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[peaucaoBHe penakTopa mnepeBOna

B «KpaTkoM pykOBOACTBe K (H3HKe», H3AaHHOM
p Caukr-ITerep6ypre B nauyane XIX Beka, ropopurcs:
«®u3uKa eCcTb CKOJbKO MpPHATHAsS, CTOJbKO M MOJe3Has
Hayka, TOJIKYIOllas CBOACTBA TeJ HJM MpelAMeTOB, Hac
okpyxawownx. CpoicTBa Tes MO3HAIOTCS HAH Yyepe3 Ha-
6/10/1eHHS,, KOTjJa Tel0 paccMaTpHBaeTcss B eCTeCTBeH-
HOM COCTOSIHHH, TO eCTb TaK, KaK OHO eCTb, HJH yepe3
ONMBITH, KOTJAa TeJIO MPHBOAAT B TAKOE COCTOSIHHe, A0 Ka-
KOTr0 OHO caMO AOHTH HHKOTAa He MOXeT». B o6uwem Bce
npaBuabHO. PH3MK TeM H OT/IHYAeTCS OT HaTypaJHCTa,
YTO OH He TO/ILKO Hab/I0JaeT, HO H HCClelyeT NMPHPOAY,
cTaBsl ONBLITH, MPHBOAS Tesa B Takoe COCTOSIHHe, A0 KO-
TOr0 OHH caMH JOATH He MOryr. ®H3nKa — NpHATHas
Hayka, MOCKOJbKY AApHT HCC/Ie10BaTeNio MHHYTH BIOX-
HOBeHHS, CNaZ0CTb KOTOPBIX CKpalIMBaeT ToAnl TpyAa H
TpeBor. TpeBor, MOTOMY 4YTO pe3yJbTaT ONHTA — YHC-
JO — J0JKeH ObITb MOABeprHYT CTporol o06paboTke,
KOHTPOJIIO H aHa/NH3y Ha BCex 3TaNax 3KCMepHMeHTa, Mo-
TOMYy YTO BBIGOpP MeETOJHMK HeOJAHO3HayeH H 3aBHCHT OT
KBaJH(QHKAUHH H HHTYHLUHH HCCJel0BaTelsi, MOTOMY YTO
nosiBNieHHe HOBBHIX 3KCIepHMEHTaJbHbIX BO3MOXHOCTel
nobyXJAaeT ero CaMoOro H JAPYTHX K MOCTOSIHHOH Ipo-
Bepke H YTOYHEHHIO YyXe MNOJyYeHHHX pe3y/bTaToB. Baa-
TOTOBeHHe Mepel 3KCHepHMeHTOM — BeJIHKasi HPaBCTBeH-
Has CHJa; ero OTCYTCTBHe — MOPOK, KOTOpHfi, nomajau
OH Ha «6JaroJaTHYIO» NOYBY, MO CBOMM MNOCAeACTBHAM
HenpeAckasyeM. BocmuTaHHe TakKoOro - 6/1aroropeHHs —
OAHA H3 IVIaBHbIX 3a/a4 BCeX KHHT MO TeOPHH 3KCrepH-
MeHTa. ([la H He TO/ILKO HX, KOHEYHO...)

