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CucTtemaTnampoBaHbl NUTepaTypHble U Apyrie cBe4eHNs 0 BXOAHOW MOHHOM ONTUKE KBaApyMnoSbHbIX
Macc-CneKkTPoOMEeTPOB C MHAYKTUBHO CBA3aHHOM nnasMon. [laHHas YyacTb 0630pa noceslleHa Hakonms-
LUIMMCS K HACTOSILLLEMY BPEMEHWN aCUMMETPUYHBIM CUCTEMaM, NpeaHa3HavYeHHbIM A5 YII0BOro CMeLLeHNs
noanexaliero aHanMay notoka MOHOB NIa3Mbl, a TakXke 0COOEHHOCTAM COMNYTCTBYIOLLMX YCTPOWUCTB 1
aetanen. VMIHTepec K Takon ONTMKe NepBbIMU NPOSBUIN crieaytolme 3apybexHslie npubopocTponuTenu:
Hitachi Ltd, Shimadzu Corp, yHuBepcutet wrata Anosa (CLUA), Seiko Instruments Inc., Hewlett-Packard,
Varian, Bruker, Analytik Jena, PerkinElmer, Thermo Fisher Scientific, Expec Technology (Focused Fotonics
Inc). YacTb 13 HUX (MEHBLUMHCTBO) OrPaHNYMITUCL NPOEKTHLIM NPEANIOKEHNEM, NAaTEeHTOBaHNEM, a MHorga
akcnepumeHTanobHou anpobaLuern CooTBeTCTBYOLWMX naen. [ipyrne ooBenum cBOM NpoeKTbl 4O CEPUNHOIO
Npou3BoACTBa CNEKTPOMETPOB C pasnuyHbIMK AedrekTopamu, AOCTOVHbIX MPU3HaHWS cpean nonb3oBa-
Tenen. PaccmoTpeHbl HOBMU3HA (MpMOpUTET), pasHoobpasune yCTPOWCTB MCNONb30BaHHbIX AednekTopos,
NPUHLMN X AeNCTBUSA, OCTOMHCTBA U HegocTaTku. Hanbonbluee BHYUMaHWe Npon3BoauTenemn cepumnHbixX
CMEeKTPOMETPOB JOCTanocb MOHHOMY 3epkany (Varian, Bruker, Analytik Jena) n nonepeyHomy KBagpynonto
(Seiko Instr. Inc, PerkinElmer). Bonee kopoTtkas nctopus gocranach NosiBUBLLEMYCS NO3AHee AednekTopy
Thermo Fisher n Expec Technol. PaccmoTpeHbl Takxe HOBble MHAYKTOP, yCTPOMCTBA NOMEXONOAaBNEHMS,
ucnonb3oBaHue anarpammbl MaTtbe, n3amepeHve pa3smMepHoro cCnekTpa MHAMBUAYanbHbIX HAHOYACTHL.

Knro4yeenble cnoea: macc-CnekTpoMeTpust C MHAYKTUBHO CBSA3aHHOW Mra3mown, acMMMeTpuyHas
WOHHag onTuKa, AedneKkTopbl YroBOro OTKNOHEHNSI MOHOB, HOBbIE MOMEXOMNOAaBNSAoLWME YCTPONUCTBA,
permcTpauus pasmepa HaHo4YacTuLl.
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The literature and other information concerning input ion optics of inductively coupled plasma quadrupole
mass spectrometers are systematized. This part of the review is devoted to the asyimmetrical systems intended
for the angular deflection of plasma ion beams prior to analysis, and peculiarities of associated devices
and parts accumulated to the present time. First foreign instrument manufacturers, which payed attention
to this type of optics were Hitachi Ltd, Shimadzu Corp, lowa State University (USA), Seiko Instruments Inc.,
Hewlett-Packard, Varian, Bruker, Analytik Jena, PerkinElmer, Thermo Fisher Scientific, Expec Technology
(Focused Fotonics Inc). A minor part of them limited themselves to project ideas, patenting and, sometimes,
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experimental investigations of the corresponding idesas. The others developed their projects to serial production
of spectrometers with different, which deserved recognition among the users. Novelty (priority), variety of used
deflectors design, principle of action, advantages and disadvantages are considered. An ion mirror (Varian,
Bruker, Analytik Jena) and a cross-section quadrupole (Seiko Instr. Inc, PerkinElmer) attracted the greatest
attention of serial spectrometers manufacturers. Subsequently developed deflector from Thermo Fisher and
Expec Technol gained a shorter history. A novel inductor, systems for the reduction of interferences, use of
Mathieu function, and measurement of size distribution spectra of individual nanoparticles are also considered.
Keywords: mass-spectrometry with inductively coupled plasma; asymmetrical ion optics; deflectors
with angular ion deflection; novel systems for reduction of interferences; registration of nanoparticles size.

BBEAEHUE

BxogHasi MoOHHas onTuKa ABNSIETCA BaXKHeNLwen
4acTbto KBAZPYNONbHBIX MACC-CNEKTPOMETPOB C UHAYKTUBHO
cBaizaHHom nnaamon (UCI, ICP), Tak Kak B 3HaYMTENbHON
cTeneHn onpegenseT ux aPdeKTUBHOCTb. [oaTomy
MMEHHO OHa ABUMACh rMaBHbIM 00 LEKTOM HEMPEPBLIBHON
1 pa3HO0Bpa3HON TEXHUYECKOW MOAEPHM3ALIMN, HAYMHAS
C AaTbl NOSIBIEHNS NEPBbLIX MACC-CNEKTPOMETPOB AaH-
Horo Tuna [1] no HacTosiee BpeMms. CeroaHs U3BeCTHbI
YeTblpe BUAA AaHHOWN ONTMKW, OTNMYaKLWMNECS Npexae
BCEro CUMMETPUEN NTMH3O0BBIX CUCTEM, X KOHCTPYKLIMEN,
NPUHLMMNOM AENCTBUS U FTEOMETPUEN NOHHbBIX TPaEK-
TOPUN, a TakXXe UCMOSb30BaHHbIMMN MaTepuanamm u
yNpaBnsitoLLEen INeKTPOHMKON. MNocnenoBaTenbHOCTb
nepeyvncneHns aTnx BMGoB COOTBETCTBYET XPOHOMOMM
MX NOSIBNEHUS B SKCNEepUMEHTanbHOW Macc-CnekTpo-
METPUN C MHOYKTMBHO CBsidaHHOW nnasmon (UCM-MC,
ICP-MS), a Takxe Ha MexayHapOo4HOM PbIHKE B COCTaBe
CEPUINHBIX Macc-CNeKTPOMETPOB pasHbIX MPOM3BOAUTENEN.
MepBbI U3 HUX (OCECUMMETPUYHBIN) ONUCaH B [2-4].
BTopoii (acMMMeTpUYHBIN C napannenbHbIM CMELLEHUEM
MNOHOB) PacCMOTPeEH B [4-6]. TpeTui (aCMMMETPUYHbLIN
C NoKanbHbIM AyroobpasHbIM OTKITIOHEHWEM MOHOB)
npeacrtasneH B [4, 5, 7]. YeTBepThlit (QCMMMETPUYHBLIN
C YIMOBbIM OTKIIOHEHNEM UOHOB) B OOAHOM W13 CBOMX
BapMaHTOB KPaTKO paccMOTpeH B [4, 5]. B HacToswem
0630pe NpefcTaBneHo pacLuMpeHHoe u bonee nogpob-
HOe onucaHue 3TOro Buaa MOHHOW OMTUKK, BKIOYALo-
LLilee pa3Hble BapuaHTbl er0 TEXHUYECKOW peanuaaumm.
Mcnonb3oBaHHbIE MPY 3TOM CXEMbI BbINOSTHEHbI COTMACHO
npasunam, ykazaHHbIM B [2, 6].

MNpeaLwecTBytoLLMe aHanory yrioBbIx 4ednekTopos,
paccMmatpmBaemMbliX B JaHHOM 0630pe, MOXHO 0OHa-
PY>XWUTb B apceHarne pasnuyHbiX CPeACTB ynpaBneHns
WOHHBLIMW MyYKamu, Hanpumep: MOHHOe 3epkano [8],
3MeKTPOCTaTUYECKMI 3HEProaHann3aTop, COCTOSALLMIA
13 AByX napannenbHbiX, 4YroobpasHO U30rHyTbIX
HanpaBnsLWmMX 3anekTponos [8, 9], nonepeyHbIn KBa-
ApYnonbHbIN anekTpocTatuieckuii gedpnexktop [10-12],
N30rHyTble KBaapynonbHble npeadunstpol [13-15].
BONbLUNMHCTBO N3 HUX ABNSAOTCA OPTOrOHANBHBIMY, T.€.
OTKIOHSIOLLMMM MOHbI HA NPSIMOW Yrof.

HangeHHble cBegeHWs, OTHOCALLMECS K KOHLIENTY-
anbHbIM pa3paboTkam 1 NPakTUYECKOMY MPUMEHEHMIO
pa3sHbIX ONTUYECKNX CUCTEM C YITNTOBbIM OTKIIOHEHVEM
WOHOB, U3NOXEHbI 34eCb NPEUMYLLECTBEHHO B MOpsiaKe
XPOHOMOIMU X MOSIBIEHMS N COBEPLLUEHCTBOBAHNS,
HayuHas ¢ nepBbIX pa3paboTok koHua 80-x ronos 20-ro
BeKa Mo HacTosLlee Bpems.

OCHOBHAA YACTb

1. ANOHCKasA ONTUKa C MCNONb30BaHMEM
3HeproaHann3aTopos

1.1. Pa3pabortka Hitachi Ltd.

B 1989 r. anoHckasa dupma Hitachi Ltd. npegno-
Xuna u 3anateHtoBana B 1991 r. [16] HOBYO BXOAHYO
ONTMKY A58 KBagpynoSbHbIX MacC-CneKTPOMETPOB C
HapY>XHbIM NNasMeHHbIM NCToYHUKOM noHoB (UCT1
WY MMKPOBOSHOBAs Mnasma), OTNMYarLLyCca Npu-
MEHEHMEM B CBOEM COCTaBe 3HeproaHanusaropa,
npeAHa3Ha4YeHHOro ANs OTKIOHEHWS NPOXOAALLUNX
Yepes Hero MOHOB Ha NpsiIMon yron (puc. 1).

OBcyxaaemblil 3HEproaHanM3aTop COCTOSAN U3 ABYX
AyroobpasHo N30orHyTbIX NapannenbHbIX METanIM4ecknx
3MEeKTPOA0B, NNTaeMbIX OANHAKOBbLIM MOCTOAHHbLIM
HanpshXeHWeM pasHON NOMNSIPHOCTM: NONOXUTENBHOW Ha
BHELLHeN 1 0TpULAaTENbHOW Ha BHYTPEHHEN CTOPOHaX.
Mo cyTun, OH BbIN YMEHbLUEHHbIM aHanorom 3NeKTpo-
CTaTUYEeCKOro CeKTopa, MCnosb3yemMoro B 60nbLnx
Macc-CrneKTpOMeTpax BbICOKOro paspeLLeHns ¢ ABOVNHON
dokycuposkoit [9]. CyLuecTBEHHbIM OTNNYMEM JAaHHOTO
3HeproaHanusaTopa 6bIf10 Hannyne oTBepCTUS Ha
€ro BHelLHeM 3MeKTpoae, KoTopoe Bblfo COOCHbIM
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Puc. 1. Cxema cnektpomeTpa npoekTa Hitachi c sHepro-
aHanusatopom [16]: 1 — camnnep; 2 — ckummep (B
naTeHTe Ha3BaH 3KCTPAKTOPOM); 3 — ycKkopuTens; 4,
5 — dokycupytolme NnH3bI; 6 — peakLMoHHadA no-
MexonoaaBaatouan a4erika; 7 —ambepeHumanbHan

anepTypa; 8 —3HeproaHaaMs3aTop; 9 — N0ByLUKa ANA
HenTpanbHbIx YacTuuL,; 10 — macc-aHannsaTop

Fig. 1. Scheme of a Hitachi project spectrometer with an energy
analyser [16]: 1 — sampler; 2 — skimmer (named an
extractorin the patent); 3—accelerator; 4, 5—focusing
lenses, 6 —reaction cell for reduction of interferences;
7—differential aperture; 8 —energy analyser; 9 —orifice
for neutral particles; 10 — mass-analyser
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¢ obLer ocblo NPeaLecTBYOLNX KOMMNOHEHTOB 1-7,
oTOOpaXeHHbIX Ha puc. 1.

Oxunagaemblin NONOXUTENbHbIN 3PPEKT 3HEP-
roaHanusaTtopa 3aksntwo4arncs B npeaBapuTeribHOM
0CcBOOOXAEHMM NCCINeQyEMOro NOToKa MOHOB OT COMYT-
CTBYIOLLUX MELLAIOLLUX HENTPANoB 1 (POTOHOB NyTEM UX
NPOCTPaHCTBEHHOIO pa3aeneHus, OCyLLIEeCTBNSAEMOro
C NMOMOLLIbIO, BO-MEPBbIX, MHEPLNOHHOIO OTBEAEHUS
MeLLaLLMX YacTUL, Yepes BbILLEYNOMSIHYTOe OTBEPCTUNE
BHELUHEro anekTpoAa B NaccuBHyo 06nacTb UHCTPYMEHTa
(nokasaHo MyHKTMPHOW NUHMEN Ha puc. 1), BO-BTOPbIX,
nnaBHOro AyroobpasHoro anekTpocTaTm4yeckoro oT-
KITOHEHMS NOCTYNarLWmMX BHy TPb 3HEProaHanmaaTopa
WMOHOB Ha NPSMOWN Yrof.

1.2. Paspa6botka Shimadzu Corp.

B 1997 r. kopnopauusa Shimadzu 3anaTeHToBa-
na HOBbI MHCTPYMEHT, 00beanHuBLLMN B cebe aBa
cnektpomeTpa ¢ NCIT: kBagpynosibHbIA Macc-cnek-
TpanbHbIN U ANPPaKLMOHHBIA aTOMHO-3MUCCUOHHbIN
[17]. BToT ABYXUEneBon rmbpua (puc. 2) CyLLecTBEHHO
oTnuMyancst oT N3BeCTHOro amepuKaHCKoro aHanora
POEMS (Thermo Jarrell Ash Corp.) [7, 18] npumeHe-
HMEM B COCTaBe MOHHOW ONTUKN 3HeproaHanmaaTopa
B KayecTBe AedneKkTopa MOHOB.

Mo cpaBHeHMO co cnekTpomeTpom Hitachi [16]
3HeproaHanusatop rmbpuga Shimadzu, B TO4HOCTH
COXPaHMBLLUWIA NpeXHWe, yKasaHHbIe Bbllle (OYHKLUN
MO OYMCTKE MOHOB M UX OTKIIOHEHWIO Ha NPSIMO yron
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Puc. 2. Cxema rubpunaa macc-CnekTpoMeTpa 1 aTOMHO-3MMC-
CMOHHOTO cnekTpomeTpa ¢ ICI v sHeproaHann3aTopom
[17]: 1 — nnazmosKcTparmpyowmn nHtepdeic; 2
—3HeproaHannsaTop; 3 —AndpaKkLMOHHaA peLleTKa;
4 — GOTOHHbIN AETEKTOP; 5 — MOHHbIN AETEKTOP;

6 — KBa4PYNONbHbIN Macc-aHaAM3aTop

Fig. 2. Scheme of a hybrid of mass-spectrometer and atomic-
emission spectrometer with ICP and energy analyser
[17]: 1 —interface for plasma extraction; 2 — energy
analyser; 3 —diffraction grating; 4 — photon detector;
5 —ion detector: 6 — quadrupole mass-analyser

AN Macc-cnekTpanbHOro aHanuaa, BbINoSHsAN 4Oo-
NOSNIHUTENBHYI (PYHKLUMIO — NEPEHOC BblOENEHHbIX
13 MOHHOrO NOTOKa (POTOHOB B ONTUKY BCTPOEHHOr0O
B NpMBOop aTOMHO-3MUCCUOHHOIO CNEeKTpoMeTpa Ans
OAHOBPEMEHHOrO BbIMOMHEHMS ONTUYECKOro aHanm-
3a. Bugumbim HegocTaTkomM Ha ony6nnMkoBaHHOM B
[17] n3obpaxkeHun aTon rubpuagHoON cxembl SBNSET-
CH OTCYTCTBME 3aLuUTbl AMEPaKLNOHHON peLleTkn 3
(puc. 2) OT ee HapacTatoLLEro 3arpsi3HEHNS OTIIOXKEHNSMM
HenTpanbHbIx YacTuy VICIT, HensbexHo CHMXatoLEero
3P PeKTUBHOCTL ee IKCnnyaTaLmu.

CseaeHunii 0 CepunHOM U3roToBNEHUN U NPUMe-
HEHWM 3TOr0 UHCTPYMEHTA HE HANAEHO.

2. AMepUKaHCKaA ONTUKA C pa3aBoeHuem
MOHHOroO NOTOKa

Mo nmetowmmcs ceegeHnsM, NepBoe B KBaApy-
nonbHom MCIM-MC TexHuke npakTuyeckoe npuMeHeHne
BXOLHOW OMTUKW C YINOBbIM OTKITOHEHNEM NOHOB
COCTOSANOCH B 9KCNEPUMEHTAITbHOM ABYXKaHanbHOM
cnekTpomeTpe (twin-quadrupole instrument), paspabo-
TaHHOM B 1994 1. B yHMBepcuTeTe WwraTta Anosa (Onmc,
CLUA) [18-24]. HazBaHHbIN MHCTPYMEHT oTnnyancs (puc.
3) oT 06bI4HbIX OAHOKAHATBbHBIX UCMONb30BaHEM OBYX
MPOCTPaAHCTBEHHO Pa3feneHHbIX, Pa3HOHaNpPaBeHHbIX
KBaZpynosibHbIX Macc-aHanu3aTopoB (3anMCcTBOBaH-
HbIX 13 VG PlasmaQuad [2]), CUHXPOHHO NUTaembIX
noHamu n3 obuiero nctovHmka NCI nocpeacteom
0CoBON MOHHOM OMTUKKM, FMAaBHON YacTb KOTOPOW
CINY>XWN 3MEKTPOCTaTUYECKMIA ennTenb NOHHOIO
notoka (divider, AWUIM). 3to obecneunBano ogHoBpe-
MEHHOE 1 0AVMHAKOBOE NPeACTaBUTENBHOE NOMyYeHne
CcreKTpanbHbIX AaHHbIX N0 ABYM napannenbHbiM (B
MHOPMALIMOHHOM CMbICIIE) KaHanam, nosyyaeMbIx
B (bopmMe OTHOLUEHUS PErNCTPUPYEMbIX MOHHbBIX CUT-
Hanos, 4To obecneymBano NoBbILEHNE TOYHOCTM
namepeHui. NonoxuntenbHbIn 3PEKT gocTurancs
3a CYeT MCKNoYeHusa unu ocnabnexus gpenda uH-
TEHCUBHOCTW CPaBHMBAaEMbIX CUrHAMNOB, 3aBUCALLETO
OT pasHbIX pakTopos [19, 20, 25].

He nokasaHHble 3aeck Macc-aHanu3aTopbl 3TOro
WHCTPYMeHTa BbInin pacnonoXeHbl B O4HOW NIIOCKOCTM
nop octpbim (60°) yrnom mexay cobon v CUMMETPUYHO
OTHOCUTENBHO 06LLIEeN ocK NnasmeHHoro nHTepdeinca
1 CneayLwmx 3a HAM NepPBbIX COOCHbIX FIMH3 OMTUKK.
COOTBETCTBEHHO Yron Mexay 3TOW OCbi0 U OCAMMU
macc-aHanu3aTopos 6bin Tynbim (150°). TpexcTagunHoe
BaKyyMMpOBaHUe MHCTpyMeHTa obecneunBano pas-
pexenue ([Ma): 160 B npomexyTke Mexay CaMnIepom
N cKummepom nHTepdeica, 8-102 B 0TCeke COOCHbIX
BXOAHbIX NNH3, 8-10* B 0TCEKE Macc-aHanM3aTopoB. ATO
HapacTatoLLee paspexeHne Bbi3biBano UHTEHCUBHOE
NOCTYNMEHWEe NOHOB BHYTPb OMTUKN MacCc-aHan1M3aTopoB
1 ganbHenLiee ABMXEHME NO HEeRN, Pe3Ko yckopsiemMmoe
CHayvana B nHTepdeince, 3atem B AudepeHumnansHomn
anepType 5, KOppeKkTMpyeMoe HanpsiXKEHHOCTbIO U
KOHpMrypaumen anekTpocTaTM4eckux nomemn ocranb-
HbIX JINH3.
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Puc. 3. Cxema onTUKKM C AennTenem MOHHOro NOTOKa, BUA,
ceepxy [18-23]: 1 — camnnep; 2 — ckummep; 3 — 1-1
9KCTPaKTOp; 4 — 2-1 3KCTPaKTOp; 5 — AndepeHumansHas
anepTypa; 6 — perynatop GopmMbl MIOHHOTO NOTOKQ,
COCTOALLMI U3 YeTblpex NAACTWH; 7 — 3a3eM1eHHan
ceTKa; 8 — nesblit cekTop ANMM; 9 — npaBbiit cekTop
[WN; 10 — ueHTpanbHbIM KNIMHOOHBPa3HbIN 31eKTPO,
ANNM; 11 — BepxHAA nnacTuHa AWM, 12 — HUXKHAA
nnactuHa ANM; 13 — BbiIxogHble naacTuHbl ANT;
14 — nepsble porycupytolme NMH3bl; 15 — BTopble
boKycupytoume NnH3bI; 16 — BXOAHbIE anepTypsbl
KBaApynobHbIX MacCc-aHaM3aTopoB. A— GpoHTasb-
HbI BM, perynatopa 6. b — gpoHTanbHblin BuAa AN
MprmedaHme: oa4HOTUMNHbIE Napbl AMH3 13-16, pacno-
NoXeHHble mexay AWM n ABymAa macc-aHanmn3aTopamm
c/eBa 1 cnpasa, 0603HaYeHbl OAMHAKOBLIMIU HOMEPAMM

Fig. 3. Scheme of optics with an ion beam divider, top view
[18-23]: 1 — sampler; 2 — skimmer; 3 — first extrac-
tor; 4 — second extractor; 5 — differential aperture;
6 — regulator of the ion beam form; 7 — grounding
mesh; 8 — left sector of DIB; 9 — right sector of DIB;
10— central cuneiform electrod of DIB; 11 —upper plate
of DIB; 12 —lover plate of DIB; 13 — exit plates of DIP;
14 —first focusing lens; 15 —second focusing lens; 16 —
entrance apertures of quadrupole mass-spectrometers.
A — front view of regulator 6. b — front view of DIB
Note: the same type lenses 13—16 located between
DIB and two mass-analysers (left and right) are marked
with the same numbers

OpHoBpeMeHHOEe MOHHOE NUTaHWe Macc-aHanu-
3aTOPOB MPOUCXOAMNIIO MOCPEACTBOM pacLuensieHns
(6udpypkauum) akcTparnpoBaHHOIO U3 Nas3Mbl NOTOKa
YyacTuL Ha ABe CUMMETPUYHO PaCXOASLUNECS CTPYMW.
Wcnonb3oBaHHbI ansa atoro MM coctoan us gByx
BbINYKIbIX OOKOBBIX CEKTOPOB, LIEHTPasibHOro Knu-
Ha n BokoBbIX Nnockux obknagok. MNpu Beibope nx
¢OpMbI, pa3mMepOoB, PaCcNONOXEHNST N MOTEHLMANOB
ucnons3oanu nporpammy SIMION [2.19], a Takxe
akcnepumeHTbl. CMeXHble MOBEPXHOCTM aeTanen 8, 9

10

1 10, obpalLeHHbIe BHYTPb 3TUX KaHanNoB, ObInn oTno-
NMPOBaHbI 1 NMOKPbITbI YEPHBIM 3IEKTPONPOBOAALLNM
rpacomMToBbLIM CIIOEM, NPENSTCTBYIOLWMM NOMaaaHuo
Ha OeTeKkTopbl Macc-aHanu3aTopoB OTpa)KaeMoro
B KaHanax ce4veHusa UNCI1, cnocobHoro co3gasatb
(POHOBBIN LUYM.

PasgBoeHune notoka noHoB Ha Bxoae B [T
obecneuunsan knvH 10, ToNWKWHa Ne3BUA KOTOPOro
B cpefHen yactu He npesbiwana 0.1 mm [18]. 310
ocnabnsano ero Topmo3ssiliee AeNCTBUE HA NOCTYyNato-
LLMIA MOTOK MOHOB W YMeHbLUIAano ux notepu. lNpu atom
NPU3HAHO NOMEe3HbIM pacLuMpeHmne npubnuxatoLerocs
K OenuTernto NoToka, npoucxogsliuee, HanpumMep, 3a
CYeT pagmanbHOro KynoHOBCKOrO pactarnkuBaHus
paBHO3apsiAHbIX MOHOB, TaK Kak OHO Nepepacnpegensno
MaKCMMYM KOHLEHTPaLMN MOHOB C OCU MOTOKa (MecTa
nx B3ammogencTaus ¢ knmHom 10) Ha ero nepudepuio
[18, 19]. O heKTUBHBIM AN 9TOr0 OKa3arncs perynsatop
6, NO3BOMNALWNIA pacTArMBaTe NONEPEYHNK NOHHOIO
MOTOKa B NMPOTUBOMOJIOXKHbIE CTOPOHbI, CONAacHO Me-
CTOMONOXEHWIO BXOAHbIX OTBEpCTUIA KaHanos AN, Ons
3aLUNTbl UBMEHEHHON TakuM 06pa3om KoHGUrypauum
NOTOKa OT BO3MOXHbIX MCKaXKEHWS U AeDOKYCUPOBaHMS,
BbI3bIBAEMbIX NPEXAEBPEMEHHbBIM ENCTBUEM HA HUX
anekTpoctaTudeckmx nonen AWM, nepen Bxogom B
NOCrneaHU yCTaHOBUIM 3a3EMITEHHYI0 METANMYECKYHO
NPOBOJIOYHYIO ceTKy 7. Heobxoanmoe nameHeHme
TpaekTopuin MOHOB, Npoxoaswmnx Yepes AN, obe-
crnevmBany reomeTpus 1 anekTpocTaTuyeckue nons
ero kaHanoB. O PEKTUBHbIN BbIBOS MOHOB U3 3TUX
KaHaroB BbINOHANM 3NeKTponMTaeMble okycupytoLme
nnacTuHbl 13, cCHabXXeHHbIE COOCHBIMU OTBEPCTUSAMM 1
pacnonoXxeHHble Ha Bbixoae u3 [UI1. MNocneaytowme
BbINPSAMIIEHNE TPAEKTOPUIM NOHOB, UX (POKyCcupoBa-
HWe 1 AOCTaBKy B Macc-aHanusartopbl obecneuvvsanu
NnH3bI 14-16.

KpuBusHa kaHanos [, obnagatoLyx CBOACTBaMM
CEKTOpHbIX 3HeproaHanuaaTopos [16, 17], npegocTa-
BMMna 06CyX4aeMOMy MHCTPYMEHTY AOMONHUTENbHOE
npenMyLLecTBO — n3baBneHne perncTpupyembiX MOHOB
OT COMyTCTBYIOLLMX NPSAMONETALLNX PoHOObpasyto-
LLMX HENTparnbHbIX YacTuL, U (DOTOHOB C MOMOLLbIO NX
3MeKTPONoNeBoro NPOCTPaHCTBEHHOMO pasfaerieHust.

K coxaneHuio, 6bombapanpyemble He TOSNbKO
WMOHaMW, HO U ApYrMMK YacTuLaMu ceTka 7 U BXOAHas
YyacTb kaHanos OUI1 (ocobeHHo ocTpue knuHa 10), He
UMENu 3aLnTbl OT HAKOMIEHNS HAa CBOMX MOBEPXHO-
CTAX KOHAEHCUPYIOLLMXCS BELLLECTBEHHbIX OTIIOXEHUN,
yXyALawLmx cTabunbHOCTb U3MEPEHUI.

HacTpaunBas onTuKy 06CyxAaeMoro UHCTPYMEHTA,
OobvBanmMck MakCMMarnbHOro 3Ha4eHWs BbIXOOHbIX
curHanoB y obonx macc-aHanm3aTopoB. [Npumepsl
ONTMMarbHbIX 3Ha4YEHU NOTEHLMANOB 3NeKTponTae-
MbIX fieTanewn (NMH3) 4aHHOW ONTUKK, MCMONb30BaHHbIX
Npy aHanuae XnaKknx n Teepabix Npod, BBOOUMBIX B
MCI pa3HbiMu cnocobamm [25], npuBeaeHbl B Tabn. 1.

Kak BMAHO, onTumMarnbHble Habopbl 3HA4YEHUN
3MNEeKTPONOTEHUNAnoB Agetanen (MMH3), Nony4YeHHble
ONS pasHbIX TMNoB Npob 1 cnocoboB NX BBEAEHUS B
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Tabnuuya 1

OnNTUMManbHble 31eKTPONOTEHLMANbI AeTanel (IMH3) MOHHOM ONTUKKM (PKUC. 3), UCMNONBb30BaHHbIE A1A Pa3HbIX TUNOB NPo6

n cnocobos mx BBegeHuns B UCIN

Table 1

Optimal electropotentials of ion optics parts (lenses) (fig. 3) used for different types samples and methods of introducing

samples into ICP

Cnoco6 BeegeHus B VICIN ans pasHbix TMMOB BELLECTB
Homep u pacnonoxe- USN, pactBopsbl Cu, Co, | USN, pactBopbl 6en- MDMI, pactBopsbl LA, cTanb n meab
Hve fetanen (NMH3) La, Cs, In, Agun Sb [18, 19] | koB n yrnesogos [22] | Li, Mg un Pb [20, 23] [20, 21]
OnekTponoTteHumansl (B)
3 -180.0 -70.0 -10.0 -10.0
4 -22.0 -18.0 -220.0 -211.0
5 -174.0 -26.9 -99.0 -206.0
nes. 2.7 -2.39 0.0 -32.0
6 (A) npas. 2.3 -1.14 +0.3 -26.0
BEpX -0.8 -1.01 +3.5 -13.0
HK3 -0.8 -1.01 +3.5 -13.0
8 -83.0 -72.0 -67.3 -65.0
9 -85.0 -75.4 -72.4 -71.0
10 -70.0 -62.8 -59.4 -57.0
1" +20.0 H/O +75.7 H/n
12 -77.0 H/O -48.5 H/n
13 nes. -92.0 -207.0 -116.0 -105.0
npas. -200.0 -82.3 -169.0 -57.0
14 nes. -192.0 -165.0 -230.0 -228.0
npas. -200.0 -168.0 -218.0 -204.0
15 nes. -21.0 -28.0 -37.0 -70.0
Mpas -61.0 -25.0 -73.0 -116.0
16 nes. -5.2 +0.36 -0.9 -10.0
npas. -1.8 -16.0 -10.0 -90.0

0O603HavyeHns: USN — yabTpasByKoBoe pacnbineHmne xuakocter, MDMI — reHepupoBaHmMe Cyxoro MOHOAMCNEepCHOro
MUKPOaspo30s, LA — nasepHas abnauma T8epaplix Npob, H/o — HeT AaHHbIX

Note: USN — ultrasonic spraying of liquids; MDMI — generation of dry monodisperse microaerosol; LA —laser ablation of solid

samples; n/d — no data

WNCI, ncnonb3oBaHHbIE A1 aHANUTUYECKUX U3MEPEHUN
W SKCMIEPUMEHTOB, CYLLIECTBEHHO OTNIMYANNCh, YTO
XapakTepHOo 1 ANS TPpaAWLMOHHbBIX OAHOKaHamnbHbIX
Macc-CNeKTPOMETPOB.

Ot apyrux gecnekropos [16.17] QUMM otnnyancs
He TONMbKO 0CODEHHOCTAMM YCTPOWCTBA U 3KCMyaTauuu,
HO U1 CINOXXHOCTbBIO M3rOTOBIEHMS.

[ByxkaHanbHasi BXogHasi MOHHas onTuKa 06-
CYyX[aeMoro MHCTPyMeHTa No CBOEMY 3aMbICIy U
YCTPOWCTBY Oblfla CUMMETPUYHOW, HO Morna pabo-
TaTb ¥ Kak aCMMMeTpuYHas, brarogaps umeroLlencs
BO3MOXHOCTW UCKIOYEHNS OOHOrO 13 KaHanos 13
N3MepUTENbHOro Npouecca, Hanpumep, ¢ NOMOLLbIO
perynsatopa 6 [18]. OTo nocnyxunmno ocHoBaHMeM ans
BKITOYEHUS] AaHHOW OMNTMKM B HacTosAwmn ob3op, no-
CBSILLIEHHbIN OfHOKaHamnbHbIM CNeKTpoMeTpaMm, ans
03HaKOMIIEHWS YuTaTenemn c OTNNYMTENbHBIM CNOCOBOM
YFMOBOrO OTKIOHEHWS MOHOB.

3. AnoHCcKaa onNTUKa ¢ nonepeYyHbIM
KBagpynonbHbim gedpaeKtopom

3.1. Pa3pabotku Seiko Instruments Inc.

MepBeHcTBO (1994 1.) MICNONBL30BaHNS YKOPOUEHHOTO
KBagpynosbHOro gednekropa, pacnonoxeHHOro Mexay
nrasMeHblM MHTEPEENCOM U MacC-aHanM3aTopom
noA NPsIMbIM YrIioM APYF K APYrY AN IPSMOYrOfbHOMO
OTKIOHEHWS MOHOB B ONTWKE KBaAPYMNOSbHOIO CNEKTPO-
MeTpa (puc. 4) npuHagnexuT sinoHckon upme Seiko
Instruments Inc. (Seiko 1), opraHnsoBasLen B 1995r. [26]
CcepuiiHoe NpoM3BOACTBO Takoro npubopa, Ha3BaHHOro
SPQ 9000 [27, 28] n 3awuLLeHHOro nateHTom [29] B
1996 . BMecTO 06bIMHOrO OCEBOrO ANd Kagpynonemn
nponyckaHus OHOB 3TOT AednekTop obecneynsan
nonpeyHoe NponyckaHne NOHOB Yepe3 NPOMEXYTKM
MeXxay coceaHUMU CTEPXKHAMU. KOHCTpYKLMS oTnnya-
€TCSsl OTHOCMTENbHO MarbIM pasmepom, YTo obneryaet
€ro pasmeLleHue BHYy TP TECHOTO ONTUYECKOro OTCeKa
Macc-cnekTpomeTpa.

OKCTpaKTOp 2, BbINOMHEHHbIN B BUAE OTpe3ka
TpyOKK, 3a0CTPEHHOM Ha BXOAHOW CTOPOHE, Brivxe K
BbIXOAHOW CTOPOHE MMEN BHYTPEHHUI KOMNbLeoBpasHbIN

Al
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Puc. 4. Cxema oNTUKKM C NONEPEYHbIM KBAAPYNOAbHbIM
nebnektopom [28-33]: 1—cknummep; 2 —3KcTpakTop [31];
3 - IMH3a ANHLENA, COCTOALLLAA U3 TPEX METaIIMYECKMX
wamnb; 4 — BxoaHana anepTypa; 5 — KBaApyno/bHbIN
nebnexkTop; 6—GOKycHpytoLLiee YCTPONCTBO; 7 — BbIXOA-
Has anepTypa; 8 — KBaAPYMNO/bHbIM Macc-aHasM3aTop

Fig. 4. Scheme of optics with a cross quadrupole deflector
[28—33]: 1—skimmer; 2 —extractor [31]; 3—Einzel lens
consisting of three metal washers; 4 —entrance aperture;
5 —quadrupole deflector; 6 — focusing mechanism;
7 — exit aperture; 8 — quadrupole mass-analyser

3a0CTPEHHbIV BBICTYM, BLIMOSHSOLLMIA porib Avadpar-
Mbl, YMEHbLUAKLWEN AnaMeTp 1 paccesHne noToka
YacTuL, BbIXOASILLErO M3 3KCTpaKTopa. ATO NO3BONSANO
MUHUMU3NPOBATbL KOHTAaKTMPOBaHME 3TUX YacTuL, C
NPOXOAHOMN HYaCTbto NMUH3bI ANHLENS U, CreaoBaTenbHO,
€€ NOBEPXHOCTHOE «3arpsi3HeHne» BeLLeCTBEHHbIMA
KOHOEeHCaTaMu, U3MEHSAOLLMMM 3NeKTponoTeHUuarnsbl
NMH30BbIX LWanb.

KBagpynonbHbin gednektop 5 cocTosn n3 Yetbipex
OOMHAKOBbIX METANINYECKUX CTEPXKHEN, COU3MEPUMbIX
no ANVHEe AnameTpy Wanb nuH3bl AiHUENs 3 ¥ UMEeLLIMX
B nonepeyHuke opMy ceKTopoB. MNMoaKMIYEHHbIN K
NCTOYHMKY aneKkTponutaHus gednektop obecneymsan
MPOCTPaHCTBEHHOE pa3feneHre NoCTynawLWwmX B HEr0
yactuy NCIT: nHepTHbIe K ero anekTponosto ¢oTo-
Hbl U HENTparnbHble YaCcTULbl COXPaHANN UCXOOHOe
NPsSIMONIMHENHOE ABMXEHWNE U Nokuaanu gednekrop
yepes3 NPOTUBOMONOXHbIA OTHOCUTENBbHO BXOAHOIO
MEXCTEPXXHEBOW NPOMEXYTOK (MYHKTUPHASA NUHWKS),
BblNagas U3 u3mMepuTenbHOro npouecca, a MoHbI Nog
OENCTBMEM 3MEKTPOMNONSA OTKMOHANNCH Ha NPSIMOW
yron. ®okycrpoBaHune NOCNeHNX Ha BXO4 Macc-aHa-
nusatopa 8 obecneynBan perynatop 6, cocTosAwui
N3 CUMMETPUYHO OKPY>KatoLLLMX MOHHBIN MOTOK rpynmbl
pa3genbHbIX OOUHAKOBbIX METANNMYECKMX YPaBsio-
LmMX anekTpoaoBs. ABTOpbI [29] Aonyckanu npuMeHeHne
OT OZIHOW [0 YETbIpEX Nap Takux dNeKTpoaoB pa3Hom
KoHurypaumm. B nepsom cnyyae ato mornm 6biTb
[OBE MOJTIOBMHKMN OTpe3ka TpyObl, a BO BTOPOM — Habop
8 nnacTuH (puc. 5).

12
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Puc. 5. BapuaHTbl dokycupytowlero yctpoincTea [29] ana
ONTUKM (GPOHTaNbHbIN BMA): 1 — ABa yNPaBAAOLLMX
3/1IEKTPO/A; 2 — BOCEMb YNPaB/SIOLLMX 3/1EKTPOA0B

V@Y
]

Fig. 5. Variants of focusing arrandement [29] for optics
(front view); 1 — two governing electrodes; 2 — eight
governing electrodes

Mocnepytollee pa3snTne KBaApPyNOSbHON ONTUKK
Seiko Il, obcyxpgaemoe B nateHTax [29-32], umeno,
no-B1AMMOMY, NMOVCKOBLIA XapakTep. ATO Kacanocs,
B YaCTHOCTW, OpraHmn3aumm NnuTaHms nmH3 ontukm [30],
NCNONb30BaHWs 3KCTPaKTOpa MeXay CKUMMEPOM U
nuH3on AnHuens [31], Boilbopa MecTa Ans pasme-
LLIeHMS BaKyyMHOW 3a4BVXKKN B MPOMEXYTKE MexXay
nHTepdericom n gednekropom [31, 32]. B yactHoCTH,
pacnonoXeHune 3afBMXKN MeXAY CKUMMEPOM U JINH30M
AnHuens, obecneynBano 4OCTYN K 3KCTPAKTOPY (Ans ero
O4NCTKM) 6E3 OTKMHOYEHNS BaKyyMUPOBAHUS OCTanbHON
YacTu ONTWKU U Macc-aHanmnsaTopa C JETEKTOPOM.

CepuiiHbii SPQ 9000 c nHgekcamm A v H Hawen
ONUTENbHOE N pa3HOOOpa3Hoe NPUMEHEHUE NPeUMy-
LLLEeCTBEHHO B ANoHuW.

3.2. Pa3pabotku Hitachi Ltd.

Pa3sBunBas BbllepacCMOTPEHHbIE AMNOHCKME
paspaboTkn, pupma Hitachi Ltd. B 1999-2000 r.r. 3a-
naTeHToBana CrnekTPOMeTPbl C MOHHOWN NOBYLLKOW (B
KayecTBe Macc-aHanusaTopa), ucnonb3yowue ns
NPSAMOYrofibHOrO OTKMOHEHUS NOCTYNALWMNX B ONTUKY
MOHOB NoMepeYHbI KBaapynosnbHbln aednektop [34]
WIN CEKTOPHbIN 3HeproaHanuaaTop [35].

