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METOJ UJAEHTUO®OUKAIIMA PABOYEN 30HBbI CTABUJIBHOCTHU
MATHUTHOM CWJbl B MATHUTOMETPE KOHTPO.IS
BOCIHHPUMMYNBOCTHU YACTHUL

Jns obecriedeHust KOPPEKTHBIX YCIOBUN MPH KOHTPOJIE MAarHUTHOM BOCHPHUHUMYMBOCTH YAaCTHUI[ B MarHUTOMETpax
MOH/IEPOMOTOPHOTO W/MJIM MarHUTHO-PEOJIOTHYECKOr0 THIIOB OCOOCHHO Ba)XKHBIM SIBJISETCS dTan HACHTH(OUKAIMU
paboueil (MCIIOJHUTENBFHOMN) 30HBI ISl BHITIOJIHEHUSI TAKOTO KOHTPOJIS. B CBsI3M ¢ 3TUM NpeayiokeH HOBBIA METOX
10 MJCHTHU(UKAIMN STOM 30HBI, OTIMYUTENHEHONH 0COOCHHOCTHIO KOTOPOTO SIBJISIETCS NPUMEHEHHE (IJ1s1 IMarHOCTH-
KM TIOJIST MEX]y TONIOCHBIMH HaKOHEYHHKaMH) I1apooOpa3HOoro JaTdika-(peppo30Hia, BOCIPUHUMAIONIETO ACHCT-
BHE MarHUTHOM CHJIBI F TIPH YIAJICHUH X OT MEKIEHTPOBOTO PACCTOSHUS ITOJIFOCHBIX HAaKOHEYHHKOB B OIPE/IEIICH-
HOM (T10 JIMHUM AEHCTBUSI MarHUTHOW CHJIBI) HampasieHUH. [IpoBeaeHs! cepun 3KCIEpUMEHTOB C BapbUPOBAHHEM

IuaMeTpa d JaTduKa ¥ HaMarHHIUBaromie CHitbl /() MarHUTOMETpA.

Kniouesvie cnoéa: MarHUTOMETp JUIsl KOHTPOJISI MArHUTHOM BOCIIPHUMYHMBOCTH, METOI HCHTH(HKaIMK paboueit
30HBI, CTAOMIBHOCTH MAarHUTHOM CHIIBL, IIApOOOPa3HBIN TaTYNK-(HEepPO30H/

EDN: ZMRWTZ

BBEJIEHUE

Jiis pemreHust aKkTyanbHOW 3a/laud OIpPEeesICHUs
MarHUTHOW BOCIPUUMYHUBOCTH ) OOBEKTOB MAIlOTO
obbeMa (JacTWIl) KaK 3aJadyd TOHKOW ITHAarHOCTHKHU
HauboJjee MPUEMIIEMBIM TPUHATO CYUTATh MOHIEPO-
MOTOpPHBII MeToJl (AIbTepHATUBHOE Ha3BaHWE — Be-
cel ®apanes, Faraday balance) [1-6]. Takxke momy4a-
€T pa3BUTHE MarHUTHO-peoJioTHdeckuid meron [7, 8]
(YaCTHYHO OCHOBBIBAIOIIMIICA Ha TOHAECPOMOTOPHOM
npunuune). [Ipu sTom 06a 3T MeTona pe3yIbTaTHUB-
HO pealn30BaHbl B M3MEPHUTEIHHONH CHCTEME — Mar-
HUTOMETPE C HAMAarHWYMBAaCMBIMH IOJIOCHBIMU Ha-
KOHEYHUKaMU cheprudecKor (POPMBI.

B ocHoBe MeTOomMKM TOZOOHOrO poja 3KCIepu-
MEHTa II10 YCTAHOBIICHHIO 3HAYCHHs ) H3y4aeMoro
00BEKTa JISKUT BBIpAKEHUE IJISl MOHIEPOMOTOPHON
(MarHUTHOM) cUIBI [

F=p, y-V-HgradH,
WITH

F:;(-V~BgradB’

Hoy

BO3JICMCTBYIONIE HA O3TOT OOBEKT, pPa3MENICHHBII
MEXJly THOJIOCHBIMH HaKOHEUHUKaMu, Iae y u V —
€ro MarHuTHas BOCIIPUUMYHUBOCTh U 00beM, H u B —
HaNpsKEHHOCTh M HHAYKIHMS MarHUTHOTO IIOJIA,
HgradH, wnu BgradB, — MarHuTHBIH CUIIOBOH (hak-
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TOp, fto = 47 % 107" T'H/M — aBCOMOTHAS MarHUTHAS
MPOHUIIAEMOCTh BaKyyMa.

