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COBEPHIEHCTBOBAHHME METOJAUK SAMP
JJIA HOBBIIIEHUA TOYHOCTHU U3MEPEHNU
CAMO/N®PY3UU U IBUXKEHUA KUIKOCTHU

Omnucan crocod YMCHBUICHUA BJIUSAHUA HECUACHTUYHOCTU I'PAIUCHTHBIX MMITYJIbCOB Ha TOYHOCTb U3MCEPCHUA HI/I(I)—
(bYSI/IOHHBIX napamMmeTpoB 06pa3ua 1 CKOPOCTH IMOTOKaA (I)J'IIOI/IHa METOAOM SIMP Ipu UCHIOJB30BaHUN CECPUU U3 HE-
CKOJIBKHX I'paJUCHTHBIX UMITYJIbCOB NEPEA NECPBbIM PaJUOYaCTOTHBIM UMITYJILCOM, 3a CUCT YCTO B I/I3MepHTeHLHOﬁ
CUCTEMC YCTAaHABJIMBACTCA JUHAMUYCCKOC PABHOBCCUC U B PCIYyJILTATEC BO3HeﬁCTBHe TpaAUCHTHBIX UMITYJIbCOB BbI-
PaBHUBACTCA. 9710 MPUBOAUT K MOBBIMICHUIO TOYHOCTH U PACIIUPCHUIO AHUAlla3OHa 1/13MepeH1/1171.

K. cn.: IMP, uMITy TbCHBII TpaJHieHT MATHATHOTO TIOJISL, caMOAU(y3Hs, CKOPOCTh MOTOKA, TOMOTpadust

MarumTHO-pE30HaHCHAaA

BBEJAEHUE

MeToauku SJepHOr0 MarHUTHOTO pPE30HAaHca SB-
NAI0TCS  Hambonee WHGOPMATHUBHBIMH — CITOCOOAMU
WCCIIEJIOBAHUH CBONCTB W COCTOSHUN (PU3UIECKHUX
00beKkToB. s M3y4yeHHs] MOJIEKYJISAPHONH CTPYKTYpHI
UCIIOJIB3YIOTCS YCTAHOBKH BBICOKOI'O pa3pelIeHUs,
MO3BOJISIIONINE pa3inyaTh XapaKTePUCTHKH aTOMOB,
PaCIONOKEHHBIX B PAa3IWYHBIX MO3WILUAX, IO UX JIH-
HUSM CIIeKTpa. MaKpOCKONHYECKOe MPOCTPaHCTBEH-
HO€ paclpeeieHue CBOMCTB OOBEKTa HCCIETyeTcs
C IPUMEHEHHEM TEXHOJIOTUH MarHUTHO-PE30HAHCHON
tomorpaduu. Cpenu myOnukanuii — crnoco0 uccie-
noBaaus auddysuu ¢ momomipio MPT [1]. HuTe-
rpajbHblEe XapaKTePUCTUKH BeIIeCTB (B OCHOBHOM
JKUJIKOCTEH) M MX COCTOSHUSI MOTYT OIpPENeJIAThCS
¢ nomoiplo Hepoporux AMP-penakcomerpoB umu
CHENMATN3NPOBAHHBIX PHUOOPOB, HAIIPUMEP H3Mepe-
HUE CKOPOCTH MOTOKa [2], BpeMeHH pesakcauuu [3].

Uzmepenust napamerpoB camoauddysum pasmmy-
HBIX BELIECTB B CBOOOJAHOM COCTOSIHUM M BHYTPH Te-
TEPOTEHHBIX CTPYKTYpP MO3BOJISIOT MOIy4Yarbh HHMOp-
MallMIO KaK O CBOMCTBAxX BEIIECTBA, TAK M O MapaMeT-
pax crpykTypbl. Cpeau HeJaBHHMX NyOJIMKAMd —
WCCIIeZIOBaHMsI OorpaHuueHHoN camonnddysnm B 1O-
pHUCTBIX cpenax [4—6], pacTBopax M pacIulaBax MOJIH-
MepoB [7, 8], Onomorndeckux cucremax [9], ycoBep-
LICHCTBOBAaHUS METOIUK u3Mmepenui [10, 11].

Kax ormeuarnoce BbIllle, BO MHOTHX CIy4asx aJs
UCCIIEIOBAHUI WJIN TEXHOJOIMYECKHX HW3MEpeHHUH
UCHoJIb3YyrTCs Hepoporue SAMP-penakcoMerpsl, cre-
[IUAIM3UPOBAHHBIE U3MEPHUTENbHBIE MPUOOPHI, a Tak-
K€ MAarHUTHO-PE30HAHCHBIE TOMOTpadbl, KOTOpPHIE
MMO3BOJISIIOT TTONTyYaTh pellaKCallMOHHBIE M AuQhy3u-
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OHHBIC TIApaMETPhl UCCIEAYEMBIX 00Pa3IOB, a TAKKe
U3MEPSTh CKOPOCTh HAIPABJICHHOTO MOTOKA (Ironja.
Hna peanmzanuy QyHKIUE W3MEpEHHUs MapaMeTpoB
camou(Gy3ur U CKOPOCTH IOTOKA PEIaKCOMETPHI
W JpyTre TpHOOpPHI OCHAIIAIOTCS MOIYJIEM MMITYJIbC-
HOTO rpagueHTa MaruutHoro noist (MI'MIT).

