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YTBepkaeHO yueOHO-METOINIECKOW KOMUCCHEH XHMHYECKOTO
¢dakynsrera 4. 09.2000 roga, mpotokon Ne 15.

CaoiicTBa pazHOOOpPa3HBIX (prU3NYECKUX, PUIUKO-XUMHUECKHX,
ANIEKTPOXUMHUYECKUX M MHOTHX JPYTUX CHCTEM YAOOHO H3y4aTh
MyTeM HaOMIoNeHusT 3a WX OTKIMKOM Ha cjaboe BHeEIIHee
Bo3zaelcTBHE. lIMIenaHCHBIA METON MO3BOJIAET 3TO clenaTh ¢
BBICOKOW 3(dekTuBHOCTRIO. B  mocnegnue jgecsiTUieTHss OH
YTBEPAWICA B KQUECTBE OJHOTO U3 OCHOBHBIX METOJIOB HUCCIICIOBAHNUS
IEKTPOXUMHUECKUX 00BeKTOB. B  cpaBHeHMM ¢  Apyrumu
JNIEKTPOXUMHUYECKUMH  METOAaMH, J3TOT MeToa olecrmedynBaeT
HAMBBICIIYIO TOYHOCTD JJIS1 ICKIIOUUTENHHO IUPOKOTO IHara3oHa ya-
CTOT BO3JEMCTBYIOIIETO CHTHAJIA W JaeT OOIMHWPHYI WH(OPMAIIHIO,
KaK 0 KHHETHUKE 3JIEKTPOXMMHUYECKUX IPOLECCOB, TaK U O CBOHCTBAX
MOBEPXHOCTH U 00beMa HCCIEYyEMOTr0 O0bEKTa.

Bo3HNKHOBEHNE 3JIEKTPOXUMHUUYECKOT0 HMMIIEJAHCHOTO METOAA
CJIelyeT OTHECTH K KOHILy IPOLUIOro Beka, korza BapOyprom Obiiu
BBITIOJIHEHBI MCCIE0BAaHUS JU(PPY3MOHHOTO UMIIEAAHCa, CBI3aHHOTO
C BO3HMKHOBCHHMEM HecTaloHapHOH Auddy3un npu HaJOXKEHUU Ha
JIEKTPOJ NEPEMEHHON PAa3HOCTH IOTEHINAJIOB.

TeopeTnueckoe pa3BUTHE HWMIIENAHCHOTO METOMAA, MPEXKAe
BCcero, OBUIO CBf3aHO C OMNpElNelIeHUEM EMKOCTH JABOHHOTO
JNEKTPUYECKOTO  CIO0A H  OOECIIedeHO  HAyYHOW  IIKOJIOW,
Bo3rjampisieMol  akagemukom A.H.  @®pymkuHbeiM.  [[BoiiHOM
AIIEKTPUYECKUI CIIOH B MEPBOM MPHOJIMKEHUHN pacCMaTpUBAIIN B BHIIE
KOHJIEHCATOpa C ONpEeAETCHHBIM 3HAaueHHeM eMKocTH. OCHOBHOE
OTJIMYME 3JIEKTPOXMMUYECKOH CHCTEMbI OT OOBIYHOTO KOHIEHCATOpa
COCTOMT B TOM, YTO Ha TPaHHUIEC MEXIY 3JEKTPOJOM U PacTBOPOM
MOMUMO TIpoliecca 3apsHKCHUSI JBOMHOTO €O MOXKET MNpPOTEKaTh
aNeKTpoxumMudeckas peakuus. [lostomy B oOmem cimydae TOK /,
MPOTEKAIOIINIA Yepe3 TPaHHIly dJIEKTPOJ — PacTBOP, CKIIAAbIBAETCS
U3 JBYX COCTaBJISIOIIMX: TOKa 3apshKEHUs] ABOMHOrO cios [, M Tak
Ha3bIBaeMOro (apageeBcKoro Toka [y, CBA3aHHOIO C NPOTEKaHHEM
IEKTPOXUMHUUECKON PEaKIIH:
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I=1+1y. (D

COOTBETCTBEHHO, KOJUYECTBO AJICKTPUYCCTBA ¢, TOIABEACHHOE
K TPaHMIIE pa3zesia MEeXIy dJIEKTPOJOM M PACTBOPOM, TaKkKe MOKHO
pa3menuTs Ha 3aTpadeHHOe Ha 3apsHKeHHE JBOMHOTO CIIoS U
M3PACcXO0I0BAaHHOE Ha ICKTPOXUMUYCCKYIO PEAKIUIO:

q9=4; * 44 ()

[IpoTekanue  INEKTPUYECKOTO TOKAa  BCETAAa  BBI3BIBAET
W3MEHCHUE TallbBaHU-TIOTCHIUANA p-p@an-0, KOTOPOE MOIYUUIIO
Ha3BaHUE noaapuzayuy 3nekmpooda. Ilpennonoxum, 4to TOKYy [
COOTBETCTBYET moisipu3anus AE. Pa3nenus JeByl0 u MpaBylO YacTH
cootHomeHus (2) Ha AE w BBemsa obosHauenus: C,,, = ¢/ AE:
Coc. =q/4E mn C,. =qy/ AE, MOy YUM:

Cnm, = C().c, + Cn.e, 5 (3)
rae C,,, — 00Imas MoJIIpU3alHOHHAs eMKOCTh djekTpona; Cy. —
eMKOCTh JBOMHOTO cnosi, C,. — TICEBIOEMKOCTb, CBSI3aHHAs C
MPOTEKAHUEM JICKTPOXUMHUYECKON PEAKITUH.

B 1940—1947 rr. IL.U. JommaeM, b.B. DOprutepom u A.H.
®pymkuneiM B CoBerckom Coroze u HesaBucumo J[x. Pangicom B
Anrmuu ObuT paszpaboran meron pazaencuus C,,, Ha C,. u Ha C,
MeTo OCHOBBIBAJICS HAa MPEAINOIOKEHHH, YTO €MKOCTh JIBOIHOTO
CIIOSl W TICEBJOEMKOCTh PEaKIMH HEe3aBUCHMBI, T.e. (apazeeBCKuil
MPOIIECC HE M3MEHSIET eMKOCTH JIBOMHOTO cios. B Teuenue 20 net 3ra
TOYKa 3peHUs ObLIa OOIenpu3HaHHOW, W aumb B 1966—1967 rr. II.
Jemaxeil mokaszal, 9TO Takoe MPEANOJOKEHHEe B 0OIeM ciydae
HEIPABIILHO.

Uto0b! MpOWILTIOCTPUPOBATh uicto [enaxes, 0003HauuM uepe3
A; TOBEpXHOCTHYIO KOHIIEHTPAIIHIO I-T0 KOMIIOHEHTA, Y4aCTBYIOIIETO
B AJIEKTPOXUMUYECKON peakuuu. ITporekaroniuii yepe3 cucTeMmy TOK
1, sBIsieTCsl HEKOTOpOH (yHKIMEH MOBEPXHOCTHOM KOHIIEHTPAaLUH
Pa3psHKAIOIIETOCs BELECTBA U MOTEHIMana, T.¢. Iy = f (4, AE).

DTO COOTHOIICHHE MOXHO mepemnucars B Buge A; = f; (I, AE).
[ToaTroMy eciau €MKOCTh JIBOMHOTO CJOsl sIBIseTCS (YHKIHMEH He
TOJIBKO MOTCHIIMANa, HO ¥ KOHIICHTPAIMA KOMIIOHEHTA i, YTO MOXKET
OBITh, HampuUMep, TMPH €ro CcHermupuIecKoil amcopOIMu  Ha
MTOBEPXHOCTH JJICKTPO/IA, TO

Coc =fo(4E, A) = [3(4E, Iy) = fA4E, C,.). “4)
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Takum oOpazoM, QapageeBckuii u HedapaleeBCKUNd MPOIECCHI
OKa3bIBAIOTCS  B3aUMOCBSI3aHHBIMH, a  pa3jelicHHe  oOmei
MOJSPU3AIMOHHONM €MKOCTH Ha €MKOCTb JBOHWHOIO CJos |
TICEBJJOEMKOCTh HOCUT YCIIOBHBIA XapaKTep.

OTOT BaXKHBIA BBIBOJ CJIEIYET U3 3aBHCUMOCTH €MKOCTH OT
4acTOThl TMEPEeMEHHOr0 TOKa . BmomHe ectectBeHHO, uTo C,,
sBIsieTcsl (DYHKIMEW v, TaK KaKk MPU HU3KUX YaCTOTaX AIIEKTPOXH-
MUYECKHI TPOIIECC YCIEBACT MPOXOIUThH Ha ONPEICICHHYIO TITyOuHY,
a TpH YBEIMYCHUM @ U3-32 KOHEYHOH CKOPOCTH 3JICKTPOJIHOMN
peakuu 3To ycioBue Hapymaercs. C Apyroil CTOpOHBI, B CBS3H C
OUYeHb BBICOKOIH CKOpPOCTBIO TIpOIecca 3apsHDKEHHS TBOWHOTO CIIOS,
00BIYHO Tpeanonaraiock, uto C,. OT @ He 3aBucHT. Kak cienyer u3
cooTHOIIeHnH (4), 5TH ABa MPEAIONIOKEH!S B O0IIEM CITydae HECOB-
mectumbl: ecimi C,, 3aBucUT oT @, a Cy. = f(A), TO U €MKOCTb
JIBOMHOT'O CIIOS SIBJIICTCS (DYHKIIMEH YaCTOTHI IEPEMEHHOTO TOKA.

Takum  oOpa3oM, TpPEICTaBICHHE O  HE3aBUCHUMOCTH
(hapageeBckoro u HedapaneeBCcKoro MIPOIIECCOB MOKHO
paccMarpuBaTh JIMIIL B KayeCTBE IEPBOTO MPHOIMKEHUS, KOTOPOS
BBITIOJHACTCS TEM JIy4YIlle, YEM MEHBIIC 3aBHCUT €MKOCTh JIBOHHOTO
JNEKTPUYECKOTO  CJIOS  OT  IOBEPXHOCTHOW  KOHIIEHTPAIUU
pearupymomero BemecTsa.

Peannhele, AKCIIEPUMEHTAIBHO HCCIIEeTyeMbIC
JNEKTPOXUMHUYECKHE CHCTEMBI, B OOIIEM CiIy4ae SBISIOTCA
MHOTOMEpPHBIMA,  HENWHEHHBIMH,  YacTHYHO  HEOOPaTUMBIMU,
OOJIBIIMMU  CTATUCTHUYSCKUMHU CHCTEMaMHU C PaclpeIeiICHHBIMU
napaMeTpaMH B MaKpO- U MHUKpPO Macimirabe. B HHX TpoTekaroT
CJIOKHBIE TPOLIECCHI OOMEHa YHEPTHH M MAaCCHI, KOTOPhIE U3MEHSIOT
WX TapaMeTpbl M CTPYKTYpPHI, BCIIEJICTBHE€ YEro OHH CIIOCOOHBI
MPOSIBIIAATH ceOsl KaK HEeCTallMOHAPHBIE CUCTEMEBI ¢ MaMsAThio. [lomHoe
WCCIIEIOBAHNE TAaKUX CIOKHBIX CHCTEM OYeHb 3aTPYIHHUTEIHHO.
OdeBHIHO, AT WX HCCIENOBAaHMS HEOOXOIMMO BBECTH HEKOTOPHIE
VIOPOIIEHUS W TIOCTOSIHHO HWCKaTh METOJBI W CPEICTBA, KaK s
MIPOBEPKU JOCTOBEPHOCTH PabOYMX THUIOTE3, TaK U I KOPPEKIUU
JOTTYIIEHHBIX METONYECKUX OIINOOK.