4. OntukKa Hewlett-Packard ¢ mynbTMnonbHbIm
pednektopom

B 1999 r. komnanusa Hewlett-Packard Comp.
3anateHToBana [36] BO3MOXHOCTb MCNOSb30BaHUSA
B Ka4eCTBe OMTMKM CNEKTPOMETPA MyrbTUNOMNbHOIO
MOHOMPOBOAA, COCTOSILLEr0 M3 ABYX NOCNEeA0BaTebHbIX
yacTen ¢ pa3Howm opueHTaumen (puc. 6). BxogHown vo-
HOMpoBoZA 1 COCTOSAN U3 MPSIMONTMHENHOO MYbTUNONS,
pacronoXeHHOro COOCHO C NNa3MeHHM MHTEPXENCOM.
M3MeHeHne opueHTaLumn BbIXOAHOIO MynbTUNONSA
3 noHagobunock ANs yrnoBoro OTKNOHEHUSI MOHOB
nepen BBeAEHUEM B MacC-aHanu3aTop C Lenbio nx
0CBOOOXAEHNSI OT MELLaKLLMX YacTul, 1 OTOHOB. Kak
BMAHO, JOCTUraeMblil 34eCb Yron OTKIIOHEHNS NOHOB
OT UCXOQHOro HanpaeneHus 6bin TynbiM. CBegeHun
O MpaKkTMYeCcKon peanusaumm 3Ton pa3paboTKn He
0BHapyxeHo.
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Puc. 6. BapnaHTbl CNEeKTPOMETPOB C NOCAEA0BATENbHbIM
MYNbTUNONbHBIM AednekTopom [36]: 1 — BXoAHON
MYNbTUNObHBINA MOHOMPOBOA,; 2 —NepBas anepTypa;
3—BBepxy - AedAeKTop C NPAMOSMHENHOMN BbIXOAHOM
YacTbto; BHU3Y — AeNEKTOP C U30rHYTOM BbIXOAHOM
YacTbto; 4 —BTOPaAsn anepTypa; 5 —macc-aHanmsaTop

Fig. 6. Variants of spectrometes with a sequential multipole
deflector [36]: 1 — input multipole ion conductor;
2 —first aperture; 3 — top — deflector with straight
exit part; bottom — deflector with curved exit part;
4 —second aperture; 5 — mass-analyser

5. Paspabotku Varian
5.1. OnNTUKA C MIOHHbIM 3epKaioMm

MnoHepom (1998-1999 r) npakTUYECKOro UCMOMb-
30BaHMA 3NEKTPOCTATUHECKOrO MOHHOIO 3epkana B
kayecTBe AednekTopa Ans NpsMOYrofIbHOrO OTKITOHEHMS
nccrnegyembix MOHOB B KBaApPYNOSbHbIN Macc-aHanm-
3aTOp CEpUIHbIX CNEKTPOMETPOB (puc. 7) okasanach
aBcTpanuiickasa ompma Varian, 3awmutmsLuasi npu 3T0M
HOBW3HY CBOUX pa3paboToK MHOXECTBOM NaTEHTOB, Ha-
NOMHeHHbIX pa3HoobpasHbIMU naesamm [37-53]. MHTepecHo
OTMETUTb, YTO MX AaBTOPOM SABUIICS ObIBLUWI COBETCKMN
du3uk KO.B. KannHnyeHko. BHelHWI BUA, XxapakTepu-
CTUKa pa3HbIX MOAENen COOTBETCTBYOLLNX CEPUMHBIX
npubopos (Varian ICP-MS, Varian 810-MS n 820-MS)
1 obnacTu ux NPMMEHEHUss UMEIOTCS B peKiaMHbIX
npocnekTax, MHCTPYKLMSIX, a Takxe B nyonukaumsx [4,
5, 54-81]. TpexcTtagniiHoe BakyyMUpoBaHue nepsBbIX
MoZenen aTux npubopos obecneynBano cneaywLlee
paspexeHue (Ma): B uHTepdeice (2.6-5.3)10% B onTuke
(1.3-3.9):10%; B Macc-aHanusaTtope MmeHblue 1.3-10-3[44].

B kayecTtBe rmaBHOro 3epkanoobpasyoLiero
YCTPONCTBa 3AeCb ObINO NCNONBb30BaHO MeTaNnYyeckoe
LanbosmaHoe KonbLo 6a/66 (cocTaBNeHHOE U3 YeTbIpex
OTAENbHbIX CETMEHTOB-3MEKTPOAOB, 3aKPENeHHbIX Ha
N30MMpYHOLLIEV KObLIEOOPa3HOM NOAMOXKKE), HAKITOHHO
pacnonoxeHHoe B6nun3n imH3 5, 9 n 10 MOHHOM ONTUKMN.
dopmupoBaHme napabonumyeckon [56] koHurypawumm
3MEKTPOCTaTUYECKOro Noss 3epkana, HeobxoAMMon Ans
OPTOrOHarnbLHOro OTKNOHEHUS NOANEeXalux aHanuay
noHoB (noctynatowux u3 NCI1) u nx nocnegytoLlero
TPEXKOOPAMHATHOrO hOKYCMPOBAHMS OCYLLECTBISNM
COOTBETCTBYHLLMM NOAKMOYEHNEM PA3HOMONAPHbIX
NMOTEHLMAaNoB: NONOXMWTENbHbBIX K CErMeHTaM KOfb-
La 3epkana u oTpuyaTenbHbIX K nnH3am 5, 9 n 10.
YnpaBneHue ABMKEHUEM N TpaekTOpUeEn aHanmnsmpy-

Puc. 7. Cxema ONTUKM C MOHHbIM 3epKanom [37-44] (B ckobKax
noTeHumansl AnH3, B): 1 — camnnep; 2 — cKUMMep;
3 —3KCTPAKTOP UMAMHAPUYecKon popmbl (0T-300 f0

-400); 4 —BcnomoraTenbHas MH3a (o1 -300 o -400);
5 — BbIxoAHasA MMH3a (0T -100 a0 -1000); 6a — KonblLO
MOHHOTO 3epKana (Bna cboky); 6b—dpoHTanbHbIN BUA,
KO/IbLLa MOHHOTO 3epKana (Ha Kax oM cermeHTe KobLa
01010 +400); 7—NopT v HanpaBAEHWE BaKyyMUPOBaHUA
MOHHOM ONTUKK; 8 —HanpaB/ieHWe BbIXO4a HENTPANbHbIX
YacTuL M GOTOHOB; 9 —BCNOMOraTe IbHasA OTKAOHAKLLAA
nmH3a (0T-140 no -1400); 10— BxoAaHas anepTypa (010
00-50); 11— andepeHumansHas aneptypa; 12 —nopt
W HanpaBieHWe BaKyyMUPOBaHUA UHTepdeiica; 13 —
MCKPUBAEHHDIV (C NapannenbHbIM CMeLLLeHUEM BXOAHOTO
Y BbIXOAHOTO y4acTKoB ocu — off-axis) KBaapynosbHbI
npeadunsTp; 14 —KBaAPYNObHbINA MacCc-aHaNN3aTop;
15 — KOHe4YHada anepTypa; 16 — NopT 1 Hanpas/ieHne
BaKyYMMPOBAHWUA MacCc-aHaNM3aTopa; 17 — AeTekTop
lMpumeyaHue: pacnonoxKeHWe Macc-aHanm3aTopa
BHYTPW PAacCMOTPEHHOrO cnekTpomeTpa 6bin0o
FOPU30HTANbHbBIM

Fig. 7. Scheme of optics with an ion mirror [37—-44] (lens
potentials, V, are given in parenthesis): 1 — sampler;
2 —skimmer; 3 —cylinder shaped extractor (from—-300
to—400); 4 —auxiliary lens (from =300 to —400); 5 —exit
lens (from =100 to —1000); 6a — ring of the ion mirror
(side view); 6b — frontal view of the ring of the ion
mirror (from 0to +400 on each ring segment); 7 —port
and direction of vacuuming of ion optics; 8 —direction
of exit of neutral particles and photons; 9 — auxiliary
deflecting lens (from—140to—1400); 10 —exit aperture
(from 0to—50); 11 —differential aperture; 12— port and
direction of vacuuming of interface; 13 —curved (with
parallel displacement of entering and exiting parts of
axis — off-axis) quadrupole prefilter; 14 — quadrupole
mass-analyser; 15 —terminal aperture; 16 —port and
direction of vacuuming of mass-analyser; 17 —detector
Note: position of mass-analyser inside this spectrometer
was horizontal

13
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€MbIX NOHOB B 30HE JEWCTBUS 3epKarna ¢ KOHEYHOW
Lerbio X TOYHOro nonagaHusa B oteepctme NuH3bl 10
BbINOMHANM BapbMPOBaHNEM Pa3HOCTH NOTEHLMANoB Ha
NPOTUBOMONOXHbIX CErMeHTax kosbLa. MNpu atom 6oko-
Bbl€ CErMEHTbI CMYXXWUINN AN MONePeYHOro HaBeAeHNs
akcTparmpoBaHHoro ns MICI noHHoro notoka B LEHTP
KOnbLa, @ OCTarnbHbIe — ONTUMU3UPOBANM PACcMoNoXeHne
TPaEKTOPUN OTKIIOHAEMOro NOTOKa MeXAy 3epkanom
n nuH3on 9. BapbupoBaHne noTeHumanos nuH3 5, 9
n 10 obecneunBano JONOMHUTENbHYH BO3MOXHOCTb
pPEerynmpoBaHusl TPAeKTOPUN MOHOB.

MpaBunbHO HACTPOEHHOE 3epKaro AOMKHO BbINo
OTKINOHSATb B Macc-aHann3aTop (C 3pHEKTUBHOCTLIO
nepeHoca =80 % [55, 56]) MOHbI TONBKO TEX aHANWTOB,
KMHeTU4eckasi aHeprna KoTopbix He npesbiwana 10
3B [37-40] He3aBucuMO OT ee pacnpefeneHus. 1o
Ba)kHOe ycroBue, Heobxoaumoe ans aheKTMBHON
paboTbl KBagpynonbHoro Mmacc-gunetpa. MNMpu atom
NCXo4Has NPSAMONUHENHAsA TPAEKTOPWS CONYTCTBYHOLLIMX
HenTpanbHbIX YacTuy u otoHoB UCI coxpaHsanach
Hen3meHHoW, obecneunBatoLLen MM cBOOOAHbLIN NPOXOA
Yyepes LIeHTp 3epKana BHYTpb BakyyMMpyeMoro nopra
7 noHHowm onTukK. 3basneHne nognexawmnx aHanmay
MOHOB OT KPYMHbIX, MONIMATOMHbIX U APYTNX MOHOB C
aHepruen 6onblie 10 3B gomkHo BbINo NponcxoanTb,
No-BUAMMOMY, 3@ CHET HEMPSIMOTO YrIa MX OTKIIOHEHNS
3epKarnom, MCKIoYatoLLEero X NPOHWKHOBEHWE BO BXOA-
Hyl0 anepTypy Macc-aHanu3atopa. [epeuncneHHble
cobbITVS: yaaneHne mellatLwmx YacTumL U3 noToka
aHanuaupyeMblX MIOHOB, OPTOrOHarnbLHOE OTKIIOHEHMe
nocnegHuX 1 nx oKycMpoBaHUE Ha OCb Macc-aHanmaa-
TOpa NPOUCXOAWIN OQHOBPEMEHHO C MCMONb30BaHNEM
MUHUMAaIbHbIX KONIMYECTBA AeTanen n BHyTPEeHHero
NPOCTPaHCTBa MOHHOM ONTUKW. [Tpy 3TOM BbiN JOCTUTHYT
KpaTyanLwmi nyTb AN NponeTa YacTuL, nnasmbl Mexay
CKMMMEPOM U Macc-aHanu3aTopom (6 cMm BMecTo 17 cm
1 6ornee y KOHKYPUPYHOLLMX CEPUMHBIX CNIEKTPOMETPOB
C Apyron MoHHoW onTukon [37-40]), 4TO ymeHbLLano
BEPOSITHOCTb TPAHCMOPTHLIX MOTEPb UOHOB.

VcnbiTaHns aKCcnepuMeHTanbHOro ak3emnnsipa
o6cyXaaemoro Macc-crnekTpoMeTpa, cobpaHHoro 6e3
KBagpynonbHOro M30rHyToro npeadunstpa nepeg
BXOJOM B Macc-aHanusaTtop, NOATBEpAUNN ero pa-
60TOCNOCOBHOCTD, a TaKXe 0XnaaemMoe yBenmyeHne
WHTEHCUBHOCTMW MOHHBIX CUrHANoB (MMN/C), HO TOMbKO Y
TSPKENbIX 3NIEMEHTOB, AocTUraemoe, Hanpumep, 1.56:10°
y uHgus n 2.01-10° y Topusa ¢ ux KOHLEeHTpauunen B
pacTtBopax 1 mkr/n [40].

K coxaneHuto, MHTEHCUBHOCTb MOHHbIX CUTHAroB
Nerkmx 3f1eMeHTOB TOW e KOHLEHTpauun okasanach
Ha aBa nopsigka MeHblle (Hanpumep, 1-104 umn/c y
6epunnus [44]), a conyTcTBYHOLLMIA UM hOH ObIN BbiLe
A0NYyCTUMOrO U YBENWUYMBANCS C POCTOM Hanpsi>KeHUN
Ha dokycupyoLwmx nnH3ax. NMoatomy npeaensi obHa-
PY>XEHUsI NErknx anemMeHToB ObiNn HeYy4OBNEeTBOPU-
TenbHble, YTO YKa3blBano Ha HeJOCTaTOUHYIO A1 HUX
3(pheKTUBHOCTL paboTbl MOHHOIO 3epKana.

MosiBNeHne BbICOKOro ooHa 6bIn10 06BbACHEHO
nonagaHvem Ha 4eTekTop HeCTabunbHbIX MOHOB [8] 1

14,

¢pOTOHOB, BO3HUKAIOLLMX B pe3ynbrate 6oMOapamMpoBKu
CTepPXXHeW rnaBHOro KBaapynosns HemTparnbHbIMK aTo-
Mamu, NPOHUKAKLLMMK B Macc-aHanu3aTop nocne nx
0bpasoBaHuns BCNeACTBNE CTONIKHOBEHUIA HEKOTOPOTO
KONM4YecTBa OTpaXKeHHbIX 3epKarioM ObICTPbIX MOHOB
NErknx 3aNIeMeHTOB C aTOMaMu OCTaTOYHOro rasa (co-
XPaHSIOLWErocst BHYyTPU MOHHOW ONTUKKU) U COOTBET-
CTBYIOLLLEr0 pe30HaHCHOro 3apsiioBoro obmeHa [44].
Kuncny npnyvH nageHns IHTEHCUBHOCTU MOHOB
NErknx aneMeHToB NPeAnoNoXUTENBHO MOXHO OTHE-
CTV UX paguanbHble NOTEPU, Bbl3BaHHbIE, BO-NEPBbIX,
KYJIOHOBCKUM MPUTSKEHNEM 3TUX MOHOB K BHY TPUCKUM-
MepHbIM NMH3am 3-5 (puc. 7) BCneacTBmne BbICOKUX
oTpuuaTtenbHbix MoTeHumanos nocnegHux (ot -100 go
-1000 B); BO-BTOpbIX, KYTOHOBCKAM OTTanKMBaHMEM
nerkux MOHOB B MpoLuecce UX NPOXoXAeHnsa Yepes
NONOXUTENbHbLIN NPOCTPAHCTBEHHbIN 3apsa, BO3HU-
KaloLlMi Ha BXode B Macc-aHanuaaTtop BCneacTeme
npeaBapuTENbHOro BHY TPUCKMMMEPHOTO 3baBneHuns
3KCTPArMpoBaHHOIO MOTOKA Nfa3Mbl OT AMIEKTPOHOB, a
TakXXxe HEKOTOPOro TOPMOXEHMS NOTOKa U3-3a oTTan-
KMBaloLLLero AeNCTBUS NONOXUTENbHbIX NOTEHLMANOB
(oo +400 B) cermeHTOB 3epkana, pe3koro usMeHeHust
TPaAEKTOPUN MOHOB OKOJTO 3epkarna 1 y30CTu Npoxo4a
yepes BXOAHY anepTypy 11 macc-aHanusaTopa.
[pyron n BO3MOXHO rmaBHON NPUYMHON NosiBREe-
HWS BblLLEYKa3aHHbIX Npobrem SiBUNoCck BpPe4OHOCHOE
OENCTBME Ha noanexaline aHanmay MoHbl BXOOHOro
kpaeBoro anektponons (fringe field) ctepxxHen kBagpy-
NONbHOro Macc-aHanmaaTtopa, 06bI4HO ocnabneHHoro
OTHOCUTENbHO paboyero Nons NocrneaHero v Bbl3BaH-
HOro OTCYTCTBUEM B UCMbITYEMOM Npubope BXOAHOro
KBagpynonbHoro npeadunetpa. ObbIMHO 3TO NPMBOANT
K HexxenaTenbHbIM U3MEHEHUSIM CBOMCTB UOHOB, B
YacTHOCTH, yTpaTe NX NPUHAAIEXHOCTH K HE06X0aNMOM
Mpwv 3TOM NepBoK 06nacTi cTabunbHOCTY (OLLEHMBAEMOM
MO U3BECTHbLIM YpaBHEHVAM 1 guarpamme Matbe [18,
82-85]), TopmOXXeHUI0, HeAONYCTUMBIM KonebaTenbHbIM
XapakTepucTukam 1 KoopauHaTam MOHOB, yXYALLEHUIO
nx OKYCMPOBaHMS M MOTEPSIM HA BXOAE B aHanM3aTop
1 BHYTPU HETO CO BCEMM BbITEKAOLLIMMM 13 MEPEYNCIIEH-
Horo HegocTaTkamy NOAOBHLIX CNeKTPoMeTpoB [8, 84].
Mpobnemy pewunnu pasmelieHneM Mexay
aneptypou 11 1 kBagpynonem macc-aHanusatopa 14
OTAENbHOrO KOPOTKOro KBaApymnornbHOro MOHOMPOBO-
aa-npeadunetpa 13, M30rHyTOro ¢ napannenbHbIM
(off-axis) cmeLLeHneM KOHLEBbIX Y4aCTKOB, COOCHbIX
Ha BxoJe ¥ Bbixofe ¢ anepTypoun 11 1 rmaBHbIM KBa-
apynonem 14, cooTBeTCTBEHHO (puc. 7). Ponb aTtoro
MOHOMPOBOAA, MMTAEMOr0 TOSbKO BbICOKOYACTOTHBIM
HanpsKeHWeM, 3akntoyanacs B cregytolem. Bo-nepsbix,
OH ocrnabnsin BpegHoe BNusiHWe Kpaesoro nons [8, 9,
43], BO3HMKaIOLLEro Ha BXOAHOM CTOpPOHe paboTatoLLero
kBagpynons 14, cyLlecTBEHHO yBENMYMBAS TEM CaMbIM
€ro NponycKaemoCTb, YTO OCOOEHHO BaXXHO N5 NErknx
MoHOB. Bo-BTOpbLIX, € NoMoLbto off-axis TexHonoruu
[4-6] oH QOMONHMTENBLHO 3alULLAaN MOHHbLIN KaHan
kBagpynons 14 oT NPOHUKHOBEHMS B HEFO HEUTparb-
HbIX YacTuL, 1 POTOHOB (B Criy4ae Ux BO3HUKHOBEHMS
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Tabnuuya 2

CpaBHeHMe 3HaYeHUI MHTEHCMBHOCTM CUTHA/IOB Pa3HbIX MOHOB, NOyYaeMbIX C NoMoLLbto npubopa dupmsl Varian (puc.

7) c ucnonb3oBaHnem npeadunstpa 13 1 6e3 Hero [44]

Table 2
Comparison of intensity of signals of different ions, obtained on a Varian spectrometer (fig. 7) with and without a prefilter
13 [44]
VsoTon VHTEHCUBHOCTb, UMn/c
Bes npeadunstpa C npeadunsTpom

°Be* 5102 - 1-10* 7104 -1,1-10°

#Mg* 210%-110° 2,5-10° - 4105

%Co* 1-10° - 3-10° 4-10° - 8105

St 210% - 5-10° 1106 — 1.3-108

232Th? 6-10°- 1-10° 6.5-10° - 1-10°

B MOHHOM MOTOKE MOCHe ero OTPaXeHnst OT MOHHOIo
3epkana). CpaBHUTENbHbIN NTpUMep NofyyYaeMblix Npm

3TOM MHTEHCUBHOCTEN CUrHaNoB (4yBCTBUTENIBHOCTEN)

pasHbIX M30TOMOB NPU UX KOHLIEHTPauwmm B pacTeopax 1

MKr/N NnpuBeaeH B Tabn. 2 [44]. N3 aTnx gaHHbIX BUAHO,
4YTO U3OTHYTbIN NpeadunsTp AencTBUTENBHO 06ecne-
YuMBan CyLeCTBEHHOE yBENUYEeHNEe NHTEHCUBHOCTEN

WOHOB NETrKMX 1 cpegHMx macc.

OpHoBpeMeHHO aBTOpOM npubopa Obina pac-
CMOTpeHa TeopeTnyeckasl BO3MOXHOCTb pa3MeLLeHns
nepeg Macc-aHanu3aTopoM KBaApynoOfbHbIX MOHO-
NpoBOAOB-NPeadUNLTPOB ApYrnx KOHUrypauui [44]
(puc. 8).

[anbHenwmne ycunus no MogepHnsaLmm obcyx-
Aaemoro npubopa 6binu HanpaeneHbl Ha pa3paboTky
HOBbIX U30MpaTenbHbIX cNocob0B peKOMOMHALIMOHHOTO
1 QMCCOLMAaTUBHOTO NOAABIEHNS CNEKTPANbHbIX MOMEX,
C03aBaeMbIX AByX3apsaHbIMU Y NONATOMHLIMU MOHAMU
NCI[86, 87], c nomoLLbto anekTpoHHoro [45-48], ynnoT-
Hstowero (restrict) [49, 50] nnu razoBoro (peakumoHHoro/
CTONKHOBUTENBHOrO [51-53]) NokansbHOro BO3AenCcTBms
Ha NOCTyNalLLMIN B Macc-CneKTPOMETP NOTOK YacTuly
B OAHOM UINN HECKONbKNX y4acTKkax ero TpaekTopum.
[nsa aToro npoekTMpoBanu COOTBETCTBYHOLLME MOP-
TaTMBHbIE YCTPONCTBA, COOCHO OKPY>KatoLLne NOHHbIN

AN 00

Puc. 8. [lpyrve BapraHTbl KOHOUTYPaLMM KBALPYNOAbHOIO
npeadunsTpa Macc-aHanM3aTopos Gupmbl Varian [44]:
1 —NpAMOAMHENHbIN HAKNOHHbIN; 2 —U30THYTbIN; 3 —
M30rHY Tl OPTOrOHA/bHBbIN; 4 —NOKaNbHO U30THYTbIN

Fig. 8. Other variants of configuration of quadrupole prefilter of

Varian mass-analysers [44]: 1 —straightforward inclined;
2 —curved; 3 —orthogonal curved; 4 —locally curved

MOTOK, MPUro4HbIE AJ151 pa3MEeLLEHNS U MCMONb30BaHUs
B pa3HblX MeCTax Macc-CrnekTpomeTpa.
OneKkTpoHHOE nofasneHne nomex Tpebosarno
HanMymsa BHyTPY TakUx 4OCTATOYHO BaKyyMUPYEMbIX
(npeanoytuTensHo <1.3-10" Ma) ycTponcTe oceBoMn,
pacnpefeneHHon Ha paccTosHun 1-4 cm nonynauumn
CBOOOAHbIX 3NEKTPOHOB C 3Hepruen Ao 5 3B u nnot-
HocTbto 10-10" cm3. [Ins peanusauum aTux ycrnosumn
ObInM NpeanoxeHsl ABa cnocoba. MepBbIi onuparncs
Ha NCMONb30BaHNe ABYX ANEKTPONMTaeMbIX KaTyLlek
(NepByto 13 KOTOPbIX pacnonarany BHyTpu Nra3mo-Ba-
KYYMHOro nHTepdeinca, a BTOpy Nocre Hero), unu
O[HOW N3 HUX, CO3AaloLWnX MarHUTHoe none, ocTa-
TOYHOE A5 BbITArMBAHMWS Ha CBOO OCb 31IEKTPOHOB 13
3KCTParMpoBaHHOrO NIa3MeHHOro NoToka. Bropor 6bin
CIOXHEe 1 3aKI4arncs B UCNOMb30BaHUN O4HOW UK
HECKOSbKMX 3NEKTPOHHbIX peakLMOHHbIX siyeek (ERC),
CHabXeHHbIX COBCTBEHHBIM MCTOYHUKOM 3MIEKTPOHOB C
BO3MOXXHOCTbBH PEryNMPOBaHUS X SHEPTUM U MIIOTHO-
ctun. KoHetpykumsa ERC (puc. 9) oTnmyanace oT Apyrux

2|l

Puc. 9. Cxema ycoBepLUeHCTBOBaHHOM auelikn ERC [45-48]: 1 —
Kopnyc; 2 —naTpyboK AN BBOAA NOMEXONOAABAAOLLETO
rasa; 3 — UMAMHAPUYECKUA KaToa (anameTtp ~14 mm,
ToAMHA CTeHKM ~0.1 MM); 4 — nepBsas LMANHAPUYEeCKan
ceTKka (amameTp ~12 mm); 5—BTOpas LMAMHAPUYECKas
ceTka (anameTp ~10 MMm); 6 — MOHHbIM NOTOK

Fig. 9. Scheme of an improved ERC cell [45—-48]: 1 — body;
2 —tube forintroduction of interfrerence-suppressing
gas; 3 —cylindrical catod (ca.14 mm diameter, ca. 0.1
mm wall thickness); 4 — first cylindrical grid (ca. 12
mm diameter); 5—second cylindrical grid (ca. 10 mm
diameter); 6 —ion beam

15
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yCTPOWCTB Nogo6HOro HazHaveHus [7, 88-92] uunuH-
ApvyecKkor OpMON BHELLHENO MCTOYHMKA 3NIEKTPOHOB
(kaToga) n Hanuynem AByX CETOK, PacnonoXeHHbIX
KoakcuanbHO OCU f4eiku, YTo obecneynBano paBHo-
MepHOEe perynmpyemMoe aneKTpoHHOe 00ny4yeHne Bcex
CTOPOH MOHHOTO MOTOKA, NPOMYCKaeMOro Yepes 4eNkKy.

Aveiika Mmena LMNMHAPUYECKMIN BONIbd)pamoBbIn
katopn 3, pasorpeBaemsbii TOKOM 3 A C HanpsxeHnem
0.5-1.0 B po Temnepartypbl 2500-3000 K, obecneynsato-
LLLeVt HeOBXOMMYH0 AMUCCHUIO ANEKTPOHOB. [NoTeHuman
KaTofa oTHocuTenbHO 3emnu coctasnsan -10 B. Nepsas
uMnuHgpuyeckas cetka 4, nutaemas perynmpyemMbim
nonoxwuTensHelM noteHumanom 90-200 B, Hanpasnsna
ncnyckaemble KaTo4oM 3NEKTPOHbI BHYTPb SUYENKUN U
M03BOSsANa KOHTPOIMPOBATb UX NIIOTHOCTb, B YaCTHOCTH,
C nomoLbto acpdpekTta LWWoTTkKN. BTOpas unmnuugpuye-
cKas ceTka 5 cnyxuna gnsa ynpasneHus aHepruen
3MNEKTPOHOB B A4evike, onpeaenseMon no pasHocTu
NOTEHLMANOB MEXyY 9TOW CETKOW U kaTogoM. Hanpumep,
AN NOMyYeHNs 3HepPrMmn anekTpoHoB 5 3B noTeHumnan
BTOPOW CETKMN A0MKeH ObITb paBHbIM -5 B.

Mepsbii BapmaHT ERC BMecTo kopniyca 1 umen
TOINBKO NonepeYHbIe CTEHKU, CHAabXeHHbIE NPOXOAHBIM
OTBEPCTMEM Ha OCU N NUTaeMble OTpULaTenbHbIM
NoTEeHUMarnoMm, yaepXxvBatwLum 3IEKTPOHbI BHYTPU
saverikn. CornacHo pacyetam [45-48], execekyHOHO
B LEHTP S4enku (C noTeHumnanom nepson cetkn 90
B) noctynano 10" aneKkTpoHOB, KaX bl U3 KOTOPbIX
3agepxuBancsa Tam Ha 1 mc. Mpy 3TOM NNOTHOCTb
3IeKTPOHOB B s4elike cocTaBnsana 3-10%cm 3. Mpun
HeoBX0AMMOCTU BPEMSI XKN3HU INIEKTPOHOB B SiYENKe
MOXXHO OblIf10 YBENMYNTb, MOMECTUB €€ B KOAKCHasnbHoe
MarHuTHoe none. Hegoctatkom atoro BapuaHta ERC
Oblnia BO3MOXHOCTb pekoMOUHaUMoHHoro obpaso-
BaHMS MeTacTabuIbHbIX aTOMOB, YBENMYMBAOLLNX
Macc-crnekTpanbHbI GOOH.

BTopow ycoBepLueHcTBOBaHHbIV BapuaHT ERC
oTnunyarncs npuMeHeHWeM BoAopoaHoro obayea cogep-
KMMOTO LIEHTPASILHOW YacTu S4eikK, A1 3TOro 3aKpbITOW
kopnycom 1, cHabeHHbIM NaTpyoKkoMm 2 AN BBOAA rasa
1 0CEeBbIMM OTBEPCTUSAMM A8 TPOX0oAa nnasmbl. AToT
06ayB npefocTaBnsAn A0NOMHUTENbHbIE BO3MOXHOCTH
NOBbILLEHMS 3PDHEKTUBHOCTM paboThl sueinku. Beibop
BOAOPOAa Obin CBSI3aH C €ro HU3KOWM MacCOM U BbICOKOM
peakLmoHHO cnocobHOCTLI0. Bogopoa, nocTynaroLmii B
AYENKy, B MPOMEXYTKE MEXAY ee CeTkaMu nogseprancs
yOapHON MOHU3ALMKW, CO3,aBaEMOW ANEKTPOHaMK, NeTs-
UMMM OT KaToAa K LLEeHTpY si4enkun. lNMonyyYeHHble Takum
obpa3om noHbl Bogopoaa H* ocnabnsanu mewatouee
BMMSIHWE NPOCTPAHCTBEHHOIO 3NIEKTPOHHOTO 3apsa
B LLEHTPE AYENKN, BOZHUKAIOLLLEE TaM NMPU YPE3MEPHO
BbICOKOM NIIOTHOCTY 3NeKTPOHOB. PaccesHue Bogopoaa
Ha ocu siyenkn bnarogaps ero caMon nerkon macce
3HAYUTENBHO YMEHbLIANo BO3MOXHOCTb paccesHus
n noTepb MOHOB aHanuToB. Bogopopn obecneyvrBan
OOMOSTHUTENBbHYH BO3MOXHOCTb YMEHbLUEHUS Yncna
NpoxoasLLmMX Yepes s4erKy MHOTOYUCIIEHHbIX MELLato-
LUMX MOHOB aproHa brarogaps nerkoctn obpasoBaHus
OBYXaTOMHbIX MOHOB ArH*, ycTpaHsiembix U3 4ymicna
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MeLLaoLWmxX aNeKTPOHHOW HenTpanuaaumein. bonee
noapobHO C COOTBETCTBYOLW MMM 06CYyXaaemon Teme
npoueccamv pekoMbrHaumm, guccoumauum, accouma-
LUK 1 NPOY. C y4acTUEM aTOMOB, MOHOB U 3NIEKTPOHOB
MOXHO O3HaKoMUTbCS, Hanpumep, B [93]. Cpean H1x
cnepyeT 06paTuTb BHUMaHUe Ha nany4daTenbHyto pe-
KOMOUHaLM0, CONpPOBOXAAMOLLYHCS 0O6pasoBaHNEM
(pOTOHOB, CMOCOBHLIX yBENNYMBATL CEKTPanbHbIN (DOH.
[MpoekT cnekTpomeTpa, NCNONb3YOLLEro opTo-
roHanbHOe OTKITOHEHME UOHOB C NMOMOLLbK UOHHOTO
3epkana, 4onosHeHHbINn Tpemst suerikamu ERC, nepBast
13 KOTOpPbIX Bblfia pacnonoxeHa mexagy CaMnIepom un
CKMMMEpPOM, BTOpas — 3a CKUMMEPOM, a TpeTbs — Ha
BXOA€E B Macc-aHanunsatop, bbin paccmoTpeH B [48], Ho oo
MPaKTU4ECKOrO MPUMEHEHNS, MO-BULMMOMY, HE [OBEEH.
Bo3MOXHO, 31O BbINIO CreacTBMEM HexXenaTenbHOro
KOHCTPYKTUBHOTO M 3KCMyaTauMOHHOIO YCNOXHEHNS
nHTepdenca n onNnTUKK, BbI3BBaHHOIO YBEMUYEHUEM
3aceneHHOCTU UX NPOCTPaHCTBa HOBLIMU U Pa3HbIMA
no paaMepam 1 hopme yCTPONCTBamMu (KaTyLLKamMu Uim
sverikammn ERC), pacnonaraembiMy B HEOOMHAKOBBIX
MecCTax C pasHblM BakyyMoM. K TOMy e He BMOSIHE SICHO,
KaK 1 HAcKOMbKO M3MEHUNUCH Bbl MPU 3TOM YCNOBUS
JKCTPpaKLmMm nnasmMbl HTepdericom. C Apyrov CTOPOHbI,
peKOMEHO0BaHHOE YBENWUYEHUE BbILLIEPACCMOTPEHHBIX
YCTPOWCTB (BMECTO OHOI0) yKa3biBasio Ha HedocTa-
TOYHYI0 3PPEKTUBHOCTL KaX4oro 13 HuX.
YnnotHutenbHbI (restrict) cnocob [49, 50] no-
OaBreHns cnekTpanbHbIX HANoXeHUn, nmewmin 4
BapuaHTa ucnonHenus (I-IV Ha puc. 10), ocHoBaH Ha
CYyLLECTBEHHOM OrpaHNYEHUN TPAANLMOHHOTO pacLUn-
peHns NpoxoasiLLen Yepes CKUMMep 3KCTparnpoBaHHON
Nna3Mbl U COOTBETCTBEHHOM YMEHbLLEHUN AUaMeTpa ee
MOTOKA, YBENMYMBAIOLLMM NIIOTHOCTb TPAHCNOPTUPYEMbIX
UM YacTtuy,. [ns aToro ymeHbLwanv gnameTp 0CeBoro
Nna3mMonponyCcKalLero kaHana nyTeM pasfgesnbHoro
COOCHOr0 pa3meLLeHns BHYTPM CKMMMeEpa 1 Ha BbIXoae
N3 HEro Tpex BHYTPEHHMX AKCTPAKTOPOB pas3nnyHon
dopmbl U pasmepos. [Npu aTom oauH (BapuaHThl |, 11, 1V)
Unv Bce Tpu akcTpakTopa (BapuaHT lll), BbINONHEHHbIE
B BMAE ANCKa C OCEBbIM OTBEPCTNEM (OnameTpom 1-7
MM), BHELLHEW CTOPOHOW COOCHO NMPUKPENNSANM K BHY-
TPEHHEeN NOBEPXHOCTH U BbIXOQHOMY TOPLLY CKUMMEpa,
3MeKTPOM30NMpys B MECTaX COEAMHEHUS OUANEKTPU-
YeCcKMMM NpoknagkaMu. 3TU OUCKK, UrparoLLme pornb
BHYTPMCKMMMEPHbIX NEPEropookK, 1 npuneratowime
K HUM y4YacTKu1 BHYTPEHHEN NOBEPXHOCTU CKMMMepa
B COBOKYMHOCTU 00pa3oBbiBanu KonbLeobpasHbie
MONOCTU-NOBYLLKM (OT OQHOM [0 TPEX), CNOCOOHbIE BO
BpeMsl BaKyyMMUPOBaHWS MOHHOW ONTUKN YAEPXNBaTb
B cebe HEKOTOpOe KONMMYEeCTBO OCTATOYHOrO rasa,
NpurogHoro aAns obcyxaaemoro nomexonofaBneHus.
CornacHo [49, 50], HamepeHHOe ocnabneHue
BaKyyMa B JTOKaNlbHOM BHY TPUCKMMMEPHOM NPOCTpaH-
CTBE, BO3HUKAIOLLEeE BCNIEACTBME ra3oaMHaMM4ecKoro
COMPOTMBIEHNSI QUCKOBBIX NEPErOPOAOK, YMEHbLLANO
paspexeHue (apyrMMu crioBamu, NOBbILLIASO AABNEHNE) B
KonbLeBbIX NonocTax ckummepa go 1.3-133.0 Na BmecTo
006bI4HbIX 0.013-0.13. M3-3a paguanbHOro AaBneHus
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HaKannMBarLLLErocs B noyiocTsAX OCTaTOYHOro ra3a Ha
YNOTHEHHbIN OCEBOW NOTOK 3KCTParnpoBaHHbIX YacTuLy
nnasmbl nocnegHuin bonee AeNCTBEHHO B3auMOaEN-
CTBOBAI C OKpY>XatoLiMM rasom, 4To yBenM4nBano

Puc. 10. Cxema pa3HbIX BapMaHTOB COYETAHMA CKUMMMEpPaA
C aKcTpakTopamm [49, 50]: 1 — ckummep; 2 —obnacTb
HanbobLIEero paclMpeHnsa naasmbl B CKUMMEPE;
3 — 1-11 aKcTpakTop; 4 — 2-1 aKCTpaKTop; 5 — 3-i1
3KCTPAKTOP; 6 —MOHHbIN NOTOK; 7 —NOPT M HanpasneHve
BaKYYMMPOBaHMA MOHHOM ONTUKK; 8 —KaHa/ BBEAEHUA
PEaKLMOHHO/CTONIKHOBUTE/IbHOTO ra3a. D1eKTPOoMn30-
NALMOHHbIE NPOKNAAKN B MECTax NpuUcoeanHEHMA
3KCTPAKTOPOB K CKUMMEPY BblAENEHbBI HEPHBIM LLBETOM
BapuaHTbl MCNONb30BaHUA AMCKOOHBPA3HBIX IKC-
TPaAKTOPOB /19 06PaA30BaHMA KOMbLEBbIX OBYLIEK
OCTATOYHOTO rasa (KosM4YecTBO M PacnoNoKeHme):
| —0ZIMH, PaCNONOXKEH BHYTPW CKMMMeEpPaA Cpasy nocae
rpaHuLbl NNasmbl; Il —oaMH, pacnonoXeH Ha Bbixoae
13 ckummepa; lll —TpK, pacnonoxeHbl paBHOMEPHO
MeXK Ay PacUMPEHHbIM BXOAHbIM Y4aCTKOM Na1a3mbl
2 N OCHOBaHMeEM CKMMMepa; IV —oamMH, pacnofoxKeH
BHYTPW BTOPOW NOIOBMHbBI CKUMMeEPa NOC/e KaHana
8 BBO/1a PEAKLMOHHO/CTONIKHOBMTEIbHOIO rasa

Fig. 10. Scheme of different variants of combining skimmer
with extractors [49, 50]: 1 —skimmer; 2 —zone of the
greatest expansion of plasma in skimmer; 3 — first
extractor; 4 — second extractor; 5 — third extractor;
6—ion beam; 7—port and direction of vacuuming of ion
optics; 8—channel for introduction of reaction/collision
gas. Electrical insulation gaskets between extractors
and skimmers connection are highlighted in black
Variants of using disc-shaped extractors for creation of
ring trap for residual gas (amount and position): | —one,
located inside skimmer immediately after the border
of plasma; Il — one, located at the exit of skimmer;
lll — three, located evenly between extended zone
of plasma 2 and base of skimmer; IV — one, located
inside the second half of skimmer after channel 8 for
introduction of reaction/collision gas

3(PHEKTUBHOCTE OXKMOAEMOro NOMEXOMNOAABIEHUS.
JdononHuTenbHble BO3MOXHOCTU yNpaBneHns 3TUM
npoueccoM NpefocTaBnsano BBeAeHUe BHYTPb BHY-
TPUCKUMMEPHOW KOSbLEBOW NOSIOCTN NOCTOPOHHETO
rasa (Hanpumep, BoO4OpoAa) U3 BHELLHEro MCTOYHUKA
(BapuaHT IV Ha puc. 10).

BeibopoyHas akcneprMmMeHTanbHasi MpoBepkKa,
BbINONHEHHas Ans BapuaHTos | 1 1V, nogTBepanna nx
NOMEeXOMoAaBALLYI0 CMOCOBHOCTL, Gonee 3ameTHY0
Ans aprugHbix noHoB [50]. OgHaKko KOHCTPYKTUBHbIE
0C0BEHHOCTU YCTPOWCTB, NoKasaHHbIX Ha puc. 10, no-
3BOMAIT NpeanonaraTe 3KCNyaTaunoHHble Heyno6-
CTBa MX NPUMEHEHNSs (Hanpumep, Npu Hen3BexHbIX
pa3bopke n cbopke B criydae OUMCTKU geTanen ot
KOHOEHCALMOHHbIX 3arpsi3HeHWN).

MoaTomy rmaBHoe BHMMaHMe 6bino cocpejoTO4EHO
Ha TpeTbeM cnocobe [51-57], B KOTOPOM A4S NoAaBNEHUS
CneKTpasibHbIX HAMOXEHNI UCMOb30Bann OAHOBPEMEH-
HO€ ra3oBOe BO3ENCTBME Ha NMOTOK 3KCTparMpyemomn
nnasmbl, HA4YMHaAEMOE Cpa3y B MOMEHT NOCTYMIIeHUs rasa
B OCEBbIE OTBEPCTMS KOHYCOB CaMMNiiepa 1 ckummepa
(Mnm ogHOrO M3 HUX) NNa3mo-BaKyyMHOIo UHTepdeiica.
Q70T cnoco® Ok peann3oBaH C MOMOLLbIO JOCTaBKM
pPeaKLUMOHHO/CTONIKHOBUTEbHbBIX FA30B BHYTPb 3TUX
OTBEpPCTUN Yepe3 Habop kaHanoB, CUMMETPUYHO U
paBHOMEPHO PaCMONIOXEHHbIX B CTEHKAX KOHYCOB
nHTepderica 1 HanpaBIEHHbIX OT UX OCHOBaHWS K BEp-
wuHe (puc. 11). Takon MHTepdenc nonyynn HassaHve
CRI (collision/reaction interface).

