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Mpennaraetca cnocob anpMopHOWM OLEHKM YNYYLLEHUS METPOSIOrMYECKUX XapakTEPUCTUK PEHT-
reHonyopecUeHTHbIX onpeaeneHnin CoaepKaHus 3NIEMEHTOB U CHUKEHUS MEXIMNEMEHTHbIX BAUSHUN
npu pas3dbaBrneHnn aHanmampyembix NPod «THKENbIMY» UNK «Nerkum» pasbasutenem. MeTtponoruyeckue
XapaKTEPUCTMKM OLiEHMBAIM MyTEM MOAENIMPOBAHUS NPOLIecca U3MEPEHUI HA CKAHUPYIOLLEM PEHTTEHOBCKOM
CMEKTPOMETPE C MCMONb30BaHNEM AKCNEPUMEHTANBHO U3MEPEHHBIX aHaNMTUYECKUX NapaMeTPOB CNeKTPOMETpa.
PacuyeT MeTponormyecknx xapakTepmucTuk Obin NnpoBeaeH Ans Mogenei: MonubaeH npu cogepkaHnax ot 1
180 80 % mac. B nerkom, HeMTpanbHOM U TSHXKENOM HaMOMHUTENSX, XKene30 B Xerne3opygHOM KOHLeHTpaTe
npun pasHbiX KPAaTHOCTAX pa3baBneHns TeTpapaboTaTom NUTUSA M OKCUOOM XpOMa U ypaH B KOPUYMHOM
mMaTtepuarne npuv pasHblx KpaTHOCTSIX pa3baBneHuns TeTpabopaTtom NUTUSA U OKCMAOM UnHKa. [ina pacyeta
ObIn ucnonb3oBaH cnocob, NO3BONSALLUIA anPUOPHO OLLEHMBATbL METPONOrMYECcKNe XapakTepUCTUKM
KONUYECTBEHHOrO PEHTrEHOMITYOPECLIEHTHOTO aHanmsa: cTaTucTuiecknin npeaen obHapyxexus C; no
KpuTepuio 3o, AnddepeHLmansHy o YyBCTBUTENBHOCTb (1-CKOPOCTb CHETA aHANMUTUYECKOW JIMHUM Ha NPOLIEHT
N3MeHEeHWs CoAepXaHus anemMeHTa) 1 cpeaHee KBagpaTtuyeckoe OTKIOHEHUe pesynbrata N3MepeHus
cofepaHusi aNemMeHTa 6, Yepe3 OCHOBHbIE aHaNMTUYECKNE NapameTpbl PEHTTEHOBCKOrO CNeKTpoMeTpa:
VHTErpasibHy1 YyBCTBUTENbHOCT (/, — 9KCMepUMeHTarnbHas CKOpOoCTb CYeTa aHanUTUHECKON NIMHAN Ha
04HO3NEMeHTHOM 06pasLie), KOHTPACTHOCTb (K — OTHOLLEHWE MHTErpanbHON YyBCTBUTENBHOCTU K CKOPOCTH
cuyeta doHa), mpeaen OCHOBHOW annapaTypHON MOrpeLHocTi A 1 TeopeTmieckne KoadduUMeHTbI
(P — abcopbunoHHble hakTophbl) 4NA UCCregyeMoro matepuara npum M3BeCTHbIX YCNOBUAX BO30YXAeHUSA
dnyopecueHummn 1 ycnosmsax namepeHuns (T — akcnosmums). B pesynstate npoBedeHHbIX UCCregoBaHNn
nokasaHo, 4To Npu paszdbasneHunm Npob TsekenbIM pa3baBmTenem Npu cpaBHUTENLHO HEGONbBLLIOW KPaTHOCTK
pa3baBneHus gocturaetcs adeKT ynyyLleHUs METPONOrMYeCcKNX XapakTepUCTUK peHTreHodnyopec-
LEHTHOrO onpeaeneHns cogepXXaHunii SieMEeHTOB U CHUXXEHUS BENUYNHBI MEXINIEMEHTHbIX BIIUSHWUIA Takon
e, Kak 1 npu 6onbLuen kKpaTHOCTU pa3baBneHus nerkum pasbasutenem. NMpeanaraembliii cnocob oueHkn
MOXeT BbITb NPUMEHEH NPY NIIaHMPOBaHUN MeTOANYECKMX PaboT AN Bolbopa pa3baButens u KpaTHOCTU
pa3baBrieHusi py aHanmae pacTBOPOB M MOPOLLUKOBBIX MaTeprarnos.

Knro4deenbie cnoega: peHTreHoyopecLeHTHbIV aHanua, MeTponornyeckme xapakTepucTuku,
aHanMTUYeckMe napameTpbl, NerkMin pasbaBuTenb, TSHXXENbIN pa3baBuTerb.
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A method for a priori estimation of improving the metrological characteristics of X-ray fluorescent
definitions of the elements’ content and reducing the inter-elemental influences when diluting the analyzed
samples by “heavy” or “light” diluents was demonstrated. The metrological characteristics were evaluated
by modeling the measurement process on the scanning X-ray spectrometer using experimentally measured
analytical characteristics of the spectrometer. The calculations were performed for the following models:
molybdenum with the content of 1 to 80% mass in light, neutral and heavy matrix, iron in iron ore concentrate
at different degrees of dilution with lithium tetra borate and chromium oxide and uranium in corium material
at different degrees of dilution with lithium tetra borate and zinc oxide. For the calculations, a method that
enabled a priori estimation of the metrological characteristics of quantitative X-ray fluorescence analysis
was used. The following metrological characteristics were evaluated: statistical limit of C detection using
the 3o criterion, differential sensitivity (n- variation of the analytical line intensity for the variation on a single
percent of the content of the element) and the average quadratic deviation of the measuring the o, element
result content through the basic analytical parameters of the X-ray spectrometer such as integral sensitivity
(I, — experimental analysis line count speed on a single-cell sample), contrast (K-ratio of integral sensitivity
to the background score speed), limit of basic hardware error A, and theoretical coefficients (P-absorption
factors) for the material under the known conditions of fluorescence excitation and measurement conditions
(T-exposure). It was demonstrated that in the case of small degree of samples dilution with the heavy diluent,
the effect of improving the metrological characteristics of X-ray fluorescent content definition was achieved.
The same effect was achieved with more dilution by the light diluent. The proposed method of analysis could
be used in planning methodical works for the selection of the degree of dilution in the analysis of solvents

and powder materials.