PazBurtue TEOpUU ANEKTPOXUMHUYECKOTO MITEIaHCca
MPEIbBUIIO MOBBIMICHHBIC TPSOOBAHUS K H3MEPUTEIIBHOM TexHUKe. B
70-e rTOmBI O3HAMEHOBAIWCH NPUMEHEHHEM [UISI HM3MEpEeHUs
nMIleanca IMUQPOBBIX KOPPEIMIMOHHBIX  aHAIM3aTOPOB. OTO
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MPUBEJI0 K  TOBBIIICHHIO TOYHOCTH HW3MEPCHHN W PaCHIMPEHUIO
JUara3oHa 4acToT. VMIeaaHCHbIC HCCICIOBAaHMS HAIUIA IIUPOKOE
[IPUMEHEHHE B 00JaCTH CO3[JaHMs HOBBIX XMMHUYCCKHX HCTOYHHKOB
TOKa M Pa3sHOOOPa3HbIX TEXHHYECKHUX IPOLECCOB: KOPPO3UOHHBIX,
ANIEKTPOKPUCTAILTN3AIUU, | J1p. [locienHee CTUMYJIMPOBAIO WX
aBTOMAaTH3AIIHIO. B Hayaje 80-x roJ0B THOSIBIISIFOTCS
KOMIIBIOTEPH3UPOBAHHBIC CHCTEMBI U1 HMIICIAHCHBIX HCCIICIOBAHMT,
YTO CTaJI0 pPEANTBbHON TPEANOCBUIKON NS CO3MaHUS HOBBIX
MH(OPMAITMOHHBIX ~ TEXHOJOTHMH  aHaliM3a  OKCIEPUMEHTAIBHBIX
JTAHHBIX.

B KOHEYHOM HTOre, Pa3BUTHE TEXHUKH SKCIICPUMEHTa, METOI0B
aHaJlu3a M TEOPUM HWMIICAAHCHOTO MOJICIIMPOBAaHUS TIPHUBEIIO K
Ka4eCTBEHHO HOBOMY OJTally M K CO3JAHHI0O METO/Aa, KOTOPBIH
000011IeHHO HaA3BIBAIOT 2NIeKMPOXUMUYECKOU UMNEOaHCHOU
cnekmpockonuetl.

Beoouvie nonamus ¢ meopuro uzmepeuuﬁ HA NEPEeMEeHHOM moOoKe.

HOCKOJ’ILKy UMIICIAHCHBIC HU3MCPCHUA CBOMCTB
OJICKTPOXUMHUYCCKUX SAYCCK OCYHICCTBJIAIOTCA Ha a.c. -
CUHYCOMJAJIBHOM, 3aBHUCHUMOM OT BpPEMEHHU TII€EPEMCHHOM TOKE,
paccMOTpUM HEKOTOPLIC 0a30BbIE MOHATHS, UCITIOJB3YEMbIC B METO/IC
HMMIIeTaHCHOM CIICKTPOCKOIIHH.

l———— AFsinpt ——»

Al sin(ot +4)

Puc.1. Cxema n1ByXKOHTaKTHOM 3JIEKTPOXUMHUYHCKON

SIYCHKHU.
3nece A4E — HampsbkeHHE — (Pa3sHOCTh  MOTEHIIMANIOB),
NPWIOKEHHOE K  JIEKTPOXUMHUYECKOM  sueiike, Al — TOK,

MPOTEKAIOIIUHN Yepes3 SUCHKY.
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B o6miem ciyuae npuiioskeHHoe Hanpstkenue E u Tok I uMeroT
BEKTOpHYIO mpuponay. Jns omucanus ceszu mexay E u I B nemsix
yHoOCTBa BMECTO CHCTEMBI JTMHEWHBIX HHTETpO-Ar(QepeHTnaIbHbIX
YpaBHEHWH TapMOHHYEeCKHe (YHKIMH 3aMEHSI0T uX (asopamu,
KOTOpBIC TIO3BOJISIOT  ONPEACIUTh aMIUIMTYIbl  BPAIAIONIHNXCS
BEKTOPOB HANPSDHKCHUSI M TOKA, PACIOJIOKCHHBIX B KOMIUIEKCHBIX
IIocKoCTsIX (puc.2 u 3).

Puc.2 ®azop-guarpamma

o IS IEPEMEHHOTO HaIPsKCHIS
E =AE-sin wt.

3n
2

3nece AE  sBisercs MakCUMyMOM —aMmImmuTyael.  Dazop
mpeacTaBisieT coOoi Bpamatomuiicst Bekrop E.
BerIpaszum cuHyconanbHOe HaPSKEHUE KaK

E = AE-sin ot , &)
IJIe @ SBISETCS YIJIOBOW 4acTOTOd (w = 2xf, a f BbIpaxena B ['1),
E — rexymee (MrHOBEHHOE) 3HAu€HHE BEIMYMHBI HANPSDKCHHS, a
AE — ero MakcMMaibHasg aMIDIUTyAa. JTa BEIMYWHA MOXET OBbITh

ompejieNieHa KaK MPOCSKIUS Ha HYJEBYI0 OCh MOJSPHOW JUArpaMMbI
(puc. 2), rtme dQasop E sBusercs BpaIIaOMUMCS BEKTOPOM,
OTMCHIBAIOIINM CHHYCOHJANTbHBIE KOJCOaHHS HAPSIKECHHUSL.

OOBIYHO  JKENATeNbHO  YCTAHOBHUTH  B3aHMOCBSI3b  MEXKIY
HaIpPsDKCHUEM M TOKOM B IeTH. B OOJBIIMHCTBE CIy4acB TOK TaKKe
OIHCHIBACTCS CUHYCOUJAILHOM (DYHKIIMEH ¥ UMEET Ty )KE YacTOTy @,
HO OTJIMYAETCS OT HANpsDKEHHs MO aMIUTHTyIe U (ase (3amasjpiBas
WM onepexast 1o ¢ase). BeipakeHue 1S TOKa MOXKET OBITh 3aITUCAHO
CIIEAYIOIIUM 00pa3oM:

I =Alsin(wt + ¢). (6)
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B ¢a3zop-mipencrasieHusx Bpamiarolyecs BeKTOpbl (puc.3) B
JTAaHHOM CJIydae Ha MOJIApHOU AMarpaMMe pa3indaroTcs Ha yrod ¢.

o

E Puc.3. ®a3zop-auarpamma,
WTIOCTPUPYIOLIAs PACX0XKICHHE
(ha30poB TOKA M HATIPSDKEHUS Ha
(a3oBebIil yrom ¢.

OTKJIMK  HECIIOKHBIX  JJICKTPUYECKUX  3JICMCHTOB  Ha
MIPIIIOKEHHOE HamnpspkeHne E MOXKeT BBITIIANETh IMOXIHHSIOIIAMCS
3akoHy OMa, KOTOPBIN JJIS WHAMBHUIYAJILHBIX COMPOTUBICHUH R,OM
3aIKChIBACTCS KaK

1=E/R. @)
DTO 03HAYaeT, 4TO B JJAHHOM ciy4ae (ha30BBIi yroi ¢ obpamiaercs B
HyJb. J{1s kOHAEHCaTOpOB MX eMKOCTh (' MOXET OBITh BBIYUCIICHA
KaK OTHOIIEHHE MOTeHNHala £ MeXIy ero IIacTHHAMHA K 3apsay ¢,
3aImaceHHOMY Ha TIaCTHHAX:
q = CE. (®)

JuddepeHuupys Mo BpeMEHU, MOXKHO TIEPEeUTH K TOKY I

I = dq/dt = C(dE/dt), wnmm, uctione3yst ypaBHeHHE (5), TOTyIUM:
I=wC AE-cos wt. 9
O6o3HaunM BeIpaxenue //wC CUMBOJIOM X¢ , KOTOPBIA HAa3BIBAIOT
eMKOCmHbIM  conpomuénenuem. llocine  MOICTAaHOBKH, HWMeEEM
BBIpaXEHHE:
I=AE/ Xc -sin(wt + 7/2) , (10)

KOTOpoe 1o (hopMe MoI00HO BhIpaXeHHIO 3akoHa OMa JuIsl pe3ucropa
(7). Onnako B mocnenHem ciydae //wC 3ameHeH Ha X¢ , a (a3oBbIit
YroJI OTJIMYCH OT HYJIS M COCTAaBJISCT BeMuuuHy 7/2 . Da30oBbIA yroi
MTOJIOXKUTEJICH, T.€. JJICKTPHUUECKUN TOK OTlepexacT HapsHKEHHE.
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B oroil curyanuun HOJ‘IGBHﬁ BBECTH 0003HayeHHe C
HCIIONIb30BAaHUEM KOMILUIEKCHBIX YHCEIl : BEJIMYMHBI HA OCSAX OpAUHAT
YMHOXAIOTCS Ha j = \-1. Tox n HaIpsHKEHUE TI0 MPEKHEMY OCTAIOTCS
¢dazopamu, T.e.  BpalIAIOLIMMUCA  BEKTOpaMu. lI3MeHeHHOe
o003Ha4YeHue TpOCTO ympoulaeT AehuHunKo (Pazopa HaANPsHKEHUS
nepeMeHHoro Toka FE kak

E =E-sin(wt). (11)

7N\ /N Puc. 4. DxBuBarIcHTHBIC
/ \ / \ mpeJicTaBIeHUs B opMme (a3opoB u
BPEMEHHBIX 3aBUCUMOCTEN
, COOTHOLICHHI MKy TOKOM U
\ / \ HaIpKEHAEM JUI CITy4as 1HCTO
\WN\E// \ OMMUYECKUX IIeTieH, rae Gpa3oBbIit
\ / \ YTOJI ¢ paBeH HYIIO.

B maremaTH4ecKWX TepMHHAX KOMITOHEHTHI ¢azopoB E u [
MOTYT OBITh MPEICTABICHBI Ha JHarpamMmax ApraHjua ¢ peaibHbIM
KOMITOHGHTOM Ha OCH a0CIUCC M MHHMBIM KOMIIOHEHTOM Ha OCHU
opauHatr. Ha puc. 4-5 nmoka3aHbl SKBUBAJICHTHBIC MPEJICTABICHUS JUISI
oboux (Ga3zopoB W JONOJIHUTENLHBIC 3aBUCHMOCTH B KOOpauHaTax [ —
t uma E-t.