Buavmble n oxxngaemble 4OCTOMHCTBA 4AHHOTO
cnocoba 3aknoyatTcs B cnegytowem: 1 —kapavHanb-

)

1 2

6

=]
=

2

«— o0

Puc. 11. Cxema nHtepdeiica CRI ¢ ra3onpoBoAALLMMM CTEHKAMM
KOHycoB [51-53]: 1 —camnnep; 2 — ckuMmmep; 3 —KaHas
BBEAEHWA rasa B camnnep; 4 —KaHan BBeAeHMA rasa
B CKMMMep; 5—061acTb HanbobLIEro paclinpeHms
NNa3Mbl B CKUMMePE; 6 — 3KCTPAKTOP; 7 — MOHHbIN
NOTOK, 8 — MOPT W HanpaB/eHWe BaKyyMUPOBAHUA
nHTepoeiica

Fig. 11. Scheme of CRlinterface with gas-conducting walls of
cones [51-53]: 1 —sampler; 2 —skimmer; 3 —channel
for introduction of gas into sampler; 4 — channel for
introduction of gas into skimmer; 5 — zone of the
greatest expansion of plasma in skimmer; 6 —extractor;
7 —ion beam; 8 — port and direction of vacuuming
of interface
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Tabnuuya 3

Mpezenbl 0OHaAPYKEHUA N KOHLEHTPALMOHHbIN 3KBUBANEHT GOHA aHA/IUTOB, NOABEPMKEHHbIX HANOXKEHUAM POHOBbIX MO-
IMaTOMHbIX (3 TaK¥Ke ogHoaTomMHOro “°Ar*) noHos [51-53], focTuUrHyTbie ¢ nomolLubto CRI ¢ NpoayBKOI KOHYCOB BOAOPOLOM

Table 3

Detection limits and concentration equivalent of background of analytes, influenced by overlays of polyatomic (as well as

monoatomic “°Ar*) background ions [51-53], obtained using CRI and hydrogen purging of cones

Mewatowmn noH M3oTon aHanuTa Mpenen obHapyxeHus, Hr/n SIiOMHBL;H;Ef;V;z:i::Im

4O0Ar* 4Ca* 3.2 40.4

80%*Cl* Sty 4.8 71
4OAr2CI* 52Crt 4.0 14.4
4O0Ar18QO* S6Fg* 0.9 141
4OAr18QTH* SFe* 23.0 141.0
4OAr3SCI SAs* 30.0 38.0
AOAr38Ar 8Se* 38.0 345
“OAr " 80Se* 55.0 124.3

HO yNpoLLeHa KOHCTPYKLUUA 1 YMEHbLUEHbI pa3Mephl
rasonpogyBaemMoro yCTponcTBa MOMEXonoaaBneHus;
2 — gocturHyToe bnarogapsi 3TOMy OTCYTCTBME B IOHHOW
ONTUKE TPAAULMOHHBIX MYNbTUMOMBHBIX MOMEXOMNO-
OaBNSALWMX siHeek 06ecneynsno Tam CyLLEeCTBEHHYIO
3KOHOMMIO MECTa M OTCYTCTBME CO34aBaEMOro BHy TP
Kamep siieeKk O4HOBPEMEHHOIO BHELLHEro AaBreHns
NMOMEXOoNoAaBMAoLLMNX ra30B HA BECb NPOMNyCKaeMbin
WOHHBIN NOTOK; 3 — 0becneveHo noaseaeHEe NOMEXO-
NoAaBnsAoLLMX ra3oB K Hanbonee BOCNPUNMUUBBIM K
CTONKHOBUTENBbHO/PEaKLMOHHBIM NpoLieccaM 30HaMm
paboTatoLlero nHrepdgernca, oKkanmM3oBaHHbIM BHY-
TpU OTBEPCTUN KOHYCOB MHTepdenca 1 Ha BbIxoae
N3 HWX; 4 — OTCYTCTBYIOT MeLLatoLLMe AeTanu BHYTPU
uHTepderica (Npegnaraemble paHee B naTeHTax [45-
50, 88-92, 94] ansa BBEAEHUA MOMEXONOAABSALLNX
rasoB MMM 3NEKTPOHOB B NMPOMEXYTOK MEXAy ero
KOHyCamM), YTO UCKOYUIIO ONACHOCTb HapyLleHus
TaMm TPaaULMOHHbLIX ra304MHAMUYECKMX YCNOBUK; 5 —
obecnevyeHo JOMNOMHMTENBHOE OXNaXKAEHNE KOHYCOB
rasamu, NPOXogALLMMU BHYTPU UX CTEHOK.

OpfHako HeKOTopOe onaceHve Bbi3biBaeT Npeano-
naraemasi BO3MOXHOCTb OTIOXEHUI KOHAEHCUPYHOLWMXCS
BelLeCcTB Nna3mMbl Ha BbIXOAE U3 ra3onpoBoasLLmMX
KaHarnoB BHyTPU 1 CHapy>Kun OCEBbIX OTBEPCTMUIN KOHYCOB
WHTepdperica BcneacTeme Nx y3oCTU U yBESTMYEHHOIO
rasoBOro oxnax4eHusi, CnoCOBHbIX HEraTUBHO BNMSATb
Ha cTabuNbHOCTb U AMHAMMKKY NMPOMCXOAALLMX Tam
NpoLEeCccoB.

B nateHTax [51-53] paccMOTPEHO MHOXECTBO
BapMaHTOB YCTpPONCTBaA MHTepdenca Ansg gaHHOro
cnocoba, ncnonb3ywwWwmnx oauH nnn oba KoHyca ¢
BHYTPUCTEHHLIMU ra3oBbIMU KaHanamu, Kpyriy unm
LeneByto hopMy 3TUX KaHamNOB, pa3Hble pa3mephbl U
¢dOopMy MX BbIXOAHBIX YY4ACTKOB, @ TakxXe OAUH Unn
[Ba rasonpoBoAsLLMX CMOs B CTEHKax KOHycoB. Kpome
TOro, (Ans yBenuyeHns apekTMBHOCTM MHTEpdEerica)
ObINO NPEeANOXeHO YBENNYEHME KONUYECTBA NOMEXO-
NoAaBnAOLLMX 30H 40 TpeX NyTeM YCTAaHOBMEHUS Ha
BbIXO4€E U3 CKMMMepa AUCKOBOWN 3NeKTponnuTaemon
CTeHku [53] ¢ oceBbIM OTBEPCTUEM, NPOAYBAEMbIM
CTOJIKHOBUTENbHO/pEaKUMOHHBLIM ra3oM (Kak 1 cny4vae
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KOHYCOB) 4Yepe3 CBOM BHYTPUCTEHHbIE paguarnbHO
HanpaBfiEHHbIE KaHarbl.

OkcnepumeHTanbHoe anpobupoBaHne ag-
heKTMBHOCTM cnocoba BbINOMHSAMMW, B YaCTHOCTH, C
ncnonb3oBaHeM MHTepderca, NoKasaHHOro Ha puc.
11 n BOOOPOAHOW NPOAYBKU KOHYCOB. [lony4eHHble
pesynbrathl, MOKa3aHHble B Tabn. 3, nogTeepamnm
Hanuune oXugaemMoro nonoXntensHoro adpdekTa,
BbIPa)X€HHOr0 30eCb B BUAE HN3KMX 3HAYEHWI NpeaenoB
0OHapyXeHUs N KOHLEHTPALNOHHOIO 3KBMBANEHTA
doHa onga psga npobreMHbIX MOHOB M30TOMOB aHa-
NINTOB, KOTOPbIE CYLLECTBEHHO MEHbLLIE JOCTUrAEMbIX,
Hanpumep, ¢ NOMOLLbIO M3BECTHOIO CNeKTpomMeTpa
VGPQEXxCell c naccusHbIM (rf-only) anektponutanmem
NoMexonoaaBnsALEN rekcanosfibHON SSYEnKU, TakxKe
npoaysaemMon sogopoaom [95].

[Mocne TwareneHOro aHanuaa Bcex nepedvnc-
NEHHBIX BblLE 3anaTeHTOBAHHbLIX NPEANIOKEHNIA U NX
cootBeTcTBYtoWero otbopa B 2003 r. Gbina BbinyLeHa
nepBas cepuinHas Mofernb CNeKTPoOMeTpa € 3epKarbHbIM
3NeKTPOCTaTUYECKNM OTKIOHEHEM NOCTYNAtOLLEV B HEMO
nnasmMbl Ha NPSIMON Yron 1 Noka eLle TpaguuUoOHHbIM
TMMOM KOHYCOB MHTepdenca, Ha3BaHHasi Varian ICP-
MS. B 2005 r. ata dpmpma BbINyCTMUNA Ha PbIHOK eLle
[Be Mofenu ¢ Takon xe ontukoi: 810-MS n 820-MS.

MocnenHss U3 HUX OTNIMYanack UCMOfNb30BaHNEM
nHtepdeinca CRI, nonb3oBartenbckas xapakTepucTmka
KOTOPOro 1 psifi ero NpUMeHeHWn onncaHel B pabotax
[67-81].

B pabote [68] Ha npumMepe onpeaeneHns MblLLbsi-
Ka 1 ceneHa c NoMoLLblo MoHoB "°As*, 77Se* n "8Se*
B XJIOpOCOAepXKallux pacTBopax TKaHewn ycTpuL u
MWUANA YCTAHOBIIEHO, YTO NPV NPOAYBaHNN Yepes
CTEHKMN KOHYCOB MHTepdenca sogopoaa (60 mn/muH),
obecneunBatoLlero peakumoHHble npouecchl, CRI-
CKMMMeEp YCTpaHSAN COOTBETCTBYIOLLNE HAMNOXEHUSA
40Ar3SCI*, OAr37Cl* n 4°Ar3¢Ar* 3Ha4yMTENbHO NPOOYK-
TmBHee, yeM CRI-camnnep. 3ddekT oT npoayBaHus
renvs Yyepes oba koHyca, obecne4mBatoLLEero Tonbko
CTOSIKHOBUTESNbHbIE MPOLECChI, B 3TOM criyvae 6bin
He3Ha4YUTENbHbIM.
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B pabote [79] noka3aHo, YTO KOPPEKTHOE Onpe-
AeneHve ceneHa B Gbluben cnepme, pacTBOPEHHOM C
ncnonb3oBaHMeM MypaBbuHOW KncnoTbl (10 06bemH. %),
BO3MOXHO 6e3 BogopoaHon npoaysku CRI-ckummepa,
6narogapsi NoBbILWEHWI0 3 HEKTUBHOCTY MOHM3ALIMM
aTOMOB ceJfleHa, JOCTUraeMon 3a CHET 3apsiA0BOro
obmeHa Npu ux B3anmMoaencTBMsA C MIOHaMu yrnepogaa,
Bo3Hukatowmumm B NCI npu Tepmmnyeckom pacnage
HCOOH.

NCI-MC-xpomaTorpaduyeckoe onpeaeneHune
cogepxaHus pasHookucneHHbix (1l v'V) hopm Mbiwwbsika
B Nnpobax puca, oTtobpaHHbIX B apabCckmx u apyrmx
CTpaHaXx, BbIMOSIHAMM C UCMOSb30BaHNEM NPOAYBaEMOro
Bogopozom (80 mn/muH) CRI-ckummepa, ycTpaHstoLLero
HanoxeHue “°Ar®Cl* Ha T5As* [73].

Haunbonee agpdpekTmBHOE 0OCBOOOXAEHME MOHA
2Cr* oT HanoxeHus “°Ar'2C* npu onpegeneHun xpoma B
yrnepoacoaepallimnx uHayCcTpuanbHbIX CTOYHbIX BOAaX U
03epHbIX ocagkax obecneunsan CRI-ckummep, npogysa-
eMbli Bogopogom (60 mn/muH). Micnonb3oBaHue Npy 3Tom
CRI-camnnepa B COMETaHMM C refniMem nnm BOAOPOAOM
6bIn0 HeadpekTMBHBLIM [77]. [TomexonogasnsioLwee
npoaysaHune CRI-ckummepa Bogopogom (70 n/MuH)
nomorrno Takxe VICMN-MC-xpomaTtorpagpuyeckomy
onpeaenexunto pasHookmcneHHbIx (11l v VI) noHos xpoma
B PEYHON 1 BOOONPOBOAHON Bodax [67].

PesynbTaTthl CpaBHUTENBHOIO UCCNe0oBaHUSA
WHOUBMAYaNbHON NnomexonogasnstoLwen appexkTmB-
HocTu koHycoB CRI-uHTepdenca, BbINONMHEHHOro A
YBENWUYEHHOW rpynnbl OQHOBPEMEHHO OMpeaenseMbIxX
anemeHToB (Li, V, Cr, Zn, Cu, Mn, Co, Cd, Sb, Ba, n Pb),
HaxoOsALWMXCSA B BOAE Uy pa3baBneHHbIX KUcnoTax
(HCI, HNO, nnu H,SO,), nokasanu npenmMyLiecTso
CRI-ckummepa c BogopoaHon npoayskon. [1ng yactu
3TUX 3NIEMEHTOB 1 UX MOHOB 'Li*, 5'V*, %*Mn*, ¥°Co*, #8Zn*
n ''Sb* npuroaHoi okasanach renveBasi NpoayBKa
CRI-ckummepa. Bo Bcex cnyvasix 4ns noBbleHWs
NpaBubHOCTY aHanM3a pekoMeHA0BaHO NPUMEHEHNEe
CKaHOus B Ka4yecTBe BHYyTpeHHero ctaHaapTa [71].

Mpu aHann3e 20-kpaTHO pa3baBneHHOro TONMB-
HOro 3TaHoMa M3nuLLeK yrnepoaa, MoCTynawLwero B
WCI, ycTpaHanu (Bo n3bexaHue NosBneHns Caxm Ha
KOHycax uHTepdpenca) kucrnopogom, obaBnsembim
B aproHOBYI0 NMa3my Yepe3 BCNOMOraTenbHyH Lenb
nnasmeHHown ropenkn. OgQHOBPEMEHHO ocnabnanu
HanoxeHus noHoB “PAr'2C*, °Ar'6Q*, 12C'*0* n 2C,"Ha
2Cr+, %5Fe*, 8Si* 1 2#Mg*, COOTBETCTBEHHO, C MOMOLLbHO
CRI-ckummepa, npoaysaemMoro Bogopoaom [76].

[nsa onpenenexus cepbl B OM0AM3ENbHOW MU-
Kpoamynbcum TexHonorus CRI npyMeHeHus He Hawna,
HO Mone3HbIM OKa3anocb NpUMeHeHne noHoB °Ar,
%ArH* n 38Ar* B kauecTBe BHyTpeHHero ctaHaapTa [75].

Mpun onpegeneHnn ocgopa B NUTLEBON BoAe
M a30THOKUCIIbIX pacTBOpax AMETUYECKUX NPOAYKTOB
AocTaTouHo achdpekTBHOE 0CBOGOXAEHNE noHa *'P* oT
HanoxeHui obecnevmsan CRI-ckummep, npogyBaembIi
renvem c pacxogom 100 mn/mvH. OgHako npuMeHeHue B
KayecTBe aHanuTa noHa 3'P'®O* B pexxunme «XornogHom»
WCI1 o6ecneyvmBano 55-kpaTHOe yMeHbLUEHWE Npeae-

na obHapyxeHus doccopa 4o 2 MKr/n 6e3 razoBoro
npoayBaHus cTteHok koHycoB CRI [74].

lenvesoe npoaysaHue CRI-ckummepa (70 mn/muH)
oKa3anock 3P HEKTUBHBIM A5 YCTPAHEHNS HANOXEHUS
Z8UH" Ha 2*°Pu* npw onpegeneHun ynsTpacnefoBbix
KONMYeCTB MIyTOHWS B pacTBopax ypaHa (1 mr/n) [78].

Mpw onpefeneHnn mMeaun B NMUCTbAX pacTeHUN
HanoxeHus *°Ar=Na* n “°ArMg* Ha %Cu* 1 %°Cu* co-
OTBETCTBEHHO, YCTPAHSAMNN NOMHOCTbIO C MOMOLLIbIO
CRI-cknmmepa, npogysaeMoro BogopoaoM C pac-
xoaoMm 60-80 Mn/MWH, HO CO 3HAYMTENBHOWM NOTepen
WHTEHCMBHOCTY U3MepsSeMbIX CUrHanoB. Bo nsbexaHve
aToro cokpauanu pacxog H, Ao 20 Mn/MUH 1 yMeHb-
wanu mowHocTb VICI 0o ypOoBHS «XONOAHOWY Nna3mbl
(0.8 kBT) [72].

B pabote [69] nokasaHo, 4To Ny4yLLMM ra3om (no
CpaBHEHMIO C BOAOPOAOM U renmem) s ycTpaHeHus
HanoxeHus 2°Xe* Ha onpeaensemMbii B 3KONOrMYeCcKMx
npobax 2°|* okasancsi npogyBaeMblli Yepe3 CTEHKM
CRI-ckummepa kncnopog, (22 mn/MuH). Opyrvm razom,
NOAXOAALLMM AN 9TOro Criyyasi, okasancs aTaH.

BbilenepeyncrneHHble nccneaoBaHnst pasHbix
aBTopoB 1 naboparopwi [70-81] npuBenu K eANHCTBY
MHEHWI O TOM, YTO 3HaUYUTENbHOE NPEBOCXOACTBO B
peanusauum nHTepdencHon texHonornn CRI obe-
CreYmBaeT TONbKO CKMMMep. [103TOMy KOHCTPYKLMS
N MECTOMONOXEHNE CaMMNIepa OOSMKHbI OCTaBaTbLCA
TpaguLMOHHLIMU. JTO UCKNIOYNNO HEOBXOOMMOCTb
nepudepuinHon cncTtembl CHabXeHUs camnnepa
nomexonogaBnAwLWUMN razaMmn 1, CriefoBaTerbHO,
YyNpOCTUIO YCTPOUCTBO MHTEPGENCa.

CpaBHeHne ocobeHHocTen 1 ahdPeKTUBHOCTH
TexHonorun nitepgencHon CRI v mynstunonsHon DRC
(AMHaMnyeckas peakUMOHHas syerika Npon3BoacTBa
PerkinElmer) npegctasneHo B goknage [70].

B paboTe [81] paccMOTpPEHO BNMsIHNE NPOCTPaH-
CTBEHHOrO 3apsifa pasnnYHbIX MaTPUYHbIX 3NEMEH-
TOB Ha TOYHOCTb NONagaHns aHanu3npyeMbiX MOHOB
KanbLus BO BXOAHOE OTBEPCTME Macc-aHanusaTopa
Varian 820-MS.

YMECTHO 3aMeTUTb, 4TO NepeUncneHHble Nprubopsl
Varian 6binv ocHaLLeHbl MHOrOAUHOAHBIMU 3NEKTPOHHBIMU
yMHOXUTENAMU (Mpomssoactea ETP electron multipliers,
SGE, AscTtpanusi), npucnoco6reHHbIMN TOMbKO A5
UMNyNbCHOrO cnocoba perncTpaumm MOHHbBIX CUrHanoB
B pacluMpeHHoM guana3soHe (oT poHa go 10" umni/c) c
obecneyeHnemM NPAMONMHENHOW 3aBUCMMOCTH pocTa
WX UIHTEHCMBHOCTU OT KOHLIEHTpaLm MOHOB. [1ng aToro
MCNonb30Banu cneumanbHy 3-CEKLMOHHYI0 CXemy
3NEeKTPONUTaHNs MHOAOB, a TaKXe PyYHOE UM aBTo-
MaTUYECKOE N3MEHEHNE BbIXOQHOIrO TOKA 3NTEKTPOHOB,
HaMepeHHo ocnabnsemoe No Mepe pocTa 3Ha4YeHun
curHanos [58, 59, 96]. OgHako nony4yeHue nNpu 3ToM
NpPaBUIbHbIX PE3YNLTAaTOB M3MEPEHUI HYXXOANOCh B
perynspHOM KOHLEHTPaLMOHHON KannbpoBKe CTENEHU
Heobxoaumoro ocnabneHus curHanos, 0COGEHHO nocne
BbIMOMHEHNSA BOMbLIOrO KONMYEeCTBa N3MepeHun, a
TakXe No Mepe cTapeHust yMHoxuTens [66]. Mo cyob-
€KTMBHOMY MHEHWIO aBTOPOB JAaHHOW HOBaLWK, Apyras
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HacTpovika yMHOXMTENen («kkpocc-kanubposkax [80]),
npuHATasa npomssBoauTenamm KoHkypupytowmux UCI1-
MC-cnekTpoMeTpoB, ncnoneaytouiasa gea cnocoba
perucTpaunym CUrHanoB pasHow MHTEHCMBHOCTU: UM-
NynbCHbIN - 4Ns cnabbiX U CpeaHUX, aHanoroBkI - Ans
CUIbHBIX, @ TaKXe ABYXCEKLMOHHOE 3neKTponuTaHme
OVMHOO0B, MEHee NpvBreKaTenbHa U3-3a NOBbILLEHHbIX
CMOXHOCTU 1 TPYAOEMKOCTU NpuMeHeHus [58, 59, 66, 96].

[JanbHenwwee npon3BOACTBO U COBEPLLIEHCTBOBAHME
NCI-MC-cnektpomeTpoB Varian, ocyliecTersemoe
C TBOPYECKMM Y4acTUEM MX FMaBHOro paspaboTynka
N MCNONb30BaHNEM COOTBETCTBYHIOLLMX NATEHTOB U
WHHOBALMOHHbIX pa3paboTok (3epkanbHast NOHHas
onTtuka, CRI 1 npoy.) nocnegoBaTenbHO NEPELLSIO B
BefeHwve kopnopaumu Bruker (2010 1), a 3aTeM koMnaHum
Analytik Jena (2014 r.).

5.2. Pa3paboTtku Bruker

B 2010 r. nogpasgenenve dupmebl Varian, otse-
vatouee 3a NCIM-MC, Bowno B cocTaB Koprnopauum
Bruker, HauaBLLel HOBYt0 paboTy ¢ NpoJau Nog CBOMM
6peHaom macc-cnektpometpos 810-MS n 820-MS, oueHb
MOXOXMX HAa OQHOVMMEHHbIE aBCTPanNnCKMe aHanoru.
YyTb NO3e BMECTO 3TUX NPMOOPOB CTanM BbiMyckaTb
ABe (oka3aBLuMecs NocneaHMMM) yCoBEepLLEHCTBOBAH-
Hble KOMMepYeckme Mogenu nogobHoro TMna: Aurora
M90 (2011 r.) u Aurora Elite (2013 r.), Takxe npegyc-
MaTpuBatoLLme npumeHeHue TexHonorum CRI Tonbko
nocpeacteom ckummepa [97-100]. Ncnonb3oBaHHbIE
npv 3TOM pa3paboTKM MO MOHHOW OMTWKE U CBA3AHHBIMM
C HeK cucTemMamu U KOMNOHEHTaMW, a TakxXe naeu no
UX MoAEepHU3aumnmM 3aLmnileHbl COOTBETCTBY LMY
nateHTamu [101-111]. KpaTkuii 0630p COOTBETCTBYHOLUX
naen n ynydleHuin, npeanoXeHHbIX 4Nns yCTpaHeHNs
HeJoCTaTKOB, OOHapPY>XeHHbIX Npu aHanuse paboThbl
obCcyxaaeMon TEXHUKN, MPUBEOEH HIKE.

BbInu paccmMoTpeHbl NOTEPW SHEPTUM U TOPMOXKEHNE
aKcTparnpoBaHHbix n3 NCI aHanmanpyembix MOHOB,
BO3HUKaOLIME U3-3a UX COygapEHUI CO CTONKHOBU-
TenbHbIM ra3om BO BPEMSI MPOXOXAEHUS Yepe3 3anon-
HEeHHble 3TMM rasom oceBoe oTepcTue CRI-ckummepa
N NpuUnerawLLylo K HeMy NOCECKUMMEPHYHO 30HY, a
TakXe Bbl3BaHHOE 3TVM MOCMEAYOLLEee yBENINYEHNE
pagvanbHoro paccesiHUs TakMx MOHOB. NS yMeHbLLIEeHUS
3TOro paccesHuns n cootsetctBeHHoro (10-100)-kpaTHoro
yBENNYEHNSA UHTEHCUBHOCTU M3MEPSEMbIX CUTHAMNO0B
npeanoXeHa nogaya Ha 3nekTpou30NMpPOBaHHbIN KOHYC
CRI-cknmmepa NonoXnTensHOro anekTponoTeHumana.
C uenbto HapalwmBaHnsa adeKTUBHOCTM BOpbObLI C
nomexamu pekOMeH0BaHO YBENMUYNTL KONTMYECTBO 30H
B3aMMOAENCTBUSA CTONIKHOBUTENBHOMO ra3a ¢ MOHHbIM
MOTOKOM, MCMOSb3Ys Ans 3TOro He Tonbko CRI-cknmmep,
HO ¥ OZHY WIN [ABE ra3onpoyBaemble NOMEXonoaaBns-
lOLLME AYENKM, PacMONOXKEHHbIE A0 U MOCIE MOHHOTO
3epkana. [Mpy atom CRI-cknMmep MOXXHO 610 3aMEHUTD
[BYMSI MOCNeA0BaTeNbHO PAacnofoXeHHbIMU 0ObIYHBIMU
CKMMMepaMu, aNeKTPOU30NMpoBaHHbLIMK OT Kopryca
Macc-CrneKTpoMeTpa 1 NUTaeMbIMU MOSOXKUTENbHBIMM
anekTponoteHumnanamm [101, 110, 111].
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C uernbio yMeHbLUEHMS pa3Mepa noLlaau, 3a-
HMMaeMOWn Macc-cnekTpoMeTpaMmun Npon3BoLCTBa
Bruker, nony4yeHnss BO3MOXHOCTU UX HACTOSNBbHOTO
WCMOSTHEHNS W YyYLLEHUS Au3aliHa B HOBbIX MOAENSAX
NpMBOpPOB AaHHOrO Ha3Ha4YeHUs ObINIO NPEATIOXEHO 1
3anaTteHTOBaHO BepTMKamnbHOE pasMeLLeHne KBaapy-
MOMbHOIO0 Macc-aHanM3aTopa C COOTBETCTBYHOLUM
N3MEHEHMEM NOKanM3aunm coCeaHUX TEXHUYECKNX
komMnoHeHToB [102].

[nsa nosblweHnsa aPEKTUBHOCTU JOCTaBKK
MOHOB B Macc-aHanm3aTop 4Yepe3 U30rHyTbi KBaapy-
NOSbHbIN NpeadunLTP BbINo pekoMeHA0BaHO CHABANTb
BXOZAHY0 (MPUHMMALOLLYHO MOHBI) YacTb Npeadunstpa
BHYTPEHHMM pacLUMpeHnEM, NOBbILIAKLLNM OCEBYHO
NNOTHOCTb BbIXOAALLEro U3 npeadunstpa MOHHOIo
NnoTOKa M YTOYHSAIOLWEN ero JanbHenwee nonagaHve
B Macc-aHanusatop [103, 104].

C uenbto noHmxeHus aHeprum noHos MCI1, no-
CTyNaroLLMX B ONTUKY, 4O TEMMOBOro YPOBHS (Tepmanu-
3auus), Hambonee COOTBETCTBYIOLLETO aHANMMTUYECKUM
BO3MOXHOCTSIM KBapYNOnbHOro Macc-aHanu3aTopa,
MPEAJSIOKEHO UCMOMNb30BaHNE TOPMO3SLLMX MOHBI YCTPOWNCTB
(TvNa MoHHOW BOPOHKU uUnu Habopa napannenbHbIX
Lanb), pacrnonaraeMbix COOCHO CKUMMepY cpa3y nocre
Hero [105-109].

Ans yny4yweHnst TOMHOCTU Y YyBCTBUTENBHOCTH
N3MepEHNIN pacCMOTPEHA BO3MOXHOCTb pasfeneHuns
nccnegyemoro MOHHOro NoToKa Ha BXoAde B aHanuTu-
YeCKUI OTCEK CNIEKTPOMETPA Ha HECKOJTbKO OTAENbHbIX
CTPYK, NpoNycKaeMbIX fanee Yepes COOTBETCTBYOLLEE
KONMYecTBO (OT ABYX 4O YeTbipex) napannenbHbiX
KBagpynosbHbIX Macc-aHanu3aTopoB. [denutenem
NCXOAHOro NOTOKa B f@HHOM Criyyae Morfa CnyXuTtb
BCTpeyatoLLlasd oHbl MeTannuyeckas (nnockas, Bo-
rHyTas UM BbiNyKras) CTeHKa OTCeka, CHabxeHHas
COOTBETCTBYHLLMM KOIM4ECTBOM MOHOMPOMYCKALLMX
OTBEPCTUI U NONMPOBAHHASA OT €ro OCTanbHbIX CTEHOK.
OnekTponuTaHmne 3Ton CTEHKM MO3BOSSNO UCMOMb30BaTh
€€ B KayecTBe JOMNONMHUTENBHON 31EKTPOCTAaTUYECKON
nuH3bl [110, 111].

Oco6EHHOCTM MOHHBIX MPOLIECCOB, MPONCXOASALLNX
B CRI-ckummepe, 0BycroBreHHbIe ero OTANYMAMM
OT MYNbTUMOSIbHBIX ra30NpoAyBaeMbIX Nnomexonoaa-
BNAOLWMNX SYEEK NO MECTOMOMOXEHUIO, KOHCTPYKLIMK,
reoMeTpuu 1 pasmepam paboyert 30Hbl pACCMOTPEHBI
B anccepTtaumm [100].

MocnegHee aBTopckoe coobLueHne 0 JOCTOUH-
cTBax cnekTpomeTpoB Bruker coctosinock B 2014 r. [112].

5.3. Pa3pabotku Analytik Jena

Mo obotogHomy cornacuio B ceHTabpe 2014 r.
nogpasgaenexuve Bruker, oTBevatoLee 3a TexHuky VICrI1-
MC, ctano cobcTBeHHOCTbLI0 KoMmnaHum Analytik Jena,
B3sBLUEN Ha cebst 06513aHHOCTU MO TEXOOCNYXNBAHUIO
N PEMOHTY paHee NPOAaHHbIX CMEKTPOMETPOB NPOMn3-
BoacTea Varian u Bruker, a Takxe 3aboTy o npogaxe
OCTaTKOB X NoCneaHuX Mogenemn nog csomm 6peHaom
(Analytik Jena/Aurora M90 n Analytik Jena/Aurora Elite).
B deBpane 2015 r. komnaHus npe3eHTtoBana[113] ase
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HOBbIE YCOBEPLLEHCTBOBAHHbIE KOMMEPYECKME MOZENN
nofobHbIX Npnbopos (PlasmaQuant MS n PlasmaQuant
MS Elite), Toxxe ncnonesymLine B ka4ecTBe OpTOro-
HanbHoro gednektopa noHHoe 3epkano (ReflexlON)
n cogepxalyue B cebe HOBblE TEXHUYECKME PELLEHNS.
CBegeHust 06 aTnx npubopax 4acTUYHO NpUBEAEHbI B
nctouHukax [114-122]. NMonyyeHHble Npy 3TOM NaTeHTbI
Analytik Jena [123-126] (nepsble no NCTT-MC B aTon
KOMMaHWM1) B 3HAYUTENBHOW CTEMEHN ONMpannch Ha
paspaboTtku Bruker [101-111].

[MaBHbIE OTNMYMA HOBbIX MPMOOPOB OT KX Bpy-
KEPOBCKUX MPOTOTMMNOB 3aKIK0Yanuch B CleayoLeM.
VMicnonb3oBaHO BepTMKanbHOE PacnosioXeHne Kea-
OpYynonbHOro Macc-aHanuaartopa (npeanoxeHHoe 25
aHBaps 2012 r. B [102]), 4TO CyLLECTBEHHO M3MEHMITO
BHELUHW BUZ CNEKTPOMETPa (MPEBOCXOACTBO BbICOTHI
Hag nonepeyHbiM pa3amepoM 113.1 x 66 x 58.9 cm) u
obecneunno ero KOMNakTHOE HAaCTOMbHOE pa3MeLLEHNE.
Macca npnbopa obneryeHa o 170 kr. Kaxxabin npubop
pa3fgeneH Ha ABa NIoTHO NpunerarLmMx Apyr K Apyry
rMaBHbIX PaBHOBLICOKMNX Brioka: NeBbI, COAepKaLLmn
Macc-aHanu3aTop C MOHHOW ONTUKOW N MHTEPdENCOM, U
MpaBbiii, COQEPXKaLLUIA B HXKHEW MOMOBMHE NA3MEHHYO
ropesnky ¢ pacnblinMTenbHON cucTemon. [ins goctyna
K ropernke Ha nuueBon CToOpoHe npasoro 6rnoka npea-
yCMOTpeHa fiBepka, OTKpbiBaeMasi BBepx. Mexay coboi
rmaBHble OI10KM COeANHEHBI TOSBKO Ha 3aHEN CTOPOHE
nocpeacTBOM AMMHHOIO LWapHUpa ¢ BEPTMKANbHON
OCbl0, YTO MNO3BONSIET MOBOPOTOM BOKPYT OCM OTBOANTL
B CTOPOHY npaBhbivi 610K (Mog06HO OTKPLIBAHUIO ABEPW)
ANs NonyyYeHns [oCTyna K uHTepdercy 1 MexonoyHomy
NPOCTPaHCTBY C NIMLIEBOWN CTOPOHbI CMEKTPOMETpA.
Mocnenytowmii 4OCTYN BHYTPb MHTepderica n fjanee
BO3MOXEH TOJbKO NOCIe AeMOHTaXa ero camnnepa
[115, 120]. Ons nepeaayn BY aHeprum k CI ropenke
BMECTO [1BYX NaparnsienibHO COBMELLEHHbIX MHAYKTOPOB
(0BbI4HBIX ANst Macc-cnekTpomeTpoB Varian v Bruker)
cTanu ucnomnb30BaTh O4NH TPEXBUTKOBbIV C BUPTYarb-
HbIM 3a3eMIIeHMEM CeEpPeaUHbl LeHTPanbHOro BUTKa.
OpHako cnegyeT HanoOMHUTb, YTO 3TOT cnocob bbin
paspabotaH B MDS Health Group Ltd. (KaHaga) B 1982r.
[127-130] 1 BNepBble HaLLen NPUMEHEHNE B CEPUNHBIX
cnektpomeTpax npounssogctea SCIEX-PerkinElmer
[1]. Opyrum oTnnumem okasanocb peanu3oBaHHOe B
Analytik Jena gBykpaTHoe (80 7-9 nN/MUH) yMeHbLUEHNE
pacxofa rmaBHOro NOTOKA aproHa B KBapLIEBOW roperike
00bIYHOrO TMNopa3mepa, CyLEeCTBEHHO yaeLleBns-
foLLee BbINOMHEHNE aHanM30B. PaHee NOHWKEHHbIN
pacxo aproHa yXe MCchnosib30Banu B aTOMHO-3MUC-
CUOHHBIX CMEKTPOMETPaxX C UHAYKTUBHO CBSA3aHHOW
nnasmown, Hanpumep, B Optima-8000 (npoussoacTea
PerkinElmer), kBagpynoneHom UCI1-cnekTpomeTpe
ICPM-8500 (npousBogctea Shimadzu) n Bpemsno-
netHoMm cnekTpomeTpe Optimass-9500 (npousBoacTBa
GBC Scientific Equipment). OgHako Takas 3KOHOMKS
aproHa npu TpaguUMOHHOW MOLLHOCTK nnasmbl (1.3
KBT) MOXeT BbI3blBaTb YMEHbLUEHUN CTENEHN HEOO-

XOOMMOrO aproHOBOro OXJ1aXXAEeHWs1 TOHKOCTEHHOM
BbIXOZHOW 4YacTU ropesiok, a Takke HeJOCTaTOYHOCTb
3aLLUUThI X BHYTPEHHEN MOBEPXHOCTU OT NNTA3MEHHbIX
KOHOEHCALMOHHbIX OTNIOXEHW. B coBOKynHOCTU 3TO
MOXET COKpalLllaTb CPOK CMyXbbl KBapLIEBLIX FOPENoK
(u3-3a paccTeknoBbIBaHMS, pacTPECKNBaHUA 1 pac-
NMaBNEeHNs BbIXOAHON YacTu Ux TpyOoK). 3Tn onaceHus
noaTBePXAeEHbI, HanpuMep, coobLeHneM [131], a Takxe
NPaKTUKOMN.

B kavecTBe cpeacTBa, 4OCTAaTOMHOro A5 adhchek-
TMBHOTO PeaKLNOHHO-COYAapUTENBHOMO YCTpaHEeHNs
MeLLalLLMX MOHOB, Bo3HUKawoLWwmx B VICI, komnaHus
Analytik Jena (kak n Bruker B nocnegHux aHanorax)
MCMob30Bara TOMbKO MHTEPENCHbIN CKUMMEP, CHab-
)KEHHbIA BHYTPUCTEHHBIMW KaHanamu gnsi nogsoga
NMoOMeXonoAaBnsAoLLMNX ra30B K OCEBOMY NMOTOKY MOHOB,
3KCTparmpoBaHHbIx u3 VICI1, n nony4YnBLLMIA Ha3BaHWe
iCRC (integrated collision reaction cell).

JKcnepumeHTbl ¢ MHTEpdecom PlasmaQuant MS
[121, 122] noka3anu, 4To pekomeHgosaHHoe [101, 110,
111] npunoxeHne K He3aszeMNeHHOMY 1 OTKITIOYEHHOMY
OT NCTOYHMKOB MOMEXOMNOOABIIAOLNX FAa30B CKUM-
Mepy perynmpyemMoro nofoXnTenbHOro noteHumana
(+3...+6 B) pencTBMTENBHO MO3BOMUIIO CYLLECTBEH-
HO YMEHbLUWNTb BpeAHOE BINSIHUE MOMOXNTENBHOMO
NPOCTPaHCTBEHHOIO MOHHOIO 3apsaa, Co34aBaemMoro
MaTPUYHBIMK 3NIeMeHTaMu Npob M yMEeHbLUIaLWEero
YyBCTBUTENBHOCTb M3MepPeHUIA. 10 MHEHMIO aBTOPOB
[121, 122], rmaBHO NPUYNHON STOFO BPELHOMO BIIUSAHMS
ABUIOCb 0Opa3oBaHNE NOMNOXUTENBHO 3apAXKEHHOTO
006BbEMHOro MaTpuyHoro obnaka Ha BXOAHOM OCTpUK
CKMMMEPA B «30HE TULLMHbI» MEXKOHYCHOTO NPOCTPaHCTBA
UHTepderica, YTo yBENMYMBANO MECTHbIE pagnansHO
HanpaBriEeHHbIE KYJIOHOBCKME NOTEPU MOHOB aHaNMUTOB.
OpHako 6ornee nonynspHa To4Ka 3peHNs, YTO rMaBHbIE
KYNOHOBCKME NOTEPU aHanNUTOB, Bbl3biIBAEMbIE Ma-
TPUYHBIM MPOCTPAHCTBEHHBIM 3apsSA0M NPOMCXOOAT
NPEeUMyLLIECTBEHHO B MOSTIOCTU CKUMMEpPA U B MOHHOM
onTuke [2, 18, 60, 85, 88, 89, 92, 132-136]. Ncxoaa n3
3TOr0 NTOMMYHO NPU3HaTb, YTO JOCTUraeMbln acpdekT
NofoXKUTENbHOro NoTeHunana ckummepa [121, 122]
peanuasyeTcs rnaBHbIM 00pa3oM B €ro NonocTy 3a cHeT
KyNOHOBCKOI0 OTTanKMBaHWsl B CTOPOHY OCY CKMMMepa
BCEX BbINIETAKLMX U3 €ro anepTypbl 3KCTparnpo-
BaHHbIX 13 VICI NONoXUTENbHO 3apsKEHHbIX MOHOB
(pasymeeTcs, B pa3HOW CTEMNEHM, 3aBUCALLEN OT UX
KONMYecTBa U MHAMBMAYyanbHbIX CBONCTB). B pesynbraTte
NpoNCXoauNT orpaHM4eHne obbemMa (CxxaTne) BHyTpu-
CKMMMEPHOTO MPOCTPAHCTBEHHOIO MaTPUYHOIO 3apsaa,
YBENNYNBAETCA NIIOTHOCTb NPOMNYCKaeMOro MOHHOMO
MOTOKa M YyMEHbLUAETCS pagnaribHOe paccesiHie MOHOB
aHanuToB. Takmm obpa3om, NpaBmIibHO NOA0OPaHHbIV
MONOXMTENbHbIVM NOTEHLUMan ckumMepa obecneunsaeT
H6onee adhpeKTMBHLIV NEPEHOC UCCreayEeMbIX MOHOB
B MIOHHYIO ONTWKY U Macc-aHanu3aTop, yBennineas
OOCTUraeMyto YyBCTBMTENbHOCTb U3MEPEHWN.
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6. CnektpomeTpbl PerkinElmer c nonepeyHbim
KBaApyno/abHbiM AedNeKTOPOM

B mapte 2010 r. dmpma PerkinElmer Ha oue-
peaHon MNutTcOyprckon kKoHbepeHUUn U BbiICTaBKe No
aHanMTUYECKOW XMMUW U MPUKNAAHOW CNEKTPOCKOMUN
(PittCon, CLLA) npeacTasuna 4YeTbipe Moandukaumm
(o6o3Ha4veHHble nHaekcamun Q, X, D n S) HoBoro Ha-
ctonbHoro cnektpomeTpa NexlION 300. CeegeHus o
ero JOCTOMHCTBaX, YCTPOMCTBE (puc. 12) n ycnosusix
aKcnfyaTauumm NpuBefeHbl B COOTBETCTBYOLLMX pe-
KnamHbIx BpoLutopax, MHopMnncTax, npe3eHTaumsax
[137-140], aHumaumsx [141, 142], pykoBoacTBax And
none3oBarenew [143, 144] n nateHTax. K coxanenuto,
naTeHTbl, OTHocALWMecs K gaHHon [145-152] n nocne-
aytowmnm mogensam NexION (a Takxe K COnyTCTBYHO-
WmM paspaboTkam) U3-3a pbIHOYHON KOHKYpPEHLMUK
packpbIBalOT CyTb TOMbKO YaCcTU UCMOMb30BaHHbIX
WHHOBaUWN, cBeAeHUs 00 ocTanbHbIX NOABNAOTCS
3HauMTenbHO noxe [153].