Keywords: X-ray fluorescent analysis, metrological characteristics, analytical parameters, light diluted,

heavy diluted.

BeepeHue

[Npv BbINOMHEHUW aHanNM3a MaTeprarnos Ha PEHT-
reHO(yopeCLEHTHbIX CMEKTPOMETPaXx v aHanmsatopax,
4acTO BO3HMKaeT HeobxoaumMocCTb pasbaBneHus u
cnnaeneHus Npob Ans UCKMOYEHNS BITUSIHWS MUKPOHE-
O[HOPOJHOCTUN aHanNU3npyemMoro Matepuarna v nepesoga
€ero B COCTOsiIHMEe TBepAoro pacTteopa. B pabote [1,
. 635-650] npnBOAATCA NPUMEPhI NNaBHEN N YCNOBUSA
MX MPUMEHEHWS MPX NOArOTOBKE NPO6 pasnmyHbIX
mMaTepuarnoB K aHanuay. Hapsigy ¢ nerkumm nnaBHsAMM
(6opaTbl, rMapoKcMabl v kapboHaThI LLENOYHLIX METAIIOB,
HUTPaTbl) eCTb NPUMeEpPbI 4OBABOK B fNErkMe nmnaBHu
OKCWAO0B METarnmnoB (OKCUA UMHKa, OKCuA TUTaHa u ap.).
B pabore [2, c. 134-137] paccmaTpuBatoTCs NpUMeEpbI
CHUXXEHUS cpefHen KBaapaTU4eCKON NOrpeLlHoCcTH
onpefeneHns aNemMeHToB B CTaHAAPTHbIX obpasuax
ropHbIX Nopoa Anst Hepa3baBreHHbIX NPo0d 1 Npu pas-
6aBneHun npob cnnaenexHem c TeTpabopaTom NUTUs
B cooTHoweHun 1:1,1:4,1:9. lNonyyeH pesynbrar,
4YTO Aaxe npu Hebonblimx pasbasneHnsx (1 : 2 unu
1 : 4) npMMeHeHne NpoCTbiX PErpPeCCUOHHBIX YpaB-
HEHWI MO3BONSAET MOMYYMUTb YOOBNETBOPUTENBHbLIE
pesynbraThl, a 415 NONyYEHNsi NpUeMIeMbIX OLLMOOK
aHanv3a npu NPUMEHeHUN NPSIMOTro CNocoba BHELLHETO
cTaHgapTa notpebyetcsa pasbaBneHne npob dpriocom
B cooTHoweHun 1 : 9 n paxe 6onee. OTmMevaeTcs,

4yTO Npu JobaBNeHNM B NNIaBEHb OKCKA NaHTaHa ans
NonyyYeHns 4OCTAaTOYHOIO CHKEHUSI CPEAHEN KBagpa-
TUYECKOW NOrpeLLHOCTN aHanm3a TpebyeTcsa MeHbLUas
KpaTHOCTb pa3baBneHus. B pabote [3] ycTaHoBREHO,
4yTO Npu paszbaBneHun npob TeTpabopaToM NUTKUSA
MeHbLMM, Yem 1 : 10, BMMSHWE XMMUYeCcKoro coctaBa
nNpo6 NpUBOAUIO K MOrPELLIHOCTAM, MPEBbILLAIOLLUM
npuemneMbIn YpoBEHb, MpY ONpeaeneHnn HaTpus,
MarHusi, antoMUHUSA 1 enesa B Npobax 6a3ansTos,
rPaHUTOB 1N OOKCUTOB.

OnpepgeneHne BbICOKMX COOEPXaHUN Tske-
NbIX 3N1IEMEHTOB B JIETKOM HanonHUTeNne METOAOM
peHTreHodnyopecLeHTHoro aHanmaa (P®A) o6bi4HO
CBS13aHO € 60bLUION NOrpeLLHOCTb0, 06YCNOBEHHON
ManbiM HaKMoOHOM aHanuTudeckoro rpaduka / = f(C),
T.e. C H13KOM AnhdepeHLmansHON YyBCTBUTENBHOCTBIO.
OT10T 3adhpekT 0cOBEHHO BaXKeH Npw onpegeneHnn
CofepXaHusi rnaBHOro KOMMOHEHTA UMW ero CoeanHe-
HWIA, TpeBOBaHMS K TOYHOCTM ONpeaeneHns KOTOPoro
0CODEHHO BbICOKU, C @aHANUTUYECKUMU NIMHNAMU B
KOpPOTKOBOJIHOBOW 061acTV peHTreHOBCKOro CriekTpa.
Kuucny Takmnx 3agad, pellaeMbix kak B aHeprogucnep-
CUOHHBIX PEHTTEHO(TYOPECLEHTHBIX aHanM3aTopax,
Tak 1 B KpUcTanmn-gudpakLMOHHbIX PEHTIEHOBCKNX
CMEeKTpoMeTpax, MOXXHO OTHECTH:
- KONIM4YECTBEHHOE ONMpeeneHne CocTaBa KOHLEHTPATOB
oboratutenbsHbIx abpuk no nepepaboTke pyL xenesa,
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LMPKOHUS, HIOOUS, MonMbaeHa, OfoBa U HEKOTOPbIX
APYrnX TsHKenblX MeTanmnos;

- KONMMYECTBEHHOE ONpeereHne CocTaBa KOHLEHTPUPO-
BaHHbIX PAaCTBOPOB W NyJS1bM C BbICOKMM COAEPKAHMEM
3TMX METAINIOB;

- KONMYECTBEHHOE onpeaeneHne cocTasa B GrHapHbIX
VI TPOMHBIX OKeKAHbIX cucTemax (CaO-UO,, CaO-FeO,
Si0,-U0,, UO,-Fe0-Si0,, UO,-FeO-Ca0, ZrO,-FeO-Si0,,
ZrO,-FeO-Ca0), copepxalumx KOMNOHEHTbI, BXOASLLME B
cocTaB GETOHOB M «KEePTBEHHbIX» MaTEPUASIOB, T.6. BaXHbIX
KOMMOHEHTOB A1 MOZENVPOBaHIs B3aMMOLENCTBIS pacniiaBa
kopuyma (NraBneHHas pagMoakTUBHas Macca iAepHoro To-
NNVBa U KOHCTPYKLMOHHbIX MaTep1anoB SAePHOT0 peakTopa)
1 NIOBYLLKM pacnnaBa Ha BHEKOPMYCHOW CTaaun pas3BuTms
TSKENOW aBapun Ha aTOMHbIX anekTpocTaHumsx (AC).

