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BKJIAJl JL.H.TAJUIb B PASBBUTUHE MACC-CIIEKTPOMETPHUMN:
IMPOIIJIOE 1 COBPEMEHHOCTD

CraThs MOCBSAIICHA PAa3BUTHIO OTEIECTBEHHOTO MaCC-CIIEKTPOMETPHUIECKOTO MPHOOPOCTpOoeHHUS B TTocienaue 60 et
n BKiany Jlugun Hukonaesusl ['ams B ero cosanue 1 pa3BuTHe. PaccMOTpeHBI OCHOBHBIC PEIICHHBIC €10 HAYYHBIE
3aj[a4yd, CBSI3aHHBIE C CO3J[AHUEM CEPHHUHBIX M YHHKAJIBHBIX M30TOMHBIX M XUMHYECKHX Macc-CIeKTpomeTpoB. OT-
MeueHsl BeiBUHYTHIe JI.H. [amne ¢pusnueckre U HOHHO-ONTHYECKUE TIPUHIHITBI TOCTPOSHHS ONTUMAIBHBIX HCTOY-
HUKOB MOHOB C DJISKTPOHHOM MOHM3aIMEeH, C TOBEPXHOCTHON TEPMOMOHM3AIMEH U HA OCHOBE AIICKTPOPACIBUICHHS
(OPUA/L), kOTOpBIE UCTIONB3YIOTCSI B COBPEMEHHBIX OTEYECTBEHHBIX M 3apyOeKHBIX MacC-CIIEKTPOMETpax.

Knrouesvie cnosa: macc-CIeKTpOMETp, MacC-aHAIN3ATOP, pa3pelIaras CliocoOHOCTh, 9yBCTBUTENFHOCTE, TPO0a,
HMOHBI, ICTOYHUK UOHOB, MAacC-CIEKTP, MEMEHTHBIN, n3oTonueiil, DPUAJL, anekrpocnpeit

EDN: VQTUOY

BBEJIEHUE

Macc-crekTpoMeTpusl SIBIAETCS CErOJHs OJHUM
U3 OCHOBHBIX METOJOB AaHAJUTHYECKOW XHMHH,
OMOTEXHOJIOTUM, OJHOM U3 0a30BBIX TEXHOJOIUH
aTOMHOM MpPOMBINUIEHHOCTH. be3 Macc-cnekTpomer-
pUM  HEBO3MOXHO  MPEJCTaBUTh  COBPEMEHHYIO
LUUBWIN3ALNIO, TOJy4aTh SHEPTUIO U3 aTOMHBIX peak-
TOpPOB, CO3/1aBaTh U COBEPIICHCTBOBATH BOAOPOIHYIO
SHEPreTHKY, CO3[aBaTh HOBbIE, BEICOKOI((HEKTUBHBIE
JIEKapcTBa, JIETKHE W TPOYHbIE KOHCTPYKI[MOHHBIE
MaTepHalbl, CAHTETUYECKHE TKaHW, HAIEXKHBIE Cpell-
cTBa 00OPOHBI, pa3BUBATh METOABI M1 METOJUKH B T€0-
JIOTUN U TEOXPOHOIOTHH, Y3PPEKTUBHO BECTH TOUCKU
3ajeXell MOJE3HBIX HMCKOMAeMbIX M LEHHBIX MeTall-
noB. B Hacrosimee BpeMs Macc-CIIEKTPOMETpHs
3aHUMAaeT 3HAYUTEIIbHOE MECTO B oO0memM oObeme
HAay4YHOTO MPUOOPOCTPOCHHUS M IO YPOBHIO TEXHHU-
YEeCKOro mporpecca, 1 mo o0beMy pbIHKA, U B Pa3BH-
TUU HOBEHIIMX METOJIOB COBPEMEHHBIX TEXHOJIOTHH
[1-5].

JLH. Tannp crossia y HCTOKOB  pa3pabOTKH
OTEYECTBEHHBIX CEPUHHBIX  MacC-CIIEKTPOMETPOB,
paspaboTana psn  (GyHAAMEHTAIBHBIX HPUHIIMIIOB
W KOHIIETIHH, IHPOKO MPHUMEHSEMBIX /0 CHX MOp
pa3paboTUYMKaMH COBPEMEHHBIX CTAaTHYECKHX Macc-
CHIEKTPOMETPOB, CO3[ajla HAy4YHYIO INKOIYy, IIEApO
nepenaBasi CBOM ONBIT W 3HAHWSA — €€ YYEHUKH
ABJISIFOTCS B HACTOSILEE BPEMsI 3HAYMMBIMU (DUTYypaMH
B MaccC-CHEKTPOMETPHYECKHX KOMIaHHAX W Jabopa-
topusix B Poccum m 3a ee mpenenamu. llensro
HacTosme paboTel  sBIseTca 0030p  0a30BBIX
KoHIenmui, co3madueiXx JI.H. 'annbe B KOHTEKCTE MX
COBPEMEHHOT'0 TOHUMaHUS U TPUMEHEHUSI.

HAYAJIO

JInmgns  HwukomaeBna Tamab, B JAEBHYECTBE
Jlorunosa, poaunace B Jlenurpane B 1934 r., ee oren
pabotam B OOOpPOHHOM TPOMBINUIEHHOCTH (OBLT

KOHCTpykTOpoM  TaHkoB  KB), mate  Obuia
momoxozaiikoi. B 1957 r JLH. Tamne 3akoHumiza
Pagnodusuueckuii  dakynprer  JlemmHrpanackoro

[TonmuTeXHU4YECKOrO0 MHCTUTYTa, IOJIYYHUB II0 €ro
OKOHYaHHH [[Ba AUIUIOMA: 110 TEOPETHUYECKOH (H3HKe,
(aKyIbTaTUBHO CIIaB 3HAMEHUTHIA "TEOPMHUHHMYM
JLJ. Jlanmay", m mo sKcnepuMeHTalbHOW (U3HKe,
OnecTslle 3allMTUB JIUIUIOMHYIO paloTy, BBINOJI-
HEHHYI0 Moja pykoBoacTBoM akan. B.M. Kenbmana.
ITocne okonuanus IlonMTeXHNUECKOTO MHCTUTYTA OHA
pactpenenuiace B ['CKB  mpubopoB razoBoro
aHaiM3a, KOTopoMmy mo nopydeHuio I[IpaBurenscrsa
OBUIO CyXJEHO cTaTh B OyaylieM [0 CYLIECTBY
equacTBeHHBIM B CCCP  mentpom  paspaboTku
OTEUYECTBEHHBIX Macc-CIEKTPOMETPOB, 0CTpO
BOCTpEOOBAaHHBIX HAyKOW W TMPOMBIIIJICHHOCTHIO
CTpaHBI.

MN30TOITHAA MACC-CIIEKTPOMETPUA

[lepssrit aTam pabotst JI.H. 'amme — ¢ konma 50-x
no Hayano 70-x Tr. — OBUT CBsA3aH C CO3AaHUEM
W30TOMHBIX  MAacC-CIIEKTPOMETPOB  JIIsl  aTOMHOM
MPOMBIIIUIEHHOCTH cTpaHbl. [Ipu 3ToM TpeboBaHUIMU
K M30TONHBIM MacC-CIIEKTPOMETpaM B TO BpeMms,
aKTyaJIbHBIMA TI0 CYTH M TIOHBIHE CITyCTSI ITOYTH
70 net [6], ABISUTHCE:

1. Pazpemaromas cnocooHOoCTh — TipuMepHO 800,
HO C BBICOKUMH TpeOOBaHHSIMH K KayeCTBY MaccC-



U. P.TAJUIb u nap.

CHEKTPOMETPHUECKUX TIMKOB, IJIOCKOCTHOCTH X
BEPIIHH.

2. BrIcokas U cBEpXBBICOKAsi TOUYHOCTh N3MEPEHHS
M30TOIHBIX OTHOIICHUM.

3. Beicokas W30TOMHYECKas YyBCTBUTEIHHOCTD,
T.€. BO3MOXHOCTb U3MEPEHUS COCEHUX MUKOB C MH-
TEHCHUBHOCTBIO, OTJIMYAIOMIEHCS Ha  HECKOJIbKO
MOPSIZIKOB.