B 3T0if cBSI3U MOBBIIIEHHBIM UHTEPEC MPEICTABIIS-
eT dTal JUAarHOCTHKH TOJI MEXIy IMOJIOCHBIMH Ha-
KOHCUYHUKaMH — C 00s3aTeIbHON HACHTH(DHUKAITEH
CTpOTO oOmpeAeneHHoN paboueld (MCHOIHUTEIHHOMN)
30HBI MEXAY IOJIIOCHBIMH HAaKOHEYHUKAMHU IS BBI-
MOJTHEHWSI MCCIIEIOBaHMIA, 30HBI, KOTOpas JOJDKHA
XapaKTepH30BaTbCs  CPaBHHUTEIBHO  CTaOMIJIbHBIMH
(BmOMP yCTaHOBJIEHHOTO HAIIpaBIIEHUS) 3HAUYECHUSIMHU
MarHUTHOTO cuiioBoro ¢akrtopa HgradH, unu BgradB.
CrouT OTMETHTh, YTO [AHHBIA JTall JAUATHOCTHKHU
J0JITOe BpeMsl ocTaBasicsi 6e3 000CHOBaHHOW METOIH-
KU TI0 €ro BBITIOJIHEHUIO W TPeOOBall CYyIIECTBEHHON
mpopabotku. Takas cuTyanusi OOBICHSIIACH OTYACTH
CIIO)KHOCTBIO JIOCTH)KEHHSI YKa3aHHOW cTaOWIbHOU
HEOJTHOPOTHOCTH TIOJISL M TPOJIOIIKAFOIICHCS JTUCKYC-
CHEN 1o MOBOAY TOTO, Kakasi U3 MarHUTHBIX XapakTe-
PUCTHK TIONIA 3[eCh MpenmnouTutensHee — gradHd
(gradB) unu HgradH (BgradB) [6, 9-11].

Bnocnencreuu B padotax [12, 13] Obu1 npeiioxkeH
SKCIIEPUMEHTALHO-aHAIUTHIECKHIA METO]| TaKOH JIH-
arHOCTHUKH NPU MPUMEHEHHUH TOJIOCHBIX HaKOHEYHH-
KOB cepruyeckord (hopMbl. OH 3aKITFOYaETCs B IKCIIE-
PUMEHTAJIBHOM IOIIArOBOM OMNPEAEICHUY MarHUTHON
WHAYKOUW B (unm HanpsokeHHOCTH H) BIONB 3a7aH-
HOTO HaINpaBlIeHUS X MEXAy HAaKOHEYHHKAMH, T.€.
BJIOJIb JINHUM JEHUCTBHUS MAarHUTHOW CUJIBI F, a 3aTeM
B aHAJUTHUIECCKOW 00pabOTKE TOJNYYCHHON XapakTe-
PUCTHKH JJIs1 BBIYMCIICHHS TEKYIUX 3HAYEHUH Tpajlui-
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edra gradB W, Kak CJleICTBUE, MATHUTHOTO CHJIOBOTO
¢dakropa BgradB. llerecooOpa3HOCTh MPUMEHEHUS
MMEHHO Takod (hOpMBI HAKOHEYHHMKOB OOYCIIOBJICHA
OTCYTCTBHEM CJIOXKHOCTEH JAJIS BBITIOJIHEHHUS YCIOBUS
JMOCTHKEHHA CTaOWIBbHOW HEOAHOPOAHOCTH OIS
B ONpe/eNeHHON 30He (MMEHyeMoi paboueil, nucnos-
HUTENFHOW, AJIS BBHIMONHEHUS B HEHl HEOOXOIUMBIX
WCCIICJIOBAHU ).