OcHoBHbIM criocobom 6opbObl C KOHLEHTpa-
LMOHHbLIM BbIpOXAEHMEM siBrsieTcs pas3baBneHue
nccneayemMbix Npod HeMTpanbHbIM pa3baBnTenem, He
COfep)KallMM OnpeaensieMoro afieMeHTa, Hanpuvep,
BOOW MpU aHanm3e KOHLEHTPUPOBaHHbIX PaCTBOPOB
Unun TeTpabopaTtomM NUTUSA Unu gpyrum pasdbasutenem
Npw aHanmae NopoLLKOBLIX MPOO6 B crnnaBneHHoOM Buae
unu npu npeccoBaHun. B paboTe [4] npu pa3paboTke
MEeTOAMKN PEHTreHOTyOpPECLIEHTHOrO aHanuna3a Mogenm
pacnnasa kopuyma npeanoxeHo pa3baBnsaTb OKCUAOM
umHka 6uapHyto cuctemy U,O,-SiO, 1 okengom xpoma
BuHapHyto cuctemy Fe,O,-SiO,. Mpn He3HaUUTENBHOM
pasbaBneHuun npob B 1.5-2.0 pasa cpeaHee kBagpa-

TUYECKOE OTKIOHEHMWE pe3yrbTaTa U3MepPEeHUs MHTEH-
CVBHOCTU MO aHanuTuyeckon nuHmun ULa cHuxaeTca
B 10 pas, no aHanuTnyeckon nuHumn FeKa B 3 pasa u
JanbHenwee ysenmyeHne pasbasneHnst He BeOEeT K
3aMETHOMY CHWXXEHMWIO CpedHero KBagpaTU4eckoro
OTKMOHEHMWS pe3ynbraTa U3MEPEHNUSI UHTEHCUBHOCTY;
COAEepXaHve rMaBHOro OKC1Aa B UCXOOHbIX BUHAPHbIX
cuctemax 95 % mac. B pabote [5] aBTophI pasbasnsnm
MOSMOAEHOBBIN KOHLLEHTpaT hTOPUAOM CTPOHLMS B
COOTHOLLEHMM 2 : 1 1 NOPOLLKOBbLIM XeNe3oM B COOT-
HoweHun 1 : 1. MNMpun Takom pa3baBneHnn TaHreHc yrna
HaknoHa aHanuTyeckoro rpacpuka G=(0C/aI) : (C/I)
coctaBun 0.35 ansa Hepa3baBNeHHOro KoOHLUEeHTpaTa
n 1.03, 1.21 npu pasbaBneHun TOPMAOM CTPOHLMS
1 NOPOLLIKOBBIM XEeMe30M COOTBETCTBEHHO; MPU 3TOM
cpeaHee KBagpaTMyeckoe OTKMOHEeHUe pesynbraTa
N3MepeHNss UHTEHCMBHOCTM MO aHanUTUYECKOW NK-
HunM MoKa 6e3 pasbaBneHusi coctasuna ~ 0.8 %, a ¢
pas3basneHnemM — ~ 0.4 %, T.e. YMEHbLUMITOCb BABOE.

B HacToswwen paboTe npegnaraeTcst cnocod
anpuopPHOW OLIEHKM METPOMOMMYECKNX XapaKTepUCTUK
PeHTreHo(yopeCLEHTHOrO ONpeAeneHnst CogepKaHus
3NIEMEHTOB U CHWXKEHNSI BENTUYUHBI MEXINEMEHTHbIX
BMMSHUI Npu pa3baBneHny Npob MaTepuanos Nerkum
UNu TSXenbiM pa3baButenem.

TeopeTuyeckas 4yacTtb

B paboTtax [6-8] npegnoxeH cnocob anpuop-
HO OLleHMBaTb METPOSIOrMYeckme XxapakTepUCTUKN
KONTMYECTBEHHOIO PEHTIEHOMNYOPECLIEHTHOIO aHa-

nusa: cTatucTudeckuin npeaen obHapyxenus C, no
KpuTteputo 3o, anddepeHumanbHyo YyBCTBUTESb-
HOCTb (N — CKOPOCTb cYeTa aHanUTU4YECKON NMUHUK
Ha NPOLEHT U3MEHEHUS COAEPXKaHUS aNleMeHTa) U1
cpeaHee KkBagpaTuyeckoe OTKIMOHEHUe pesynbrara
“3MEepeHNs coaepKaHusa areMeHTa 6, 4epes OCHOB-
Hble aHanUTU4Yeckne napamMmeTpbl PEHTFEHOBCKOro
CMNEeKTPOMETpa: UHTerparnbHyto YyBCTBUTENBHOCTL (/,
— 3KCnepuMeHTasnbHas CKOPOCTb CHeTa aHanMTUYECKon
MNMHMM Ha OQHO3NEMEHTHOM 0Bpa3sLe), KOHTPacTHOCTb
(K — oTHOLLEHWE NHTErpanbHON YyBCTBUTENbHOCTHU K
CKOpOCTY cyeTa hoHa), npegen OCHOBHOW annapaTypHOR
norpewHocT A, 1 TeopeTnyeckne KoappuumneHTbI
(P — abcopbumoHHble dakTopbl) ANA Uccrnegyemoro
mMaTepuana npu U3BECTHbIX YCIOBUSAX BO30YXXAEeHUSA
dnyopecueHLUn 1 ycnoBusax namepexmus (T — akcno-
31ums). Ang MeTPONoOrmyeckmx XapakTepUCTUK B 3TUX
paboTax Gbiny NONyYeHbl BbIpaXeHus

COZ;X ITTJFAO’ (1

N ,

= oc T Prc-PE @
[P+cC(1-P) C 1

c= X +—|x

P P+C(1-P) K

3)
! +4;