4. Beicokast aOCOIIIOTHAS YYBCTBUTEILHOCTb.

5. Obpa3zer B BUIe pacTBOpa MIIK Ta30BOI CMECH.

6. MakcruManbHOE COOTBETCTBHE COCTaBa HMOHOB
cocTaBy MpoOBI: HOHW3ALMS M aHAIU3 JOJDKHBI
NPOXOJIUTh C MUHUMAJIBHOW TUCKpUMHHALMEH HOH-
HBIX KOMIIOHEHT 110 MacCaM.

7. DddexTuBHOE NPOXOKICHUE HOHHOIO ITydYKa
yepe3 BCIO HOHHO-ONTHYECKYI0 CHCTEMY C MaKCH-
MaJFHO BO3MOXHBIM [OJAaBJICHMEM BKJaJga pac-
CESIHHBIX HOHOB.

OcoOble  OTOHHUTENILHBIE YCIOBUS  MPEIbsIB-
JSIIOTCS K Ipubopam Ajsl aHalIu3a BOAOPOIHO-TENHe-
BBIX CMECEH.

JUId M30TONMHOTO aHalIHW3a TPAaJUIMOHHO HCIIOJb-
30BaJIMCh U MPOAOJIKAIOT UCTIOJIb30BAThCSI MarHUTHBIE
CTaTHYECKHE MacC-aHaJIN3aTOPhl C OAWHAPHOW WIIU
JOBOWHOH (HOKYCHUPOBKOH, C HMCTOYHMKAMH HOHOB
C DJJIEKTPOHHOM WOHHM3anumer (U1t Ta3oBoil ¢asel),
C TIOBEPXHOCTHOM TEPMOMOHW3ALUEN HIM C HOHH-
3anMell B MHAYKTHBHO CBSI3aHHOW Tuiazme (s
Kuakou ¢aszen) [7].

Hecmortpst Ha ToO, 4TO Teopus pacuera TaKUX Macc-
aHAJIM3aTOPOB YXe CYIIeCTBOBAJIA, M3BECTHHIE B TO
BpEMsI METOABI pacdyeTa OTPaHHMYUBAINCH AHAIN30M
JIBUKCHWS HMOHOB B CpeJHEH IUIOCKOCTH Tpubdopa
Ha OCHOBE YIPOIIEHHOW MOJENIN ydeTa BIUSHUSA
paccesHHbIX KpaeBbIX MOJIeH (U3UUECKUX DIIEMEHTOB
noHHo-onTHUeckor cucremsl (MOC), 3akmrogaro-
mielcs B 3aMEHEe UX pPeabHBIX MEXaHUYECKUX IPaHUI]
TaKk Ha3bBaeMbIMH "3((EKTUBHBIMH  TpaHUIIMH"
paccessHHOTO moJisi, M 0e3 paccMOTpeHusl BKJIaja
TPAaCKTOPUA MOHOB, [JBIXKYIIHUXCS BHE CpeaHed
IUIOCKOCTH B a0eppalliOHHOE YHIMpeHue QoKyca
MOHHOTO ITy4Ka B 00JIaCTH €ro perucTpamuy.

JIunna HuxonaeBHa mNpeanoXkwia HECKOJIBKO
WHHOBALIMOHHBIX PELICHUH, KOTOPHIE JIETJIH B OCHOBY
pa3paboTKH CepUHHBIX MTPUOOPOB, OPUEHTHPOBAHHBIX
Ha U3MEPEHHs H30TOIHOIO COCTaBa 3JIEMEHTOB
B ra3oBoil W TBepaou (azax. PaspaboraHHBIE C ee
HEIOCPEICTBEHHBIM yYacTHEM H30TOMHBIE Macc-
cnextpomerpel MB2301 (1958 r.) n mo3zxe MB2302
(1964 t.), opreHTHpPOBaHHBIE HA aHAJHN3 M30TOITHOTO
cocTaBa BOJIOPOJHO-TEIHEBBIX CMECEH, CoIepKaInx
MYJBTUIUIETBI Macc, HUMEIN YXE B TO BpeMs
BbIAIOLINECST pe3yibTaThl. Tak, yXe Ha NEpBOM
W3 yKa3aHHBIX TNPUOOPOB yJANOCh OCTUTHYTH
paspematonryto  cnocobHocTs mopsinka 5000 (1)
Ha 50% BBICOTE MUKOB C BO3MOXKHOCTHIO M3MEpPEHUI
B auamazoHe macc ot 1 mo 200 a.e.m. IIpuGop Obin

paspabotan ans  HaydHoro 1meHTpa aTOMHOM
MIPOMBIIIUIEHHOCTH (BIOCIEACTBUM H3BECTHOTO Kak
Ap3amac-16) u cTanm THepBHIM B MHpPE MarHUTHBIM
CIIEKTPOMETPOM CO CTOJb BBICOKOM paspemaronieit
CHOCOOHOCTBIO, JOCTHUTHYTOM 3a CYeT MPUMEHEHUS
HEOJTHOPOJHOTO MArHUTHOTO TOJS W yJadyHOH
KOHCTPYKITMM MarHWTHOTO aHaim3aTopa. Macc-crek-
TpOMeTp ObUT OTMEYEH 30JI0TOI Menabio Ha Mexay-
HapoJHOM  BbicTaBke B  bproccene.  HMeHHO
JLH. Tannp, emie HenaBHss BbllycKHULIA JIeHUHrpa-
ckoro Ilonurexnuueckoro MHcTUTyTa, IpeasioxuiIa
OPUTHHAJIBbHYI0 HOHHO-ONTHYECKYIO CUCTEMY JaHHOTO
npubopa.

He menee 3HaMeHaTeILHON pa3pabOTKOH OBLIT M30-
TonHbid pubop MMN1306 st aHanu3a ypaHa B TBep-
moit paze (1960 r.) [8], pazpaboTannsiif Ha 6a3e mar-
HUTHOT'O MacC-aHaJU3aTopa ¢ KPYIJbIMHU IPaHHLIAMH,
YTO MO3BOJHMJIO CKOMIICHCUPOBATh CQEpPHUECKYIO
abeppauuio ¥ MoJy4YuTh CTAOMJIBHO BBICOKYIO paspe-
LIAIOUIYI0 CIOCOOHOCTE — mopsaaka 800 Ha ypoBHe
10%. Bmepsreie mpemnoxkennas JI.H. ['amip koHCT-
PYKIMS TPEXJIEHTOYHOTO UCTOYHHMKA HOHOB C MOBEPX-
HOCTHOM TEpMOMOHM3alMENd MO03BOJWIA IOJNYYUTh
PEKOP/IHYIO 110 TOMY BPEMEHH HyBCTBHTEIBHOCTD
1o ypany — nopsiaka 10™ ° r; mpu 3TOM UCTIOJIB30BalI-
Csl CUYETYUK HOHOB C BTOPHUYHBIM 3JIEKTPOHHBIM
YMHOXHUTENIEM OTKPBITOrO THUMAa. DTH yAayHbIE TeX-
HUYECKHE PEIICHHUS 3aTeM OBIJIM OBTOPEHBI B MHOTO-
YHUCJICHHBIX MOCJIEAYIOMHUX pPa3paboTKax W BOILIM
B COCTaB HM30TONHBIX MaccC-CHEKTPOMETPOB, BBIMyC-
kasmuxca kak CKb AIl AH CCCP, tak u Cymckum
3aBogoM  (cepuss MMU1201, CEJIMH, VYkpauna),
a TakKe OBbIIM MCIOJIb30BAaHBl AaHIJIMHCKOW KOMIIaHU-
eit VG B macc-criektpometpe SECTOR.