[TOCTAHOBKA 3AJJAYN

XOTd OIMCAHHBIM BBIINIE I[OAXOJ JOCTAaTOYHO
000CHOBaH M MPOpabOTaH, OH BCE KE HE JIACT MPSMBIX
JIAaHHBIX 00 M3MEHEHWH MAarHUTHOW CHIIBI F, Xapakrte-
pe ee HU3MEHEHHs MU TEeM CaMbIM NpPSIMBIX YKa3zaHUU
Ha JUCJIOKAlUI0 UCIHOJIHUTEIbHOM 30HBI MEXKIY IO-
JIOCHBIMH HaKOHEYHHKAMH, OJHOBPEMEHHO oOmanas
3aHUKEHHOM ONEPATUBHOCTHIO WU IOBBILIEHHOW TPY-
JioeMkocThio. [loaToMy 11€/1bI0 JJAHHOTO HCCIeIoBa-
HUsl OBUTO OOHAPYKEHUE UCTIOIHHUTEIBHON 30HBI, TJIE
MAarHuTHasl CUjla OTHOCUTEJIBHO MOCTOSIHHA, TIOCPE-
CTBOM IPSIMBIX U3MEPEHUI 3TON CUIIBIL.

PE3VJIbTATBI UCCIIEAOBAHUMA U NX AHAJIN3

[IpoBomunack cepus SKCIEPUMEHTOB IO U3YUCHHUIO
W3MEHEHUS] MarHUTHOM CUJIbl F, co3gaBaeMoi B Mmar-
HUTOMETPE TOHJCPOMOTOPHOTO W/WJIA MarHUTHO-
PEOJIOTHYECKOTO THIIA, TIPH YIATEHUU OT MEKIEHTPO-
BOI'O PACCTOSIHUA TONIOCHBIX HAKOHEYHHKOB B Ha-
npaBieHuH X (puc. 1) MO JTUHUHM ACHCTBUS CHIIBI F.
[Ipr 5TOM OTIMYUTENHFHOW OCOOEHHOCTBHIO IAHHOTO
METO/a SIBIISICTCS MPUMEHEHHE BMECTO HU3MEPUTEIb-
HOTO CpPEJCTBA C JAaTYMKOM XoJjuia (ITO3BOJISIONIETO
y4ecTh W3MEHEHHE BeIMYUHBI WHAYKIHUA B) n3Mepu-
TEJIFHOTO CPEIACTBa C JATYUKOM-(Peppo3oHIoM [
B BUJE IlIapa, U3rOTOBIEHHOI'O, HAIIPUMEp, U3 CTalll
mapku [1IX15, B kauecTBe 00beKTa, HA KOTOPBIA BO3-
JIEHCTBYET IT0JIC MEXTY TOTIOCHBIMA HAKOHECYHHUKAMU
2 (muamerpoM D).

Kak u B cirydae ¢ mpuMeHEHHEM DKCIIEPUMEHTATh-
HO-aHAJUTUYECKOT0 METOJAa IUAarHOCTUKH, HUCCIEAO-
BaHHE IPOBOJMIOCH MpPU COOJIIOJCHUW CIICAYIOIINX
YCJIOBHIA:

— CTpOroe pacmojoXeHue aTduka-(eppo3oH/a
B IUIOCKOCTH CHMMETPHH  TIOJIOCOB-TIoNycdep
(prc. 1);

— TIepeMeIeHIe C OTPEIETICHHBIM METKUM IIaroM
(manpumep, 1 Mm);

— MPOBEICHNE U3MEPECHUN C YICTOM BapbUPOBAHUS
HaMarHW4MBaroImeHd cuibl /o yctaHoBku (I — cuna
TOKa B OOMOTKE C YHCIJIOM BUTKOB () M PacCTOSIHUS b
MEX]Ty TOIF0CaMU-TIONyChepamu.

Kontpons maruutHod cunsl F, aedcTByromiei
Ha JaT4uK-(peppo30H]I, MPOU3BOJWICS Ha TMPUMEPE
mrapos quamerpamu d =4, 5.16 u 6 MM c momaro-
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Puc. 1. Cxema mpoBeIeHHs OIBbITA MO HACHTH()UKAINU
paboueii 30HB (CTAOMIBPHOCTH MAarHUTHOW CHITBI) B Mar-
HUTOMETpE.

1 — nmat4uk-(heppOo30HA U3MEPHUTEINBHOTO CPENCTBA; 2 —
HaMarHUYMBaeMbIe TMOroca-noaychepsl auamerpoMm D
MpH UX B3aMMHOM YJalicHHMH Ha paccrosiHue b; 3 — cuc-
TeMa KOHTPOJISI MarHUTHON CUITbI F'

BBIM UX CMEILICHHEM MEXIYy ONI0CaMU-TIoTychepamMmu
nuamerpoM D = 184 mm.