MmaHbIMK oTinyuamu NexION 300 ot cBoux
npeawecTBEHHMKOB Bbinu: 1 — MOAEPHMU3NPOBAHHLIN
nonepeyHbIn kBagpynone QID (quadrupole ion deflector),
npegHa3HayYeHHbIN Ans OpTOrOHaNbHOro OTKNOHEHNS
akcTparupoBaHHbIX MoHoB UCIT B macc-aHanusatop
(3HaunTenbHo paHee, B 1994 r. nogobHbIN AednekTop
6bIn ncnonb3osaH upmon Seiko Il B cnektpomeTpe
Seiko 9000 [28-33] (puc. 4); 2 — TPEXKOHYCHbIN Nnas-
MO-BaKyyMHbIN nHTepdenc [152]; 3 — HoBble An3anH un
KOMMOHOBKa G10KOB, HACTONbHOE UCMONTHEHUE, KOM-
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Puc. 12. Cxema BxoaHown Yacti NexION 300 [145-149]: 1 —
NAa3MeHHana ropesika; 2 — camnnep; 3 — CKUMMmep;
4 — rnnepckMmmep; 5 — BaKyyMHaA 3a4BUKKa; 6
- KBaApynosbHbIN AedneKkTop; 7 — Bbixod GOTOHOB U
HeMTPanbHbIX YacTuL,; 8 — yHMBEPCANbHAA NOMEXO-
noAaBAAWAA AYeliKa; 9 — BbIBOA MOHOB B COOCHbI
KBaAPYNOAbHbIN aHanM3aTop

Fig. 12. Scheme of entrance part of Nexlon 300 [145-149]:
1—plasmatorch; 2 —sampler; 3 —skimmer; 4 —hyper-
skimmer; 5—vacuum shutter; 6 —quadrupole deflector;
7 —exit of photons and neutral particles; 8 —universal
cell for supressing interferences; 9 —entrance of ions
into coaxial quadrupole analyser
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nakTHOCTb (125x75x76 cm), obneryeHHas macca (181 kr);
4 — yCKOpPEHHBIN KBaApynornb Macc-aHanmaartopa (4o
5000 a.e.m./c) c paclumpeHHbIM 4o 285 a.e.M. guanaso-
HOM; 5 — TEXHONOTMS YHMBEPCANbHOM KBapPYNObHON
nomexonogasnsoLler rasonpogysaemon auerikn UCT
(universal cell technology), cHaGeHHON aKkTUBHON
BHYTPEHHEN OTKAYKoW ANs yAaneHUs ocTaTOYHbIX
rasos, MMEeILLEN AMHAMWUYECKYIO YNIpaBnsieMyto nosocy
nponyckaHus DBT (dynamic bandpass tuning); 6 —HOBbIN
KOMMaKTHbI reHepaTop nna3mbl; 7 —4eTbipexcTaguiHoe
BaKyyMMPOBaHWUE, yBENMYEHbI EF0 CKOPOCTb U CPOK
cny>0bl BaKyyMHbIX HAcOCOB; 8 — oTKuAbIBatoLLMeCs
Hapy>XHble NaHenu, B YaCTHOCTM: BBEPX A1 AOCTyna K
reHeparopy nna3smbl; BNeBO A1 4OCTYNa K uHTepdency
1 NNasmMeHHON roperke; 9 — NoMHOLBETHbIN 3KpaH AN
BM3yanbHoro HabnoaeHus 3a nnasmon; 10 — mepTBOE
BpeMs AeTeKkTopa yMeHbLUeHo A0 meHee 35 He; 11 —
aBTOMaTM4ecKoe TpexkoopanHaTHoe hokycnpoBaHue
ropernku Ha Bxog uHTepdpenca; 12 — camoguarHoctuka
paboTbl cnekTpomeTpa.

MHpekcbl NexION 300 o6o3HavatoT BapmaHThbI
ncnonb3oaHus s4enkn UCT B pasHbix Mogudmkaumsax
cnektpometpa: Q — UCT HerT, HO npun HeobxoammMocTH
BO3MOXHa ee LuTaTHasa yCTaHOBKa B CNEKTPOMET;
X — UCT c ogHokaHanbHbIM ra3oBbiM NUTaHUEM OIS
pa3fernbHOro MPUMEHEHUS PEXUMOB AUCKPUMUHALNN
no KuHeTnyeckon aHeprum noHos (KED) nnn guHa-
Muyeckon peakunoHHon sdenkn (DRC); D — UCT ¢
OBYXKaHamnbHbIM ra30BbIM MUTAHWEM 4119 COBMECTHOrO
nnu pasgensHoro ucnonb3osanns KED n DRC; S—UCT
C ABYXKaHamnbHbIM ra3oBbIM NUTaHWEM, ONTUMU3NPO-
BaHHasa aAnsa ocobo uncTeix Mmatepmanos. Aderika UCT
OOMNycKaeT pacLUMPEHHBIN BbIOOP ra3oB Unv nx cMecen
nobecneunBaeT ObICTPOE YNPOLLEHHOE NEPEKITOYEHNE
HeobxoaMMbIX pexnmoB. OCOBEHHOCTLIO yCTpPOMCTBa
sverikn UCT saBunock napannenbHoe pacrnosoxeHue
MEeXAy ee KpyrmbiMu KBagpynofbHbIMU CTEPXKHAMM
OOMOSTHUTENBHBIX CTEPXXHEN, UMEIOLLIMX B MOMEPEYHMKE
T-o6pasHyto popmy (puc. 13) M nepeMeHHyo No AnvHe
ceyeHue.

®ukcaumno COOCHOr0 pacnonoXeHWs BCEX 3TUX
CTEpXXHeN 0b6ecnevmBarno nx MexaH14ecKkoe KpeneHve
K KOopnycy si4eiku, BbINOSIHEHHOMY B BUAeE OTpeska

Puc. 13. Cxema nonepeyHoro ceveHms suenkmn UCT [146-149]
C KpYbIMK U T-06pasHbIMKU CTEPIKHAMM

Fig. 13. Scheme of cross section of UCT cell [146—149] with
round and T-shaped rods
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Tpy6bl. [lononHuTenbHbIe cTepxHU kBagpynons UCT
obecneuynBanu nameHsemMyto BOOMb SYEKM Hanps-
xeHHocTb anekTponons AFT (Axial Field Technology).
B ocHoBe 3TON HOBaUUW Nexanu N3BecTHblE paHee
pa3paboTku (Hanpumep, [154]), yxe ncnonb3oBaHHbIE B
cnektpomeTpax ELAN DRCII n DRCe (toxe PerkinElmer).
OnHamunyeckoe ynpaBreHne nonocon NponyckaHus
AYENKM NPeJoCTaBnIIo AOMOMHUTENBHYH BO3MOXHOCTb
npeaBapuTENbHOrO 0CBOBOXAEHMS HanpaBnsemMbIX
B Macc-aHanm3aTop MOHOB OT UX MELLAILLEN YacTu.

Oednektop QID NexION 300, obecneuvsatoLLmn
OPTOroHanbHOE OTKIIOHEHME NOCTYNAoLLMX B HEFO MOHOB
nrasmbl BHyTPb Macc-aHanu3aTtopa ¢ 04HOBPEMEHHbIM
yaaneHnemM melawLwmx oTOHOB 1 HENTPanbHbIX
yacTuy, (COXpaHSAKLWMX NCXOAHOE NPSAMONIMHENHOE
OBWXKEHWE U nornoLaembix 6rvxkanwmnm BakyyMHbIM
nopTom), okasasncs 6onee aPeKTUBHbLIM, HEM SMTOHCKUI
npotoTtun [28-33] B 3HaUMTENBHON Mepe Gnarogaps
NCMonb30BaHMio 0GHOBNEHHOTO NHTepdeNca.

WHTepdenc NexION 300 [152] cocTosn u3 Habopa
Tpex pa3genbHbIX COOCHbIX 3a3€MIEHHbIX MeTannmye-
CKMX KOHYCOB (Camnnepa, CKuMMepa v runepcknuMmepa,
CHabXXeHHbIX 0CEBbIMU OTBEPCTUSIMM), HANPABMEHHbIX
OCTPMSIMU B CTOPOHY Nria3mbl, C X BO3pacTaroLen
3a0CTPEHHOCTbI0 B NOpsiAKe nepeuncnenns. JuameTpsl
OCeBbIX OTBEpCTUIA cocTaBunu (Mm): 1.1 y camnnepa
n 0.9 y ocTanbHbIX KOHYCOB. cnonb3oBaHWe Takoro
nHTeperica No3BONUI0 0TKa3aTbCA OT NMPUMEHSEMBbIX
paHee B nogobHoM cnekTpomeTpe Seiko 9000 [28-
33] aKkcTpakTopa v nNnH3bl AMHLENS, pacnosiaraemMblX
Mexay uHTepdencom n gednektopom, a Takxe ot
cneumanbHOro okycmpyoLero ycTponcTaa, pacno-
NOXEHHOTO Ha BXoJe B Macc-aHanusaTop, YTo cylie-
CTBEHHO YMNPOCTUIIO OMNTUKY, COKPaTUIO pacCTosHMe
nepeHoca WOHOB OT UHTepderca A0 Macc-aHanu-
3aTopa, ynyuywuno ctabuneHOCTb U OOHOPOAHOCTb
BbIXO4sLero u3 nHTepdgenca akcTparMmpoBaHHOro
13 nnasmbl NOTOKa YacTul, obecneynno ero Manyto
pagvanbHyto pacxogmmocTb BHYTpu QID (He Gonee
3 MmMm), noBbICUIO 3¢PHEKTUBHOCTL NEPEHOCA MOHOB
BHYTPb Macc-aHanu3artopa. Kpome Toro, BHyTpeHHee
3arpsasHeHue ontuku, UCT 1 rmaBHOro ksagpynons
cnekTpoMeTpa MaTepuanbHbIMU «OTXO4aMMU» Ma3Mbl
0Ka3anocb MUHUMarbHbIM, YTO MPAKTUYECKM NMONTHOCTLIO
1306aBnIIo OT HEOBXOOUMOCTU NX OYNCTKN.

CpaBHeHune obcyxpgaemoro nHtepdenca c
TpaguLMOHHBIMWN ABYXKOHYCHbIMU 323€MITEHHbBIMU
NMHTepdencamm N3BECTHbIX paHee CNEKTPOMETPOB
BbISIBUITO HAnM4ne B HEKOTOPbIX U3 HUX Ha BXOAE B
WOHHY0 OMNTUKY AOMNOMHUTENbBHbIX (OT OAHOrO A0 TPeX)
COOCHbIX OfiHOHanpaBeHHbIX KOHYCOB C OCEBLIMU
oTBepcTmamM [2, 6, 83, 155], NOXOXKUX HA CKUMMEPbI.
OpgHako 3TV JONOMHUTENbHbIE KOHYCbI, 0BbIYHO UMEHY-
€Mble 3KCTpaKTopamu, He Obinu 3a3emneHbl U Hecnu Ha
cebe oTpuuaTenbHbIN NOTEHLMarn, obecnevynBaroLLmnii
3MNeKTpoCTaTNYECKOE BbITATMBAHWE NOMOXUTENbHbIX
WOHOB BHYTPb MOHHOW OMNTKKN M Aanee, No3TOMy OHU
CINY>XUNW TOMbKO MOHHBIMY JINH3AMW.

N3BeCTHbIV paHee 3KCNepUMEHTarbHbIN «Tpe-
XxanepTypHbIny nHTepgenc [156, 157] cylwecTBeHHO
oTnM4ancs Tynow opmon BepLUMHbI BbIXOAHOTO KOHYCa,
yMeHbleHHbIM gnametpom (0.1-0.5 MM) noHonpo-
nycKarLlero oTBEPCTUSA U €ro CMeLLeHNEM OT OCH
nHTepderica Ha 1.5-1.9 mm. OgHako, NpaKTUYecKoro
NPUMEHEHUS OH He HaLler.

BecHow 2014 r. BMmecTo 06Cyxaaemoro Bbille
cnekTpomeTpa 6bin NpeanoXeH ero O6HOBMNEHHbIN
BapuaHT — NexION 350, Toxe BbINyLEeHHbIN B 4 MO-
ONdUKaLMSX C COXpaHEHMEM MPEXHUX MHOEKCOB (Q,
X, D n S) n BoamoxxHocTten UCT, ¢ Ton e OnTUKON,
BHELLUHUMU BUAOM W pasmepamu [158, 159]. HoBusHa
NexION 350 3akntovanacb B UCMOMb30BaHUM B HEM
MHOXecTBa (6onee cotHu [153]) BHYTPEHHUX KOHCTPYK-
TVBHbIX, CXEMHBbIX 1 MPOrPaMMHbIX YCOBEPLLEHCTBOBAHWIA,
Ccpeam KOTOPbIX K rMaBHbIM MOXHO OTHECTM: 1 —HOBBIN
KBaZpynorb Macc-aHanusaTopa, CTePXXHU KOTOPOro
M3roToBneHbl M3 0co0bOro CTanbLHOro cnnasa, HavmeHee
NOABEPKEHHOTO TEMSIOBOMY PacLUMPEHNIO; 2 — HOBas
3MEKTPOHMKA, obecneunBatoLLas cyuiecTseHHoe (B 20-30
pa3) ycKkopeHwue npnema, 0opaboTtku, nepegayv aHHbIX,
BKMoYas nx peructpaumio (10° MHpopMaLMOHHbBIX TOYEK
cnekTpa/c), u conyTcTBytoLLME NnepeknoyeHns (1.6-108
a.e.m./c); 3 — pekopaHoe (gecatukpaTtHoe, Ao 0.01 mc)
YMEHbLLEHNE BPEMEHU, HEOOXOANMOTO 1 JOCTATOYHOIO
ONs U3BNeYeHNss ICKOMOW MHdopmMaLmm oT nobon
WHANBMAYaNbHOW MOHN30BAHHOW YacCTuULLbl, FeHeEpUpY-
owen nsmepsiembint curHan (dwell time) B 3agaHHon
TOYKE HaxOoXAeHWs:; 4 — OONOSIHEHUE MPOrPaMMHOrO
COMpPOBOXAEHMST CNeKTpoMeTpa Moaynsamm Syngistix
Nano Application Software Module (SNASM)[160, 161]
nFAST FIAS [162, 163]; 5 — ynpaBnsemoe paclumpeHue
NPSAMONMHENHOrO0 ANHaMmn4eckoro nHTepesana EDR
(Extended Dynamic Range) pernctpmpyembix CUrHanos,
HeobxoaMmoe Ans ogHOBPEMEHHOro onpenenexHns
cofepXaHus rMaBHbIX U MPUMECHBIX 3NTIEMEHTOB B
pamkax eMHOro N3MepUTENLHOTO LMKNa, 4oCTUraemoe
nyTeM COrnacoBaHHOIO YMEHbLUEHUSI MPOMNyCKaHUs
yepes UCT konunyecTBa MaTpUYHbIX U APYTMX MOHOB.

Mopayrnb SNASM po6aswin K TpagnUMOHHbIM NS
WNCI-MC BO3MOXHOCTSIM, UMEIOLLIMMCS U YCKOPEHHBIM
y NexION 350, HOBYt0 1 BeCbMa BOCTpebOBaHHY0
TEXHOMOM0, a UMeHHo, obecneynn pasgenbHyto pe-
rMCTPaLU0 UMMNYIbCHBIX CUTHANOB, FTEHEPMPYEMbIX
B VCI1 Bcemu BeLeCTBEHHbIMU MHOVBUAYaNbHBIMM
HaHo4vacTuuamu (Single Particle, SP), nocTynatowwmmm B
nnasmy u3 XMaKnx, TBEPAbIX N rasoobpasHbix Npod
€CTECTBEHHOIO UMM MCKYCCTBEHHOIO MPOUCXOXAEHMS
(v npebbiBatowmmn Tam ~0.001 ¢) ¢ uensammn obHapy-
XKEHUS, AIEMEHTHOM U N30TOMNHOW naeHTUmKaumnu,
YCTaHOBMEHUS KOHLIEHTpaLMy, pasmepoB 1 pa3mMepHOro
CNeKTpa, a Takxe nx arnomepaummn. 3To ogHa ua rpynnbl
pa3HbIX TEXHOOMMIA TAKOTO )Xe Ha3Ha4YeHUs], U3BECTHAs
B NPOCTENLLEM TEXHNYECKOM UCMONHEeHMn ¢ 1993 .
[164], no3xe Ha3BaHHas SP-ICP-MS v peanu3oBaHHas
Ha Macc-cnekTpoMeTpax pasHbIX NPou3BoanTenen
[165-177]. Bnarogapsi COBOKYMHOCTM BblLLenepeyunc-
NeHHbIX 00HoBNeHu, BHeapeHHbix B NexlON 300 n
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350, TexHomnorusl Nnpuobperna HegoCTMXKMMbIE paHee
nokasatenu: 1 - ckopocTb perucTpauum 6onee 10°
MMMNYMbCHBIX CUrHANoB B CEKYHAY OT pa3HbIX KOMMOHEH-
TOB, 06pasyroLLMX CNEKTP; 2 - ANCKPETHOCTD C LUAarom
5 HM Npu nccrnegoBaHuK pacnpeneneHns paamepoB
yacTtuy,. Mogyne Syngistix okazancst npurogHbIM Takxe
n onsa NexION 300.

Peanu3auus texHonoruu FAST FIAS, ynpasnsemon
OZHOMMEHHbBIM MPOrpaMMHbLIM MoAynem, obecneunBaro-
LLie CBePXObICTPYIO MMMYSIbCHYO MPOTOYHYO UHXEKLIMIO
MMKPOA03 aHanM3upyembIX BELLECTB B TpobonogatoLmi
(UeHTpanbHbIN) NOTOK aproHa NnasMeHHON ropesky n
pdanee B VICTT, Bbina ocyLuecTBneHa 3a cyeT ykasaHHON
BbILLIE BO3POCLLEN CKOPOCTM paboThl Macc-aHanmnaaTopa
C MOMOLLIbIO NCMONb30BaHUS MUKPOPACTbINTUTENBHOW
cucTeMbl. B pesynbTaTe cTano BO3MOXHbIM, Hanpumep,
nony4veHune HeobxoaMMon MHPOPMaLMM O NPUMECHbIX
N MaTPUYHbIX ANieMeHTax BCEro 13 4 MK aHanmaupye-
MOro pacteopa. bnarogaps cokpalleHuto KonmyecTsy
BelllecTBa, AnckpeTHo noctynatowemy B VCI1 yepes
3afaHHble MHTepBasibl BpEMEHW, ONOSTHUTENBHO YMEHb-
LIMMOCh 3arpsi3HeHne pacnblUTENbHOW CUCTEMBI,
nnasmMeHHOW ropenku, KoOHycoB uHTepderica, QID,
UCT v rmaBHOro kBagpynons, 3Ha4MTensHo ocnaben
MaTpUYHbIN 3O PEKT, 4TO NO3BONNIIO aHaNM3nMpoBaThb
Hepa3baBneHHbIe PaCTBOPbI C CONEBOW KOHLEHTPaLMEN
po 300 r/n.

B0O3MOXHOCTM 1 OCTOMHCTBA, pa3Hoobpa3ne un
reorpadusi NPYMMEHeHUs!, a Takxe ypPoBEHb NONynsip-
HocTu NexION 300 1 350 Hawnu oTpakeHue B BbICTPO
pacTyLleM KONMMYECTBE COOTBETCTBYIOLLMNX CTATEN U
avccepTauumn, Hanpumep, [177-219].

1
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Puc. 14. Cxema nuayktopa LumiCoil [153, 247-255, 270]:
1—-npoaonbHOe ceveHne; 2 —nonepeyHoe ceveHue.
M3roTaBanBatoT M3 MeTanIMYeckomn 3aroToBKM TMNa
MAOCKOM «pacyeckm» ¢ OAMHAKOBbIMU OJHOCTO-
POHHMMMK 3yObAMK, CBOpPAYMBAEMON MO CNUPann B
TPEXBUTKOBbIN MHAYKTOP. DNEKTPONMTaHNE MHAYKTOPA
06ecrneynBatoT ero OTOrHyThie KOHLLbl, COeANHEHHbIE
¢ NCIM reHepaTopom

Fig. 14. Scheme of LumiCoil inductor [153, 247255, 270]:
1—longitudinal section; 2 — cross-section. It is manu-
factured from a flat comb type metal blank with equal
one-sided teeth twisted into a three-turn inductor.
Power supply of the inductor is fulfilled by its bent
ends connected connected to an ICP generator.

Cnegytowum B obCcyxgaemon cepum CnekTpo-
METPOB C KBaApPYNOMbHbIM UWOHHbLIM AeIEKTOPOM
okasancs NexION 2000, BbinyLeHHbIV B sHBape 2017
r. [153, 220, 221], KOTOpPbIA COXPaHWUN N pacLLIMpuI
OOCTOMHCTBA npefwecTBeHHMKOB. OH Takxe nven
yeTbipe moandukauum (B, C, P n S), ykasbiBaloLimx
Ha pasHble BapuaHTbl MCNOMNb30BaHUS 1 rasmguka-
uun UCT. MaBHble pa3paboTku, MCMONb30BaHHbIE B
NexION 2000, 3aLumiieHbl nateHTamu [222-269]. Ans
HayanbHOro 3HaKOMcTBa C 3TUM NpPMBOPOM BbIMy-
LLEHbI peKknamMHble N MHPOpMaLMOHHbIE BpoLLopbl,
BMOEOPOISIMKM, N34aHbl HEMHOTOYUCIIEHHbIE TOraa
Te3MCbl OKMAA0B M KypHanbHble ctatbu [270, 273-283).
OcHoBHble otnnyusa NexlON 2000, obHoBRsOWME 1
OOMONMHAKLLME BO3MOXHOCTU NpeLWeCTBEHHMKOB,
3aknoyvanvce B crepyolem: 1 —ymeHbLUIeHbl rabapuTbl
80 81x69x75 cm 1 macca go 150 kr; 2 — ucnonb3oBaHbI
He TpebyoLWwnii MPUHYANTENBHOIO KUOKOCTHOMO MK
AProHOBOTO OXMaXAEHWS [ONTOBEYHBIN BbICOKOCTabUIb-
HbI METaNMMYEeCKU MHOYKTOP NNa3MeHHON ropenku
LumiCoil [153, 247-255, 270], BHELUHE MNOXOXUIA Ha
LUMMMHOPUYECKYIO LUECTEPHIO C TPEMS napanenbHbIMM
psSi4aMU BbICTYNAKLWMX HAPYXKY YANMHEHHbIX 3yObeB
NpPSIMOYrofibHOro ceveHuns (puc. 14), cHabxeHHyt oce-
BbIM KaHaNoM 4151 pa3MeLLeHNs TaM BbIXOAHOW 4YacTu

Puc. 15. Cxema pacnblinMTeNbHOM CUCTEMBI C UICMO/b30BaHMEM
Kamepbl AcnepoH [267-269, 271]: | — Bbicokoaddek-
TUBHbIN KOHLEHTPUYECKMIA pacnblanTens; Il —kamepa
ACNepoH C y3KMM KOHMYECKMM BbIMYyCKOM a3p030/5;
1—naTpybKu ANa BBEAEHWA BCTIOMOraTe/IbHOTO rasa;
2 —KOHMYeCcKas BCTaBKa, CHabkeHHasn nepudepuitHom
KO/IbLLEBOW LLLEIbIO 1A MPOMYCKA ras3a, 04MLLatoLLErO
BHYTPEHHIOI MOBEPXHOCTb BbIXOAHOM YacTW Kamepbl
AcnepoH; 3 —npuoceBan YacTb KOHMYECKOM BCTABKMY,
CHabxeHHasa ABYMSA UM Bonee MUKpOKaHanamu Ans
NPOMYyCKa ra3a, 04MLLALOLLErO BHYTPEHHIOK MOBEPXHOCTb
KOHWYeCKOM BCTaBKK; 4 —CnmB; 5 —yCTPONCTBO ANA
coeAMHeHMA BbIXOAA PACMbIAMTENA C N1Aa3MEHHOM
ropesikom

Fig. 15. Scheme of nebulizer system with an Asperon chamber
[267-269, 271]: | - high efficientcy concentric nebulizer;
Il — Asperon chamber with a narrow conical output
of aerosol; 1 —tubes for introduction of auxiliary gas;
2 —conical insert provided with annular peripheral slot
for passing gas for cleaning the inner surface of the
exit part of Asperon chamber; 3 — near-axial part of
conical insert provided with two or more microcanals
for transmitting gas for cleaning the inner surface of
conical insert; 4 — drain; 5 — device for connecting
the nebulizer exit with plasma torch
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Na3MEHHON ropenku, a Takxke yCOBEpPLUEHCTBOBAHHbIN
n 6onee HagexHbI TBepaoTenbHbin reHepaTop VCI ¢
nnaeatoLen (free-running), Bnepeble NCMONb30BaHHON
onTUMM3npoBaHHON YacToTon 34 MIL [153, 221, 270];
3 — nobasneHo yctporicteo AMS (All Matrix Solution),
nsbasnsollee oT He06XOAMMOCTM NpeaBapuUTENb-
HOro PYYHOrO HM3KOMPOU3BOOUTENBHOIO XUOKOCT-
HOro pasbaBneHnst KOHLEHTPMPOBAHHBLIX PACTBOPOB
NnocpeacTBOM €ro 3ameHbl ra3oBbiM pasbaBrneHmem
Q3P0307151 BHYTPY LIMKMOHHOW PacnbIUTENBHOM Kamepbl
BCMOMOraTernbHbIM MOTOKOM aproHa; 4 — Konm4ecTBo
kaHanoB rasooro nutaHust UCT yBenuyeHo o Tpex,
YTO pacLUMPUIIO NOMEXONOAABMSOLLMA apCeHan SYenku,
BKI0Yasi NpUMEHEHNe YMCToro ammuaka; 5 — nobas-
fleHa BO3MOXHOCTb MCCeoBaHMs psaga 3/1IEMEHTOB
BHYTPU UHAMBUAYaNbHbIX Guonorniecknx knetok SC
(Single Cell, SC-ICP-MS), peanusyemasi ¢ NOMOLLbIO
COOTBETCTBYIOLLEro NPOrpaMMHOro yrnpasnsaioLwero
MOAYNs, NpucoeanHeHHoro k Syngistix [267-269], u
pacnbINTENBHON CUCTEMBI, COCTOSILLIEN N3 BbICOKO3(-
PEKTMBHOIO KOHLEHTPUYECKOTO MUKPOPACBINNTENS U
COOCHOW eMy MUHWATIOPHOW pacnbINUTENbHON Kamepbl
Asperon (puc. 15), BHyTpeHHASA NOBEPXHOCTb KOTO-
poW 3aLuLLieHa OT KOHTaKTa ¢ nepeHocumbimu B VCTT
YacTuuamm aaposons [267-269]; 6 — npegycMoTpeHa
cuctema SMARTIntro ans 6bICTPO 3aMeHbI pasHbIX
pacnbIMTENbHbIX CUCTEM (CHABXEHHBIX OTINYUTENBHON
OKpackom) 1 M3mMepuTenbHbIX YCNOBUI; 7 — BO3MOXHO
Ha 15 % yMeHbLLEeH pacxo aproHa.

B Hauane 2018 r. dpupma PerkinElmer npeseH-
ToBana cnektpomeTtp NexION 1000 [270, 272, 278,
284], 6nu3kni No NpeAcTaBreHHbIM B pekname go-
CTOMHCTBaM, padmepaM u BHewHeMy Buay K NexION
2000, HO HeCKOMNbKO YMPOLLEHHbIW, B YaCTHOCTHY, 3a
CYET COoKpalLleHNst KaHanoB ra3oBoro cHabxeHns UCT
00 OHOTO.

Bce nepeuncnenHsie Boile NexlON’s cogepxanu B
CBOEM COCTaBe Mo TP pasHbIX KBaapynons (gednekrop,
NMoMexonoAaBnsaoLLas syerka u Macc-aHanusaTop,),
OT/IMYAIOLLMECS HA3HAYEHNEM, KOHCTPYKLMEN, Pa3MepPOM
N MECTOHaxOoXaeHNeM.

BecHown 2020 r. B 3TOM ceMencTBe NosiBUncs
HoBbIN YeTblipexkBaapynonbHbii NexION 5000 (puc.
16). O3HakomuTENbHasA MHGopMaLusi 06 aTom npubope
MUMEETCS B TEKCTOBbIX U MHTEPAKTUBHbIX PEKTaMHbIX
GpoLutopax, 1 NMCTOBKaX, a TakKe B BUAEOPONMKax
[270, 285-291]. Jlo6aBneHHbIV (BXOAHOW) KBagpynosb
3TOro CneKkTpomeTpa, pasMecTuUniM COOCHO Mexay
KBaApynosnbHbIM OedIEKTOPOM 1 MOMEXONOAaBA-
towwen auenkor UCT, 4yTo yBENMUMNO obLLyo ANUHY
WOHHOro TpakTa. KOHCTPYKTUBHO U (DYHKLMOHANBHO
3TOT KBaApynonb nogobeH BbIXOAHOMY KBaApYMosto
cnekTpomeTpa. Paspeluatowas cnocobHOCTb 3TUX
kBagpynonen ognHakosas — 0.7 a.e.Mm. BxogHon
KBaApynosnb CIyXWUT NpeABapuUTenbHbIM (ULTPOM
nocTynarLero B Hero MOHHOro MOTOKa, a BblXo4-
HOW sIBNSETCS 3aBepLualonm Mmacc-aHanm3aTopom.
Wcnonb3oBaHue Q2 obecneyvBaeT npeaBapuTensHoe
ynpouweHune coctaBa unoHos VCI1, nocTtynawowmx B

\| 3 5 |6
N L]

3

Puc. 16. Cxema noHHoro Tpakta NexION 5000 [285]: 1 - uHTepdeiic;
2 — nednekTop (Q1); 3 —BXOAHOK KBaApynonb (Q2);
4—nomexonogasnaiolas ayeika (Q3); 5 — BbIXoAHOM
KBaapynonb (Q4); 6 — aetekTop; 7 — Bbix0o4, GOTOHOB
N HeMTPaNbHbIX YacTuL,

Fig. 16. Scheme of NexION 5000 ion tract [285]: 1 —interface;
2 — deflector (Q1); 3 — entrance quadrupole (Q2);
4 — cell for reduction of interferences (Q3); 5 — exit
quadrupole; 6 — detector; 7 — exit of photons and
neutral particles

avenky Q3, 1, COOTBETCTBEHHO, OBneryaeT ycrnoBums v
3hPEKTUBHOCTL €€ akcnnyaTaumn. lazoBoe nutaHme
AYENKN BbIOMpaKT MHOUBMAYANBHO B COOTBETCTBUU
C aHanuTnyeckon 3agaden. dkcnnyatauusa npubopa
ZJonyckaeT 04HOBPEMEHHOE aKTVBHOE UCMOSIb30BaHMe
BCEX KOMMOHEHTOB OMNTUKM FOPU3OHTaNbHOIO MOHHOTO
TpakTa uUnu Tonbko Mx YacTu. [Nepsbli BapnaHT obe-
cneyuBaeTt rnaeHble npenmyectsa NexlION 5000
Mo CpaBHEHMIO CO CBOUMMW NpeaLLeCcTBEHHMKaMK, a
WMEHHO, MakcMmMmanbHoe ocBoboxaeHre nognexa-
LUX aHann3y MOHOB OT HaNOXEHWN, CaMblil HA3KME
OH 1 npeaenbl 0bHapyXeHNs1 3NEMEHTOB, a TaKxe
HambonNbLUY JOCTOBEPHOCTL pe3ynbTaToB aHanuaa.
BTopoii BapuaHT ucnonb3yloT onst 6onee npocTbix
aHanuTudeckux 3agad. MNpun atom Q2 1 Q3 BmecTe
Unu pasgenbHO NepeBoasaT B NAaCCUBHOE COCTOSIHUE,
COOTBETCTBEHHO OCTaBIssi UM POJSib MOHOMPOBOAOB.
KOHCTPYKTMBHOE YCIOXHEHME 3TOr0 CnekTpoMeTpa
NpUBENO K yBenu4yeHuto ero macchl (191 kr) urabaputos
(114x85x85 cm).

7. CnektpomeTpbl Thermo Fisher Scientific

Mpe3eHTauus Tpex moandmkaumi (Qa, Qc n Qs)
HaCTONbHOro ABYXKBAAPYMNOMbHOIO CNEKTPOMETpaA
iCAP Q ICP-MS ¢ gpyrum opToroHasnbHbIM MOHHBIM
AednekTopom nponssoacTea komnaHum Thermo Fisher
Scientific Inc. cocTosnace B pamkax o4epeaHon KOH-
depeHuun-BbicTaBku PittCon B mapte 2012 r. [292].
KpaTkne cBegeHusi 06 ero ycTponcTee, BO3MOXHOCTSAX
N npumeHeHun npuseeHbl B [293-323]. MNaTeHTHas
MHGOPMaUWs, KacatoLasicsl 3TOro CNeKTpomMeTpa, ero
nocneayowmnx moandukaunuii n ConyTCTBYOLNX pas-
paboTok (kacatowuxcs nHTepdenca nnm npubopa c
WOHHOW NOBYLLKOW) ony6nmkoBaHbl B [324-338].

BepTukanbHoe pacnonoxeHne Macc-aHanusaTopa
BHYTpU aToro npubopa, kak n B PlasmaQuant MS/MS
Elite nponssogctea Analytik Jena [113], onpegenuno
UX BHELLHee cxoacTBo. Pasmepsbl n macca (6e3 dopBa-
KyymHoro Hacoca) iCAP Q ICP-MS cocTtasunu, cooT-
BETCTBEHHO, 103X77x75 cMm un 148 kr. BakyymuposaHue
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3TOro CNeKTPOMEeTpa, CHabXXEHHOTO OBYXKOHYCHBIM
WHTeppericom, TpexcTagumHoe.

MMasHbIMy oTAnYmamn iCAP Q ICP-MS ot aHanoros
APYrvX NpoM3BoAMTENEN ObINN MCNONb30BaHWe ApYron
KOHCTPYKLUKN OPTOrOHarIbHOro MOHHOTo aedriekTopa
1 HOBOM Pa3HOBUAHOCTU KBaAPYMNOMbHOW MOMEXono-
JaBnsOLLEeNn S4YEnKun.

Hosbi1 yrnoson gedpnekTop (puc. 17), nonyymsLmnm
Ha3saHue RAPID (right angular positive ion deflection)
[339, 340], BbINONHEH B BUAE crneumanbHon KaMepsl,
CHabXeHHON BepTUKarnbHbIM U FOPU30OHTaNbHbLIM Ka-
Hanamu, CBA3bIBaOLLMMUK KaMepy CO KBaApPYNOSbHbIM
aHanM3aTopoM CBEPXY U MiIa3MEHHbIM 9KCTPaAKTOPOM
cboky. Mexay aTMMn kKaHanamu BCTPOEH LMNUHApUYe-
CKW 3NEKTPOA, OCb KOTOPOrO pacnosioXeHa nepnex-
OVIKYIISIPHO OCSM BbILLEHa3BaHHbIX kaHanos. dopma
n noteHuyman atoro anektpoga (-400 B) BmecTe ¢
reomMeTpu1el U NoTeHLManaMm BCrioMoraTesbHbIX TMH3,
pacnonoXeHHbIX B yNOMSHYTbIX kaHanax, obecneunsanm
MPSIMOYTOSIbHbI NOBOPOT NONOXUTENBHBLIX MOHOB MNOTOKA,
BbIXOASILLETO 13 Na3MeHHOro 3KCTPAKTopa, a Takxke
(HOKYCMPOBaHNE NOHOB BBEPX, BHYTPb BEPTUKANBHOIO
KaHana nomexonofaenstowen auenkn. Ang yganeHms
(HOTOHOB M HENTParbHbIX YacTWL, NIA3MEHHOIo MOTOKA
BHM3Y Kamepbl AednekTopa NpeaycMOTPEHO OKHO,
pacnoso)XeHHOe HaNpOTUB rOPU3OHTANbHOIO KaHana.

B ocHoBy npuHuuna paboTbl 1 yCTPONCTBA HO-
BOW nomexonofaBndaoLLen KBaapynosibHON s4enku,
Ha3BaHHoM Flatapole cell [321, 322], nonoxeHo npu-
MeHeHMe hUnbTPYHLLEro CBOMCTBA NepBoi obnacTtu
CTabunbHOCTM AnarpaMMbl ABUXXEHNS NOHOB B Taknx
Avelikax, on1cbIBaeMo M3BECTHOM AnarpaMmon Matee
[18, 33, 85, 321, 322, 324-326, 341, 342] n oByms ee
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Puc. 15. Cxema pacnblMTeIbHON CUCTEMbI C UCTMOb30BAHNEM
Puc. 17. Cxema opToroHanbHoro aednexktopa RAPID
[339, 340]: 1 —kopnyc aedneKkTopa; 2 — LEeHTPaAbHbIN
UMAMHOPUYECKUIA aneKTpoa; 3 — doKycupytowme
3N1EKTPO/bl; 4 — BbIXOA, UCCEAYEMbIX MOHOB B aHaIN-
3aTOpP; 5— 0KHO yAa/eHMA MeLatLMX YacTUL, NAa3Mbl

Fig. 17. Scheme of RAPID orthogonal deflector [339-340]:
1-housing of deflector; 2 —central cylindrical electrode;
3 —focusing electrodes; 4 — exit of investigated ions
into analyser; 5 — port for removal of interfering
particles of plasma
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napameTpamu a~p(U) u g~ ¢(V), ABNAIOLLMMUCH DYHK-
LMAMKM NOCTOAHHOIO U 1 nepemMeHHoro V HanpseHu,
nuTarLLmX cTepxHU kBagpynonen. Mockoneky Flatapole
cell cnyxuna 3gecb MOHHLIM NPOBOLHMKOM, MUTAEMbIM
TOMbKO NEePEMEHHbBIM BbICOKOYACTOTHBLIM Hanpsxe-
HMeM, 3HayeHns U u a 6binv paBHbl HyMo, MO3TOMY
AencTByoLWMM, onpeaensaowmm nponyckaemMocTb
AYENKM OCcTaBarsncs TONbKO NapameTp q:
q = 4eV/miw?r 2,

rae V —amnnutyga BY HanpskeHuns; w —vyactota BY
HanpsHKeHWs; m — Macca VoHa; e — 3apsafd UoHa; 1, —
NMOMOBUHA PacCTOAHWUS MeXAy NPOTMBOMONOXHBIMM
CTEPXKHAMMW.

B kayecTBe HOBOro cpefcTBa Ans ynpaBneHns
paboTo Flatapole cell aBTopbl BbIOpanu koHTponupye-
MOe n3MeHeHue pasmepa r,. B yactHocTu, 310 yaanoch
OOCTUrHYTb 3aMEHON TPpaguULMOHHOW (KPYrion unm
rmnepbonunyeckomn) opmbl KaXKA0ro KBaapynosnbHo-
ro cTepXxHst T-o0pa3Hon NpogoNroBaTon NNacTUHON,
MMEILLEN Ha BHYTPEHHEN CTOpOHe, obpalleHHOon K
OCU SI4EVKM, Y3KUIA BbICTYM NEPEMEHHbIX LUNPUHBI U
BbICOTbI C MIOCKOW NOBEPXHOCTHLIO (PUC. 18 M naTeHThI
[324-326]). Cpeaun opyrnx pacCMOTPEHHbIX BapUaHTOB
C OpYyrov reoMeTpmen aTOT COYNU NyYLlnM, TaK Kak
POCT BbICOTbI BbICTYNOB, 0CO6EHHO B cepeaunHe obe-
creynn CooTBETCTBYIOLEE YMEHbLUEHNE 3HAYEHUSA
r, KBagpaTHas popma npoceeta Mexay CTEPXHAMU
M ero pasmep Bfvsifia Ha reoMeTpuio 3NeKTPonons
SAYENKN HE3HAYNTENBHO.

CUMMETPUYHBI HABOP YETLIPEX TakNX CTEPXKHEN,
ob6palLeHHbIX BbICTyNaMu Apyr NpoTuB Apyra, UMen
HE TOJbKO YMEHbLUEHHbIN MPOCBET £y MEXAY HMM, HO
N ero nepeMeHHoe 3HavyeHve Ha BCen AfIMHE SYenku
(kpoMe ee Bxoaa v BbIxo4a), YTO BbI3bIBANO COOTBET-
CTBYHLLIEE M3MEHEHMWE BEMNWNYMHBI G, UHAMBUOYanNbHOE
0N KaXK4oro noHa, NpoXoasdLLero Yepes a4enky. [Npu
3aTOM Bnarogaps cBovcTBy gnarpammel Matbe MoH
Kax4oro aHanuta ocBoboxaarncs oT ConyTCTBYOLLNX
MOHOATOMHbIX MOHOB (MPEKYPCOPOB), MPUrOAHbIX A
npeaBapuTENbHOrO BO3HMKOBEHWS NOTEHUMANBHBIX
MeLLaLLMX HaNOXEeHNUN. TN NPEKYPCOopPbI, MeHbLUKE
aHanuTOB MO Macce, nonaganu 3a npegensl nepBou
obnactu cTabunbHOCTN MOHOB M BbINieTanu 3a npe-
aenbl syerikn (cut-of), He yyacTBys B o6pasoBaHun

e —— I
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Puc. 18. Ctep:keHb Flatapole cell B Buae npogonrosaToi
NAACTUHbI C OAHOCTOPOHHUM, UMEIOLLLEA Ha BoNbLLE
4acTM CBOEW A/MHbI KPUBOJAMHENHBIM BbICTYNOM
[324-326]: 1 — dpoHTanbHbIN BUA,; 2 - BUA COOKY

Fig. 18. Rod of Flatapole cell shaped as an elongated plate
with one side curvilinear protrusion on the most of
its length [324—-326]: 1 —front view; 2 — side view
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Tabnuuya 4
O6nacTb NnpumeHeHua adenkn Flatapole [294, 322] (3aps-
[bl MOHOB A1 YNPOLLLEHMA He NMOKasaHbl).

Table 4
Field of Flatapole cell application [294, 322] (ion charges are
not shown for simplicity).

