUMOCTLIO. [poLecchl ropeHns Takke NpuBogsaT K
POpMUPOBaAHUIO HAHOYACTULL Yepes peakLn B NnapoBon gpasze 1M obpasoBaHUO 3apoablllien (KoHaeHcaLun).,
Pasmep 4yactul, 3aBUCUT OT YCNOBUN OOpa3oBaHMS, XOTH NepPBUYHLIE YacTULbl OyayT B OCHOBHOM UMETb AUa-
meTp oT 10 go 50 HM. Ecnun coaepxaHne nepBoHavanbHO 0bpasyloLMXCHa YacTuUL, BbICOKOE, TO OHU DLICTPO KO-
arynupyroT apyr ¢ apyrom ¢ obpasoBaHMeM arnomMepartoB, KOTopble MOrYT UMeTb pasmMepsbl, NpeBbillaoLlmne
yCTaHOBNEHHble Angd HaHovacTul,. OaHako BepPOsATHO, UTO 3TU OTKPLITEIE (pbpaKTanbHOre T1una) arnomMeparhl
NePBUYHLIX YacTUL, MOCNe oCa)XaeHUA B AblXaTeNbHbIX NyTAX OyAyT 0OHapy)XMBaTb 3HAYUTENBHOE CXOACTBO B
noBeaeHUn ¢ HaHoYacTuuamn. HacTuubl, reHepupyemblie U3 ToHEYHbIX MCTOYHUKOB (TakUX Kak cBapkKa), ckopee
BCEro, oyayTt ObICTPO KoarynmpoBaTb, a eCliM UCTOYHUK paccesHHbIN (Hanpumep, npu papuHUpoBaHUn meTtarn-
NoB), TO Koarynsuuns oyaeT ObICTpo ocnabeBaTthb, UTO BO MHOMMX criydasax npMBoauT K bonee BbICOKOW aone
YyacTuL, HAHOMeTPOBOTro AnanasoHa. [pocThie OLEeHKM NoKasbiBakoT, YTO YMeHbLLIeHMe cogepXXaHnsa YacTul, Ha
50 % oxunagaetca Yepes 20 ¢ 1U3-3a Koarynauum npu c4eTHon KoHueHTpauum Yyactuy, 1074 m—3, a npu cyeTHOR
kKoHueHTpauun Yactuy, 101° m—3 Takoe e ymeHblUeHUe ByaeT nponcxoauTts 3a 55 y [28].

[[pynna BbICOKOTEMNEPATYPHLIX MPOLIECCOB, NpeaHasHauYeHHbIX ANsl CO34aHust aspo3onen, UMELLUX
OOoNbLUIYIO YAENbHYIC NNowaab NoBEPXHOCTU, BKIoYaeT obpasoBaHue caXKu, HaHOpa3MepPHbIX YacTuL, AUOKCHK-
aa TUTaHa, NbINM gUoKcnaa KpeMHUS U oKCcKuaa antoMUHUSA. XOTS NPOAYKThI, obpasyoLllnecs B 3TUX NpoLeccax,
npeacTaBnsitoT cobOW NOPOLLUKMA ¢ arnoMmepartamm Yactul, pasmepom donee 100 HM, yaenbHast nnowaab no-
BEPXHOCTU 3TUX arnomMepaTtoB MoxeT bbiTb 6onee 300 m4/r. Apyriue maTtepuansl ¢ 60MbLWON yAenbHOW NIio-
Liaabto MOBEPXHOCTU, TAKUE KaK pyTeHUeBast U nannagnesas YepHb (a Takke HekoTopble dopMbl ANOKCUAA
TUTaHa ¢ OONbLIOW yAenbHOW NNoWAaabio MOBEPXHOCTW), NMONyvYarT MeTogaMm MOKPOWU XUMUW, HO 3aTeM
MCNOMb3YIOT UX B BUOE CYXMX MOPOLLKOB.

Kpome cylLecTBYHOLWNX TEXHOMOMMIA U NPOLLECCOB, CBA3aHHbIX C HAHOYacTULaMu, pasBuBaroLasca ob-
NacTb HAHOTEXHOSIOMMU NPUBOANT K BHEAPEHWUIO HOBbIX NMPOLECCOB U MaTepuanoB. B HAHOTEXHOMNOMUAX UC-
MoNb3yT MaTepuanbl N YCTPOWCTBA Ha OCHOBE CTPYKTYP C pasMepoM B HaHOoAManas3oHe C YHUKanbHbIMU
bUN3NYECKNMN U XUMUYECKUMIN CBOUCTBAMMN, M 4aACTO OHWN CBSA3AHbI C NOSy4eHUeM 1 MpUMEHEeHUeM HaHOKOMNO-
MOOB N HaHOYacTUL,. HoBble TEXHOMOMMM CMOTYT HAWUTK LUMPOKOE NPUMEHEHUE OT 3MEKTPOHUKN HOBOIO MOKo1e-
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HAS OO0 NONyYeHUA N3o0paxeHust B MeauumHe, O0CTaBKUW NEKapCTB K MeCTy AeWCTBUSI B OpraHnsmMe U
KOCMETUKU. KoMmMepUuecknn MHTepecC K HAHOTEXOMOrMAM BbICOK, MPW 3TOM MHOTMe NpoMbILLIEHHbIE Npeanpus-
TUS HAYNHAIOT BbIXOAUTb HA CEPUAHBIN BbINYCK NPOAYKUMN U BHEAPSTb HAHOTEXHOMNOMMN B CEPUNHOM MPOU3-
BOACTBE MPOMbBILUMEHHBLIX U KOMMEPYECKUX NPOAYKTOB HOBOIrC MNOKoNeHusi. MHorme cbipble 3€pHUCTBLIE
MaTepuansl, NpUMEeHseMble B HAHOTEXHOMNOIMNN, NpeacTaBnaloT cobon HepacTBOPUMbBbIE YacTULbl HaHOpPa3-
MEepPHOro ananasoHa ¢ Heobbl4HbIM CTPOEHUEM U aKTUBHOW NOBEPXHOCTLIO.

[Tpn 0BpaboTKe U NPUMEHEHNUN MaTEPUNANIOB, COCTOSILLIMX U3 HAHOYACTUL, N UX coaepKaLnx, HeobXo-
OUMO paccMaTpuBaTb BEPOSATHOCTbL MonagaHua HaHoaspo3onen B BO3AyX («NbINMEBUOAHOCTb» MaTepuana).
[Tpn 0bpaboTKke NOPOLLKOB HaAHOYAaCTUL, byayT obpa3oBLIBATLCS arfioMmeparthl U, BOSMOXHO, BbICBODOXKAAThLCH
oTaenbHble YacTulbl. CKOpPOCTb BLICBODOXAEHNS HAHOA3PO30MNA DyaeT 3aBUCETb OT MHTEHCUBHOCTU ABMXKE-
HUAA BO3ayXa BO BpeMs obpaboTKM NopoLlka 1 ero npupoabl. XOTH O BblAeNeHU HaHoas3po30en nNopoLlKkamin
N3BECTHO OYeHb Mano, Pusnyeckme U XMMmmiueckne CBOMCTBa MaTepuana, ckopee Bcero, byayt umeTb 60Mb-
LLIOe 3HAaYeHWe Npu onpeaeneHn Toro, HacKoMbKO NErko NoOPoLLIoK NepexoanT B a3po30/ibHOE COCTOAHME.

HaHo4vacTuubl, BKIMOYEHHLIE B TBEPAYIO MaTpuULy, Bpaa Ny dyayT BeICBODOXKAAaTLCA Npu obpadboTke Ta-
KX MaTepuarnoB, XOTS 3TO BO3SMOXHO, eCnu MaTpuLy noaBepratoT MHTEHCUBHOMY MeXaHUYeCKoOMY U TEPMU-
YeCKOMY BO3JEWNCTBUIO, HaANpUMep MNpU peske mMartepuana Unm ero n3MenbvyeHun. XKmakme cycneHsum ¢
HaHoYacTMLAaMN He ByayT OoKasbiBaTh NPAMOro BO34eUCTBUA Npn BabIXxaHUW. OgHaKo TOHKOE pacnbifieHUe Ta-
KUX cycneH3unn byaeTt npruBoanTb K 0bpasoBaHUo HaHoaspo3onen. B npuHuune, Yyactuubl MOTYT MOBTOPHO MO-
1acTb B BO3AYX M3 CYyXUX OCAOKOB, XOTH €CTb COMHEHUs, OyayT N1 BO3MYLUEHUS WU OBUXEHME BO3ayXa
OOCTaTOYHO MHTEHCUBHBLIMUK, YTODBLI B HEro nonano 6onsLwoe Yncno ANCKpeTHbIX YacTul,. [NogodbHbiMm obpasom
B HEKOTOPLIX cryvyasiX MOBTOPHOE nonagaHne HaHo4YacTUL, U3 OTNOXEHUA MOPOLLKOB HAHOYACTUL, B BO3AQYX MO-
XXeT NPUBECTN K 0B6pasoBaHNIO HAHOA3PO30SIen.

[TprMepbl NoTEHUMAaNbHbBIX MCTOYHWUKOB HEKOTOPLIX rPYrn HAHOa3po30onen B NPOU3BOACTBEHHOW cpeae
npuBeaeHbl B Tabnuue 1.

Tabnuya 1—Tllpumepbl NOTEHUMANbHbLIX UCTOYHMKOB HAHOA3PO301EN B MPOUN3BOACTBEHHOW cpeae

[ pynna aspo3oneun MCTOYHUK
Aspo3sonun, obpasyouine- PaddMHUPOBaHUE MeTannoB — B LUENOM

CA B BbICOKOTEMNEPATYPHbIX 'lnaBka antoMmnHus

npoueccax 'lnaBka ctanu
'lnaBka xeneasa
- anbBaHM3aUUA
CBapka
Pe3Ka

Pe3Kka MeTannoB — B MNJTaMEHN BbICOKOTEMIMEPATYPHON rOpPeEKu
Pe3Kka MeTannoB — nasepHas

Tepmnyeckoe pacnbineHne rnoKpbITUS

[TpurotoBnexHne NN

[ToumeHeHne ropsivero Bocka

Asposonun, obpasyoune- [lnzenbHble ABUraTenu
CSl MPU rOpeHnm beH3nHOBbIE ABUraTenn
[ a30Bble ABUraTenun
CxuraHue (HanpumMmep, TONMUBa Ha JMEKTPOCTaHUMAX, NPU OTONNEHUN, NPU Kpema-

Linn )
[[@a30Bble OTONUTENbHbIE NPUOOPHLI

A3p0o30nn B BO34yXe 3a- A3po30onb, 0DpasyloWMNCH B pesynbTaTe peakumn razoodbpasHbix/napoobpasHbix
MKHYTbIX MOMELLEHNI BblAeNEHUN OPITEXHUKU, MOICLLMX CPEACTB U CTPOUTENbHBLIX MaTEPUAarnoB C BOOOW, 030-
HOM M OPYyrMMu rasamu/napamm

[TonagaHne aspos3onen na atmocdepsl

Aspo3sonun, obpasyoune- BbICOKOCKOPOCTHOE n3menbyeHmne n obpabortka
CS1 B Npouecce MeXaHNYECKOW BbICOKOCKOPOCTHOE CBEpreHne
o0b6paboTkn maTepmnanos
Aspo3sonun, obpasyouine- 'lonyyeHne TeXHUYECKoro yrnepoga
CA MpU NiameHHOM HaHece- "JonyyeHne TOHKOAUCMEPCHOro ANOKCHaa TuTaHa
HUW MOPOLLKOBbBIX MOKPbITUN "Tony4YeHne BbICOKOAUCMEPCHOIo ANOKCNAA KPEMHUS
"lony4yeHne BbICOKOANCNEPCHOIO OKCNaa antoMnHUS
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OkonyaHue mabnuusi 1

[ pynna aspos3oneun NCTOYHUK
Asposonun, obpasyme- ObpaboTka NOpoOLLKOB HAHOYaCTUL,
cAa npn obpaboTke maTtepua- Ob6paboTka CyxXmx OCTATKOB KONMOUAHbLIX PaACTBOPOB
NnoB
A3p0305IM B HAHOTEXHO- [TpOn3BOACTBO YIMEPOAHbIX HAHOTPYOOK
nornm [Tony4yeHne HaHo4acTuny ¢ 3agaHHbIMU CBOUCTBaMKM B ra3zoBou dhase
ObpaboTka N NpMMeHeHne NOPOLLKOB HAHOYAaCTUL, € 3aaHHbIMW CBOUCTBaAMMU
Aspo3sonb, 06pa3yroWwmnncsa N3 CycneH3nm, pactBOpPoOB U NacT

6 OueHKa BO3OeNCTBUA HAHOA3pPO30Nnen Ha pabOTHUKOB NPOMBLILUFIEHHbIX
npeanpuATUA

6.1 CnocoObl oLeHKU BO3aeACTBUSA

6.1.1 BBegeHue

[TpumeHeHne anbTepHaTUBHBLIX NMoKasaTernen Bo3aenCcTBUA aspo3onen Heodbxognumo paccMaTpuBaTth B
Tex cnydaax, korga mexay BNUaHUaAMn Ha 340p0oBbe M CBOUCTBaAMUM a3p030/1d CYLLECTBYIOT APYyrie B3anmMoCcB4-
31, KpbOMEe 3aBUCMMOCTWM OT MacCOBOW KOHLeHTpauun. HekoTopbkle 13 3TUX BO3OeUCTBYIOLWNX BENMUYMH TPYOHO
N3MEPUTL NPAMbBIM METOAOM, M MOXKET NoTPeboBaThbCHA UX onpedeneHne NyTeEM OLIEHKM APYTrUX Nerko nsmepse-
MbIX BeNMUYUH. NprumeHeHne 6onNbLIUMHCTBA METOA0B OrpaHnYeHo NPOACIKUTENbHOCTLIO NPOBEAEHUA N3Mepe-
HAN, Hanpumep, paboven cmeHbl. bonee Toro, 6ONLWUMHCTBO UMEIOLLMXCA CPeACTB U3MEPEHUN N YCTPOUCTB
oTbopa npob He coBCceM NPUroaHbl ANsl UICNOMb30BaHMS B KAYECTBE UMHAMBUAYANbHBIX YCTPOUCTB.

BO3MOXXHOCTW Nnony4YeHnUsa KONMYeCTBEHHOW OLUEHKU U XapaKTepUCTUK BO3AENCTBUSA HAHOA3pO30Nnen Ha
KOHKPETHOro padboTHUKa NPOMbILLNEHHOrO NPpeanpUsaTUS: C NOMOLLLIO NMPSIMBIX NU3MEPEHU orpaHnYeHbl BBUAY
OTCYTCTBUA COOTBETCTBYIOLMX NprUbopoB. OaHako UCMNOMNb30BaHME CTAaUMOHAPHBIX YCTPOUCTB, paboTaroLmx
«Ha MecTe» B coYeTaHuUn ¢ aHanM3oMm npob, cobpaHHbIX 32 KOPOTKOE BPEMSA C MOMOLLLIO MHAUBUAYaNbHBIX
NpoOOOTOOPHUKOB, B COOTBETCTBMM C NOAXOASLWEN MeTOAUKOW, MOXeT ObiTb MonesHo Ansa nonyvYeHUs
COOTBETCTBYIOLLMX AaHHbLIX N0 BO3AEUCTBUIO HAHOA3POo30nen Ha paboTHUKOB.

BO3MOXHOCTb NPUMEHEHNS AaHHbIX, NOTYYEHHBLIX C MICMOMNb30BaHUEM CTalUMOHAPHLIX NPOOOOTOOPHNKOB
N KpaTKOBpEeMeHHOoro otbopa npob, anst oueHKM BO3AeUCTBUS Ha paboTHUKOB orpaHn4eHa ns-3a UsMeHeHnu
XapaKkTepPUCTUK a3p0o30en B 3aBUCUMOCTU OT PACCTOSIHUA OT UCTOYHUKA, MPUBOAALLNX K NPOCTPaHCTBEHHBIM U
BPpEMEHHbLIM U3MEHEHUAM MaccChl as3po30Nid M CYHETHOM KOoHUeHTpauun. [NockonbKy BbICOKOTEMMNEpPaTYPHbIE
npoLecchl, NpusoasiLne K obpasoBaHUo 3apoablllen YacTul, MOTryT Bbi3BaTb USMEHEHUS CKOPOCTU Bblaene-
HUA HAHOYaCTUL, U UX coaepXaHUs, TO MOXEeT MUMEeTb MEeCTO U3MEHEHME BO BPpEMEHU Macchl, CHETHOW KOHL,EH-
Tpauun 1 pacnpeneneHnsa vyactul, no pasmepam. MaMeH4YMBOCTL 3TUX NapaMeTpoB BO BPEMEHU, a TakKkKe
Hannm4yme HeCKONMbKMX UICTOUYHMNKOB BblAeNEeHUA HAaHOUYAaCTUL, B pabounx 3oHaxX U ABUXKEHUN BO3ayXa, Bbl3BaHHbIX
NPUHYONTENBLHON BEHTUMNALIMEN, DYAYT TAaKKe OTpaXaTbCsl HA UX M3MEHEHUAX B NpocTpaHcTBe. KpomMe Toro,
PabOTHUKM YaCTO NepemMeLlaoTcsa U3 0aHOU padboyein 30HbI B APYryHo, UTO NPUBOAUT K CMOXHBIM KapTUHaM npe-
ObIBaHWUSA B BbIbpaHHLIX MecTax oTbopa npobd. Becneactemne aToro xapakrepucTuki Bo3gencTBUSA aspo3onen,
onpeaeneHHble B PUKCUPOBAHHBLIX TOYKaX, HE MOTYT ObITb OAHO3HAYHO NPUMEHEHBI AN OLIEHKN BO3AENCTBUS
Ha KOHKpEeTHOro paboTHUKa 6e3 TWaTeNnbHOro paccMOTPEHUS.

[na obnerveHnst cpaBHEHUST AaHHLIX MO BO3OEUCTBUIO HAHOA3PO30MNEN cneayeT Takke NpMMeHsTb obLLe-
MPUHATBIN CNOcob npeacTaBneHns pesynbTaToB OLUEHKU BO3AEUCTBUA HA KOHKPETHOTO paboTHMKA B BUAE cpeaHe-
CMeHHbIX 3Ha4YeHU ANs BOCbMMYacoBOW cMeHkl [54]. BcneacTeme 3Toro, no BOIMOXHOCTU, pe3ynbTaThl OLUEHKA
BO3OEUCTBUSA, NONyYeHHbIe Ha OCHOBE KPaTKOBPEMEHHBLIX N3MEePEHNIN, A0MKHLI ObITh NepecynTaHbl Ha pabdbodyto
CMeHY NMyTem BblMUCTIEHNS cpeaHEeB3BELLEeHHOro No BpemMeHn 3HavyeHns. Bo Bcex cnyyasix, korga uenbeio nccreno-
BaHUN ABNAETCS KpaTKOBPeMeHHOe BO3AeNUCTBUE, AOKYMEHTUPYIOT NPOACIPKUTENBHOCTE U NMPUBAIKY U3MEPEHUIA
kO BpeMeHW. I'pn oLieHKe BO3AeNCTBUA HA OCHOBE KpaTKOBPEeMEHHLIX U3MepeHU pekoMmeHayeTcsl BpeMeHHOMN UH-
TepBan 15 MUH B COOTBETCTBUM C ODLIMHO MCMONBb3YEMBIM B 0OMacTy NPOMbILLNEHHOW TUIMEHBI.

6.1.2 PaccmoTpeHUue cnocoboB OLEeHKU BO3AeUCTBUA

[TOCKOMNbKY OLUEHKY BO3AEUCTBUS HA KOHKPETHOrO paboTHUKA NPEUMYLLLIECTBEHHO NPOBOAAT NO AaHHbIM,
Nony4YeHHbIM C UICNOMNb30BaHUEM CTaLMOHAPHBIX NPOOOOTOOPHUKOB, ACMKHLI ObITh YYTEHbI HEKOTOPLIE (PaKTO-
Dbl 0 1 BO BpeMs NpoBeaeHns oLueHKU Bo3aencTBus. B Tabnuue 2 npuBegeHsl 3171 akTopbl M NpUMepbl Npn-
roAgHbIX NprUbopoB..
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Tabnuya 2— dakropbl, paccmaTtpmBaemMmble 0 U BO BPEMS NPOBEAEr

ns otbopa npob

dakTop

Llenk

Cpencrea

NCTOYHUK

opeHTnukaums m onpeaeneHmne mec-
TOHaxXoXaeHus1 B paboven 30He 0gHOro/He-
CKONbKUX UCTOYHUKA(OB) 0Dpa3oBaHUA Ha-
HOA3po30onNen UM naeHTnduKaumsa aspo-
3o0/1en, nonagawwmx B pabouyo 30HY U3
OKpyXarwwen cpeabl ansi Bbibopa mect(a)
oTbopa npob

KoHaeHCAUMOHHbIE CYETYMKM YacTuu
(CPC); perncrpauus HabnogeHnn 3a gesi-
TENbHOCTbIO, NPUBOASALLEN K BblOeNEeHUIO
HaAHOA3PO30NEN

YcnoBus BEHTUNSA LIU

PermcTpauns  XxapakTepucTtuk notoka
BO34yXa U NEPEMELLEHUA as3pPO30IEN B pPa-
bo4vyen 30He

[bimoBas Tpybka; aHeEMOMETPbLI; UHOW-
KaTOpHbIN ra3. Perncrpaums HabnioaeHun
33 OTKPbITUEM ABEPEN U T. A.