3namenartenbHOi pabotoit CKb AIl Gwima 3aBep-
meHHas B 1966 r. no 3akazy MHCTUTyTa aTOMHBIX pe-
aKTOpPOB pa3paboOTKa YHHUKAITHHOTO MHOTOKACKaJAHOTO
Mmacc-criekrpomerpa MB3301 ¢ tpoiinoii hoxycupos-
KOH (110 IByM HampaBJICHUSM U 110 SHEPTHH) I U30-
TOITHOTO aHAJIN3a MUKPONPHUMECEH B MUKPOKOJINYECT-
Bax ypaHa W TPaHCYpaHOBBIX 3JeMEHTOB (puc. 1).
[Tpubop obnaman pekopmHOW aOCOMIOTHOW UYBCTBH-
TenabHOCTBI0O — 107 T mo ypaHy, npu _})CKOpﬂHOﬁ
M30TONMMYECKON JyBCTBUTEIBHOCTH — 107" Ha coces-
HHUX Maccax B obiactu ypana (puc. 2) [9]. Ilpu cozna-
HUU TIpuOopa BIIEpPBBIE B MHpe OblIa TpeIoKeHa
U peanu3oBaHa OOpaleHHasi TeOMETPHUsI HOHHO-OIITH-
yeckoi cucrembl E—H, a Takke HOBbIE MCTOYHUKHU
HMOHOB U CHUCTEMBI JeTeKTHpoBaHMs. Bce 3t nocru-
KEHHUS U30TOIMHOTO NPUOOPOCTPOCHUS B ANIbHEHIIIEM
ObUTH TIPUMEHEHBI B IIMPOKO HM3BECTHBIX M HCIIOJNb-
3yeMbIX MHOTUMH NPEANpPUATHSIMH, WHCTUTYTaMH
n KomMOnHaTamMum MUHATOMa Macc-CIIEKTPOMETpPaXx:
MU 3304, MU 3305, MU 1320, MU 1340 u gpyrux.

Honuzarop macc-cnexkrpomerpa MB3301 (puc. 3)
3TOr0 HCTOYHHMKA COBMENIall B CBOEH KOHCTPYK-
LMY TIPUHIMIE KaMepsl KHyaceHa ¢ ogHOPOIAHBIM

HAVYYHOE ITPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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Puc. 1. MoHHO-OnTHYECKAst CXeMa MacC-CIIeKTPOMETpa
MB3301.

] — UCTOYHHK MOHOB, 2 — TPACKTOPHH HOHOB B Iep-
BOM IIJIeY€ MacC-aHaNIN3aTopa, 3 — AUCIEPTHPYIONTHA
MarHuT Macc-aHaJlInu3aTopa, 4 — TPAeKTOPHU HOHOB

Ha IyTH K IPOMEKYTOUHOMY NIPUEMHUKY HOHOB, 5 —
TPAeKTOPUHU MOHOB Ha ITyTH K 3HEProuienu, 6 —iHep-
romieNb, 7 — MPOMEKYTOUHBIN IPUEMHHUK, § — DIIeK-
TPOCTAaTUYECKUI KOHJIEHCATOp Macc-aHanu3aropa. 9 —
paspemnIaromas meyib IpUeMHUKA, /() — OCHOBHOI

TNIPUEMHHK NOHOB

I'AJUUIb B PABBUTUE MACC-CIIEKTPOMETPUN
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Puc. 2. ®opma THHUN Macc-CIIEKTpa
U Macc-ciekTpomerpa MB3301.
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Puc. 3. KoHcTpyKius TpyO4aToro MOHM3aTOpa JAJIs MOBEPXHOCTHOM TEPMOHOHH3AIMHU () M 3aBHCUMOCTh pacipezese-

HUSI TEMIIEpaTypbl BAOJIb HOHU3aTopa (0).

1 — Bonb(hpaMOBBIN HarpeBaEMBIi IEMEHT; 2 — MOJHUOIESHOBHIN KaWUIAp s BBOAA MPOOKI, 3 — BBIXOJHOHW TOKO-
TIOJTBOIATIIAIN DTIEKTPOL; 4, 5 — TepMHUUECKHE YKPAHBL; 6, 7 — BXOIHOW MOJIHOACHOBBIH 3JIEKTPO/I.
ITo ocu abcermmce (6) — AMMHA HOHN3ATOPA B HANIPABJICHUH OT BBIXOJIHOM YacTH

BBITSTUBAIONIUM TI0JIEM, YTO I103BOJIMJIO IOJIyYUTh
a0COIIOTHBIN PEKOP/I MO YyBCTBUTEIBHOCTH, HE MPEB-
30HICHHBI W JI0 HACTOSIIETO0 BPEMEHHU: YBEPCHHO
PETUCTPUPOBATh CHTHAI OT MPOOBI, CoAepIKalieh
Bcero 10* aromos ypana (107°r) [10].

OTMeTUM, YTO B HACTOSIIEE BPEMs IOCIEIO-
BaTeNbHOCTh KackanoB H-E wucnosnb3yercs B Hau-

Ooiiee COBEPIICHHBIX MacC-CIIEKTPOMETpax, Mpe-
Ha3HAYCHHBIX Ui aHaJn3a »JJIEMEHTHOI'O W/WIH
M30TOITHOTO COCTaB, B YaCTHOCTH B MAaccC-CIIEKTPO-
MeTpax MAT-95 ¢ paspemaromieii CrocoOHOCTBIO
30000 m B coBpemenHbix npubopax ELEMENT
n NEPTUNE mnpomsBoactBa xommanuu Thermo
Scientific (CILIA-I'epmanus).
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MACC-CIIEKTPOMETPBI BELICOKOI'O
PA3PEIIEHINA

B 60-x rr. Havamoch CTPEMHUTENIBHOE pa3BUTHE
He(hTeXMUM, ¥ BO3HHKJIA HEOOXOIMMOCTh CO3IaHUS
METO/IOB U MacC-CIIEKTPOMETPHUUECKUX MTPUOOPOB IS
OIIpEIeNICHUS XUMUUYECKOI'0 COCTaBa — KaK MCXOIHO-
TO CHIPBS, TaK W TPOAYKTOB IepepadOTKA HEPTH.
Hedrexumuss Ha ponrue roApl craja 3aKa3ddKkoOM
U OCHOBHBIM IIOTPEOHUTENEM Macc-CIEKTPOMETPOB
C BBICOKOW pa3pemarolieil CriocoOHOCThIO; C ee pas-
BUTHEM CBSI3aHO IOSIBJICHHE IIEPBBIX MAacCC-CIIEKTPO-
MmeTprueckux komiuiekcoB ['’X-MC. Dto Obu10 BpeMms
pa3BUTUSI OTEUECTBEHHOW CTAaTHYECKONW MAarHUTHOU
Macc-CIIeKTPOMETPUH € JBOMHOH  (hOKYCHPOBKOMA,
n JLH. T'ajnpe npuHsina B HEM aKTUBHOE YYacTUE KaK
B COBEPILEHCTBOBAHUYU TEOPUH PACUETOB, TAaK U HEIIO-
CPEACTBEHHO B pa3paboTkax NMpuOopoB. Beigarommm-
cs cobOpitmieM 70-x TT. OBIIO CO3JAaHUE CEPUHHOTO
Mmacc-criekrpomerpa MX1310 (puc. 4), mo3BossIBLIETO
JOCTUraTh  pa3pelIalonlyl0  CIOCOOHOCTb  CBBIIIE
100000 nHa ypoBHe 5% WHTEHCHUBHOCTH muKa. JlaH-
HBIH TIPUOOP MOTYUMIT 30JI0TYI0 Meaaib Ha [IpomMebimi-
JEHHOHN BhIcTaBKe B [laprke M OKkaszalics HacTOJBKO
YAa4HBIM, YTO /0 HACTOSIIETO0 BPEMEHH B HAYYHBIX
nabopaTopusix elle COXpPaHWIUCh €0 OTIEJIbHBIE K-
3eMIUISAPBI, BBHICOKO IIEHUMBbIE XMMHUKaMHU 33 HaJECXK-
HOCTb, YyBCTBUTEJIBPHOCTb M MHOXECTBO pealu3ye-
MBIX Meronuk. Ha pucynke (puc. 4) mpencraBieH

Puc. 4. Buemnuii Bug macc-cnektpomerpa MX1310,
JIO HACTOSIIECTo BpeMeHH paboratomiero B Kazanu B Un-
CTUTYTE (PU3NUECKON U OPraHUYECKON XHUMHUH.

Macc-criektpomerp MX1310, B Uuctutyre dusmde-
CKOM M opraHnuyeckod xumuu B Kazanu paboTarommii
y HUX JI0 HacTosIIero Bpemenu [11].

Brigaromumcst o cBouM HapamMeTpamMH Takke ObLT
MPU3MEHHBIH Macc-CIIeKTPOMETp, MO3BOJISBIIUI J0C-
TUTATh pa3peniarlyio cnocodHocTs nopsiaka 200 000
[12] (puc. 5). OToT pubop paboTaeT IO HACTOSIIETO
BPEMEHH B PEIICHUM 33]a4 XUMHUYECKOW KHUHETHKH,
JEMOHCTPHPYSl CBEPXBBICOKYIO YyBCTBHTEJILHOCTH
B oOmactu pazpemenuii 50 000—70 000.