B nmanHO# cTaTthe mpeanaraercsi croco® MOBBIIIE-
HUS TOYHOCTHU M PACIIUPEHUS HANa30Ha U3MEPEHUS
IUQQPY3MOHHBIX TTAPAMETPOB M CKOPOCTH JIBHIKCHHUSI
¢dnronna merogom SAIMP ¢ ucrionszoBanunem UI'MIL.

AIIITAPATYPA U OBPA3IIbI

W3mepeHusi TpOBOAMIINCE Ha pelnakcoMmerpe coO-
CTBEHHOTO M3TOTOBJICHHSI C IOCTOSIHHBIM MarHUTOM
M YacTOTOM pe3oHaHca MPOTOHOB okoio 19 Mt
(0.45 Tm). Penmakcomerp mMeeT B COCTaBe IPOrpaM-
MHUpPYEMBId OJIOK T'€HepaTopa IOCIeI0BaTeIbHOCTEMH,
MO3BOJISIIONINIA  pealn30BaTh MPAKTUYECKH OO0
UMIYJbCHYIO MpOrpaMMy B Ipejenax HMEIOLErocs
o0vema namatu (16 K) — uHTEpBaIOB C TOYHOCTHIO
ycraHoBku juuTenbHoctd 0.1 wxc. Ilepematuumk
ofOecnieunBaeT JUIMTEIBHOCTH 180-rpagycHOTO HM-
nynbca 16 mMxc. Perucrtpauus KBaJpaTypHBIX CHTHa-
JoB obecneuuBaercsi ¢ mepuogoM Touek oT 0.1
o 6553.6 Mkc, paspsmHocTs ALl — 12 6ur. Mo-
JyJIb UMIYJBCHOTO I'paJleHTa B JAHHOM HCCIE0Ba-
HUU 00ecTedrBall aMIUTUTY Iy TPaIHUEeHTHBIX FMITYJIb-
coB G o 94 I'c/cm. Jlnametp obpaszma no 5 mm. s
M3MEpPEHUH HCII0JIb30BAIMCh MOJENbHBIE BEIeCTBa:
pacTBOp CEpPHOKUCIION MeOu B BOJE C KOHLEHTpauuei
0.3% B kauecTBe 3TAJIOHHOTO 00paslia M BaKyyMHOE
Maclio B KadecTBe o0paslia C BBICOKOW BSI3KOCTHIO
Y HU3KUM K03 durmeHToM camoaudhy3um.
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METOJ UBMEPEHUSA ITAPAMETPOB
CAMOJUDODPY3UN

PaccmoTpuM Hambosee pacnpocTpaHEHHYIO METO-
MUKy ompeneneHus kodddurmenta camoauddysun
(KCH) ¢ UT'MII, B xotopoii usmepenne audp¢y3uoH-
HOTO 3aTyXaHWs MPOBOIUTCS C WCIIOIH30BAHUEM HM-
MyJbCHOM TmoOcheAoBaTeabHOCTH [12], BpemeHHAs
JuarpaMma IuKia KOTopoil moka3aHa Ha puc. 1.

B nmaHHOM MeTOnE MCHONB3YIOTCS JBa OJMHAKO-
BBIX I10 aMIUIUTYJE U JIUTENBHOCTH TI'PaJUeHTHBIX
UMITyJIbCa C MHBEPTHUPYIOMNM PaIHOYaCTOTHBIM HM-
NMyJbcoM Mex 1y HuMH. [lepBblil nummynbsc pacdasupy-
€T CIMHBI B 00pa3Iiie B 3aBUCUMOCTH OT X PacIojo-
JKEHHs BJIOJIb OCH TpajveHTa, a BTOPOM BO3BpallacT
uX K ucxomHoi ¢asze. [lepeMenieHne CIMHOB 3a CYET
camoan(dy3uu B HPOMEXKYTKE MEXKAY UMITYJIbCAMU
MPUBOAUT K TOMY, YTO YacTh CIIMHOB HE TOJHOCTHIO
BOCCTaHABJIMBAET CBOIO (pa3y MOCIE BTOPOTO MMITYJIb-
ca, 3a CUET Yero aMIUIMTyAa 3Xa yMeHbliaercsa. Pac-
YeT aMIUTHTYAbI 9Xa MMPOU3BOAUTCA 10 hopmyIie

_ 2,22 _tg
Alg)=AO)exp| 7G| 1, =% |D|. (1)

rae A(g) — aMmiMTyna 3Xa Ipu aMIUIMTYJE Tpagu-
eHra, papHoro G; A(0) — ero amImMTya Ipy HyJie-

BOM aMIUINTyZA€ IpajueHTa; ¥ — THUPOMAarHUTHOE

OTHOIICHHUE, tg — MUIMTCIBbHOCTb TPAUCHTHBIX HUM-

MyJbCOB; f, — UHTepBal BpeMeHH quddysun; D —
koadpdunmentT camoandy3un, KOTOpId U3MeEpIeTcs
B cucteme CH B emuHMIAX M>/C, €ro 3HaueHHE I
BOIBI MpH KOMHATHOH Temmeparype 2.5-107° m’/c
(2500 MrM?/c).