HNesTenbHOCTL B pabo-

MHTEpI’IpETaLI,MFI HAaHHbIX, MNOJYYEHHbIX

[TpoTokonbl HAbNOAEeHUA: perncTpayms

BPEMEHUN NX HAXOXOEHUH B PA3HbIX MECTAX

YEen 30HE C NOMOLLBIO NPMOOPOB C NPSMbIM OTCHETOM | HADNOAEHUN 3a AeATENbHOCTBIO, MPUBOAS-
ans1 0bHapyXeHUs UBMEHEHUN XapaKTepuc- | Wwen K obpasoBaHnto HaHoaspo3sonen; CPC

TUK BO3JENCTBUSA
[esTenbHOCTL paboT- VMIHTepnpeTauns pasnnynn B coaepKa- [MpoTokon HabnwaeHus: perncrpauuns
HUKa HUW a3po30Sien B MNPOCTPAHCTBE C Y4ETOM | HADNMIOAEHUN 3a MECTOHAXOXAEHMEM pa-

DOTHWMKOB OTHOCUTEINBbHO UCTOYHMKA BblAE-

neHns HaHoaspoalonen/mecta oTbopa npob

BbiOop noaxoasuwero mecta Unm mect otoopa npob aBnaeTcd OCHOBHLIM PakToOpoM ANns HaaeXXHOW NH-
TeprnpeTaunn AaHHbIX NMPU OLEeHKe BO3OEeNCTBUS Ha KOHKPETHOTo paboTHMKa. Bo-nepBbIX, ACITKHBI ObITb NOEH-
TUOULMPOBAHLI UCTOYHUKMA BbIAENEHUS HAHOA3PO30Men, Haxoadawmecss B paboven 30oHe. [lpn Hanu4uu
OANHOYHbIX U MHOXECTBEHHbIX UCTOYHMKOB HEODXOAUMO YCTaHOBUTH CBA3b MEXAY BblAeNeHNEM a3p0o30Ns U
OesATEeNbHOCTbIO, OCYLLECTBNAEMON B paboyen 3oHe. Kpome Toro, Heobxoammo npoBepuTb, BITUSOT NN BHELL-
HUEe UCTOYHUKN (HanpumMep, npoMellINeHHada aesaTeNbHOCTb, AOPOXHOE ABWMXKEHUE U T. O.) Ha codepXaHune as-
PO30/EeN B BO3AyXe 3aMKHYTOro noMmelleHnda. Cneayet onpegennTtb poHOBOE cogepXaHue asposonen. C 3Ton
Lenbo MOXHO MCNONb30BaTh NOPTATUBHLIE CcpeaCcTBa U3MEePEeHUN CYETHOM KOHLIeHTpaUun YacTul, Takme Kak
kKoHAeHcaLloHHble cyeTdukn (CPC), Npu yCNOBUK, YTO CYLLIECTBYET XOpoLlee COOTHOLUEHUE MeXay reHepupy-
eMbIM a3p030MeEM C pasMepamMn YacTuL, B npegenax padbovero ananasoHa CPC n HaHo4YacTuuamMmum B BO3ayxe.

Bo-BTOPbLIX, AOTKHBI ObITb U3BECTHLI ACUCTBUTENMbHLIE XapakTepUCTUKMA NOTOKa BO3aAyXa, U B naeane
OHW OOJTPKHbI HEMPEPLIBHO KOHTPONMMUPOBATLCS, MOCKONbLKY OHU ByayT onpeaensite NPOCTPAHCTBEHHYIO, a TakK-
Xe BPEMEHHYHIO M3MEHUYMBOCTL aspo3oneint. BoccosnaroT 1 B nageane KOHTPONMUPYHOT CTPYKTYPY peanbHOro no-
TOKA BO34yxa, NOCKOMbKY OHa OyaeT onpeaensiTb U3MEeHEHUs1 coaepXaHusa aspo3onen B NPOCTPaHCTBE U
BpeMeHW. [NpeanovTuTenbHO NONy4YnTb BU3yanbHOEe OoToDpaXeHne Bo3ayLUHbLIX NoTokoB. OaHako Hanbonee
noaxogawme ansg 3Toro npubopsl, reHepaTtop AbiMa Unu AbIMOBYO TPYDOKY, HEMb3si UCNOMb30BaTb OAHOBpPE-
MEHHO C UBMEPEHUAMU, NOCKOSNBbKY OHW NpeacTaBnsAoT cobon reHepaTop a3po3ons. Bo BpeMsi UsMepeHnid Xa-
DaKTEPUCTUKU NMOTOKA Takke MOryT ObITb onpeaeneHsl Ha OCHOBE rpaddMKoOB 3aBUCUMOCTM CKOPOCTU NMOTOKOB
BO3yXa OT BPpeEMeHU, NpeanovYTUTENbHO U3MEPEHHON C NOMOLLbIO aHEMOMETPOB HanpaBneHHOro ASNCTBUS.
OaHako aToT NoAXoa ABNSIETCHA 3aTpaTHbIM C TOUYKU 3pEHUSI BPEMEHN N NpunaraemMblxX ycunuim. PesynbTaThbl
onpeaeneHnst yCrnoBmiA BEHTUNSILMU C UCNOTIb30BAHUEM UHAWMKATOPHOTO ra3a gatoT HEKOTOPYO ObLLYH0 MHAOP-
MaLMo O ABWXKEHUM BO3AyXa, HANPUMEP O KpaTHOCTU BO3AQyX00obMeHa, HO He KOHKPETHYH MHOpMaLIUIo O Ha-
paBneHUsax U pnykTyaLnsax NOTOKa BO3AyXa. XapakTepUcTUKK NOTOKA BO3ayXa, HanpuMep ero HanpasneHue
10 OTHOLLUEHUIO K UCTOYHUKY HaHOYaCcTUL, U MecTy oTbopa Npod, oveHb BaXKHbI AN1K BbIDOpa MecTa oToopa npob
M MHTepnpeTaunMm BO3OeNCTBUA HaHOaapo3onen Ha pabdboTHUKa. B uenom mecto otbopa npod A0MMKHO Mo
BO3MOXXHOCTU HanMbdonee TOUHO oTpaXKaTb MECTOMONOXKEHUE pabOTHUKA, XOTS rpoOMO3aKkoe obopyaoBaHUeE MO-
XXEeT ero 3aropoauTb, B CBSI3U C YeM NoTpebyeTcs BeIOOP Apyroro mMecta otbopa npob (BbilLe UMK HXXKE No No-
TOKY OT UCTOYHUKA).

[Tpn oLeHKe BO3OENCTBUA HADNOAaoT 3a BCEMU BUAAMU AeATENbHOCTM B pabo4ven 3oHe Ans NonyyYeHus
OONONMHNTENBLHOU HGXOpMaLIUMK, KoTopast MOXeT ObITb MONe3HOWN Npu MHTepnpeTaLun pesynsTaToB, NOMy4YeH-
HbIX ¢ MCMOSb30BAHUEM CTaLUOHAPHbLIX NPobooTOopHUMKOB. [lononHUTensbHas MHopMaL s MOXeT OTHOCUTb-
CA K ApyrMM Buaam AeATENbHOCTU, NpUBoAsLIEN K oDpasoBaHUIO HAHOYACTUL, Hanpumep UCMonb3oBaHUE
PYYHOIO MHCTPYMEHTA, BbIXJIONbI ABUraTens aBTonorpysymka ¢ BUNMOYHbLIM 3aXBaTOM, KypeHue NN BTOPUYHbIe
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MCTOYHWNKW, TaKMe Kak MOBTOPHOE NonajgaHne 0CceBLUNX a3po30riel B BO3AyX B pe3yfbraTe ABMKEHU paboTHN-
Ka, ero 4eNcTBNIA N OBMKEHUI BO3QyXa, BbI3BaHHbIX aBTOTPAHCMOPTHLIM CpeCTBOM. XOTS MOBTOPHO B BO3-
ayx 6yayT nonagaTtb OTHOCUTENBbHO Bonee KpyrnHble YacTuLbl, OHWM MOTYT y4acTBOBaTb B 3aXBaTe HaHO4YacTy

N3 HEIO.

N HakoHeLl, crieayeT KOHTPONUPOBaTb U3MEHEHUS B MONOXKEHNN PpabOTHUKA OTHOCUTESTbHO MCTOYHUNKA U
npobooTOOPHMKA BO BpeMs NepepblBOB B 0THope npobd. YecpeaHeHHbIe B COOTBETCTBUN CO CBOMMUN BECaMU pe-
3ynbTaTbl MHOrOKPAaTHbLIX OTOOPOB NPOD B HECKONBbKMX TOYKAX MOTYT ObITb MCMOMNb30OBaHbI AJ151 OLLEHKN BO3OEN-
CTBMS1 HA KOHKPETHOro paboTHMKA.

6.1.3 OT60p Npob

Kak onucaHo B 6.1.1, He cyLlleCcTBYeT crneuuansbHbIX YCTPOUCTB ANs onpeaerieHnst Bcex HeobXoanmbix
XapaKTepUCTUK BO3OENCTBUSA HAHOA3po301en Ha KOHKpeTHoro paboTHuka. B Tabnuue 3 npuBegeH nepeyveHs
CYLLIECTBYHOLLUMX NPUOOPOB N METOAUK onpeaeneHnst XapakTepucTuk HaHOa3pPO30en.

Tabnwuwua 33— 0ObwepoctynHble NPUbOPLI N METOAMKN KOHTPOSS BO3AENCTBUSA HAHOA3PO30NEN

[TokaszaTenb

[Tpndop

KoMmmeHTapun

Macca

MngmemayanbHbIn NPOBOOT-

BOPHUK AN CEenekTuBHOro no
paamepam otbopa yactuu

B HacTosilwee BpeMsi HE cywecTByeT Npnbopos, paboTa-
IOWKMX B ONEPATUBHOM pexume, obecnevumBarowmx onpeae-
neHwe ppakymm vactuy ¢ paamepom meHee 100 HM. Heob-
XO0AUM HE3aBUCUMbIW aHaNM3 rpaBUMETPUHECKUMU UNN XU-
MUYECKUMU METOOAMM.

Macca moxeT bbITh onpeaeneHa no pedynbrartam ornpe-
aeneHns GpakUMoOHHOIo coctaBsa (CM. HUXeE)

CtaymoHapHbii  npobooT-
DOpHUMK ANS CENEKTUBHOIo Mo
paamepam oTbopa vactuu,

EavHcTBEHHBIMKM NpubopamMmun Ansa onpeaeneHns Yacrtuu
pasmepom meHee 100 HM ABNAITCH KacKaaHble UMNaKTopPb!

BubpaunmoHHble MUKPOBECHI

UyBCTBUTENBbHbIE YCTPOUCTBA HEMPEPLIBHOIMO U3MeEpe-
HUS B peXUMe peanbHOro BpEMeHU, Takme Kak BudbpaLmnoH-
Hble MUKPOBECHI C KOHUYeCcKuM anemeHTom {TEOM), moryT
NPUMEHSATBCH ANA NU3MEPEHUN MACCOBOWN KOHLUEHTPALKWW Ha-
HOA3PO30NeEN NPU HANUM4YMM BXOOHOMN HAcaaku, obecnevmBa-
IOLLEN CENEKTUBHbBIN OTOOP YacTuL B COOTBETCTBUM C UX Pa3-
MEpPOM.

C  KOHWYECKUM  3J1EMEHTOM
(TEOM)
CKaHupyowmm (nowaro-

Bbl) KnaccuukaTop nNOABUX-
HOCTK vYacTuy (SMPS)

OnpeaeneHne cCHETHOU KOHLUEHTPALMN YaCTUL, B PEXUME
peanbHOro BpEMeHU CENeKTMBHOE OTHOCUTENBHO NX pa3mMe-
pa (anameTpa noagBMXHOCTK). [laHHble MOryT 6biTh npea-
CTaBlNeHbl B eAMHNLIAX MaCCOBOW KOHUEHTpaUumM aspo3ons,
TONbKO €Cnu M3BECTHbl UMW npeanonaratTcsa opma u
NNOTHOCTb YacTuL,

IMNEKTPUHECKUN  NMMNAKTOP
HU3Koro gaenenus (ELPI)

OnpeaeneHne NOBEPXHOCTHOW KOHUEHTpauun 4YacTtul B
peXnume peanbHOro BPEMEHWU, CENEKTUBHOE MO pasmepam
(aspoagnHamMmmudeckoro gnametpa). PeasynbraTtel MOryT ObITh
npeacraBneHbl B enHNLAxX MacCoBOW KOHLUEHTPALMK a3po-
30N$, TONBKO ecnu npeanonararTcs U U3BECTHbI 3apsa W
NNOTHOCTb YacTul. [1pobbl, coaepxawme YacTuubl onpeae-
NEHHbIX Pa3MepoB, 3aTeM MOryT BbITb NpoOaHanNM3anpPoOBaHbl
HE3aBUCUMO

Yucno vyactuu

KOHOEHCAUNOHHBIA CYETHYUK
yactuy (CPC)

KOHOeHCAUNOHHbIE CHETUYMKM YacTuL, obecnevymBatoT nU3-
MEepPEeHNe CYETHOWN KOHUEHTPAUUN YacTuL, B PEXUME pearb-
HOro BpEMEHU ¢ AnameTpomMm B npeaenax pabovero ananaso-
Ha namepeHnn. bes ycTtponcTea npegBapuTerbHOIo pasge-
NEHNA YacTUL Mo pasmepam CHETUMKU HE ByayT CENEKTUBHbI
NO OTHOLWEHWIO K YacTuuam ¢ pa3aMmepom B HaHOgnanasoHe (B
HacCTOsILLEE BPEMS HE CYLWECTBYET YCTPOUCTB AN NpeaBa-
PUTENBHOIO pasgeneHns HaHo4acTuL)

CKaHupyowmm (nowaro-
BbI) KnaccuukaTop nNoaABUX-
HOCTK vacTuy (SMPS)

OnpeaeneHne CHETHOW KOHLUEHTPaLUUM YaCcTULL B PEXUME
peanbHOro BpeMeHn, CENEKTUBHOE Mo pa3Mmepam (gnameTpa
NOABUXHOCTN)
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OkonyaHue mabnuusi 3

[TokaszaTtenb

[Tputop

KoMmmeHTapun

Yncno vactunu

SMNEKTPUYECKUN NMMNAKTOP
Hu3koro gaenexHus (ELPI)

OnpeaeneHne NOBEPXHOCTHOW KOHUEHTpaUun 4YacTul B
peXXMMe pearnbHoOro BpeMeHW, CENEKTUBHOE NO pasmMmepam
(aspogmnHamunyeckoro ganametpa). PeaynbtaTtbl MOryT bbiTb
npeacraBneHbl B eAMHULAX CHETHOW KOHLUEHTPpAaLUMN.

[Tpobbl, cogepxawmne Yyactuubl onpegeneHHbIX pa3me-
POB, 3aTeM MOIyT BbITb NPOAHANN3NPOBAaHbI HE3ABUCUMO

ONTUYEeCKNMN CHETHUUK YacTuu

ITN CYHETYUKN HEHMYBCTBUTEIbHbLI MO OTHOLWIEHWUIO K Yac-
Muam ganameTpom meHee npmdnuantenbHo 100—300 Hm
NO3TOMY HEMNPUIoAHbI ANs KOHTPONSA COAEpXaHUs HaHOYacC-
™My

IMNEKTPOHHBIN MUKPOCKOTNN

AHanus3 npob noa SNeKTPOHHbIM MUKPOCKONMOM B aBTO-
HOMHOM peXume MOXeT obecnedyntb MHPOPMALNIO O CHET-
HOW KOHLUEHTpauuMn YacTuL, aspo3ons onpeaeneHHoro pas-
Mepa

[Tnowaagb  no- CKaHupyowmn (NoLwaroBbIn) OnpeperneHne cHETHOU KOHUEHTPAaUWN YaCcTUL, B PEXUME
BEPXHOCTU KnaccudumkaTtop  NOABMXHOCTU | peanbHOro BpeMeHu, CENEKTUBHOE NO pasMmepam (gnameTpa
yactuy (SMPS) NOABWXHOCTK). B HEKOTOpbIX cny4asix pesynbratbl MOryT
ObiTb NepecUnTaHbl B €AUHULbI NMMOLWAAN NOBEPXHOCTU Yac-
TULY aspo3onsd. Hanpumep, nokasaHo, 4YTo AnamMmeTp NnoaBuXx-
HOCTU CBODOAHbLIX arnoMepaToB XOpPOLWO COOTHOCUTCH C
NpoeunpyemMon Nnowagbio NOBEPXHOCTH [3]
IMNEKTPUYECKUN NMMNAaKToP OnpeaeneHne NOBEPXHOCTHOW KOHUEHTpaUun 4YacTul B

Hu3koro gaenexHus (ELPI)

peXUME pearnbHOro BPEMEHU, CENEKTUBHOE MO pas3Mepam
(aspoagnHamudeckoro gnametpa). [lpu pasmepe vactuy 60-
nee 100 HM NNowagb aKTMBHOW NOBEPXHOCTU HENb3KA HANPS-
MYIO COOTHECTU C reoOMeTPUYECKON Mnowaabio NnoBepXHOC-
TW.

[Tpobbl, cogepxawme vactuubl onpeaeneHHbIX pasme-
POB, 3aTeM MOIyT BbITb NPOAHANN3NPOBaHbI HE3ABUCUMO

[TapannenbHoOe MCNONb30Ba-
Hne SMPS n ELPI

Pa3HOCTU U3MEPEHHbBIX ANaMETPOB aspoANHaAMUYECKOIO
N NOABWXHOCTM YacTul MOryT ObiTb MCNONb30OBaHbl ANS
OUEHKN PpakranbHbIX pasMepoB 4acTul, KOTOpPble 3aTem
NPUMEHSIOT NPU OUEHKE Nnowagn NOBEPXHOCTH

OOy 3noHHBIN HarHeTa-

TEellb

VamepeHne nnowagn akTMBHOW NOBEPXHOCTU YacTul, B
peXnme peanbHoOro BpemeHu. lNpun pasmepe vactuy bonee
100 HM Nnowagb akTUMBHOW MNOBEPXHOCTU HENb3SA HAMPAMYIO
COOTHECTU C TEeOMETPUYECKOU Nnowaablo MNOBEPXHOCTMW.
Cnegyetr OTMETUTb, UTO HE BCE CEPUNHO BbINYyCKaAeMble
ONPPY3NOHHBIE 3apsigHble YCTPOUCTBA MMEKDT Ha BbIXOQe
CUrHan, nporpagynpoBaHHbIV B egUHULAX aKTUBHOW NIoLa-
OV TMOBEPXHOCTU 4YacTUL nNpu pasmepe 4acTul MeHee
100 HM. AP PY3MOHHbIE HArHETaTENN CENEKTUBHbLI TOMBKO
No OTHOLIEHUIO K HAHoOYacTuuam, ecrim BMecte ¢ HUMU Ha
BXOAE WCNONb3yT noaxoasiwme ycTpoucTtBa npeaBapu-
TENbHOIO pasgeneHus

IMNEKTPOHHBIN MUKPOCKON

AHann3 npob B aBTOHOMHOM PEXUME C MOMOLLBLIO SMNEK-
TPOHHOIrO MMKpOCKONa MOXeT obecnevntb MHopmMmauuo o
nnowagn NoBepxXHOCTU YacTul, OTHOCUTENBHO UX pa3Mepa.
AHann3 Ha TEM obecneunBaeTt npsamoe onpeageneHune nno-
Waan nNpoeKkunmn cobpaHHbIX YacTUul, KoTopasi MOXET ObITb
CBfi3aHa C TreoOMeTpUYecKou Mnnowaabio Ans HEKOTOPbIX
QopM vyacTuu

CyLlecTBYIOT Npubopbl ANg N3MepPeHNnin MacCoBOW KOHLIeHTpaLMn HaHoadpo3osien B obnacTu AblXxaHus
paboTHMKa, KOTopble MOTyT ObITb MCNOMb30BaHbl AN onpeaefieHNa cpeHEB3BELLEHHbIX MO BpeMeHn 3Ha4e-
HUA MaccoBOWN KOHLUeHTpaunn. OgHako B HAacTosALLEee BPpeMs He CyLlecTByeT NpnbopoB, C NOMOLLIbIO KOTOPbIX
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MOXXHO ObINo Bbl KOHTPONUPOBATL MACCOBYH KOHLUEHTPALUIC UCKMIOUUTENTIbHO HAHOYAaCTUL, B 0bnacTu abixa-
HUA paboTHUKA. NMosToMy cTaluoHapHbIe UMY NepeHOoCHLIE NPODOOTOOPHUKN CneayeT UCMONb30BaTh TOMNLKO B
TOM cny4vae, ecnin HeobXoaAUMO N3MEPUTb A0NK HaHoYacTUy,. CyLlecTBEHHOEe 3HavYeHUe A CBA3M MonyyeH-
HbIX Pe3yNbTaTOB C OLUEHKOW YPOBHA BO3AEUCTBUS HA KOHKPETHOro paboTHUKA UMeeT UHpopMaLuna O MecTe
oTbopa npobbl NO OTHOLUEHUIO K UCTOUHWUKY, O ABWKEHUN BO3AyXa U MeCTOHaxXoXXaeHUn paboTHUKA.