Hns  ciydas, W300paXEHHOTO Ha pHUC. S5, HaNpsHKEHUC
M3MEpSIETCsl OTHOCUTEIBHO TOKA JUIsS ciiydas, kornma ¢azop  uUMmeer
(azoBeblit yron ¢ = /2. OTCI0a MOXKHO 3aIHCaTh BEIPAKCHHUE
E =X, (12) xoropoe nmoo6HO 3akoHy OMa, ¢
KOMIUIEKCHBIM 4YHCIOM  -jX¢ , 3aMellalonieM CONMPOTHBIICHHE.
OueBUIHO, YTO BENWYMHA X 0OpAaTHO MPOMOPIHMOHANBHA YaCcTOTE M
00paTHO MPOTMOPIIMOHAIEHA €MKOCTH, HO 3MepsieTcss B OMax.

! BBe/ieHne npecTaBieHnii 0 KOMIUIEKCHBIX BEMUMHAX BOBCE HE 03HAYACT,
YTO B DJEKTPUYECKON LIENH HOSBUINCH KAKHE-TO KOMIUICKCHBIE HIJI MHHMbIC
TOKA. OTO TIpeoOpa3oBaHWE SBISETCS JIMIIH YAOOHBIM  METOJIOM,
MO3BOJISIIOIIUM ~ CYIIIECTBEHHO YIPOCTUTh Ppa3jiMuHble MaTeMaTHYeCKHe
orieparuu.
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; Puc. 5. DxBuUBaJIEeHTHBIC
‘ mpeJicTaBiIeHus B popme (pa3opoB u
. M ~ BPEMEHHBIX 3aBUCUMOCTEN
v P COOTHOUICHUH MEXTy TOKOM U
\\ /I /‘\\ HaIpsHKEHUEM B IIETISX, COACPIKAITIX
v | €MKOCTHOE COTIPOTHUBJICHHE,
1
1

‘ oOHapyxwuBaromiee (Ha3oBbIi CABUT Ha
! \ o
\\ \ \ yrou ¢, paBubiii 90°.
/

Jns oMHUYecKUX CONMPOTUBJIECHUN
(pe3ucTopoB) W KOHICHCATOPOB, COEAWHEHHBIX B CEpHUH, CyMMa

[OTEpY HANPSHKEHUS Ha KaKIOM JIEMEHTE NOJDKHA CYMMHPOBATHCS
no 3HaueHuss oOmeid cymmbl E. Takum o00pa3oM, HCHONB3ys
MpeacTaBiIeHue o Ga3opax, UMeeM:

E=ER+Ec=IR-jX),umu E =1Z, (13)
rae Z = (R - jXc) Ha3bIBaeTCS UMNEOAHCOM.
Tok mo ¢asze He MOXKET OTAMYATHCS OT HaNpsbKEHHUs Oosee, 4eM

Ha 90°. OHAKO CBSA3b MEXKIY HUMH JIETKO MOKET OBITh MOJy4eHa U3
muarpammbel Apranaa (puc. 6). Ecnu ¢a3oBsiii yronm o003HadaeTCs Kak

@, TO

tep=Xc/R=1/wRC (14)

Er=RI

] Puc. 6. ®azop-guarpamma s
: cepun pe3ucTop -
! KOHJICHCATOp, TOKa3bIBAIOLIAs
] majgeHue Hanpspkenus FE, Ha
: KOMOWHAIINKA PE3UCTUBHON R 1
]

_________ \ | €MKOCTHOM C KOMIIOHEHT
E=7I cuctembl RI u jXI.

Kak cnencrtBue mpoCTOTHI OTHOIICHHSI MEXKIY KOMIUICKCHBIM
nmrienancoMm U E u I, anpTepHaTUBHAS AUarpaMMa JJaeT Ty e CaMyro
rH(pOpMAITUIO B TEpPMUHAX UMIIeIaHca (CM. pacrieyaTKy Ha puc.7).
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R
¢ T
[ Puc. 7. Aprang-nuarpamma,
| MOKa3pIBaIOIIas TE€ JKE€ caMble
z : OTHOIIEHUS, YTO U Ha PHUC.6, HO
| ONHUCaHHBIE TOJIBKO B TEPMHUHAX
Y AMIIeTaHCa.

KV — - — ——

Jis cepuii 1enel MOJHBIM WUMIENAHC TNPEACTABISAET COOOH
BEKTOPHYI0O CYMMY DPEaKTHBHBIX COINPOTHUBICHHHA OTIEIbHBIX
aneMeHToB. VM OmATh, MO aHAJIOTHH C 3aKOHOMEPHOCTSIMH IS
PE3UCTUBHBIX IIeTed, TONHBIA MMIENAaHC JJs TapajuleTdbHbBIX
COCIMHEHUN TIPeNCTaBIsieT co00i CcymMMy OOpaTHBIX 3HAYEHUH
MMITEaHCca KaXI0To deMeHTa nenu. KonmdecTBeHHO ompeeneHHas
BeIMYMHA 00paTHOTO uMInenanca 1/Z , HOCUT Ha3BaHUE agMHUTTaHC Y.
OTa BelIWYMHA YacTO WCIONB3YeTCsl Al OMUCaHHS OCOOCHHOCTEH
KOMOWHHPOBAHUS HECKOJIBKHUX HAMITCTAHCOB. O06006menHoe
BbIpakeHHe 3akoHa OMa B MOCIIEAHEM CIIydae MOXeET OBITh 3alMCaHo
CIIEAYIOIINM 00pa3oM:

I=EY. (15)
[Ipu ucnonbp30BaHMHM BEKTOPHBIX 00O3HA4YeHWH A (a3opos,
JaNbHelHIee ynpomieHue B opMax 3alruch CMOXKET OBITh JOCTUTHYTO
BBEJIEHUEM IOJIIPHBIX POpPM:

E=E expjo, (16)
I=1Iexpjo, (17)
Z=Zexpjo, (18)
Y = 1/Z exp —jo, (19)

CrenoBatenbHO, aAMUTTaHC Y WMeeT BelW4ynHy [/Z W TOT XKe
camblii (HO IPOTHBOIIONIOKHBIH 110 3HAKY) (ha30BbBIH yroi ¢.
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H3mepenue umneoamnca IIEKMPOXUMUHUECKUX AUECCK.

[Ipu BBIMONHEHWH TIOOBIX H3MEPEHHH Ha TMEPEMEHHOM TOKE
(mns HETO UIMPOKO HWCMONB3yeTcs 0003HAYEHWE d.c.), HEOOXOANMO
MIPUHUMAThH BO BHUMAaHUE PsiJl BAXKHBIX COOOpaKCHUM.
o Yacmoma uzmepsemozo cueHaid.
O05acTh 4acTOT JOJDKHA OBITH IO BO3MOXKHOCTH HAaU0O0JIee IMUPOKOH.
WneanpHO 11 WMIIEJAHCHBIX HW3MEpeHUH HeoOxXomuMel 6 — 7
MOPSIAKOB MO YacToOTe, T.€. 10°-10° I
e Jlunetinocme.
Ecnu mpuHATE BO BHUMaHHE, YTO CKOPOCTH 3JIEMEHTApPHBIX CTaJuil
SKCIIOHEHIIMAIBHO 3aBHCAT OT MOTEHIHAa, TO JJIEKTPOXIMHYECKUE
MIPOLIECCHI TI0 OTPEeAETICHNI0 HeMMHEeHHBI. Mexay TeM Bce Hamboiee
pa3BUTBIE a.c. TeopuH  CQOPMYIHMPOBAHBI Ui  JIMHCHHBIX
npuOIKeHud. OJTO  O3HA4YaeT, 4YTO BEIWYMHA  aMIUTUTYIBL,
BO30YyXXAaroIiel CHUTHAN, MJOJDKHA IOAMEPKUBATHCS JOCTATOYHO
Majod, 4YTOOBI CHCTEMa OCTaBajach JIMHCHHOH C XOpOIIUM
npuOakeHueM.  JlomycTUMbIe  aMIDTUTYABl  BapbUPYIOTCS B
3aBHICHMOCTH OT TIPUPOJIBI UCCIEAYEMBIX CUCTEM U 4acTOThl. OmMHAKO
B 00mIeM citydae, BennyuHa aMmriutyasl 10 MB oT muka 1o nuka He
JOJDKHA OBITh TIPEBBIINIEHA 0€3 TPSIMBIX JIOKA3aTeNbCTB, YTO 3TO
O0e3omacHo. HeoOxoauMo 3HATh, HE MOXET JU JaKe DTOT HH3KHM
YPOBEHBb BO3MYIIIEHHAN CO3/1aTh HEKOTOpEIe MpodieMbl. HenmnueiHOCTH
oOHapyxuBaeT ccOs BO3HMKHOBCHMEM TapMOHUK Ha BBIXOJSIIEM
CUTHaJe M3MEPSEMBIX sTaeeK, KOTOpBIE MOTYT OBITH
MIPOKOHTPOJIMPOBAHBI TAKUMH MPUOOpPaMH, KaK aHAIIN3aTOp CIEKTPOB,
MO3BOJIAIONIUM  3a(UKCUPOBATh HATUYME TaPMOHUKA H HW3MEPUTh
aMIUIUTYJbl. PYTUHHBIM ~ METOJOM  SIBIIICTCS  HCIIOJIb30BaHUC
ocmmtorpada. Ilociemuuii mo3BosieT HAOMIOMATH 3a TOBEICHHUEM
a.c. KOMITOHCHTOB 3JICKTPOXMMHYECKOW siUeHKH, (UKCUPYS POCT
HEJIMHEWHOCTU B (POpPME BUIAMMBIX BO3MYIICHUI HAa CHHYCOUIAIHLHOM
BOJTHOBOM OTKJIHKE.
e Jlooicnvie cueHanwl.
W3BecTHO, 4TO a.c. TeXHWKA CKIOHHA K (DOPMHUPOBAHUIO JIOKHBIX
3¢ (eKToB B pe3yibTaTe HAPYIICHHS PEXUMOB H3MEpeHHH. TpyaHO
CO3/1aTh MOTEHIMOCTAThI, KOTOpPhIE HE OYIyT BHI3bIBATH (Da3oBbBIC
CMEIIEeHNs] TPU BBICOKHX YAaCTOTaX, HO BCE €IIe COXPaHSIOIINE

12
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JIOCTaTOYHO BBICOKHE KO3(PQUIMEeHThl ycwieHus. [lapasutHas
E€MKOCTh MEXIy 3a3eMJICHHEM M CaMUMU TMOJIBOASIIUME IIPOBOIAMH,
a TaKk)Xe CaMOWHAYKIHMS MPOBOJAHHUKOB BHYTPHU SUEHKHU Bcerna OyayT
0CTaBaThCS MPOOIEMaMH ITPH OYE€Hb BEICOKHUX YaCTOTaX.