OTHOCUTENFHOE YMEHBIIEHHE aMIUIUTYABI 23Xa
B npucytctBun MI'MII nasbiBaercst nud¢y3MOHHBIM
3aryxanuem (/13), a 3aBUCUMOCTH jorapudma amIuIn-
TyIpl CUTHaJa 5Xa OT 3(QEeKTHBHOrO Mapamerpa
X = y/ztngz 1y —%g HazpiBaeTca UG y3MOHHBIM
cnagom (JIC). JIns pa3iauuHBIX 3a/1a4d, B 4aCTHOCTH
Npyd MCCIEOOBaHUM OrpaHHYEeHHON camonuddysuu,
B IWKJIIE TOCIEIOBATEIFHOCTH TaKXe€ MOXKET H3Me-
HATbCSL UHTEpBaNl AUPPy3UH ¢, U JUIUTEIBHOCTb I'pa-

JEHTHBIX UMITYJIbCOB #,. B ciyuae cBoGoanoi au-

¢dby3un omHOKOMITOHEHTHOTO BemecTBa Tpaduk JIC
nowkeH ObiTh nuHerHbIM, a KC]I ompenensiercss mo
HakJoHy rpaduka. Ha puc. 2 moxazan JIC mns tecto-
Boro pactBopa CuSOy B Boze.

t

2

Puc. 1. BpeMeHHAs muarpaMMa IMKIIA HMITYJIECHOM mociieaoBaTensHOCTH IMP s m3mepenus quddy3nonHoro

3aTyXaHHUsl.

UYepubiM 0003HaueHbl 90-rpanycHblit u 180-rpaayCcHbIi paJuoyacTOTHbIE HMITYJIBCHI, CEPBIM — IPaJUeHTHbIE.
Hcnonb3oBanbl 0003HAYEHHUS: 1y — BpeMs JUGPy3nH, t, — JIUTENBHOCTh IPAJUEHTHBIX UMITYIbCOB. AMIUIUTY 14

CHTHAJIa 9Xa yCpeIHseTCs 3a BpeMs W
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Puc. 2. luddysuonnsiii cnan s odpasna CuSO4 B Bose, M3MEPEHHBIH C MapaMeTpaMu HM-
MyJIbCHON MOCIEI0BATENBHOCTH: JNUTENBHOCTh TPAAUEHTHBIX UMITYJIbCOB £, = 1 Mc, BpeMs qud-

¢by3un t; 5 Mc (IUTpUXOBAs JIMHUS).

ITo BepTHKaIu OCh — aMIUTUTYAA 5Xa B OTHOCHUTEIBHBIX equHHUIAX (TorapudmMuyeckas IKaia);

tg

10 TOPU3OHTANH OCbh — mapametp X =y°1.G’ [zd —3) B eauHuLax (cM-c). CruiomHas JIuHusS —

pacuer. Tpennx noctpoer s Benmmunael  KCJ =

ITIOCTAHOBKA 3AJAYHN

HepnocrarkoMm MeTona sIBIsSIETCS €ro BBICOKAas 4yB-
CTBUTEJIIBHOCTh K HEUACHTHYHOCTH TI'PaJUEHTHBIX
HUMITYJIbCOB, KOTOpasi MPUBOJUT K HEMOJHOMY BOCCTa-
HOBJICHUIO (ha3bl CIIMHOB NPH JEHCTBUM BTOPOTO UM-
nynbca. M3mepenne [IC ManoBs3kux oOpas3noB (3Ha-
uenne KCJ[ > 1000 MKM?/c) 3aTpy/IHEHNIT HE BBI3BIBACT,
0CcOOEHHO NpU HE OYCHb KOPOTKHX BpPEMEHaxX pejak-
caruu T2 (6omee 10-20 mc). I'paduxu JIC momyda-
I0TCSl TUHEHHBIMU B IIUPOKOM JAMANa30HE aMIUIATY],
modToMy u3Mepenusie 3HadeHuss KCJl mocraTtouno
tounbl. [Ipm mampix 3HaueHusix KCJ| (menee He-
CKOJIBKMX COTEH MKM-/c) m3Meputh JIC 3HAUMTEIHHO
TpyZHee, OCOOCHHO TIpHW HAINYHNH KOPOTKOBpE-
MEHHBIX KOMIIOHEHT PEJIaKCAIlMOHHOTO CcIaga. JTo
CBSI3aHO C TEeM, YTO AJs MoydeHHus IudQy3nOHHOTO
crajga B JOCTaTOYHOM [HMara3oHe napamerpa TpeOy-
F0TCSl OOJBIINE AMIUTUTYIBl W JTUTEIFHOCTH Tpaan-
EHTHBIX MMITYJIbCOB MM OoNbIuuii nHTEpBas Auddy-
3Ud, BBIOOP KOTOPOTO, B CBOIO OYEpeAb, OTpaHHUYCH
BpPEMEHEM peJlakcaluy oOpasia U HEOAHOPOJHOCTHIO
ocHOBHOTO mojs. Ilpyu Mcmonb30BaHMM Takux mHapa-
METPOB HMMITYJbCHOW IOCIENOBATEILHOCTH IS 00-

2700 mxm*/c

pasua BakyymHoro macia ¢ Hm3kuMm KCJI momydwmmcs
nmuddy3uOHHBIH cnian ¢ ucKaxxeHneM (puc. 3, rpaduk
N=0).