AHanuT Bo3amoxHble cnekTpanb- Mpekypcopsbl
Hbl€ HanoXeHus HanoXeHui
130160 , 12C160 H, 44CaH,
4580 32812éH‘ 328132C:’ 338120 H’ C’ O’ S’ Ca
- 31p16Q, 46CaH, 35ClI'2C, H,C,N,O,PS,
Ti 32G1NH, 33S™“N Cl, Ca
ror 3P18Q, 48CaH, ¥CI“N, | H,C,N,O, P, S,
T | wcreg, =gw0H, 2510 Cl, Ca
) 3437160, 32880, 35CI“NH, H,C,N, O,
i 1CI2NH s, Cl
51V 35CI'°Q, ¥CI™“N, 34S'°0H H,O,N,S,Cl
0 ®Ar160, “Ar2C, 3CIOH, | H,C,O,N, S,
cr TCINH, #S180 Cl, Ar
55Mn 37C|180, 23Na328‘ 23Na31PH H‘ O‘c:rl\li:rp’ S‘
56Fe 4OAr'6Q, 4°Ca’®0 O, Ar, Ca
Fe “Ar1OH, ©Ca'®OH H, O, Ar, Ca
58Ni 40Ar180 4OCa180 23NaSSC| O’ Nac’Cl‘ Ar’
, , a
%Co 4Ar180OH, “Ca'®0, H, O, Na, ClI,
2Na®CIH Ar, Ca
6ONj 44Ca'%0, #Na*Cl 0O, Na, CI, Ca
. 44Ca'®0OH, %8Ar*Na
61 ’ ’
Ni BNaCIH H, O, Na, ClI, Ca
sCy “0Ar2Na, ©2C180%Cl, C,N,O,Na,P,
1ZC14N37C|, 31P328] 31P1602 S, Cl
67 %2870, %28, *°Ar'2C™0, C,N, 0O, S, Ar,
38812C14N, 4BCa1SO Ca
- %280 H, 8 H, “N"*0*CI, | H,N, O, S, Cl,
Cu #Ca’0OH Ca
34Q16 32Q34 33
%Zn S Oi‘SC:SOS’ Sy 0, S, Ca
77n 3283%SH, S H, *Ca'®OH, H,N, O, S, Cl,
14N16037C|, 35(:'1602 Ca
SBZn 3281802, 3482 o, S
Ga #8180, H, 3S,H, ¥CI'*0, H, O, S, Cl
07n. #4810, *Cl, 0, S, Cl
“OAr4SH, ©ArC
75 3 3
As #©Ca*Cl, YCLH H, S, Cl, Ca, Ar
"Se 4OArCl, 4°Ca®Cl Cl, Ca, Ar
8Se 40A3BAr Ar
40 40 32Q 16
®Se Ary ©C8,, 8,70, 0,S, Ar, Ca
S'°0,

HanoxeHui. B Tabn. 4 nokasaHbl 0XXngaemble NpUMepbl

achdhekTnBHOCTU paboTbl A4enku Flatapole

[ns paclumpeHns cnucka yaansieMblx HanoXeHWi
ObINo NpegyCMOTPEHO NPOMNyCcKaHUe Yepes A4erky
TPaAMLMOHHBIX CTONKHOBUTENBHOMO U PeaKLMOHHbIX
rasos, obecneunBas evi JONONHUTENbHYIO (PYHKLUIO
CRC (collision-reaction cell). BykBeHHble 0603Ha4YeHUS

Qa, Qc 1 Qs mogndmKaLuii cnekTpoMeTpa ykasbiBanm
Ha UX NpeAHa3HavYeHne As pasHblX NOMeXonoaaBss-
tounx razo. OcobbiM npucnocobneHnem aHHOro
crnekTpomeTpa SBMNSeTcs cneynansHas nogBmkHas
OBepKa, 3aKpenfneHHas BHU3Y ero fvueBoir 4YacTu
nocpeacTBOM LapHupa, obecneynBatoLlast 4OCTyn
BHYTPb MNa3MeHHOro oTceka K 3aKkpenseHHbIMU Ha
Heln KoHycamu uHTepenca, aKCTpaLMOHHON NMH3e, a
TakXe K MHOYKTOpY, Y4TO obneryana u yckopsna npo-
BEPKY COCTOSIHMS, COOPKY-pa3bopKy 1 OUUCTKY STUX
netanen, a Takxe (MKCMpoBano ux ctaHgapTHoe
paboyee nonoxeHue.

Cnegyouias onTMMU3NMPOBaHHas BEPCUSI 0OCY -
Zdaemoro npubopa iCAP RQ ICP-MS 6bina npeactasneHa
Ha PittCon BecHou B mapTe 2016 1. [343-348]. B cneny-
IOLLEM roZly TaM e NPeaoXuUIn TpEXKBaAPYNOSbHYH
moaenb iCAP TQ ICP-MS atoro cemeiictBa [349-354],
CyLLEeCTBEHHO OTNnyatoLlasics 4obaBneHnemM K nome-
XonogasnstLLen syenke BXOAHOrO KBaapynosbHOro
dunetpa (puc. 19).

9
L\\8]
7
6
(oSERNE

N = U

Puc. 19. Cxema macc-cnektpomeTpa iCAP TQ ICP-MS [346,
347]: 1 — nnasmeHHas ropesnka; 2 — ABYXKOHYCHbI
NHTEPdENC; 3 — MOHHBIN SKCTPAKTOP; 4 — MOHHbIN
OPTOroHaNbHbIM AedNeKTop; 5—0KHO ANA yAaNeHUA
HeWTpanbHbIX YaCTML M GOTOHOB M1a3Mbl; 6—BXOAHOM
KBagpynosb (NpeasapuTenbHblii GUALTP); 7 — KBa-
[ pynonbHaa nomexonoaasnatoLlan ayeiika Flatapole;
8 — nnH3a napannensHoro (off-axis) cmeLleHMs MOHOB;
9 - BbIXOAHOW KBaAPYNob (aHann3aTop); 10— aeTekTop

Fig. 19. Scheme of iCAP TQ ICP-MS spectrometer [346, 347]:
1 - plasma torch; 2 — double-cone interface; 3 —ion
extractor; 4 —ion orthogonal deflector; 5 — port for
removal of neutral particles and photons of plasma;
6 — entrance quadrupole (prefilter); 7 — Flatapole
quadrupole cell for reduction of interferences; 8 —
lens for parallel (off-axis) deflection of ions; 9 — exit
guadrupole (analyser); 10 — detector
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8. CnekTpomeTp npoussBoAcTBa rpynnbl Expec
Technology (Focused Photonics Inc.)

HepnasHo rpynna Expec Technology 13 komnaHum
Focused Photonics Inc. (KHP, XyaHuxoy) Beinyctuna
Ha pbIHOK HOBbIN crnekTpomeTp Expec 7350 (kpaTko
npeacTaBneHHbIN B pyCCKOA3bIMHOM MIHTepHeTe rpynnon
IMC Group Ltd. (2013—2024 r.r.), cHabGXeHHbIN BXOAHbBIM
OPTOroHanbHbIM MOHHBIM AedEeKTOPOM, NOXOXKNM MO
YCTPOWCTBY Ha npopeknammpoaHHbin paHee RAPID
iCAP ICP cdmpmbl Thermo. [nNaBHble OTNMYMS KUTail-
CKOro npnbopa 3aknio4aroTcs B BEpTUKaNbHON MO3MLMK
nnasMeHHON roperiku, ropnu3oHTanbHOM pacnosoxe-
HVM NOCNeAyHoLLEero MOHHOrO TpakTa, NCMONb30BaHMK
rekcanosibHON NOMeXonoaaBNAoLLEN SHENKU BMECTO
Flatapole, yckopeHHOM NATUCTaAUNHOM BakyyMUpoBa-
HMK, obecneynBaeMbIM TpeEMS TYPOOMONEKYNAPHBIMM
HacocaMu, HanUYUM NSTN BCTPOEHHbIX NOPTATUBHbIX
6annoHoB, NepeknyaeMbIX A4ns pasHblX nomexonoaa-
BRstOLLMX ra3oB. [1ogpo6HbIX AOCTYMHbIX Ny6nvMKauui
00 y cTponcTee 1 ucnone3oBaHum Expec 7350 noka
He HangeHo.

3AK/TIOMEHUE

CepuiiHoe Npon3BOACTBO NEPBbIX KBAAPYNOMNbHbIX
NCI1-macc-cnekTpoMeTpoB C UCNONb30BaHWEM BXOAHON
MOHHOW ONTUKU LUMTMHAPUYECKOM CUMMETPUK, pacnono-
YXEHHOWN COOCHO C MICTOYHMKOM MOHOB Y @aHanM3npyoLLMM
KBaapynonem, Ha4anock B 1983 . [1, 2] 3TuM 3aHANNCH
8 3apyb6exHbix pupm: cHavana B KaHage (SCIEX) u
Axrnum (VG Elemental), satem Bo ®paHuum (Delsi-Nermag
1989 r., HebonbLas cepus), B AnoHun (Seiko Instrum.
Inc. 1987 r.), B lfepmanuum (Spectro Analytical Instr. 1993
r.), B Asctpanum (Varian 1993 r.) u B CLLA (Perkin-Elmer
1994 r.). MNpwn aTOM Ha3BaHHas ONTMKa, COXpaHALLas
WCXOAHBIN NPUHLUKUN OENCTBUSA, UMerna y aTux upm
MHOrAa CyLLEeCTBEHHbIE OTNMYMSA. DKCNepuMeHTamm
€ Nofo6HbLIMY CNEKTPOMETPaMU 1 M3TOTOBIEHNEM UX
«camopgenok» 3aHnmanunce B CCCP (MHCTUTyT aHanm-
Tuyeckoro npubopoctpoeHus AH CCCP 1986 r.), B CLLA
(yHuBepcuTteTbl Aosckuin 1977 r. v Mngnaxckmuin 1986 1),
B lepmanum (JopTMyHackun yHuBepcuTeT 1986 T.), B
AnoHumn (Haronckuin yHuBepcuteT 1987 1. u dompma
Xutaumn 1992r.), B Kopee (MiccnenoBaTensCKUm MHCTUTYT
ctaHgaptoB 1990 r.). 3a 370 BpeMs K fJaHHOW ONTuke
Hakonuncs psag npeTeHsnin. Hanpumep, CNOXHOCTb,
NOCTENEHHOE 3arpsi3HEHNE €€ NUH3 NNa3MeHHbIMU
OTXO4aMMu, CHUKaLLEE YyBCTBUTENBHOCTb aHanmaa,
4YTO Nepruoguyeckn TpebyeT 3aTpaT BpeMeHu 1 Tpyaa
ANS NOACTPONKN NOTEHLMAMOB JIMH3, COOTBETCTBYHOLLMX
OYUCTKKM, pa3bopkn 1 cOOPKM ONTUKN.

Habntogaemoe k ToMy BpEMEHW pa3BUTUE TEXHWKM
NCM-MC npuBeno k NosiBfieHWI0 HOBaLMIA B MOHHOW
ontuke. B 1992 r. B AlioBckom yHuBepcutete (CLLA)
nccnegoBany BXOAHYH ONTUKY € FTOKanbHbIM O4HOCTO-
POHHMM AyroobpasbiM OTKIIOHEHMEM UOHOB [7]. 3To, B
YacTHOCTW, MO3BOSNIIO M30aBUTLCS OT TPAANLMOHHOTO
oceBoro «oToH-cTonay. Ha 6ase aTor paspaboTkm B
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1993 r. kopnopauuen Thermo Jarrell Ash (CLUA) 6bin
BbIMyLLEH B ceputo cnekTpomeTp Quadrion. B crnegy-
oLem rogy Tam xe Obln co3gaH cepunHbeii rmbpug,
Ha3BaHHbIN POEMS, 06beanHuBLumnii Quadrion n ontu-
KO-3MUCCUOHHBIV cnekTpomeTp IRIS, obecneunBatowmin
OOHOBPEMEHHbIE MaCC-CMEKTParbHble M aTOMHO-3MUC-
CVOHHbIe n3mepenus. B 1998 r. koprnopauwms BbinycTuna
nocnegHu rubpuaHeii cnektpometp POEMS-3, B
KOTOPOM MOHHas onTHKa Bblna yxe 0CeCMMMETPUYHOMN.
M3BecTHO 06 MCMONb30BaHMM ONTHKU C NOKaINbHbIM
O[HOCTOPOHHUM Oyroobpa3sHbiM OTKITOHEHUN UOHOB
B 9KCMEepMMEHTarbHbIX CEKTpoMeTpax B ATOMHOM
nccnegosaTtensckom LeHTpe Bhabha, (MHana 1996 T.)
1 B TOKUMCKOM TEXHONOMMYECKOM UHCTUTYTE (ANoHuS,
2000 r.).

Hosas BxogHas MoHHasi onTuka, obecneuvBatoLLas
napannensHoe (off-axis) cmeLLeHne NOHOB nepen nx
NOCTYNMeHNeM B KBaApynosbHbIN aHanm3aTtop, Bnep-
Bble nosisunack B 1987 n 1988 r.r. B cocTaBe SINOHCKNX
cnekTpomeTpax PMS 100 n PMS 200 npousBoacTea
kopnopaumu Yokagawa Electric [6]. [Mo3xe aHanory atux
cnektpomeTpoB PMS 2000, HP 4500 u Agilent 7500
NPOW3BOANIN NPEEMHUKU BblLLEHA3BaHHOW Kopropauum:
Yokagawa Analytical System (1990 r.), Hewlett-Packard
(1994 r.) n Agilent Technologies (2000 r.), cooTBeT-
CcTBeHHO. B 1993 1. onTmka ob6cyxgaemoro Tvna Hatuna
npumeHeHwue B cnekTpomeTpax EMS 200 npoussoactsa
Yonglin Instrum. (Kopes)) n B TS Sola npounssoacTtea
Turner Scientific/Finnigan MAT (Tepmanus). NogobHas
onTuka Oblna ncnonb3oBaHa Takxe y cnekTpomeTpa
ICPM-8500 compmbl Shimadzu. OTKNOHSIIOLLME NTUH3bI
LUUNMHOPUYECKON CUMMETPUN 1 Pa3HbIX KOHCTPYKLMIA
nepeyvmcneHHbIx NpMbopoBs pacnonarany ¢ 0CeBbIM
CMelLeHNeM Ha BXo4e B aHanu3upyloLwwun KBaapy-
nonb Unu (GONONMHUTENBHO) HA BbIXOAE N3 UCTOYHMKA
noHoB. C 1996 r. B kayecTBe off-axis gecdnektopa
cTanum ucnonb3oBaTb OTPE30K MyMbTMNONS, Coean-
HAOLWWIA pa3aBuHyThle Apyr OT Apyra no BepTukanu
N ropMsoHTanu (Ha napannenbHbIX OCSIX) UCTOYHMK
WOHOB M aHaNU3MpPYHLLMIA KBaapynosb. STOT OTPE30K
BbIMOJTHSAM POJSib CMELLEHHOIO MOHONPOBOAA, a TakXke
rasonponyckaroLlen MoMexXo- 1 CBETO- 3aLLMLLaloLLEN
A4enkn. Takme cnekTpomMeTpbl Bbinyckanu B AHInK
Platform-ICP (Micromass 1996 r.) n Platform-XS (VG
Instruments 2001 r.), B CLLUA Agilent 7500c (Agilent
Technologies 2001 r.). B kuTanckom cnektpomeTpe
ICP-MS 2000 (npoussoacTea Skyray 2012 r.) nomexono-
AaBMSAOLLMA MyNETUNOMb PACNONOXEH FOPU3OHTANBbHO,
a ero nepsBuyHyto off-axis dyHKkuuo obecneunBaeT
CMELLEHHOE MONOXEHNE NCTOYHMKA MOHOB, CHabXeH-
HOro BcnomorartesibHbIM gedriekTopom. bonbLuyto
N3BECTHOCTb NOMy4nna cepusi CNEKTPOMETPOB NPOU3-
BozcTea Agilent, 1ONONHEHHbIX TOMEXONOAaBNSALLEN
okTanosnbHow s4erkon: 7500 cs (2003 1), ce (2004 1), cx
(2007 r.), 7700 (20091.), 8800 ICP-QQQ (2012T.), 7900
(2014 r.), 8900 (2016 r.). ledbneKkTOpOM B HUX CIYXKMUI
Tak HasblBaembln Omera-umnuHap, BCTPOEHHbIN B
nna3MeHHbIN HTepdeiic, obecneyrBatoLLmii NEpeEHOC
MOTOKA MOHOB BHYTPb aHanM3artopa Yepes 0TBepcTue
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3agHen cteHkn Omera-unnmHgpa, CMeLLeHHoe Ha ee
nepudeputio.

[aHHbIn 0630p BMeCTe C TpeMs ero npeabiay-
LWMMK YacTamu [2, 6, 7] MoxeT BbiTb MOME3HbIM A1
N3y4YeHns yCTponcTBa U 0COHBEHHOCTEN N3BECTHBIX
KBaZApynosbHbIX Macc-cnekTpomeTpos ¢ VCTT, npu
BblIbOpe noaxoasiie Mogeny U3 X MHOXeCTBa A
noTpebuTenbCckunx Lenen, a Takxke Ans BO3MOXHOro
COBEPLUEHCTBOBAHMS MMEIOLLNXCSA 1 CO3aHNSA HOBbIX
CMeKTPOMETPOB NogobHOro Tnna B ByayLlem.

BZIATOAAPHOCTH

3a nonesHy NHHOPMALMOHHY0 MOMOLLb aBTOP
BblpaxkaeT 6narogapHoCcTb Npodeccopy YpanbCcKoro
®epnepancHOro YHusepcuteTa uM. nepsoro NpesngeHTa
Poccun B.H.EnbunHa, g.x.H. A.A. Tynbiwesy.

ACKNOWLEDMENTS

The authoris grateful to Professor of Ural Federal
University named after the First President of Russia
B.N. Eltsin, Doctor of Chemical Sciences Alexander
Alexeevitch Pupushev for useful information help.

NUTEPATYPA

1. Cypukos B.T. Hauyano ncropum macc-cnekTpoMeTpum € nH-
AYKTUBHO CBSi3aHHON nna3moi. [NepBble aKcnepyMeHTanb-
Hble N CepuiiHble CnekTpoMeTpbl // AHanuTKa 1 KOHTPOIb.
2002. T. 6, Ne 3. C. 323-334.

2. CypukoB BT, Mynbiwes A.A. BxogHas noHHas onTuka
KBagpYynosbHbIX Macc-CNEKTPOMETPOB C UHAYKTUBHO CBSI-
3aHHOM nNnasmoi. YacTb 1. CuctemMbl UMNMHAPUYECKON CUM-
METPUU C MPAMONMHENHOW OCbIO // AHAnNMTKa 1 KOHTPOIb.
2011.T. 15, Ne 3. C. 256-280.

3. Cypukos B.T,, Nynbiwes A.A. OBoNOLMA MOHHON ONTUKN
KBagpYynosibHbIX Macc-CNEKTPOMETPOB C UHAYKTUBHO CBSI-
3aHHOW nnasmoin. Yactb 1: cuMcTeMbl LMAVHAPUYECKOW CUM-
MeTpWM C NpAMOnuHenHow ocbio // Mpobnembl CnekTpocko-
nuu 1 cnekTpomeTpumn. Mexay3. 6. HayyH. Tp. EkatepuHbypr:
YITY-YMW, 2005. Bein. 20. C. 97-124.

4. Cypukos BT, MNynbiwes A.A. BxogHas MoHHas OnTuKa KBa-
[pYNOMbHbIX Macc-CNeKTPOMETPOB C MHAYKTUBHO CBS3aHHOM
nnasmon u ee apontouus // Oen. 8 BUHNTU 26.10.2005, Ne
1368-B2005. YT TY-YMUN, UXTT YpO PAH. EkatepuH6ypr. 59 c.
5. Cypukos B.T., MNynbiwes A.A. OBONOLMSA MOHHON ONTUKN
KBaApynornbHbIX Macc-CnekTpoOMETPOB C MHAYKTUBHO CBA3aH-
Hom nnasmoiw. YacTb 2: CuctemMbl ¢ n3orHyTou ocbto // Mpo-
6nembl cnekTpockonuu n cnektpomeTpun. Mexaya. cb. Ha-
y4H. Tp. EkatepuHbypr: YT TY-YTIN. 2005. Bein. 20. C. 25-140.
6. CypukoB BT, MNMynbiweB A.A. BxogHas noHHas onTuka
KBaZApYNoJSbHbIX MAcC-CNEKTPOMETPOB C MHOYKTUBHO CBS-
3aHHOM nnasmon. YacTb 2. ACMMMEeTpUYHbIE CUCTEMBI C Na-
pannenbHbIM CMeLLEeHNEM MOHOB // AHanuUTHKa U KOHTPOIb.
2014.T. 18, Ne 3. C. 216-250.

7. CypukoB B.T. BxogHas noHHasi onTuka KBagpynonbHbIX
MacC-CNeKTPOMETPOB C MHOYKTUBHO CBA3@HHOW Mia3mMon.
Yactb 3. ACUMMETPUYHbIE CUCTEMBI C NIOKanbHbIM Ayroo6-
pasHbIM OTKITOHEHWEM MOHOB // AHanuUTUKa u KOHTPOnb. 2015.
T. 19, Ne 2. 104-114.

8. CbicoeB A.A., YynaxvH M.C. BBegeHue B Macc-CneKkTpo-
meTputo. M.: Atommnsgart. 1977. 304 c.

9. Trace analysis by mass spectrometry / Ed.: A.J. Ahearn.
N.Y.: Academic Press. 1972. 460 p.

10. Simple electrostatic quadrupole ion beam deflector / Far-
ley JW. // Rev. Sci. Instrum. 1985. V. 56, Ne 9. P. 1834-1835.

11. Deflection of an ion beam in the two-dimension electro-
static quadrupole field / Zeman H.D. // Rev. Sci. Instrum. 1977.
V. 48, Ne 8. P. 1079-1085.

12. Laser-ion coaxial beams spectrometer/ Huber B.A. [et al ]
/I Rev. Sci. Instrum. 1977. V. 48, Ne10. P. 1306-1313.

13. Pat. 3410997 A1 US. Multipole mass filter / Brubaker W.M.
Filed 08.09.1964; date of patent 12.11.1968.

14. Pat. 3473020 A1 US. Mass analyzer having series aligned
curvilinear and rectilinear analyzer section / Brubaker W.M.
Filed 19.06.1967; date of patent 14.10.1969.

15. Pat. Appl. 0237259 A2 EP. Mass spectrometer / Syka J.E.P.
Filed 04.03.1987; date of patent 16.09.1987.

16. Pat. 5049739 US. Plasma ion source mass spectrome-
ter for trace elements / Okamoto Y. Filed 01.12.1989; date of
patent 17.09.1991.

17. Pat. 9318541 JP. ICP analyzer / Takeshi . Filed 31.05.1996;
date of patent 12.12.1997.

18. Inductively coupled plasma mass spectrometry / Ed.: A.
Montaser. N.Y.: Wiley&Sons. 1998. 992 p.

19. Simultaneous measurements of ion ratios by inductively
coupled plasma-mass spectrometry with a twin-quadrupole
instrument / Warren A.R. [et al.] // Appl. Spectrosc. 1994. V.
48, Ne 11. P. 1360-1366.

20. Warren A.R. Simultaneous measurement of ion ratios by
inductively coupled plasma-mass spectrometry with a twin
quadrupole instrument. Thesis ... PhD. lowa State Universi-
ty, Ames, USA. 1996. 103 p.

21. Allen L.A. Inductively coupled plasma mass spectrome-
try with a twin quadrupole instrument using laser ablation and
monodisperse dried microparticulate injection. Thesis ... PhD.
lowa State University, Ames, USA. 1996. 98 p.

22. Precise measurement of ion ratios in solid samples us-
ing laser ablation with a twin quadrupole inductively coupled
plasma mass spectrometer / Allen L.A. [et al.] // J. Anal. At.
Spectrom. 1997. V. 12, Ne 2. P. 171-176.

23. Determination of carbon isotope ratios in amino acids,
proteins, and oligosaccharides by inductively coupled plas-
ma-mass spectrometry / Luong E.T., Houk R.S. // J. Am. Soc.
Mass Spectrom. 2003. V. 14. P. 295-301.

24. Spatial location of the space charge effect in in individ-
ual clouds using dried microparticulate injection with a twin
quadrupole inductively coupled plasma mass spectrometer /
Allen L.A., Leach J.J., Houk R.S. // Anal. Chem. 1997. V. 69,
Ne 13. P. 2384-2391.

25. Cypukos BT, Mynbiwes A.A. BBeaeHue o6pasLoB B UH-
LOYKTUBHO CBA3AHHYIO Nna3my 4151 CNeKTPOMETPUYECKOro aHa-
nu3a// AHanutuka n koHTponb. 2006. T. 10, Ne 2. C. 112-125.
26. A commercial perspective on the growth and develop-
ment of the quadrupole ICP-MS market / Potter D. // J. Anal.
At. Spectrom. 2008. V. 23, Ne 5. P. 690-693.

27. Development of ICP-MS and its applications to ultra-trace
elemental analysis of semiconductor material / Sushida K. //
J. Mass Spectrom. Soc. Japan. 1997. V. 45, Ne 2. P. 159-174.
28. Recent advanced applications of AAS and ICP-MS in the
semiconductor industry / Shabani M.B. [et al.] // Mater. Sci. En-
gineering: B. 2003. V. 102, Ne 1-3. P. 238-246.

29. Pat. 5559337 US. Plasma ion source mass analyzing
apparatus / Ito T., Nakagawa Y. Filed 8.09.94; date of pat-
ent 24.09.96.

30. Pat. 5773823 US. Plasma ion source mass spectrometer
/ Ito T., Nakagawa Y. Filed 16.01.96; date of patent 30.06.98.
31. Pat. 5804821 US. Plasma ion source mass analyzer / Na-
kagawa Y. Filed 15.05.1997; date of patent 08.09.1998.

32. Pat. 6031379 US. Plasma ion mass analyzing appara-
tus / Takada S., Nakagawa Y. Filed 3.10.1996; date of pat-
ent 29.02.2000.

33. Inorganic mass spectrometry. Fundamentals and applica-
tions / Eds.: Barshick C.M. [et al.]. New York: Marcel Dekker,
Inc. 2000. 517 p.

34. Pat. 6423965 B1 US. Mass spectrometer / Hashimoto .
[et al.]. M. Filed 23.08.1999; date of patent 23.07.2002.

35. Pat. 6541769 B1 US. Mass spectrometer / Takada Y. [et
al]. Filed 12.09.2000; date of patent 01.04.2003.

29



Ananutuka v koHTponb.  2025. T. 29. Ne 1.

36. Pat. 5939718 US. Inductively coupled plasma mass spec-
troscopic apparatus / Yamada N., Sakata K., Nawa S. Filed
28.07.1997; date of patent 17.08.1999.

37. Pat. appl. 2000/17909 A1 WO. lon optical system for a
mass spectrometer / Kalinitchenko 1. Filed 14.09.1999; date
of patent appl. 30.03.2000.

38. Pat. appl. 1999/61815 B2 AU. lon optical system for a
mass spectrometer / Kalinitchenko . Filed 14.09.1999; date
of patent appl. 10.04.2000.

39. Pat. 750860 AU. lon optical system for a mass spectrometer
/ Kalinitchenko I. Filed 14.09.1999; date of patent 01.08.2002.
40. Pat. 6614021 B1 US. lon optical system for a mass spec-
trometer / Kalinitchenko |. Filed 14.09.1999; date of patent
2.09.2003.

41. Pat. appl. 2001091159 A1 WO. Mass spectrometer includ-
ing a quadrupole mass analyzer arrangement / Kalinitchenko
I. Filed 17.08.2001; date of patent appl. 29.11.2001.

42. Pat. 1247289 EP. Mass spectrometer including a quad-
rupole mass analyzer arrangement / Kalinitchenko I. Filed
17.08.2001; date of patent 09.10.2002.

43. Pat. appl. 2003/0155496 A1 US. Mass spectrometer in-
cluding a quadrupole mass analyzer arrangement / Kalin-
itchenko I. Filed 17.08.2001; date of patent appl. 21.08.2003.
44.Pat. 6762407 B2 US. Mass spectrometer including a quad-
rupole mass analyzer arrangement / Kalinitchenko I. Filed
17.08.2001; date of patent 13.07.2004.

45. Pat. 2460204 A1 CA. Apparatus and method for elemental
mass spectrometry / Kalinitchenko I. Filed 10.09.2002; date
of patent 20.03.2003.

46. Pat. appl. 2003/023815 A1 WO. Apparatus and meth-
od for elemental mass spectrometry / Kalinitchenko I. Filed
10.09.2002; date of patent appl. 20.03.2003.

47. Pat appl. 2005/0199795 A1 US. Apparatus and meth-
od for elemental mass spectrometry / Kalinitchenko. I. Filed
09.03.2004; date of patent appl. 15.09.2005.

48. Pat. 7038199 B2 US. Apparatus and method for elemental
mass spectrometry / Kalinitchenko |. Filed 09.03.2004; date
of patent 02.05.2006.

49. Pat. appl. 2005/0082471 A1 US. Plasma mass spectrom-
eter / Kalinitchenko I. Filed 27.02.2003; date of patent appl.
21.04.2005.

50. Pat. 7119330 B2 US. Plasma mass spectrometer / Kalin-
itchenko I. Filed 27.02.2003; date of patent 10.10.2006.

51. Pat. 2004/012223 A1 W. Mass spectrometry apparatus
and method / Kalinitchenko |. Filed 29.07.2003; date of pat.
06.02.2004.

52. Pat. Appl. Publ. 2005/0269506 A1 US. Mass spectrome-
try apparatus and method / Kalinitchenko |. Filed 29.07.2003;
date of p a publ. 08.12.2005.

53. Pat 7329863 B2 US. Mass spectrometry apparatus and meth-
od/ Kalinitchenko I. Filed 29.07.2003; date of pat. 12.02.2008.
54. Kalinitchenko I. New ICP-MS system // ICP Inf. Newslett.
2003. V. 28. P. 782.

55. Eliott S., Knowles M., Kalinitchenko |. A new direction
in ICP-MS system // Spectrosc. 2004. V. 19, Ne 1. P. 30-38.
56. Eliott S., Knowles M., Kalinitchenko I. A change in direc-
tion in ICP-MS // Amer. Lab. March 2004. P. 24-29.

57. High-sensitivity ICP-MS / Kalinitchenko |., Sturman B. //
Chemistry in Australia. 2004. V. 71, Ne 3. P. 18-20.

58. Varian ICP-MS spectrometer. Pre-installation manual.
2004. Ne 1. 48 p.

59. Introduction to the Varian ICP-MS. [SnekTpoHHbI pecypc:
http//cma.tcd.ie/misc/icp.ppt (aata obpaieHus 20.04.2017)
60. Thomas R. Practical guide to ICP-MS. A tutorial for be-
ginners. 2nd edition. CRC press. 2008. 376 p.

61. Becker J.S. Inorganic mass spectrometry. Principles and
applications. Chichester: Wiley, 2007. 496 p.

62. Varian 810/820-MS ICP mass spectrometers. Pre-instal-
lation manual. 2007. Ne 3. 52 p.

63. Simple and effective control of spectral overlap interfer-
ences in ICP-MS / Kalinitchenko I., Wang XueDong, Sturman
B. // Spectrosc. Special issue. 2008. Oct. 1.

50

64. Rapid fingerprinting of 239Pu and 240Pu in environmen-
tal samples with high U level using on-line ion chromatogra-
phy coupled with high-sensitivity quadrupole ICP-MS detec-
tion / Epov V.N. [et al.] // J. Anal. At. Spectrom. 2007. V. 22,
Ne 9. P. 1131-1137.

65. Brouwers E.E.M. Inductively coupled plasma mass spec-
trometry: a unique, ultrasensitive tool for exploring the pharma-
cology of metal-based anticancer agents. Thesis...PhD. The
Nedherlands Cancer Inst., Amsterdam, 2007. 264 p.

66. Signal linearity of an extended range pulse counting de-
tector: application to accurate and precise U-Pb dating of zir-
con by laser ablation quadrupole ICP-MS / Shaulis B., Lap-
en T.J., Toms A. // Geochem., Geophys., Geosyst. 2010. V.
11, Ne 11. P. 1-12.

67. Xing L., Beauchemin D. Chromium speciation at the trace level
in potable water using hyphenated ion exchange chromatography
and inductively coupled plasma mass spectrometry with
collision/reaction interface // J. Anal. At. Spectrom. 2010. V.
25, Ne 7. P. 1046-1055.

68. Behavior of arsenic and selenium in an ICP-QMS with
collision and reaction interface / Pereira C.D. [et al.] // J. Anal.
At. Spectrom. 2010. V. 25. P. 1763-1769.

69. Measurement of 1-129 in environmental samples by ICP-
CRI-MS: possibilities and limitations Li R., Vogel E., Krahen-
bihl U. // Radiochim. Acta. 2009. V. 97. P. 453-458.

70. Behavior of chromium and vanadium in ICP-QMS with
dynamic reaction cell or collision-reaction interface / Salazar
R.F.S. [et al.] // Colloquium Spectrosc. Internationale XXX-
VII. Brazil. 2011. TU46.

71. Performance evaluation of collision-reaction interface and
internal standardization in quadrupole ICP-MS measurements
/ Salazar R.F.S. [et al.] // Talanta. 2011. V. 86. P. 241-247.

72. Fialho L.L., Pereira C.D., Nobrega J.A. Combination of
cool plasma and collision-reaction interface for correction poly-
atomic interferences on copper signals in inductively coupled
plasma quadrupole mass spectrometry // Spectrochim. Acta.
Part B. 2011. V. 66, Ne 5. P. 389-393.

73. Althobiti R. Risk assessment of arsenic in Arabic area
rice using on-line leaching and speciation analysis by ion ex-
change chromatography coupled to inductively coupled plas-
ma mass spectrometry. Thesis ... Master of Sci. Queen’s uni-
versity. Kingston, Ontario, Canada. 2014. 76 p.

74. Strategie to improve accuracy and sensitivity in phospho-
rus determination by inductively coupled plasma quadrupole
mass spectrometry / Donati G.L., Amais R.S., Nobrega J.A.
/I'J. Braz. Chem. Soc. 2012. V. 23, Ne 4. P. 786-791.

75. Interference standard applied to sulfur determination in
biodiesel microemulsions by ICP-MS / Amais R.S., Dona-
ti G.L., Nobrega J.A. // J. Braz. Chem. Soc. 2012. V. 23, Ne
5. P. 797-803.

76. Assessment of polyatomic interferences elimination us-
ing a collision reaction interface (CRI) for inorganic analysis
of fuel ethanol by ICP-MS / Neves D.R. [et al.] // Anal. Letters.
2012. V. 45, Ne 9. P. 1111-1124.

77. Evaluation of a collision-reaction interface (CRI) for car-
bon effect correction on chromium determination in environ-
mental samples by ICP-MS / Bianchi S.R. [et al.] // Anal. Let-
ters. 2012. V. 45, Ne 18. P. 2845-2855.

78. Polyatomic interference removal using a collision reaction
interface for plutonium determination in the femtogram range
by quadrupole ICP-MS / Olufson K.P., Moran G. // J. Radio-
act. Nucl. Chem. 2016. V. 308, Ne 2. P. 639-647.

79. Determination of selenium in bovine semen by ICP-MS
using formic acid for sample preparation / Bianchi S.R. [et
al.]// J. Braz. Chem. Soc. 2017. V. 28, Ne 12. P. 2359-2364.
80. Thomas R. Measuring elemental impurities in pharma-
ceuticals. A practical guide. CRC Press Taylor&Francis Group.
2018. 502 p.

81. Evaluation of space charge effects in the second vacu-
um stage of a commercial inductively coupled plasma mass
spectrometer by planar laser-induced fluorescence imaging



Ananutuka v koHTponbe.  2025. T. 29. Ne 1.

/ Edmund A.J. [ed al.] // Spectrochim. Acta. Part B. 2012. V.
76. P. 109-118.

82. Mallet A.l., Down S. Dictionary of mass spectrometry. John
Wiley&Sons Ltd. 2009. 188 p.

83. Dawson P.H. (ed.) Quadrupole mass spectrometry and its
applications. Amsterdam. Elsevier. 1976. 355 p.

84. KyabMuH A.®. YnyuLueHne xapakTepmuCcTUK aHanmMTn4ecKko-
ro KBagpynosnbHOro Macc-aHanmaartopa npv paboTte ¢ noHa-
MW HU3KMX 3Heprun 6e3 npumeHeHus npeadunstpos // Ha-
y4H. npnbopoctpoenme. 2011. T. 21, Ne 4. C. 60-64.

85. Inductively coupled plasma mass spectrometry handbook
Ed.: S.M. Nelms. Oxford: Blackwell Publishing Ltd. 2005. 486 p.
86. A table of polyatomic interferences in ICP-MS / May T.W.,
Wiedmeyer R.H. // Atom. Spectrosc. 1998. V. 19, Ne 5. P. 150-155.
87. Nynbiwes A.A., 3nosa E.H. CnektpanbHble nomexu no-
NMaTOMHbIX MOHOB B METOAE MaccC-CNeKTPOMETPUN C UHAOYK-
TMBHO CBA3aHHOM nNna3mow // AHanuTuka n kKoHTpons. 2001.
T.5,Ne 4. C. 335-369.

88.. Attenuation of matrix effects in inductively coupled plas-
ma mass spectrometry with a supplemental electron source
inside of the skimmer / Praphairaksit N., Houk R.S // Anal.
Chem. 2000. V. 72, Ne 11. P. 2351-2355.

89. Reduction of space charge effects in inductively coupled
plasma mass spectrometry using a supplemental electron
source inside the skimmer: ion transmission and mass spec-
tral characteristics / Praphairaksit N., Houk R.S. // Anal. Chem.
2000. V. 72, Ne 11. P. 2356-2361.

90. Praphairaksit N. Development and evaluation of an exter-
nally air-cooled low-flow torch and the attenuation of space
charge and matrix effects in inductively couple plasma mass
spectrometry. Thesis... PhD. lowa State University, Ames,
USA. 2000. 112 p.

91. Pat. 6633114 B1 US. Mass-spectrometer with electron
source for reduction of space charge effects in sample beam
/ Houk R.S., Praphairaksit N. Filed 12.01.2001; date of pat.
14.10.2003.

92. Reduction of mass bias and matrix effects in inductively
coupled plasma mass spectrometry with a supplemental elec-
tron source in a negative extraction lens / Praphairaksit N.,
Houk R.S. // Anal. Chem. 2000. V. 72, Ne 18. P. 4435-4440.
93. Pansep O.. ®dusnka razosoro paspsaga. M.: Hayka.
1987. 592 c.

94. Pat. 4948962 US. Plasma ion source mass spectrome-
ter / Mitsui Y., Shimura S., Komoda T. Filed 06.06.1989; date
of pat. 14.08.1990.

95. The use of background ions and a multivariate approach
to characterize and optimize the dominant H2-based chemis-
tries in a hexapole collision cell used in ICP-MS / Ingle C.P. [ed
al.)// J. Anal. Atom. Spectrom. 2001. V. 16, Ne 9. P. 1076-1084.
96. Stresau D., Hunter K.L. lon counting beyond 10 GHz us-
ing a new detector and conventional electronics (ETP elec-
tron multipliers, SGE, Australia) // Presented at Europ. Win-
ter Conf. Plasma Spectrochem. (EWCPS2001). Lillehammer,
Norway. 2001. 3 p.

97. Hamester M., Toms A., Chemnitzer R. High-sensitivity
ICP-MS: overcome the problem of complex samples. [Onek-
TPOHHbIV pecypc]: https://chemistry.unt.edu/~verbeck/LIMS/
Manuals/820 _tutorial.pdf (data obpawenus 30.04. 2017).
98. Bruker Aurora M90 ICP-MS product video. [OneKTpoHHbIN
pecypc]: https://www.youtube.com/watch?v=mCgCqgNxa80
(Oarta obpaweHunsa 15.07.2017).

99. Hamester M., Chemnitzer R. The advantage of high sensitiv-
ity ICP-MS. European Winter Conf. on plasma spectrochemistry
(EWCPS2013). Krakow, Poland. 10-15 Febriary 2013. [OnekTpoH-
HbI pecypc]: https: // 111.workcast.net/10078/8054287822318991/
Documents/Meike_Rene%20mergedv4.pdf (JaTta obpalue-
Hus 24.05.2017).

100. Jakobs J.L. Diagnostic studie of ion beam formation in
inductively coupled plasma mass spectrometry with the col-
lision reaction interface. Diss. ... PhD. lowa State University,
Ames, USA. 2015. 137 p.

101. Pat. Appl. Publ. 2013/0248701 A1 US. Mass spectrometry
/ Kalinitchenko I. Filed 25.11.2011; date of pat. publ. 26.09.2013.

102. Pat. Appl. Publ. 2013/0292565 A1 US. Mass spectrom-
etry apparatus / Kalinitchenko I. Filed 25.01.2012; date of pat.
appl. publ. 07.11.2013.

103. Pat. 2774170 A1 EP. Improvements in or relating to mass
spectrometry / Kalinitchenko I. Filed 05.11.2012; date of pat.
10.09.2014.

104. Pat. Appl. Publ. 2014/0312243 A1 US. Improvements
in or relating to mass spectrometry / Kalinitchenko . Filed
05.11.2012; date of pat. 23.10.2014.

105. Pat. Appl. Publ. 2014/0319366 A1 US. Mass spectrometry
/ Kalinitchenko |. Filed.21.12.2012; date of pat. appl. publ.
30.10.2014.

106. Pat. 9048078 B2 US. Mass spectrometry / Kalinitchenko
. Filed 21.12.2012; date of pat. 02.06.2015.

107. Pat. Appl. Publ. 2015/0060687 A1 US. lon deflector for a
mass spectrometer / Kalinitchenko I. Filed 20.03.2013; date
of pat. appl. publ. 05.03.2015.

108. Pat. 9159543 A1 US. lon deflector for a mass spectrome-
ter / Kalinitchenko |. Filed 20.03.2013; date of pat. 13.10.2015.
109. Pat. 2828881 A4 EP. Anion deflector for a mass spectrom-
eter/ Kalinitchenko I. Filed 20.03.2013; date of pat. 07.10.2015.
110. Pat. 2825871 A1 EP. /An improved interface for mass
spectrometry apparatus / Kalinitchenko I. Filed 18.03.2013;
date of pat. 21.01.2015.