TiiarenbHOCTh KOHCTPYMPOBAHUS SYCHKH MOXET OTYACTH
CMSTYUTh BO3HUKaromme npobiemsl. [lpum 3ToM HEoOX0oaUMO
oOpamaTe BHHMaHWE Ha cleAylolue netanu. Ecim wmcciemyroTcs
3NEeKTpoiHbIe A((HEKTH Ha KOHKPETHOM, T.H. paboueM 3JICKTPOJE, TO
paboumii 3MEKTPOJ, W  JJCKTPOJ CpPaBHEHUS JOJDKHBI  OBITh
pPacHoJOXKeHBl CHMMETPHYHO, YTOOBI OOECHednBaTh OIHOPOIHOE
pacnpesneneHue Toka. Eciu SKCIIEpUMEHT BBIMONHASTCS C YKUIKHMU
AJNIEKTPOJIUTAMH, KamwuisIpbl JlarruHa  JTOJMKHBI OBITH Pa3MEILICHBI
OMM3KO, HO HE CIHWIIKOM IUIOTHO K pabodeMy 3JIeKTPOAy.
CrnenoBaTensHO, JTOTIKHO OBITH MUHUMH3UPOBAHO
HEKOMIICHCHPOBAHHOE OMUYECKOE COITPOTUBIICHHES, HO OJTHOBPEMEHHO
YCTpaHECHBI AKpaHUpYIomUe 3PQPEKThI, KOTOPHIE CIIOCOOHBI BHI3BATH
HEpPaBHOMEPHOCTH B pacrpeneieHnn Toka. [IpeanouturensHo, 9TOOBI
KamuUIIphl OBUIA MPSMBIMA M KOPOTKUMH. OHHM HE JIOJKHBI OBITh
CJIMIITKOM TOHKHUMH WM UMETh BBICOKOE COMPOTHBIICHUE. DIEKTPOT
CPaBHEHUS TOJDKEH 00JalaTh MpeiedbHO HU3KUM COTIPOTHBIICHHEM U
OJDKeH OBITh Oy(depupoBaH BXOMHBIM WMIIEAAHCHIM YCHIIATEIEM,
MIPUCOEAMHEHHBIM KOPOTKUMU MTPOBOHUKAMH, Y4TOOBI
MuUHUMHI3UPOBaTh RC - BpeMEeHHYI0 KOHCTAHTY e CPaBHEHMSL.

CrnyyaifHple JJNEKTPUYECKHE TIOMEXH WJIA HaBOAKHA OT
MMPOMBINIICHHON YacTOThI, TaKXKe CIIOCOOHBI CO3/1aBaTh MPOOJIEMBI,
ITOCKOJIbKY HEO00XO0JUMO yIIEP:KUBATh OT BO30YKJICHUS U3MEPSEMBbIN
Mallbld  curHai.  TmiateabHOE  SKpaHUpOBaHUE  AYEWKH U
M3MEpPUTENFHOW Tenr Bceraa OyIOyT HEOOXOIWMBI IS CHIDKEHUS
BCEX IMEPEYUCICHHBIX BUJIOB ITOMEX JIO IPUEMIIEMOTO YPOBHSL.

Heckonbpko THIIOB H3MEPUTENBHBIX HHCTPYMEHTOB, KOTODBIE
MIPUTOIHBI ISl U3MEPEHHS SIEKTPOXUMUIECKOTO UMIIEAaHca, KPATKO
OIHCaHbI HUKE.

Mocmuk Yumcmona
Hcropuveckun a.c. MOCTHK YHWTCTOHa B MHOTOYHCIICHHBIX
THIATEIBHO pa3paboTaHHBIX (opMax  ObuUl HauboJsiee BaXKHBIM
MPUOOPOM, UCTIONB3YEMBIM JIJIsl BHITIOJTHEHUSI QYHIAMEHTABHBIX d.C.
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JIIEKTPOXUMHUECKUX IKCIIEPUMEHTOB. B KadecTBe mpumepa ogHa U3
MOCTOBBIX CXeM H300pa)keHa Ha pHC. 8.
da.c.
n

Puc. 8. IlpocTeiimmii MOCTHK YHUTCTOHA
st mamepennit R u C.

TunuuHas  3NCKTPOXMMHYECKAsh  sUelika HE  SBJISCTCA
MMACCUBHBIM JJIEMEHTOM, T.€. OHA TEHEPUPYET PA3HOCTH MMOTECHIIMAIOB
WIM HYXJIaeTCs B MPWIOKECHHOW K HEH Pa3HOCTH MOTCHIIUAJIOB,
YTOOBl MIPUHTH B COCTOSIHHUE, COOTBETCTBYIOIIECE YCIIOBUSIM
skcriepuMenTa. (COallaHCHPOBAaHHOCTH MOCTa KOHTPOJIHPYETCS d.C.
NETEKTOPOM, KOTOpPBIi MOXKET OBITh BBHIIOJHEH B  ¢dopMme
KOMOMHHMPOBAHHOTO YCUJIMTEIS M MU3MEPUTEINIS, ocuuuiorpada Wi B
KaKoW-HUOY b WHOU (hOpMe TyBCTBHUTEIHHOTO d.C. BOIBTMETPA.

[Tapamerpst R u C ZODKHBI yPaBHOBEIINBATHCS OJHOBPEMEHHO,
4YTO I MOCTa TpocTelmed (QopMbl O3HAYaeT  yCIEUIHOE
PETYJIMPOBAaHUE C TOCICIOBATSILHBIM MPUOIMIKCHUEM d.C. CUTHAIA K
MUHUMYMY. DJTO MemineHHbIH mporecc. [locnennee mompa3ymeBaeT
MIPUMEHNMOCTb METO/Ia TOJBKO JJISI CTATHYHBIX WIIM OY€Hb MEIJICHHO
M3MEHSIOIIUXCS CUCTEM.

[IpuMmeHeHne KOMIIEHCAITMOHHOTO METO/Ja TpPH HW3MEPEHUAX
MITeaHca o/Ipa3yMeBaeT WCTIONTb30BaHIE MPOCTON
JIBYyXKOHTAKTHOM SYEHKH, CXeMa KOTOPOH MpUBEJCHA Ha puc.9.

€ €

A\ L~

Puc . 9. Cxema ABYXKOHTaKTHOM staeiiku. R, — pabounii anextpon,
C. — IPOTHUBORJIEKTPO]] H3MEPUTEIILHOM SUCHKHY.
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I[Ipu »3TOM B pe3ynpTaTe MU3MEPCHUH IMONYYAIOT CEPHIO
SKBHBAJICHTOB OOIIEr0 WMIICAaHCa SYCHKH, BKJIIOYAMOIIYI0 B ceOs
UMIEaHC pabodero 9JIEKTPOAa, HWMIICJAHC MPOTHBOAIIEKTPOJA,
HUMIIEJITAaHC DJIEKTPOJIUTA M, KPOME TOT0, UMIICJ]AHC TOKOIOBOIOB,
KOTOPBIN TaKKe HEOOXOJAUMO MPUHUMATh BO BHUMAHUE TIPU aHAIIU3e
pe3yNIbTaTOB W3MEpPEeHUN. B 3aBUCHMMOCTH OT 1€MW HM3MEpPEHUIA,
paboumii SIEKTPO U MPOTUBOIIEKTPOA MOTYT OBITH OJIOKHPYIOIIAMU
VWOHHBI TpPaHCHOPT MM OOpPaTUMBIMH 10 KaKOMY-THOO HOHY,
yuacmeyrowemy 8 UOHHOM mpancnopme 6 dnekmponume. B nepBoM
cllyyae B pe3y/ibTaTe HW3MEPEHHHA TMOJYYaloT XapaKTEePUCTHKH
HCCIIEYyEeMOTO0  DIEKTPOJIUTa, BO  BTOPOM, TIOMHMO  HHX,
XapaKTPUCTUKH AJICKTPOXUMHUUSCKUX MPOILECCOB Ha TPaHUIIE pa3jeiia
ANIEKTPOA/ANeKTponuT.  MHorma  ucmonb3yercs — KOMOWHAIUS
OIIOKUPYIOIIETO pabodero AIIEKTPOIA u 00paTuMoro
MPOTHBORJIEKTpOJa. ['eomeTpuueckre pa3Mepbl  HCCIEAYEeMOTO
oOpa3iia M 3JIEKTPOJIOB TOJOHMPAIOTCS B COOTBETCTBUU C IIEISIMHU
SKCTIEPUMEHTA U OCOOCHHOCTSMH HCCIICAYEMBIX CHCTEM.

KoMmnieHcallmoHHBI METOJ] U3MEPEHUN HMEET CIICAYIONUe
OCHOBHBIC HEJIOCTATKH:

1) BcaemctBue TOrO, 4To MOAOOp KommeHcupyroomux R um C
TpeOyeT  ONpENENICHHOIO0  BPEMEHH, €ro  HEBO3MOXHO
WCIIOJB30BaTh JUIsl TUHAMUUSCKUX H3MEPEHUI;

2) 9TOT METOI TPHUMEHHM TOJILKO B OTPaHWICHHOW 00JacTH
gactor (He HIKe 10 1), 9To HE MO3BONSIET HCCIEAOBATH
HU3KOYAaCTOTHBIC MPOIIECCHI;

3) MOXKHO UCHOJB30BATh TOJHKO TBYXKOHTAKTHBIC SUYCHKU, YTO
BHOCHUT  JIOTIOJIHUTENbHBIE MOTPEIIHOCTH B PE3yJbTaThl
HU3MEpPEHUN.

Ananuszamopsl 4acmomsl OMKIUKA

CoBpeMeHHasT JJCKTPOHHMKA IIpeayiaracT IMHPOKUHA BBIOOP
METOJIOB JJIS aBTOMATHYECKOTO W3MEPCHHS WMIIeaHca WU
aJMHUTTaHCAa. bBONBIIMHCTBO W3 HHUX HAa MOTCHIMOCTATHYESCKOM
KOHTpOJIE TIOTeHIHajia pabodero 3jekTpoaa. Bmecto kommeHcanuu
peaJIbHOM M MHHMMOHM 4YacTu ajMuTTaHca ¢ omnpeneincaueM R u C
(MocToBas cxeMma), U3MepSIeTCsl d.c. YacTh TOKa, MPOXOAALIas depes
SIYEHKY.
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W3 muarpammbl ApraHaa OYEBHIHO, YTO JUIS ONPEACICHUS
KOMIUIEKCHOTO ~HMMITCJ]AaHCA HEOOXOJIUMBI JIBE€ KOJHUYCCTBECHHBIC
xapakTepucTuku. OIHAKO UMEIOTCS BapHaHTBI BHIOOPA M3MEPSIeMbIX
BEeITMUMH: JTUOO MOTYT OBITh W3MEPEHBI OoOmIas a.c. aMIUIATyla W
(a3oBBIiA yroy, WiIW, aabTCPHATHUBHO, pealbHAas W MHHUMas 4YacTH
nMIieanca. Bo3MoKHBIC J1BA METOZA MPEAIOIArat0T UCIIOIb30BaHUS
anmapaTypsl pa3indHOrO THMAa. B Hambomee oOmem Buae dTa
anmapaTypa npejacrasieHa Ha puc. 10.

potentiostat

]

buffer ac.
amplifier analyser | | Tecorder

L voltage

d.c. follower

source

a.c. source

Puc. 10. OGmuii By anmapatypsl [UIs d.c. aHAIIN3a PEaKIIHi
Kak (QYHKIIMH 3JIEKTPOTHOTO MOTEHIHATIA.