Takue uckaXeHUs] MOTYT OBITh CBSI3aHbI C HEWJICH-
TUYHOCTBIO BO3/IEHCTBUS ABYX TPaAMEHTHBIX UMITYJIb-
COB, B pe3yJibTaTe Yero He MPOUCXOJIHUT IOJHOTO BOC-
cTaHoByieHHA (a3bl. [IpyurH HEMACHTUYHOCTH MOXKET
OBITh HECKOJIBKO:

1. Ilpu yBenuueHHH TNPOU3BEICHUS AMILTHTYIbI
rpajiieHTa Ha JUIMTEIBLHOCTD UMITYJIbCa YBEINYUBACT-
Csl HArpeB OMOPHOTO PE3UCTOpa B CXEME CTaOHIIM3a-
OUM TOKAa TPAAMEHTHOM KATyIIKH, YTO HPUBOJUT
K YBEIIMUCHUIO €0 CONPOTUBIICHHS, KOTOPOE TPOSBIIS-
€Tcsl B yMEHBIICHUH aMIUTUTYAbl BTOPOTO UMITYJIbCa.

2. Ilone rpagMeHTHBIX KaTYIIEK OKa3bIBAaeT BIIUS-
HHE Ha (DeppOMArHUTHBIC MOJIOCHBIE HAKOHEYHHUKU
MarHUTHOW CHUCTEMBI YCTaHOBKH, MapaMeTphl KOTO-
PBIX UMEIOT COOCTBEHHBIE PeJIaKCAIMOHHBIE CBOHCTBA
W THCTEPE3UC, YTO TaKKe MOXKET MPHUBOAUTH K He-
WJICHTHYHOCTH UMITYJILCOB.

3. llog peiicTBUEM TPaAMEHTHBIX HMITYJIECOB
B DJIEMEHTaX KOHCTPYKIIMH YCTAHOBKM BO3HHKAIOT
Tokn @DyKo, KOTOpbIE MOTYT HE JI0 KOHIA 3aTyXaTh
JI0 CIIE/IYIOIIETO UMITYJIbCA.

HAVYYHOE [NIPUBOPOCTPOEHME, 2023, Tom 33, Ne 3
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Puc. 3. luddy3uonnsie cnazpl At oOpasiia BAKyyMHOTO Macja, M3MEPEHHBIE C apaMeTpamMmu
HMITyIbCHON MOCIEI0BATENBHOCTH: £, = 4 MC, t; = 10 Mc 6e3 mpeBapUTENBHOTO TPaJHEHTHOTO
umnynbea (N = 0) u ¢ OTHUM TpeaBAPUTETHHBIM IPaJHEeHTHHIM HMITyITEcoM (N = 1).

o BepTHKaIM OCh — aMIUTUTY/a 3Xa B OTHOCUTENBHBIX eANHALAaX(JIorapu(pMUIecKas [IKaja);

10 FOPH30HTANM OCh — TapaMeTp X =y°12G’| ¢,

t
—-£ |, B eguHMIAX (CM"C).
3

CrutonrHas TuHUS — pacyeT. TpeHa pacCuuTaH Mo HaYaabHOMY y4acTKy aud(y3uoHHOrO crama

¢ N =1, cootBerctByer KCJI D = 23.5 Mxm*/c

[lombITKM yMEHBIIUTH BIWSHUE ATHX (HAaKTOPOB
MPeIIPUHUMAINCH B U300peTeHnu [13] u npuBoawiu
K YJIyYIIEHUIO PEe3yJbTaTOB U3MEPEHUM, HO IOJIHON
KOMIICHCAllUX HE AaBaJH.

AHanu3 MpUYUH HEAOCTATKOB TO3BOJISIET MPEAIIO-
KHUTPH perieHne MpoOIeMBI.

PEHIEHUE U PE3YJIBTAT

B nmanHo#i pabote mpejiaraercs Croco0 Mpeojo-
JIEHUS HEUJCHTUYHOCTH TPATUCHTHBIX HWMITYJIECOB
MIyTeM MHOTOKPAaTHOTO MOBTOPEHHSI UX TIOCJIEI0Ba-
TETHLHOCTH JI0 TT0auu Bo30yxkmaromero PU-ummmynbca
C TaKUM K€ MEPUOJOM U UHTEpBAAMU. DTU UMITYJIb-
Cbl HC MOTYT BBIBECTH W3 PABHOBECHUsS HEBO30YKJICH-
HYIO CIIMH-CHCTEMY, HO TIPH ATOM B cxeme (opmupo-
BaHusi UI'MII u octalibHBIX 3JIEMEHTaX YCTaHABIMBA-
eTCsl TMHAMHYECKOEe PaBHOBECHE, B PE3yJIbTaTe 4Yero
JIBa UMITYJIbCA B aKTUBHOW YAaCTH MOCIEI0BATEILHOCTH
CTaHOBATCS OJM3KAMU K WACHTHIHOCTH. Ha puc. 4 mo-

Ka3aHa BpEMEHHAs ArarpaMMa HMITyJIbCHOW IOCIe0-
BaTENBbHOCTH JUIs u3MepeHus /13 ¢ nByms mpenBapu-
TEJIbHBIMH I'PaIUEHTHBIMHI UMITYJIbCAMHU.