HekoTopble Npnbopbl ANs N3MEPEeHUs1 MOBEPXHOCTHOM KOHLUEHTpaLuun 4YacTtul, paccMoTpeHbl B 6.2.3.
OaHako MeTodbl C UCMNOMb30OBAHNEM Pe3ynbTaToB OONbLLUONO Yncna U3MepeHnin MoryT AaTb npeaBapuTens-
Hble AaHHble 00 YypOBHE BO3OENCTBUA HA OCHOBE NNoLWaan NoBEePXHOCTU ¢ MUHUManbHbIMUA AONONMHUTENbHbI-
MU YCUTTUSIMUA.

XumMmmudeckasi n pmsndeckasa npupoaa HaHoaspo30en MoXeT ObITb YCTaAHOBMNEHa NpU aHannse B aBTO-
HOMHOM pexxunme. CTpyKTypa, pasmep 1 dopmMa YacTuL, MOryT BbITb onpeaeneHbl MeToaaMu 3MeKTPOHHOWU MUK-
pockonun (Ha SEM n TEM). OgHako 3T meToabl aHanu3a o4YeHb YYBCTBUTENbHBLI MO OTHOLUEHUIO K YPOBHIO
3arpyskm npobooTdbopHMKa, NO3TOMY AN UX NMPUMEHEeHNs HeobxoamMmMo TuaTenbHO noadbupaTb NPOOOIIKU-
TeNnbHOCTb 0TOOpa nNpob (cMm. npunoxeHue A). B kKavyecTBe anbTepHaTUBLI A9 aHanusa, NPoBOAUMOro B aBTO-
HOMHOM peXUMe, MOXHO MCNONbL30BaTh MHAMBUAYATbHbLIE NPODOOTOOPHUKKA, T. K. NPU 3TOM OTOOP Npobbl B
30HE ObIXaHUA MOXEeT NEerko perynupoBaTbhCa ¢ LeNbio NoNyvYeHns HeobxoaMmoro anst NpoBeaeHns aHannsa
MaKCUMaribHOro YPOBHS 3arpy3kn. QnekTPOHHYI0 MUKPOCKOMMIO YacTo UCMONb3YIOT B coYMeTaHUU ¢ 3Heproauc-
NePCUOHHON PEHTIeHOBCKOU UM CMEeKTPOMETPUYECKOU CUCTEMOWN AeTeKTUPOBaHUSA ANs ACNONMHUATENBHOW
MaeHTUPUKaLMM XMMUYECKNX coegUHEHUMN.

6.1.4 [Opyrue acnekrbl

Lpyrmne acnektebl 0oTOOpa Npob, Kpome Bbibopa MecTa U MeToauKK oTbopa npob, T. e. noadbop paboTHUKOB
NN paboynx MecT, BpeMs 1 NPoACITKUTENBHOCTL 0TOOpA Npob, OyayT B 3HAYUTENTbHOW CTENEHW onpeaensiTh-
CH Hanu4ynem MHgpopMaLnn O XapakTepuctTukax nprubopos, AaHHbIX (MMeLUXCa UK npeanonaraemMsix) ob
N3MEHEHUN WHTEHCUBHOCTU BblAeNeHUss HaHoadpPOo30Nen W AeHEeXHbIX cpeacTB, HeobXoauMbIX AONS
npoBeaeHUS UccrneaoBaHuUs.

6.1.5 Pe3omMe

KaXgbl N3 MeTO40B U3MEPEHUIA, ONUCAHHLIX BbiLLE, UMeeT CBOW HeJOoCTaTKN, HO NPU UX UCMOTb30BaAHNN
B coueTaHMU MOXET ObITb Nony4YeHo nepBoHavanbHoe npeacrtaBneHne 0 NPUCYTCTBUN HAHOA3PO30Nen B pa-
bouei 3oHe. MoryT 6bITb NAeHTUDULMPOBAHBI NCTOUHUKA BbIAENEHUHA HaHOYaCTUL, OUueHeHa cHYeTHAas KOHLIEH-
Tpauna 1 nnowagb NoBepXHOCTU HaHOYaCTUL, B onpedeneHHOM gnanasoHe pasMepoB, a Takke, Ha OCHOBe
BbIOOPOUHLIX NPob, MOTryT ObITh onpeaeneHbl HEKOTOPLIE XapakTepUCTUKN HaHoYacTul,. HabnogeHns Bo Bpe-
MS U3MEPEHNA B YCNOBUAX MPUMEHEHUs1 Heobxoaumbl ONSl YCTAaHOBIEHUSI CBSI3M MeXay pes3yrbTaTamMu
M3MepeHnn n pasnmvHbIMU ABNEHUAMWN.

ccnenoBaHUst nokasarnu, YTo B padboven 3o0He NpoucxodsT USMEeHeHUs1 CHETHOW KOHLLeHTpaLnun 1 pac-
npeaeneHnst YacTul, No pasMmepam B NpocTpaHcTBe. [103TOMY MCNONb30OBaHUE CTaLMOHAPHLIX NPOOOOTOOPHU-
KOB B (PUKCMPOBAHHLIX MECTax orpaHu4YmMBaeT BO3MOXHOCTb WHTEpnpeTauum pesynbTaToB UccneaoBaHUs
BO3eNCTBUS Ha pabOTHUKOB, NepemMellatoLmMxca Bo BpemMsi oTbopa npob. [laxke anst paboTHUKOB, HAXOOSILLNX-
cA Ha PUKCUPOBAHHBLIX pabounx Mectax, MHTepnpeTauna pe3ynbTaToB, NOSTyYEeHHbIX C NOMOLLbIO CTaloHap-
HbIX NPOCBCOTOOPHUKOB, MOXKET ObITh B 3HAYUTENIBHOW CTeNeHN HeToYHOW. OaHako 0BHaPYXNTb HAHOA3PO30NA
B paboyven 30He U OLEeHUTb UX NOTEeHLUManbHOe BO3AENCTBME MOXKHO, NPUMEHSIS cnocodbl, 0NcaHHbIE BhILLE.

6.2 MeToabl NoNy4YeHUs XapakTepUcTUK aHcambnen yactuy,

6.2.1 OOLWwune nonoxeHus

MeToabl OLEeHKN U KOHTPONSA NapaMeTpOoB a3p0o30N4 pearnpyroT Ha MHOTUE YacTULbl 0AHOBPEMEHHO, KakK
MNPWY aHannse B pexume peanbHOro BpeMeHu, Tak 1 B aBTOHOMHOM pexume [55]. Hawe Bcero ato Hanbonee
noaxoadaLwmim n skoHoMu4eckn sdpdpekTUBHbIM MeTod ANA MOHUTOPUHIA BO3AeUCTBUA a3p0301en ¢ UCMONb30-
BaHWEM KOMNAKTHbIX N HaAEeXHbIX N3MepUTENbHbIX NpubopoB. OaHako, UCXoas U3 oncaHUd, 3T MeToAbl No-
3BOMAIT NONYYUTb XapaKTepUCTUKN a3po3orien, ycpeaHeHHble Ond BceX 4YacTul, NMo3TOMY OHU He MOryT
noaxoanTb AN KaXKQoro KOHKpeTHOro criydyas.

6.2.2 MaccoBafl KOHLUEHTpaLusa

XOT4 UMeloTCH AaHHbIe, CBMAETENbCTBYIOLWME O TOM, YTO MaccoBast KOHLEHTpauus ABNsAeTCA He Noaxo-
asien Mmepon Bo3aencTeuna anst 0onbLLIMHCTBA HAHOA3PO30M1en, HeobDXoANMO PYKOBOACTBO MO MeTOAMKAM M3-
MEpPEeHUIN, OCHOBaHHbLIM Ha onpeaeneHnn Mmacchl YacTul, paspaboTaHHbIM C y4eTOM aKTyallbHblIX HOPMaTUBOB
no otbopy Npod 1 NpuHATOM MeToaonorn. Koraa nsBecTHo, Kakyto opakLumio YacTul, aspo30s Heobxoanumo
oTobpaTh, TpebyeTcHd YCTPOUCTBO NpeaBapuUTeNibHOro pasgeneHus Yyactuy, no pasmepam, ocbecnevneatollee
NpoxXoXxaeHne sTon opakumm n yaganeHue Yyactul, Apyrux pasMmepoB U3 NoToKa Bo3gyxa. Micnonb3oBaHMe Tako-
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ro YCTPOWCTBA YacTo He BNUAET Ha nocneayrowuin aHanms, YTo no3sonsaeT BbibpaTh Hanbonee noaxoasawmm
MeToa aHanusa. Hanpumep, npu aHanmse otobpaHHoW Npobbl MOXeT ObITb onpeaeneHa mMmacca vacTtuy, Nio-
Wadb UX MOBEPXHOCTU UMM cYEeTHas KOHLEHTpaUWs, ¢ NMOMOLLbIO ONTUYECKOro JaTyuKa HenpepbiBHOrO Aei-
CTBUS WM aHanusaTtopa MNofyHenpepbiBHOrO AeWcTBUA. B HEeKoTopbIX criydasx MOXHO BblOpaTb MeToA
aHanun3a, BKIOYaoLWUA NpeaBapuTeribHoe pasaerieHne YacTull.

Ecnu namepsitoT NOBEPXHOCTHYHO KOHLIEHTPALIMIO YacTUL, a UX POCT 0OYCNOBNEH KYMYNSLUOHHBIM PEXU-
MOM, TO MaccoBasi KOHUEHTpaLKUAa YacTuL, adp0o30st CYOMUKPOMETPOBLIX pasMepoB Takke byaeTt onpeaensiTb-
CH 3TUM pexumMmoM. B aToM cnyvyae npeacrtaBnsieTcsa NOrMYHbIM 0TOMpaTh ad3po30/ib C NOMOLLLI YCTPOUCTBA
npeaBapuUTenbHOro pasgeneHns Yactul, No pasMmepam, 3agepuBaroLwero Yyactuubl pasmepom bonee 1 MKM.
OaHako ecnu Heobxoanmo oTobpaTh YacTuubl pasmepom MeHee 100 HM, TO NOTPedYHOTCH YCTPOMUCTBO Npea-
BAPWUTENBLHOrO pasaeneHns 1 aHannuTuieckne cpeacTea, aganTUpoBaHHbIE K 3TOMY TpeboBaHuUIo.

OXxugaeTcs, YTO MaccoBag KOHLUEHTpaUmMs HaHoYacTuUL, byaeT HU3KOW, NO KpanHeEW Mepe, NO CPaBHEHUIO
C TakOBOW ANSl COOTBETCTBYHOLLEN pecnmpabenbHon ppakunn. 3TO, BEPOATHO, byaeT Takke cnpaBeanmso U
Ons1 asposonen, obpasyloLlMXcsl B BbICOKOTEMMNEPATYPHBLIX npoueccax (Hanpumep, NnapoB npu nnutebe MeTtan-
na), npu4yem HambonbLUMA BKNAa4 B MACCOBYHO KOHLIEHTpaLU U ByaeT 3a cyeT YacTuy, pasmepom MeHee 1 Mkm. B
CBSA3U C 3TUM ANKA NONyYeHUA A4O0CTAaTOUHOIO KONMMYeCcTBa Matepmana ans nocneayolero aHanmsa Heobxoamm
BbICOKW pacxod npuv otbope npod, 1 Bpad N gaxe nydline s UMerLLIMXCH B HacTosILLee BpeMd nobyauTe-
nen pacxoga ang nHAMBUAyanbHoro otbopa npob (¢ MakcuManbHbIM pacxogom Bosayxa ot 10 go 15 n/mMuH)
MOXXHO LLUUPOKO UCNONb30BaTh, KPOME cCnydaeB, Korga, Hanpumep, npeaen KonMy4ecTBeHHOro onpegeneHuns
METoAda aHanmsa OYeHb HU3KUW, YTO BO3MOXHO peanniyeTtcsl NMpu UCNoNb3oBaHUMA NPUOOPOB C NPSAMBbIM
OTCYETOM.

[1ns otBopa npobbl ¢ Maccon HaHOAa3pPO30en, NpeBbIWaoLWen Nnpeaen KONM4ecTBEHHOro onpeaeneHns
MeToaa aHanmaa, HeobxoanMbl, TakUM 0bpa3zoMm, CTaLMOHAapPHbIE YCTPOWUCTBA C BbICOKUM pacxXodoM. XOTH Ta-
Kne YCTPOUCTBA MACCUBHBLI, IPOMO3KMA N paboTatoT Npu HarnpsbkeHUn B ceTU nepeMeHHoro Toka ot 115 ao
230 B, cam npobooTbOopHUK (YCTPOUCTBO NpeaBapuUTEnNbHOro pasaenieHnsa Yyactuly, No pasmepam 1 punbTpo-
nepxaTtenb) MOXeT ObITb OTHOCUTENbHO KOMMAaKTHBIM, ECIN OH NpeaHa3HaveH Anst otbopa npobbl YacTul, pas-
vmepoMm MeHee 100 HM B oauMH 3Tan. B HEKOTOPLIX criydasix 370 MO3BOMUT ObNerYnutb pasmMelleHue
NpoOooTOOPHMKA B 30HE AbIXaHUA paboTHUKa.

B HacTosillee BpeMs He CyLLIeCTBYET CEPUNHO BbINyCcKaeMbIX NpobooTOOPHMKOB ANsl 0TOopa YacTul, as-
po3onen pasmepom meHee 100 HM B Npoun3BoACTBEHHOW cpeae. B npuHuune ans otbopa vyactul, aspo30nd
pasmepom meHee 100 HM MOXXHO UCMOMNb30BaTh CYLLECTBYOLWME NMPMOOpPLI, TakKne Kak MMNakTopbl UMK LIMKIO-
Hbl, HO NPW AOCTAaTOUYHO BbICOKMX 3HAYEHUSIX pacXoda Bo3ayxXa, XoTd padboTa npobooTOOPHMKa B TaKMX YCNOBU-
AX OOSPKHA ObITb OLUEHEeHa Ha COOTBETCTBME YCTAHOBMEHHBLIM TpeboBaHUsIM. B KayecTBe anbTepHaTUBGHI
MOXXHO MCMONb30BaTb KackaaHbl UMNAaKTOP HA3KOroc gaBneHUs ¢ rpaHuuen otaeneHnsa gpakumm 100 HM.

6.2.3 lNoBepXHOCTHaA KOHLUEHTpaLUusa 4YacTuLl

XOTS paHee nnowaab NoBepXHOCTU 3ePHUCTLIX MaTepuanoB onpeaensani B aBTOHOMHOM peXumMe MeTo-
nom BET [33], B HacTosiLee BpeMsi Mpudopsbl, NpUrogHble AN onpeaeneHuns nnowagn noBepXHOCTU aspo30ris
B paboyen 30He, HedOoCTYNHbLI ANd wupokoro notpedbneHns. Metoag BET aoBonbHO ycnewHo ncnonb3oBanu
Onsi onpegeneHns nnowagn NoBepxXHoCcTU asposond. OgHako Angd aHanmaa 3TuMm MeToaoM HeobXoanMmMo oTO -
paTb AOCTAaTOYHO BONbLUOE KONTMYECTBO BELECTBA, a HA UBMEPEHUS BNUAKOT NOPUCTOCTL YacTuL, (B bonbLuen
NN MeHbLLEW CTeNeHN) U NoANOXKa ANna oTbopa 1 yaepXaHus Yactul, ocobeHHO, ecni KONU4ecTBO 0TOMpae-
MOro Beulectsa Mmano. [epBbIn NpUbop, CKOHCTPYUPOBaHHbLIA cneunansHo Ans onpeaeneHns nnowaan no-
BEPXHOCTU aspo30nd, — anndaHnomMmeTp [56]. Stum npubopom onpeaensatoT PyKCOBY, WUNUN aKTUBHYIO,
niowanb NOBEPXHOCTU YacTUL, a3p030Ns Ha OCHOBE U3MEPEHUS CKOPOCTU NpUcoeaUHEHUS pagnoakTUBHbBIX
MOHOB. [0 CMX NOP HEU3BECTHO, KakMM 0DpaszoM B3aUMMOCBA3aHbI NoWaab akTUBHOW MOBEPXHOCTU YacTuL, U
MX BNUAHME Ha 300P0BbLe, NPoABNdAloLleecs B pe3ynbTaTte BO3AeUCTBUSA Npu BAbIXaHWUW. [1py pasMmepe YyacTul
vmeHee 100 HM akTUBHaA NOBEPXHOCTL ABNSAeTCA PYHKLUMEN KBaapaTa AgnamMmeTpa YacTul, 1, Takum obpasom,
ee, BePOATHO, MOXHO UCMONb30BATh B KAYECTBE nokKasaTtens nnowagn BHellHe NOBEPXHOCTU HaHOYaCTUL,
OaHako npu pasmepe Yactu, bonee npmbdnnsnTensHO 1 MKM akTUBHas MOBEPXHOCTL SAIBNASIETCA PYyHKLIMEN ANa-
MEeTpa 4YacTul, U COOTBETCTBME C peanbHOW nnowagbio NOBEPXHOCTU He cobntogaetcs [57]. UsmepeHue
1nowaan akTMBHOM NOBEPXHOCTU ODbIMHO He YYBCTBUTENBHO K NopUcTocTU YacTtul,. OgHako anndpaHUoMeTp
He COBCEM MoaxoanT AN LWMPOKOro UCMoNb3oBaHUA U3-3a NPUMeEHeHUsa pagnoakTUBHOIO NCTOYHKMKA.

AHaNOrMYHbIN NPUHLMMN NU3MEPEHNI MOXKET ObITb peann3oBaH B a3po30onbHOM AN PY3IMOHHOM HarHeTa-
Tene/anekrpomeTpe. B npnbopax Ang HenpepbIBHOMO KOHTPONS nnowaan noBepxHocTn AN py3nMoHHO 3apsi-
XEHHbIX a3po30nen ata KoMmbuHaumus peannsoBaHa B USMEPEHUN CKOPOCTU NMPUCOEJNHEHUSA MONOXUTENBHO
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3apPKEHHBIX YHUNONAPHBIX MOHOB K YacTuLlaM, Ha OCHOBaHUM KOTOPOW 3aTeM AenatoT BbiBOAbl OTHOCUTENBHO
naoLwaan akTMBHOW NOBEPXHOCTU YacTul, [58]. Nocne HaBeaeHUs 3apsiga, 0OblMHO C UCMONb30BaHUEM KOPOH-
HOro paspsiga, aspo3onb cobupatoT Ha HEPA donnbTp U B YyBCTBUTENLHOM 3MNEKTPOMETPE U3MEPSIIOT 3apsaa
a3p0o30/d Ha eanHULYy obbema oTobpaHHOro Bosayxa. [Apyrme cnocobbl HaBeaeHUS 3apsiga aspo3onisd MOryT
ObITb UCNOMb30BaHbI AN U3YUYEHUS XUMUYECKOrO CoCTaBa NOBEPXHOCTU YacTuL, aspo3ond. Hanpumep, oTo-
anekTpuyeckoe HaBedeHMe 3apsiaa C UCMoNb3oBaHUMEM UCTOYMHUKA YP-UsnydyeHUst gaeT BO3MOXHOCTb
KONMMYEeCTBEHHO onpeadennuTb npucoeanHeHHble Nonmuuknnyeckne apomartudeckme yrnesogopoasl [99], [60].