A.c. aHanmuzaTop JUI1 TIEPBOTO METO/AA BKIJIIOYAET JBa
Pa3HOPOAHBIX TMpuOOpa: a.c. BOJBTMETP, MAIOIIWNA BBIXOIALIHH,
MPONOPLUOHANBHEIA  00LIel aMIUIMTYA€ TMEepeMEeHHBI TOK, |
u3Meputens (GazoBoro yrna. HenmaBHO Havaiaum HMCHOJB30BaTh
CpPaBHEHHE IBYX BXOISIINX TOKOB: COOCTBEHHO d.C. TEPEMEHHOTO
TOKa W TOKAa CPaBHEHMS, B3STOTO OT CHHYCOHMAAIHHOTO BOJHOBOTO
HMCTOYHHMKA Ha BXOJE MOTEHIHOcTaTa. Mcrnonb3ys KOMMYTHPYIOIIYIO
(mepexiovaroNIyr0) TEXHUKY, TIOJy4aeM BBIXOJHOW  CHTHAI,
MIPOTIOPIIMOHANBFHBIA  (ha30BOM  pasHUIlE  MEXAY  BXOIIIIHMHU
CUTHAJIaMH, HO HE 3aBUCSIIMNA OT UX BEIUYUHBI (puc. 11).

16



Hmneoanchnas CNeKmpocKonust m@epdbzx INIEKMPOIUMUHLECKUX Mamepuailos

~ O—
proportional to | ac. 11|
a.c. cell current voltmeter
from a.c. input phase angle P

—_ meter

to potentiostat

Puc. 11. AHanmuzatop, Jarouiuii BEIXOIHOW CUTHA,
MPOTIOPIIMOHANBHBIN 00IEMY TIEpEMEHHOMY TOKY H ()a30BOMY YTITy.

Bropoit merox wucmomezyer mapy (a30BO-4yBCTBHUTEIBHBIX
IeTeKTOpoB (p.s.d.s.), KOTOPBIE OTIMYAIOTCS TOJHKO MCTOUYHUKAMH HX
OMOPHOTO BXOAHOTO cHrHayia. KakIblii MpUHUMAET MMEPEMEHHBIN TOK
sIYCHKU KaK BXOJSIIVMIA OMOPHBIA CHTHAJI, & TAKXKE OJIMH M3 JABYX: WU
BXOJHOM @.c. ¢ TMOTEHIMOCTATa, WM CUTHAJ, W3MEHEHHbIH Ha 90°.
OTtnenbHBIC BBIXOJHBIC CHTHAJIBI 3TUX P.S.d.S. IPOMOPIIMOHATBHEI
cundasHoil cocrapisiomieii komnonenta wik  90° (T.e. peakTUBHOM
COCTABJISIFOIICH KOMITOHECHTA).

[Ipuboper s 000MX PacCMOTPEHHBIX METOIOB KOMMEPUYECKH
JOCTYIHBI HMJIM MOTYT OBITh W3TOTOBJICHBI C HCIOJB30BAHUEM
CTAaHAAPTHBIX ONEPALMOHHBIX ycuiauTened. HukHUN 4YacTOTHBIN
Tpees Ipy UCIIOB30BAaHUM P.S.d. TEXHUKH HaXOAUTCA B 00JacTd OT
0,1 mo 1 I'm.

Humezpamop.

[Ipouecc koppensiiuu CHHYCOMIAIBHBIX KOJCOAHWH MOXKHO
omucaTh  Kak  [EPeMHOKEHHE  HM3MEPSIeMOTr0  CHTHalla  C
CHUHYCOHJIANBHBIMI BOJHAMH DJTaJOHHOW KpPHUBOH BO30YKIAIOIIETO
curtana. Pe3ynpTupyromuii CurHai B 3TOM Clydae UHTETPUPYETCS B
LIETIOM psII€ LHUKJIOB 3TAJOHHBIX BOJIH JI0 TOJMYyYEHHUS OTKIMKA, HE
HCKaXaIoIIEro TapMOHMK J3TaJOHHOM d4actoThl. Kpome Toro,
ClIy4yailHple TOMEXH KOMIIOHEHTOB CHIDKAIOTCS TMPOMOPIUOHAIBHO
JUIMHE Tepuofa MHTerpupoBanus. Ha mpakThke HCIONB3YIOT J1Ba
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STaJIOHHBIX CHUTHAJA, KOTOpPbIC SBISIOTCS CHH(A3HOH COCTABISIOIIEH
U PEaKTHBHOHM COCTaBIAIOUICH II0 OTHOIIECHHIO K BO30YKIAroIeMy
curHainy. KoppemsimmoHHOe YCTpOMCTBO ISl BBIXOJHOTO CHTHAla
BBIETISIET pEajbHYI0 M MHHUMYIO dYacTh aiamurranca (puc. 12).
[TpuGopsl, KOTOpBIE CITOCOOHBI BHITONHATH KOPPEISLMOHHBINA aHATU3,
KOMMEPUYECKH JOCTYITHBI. Onnu TaKxKe o0ecreynBarOT
MIPOrpaMMHUPOBaHUE BO30YKIAIOMIETO CHUTHaJa 1O aMIUIUTYAE U
gactore B mHTepBaze or 10° o 10* I'm. Bce dyHkmmm moryt
KOHTPOJHMPOBATHCSI BHEIIHUM KOMIIBIOTEPOM, & BBIXOJHBIC CHUTHAJBI
MOTYT UMETh KaK aHAJIOTOBYIO, TaK U YHCICHHYIO (hOpMYy.

I(t)
in j real
system sinjwt 1 X f 1)
muitiplication integration
sine wave x f imaginary
generator - > I(t)
cos jwt

Puc. 12. Cxema Koppenitopa CHHYCOMIAJIbHBIX BOJH,
WUTIOCTPUPYIOIIAsi ~ MPOLECC  MEePEeMHOKEHUS  BXOJHOTO
curHana /(¢) ¢ 3TaJIOHHBIMU CHUTHAJaMU. DTaJIOHHBIE CHUTHAJBI
SIBIISIIOTCS CUH(A3HBIMH WA PEAKTUBHBIMH COCTABIISIOLIMMU
o OTHOIIIEHUIO K BO30YXIar0IEeMy CUTHAIYy.
PesynpTupyromuii CHUTHAJI HUHTErpUpyeTCs yepes
3HAYUTENBbHOE YHCJIO LHUKIOB, YTO TIO3BOJSET TOIY4YHUTh
peaNbHyIO ¥ MHUMYIO YacTh GyHKIUHN 1(2).
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[IpuMeHeHue aHaIOrOBOTO METO/Ia U3MEPECHUN B COBPEMEHHBIX
nmpuOopax IMO3BOJIACT HCIOJIB30BaTh YCETHIPEX30HIOBBIC SUYCHKH B
HECKOJIbKUX BapUaHTaX, B 3aBHCUMOCTH OT IICNH JKCICPHUMEHTa U
O0COOCHHOCTEW HCCIeAyeMBIX 00BheKTOB (puc. 13).

Ce

W,
A) - —
Rew ReC

Re

We
B) j o
Rey, ¢

Re Re
We c
B) \r\,‘ C

Puc. 13. BapuaHTsl HCTIONB30BAHUS YETHIPEX30HI0BOM
U3MEPUTEIBbHON AYEHKH.

[TocrmegoBaTenbHO pacCMOTPUM BO3MOYKHBIE BAPHUAHTHI:

A) nBa snekTpona, deThipe 30HAa. Pabouuit anextpox (W),
npotuBodaekTpon (C.) m oba amekTpoma cpaBHeHus (Rey, m Re.)
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PacrookKeHbl Ha TOPIEBBIX MOBEPXHOCTIX 00paslia ¢ W3BECTHBIMU
FEOMETPUYECKUMHU pa3MepaMu. ITO MO3BOJISET C BRICOKOW TOUHOCTHIO
OTIPENETUTh  YHACNBHYIO  DJIEKTPOIPOBOAHOCTH  HCCIEIYEMOTO
BemecTBa. [Ipy Takoil cxeme B OOIMNN WMITENAHC SYCHKH BHOCST
BKJIAJ] TIPOIIECCHI HA JABYX IPAHUIIAX pa3fielia JIEKTPO/AISKTPOIIHT.

B) tpex3onaoBeiii Metos. Pabounii snextpon (W.) u paboumnii
anekTpoxa cpaBHenus (Re,) pacmonokeHbl HAa OJHOW W3 TOPLEBBIX
moBepxHocTeil o0pasma, mnporuBodnektpon (C.) — Ha nppyrou
TOPIICBOM TIOBEPXHOCTH, a WPOTHBOANIEKTpon cpaBHeHUs (Re.)
MOMEIIEH Ha HEKOTOPOM PACCTOSHUU OT Hee (I0CTaTOYHOM OOJIBIIOM,
9TO0BI B 3TOH r€OMETPUYECKON 00JIacTH HE CKa3bIBAIUCH MPOLECCHI,
MPOUCXOIAIIE Ha COOTBETCTBYIONIEH TPAHHIIE HIEKTPO/3TEKTPOIIHT.
B osrom cnyyae oOmuii uMMmenaHc SYEWKH BKIIOYACT HMMIICAAHC
ANIEKTPONIUTA (C MOTPEIIHOCThIO, BHOCHMOM BCIEACTBHE HEKOTOPOH
HEOTIPEIeICHHOCTH T€OMETPHUYECKOTO MOJI0KEHHS IPOTHBOAIIEKTPOIA
cpaBHeHHsT Re;) W uMmeZaHC TOJBKO OJHOW TpaHHLBl pasaena
AIIEKTPO/3MEKTPOJIHUT.

B) derkipex3ongoBoii  Meton. PaGouwmit  snektpom  (W.)
pacmojoKeH Ha TOPIIEBOH IMMOBEPXHOCTH 00pasia, padodHil AIEeKTPOT
cpaBueHuss (Rey,) — Ha HEKOTOPOM pACCTOSHUHM OT HeEe;
npoTtuBodekTpos (C.) — Ha APYrol TOPLEBOH MOBEPXHOCTH 00pasla,
a IPOTUBO3JIEKTPo cpaBHeHus (Re.) — HA HEKOTOPOM PACCTOSHUH OT
Hee. Takast cxema pacIONOKEHHS SJIEKTPOJIOB TTO3BOJISIET BBIJEIHUTH
TOJIBKO YacTOTHYIO 3aBHCHMOCTH IIPOIECCOB, TPOUCXOIIMINX B
JNIEKTPOJIUTE, W  HCKIIOYWATh  MPOUECCHl  HAa  TpaHUIax
aneKTpoa/snekTponuT. OJHAKO TOYHOCTH ONpeAeNeHUs YAeTbHOU
3IEKTPOTPOBOTHOCTH IEKTPOIUTA TIPHA ITOM YMEHBIIIAETCSI.

Bo Bcex BapmaHTax UCIOJIb30BaHUS YETHIPEX30HJOBOM SUEHKU
u3 ol0mero uMMenaHca  SYCHKHM  UCKIIOYAETCs  MMIIEAaHC
TOKOTIOABO/IOB, YTO TOBHIIIAET TOYHOCTH IMOTYIEHHBIX TaHHBIX.
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lelKJltIOHble acneKmaosl UMNEOaHCHOIl CHEeKmpocKonuu.