111. Pat. Appl. Publ. 2015/0034816 A1 US. Interface for mass
spectrometry apparatus / Kalinitchenko |. Filed 18.03.2013;
date of pat. appl. publ. 05.02.2015.

112. ICP-MS: advancements due to ever-increasing challeng-
es / Hamester M. [ed al.] // 7" Nordic Conf. Plasma Spectro-
chem. June 1-4 2014. Norway, Loen, P. 25.

113. Development and characterization of a new high sensi-
tivity ICP-MS / Kalinitchenko |. [ed al.] // Europ. Winter conf.
on plasma spectrochem. (EWCPS2015). Minster, Germa-
ny. 2015. 26 p.

114. Lorenz S. Step by step! (Cover story) // AJournal (Analy-
tik Jena Staff Magazine). 2014. Ne. 3. P. 5-8.

115. PlasmaQuant MS/Elite. Inductively coupled plasma mass
spectrometer. Operation manual. Documentation number 10-
5000-002-23. Analytik Jena. 2014. 123 p.

116. PlasmaQuant MS. The new perspectives in ICP-MS.
Analytic Jena AG. 2015. 12 p.

117. lTopaees K., laxHoBuny . AHanuTnyeckas cnektpome-
TPUSi CErOAHA: OT HOBbIX TEXHOMNOIMIN K HOBbIM OTKPbITUAM //
AHanuTtuka. 2016. T.26. C. 36-61.

118. Topaees K., XKoxos C. Macc-cnekTpoMeTpusi ceroa-
HSI: HOBeNLWKe TexHonornm u obopyaosaHue // AHanutuka.
2016. T. 30. C. 58-78.

119. PlasmaQuant MS product animation. [OnekTpoHHsbI pe-
cypc]: https://www.youtube.com/watch?v=dGb513JRqUO.
(OaTa obpatieHuns 30.04. 2017).

120. ICP-MS Plasma Quant MS. Cone exchange. [OnekTpoH-
HbIV pecypc]: http://www.youtube.com/watch?v=XVbbtl3dwus.
(OaTa obpaweHuns 30.04. 2017).

121. Improved interface for high sensitivity ICP-MS — having
ion kinetic energy and matrix suppression control / Kalinitch-
enko ., Zdaril P // Europ. Winter conf. on plasma spectrochem.
(EWCPS2017). Sankt Anton, Arlberg, Austria, 2017. P 67.
122. Pupyshev A., Kalinitchenko I., Weisheit O. ICP-MS ma-
trix suppression cancelation effect after applying the positive
voltage to the skimmer cone // Europ. Winter conf. on plas-
ma spectrochem. (EWCPS2017). Sankt Anton, Arlberg, Aus-
tria, 2017. P. 215.

123. Pat. 9006646 B2 US. Mass spectrometry apparatus / Ka-
linitchenko I. Filed 25.01.2012; date of pat. 14.04.2015.

124. Pat. 9209006 B2 US. Mass spectrometry / Kalinitchen-
ko I. Filed 05.11.2012; date of pat. 08.12.2015.

125. Pat. 9202679 B2 US. Electrically connected sample inter-
face for mass specftrometer / Kalinitchenko I. Filed 25.11.2011;
date of pat. 01.12.2015.

126. Pat. 9305758 US. Interface for mass spectrometry appara-
tus / Kalinitchenko I. Filed 18.03.2013; date of pat. 05.04.2016.

31



Ananutuka v koHTponb.  2025. T. 29. Ne 1.

127. Pat. 1189201 CA Method and apparatus for sampling a
plasma into a vacuum chamber / Douglas D.J. Filed 08.12.1982;
date of pat. 18.06.1985.

128. Pat. 4501965 US. Method and apparatus for sampling a
plasma into a vacuum chamber / Douglas D.J. Filed 14.01.1983;
date of pat. 26.02.1985.

129. An improved interface for inductively coupled plasma-
mass spectrometry (ICP-MS) / Douglas D.J., French J.B. //
Spectrochim. Acta. Part B. 1986. V. 41, Ne 3. P. 197-204.
130. Gray A.L. The evolution of the ICP as an ion source for
mass spectrometry // J. Anal. At. Spectrom. 1986. V. 1, Ne 6.
P. 403-405.

131. Alavi S., Khayamian T., Mostaghimi J. Conical torch:
the next-generation inductively coupled plasma source for
spectrochemical analysis // Anal. Chem. 2018. V. 90, Ne 5.
P. 3036-3044.

132. Tanner S.D. Space charge in ICP-MS: calculations and
implications // Spectrochim. Acta. Part B. 1992. V. 47B, Ne
6. P. 809-823.

133. Niu H., Houk R.S. Fundamental aspects of ion extraction
in inductively coupled plasma mass spectrometry // Spectro-
chim. Acta. Part B. 1996. V. 51. P. 779-815.

134. Niu H. Fundamental studies of the plasma extraction
and ion beam formation processes in inductively coupled
plasma mass spectrometry. Diss. ... PhD. Ames (lowa, USA).
1995. 276 p.

135. MysruH B.H., Emenbanosa H.H., Mynbiwes A.A. Macc-cnek-
TPOMETPUS C MHAYKTUBHO-CBA3@HHOW N1a3mMoN — HOBbIN Me-
TOA B @aHANUTMYeCKON XuMnm // AHanuTmka n KOHTporsb. 1998.
Ne 3-4. C. 3-25.

136. Mynbiwes A.A., CepmsirnH B.A. [iuckpyMmmnHaums MoHOB
no Macce npu N30TOMHOM aHanu3e MeTogoM Macc-CrneKTpo-
METPWM C MHOYKTUBHO CBSI3aHHOWN nna3mon. ExkatepuHbypr:
YITY-YMNW, 2006. 132 c.

137. The 30-minute guide to ICP-MS. PerkinElmer, Inc. 2004-
2011. 8 p. [OnekTpoHHbIN pecypc]: https://www.perkinelmer.com/
CMSResources/images/44_74849tch_icpmsthirtyminutesguide.
138. Do things the way. NexION 300 ICP-MS. PerkinElmer
Inc. 2009. 16 p. BRO_DEF.pdf.

139. Introducing the NexION 300 ICP-MS. PerkinElmer. 2009.
43 p. [OnekTpoHHbIN pecypc]: www.perkinelmer.co.kr/Nex-
ION Intro.pdf.

140. NexION 300 ICP-MS. Preparing your lab. PerkinElmer
Inc. 2010-2012. 9 p.

141. NexION 300 ICP-MS instruments animation. [OnekTpoH-
HbI pecypc): https://www.youtube.com/watch?v=L-FYh2z9mi0.
142. NexION 300 ICP-MS — the power of three. [OneKTpOHHbI
pecypc]: http://www.youtube.com/watch?v=15AmxmM1vt0.
143. NexION 300 system. Hardware guid. PerkinElmer Sci-
ex. 2010. 177 p.

144. NexION 300 system. Software guid. PerkinElmer Sci-
ex. 2010. 233 p.

145. Pat. Appl. Publ. 2011/0253888 A1 US. Inductively cou-
pled plasma mass spectrometer / Badiei H.R. [et al.]. Filed
23.02.2011; date of pat. appl. publ. 20.10.2011.

146. Pat. 8426804 B2 US. Multimode cells and methods of
using them / Badiei H., Kahen K. Filed 20.10.2011; date of
pat. 23.04.2013.

147. Pat. Appl. Publ. 2012/0091331 A1 US. Multimode cells and
methods of using them / Badiei H., Kahen K. Filed 20.10.2011;
date of pat. 19.04.2012.

148. Pat. Appl. Publ. 2013/0284917 A1 US. Multimode cells and
methods of using them / Badiei H., Kahen K. Filed 01.04.2013;
date of pat. appl. publ. 31.10.2013.

149. Pat. 8884217 B2 US. Multimode cells and methods of
using them / Badiei H., Kahen K. Filed 01.04.2013; date of
pat. 11.11.2014.

150. Pat. Appl publ. 2011/0210241 A1 US. Gas delivery system
for mass spectrometer reaction and collision cells / Badiei H.R.,
Kahen K. Filed 22.01.2011; date of pat. appl. publ. 1.09.2011.
151. Pat. 8373117 B2 US. Gas delivery system for mass spec-
trometer reaction and collision cells / Badiei H.R., Kahen K.
Filed 22.02.2011; date of pat. 12.02.2013.

52

152. Pat. 9105457 B2 US. Cone-shaped orifice arrangement
for inductively coupled plasma sample introduction system /
Badiei H.R. [et al.]. Filed 23.02.2011; date of pat. 11.08.2015.
153. Tumodpees M.B. 35 net UCIM-MC // XXV mexayHap. ce-
MuHap «CneKkTpoMeTpuyeckmin aHanma. Annapatypa obpa-
00TKM AaHHbIX Ha M3BM». O6HMHCK, 19 Hos16psa 2018. 65 c.
154. Pat. 6627912 B2 US. Method of operating a mass spec-
trometer to suppress unwanted ions / Bandura D.R., Baranov
V.l., Tanner S.D. Filed 14.05.2001; date of pat. 30.09.2003.
155. Optimass 9500 ICP-oTOFMS. GBC publ. number 01-
0875-03. Australia. 2006. 16 p.

156. Pat. 5565679 US. Method and apparatus for plasma mass
analysis with reduced space charge effects / Tanner S.D., Doug-
las D.J., Cousins L. Filed 09.11.1994; date of pat. 15.10.1996.
157. Reduction of space charge effect using a three-aperture
gas dynamic vacuum interface for inductively coupled plasma-
mass spectrometry / Tanner S.D., Cousins L., Douglas D.J. //
Appl. Spectrosc. 1994. V. 48, Ne 11. P. 1367-1372.

158. Willinsky B. PerkinElmer to showcase wide range of in-
novative offerings at Analytica 2014. [SnekTpoHHbIN pecypc]:
http://ir.perkinelmer.com/static-files/cc2da98b-f47b-403f-9ab8-
7e00a18d6efb.

159. Maximize lab efficiency with unparalleled speed & stabil-
ity. NexION 350. PerkinElmer. 2014-2015. 0116768 _01. 12 p.
160. Syngistix nano application software module for single
particle ICP-MS. PerkinElmer. 2014-2017. 0116578_01. 4 p.
161. Tumodpees N.B. (WenTtek A.I') UICMN-MC 3nemMeHTHbI 1
M30TOMHbIN aHann3 otaenbHbIX HaHovacTul // XXI CemuHap
«CnekTpomeTpuyeckuii aHanus. Annapartypa n obpaboTka
AaHHbix Ha OBM. LINTMK. O6HuHck, 2014. 11 c.

162. NexION FAST FIAS unlimited TDS: direct injection of
high (30%) dissolved solid samples / Frederichsen O., Wat-
son P. // 7" Nordic Conf. Plasma Spectrochim. 2014. Norway,
Loen. Program. and Abstr. P. 42.

163. Van Bussel W. An introduction and overview of FAST-
FIAS coupled to the NexION ICP-MS. PerkinElmer. 2016.
012555_01. 7 p.

164. Determination of femto-gram amounts of zinc and lead
in individual airborne particles by inductively coupled plasma
mass spectrometry with direct air-sample introduction / Nomi-
zu H. [etal] // Anal. Sci. 1993. V. 9, Ne 6. P. 843-846.

165. Single particle inductively coupled plasma mass spectrom-
etry: a powerful tool for nanoanalysis / F., Bolea E., Jimenez-
Lamana J. // Anal. Chem. 2014. V. 86, Ne 5. P. 2270-2278.
166. Consideration of individual nanoparticles or microparti-
cles by ICP-MS: determination of the number of particles and
the analyte mass in each particle / Olesik J.W., Gray P.J. // J.
Anal. At. Spectrom. 2012. V. 27. P. 1143-1155.

167. Critical considerations for the determination of nanopar-
ticle number concentrations, size and number size distribu-
tions by single particle ICP-MS / Laborda F. [et al.] // J. Anal.
Atom. Spectrom. 2013. V. 28, Ne 8. P. 1220-1232.

168. Salamon A.W. The current world of nanomaterial char-
acterization: discussion of analytical instruments for nanoma-
terial characterization // Environmental Engineering Science
2013. V. 30, Ne 3. P. 101-108.

169. Analysis of nanomaterials by field-flow fractionation and
single particle ICP-MS / Meerman B., Laborda F. // J. Anal.
Atom. Spectrom. 2015. V. 30. P. 1226-1228.

170. Atomic spectrometry update: review of advances in atomic
spectrometry and realated / Evans E.H. [etal.] // J. Anal. Atom.
Spectrom. 2015. V. 30, Ne 5. P. 1017-1037.

171. Calibration of single-particle inductively coupled plasma
mass-spectrometry (SP-ICP-MS) / Lee W.-W., Chan W.-T. //
J. Anal. Atom. Spectrom. 2015. V. 30, Ne 6., P. 1245-1254.
172. Single particle ICP-MS: advances toward routine anal-
ysis of nanomaterials / Montano M.D. [et al.] // Anal. Bioanal.
Chem. 2016. V. 408, Ne 19. P. 5053-5074.

173. Detection, characterization and quantification of inorganic
engineered nanomaterials: a review of techniques and meth-
odological approaches for the analysis of complex samples /
Laborda F. [et al.] // Anal. Chim. Acta. 2016. V. 904. P. 10-32.



Ananutuka v koHTponbe.  2025. T. 29. Ne 1.

174. Nanotechnology insights. PerkinElmer. 2011-2012. 76 p.
[OnekTpoHHbIN pecypc]: http://perkinelmer.co.kr/mail/01/im-
ages/2014/nanotechnology.insights.pdf.

175. Single particle ICP-MS Compendium. PerkinElmer. 2012-
2016. 88 p.

176. Stephan C., Neubauer K. Single particle inductively cou-
pled plasma mass spectrometry: understanding how and why.
PerkinElmer. 2014. 011649_01. 5 p.

177. Stephan C., Thomas R. Single-particle ICP-MS: a key
analytical technique for characterizing nanoparticles // Spec-
troscopy. 2017. V. 32, Ne 3. P. 12-25.

178. Foglio L., Davidowski L. The determination of lead in cal-
cium-based antacid and dietary supplements using the Nex-
ION 300 ICP-MS system to comply with the state of Califor-
nia’s proposition 65 legislation // Atom. Spectrosc. 2010. V.
31, Ne 5. P. 154-158.

179. Mangum S.R., Neubauer K.R. Metal impurities in phar-
maceuticals and dietary supplements — implementing ICP-
MS for USP<232> and prop 65 // Atom. Spectrosc. 2010. V.
31, Ne 5. P. 159-164.

180. Bass D., Jones D. The determination of trace metals in
human urine using the NexION 300 ICP-MS // Atom. Spec-
trosc. 2010. V. 31, Ne 5. P. 165-169.

181. Smith S., Bolchi M., Magarini R. The determination of
elements at sub-ppb concentrations in naphta mixtures us-
ing the NexION ICP-MS // Atom. Spectrosc. 2010. V. 31, Ne
5. P. 170-174.

182. Method validation for determination of heavy metals in
phytonadione emulsion (I.M) dosage form by ICP-MS / Kantha
M.R.V.[etal.]// J. Atom. Molecules. 2012. V. 2, Ne 6. P. 425-436.
183. Trace elements analysis in paper using inductively cou-
pled plasma-mass spectrometry (ICP-MS) / Tanase Gh. [et
al.] // Gazi University J. Sci. 2012. V. 25, Ne 4. P. 843-851.
184. Silver nanoparticle characterization using single particle
ICP-MS (SP-ICP-MS) and asymmetrical flow filed flow fraction-
ation ICP-MS (AF4-ICP-MS) / Mitrano D.M. [et al.] // J. Anal.
At. Spectrom. 2012. V. 27, Ne 7. P. 1131-1142.

185. Determination of bromate in drinking waters using low
pressure liquid chromatography/ICP-MS / Tirez K. [et al.] // J.
Anal. At. Spectrom. 2013. V. 28, Ne 12. P. 1894-1902.

186. Hineman A., Stephan C. Effect of dwell time on single
particle inductively coupled plasma mass spectrometry data
acquisition quality // J. Anal. At. Spectrom. 2014. V. 29, Ne 7.
P. 1252-1257.

187. Analytical method for total chromium and nickel in urine
using an inductively coupled plasma-universal cell technolo-
gy-mass spectrometer (ICP-UCT-MS) in kinetic energy dis-
crimination (KED) mode / Quarles Ir. C.D. [et al.] // J. Anal. At.
Spectrom. 2014. V. 29, Ne 2. P. 297-303.

188. Investigation the real time dissolution of Mg using online
analysis by ICP-MS / Rossrucker L. [et al.] // J. Electrochem.
Soc. 2014. V. 161, Ne 3. P. c115-¢119.

189. Improvements in the detection and characterization of
engineered nanoparticles using spICP-MS with microsecond
dwell times / Montafio M.D. [et al.] // Envir. Sci.: Nano. 2014.
V. 1, Ne 4. P. 338-346.

190. Separation and measurement of silver nanoparticles and
silver ions using magnetic particles / Mwilu S. [et al.] // Sci. to-
tal environment. 2014. V. 472. P. 316-323.

191. Toxic metals in children’s toys and jewelry: coupling bio-
accessibility with risk assessment / Cui X.-Y. [et al.] // Environ-
ment. Pollut. 2015. V. 200. P. 77-84.

192. Mazurova I., Khwashevskaya A., Guseva N. The choice
of conditions for the determination of vanadium, chromium
and arsenic concentration in water by ICP-MS using collision
mode // Procedia Chem. 2015. V. 15. P. 201-205.

193. Determination of boron isotope ratios in tooth enamel by
inductively coupled plasma mass spectrometry (ICP-MS) af-
ter matrix separation ion exchange chromatography / He M.
[etal] // J. Bazil. Chem. Soc. 2015. V. 26, Ne 5. P. 949-954.
194. The GhTT2-AT gene is linked to the brown colour and
natural flame retardancy phenotypes of Lc1 cotton (Gossypi-

um hirsutum L.) fibres / Hinchliffe D.J. [et al.] // J. Experiment.
Botany. 2016. V. 67, Ne 18. P. 5461-5471.

195.Bao D., Oh Z.C., Chen Z. Characterization of silver nanopar-
ticles internalized by Arabidopsis Plant using single particle
ICP-MS analysis // Frontiers Plant Sci. 2016. V. 7. Article 32.
196. Avramescu M.-L., Rasmussen P.E., Chenier M. Deter-
mination of metal impurities in carbon nanotubes sampled
using surface wipes // J. Analyt. Methods. Chem. 2016. Ar-
ticle 3834262.

197. Elemental analysis of scorpion venoms / Al-Asmari A K.
/' J. Venom Res. 2016. V. 7. P. 16-20.

198. U-Pb paTtupoBaHue umpkoHa ¢ NOMOLLbIO KBaApynosnb-
HOro Macc-cnekTpomeTpa C MHAYKTUBHO-CBA3aHHON Nnas-
mori NexION 300S u npucTtaBku ans nasepHon abnsuum
NWR 2013 / 3avuesa M.B. [w gp.] // AHanuTvka n KOHTPOnb.
2016. T. 20, Ne 4. C. 294-306.

199. Analysis of whole blood by ICP-MS equipped with a high
temperature total sample concumption system 11039/cb-
ja00374e / Canabate A. [et al.] // J. Anal. At. Spectrom. 2017.
V. 32, Ne 1. P. 78-87.

200. Croudace I.W., Russell B.C., Warwick P.W. Plasma source
mass spectrometry for radioactive waste characterization in
support of nuclear decommissioning: a review // J. Anal. Atom.
Spectrom. 2017. V. 32, Ne 3. P. 494-526.

201. Evaluation of distribution and bioaccumulation of arsenic
by ICP-MS in Tilapia (Oreochromis niloticus) cultivated in dif-
ferent environments / Oliveira L.H.B. [et al.] / J. Braz. Chem.
Soc. 2017. V. 28, Ne 12. P. 2455-2463.

202. Some aspects of regulatory criteria for metal-ligand ho-
meostasis in epidermal cell / Petuchov V.1. [et al.] // J. Antiox-
idant Activity. 2018. V. 1, Ne 3. P. 22-32.

203. Air, water and soil analysis. Environmental application
compendium. PerkinElmer. 011824 _01. 2009-2015. 329 p.
204. Direct measurements of multi-elements in high matrix
samples with a flow injection ICP-MS: application to the ex-
tended Emiliana Huxley redfiled ratio / Zhung Q. [et al.] // J.
Anal. At. Spectrom. 2018. V. 33, Ne 7. P. 1196-1208.

205. Single particle ICP-MS (SP-ICP-MS) for the detection
of metal-based nanoparticles in environmental matrices: ap-
plication to silver nanoparticles in surface water / Stephan C.,
Wilkinson K.J., Hadioui M. // Nanoscience and nanometrolo-
gy /. 2015. V. 1, Ne 1. P. 20-23.

206. Validation of gold and silver nanoparticle analysis in fruit
juices by single-particle ICP-MS without sample pretreatment
| Witzler M. [et al.] // Agricultural and Food Chem. 2016.

207. Hanousek O. The performance of single and multi-col-
lector ICP-MS instruments for fast and reliable 34S/*2S isotope
ratio measurements / Hanousek O. [et al.] // Anal. Methods.
2016. V. 8, Ne 42. P. 7661-7672.

208. Quantification and size characterization of silver nanopar-
ticles in environmental aquous samples and consumer prod-
ucts by single particle ICP-MS / Aznar R. [et al.] // Talanta.
2017. V. 175. P. 200-208.

209. Dimensional chatacterization of gold nanorods by com-
bining millisecond and microsecond temporal resolution sin-
gle particle ICP-MS measurementws / Kalomista I. [et al. ] //
J. Anal. At. Spectrom. 2017. V. 32. P. 2455-2462.

210. Study of nanoparticles in a few rivers in North East Italy using
SP-ICP-MS / Piccoli E. [et al.] // Nano Research&Applications.
2018.V.4,Ne 1. P. 1-5.

211. Li G. Determination of trace elements levels in human
plasma and radiated mice tongue by inductively coupled plas-
ma-mass spectrometry (ICP-MS). Diss. ... PhD. University of
Missouri, USA. 2012. 153 p.

212. Mitrano D.M. Development of ICP-MS based nanome-
trology techniques for characterization of silver nanoparticles
in environmental systems. Thesis ... PhD. Colorado School
of mines. 2012. 197 p.

213. Tirez K. Development of methods based on ICP-mass
spectrometry for the determination, speciation and isotopic
analysis of metals and oxy-anions in an environmental context.
Diss ... Doctor of Sci.: Chemistry. Gent University. 2013. 248 p.

33



Ananutuka v koHTponb.  2025. T. 29. Ne 1.

214. Gschwind S.C. Development and evaluation of discrete
sample introduction systems for nanoparticle analysis by
ICP-MS. Thesis ... Doctor of Science. ETH Zurich, Germa-
ny. 2014. 171 p.

215. Furtado L. Fate of silver nanoparticles in lake mesocosms.
Thesis ... Master of Science. Trent University. Peterborough,
Ontario, Canada. 2014. 141 p.

216. Montano D.M. Studies into the detection, characteriza-
tion and behavier of naturally occurring and engineered in-
organic nanorarticles. Thesis ... PhD. Colorado school of
mines. 2014. 158 p.

217. Donovan A.R. Traking silver, gold, and titanium dioxide
nanoparticles through drinking water systems by single par-
ticle-inductively coupled plasma-mass spectrometry. Thesis
... Master of Science. Missouri University, USA. 2016. 42 p.
218. Elci S.G. Gold nanoparticle biodistributions and stability
in vivo from mass spectrometric imaging. Diss. ... PhD. Uni-
versity of Massachusetts. Amherst, USA. 2017. 143 p.

219. Varonina S. Determination of REEs, Th and U in sea-
water after off-line SPE by ICP-MS. Thesis ... Master’s de-
gree in chemistry. University Oslo. Norway. 2017. 197 p. 300D
220. High L. PerkiElmer’s NexION 2000 ICP-MS provides in-
dustry-leading versatility for trace elemental analyses // PKI_
News 2017 1 23 Press_Releases. PerkinElmer. 2017. 1 p.
221. Tumodpees M. MpeseHTtauma NCM-MC cnektpomeTtpa
PerkinElmer NexION 2000. 65 c. [OnekTpoHHbI pecypc]:
https://www.youtube.com/watch?v=RwVfLyjTkSY.

222.Pat. Appl. Publ. 2015/0162174 A1 US. Detectors and meth-
ods of using them / Badiei H., Beres S.A. Filed 24.11.2014;
date of pat. appl. publ. 11.06.2015.

223. Pat. Appl. Publ. 2016/0379809 A1 US. Detectors and
methods of using them / Badiei H., Beres S.A. Filed 01.06.2016;
date of pat. appl. publ. 29.12.2016.

224, Pat. 9847214 B2 US. Detectors and methods of using them
/Badiei H., Beres S.A. Filed 24.11.2014; date of pat. 19.12.2017.
225. Pat. Appl. Pub 12015/0136966 A1 US. Systems and
methods of suppressing unwanted ions / Badiei H., Bazargan
S. Filed 3.11.2014; date of pat. appl. publ. 21.05.2015.

226. Pat. 9190253 B2 US. Systems and methods of suppressing
unwanted ions / Badiei H., Bazargan S. Filed 03.11.2014; date
of pat. 17.11.2015.

227. Pat. 9589780 B2 US. Systems and methods of suppressing
unwanted ions / Badiei H., Bazargan S. Filed 14.11.2015; date
of pat. 07.03.2017.

228. Pat. Appl. Publ. 2016/0172176 A1 US. Systems and
methods of suppressing unwanted ions / Badiei H., Bazargan
S. Filed 16.11.2015; date of pat. appl. publ. 16. 06. 2016.
229. Pat. Appl. Publ 2017/0301528 A1 US. Systems and methods
of suppressing unwanted ions / Badiei H., Bazargan S. Filed
28.02.2017; date of pat. appl. publ. 19.10.2017.

230. Pat. 9916971 B2 US. Systems and methods of suppressing
unwanted ions / Badiei H., Bazargan S. Filed 28.02.2017; date
of pat. 13.03.2018.

231. Pat. Appl. Publ. 2015/0318159 A1 US. Systems and
methods for detection and quantification of selenium and
silicon in samples / Badiei H., Neubauer K. Filed 02.06.2014;
date of pat. appl. publ. 05.11.2015.

232. Pat. 9922810 B2 US. Systems and methods for detection
and quantification of selenium and silicon in samples / Badiei
H., Neubauer K. Filed 02.06.2014; date of pat. 20.03.2018.
233. Pat. Appl. Publ. 2018/0144919 A1 US. Systems and
methods for detection and quantification of selenium and
silicon in samples / Badiei H., Neubauer K. Filed 17.01.2018;
date of pat. appl. publ. 24.05.2018.

234. Pat. 10573503 B2 US. Systems and methods for detection
and quantification of selenium and silicon in samples / Badiei
H., Neubauer K. Filed 17.01.2018; date of pat. 25.02.2020.
235. Pat. Appl. Publ. 2015/0108898 A1 US. Hybrid generators
and methods of using them / Cheung T.S., Wong C.H.C. Filed
22.10.2014; date of pat appl. publ. 23.04.2015.

236. Pat. 2015/061391 A2 WO. Hybrid generators and methods
of using them / Cheung T.S., Wong C.H.C. Filed 22.10.2014;
date of pat. 30.04.2015.

54

237. Pat. 9420679 B2 US. Hybrid generators and methods
of using them / Cheung T.S., Wong C.H.C. Filed 22.10.2014;
date of pat. 16.08.2016.

238. Pat. 9648717 B2 US. Hybrid generators and methods
of using them / Cheung T.S., Wong C.H.C. Filed 11.07.2016;
date of pat. 09.05.2017.

239. Pat. Appl. Publ. 2017/0055337 A1 US. Hybrid generators
and methods of using them / Cheung T.S., Wong C.H.C. Filed
11.07.2016; date of pat. appl. publ. 23.02.2017.

240. Pat. Appl. Publ. 2018/0027643 A1 US. Hybrid generators
and methods of using them / Cheung T.S., Wong C.H.C. Filed
08.05.2017; date of pat. appl. publ. 25.01.2018.

241. Pat. 9942974 B2 US. Hybrid generators and methods
of using them / Cheung T.S., Wong C.H.C. Filed 08.05.2017;
date of pat. 10.04.2018.

242. Pat. 9635750 B2 US. Qscillator generators and methods
of using them / Cheung T.S., Wong C.H.C. Filed 27.04.2016;
date of pat. 25.04.2017.

243. Pat. Appl. Publ. 2016/0360602 A1 US. Qscillator generators
and methods of using them / Cheung T.S., Wong C.H.C. Filed
27.08.2016; date of pat. appl. publ. 08.12.2016..

244 Pat. Appl. Publ. 2017/0339775 A1 US. Qscillator generators
and methods of using them / Cheung T.S., Wong C.H.C. Filed
31.03.2017; date of pat. appl. publ. 23.11.2017.

245 Pat. 10104754 B2 US. Oscillator generators and methods
of using them / Cheung T.S., Wong C.H.C. Filed 31.03.2017;
date of pat. 16.10.2018.

246. Pat. Appl. Publ. 2018/0144922 A1 US. Capacitors and
radio frequency generators and other devices using them /
Cheung T.S., Wong C.H.C. Filed 26.09.2017; date of pat. appl.
publ. 24.05.2018.

247. Pat. 9433073 B2 US. Induction devices and methods
of using them / Cheung T.S., Wong C.H.C. Filed 23.01.2015;
date of pat. 30.08.2016.

248. Pat. Appl. Publ. 2015/0216027 A1 US. Induction devices
and methods of using them / Cheung T.S., Wong C.H.C. Filed
23.01.2015; date of pat. appl. 30.01.2015.

249. Pat. Appl. Publ. 2016/0309572 A1 US. Induction devices
and methods of using them / Cheung T.S., Wong C.H.C. Filed
31.03.2016; date of pat. appl. publ. 20.10.2016.

250. Pat. 9591737 B2 US. Induction devices and methods
of using them / Cheung T.S., Wong C.H.C. Filed 31.03.2016;
date of pat. 7.03.2017.

251. Pat. Appl. Publ. 2017/0280546 A1 US. Induction devices
and methods of using them / Cheung T.S., Wong C.H.C. Filed
28.02.2017; date of pat. appl. publ. 28.09.2017.

252. Pat. 9848486 B2 US. Induction devices and methods
of using them / Cheung T.S., Wong C.H.C. Filed 28.02.2017;
date of pat. 19.12.2017.

253. Pat. Appl. Publ. 2018/0184511 A1 US. Induction devices
and methods of using them / Cheung T.S., Wong C.H.C. Filed
15.12.2017; date of pat. appl. publ. 28.07.2018.

254, Pat. 10104755 B2 US. Induction devices and methods
of using them / Cheung T.S., Wong C.H.C. Filed 15.12.2017;
date of pat. 16.10.2018.

255. Pat. 10462890 B2 US. Induction devices and methods
of using them / Cheung T.S., Wong C.H.C. Filed 28.09.2018;
date of pat. 29.10.2019.6.

256. Pat. Appl. Publ. 2015/0235833 A1 US. Systems and
methods for automated analysis of output in single particle
inductively coupled plasma mass spectrometry and similar
data sets / Bazargan S., Badiei H. Filed 14.02.2014; date of
pat. appl. publ. 20.08.2015.

257. Pat. 3105774 A1 EP. Systems and methods for automated
analysis of output in single particle inductively coupled plasma
mass spectrometry and similar data sets / Bazargan S., Badiei
H. Filed 14.02.2014; date of pat. 21.12.2016.

258. Pat. 9754774 B2 US. Systems and methods for automated
analysis of output in single particle inductively coupled plasma
mass spectrometry and similar data sets / Bazargan S., Badiei
H. Filed 14.02.2014; date of pat. 05.09.2017.

259. Pat. Appl. Publ. 2017/0358438 A1 US. Systems and
methods for automated analysis of output in single particle



Ananutuka v koHTponbe.  2025. T. 29. Ne 1.

inductively coupled plasma mass spectrometry and similar
data sets / Bazargan S., Badiei H. Filed 28.06.2017; date of
pat. appl. publ. 14.12.2017.

260. Pat. 10431444 B2 US. Systems and methods for auto-
mated analysis of output in single particle inductively coupled
plasma mass spectrometry and similar data set/ Bazargan S.,
Badiei H. Filed 28. 07. 2017; date of pat. 01.10.2019.

261. Pat. Appl. Publ. 2015/0235827 A1 US. Systems and meth-
ods for automated optimization of a multi-mode inductively
coupled plasma mass spectrometer / Bazargan S., Badiei H.,
Patel P. Filed 13.02.2015; date of pat. appl. publ. 20.08.2015.
262. Pat. 10181394 B2 US. Systems and methods for auto-
mated optimization of a multi-mode inductively coupled plas-
ma mass spectrometer/ Bazargan S., Babiei H., Patel P. Filed
13.02.2015; date of pat. 15.01.2019.

263. Pat. 10615020 B2 US. Systems and methods using a
gas mixture to select ion / Patel P., Stephan C., Abou-Shakra
F. Filed 31.08.2018; date of pat.07.04.2020.

264. Pat. 10056241 B2 US. Addition of reactive species to ICP
source / Wehr H. Filed 21.08.2016; date of pat. 31.10.2016.
265. Pat. 10446377 B2 US. Control of gas flow / Schlueter H.-
J. Filed 14.072016; date of pat. 15.10.2019.

266. Pat. 10651023 B2 US. Methods in mass spectrometry us-
ing collision gas as ion source / Schwieters J., Wehr H., Lew-
is J. Filed 23.02.2018; date of pat.12.05.2020.

267. Pat. Appl. Publ. 2017/0338092 A1 US. Spray chambers
and methods of using them / Stephan C. [et al.] Filed 17.05.2017;
date of pat. appl. publ. 23.11.2017.

268. Pat. 10147592 B2 US. Spray chambers and methods
of using them / Stephan C. [et al.] Filed 17.05.2017; date of
pat. 04.12.2018.

269. Pat. 10395912 B2 US. / Spray chambers and methods
of using them / Stephan C. [et al.] Filed 28.09.2018; date of
pat. 27.08.2019.

270.Cheung T.S., Wong C., Badiei H.R. Advantages of a nov-
el plasma generator for the NexlON 1000/2000/5000 ICP-MS.
Technical note // PerkinElmer US LLC. 2023. 8p.

271. PerkinElmer Asperon spray chamber: delivering “intact
individual cell” to the ICP-MS plasma. PerkinElmer. Inc. 2017.
013655_01. 4 p.

272. Single cell ICP-MS analysis: quantification of metal con-
tent at the cellular level. PerkinElmer, Inc. 2017. 01 4p.

273. Any matrix. Any interference. Any particle size. Nex-
ION 2000 ICP mass spectrometer. PerkinElmer, Inc. 2017.
012730_01. 12 p.

274. NexION 2000 ICP-MS — Any matrix, any interference,
any particle size. [OnekTpoHHbIN pecypc]: https://www.you-
tube.com/watch?v=h0zCxqquEO4.

275. NexION 2000 ICP-MS in lab, product demo video. [OnekTpoH-
HbI pecypc]: https://www.youtube.com/watch?v=ybA9eiTvL30.
276. NexION 2000 ICP-MS. Consumables and supplies. Perki-
nElmer, Inc. 2017. 013070_01. 13 p.

277. NexION 2000 ICP-MS. Specifications. PerkinElmer, Inc.
2017.01313901. 2 p.

278. NexION 1000/2000 ICP-MS. Preparing your lab. Perki-
nElmer, Inc. 2017. 012773A_01 099311988. 9 p.

279. Advancement in single particle ICP-MS — Significant instru-
ment settings and their implications on data quality / Stephan
C. [et al.] // Europ. Winter conf. on plasma spectrochem. (EW-
CPS2017). Sankt Anton, Arlberg, Austria, 2017. P. 43.

280. A robust signal processing approach for single particle-
ICP-MS analysis with dwell times in both the millisecond and
microsecond range / Bazargan S., Badiei H. // Europ. Winter
conf. on plasma spectrochem (EWCPS2017). Sankt Anton,
Arlberg, Austria, 2017. P. 44.

281. Single cell ICP-MS — Monitoring the uptake of ionic and
particulate metals in individual cells / Stephan C., Badiei H.,
Bazargan S. // Europ. Winter conf. on plasma spectrochem
(EWCPS2017). Sankt Anton, Arlberg, Austria, 2017. P. 70.
282. Optimized ICP-MS analysis of elemental impurities in
semiconductor-grade hydrochloric acid / Neubauer K., Prusz-
kowski E. // Spectroscopy. 2017. V. 32, Ne 9. P. 17-26.

283. Clarifying the dissolution mechanisms and electrochem-
istry of Mg,Si as a function of solution pH / Garbi O., Birbilis N.
I J. Electrochem. Society. 2018. V. 165, Ne 9. P. C497-C501.
284. No interference between you and better throughput. Nex-
ION 1000 ICP mass-spectrometer. PerkinElmer, Inc. 2017-
2018. 013749B-02. 8 p.

285. Four Qs are better than QQQ. BRO_NexION5000-ICP-
MS.pdf. PerkinElmer Inc, 2020. 65083. 17 p.

286. NexlON5000 — multi-quadrupole ICP-MS —interactive bro-
chure. s4science.at/worldpress/wp-content/upload/2020/04/
NexION-5000-ICP-MS-interactive-brochure.pdf.

287. NexlION5000 multi-quadrupole ICP-MS. [SnekTpoHHbIN

pecypc]: youtube.com/watch?v=NnYM9IsR00c; youtube.com/
watch?v=viZCAgRbuHU; youtube.com/watch?v=xHpnjA7-42Q.
288. NexlON5000 Multi-quadrupole ICP mass spectrometer.
Product note. PerkinElmer. Inc. 2020. 67427 (55501A).

289. Advantages of a novel interface design for NexlON5000

ICP-MS. /Badiei H.R. [et al.] // Uncompromised design for un-
compromised performance. Technical note. PerkinElmer. Inc.
2020. 71169. 5 p.

290. NexION 5000 multi-quadrupole ICP-MS. Installation

specification. PerkinElmer. 2020. 68526 (52373A).

291. Pruszkowski E. Characterization of ultrapure water us-
ing NexION5000 ICP-MS. Application note. //PerkinElmer,
Inc. 2020. 73144. 6 p.

292. Introducing Thermo Scientific iICAP Q ICP-MS. Simpli-
fied operation. Advanced performance // Spectroscopy. 2012.
V. 27, Ne 2. P. 24-25.

293. iCAP Q ICP-MS. Launch 2012. Thermo Fisher Scientif-
ic Inc. 2012. 48 p.

294. Thermo Fisher Scientific. Experience dramatically
different ICP-MS... The world leader in servicing sciense.
Propietary&Confidential. Thermo Fusher Scientific. 2012. 86 p.
295. Thermo Scientific iCAP Q ICP-MS. Dramatically differ-
ent. Product specifications. Thermo Fisher Scientific Inc. 2012.
PS43096_E01.12C. 8 p.

296. Thermo Scientific iCAP Q ICP-MS. Gain more perfor-
mance, experience, more simplicity. Thermo Fisher Scientif-
ic Inc. 2015. BR43207-EN0515C. 12 p.

297. Thermo Fisher Scientific iCAP Q. Preinstallation require-
ment guide. Thermo Fisher Sciebtific Inc. 2012. Revision A.
1288020. 60 p.

298. Thermo Fisher Scientific iCAP Q ICP-MS. Operation

manual. P/N 1288090. 134 p. Revision B. 2012.

299. Thermo Fisher Scientific iICAP Q ICP-MS. Software

manual. 510 p. Revision B-1288010. 2012. 510 p. Revision

C. 2013. 598 p.

300. Tomoko V. Silicon applications of the new quadrupole

ICP-MS iCAP Q Thermo Scientific Bremen GmbH // Work-
shop CSP. 06.11.2012. 30 p.

301. Determination of nanoparticle size and number con-
centration using the npQuant evaluation module for Qtegra

ISDS. 2012. 17 p.

302. The ICAP-Q ICPMS from Thermo Scientific. [OnekTpoH-
HbI pecypc]: htths://lwww.youtube.com/watch?v=eL1X2e_pFHo.
303. iCAP Q ICP-MS: Flythrough. [SnekTpoHHbI pecypcl:

https: // www.youtube.com/watch?v=07QSwVuwZMk.

304. Bunnc [., Katuep [., JlekopHe I OnpepeneHune npume-
ceVi B MeukameHTax Ha macc-cnektpometpe ¢ MICIM Thermo

Scientific ICAP Qc // AHanuTtuka. 2013. T.6, Ne 13. C. 36-43.

305. Ncnonb3oBaHWe peakLMOHHO-CTONKHOBUTENIbHON SIUENKM

ANs onpefeneHnst NPUMECHbIX 31IEMEHTOB B peKo3eMenb-
Hbix meTannax metogom VICM-MC / Jlenkun AFO. [n ap.] // 3a-
BoA. nab. AuarHoctuka matepuanos. 2014. T. 80, Ne 5. C. 6-9.
306. Apatite chlorine concentration measurements by ICP-MS

/ Chew D.M. [et al.] // Geostand. Geoanal. Research. 2014. V.
38, Ne 1. P. 23-35.

307. Laser ablation inductively coupled plasma mass spec-
trometry. An emerging technology for multiparameter analy-
sis of tissue antigens / Hutchinson R.W. [et al.] / Transplan-
tat. Direct. 2015. V. 1, Ne 8. P. 1-6.

308. Determination of Ti from TiO, nanoparticles in biological

materials by different ICP-MS instruments: method validation

35



Ananutuka v koHTponb.  2025. T. 29. Ne 1.

and applications /Nia Y. [et al] // J. Medicine&Nanotechnology.
2015.V. 6, Ne 2. P. 2-8.

309. Analysis of nanoparticles using the ICAP Q ICP-MS /
Kutscher D. [et al.] // 7" Nordic Conf. Plasma Spectrochim.
2014. Norway, Loen. P. 25.