B 3aBUCMMOCTK OT cnocoba HaBeaeHUSA 3apsaa BO3HUKAET BOSMOXKHOCTL BbISABUTL OLLMOKK Npn oTbope
Npob, ecnun YacTULbl 0OTOOPaHHOIC as3po30s yXKe 3apsiKeHbl NN BENUKA BEPOATHOCTb HANUYMUA MHOXECTBEH-
HbIX 3apAA0B Ha ogHOW YacTuLe. B HacTosiLee BpeMsa MMeeTcHd Mano AaHHbIX O NpoBeAeHUU UCUePnbIBaoLWLNX
MPOBEPOK CEPUNHO BbINyCKaeMbIX NPUOOPOB B yCcnoBuax npumeHeHus [61]. OgHako npoBepka B nabopaTtop-
HbIX YCIMOBUAX CEPUMNHO BbINyckaeMoro Andpdpy3snoHHOro sapagHoro yCTpoucTea nokasana, Yto nonyyYeHHble
pe3ynbTaThl U3MEPEeHU NNnowagn noBEpPXHOCTU YaCcTUL, XOPOLLO KOPPENUPYIOT C pesynbTataMn U3MmepeHni
nnowaanm noBepxHoctn Ha TEM anga vyacTtuu asposons auametpom noasumkHocTn MeHee 100 Hm [62]. C no-
MOLLIbHO YCTPOUCTBA HABEAEHUS 3apsaa ad3p0o30nst KOHKPETHOW KOHCTPYKLMK ObINX NONyYeHbl pe3ynbTaThl, Co-
OTBETCTBYIOLME peanbHOWM nnowagn noBepXHOCTU alapo30Nnd, ocaxaeHHoro B nerkux [63]. [lpw
ncnonb3oBaHU AN PYy3NMOHHOTO YCTPOUCTBA HaBeAeHUA 3apsaa Ha YacTuubl pasmepom bonee 100 HM Bbinn
Nnony4vyeHbl 3aHWXKeHHble 3Ha4YeHUda nnowagn noBepxHocTu. B kavdecTBe anbTepHaTMBLI BMECTO U3MepeHUs
nnoLwagn NoBepXHOCTMU YacTUL, a3p0301s MOXHO NMONy4YnThL pacnpeaeneHne 4YacTtul, a3pos3ons No pasMmepam u
OLEeHUTb ycpeaAHeHHOoe Mo nnowaan NoBepXHOCTU pacnpeaeneHne Ha ocHOBe npeanofaraeMon KOHKpeTHOW
bopmMbl vacTuL. NoapobHoe onucaHne noaxoasaLmx MeToaoB NaMepeHn npueeaeHo B 6.3.

[lonyckas, 4To pacnpegeneHne YacTul, a3po3ond no pasMepam XopoLlo BOCNPOoM3BOAUTCH YHUMOAalb-
HbIM norapMdPmMmnYeckn HopMarnbHBIM pacnpeaeneHnemMm, MOXXHO OXapakTepn3oBaTh Takoe pacnpegeneHune U
NOBEPXHOCTHYIO KOHUEHTpaUUo YacTul, No Tpem He3aBUCUMBIM M3MepeHNAaM. bbino npeanoXxeHo [64] oaHo-
BPEMEHHO N3MePSATh TPU BENMUYNHBI: MAaCCOBYIO N CHETHYIO KOHLIEHTPALIMN YacTuULL a3po3ons 1 ux 3apsag. Ecnn
rpagayynpoBOYHaA XapakTepUCcTMKa Kaxkaoro npubopa U3BecTHa, TO MOTyT ObITb NPUMEHEHbBI MeToaAbl MUHUMK-
3aUlM ANa oUueHKU napaMeTpoB fnorapugmMmuieckn HopmManbHoOro pacnpeaeneHnsa 3HavyeHUM Kaxkaon ns aTux
BEMUYUH, U MO NONMYYEHHBIM AaHHBbIM MOXET ObITb BbIYUCNEHA NMOLLAaAb NOBEPXHOCTM aspo3ond. [Npenmyluec-
TBO MEeTOANKN COCTOUT B TOM, UTO CHETHYIO, MACCOBYIO KOHLEHTpaLU X YacTul, U nowanb UX MOBEepPXHOCTU U3-
MEPAT oaHoBpeMeHHo. OaHako AOMKHbI ObITb caenaHbl Heobxogumble AOMNYLWEHUS OTHOCUTENbHO
pacnpegeneHuns sapsaa Ha oTburpaemblix YacTuLax.

B kayecTBe anbTepHaTUBLI NMPOBOASAT HE3aBUCUMbIE U3MEPEHUS CYETHOWU M MACCOBOW KOHLUEHTpaL K
YyacTul, aspo30nd, a nnowaab NoBepxXHOCTM oueHUBaKOT Ha ocHoBe gonyuweHua o GSD (npegnonaraemoro)
norapngMmyeckn HopmMmanbHoOro pacnpegeneHua [65]. lNpeumyllecTBa 3TOro MetToga — npocToTa UCMNOoNHe-
HUS N UCMOMb3OBaHMe NOPTaTUBHBLIX MPUDOPOB, HaxXoasLW X Bce bonee WnpoKkoe npuMeHeHne Ans oLUeHKU Ka-
yecTBa BO3Ayxa paboyen 30Hbl. PesynbTaTbl TEOPETUYECKMX pacyeTOB Mnokasanu, UTO OLUEeHKM nnowaan
MOBEPXHOCTM YACTUL, a3p030Msl MOTYT OTNUYaTbCH OT AEUCTBUTENBHOW nnowaan 6bonee Yem B AeCATb pas,
0CODEHHO eCcn BMECTO COOTBETCTBYHOLLEro npeanonaraeMmoro YyHuMoaansHoro pacnpeaeneHnus 4Yactuuy, as-
PO30NA NO pasMmepam nonydeHo bumoaanbHoe. MamepeHusa B peanbHbIX YCMOBUSIX MOKA3bIBAKOT, YTO 3HAYU-
TeNbHasl YacTb OLLEHOK Niowaan oTnmyaeTcd oT NNoLwaan akTUBHOW NOBEPXHOCTU B TPU pasa, 0CobeHHOo Npu
Oonee BbLICOKOM coAepXaHUM aspo30Nsa B Bo3ayxe. [NocKoNbKy 3Ha4YeHUs NOBEPXHOCTHOM KOHUEHTpaLun B
NPOU3BOACTBEHHOW cpefe, ckopee Bcero, byayt otnuydatbcsl Ha NATb MOPSAKOB, OLEHKM nnowagun
MOBEPXHOCTU B Npedenax TakuxX O0BEPUTENbHLIX WHTEPBANOB MOMyT MOAXOAWUTb ANS UCXOAHLIX WA
npeaBapuUTenbHbIX OLEHOK YPOBHEN BO3OEUCTBUA.

6.2.4 C4yeTHanA KOHLUeHTpaLUunA
6.2.4.1 ObOLwWwmMe NonoxeHus

[na namepeHns CHETHOW KOHLIEHTpaLUUN HAHOA3PO301eN HeODXOAUM AETEKTOP, YYBCTBUTENBHBLIN K Yac-
TULAM QNaMeTPOM HECKOTbKO HaHOMeTpoB. [1pn namepeHunin cHeTHOM KOHLUEeHTpaLun aspo3onen scerga Heob-
XOANMO YyUYMThIBaATb Nnpeaenbl UHTErpUpoOBaHusl, Ha KOTOPbLIE HACTPOEH NPUDOP, NOCKOMbKY OT 3TOMO 3aBUCUT
MHTepnpeTaunsa pesynbTaToB U3MEPEHUN. Y MHOTUX NPpUOOPOB YYyBCTBUTENBbHOCTL 3HAYUTENBbHO NadaeT Nnpu
pasmepe vYactuL meHee 10—20 HM. [1o3TOMY CYETHbIE KOHLIEHTPaLUMn, U3MepeHHbIe Npubopammn ¢ pasnnmyHon
YYBCTBUTENBHOCTLIO K YacTuuam pasmepomM oT 1 go 10 HM, MOTryT oTnndaTbcs. Ecnu cyeTHaa MeanaHa gua-
METPOB YacTuL, aspo3ons coctanset meHee 10 HM, To nogobHbIe Npndopbl byayT AaBaTh B 3HAYUTENBHON
cTerneHn 3aHmKeHHble 3Ha4YeHUs1 cHeTHOW KoHUeHTpauun. Ecnn B asposone npeobnagatoT HaHOYacTULbI, TO
obLlasa cyeTHasa KOHUEHTpaums Yyactuy, byaeT AOBOMbHO XOPOLWMM NoKasaTtenem coaepXaHnst HaHo4YacTu,
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OOHaKo ecni BbICOKME 3HAYEHUSA CHETHOM KOHLIEHTPAaL MK NOMy4YaloTCH 3a CHET YacTul, 6onbLIOro pasmepa, To
NP1 oUeHKe CYEeTHOW KOHUEHTpauunm HaHOYacTUL, 3T YacTullbl HEOBXoAMMO UCKMIOYNTL N3 ODLEen cYEeTHOW
KoOHUeHTpauun. MoxeT BbITb caenaHo UCKoYeHne, ecrnn npoucxoanT obpasoBaHue arnoMmepaToB HaHoYac-
TULL U €CNN eCTb HEODXOAMMOCTL OTOMpPAaThL arnoMepaTbl BMECTE C OTAENbHbIMM HaHOYacTULaMn. Bo Bcex cry-
yasax npegnouTUTENbHO N3Ha4YanbHO MMeTb HEKOTOpOoe NpeacTtaBneHne 0 BO3MOXKHOM AMana3oHe pa3mMepoB
yacTul, uccneayemMoro asposonst M auanascHe YyBCTBUTENBHOCTU npubopa nepen uHTepnpeTtaunen
pe3ynbTaToB NM3MEPEHNN CYHETHOMN KOHLIEHTPAaLIMN YaCcTUL, a3p030ns.
6.2.4.2 KoHOeHCaLUMOHHbIE CYHEeTYMNKA YacTuLL

Hanbonee WMpoko npumMeHsaemMblin npubop ansa onpegeneHnsa HaHodactuy, — CPC, B KOTOpOM 3a cyeT
KOHOeHcaUun napa Ha HaHo4YacTuuax (Unm bonee KpynHbiX YacTtuuax) nponucxoanuT Ux yBenmyeHmne Ao pasme-
DOB, NP KOTOPbLIX OHU MOTYT ObITb OOHAPYKEHBLI ONTUYECKUMN MeToA4aMu [606].

CPC moryT ObITb pasgeneHbl Ha TpU OCHOBHbLIE TPYMMkbI:

a) C KOHBEKLMOHHBLIM oXNaXaeHUeM NaMUHapHOro NoToka;
b) Ha ocHOBe aanabaTU4ecKknx Kamep;

C) € TYpOYNEHTHBLIM CMELINBAHUNEM.

Bo Bcex aTux npnbopax peannusoBaH KOHTaKT a3p0o30s € nepeHacbIWeHHbIM MapoM, KOHAEHCUPYOLLIMM-
CA Ha NOBEPXHOCTAX YacTuL,. YacTuubl ObICTPO YKpYNHATCA A0 OONMbLUMX Kanenb, 0ObIMHO pasMepoM [0 He-
CKOMBKNX MUKPOMETPOB, KOTOPbIE 3aTeM MOTyT ObiTb OOHapPYXXeHbl ONTUYECKUMN MEeTO4aMM.

CPC ¢ KOHBEKUMOHHBIM oxXNaaeHneM namMmuHapHOro noToka LWUPOKO UCMNONb3YIOTCA, U B HACTOo4LLEee
BpeMsi AOBONBHO MHOMO Npou3BoaAMTENEN CEPUAHO BbINYCKAOT HECKOMNBLKO Moaenen Taknux npnbopos. [Npubop
paboTaeT Npu NOCTOAHHOM NOTOKE NPobbl BO3AyXa, HacklilaeMoM NoaorpeTeiMy napamm (00bIMHO napamiu by-
TaHONa, N3onponaHona nnu soasl). HacbklWeHHBIN NapamMn MNOTOK 3aTEM MOCTYNAaeT B OXNaXAeHHbIN Tpybya-
ThlA KOHOEHCOP, B KOTOPOM Map ocedaeT Ha MOBEPXHOCTU Tpyoku. Mo mMepe oxnaXKaeHusa NoToka B HEM
NOSABNSAOTCA 0OnacTu, rae nap CTaHOBUTCH NepeHacbIWeHHbIM N KOHOEHCUPYETCS Ha YacTuLax, YKpYNHSAH-
LLIMXCA NPK 3TOM A0 donbLnx Kanernb. [Npn HebonbLUKMX AUMaMeTpax YacTuL, npeaen ocbHapyXeHunsa nprudopa 3a-
BUCUT OT CBOWUCTB napa, pabo4ve TemnepaTypbl (KOTOPOW onpeaensaeTcs nepeHachblleHUe ), CKOPOCTM NOToKa
N reoMeTpU4ecKnx pasmepoB npunbopa. Beinyckaemblie nprubopbl C NOTOKOM, HacklLaeMbiM napamMmu dytaHona,
MMEIOT Npeaen obHapyXeHUsa 3 HM; n3onponaHon Obin yCneLwHo NpUMMeHeH B NopTaTUBHBLIX Npnbdopax ¢ bonee
HU3KUM Npeaenom obHapyxeHus 10 HM, BoAa — B CEPUNHO BbINycKaeMbIX Npnudopax ¢ aHanorMuHbIM HUIKUM
peaenom obHapyxeHust. OgH1UM 13 OCHOBHBIX NOMOXKEHNN siBNsieTCcsl paboTa npnudopa B 0bnacTtu, rae He nNpo-
ncxoguTt obpasoBaHUA 3apoabillen paboden xuakoctu. Npudbop MOXHO MCNOMb3OBaATh B COYeTaHWUU C
npuoopamMnu AnNd onpeaeneHus rpaHynoMeTpudeckoro coctaBa dactuy, Takumum kak DMA, SMPS wnnwu
andpdpysnoHHaa dbaTapes ans onpeaeneHns pacnpeaeneHns YacTul, a3po3ons no pasmepam.

OOHUMU N3 caMbIX NEPBLIX ObINKU CKOHCTPYNPOBaHLI AeTekTopbl aspo3onen ¢ CPC Ha ocHoBe aanabaTu-
YecKkunx Kamep. B aTom npmnbope nponcxoant oTbop Bo3ayxa, cogepallero asposonbs, B LMNUHAPR, rae OH Ha-
CbilLlaeTCHa 3a cYeT YBMaXXHEeHHbLIX NOBepxXHOCTeW. bbiCTpoe yBenuyeHne obbema uunuHagpa npuBoauT K
epeHachILLeHNIo Napa n, Kak cneacTeue, akTUBUPYET POCT YacTul,. ITOT Npnudop paboTaeT He B HEMpPepPhIB-
HOM peXXmme, a B UMNYINbCHOM pexxMme. OaHako YacTtoTa UMNYbCOB MOXET COCTaBMATb HECKOINbKO repl 1, Ta-
KUM 0bpa3oM, MOryT ObITb NOMyYeHbl AaHHbIE O CYETHOW KOHUEHTpaLUn B peXxume peanbHoro BpemeHu. B
pnbopax Takoro Tina B Ka4ecTBe paboyvein )KUAKOCTU YacTo UCMNONb3YIOT BOAY, YTO AaeT UM NPEUMYLLIECTBO
10 UeHe n 6e30nacHOCTU paboThl.

MpuHuun gencteusa CPC ¢ TypOyneHTHbIM CMeLlnBaHUEM OCHOBaH Ha CMeLLIMBaHUN OXNaXXAeHHOro no-
TOKa NpobbI BO3AQyXa, cogepKallero asposornb, C MOTOKOM NoACrpeToro KOHAEHCUPYEMOro napa. 9ta MeToau-
Ka NO3BONAET onpeaensiTb CHETHYHO KOHLUEHTpaUuo aspo3onsa B HENPEPLIBHOM peXume, a npmbop MOXHO
MCNOMNb30BAaTb B cCOMEeTaHUU ¢ npubopamun Ang onpeaeneHns rpaHynoMeTpuYeckoro coctaBa YacTul, Takumu
kak DMA, SMPS nnu gudpdysnoHHasa baTtapest ansa onpeaeneHns pacnpeaeneHns YactuL, asposons no pas-
MepaMm. [NnaBHeIM npeumyllecteom CPC co cmewmBaHnem no cpaBHeHuio ¢ CPC ¢ KOHBEKUMOHHBLIM
OXnaxaeHUeM namMuHapHoOro NoToka byaeT KopoTKoe BpeMst OTKIMKA.

6.2.4.3 OnNeKTpoMeTp

K npubopam BTOpoOro Tuna, obnagatomMm YyBCTBUTENIbHOCTLIO K HaHOYacTULLaM, OTHOCUTCS 3MEeKTPo-
MeTp. OTOT NprUbop AeTeKTUPYeT 3apa, KOTOPbIA HEeCYT YacTuL bl a3p0o30/1s, U NO3TOMY ero NpUMeHeHne 3aBu-
CUT OT 3HaHMA 3apsaga OTAelNbHbIX YacTul, B as3po30flbHOM MoToke. MOXHO MOMyyYnuTb M3BECTHbIEe
pacrnpeaeneHna 3apagoB ¢ UCMONb3OBaHMEM YCTPOWCTB HaBeAeHNS 3apsaaa UM HeMTpanM3aTopoB C U3BEC-
THbIMU XapakTepucTukamm. OgHako NockonbKy 3dpdeKTUBHOCTb HaBeAeHUA 3apsaaa B 3HAYUTESTbHON CTENeHN
3aBUCUT OT pasMepa 4YacTul, JOCTOBEpPHbIe JaHHble O CoaepPXKaHUN HAaHOYAaCTUL, TPYAHO NOAYYMTb C UCNONb30-
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BaHMEM OQHOro TONbKO 3NeKTpoMeTpa. QNeKTpoMeTp, coeadMHEeHHbIWM nocnegoBaTebHO C aHaNnM3aTopPoM Moa-
BMXKHOCTU YacTul, obecnevymBaeT NonydeHUe pacnpegeneHms HaHodacTul, no pasMepam. Ha npaktuke
BNEKTPOMETP YacTo UCMONb3YIOT ANS rpaayrupoBkM Apyrux nprudbopos, ocobeHHo CPC, bnarogaps BbICOKOU
3P PEeKTUBHOCTM ODHAPYKEHUSA HAHOYaCTUL,.

6.2.4.4 [pyrne metoasl

CuyeT4ynkn vacTuy (Hanpumep, CPC) NCNonb3yloT B codeTaHnn ¢ A4pyruMmmn metogamMmum ansa nosiydeHua UH-
dpopmaLnm 06 OTHOCUTENLHOM BKNage HaHovacTul, B obllee coaepaHue 4YacTul, aspo3ons B Bosayxe. K
3TUM ycTpouncTeam otHocatca DMA, SMPS nnu gudpdpysnoHHas baTtapes, nocneaoBaTteribHO COeMHEHHAs CO
cCYeTYMKOM YacTuy. pyrasg BO3IMOXHOCTb — UCMOMNb3OBaHUE YCTPOWUCTBaA NpeaBapUTeNbHOro pasgeneHus
yactuy, no pasmepam (MeHee 100 HMm).