Ha puc. 3 rtaxke mokazaH IudQy3nOHHBIA cHaj
JUIL TOro e oOpaslia BaKyyMHOTO Macjia C OJHHM
npeaBapuTenbHBIM uMITysiscoM (N = 1), a Ha puc. 5 —
C KOJIMYECTBOM NPEABAPUTENBHBIX UMITYIbCOB 2 U 5.
Taxxe Ha puc. 5 U300paKkeH TPEHIT zm(;o(by:;HOHHoro
cnaga s Bennundael KC/ = 20.5MkM™/c, momydeH-
HBI METOJOM HAaMMEHBIIUX KBaJpaToOB MJs BCEro
cnaga N = 5, Toraa Kak Ha puc. 3 TpeH[ yJaeTcs pac-
CUMTATh TOJBKO JUIS HAYaIbHOTO yyacTka craga N =1,
MOTPELTHOCTh pacyeTa Ipu 3TOM pocThraer 15 %.

Takum oOpa3zoM, MpUMeEHEHHE MpenIaraeMon Mme-
TOJWKH TTO3BOJISIET CYIIECTBEHHO YIIy4IINTh TOYHOCTD
n3mepenns KCJ u uccnenosats nud¢y3noHHbIE Xa-
PaKTEepHUCTUKHU BEIIEeCTBA B 0oJiee MHUPOKOM AHana3o-
He mapamerpoB. Crnoco6® 3ammmien mnateHToM POd
[14].

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3
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Puc. 4. BpemeHHas quarpaMma IWKJIa MMITYJIbCHON ITOCIIEIOBATENIBHOCTH JUIsl M3MepeHUs TU(Qy3HOHHOTO 3aTyXaHUs
C IByMsI TIpEIBApUTEIbHBIMH I'PaIMCHTHBIMUA UMITYJIbCaMH.

UYepubiM 0003HaueHbl 90-rpagycHblii n 180-rpagycHbI pagio4acTOTHBIE UMITYJIBCHI, CEPBIM — IpaaneHTHbIe. Mcnoib3o-
BaHbI 0003HaueHUs: {4 — Bpems Auddy3un, f, — JTUTENEHOCTh IPaJUEHTHBIX HMITYILCOB
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Puc. 5. [luddysnonnsie ciagpl ans odpasia BaKyyMHOTO Macila, U3MEPEHHbBIE Ha UMITYJIbCHBIX
MOCJIEI0BATEILHOCTAX C PA3IMYHBIM KOJIMYECTBOM IPEIBAPUTEIBHBIX IPaANEHTHBIX UMITYJILCOB
N=2uN=5.

[To BepTHKanM och — aMIUIMTY/Ja 3Xa B OTHOCHTENBHBIX €AMHHUIAX (JIorapuMHUIecKas IIKaia),

t
M0 TOPU3OHTANIN OCh — MapaMeTp X = yzté(f (t y _i) B ¢IMHUIIAX (CM-C).
3

Crunomrnast muHus — pacyet. Tpena paccuurtad 1o Bcemy rpaguxky N = 5 u coorBerctByer KCJ|
D =20.5 Mxm’/c

METOJA UBMEPEHUS CKOPOCTHU IOTOKA PaccmoTpum, Kak BIMSET HA CUTHAJ 3Xa ABUKEHUE

MTOTOKA BJIOJIb HAIIPABJIEHUS UMITYJILCHOTO TPaJHeHTa.
Takoll e moaxoJ MOeT ObITh HIPUMEHEH U K cro-  [IpeamosaraeM, 4to CMEIIEHHE HCCISIyeMOoro oobe-
co0y M3MepEeHHs CKOPOCTH HANIPABJIEHHOIO JBMKEHUS  Ma BEIIECTBA 3a BPEMs M3MEPEHUst 2T MaJo 0 CpaB-
(ronza ¢ UCIOIb30BaHUEM TOM K€ MMITYJIbCHOH MO-  HeHuio ¢ camuM 00beMoM. CKOpPOCTh MOTOKA V, 3Ha-
ciepoBarenbHoctu [12, 15]. YeHUE MPOCKIMU TOCTOSIHHOTO TPaJINEHTa Ha HaIpaB-
JIEHHE TIOTOKA g, aMIUINTYJa UMITYJIECHOTO TPaareHTa

HAVYYHOE [NPUBOPOCTPOEHME, 2023, Tom 33, Ne 3
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B NEpBOM MOJOBHHE mocienoBarensHocTH G + AG,
BO BTOpoi — G. JIBMKEHHE BEIIECTBA IPUBOJIUT
K TOMY, 9TO (ha3a epeMECTHBIIUXCS CITMHOB BOCCTa-
HaBIIMBACTCS CO CMEIICHHUEM:

Ap=yv llj'tg(G+AG)tdt+j[gtdt+
4 0
+ H].Hg Gtdr + T gtdt|. 2)

T+

Brinmonaenue npeo6pa3OBaHm71 AacT pe3yJibTar:

2

Ap=yv| AG §+tltg+rtg -Grt,—gr* . (3)