OcHoBHast  TpoOyieMa  HW3MEPEHHWHA  MPOBOJUMOCTH  Ha
MIEPEMEHHOM TOKE 3aKII0YaeTcsl B TPABWIBHON WHTEPIPETalun
PE3YNIbTATOB, KOTOPAsk YCIOXKHACTCSH TEM, UTO IKBUBAIEHMHASA CXeMd
Auetiky (T.e. CXCMAaTHYECKOE TMPEJACTABICHHUE IIOCIEAHCH B BHIC
KOMOHMHAIIMN COTIPOTHUBIICHUA W €MKOCTEH), KaK MPaBIIIO0, HEN3BECTHA
U, TI0 CyTH, 00pa3ell ¢ MPUMBIKAIOIIUMHE 3JICKTPOIaMHU TPECTABIISCT
cOoOOM  DIEKTPUYECKUIA «UEPHBIH SIMUK». OJTO O3HAYACeT, 4YTO
BenmunHel R w C, HaliieHHBIE TPW YPaBHOBEIIMBAHWM MOCTa Ha
KaKkoH-Tn0o (UKCUPOBAHHONW YAacTOTE, COBCEM HE 00s3aTeIBHO
JIOJDKHBI COOTBETCTBOBATh peanbHbiM R u C oOpa3ina win siueiku.
[ToaTomMy HEOOXOIMMO TIPOBOIUTH U3MEPEHHS B IIIMPOKOM HHTEPBAJIC
YacTOT W BBICTATH Ty OONAcTh, TA€ U3MEpsieMble BEITHMYUHBI
COOTBETCTBYIOT 00BEMHOMY UCTHHHOMY COIIPOTHBIICHHIO 00pasIa.

MHorue wu3MepeHHsi Ha IEPEMEHHOM TOKE BBIMOJIHCHBI C
MIPIMEHEHNEM OIIOKHMPYIONINX 3JEKTPOAOB (M3 30JI0TA TN TIATHHBI).
B sTOM ciydae HE MPOUCXOIUT pa3psiia HOHOB WU JPYTHX PeaKiui
Ha TPAHULIE IEKTPOJ — JISKTPOJIMT U, CICHAOBATEIILHO, 3Ta TPAHUIIA
MOXXET OBITh IKBHBAJICHTHO IPEACTaBICHA KaK €MKOCTh JIBOIHOTO
cinos C,., THMHYHAS BEITUYMHA KOTOPOHM COCTABIISACT 1-10° d/cm’.
EMKOCTp  ABOMHOTO  CJOS  MOCIEOOBAaTEbHO  COEAMHEHAa  C
compoTHBJIeHHEM o0pa3na. B mommkpucTauIMdecKux MaTepuanax
olmee CONMPOTHBJICHHE oOOpasla TMpeacTaBiIsieT coOoH CyMMmy
00BEMHOTO COMPOTUBJICHHUS 3€peH R,;. W CONPOTUBICHHS TPaHUI
3epeH R, (puc. 12). R, IIyHTUPOBAHO EMKOCThIO rpanull 3epeH C.; ,
BeIMYMHA  KOTOPOX  0OpaTHO  TPONOPIMOHAIBHA  TOJIIWHE
MEX3EpPEHHOTO TPAHUYHOTO CJIOSI.

EMKOCTB MI0CKOT0 KOHICHCATOPA OMPEIENSICTCS BEIPAKCHUEM,

C=es,Ad’ (20)
3neck A — momaab 00KIAIOK, d — PacCTOSHUE MEXKIY HUMH, &, —
TUDIIEKTPUYECKas MPOHUIIAeMOCTh BaKyyMa, paBHas 8,85-10™* d/cwm,
& — OTHOCHTENbHAs [WAJIEKTPUYECKas MPOHHUIIAEMOCTh CpPEeIbl,
3aMOJIHAIONIEH MPOCTPAHCTBO MExAy oOknaakamu. OObraHO C,, =
10°® =1 u®, Torma Kak CONPOTHBICHHE TPAHHIl 3€peH TPYJIHO
XapaKTepHU30BaTh TUIMYHOW BennuuHOW. Kak mnpaBuiio, ynensHOE
CONpPOTUBJICHUE (T.€. CONPOTHBICHUE, OTHECEHHOC K CIMHUYHOUN
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JUIMHE) TpaHUIl 3epeH Ooublie, 4eM OOBEMHOE COIMPOTUBICHUC
KpUCTallJla, HO TaK KaK TPaHMIBI 3€PEH MOTYT OBITh Ha HECKOJBKO
TTOPSIIKOB TOHBIIIE CAMHUX 3€PCH, TO B JCHCTBHUTECIBHOCTH R, MOXKET
OBITH W MEHBIIIC, YeM R,;. Benmmunael conporuBiennii R,; 1 R, ; TO4TH
BCErJja CUJIBHO 3aBUCST OT TEMIIEPATyphl, TOTJA KaK JJIs EMKOCTEH 3Ta
3aBUCHMOCTh He XapakTepHa. (OOBEMHOE COIPOTUBICHUE R,5
IIYHTUPOBAHO OOBEMHOI elvﬂcocmo C,s (puc. 12), cBs3aHHOH C
TFEOMETPHUYECKOH eMKOCThlo obOpasma (wiam  stueiiku) C, U
JTUDJIEKTPUUECKOW  MPOHMUIIAEMOCTBIO  TBEPIOTO  DIICKTPOJIHUTA
COOTHOILIEHHEM
£=Cos/C, (21)

[IpuMeHsis mpenCTaBICHUS U TCPMUHBI, IPUHSTHIC IS TUJICKT-
PUKOB (HampuMep, TEPMHUH «IHDJIEKTpUUIECKas MPOHHUIIAEMOCTE») K
MOHHBIM ITPOBOJAHHUKAM, CIIEAYET JEeNaTh 3TO OCTOPOXKHO. 3aMeTHM,
YTO JBE CpaBHUBACMbIC TPYIIBI BEHIECTB HWMEIOT OTJIMYHBIC
SIEKTPUYECKUE  CBOMCTBA.  JlMdNeKTpuyecKas  MPOHHUIIAEMOCTb
TBEPABIX DIIEKTPOJIUTOB XapaKTepH3yeT WX, KOTAa OTCYTCTBYIOT
MEPEMEIICHNSI HOHOB Ha OOJBIINE PACCTOSHUSA. DKCIICPUMEHTAIBHO
BEIMYMHA €& MOXET OBITh HalJcHa W3 M3MEPCHUN Ha TEpEeMEHHOM
TOKE, €CIM 4YacToTa HAaCTOJBKO BeNWKa, YTO HaIpaBJICHHUE
TIPUIIOKEHHOTO 3JICKTPHICCKOTO IO MEHSETCS MPEXAC, YeM HOHBI
CMOTYT 3HAYUTEIHLHO CIBUHYTHCSA C MecTa. Takum 00pa3oM, Kak U B
OOBIYHBIX AMRJIEKTPUKAX, BETUIHHEI € U C,; CBSI3aHBI C TOSpU3aIieii
aATOMOB U DJICKTPOHOB. THITMYHBIC 3HAYEHUS € JISKAT B HHTEPBAJIC O
5 no 20. Eciu 0OpUHATE TEOMETPUUECKYIO MOCTOSHHYIO SYEHKU
paBHoii 1, To e=C,4/€ ,, OTKy1a C,=10"7 @ (=1 n®D).

Ecnu TBepmplii AIIEKTPOIUT XapaKTepu3yeTcsl 3HAYUTEITHHBIM
BKJIQJIOM D3JICKTPOHHOW IPOBOJAMMOCTH, TO B DKBHBaJICHTHOM CXEMeE
SIYEUKHU 3TO OTPAXAloT, BKIIOYAs MapalIeIbHO KOHTYPY AJIEKTPOHHOE
comnpoTuBicHNe R, Ecam 31eKTpoHHOE CONMPOTHBICHHE AOCTATOYHO
Majo, OHO MOXET 3aKOpadyWBaTh BECh KOHTYp, BKIIOYAs E€MKOCTh
JBOMHOTO CIIOSl Ha TpaHHUIaX AJIEKTPOoJ — 3JeKTpoauT. OmHako B
OOJIBIIMHCTBE TBEPABIX 3MeKTponuToB (R, >> R,; + R,5) U B Takux

lc,— TeOMEeTpUYECKass EMKOCTh SIMEHKH, OHA TOXKISCTBEHHA €eMKOCTH sTUeH-
KH C TE€M K€ PacIOI0KEHUEM AIIEKTPOIOB, «3AIIOTHEHHOID BaKyyMOM.

1
*Te. npousBezieHune A-d” B Gpopmyre Uit eMKOCTH TUIOCKOTO KOHACHCATOPA.
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ClIydasdaX 3aKOpauMBaHUC BJICKTPOHHBIM COIIPOTHUBJICHHUEM MOKHO HC
NpyuHUMATb BO BHUMAHHUC.

Co6. Ces.

|l 1l

] i
I I AAAN AAAN
c Roe6. Ras.

dc.
ANV
Ran.

Puc. 14. DxBuBaneHTHas cxeMa AJI TOJIMKPUCTAJUTMNYECKOT' O
TBCPAOI'0 2JICKTPOJIUTA.

MoaenupoBaHUe MPOIECCOB B fUEHKaxX C TBEPIBIMU AJIEKTPO-
JIUTaMH TPeOyeT MOCTPOCHUS CIOXKHBIX 3KBUBAJICHTHBIX CXEM, THIIA
npuBenieHHOW Ha puc. 14. OcHOBHAS 3a7a49a UCCICIOBAHUS TIPH dTOM
CBOIUTCS K TIOCTPOCHHIO SKBHBAJEHTHOH CXEMBI, aJIeKBAaTHO
OTpaKaroled >JIeKTPOXMMHUYECKHE MPOLECCH B sUEHKe, a TaKkkKe K
pacueTry pa3iM4YHBIX OMHMYECKMX M EMKOCTHBIX MapaMeTpOB 3TOU
cxeMbl. IIpu mpoBeleHHM HU3MEPEHUN IO MOCTOBOM CXeMe Ha
MOCTOSIHHOH YacTOTe€ MOXHO MOJYYHUTh JHUIIb Ppe3yJIbTUPYIOIINE
3HaueHus R u C sueiiku, oTpaxkaromue B 0000IIEHHOM BHJE BCIO CO-
BOKYMHOCTh TPOHCXOJSIINX TporieccoB. bomee momaylo wmH)OP-
MaII0 MOKHO TIOJTYYHTb, TPH U3YYCHUN YaCTOTHBIX 3aBUCHUMOCTEH R
u C. TeopeTnueckre OCHOBBI 3TOTO METO/Ia KPaTKO M3JI0KEHBI BHIIIIE.

<————E1 ————— X-———-- Ez——a—
"

Puc. 15. IlocnenoBaTenbHOE COETMHEHUE COMPOTUBIICHUS 1 EMKOCTH.