[IpoBenens! ueTbIpe cepur 3KCIEPUMEHTOB IPHU
pasHOM PpAacCTOSIHMM b MeXZIy IMOJII0CaMU-TIONy-
cpepamu (cepuss 1 — b = 19.5 mm; cepust 2 —
b =21 mm; cepust 3 — b =24 mm; cepust 4 — b =28 Mm).
IIpy BBINOTHEHMH KaXAOH CEpUM SKCIEPHUMEHTOB
HaMarHWYHMBAIOUIYIO CUIYy /0 OOMOTKH yCTaHaBIIMBa-
mu (moouepenno): 6000, 9000, 12000, 15000 A. Ilo-
JMy4YeHHBIE pe3yNbTaThl 0TOOpaxeHsl B [IpuioxeHuu
Ha puc. [11-114 (mepememenue Qeppo3oHna ocyiie-
CTBJISUIOCH C IIAroM 1 Mm).

Kax moxka3siBaroT sxcrnepumentsl (puc. I11-T14,
BepxHHE Tpadukn), Mo Mepe yAaJeHUs X OaTyhKa-
(deppo3oHIa KaKaas M3 MOJyYaeMbIX 3aBHCUMOCTEH F
OT X CHayajia BO3pPacTaeT, a 3aTeM yObIBaeT, JEMOHCT-
pUpysS TEM CaMbIM 3KCTPEMAalIbHBIH XapakTep —
C KOOPIMHATON 3KCTpeMyMa (MaKCUMYMA) Xy, 30Ha
B OKPECTHOCTH 3KCTpeMyMa 3aBHCUMOCTHU F OT X, TJie
3Ha4eHHUA F MPaKTHYEeCKH MOCTOSHHBI, MPEICTaBIISIET
CcO0OH HCKOMYIO HCHOJHUTEIBHYIO 30HY MAarHuTO-
MeTpa — Ty 30HY, B KOTOpPOIl 11e1eco00pa3Ho MpoBO-
IUTh B JalbHEWIIEM HMCCIECIOBAaHUS MarHUTHOW BOC-
MPUUMYUBOCTH 0OBEKTOB MaJOro 00beMa.

C poctoM paccTosiHUSL b MEXIy MOJIIOCHBIMH Ha-
KOHEYHHKAaMH, T.€. MX B3aUMHOIO YAAJEHHUS JApYyT
OT JIpyra, KOOpDAHMHATA IKCTPEMYMA Xy, HECKOIBKO
cMeInaercsl BrnpaBo. Tak, €ciau IpU YCTaHOBIEHHOM
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paccrossHuE b = 19.5 MM 3KCTpeMyM MNPHXOUICS
Ha X = 18...19 MM, TO ipu b = 28 MM KoopJuHATA
MAaKCUMYMa COCTABIISIET YXKE X, = 23...24 mm. JlaH-
HBIH (DAKT 3aBUCUMOCTH X, OT b ObLT OTMEUYEH TaKKe
Y B paHee MPOBE/IEHHBIX HCcIeqoBaHmsx [14].

[IpoBeneHHbI aHaIM3 3aBUCUMOCTEH F OT X
(ITpunoxxenne, puc. [11-114) mo3Bomis BEISIBUTS e1ie of-
HO OUYEHb BAXXHOE, OTMeuaBIieecs paHee [12], o0cTos-
TEIBCTBO. Tak, MpU MPUMEHEHUH OJHOTO M TOTO K€
JaTauka-(eppo30HIa Ha ONpEAeNICHHOM PAaCCTOSTHUU
b Mexy nosocaMu-nonychepamu, HO ¢ U3MEHEHUEM
HaMarHU4MBamImed cuiel /o B 2.5 paza (¢ 6000
o 15000 A) 3HaueHue SKCTpeMyMa HEM3MEHHO. JTO
xoporo BunHO Ha puc. [11-114 (1a rpadukax F/F (X)),
I7Ie B KaueCTBE OPAMHATHI TEMEph BHICTYMAET Mapa-
METpP OTHOCHTETHLHOW MarHUTHOW CUIBI F/F\,y, TIOTY-
YaeMblid KaK OTHOIIECHUE TEKYIIEr0 3HAUCHUS CUJIbI F'
K €¢ MaKCUMallbHOUM BenuumHe [y, (B pamkax ompe-
JIEJICHHOIO0 YCTAaHOBJIEHHOTO B MarHMUTOMETPE 3Haue-
Hus [w). B Takux KOOpIMHATAX CTAHOBUTCS OYCBH]I-
HBIM IIOJTHOE COTJIACHE 3aBUCHUMOCTEH £ OT x BHE CBSI-
3M C HaMarHu4uBaromied cuinoi Il (eCTeCTBEHHO,
B paMKax (paKTHIECKU MCIIOIB3yEMOTO JUaMeTpa IatT-
YUKa pU KaXJA0W CEpUU OIBITOB IMPH TOM WIM UHOM
paccTosiHuu b).