Takum 00pa3oM, CKOPOCTh TMOTOKA MOMKET OBITH
BBIYHCIICHA N0 CMEIEHHIO (a3bl CHI'Hajla CIIMHOBOTO
sxa mpu aevicteur UTMII otHOCUTEnbHO (aszel mpu
BBIKJIFOUEHHOM I'paJUeHTE:

Ap-A
y= 0= "% . )

2
t
g
Y AG 5+t1tg+z-tg _Gftg

Hannune pasHULBl aMIUIUTYA ABYX I'PalUeHTHBIX
uMITynbcoB AG TIPUBOJMT K MOTPEIIHOCTH B BBIYHMC-
JICHWU CKOpocTH. lcrnonb3oBaHHWe BBINICONMUCAHHON
MOCIIE0OBATEILHOCTH HPEABAPUTENBHBIX TPagUCHT-
HBIX MMITYJIbCOB MOXKET YMEHbIUTh AG ¥ TOBBICHTH
TOYHOCTb OTIPENIEIIEHHUS CKOPOCTH.

Bo MHOrMX MeTOOMKax MOJyueHHs H300paKeHUi
B MarHUTHO-pe3oHaHCHON Tomorpadun (MPT) takxke
TpeOyeTcss TOYHOCTb M IOBTOPSEMOCTH aMILIUTY]]
TPaJIMEHTHBIX UMIYJIbCOB JUIsi 0OECTIeUeHHs KauecTBa
n3o0paxeHnil. B 3ToM ciydae Hy)XHO nepesa NepBbIM
palMoYacTOTHBIM HUMITYJIbCOM IOJIaTh HECKOJBKO
LUKJIOB TPaJUCHTHBIX MMITYJbCOB, MIOBTOPSIOLUINX HX
MOCIIeZIOBATEILHOCTD B aKTHBHOM UHTEpPBAJIE.

3AK/IIOYEHUE

[IpumeHeHne ONMUCAaHHONH METOAWKH IIO3BOJISIET
MOBBICUTh TOYHOCTH, PACHIUPHUTH JMAMMA30H U3MEpsie-
MbIX napameTrpoB metogoMm SMP ¢ ucnonb3oBaHuem
UI'MII u moBBICHTH KaueCTBO MOJIyYaeMBIX H300pa-
xerauit MPT Ge3 MHOTOBapWaHTHON KOPPEKITUH aM-
IUTUTYJ, TPAAUCHTHBIX HMIIYJIbCOB U MPUMEHEHUS
JIOPOTOCTOSIIIIMX KOMIIOHEHT M CJIOKHBIX CXeM B (hop-
MUpOBaTele TPAaJUCHTHBIX HMITYyJIbCOB. [lpu 3TOM
00BIYHO HE TpedyeTcsi Kakoi-mubo nopaboTKu arma-
paTHON 4YacTH MpUOOPOB, a TOJIBKO YCOBEPIICHCTBO-
BaHUE MPOTPAMMHOT0 00ECIICUCHUSI.

Paboma evinoinena 6 pamkax memvl 20Cy0apCmeenHo-
20 3a0anus "Pazsumue (husuueckux npuHyuno8 K6anmoewix
ONMUYECKUX U CAUHOBbIX MEXHOIO2UU, CRUHMPOHUKU
CBEPXNPOBOOSIUYUX U  MASHUMHBIX  ONOLO2ULECKUX CUC-
mem", nomep pecucmpayuu ¢ ETUCY 122011800133-2.
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IMPROVEMENT OF NMR TECHNIQUES TO INCREASE
ACCURACY OF THE MEASUREMENTS
OF SELF-DIFFUSION AND FLUID MOTION

V. L. Odivanov, Ya. V. Fattakhov

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

A method is described for reducing the effect of non-identical gradient pulses on the accuracy of NMR mea-
suring the diffusion parameters of a sample and fluid flow rate using a series of several gradient pulses before
the first radio frequency pulse, due to which a dynamic equilibrium is established in the measuring system, as
a result of which the impact of gradient impulses levels out. This leads to increased accuracy and extended mea-

surement range.

Keywords: NMR, magnetic field pulse gradient, self-diffusion, flow speed, magnetic-resonance imaging

INTRODUCTION

Nuclear magnetic resonance techniques are the
most informative ways to study the properties and
states of physical objects. To study the molecular
structure, high-resolution installations are used to dis-
tinguish the characteristics of atoms located in differ-
ent positions by their spectral lines. The macroscopic
spatial distribution of object properties is investigated
using magnetic resonance imaging technologies.
Among the publications, one can note a method for
studying diffusion using MRI [1]. The integral charac-
teristics of substances (mainly liquids) and their states,
for example, the flow rate [2], relaxation time [3], can
be determined using inexpensive NMR relaxometers
or specialized instruments.

55

Measurements of the self-diffusion parameters of
various substances in their free state and inside hete-
rogeneous structures make it possible to obtain infor-
mation about both the properties of the substance and
the parameters of the structure. Recent publications
include studies of limited self-diffusion in porous me-
dia [4-6], solutions and melts of polymers [7, 8], bio-
logical systems [9], and improvements in measure-
ment methods [10, 11].