0
x IOT{C+ 1}
P+C(1-P) K

B aTux popmMynax B kKayecTBe aHanMTUYECKMX

napaMeTpoB (MHTEerpanbHas YyBCTBUTENBHOCTb, KOHTPACT-

HOCTb, MPEeAeN OCHOBHOM annapaTypHOW NOrpeLLHOCTM)

MOXHO MCMNONb30BaTh MNACNOPTHbIE 3HAYEHUS TUX

BEIUYMH AN CNEKTPOMETPA UM 3KCNEPUMEHTaNbHO

M3MepEHHbIE 3Ha4eHus. PacueT abcopbLmoHHoro hakTopa

(oTHOLWEHMA abcopbLUMOHHBIX CBOMCTB HAMOMHUTENS

H k abcopbuMOHHBIM CBOMCTBAM onpeaerisiemMmoro
3reMeHTa i) BbIMOMHSIOT No opmyne

PIIZCi(JiO_Ji)’ (4)
I J[ (l - C[)

roe J u J,, — ckopocTn CcHETa aHanUTUYECKOMN NIMHAM B
HanosmHuTene n B 04HO3NEMEHTHOM 0bOpas3ue HaxoaaT
Mo NporpaMme pacyeta TeOPETUHECKUX UHTEHCUBHOCTEN
C y4eTOM BCeX BNUSIOLLMX hakTopoB. [Mpn n3BecTHbIX
J, n P BblpaxeHune ans pacyeta Teo0peTMHECKON
WHTEHCUBHOCTM (hriyopecueHLnn aHannTu4eckon
NUHUK AnAa anemMeHTa i ¢ cogepxaHmem C, MOXHO
3anuncaTtb B BUAE

Ci
=Hemiie) ©

[MocnegHtoto q)opmyny MOXHO NPUMEHATb N O5NA
OLIeHKN 3KCnepuMeHTallbHbIX WHTEHCUBHOCTEN, €CNu
MHTErpanbHaa YyBCTBUTEJIbHOCTb U3MEpPEeHHas.
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PacyeT MeTponornyecknx xapakTepncTuk Obinm
npoBefeHbl Ans Mogenen: MonmbaeH npu cogepxa-
Huax oT 1 go 80 % mac. B nerkom, HeMTpanbHOM 1
TSHKENOM HanoNMHUTENSX, XXene3opyaHbl KOHLEH-
TpaT Y KOPUYMHbI Matepuan npu pasHblX KpaTHO-
cTax pasbasneHus no nporpammam X-ENERGO [9]
n MNporHo3 nHreHcusHocten [10]. Mpn npoBegeHUn
TEOPETMYECKNX PACHETOB MPUMEHSN YCIOBUSA BO3-
Oy>KAEHUSI PEHTTEHOBCKOM (hriyopecLeHUMN TUMNYHbIE
ansa peHtreHoBckoro cnektpomeTpa « CIMEKTPOCKAH
MAKC-GV» (nponssoactso HINO «CIMEKTPOHy, r. CaHkT-
MeTepbypr) [8]. SkcnepuMeHTanbHbIE CKOPOCTM CHETA
WHTEHCUBHOCTEN aHaNUTUYECKNX NIMHWIA OLLeHUBanM
npv HanpsiKeHW Ha aHOA4E PEHTTEHOBCKON TPyOKM
40 kB; BenMUnHy cunbl TOKa PEHTFEHOBCKOWN TPYyOKM
BbIOMpanu Tak, YTo6bl UHTEHCUBHOCTL @aHANUTUYECKON
FMHUVW MaBHOIO 3f1EMeHTa B HepasbasneHHoM obpa3sue
cocTasnsina =(50000-100000) ¢'. B HacToswwen paboTe
ONs pacyeTa MeTposIorMyeckmx xapakTepucTuk buinm
NPUMEHEHbBI U3MEPEHHbIE aHanNMTUYECKNe napameTpbl
CreKTpoMeTpa C 3aBOACKNM HoMepom 4176.

O DEKTUBHOCTL TAKOroO NOAX0Aa U COBMageHNe
TEOPETUYECKMX pacyYeTOB C IKCNEepUMEHTanbHbIMM
OaHHbIMK BbINy NpoAeMOHCTPUpoBaHbl B paboTe [10].

PE3Y/IbTATbI MPOBEAEHHbBIX
UCCNELOBAHUIA U UX OBCYXOEHUE

OueHKa MeTPO/IOrMYECKUX XapaKTepUCTUK
peHTreHopNYyopeCLLEHTHOro onpeaeneHus

coaepiaHua anemeHTos

Ha puc. 1 npeacraBneHa 3aBUCUMOCTb OTHOCHK-
TeNbHOW UHTEHCUBHOCTM aHanuTuyeckon nuHnm MoKa,
paccuntaHHas no opmyne (5), B nerkom HanonHiTene
1 (Bopa, TeTpabopaT NuUTUsS), B HENTParibHOM HaNoMHU-
Tene 2 (kobanbT) 1 B TSHKENOM HanomnHuTene 3 (CBuHeL,).

OTH. MHT. MoK
1.04

08

0.6

04

02

0 20 40 50 80, %

Puc. 1. 3aBMCMMOCTb OTHOCUTENBbHOW MHTEHCUBHOCTH
aHanuTun4eckon nmHum MoKa B nerkom Hamnon-
HuTene 1, B HENTpanbHOM HanosH1MTene 2 1 B
TSXKENoM Hanonuurtene 3.

Fig. 1. Dependence of the MoKa analytical line relative
intensity in light matrix 1, neutral matrix 2 and
heavy matrix 3.