Puc. 5. [Ipu3smMeHHBIN Macc-CIIEKTPOMETP.
a — MOHHO-ONTHYECKas cXxemMa, O — BHEIIHMH BUJ.
U — ucrounnk moHOB; /[ — BXOomHas nuadparma;

1, 2, 3 — preKTpoAbl BXOJHOW TPaHCAKCHAIBHOW JIMH3EL, 4, 5, 6 —

BXOJIHAsl 4acTh MPU3MEHHOIO SHEProaHalNu3aTopa; i, j, & — HMOHHO-ONTUYECKUE YIJIbl MPU3MEHHOIO 3HEProaHalIn3aTopa;
a, b — TpaHUIBI TyYKa NOHOB BHYTPU MPU3MEHHOTO MarHuTa; ¢ — TPpaHulla OJJHOPOJHOCTH MarHUTHOTO MOJIS; P — Paju-
yC MOBOPOTa LIEHTPAJIBLHOM TPAEKTOPUHU MOHOB B AMCIIEPTUPYIOLIEM MarHute; M — NpU3MEHHBIN TUCIEPTUPYOIUI Mar-

HUT; /] — NpUEMHUK HOHOB

HAVYYHOE ITPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1



BKIIAZ JLH.TAJUUIb B PASBBUTUE MACC-CIIEKTPOMETPUN

Bce a1t ycmexu B oOmacTu craTHYecKod macc-
CIIEKTPOMETPUH OBLTH CBSI3aHBI KaK C COBEPIICH-
CTBOBaHMEM HOHHO-ONTHYECKOW TEOPHUH CTAaTUYECKHUX
Macc-aHaIM3aToOPOB, TaK W C BIEPBBIE pa3paOdOTaHHON
JLH. Tannp MeTONMKOW, OCHOBAaHHON HAa MpHUMEHE-
HUU TEOPUH TPAHCIIOPTUPOBKH IIyYKOB HOHOB,
YCIICIIHO HCIIOJIb30BAaHHOM TpU pa3paboTKe yCKO-
putenei 3apspkeHHbIX dactul. JLH. Iamne nucaia
B T€ TOABL: "...MapaMeTpbl MacC-aHAIM3aTOPOB HA OC-
HOBE CEKTOPHBIX MArHUTHBIX TMOJeld MOTryT OBITh
3HAYUTENFHO YJIyYIIeHBI 3a CUET

1) Tounoro y4era 3¢)(h)eKTOB KpaeBbIX IOJIEH;

2) uccnenoBanus abepparii n300pakeHus 1 pas-
BUTUS METOJIOB HX KOPPEKIUH, BKIIOYass BEPTHU-
KaJbHBIE abeppalu;

3) onTHMH3aNMK TApaMETPOB aHAIM3aTopa C Ie-
JIBI0 TOCTMIKEHHSA HAWIYYIIEro COOTHOLICHHS MEXIY
pasneneHueM Macc W (OKYCHPOBKOH I KaKIOU
Maccbl U B KOHEYHOM HTOrE€ C LENbIO YBEIHMUYEHUS
paspemarorniei cnocoOHOCTH;

4) onTHMHU3AMM C LENbI0 JAOCTHKEHUS HAWITyd-
[IeTO COOTHOIICHHWS MEXIy paspemaromend Cro-
cOoOHOCTHIO U aOCONMOTHOM YyBCTBUTENBHOCTRIO" [13].

Jns pemeHuss mocineaHed W3 9TUX  3ajad
JLH.Tamie BhoepBble  NpeioXKuia  NPUMEHUTh
KOHLEHIMIO  COIJIACOBAaHMS 3MUTTaHCA HOHHOTO

mydka, c(hOPMHUPOBAHHOTO MCTOUYHUKOM HOHOB, C aK-
CENTaHCOM Macc-aHaJIN3aTopa HA OCHOBE MAaTPUYHOTO
ONHUCAHUS TPAHCIOPTUPOBKM HOHOB B Macc-aHa-
JU3aTOpEe OJHOBPEMEHHO C pacdyeToM ero pas-
pematonieid criocooHoctn. OTMETUM, YTO JaHHAs
KOHIICTIIIASL BIEPBBIC ObUIa TNPHUMEHEHA B TEOPHH
pacueToB CTaTHYECKHUX Macc-aHaJIN3aTOPOB.

MACC-CIIEKTPOMETPHYA
JJI1 BUOTEXHOJIOT'NU

OmuH W3 caMBIX TIOOAIBHBIX BHI30BOB, BO3HHK-
mux B Macc-criektpomerpud 70—80 rr., ObUT MOTUBH-
poBaH TpoOJeMaMH aHalHu3a CBOICTB W CTPYKTYPHI
HEJIETY4YHX COCIMHEHUH, B IEepBYyI0 odepenr — Ouo-
OpraHUYecKOro MpoucxoxjaeHus. Jlo Toro BpemeHu
€MHCTBEHHBIMH METOJIaMU HCCIICIOBAHUS TAKHX Be-
mecTB ObIIM  omTHYeckas crekrpockomusi, SIMP
W KUAKOCTHas Xxpomarorpadus. Jias macc-criekTpo-
METPHH 3TOT BBI30B SIBUJICSI CUTHAJIOM K HEOOXOAMMO-
CTH pa3pabOTKH METOJOB MOHM3ALUU OMOIIOINMEPOB,
MO3BOJIIONIMX OOBEAMHUTH B EIUHBIM MPUOOPHBIN
KOMIUIEKC TaKHe IUIOXO MOJXOSIIME JPYyr K Jpyry
npuOOpbl, Kak XHIKOCTHOW Xpomarorpad M macc-
CIEKTPOMETpP, a TaKkKe K HEOOXOAMMOCTH CO3JaHMs
HOBBIX TPHHIIAIIOB MAacC-CHEKTPOMETPHUUECKOTO aHa-
JM3a JUIsL BeecTB ¢ OONBLION 1 O4eHb OOJIBIION Mac-
coit. HMummmatopom wunen cosmanust XOK-MC Owin
Buxrop JIsBoBuu Tanbpose, naypear mepanu Tomco-
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Ha 2002 r., B Te roJbpl pyKOBOJUBIINN pa3BUTHEM Ha-
y4HOTO pudopocTpoenus B Akagemun Hayk CCCP.
B peanmzauunio upeu aHanmsza HeJleTy4Hx OHOOp-
raanueckux coenuHenuil JLH. I'annps BHecnma 3HauM-
TENbHBIN JIMYHBIA BKIaA. BrmrounBHINCE B TOUCKH
MPUHLIMITHAIEHOTO PEIIeHs MPOoOIeMbl aHaIu3a He-
JETYYUX COEIMHEHUM — €10 yK€ 3aHMMaJKCh Macc-
CHEKTPOMETPHUCTBI BCEr0 MUPA, — TPyIHa MOJOJBIX
3HTy3uacToB, pykoBoaumas JILH.Tamne, B 1982 r.
pa3paboTajia MeTOJl, M3BECTHBIN celdac Kak AJICKTPO-
cipeil; Torna B Poccun ero nazBamu OPUAJNl —
10 TIepBBIM OyKBaM pycckux cioB "DkcTpakuus Pac-
TBOpeHHBIX MonHoB mpu AtmochepHom [lasmenun'.
N c toro xe 1982 r. B HCTUTYTE aHAJIMTHYECKOTO
npudopoctpoenusi AH CCCP (ceituac PAH) B ma6o-
patopuu JL.H. I'anne Hayanu UHTEHCUBHO NPOBOAUTH-
sl OKCTIIEPUMEHTAJIbHBIC paOOTHI IO COBEPIICHCTBOBA-
HHUIO HOBOT'O METOJA M aHAJIN3y HENETYyYMX COeIUHe-
HUI KaK OpraHu4eCKHX, TaK U HEOPraHUUECKUX.
Merton ObiT peanmM3oBaH Ha CTAaTHYECKOM Macc-

a

Puc. 6. Nonno-ontudeckas cxema (a) v BHenrHuid BuJ (0)
TIEPBOTO B MHPE CEPHITHOTO MAacC-CIIEKTPOMETpa ¢ MOHU-
3anueit anexrpopacusuieHneM (OPUA L) MX3303.