Ilpu mocienoBaTeNIbHOM COCJMHEHUH CONPOTUBIICHHUS H EMKOCTH
(puc. 15), Bemumumuasl E; u E, mnpencraBnstor coboi
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COOTBETCTBYIOIIME TaJeHUs  HampsbkeHus. [lomHoe  maneHue
HaIpsOKEHUS B 1IeTH E CKIIaJbIBaeTCs U3 MaJIcHUH Ha JIBYX y4acTKax:
E=E,+E,

EmkoctHOE compotuBneHne — ypaBHeHus (12 —14), sBusercs
MHHUMOM BEJIMYMHOM, TaK KaK COACPKUT MHOXKHUTENb j. ITO O3HAYACT,
YTO MEKIY CHHYCOUIAIBHBIM HANPSKCHUEM U TOKOM UMEETCS CIBUT
mo daze ©Ha 90°, (TOK omepexaeT HampsbkeHnme Ha o 90°).
CrnenoBaTellbHO, TIOJIHOE CONPOTHUBIEHUE Z (UmMnedauc) Uenu
OTIPEICTSACTCS BRIPAKEHUEM

1 J
Z=R+———=R-——
jCw Co "
Z=7"—j7” ,tneZ’ =R, Z=1/0C (22)
R
_/VW_
||
|
c

Puc.16. [TapannensHoe COETUHEHUE COMPOTUBICHUS U €MKOCTH.

IIpu mapamnenpHOM coequHeHnn R m C (puc. 16), ckmanpiBas
oOpaTHbIE BETWYMHBI OMHYECKOTO M EMKOCTHOTO COIPOTHBIICHHH,
paccuuThIBalOT OOpaTHYI BelIWYMHY uMmeaanca Y = 1/Z* =
(I/R) + jCw, HazpBacMyr admummarcom T1emu. Tak xe Kak
HUMIIEJaHC, OH pa3felisieTcs Ha JCHCTBUTENbHYIO 1 MHUMYIO YacTH:
Y=Y'+,Y", 1 (23)

rneY'=1/RuY"=Cw.

Nmvmenanc mis cxembl, W300pakeHHOH Ha pwuc. 14, MOXHO
MPeICTaBUTh KaK 0OpaTHYIO BEIMYHHY aAMUTTAHCA!

Z=Y)'=[(1/R) + jCw]" =R/ + jowRC) =
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_ R(1- jRCw) ~ R JRCw 9y
~ (1+ jRCw)(1- jPCw) 1+(RCw)> ~ 1+ (RCw)> @4
Otkyna

g R . RCO

1+ @RCo)? " T TN+ (RCo)

dopmysbl )i BBIYUACICHHUS UMIIEAAHCA W aJIMUTTaHCA MOTYT
OBITh BBIBEJICHBI JUIS JIFOOOT'O COYCTAHUS OMHYECKUX COMPOTHUBIICHUI
U eMKOCTEH, OJTHAKO CJIOXHOCTb 3TUX COOTHOIICHHH PE3KO BO3pacTa-
€T C VYBCIMYCHHEM 4YHUClIa cocTaBisommx RC-371eMEeHTOB.
OKBHBaJCHTHAs CXeMa, MOJCIHPYIONIas JIEKTPUYECKOE TOBEICHHUE
MOHOKPHCTAJUIa TBEPAOTO JJIEKTPOJIIUTA C JBYMS OJOKHPYIOIIMMHU
anekrponamu (puc. 17), xapaktepusyercs wummenancom Z* u
aJMHUTTAHCOM A*, KOTOPBIE MOT'YT OBITh BBIYHCIICHBI TIO (hOpMYyJIaM:

1
Z=(Z+jCo)" + 25
(R +iC0) Coo (25)
Y—[(i+ iCw)™" + : I 26

B kauecTBe mpumepa HIKE TPpUBEIEHBI TOA0TpadbI 11
Pa3IUYHBIX YKBUBAJICHTHBIX CXEM.

Z* jlwC
A

Owl
ow2
° R

increasing
w (o

Q%00 0 0 ©

1 - ZI
R, Om

Puc. 17 . UmnenaHc s4efiky ¢ TTOCIIEA0BATEILHBIM
coequHenneM R u C.
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4
R
Puc.18. MMmnenanc JJId TapaJiIeJIbHOI'O COCAUHCHUA COIPOTUBIICHU A

U eMKOCTH (CM. cXeMmy Ha puc. 16).

R
z” ﬂ
Ca
) Y
R wres1 |
2l o ’
R Z,JOM

Puc. 19. HMmnenanc 1 S5KBUBAJIEHTHAsT CXeMa STUEHKU U3
TBEPJOTO JICKTPOIHUTA C OJOKUPYIOIIUMH 3JIEKTPOaMu Oe3
y4eTa CONPOTUBJIEHUS TPaHUIl 3ePEH.
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ZII
C
|1
R, L)
—ANMAN— I
—AawwwW—
R
> 7
R, R+R,

Puc. 20. Umnenanc v S5KBUBaJIEHTHAS CXEMa STUYEHKUA
C TIOCJIe0BaTEIbLHBIM COETMHEHUEM COMTPOTUBIIEHUIN
U HAJIMYKEM NapajljieIbHOM eMKOCTH.

3HauuTeNbHO  0Oo0Jiee  CJIOKHBIC  3KBUBAJICHTHBIC  CXEMBI
HEOOXOMUMBI JJISi ONMHCAHWA CHCTEM, TAE OJIEKTPOABI XOTS OBl
YaCTHMYHO He SBIAIOTCS Onokupyromumu. [lox Bo3szaeicTBHeM
MEPEMEHHOT0 TOKa B MPHUAIIEKTPOTHOM IIPOCTPAHCTBE 0OOpazyercs
3aBHUCAIIUN OT BpeMeHH (0T YacTOThl CMEHBI HAINpPaBJICHUS TOKa)
mudy3noHHbid  cnoit. [Iporeccsl OKUCIIEHUS-BOCCTAHOBJICHHUS Ha
MTOBEPXHOCTSIX 3JIEKTPOJIOB CBSI3aHBI c ¢ y3nOHHOM
JIOCTaBKOH/OTBOJJOM HOHOB M3 WJIK B 00BbeM pacTBopa. B aTom cirydae
JOTIOJTHUTENNBHO BO3HUKAET T.H. uMnenanc BapOypra, o603HagaeMbIi
CHEIMATEHBIM CHUMBOJIOM W, KOTOPBIi [0/Ipa3yMeBaeT
MOCJICZI0BATEIBHOE COCMHECHUE CONPOTUBIeHUsI Ry U emkxoctu Cp,
3aBHUCSIIUX OT YaCTOTHI M.

Cd.c.

R,

i\ f—

R
Puc. 21. DkBuBaneHTHas cxema ISl 3JEKTPOAA C E€MKOCTBIO
nBoitHOTO ciost C,., W HEKOMIEHCHPOBAHHBIM COIPOTHUBICHUEM
pactBopa R,. ComnpoTuBiieHHe peakIuu CKJIaAbIBaeTCI U3
COIIPOTHUBJICHHS MIEpeHOca 3apsiaa R ,, u umienanca Bapoypra W.
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BO3pacTaHue
w

77

(R1 + Rn.s._ zozcd.c.) R1 + Rn.s,

R,

Puc. 22. UmnenancHas auarpamma JJis SKBUBAJICHTHOM
CXeMBI Ha puc. 21.

B nanHOM ciyyae MoOSyOKpYXHOCTh MMeeT HeHtp Z' = R; + R
n.3./2 ¢ paguycom R n.3./2. I'paduk B LenIOM AEMOHCTPUPYET Kak
HINYAE KUHETHYECKOTO KOHTPOIS (IIOJNYOKpPY>KHOCTb), TaK U
TUQQPy3MOHHO KOHTPOIMPYEMYIO oOOiacTb (mpsMas JHHHS C
€AMHUYHBIM HakJIOHOM). Bua auarpaMMbl MOXKET H3MEHATHCA B
3aBUCUMOCTH OT HUCCIEIYEMOM CHCTEMBl U pEKHMMa H3MepeHui. B
mpeneine Ha rpaduke (UKcHpyeTcs TONBKO OJHA W3 JIBYX
PaccMOTPEHHBIX o0JacTeil.

Eme omamM  mpuMepoM,  HIUIFOCTPUPYIOIIEM  CIOXHOCTH
HMHTEPIIPETALUU PE3yIbTaTOB HMITCJAHCHBIX U3MEPCHHI KaK (DYHKIIUU
peXHMa WU3MEPCHH, SBISAIOTCS wuccienoBanus cuctembl LiSCN —
TTOJTHA THIICHOKCH T (IT20). Teoperndeckue OIICHKH
TpaHCQOPMHUPOBAHHS HSKBHBAJICHTHBIX CXEM B 3aBHCUMOCTU OT
4acTOTHl MEPEMEHHOTO TOKa M BapualMid YCIOBHH SKCIEpUMEHTa
Optn BeIOTHEHBI P. Mak/lonanmpmom. M3mepsiemas sdeiika wmMena
sux:  Li| pactop LiSCN B ITDO|Li. Jlnanazon gactor 10™ — 10° ',
Juanaszon Temneparyp 20 — 170°C.
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{a)

(b}

(c}

(d]
zl

Puc. 23. DKBUBaJCHTHBIC CXEMBI ISl Pa3JIUYHBIX YaCTOTHBIX
JIATa30HOB:

(a) — BBICOKAs 4acTOTA;

(b) — cpenusis yacToTa;

(c) — HU3Kas YacToTa;

(d) — 00wt MIIeAaHCHBIH TpaduK, BKITFOYAONTNI BCE TPH JYTH.

Co6

Puc. 24. O0Ouias >KkBUBaJIEHTHAS CXEMa JUIS TYEHKHA
C pEaKIMOHHO-CIIOCOOHBIMU 3JIEKTPOIAMH.

PaccMoTpuM yacTHbBIE cilydad TeopeTHYecKoro aHanmmza Pocca
Mak/lonansaa (puc. 23).

29



Hmneoanchnas CNeKmpocKonust m@epdbzx INIEKMPOIUMUHLECKUX Mamepuailos

(a) Ilpu oYeHb BBICOKMX YacCTOTaxX PErHCTPUPYETCs OO0BEeMHas

(reomeTpuyeckas) E€MKOCTh Cos, KOTOpasi  LIyHTHPYETCS
MIPOBOAMMOCTBIO DIIEKTPOJUTA (COMPOTHUBICHHUE JIEKTPOIUTA R,5).
OnexTpoHHas MIPOBOAUMOCTD JJIEKTPOJIOB  COEOMHEHa C

MIPOBOAMMOCTBIO 3JIEKTPOJIUTA YEPE3 EMKOCTh IBOMHOrO cinosi. Kakoii-
b0  TepeHoC HOCHTEeNeH 3apsga uepe3 TIpaHHIy 3JIeKTPOI-
AJIEKTPOIUT TTOJTHOCTHIO OTCYTCTBYET.

(b) B obmactu cpeaHHMX 4YacTOT BIMSIHHEC TE€OMETPUYCCKOMN
eMKOCTH Oojee He ckaspiBaeTcs. lmmeaaHc IBOWHOTO —CIIOS
BO3pacTaeT, 4TOo MO3BOJIIET 00ECTIeUNTh 3HAYMMOCTh IIEPeHOca 3apaaa
B DJIEKTPOJTHOM peakIiuu. ITa 00JIaCTh YaCTOT, CIET0BATEIEHO, MOKET
OBITH MpeJCTaBlIeHa OObEMHBIM COTIPOTUBICHUEM R,5, COEANHEHHBIM
C MMapauIeT-HON KOMOWHAIIMEH CONPOTHUBIICHUS TIepeHoca 3apsna R, ;.
W EMKOCTBIO IBOHWHOTO »diekTpudeckoro cnios. Ilapa R, C,.
OTBETCTBEHHA 3a BO3HUKHOBEHUE MOIYOKPYKHOCTH 2.