Ta6bnuua 1
PesynbTaTbl pacueTa abcopbumoHHoro paktopa u audde-
peHUManbHOM YyBCTBUTENBHOCTM NPU U3MEPEHUMN UHTEH-
CMBHOCTW @aHaIUTMYECKoN nnHUN MoKa

Table 1
Calculation results of the absorption factor and differen-
tial sensitivity in measuring the intensity of the MoKa an-
alytical line

CMO' pHz0 T]Iﬂ-l/loKa’ pCo ncl\;oKa‘ Pb npngoKa’
% mac. MoKa (%XC).1 MokKa (%xc).1 MoKa (%xc).1
1 0.022 | 18942 | 0.90 | 479 | 2.7 162

5 0.023 | 1928 | 0.91 | 474 | 271 | 1M1
10 0.023 | 692 | 0.91 | 468 | 2.71 | 182
50 0.027 | 44 0.92 | 433 | 2.74 | 340
80 0.029 19 094 | 418 | 2.78 | 656

P

max . nmax

P

b
min nmin

1.32 997 | 1.04 | 115 | 1.03 | 4.05

KayecTBEHHO MOXHO OLEHUTb, YTO Haubonee
BrnaronpusTHbIE yCNOBYSA AN ONpeaeneHns monvbaeHa
B 1ErKOM HaMoNHWTENE Npy coaepXXaHum MmonmbaeHa
0o ~ 10 % mac., B TKeNOM HarnofHUTENE CBhILEe ~
80 % mac., B HeTparbHOM HanonHUTeNe ycnosus
ONs onpefeneHvs oaMHaKoBble BO BCEM AnanasoHe
N3MEHEeHMs coaepXaHu monnbaeHa.

KonuuectBeHHas oueHka abcopbLmMoHHOro cak-
Topa P! . v anddepeHUmansHOR HyBCTBUTENBHOCTY
Nk, TPOBeAeHa npu cune Toka 0.5 MA ans kpuctanna-
aHanm3aTopa LiF [200] Bo BTOpOM NOpsiAKe OTPaXKeHUs;
CKOPOCTb CYeTa Mpu 3TUX pexnmax gnsa obpasua c
cogepxaHnem monnbaeHa 100 % mac. coctaBuna
Jyokao = 43408 c”'. PesynbTathl 3TUX pacyeToB Ans
npob6 ¢ cogepxannem monubaeHa 1, 5, 10, 50 n 80 %
Mac. npvBeAeHbl B Tabn. 1.

W3 paHHbIX Tabnuubl cnegyeT, 4To anddepeHum-
anbHas YyBCTBUTENBHOCTb AN aHANUTUYECKON NMUHUN
MoKua B nerkom HanonHutene (P20, < 1) meHaeTcsa Ha
TP nopafKa, B HeTparnbHoM HanonHutene (P50 = 1)
MEHSIETCSl HE3HAYUTENBHO, B TSXKENOM HanonHuTene
(PP« > 1) MeHseTca 6onee yem B 4 pasa; abcop-
OLUMOHHLIN haKTOp AN KaXA0ro HanoNHUTENs Npu
N3MEHEHUM BCETO AnanasoHa cogepXaHuin monmbaeHa
MEHSIETCSI HE3HAYUTENBHO.

Tabnuuya 2
CocTaBbl MoAenel enes3opyaHoro KoHLUEeHTpaTa, % mac.
Table 2
Iron ore concentrate models, % mass
Ne Li.B,O
i
npo- | MgO | ALO, | SiO, | CaO | Fe,O, 8,0/
CrO
Obl
1 4 4 8 4 80 0
2 2 2 4 2 40 50
3 1 1 2 1 20 75
4 0.5 0.5 1 0.5 10 87.5
5 025 | 0.25 | 0.5 | 0.25 5 93.75
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Tabnuua 3

CKOPOCTU cUYeTa aHAIMTUYECKUX IMHUIN 31eMeHToB U AnddepeHLManbHON YyBCTBUTENIBHOCTU A1 UCXOAHOW U pa3bas-
NIeHHbIX TeTPabopaTom NNTUA NPOD KenesopyLHOro KOHLEeHTpaTa

Table 3
Analytical lines count rates and differential sensitivity for the original and the diluted with lithium tetra borate iron concentrate
samples
N JAIKa’ nAIKa‘ JSiKﬂ’ r]SiKa’ JCaKa’ I'.]CaKu’ JFeKa’ r]FeKa’
npoosl c’ (%oxc)! c (%oxc)! c’ (%xc)! c! (Y%oxc)!
1 192 92 2569 701 69740 24160 115400 1088
2 135 129 1847 993 52920 36470 101010 1601
3 85 161 1182 1265 35520 49090 81180 3006
4 49 184 686 1468 21310 59150 54130 5151
5 26 199 373 1597 11781 65630 34050 7546
‘]miax;nmiax 74 22 6.9 2.3 5.9 2.7 34 6.9
Snin Moo
J,, ¢! 27576 — 141669 1832723 — 149857 —
MpumeyaHue: «—» pacyeT He MPOBOAN/IN.

B Tabn. 2 npuBegeHbl MOAENN Xene3opyaHoro
KoHUeHTpaTa. lNMpoba 1 — McxoaHbI cocTas; nocneay-
towme npobel pazbaBneHbl TeTpabopaToM NUTUS UK
oKcuMaom xpoma B 2, 4, 8 n 16 pas.

B 1abn. 3 nprMBeaeHbl paccuMTaHHble 3HaYeHNS
CKOpPOCTEW cYeTa aHaNUTUYECKNX NTIMHNIA 3IEMEHTOB
n andpcdepeHunanbHON YyBCTBUTENBHOCTU B 3aBU-
CMMOCTU OT KpaTHOCTK pa3baBneHus TeTpabopaTom
nuTus. PacyeT NpoBOAMMN MpU 3HAYEHMM CUIbl TOKA
0.1 MA anda nuHun J_ 1 4 MA Ans ocTanbHbIX JIMHAR.
B nocnenHen ctpoke Tabnuvupbl npuBeaeHbl CKOPOCTH
cyeTa aHaNUTUYECKUX NVHUIA A8 OAHO3NIEMEHTHOIO
obpasua. /3 gaHHbIx Tabn. 3 cnegyeT (npegnocnegHss
CTpoKa Tabnuupbl), YTO B KOPOTKOBOSTHOBOW obnacTu
CMeKTpa CKOpPOCTU cYeTa aHanMTUYECKUX NUHUIA Mpu
pa3baBneHnn YMEHbLIAKTCS MEHbLLE, YEM B AJTUHHO-
BOJTHOBOW 061acTu cnekTpa, a anddepeHumnansHas
YyBCTBUTENBHOCTb yBENNYMBAETCA OorbLue.