U. P.TAJUIb u nap.

CHEKTPOMETpE C IBOMHOI (hokycupoBkoi. Yike B 1983 .
BIICPBbIC OBUIM TMOJIYYEHbI MAaCC-CIIEKTPBI, COJCPIKa-
M€ MHOTO3aps/IHbIE HOHBIL, 0 TOIO BPEMEHH CUH-
TaBIIIMECS WCXOJS U3 CYIIECTBOBABIINX TOT/Aa MOJIE-
JIel MX TOSBIICHUS HEBO3MOXHBIMH. Ha puc. 6 mpen-
CTaBJICHBl MOHHO-ONTUYECKAsA CXEMa U BHEIIHUM BUJ
MEPBOTO B MHPE CEPHMHOTO MAacCC-CIEKTPOMETpa
Cc uoHW3amuen snekrpopacheuienuem  (OPUA)
MX3303 [14, 15].

B 1983 r. ¢ nomompio Metoga DPUA]J] Obun mo-
JIy4eHbl MHOTOYHCJICHHBIC MacC-CIIEKTPbl aHTUOMOTH-
KOB, IIENTHIOB, BUTAMHHOB M JPYTUX OHOJIOTHYECKU
aKTHBHBIX BelecTB. B 1984 r. monx pykoBOICTBOM
JILH. I'ayute 6611 peanu3oBaH mepBslii Komrmieke XOK-
MC u Havanuch WIUPOKHE HAYUYHBIE HCCIICIOBAHUS
B 00JIaCTH DJICMEHTOB Ta30JMHAMHYECKONW Macc-
CIIEKTPOMETPHUH, TTO3BOJISIONINX YBEIHMYUTh UYBCTBH-
TETFHOCTHh METO/IA.

Ha ceromnsamnuii AeHb METOJ AIEKTPOCHpeE
(OPUAJ]) ucnomb3yercs BO BCeM MHpe: pabOTarOT
THICSTYHM HAYYHBIX TPYII, UCITONB3YIONIINX HOHU3AITHIO
AJIEKTPOPACIIBUICHUEM ISl PelieHus 3aaa4 (apMako-
JIOTUH, AUArHOCTHYECKOM M JIeueOHON MeIUIIMHEI,
pa3BUTHSI OMOTEXHOJIOTHH; KpYIHEHIIe mpuoopo-
CTPOUTEIHHBIC KOMIIAHWH BBITYCKAIOT YHHUBEPCATh-
HBIE WJIH CIIEIHUATH3UPOBAHHBIE MacC-CIIEKTPOMETPHI,
OCHAIIICHHBIE TAHHBIM METOJIOM MOHU3AIIHH.

IMEPECTPOEYHBIE I"'OJ1bI
N MACC-CIIEKTPOMETPBI CEPUU MTH-350

DOxoHoMHueckas karactpoda B Poccun, u3BectHast
Kak ''mepecTpoiika', TmpuBeNa K pa3pylICHHUIO
MPOMBIIUIEHHOCTH BBICOKHX TEXHOJIOTHH, B YacTHO-
CTH Pa3pabOTOK OTEYECTBEHHOTO HAYYHOro MpUOOpO-
crpoeHus.  CrpaHa  NpakTH4YeCKH  IepecTana

Puc. 7. ®otorpadust macc-ciekrpomerpa Mu-3501".

BBITYCKaTh  OTEYECTBEHHBIE  MAacC-CIIEKTPOMETPHI
W (daKTHYECKH 3aKpbhlla Bce UX pa3paboTKH,
OPEeANoYTs WX HMIIOPT II0J JIO3YHroM  "MBI Bce
kynum". Pa3paboTku mepectanu (UHAHCHUPOBATHCS,

a  YHUKaJbHBIE  OTEUYECTBEHHBIE  CIELUAJNCTHI,
OKa3aBIIUCh  HEBOCTPEOOBaHHBIMH,  pa3zbeXxajlcCh
10 MUDY,

OpHako yxe K KoHIy 90-X IT. cTajo MOHATHO, 4TO
ATOMHO-TIPOMBIIIUIEHHBIH KOMIUIEKC CTpaHbl HE MO-
XKET OPUEHTUPOBATHCS HAa MMIIOPTHBIE IPUOOPBI,
[0 KpaHeW Mepe B pa3JelIUTENIbHOM IPOU3BOJICTBE,
T.K. 3TO TPO3WIO MOJHOW TOTEpEel CyBEpPEHHTETA.
B pesynbrare no mannmaruse JI.H. ['annb Obiia cos-
nmana IIporpamma pa3paOoTKHM M 3aMeNIaromIero mpo-
M3BOJICTBA CIIELMAIM3UPOBAHHBIX MAaCC-CIEKTPOMET-
pPOB, KOTOpas TOJjep)kKaHa MPaBUTEIHCTBOM, Ha3HA-
YHB WHULMATOPA 3aMECTUTENIEM TIJIaBHOTO KOHCTPYK-
topa no 3toi IIporpamme. JL.H. I'amap ynanocs mno-
JYYUTh HEKOTOPYIO (PMHAHCOBYIO IOIAEPIKKY 3TOH
MpOrpaMMBbl U TIPUBJIEYB K 3TOH MPOrpaMMe MOJIOJBIX
pa3pabOTYMKOB W OCTABIIHUXCS OMBITHBIX CHEIHaIH-
CTOB, C TIOMOIIBIO KOTOPBIX YAAJIOCh YaCTUYHO BOC-
CTaHOBUTh YTPAa4yeHHBI YpPOBEHb MAacC-CIIEKTPO-
METPHUYECKHX pa3paboTok. B pesynbrarte Oblia paspa-
0oTaHa W 3aIlyllleHa B MPOU3BOJCTBO JIMHEWKa Macc-
cnektpomerpoB  MTU-350, obecnednBaromasi BO3-
MOKHOCTH KOHTPOJISI U YIPABJICHUS Ha BCEX TEXHOJO-
THYECKUX JTallax MOJy4YeHHs U TepepadOTKH KakK Tek-
caropuaa ypaHa, Tak U sICPHBIX OTXOAOB (puc. 7—
9). beumn pa3paboTaHbl M30TOMHBIE MPHOOPHI CEPUH
MTU Tpex THUHOB: i ymnpaBieHHS CyOIMMaTHBIM
MPOM3BOJICTBOM IOJYUYEHUS rekcadTopuaa ypana, s
MPENU3HOHHOTO KOHTPOJSA HM30TOMHBIX OTHOIIEHUH
razoo0pasnoro UF4 B poriecce paszeneHus U30TOIOB
Y JUTISE KOHTPOJISI COCTaBa TBEP IOt poOsI [16].

Puc. 8. ®ororpadus macc-ciekTpo-
Metpa Mu-350I"C.
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BKJIAJZl JLH.TAJIJIb B PABBUTHE MACC-CIIEKTPOMETPUN

Puc. 9. ®otorpadus macc-ciekrpomerpa Mu-350T.

MOCJIEJHUE I'OJbL: |
OJIEMEHTHBIN U U30TOITHBIN SPUAT

B opurunane wmeron OPUAJl, wu300peTeHHBIN
rpynnoii, pykopogumon JL.H. T'amnb, B BBITOJHYIO
CTOPOHY OTIIMYAJICS OT AJIEKTPOCIIPEs, TPUMEHIEMOTO
3a pyOeKOM, JIOTOJHHUTENEHOW BO3MOXKHOCTBHIO Ha-
MpaBIeHHO YMpaBiATh (parMeHTanuel o0pasyro-
UXCd MOHOB 3a CYET TOr'0, YTO KOHCTPYKIHA UHTEP-
¢eiica mo3BoIISIIA TIOIABATH BHICOKYIO Pa3HOCTh MOTEH-
manoB (1o 1000 B) mMexmy comioM W CKUMMEpPOM.
Ha npumepe comm ypana (puc. 10) mokazana BO3MOX-
HOCTh YIpPAaBIATH (parMeHTanreld HOHOB Ha CYET
pasHocTH noteHimaioB AU Mexay COIIOM U CKUM-
MepoMm: Ha puc. 10, a, — HOHBI BOJHBIX KJIAaCTEpPOB
couy, nainee, 6, — 00JIaCTh CYIIECTBOBAHHS MOJICKY-
JISIPHOTO MOHA couy, a puc. 10, B, npu AU = 600 B —
TOJILKO MOHBI ypaHa 1 €ro OKUCIIOB.

a
AU=115V
ﬁ' 1C0 &
E . 1
g [UO,(DMSO) ] S e
g 504213 .
z 252 270 348 365 504/ [VO,CIDMSO),]
I el i 5
E g 0 . | [|| T - I I ] | - 1 II . L \
200 250 300 350 400 450 S 250
100 6
g 5 uocr’
§ 5o T AU=300 V
g 307
£ |
= Z a T T T T T 1
T 200 250 300 350 430 450 500 550
- B
-0 uo, | UD,
: 254 | 270
g U'
Z s0 AU=600 V
E 238
By
£%
E E G z T X T ¥ T T ; T ¥ T ¥ 1
= £ 200 250 300 350 400 450 500 55¢ .
m/z, aem.