OaHUM 13 cnocoboB oTAENeHUs HaHOYaCTUL, OT YacTuw, GonbLuero pasmepa byaet ucnonssosaHne CPC
napannensHo ¢ OPC anga obHapyxeHusa YyacTtul, pasmepom 6onee 100—300 HM. Ha ocHOBe cpaBHEHUSA NMoKa-
3aHMNIN 3TUX NPUOOPOB NoNy4varT UHPOPMAaLIKIO O coaepKaHUM HaHoYacTUL,

6.3 MNMony4vyeHne xapakTepuCcTUK 4YacTUL, CBA3aHHbIX C UX pa3Mepom

6.3.1 lNonyyeHue pacnpegeneHua 4yactTuy nNo pasMepamMm Ha OCHOBe aHanu3ia NOABUXHOCTH
YyacTuy,

OCHOBHOW NpUbop, UCNoMNb3yeMbin ANs NonyyYeHust pacnpegeneHn HaHo4acTul, aspo3ons No pasmMe-
pamMm, — CKaHUpYyOLWWUA 1Mn1 nowaroBbi Knaccudgukatop nogBuXHOCTU dactuy (SMPS) [595]. C nomolbio
SMPS nony4yaloTt pacnpegeneHua YacTul, aspo3ons rno pasmMmepam Ha OCHOBe AnamMeTpa NoABMXKHOCTU YacTuL
pasMepom OT NpndbnusnTensHo 3 Ao npmbnusnutensHo 800 HM, XOTH ANS pacllMpeHnst 3TOro ananasoHa Heoo-
XOAUMO NnapannenbHO UCNOMb30BaTbh HECKOMNLKO NMPpUOopoB. HacTuubl, NONyYnB M3BECTHLIN 3apsad, NpoxXoaaT
Yyepes aneKkTpocTaTndeckoe none ¢ TOMHO YCTaHOBNEHHOW HaNPsXKeHHOCTLIO. QNeKTpocTaTudeckme Cunbl Npu-
BOAAT 3apsXXeHHble YacTuLbl B ABMXKEHNE MeXay anekTpodamMu, U YacTulbl ¢ onpeageneHHoW noaABMKHOCTLIO
OoTOMpaloT Ha BbIXoAe U noacunTeIiBaoT. MameHeHne pasHOCTU NOTEeHUMAaNoB AaeT BO3MOXHOCTL NocneaoBa-
TENbHO NoACYMTbIBaATh YacTULbl C 3TIEeKTpUYeckon NoABMXKHOCTLIO, COOTBETCTBYIOLWEN onpedeneHHoOMY Ana-
NasoHy AMaMeTPOB YacTuL, U, TaKUM obpasoMm, NONy4YnuTb pacnpeneneHne YacTtul, no pasmepam. B npndopax
OPYron KOHCTPYKLWW HaNpsKeHne MexXay SneKTpogaMmn MOXKeT MEHATBLCA NoLLAaroBo, a He HenpepbiBHO. ODbIY-
HO YacTULbl a3p030ns NpruodpeTatoT M3BECTHLIN 3apsaa, npoxoas Yepes dbunonapHoe NoHHoe obnako, UHULNN-
pyemoe pagnoakTUBHLIM UCTOYHUKOM. HaBegeHUe 3apaga TakkKe OCYLeCTBNAT U B YHUNONAPHOM MOHHOM
obnake, xoTd nNpu 3ToMm OONblUe HeonpeaeneHHOCTb 3apsaa, npuobpetaemMoro 4yactmuamm 3agaHHoOro
anameTpa. Hactuupbl, pasgeneHHble Nog AeUCTBUEM 3MTEKTPOCTATUYECKOro Nongd, noacuMTLIBAOT C NOMOLLLIO
CPC vnn anekTpoMeTpomMm.

[Mpenmywiectso SMPS cocTOUT B TOM, YTO AMaMETP NOABWMXKHOCTU NPUBNIN3NTENBbHO 3KBUBANEHTEH ANa-
MeTpy nnowagn Nnpoekunn YacTuy, (onpeagendeMomMy Kak anamMmeTp cdpepbl C Takou XXe nnolwaagbio NpoeKu i,
YTO Uy onpeaendemMon YacTuLbl) KOMNAaKTHOW OpMbI UK opakTarnbHbIM pasMmepoM MeHee 2. B aTux cnyvasx
0na npeobpasoBaHUa pacnpegeneHnd YacTtul, No pasMepam K cpeaHen nnowaan npoekunn YactuL, aspo3ons
He TpebyeTca AONOMHUTENBHBIX AONYLWEHN OTHOCUTENBbHO POPMBI YacTuUL, YTO obecnevmBaeT 4OCTAaTOYHO
TOYHOE U3MepeHne NOBEPXHOCTHOW KOHLIEHTpaL MM YacTUL, a3po30/1d Ha OCHOBE Nnowaan NnpoeKkLny no nony-
YeHHbLIM pacnpegeneHusam 4Yactuy, no pasmepam. lNpn nMcnonb3oBaHUM KOHUEHTPUYECKUX LUUHOPUYeCKUX
BNeKTPoAOoB Nnowaib akTUBHOW NMOBEPXHOCTU OTODPAaHHBLIX YaCTUL, MPSIMO NMPOonopLUMoHansHa NPUNoXXeHHoMyY
HaNPSPKEHUIO MeXay anekTpogamun, 4to obecnevymBaeT OTHOCUTENBHO NPOCTOE onpegeneHne nnowann ak-
TUBHOW MOBEPXHOCTU HA OCHOBE U3MepeHUA [62]. Ana obneryeHna cpaBHeEHUS AaHHLIX, NOMy4YaeMblX Ha
SMPS, HeobxoamMmo AONONHUTENBHO CTaHAapPTU3NPOBAaTL YCNOBUS paboThl (Hanpumep, npeaensl UHTErpupo-
BaHWUSA) NPUOOPOB U BLIMOMHATL MexXnabdbopaTopHble cpaBHeEHUSA [67].

LLlnpokoe npumeHeHne SMPS B paboyen 3oHe orpaHmMy4eHo Ux pasmepamin, BbICOKOWU CTOUMOCTbLIO, CITOX-
HOCTbIO aKcnnyaTaumnu, HeobXoAUMMOCTLIO NPUMEHEHUS ABYX UMK gaxe Tpex npubopos, padboTarowmx naparn-
nenbHO AN NonyvYeHUa LWUPOKOro pacnpegeneHna JYacTul, aspo3ond no pasMmepam, U UCNoNb3oBaHUEM
PaANOaKTUBHOMO NCTOYHMKA AN NpUBEeAEeHNS a3p0301 B COCTOSIHUE C paBHOBECHbIM pacnpeaeneHnem 3apsi-
0oB. CoBpeMeHHble NpMbopkl ANd Nony4YeHns pacnpegeneHns YacTul, no pasmepam, OCHOBaHHbIE Ha N3Mepe-
HAM OunameTpa NoABWKHOCTM YacTuly, C paaoM napannefibHO YCTaHOBMEHHbLIX 3M1eKTPOMETPOoB, AaloT
BO3SMOXXHOCTb OLICTPO NONy4YnUTb pacnpegeneHue Yactuu, no pasmepam, He UCMOoNb3yd NMpu 3TOM pagnoakTUB-
HbIK UCTOYHUK. B 3TUX npmnbopax, nHorga HasblBaeMblX «ObICTPBIMUA U3MEPUTENSAMU NOABUKHOCTU HYacTULLy,
M3Ha4vYanbHO NpouUcxXxoauT HaBedeHUe 3apsaga Ha aspo30ilb ¢ NOMOLWbIO OAHOMOMIOCHOMO 3apaaHOro yCcTpou-
CTBa, a Ha BbIX04e NoNyyatoT pacnpeaeneHme agMameTpoB NOABMKHOCTU YacTuUL, ¢ NOMOLLbIC Habopa napan-
nenbHO YCTAHOBMEHHbLIX OATYUMKOB Ha OCHOBE 3rieKTpomeTpoB. BpemenHoe paspelueHue aTux npubopos
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MOXEeT cocTaBnsiTb 1 ¢ NN MeHee, a paboTa npu atTMoCcEepPHOM AaBMNEHNN CHUXKAET UCNAPSAEMOCTb NeTy4YMX
yacTuu,. NprumeHeHne Takmux npubopoB orpaHNYEeHO OTHOCUTENbHO BBICOKOW CHETHOW KOHLUEHTpauunen 4YacTtul,
A3P030M8, XOTH OTCYTCTBUE PAANOAKTUBHOIO MCTOYHUKA AenaeT UX KOHKYPEHTHOCNOCOOHBIMM MO CPaBHEHWUIO
¢ SMPS anst ucnonb3oBaHUs BO MHOTMX pabounx 3oHax. Takke bbin paspaboTaH KoOMNaKTHLIN KnaccnudukaTop
YacTuL, a3p0o30Nns No UX NOABUXKHOCTA, OCHOBaHHbLIAN Ha MUTpaLMN YacTUL, B NPOTUBOACUCTBYIOLLEM MOTOKE
BO3ayxa [68].

6.3.2 OnpepeneHue pacnpepgeneHua Yyactuy no pasMepam ¢ UCNONb3OBaHUEM UHEPLUOHHOrO
oCaXaeHUs

MHepLUMOHHBIE MMNAKTOPLI C NOcNeaoBaTENbHO YMEHbLLUAKLWAMAUCA TpaHMLaMn oTaeneHns gppakuum
MOTYT ObITb UCNOMb30BaHbI NOCNeaoBaTENbHO UMK NocneaoBaTenbHO coeanHeHbl AN U3MepPEHNA MacCOBOU
KOHLIEHTPAaLUN a3po30ns B npeaenax KOHKpeTHbIX AMana3oHOB pasMepoB UMW AN NoNyvYeHus pacnpenene-
HUA YacTuL, aspo30ons no pasmepam [69]. CepunHo BbINyCKaOT KackaaHble UMMaKTOPbl PasfmMYHbIX KOHCTPYK-
1WA, YTO daeT BO3MOXHOCTb MNPOBOAWUTb WMHAUBMAYANbHBIA WX CTAUMOHAPHBLIA OTOOP npob, BbIOUpPaS
COOTBETCTBYIOLLUME OrpaHnveHnst pasmepoB YacTul,. MUHUManNbHLIA pasMep 4YacTull, OTCeKaeMbln KacKaaHbl-
MW MMMaKTopamMin ana nHansuayansHoro otoopa npob, coctasnset 250 HM KU Bonee, NO3TOMY C NMOMOLLLHO
3TUX YCTPOWUCTB MOKHO MOMNYYUTb TOMbKO OYeHb orpaHU4eHHyo MHopmMaLnio o pacnpegeneHnn YacTuL, HaHo-
aspo3onsa no pasmepam. Boinyckaemble KackagHble MMNAKTOPbLI AN cTauuoHapHoro otbopa npod nmeroT
MEeHbLLINA MUHMArbHbIA OTCEKaeMbI pa3Mmep YacTuL, B HAaHOMEeTPOBOM AManasoHe, A1 HEKOTOPbIX MMMNAaKTO-
POB OH cocTaBnseT okono 10 HM. OnpegeneHne pacnpeneneHns YacTtul, aspo3ons No pasMmepam B HaHOMET-
DOBOM AManasoHe ¢ UCMOoNb30BaHNEM KacKagHblX MMMNAKTOPOB B 3HAYMTENbHOWN CTENEeHN 3aBUCUT OT O0TBOopa
NOCTAaTOYHOrO KONMMYECTBA BELLECTBA Ha NpeaLllecTBYHOLWNX CTaausIX pasaeneHunst, YTobbl OCYLLIECTBUTL KOTK-
YeCTBEHHOE onpeaeneHne, Ho NPeaoTBPaTUTL NEPErpy3Ky Ha nocneayrwmx ctaguax. lNeperpyska nprusoanT
K yXyALWeHUIo CeNeKTUBHOCTU CTaaun MMNaKkTopa U BepOATHOCTU ANd yXe oCaXAeHHOro BellecTBa BHOBb MO-
1acTb B MOTOK BO3AyXa M OCECTb Ha cneayrouwen ctagun. OTpaXkeHne yacTul, MOXET NPUBECTU K NepeHocy
KPYMHBbIX YacTuUL, Ha bonee HU3KNE CTYNEHU UMNAKTopa, TakMmMm 0bpasoM, UCKaxkas NoSlydeHHble pacnpeaene-
HUA YacTul, no pasmepam. Obuwme cnocobbl NpeaoTBpalleHnst Neperpy3kn — UCnosib30BaHMe HaKOMUTENb-
HBIX MMACTUH € HEeCKONbKUMW  AvnadpparMamin, BpalleHue TMoANOXeK ANA yhnaBfiMBaHUA 4YacTul, W
MCNONb30BaHWE NPONUTAHHBIX U/UNMX MNOPUCTLIX NoanoXek. Apyrmum cnocodbom npeaoTBpalleHnst Neperpysku
Ha Bonee nNO3gHUX cTaausix pasgeneHnusa npu ynaesnmBaHnmM HaHovacTuy, 6yageT UCnonb3oBaHNE BbICOKOIM-
(pEeKTUBHOIO YCTPOUCTBA NpeaBapuTeribHOro pasaeneHmns YacTtul, no pasmepam ang yaaneHus KpynHbIX Yac-
TUL neped oTbopom npob KackagHbIM UMMNAKTOPOM.

[na nonydyeHna pacnpegeneHnUsa YacTtul, aspo3ond no pasMmepam Ha OCHOBE AaHHbIX, NONYyYeHHLIX C Mo-
MOLLbIO KacKagHOro MmMnakrtopa, Heobxogumo npuMeHeHune rnporpaMmmbl npeodbpasoBaHUa gaHHbIX. CaMbin
npocTon cnocob B AaHHOM crnyYae — BbIMUCIITE CYMMapPHYH MacCOBYH KOHLEHTPAaLMUIO C UCNONb3OBaHUEM
anameTpa YacTul, U UCNoNb3oBaTh NONMyYeHHbIe pesynbTaThl AN OUeHKM aspoanHaMU4ecKoro gnameTpa, co-
otBeTcTBYytolero MMAD 1 ero GSD. Npwn BeIMUCNIEHNN 3TUM CNOCODOM NonararoT, YTO Ha CTaaun pasgeneHuns
He NPoUCXoauUT NOTEPb YacTul, AenateT gonyweHne od ngeansHOM NoBegeHUM MMNakropa U YyHUMMoganbHOM
NIOrHOPManbHOM pacnpeaeneHnn YyacTul, asposons no pasMmepam. bonee TouHoe pacnpegeneHue 4yactul, no
pasmepamMm MOXeT ObITb nMonydyeHo nytem audpdepeHUnpoBaHUA KYMYyNATUBHOIC pacnpegeneHus. OaHako
YTOObI NONYYNTL MOJMHLIA pacyeT XapaKkTePUCTUK YNaBIMBaHUS YacTUL, HAa KaXKaoW cTagnumn pasaeneHust, Heob-
XOOUMO NPUMEHSATH Donee CroXHyo nporpammy npeobpasoBaHuUda gaHHbIX [70]. [lng aToro Heodbxoanmel anpu-
OpHble OAONYLUEHUSA O XapakTepe pacnpeaeneHnd 4yactul no pasmepam (Hanpumep, no Yucny moa), Ho ans
peanbHOro pacnpeaeneHnsa He Bcerga MOXXHO NonyvuTb npegctaBUTENbHYIO MHGpOpMaLUIO.

[MockonbKy KackagHble MMNakTopbl 0ObIYHO UCMONb3YIOT ANF NoNy4YeHnsa pacnpeaeneHns YacTul, adpo-
30N No pas3Mmepam, B3BELUEeHHOro no Macce, And oLeHKM pacnpeaeneHns 4YacTul, aspo3ons Nno pasMmepam,
B3BELUEHHOro Mo rniowagn NnoBepXHOCTU UMM CYETHOW KOHLEeHTpauun YacTul, Heobxoaumbl JONYLLEHUSA O
cbopmMe 1 NIOTHOCTM YacTuL,. AT NapamMeTpbl peako onpeaensaT KONMYeCcTBEHHO, NO3TOMY crieQyeT € 0COo-
ObIM BHMMaHWMEM WHTEpnpeTupoBaTb pe3ynbTaTbhl, NOMYy4YEeHHbIE C MPUMEHEHUEM KacKagHoro MMnakTopa
B eJMHMLAaX CHETHON KOHUEHTpaLn Unin nnowaan noBepxHocT as3po3ons.

6.3.3 MSMGPGHMH C NICNONb30BaHUEM INEKTPUYHECKNX UMNaKTOpPOB HU3KOTO OAaBJlieHUA

B ELPI ynaBnuBaHne 4acTuL, OCYLLECTBNASETCH 3a CHET UHEPLMOHHBIX CUI C NocneayoLlnmM obHapyXe-
HUEM YacCTUL, ANEKTPUYECKM Criocobom Anst nonyyveHunst NpUoNMKeHHbIX K peanbHOMY BpeMeHU pacnpeaene-
HAW NO pasMepam YacTuL, aspo3onsa gnameTpom bonee 7 HM [71]. OgHako pesynbTaThl, OTHOCALLIMECS K CaMOW
HWKHEN cTagnmn pasgenenHuns, oyayt UMeTb A0CTaTOYHO BLICOKYHO HeonpeaeneHHOCTb, 0OYCNOBNEHHYIO NOTe-
DSAMU YacTUL, N HeonpeaeneHHOCTAMN UCTUHHOM LLUMPUHBI pa3MepHoro kaHana. MakcumanbHbBIA pasMep vac-
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TUL, onpegensieMblX npubopom, 10 MKM, HO Ha NpakTUKe, HadeXHble pe3ynbTaTbl MOTYT ObITb NOMyYeHb!
TONbKO NPpK pasmepe He bornee 2,5 MKM 13-3a 3Ha4YnUTeNbHbIX NOTepb YacTul, dbonsbLuero pasmepa. HacTtuubl as-
PO30NA 3apsaXaloTca B 04HOMNONOCHOM NOHHOM 3apagHOM YCTPOUCTBE Nepe nonagaHnem B KackagHbl UM-
naktop. Kaxgasa cTyneHb MMNakTopa 3MeKTpUYecku U3onumpoBaHa WM noacoegnHeHa K MHOrokaHarnbHOMY
ANEeKTPOMETpY, UTO obecnevnBaeT M3MepeHne HakonneHus 3apsiga co BpeMmeHeM. Kak 1 B cnyvyae gnddoysu-
OHHOro 3apsaHOro ycTponcTtea (6.2.3), 3apad YacTuubl HanpsMyro cBA3aH ¢ Nnowagbio akTUBHOW NOBEPXHOC-
TN. Takum obpaszom, UHTErpUpPOBAaHHLIA CUrHaAM 3MeKTpoMeTpa No BCEM CTaausiM pasgeneHuns HanpsiMyto
CBAI3aH C nnowaabio akTUBHOW NOBEPXHOCTU YacTul, asposond. CurHan anekrtpomeTpa oT 0gHOU CTYMEHU Co-
OTBETCTBYET Nnowlagn akTUMBHOM MOBEPXHOCTWN YacTuUL, B Npedenax y3Kkoro gnanasoHa aspogmHamMmmnieckmnx au-
aMeTpPOB, YTO NO3BONSIET OrpaHUYEHHO NHTepNpeTUpoBaTb opmMy 0TODpaHHbIX YacTul,. Ecnn nssecTeH BuAa
3aBUCUMOCTU 3pPEeKTUBHOCTU HaBedeHUA 3apsaga OT aspoaunHaMun4yeckoro anameTpa 4vacTtul, UM OTHOCK-
TeNbHO HEro MOryT ObITh cAenaHbl HEKOTOPbIE AONYLIEHUS, TO AaHHbIe, nonyveHHble Ha ELPI, MmoryT 6bITh Bhl-
pa)KeHbl B eAMHULaxX B3BELWEeHHOro No Yucny YyacTtuy, pacnpegeneHna asposond no ux pasmepam. Ha npaktuke
P PEeKTUBHOCTL HaBedeHUA 3apdaga onpedensatoT aKcnepumeHTanbHo. Takke MOXHO UMHTEePnpeTUpoBaTb
pesynbTaTtbl U3MepeHUU B eaunHMLax MacCOBOM KOHLEHTpauunm 4acTul, WM B3BELUeHHOro no macce
pacnpegeneHns YacTuL, No pasmMmepam, XoTs AN 3Toro HeodbxoanMmMo 3HaTb BU 3aBUCUMOCTU 3P DEKTUBHON
MIOTHOCTU YacTUL, OT UX pa3Mepa.

[1poObLI YacTuL, aspo3onen, oTobpaHHble ¢ nomoulbio ELPI, kpoMe onpegeneHusa cogepkaHust U pacnpe-
aeneHus 4yacTtul, no pasmMepam B BbIDpaHHOM AManasoHe B peXXume peanbHOro BpeEMEHU C UCTMOMb30BaHNEM
pasnNUYHbIX CUCTEM NOKasaTenen MoryT ObITb NpoaHannM3npoBaHbl B aBTOHOMHOM pexnme. BO3MOXHOCTb UC-
crnegoBaHuUs cobpaHHbIX YacTuy, nocne oToopa Npod MOXKET ObITh peannscBaHa npu Banvaaunm u rpagynpos-
Ke NprubOopoOB ANs onpeaeneHns rpaHynoMeTpUuiecKoro coctaBga vyactul, U Mx cogepXaHua, padboTtarowmnx B
peXXnume peanbHoOro BpeMeHu. Takke 3To gaeT BOSMOXHOCTb UCMOMNb30BaTbh METOAbl aHanusa npob B aBTO-
HOMHOM peXume, B TOM Yncne 3MIeKTPOHHYIO MUKPOCKONUKD U MeTodbl aHanMsa XMMNUYeCKoro coctana.