[Ipeanaraemasi  coBeTCKOMY  UHMTaTell0  KHHTa
X.-U. KyHue «Metoas (uanuecKHx H3MepeHHiI» — BBe-
dleHHe B TeOPHIO H MeTOAHKY COBpeMeHHOTO 3KCHepH-
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MeHTa. B kHUre KpaTko, HO c He06XOAHMON NOJHOTOMH
paccMOTpeHH CMOCOGH MaTeMaTHYeCKOH CTAaTHCTHKH y
06pa60TKH ONBITHEIX AaHHBIX, aHalH3 pa3MepHOCTel y
OCHOBbHl TEOpDHH MNOAOGHSl, TOYHOCTb, YYyBCTBHTEJbHOCTD,
XapaKTepHble TMOTPeliHOCTH M OCOGEHHOCTH IMOBefdeHus
OCHOBHBIX H3MEpHTE/bHbBIX CHCTeM (PH3HUECKOrO 3KClle-
pHMeHTa. YCBOEHHIO MaTepHasla CMOCOGCTBYIOT SICHOCTL
H3JI0XKeHHsl, NPOAYMAHHOCTb KOHCTPYKLUHH KHHUTH, uer-
KOCTb fI3blka W OTCYTCTBHEe TOH BeJHKOMOCTHOCTH, KOTO-
pasi BCce ewe CBOHCTBeHHa yuyeGHOH nHTepatype. Kax-
gas riaBa 3aKaHYHBaeTCs «3nHrpaomM Hao60pOT», Kak
6bl MOABOASILIMM HTOFH CKa3aHHOMY.

KHura 6yaer nojesHa cTyleHTaM, aCnHpaHTaM, Ha-
YYHBIM COTPYAHHMKaM, CBSI3aBIIMM CBOIO XH3Hb C 3KCle-
PHMEHTOM, BCEM, KTO MOXeT CKa3aTh:

«§l 3ualo, crapuit apyr,
Kak T nowen no storo.
1 3uaio,
KakHM KJII04OM TH OTNEp 3Ty
ABepb,

Kak Ty B3amoMan, Kak
FAAABBaN CKBO3b 3Ty

H noacmoTpen 8ce 10, uYTO
YBHAAN»,

(Boprc IMactepuak)

J1. lllsundaepman



[IpennucioBue K PyCCKOMY H3AAHUIO

Xouy BHIpa3uTb CBOIO TJybokylo 6a1aroaapHoOCTb
a-py J1. C. Wenunnepmany u B. B. Crpaymany 3a tpyn
no nepesoay 3ToH KHHrH. Haperocb, uTOo ee unTaTesn
CMOTYT XOT# OH OTYaCTH OLLYTHTb YNOBOJbCTBHE, KOTO-
poe fl HCNBEITAJ, H3J1aras KjouYeBbe KOHUENLHH H NMPHH-
LHNH, HeoOXOAHMble 3KcCMepHMeHTaTOpaM MNpH NpoBeje-
HHW pa3HooOpasHbix H3MepeHHH. Kuura nomoxer BH-
6paTb ONTHMaJbHHe CHOCOGbI NPOBefeHHS H3MepeHHIl.
HOnst 6onee rnyboOKOro 3HaKOMcTBa C HHMH cCjefyeT 06-
paTHTbCA K CNelHasbHOH JIHTepaType, CNHCOK KOTOPO#
npuBejieH B KoHue KHUIH. OTMeuy, YTO OH HH B Koelil
Mepe He mnpeTeHAyeT Ha NOJHOTY: B HeM, HampuMep,
noyTH HeT paboT coBeTCKHX aBTopoB. [eso B ToM, yTO
B CIIHCOK BKJIOYEHbI TOJIbKO Te KHHTH H XXypHa/bl, KOTO-
pHe Jerde Bcero aocrath cryaenram B ®PT.

Boxym, ¢espans 1988 r, X.-H. Kynye



IIpenucnoBue aBTOp2

Kuura, kotopas sexut nepex Bamu, «Bhpocaa» p3
He6O/1bUION ABYXYaCOBOH JIEKLHH, KOTOPYIO $i YMTaJ CTy.
nentam Pypckoro ynusepcurera B Boxyme nocne roro
KaK OHH MO3HAaKOMHJ/IMCh C OCHOBaMH 06lled (DH3HKH y
BHIMONHHAK JsabopaTopHble pabOTH BBOAHOrO MNpPaKTH.
KyMa. Metoabl H3HYeCKHX H3MepeHHH CeroaHs Ha.
CTO/bKO pa3HO006pa3Hbl U TaK OLICTPO M3MEHSAIOTCS, YTQ
AJS1 MX MOJHOro 0630pa HyKHH MHOTOTOMHHIE MOHOrpa-
¢uu [0.1—0.3]. Ho naxe Tam 3rcmepHMeHTaTop He Hail.
AeT feTajbHOro OMHCaHHA Bcex NpHOGOPOB H crnocoGos
H3MepeHHH: 3a Gosiee MOAPOGHBIMH CBefleHHAMH OH HO.-
XeH 06paTHTbCSl K CleilHaJ bHOH sHTEpaType.