Puc. 10. Macc-ciexTpsI Coii ypaHa mpu pa3nuaabeix AU.
a— 115 B, 6 — 300 B, B — 450 B. Hcnoabs30Baiack KOMILJICKCHAS COJIb
UO,Cl,3IMCO ¢ KOHIIEHTpaIUei 10°° M, Boga—meranoi 20 : 80
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Orta ocobenHocts DPUAJ] mo3BojiseT HCIOJIB30-
BaTh €ro Kak METOJ AjieMeHTHoro [17] u jmaxe u3o-
TomHOro aHanm3a [18]. DTo HampaBieHue, TpemIo-
xeHHoe JI.LH. T'amib, cTasio akTUBHO pa3BUBATHCS
B MOCJIEHNE JecATHIIeTHs ee ku3HU. [log ee pykoBo-
JICTBOM ObIT pa3pabotaH Macc-crekrpomerp MI-20
LowMass 1s1 U30TOMHOTO aHajIu3a JINTUS METOAOM
OPUA]/I, koTOpHIi MTOKa3ajl BO3MOKHOCTH MOTyUEHHS
OYEHb BBICOKOM TOYHOCTH W3MEPEHHS H30TOIMHBIX
otHomeHuit Ha ypoBHe 0.03%. B Hacrosmmii MOMEHT
K MWCHBITAHUSAM TOTOBUTCS Macc-crekrpomerp Di-
rectMass, OpUEHTUPOBAHHBINA HA IIUPOKUN KPYyT 3Jie-
MEHTOB OT KaJusl N0 ypaHa. Vcmomp3oBanne Meroja
OPUA]] o cpaBHEHHIO C TPaAULIMOHHBIMHA METOJIaMU
"WHAYKTUBHO CBSI3aHHOW TUIa3MbI" M TIOBEPXHOCTHOM
TEpPMOUOHU3ALMEN TIO3BOJSIET PE3KO IOBBICUTH CKO-
POCTb aHaJM3a U YIPOCTUTH KOHCTPYKIUIO Mpubopa 6e3
MOTEPH TyBCTBUTENBHOCTH ¥ TOYHOCTH M3MEPEHHI.

3AKJIFOYEHUE

JIL.H. T'anue BHecna OrpOMHBIM BKJIAJ B pa3BUTHE
OTEYECTBEHHOM MAacC-CIEKTPOMETPHUH, OIyOJIMKOBajIa
Oonee 250 Hay4HBIX cTaTed, 6 Hay4HBIX KHUT M Ha-
nucalia Hay9HO-METOINIeCKOoe 1MOoCco0me I CTyACH-
TOB, aCIIMPAHTOB U Pa3padOTUYMKOB CTATUYECKUX U JIU-
HaMUYECKHUX Macc-CIeKTpoMeTpoB. IIpu 3ToM co cBOM-
CTBEHHBIM €l IOMOPOM OHa OTHOCHMJIACh K TOMY, UTO
He ObUla OTMEYEeHA TI'OCYJapCTBCHHBIMH Harpajgamu
1 He ObUIa M30paHa B akaJieMuio: "...He MpOoUYb ObI
craTh akagemukoM. Jla Bot, He OepyT...".

[lo mpencraBieHWIO Macc-CHEKTPOMETPHUIECKUX
oOmiecTB psaa crpaH, Briarouas Poccuro u CIIA, "3a
OTPOMHBIN BKJIJ] B MHPOBYIO MaccC-CIIEKTPOMETPHIO"
JLH. I'ayute Obina HarpaxaeHa Memanbio ToMcoHa —
BBICIIICH Harpajiod B 00JACTH HAY4YHOro MHpUOOpPO-
cTpoeHHs, wMeromeil craryc "mamas HoOenesckas
npemus" B 3TOW 00JacTH, KOTOpas €KEroJaHO
MPUCYXKIAETCI ~ MEXIYHApOIHBIM  MAacC-CIIEKTPO-
METPUYECKMM KOMHUTETOM. OJTa Harpajaa B IIOJHOH
Mepe  oTpaswia  MEXIyHapoAHOE  TpU3HAHHUE
COOOIIECTBOM MacC-CIIEKTPOMETPUCTOB 3HAUYUTEIb-
Hbii Bknaa JLH.Tamie B Macc-CIEKTPOMETPHIO.
Harpaxnenue, cocrosiBuieecs B 2022 r. B bpa3zunuu,
obuto st JLH. Tayuibs yqmum U 0COOCHHO IEHHBIM
NPU3HAHUEM €€ 3aCIIyT.
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The paper concerns the history of Russian mass spectrometric instrumentation in the last 60 years and the
contribution of Lidiya Nikolaevna Gall in its becoming and development. The main scientific problems solved
by her related to the working, computation, and design of commercial and unique isotopic and chemical mass
spectrometers are considered. The physical and ion-optical principles related to various types of ion sources,
especially providing electron ionization and surface thermal ionization, are discussed. Special attention is paid
to the ion source with electrospray (ERIAD), which was put forward by L.N. Gall and is widely used now in
modern Russian and foreign mass spectrometers.
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INTRODUCTION

Mass spectrometry is today one of the main me-
thods of analytical chemistry, biotechnology, and one
of the basic technologies of the nuclear industry.
Without mass spectrometry, it is impossible to im-
agine modern civilization, obtain energy from nuclear
reactors, create and improve hydrogen energy, create
new, highly effective drugs, lightweight and durable
construction materials, synthetic fabrics, reliable
means of defense, develop methods and techniques in
geology and geochronology, and effectively search for
deposits of minerals and valuable metals. At present,
mass spectrometry occupies a significant place in the
overall volume of scientific instrumentation both in
terms of the level of technical progress and in terms of
market size, and in the development of the latest me-
thods of modern technologies [1-5].

L.N. Gall was at the origins of the development of
domestic commercial mass spectrometers, developed
a number of fundamental principles and concepts that
are still widely used by developers of modern static
mass spectrometers, created a scientific school, gene-
rously shared her experience and knowledge — her
students are currently significant figures in mass spec-
trometric companies and laboratories in Russia and
abroad. The purpose of this work is to review the ba-
sic concepts created by L.N. Gall in the context of
their modern understanding and application.

BEGINNING

Lidiya Nikolaevna Gall, née Loginova, was born in
Leningrad in 1934, her father worked in the defense
industry (he was a designer of KV tanks), her mother
was a housewife. In 1957, L.N. Gall graduated from
the Radiophysics Department of the Leningrad Poly-
technic Institute, receiving two diplomas upon gradua-
tion: in theoretical physics, having optionally passed
the famous "theoretical minimum of L.D. Landau",
and in experimental physics, having brilliantly de-
fended her diploma work, completed under the super-
vision of Academician V.M. Kelman. After graduat-
ing from the Polytechnic Institute, she was assigned to
the State Specialized Development Bureau for Gas
Analytical Instrument-Making, which, by order of the
government, was destined to become in the future es-
sentially the only center in the USSR for the devel-
opment of domestic mass spectrometers, which were
in great demand by the science and industry of the
country.

ISOTOPE MASS SPECTROMETRY

The first stage of L.N. Gall's work — from the late
1950s to the early 1970s — was associated with the

creation of isotope mass spectrometers for the coun-
try's atomic industry. At the same time, the require-
ments for isotope mass spectrometers at that time,
which are still relevant today almost 70 years later [6],
were:

1. Resolution — approximately 800, but with high
requirements for the quality of mass spectrometric
peaks, flatness of their tops.