310. Combination of single particle ICP-QMS and isotope di-
lution analysis for the determination of size, particle number
and number size distribution of silver nanoparticles / Sotebi-
er C.A. [etal]// J. Anal. Atom. Spectrom. 2016. V. 31, Ne 10.
P. 2045-2052.

311. Analytical method validation for determination of heavy
metal in capsule shell by inductively coupled plasma mass
spectrometry (ICP-MS)/Phadke R.K., Gaitonde V.D. // Intern..
Advanc. Research. 2016. V. 4, Ne 10. P. 447-456.

312.. Morton J., Tan E., Suvarna S.K Multi-elemental anal-
ysis of human lung samples using inductively couple plas-
ma mass spectrometry // J. Trace Element. Medicine Biolog.
2017. V. 43. P. 63-71.

313. Brima E.I. Determination of metal level in Shamma (smoke-
less tobacco) with inductively coupled plasma mass spectrom-
etry (ICP-MS) in Najran, Saudi Arabia // Asian Pacific J. Can-
cer Prevention. 2016. V. 17, Ne 10. P. 4761-4767.

314. Rapid high-resolution U-Pb La-Q-ICP-MS age map-
ping of zircon / Chew D.M. [et al.] // J. Anal. Atom. Spectrom.
2017. V. 32, Ne 2.

315. Akmmosnu IM.B., AnekceeB A.B. OnpegeneHue rannus,
repmaHus, Mbllbsika 1 CeneHa B )KapomnpoYHbIX HUKENEBbIX
cnnaeax, MukponermpoBaHHbix P3M, metogom NCIM-MC //
Tp. BUAM. 2015. Ne 3. C. 62-68.

316. AnekceeB A.B., Akumoswny MM.B., MuH TN.I. Onpepene-
HMe npumecen B crnnase Ha ocHoBe Nb metogom NCTT-MC.
Y. I// Tp. BMUAM. 2015. Ne 6. C.29-37.

317. Anekcees A.B., Akumosuy IN.B., MuH IN.I. Onpepene-
Hve npumecel B cnnaee Ha ocHose Nb. Y. Il // Tp. BUAM.
2015. Ne 7. C. 13-20.

318. Anekcees A.B., Akumosund N.B. MukpoBonHoBas noa-
roToBKa Xpoma Ans onpeaeneHns BpeaHbiX npumecen me-
Togom NCMN-MC // Tp. BUAM. 2015. Ne 11. C. 87-94.

319. Anekcees A.B., Akumosud MN.B., JlenknH A.1O. AHanus
Hukenesblx cnnasos metoaom NCIM-MC c nasepHon abns-
uven // Tp. BUAM. 2017. Ne 5(53). C. 104-110.

320. Multielement analysis of Baijiu (Chinese liquors) by ICP-
MS and their classification according to geographical origin /
Song X. [etal.] // Food quality safety. 2018. V. 2, Ne 1. P. 43-49.
321. Collision/reaction cell for ICP-MS — a new concept for
an improved removal of low masses / Rottmann L. [et al.] //
Poster at 19" Intern. Mass Spectrom. Conf. (19IMSC). 2012.
Kyoto (Japan).

322. Thomas R. Practical guide to ICP-MS: a tutorial for be-
ginners. Third edition. CRC Press. Taylor&Francis Group.
2013. 446 p.

323. Thermo Scientific - iICAP Q ICP-MS. EVISA 2012.

324. Pat. Appl. Publ. 2015/0102215 A1 US. Collision cell mul-
tipole / Jung G., Rottmann L. Filed 21.12.2012; date of pat.
appl. publ. 16.04.2015.

325. Pat. 9099290 B2 US. Collision cell multipole / Jung G.,
Rottmann L. Filed 21.12.2012; date of pat. 16.04. 2015.

326. Pat. Appl. Publ. 2016/0027633 A1 US. Collision cell
multipole / Jung G., Rottmann L. Filed 28.07.2015; date of
pat. 28.01.2016.

327. Pat. Appl. Publ. 2017/0084447 A1 US. / Mass spectrometer
/Rottmann L. [et al.]. Filed 09.09.2016; date of pat. 23.03.2017.
328. Pat. Appl. Publ 2017/0213717 A1 US. Quadrupole mass
spectrometer / Schlueter H.-J. Filed 24.01.2017; date of
pat.27.07.2017.

329. Pat. 9934954 B2 US. Quadrupole mass spectrometer
/ Schlueter H.-J. Filed 24.01.2017; date of pat. 03.04.2018.
330. Pat. 10665438 B2 US. Elemental mass spectrometer /
Rottmann L. [et al]. Filed 09.09.2016; date of pat. 26.05.2020.
331. Pat. 9812307 B2 US. Targeted mass analysis / Makarov
A.A. Filed 10.09.2014; date of pat. 07.11.2017.

332. Pat. 10410847 B2 US. Targeted mass analysis / Makarov
A.A. Filed 27.10.2017; date of pat. 10.09.2019.

56

333. Pat. 9012839 B2 US. Mass spectrometer vacuum in-
terface method and apparatus. / Makarov A.A., Rottmann L.
Filed 12.12.2012; date of pat. 21.04.2015.

334. Pat. 9640379 B2 US. Mass spectrometer vacuum inter-
face method and apparatus / Makarov A.A., Rottmann L. Filed
20.04.2015; date of pat. 02.05.2017.

335. Pat. 9697999 B2 US. Mass spectrometer vacuum inter-
face method and apparatus Makarov A.A., Rottmann L. Filed
12.12.2012; date of pat; 04.07.2017.

336. Pat. 9741549 B2 US. Mass spectrometer vacuum inter-
face method and apparatus / Makarov A.A., Rottmann L. Filed
06.10.2016; date of pat. 22.08.2017.

337. Pat. 10283338 B2 US. Mass spectrometer vacuum in-
terface method and apparatus / Makatov A.A., Rottmann L.
Filed 17.07.2017; date of pat. 07.05.2019.

338. Pat. 10475632 B2 US. Mass spectrometer vacuum in-
terface method and apparatus / Makarov A.A., Rottmann L.
Filed 19.04.2019; date of pat. 12.10.2019.

339. Budanovic M. Accelerated in elemental impurity analysis
by ICP-MS. // Thermo Fisher Scientific. 2021, 29 p.

340. Sitlaothaworn K. Total elemental analysis by iCAP RQ
ICPMS. 33 p.

341. McLachlan N.W. Theory and application of Mathieu func-
tions. Claredon Press, Oxford. 1947. 402 p.

342. JleniknH A.KO., Akumosund MN.B. Cuctembl nogasneHuns
cnekTpanbHbIX MHTEpdEPEeHUMIn B Macc-CnekTpoMeTpum ¢
WHAOYKTMBHO CBA3aHHOW nna3mon // XK. aHanuTt. xumuun. 2012.
T. 67, Ne 8. C. 752-762.

343. Thermo Scientific iCAP RQ ICP-MS. Simplicity, produc-
tivity and robustness for routine labs. Product specifications.
Thermo Fisher Scientific Inc. 2016. PS433318-EN0216C. 8 p.
344. Thermo Scientific iICAP RQ ICP-MS. Robust ICP-MS
with ease of use and high productivity for routine laboratories.
Thermo Fisher Scientific Inc. 2017. BR43317-EN0517. 12 p.
345. Thermo Scientific iCAP RQ ICP-MS. Pre-installation re-
quirements guide. Thermo Fisher Scientific. P/N BRE0009927.
Revision A. 2016. 71 p.

346. OnpepneneHve pa3mepoB HaHOYacTuL, cepebpa B BO-
OHbIX ANCNepcusx MeTogoM Macc CNeKTPOMETPUU C UH-
OYKTUBHO CBSA3aHHOW MNa3Moi B peXUMe AeTEKTUPOBaHNS
oavHapHbix Yactuy, / Temepagawes 3.A. [m ap.] // XK. ananur.
xumun. 2022. T. 72, Ne 1. C. 39-52.

347. AbakymoBa [.[1. OcobeHHOCT cymmapHoro onpeae-
NeHns pa3nuyHbiX GOpM (HEOPraHWYeCKOW U OPraHNYecKom)
HaxoXxaeHust onoea B Bogax A30BCKOro 1 YepHoro mopeti:
Auncc. ...kaH-Ta xuMm. Hayk. KpacHogap, 2022. 168 c.

348. High-speed andhigh-resolution 2D and 3D elemental imag-
ing of corroded ancient glass by laser ablation-ICP-MS / Zanini
R.[etal]// J. Anal. Atom. Spectrom. 2023. V. 38. P. 917-926.
349. Thermo Scientific iICAP TQ ICP-MS. Redifining triple
quadrupole ICP-MS with unique ease of use. ThermoFisher
Scientific. 2018. BR 43268-EN 0218.12 p.

350. Lofthouse S. Latest development in elemental analysis
— introducing the Thermo Scientific iCAP TQ ICP-MS. 39 p.
351. Miura T., Wada A. Precise purity analysis of high-purity
lanthanum oxide by gravimetric analysis assisted with trace
elemental analysis by inductively coupled plasma mass spec-
tromertry // Frontier. Chem. 2022. V. 10. July. 8 p.

352. Exploring single-particlelCP-MS as an important tool for
the characterization and quantification of silver nanoparticles
in a soy beam all culture / Santos dia Silva A.B., Arruda M.A.Z.
/I Spectrochim Acta. Part B. 2023. May. V. 203. Article 106663.
353. Quantitative analysis and characterization of PtNPs in
road dust based on ultrasonic probe assisted extraction and
single particle inductively coupled plasma mass spectrome-
try / Sanchez-Cachero A. [et al]. // Spectrochim. Acta. Part
B. 2023. V. 203. Article 106665.

354. Evaluation of blood and synthetic matrix-mathed calibra-
tions using manual and in line sample / Derrich Quarles C. Jr
[et al]. // J. Anal. Atom. Spectrom. 2022. V. 37. P. 1512-1521.



Ananutuka v koHTponbe.  2025. T. 29. Ne 1.

REFERENCES

1. Surikov V.T. [Beginning of history of mass-spectrometry
with inductively coupled plasma. First experimental and serial
spectrometers]. Analitika i kontrol’ [Analitics and Control], 2002,
vol. 6, no. 3, pp. 323-334 (in Russian).

2. Surikov V.T., Pupushev A.A. [Inpution optics of inductively
coupled plasma. Part 1. Systems with cylinder symmetry and
straiht-line axis] Analitika i kontrol’ [Analitics and Control], 2011,
vol. 15, no. 3, pp. 256-280 (in Russian).

3. Surikov V.T., Pupushev A.A. [Evolution of ion optics of quad-
rupole mass-spectrometers with inductively couplrd plasma.
Part 1. Systems with cylinder symmetry and straiht-line axis].
Problemy spectroskopii i spectrometrii. Mezhvuz. sb. nauchn.
tr. [Problems of spectroscopy and spectriometry. Interuniver-
sity proc. of scientif. papers]. Ekaterinburg, USTU-UPI, 2005,
no. 20, pp. 97-124 (in Russian).

4. Surikov V.T., Pupushev A.A. Vhodnaya ionnaya optika
kvadrupolnyh mass-spektrometrov s induktivno svyazannoy
plazmoy i ee evolyutsiya [Input ion optics of quadrupole mass-
spectrometers with inductively coupled plasma and her evolu-
tion] Dep in VINITI. 26.10.2005. Ne 1368-B2005. USTU-UPI-
ISSC IB RAS. 59 p. (in Russian).

5. Surikov V.T., Pupushev A.A. [Evolution of ion optics of quad-
rupole mass-spectrometers with inductively coupled plas-
ma. Part 2 System with curved axis] Problemy spectroskopii
i spectrometrii. Mezhvuz. sb. nauchn. tr. Ekaterinburg [Prob-
lems of spectroscopy and spectrometry. Interuniversity proc.
of scientif. papers] Ekaterinburg, USTU-UPI, 2005, no. 20. pp.
25-104 (in Russian).

6. Surikov V.T., Pupushev A.A. [Input ion optics of inductive-
ly coupled plasma. Part 2. Asymmetrical system with parallel
(off-axis) shift of ions]. Analitika i kontrol’ [Analitics and Con-
trol], 2014, vol. 18, no. 3, pp. 216-250. doi: 10.15826/analiti-
ka.2014.18.3.001 (in Russian).

7. Surikov V.T. [Input ion optics of quadrupole mass-spectrom-
eters with inductively couplel plasma. Part 3. Asimmetrical sys-
tems with local arc-shaped ion deflection] Analitika i kontrol’

[Analitica and Control], 2015, vol. 19, no. 2, pp. 104-114. doi:
10.15826/analitika.2015.19.2.007 (in Russian).

8. Sysoev A.A., Chupakhin M.S. Vvedenie v mass-spec-
trometriyu [Introduction in mass-spectrometry]. Moscow: At-
omizdat. 1977. 304 p (in Russian).

9. Trace analysis by mass spectrometry. Ed.: A.J. Ahearn.

N.Y.: Academic Press. 1972. 460 p.

10. Farley J.W. Simple electrostatic quadrupole ion beam de-
flector. Rev. Sci. Instrum., 1985, vol. 56, no. 9, pp. 1834-1835.
doi: 10.1063/1.1138105.

11. Zeman H.D. Deflection of an ion beam in the two-dimen-
sion electrostatic quadrupole field. Rev. Sci. Instrum., 1977,
vol. 48, no. 8, pp. 1079-1085. doi: 10.1063/1.1135188.

12. Huber B.A., Miller T.M, Cosby P.C., Zeman H.D., LeonR.L,,

Moseley J.T., Peterson J.R. Laser-ion coaxial beams spec-
trometer. Rev. Sci. Instrum., 1977, vol. 48, no. 10, pp. 1306-
1313. doi: 10.1063/1.1134871.

13. Brubaker W.M. Multipole mass filter. Patent US, no. 3410997
A1, 1968.
14. Brubaker W.M. Mass analyzer having series aligned curvi-

linear and rectilinear analyzer section. Patent US, no. 3473020
A1, 1969.

15. Syka J.E.P. Mass spectrometer. Patent Appl. EP, n0.0237259
A2, 1987.

16. Okamoto Y. Plasma ion source mass spectrometer for
trace elements. Patent US, no. 5049739, 1991.

17. Takeshi . ICP analyzer. Patent JP, no. 9318541, 1997.

18. Inductively coupled plasma mass spectrometry. Ed.: A.
Montaser. N.Y.: Wiley&Sons. 1998. 992 p.

19. Warren A.R., Allen L.A, Pang H.-M., Houk R.S., Janghor-
bany M. Simultaneous measurements of ion ratios by induc-
tively coupled plasma-mass spectrometry with a twin-quad-
rupole instrument. Appl. Spectrosc., 1994, vol. 48, no. 11, pp.
1360-1366. doi: 10.1366/0003702944027958.

20. Warren A.R. Simultaneous measurement of ion ratios by
inductively coupled plasma-mass spectrometry with a twin

quadrupole instrument. PhD Thesis. lowa State University,
Ames, USA. 1996. 103 p.

21. Allen L.A. Inductively coupled plasma mass spectrome-
try with a twin quadrupole instrument using laser ablation and
monodisperse dried microparticulate injection. PhD Thesis.
lowa State University, Ames, USA. 1996. 98 p.

22. Allen L.A., Leach J.J., Pang H.-M., Houk R.S. Precise
measurement of ion ratios in solid samples using laser abla-
tion with a twin quadrupole inductively coupled plasma mass
spectrometer. J. Anal. At. Spectrom., 1997, vol. 12, no. 2, pp.
171-176. doi: 10.1039/A603310E.

23. Luong E.T., Houk R.S. Determination of carbon isotope ra-
tios in amino acids, proteins, and oligosaccharides by induc-
tively coupled plasma-mass spectrometry. J. Am. Soc. Mass
Spectrom., 2003, vol. 14, pp. 295-301. doi: 10.1016/S1044-
0305(03)00003-5.

24. Allen L.A., Leach J.J., Houk R.S. Spatial location of the
space charge effect in in individual clouds using dried mic-
roparticulate injection with a twin quadrupole inductively cou-
pled plasma mass spectrometer. Anal. Chem., 1997, vol. 69,
no. 13, pp. 2384-2391. doi: 10.1021/ac9610624.

25. Surikov V.T., Pupushev A.A. [Introduction of samples into
inductively coupled plasma for spectrometric analysis]. Anal-
itika i kontrol’ [Analitica and Control], 2006, vol. 10, no. 2, pp.
112-125 (in Russian).

26. Potter D. A commercial perspective on the growth and de-
velopment of the quadrupole ICP-MS market. J. Anal. At. Spec-
trom., 2008, vol. 23, no. 5, pp. 690-693. doi: 10.1039/B717322A.
27. Sushida K. Development of ICP-MS and its applications
to ultra-trace elemental analysis of semiconductor material. J.
Mass Spectrom. Soc. Japan., 1997, vol. 45, no. 2, pp. 159-174.
28. Shabani M.B., Shiina Y., Kirscht F.G., Shimanuki Y. Re-
cent advanced applications of AAS and ICP-MS in the semi-
conductor industry. Mater. Sci. Engineering: B, 2003, vol. 102,
no. 1-3, pp. 238-246. doi: 10.1016/S0921-5107(02)00739-0.
29. Ito T., Nakagawa Y. Plasma ion source mass analyzing
apparatus. Patent US, no. 5559337, 1996.

30. Ito T., Nakagawa Y. Plasma ion source mass spectrome-
ter. Patent US, no. 5773823, 1998.

31. Nakagawa Y. Plasma ion source mass analyzer. Patent
US, no. 5804821, 1998.

32. Takada S., Nakagawa Y. Plasma ion mass analyzing ap-
paratus Patent US, no. 6031379, 2000.

33. Inorganic mass spectrometry. Fundamentals and applications.
Eds.: Barshick C.M., Duckworth D.C., Smith D.H. New York:
Marcel Dekker, Inc. 2000. 517 p.

34.Hashimoto Y., Nabeshima T., Takada Y., Sakairi M., Tsukada
M. Mass spectrometer. Patent US, no. 6423965 B1, 2002.
35. Takada Y., Terui Y., Yoshinari K., Nabeshima T., Sakairi
M. Mass spectrometer. Patent US, no. 6541769 B1, 2003.
36. Yamada N., Sakata K., Nawa S. Inductively coupled plasma
mass spectroscopic apparatus. Patent US, no. 5939718, 1999.
37Kalinitchenko 1. lon optical system for a mass spectrome-
ter. Patent appl., no. 2000/17909 A1 WO, 2000.

38. Kalinitchenko I. lon optical system for a mass spectrom-
eter. Patent appl., no. 1999/61815 B2 AU, 2000.

39. Kalinitchenko 1. lon optical system for a mass spectrom-
eter. Patent AU no. 750860, 2002.

40. Kalinitchenko I. lon optical system for a mass spectrom-
eter. Patent US, no. 6614021 B1, 2003.

41. Kalinitchenko |. Mass spectrometer including a quadrupole
mass analyzer arrangement. Patent appl., no. 2001/091159
A1 WO, 2001.

42. Kalinitchenko |. Mass spectrometer including a quadrupole
mass analyzer arrangement. Patent EP, no. 1247289, 2002.
43. Kalinitchenko I. Mass spectrometer including a quad-
rupole mass analyzer arrangement. Patent appl. US, no.
2003/0155496 A1, 2003.

44. Kalinitchenko I. Mass spectrometer including a quadrupole
mass analyzer arrangement. Patent US, no. 6762407 B2, 2004.
45. Kalinitchenko I. Apparatus and method for elemental mass
spectrometry. Patent CA, no. 2460204 A1, 2003.

37



Ananutuka v koHTponb.  2025. T. 29. Ne 1.

46. Kalinitchenko I. Apparatus and method for elemental mass
spectrometry. Patent appl., no. 2003/023815 A1 WO, 2003.
47. Kalinitchenko |. Apparatus and method for elemental mass
spectrometry. Patent appl. US, no. 2005/0199795 A1, 2005.
48. Kalinitchenko I. Apparatus and method for elemental mass
spectrometry. Patent US, no. 7038199 B2, 2006.

49. Kalinitchenko I. Plasma mass spectrometer. Patent appl.
US, 2005/0082471 A1, 2005.

50. Kalinitchenko |. Plasma mass spectrometer. . Patent US,
no. 7119330 B2, 2006.

51. Kalinitchenko |. Mass spectrometry apparatus and meth-
od. Patent WO, no. 2004/012223 A1, 2004.

52. Kalinitchenko |. Mass spectrometry apparatus and meth-
od. Patent Appl. US, no. 2005/0269506 A1, 2005.

53. Kalinitchenko |. Mass spectrometry apparatus and meth-
od. Patent US, no. 7329863 B2, 2008.

54. Kalinitchenko I. New ICP-MS system. ICP Inf. Newslett.,
2003, vol. 28, p. 782.

55. Eliott S., Knowles M., Kalinitchenko I. A new direction in
ICP-MS system. Spectrosc., 2004, vol. 19. no. 1, pp. 30-38.
56. Eliott S., Knowles M., Kalinitchenko I. A change in direc-
tion in ICP-MS // Amer. Lab. March 2004. P. 24-29.

57. Kalinitchenko I., Sturman B. High-sensitivity ICP-MS. Chem.
Australia, 2004. vol. 71, no. 3, pp. 18-20.

58. Varian ICP-MS spectrometer. Pre-installation manual.
2004, no. 1. 48 p.

59. Introduction to the Varian ICP-MS. [ONeKTPOHHbIN pe-
cypc]: cma.tcd.ie/misc/icp.ppt (aata obpaweHus 20.04.2017).
60. Thomas R. Practical guide to ICP-MS. A tutorial for be-
ginners. 2nd edition. CRC press. 2008. 376 p.

61. Becker J.S. Inorganic mass spectrometry. Principles and
applications. Chichester: Wiley, 2007. 496 p.

62. Varian 810/820-MS ICP mass spectrometers. Pre-instal-
lation manual. 2007, no. 3. 52 p.

63. Kalinitchenko |., Wang XueDong, Sturman B. Simple and
effective control of spectral overlap interferences in ICP-MS.
Spectroscopy. Special issue, 2008. Oct. 1.

64. Epov V.N,, Evans R.D., Zheng J., Donard O.F.X., Yamada
M. Rapid fingerprinting of 239Pu and 240Pu in environmen-
tal samples with high U level using on-line ion chromatogra-
phy coupled with high-sensitivity quadrupole ICP-MS detec-
tion. J. Anal. At. Spectrom., 2007, vol. 22, no. 9. pp. 1131-1137.
doi: 10.1039/b704901c.

65. Brouwers E.E.M. Inductively coupled plasma mass spec-
trometry: a unique, ultrasensitive tool for exploring the phar-
macology of metal-based anticancer agents. PhD Thesis. The
Nedherlands Cancer Inst., Amsterdam, 2007. 264 p.

66. Shaulis B., Lapen T.J., Toms A. Signal linearity of an ex-
tended range pulse counting detector: application to accurate
and precise U-Pb dating of zircon by laser ablation quadru-
pole ICP-MS. Geochem., Geophys., Geosyst., 2010, vol. 11,
no. 11, pp. 1-12. doi: 10.1029/2010GC003198.

67. Xing L., Beauchemin D. Chromium speciation at the trace level
in potable water using hyphenated ion exchange chromatography
and inductively coupled plasma mass spectrometry with
collision/reaction interface. J. Anal. At. Spectrom., 2010, vol.
25, no. 7, pp. 1046-1055. doi: 10.1039/c004699;.

68. Pereira C.D., Garcia E.E., Silva F.V.,, Nogueira A.R.A., No-
brega A. Behavior of arsenic and selenium in an ICP-QMS
with collision and reaction interface. J. Anal. At. Spectrom.,
2010, vol. 25, pp. 1763-1769.

69. Li R., Vogel E., Krahenbiihl U. Measurement of 1-129 in
environmental samples by ICP-CRI-MS: possibilities and lim-
itations. Radiochim. Acta., 2009, vol. 97, pp. 453-458. doi:
10.1524/ract.2009.1639.

70. Salazar R.F.S. Nunes M.A.G., DresslerV.L., Flores E.M.M.,
Nobrega J.A. Behavior of chromium and vanadium in ICP-QMS
with dynamic reaction cell or collision-reaction interface. Col-
loquium Spectrosc. Internationale XXX VII. Brazil. 2011. TU46.
71. Salazar R.F.S., Guerra M.B.B., Pereira-Filho E.R., Nébrega
J.A. Performance evaluation of collision-reaction interface
and unternal standardization in quadrupole ICP-MS mea-

58

surements. Talanta, 2011, vol. 86, pp. 241-247. doi: 10.1016/j.
talanta.2011.09.009.

72. Fialho L.L., Pereira C.D., Nobrega J.A. Combination of
cool plasma and collision-reaction interface for correction
polyatomic interferences on copper signals in inductively cou-
pled plasma quadrupole mass spectrometry. Spectrochim.
Acta. Part B, 2011, vol. 66, no. 5, pp. 389-393. doi: 10.1016/j.
sab.2011.04.001.

73. Althobiti R. Risk assessment of arsenic in Arabic area
rice using on-line leaching and speciation analysis by ion ex-
change chromatography coupled to inductively coupled plas-
ma mass spectrometry. Master of Sci. Thesis. Queen’s uni-
versity. Kingston, Ontario, Canada. 2014. 76 p.

74. Donati G.L., Amais R.S., Nobrega J.A. Strategie to im-
prove accuracy and sensitivity in phosphorus determination
by inductively coupled plasma quadrupole mass spectrom-
etry. J. Braz. Chem. Soc., 2012, vol. 23, no. 4, pp. 786-791.
75. Amais R.S., Donati G.L., Nobrega J.A. Interference stan-
dard applied to sulfur determination in biodiesel microemul-
sions by ICP-MS. J. Braz. Chem. Soc., 2012, vol. 23, no. 5,
pp. 797-803.

76. Neves D.R., Amais R.S., Nobrega J.A., Neto J.A.G. As-
sessment of polyatomic interferences elimination using a colli-
sion reaction interface (CRI) for inorganic analysis of fuel eth-
anol by ICP-MS. Anal. Lett., 2012, vol. 45, no. 9, pp. 1111-1124.
doi: 10.1080/00032719.2012.670793.

77.Bianchi S.R., Amais R.S., Pereira C.D., Salazar R.F.S., Nobre-
gaJ.A., Nogueira A.R.A. Evaluation of a collision-reaction inter-
face (CRI) for carbon effect correction on chromium determina-
tion in environmental samples by ICP-MS. Anal. Lett., 2012, vol.
45, no. 18, pp. 2845-2855. doi: 10.1080/00032719.2012.702176.
78. Olufson K.P., Moran G. Polyatomic interference removal
using a collision reaction interface for plutonium determina-
tion in the femtogram range by quadrupole ICP-MS. J. Ra-
dioact. Nucl. Chem., 2016, vol. 308, no. 2, pp. 639-647. doi
10.1007/s10967-015-4483-9.

79. Bianchi S.R., Amaral C.D.B,, Silva C.S., Nogueira A.R.A.
Determination of selenium in bovine semen by ICP-MS us-
ing formic acid for sample preparation. J. Braz. Chem. Soc.,
2017, vol. 28, no. 12, pp. 2359-2364. doi: 10.21577/0103-
5053.20170089.

80. Thomas R. Measuring elemental impurities in pharmaceu-
ticals. A practical guide. CRC Press Taylor&Francis Group.
2018. 502 p.

81. Edmund A.J., Bergeson S.D., Lyan M., Taylor N., Kalin-
itchenko |., Farnsworth P.B. Evaluation of space charge ef-
fects in the second vacuum stage of a commercial inductively
coupled plasma mass spectrometer by planar laser-induced
fluorescence imaging. Spectrochim. Acta. Part B, 2012, vol.
76, pp. 109-118. doi: 10.1016/j.sab.2012.06.028.

82. Mallet A.l., Down S. Dictionary of mass spectrometry. John
Wiley&Sons Ltd, 2009. 188 p.

83. Dawson P.H. (ed.) Quadrupole mass spectrometry and its
applications. Amsterdam. Elsevier, 1976. 355 p.

84. Kuzmin A.F. Uluchenie harakteristik analiticheskogo kvad-
rupolnogo mass-analizatora pri rabote s ionami nizkhih en-
ergy bez primeneniya predfilnrov [Improvement of character-
istics of analytic quadrupole mass-analyzer at work with low
energy ions without use of prefilters. Nauchnoe priborostroe-
nie [Scientific. Instrumentation], 2011, vol. 21, no. 4. p. 60-64
(in Russian).

85. Inductively coupled plasma mass spectrometry handbook
Ed.: S.M. Nelms. Oxford: Blackwell Publishing Ltd, 2005. 486 p.
86. May T.W., Wiedmeyer R.H. A table of polyatomic inter-
ferences in ICP-MS. Atom. Spectrosc., 1998, vol. 19, no. 5,
pp- 150-155.

87. Pupushev A.A., Epova E.N. Spectralnye pomehi poliatomyh
ionov v methode mass-spectrometrii s inductivno svyazannoy
plasmoy [Spectral interferences in method mass-spectrome-
try with inductively coupled plasma] Analitika | kontril’ [Analit-
ica and Control], 2001, vol. 5, no. 4, pp. 335-369 (in Russian).
88. Praphairaksit N., Houk R.S. Attenuation of matrix effects
in inductively coupled plasma mass spectrometry with a sup-



Ananutuka v koHTponbe.  2025. T. 29. Ne 1.

plemental electron source inside of the skimmer. Anal. Chem.,
2000, vol. 72, no. 11. pp. 2351-2355. doi: 10.1021/ac000150s.
89. Praphairaksit N., Houk R.S. Reduction of space charge
effects in inductively coupled plasma mass spectrometry us-
ing a supplemental electron source inside the skimmer: ion
transmission and mass spectral characteristics. Anal. Chem.,
2000, vol. 72, no. 11, pp. 2356-2361. doi: 10.1021/ac000159u.
90. Praphairaksit N. Development and evaluation of an exter-
nally air-cooled low-flow torch and the attenuation of space
charge and matrix effects in inductively couple plasma mass
spectrometry. PhD Thesis. lowa State University, Ames, USA,
2000. 112 p.

91. Houk R.S., Praphairaksit N. Mass-spectrometer with elec-
tron source for reduction of space charge effects in sample
beam. Patent US, no. 6633114 B1, 2003.

92. Praphairaksit N., Houk R.S. Reduction of mass bias and
matrix effects in inductively coupled plasma mass spectrom-
etry with a supplemental electron source in a negative extrac-
tion lens. Anal. Chem., 2000, vol. 72, no. 18, pp. 4435-4440.
doi: 10.1021/ac000590);.

93. Raizer Yu.P. Phisika gazovogo razryada [Physics of gas
discharge]. Moscow, Science, 1987. 592 p. (in Russian).

94. Mitsui Y., Shimura S., Komoda T. Plasma ion source mass
spectrometer. Patent US, no. 4948962, 1990.

95. Ingle C.P., Appelblad P.K., Dexter M.A., Reid H.J., Sharp
B.L. The use of background ions and a multivariate approach
to characterize and optimize the dominant H2-based chemis-
tries in a hexapole collision cell usedinlCP-MS. J. Anal. Atom.
Spectrom., 2001, vol. 16, no. 9, pp. 1076-1084.

96. Stresau D., Hunter K.L. lon counting beyond 10 GHz us-
ing a new detector and conventional electronics (ETP elec-
tron multipliers, SGE, Australia). Presented at Europ. Win-
ter Conf. Plasma Spectrochem. (EWCPS2001). Lillehammer,
Norway, 2001. 3 p.

97. Hamester M., Toms A., Chemnitzer R. High-sensitivity ICP-
MS: overcome the problem of complex samples. Available at:
https://chemistry.unt.edu/~verbeck/LIMS/Manuals/820_tuto-
rial.pdf (accessed 30 April 2017).

98. Bruker Aurora M90 ICP-MS product video. Available
at: https://www.youtube.com/watch?v=mCgCqqNxa80 (ac-
cessed 15 July 2017).

99. Hamester M., Chemnitzer R. The advantage of high sen-
sitivity ICP-MS. European Winter Conf. on plasma spectro-
chemistry (EWCPS2013). Krakow, Poland, 2013. Available
at: https//ll1.workcast.net/10078/8054287822318991/Docu-
ments/Meike_Rene%20mergedv4.pdf (accessed 24 may 2017).
100. Jakobs J.L. Diagnostic studie of ion beam formation in
inductively coupled plasma mass spectrometry with the colli-
sion reaction interface. PhD Diss. lowa State University, Ames,
USA. 2015. 137 p.

101. Kalinitchenko I. Mass spectrometry. Patent Appl. US, no.
2013/0248701 A1,2013.

102. Kalinitchenko |. Mass spectrometry apparatus. Patent
Appl. US, no. 2013/0292565 A1, 2013.

103. Kalinitchenko I. Improvements in or relating to mass spec-
trometry. Patent EP, no. 2774170 A1, 2014.

104. Kalinitchenko I. Improvements in or relating to mass
spectrometry. Patent Appl. US, no. 2014/0312243 A1, 2014.
105. Kalinitchenko I. Mass spectrometry. Patent Appl. US, no.
2014/0319366 A1, 2014.

106. Kalinitchenko I. Mass spectrometry. Patent US, no. 9048078
B2, 2015.

107. Kalinitchenko I. lon deflector for a mass spectrometer.
Patent Appl. US, no. 2015/0060687 A1, 2015.

108. Kalinitchenko |. lon deflector for a mass spectrometer.
Patent US, no. 9159543 A1,2015.

109. Kalinitchenko I. An ion deflector for a mass spectrome-
ter. Patent EP, no. 2828881 A4, 2015.

110. Kalinitchenko I. An improved interface for mass spectrom-
etry apparatus. Patent EP, no. 2825871 A1, 2015.

111. Kalinitchenko |. Interface for mass spectrometry appara-
tus. Patent Appl. US, no. 2015/0034816 A1, 2015.

112. Hamester M., Chemnitzer R., Kalinitchenko I., Dalby S.
ICP-MS: advancements due to ever-increasing challenges. 7"
Nordic Conf. Plasma Spectrochem. Norway, Loen, 2014.p. 25.
113. Kalinitchenko I., Hosemans S., Zdaril P., Sim J. Develop-
ment and characterization of a new high sensitivity ICP-MS.
Europ. Winter conf. on plasma spectrochem. (EWCPS2015).
Munster, Germany, 2015. 26 p.

114. Lorenz S. Step by step! (Cover story). AdJournal (Analyt-
ik Jena Staff Magazine), 2014, no. 3, pp. 5-8.

115. PlasmaQuant MS/Elite. Inductively coupled plasma mass
spectrometer. Operation manual. Documentation number 10-
5000-002-23. Analytik Jena, 2014. 123 p.

116. PlasmaQuant MS. The new perspectives in ICP-MS. An-
alytic Jena AG, 2015. 12 p.

117. Gordeev K, Shahnovitch I. [Analyticl spectrometry today:
from new technologies to new discoveries). Analitica [Analyt-
ics], 2016, 1(26). pp. 36-61 (in Russian).

118. Gordeev K., Zhohov C. [Mass-spectrometriya today: the
latest technologies and equipment]. Analytica [Analytics], 2016,
5 (30), pp- 58-78 (in Russian).

119. PlasmaQuant MS product animation. Available at: https:/
www.youtube.com/watch?v=dGb513JRqUO.

120. ICP-MS Plasma Quant MS. Cone exchange. Available
at: http://www.youtube.com/watch?v=XVbbtl3dwus. (ac-
cessed 2017).

121. Kalinitchenko 1., Zdaril P. Improved interface for high sen-
sitivity ICP-MS — having ion kinetic energy and matrix sup-
pression control. Europ. Winter conf. on plasma spectrochem.
(EWCPS2017). Sankt Anton, Arlberg, Austria, 2017, p. 67.
122. Pupyshev A., Kalinitchenko 1., Weisheit O. ICP-MS ma-
trix suppression cancelation effect after applying the positive
voltage to the skimmer cone. Europ. Winter conf. on plasma
spectrochem. (EWCPS2017). Sankt Anton, Arlberg, Austria,
2017, p. 215.

123. Kalinitchenko |. Mass spectrometry apparatus. Patent
US, no. 9006646 B2, 2015.

124. Kalinitchenko I. Mass spectrometry. Patent US, no. 9209006
B2, 2015.

125. Kalinitchenko |. Electrically connected sample interface
for mass specftrometer. Patent US, no. 9202679 B2, 2015.
126. Kalinitchenko I. Interface for mass spectrometry appara-
tus. Patent US, no. 9305758, 2016.

127. Douglas D.J. Method and apparatus for sampling a plas-
ma into a vacuum chamber. Patent CA, no. 1189201, 1985.
128. Douglas D.J. Method and apparatus for sampling a plas-
ma into a vacuum chamber. Patent US, no. 4501965, 1985.
129. Douglas D.J., French J.B. An improved interface for induc-
tively coupled plasma-mass spectrometry (ICP-MS). Spectro-
chim. Acta. Part B, 1986, vol. 41, no. 3, pp. 197-204.

130. Gray A.L. The evolution of the ICP as an ion source for
mass spectrometry. J. Anal. At. Spectrom., 1986, vol. 1, no.
6, pp. 403-405. doi: 10.1039/JA9860100403.

131. Alavi S., Khayamian T., Mostaghimi J. Conical torch: the
next-generation inductively coupled plasma source for spec-
trochemical analysis. Anal. Chem., 2018, vol. 90, no. 5, pp.
3036-3044. doi: 10.1021/acs.analchem.7b04356.

132. Tanner S.D. Space charge in ICP-MS: calculations and
implications. Spectrochim. Acta. Part B, 1992, vol. 47B, no.
6, pp. 809-823.

133. Niu H., Houk R.S. Fundamental aspects of ion extraction
in inductively coupled plasma mass spectrometry. Spectro-
chim. Acta. Part B, 1996, vol. 51, pp. 779-815.

134. Niu H. Fundamental studies of the plasma extraction and
ion beam formation processes in inductively coupled plasma
mass spectrometry. PhD Diss. Ames, lowa, USA,1995. 276 p.
135. Muzgin V.H., Emelyanova N.N., Pupushev A.A. [Mass-
sperctrometry with inductively coupled plasma — new meth-
od in analytical chemistry] Analitika i control’ [ Analitica and
Control], 1998, no. 3-4. pp. 3-25. (in Russian).

136. Pupushev A.A., Sermyagin B.A. Diskriminatsya ionov
po masse pri izotopnom analize metodom mass-spectromet-
rii s induktivno svyazannoy plasmoy [Dickrimination of ions
by mass at isotope analysis using method mass-spectrom-

59



Ananutuka v koHTponb.  2025. T. 29. Ne 1.

etry with inductively coupled plasma). Ekanerinburg, USTU-
UPI, 2006. 132 p. (in Russian).

137. The 30-minute guide to ICP-MS. PerkinElmer Inc., 2004-
2011. 8 p. Available at: https://www.perkinelmer.com/CMS-
Resources/images/44_74849tch_icpmsthirtyminutesguide.
138. Do things the way. NexION 300 ICP-MS. PerkinElmer
Inc., 2009. 16 p.

139. Introducing the NexION 300 ICP-MS. PerkinElmer, 2009.
43 p. Available at: www.perkinelmer.co.kr/NexION Intro.pdf.
140. NexION 300 ICP-MS. Preparing your lab. PerkinElmer
Inc., 2010-2012. 9 p.

141. NexION 300 ICP-MS instruments animation. Available at:
https://www.youtube.com/watch?v=L-FYh2z9miO0.

142. NexION 300 ICP-MS — the power of three. Available at:
http://www.youtube.com/watch?v=15AmxmM1vt0.

143. NexION 300 system. Hardware guid. PerkinElmer Sciex,
2010. 177 p.

144. NexION 300 system. Software guid. PerkinElmer Sciex,
2010. 233 p.

145. Badiei H.R., Bandura D., Baranov V., Kahen K., Tanner S.
Inductively coupled plasma mass spectrometer. Patent Appl.
US, no. 2011/0253888 A1, 2011.

146. Badiei H., Kahen K. Multimode cells and methods of using
them. Patent US, no. 8426804 B2, 2013.

147. Badiei H., Kahen K. Multimode cells and methods of using
them. Patent Appl. US, no. 2012/0091331 A1, 2012.

148. Badiei H., Kahen K. Multimode cells and methods of using
them. Patent Appl. US, no. 2013/0284917 A1, 2013.

149. Badiei H., Kahen K. Multimode cells and methods of using
them. Patent US, no. 8884217 B2, 2014.

150. Badiei H.R., Kahen K. Gas delivery system for mass
spectrometer reaction and collision cells. Patent Appl. US, no.
2011/0210241 A1, 2011.

151. Badiei H.R., Kahen K. Gas delivery system for mass
spectrometer reaction and collision cells. Patent US, no.
8373117 B2, 2013.

152. Badiei H., Bandura D., Baranov V., Kahen K., Tanner
S. Cone-shaped orifice arrangement for inductively coupled
plasma sample introduction system. Patent US, no. 9105457
B2, 2015.

153. Timofeev P.V. [35 years ICP-MS]. XXV mezhdunar. sem-
inar «Spektrometricheskii analiz. Apparatura obrabotki dan-
nykh na PEVM» [Presentation on XXV international seminar
« Spectrometric analysis. Machinery for data processing on
a PC»], Obninsk, 2018. 65 c. (in Russian).

154. Bandura D.R., Baranov V.l., Tanner S.D. Method of
operating a mass spectrometer to suppress unwanted ions.
Patent US, no. 6627912 B2, 2003.

155. Optimass 9500 ICP-oTOFMS. GBC publ. number 01-
0875-03. Australia, 2006. 16 p.

156. Tanner S.D., Douglas D.J., Cousins L. Method and apparatus
for plasma mass analysis with reduced space charge effects.
Patent US, no. 5565679, 1996.

157. Tanner S.D., Cousins L., Douglas D.J. Reduction of space
charge effect using a three-aperture gas dynamic vacuum
interface for inductively coupled plasma-mass spectrometry.
Appl. Spectrosc., 1994, vol. 48, no. 11, pp. 1367-1372. doi:
10.1366/0003702944028100.