[TostoMy B Haute#l He6oJbIIOH MO 06bEMY KHHMIe peun
noiaer fnpexjae Bcero 06 OCHOBHBIX MpHHUHNAX IJaHH-
POBAaHHA W NpOBeleHHs OMBITOB, a TaKXe OOPaGOTKH W
aHa/H3a NOJYYEHHBIX 3KCMePHMEHTaJbHHX  JaHHBIX.
B ocrajpHBIX riaBax BH HalijeTe CBefeHHSl O TeX MeToO-
Aax H3MepeHHH HAH npuOOpax, KOTOphle HaHGoOJee HHTC-
pPecHbl ¢ MPHHUHUMHAJIbHOA TOUKH 3peHHS HJH UIMPOKO
MPUMEHSIOTCS BO MHOrHX 06nacTax ¢H3HkH. MoH omuT
npHobuieBlsi CTYAEGHTOB K HayuyHoH pabore noMor oOro-
6paTbh TEMbl, Ha KOTOPbIX HYXHO ObJIO OCTaHOBHThLh(f
noapo6uee. TakuM 06pa3oM, ypOBeHb H3JIOXKeHHsI MarTe-
pHaJla B pasHbIX IjaaBax pa3/H4yeH, HO MMEHHO MO3TOMYV
KHHra MOXeT C M0Jb30# MOCJAYXHTh He TOJLKO CTY/leH-
TaM, HO H HH)XeHepaM HJIH HayyHbIM pabOTHHKaM, yxe
HMEIOILHM MpaKTHYCCKHH OMMT.

1 Xouy cepaeyno mnob6JaronapuTb Moero KoJjJery
npodeccopa B. Kponacra v ueini#t psg MOHX cOTpyaHH-
KOB, KOTOpble BHHMATeNbHO IPOYJH KHHTY H CAesaJH
MHOXeCTBO MOJIE3HbIX KPHTHUECKHX 3aMeuyanHit. 1 oco-
GenHo mpu3HaTeleH ¢pay Dausaber HNEpuHr, koropas
OYeHb TwlATeNbHO H C MOJHBIM MOHHMaHHeM IOATrOTO-
BH/1a MalIMHOMHCHBIH TeKCT K MeyaTH, BHeCs B Hero BCE
Heo6x0AHMHe HCIpaBJeHHs.

Boxym, ocenr 1985 r, X.-H. Kynye
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Bcé, 4TO MONHKO Y3HATb, uMeeT 4ucAo,
Be3s nezo Huwezo Heab3a nowars uau
OCMBICAUT®.

Pusoaraoc uz Kporona
(5 8. no H.3.)

1. Beepenue

du3HKa — 3TO 3KCNepHMeHTasnbHasi Hayka, oHa OCHO-
paHa Ha OMbiTe H He MOXeT 06OATHCh 6e3 MaTeMaTHKH.
KosMuecTBeHHble H3MepeHHA MO3BOJAOT (GopMyJaHpo-
paTb MaTeMaTHYECKHe 3aBHCHMOCTH MeXJy (H3HYCCKH-
MH BeJHYHHaMH, Eille uwiyMepbl yMeJAH H3MepsTb TpH
pyHRaMeHTalbHbie BeJHYHHH (GHU3HKH — LVIHHY, BpeMs
¥ Maccy, — OfIHaKO 3HayeHHe 3KCNIePHUMEHTOB H TOYHHIX
yaMepeHHil CTa/l0o MOHATHBHIM JIMUWbL HayuHas cO BpeMeH
Fanuness (17 Bek). HMMenHO Torma OblAH 3a/10XKeHbl
OCHOBH COBpeMeHHOro eCTeCTBO3HaHHA.