(c) Ilpu odeHb HH3KHMX 4YacTOTaX KOJIHMYECTBO 3apsia,
MIEPEeHECEHHOT0 peaknuel Ha DJJIeKTPOJe B TEUEHHE MONYLHKIIA
W3MEHEHHUS HalpaBJICHUS TOKa, JOCTaTOYHO JUIs  CO3/aHus
KOHIEHTPAIlMOHHOI0 TpaJueHTa B 3jiekTposnuTe. Ha mmmnenancHoi
IUarpaMMme 3TOMY COOTBETCTBYET JMHEWHas 4acTh AyTd 1, mMeromas
eAMHWYHBIA HakioH. [lpm eme Oolee HHU3KMX YACTOTaX MOTYT
BO3HHKHYTh KOHIICHTPAl[MIOHHBIE BOJHBI W  KBa3UCTaOMIbHBIC
Mpo(HiIH, 3aBUCSIIAE OT TOJIIMHBI AIEKTPOJUTA. DTO MPHBOAHUT K
TOMY, 9YTO UMIIETAaHC STYCHKH BO3BpAIIAETCs Ha PEAbHYIO OCh Z .

P. Mak/lonansa NpoaHaau3UpOBaJl CUTYalHUI0, KOrjJa B s4EiKe
uMeeTcss ONOKUPYIOUIMH BNEeKTpOA IO OJHOMY HWOHY M  HeE
OJIOKUPYIOMIMIA 3JEKTPOJA IO APYroMy HOHY. Bo3HUKarommili mpu
9TOM (TIpM HHU3KUX YacTOTax) MMIIEJAHC Z;., IIO3BOJIAET TOIYYHUTH
HOBYI0 wuH(popMmauuio. B wactHoctn, mmpuna nyru 1, Z;_.(0),
OKBUBAJICHTHA R,; M/l;, THe M; — TOABHXHOCTh HOHA,
MIPUHUMAIONIETO YYacTHE B DJIEKTPOJHOM pEakiu, a [ -
MOJBWKHOCTh Jpyroro uoHa. Koraa ydacTByroomue B peakuuu
3NIEKTPOABI ABISIOTCS 00PaTUMBIMH, Z;_, Ja€T IPOCTOE BBIPAKEHHE:

1 g0

6.—n. — ‘o6 ‘Ll a > (27)
1

rIe
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,  JI’2rw
D

c

(28)

3necwk / — TommuHa nekTponuTa, a D, — koadduuuent muddyzuu
pacTBopeHHO#1 conu. U3 3anmicaHHbIX COOTHOILICHUH BUIHO, YTO KOT/Aa
o oOparaercs B HyJb, Z;_, TpUHUMAET 3HaYeHUe Z;_,(0) = R,6 po/i;
Tak kak o mponoplUHUOHAIIbHA P, s10 YCTOMYHBOE COCTOSIHUE MOXKET
OBITh JOCTUTHYTO TPH Pa3yMHO HHM3KHX YacTOTaX M OYCHb TOHKHX
TUICHKAX JJICKTPOJIHTA.

Umucno mepeHoca f; B OJHO-OJHO BAJCHTHBIX O3JICKTPOIHTAX
paccuuThIBaETCS MO YPAaBHEHUIO

My

1
TR ‘“/
1+ 1,

Yucimo mepeHoca f; MOXKET OBITh BBIPAKEHO YEpe3 H3MEpsSeMbIC
BeUYHUHBI R o5 U Z;_,,(0):

t (29)

1

= (30)
1+{[Z;_, (O]:R,;}

[

U3 ypaBHenuit (27) u (28) Benmumna D. MokeT ObITH HaiijeHa,
€CITU BCE Jpyrue HeoOXOAMMbIC BEINIHHBI KOJIMYECTBEHHO H3BECTHBI.
DT0 HauboJIee JIErKO MOXKHO CAEIATh IS OOJIBIINX 3HAYEHHH 0, TIe
tg a = 1. OTcroga nonydyaeM ypaBHEHHUE:

D ={—""14no , (31)
6.—H. (O)
rae Re Z; ., —peanpHast yacth Z' TpH 4acTOTE .
XapakTepUCTHYECKHE YacTOThl W3 W My , yKa3aHHbIe Ha pHC. 23,
MOTYT OBITh OTHECEHBI K KommoHeHTam RC- map:

Re”Z
V4

RisCh02n=1 u R,; Cy. ®2n=1. Eciiu onpeiencHpl @; u
®; , OTCIOAa MOTYT OBITH omnpenenensl emxoctd C,; u C,y. . B cBorO
ouepens C,; CBS3aHA NMAICKTPUICCKON IMOCTOSHHOW ITOJIMMEPHOTO
KOMIIJIEKCA COOTHOIIICHHEM:

Cos=(e*A)", (32)
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rac A-— rmiaomaab MOIepeYHOro CCYCHU S IJICKTPOJIMTA.

s cpaBHEHUST TEOPHH C TIPAKTHKOW, HA pHC.25 TPHUBEICHBI
pe3ynmbTaThl AKCIIEPUMEHTANBHBIX WM3MEpPEHHH, BBIIIOJHEHHBIX Ha
cucreme LiSCN — [190 mpu Tpex Temmeparypax.

(. 16000y
Z,OM o . o
[=]
51041 @ .
) ru
T=455°C _ &oo%, N
Z'om 105 2103 Z! Om
103 500ry
T-825°C &= '°}
103 4103 Z! oM
Z oM 16103y
R0+ ° ® O
o -]
1=1355°C @&9&. . ° o -
50 12 ° 2102 orm
Z,OM

Puc. 25. DxcniepuMEeHTAIBHO TTOJTYICHHBIE UMITCIAHCHI
HpH Tpex pasinyHbiX Temneparypax: T =45,5°C; 82,5°C; 135,5°C.

Onexrpomut roroBmm u3 190, ¢ MonekynapHON Maccoi 4410% u
TIIATEIHHO OYHMIIeHHON M BhIcymieHHOW comn LiSCN. Bbeumm B3sTHI
HaBecku 1,158 t 120 m 0,38 r LiSCN, koropsie pacTBOpsIH B
OCYIIEHHOM aleToHuTpmie. Jlamee pacTBOpHl BBUIMBAIA  HA
Te(pJIOHOBBIC TOMJIOKKH M TIIATEIBHO BBICYIIMBAIA B CYyXOM
BakyyMHOM Ooxce. [lomydeHHBIE TUICHKH HMENH CIEAYIOIINE
XapAKTEPUCTUKH: OJMH CM~ IUICHKM Becua 13,6 Mr, MMeN TONIIUHY
115 MM, mmoTHOCTH1,19 r/em’ u KOHIICHTPAITHIO JTUTUSA — 4,5 MOJIB/II.
JlutueBble METAIUIMYECKHUE DIICKTPOIBI WMENH OUaMETp, PaBHBIN 7
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MM. T.e. MOBEpXHOCTh KOHTAaKTa AJIEKTPOMA-3JEKTPOJIHUT COCTABIIA
0,38 cM’.

Ilpu 45,5°C 1nBe MOJIYOKPYKHOCTH COOTBETCTBYIOT OOBEMHOMN
(TeoMeTpUIeCKOi) E€MKOCTH, ITYHTHPOBAaHHON 00bEMHBIM
COINPOTHBIICHUEM dJIeKTposuTa (myra 3 Ha puc. 23), 1 KOMOMHALIUH
€MKOCTH JJBOMHOTO CJIOSI C CONPOTUBJICHUEM MIEPEHOCY 3apsiia.

Ilpu  Heckompko Oojiee  BBICOKOM  Temmeparype  82,5°C
COINPOTHBIICHUE DJICKTPOJIUTAa YMEHBIIACTCA, U XapaKTepUCTHYECKas
yacTtora, MmpHcymias Jjayre 3, Bblle, 4YeM MOpUMEHseMas B
skcnepuMmenTe. K ToMy e yMEHBIICHUE COMNPOTUBICHUS TI0
MEPEHOCY 3apsifa YBEJIWYHBACT OOJIACTh YACTOT, COOTBETCTBYIOIIMX
oJIyoKpy>kHOocTH oT 9 10 500 I'm.

ITpu 135,5°C compoTHBIIEHHE MEPEHOCY 3aps/ia TOYTH MPOIAIAET,
HO XOpOIIO BHAHA Jyra COOTBETCTByOMmas aupGdy3HoHHOMY
npoueccy (myra 1 Ha puc. 23).

B koHEeuHOM HTOre U3 3aBHCUMOCTEMH, IIPEACTaBICHHBIX Ha puC. 23,
MOXET OBl TOJYy4eH pPacyYeTHHIM METOJOM 3HAYUTEIBHBIH 00beM
pa3HooOpa3Hoii MoJIe3HOH HHPOPMALIUH.

3akioueHnne

W3 W3JI0)KEHHOTO CIICAYeT, 4YTO WMIICIAHCHAS CIIEKTPOCKOIHUS
WUTpaeT  KOJIOCCAJBHYH  pOJib B DJJCKTPOXHMMHYECKUX U
MaTEPHaIOBEIYECKHX HCCIICAOBAHUSAX, TOYHEE BO Bcex 0e3
HCKJIIOYCHHS MCCIICIOBAHMSX, TJIC MMEIOT MECTO SIBJICHHS IEepeHOca
3apsfa, sBICHWS Ha Mex(a3HbBIX TpaHUIAX, croenuduueckas
azcopOIusi, IPOIECChl OKMCICHUSA-BOCCTAHOBJICHUE U MHOTOE JIPYTOE.
HecoMHeHHO, YTO C MOSBICHHEM COBPEMEHHBIX HM3MEPUTEIIBHBIX
CHUCTEM, COBMCILIECHHBIX C IIE€PCOHAIBHBIMM KOMIIBIOTEpAMH U
CpeICTBaMHU aBTOMAaTH3aLUH IKCIIEPUMCHTA, BO3MOKHOCTH
HMMIICAaHCHOM CIIEKTPOCKOIIMH BO3PACTAIOT MHOT'OKPATHO.

Omnako Bcerma HEOOXOAMMO TNPUHAMATh BO  BHUMaHHE
HCKITIOYUTEIBLHYI0 CII0XKHOCTh HCCIEAYEMBIX CHCTEM, CIHOCOOHBIX
0o0OHApy)XMBAaTh CaMble Pa3HOOOPa3HBIE OTKIMKH B 3aBHCUMOCTU OT
MPHUPOIBI 00pa3Ia v COBOKYITHOCTH apaMeTPOB IKCIIEPUMEHTA.

Kak OBl He COBEpIICHHBI OBLIM W3MEPUTEIBHBIC TPUOOPHI,
peniapinas poiib MPUHAIICKUT CaMOMY dKCIIepuMeHTaTopy. iIMeHHO
OH TapaHTHPYeT aJeKBAaTHOCTh HHTEPIIPETAlMd W HeceT 3a Hee
OTBETCTBEHHOCT.
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