3AKJIIOYEHUE

[IpoBeneHs! cepur 3KCIEPUMEHTOB 10 ANIPOOALUH
HOBOT'O METOJIa MISHTH(UKAIMKU paboyeit (MCIOHU-
TEJIBHON) 30HBI B MArHUTOMETPAX IOHAEPOMOTOPHOTO
W/WITA MarHUTHO-PEOJIOTHYECKOTO TUTIOB, B KOTOPOH
HEOOXOAMMO BBITIONHATH WCCIIEIOBAHUS IO KOHTPOJIIO
MarHUTHOW BOCHPUMMYHMBOCTH Y OOBEKTOB MaJbIX
pa3MepoB (B ToM umcie dacTwi). lIpenmymiecTBoM
JTAHHOTO METOJA SIBISIETCS BO3MOYKHOCTB IIPOBEACHUS
IPSIMBIX U3MEPEHUN MAarHUTHOW CHIIBL [, 110 OTHOCHU-
TEIBHOMY MOCTOSTHCTBY KOTOPOH B OKPECTHOCTH CBO-
€ero MakcuMyMma (Ha OIpEeAETeHHOM Yy4YacTKe —
10 MEpe YIAIECHHs X OT MEKLEHTPOBOI'O PACCTOSIHUS

MOJIFOCHBIX HAKOHEYHHKOB) MOXKHO CY/IMTh O HAJTUYUU
HCKOMOM UCIIOJIHUTEIBHOMN 30HBI.

ITo uTory npoBeeHHBIX YETHIPEX CEpU IKCIIEPH-
MEHTOB (TIpH Pa3IMIHOM paccTossauu b = 19.5-28 mm
MEXIY MOJIOCHBIMU HaKOHEYHUKAMU AuaMmeTpoMm D =
=184 MM), B KaXI0H U3 KOTOPBIX MPUMEHSIHCEH (ep-
po30oHIB Tpex muametpoB (d = 4, 5.16 u 6 Mm),
BOCIIPUHUMAIOIINE JAEHCTBUE MAarHUTHOM CHJIBI TpHU
YeThIpEX BEIWYMHAX HaMarHUYuBarome cuisl lo
obmoTkm marautomerpa (6000, 9000, 12000,
15000 A), mony4eHsl CleayIOUe pe3yabTaThl.

Bo-nepBrix, xapakTtep 3aBUCUMOCTEH MAarHUTHOU
cubl F' OT pacCTOSIHUSL X — BKCTPEMabHBIN, MO3BO-
JISIET cpasy 10 UTOTY MUArHOCTHKH, T.e. 0e3 JOTOTHH-
TEJBHOW aHAJMTUYEeCKOH 00pabOTKH 3aBUCHMOCTEH,
ONPEIENITh MAKCUMAIbHOE 3HAUEHUE UCKOMOU BeNu-
YUHBI U TEM CaMbIM 30HY €€ OTHOCHTEIbHO CTa0MIIb-
Horo 3HaueHus. [Ipu STOM TakoW BUJ MOITYYEHHBIX
rpa)KOB CBOMCTBEHEH I BCEX XapaKTEPUCTUK (48
B paMKax JaHHOTO MCCJICIOBAHMS).

Bo-BTOpBIX, OTMEUEHa 0COOEHHOCTD, XapaKTepHast
W s paHee anpoOMpPOBAaHHOTO METOZa-aHaJIora
M0 JAMAarHOCTUKe padoueii 30HbI, 2 UMEHHO HEKOTOPOE
HE3HAUUTEIBHOE CMEIICHUE KOOPAUHATHI SKCTPEMyMa
Xexrr © POCTOM PACCTOSIHHSI b MEXKITy TOJTFOCHBIMH Ha-
KOHEYHUKAMH, T.€. UX B3aUMHOIO YyHOAJCHUS JPYyT
OT Apyra.