JKcnepHMeHTa/lbHble MeTOAW H H3MepHTesbHasi Tex-
HMKa B (H3HKe B HacTosiuiee BpeMsi BeCbMa MHOroo6-
pa3in. CrenHajJbHbhe MeTOAB 3KCNEPHMeHTa pa3BH-
BAlOTCS1 He TOJMbKO B (PH3MKe, HO M B APYrHX pasje’ax
ecTeCTBeHHbIX W TeXHH4YeCKHX Hayk, AJA KOTopux ¢H-
3HKa CJYXHT OCHOBOH.



2. du3snyecKkue BEJIHUYHHDBI
H eIHHHUBI H3MEepPeHHS

Ilenabio 3kcnepHMeHTa ABJAAETCA MOHCK TakHX Napa.
MeTpoB (H3HYeCKHX SIBIGHHH, KOTOPHE MOXHO H3MEpHTh,
MOJYYHB 4YHCJIeHHBle 3Ha4YeHHsl. Mexay 3THMH H3Mepen-
HBIMH 3HAYCHHAMH YyXe MOXHO YCTaHOBHTb orpejened-
HY10 (QYHKUHOHANbHYIO 3aBHCHMOCTb. CBoHcTBa (H3H-
YeCKHX OOBEKTOB H MNpOLECCOB, KOTOpble MOXHO MPAMO
HJIH KOCBEHHO H3MEpHTb, Ha3hIBAlOT (PU3HYECKHMH BeJH-
yuHaMu. PH3HYECKHE 3aKOHBI, CBA3bIBalOIIHe MeXay Co-
60#f 3TH BeJHYHHbI, HMEIOT BHjJ MaTeMaTHYECKHX Ypas-
HeHHH. (DH3HYeCKHe BeJHYHHBI MOXHO pa3jfe/HThb Ha
K/1aCChl, KaX/Jblil U3 KOTOPBIX OMHCHIBaeT OnpejeseHHbIH
KPYT AIBJEHHH.

TNpu uaMepenun ¢u3nyeckoil BeJHYHHH ee 3HauyeHHe
G cpasuuBaloT ¢ epHuHuell H3Mepenusa [G]. Hucao, Ko-
TOpOe MOJAYyuYaeTCsl MPH H3MEPEHHsX, HA3bIBAIOT YHCJEH-
HbiM 3Hauenuem {G} DH3HYECKOiT BeJHUHHBI:

G = {G}[G]. (2.1)

Taknm o6pasom, J106asd (PH3HYecKas BeJHYHHA paBHa
NpOHM3BeJeHHIO YHCJIEHHOrO 3HaYeHHA H eqHHHUB H3Mepe-
nua [2.5].

du3nyeCckHe BeJHUYHHB CBA3aHH MaTeMaTHYeCKHMHU
ypaBHeHHSIMH. MOXHO BBIICJUTbL HECKOJBKO He3aBHCH-
MbIX BeJHYHMH, KOTOpble He CBOASITCA OAHA K ApYro#.
Hx Ha3biBalOT OCHOBHbIMH (PM3UYECKUMM BeJHMUYMHAMH.
DTH BeJHYHHDI, BOOOLlEe roBOPA, MOXHO BbHIGPATb MpOH3-
Bo/ibHO. [T03TOMY CyluecTByeT MeXAyHapOiHOe corJalle-
HHe, KOTOpOe ofpefesseT OCHOBHBE (PH3HYECKHe BeJHYH-
ubl. (MUx ppi6op 06ycsoB/ieH COOGpa’KeHHsIMH yno6CTBa.)
Bce ocrasapHble BeJHYHHBl HA3bLIBAIOT MPOM3BOLHBIMH.
OnH onpelleNs10TCS ypaBHeHHsIMH, B KOTOpHe BXOAAT
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OCHOBHBIE (DH3HUeCKHe BeNHUHHH WJIH HX KOMOHHauMH.
[IpousBoanbie ¢dH3HUeCKHe ReJHYHHBI MOXHO NpejacTa-
BUTh 4epe3 NpoOH3Be/lleHHe OCHOBHbIX¥ BeNHYHH B::