6.3.4 Ouddy3noHHbIe GaTapen

MpuHuMn aencteua andpdysnoHHbIX baTtapen oCHOBaH HA ODPOYHOBCKOM ABWXKEHWUU YacTUL, ad3p030s
[66]. [MoTepu YacTuL, Npu nx ocaxaeHun B pesynbtate Audpdysnn ansaroTca PyHKUMeN gnameTpa YacTul, ns-
Mepsist CKOPOCTb ocaXaeHnda YacTul B pedynbTtate andpdpysmm B cuctemax pasnnmyHon KoHdurypaumm, MOXHO
NONy4YnTb pacnpeageneHne YacTul, asposons no pasmepam. CUcTemMbl Anst ocaxkgeHus Yactul, obblYHO coeaun-
HAOT nocneaoBaTenbHO And obpasoBaHua andpdysnoHHon baTtapen. AndpdpysnoHHble baTapen NPUMEHSIIOT
ONA YacTuUl, Takoro pasmepa, npu KoOTopom UX ABUXKeHMe, B OCHOBHOM, NPoOUCXoauT 3a cyeT andpdoysnm n, 1a-
KUM 0Dpa3oM, MOXeT ObITb nony4vyeHa Hanbonee gocToBepHaa MHdopMaums Ang YacTul, pasmMepoMm MeHee
100 HM, 4YTO ropasao nydlle COOTBETCTBYET TPeDOBaAHUAM K OnNpeaeneHunto pacnpegeneHuns 4Yactul, rno pasme-
pam. NlamepsieMon BENUYMHOW B 3TOM crnydvae dyaeT koadppuuneHT andodoysnm vactuLl, KOTopbin A0MKeH ObITb
nepecynTaH B gnameTp vacTtuupbl. C nomMoLlbo Anddy3noHHbIX baTapen MOXKHO NPOBOAUTL HEMPEPLIBHLIE N3-
mepeHusa. OaHako andpdpy3noHHble BaTapen NCMOoNb3YHT B COMETaHUU CO cHETYUKaMM YacTuL, (0ObIYHO NOTOM-
Hble CPC) ana onpegeneHna cHeTHOW KOHLEHTpaLUn YacTul, 40 U Nocne KaXXaou CTyneHU oca)aeHus.

Ondpdy3na yacTuy, — XopoLo n3ydeHHoe saBrneHune, noa3TomMy JNierko CKOHCTPYUpoBaTbh ANPPY3INOHHYIO
baTapeto ¢ 3agaHHbIMKU cBoUCcTBaMU. OAnddy3noHHY0 BaTapeto MOXHO CKOHCTPYUPOBATb TakMM obpasom,
4YTOObI C ee NMOMOLLLIO MOXHO DbISIO onpeaensiTb YacTuubl AnametTpom meHee 100 HM. OaHako npeocbpasoBa-
HMUEe NCXOOHbIX pe3ynbTaToB USMEPEHUN B pearibHOe pacnpeaesieHMe yacTtul, no pasMmepam CroXHo, a pelle-
HUA ypaBHEHUWN He [dalT OoAHO3HaAuYHbIX pe3ynbTaTOB B Ccliydae pacnpegeneHud no pasmepam vactull
NnoNMANCNepCcHOro aspo3ons.

6.4 XUMUYEeCKUN aHaNU3 B peXXuMe pearibHOro BpeMeHNn

Ycnexm B ob6nacTtu BbIMUCIUTENTIbHON TEXHUKU WU ONMTUKNA NMO3BONUMK pa3paboTtaTb Knacc npnmbopoB Ang
onpeaeneHns XMMMUM4ecKkoro coctaBa Yactul, asposonen ¢ X oaHoOBpeMeHHbIM pasaeneHmemM no pasmepam B
pexxnme peanbHoOro BpemeHu [72]. B To BpeMs Kak uernbi psag nasepHbiX npudopoB MCNOMNb3oBannChb AN UC-
cnegoBaTenbCKUX Lenen, aspo3onbHaad Macc-CnekTpoMeTpus oKasanacb npeanodvTuTenbHbIM MEeTOAOM C
KOMMepUYeCKOU TOUKN 3peHNS.

HecmoTp4a Ha TO, UTO UMEIoTCA CYyLEeCTBEHHbIe pasnnyng B NpuHUMNE AeUCTBUA U MeTodax aHanusa, B
LenioM 3T Nprudopbl UMEROT psAad AOCTOUHCTB. Ha HavyanbHOU cTaanm aspo3onb oTbpaeTca Yepes BXOOHOE OT-
BEPCTUE, MPU 3TOM yaansieTcsa Bo3ayx U popmupyeTtcs nyvok yactul,. OBObIMHO 3TO NPOUCXOANT 3a CYET Mpo-
MYCKaHMUS aspo30a Yepes psaa aspognHaMmyeckmnx NH3, HanpasnawoWwmMx ero B 30Hbl NpMbopa ¢ MeHbLUNM
BaKyyMOM. Ha BTOpOU CTaann MsMmepdaeTCcd CKOPOCTb OTAENbHbIX YacTUL, MU COOTHOCUTCA C a3poanHaMUYeCKUM
anamMeTpoM. OTO AOCTUraeTCcd NyTeM U3MepeHUsa BpeMeH nponeTa oTaeNbHbIX YacTul, MeXxay ABYyMSA Nnasep-
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HBIMW NydamMu Ui Bbibopa YacTtuy, ¢ onpeaenieHHoOW CKOPOCTbIO C NOMOLLLIO NpepbiBaTens nydka. Ha TpeTtben
CTaaun OCYLLECTBNSAOTCS pacnblfeHne 1 3aTeM UOHU3aLWA OTAENbHbLIX YacTul, N aHcambnen YyacTtuy, Npo-
N3BOAUMbIE C UCMOMb30BAHMEM Na3epPHbIX UMMNYNbCOB BEICOKOW 3HEPrin. 3TOT MeToa NoHU3aLUUn 0ObIYHO pe-
ann3oBaH B npudopax Anst aHanusa oguMHOYHbLIX YacTul,. B KavecTBe anbTepHaTUBLI aHCaMbnM 4YacTuy, C
OAMHAKOBbLIM a3pognHaMniyeckum aMamMmeTpoM HanpaenawoT B NogorpeBaeMbeln 6NoK, rae nog AeNCTBUEM TEM-
nepaTypbl NPOUCXOOAT UCNapeHUe NeTy4ynx KOMMNOHEeHTOB 1 NocneayoLlasa MoHU3aUnua YacTtuu, noa AeUCTBUEM
aNneKkTpoHHOro ygapa. OkoH4YaTenbHO MOHBI aHANU3NPYIOT MacC-CNeKTPoOMeTPUYeCKUM MeTo40M AN nonyye-
HUA MHJOpMaL K 0 XUMNUYECKOM COCTaBE YacTuL,; Mpu Koppenauum pe3ynbTaToB aHanmsa ¢ guamMeTpoM vac-
TUL, BO3MOXEH aHaNnn3 « pasmMep—BeLLECTBO» B peXXmme, BDNM3KOM K pearnbHOMY BPEMEHMN.

CepuninHo BbINyckaemble Npnbopbl AN8 Macc-CnekTpoMeTpUYecKoro aHanmsa aspo3sonient o6bl4HO nprume-
HAKOT ANg Yactuu gnameTtpom 6onee 100 HM, XOTH ¢ MOMOLLbI MEeTO40B aHanusa aHcambnen YacTuL, ¢ ogHo-
BPEMEHHbIM pa3aefieHneM MX No pasmepamM MOXHO NMoNy4uTb MHpOPMaLUIO O YacTULax gMaMmeTpoM MeHee
50 HM. Mpu cooTBEeTCTBYIOLWEN MoANdMKaLMKA cUcTEM DOKYCUPOBKM a3p0o30SbHOMo NMydka MOXHO paclUMpUTb
obnactb NpUMeHeHNa 3TUX NpUObopPOB B HAHOMETPOBLIA AManasoH, XOTA NpU 3TOM HeobxoaumMo BblbUpaTh
Mexay bonee HU3KUM npeaesioMm ocbHapyXeHUsa YacTul, U NoOTePAMM YacTUL, B CUCTEME YNaBMBaHUA.

3T n nogobHble NpMbopbl UMET OrpaHNYeHNsa B NPUMEHEHUM AN NONYYEHNS XapaKTepUCTUK HaHoaa-
po30men B Bo3agyxe pabo4yen 30HbI U3-3a X rabapuToB, CTOMMOCTU U CITIOXKHOCTU. TeM He MeHee OHW MOTyT
OaTb YHUKaNbHYO MHOPMAaLUIO MO XMMUYECKOMY COCTaBY OANHOYHBLIX YaCcTUL, UM COBOKYMHOCTU YacTuUL, Bbl-
OpaHHOro pasmepa. B 3ToM OTHOLLUEHUM OHU UAearnbHO NOAXOAAT AN UccneaoBaHWA, Korga UMeeTcs He-
CKOINBbKO MCTOYHMKOB a3po3onein ¢ pasnniHbIMUA XMMUYECKUMI CBOMCTBaAMK, UM ANA cllydaeB, Korga coctas
YyacTuULbl 3aBUCUT OT pasmepa.

6.5 AHann3 oAMHOUYHbIX YacTul

6.5.1 O6wme nonoxeHus

AHann3 ogMHOYHbLIX YacTuL, B aBTOHOMHOM peXxxnume — adppeKkTUBHOe cpeacTBO AN NonyyYeHUsa gaHHbIX
O pasmepe, popme, CTPYKTYPE U B HEKOTOPLIX crnyYyaax XMMUYEeCKOM cocTaBe 4YacTul asposond [73]. PaHee
ONTUYECKYHO MUKPOCKOMNUIO LLUMPOKO UCTIONb3oBaNn Angd aHanmsa yacTul, MUKPOMETPOBOIo AanasoHa, U B Ha-
CTOsILLIee BpeMsl OHa OCcTaeTcsl OCHOBHLIM CPeACTBOM MONy4YeHUsa XapaKTepUcTuk Yyactuy, obpasoBaHHbIX U3
BONOKOH, Hanpumep acbectoBbiX. OaHaKoO YacTuLbl AMaMeTPOM B HaHOAMaNa3oHe He BXOOAT B 06nacTb Npu-
MeHeHUs DONbLUMHCTBA ONTUYeCKnX MetodoB. C ApYyron CTOPOHLI, C NMOMOLLbIO 3MIEKTPOHHOIo MUKPOCKona
MOXXHO MONy4YnTb NOAPODOHYIO MHpOPMaLNIO O YacThLaxX ¢ NPOCTPaHCTBEHHBIM paspelleHnemM MmeHee 1 HM K
BO3MOXHOCTbIO UCMOMb3OBaHUA pa3fMYHbIX METOAOB aHanus3a aAns Xxumudeckon ngeHtudpukaumm Jyactud,. K
HegocTaTKaM MEeTOAMKMN OTHOCATCS HEODXOAMMOCTb NPUBNEYEHUS CNEeLIManMCTOB No oTOOPY NpPod, BLINOMHE-
He TpeboBaHWUN K NOAroTOBKE 0bpasuoB (CM. NpunoxeHune A), HeobXxoanMMoOCTb B OONbLUMHCTBE ClTy4YaeB aHa-
nnM3npoBaTh obpaslbl No4 BakKyyMOM U TPyAOeMKOCTb aHanmsa. OaHako HeCcMOTpsl Ha BbllleyKasaHHbIe
HeJOoCTaTKU, B HEKOTOPLIX CNyvyaax 3NeKTpoHHaa MUKPOCKOMNA MOXET okasaTbCca eUHCTBEHHBbIM MEeTOA0M MOo-
nyyeHnst Heodbxogumon nHdopmaunm o HaHovacTuuax. Micnonb3ytoT ABa OCHOBHLIX MeToda: TEM un SEM.
B nocnegHen NnpUMeHs0T NPOoCTble Cnocobbl MOAroTOBKU U aHanu3a cbpasLoB 1 nony4vatoT Tonorpaduyeckme
N300paxXeHUsa NOBepPXHOCTU YacTul,. M3obpakeHne YyacTul, NonyyaroT, CKaHUPYH NOBEPXHOCTb 0bpasla TOH-
KUM 3NEKTPOHHLIM MYy4YKOM, UCMONb3ys AeTeKTUpYyeMble cCUrHansl 4Nnsa MoaynmpoBaHMAa UHTEHCUBHOCTU CKaHN-
DOBAHUSA Ha 3KpaHe, NPOUCXOASALLEro ¢ TaKOW XXe CKOPOCTbIo, UTO U CKaHUPOBAHUE NOBEPXHOCTU obpasua.
CepunHo BbiNyckaemble SEM nNo3BONSOT pasnuyuaTth aetann U3obpa)XeHust ¢ NpoCTPaHCTBEHHBIM paspelle-
HeM oT 5 4o 10 HM, XoTH 3TN Undopbl 3HAYUTENBHO YBENUYMBAIOTCA, €CINN YCNOBUS BCe DonbLUe OTINYaOTCS
oT uaeanbHbIX. C nomollbio FEG-SEM moxeT ObITh Nony4yeHo NpocTpaHCTBEHHOE paspelleHne 1 HM 1 MeHb-
we. MNpwn npoBegeHnn cdbIMHOIO aHanmMaa Ha SEM obpasel, AoMKeH HAaXoAUTbLCA No4 BaKyyMOM, a C MOMOLLbHO
ESEM obpasubl nccneaytoT B razoobpasHon cpeae ¢ HU3KMM aaBneHunem. B aTom cnyvyae MOXHO NONMyYnTh
N300paxkeHne YacTuL, UMELLIUX B CBOEM COCTaBe cpeaHeneTydyne coeanHeHns 6es nx noTepu, U NpoBecCTU
MHOMOKpaTHYIO ruapartauute/gernapataumie obpasuoB AN YCTAaHOBMNEHUA NPUCYTCTBUS U 3HAYMMOCTU
obpa3LoB PAcCTBOPUMBIX BELLECTB.

B cepuiiHo BbinyckaemMmbix TEM anekTpoHbl nponyckatoTcs Yepes obpasel, ANg NonyvYeHnUsa nsobpaxkeHnm
TaKUM Xe cnocobom, YTo U B ODbIMHOM ONMTUYECKOM MUKPOCKONE, HO Mo KOHCTpyKUun TEM asnatotca bonee
CNOXHbIMWU, YeM TpaauumonHble SEM. [Inga aHannsa Ha TEM obpa3subl 4omKHbI ObITb MPO3paYHbIMKA AN 3/1EK-
TPOHOB, a NOAroTOoBKa 0bpasLoB byaeT bonee cnoXxHou (CM. npunoxeHue A). MNpn pyTMHHOM aHanuse Ha TEM
MOXeT ObITb AOCTUTHYTO NPOCTPAHCTBEHHOE pa3pelleHe B CyOHaHOMETPOBOM AManasoHe, XOTH paspelleHne
3aBUCUT OT KOHKPETHOro obpasLa 1 Tuna UCnonb3yemMoro Mukpockona. Takke cywecTtsyoT TEM, paboTtatoLme
B cKaHupyowem pexume (STEM), B KOTOPBIX TOHKUM 3MIEKTPOHHBIM MYyYKOM CKaHUPYIOT NOBEPXHOCTL 0DOpa3s-
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La, a curHanbl OT 3MEeKTPOHOB, Nnpowealnx Yyepes obpasel, NCNONb3YIOT ANA NonyvyeHna nzobpaxeHunin. B
STEM BbicOKoro paspelueHmnss MoryT ObiTb cdhOpMUPOBaHbI 3NEKTPOHHbIE NMyYKM gnameTpom MeHee 0,2 HM,
Mo3BoONALNE NOoSTydaTb XapakTepUCTUKM YacTuL, C NPOCTPaHCTBEHHBIM CYOHaHOMETPOBbLIM pa3peLleHneMm.

6.5.2 MNMony4dyeHune usobpaxeHUn U aHanN3 MeTOA0M 3NEKTPOHHON MUKPOCKONUU

[TouMeHeHne 3NeKTPOHHOU MUKPOCKOMAN NO3BONAET UCNOMb3OBaTh pas3NnyHble MeToAbl KONMUYeCTBEH-
HOro U Ka4eCTBEHHOIo aHanumaa, nogxoasiwme ana nonyvyeHuns XxapakrepucTk oanHOYHbIX HaHovacTul,. Pop-
MupoBaHune unsobpaxeHnn B TEM ocHOBaHO Ha MNPOXOXAEHWW 3MEKTPOHOB 4Yepe3 obpasel, nNpu 9TOM
nonyyatroT ABYXMepHOoe n3obpakeHne n nHgopmauunto o pasamepe vactul, [73]. Takke ¢ nomouwbio TEM MOXHO
NONy4YnTb MHPOPMAaLUIO O BHYTPEHHEN CTPYKTYPE YacTUL, Ha OCHOBE KOHTPAaCTHOCTM N300paXkeHust, B TOM YMC-
Nne B HEKOTOPbLIX cnyvaax MHQopMaL Mo 0 KpUCTaNNMYeCcKon CTPYKType (XOTHa ANsl 3TOro HeobXxoaumo, YToOh!
YacTULbl ObINM OPUEHTUPOBAaHBLI COOTBETCTBYOLUM 0bpa3om, 1 TEM BbicoKoro paspellueHuns). KOHTpacTHOCTL
N300paXKeHNA 3aBUCUT OT YMNPYroro U HEYnpyroro paccesiHng 3NeKTPoHOB NMPU UX NPOXOXAEeHUN Yepes obpa-
3el, M Ha HEero B 3Ha4YUTENbHOW CTEMNEHN BIUALIOT KpUcTannyeckast CTpyKTypa n npoToHHast NNOTHOCTL 0bpas-
ua. MNpun padbote Ha STEM ¢ noaxoaswmm yrinoBbiM AeTEKTOPOM NU300paXKeHUA MOryT ObITb CPOPMUPOBAHLI C
MHTEHCUBHOCTbLIO, NPOMNOPLUOHaANLHON KBaapaTy NOpsaKOBOro HoMepa 3MeMeHTOB, COCTaBNSAOLWNX obpasell
(Z-KOHTpaCTHOE N30DpaXXeHne), YTO NO3BONSAET UHTYUTUBHO NMHTEPNPETUPOBATL N30DpaXKeHUs pasHbIX YacTuLL
n aHcambnen vactuu [74]. icnonb3oBaHWe NponyckaHUa 3NekTpoHOB Yepes3 obpasel, npu dopMUpoBaHni
noobpaxerHna B TEM orpaHnymeaetT makcumarnbHbIM AMaMeTp nccnegyembiX YacTul, HECKONMbKUMWN COTHAMU
HaHOMETPOB.

bopmumpoBaHMe ns3obpaxeHna B8 SEM oOCHOBaHO NMpeuMyLLECTBEHHO Ha paccesdHU UNU UCNyCKaHWUK
BNEKTPOHOB 0bNMy4YeHHOW NOBEPXHOCTLIO 0bpasLa, YTo NO3BONMAET UCCIeaoBaTh YaCcTULbl, pasMepbl KOTOPbIX
MOTYT MBMEHATLCH B LLMPOKOM ananasoHe [75]. B ctaHaapTHOM pexume dopMnpoBaHue nsobpaxeHns 8 SEM
OCHOBaHO Ha AETEKTUPOBAHUM BTOPUYHLIX 3NEKTPOHOB, UCMyCKaeMbIX MOBEPXHOCTLIO 0bpasLa nocne ee ob-
NyYeHUs NYyYKOM MEPBUYHBLIX 3MEKTPOHOB. 1o nony4YeHHOMY N30DpaXKeHUIO MOXET ObIThb NoNy4YeHa TONOMNOMr-
yeckast MHopMaLus, NP 3TOM Ha KOHTPACTHOCTb U300paXKeHUs1 0onblLUe BCEro BNUAET opueHTauns obpasua
Mo OTHOLIEHUIO K NagatolMM 3NeKTPOHaM U AETEKTOPY BTOPUYHBLIX 3nekTpoHoB. ObpaTHoe paccesHue nep-
BUYHBIX 3MTIEKTPOHOB My4Ka TakKe MOXeT ObiTb UCMONb30BaHO NPy opMUPOBaHNK N300paXkeHUN. [MOCKOMbKyY
BEPOSITHOCTb 0BpPAaTHOrO paccesdHnUs cBsI3aHa ¢ aTOMHbIM HOMEPOM, B 3TOM pexxume bopMnpoBaHna naobpa-
XXEHMN MOXeT ObITb nonyveHa KavyecTBeHHad nHopMaLuns 0 XUMUYECKOM CoCTaBe NOBEPXHOCTU obpasLa.