2. High and ultra-high accuracy of isotopic ratio
measurements.

3. High isotopic sensitivity, i.e. the ability to meas-
ure adjacent peaks with intensities differing by several
orders of magnitude.

4. High absolute sensitivity.

5. Sample in the form of a solution or gas mixture.

6. Maximum correspondence between the ion
composition and the sample composition: ionization
and analysis must occur with minimal discrimination
of ion components by mass.

7. Efficient passage of the ion beam through the
entire ion-optical system with the maximum possible
suppression of the contribution of scattered ions.

Special additional conditions are imposed on de-
vices for analyzing hydrogen-helium mixtures.

For isotope analysis, magnetic static mass analyz-
ers with single or double focusing, electron ionization
(for the gas phase), and surface thermal ionization or
with ionization in an inductively coupled plasma (for
the liquid phase) have traditionally been used and con-
tinue to be used [7].

Despite the fact that the theory of calculating such
mass analyzers already existed, the calculation me-
thods known at that time were limited to the analysis
of ion motion in the middle plane of the device based
on a simplified model for taking into account the in-
fluence of scattered edge fields of the physical ele-
ments of the ion-optical system (IOS), consisting in
replacing their real mechanical boundaries with the
so-called "effective boundaries" of the scattered field;
and neglecting the contribution of the trajectories of
ions moving outside the middle plane to the aberration
broadening of the ion beam focus in the region of its
record.

Lidiya Nikolaevna proposed several innovative so-
lutions that formed the basis for the development of
serial devices aimed at measuring the isotopic compo-
sition of elements in the gas and solid phases. The
isotope mass spectrometers MB2301 (1958) and later
MB2302 (1964), developed with her direct participa-
tion and aimed at analyzing the isotopic composition
of hydrogen-helium mixtures containing mass multip-
lets, performed outstanding results at that time. Thus,
already using the former of the above-mentioned de-
vices, it was possible to achieve a resolution of about
5000 (!) at 50% of the peak height with the possibility
of measurements in the mass range from 1 to
200 a.m.u. The device was developed for the Scientif-



ic Center of the Atomic Industry (later known as Ar-
zamas-16) and became the world's first magnetic
spectrometer with such a high resolution, achieved
through the use of a non-uniform magnetic field and
a successful design of the magnetic analyzer. The
mass spectrometer was awarded a gold medal at the
International Exhibition in Brussels. It was L.N. Gall,
a recent graduate of the Leningrad Polytechnic Insti-
tute, who proposed the original ion-optical system of
this device.

No less significant was the development of the
MU1306 isotope device for analyzing uranium in the
solid phase (1960) [8], developed on the basis of a
magnetic mass analyzer with round boundaries to
compensate for spherical aberration and obtain a con-
sistently high resolution of about 800 at a level of
10%. The design of a three-belt ion source with sur-
face thermal ionization, first proposed by L.N. Gall,
made it possible to obtain a record sensitivity for ura-
nium at that time — about 10> g; an ion counter with
an open-type electron multiplier was used. These suc-
cessful technical solutions were then repeated in nu-
merous subsequent developments and were included
in the isotope mass spectrometers produced by both
the Special Development Bureau for Analytical In-
strumentation of the USSR Academy of Sciences and
the Sumy plant (series M11201, SELMI, Ukraine) and
were also used by the English company VG in the
SECTOR mass spectrometer.

A significant work of the Special Development
Bureau for Analytical Instrumentation was the con-
struction of a unique multi-cascade mass spectrometer
MB3301 with triple focusing (in two directions and by
energy) for isotopic analysis of microimpurities in
microquantities of uranium and transuranic elements
(Fig. 1), completed in 1966 by order of the Institute of
Atomic Reactors.

Fig. 1. Ion-optical scheme of the MB3301 mass spec-
trometer.

1 — ion source, 2 — ion trajectories in the first arm of
the mass analyzer, 3 — dispersing magnet of the mass
analyzer, 4 — ion trajectories on the way to the inter-
mediate ion receiver, 5 — ion trajectories on the way
to the energy gap, 6 — energy gap, 7 — intermediate
receiver, 8 — electrostatic capacitor of the mass ana-
lyzer. 9 — resolving slit of the receiver, 10 — main
ion receiver

The device had a record absolute sensitivity of 10~

for uranium and a record isotopic sensitivity of
107" for adjacent masses in the uranium region (Fig. 2)
[9]. When creating the device, the inverted geometry
of the E-H ion-optical system was proposed and im-
plemented for the first time in the world, as well as
new ion sources and detection systems were applied.
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All these achievements of isotope instrumentation
were later applied in the mass spectrometers: MU
3304, MU 3305, MU 1320, MU 1340 and others,
widely known and used by many enterprises, insti-
tutes, and plants of the Ministry of Atomic Energy.

Fig. 2. Mass spectrum line shape for the MB3301
mass spectrometer

The ionizer of the mass spectrometer MB3301
(Fig. 3) of this source combined the principles of a
Knudsen chamber with a uniform extracting field in
its design, which made it possible to obtain an abso-
lute record for sensitivity, which has not been sur-
passed to this day: to confidently record a signal from
a sample containing only 10* uranium atoms (107" g)
[10]. It should be noted that at present the sequence of
H-E cascades is used in the most advanced mass
spectrometers designed for the analysis of elemental
and/or isotopic composition, in particular in MAT-95
mass spectrometers with a resolution of 30.000 and in
modern ELEMENT and NEPTUNE devices manufac-
tured by Thermo Scientific (USA—Germany).

Fig. 3. The design of a tubular ionizer for surface
thermal ionization (a) and the dependence of the tem-
perature distribution along the ionizer (0).

1 — tungsten heated element; 2 — molybdenum ca-
pillary for sample introduction; 3 — output current-
supplying electrode; 4, 5 — thermal screens; 6, 7 —
input molybdenum electrode.

Along the abscissa axis (6) — the length of the ioniz-
er in the direction from the output part

HIGH-RESOLUTION MASS SPECTROMETERS

In the 1960s, the petrochemical industry began to
develop rapidly, and there was a need to create me-
thods and mass spectrometric devices for determining
the chemical composition of both raw materials and
oil refining products. For many years, the petrochemi-
cal industry became a customer and the main consum-
er of high-resolution mass spectrometers; their devel-
opment is associated with the appearance of the first
I'’X-MC mass spectrometric complexes. This was the
time of the development of domestic static magnetic
mass spectrometry with double focusing, and
L.N. Gall took an active part in it both in improving
the theory of calculations and the development of de-
vices. An outstanding event of the 1970s was the crea-
tion of the commercial mass spectrometer MX1310,
which made it possible to achieve a resolution of over
100000 at a level of 5% peak intensity. This device



received a gold medal at the Industrial Exhibition in
Paris and turned out to be so successful that to this
day. Chemists still use individual copies in research
labs because of their sensitivity, dependability, and
range of applied techniques (Fig. 4). The figure shows
the mass spectrometer MX 1310, which is still in oper-
ation at the Institute of Physical and Organic Chemi-
stry in Kazan [11].

Fig. 4. External view of the MX1310 mass spectro-
meter, which is still in operation at the Institute of
Physical and Organic Chemistry in Kazan

The prism mass spectrometer, which made it poss-
ible to achieve a resolution of about 200000 [12]
(Fig. 5), was also outstanding in its parameters. This
device is still in use today in solving problems of
chemical kinetics, demonstrating ultra-high sensitivity
in the resolution range of 50 00070 000.

Fig. 5. Prism mass spectrometer.

a — ion-optical scheme, 6 — external appear-
ance.