As noted above, in many cases, for research or
technological measurements, inexpensive NMR re-
laxometers, specialized measuring instruments, and
magnetic resonance tomographs are used, which make
it possible to obtain relaxation and diffusion parame-
ters of the samples under study, as well as to measure
the directed fluid flow rate. To implement the func-
tions of measuring self-diffusion parameters and flow
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rate, relaxometers and other devices are equipped with
a pulsed field gradient (PFG) module.

This article proposes a method for improving the
accuracy and extending the range of NMR measure-
ments of diffusion parameters and the fluid rate using
PFG.

INSTRUMENTATION AND SAMPLES

The measurements were carried out on a relaxome-
ter of our own manufacture with a permanent magnet
and a proton resonance frequency of about 19 MHz
(0.45 T). The relaxometer includes a programmable
sequence generator unit that allows you to implement
almost any pulse program — intervals with a duration
setting accuracy of 0.1 us — within the available
memory volume (16 K). The transmitter provides
a 180° pulse duration of 16 ps. A record of quadra-
ture signals is provided with a period of points from
0.1 up to 6553.6 us, ADC bit depth is 12 bits. The
impulse gradient module in this study provided the
gradient impulse amplitude G up to 94 Gs/cm. The
sample diameter is up to 5 mm. Model substances
were used for measurements: a solution of copper sul-
fate in water with a concentration of 0.3% as a refer-
ence sample and vacuum oil as a sample with a high
viscosity and a low self-diffusion coefficient.

METHOD FOR MEASURING
SELF-DIFFUSIONS PARAMETERS

Let's consider the most common method for de-
termining the self-diffusion coefficient (SDC) with
PFG. The diffusion decay measurement is carried out
using the pulse sequence [12], the cycle time diagram
of which is shown in Fig. 1

Fig. 1. Timing diagram of the NMR pulse sequence
cycle for measuring diffusion decay.

Black colour indicates 90° and 180° radio frequency
pulses, gray colour — gradient ones. Symbols used:
tq — diffusion time, #, — duration of gradient pulses.
The amplitude of the echo signal is averaged over
time w

This method uses two gradient pulses of the same
amplitude and duration with an inverting RF pulse
between them. The first pulse dephases the spins in
the sample depending on their location along the gra-
dient axis, while the second pulse returns them to their
original phase. The movement of spins due to self-
diffusion in the interval between pulses leads to the
fact that some of the spins do not completely restore
their phase after the second pulse, due to which the
echo amplitude decreases. The echo amplitude is cal-

culated using the formula
2,22 tg
A(g) = A(0)exp| —y°1,G a=5 1P| (1

where A(g) is the echo amplitude at gradient ampli-
tude equal to G; A(0) is its amplitude at zero gradient
amplitude; y is the gyromagnetic ratio; ¢, is the dura-

tion of gradient pulses; ¢, is the diffusion time inter-
val; D is the self-diffusion coefficient, which is meas-
ured in the SI system in units of m /s its Value for
water at room temperature is 107 m?s
(2500 pm?/s).

The relative decrease in echo amplitude in the
presence of PFG is called diffusion decay (DD), and
the dependence of the logarithm of the echo signal
amplitude on the effective parameter

4
X :yztéGz(td—gg] is called diffusion attenuation

(DA). For various tasks, in particular in the study of
limited self-diffusion, in a sequence cycle, the diffu-
sion interval and the duration of the gradient pulses
can also change. In the case of free diffusion of a sin-
gle-component substance, the DA graph should be
linear, and the SDC is determined from the slope of
the graph. Fig. 2 shows the DA for the CuSO, in the
water test solution.

Fig. 2. Diffusion attenuation for a CuSO, sample in
water, measured with pulse sequence parameters: dura-
tion of gradient pulses 7, = 1 ms, diffusion time #4 =
=5 ms (dashed line).

The vertical axis is the echo amplitude in relative units
(logarithmic scale); horizontal axis — parameter in
units (cm s). The solid line is the calculation. The
trend is plotted for SDC = 2700 pm?/s

PROBLEM STATEMENT

The disadvantage of the method is its high sensitiv-
ity to the non-identity of gradient pulses, which leads
to incomplete restoration of the spin phase under the
action of the second pulse. Measurement of DA of
low-viscosity samples (SDC value > 1000 pm /s) is
not a problem, especially if relaxation time T2 is not
very short (more than 10-20 ms). DA graphs are li-
near over a wide range of amplitudes, so the measured
SDC values are quite accurate At low SDC values
(less than a few hundred pm?/s), it is much more diffi-
cult to measure DA, especially in the presence of
short-time components of relaxation decline. This is
due to the fact that large amplitudes and durations of
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gradient pulses or a larger diffusion interval, the
choice of which, in turn, is limited by the relaxation
time of the sample and the heterogeneity of the main
field, are required to obtain diffusion attenuation in
a sufficient parameter range. When using such para-
meters of the pulse sequence for a sample of vacuum
oil with low SDC, a diffusion attenuation with distor-
tion was obtained (Fig. 3, graph N = 0).

Fig. 3. Diffusion attenuations for the vacuum oil sam-
ple measured with pulse sequence parameters: 7, =
=4 ms, t4 = 10 ms without a preliminary gradient
pulse (N = 0) and with one preliminary gradient pulse
N=1).