B3anmogencTene mexay anekrpoHamu 1 obpasuom MoXeT ObITb MCMONbL30BaHO ANs MONyYeHUsT KOMn-
YECTBEHHbIX XapaKTePUCTUK YacTuUL, pasnniHbiMK criocobammn. Xapakrepuctuyeckoe peHTreHOBCKOE N3MyYe-
HE, NCMTyCKaeMoe aToMaMn B BO3DYXKAEHHOM COCTOAHUN, N ero ocnabneHue B obpasLe 0ObIMHO UCNONb3YIOT
npu aHanunse c nomouwbio TEM 1 SEM ang onpeaeneHuns aneMmeHTHOro coctaBa Bewectsa metoaom EDX. OH
OaeT BO3SMOXHOCTb NMONyvYnTb MHopmMaLmnto 0d 3aneMeHTHOM cocTaBe YacTul, B obbemMe U HeoAHOPOAHOCTU NX
cocTaBa [7/9], [76]. [pun ncnonb3zosaHnm SEM npocTpaHCTBEHHOE pa3pelleHne orpaHn4eHo o6 beMOM BeLlec-
TBa 0bpasLia, paccenBaroLlero 3M1eKTPOHbI, U HEBO3MOXHO NOMy4YUTb MHPOPMaLUIO O NPOCTPAaHCTBEHHOM pac-
npegeneHnmn ¢ paspeweHmem meHee 1 MkMm. OgHako uU3MeHeHMe obbemMa BeLllecTBa, paccevBatoLlero
3NEKTPOHLI, NPU YBENMUYEHUN PA3HOCTU NOTEHLUMANOB MOXET ObITb UCNONBL30OBaHO AN NonyvYeHUs nHpopma-
L 06 3neMeHTHOM COCTaBe YacTuUL, HaxXodaLWMXCsl Ha NOBEPXHOCTU obpasua ¢ paspelleHnemM JeCATKN HaHOo-
METPOB B rNyoduHy [77].

[TlpocTpaHcTBeHHOEe pa3spelwleHne TEM onpeaenseTtca anameTpom anekTpoHHoro nydka. B STEM nnu B
coveTaHnn TEM/STEM anameTp anekTpoOHHOro nyyka MoXeT OblTb 3HAYUTENbHO MeHbLUe 1 HM, UTO NO3BONAET
nonydyaTtb UHpopmMauue ob 3nNemMeHTHOM cocTaBe 4acTUl, C BbICOKMM MPOCTPAHCTBEHHLIM paspeLleHUneM.
OaHaKo MHTEHCUBHOCTb PEHTIEHOBCKOIO U3Ny4YeHNA ObICTPO YObIBAET NpU YBENMMYEHNN 0DbeMA aHanM3npye-
MOTO BellleCcTBa, 1U3-3a Yeroc metoguka HegoctaTouHO YYBCTBUTENbHA NPU aHanmse YyacTul, Manoro pasmepa.

[1pn ucnonesosaHum TEM konudecTBeHHOe onpeaeneHne 3HepreTUudecknx noTepb 3NeKTPOHOB Nydka
MOXeT ObITb UCMOMNb30BaHO AN NONy4YeHUA pasnnUHbIX XapakTepuctuk obpasuya. KonniectBeHHO SHepreTu-
YyecKue noTepu CBA3aHbl CO MHOMMMK CBOUCTBaMK obpasua, 1 MOryT ObITb UCMOMb30BaHbI ANA UCCea0BaHUS
ero 3N1eMeHTHOro cocTtaBa, aTOMHOU CTPYKTYPbI U 3MeKTPOHHBIX CBOUCTB. B npocTenwem suae EELS ncnone-
3YIOT ANS onpeaeneHns 3aNeMeHTHOro coctaBa obpaslua no COOTBETCTBUIO XapaKTepUCTUHECKNX NUHMNIA NONY-
YEHHOro cnekTpa BO30YXXAEHUSIM 3MNEKTPOHOB HA BHELWIHUX SHEPreTUYECKUX YPOBHSIX, XapaKTepUCTUYECKUM
ans anemeHTtoB [/8]. B otnunune o1 EDX vyBcTBUTENLHOCTE EESL 3HAauMTensHO Bonblie ang 6onee nerkmx
anemMeHTOoB. [lpocTpaHCcTBEHHOE pa3pelleHne onpeaenseTcda WWMPUHOU NPUMEHAEMOro 3NeKTPOHHOIo nNy4yka,
OnaMeTp KOTOPOro MOXeT cocTaBndaATb MeHee 0,2 HM npu aHanunse ¢ nomouwbio STEM. Metoa EELS 3Hauu-
TenbHO bonee YyBCTBUTENEH NO cpaBHeHMo ¢ EDX npn aHanuse HeboNbLWMX YacTULL, NOCKOTbKY AETEKTUPYET-
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CA 3HA4YUTENbHO OOoNblUEe YUCO B3aMMOAESUCTBUA MEXOY 31eKTpoHaMK Ny4vka KU obpasuom. IToO Aenaer
MeToad uaeanbHbIM AONA onpegeneHusl coctaBa HaHodacTuy., OaHako 4acTo KONMUYECTBEHHbIM aHanus
CNEeKTPOB YCINOXHEH, a MHTepnpeTaunua AaHHbIX HEe HACTONbLKO NPOCTa, Kak B EDX.

EDX n EELS mMoXxHO ncnone3oBaTh ANa Nony4vYeHUs auarpamMmmel pacnpegeneHuns 3neMeHToB B obpasLe.
N30bpaxeHna popMUpyOTCH Ha OCHOBE cnevuunanbHbix curHanos EDX nnu EELS, otobpaxatownx pacnono-
XeHMe aTOMOB 3MEeMEHTOB N CNOCODCTBYOLNX MOEHTUPUKALKUN YaCcTUL, KOHKPETHOrO XMMUYECKOTo COCTaBa.
MeToauka B LeNom TpyaoemMka, NOCKONbKy AN nony4vyeHusa nsobpaxeHns HeobXoAUMON KOHTPAaCTHOCTU Tpe-
byeTcsl anutenbHoe BpemMs coopa nnn GopmMrupoBaHnUs N3oBpaXKeHni.

6.5.3 AHanu3 ogUHOYHbIX YaCTUL, C MOMOLLbIO CKAHUPYIOLLEro CUNOBOro MMKpocKona

Passutne metogos SPM npuBeno K nosiBNEHUIO HOBLIX METOAUK pOpMUPOBaHNA N30OpakKeHNN HaHO-
yacTtul,. Bo Bcex meTogax UCMonb3yioT TOHKUA 30HA, C NOMOLLLIHO KOTOPOro OCYLLECTBSAT pacTpOBOe CKaHU-
pOBaHWe NOBepPXHOCTU. [lonoXeHne 3oHOa Hag NOBEPXHOCTLIC (MU Ha HeW) KOHTPOMTUMPYIOT C MOMOLLbLIO paaa
CUrHanoB 0OpPaTHOW CBSI3U, UCNOMBb3YEMbBIX TaKXKe ANS NoNMyYeHUs KOHTPaCTHOro N3obpaXkeHust Ha nogcoean-
HeHHOM pacTpPOBOM Aucnnee. B nepBLIX yCTaHOBKaX, co3daHHbIX AN peanusauum metoga SPM, ncnoneso-
Bancsl TYHHENbHbIA TOK 3MEKTPOHOB MeXay TokonposoAdsiwmm obpasuomMm M 30HAOM, NoABelleHHbIM Ha
PACCTOAHUN HECKONMbKUX AECAThIX A0NEN HaHOMETpPa Haj NOBEPXHOCTLIO obpasua, Ans oTobpakeHUs penbe-
ba NOBEPXHOCTU NMpu cybHaHOMeTpOoBOM paspewieHnn (STM). B bonee no3aHux paspaboTkax peanmsoBaHo
B3auMoaencTBMe Mexay obpasyom 1 30HAOM 3a cdeT cun BaH-aep-Baaneca (AFM), 4TO no3BoNseT nonyyvathb
n3obpaxeHne obpasLoB, He obnagaroLWmMX 3NEKTPUYECKON NPOBOAUMOCTLIO. ICnonb3oBaHUe ApYyrnx Mexa-
HA3MOB NONyYeHns obpaTHOro cUrHana NPUBENO K pa3padoTke psaaa HOBbIX METOA0B POPMUPOBaHNS N30Dpa-
XeHnn B SPM, B TOM 4ucne MarHUTHOM CUMOBOU MUKPOCKOMUKA, MNOMEpevYHO-CUNMOBON MUKPOCKOMUM,
MUKPOCKOMUU COABUIOBLIX CUMT U CKaHUPYoLWEeW ONTUYeCKON MUKPOCKONM B bnuvkHemM none. Bce atn metoabl
MOTYT paboTaTtb Npu pasnnUYHbIX YCNOBUAX OKpYXKatowen cpeabl, B TOM Yicne nNpu atMocgepHbIX YCIOBUSIX,
MPW NOrPYXXEHNU B XXUOKOCTb U B BaKyyme.

M3 Bcex AoCTynHbIX MeToaoB SPM anga aHanusa aspo3onen BOIMOXHO HauydLlnm obpasom noaxoanT
AFM, nockonbKy U30bpa)KeHUs1 ¢ BbICOKMM paspelleHnemM MOryT ObiTb NONyvyeHbl B BO3AQyXe, N CYLLECTBYET
CPaBHUTENbHO Mano orpaHnYeHUn K TUny otobpaxaemMou npobel. HapaBHe ¢ AOCTOMHCTBAMMK 3TOr0 MeToaa (a
MMEHHO: DbICTPLIN aHanus obpasua, MUMHUMYM onepauMn No NoAroToBKe obpasua 1M aHanms npu atmocgep-
HbIX YCIOBUAX) NO CpaBHEHUIO C MeToA4aMUn 3NeKTPOHHOU MUKPOCKOMUN MeTod UMeeT U HEKOTOpble HeaocTaT-
KW, CBSI3aHHbIE C MHTepnpeTaunen U NPUMEHUMOCTLIO N30bpakeHUNn. XoTa ¢ nomouwbio SPM MOryT ObiTh
10nyYeHbl N30bpakeHUa ¢ paspelleHneM B HECKONbKO Aonen HaHoOMeTpa B TOPU3OHTaNbHOM U BEePTUKATTbHOM
HanpaBneHn1, ¢ ee NOMOLLbIO HEBO3MOXHO paccMaTpuBaTb OONblUME N3MEHEHUA Npodunsa No BepTUKanu,
npeBblillakoLlme HeCKONbKO HAHOMETPOB.

CkaHupytowaga ontudeckast Mmkpockonua B onmxkHem none (NSOM) — ognH ns metogoB SPM, nmeto-
LLIMA HEKOTOPLIE NOTEHLMAaNbHBbIE NPeuMyLLecTBa Npu aHannse HaHo4acTuL,. ObbIMHAgA onTUYecKas MUKPOCKO-
NS OrpaHNYeHa TeopeTUYECKMM MPOCTPaHCTBEHHBLIM paspelwleHnemM A/2. OaHako ecnn obpasel, obnyvatoT
yepes OTBepCTUE PasMepoM MeHblUe ANWHBI BOMNHLI, Haxoadlleecs Ha paccToAHUM AeCAThIX A0Ne HaHOMET-
pa OT ero NOBEPXHOCTU (B ONMXKHEM Mone), TO MOXHO NONMYYUTb NPOCTPaHCTBEHHOE pa3pelleHue, npubnmxato-
Lieecs K anameTtpy otBepctus. INpn ncnonbsoBanunn metoaos SPM ans ckaHnpoBaHua obpasua vyepes marnoe
OTBEepCTME Hag HUM MOXET ObITb NMOoNy4YeHo onTudeckoe n3obpaxeHue ¢ paspeweHnem meHee 100 HM. XOTH
Takoe paspelleHne He MOXeT bbITb Nony4YeHo Ang Yactuy, pasamepom meHee 100 HM, NpUMEHEHUE ONTUYECKUX
MeTOOOB aHanMsa U AeTEKTUPOBaHUA AN OTAEeNbHbIX HAHOUYACTUL, MOXKET oKa3aTbCH MOME3HbIM.

7 3aKnr4yeHue

PesynbTaTthl O0OMLLIOrO Yicna NCcneaoBaHnUin NoKasbiBaT, UTO HAHOYACTULbl M HAHOCTPYKTYPUPOBaH-
Hble YacTulbl, Haxogdawmneca B BO3gyxe, MOryT NpeacTaBNATb PUCK 41149 340PO0BbA NMPU UX BAbIXaHWUW, KOTOPbI
Henb3s yAOBNETBOPUTENBHO OLIEHUTL ODBIYHBIMW MEeTOAaMU OLIeHKM Bo3aencTBUs. OaHaKo NOHUMaHWUe 3Toro
BCe elle TONbLKO NpudbnuxaeTcs K cTagun, korga paspabotka HOpMaTUBHBIX AOKYMEHTOB MO OLeHKe BO3-
O0ENCTBUS HAHOA3PO30M1en Ha PabOTHMKOB NPOMBILLMIEHHBIX NPeaAnpUaTUN ByaeT NpakTU4YeCcKn OCyLEecT-
BUMaA. UToOLI npucTynaTh K paspabdboTke COOTBETCTBYOWMX CTAHAAPTOB, HEOOX0AUMbBI NPOABUMXKEHNE B
naeHTUUKaLUN XapakTepUCTUK HAHOa3PO30Iel, KOTOPLIE OnacHbl ANd 340p0BbA PabOTHUKOB NPOMBbILL-
NeHHbIX NpeanpuUATUNn, a TakXKe paspaboTka U BHegpeHUe NpubopoB AN onpeaeneHns BO3AeUCTBUA Ha
OCHOBE 3TUX XapaKTepUCTUK.
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B HacTodAlleM cTaHaapTe pacCMOTPEHO COBPEMEHHOE NonoXeHne aen B obnactu onpegenieHns xapak-
TEPUCTUK U MOHUTOPUHIa HAHOA3PO30Een, OH NpeagHasHavYeH And nofb3oBaTenen B KayecTBe pekoMeHaaumn
rMPW BbINOMHEHUN N3MEPEHNIA B paboyein 30He 1 aBNsAeTCH npeallecTBEHHUKOM ODyayLLMX HOPMAaTUBHBIX AOKY-
MEHTOB MO MOHUTOPWHIY HaHOa3po3onen. BBuay oTcyTcTBUSA cTaHaapTU30BaHHbLIX TEPMUHOB A9 HAHOYaCTUL,
npyv NpUMEHeHn B obnacTu oxpaHbl 340p0BbsA Oblfla BBeAeHa TEPMUHOMOMNSA AN pasnuyeHna QUCKPEeTHbIX
YyacTuy, pasmepomMm meHee 100 HM (HaHOYaCTUL) U YacTUL, a3P030Nen Co CTPYKTYPHBIMU 3M1EMEHTaMuM pasme-
pomMm meHee 100 HM (HaHoaspo3onu). Kpome Toro, pasgensitoT HaHoYacTULbl, 0bpasyroLLMecs B Ka4yecTBe Mo-
OOYHbIX NPOAYKTOB NPOU3BOACTBEHHOro npolecca (ynbTpaMenkne YacTulbl), 1 HaHoYacTULbl, NONTyYeHHbIe
LienieHanpaBlieHHO (MCKYCCTBEHHO co3aaHHble HaHo4YacTuubl). Mpu obeyxaeHnn cnocoboB MOHUTOPUHIA 0CO-
6oe BHMMaHue obpalleHo NPpenMyLLEecTBEHHO Ha onpeaeneHne XxapakTepucTuk B3BeLLeHHbIX B BO3OyXe HaHO-
yactuy. OaHako obpallleHo BHMMaHMe Ha HeobXoAMMOCTb pPacCMOTPEHUs BO3AeNCTBUSA Gonee KpynHbIX
HaHOCTPYKTYPMPOBAHHbIX YacTuL,, eCliv UMW onpeaenseTca BO3AeNCTBME Ha 30POBbLE.

MOHUTOPUHT 1 onpeaeneHne XxapakTepucTuk, paccMmaTpuBaemMble B HACTOALWEM cTaHAapTe, NO3BONA0T
OLLeHUTb BO3OENCTBME HAHOA3PO30M1el Ha OCHOBE MaccChl YacTuL, ad3p0o30nd, Nowaam NOBePXHOCTN YacTul
a3p030M9 U UX CHETHOM KOHLUEeHTpauun. PekomeHayeTcs UCMonb3oBaTh M COBEPLUEHCTBOBATL 3T MeToabl AN
noflydeHnsa AonoHUTeNnbHon nHdopmaL M o BO3AeNCTBUM a3po3onein Ha paboTHUKOB NPOMbILLIIEHHBIX Nped-
MPUATUA N B KAYeCTBE OCHOBLI A5 pa3paboTki cTaHgapToB Mo oueHKe Bo3aenctemsa. OgHako MHorue pac-
CMOTPEeHHbIe B cTaHaapTe npubopbl He ngeanbHO NOAXOAAT AN KaXXaoAHEeBHOro UCMNofb3oBaHUsA B paboyei
30He. [ToaToMy Takke pekomeHayeTcs, YToObl Mo Mepe NosABNeHUs HOBOW MHopMaLnK 0 BO3AEeNCTBUN HAHO-
a3p030/1ei Ha 340poOBbLE, 3TU NPUOOPLI U METOALl YCOBEPLUEHCTBOBANNCL U pa3padaTbiBarinCb COOTBETCTBYIHO-
LLMe KOMMaKTHble, peHTabernbHble YCTPOUCTBa AN MHAMBUAYaNbHOrO MOHUTOPUHIa BO3AENCTBUSA HAaHOa3po-
30Men.
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[MpnnoxeHve A
(cnpaBo4HoOe)

OT60p 1 NnoaroToBKa obpa3LoB ANA aHaNU3a MeTo4aMM 3NTeKTPOHHOU MUKPOCKONMUU

A.1 Obwme nonoxeHns

[Tpn aHannae yactuu aspo3ons MeTogamMmm 3NeKTPOHHOW MUKPOCKONMUU HEOBX0aMMO cobrntogaTb XecTKkue TpeboBa-
HUA K 0Dpa3yam, CBOASWMECH K NCMNONBb30BAHUIO CneynanbHbliX METOAO0B MX OTOOpAa U NoarotoBkKU. [TOCKONbKY MeToab
aHarmmaa Ha SEM n TEM paanunyHbl, meToankmn otbopa n NnogroToBku 06pasuoB dyayT 3Ha4YUTENBHO oTNnYaTbes. OgHaKko B
obounx cnyvasx ans aHanmaa Heobxogumbl PUNbTPLlI C PABHOMEPHO OCAXAEHHBIMW YacTULAMN, C MUHUMATBbHbLIM Mepe-
KPbIBAHMEM YacTul,.

A.2 CkaHupyroLwasa 3neKTPoHHasA MUKPOCKONUS

Obpasubl ansd SEM 06blvHO noMeLwaoT Ha TOKONPOBOAALLMIN CTONOUK N1 ANCK U3 antoMmMHUA nnu rpaduta. [ nae-
Hoe TpeboBaHne ans 0bbivHOro SEM — Hannume ToOKONPOBOASILLEIND COEANHEHUS MEXAY TOHYKON, B KOTOPOW SNEKTPOHHbIN
Ny4yoK NagaeT Ha obpaseul, 1 noanoxXkon. Ecnu Tokonposoasilume Yactuubl OTOMPAIOT HE HANPSIMYIO HA TOKONPOBOASILLYO
NOANOXKY, TO HA 0Dbpasel HAHOCAT TOHKOE METaNNMYeckoe nnu rpaPmToBoe NOKpbiTUE, obecneunBatoee becnpens-
TCTBEHHOE MNPOXOXAEHNE SNEKTPOHOB. HeyaoBneTBOpUTENbHAA 3MEKTPUYECKAs NPOBOANMOCTL 0bpa3sua NnpuBogunT K Io-
Kanu3auum 3apsga B SEM v nnoxonm nnum nckaxkeHHon nepegadve n3obpaxenHust. [MokpbiTne Ha obpasel, 0O6bIMHO HAHOCAT €
NOMOLLbIO CEPUMNHO BbIMYCKAEMOro pacnbiNAWEro yCTponcTea Agns HaHeCeHUs NOKPbITUSA, C MOMOLLbIO KOTOPOro nog Ba-
KYYMOM MOXHO HAHECTU CINOW aTOMOB TONLWMHOW HECKONBKO HAHOMETPOB. TakKe MOryT ObITb UCNONb30OBAaHbI APYrue cno-
cobbl ocaxaeHus N3 NapoBoun hassbl.