158. Willinsky B. PerkinElmer to showcase wide range of
innovative offerings at Analytica 2014. Available at: http://
ir.perkinelmer.com/static-files/cc2da98b-f47b-403f-9ab8-
7e00a18d6efb.

159. Maximize lab efficiency with unparalleled speed & stability.
NexION 350. PerkinElmer, 2014-2015. 12 p.

160. Syngistix nano application software module for single
particle ICP-MS. PerkinElmer, 2014-2017. 4 p.

161. Timofeev P.V. [Element and isotope analysis of single
nanoparticles]. XXI Seminar «Spektrometricheskii analiz.
Apparatura i obrabotka dannykh na EVM [ICP-MS. XX seminar
«Spectrometric analysis. Machinery for data processing on a
PC»], Obninsk, 2014. 11 p. (in Russian).

40

162. Frederichsen O., Watson P. NexION FAST FIAS unlimited
TDS: direct injection of high (30%) dissolved solid samples. 71"
Nordic Conf. Plasma Spectrochim. Norway, Loen, 2014, p. 42.
163. Van Bussel W. An introduction and overview of FAST-
FIAS coupled to the NexION ICP-MS. PerkinElmer, 2016. 7 p.
164. Nomizu H., Kaneco S., Tanaka T., Yamamoto T., Kawaguchi
H. Determination of femto-gram amounts of zinc and lead in
individual airborne particles by inductively coupled plasma
mass spectrometry with direct air-sample introduction. Anal.
Sci., 1993, vol. 9, no. 6. pp. 843-846. doi: 10.2116/analsci.9.843.
165. Laborda F., Bolea E., Jimenez-Lamana J. Single particle
inductively coupled plasma mass spectrometry: a powerful
tool for nanoanalysis. Anal. Chem., 2014, vol. 86, no. 5, pp.
2270-2278. doi: 10.1021/ac402980q

166. Olesik J.W., Gray P.J. Consideration of individual nanoparticles
or microparticles by ICP-MS: determination of the number of
particles and the analyte mass in each particle. J. Anal. At.
Spectrom., 2012, vol. 27, pp. 1143-1155. doi: 10.1039/c2ja30073g.
167. Laborda F., Jimenez-Lamana J., Bolea E., Castillo J.R.
Critical considerations for the determination of nanoparticle
number concentrations, size and number size distributions by
single particle ICP-MS. J. Anal. Atom. Spectrom., 2013, vol.
28, no. 8, pp. 1220-1232. doi: 10.1039/C3JA50100K.

168. Salamon A.W. The current world of nanomaterial
characterization: discussion of analytical instruments for
nanomaterial characterization. Environmental Eng. Sci., 2013,
vol. 30, no. 3, pp. 101-108. doi: 10.1089/ees.2012.0330.

169. Meerman B., Laborda F. Analysis of nanomaterials by
field-flow fractionation and single particle ICP-MS. J. Anal.
Atom. Spectrom., 2015, vol. 30, pp. 1226-1228. doi: 10.1039/
¢5ja90019k

170. Evans E.H., Pisonero J., Smith C.M.M., Taylor R.N. Atomic
spectrometry update: review of advances in atomic spectrometry
and realated. J. Anal. Afom. Spectrom., 2015, vol. 30, no. 5,
pp. 1017-1037. doi: 10.1039/c5ja90017d.

171. Lee W.-W., Chan W.-T. Calibration of single-particle
inductively coupled plasma mass-spectrometry (SP-ICP-MS).
J. Anal. Atom. Spectrom., 2015, vol. 30, no. 6, pp. 1245-1254.
doi: 10.1039/c4ja00408f.

172. Montano M.D., Olesik J.W., Barber A.G., Challis K., Ranville
J.F. Single particle ICP-MS: advances toward routine analysis
of nanomaterials. Anal. Bioanal. Chem., 2016, vol. 408, no.
19, pp. 5053-5074.

173. Laborda F., Bolea E., Cepria G., Gomez M.T., JimenezM.S.,
Perez-Arantegui J., Castillo J.R. Detection, characterization
and quantification of inorganic engineered nanomaterials: a
review of techniques and methodological approaches for the
analysis of complex samples. Anal. Chim. Acta., 2016, vol.
904, pp. 10-32. doi: 10.1016/j.aca.2015.11.008.

174. Nanotechnology insights. PerkinElmer, 2011-2012. 76
p. Available at: http://perkinelmer.co.kr/mail/01/images/2014/
nanotechnology.insights.pdf.

175. Single particle ICP-MS Compendium. PerkinElmer, 2012-
2016. 88 p.

176. Stephan C., Neubauer K. Single particle inductively
coupled plasma mass spectrometry: understanding how and
why. PerkinElmer, 2014. 5 p.

177. Stephan C., Thomas R. Single-particle ICP-MS: a key
analytical technique for characterizing nanoparticles. Spectrosc.,
2017, vol. 32, no. 3, pp. 12-25.

178. Foglio L., Davidowski L. The determination of lead in
calcium-based antacid and dietary supplements using the
NexION 300 ICP-MS system to comply with the state of
California’s proposition 65 legislation. Atom. Spectrosc., 2010,
vol. 31, no. 5, pp. 154-158.

179. Mangum S.R., Neubauer K.R. Metal impurities in
pharmaceuticals and dietary supplements — implementing
ICP-MS for USP<232> and prop 65. Atom. Spectrosc., 2010,
vol. 31, no. 5, pp. 159-164.

180. Bass D., Jones D. The determination of trace metals in
human urine using the NexION 300 ICP-MS. Atom. Spectrosc.,
2010, vol. 31, no. 5, pp. 165-169.



Ananutuka v koHTponbe.  2025. T. 29. Ne 1.

181. Smith S., Bolchi M., Magarini R. The determination of
elements at sub-ppb concentrations in naphta mixtures using
the NexION ICP-MS. Atom. Spectrosc., 2010, vol. 31. no. 5,
pp. 170-174.

182. Kantha M.R.V., Pulicharla R., Sumanth P., Venkateswar Rao
P., Sudhakar Babu A.M.S. Method validation for determination
of heavy metals in phytonadione emulsion (I.M) dosage form
by ICP-MS. J. Afoms and Molecules, 2012, vol. 2, no. 6, pp.
425-436.

183. Tanase Gh., Udristioiu F.M., Bunachiu A.A., Aboul-Enein
H.Y. Trace elements analysis in paper using inductively coupled
plasma-mass spectrometry (ICP-MS). Gazi University J. Sci.,
2012, vol. 25, no. 4, pp. 843-851.

184. Mitrano D.M., Barber A., Bednar A., Westerhoff P., Higgins
C.P., Ranville J.P. Silver nanoparticle characterization using
single particle ICP-MS (SP-ICP-MS) and asymmetrical flow
filed flow fractionation ICP-MS (AF4-ICP-MS). J. Anal. At.
Spectrom., 2012, vol. 27, no. 7, pp. 1131-1142. doi: 10.1039/
c2JA30021D.

185. Tirez K., Brusten W., Beutels F., Wevers M., Vanhaeske F.
Determination of bromate in drinking waters using low pressure
liquid chromatography/ICP-MS. J. Anal. At. Spectrom., 2013,
vol. 28, no. 12, pp. 1894-1902. doi: 10.1039/C2JA30323J.
186. Hineman A., Stephan C. Effect of dwell time on single
particle inductively coupled plasma mass spectrometry data
acquisition quality. J. Anal. At. Spectrom., 2014, vol. 29, no.
7, pp. 1252-1257. doi: 10.1039/c4ja00097h.

187. Quarles Ir. C.D., Jones D.R., Jarrlett J.M., Shakirova G.,
Pan Y., Caldwwell L., Jones R.L. Analytical method for total
chromium and nickel in urine using an inductively coupled
plasma-universal cell technology-mass spectrometer (ICP-
UCT-MS) in kinetic energy discrimination (KED) mode. J.
Anal. At. Spectrom., 2014, vol. 29, no. 2, pp. 297-303. doi:
10./1039/c3ja50272D

188. Rossrucker L., Mayrhofer K.J.J., Frankel G.S., Birbilis
N. Investigation the real time dissolution of Mg using online
analysis by ICP-MS. J. Electrochem. Society, 2014, vol. 161,
no. 3, pp. ¢115-c119. doi: 10.1149/2.064403jes.

189. Montafio M.D., Badiei H.R., Bazargan S., Ranville J.F.
Improvements in the detection and characterization of engineered
nanoparticles using spICP-MS with microsecond dwell times.
Envir. Sci.: Nano, 2014, vol. 1, no. 4, pp. 338-346. doi: 10.1039/
¢c4en00058g.

190. Mwilu S., Siska E., Nazir Baig R.B., VarmaR.S., Heithmar E.,
Rogers K.R. Separation and measurement of silver nanoparticles
and silver ions using magnetic particles. Sci. Total Environment.,
2014, vol. 472, pp. 316-323. doi: 10.1016/j.scitotenv.2013.10.077.
191. Cui X.-Y., Li S.-W., Zhang S.-Y., Fan Y.-Y., Ma L.Q. Toxic
metals in children’s toys and jewelry: coupling bioaccessibility
with risk assessment. Environment. Pollution, 2015, vol. 200,
pp. 77-84. doi: 10.1016/j.envpol.2015.01.035.

192. Mazurova |., Khwashevskaya A., Guseva N. The choice
of conditions for the determination of vanadium, chromium and
arsenic concentration in water by ICP-MS using collision mode.
Procedia Chem., 2015, vol. 15, pp. 201-205. doi: 10.1016/].
proche.2015.10.032.

193.He M., JinZ., Luo C., Deng L., Xiao J., Zhang F. Determination
of boron isotope ratios in tooth enamel by inductively coupled
plasma mass spectrometry (ICP-MS) after matrix separation
bt ion exchange chromatography. J. Bazil. Chem. Soc., 2015,
vol. 26, no. 5, pp. 949-954. doi: 10.5935/0103-5053.20150056.
194. Hinchliffe D.J., Condon B.D., Thyssen G., Naoumkina
M., Madison C.A., Reynolds M., Delhom C.D., Fan D.D., Li
P., McCarty J. The GhTT2-AT gene is linked to the brown
colour and natural flame retardancy phenotypes of Lc1 cotton
(Gossypium hirsutum L.) fibres. J. Experiment. Botany., 2016,
vol. 67, no. 18, pp. 5461-5471. doi; 10.1093/jxb/erw312.
195. Bao D., Oh Z.C., Chen Z. Characterization of silver
nanoparticles internalized by Arabidopsis Plant using single
particle ICP-MS analysis. Frontiers Plant Sci., 2016, vol. 7,
article 32. doi: 10.3389/fpls.2016.00032.

196. Avramescu M.-L., Rasmussen P.E., Chenier M. Determination
of metal impurities in carbon nanotubes sampled using surface

wipes. J. Analyt. Methods. Chem., 2016, article 3834262. doi:
10.1155/2016/3834292.

197. Al-Asmari A.K., Kunnathodi F., Saadon K.A., Idris M.M.
Elemental analysis of scorpion venoms. J. Venom Res., 2016.
vol. 7. pp. 16-20.

198. Zaitseva M.V., Pupushev A.A., Shchapova Yu.V., Votyakov
C.L. [Dating of U-Pb zircon with help of quadrupole mass-
specrtometr with inductively coupled plasma NexION 300S and
attachment for laser ablation NWR 2013]. Analitika i kontro’l
[Analitica and Control], 2016, vol. 20. no. 4. pp. 294-306. doi:
10.15826/analitika.2016.20.4.006. (in Russian).

199. Canabate A., Garcia-Ruiz E., Resano M., Todoli J.-L. Analysis
of whole blood by ICP-MS equipped with a high temperature
total sample concumption system. J. Anal. At. Spectrom., 2017,
vol. 32, no. 1, pp. 78-87. doi: 10.1039/cbja00374e.

200. Croudace I.W., Russell B.C., Warwick P.W. Plasma source
mass spectrometry for radioactive waste characterization in
support of nuclear decommissioning: a review. J. Anal. Atom.
Spectrom., 2017, vol. 32, no. 3, pp. 494-526. doi: 10.1039/
C6JA00334F.

201. OliveiraL.H.B., FerreiraN.S., Oliveira A., NogueiraA.R.A.,
Gonzalez M.H. Evaluation of distribution and bioaccumulation of
arsenic by ICP-MS in Tilapia (Oreochromis niloticus) cultivated
in different environments. J. Braz. Chem. Soc., 2017, vol. 28,
no. 12, pp. 2455-2463. doi:10.21577/0103-5053.20170101.
202. Petuchov V.1., Dmitriev E.V., Baumane L.Kh., Skalny A.V.,
Lobanova Yu.N., Grabeklis A.R. Some aspects of regulatory
criteria for metal-ligand homeostasis in epidermal cell. J.
Antioxidant Activity., 2018, vol. 1, no. 3, pp. 22-32. doi: 10.14302/
issn.2471-2140.jaa-17-1927.

203. Air, water and soil analysis. Environmental application
compendium. PerkinElmer, 011824 _01, 2009-2015. 329 p.
204. Zhung Q., Snow J.T., Holdship P., Price D., Watson P,
Rickaby R.E.M. Direct measurements of multi-elements in high
matrix samples with a flow injection ICP-MS: application to the
extended Emiliana Huxley redfiled ratio. J. Anal. At. Spectrom.,
2018, vol. 33, no. 7, pp. 1196-1208. doi: 10.1039/c8ja.00031D.
205. Stephan C., Wilkinson K.J., Hadioui M. Single particle ICP-
MS (SP-ICP-MS) for the detection of metal-based nanoparticles
in environmental matrices: application to silver nanoparticles
in surface water. Nanoscience and nanometrology, 2015, vol.
1, no. 1, pp. 20-23. doi: 10.11648/j.nsnm.20150101.14.

206. Witzler M., Killmer F., Hirtz A., Ginter K. Validation of
gold and silver nanoparticle analysis in fruit juices by single-
particle ICP-MS without sample pretreatment. Agricultu. Food
Chem., 2016. doi: 10.1021/asc.jafc.6b01248.

207. Hanousek O., Brunner M., Préfrock D., Irrgeher J.,
Prohaska T. The performance of single and multi-collector
ICP-MS instruments for fast and reliable **S/*%S isotope ratio
measurements. Anal. Methods., 2016, vol. 8, no. 42, pp. 7661-
7672. doi: 10.1039/cbay02177h.

208. Aznar R., Barahona F., Geiss O., Ponti J., Luis T.J.,
Battero-Moreno J. Quantification and size characterization
of silver nanoparticles in environmental aquous samples and
consumer products by single particle ICP-MS. Talanta, 2017,
vol. 175, pp. 200-208. doi: 10.1016/j.talanta.2017.07.048.
209. Kalomista 1., Keri A., Ungor D., Csapo E., Dekany I.,
Prochaska T., Galbacs G. Dimensional chatacterization of
gold nanorods by combining millisecond and microsecond
temporal resolution single particle ICP-MS measurementws.
J. Anal. Atom. Spectrom., 2017, vol. 32, pp. 2455-2462. doi:
10.1039/c7ja00306d.

210. Piccoli E., Mazzilis D., Gava E., De Martin S. Study of
nanoparticles in a few rivers in no.rth East Italy using SP-ICP-
MS. Nano Research&Applications, 2018, vol. 4, no. 1, pp. 1-5.
doi: 10.2767/2471-9838.100030.

211. Li G. Determination of trace elements levels in human
plasma and radiated mice tongue by inductively coupled
plasma-mass spectrometry (ICP-MS). PhD Diss. University
of Missouri, USA, 2012. 153 p.

212. Mitrano D.M. Development of ICP-MS based nanometrology
techniques for characterization of silver nanoparticles in

4l



Ananutuka v koHTponb.  2025. T. 29. Ne 1.

environmental systems. PhD Thesis. Colorado School of
mines, 2012. 197 p.

213. Tirez K. Development of methods based on ICP-mass
spectrometry for the determination, speciation and isotopic
analysis of metals and oxy-anions in an environmental context.
Doctor of Sci.. Chemistry Diss. Gent University, 2013. 248 p.
214. Gschwind S.C. Development and evaluation of discrete
sample introduction systems for nanoparticle analysis by ICP-MS.
Doctor of Science Thesis. ETH Zurich, Germany, 2014. 171 p.
215. Furtado L. Fate of silver nanoparticles in lake mesocosms.
Master of Science Thesis. Trent University, Peterborough,
Ontario, Canada, 2014. 141 p.

216. Montano D.M. Studies into the detection, characterization
and behavier of naturally occurring and engineered inorganic
nanorarticles. PhD Thesis. Colorado school of mines, 2014. 158 p.
217. Donovan A.R. Traking silver, gold, and titanium dioxide
nanoparticles through drinking water systems by single particle-
inductively coupled plasma-mass spectrometry. Master of
Science Thesis. Missouri University, USA, 2016. 42 p.

218. Elci S.G. Gold nanopatrticle biodistributions and stability
in vivo from mass spectrometric imaging. PhD Diss. University
of Massachusetts. Amherst, USA, 2017. 143 p.

219. Varonina S. Determination of REEs, Th and U in seawater
after off-line SPE by ICP-MS. Master’s degree in chemistry
Thesis. University Oslo, Norway, 2017. 197 p.

220. High L. PerkiElmer’'s NexION 2000 ICP-MS provides
industry-leading versatility for trace elemental analyses. PKI_
News_2017_1_23_ Press_Releases. PerkinElmer. 2017. 1 p.
221. Timofeev P.V. Presentation of ICP-MS PerkinElmer
spectrometer NexION 2000. 65 p. Available at: https://www.
youtube.com/watch?v=RwVfLyjTkSY. (in Russian).

222. Badiei H., Beres S.A. Detectors and methods of using
them. Patent Appl. US, no. 2015/0162174 A1, 2015.

223. Badiei H., Beres S.A. Detectors and methods of using
them. Patent Appl. US, no. 2016/0379809 A1, 2016.

224. Badiei H., Beres S.A. Detectors and methods of using
them. Patent US, no. 9847214 B2, 2017.

225. Badiei H., Bazargan S. Systems and methods of suppressing
unwanted ions. Patent Appl. US, no. 2015/0136966 A1, 2015.
226. Badiei H., Bazargan S. Systems and methods of suppressing
unwanted ions. Patent US, no. 9190253 B2, 2015.
227.Badiei H., Bazargan S. Systems and methods of suppressing
unwanted ions. Patent US, no. 9589780 B2, 2017.
228.Badiei H., Bazargan S. Systems and methods of suppressing
unwanted ions. Patent Appl. US, no. 2016/0172176 A1, 2016.
229.Badiei H., Bazargan S. Systems and methods of suppressing
unwanted ions. Patent Appl. US, no. 2017/0301528 A1, 2017.
230. Badiei H., Bazargan S. Systems and methods of suppressing
unwanted ions. Patent US, no. 9916971 B2, 2018.

231. Badiei H., Neubauer K. Systems and methods for detection
and quantification of selenium and silicon in samples. Patent
Appl. US, no. 2015/0318159 A1, 2015.

232.Badiei H., Neubauer K. Systems and methods for detection
and quantification of selenium and silicon in samples. Patent
US, no. 9922810 B2, 2018.

233. Badiei H., Neubauer K. Systems and methods for de-
tection and quantification of selenium and silicon in samples.
Patent Appl. US, no. 2018/0144919 A1, 2018.

234. Badiei H., Neubauer K. Systems and methods for de-
tection and quantification of selenium and silicon in samples.
Patent US, no. 10573503 B2, 2020.

235. Cheung T.S., Wong C.H.C. Hybrid generators and meth-
ods of using them. Patent Appl. US, no. 2015/0108898 A1, 2015.
236. Cheung T.S., Wong C.H.C. Hybrid generators and meth-
ods of using them. Patent WO, no. 2015/061391 A2,2015.
237. Cheung T.S., Wong C.H.C. Hybrid generators and meth-
ods of using them. Patent US, no. 9420679 B2, 2016.

238. Cheung T.S., Wong C.H.C. Hybrid generators and meth-
ods of using them. Patent US, no. 9648717 B2,2017.

239. Cheung T.S., Wong C.H.C. Hybrid generators and meth-
ods of using them. Patent Appl. US, no. 2017/0055337 A1, 2017.
240. Cheung T.S., Wong C.H.C. Hybrid generators and meth-
ods of using them. Patent Appl. US, no. 2018/0027643 A1, 2018.

42

241. Cheung T.S., Wong C.H.C. Hybrid generators and meth-
ods of using them. Patent Appl. US, no. 9942974 B2, 2018.
242. Cheung T.S., Wong C.H.C. Qscillator generators and
methods of using them. Patent US, no. 9635750 B2, 2017.
243. Cheung T.S., Wong C.H.C. Qscillator generators and
methods of using them. Patent Appl. US, no. 2016/0360602
A1, 2016.

244 Cheung T.S., Wong C.H.C. Qscillator generators and meth-
ods of using them. Patent Appl. US, no. 2017/0339775 A1, 2017.
245. Cheung T.S., Wong C.H.C. Oscillator generators and
methods of using them. Patent US, no. 10104754 B2, 2018.
246.Cheung T.S., Wong C.H.C. Capacitors and radio frequen-
cy generators and other devices using them. Patent Appl. US,
no. 2018/0144922 A1, 2018.

247. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent US, no. 9433073 B2, 2016.

248. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent Appl. US, no. 2015/0216027 A1, 2015.
249. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent Appl. US, no. 2016/0309572 A1,2016.
250. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent US, no. 9591737 B2, 2017.

251. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent Appl. US, no. 2017/0280546 A1, 2017.
252. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent US, no. 9848486 B2, 2017.

253. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent Appl. US, no. 2018/0184511 A1, 2018.
254. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent US, no. 10104755 B2,2018.

255. Cheung T.S., Wong C.H.C. Induction devices and meth-
ods of using them. Patent US, no. 10462890 B2, 2019.

256. Bazargan S., Badiei H. Systems and methods for auto-
mated analysis of output in single particle inductively coupled
plasma mass spectrometry and similar data sets. Patent Appl.
US, no. 2015/0235833 A1, 2015.

257. Bazargan S., Badiei H. Systems and methods for au-
tomated analysis of output in single particle inductively
coupled plasma mass spectrometry and similar data sets.
Patent EP, no. 3105774 A1, 2016.

258. Bazargan S., Badiei H.Systems and methods for auto-
mated analysis of output in single particle inductively coupled
plasma mass spectrometry and similar data sets. Patent US,
no. t 9754774 B2, 2017.

259. Bazargan S., Badiei H. Systems and methods for auto-
mated analysis of output in single particle inductively coupled
plasma mass spectrometry and similar data sets. Patent Appl.
US, no. 2017/0358438 A1, 2017.

260. Bazargan S., Badiei H. Systems and methods for auto-
mated analysis of output in single particle inductively coupled
plasma mass spectrometry and similar data sets. Patent US,
no. 10431444 B2, 2019.

261. Bazargan S., Badiei H., Patel P. Systems and meth-
ods for automated optimization of a multi-mode inductive-
ly coupled plasma mass spectrometer. Patent Appl. US, no.
2015/0235827 A1, 2015.

262. Bazargan S., Babiei H., Patel P. Systems and methods
for automated optimization of a multi-mode inductively coupled
plasma mass spectrometer. Patent US, no. 10181394 B2, 2019.
263. Patel P., Stephan C., Abou-Shakra F. Systems and
methods using a gas mixture to select ion. Patent US, no.
10615020 B2, 2020.

264. Wehr H. Addition of reactive species to ICP source. Pat-
ent US, no. 10056241 B2, 2016.

265. Schlueter H.-J. Control of gas flow. Patent US, no. 10446377
B2, 2019.

266. Schwieters J., Wehr H., Lewis J. Methods in mass spectrom-
etry using collision gas as ion sourcePatent US, no. 10651023
B2, 2020.

267. Stephan C., Badiei H., Savtchenko S., Bazargan S. Spray
chambers and methods of using them. Patent Appl. US, no.
2017/0338092 A1, 2017.



Ananutuka v koHTponbe.  2025. T. 29. Ne 1.

268. Stephan C., Badiei H., Savtchenko S., Bazargan S.
Spray chambers and methods of using them. Patent US, no.
10147592 B2, 2018.

269. Stephan C., Badiei H., Savtchenko S., Bazargan S.
Spray chambers and methods of using them. Patent US, no.
10395912 B2, 2019.

270. Cheung T.S., Wong C., Badiei H.R. Advantages of a nov-
el plasma generator for the NexION 1000/2000/5000 ICP-MS.
Technical note. PerkinElmer US LLC, 2023. 8p.

271. PerkinElmer Asperon spray chamber: delivering “intact in-
dividual cell” to the ICP-MS plasma. PerkinElmer. Inc., 2017. 4 p.
272. Single cell ICP-MS analysis: quantification of metal con-
tent at the cellular level. PerkinElmer, Inc., 2017. 4p.

273. Any matrix. Any interference. Any particle size. NexION
2000 ICP mass spectrometer. PerkinElmer Inc., 201712 p.
BRO-NexION-2000-ICP-MS-012730_01.

274. NexION 2000 ICP-MS — Any matrix, any interference,
any particle size. Available at: https://www.youtube.com/
watch?v=h0zCxqquEO4.

275. NexION 2000 ICP-MS in lab, product demo video. Avail-
able at: https://www.youtube.com/watch?v=ybA9eiTvL30.
276. NexION 2000 ICP-MS. Consumables and supplies. Perki-
nElmer Inc., 2017. 13 p.

277. NexION 2000 ICP-MS. Specifications. PerkinElmer Inc.,
2017. 2 p.

278. NexION 1000/2000 ICP-MS. Preparing your lab. Perki-
nElmer Inc., 2017. 9 p.

279. Stephan C., Badiei H., Bazargan S., Hineman A. Ad-
vancement in single particle ICP-MS — Significant instrument
settings and their implications on data quality. Europ. Winter
conf. on plasma spectrochem. (EWCPS2017). Sankt Anton,
Arlberg, Austria, p. 43.

280. Bazargan S., Badiei H. A robust signal processing ap-
proach for single particle-ICP-MS analysis with dwell times
in both the millisecond and microsecond range. Europ. Win-
ter conf. on plasma spectrochem (EWCPS2017). Sankt An-
ton, Arlberg, Austria, p. 44.

281. Stephan C., Badiei H., Bazargan S. Single cell ICP-MS
— Monitoring the uptake of ionic and particulate metals in indi-
vidual cells. Europ. Winter conf. on plasma spectrochem (EW-
CPS2017). Sankt Anton, Arlberg, Austria, p. 70.

282. Neubauer K., Pruszkowski E. Optimized ICP-MS anal-
ysis of elemental impurities in semiconductor-grade hydro-
chloric acid. Spectrosc., 2017, vol. 32, no. 9, pp. 17-26. 283.
Garbi O., Birbilis N. Clarifying the dissolution mechanisms
and electrochemistry of Mg,Si as a function of solution pH. J.
Electrochem. Society, 2018, vol. 165, no. 9, pp. C497-C501.
doi: 10.1149/2.1061809jes.

284. No interference between you and better throughput. Nex-
ION 1000 ICP mass-spectrometer. PerkinElmer Inc., 2017-
2018, 8 p.

285. Four Qs are better than QQQ. BRO_NexION5000-ICP-
MS.pdf. PerkinElmer Inc, 2020. 17 p.

286. NexION5000 — multi-quadrupole ICP-MS — interactive
brochure. s4science.at/worldpress/wp-content/upload/2020/04/
NexION-5000-ICP-MS-interactive-brochure.pdf.

287. NexION5000 multi-quadrupole ICP-MS. Available
at: youtube.com/watch?v=NnYM9IsR00c; youtube.com/
watch?v=viZCAgRbuHU; youtube.com/watch?v=xHpnjA7-42Q.
288. NexION 5000 Multi-quadrupole ICP mass spectrome-
ter. Product note. PerkinElmer Inc., 2020, 67427 (55501A).
289. Badiei H.R., Fisher W., Savtchenko S., Pruszkowski E.,
Icasiano A. Advantages of a novel interface design for Nex-
ION5000 ICP-MS. Uncompromised design for uncompromised
performance. Technical note. PerkinElmer Inc., 2020, 5 p.
290. NexION 5000 multi-quadrupole ICP-MS. Installation
specification. PerkinElmer, 2020, 68526 (52373A).

291. Pruszkowski E. Characterization of ultrapure water us-
ing NexION5000 ICP-MS. Application note. PerkinElme, Inc.,
2020, 6 p.

292. Introducing Thermo Scientific iICAP Q ICP-MS. Simpli-
fied operation. Advanced performance. Spectrosc., 2012, vol.
27.no. 2, pp. 24-25.

293. iCAP Q ICP-MS. Launch 2012. Thermo Fisher Scientif-
ic Inc., 2012. 48 p.

294. Thermo Fisher Scientific. Experience dramatically
different ICP-MS... The world leader in servicing sciense.
Propietary&Confidential. Thermo Fusher Scientific, 2012. 86 p.
295. Thermo Scientific iCAP Q ICP-MS. Dramatically different.
Product specifications. Thermo Fisher Scientific Inc., 2012. 8 p.
296. Thermo Scientific iCAP Q ICP-MS. Gain more perfor-
mance, experience, more simplicity. Thermo Fisher Scientif-
icInc., 2015. 12 p.

297. Thermo Fisher Scientific iCAP Q. Preinstallation require-
ment guide. Thermo Fisher Sciebtific Inc., 2012. 60 p.

298. Thermo Fisher Scientific iICAP Q ICP-MS. Operation
manual. P/IN 1288090. 134 p. Revision B. 2012.

299. Thermo Fisher Scientific iCAP Q ICP-MS. Software
manual. 510 p. Revision B-1288010. 2012. 510 p. Revision
C. 2013. 598 p.

300. Tomoko V. Silicon applications of the new quadrupole
ICP-MS iCAP Q. Thermo Scientific Bremen GmbH / Work-
shop CSP, 2012. 30 p.

301. Determination of nanoparticle size and number con-
centration using the npQuant evaluation module for Qtegra.
ISDS, 2012. 17 p.

302. The ICAP-Q ICPMS from Thermo Scientific. Available at:
htths://www.youtube.com/watch?v=eL1X2e_pFHo.

303. iCAP Q ICP-MS: Flythrough. Available at: https:. www.
youtube.com/watch?v=07QSwVuwZMk.

304. Vills D., Katcher D., Lecorne G. [Determination of impu-
rities in medicaments by mass-spectrometer with ICP Ther-
mo scientific iICAP Qc]. Anlitika [Analitics], 2013, 6 (13), pp.
36-43. (in Russian).

305. Leykin AYu., Karandashev V.K., Lisovskiy S.V., Volkov
I.V. [Application of reaction-collizion cell for determination of
impurity elements in rare earth metals by ICP-MS method] Za-
vod. Lab. Diagnostika materialov. [Industrial Laboratory. Diag-
nostics of Materials], 2014, vol. 80, no. 5, pp. 6-9. (In Russian)
306. Chew D.M., Donelick R.A., Donelick M.B., Kamber B.S.,
Stock M.J. Apatite chlorine concentration measurements by
ICP-MS. Geostand. Geoanal. Research., 2014, vol. 38, no. 1,
pp. 23-35. doi:10. 1111/j.175-908X. 2013.00246.

307. Hutchinson R.W., McLachin K.M., Riquelme P., Haarer
J., Broichhausen C., Ritter U., Geisser E.K., Hutchinson J.A.
Laser ablation inductively coupled plasma mass spectrome-
try. An emerging technology for multiparameter analysis of
tissue antigens. Transplantat. Direct., 2015, vol. 1, no. 8, pp.
1-6. doi: 10.1097/TXD.0000000000000541.

308.Nia Y., Millour S., Noél L., Krustek P., De Long W., Guérin
T. Determination of Ti from TiO, nanoparticles in biological
materials by different ICP-MS instruments: method validation
and applications. J. Medicine&Nanotechnology, 2015, vol. 6,
no. 2, pp. 2-8, doi: 10.4172/2157-7439.1000269.

309. Kutscher D., McSheehy-Ducos S., Lindemann T., Axsells-
son M. Analysis of nanoparticles using the ICAP Q ICP-MS. 7"
Nordic Conf. Plasma Spectrochim. Norway, Loen 2014, p. 25.
310. Sotebier C.A., Kutscher D.J., Rottmann L., Jakubowski
N., Panne U., Battmer J. Combination of single particle ICP-
QMS and isotope dilution analysis for the determination of
size, particle number and number size distribution of silver
nanoparticles. J. Anal. Atom. Spectrom., 2016, vol. 31, no. 10,
pp. 2045-2052. doi: 10.1039/C6JA00137H.

311. Phadke R.K., Gaitonde V.D. Analytical method valida-
tion for determination of heavy metal in capsule shell by in-
ductively coupled plasma mass spectrometry (ICP-MS). In-
tern. J. Advanc. Research., 2016, vol. 4, no. 10, pp. 447-456.
doi: 10.21474/IJAR01/1813.

312. Morton J., Tan E., Suvarna S.K. Multi-elemental analysis
of human lung samples using inductively couple plasma mass
spectrometry. J. Trace Element. Medicine Biolog., 2017, vol.
43, no. pp. 63-71. doi: 10.1016/jtemb.2016.11.008.

313. Brima E.I. Determination of metal level in Shamma (smoke-
less tobacco) with inductively coupled plasma mass spec-
trometry (ICP-MS) in Najran, Saudi Arabia. Asian Pacific J.

43



Ananutuka v koHTponb.  2025. T. 29. Ne 1.

Cancer Prevention, 2016, vol. 17, no. 10, pp. 4761-4767. doi:
10.22034/APJCP.2016.17.104761.

314. Chew D.M., Petrus J.A., Kenny G.G., McEvoy N. Rap-
id high-resolution U-Pb La-Q-ICP-MS age mapping of zir-
con. J. Anal. At. Spectrom., 2017, vol. 32, no. 2. doi: 10.1039/
C6JA0040K.

315. Yakimovich P.V., Alekseev A.V. [Determination of gallium,
germanium, arsenic and selenium in heat resistant alloys and
microdoped RZM by ICP-MS method] Trudy VIAM [Works of
VIAM], 2015, no. 3, pp. 62-68. doi: 10/18577/2307-6046-2015-
03-9-9. (in Russian).

316. Alekseev A.V., Yakimovich PV, Min P.G. [Determination
of impurities in Nb alloy by ICP-MS P. I]. Trudy VIAM [Works
of VIAM], 2015, no. 6, pp. 29-37. doi: 10.18577/2307-6064-
2015-0-6-4-4. (in Russian).

317. Alekseev A V., Yakimovich PV., Min P.G. [Determination
of impurities in Nb alloy. P. ll]. Trudy VIAM [Works of VIAM],
2015, no. 7, pp. 13-20. doi: 10.18577/2307-6064-2015-0-7-3-
3. (in Russian).

318. Alekseev A.V., Yakimovich P.V. [Microvawe preparation of
chromium for determination of harmful impurities by ICP-MS
method]. Trudy VIAM [Works of VIAM], 2015, no. 11. pp. 87-
94. doi: 10.18577/2307-6046-2015-0-11-12-12. (in Russian).
319. Alekseev A.V., Yakimovich PV, Leykin A.Yu. [Analysis
of nickel alloys by ICP-MS method with laser ablation]. Tru-
dy VIAM [Works of VIAM], 2017, no. 5(53), pp. 104-110. doi:
10.18577/2307-6046-2017-05-12-12. (in Russian).

320. Song X., Zheng F., Huang M., Sun X, Li H., Chen F,,
Sun B. Multielement analysis of Baijiu (Chinese liquors) by
ICP-MS and their classification according to geographical or-
igin. Food Quality Safety, 2018, vol. 2, no. 1, pp. 43-49. doi:
10.1093/fgsafe/fyx030.

321. Rottmann L., Jung G., Vincent T., Wills J. Collision/reac-
tion cell for ICP-MS — a new concept for an improved remov-
al of low masses. Poster at 19" Intern. Mass Spectrom. Conf.
(19IMSC). Kyoto, Japan, 2012.

322. Thomas R. Practical guide to ICP-MS: a tutorial for be-
ginners. Third edition. CRC Press, Taylor&Francis Group,
2013. 446 p.

323. Thermo Scientific - iCAP Q ICP-MS. EVISA, 2012.

324. Jung G., Rottmann L. Collision cell multipole. Patent Appl.
US, no. 2015/0102215 A1, 2015.

325. Jung G., Rottmann L. Collision cell multipole. Patent US,
no. 9099290 B2, 2015.

326. Jung G., Rottmann L. Collision cell multipole. Patent Appl.
US, no. 2016/0027633 A1, 2016.

327.Rottmann L., Makarov A.A., Schlueter H.-J., Wehe C. Mass
spectrometer. Patent Appl. US, no. 2017/0084447 A1, 2017.
328. Schlueter H.-J. Quadrupole mass spectrometer. Patent
Appl. US, no. 2017/0213717 A1,2017.

329. Schlueter H.-J. Quadrupole mass spectrometer. Patent
US, no. 9934954 B2, 2018.

330. Rottmann L., Makarov A., Schlueter H.-J., Wehe C. Ele-
mental mass spectrometer Patent US, no. 10665438 B2, 2020.
331. Makarov A.A. Targeted mass analysis. Patent US, no.
9812307 B2, 2017.

332. Makarov A.A. Targeted mass analysis. Patent US, no.
10410847 B2, 2019.

333. Makarov A.A., Rottmann L. Mass spectrometer vacu-
um interface method and apparatus. Patent US, no. 9012839
B2, 2015.

334. Makarov A.A., Rottmann L. Mass spectrometer vacu-
um interface method and apparatus. Patent US, no. 9640379
B2, 2017.

335. Makarov A.A., Rottmann L. Mass spectrometer vacuum
interface method and apparatus. Patent US, no. 9697999
B2, 2017.

336. Makarov A.A., Rottmann L. Mass spectrometer vacu-
um interface method and apparatus. Patent US, no. 9741549
B2, 2017.

337. Makatov A.A., Rottmann L. Mass spectrometer vacuum
interface method and apparatus. Patent US, no. 10283338
B2, 2019.

338. Makarov A.A., Rottmann L. Mass spectrometer vacuum
interface method and apparatus. Patent US, no. 10475632
B2, 2019.

339. Budanovic M. Accelerated in elemental impurity analysis
by ICP-MS. Thermo Fisher Scientific. 2021, 29 p.

340. Sitlaothaworn K. Total elemental analysis by iCAP RQ
ICPMS. 33 p.

341. McLachlan N.W. Theory and application of Mathieu func-
tions. Oxford, Claredon Press, 1947. 402 p.

342. Leykin A.Yu., Yakimovich P.V. [Systems of suppression
of spectral interferens in mass-spectrometry with inductive-
ly coupled plasmal). Zh. analit. khimii [J. analyt. Chem.], 2012,
vol. 67, no. 8, pp. 752-762. (in Russian).

343. Thermo Scientific iCAP RQ ICP-MS. Simplicity, produc-
tivity and robustness for routine labs. Product specifications.
Thermo Fisher Scientific Inc., 2016. 8 p.

344. Thermo Scientific iCAP RQ ICP-MS. Robust ICP-MS
with ease of use and high productivity for routine laborato-
ries. Thermo Fisher Scientific Inc., 2017. 12 p.

345. Thermo Scientific iCAP RQ ICP-MS. Pre-installation re-
quirements guide. Thermo Fisher Scientific, /N BRE0009927,
Revision A, 2016. 71 p.

346. Temerdashev Z.A., Galitskaya O.A., Bolshov M.A., Ro-
manovskii K.A. [Determination of size nanoparticles of silver
in water dispersion by mass-spectrometry with inductively
coupled plasma using detection of single purticles]. Zh. analit.
khimii [J. analyt. Chem.], 2022, vol. 72, no. 1, pp. 39-52. doi:
10.31857/S3344450222010145. (in Russian).

347. Abakumova D.D. Osopbennosti summarnogo opredele-
niya raslichnyh form (neorganichernoy i organicheskoy) na-
hozhdeniya in vodah Azovskogo and Chernogo morey [Par-
ticularity of total determination of different forms (nonorganic
and organic) presence in waters of Azovskogo and Cherno-
go seas]. PhD Thesis. Kubansk. University, Krasnodar, 2022.
168 p. (in Russian).

348. Zanini R., Roman M., Cattaruzza E., Traviglia A. High-
speed andhigh-resolution 2D and 3D elemental imaging of cor-
roded ancient glass by laser ablation-ICP-MS. J. Anal. Atom.
Spectrom., 2023, vol. 38, pp. 917-926. doi: 10.1039/d2ja003371.
349. Thermo Scientific ICAP TQ ICP-MS. Redifining triple
quadrupole ICP-MS with unique ease of use. Thermo Fisher
Scientific, 2018. 12 p.

350. Lofthouse S. Latest development in elemental analysis
— introducing the Thermo Scientific iCAP TQ ICP-MS. 39 p.
351. Miura T., Wada A. Precise purity analysis of high-purity
lanthanum oxide by gravimetric analysis assisted with trace
elemental analysis by inductively coupled plasma mass spec-
tromertry. Frontier. Chem., 2022, vol. 10, 8 p. doi: 10.3389/
fchem.2022.888636.

352. Santos dia Silva A.B., Arruda M.A.Z. Exploring single-
particlelCP-MS as an important tool for the characterization
and quantification of silver nanoparticles in a soy beam all cul-
ture. Spectrochim. Acta. Part B, 2023, vol. 203, article 106663.
doi: 10.1016/sab.2023.106663.

353. Sanchez-Cachero A., Rodriguez-Farinas N., Jimenez-
Moreno R., Marttin-Doimeadios R.C.R. Quantitative analysis
and characterization of PtNPs in road dust based on ultrasonic
probe assisted extraction and single particle inductively cou-
pled plasma mass spectrometry. Spectrochim. Acta. Part B,
2023, vol. 203, artticle 106665. doi: 10.1016/sab.2023.106665.
354. Derrich Quarles C. Jr, Bohlim N., Saetveit N., Sullivan
P. Evaluation of blood and synthetic matrix-mathed calibra-
tions using manual and in line sample. J. Anal. Atom. Spec-
trom., 2022, vol. 37, pp. 1512-1521. doi: 10.1099/d2ja00056¢.