B-1perpux, nokazaHo, 4yTo B ciydyae MO3ULIUOHU-
poBaHHA naTduKa-peppo30HAa ONPEIEeNIEHHOTO IHa-
MeTpa d TPU ONPEJCIICHHOM PAacCTOSIHUH b MEXIy
HaKOHCYHUKAMH KOOpJWHATa DKCTPEMyMa COXpaHs-
€TCd HEU3MEHHOW — HE3aBUCUMOW OT HaMarHu4u-
Baromeil cuibl /o OOMOTKA MarHuToOMeTpa. OTOT
(akT MMEeT MPAKTUYECKYI0 3HAYUMOCTH I HCCIIe-
J0BaTelsd, MO3BOJSAS YHPOCTUTH MPOLECC OINperele-
Husl pabouelt (MCIONHUTENbHOM) 30HBI, KOT/Ia JI0CTa-
TOYHO MOJYYUTh BCErO JUIIb OAHY XapaKTEPUCTUKY
pacmpenencHusi F' OT x MpU MPHEMIIEMOM 3HAUYCHUU
lw.

[MPUJIOKEHUE

HAVYYHOE ITPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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X.MM

10 20 30 X. MM

B

Puc. TI1. KoopauHaTHble 3aBHCHMOCTHM MAarHWTHOM cwibl F (BepxHHMe Tpadukm), NEHCTBYIOIEH Ha JaTYUKH-
(eppo30HABI Pa3NIUYHOTO aUaMeTpa d, 1 OTHOCHTENILHON MarHUTHOM cuibl F/F . (HWXHUE TpaduKH) IPH pa3indaHON

HaMarHUYMBaIoeh cuie /o.
X — Jo =6000 A; - — oo =9000A; 0 — Iow =12000 A; A — Io = 15000 A;

a—d=4wmM,0—d=5.16 MM, B— d = 6 MM; PacCTOSIHUE MEX/y MTOJFOCHBIMU HAaKOHEYHHKaMU-TI0JTychepamu

b=19.5 Mmm

Xy =19...20
F,MH \
ALAAD,
R
0
0 10 20 30 X. MM 0 10 20 30 X. MM
F
Fox
0.5
0

0 10 20 30 X. MM

Puc. 12. To xe, kak Ha puc. [11, Ho ipu b =21 Mm.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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F,MH
Xy =21..22
F,MH \ 10
oA RS a8a
5 o
Qﬁ%ﬁg;;;wxxxxxxxx s SNy
. 0
0 10 20 30 X. MM 0 10

10

5 80"
)
e

XX
0 *&

0 10

10

30 X. MM 10

Puc. 4. To xe, kak Ha puc. [11, HO ipu b = 28 MMm.

Hccneoosanue gvinonneno npu ouHancosol noooepoic-
xe Munobpuayku P® ¢ pamxax I'oczadanus 6 chepe nayxu
(npoexm FSFZ-2024-0005).
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METHOD FOR IDENTIFICATION OF WORKING ZONE
OF MAGNETIC FORCE STABILITY IN PARTICLE
SUSCEPTIBILITY CONTROL MAGNETOMETER

D. A. Sandulyak, A. S. Kharin, A. A. Sandulyak, M. N. Polismakova,
A. V. Sandulyak, D. A. Golovchenko, A. D. Kosenkov

MIREA — Russian technological university, Moscow. Russia

In order to ensure correct conditions when monitoring the magnetic susceptibility of particles in magnetome-
ters of ponderomotive and/or magnetic rheological types, the step of identification the working (executive) zone
for such monitoring is especially important. In this regard, a new method has been proposed for identifying this
zone, a distinctive feature of which is the use (for diagnosing the field between the pole pieces) of a spherical
ferrosonde sensor that perceives the effect of magnetic force F at a distance x from the center distance of the
pole pieces in a certain (along the line of action of magnetic force) direction. A series of experiments were car-
ried out with varying the diameter d of the sensor and the magnetizing force /w the magnetometer.

Keywords: magnetometers for control magnetic susceptibility, method of identification the working zone, stability
of magnetic force, spherical ferrosonde sensor
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INTRODUCTION

To solve the urgent problem of determining the
magnetic susceptibility y of small-volume objects
(particles) as a fine diagnostics problem, the ponde-
romotive method (alternative name — Faraday bal-
ance) is considered the most acceptable [1-6]. The
magnetorheological method [7, 8] (partially based on
the ponderomotive principle) is also being developed.
Both of these methods are effectively implemented in
a measuring system — a magnetometer with magne-
tizable spherical pole pieces.