U — ion source; /| — input diaphragm; I, 2,
3 — electrodes of the input transaxial lens; 4, 5,
6 — input part of the prism energy analyzer; i, j,
a — ion-optical angles of the prism energy ana-
lyzer; a, b — boundaries of the ion beam inside
the prism magnet; ¢ — boundary of magnetic
field homogeneity; p — radius of rotation of the
central trajectory of ions in the dispersing mag-
net;, M — prism dispersing magnet;
11— ion receiver

All these advances in static mass spectrometry
were associated both with the improvement of the ion-
optical theory of static mass analyzers and with the
technique first developed by L.N. Gall and based on
the application of the theory of ion beam transport,
which was successfully used in the development of
charged particle accelerators. L.N. Gall wrote in those
years: "... the parameters of mass analyzers based on
sector magnetic fields can be significantly improved
by 1) accurately accounting for the effects of fringe
fields; 2) studying image aberrations and developing
methods for their correction, including vertical aberra-
tions; 3) optimizing the analyzer parameters in order
to achieve the best ratio between mass separation and
focusing for each mass and ultimately to increase the
resolving power; 4) optimizing in order to achieve the
best ratio between resolving power and absolute sensi-
tivity." [13].

To solve the last of these problems, L.N. Gall was
the first to propose applying the concept of matching

the emittance of the ion beam formed by the ion
source with the acceptance of the mass analyzer based
on a matrix description of ion transport in the mass
analyzer simultaneously with the calculation of its
resolving power. It should be noted that this concept
was first applied in the theory of calculations of static
mass analyzers.

MASS SPECTROMETRY
FOR BIOTECHNOLOGY

One of the most global challenges that arose in
mass spectrometry in the 70-80s was caused by the
problems of analyzing the properties and structure of
non-volatile compounds, primarily of bioorganic ori-
gin. Until that time, the only methods for studying
such substances were optical spectroscopy, NMR and
liquid chromatography. For mass spectrometry, this
challenge was a signal for the need to develop me-
thods for ionizing biopolymers that would allow com-
bining such poorly compatible devices as a liquid
chromatograph and a mass spectrometer into a single
instrument complex, as well as for the need to create
new principles of mass spectrometric analysis for sub-
stances with large and very large masses. The initiator
of the idea of creating LC-MS was Viktor Lvovich
Talrose, winner of the Thomson Medal in 2002, who
in those years led the development of scientific in-
strumentation at the USSR Academy of Sciences.

L.N. Gall made a significant personal contribution
to the implementation of the idea of analyzing non-
volatile bio-organic compounds. Having joined the
search for a fundamental solution to the problem of
analyzing non-volatile compounds — it was already
being studied by mass spectrometrists all over the
world — a group of young enthusiasts, led by
L.N. Gall, in 1982 developed a method now known as
electrospray; at that time in Russia it was called
ERIAD — by the first letters of the Russian words
"Ekstrakziya Rastvorennych lonov pri Atmosfernom
Davlenii". And since that same 1982, at the Institute
of Analytical Instrumentation of the USSR Academy
of Sciences (now the Russian Academy of Sciences),
in L.N. Gall's laboratory, intensive experimental work
began to improve the new method and analyze non-
volatile compounds, both organic and inorganic.

The method was implemented on a static mass
spectrometer with double focusing. Already in 1983,
mass spectra containing multiply charged ions were
obtained for the first time, which had previously been
considered unreachable based on the then-existing
models of their appearance. Fig. 6 shows the ion-
optical scheme and appearance of the world's first
commercial mass spectrometer with electrospray ioni-
zation (ERIAD) MX3303 [14, 15].



Fig. 6. Ion-optical scheme (a) and external appearance
(6) of the world's first serial mass spectrometer with
electrospray ionization (ERIAD) MX3303

In 1983, using the ERIAD method, numerous mass
spectra of antibiotics, peptides, vitamins, and other
biologically active substances were obtained. In 1984,
under the supervision of L.N. Gall, the first LC-MS
complex was implemented, and extensive scientific
research began in the field of elements of gas-dynamic
mass spectrometry, allowing an increase in the sensi-
tivity of the method.

Today, the electrospray method (ERIAD) is used
all over the world: thousands of scientific groups work
using electrospray ionization to solve problems in
pharmacology, diagnostic and therapeutic medicine,
and the development of biotechnology; the largest
instrument-making companies produce universal or
specialized mass spectrometers equipped with this
ionization method.

PERESTROIKA YEARS
AND MASS SPECTROMETERS
OF THE MTH-350 SERIES.

The economic catastrophe in Russia in the second
half of the 80s led to the destruction of the high-tech
industry, in particular, the development of domestic
scientific instrumentation. The country practically
stopped producing domestic mass spectrometers and
actually closed all their developments, preferring to
import them under the slogan "we will buy every-
thing". The developments ceased to be financed, and
unique domestic specialists, finding themselves un-
claimed, dispersed around the world,

However, by the end of the 90s it became clear that
the country's atomic industry could not rely on im-
ported devices, at least in separation production, since
this threatened a complete loss of sovereignty. As
a result, on the initiative of L.N. Gall, a Program for
the Development and Replacement Production of
Specialized Mass Spectrometers was created, which
was supported by the government, appointing the in-
itiator as deputy chief designer for this Program.
L.N. Gall managed to obtain some financial support
for this program and attract young developers and the
remaining experienced specialists to this program,
with whose help it was possible to partially restore the
lost level of mass spectrometric developments. As
a result, the MTH-350 series of mass spectrometers
was developed and put into production, providing the
ability to monitor and control all technological stages
of obtaining and processing both uranium hexafluo-
ride and nuclear waste (Figs. 7-9). Three types of iso-
tope instruments of the MTU series were developed:

for controlling the sublimate production of uranium
hexafluoride for precision monitoring of the isotopic
ratios of gaseous UF6 in the process of isotope separa-
tion and for monitoring the composition of a solid
sample [16].

Fig. 7. Photo of the Mu-350I" mass spectrometer

Fig. 8. Photo of the Mu-350I'C mass spectrometer

Fig. 9. Photo of the Mu-350T mass spectrometer

RECENT YEARS:
ELEMENTARY AND ISOTOPIC ERIAD

Since the interface design allowed for the supply of
a high potential difference (up to 1000 V) between the
nozzle and the skimmer, the original ERIAD method,
developed by a group led by L.N. Gall, differed favor-
ably from the electrospray used overseas by offering
the additional possibility of targeted control of frag-
mentation of the formed ions. Using the example of
uranium salt (Fig. 10), the possibility of controlling
the fragmentation of ions due to the potential differ-
ence AU between the nozzle and the skimmer is
shown: in Fig. 10, a, — ions of aqueous salt clusters,
then, 0, — the region of existence of the molecular ion
of the salt, and Fig. 10, B, at AU = 600 V — only ions
of uranium and its oxides.

Fig. 10. Mass spectra of uranium salt at various AU.
a—115V,6—300V,8—450 V. The comGplex salt
UO,Cl,*3DMSO with a concentration of 10— M, wa-
ter—methanol 20 : 80 were used

This feature of ERIAD allows it to be used as
a method of elemental [17] and even isotopic analysis
[18]. This direction, proposed by L.N. Gall, began to
actively develop in the last decades of her life. Under
her leadership, the MI-20 LowMass mass spectrome-
ter was developed for isotopic analysis of lithium us-
ing the ERIAD method, which demonstrated the pos-
sibility of obtaining very high accuracy in measuring
isotopic ratios at a level of 0.03%. At the moment, the
DirectMass mass spectrometer, oriented towards
a wide range of elements from potassium to uranium,
is being prepared for testing. The use of the ERIAD
method, in comparison with traditional methods of
"inductively coupled plasma" and surface thermal io-
nization, allows for a sharp increase in the speed of



analysis and simplification of the design of the device
without loss of sensitivity and measurement accuracy.

CONCLUSION

L.N. Gall made a huge contribution to the devel-
opment of Russian mass spectrometry, published
more than 250 scientific articles, 6 scientific books,
and wrote a scientific and methodological manual for
students, postgraduates, and developers of static and
dynamic mass spectrometers. At the same time, with
her characteristic humor, she treated the fact that she
was not awarded state awards and was not elected to
the academy: "... I would not mind becoming an aca-
demician. But they do not take ...".

At the recommendation of mass spectrometry so-
cieties of a number of countries, including Russia and
the USA, "For her enormous contribution to world
mass spectrometry”", L.N. Gall was awarded the
Thomson Medal - the highest award in the field of
scientific instrumentation, which has the status of
a "small Nobel Prize" in this field, which is awarded
annually by the International Mass Spectrometry
Committee. This award fully reflected the internation-
al recognition by the mass spectrometry community of
L.N. Gall's significant contribution to mass spectro-
metry. The award ceremony, which took place in 2022
in Brazil, was the best and most valuable recognition
of L.N. Gall's achievements.