G=5BYp% ... B’ (2.2)

[lokasarenn crenmedn B; 3TO NOJOXKHTEJbHble HJIH OT-
puuaTeJbHble pauHOHATbHHE YHCJIA.

B 1960 . 6b10 3akal04eHo MeXAyHapojaHoe coria-
WweHHe 0 BHOOpe OCHOBHHIX (H3NYECKHX BejHuHH. DTH
BCIHYHHH, a TakXe MPOH3BOAHHE (H3HYECKHE BeJsH-
YMHBH COCTaBASIOT OCHOBY MexayHapoaunolt cHcTeMHbl
eaunny CH (Systéme International d'Unites). Bo mHo-
FHX cTpasax 3Ta CHCTeMa eJMHHIL MMeeT CHJy 3aKOHa.
Mexaynapoinyio CHCTeMY ejHHHL OYeHb YA0OHO HC-
[OJb30BaTh Kak B TEOPHH, Tak M Ha MNpakTHke [2.4].
[poussoansle enunnubl B CH nosnyuaioTcs M3 OCHOBHBIX
no ypaBHeHHI0 (2.2) npH uenblXx 3HaYeHHSIX NOKa3aTe-
Jefi B;. HauGonee BaKHHe M3 HHUX HMelOT coGcTBeHHble
HMena H kpaTkHe ofo3naueHus. Mx moxHo HaiiTh, Ha-
npumep, B nokyMeHTe [2.2] MexayHaponHoro coiosa
obweii u npuknagHo# ¢u3uku (IUPAP), a takXe B
i2.3) .

B rta6a. 2.1 npuBeseHH OCHOBHHe ()H3HYeCKHe BeJH-
YHHH U WX eAHHHUH H3MepeHHs. CylUecTBYIOT TOuHBIE

Tabauya 2.1. OcHobHble BEJHUHHL H e/IHHHUN H3MepeHHH

Qu3KuecKan 0O6o3na- Eannnua O60o3Ha-
BeJMH4YHHA YeHHe H3MepeHHA yenue
HDnuua l Merp M
Macca m Kenorpamm Kr
Bpemsa t Cekynna c
CHia sfekTpPHYECKOro TOKa 1 Awmnep A
Temneparypa T KenbsHu K
Konuuectso Bemectna n Moss MoJb
Cuna cBera Iy Kanzena KA

onpejleenns 3THX BedHuHH. OTMeTHM, UTO Ha MpAaKTHKE
STH Onpelle/leHHA PeaU3YIOTCA C KOHEYHOH TOYHOCTbHIO.
Ilns 3Toro MCnosb3ylOT pa3noobpa3HHEe MeTOAB H3Mepe-
HUH, KOTOpble MOCTOSIHHO COBeplLIEHCTBYIOTcs. DBosee
noipo6Ho 3TH BONPOCH ONHcaHbl B KHWrax [2.3, 2.4].