Mpepen obHapyxenusa C, % (paccunTbiBany
npw akcnoamumm 10 ¢) NpakTU4eckn He 3aBUCUT OT
npeaena OCHOBHOWM annapaTypHOW NOrPeLLHOCTU 1

Co. %
0.012

123

o
o
g

0.0084

obHapyxeHa

0.0061
c

'.i;;n.ooa{ ‘

e

0.0024

% 5 19 15 20
KpatHocts pazfaenedna, n
Pwuc. 2. 3aBucumMocTb Npeaena obHapyXeHWs CopepXKaHuii
Kanbums 1,xenes3a 2 n KpeMHus 3 OT KpaTHOCTH
pasbaBreHuns XenesopygHoro KoOHLEeHTpaTa
TeTpabopaTtoM NUTKS.

Fig. 2. Dependence of detection limit of calcium 1, iron
2 and silicon 3 from the multiple dilution of iron
ore concentrate by lithium tetra borate.

3aMeTHO CHWXaeTCs TONbKO Npu pa3baBneHnn B 2
1 4 pasa. OTo NPOMMMCTPUPOBAHO Ha puc. 2 Ans
aHanutnyecknx nuHun SiKa, CaKa n FeKa.

CpefHee KBagpaTUyeckoe OTKIIOHEHME pe3yrbTaTa
OnpefeneHns CoaepxaHus dnemeHTa g, 3aMeTHO 3aB1CUT
OT Npefena OCHOBHOW annapaTypHON NOrpeLIHoCTH
ANns HepasbaBneHHoN Npobbl 1 NNaBHO CHUXAaeTCH
no mepe pasbaBneHunsa npobwbl; Ans nuHum FeKa aTo
NPOUNIOCTPUPOBAHO Ha puC. 3; pacyeT NPOBOAMNIM
npu akcnoauumm 10 c.

Ecnun BmecTo TeTpabopaTta NuTnsi NpUMEHNTb
Bonee TaxenbI pa3baBuTenb —OKCMA XpoOMa, TO yxKe
npv pasbaesneHny B ABa pasa NPOUCXOAUT pe3koe
CHKEHME O . ITO NPOUIIICTPMPOBAHO Ha puc. 4, rae
1 — norpeLwwHocTb Npy pa3baBneHnn OKCUAoM Xpoma,

O¢, %
12

1.04
0.84
0.64
0.4

0.2+

5 15
KpatHocTe paibaenexuns, n

Puc.3. 3aBucmmMocTb cpegHero KkBagpaTu4eckoro
OTKIMOHEHUS pe3ynbTaTtoB onpeaeneHnst co-
OepXaHust Xernesa B KenesopygHoM KOHLEH-
TpaTte OT npeaena OCHOBHOW annapaTypHOu
norpewHoctn (1-A;=0.25%,21-A,=0.50 %,
31-A,=1.0 %) npu pasbasneHun npob TeTpa-
GopaTom nNnTKS.

Fig.3. Dependence of the average quadratic deviation result of
iron content in iron ore concentrate from the limit of the
basic hardware error (1-A;=0.25 %, 2- A =0.50 %,
3-A,= 1.0 %) when diluting samples with lithium
tetra borate.



Ananutuka v KoHTponb.  2020. T. 24. Ne 1.

Ta6bnuua 4
CocTaBbl Mogenein Npob KOPUYMHbIX MaTepuanos, % mac.
Table 4
Compositions of corium materials model samples, % mass
Ne
npo- | SiO, | CaO | Fe,0, | U0, | Li,B,0,/ZnO
Obl
1 4 8 8 80 0
2 2 4 4 40 50
3 1 2 2 20 75
4 0.5 1 1 10 87.5
5 0.25 0.5 0.5 5 93.75

2 — TeTpabopaToM nNUTUS; pacyeT NpoBOAMMAN Npu
A,=0.50 % un T=10c. Npwn 6oree BLICOKMX KpATHOCTAX
pa3baBneHns YUCNEHHbIe 3HAa4YEeHNs O, COBMaaaloT.

AHanornyHbele pacyeTbl ObIN NpoBeaEeHbI ANs
MogZenen KopuymHbix matepmnanoB. CoctaB npob
npuseaeH B Tabn. 4. MNMpoba 1 — NCXxoAHbIV COCTaB;
nocnepytolime npobbl pazdaBneHbl TeTpabopaTom
NNTUSA UM OKCUAOM LnHKa B 2, 4, 8 n 16 pas.

PacueT ckopocTen cyeTa onga aHanMTuyeckomn
nvHum SiKa 6b1n NpoBedeH Npy MOAENUPOBAHNMN U3-
MEpEHUIN Ha Kpuctanne-aHanuaaTtope PET npu cune
aHogHoro Toka 4 MA, Ans aHanutuyeckon nuHum CaKa
Ha kpucTanne-aHanuaatope C002 npu cune aHo4HOro
Toka 4 MA, ons aHanuTudeckom nmHmum FeKa Ha kpu-
ctanne-aHanusaTtope LiF [200] npn cune aHogHoro
Toka 2 MA, onga aHanuTudeckon nuHmm ULa Ha Kpu-
ctanne-aHanusaTtope LiF [200] npn cune aHogHoro
Toka 0.2 MA.

OTmMeueHo, YTo npu pasbasneHun B 16 pas
ncxogHow npobbl TeTpabopaTom NuTus anddepeH-
LumanbHas YyBCTBMTENbHOCTb AN aHannTU4ecKkon
nuHum ULa Bo3pacTaeT B 13.5 pas; ckopocTb cyeTa
npu aTom cHmxaetcs B 1.3 pasa. Npu pasbasneHunn B
16 pa3 ncxopHow Npobbl OKCUMAOM LMHKa anddepeH-

06 %
0.5
0.4 12

03
0.2
0.1

0

0 5 10 15 20
KpaTHocTe pazfaenedns, n

Puc. 4. 3aBucMMOCTb CpeHEro kBaapaTmuyeckoro
OTKJIOHEHWS pe3ynbTaToB ONPEeAENEHUs COaep-
XXaHWs XKernesa B ene3opyaHOM KOHLeHTpaTe
npw pas6asneHun npob 1 — okcMaom xpoma,
2 — tetpabopartom nutus; A = 0.5 %.