The methodology of this type of experiment for
finding the value of y of the object under study is
based on the expression for the ponderomotive (mag-
netic) force F:

F=up,-x-V-H-gradH,
or
_x'V-B-gradB

acting on this object located between the pole pieces,
where y and V are its magnetic susceptibility and vo-
lume, H and B are the magnetic field strength and in-
duction, H-gradH, or B-gradB, is the magnetic force
factor, uo = 47-10"" H/m is the absolute magnetic per-
meability of vacuum.

In this regard, the stage of diagnostics of the field
between the pole pieces is of particular interest. The
diagnostics include the mandatory identification of a
strictly defined working (performing) zone between
the pole pieces for performing research, a zone that
should be characterized by relatively stable (along the
set direction) values of the magnetic force factor
H-gradH, or B-gradB. It is worth noting that this stage
of diagnostics for a long time remained without
a substantiated methodology for its implementation
and required significant study. This situation was part-
ly explained by the difficulty of achieving the speci-
fied stable field inhomogeneity and the ongoing dis-
cussion about which of the magnetic field characteris-
tics is preferable — gradHd (gradB) or H-gradH
(B-gradB) [6, 9-11].

Subsequently, in the works [12, 13], an experimen-
tal-analytical method of such diagnostics using spher-
ical pole pieces was proposed. It consists in the expe-
rimental step-by-step determination of the magnetic
induction B (or the strength H) along a given direction
X between the pieces, i.e., along the line of action of
the magnetic force F, and then in the analytical
processing of the obtained characteristic to calculate
the current values of the gradient gradB and, as a con-
sequence, the magnetic force factor B gradB. The ex-
pediency of using this particular form of tips is due to
the absence of difficulties in fulfilling the condition of

F

achieving stable heterogeneity of the field in a certain
zone (called working, executive, for performing the
necessary research in it).

PROBLEM STATEMENT

Although the approach described above is suffi-
ciently substantiated and developed, it still does not
provide direct data on the change in magnetic force F,
the nature of its change, and thus direct indications of
the location of the performing zone between the pole
pieces, but it has reduced efficiency and increased
labor intensity. Therefore, the purpose of this study
was to detect the performing zone, where the magnet-
ic force is relatively constant, by means of direct mea-
surements of this force.

RESULTS OF THE STUDY AND THEIR ANALYSIS

A series of experiments were conducted to study
the change in the magnetic force F' created in a ponde-
romotive and/or magnetorheological type magnetome-
ter as pole pieces are moved from the intercenter
distance in the direction X (Fig. 1) along the line of
action of the force F. A distinctive feature of this me-
thod is the use of a measuring device with a ferro-
probe sensor / instead of a measuring device with
a Hall sensor (which allows considering the change in
the magnitude of induction B). The sensor / has the
form of a ball made, for example, of grade IIIX15
steel, and is an object affected by the field between
the pole pieces 2 (diameter D).

Fig. 1. Scheme of the experiment on the identification
of the working zone (stability of magnetic force) in
the magnetometer.

1 — ferroprobe sensor of the measuring device; 2 —
magnetized poles-hemispheres with a diameter D at
their mutual removal at a distance b; 3 — system of
control of magnetic force F

As in the case of using the experimental-analytical
diagnostic method, the study was carried out under the
following conditions:

— placement of the ferroprobe sensor strictly in the
plane of symmetry of the poles-hemispheres (Fig. 1);

— movement with a certain small step (for example,
1 mm);

— measurements involving the variation of the
magnetizing force /w of the installation (/ is the cur-
rent strength in the winding with the number of turns
) and the distance b between the poles-hemispheres.

The control of the magnetic force F acting on the
ferroprobe sensor was carried out using the example
of balls with diameters d = 4 mm, d = 5.16 mm and



d = 6 mm with their step-by-step displacement be-
tween the poles-hemispheres with a diameter D =
= 184 mm.

Four series of experiments were carried out at dif-
ferent distances b between the poles-hemispheres (se-
ries 1 — b =19.5 mm; series 2 — b = 21 mm,; series 3
— b = 24 mm,; series 4 — b = 28 mm). During each
series of experiments, the magnetizing force /w of the
winding was set (in turn): 6000, 9000, 12000,
15000 A. The results obtained are shown in the Ap-
pendix in Figs. [11-I14 (the ferroprobe was moved in
1 mm increments).