Vertically, the axis is the echo amplitude in relative
units (logarithmic scale); the horizontal axis — para-

t . .
meter X = 7/2;;(;2 (Zd _ij , in units (cm - s).
3
The solid line is the calculation. The trend is calcu-

lated from the initial section of diffusion decline with
N = 1 and corresponds to the SDC D = 23.5 ym?/s

Such distortions can be associated with the non-
identity of the action of two gradient pulses, as
a result of which there is no complete restoration of
the phase. There may be several reasons for non-
identity:

1. With an increase in the product of the gradient
amplitude and the pulse duration, the heating of the
reference resistor in the gradient coil current stabiliza-
tion circuit increases, which leads to an increase in its
resistance, which manifests itself in a decrease in the
amplitude of the second pulse.

2. The field of gradient coils affects the ferromag-
netic pole pieces of the magnetic system of the instal-
lation, the parameters of which have their own relaxa-
tion properties and hysteresis, which can also lead to
non-identical pulses.

3. Under the action of gradient pulses in the struc-
tural elements of the installation, Foucault currents
arise, which may not completely fade until the next
impulse.

Attempts to reduce the influence of these factors
were made in the invention [13] and led to an im-
provement in the measurement results, but full com-
pensation was not given.

An analysis of the causes of shortcomings makes it
possible to offer a solution to the problem.

DECISION AND RESULT

In this paper, a method is proposed to overcome
the non-identity of gradient pulses by repeating their
sequence until the excitation RF pulse is applied with
the same period and intervals. These pulses cannot
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unbalance the unexcited spin system, but at the same
time, dynamic equilibrium is established in the PFG
formation scheme and other elements, as a result of
which two pulses in the active part of the sequence
become close to identity. Fig. 4 shows the timing dia-
gram of the pulse sequence for measuring the DD
with two preliminary gradient pulses.

Fig. 4. Timing diagram of the pulse sequence cycle
for diffusion decay measurement with two prelimi-
nary gradient pulses.

Black colour indicates 90° and 180° radio-frequency
pulses, gray colour — gradient ones. Symbols used:
tq — diffusion time, ¢, — duration of gradient pulses

Fig. 3 also shows the diffusion attenuation for the
same sample of vacuum oil with one preliminary
pulse (N = 1), and in Fig. 5 — with the number of pre-
liminary pulses 2 and 5. Furthermore, Fig. 5 shows the
diffusion attenuation trend for the SDC value of
20.5 um*/s, obtained by the least squares method for
the entire attenuation N = 5, while in Fig. 3 the trend
can be calculated only for the initial attenuation region
N = 1, the calculation error reaches 15%.

Fig. 5. Diffusion attenuations for vacuum oil sample
measured on pulse sequences with varius numbers of
preliminary gradient pulses N =2 and N = 5.

Vertically, the axis is the echo amplitude in relative
units (logarithmic scale), horizontally, the axis is the

parameter X:yztz(;z [; _t_gj in units (cm - s).
8 d 3
The solid line is the calculation. The trend is calcu-

lated according to the entire graph N = 5 and corres-
ponds to the SDC D =20.5 um?/s

Thus, the application of the proposed method al-
lows one to significantly improve the accuracy of
measuring the SDC and examine the diffusion charac-
teristics of the substance over a wider range of para-
meters. The method is protected by a patent from the
Russian Federation [14].

FLOW RATE MEASUREMENT METHOD

This approach can be applied to a method of mea-
suring the directed fluid motion rate using the same
pulse sequence [12, 15].

Consider how the flow motion along the direction
of the impulse gradient affects the echo signal. We
assume that the displacement of the studied volume of
the substance during measurement time 2t is small
compared to the volume itself. Flow rate v, value of
constant gradient projection on flow direction is g,
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amplitude of pulse gradient in the first half of the se-
quence is G + AG, in the second — G. The movement
of the substance leads to the fact that the phase of the
moved spins is restored with displacement:

[1+lg T
Ap=yv| [ (G+AG)tdt+[grde+
4 0
T+4 +tg 27
+ [ Grde+[grde|. )
T+ T
Performing transformations gives the result:
t2
Ap=yv AG£§+tltg+‘L’tg}—GTl‘g—gTZ . 3)

Thus, the flow rate can be calculated by shifting
the phase of the spin echo signal under the action of
the PFG relative to the phase with the gradient turned

off:
]— Grtg

The presence of a difference in the amplitudes of
the two gradient pulses AG leads to an error in the
speed calculation. The use of the above-described se-
quence of priming gradient pulses can reduce AG and
improve rate detection accuracy.

Many magnetic resonance imaging (MRI) tech-
niques also require the accuracy and repeatability of
gradient pulse amplitudes to ensure image quality. In
this case, before the first RF pulse, several cycles of
gradient pulses must be applied, repeating their se-
quence in the active interval.

Ap—Ag,

v =

> )
4 AG{;’ +H4t, +1t,

CONCLUSION

The application of the described method allows to
increase accuracy, expand the range of parameters
measured with NMR using PFG, and improve the
quality of obtained MRI images without multivariate
correction of the amplitude of gradient pulse ampli-
tudes or the use of expensive components and com-
plex circuits in the gradient pulse generator. No mod-
ification of the hardware of the devices is required,
but only the improvement of the software.
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