[TockonbKy Ha NPobLI YacTuL asposonen 0b6a3aTenbHO AOMKHO BbITb HAHECEHO MOKPbLITUE Nepen NoJy4YeHNEM N30-
bpaxeHnsi Ha SEM, yactuubl MOXHO cobupaTtb 1 Ha HeNpoBoAsWMe Noanoxku. B cenasm ¢ atum SEM ocobeHHO yaobeH ans
ncenegoBaHus Npob vactuu, oTobpaHHbIX HA PUNBTPLI UMK NOANOXKN UMNAKTOPOB. B 3TnX cnydasx nogrotoBka npobwbi
nepen HaHeCeHneM NOKPbITUA 3aKNoYaeTCs B NPUKPenneHnm HebonbLwon YacTy NOANOXKM € NPoDOU K gepaTento obpas-
La C NOMOLLbIO TOKONPoBoAALWeEro knesi. Hanbonee pacnpoctpaHeH MeTo KPenneHmns ¢ NCrnonb3o0BaHUEM ABYXCTOPOHHUX
KIENKUX TOKOMPOBOAALWMX NPOKAA0K, HA KOTOPbIe AOMONHUTENBHO TOYEe4YHO HAHECEH KONNOUAHbIA pacTBOp cepebpa nnu
rpacuta gns odbecneveHns XopoLwero TOKONMPOBOAALWErO COeANHEHNST MEXAY BEPXHEN MOBEPXHOCTBLIO NPOOLI N AepXxaTe-
nem obpasua. lNockonbky obpasey nomewatotT 8 SEM noa Bakyymom, a B MECTE €ro KOHTaKTa € 3NeKTPOHHbLIM MYy4YKOM, BE-
POATHO, OyaeT NPOUCXOoauTb INOKanbHbIA HarpeB, NOANOXKM Ans oTtbopa npob He AOIMKHbI BKIKOYATb MacChnsHbIE,
CMa304HbIE NN gpyrve neTy4vne BewecTBa.

Ecnn nmeeTtcs BO3MOXHOCTb UCMNOMNb30BaTh pa3dHoobpasHble NOANOXKKM AN aHannaa ¢ nomouwbto SEM, To Hanbo-
nee 3pPEKTUBHbI T€ NMOAINTOXKN, KOTOPblE 0BEeCcnevunBaloT COBEPLLIEHHO POBHYIO onopy Ansa 4Yactuu. Otb6op npobd Ha u-
NbTPbl — OAUH N3 Hambonee NPocTbiX cnocoboB oTdopa Npob asposonen ansa aHanmsa ¢ nomowbio SEM. TpekoBble
NONUKaAPOOHATHLIE OUNBTPLI UMEIOT IMaaKyo NOBEPXHOCTb C NOpaMU OAUHAKOBOIo AnamMeTpa, Haunny4wum obpasom noa-
XOAAWYH0 AN nocneayewero aHanmsia ¢ nomouwbto SEM. XoTa Ha 3Tn dunbTpbl MOTyT BbITh OTOBPAaHbI HaCcTULbI, pa3Mmep
KOTOPbIX MEHbLLE pasmepa nop punbTpa, NPeanovYTuTENbHO CBECTU K MMHUMYMY BHYTPEHHEE OCaXXAEHNE YacTul, 3a CHEeT
NCMOoNb30BaHUSA PUNBTPOB C pa3Mepom Nnop, CPaBHUMbIM C pa3MeEPOM CaMbIX MENKMUX YacTUL, KOTOPbIE SABNAIOTCH LUENbIo
nccneaoBaHus.

Ins otoopa npob nmnakropamm NCNonb3yT NOANOXKM € IMaaKon NOBEPXHOCTLIO. JOMONMHUTENBHOE NPENMYLLEC-
TBO 0THOpa Npob KackagHbIM UMMNAKTOPOM — NONyYeHne Npob, cogepawmx 4actuubl B npeaenax y3koro gnanasoHa pas-
MEepPOB. B nmnakropax 4acto npoucxoauT Neperpyska nnactvH, NPpUBOASAWAan K NepeKkpbiBaHNIO YacTul, Ha NOANOXKE,
NO3TOMY HEOBX0AMMO NpeanpPUHNMaTL MEPLI ANA NPeaoTBPaLLEHUSA NEePErpy3Kkun.

OT160p NPpob yacTny gnameTpoMm MeHbLLE HECKONBbKUX COTEH HAHOMETPOB ANsl aHanu3a Ha SEM ycnoxHsaeTes npu
oTbope npob ¢ ncnonb3oBaHnem OUNbLTPOB 1 UMNAKTOPOB. OBbIYHO YacTUUbl AnameTpom BNnoTb A0 20 HM MOryT ObITb
0TODOpaHbI HENOCPEACTBEHHO HA NOANOXKKN Ans SEM nyTem anekTpoctaTtnyeckoro ocaxaenus. [NpngaHne 3apsga asposo-
no nepeq otbopom NPod 3HaAUMTENBHO yBENMUMBaET 3PP EKTUBHOCTL YNaBNMBaHUS. B 3NeKTpoCTaTUYECKUX YCTAHOBKAX
ONA OCa)XOEeHUsA YacTul 3a CYET paspsiga Mmexagy oCTpuemM U NioCKOCTbI0 COBMELLEHbI HABEAEHMNE 3apsiga N ocaxaeHne
noga AENCTBUEM MO C UCTMONb3OBAHMEM OCTPON KOPOHUPYIOLWEWN UMbl B KAYECTBE O4HOr0 3MeKTpoga v ninoCKoW noBep-
XHOCTW ANs ynaBnmBaHus Npobbl B KA4YeCTBE BTOPOro anekrpoga. Ans vactmuy paamepom bonbuwe 20 HM 3hPEKTUBHOCTL
ynasnmBaHus npuonmxkaetcs K 100 %. [Npn ymeHblweHnn pasmepa YacTul CHMXaeTcs 3OPEKTUBHOCTb HABEAEHUSA 3aPsi-
[a, YTO NPUBOANT K Bonee HU3KNM 3HavYeHUsAM 3PP EKTUBHOCTU ynasnuBanus Yactuy,. Ansa npo6, nonyyYeHHbIX B 3NEKTPO-
CTaTUYECKUX YCTAaHOBKAX ON151 OCaXAEeHUs YacTul, XapakTepHO paBHOMEPHOE pacnpeaernieHmne 4actuy no rnoBepxHocTu
NOAJNTOXKN, YTO NO3BONSAET NPOBOANUTL aHanua oTaenbHbIX Yactuu Ha SEM.

C nomowbio ESEM npoby aHanmnanpyot Npn HU3KOM BakyyMe; Taknm 06pasom, CHUMAOTCH HEKOTOpbIe TPpeboBaHUS
K obpasuam, ycTaHOBINEHHbIE ANs aHanu3a Ha obbivHoM SEM. Kamepy ESEM ans obpasua 3anonHsaeT ras unv nap nog
HU3KMM JaBnNeHUEM, CO34al0LWLNN B KAMEpPE YCITOBUSA ANS SNEKTPOHHOro paspsaa. Takmm obpasom, Npodbbl He 06s3aTeNbHO
OOIMKHBbI BbITh TOKONPOBOASAWMMIU. OQHAKO MOCKOIBKY B PpEXUMax nepegadm naobpaxenus n aHanmnia Ha ESEM nonyvatoTt
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nHdpopmauunto No obpasyam, OTNNYHYIC OT NONy4aeMon ¢ NOMOLWbI 06blvHOro SEM, HeobXxoaMMO TOYHO ONpeaennTb, Ka-
ko metog SEM nnn ESEM (ecnun ectb BO3ZMOXHOCTb NPUMEHATE X 006a) Hanny4dwmnm obpasom noaxoamT Ansl aHanuaa
KOHKpeTHOro obpasua.

A.3 lpoceevunBarLan aNeKTPOHHAA MUKPOCKOMNUA

[Tpobbl ansa ananusa ¢ nomowbio TEM cneagyet oTbmpaTb HA TOHKYIO NMPO3PaYHYIo MOANOXKY AN 3NEKTPOHOB, YTO
NO3BONAET MNPONYLWEHHbIE SMEKTPOHB!I NCMNONBb30BaTh A5 POPMUPOBAHUA N30DPaXeHUsA 1 ero aHanmaa. Takum obpasom,
TpeboBaHus K 0TOOPY 1 Noarotoske obpasuos ana TEM bonee xectkme no cpasHenunto ¢ SEM. B TEM 06bI4MHO NpUMEHSIOT
aepxarenn obpasuoB, NnpeaHasHavYeHHble ANs KPenneHns cetyarbiX AUCKOB ANaMETPOM 3 MM. ITU CETKU MOIyT ObITb U3-
OTOBMEHbI U3 Pa3HbIX METANNOB (Hanbonee WNPOKO AN 3TOro UCMONb3YIOT MEAb U HUKENb) U NMPUMEHSIIOTCH B PSAe KO-
HCTPYKLUMN B KQ4YECTBE MOANOXKU ANs pasnuyHbiX npob. [pn anannise vactuuy aspo3onien Hanbornee 4acto UCMONb3yIoT
CETKM, MNOKPbITbIE TOHKUM CNOEM rpamTa Unm NNeEHKON OKCMAa KPEMHUS. TakKKe LWMPOKO NCMONb3YIOT CETKM ANnsi 06pa3suos,
NOKPbITble nonndopmMmanbAerMaHon NNeHKoN, camm No cedbe nnm B Ka4ecTBe OCHOBbLI N0 TOHKOE rpadmnTtoBoe NOKPbITUE.
CeTKM Takoro Tuna noaxoasaT Anst aHanusa JacTtuu bonblero pasmepa, HO NPy X UCNOMb30BaAHUN MOTYT BO3HUKHYTb MPO-
bnembl ¢ hoOpMUPOBaAHUEM N30OPaXXEeHUA N HanNnM4YMem NpumMmecen — ocobEeHHO NP aHanmae HaHo4YacTul, ¢ nomolwbio TEM
BbICOKOIoO paspeLueHus.

CeTKn, NOKPbITbie rpamnToM, BbINYCKaOT B BUAE CNMOLWHbIX NNEHOK, NIEHOK C PeAKMMN OTBEPCTUSAMU (ablpHaTas
rpadonToBast NIEHKA) NN KPYXKEBOBUAHLIX rpadpunToBbiX NNeHoK. Popmoobpasyowas ocHoBa obecnednBaeT coop n dhop-
MUPOBaHUE N30DpaXeHU YacTuy Ha 30HaX HENPEPLIBHOW MMEHKU BONbLWOW NNowagn, npu 3TomMm MoryT ObITb onpeaeneHsbi
pasmep n dhopma bonbworo yncna yactuy. OgHako 4acTo HEODX0AMMO MMETL AOCTYIN K NOBEPXHOCTU 0bpa3ua, He 3aTpa-
TMBAEMOWN 3NEKTPOHHBIM NYYKOM, ANs1 PErYNUPOBKM MONOXEHUS My4Ka UMM aHanm3a 4acTul, HaxoasaLWmnxXcs HA Kpato nod-
NOXKN, 6e3 MeLlatoWero BO3AENCTBUS MNOANOXKN. B 3TUX cnyvasx ans ynaesnuBaHus 4acTul nydle nogxoauT ablpyaTtas
NN KPY>XEBOBUAHASA MNEHKA.

[TpeanouTnTenbHO OTOMPaTh YacTULbl HEMOCPEACTBEHHO HA CETHATYIO MOANOXKKY, BXOAALWYK B KOMNNekT TEM, npu
3TOM UCKNIOYaETCH 3Tan BTOPUHYHOW NMOAroTOBKM 0bpasua. SNeKTPoHHON NPOBOANMOCTH HaHOYacTUL, OObIMHO AOCTAaTOYHO
N MOXXHO HE HAHOCUTBL Ha 0Dpa3ubl NOKPLITUE, KAK B cny4ae ¢ obpasuamum anst SEM. CywecteyeT psig cnocoboB ynaBnmBa-
HUSA YacTuL Ha ceTyaTble noanoxkn TEM, B ToMm uncne pasmelweHmne noanoXxeKk Ha NnUUEBOU NOBEPXHOCTU PUNbTPA UMK
NPONyCKaHWe BO34yXa 4Yepes KPYXEBOBUAHYIO rpaunToByO NMNeHky. OgHako Ha NpakTuke B DONMbLIMHCTBE CNyYaeB UC-
NONb3YIOT ANEKTPOCTATUHECKOE UMMTN TEPMUNYECKOE OCaXOEHME.

Tepmunyeckoe ocaxgeHne 4actul aspo3ons 3a cHEeT NepemMeLl,eHns YacTmy na obnactn ¢ NoBbILLEHHOW TEMME-
paTypon B 06nacTtb ¢ Honee HN3KOU TemnepaTypon ocobeHHo b ekTMBHO anst Yactuy gnametpom ot 1 go 100 Hm. B
camMoM MPOCTOM BapuaHTe TEPMUYECKOTO OCaXAEeHNA OXNaXxXgeHHyo ceTyaTtyto noanoxky TEM Ha kopoTkoe BpemMs no-
MELLLAIOT B Cpeay ropsivero aspos3ons, Hanpumep B haken ceapku. B npobax, oTobpaHHbIX TAKMM cnocobom, 0ObIYHO
HabnogaeTcsa ogHOPOAHOE pacnpeaerneHne 4YacTul Ha ceTke. TepMnyveckoe ocaxaeHme MOXHO UCMonb3oBaThb ANS
yraBnmMBaHUs YacTul a3po3onen Nnpu KOMHaATHOM TeMNepaType NnyTem co3gaHus rpagneHta tTemnepartypbl Hag noBep-
XHOCTBIO ANS yNaBnuBaHUA U NMPONyCKaHns aspo30ris NONepeK 3TON NOBEPXHOCTU. ITOT ¢nocob Obin peann3oBaH B
paae 3KCnepuMeHTanbHbIX YCTPOUCTB. JNeKTpocTaTnyeckoe ocaxgeHmne — 3hPEeKkTUBHbIN anbTepPHATUBHbLIN METOA
yraBnuBaHuns Yactuy pasmepom dbonee 20 Hv gnsa aHanmaa ¢ nomowbto TEM. HYactuuybl pasmepom meHee 20 HM TakxKe
MOTyT BbITb CODpaHbl 3TUM METOAOM, XOTH 3(PPEKTUBHOCTL yNaBnMBaHUA nagaeTt U3-3a yMeHbLEHNSA gnameTtpa.
INEKTPOCTATUYECKME YCTAHOBKN AN OCaXAeHnsa YacTul 0B bIMHO NPUMEHSIOT NPY NOArotToBke obpasuoB ansa TEM u
SEM, 6onee nogpobHO oHM onucaHbl B A.2.

A.4 InekTpoHHaa MmukKkpockonusa. NpoaonxntenbHOCTL OTOOpPA NPooO

[Tpy nogroToBke 06pa3LOB ANA 3NEKTPOHHON MUKPOCKOMUN BAXXHO NOMYyYnTb NPOOY C COOTBETCTBYIOLWEN 3arPy3KOU
NoANOXKN ansi obecneveHns apPeKTMBHOCTM aHanmaa, HO Tak, YToObI NPY 3TOM HE Npoucxoauna neperpy3ka YactmuamMu.
B Tex cny4vasx, korga appekTMBHOCTb 0TOOPA NpobbI N3BECTHA NN MOXET ObITh OLEHEHA, MOXHO OLUEHUTD MUHUMATIBHYIO
NPOAOITKNTENBHOCTL OTHOPa NPobbl ANSA NONYYEHNA 4OCTAaTOYHON 3arpy3Kn. K KPUTUYECKMM NapameTpam OTHOCAT 3pdek-
TMBHOCTb OTOOpa Npob kak pyHKUMIO AgnameTpa vYactuu (E ), pacxon Bo3ayxa B npobooTOOpPHUKE (G), CHETHYIO KOHLIEHTPA-
LMo YacTul Kak pyHkumo nx gnametpa (C,), MUHUManbHO A0NYCTUMOE YNCNO YacTul, ¢ AnamMeTpom d, npuxogsweeca Ha
none 3peHnsa mukpockona (N ), 1 MMHUMaNbHO JOMNYCTUMYIO NMNOWaab NPOEKUUN KaXaon YacTuubl gnameTpom d, Bbipa-
KEHHYI0 Yepes JOJo nrowaan nons 3peHns Mukpockona (A ).

3HaueHne A onpeaenseT HAaMMEHbLIUY pa3Mep YacTULbl, KOTOPas MOXET DBbiTh yCneLwHo NpoaHann3vposaHa npu
3agaHHoOM yBenudeHun. [pu gonyuwenunn o chepudeckon hopme yacTul, HanbonbLWyo NNowaapb Nons 3PEHNA MUKPOCKO-
na A, M?, onsa HabnwaeHnsa Yyactuy guamMeTpom d, BbIMMCIIAT No opmyne

Z
A="d (A1)
4A,

raoe d — auameTp YacTuubl, M;
A, — MUHMManNbHO AONYyCTUMAaA Nowaab NPoeKuMn YacTuLbl Ha none 3peHns, BblpaXKeHHas B Aonsx A..
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Taknm obpaszom, MUHUManbHO AOMYCTUMYIO NNOTHOCTL YacTUL, Ha MOANOXKE N, BbIPAXKEHHYIO Yepes3 Yncno vYactumu,
Ha KBagpaTHbIW METP, M2, BbIMUCNSAIOT No popmyne

- Ny

S Af 3
rae N, — MyMHMManbHO JONYCTMMOE YUCNO YacTul, AnameTpom d B None 3peHns MMKpocKona.
Ina 3apanHoro pacxoga so3gyxa npu otbope npob g, adpdPeKTMBHOCTU 0TOOpa Npob E, n apdekTneHOM nnowaam

noanoxkn A, ¢ ncnonsdosaHmem dpopmyn (A.1) n (A.2) MoXeT BbiTb BblUMCIIEHA NPOAOITKUTENBHOCTL 0THOopa npob £, ¢, He-
obxognmas ans AOCTUXKEHUSA MUHUMATbHOW 3arpy3ku hunbTpa Yactuuyamm, no dpopmyne

_ A _AAA N, (A.3)
qC,E; nd? qCuE4

n (A.2)

rae A, — adppekTnBHaa nnowaab NOANOXKN, M?;
q — pacxoj Bo3gyxa, m3/c;
C,— cyeTHast KOHUEeHTpauust YacTul Kak OyHKUMA NX gunameTtpa, M—>;
E . — ap®eKkTmBHOCTL 0TOOpa vacTuy Kak PpyHKUMsA nx gnamerpa.
MakcumanbHas adodekTuBHas niowaab cerdaton nognoxkn TEM gnametpom 3 MM, HA KOTOPYO MOTYT OCECTb Yac-

TMubl, coctaBnsiet 7,1 x 106 m2. Npu ncnonb3oBaHun LUMPPOBOro metoaa PoOPMUPOBaAHUA N30DPaXeHNW nccnegyemMsblie
YacTUL bl MUHUMAINbHOIO pasMmepa B naeanbHOM Criyvae AomKHb! MNOKPbIBaTh, KAK MMHMMYM, 10 nukcenen. Takmm obpasom,
n3obpaxeHue pazmepom 1024 x 1024 6ypet umetb nnowaab A, = 9,5 x10-°. [Npnemnemoe 4ncno Hactuy B None 3peHus
N, coctaeut 10. Takum obpasom, ecrnv yactuusl guametpom 50 HM ByayT cobparbl ¢ adpdpektneHoCcTLIO 80 % npw pacxoae
Bo3ayxa 5 x 106 m3/c B cpeae co cHeTHOM KOHUeHTpauuen Yactul 108 m—3, 1o BblivmncneHHas no dpopmyrne (A.3) MUHUMarb-
Has NPoOACIMKUTENBHOCTL 0TBopa Npob coctaBuTt okono 0,25 4. OgHako ecnn Yactuubl gnametTpom 10 HM ByayT cobpaHbl B
TaKuX Xe YyCMoBUsIX, TO MMHUMAanNbHasA NPoaomKNTENbHOCTL 0TOOpa Npob 6bina 6bl NPUBIN3NTENBHO 6 u.
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