As the experiments show (Figs. IT1-I14, upper
graphs), as the ferroprobe is moved from the sensor,
each of the obtained dependences of F on x first in-
creases and then decreases, thereby demonstrating an
extreme character with the coordinate of the extre-
mum (maximum) X, The zone in the vicinity of the
extremum of the dependence of F on x, where the val-
ues of F are practically constant, represents the de-
sired performing zone of the magnetometer — the
zone in which it is advisable to conduct further studies
of the magnetic susceptibility of small-volume ob-
jects.

With increasing distance b between the pole piec-
es, the coordinate of the extremum x,,, shifts slightly
to the right. Thus, if at a set distance b = 19.5 mm the
extremum falls on x., = 18...19 mm, then at b =
=28 mm the coordinate of the maximum is X, =
=23...24 mm. This fact of the dependence of x,,, on
b was also observed in earlier research [14].

The conducted analysis of the dependences of F on
x (Appendix, Figs. I11-114) made it possible to reveal
another very important circumstance, noted earlier
[12]. When using the same ferroprobe sensor at a cer-
tain distance b between the pole hemispheres but
changing the magnetizing force /o by 2.5 times (from
6000 A to 15000 A), the value of the extremum stays
unchanged. This is clearly seen in Figs. I11-I14 (on
the F/Fuax(x) graphs), where the relative magnetic
force parameter F/F,x now acts as the ordinate, ob-
tained as the ratio of the current value of the force F to
its maximum value Fy,., (Within a certain value /o set
in the magnetometer). In such coordinates, complete
agreement between the F' dependences on x becomes
obvious, regardless of the magnetizing force /w (natu-
rally, within the actually used sensor diameter in each
series of experiments at a given distance b).

CONCLUSION

A series of experiments were conducted to test a
new method for identifying the working (executive)
zone in ponderomotive and/or magnetorheological
magnetometers — zone, in which it is necessary to
carry out studies to control the magnetic susceptibility
x of small-sized objects (including particles). The ad-

vantage of this method is the possibility of direct mea-
surements of the magnetic force F, which relative
constancy in the vicinity of its maximum (in a certain
section - as x moves away from the center-to-center
distance of the pole pieces) determines the presence of
the desired performing zone.

The following results were obtained as a result of
four series of experiments (at various distances b =
=19.5...28 mm between pole pieces with a diameter
of D = 184 mm), each using the ferroprobes of three
diameters (d = 4 mm, d = 5.16 mm and d = 6 mm),
perceiving the effect of the magnetic force (at four
values of the magnetizing force /w of the magnetome-
ter winding: 6000 A, 9000 A, 12000 A, 15000 A).

Firstly, the nature of the dependences of the mag-
netic force F' on the distance x is extreme, which al-
lows one to determine the maximum value of the de-
sired quantity and, thus, the zone of its relatively sta-
ble value immediately after the diagnostics, i.e., with-
out additional analytical processing of the depen-
dences. Moreover, this type of graphs obtained is typ-
ical for all characteristics (48 within the framework of
this study).

Secondly, a feature is noted that is also characteris-
tic of the previously tested analog method for diagnos-
ing the working zone, namely, some insignificant shift
in the coordinate of the extremum x,, with an in-
crease in the distance b between the pole tips, i.e.,
their mutual distance from each other.

Thirdly, it is proven that in the case of positioning
the ferroprobe sensor of a certain diameter d at a cer-
tain distance b between the tips, the coordinate of the
extremum remains unchanged — independent of the
magnetizing force /w of the magnetometer winding.
This fact has practical significance for the researcher,
allowing one to simplify the process of determining
the working (executive) zone when it is sufficient to
obtain only one characteristic of the distribution F'
from x with an acceptable value of /w.

APPENDIX

Fig. II1. Coordinate dependences of the magnetic
force F (upper graphs) acting on the ferroprobe sen-
sors of various diameters d, and the relative magnetic
force F/F. (lower graphs) at different magnetizing
forces lw.

x — Iow = 6000 A; - — v = 9000 A; 0 — o =
=12000 A; A— Iw =15 000 A,
a—d=4mm,0—d=>5.16 mm, B— d =6 mm; the
distance between the pole pieces-hemispheres b =
=19.5 mm




Fig. I12. Same as in Fig. 2, but with » =21 mm

Fig. I13. Same as in Fig. 2, but with » =24 mm

Fig. I14. Same as in Fig. 2, but with » =28 mm