Fig. 4. Dependence of the average quadratic deviation
result of iron content in iron ore concentrate
when diluting samples with 1 — chromium oxide,
2 — lithium tetra borate; A ;= 0.5 %.

Nuts, (€x%)"
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Puc. 5. 3aBucumocTb gudpdepeHumnansHom YyBCTBY-
TenbHOCTU Anda aHanuTn4yeckom nuHum ULa
npu pasbaBrneHnn KOpUyMHOro marepuana
TeTpabopatom NUTusa 1 N OKCMAOM LMHKa 2.

Fig. 5. Dependence of differential sensitivity for the ULa
analytical line when diluting the corium material
with lithium tetra-borate 1 and zinc oxide 2.

LuManbHasg YyBCTBUTEMNbHOCTb AN aHannTU4eckon
nuHmn ULa Bo3spacTtaeT B 3.4 pas; CKOPOCTb cyeTa
npu 9TOM cHuxaeTcd B 16.4 pasa. [Npu aTom npu pas-
6aBneHuy TeTpabopatom nuTKs AuddepeHumanbHas
YyBCTBUTENBHOCTb NIABHO YBENMYUBAETCH, a Npu
pa3baBreHun okCcMaoM umHka anddepeHumansHas
YYBCTBUTENBHOCTb AOCTUrAET NOYTU MaKCUManbHbIX
3Ha4YeHWn Npu pasbaBneHnn NcxogHom Npobbl B 2 pasa
1 Npu nocrneayrwmux pas3basneHmsax yBenmunBaeTcs
He3HaunTenbHO. OTa 3aBUCUMOCTb NPOUICTPUPO-
BaHa Ha puc. 5.

CpepHee KBagpaTMyeckoe OTKIIOHEHME pe3yrnbraTa
ornpeferieHns CoaepxXaHusa ypaHa o, 3aMeTHO 3aBUCUT
OT npejena OCHOBHOW annapaTypHO NOrpeLuHOCTH
Ans HepasbaBneHHOW Npobbl 1 NNAaBHO CHUXaeTcs
no mepe pasbasneHus npobbl TeTpabopaTom NUTKS.
Mpu pa3baBneHnn NCXogHOM NPobbl OKCUAOM LMHKA

10 15 20
KpatHocTb pa3baeneHua, n

Pwuc. 6. 3aBnCMMOCTL CpeaHero KBaapaTuy4eckoro OTKIOHe-
HWS pe3ynbTaTta onpegerieHns CogepxaHus ypaHa
B KOPUYMHOM MaTepuane oT npeaena 0CHOBHON
annapatypHou norpewHocTu (1 - A =0.25 %,
2-A,=0.50 %, 3-A,=1.0 %) npn pazbasneHum
npo6 TeTpabopaTom nNuTKS.

Fig. 6. Dependence of standard deviation of the de-
termination of the uranium content in corium
material from the limit of the basic hardware error
(1-A,=0.25%,2-A,=0.50 %, 3-A,=1.0 %)
when diluting samples with lithium tetra borate.

A1
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0 5 10 15 20
KpatHocTe pasbaenexua, n

Pwuc. 7. 3aBncrMocCTb cpeiHero KBaapaTuyeckoro OTKNoHe-
HUS pe3ynbTaTta onpeaeneHns CogepxaHns ypaHa
B KOPUYMHOM MaTepwuane oT npeaena 0CHOBHON
annapatypHou norpewHocTu (1 —A;=0.25 %,
2-A,=0.50 %, 3-A,=1.0 %) npu pasbasneHnu
npo6 OKCMAOM LMHKa.

Fig. 7. Dependence of the standard deviation of the result
of the uranium content determination in corium
material from the limit of the basic hardware error
(1-A,=0.25%,2-A,=0.50 %, 3-A,=1.0%)
when diluting samples with zinc oxide.

B 2 pasa NPOUCXOAUT PE3KOE CHIKEHNE O, 1 NpU no-

cregytowem pa3baBrneHnn CHKEHNE HE3HAYUTENBHOE.

3TO NpounNNOCTPUPOBAHO Ha puc. 6 1 puc. 7. Pacyet
6bin nposeaeH npu A = 0.25, 0.5, 1.0 %, n T=10c.

Ha puc. 8 npeactaBneHo cpaBHEHME 3aBUCUMOCTH

cpenHero kBaapaTUYeCcKoro OTKNOHEHMS pe3ynbTaTta

OnpeaeneHnst CogepXxaHnus ypaHa B KOPUYMHOM Ma-

Tepuane npu pasbasneHun Nnpod oKCUOOM LMHKa —
1 n tetpabopatom nutuna — 2 (A, = 0.50 %, T =10 c).

PaHee 6b1n10 oTMeYeHo, 4To anddepeHLmarns-

Hasi YyBCTBUTENbHOCTb ANS aHaNUTUYECKON NUHUK

ULa pacTteT bbicTpee npu pas3baBrieHnmn NCXogqHowm

npoObbl TeTpabopaTom NUTKS, YeM Npu pasdaBreHn

OKCMAOM LiMHKa M CKOPOCTb cYeTa aHanmMTU4ecKown
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Puc. 8. CpaBHeHue 3aBUCUMOCTU CpeHero ksagpaTu-
YeCKOro OTKIOHEHUS pe3ynbTaTa onpeaeneHus
cofepXaHus ypaHa B KOPMYMHOM mMatepuane
npu pasbasneHMn Npod OKCUAOM LMHKa — 1 1
TeTpabopartom nutua—2 (A,=0.50 %, T=10c¢).

Fig. 8. Comparison of the dependences of instrumental
reproducibility of the uranium content determina-
tion in corium material when diluting samples
with lithium tetra borate — 1 and zinc oxide — 2
(A,=0.50 %, T=10c¢).

NMHUM CHWXKAETCA MeHbLUe, OOHAKO IMaBHbIM napa-
MeTpPOM MNpU pacyeTe cpeaHero KBagpaTuyeckoro
OTKIOHEHMs pea3ynbTaTta onpefeneHns aBnsieTcs
abcopbunoHHbIn hakTop. AGCOpOLMOHHBIN hakTop
npu pasbaBneHnn MCxogHom npobbl TeTpabopaTom
nntua B 16 pa3 ymeHbluaetcs ¢ 0.207 go 0.021, a npu
pa3baBneHnmn okCMaoM LmHKa yeenuumeaetcs ¢ 0.207
0o 0.777, 4TO oTpaxXeHO CpaBHEHUEM pe3ynbTaToB
pac4yeToB CpefHero KBagpaTtuyeckoro OTKNOHEHUS
pesynbraTa onpegeneHusi Ha puc. 8.

OueHKa CHUXKeHUA Be/IMYUHDI
MEeXK3/1eMEeHTHbIX BIMAHUN

Cnocobbl OLeHKM MeXaNeMeHTHbIX BIUAHUIA 00
NPOBEeAEHUs IKCEPUMEHTASbHBIX PaboT C USMEPEHNEM
npob aHanu3Mpyemoro Matepmarna npeanoxeHsl B paboTte
[11]. OamH 13 BapnaHTOB CNOCOOOB NO3BONSIET OLEHUTb
MaKCMMarbHO BO3MOXXHOE OTKITOHEHME coaepKaHus
0TAENbHOM NPOObl OT UCTUHHOTO 3HAYEHWS NPY pacyeTe
6e3 Koppekuuii Ha B3auMHOe BrinsHue no gopmyrne

£ =C" (Z‘KUAJ. \), 6)

roe Aj = maxﬂq — Cj’ } — MakcMmMarnbHoe 3HadeHune
pas3HOCTM CoAepKaHuni anemeHTa i B npobe matepuana
OT CoAepXXaHUs 3TOro afieMeHTa B CTaH4apTHOM 00-

pasue; C;'— obpaseL, A1 KOTOPOro PacCUUTLIBAKOTCS
TeopeTnyeckme KoapULMEHTbI BANSHNS KU..

[ns ncxogHom Npobbl Xene3opyaHOro KOHLEH-
Tpata (Tabn. 2) ¢ y4eToM BO3MOXHbIX COAEPKAHUN
KOMMOHEHTOB B XeNe3HbiX pyaax Obin onpegenex
MaKkCMMarnbHO BO3MOXHbIV AMana3oH coaepKaHus
okcuaoB. [Ansa ncxogHow npobbl 1 ons 4-x pasdaBnex-
HbIX NPO6 paccynTaHbl AJ. " K”.. [ns ucxogHom npoobl

€c, Orn. equH.
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Puc. 9. 3aBNCUMOCTb CHUXXEHMS MaKCMMarbHO BO3-
MOXXHOFO OTKITOHEHUS COOEPXKaHMA OTAENb-
HOWM NpoObl Npu onpeaeneHnn cogepxaHus
Xenesa B Xene3opygHOM KOHLeHTpaTe 6e3
yyeTa MexXaneMeHTHbIX BIIUAHWUIA OT CTEMNEHU
pa3baBneHus McxogHow Npobbl OKCUAOM Xpoma
1 n TeTpabopaTtom nuTus 2.

Fig. 9. Dependence of reducing the maximum possible
deviation content of the single sample in determining
iron content in iron ore concentrate without account
of the inter-elemental influences from the degree
of dilution of the original sample with chromium
oxide 1 and lithium tetra borate 2.
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npu pacyeTe K| B kayecTBe HanonHuTens ObIn okeua
Xenesa, ons pasbasneHHbIx npob TeTpabopat nuTus
UM OKCUA, XpoMa COOTBETCTBEHHO NMPUMEHEHHOMY
pasbaBuTento.

Kak n oxunganocb, MakcumarnbHO BO3MOXHOE
OTKIOHEHWe CoAepXKaHua OTAemnbHOM Npobbl € npw
onpefeneHnn cogepxaHus anemeHTa 6e3 yyeta Mexa-
NEMEHTHBIX BITIMSHUIA, yMEHbLUAETCSA Npu pa3baBreHnun.
Xop, 3ToM 3aBMCUMOCTM AN cnyyas onpeaeneHns
cofepxaHus enesa npeacTasrneH Ha puc. 9.

3HaveHus € Ana pasbasneHHbIX Npob Gbinu
HOPMWPOBaHbI Ha 3HAYeHWE € AN UCXOAHOW Npobbl.
Habnionaerca peskoe CHUXeHMe 3HaveHus € Ans
pa3baBneHus B 2 n 4 pasa; bonee cunbHoe CHMXeHne
OTMeYeHO npu pasdaBneHnn okcuaom xpoma. Mpu
AarnbHenwem pasbaBneHnn CHKEHNE 3HaYeHns €,
He3HaunTenbHoe. MonyYeHHbI pe3ynbTaT XOPOoLLO
cornacyetcs ¢ BblBogamu pabothl [2]: npu pa3baene-
HWUM 1 : 4 yOOBNETBOPUTENbHbIE PE3YNbTaThl aHanM3a
obecneynBaeT NpMMEHEHME NPOCTbIX PErPECCUOHHBIX
ypaBHEHWI, a Npu pa3baeneHnmn B COOTHoweHun 1: 9
npremremMble OLIMOKN aHanm3a obecneyvmBarTcs nNpu
NpUMeEHeHM NpsIMoro cnocoba BHeLUHEro ctaHaapTa.

BbiBO/AbI

B pesynbTaTe NnpoBeAEeHHbIX UCCNneaoBaHum
nokasaHo, 4To Npu pazbaBneHny Npob TAXKenbIM pas-
GaBuTENEeM NPy CPAaBHUTENBHO HEBOMBLLIOW KPaTHOCTK
pa3baBneHus gocTuraeTcs 3 EKT yNyyLLEHUss METPO-
MOrMYECKNX XapaKTePUCTUK PEHTTEHODTyOPECLEHTHOTO
onpeaerneHns CoaepXaHun aNeMeHTOB U CHUXKEHUS
BEIUYMHbBI MEXANIEMEHTHBIX BIUSHWIA TAKOW Xe, KaK 1
npu 6onbLuen KpaTHOCTH pasbaBneHns nerkum pasba-
BuTenem. Npeanaraembii cnocod anpropHO OLEHKM
MOXET ObITb NPUMEHEH NPU NPOBEAEHUM METOANYE-
CKkux paboT ans Bblbopa pa3daButens n KpaTHOCTH
pa3baBneHns Npun aHanm3e pacTBOPOB M MOPOLLUKOBbIX
mMaTepuarnos.
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