b CM. Takxke [2.7*—2.9*]. — [ pus. nepea
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Ecnu o6paTuTbesi K HCTODHH, TO MH YBHIHM, Kak, C OJ-
HOH CTOPOHBI, BO3pacTaJnau TpeO6OBAHUA K TOYHOCTH oOIpe-
AefeHHsT elHHUU (PH3HYECKHX BeJHUHH, a ¢ Apyrofi cro-
POHB, BO3HHKAJNHW NPHHUUIHAJBHO HOBHE CHOCOGB HX
usMepenus. HccregoBaTteln CcTpeMHJIHCh H CTpeMATCHA
CBfi3aTh OCHOBHble (H3HYECKHe BEIHYHHBI ¢ (yHAAMeH-
TaJbHHMH NOCTOAHHBIMH, KOTOpble MOXHO B .J1060€e Bpe-
MS HM3MEpHIb C XOpolleH BOCMPOH3BOAMMOCTHIO, Xapak-
TepHHM INPHMEpPOM SBJfeTCA eAHHHua ANHHb. Buauane
MeTp onpefeJasicss yeped NJHHY OKPYXXHOCTH 3eMHOro
wapa, 3aTeM — yepe3 IJHHY BOJIHH ONpe€Je]eHHOr0 H3-
aydyeHus: ¢ 1927 r.—yepe3 NJIUHY BOJIHH KpacHo# Ju-
HUH KagMmusd, a ¢ 1960 r.— uepe3 u3nyyenwe wH30TOMNA
kpuntona B8Kr B opanxeBoH o06sacTH BHAHMOro
CreKTpa:

Merp — Oauna, pasnas 1650763,73 Oauner 80aHO6L
8 8aKyyme U3BAY4EHUA, COOTBETCTBYIOULe20 nepexody
mexcoy yposuamu 2py, u 5ds aroma kpuntona-86.

B 1983 r. cocrosinach 17-1 Ienepanbnas kondeper-
uHa no MepaM u BecaM. Ha Heft 6b/10 ycTaHOB/NeHO Ho-
BOe OmpejeJeHHe MeTpa B CBSI3H C TeM, 4TO B HAacTOsl-
llee BpeMs MOXHO OYeHb TOYHO H3MEPHUTb CKOPOCTb
csera [2.1]:

Merp pasen Odaume oTpeska, KOTOpY c8eT nPOXOOUT
8 saxkyyme 3a 1/299792 458 doaro cexyrObl.

CkopocTb cBeta B BakyyMe TO4HO H3mepeHa. Ona
paBna ¢ = 299792458 m/c. CkopocTb cBeTa BHGpaHa
AJA ONpejieJieHHMA MeTpa MNOTOMY, YTO OHa ABJAETCA Of1-
HON M3 QyHIaMeHTaJbHHX MOCTOAHHLIX mpuponbl. Mame-
pUTb 3TaJIOHHYIO IJHHY MOXHO, ONpejesuB BpeMsd, 3a
KOTOpO€e CBeT NMPOXOAMT 3TOT OTPe30K.

Ocob6oe MecTO Cpefld OCHOBHHX (DH3HYECKHX BeJHYHH
3aHMMaeT Macca, IOCKOJAbKY ee ONpelesioT MyTeM
CpaBHeHHS C 3TAJOHOM, KOTOpPHH XpaHuTcs B Mexny-
napoaHom 6iopo mep u BecoB (BIPM) B Cespe, 6au3
ITapuxka. DTOT 3TaNOH NpejcTaB/sieT CO60/ LHAHHAD H3
cnaasa 90 % nnatuee v 10 % upuansa, BHcoT2 M aua-
MeTp KoToporo paBHH 39 MM. Jlo cux nop noka He yaa-
eTcsl JAOCTATOYHO TOYHO BHIPA3HTb BeJHYHHY 3TaJIOHHOH
mMacchl uepe3 (QyHaaMeHTaJNbHhe mMocTosiHHWe. Eme
Jaxe HEMOHSATHO, KAK 3TO MOXHO cJeNaTh.

Edunuyeid maccer cayxcur xuaoepamm. OH pasen
macce mexndyHapodHozo staiona xunozpamma (1889,
1901).
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Enuuuua BpeMeHH ceKyHga B Hacrosuiee BpeMs
onpepaensieTcs cjaefyiomuM o6pasom:

Cexynda pasna 9192631770 nepuodam usayuenus,
COOTBETCT8YOWe20 nepexody mexdy O08YMa YPOBHAMU
C8ePXTOHKOLI CTPYKTYPbL OCHOBHO20 COCTORHURA QTOMQ
133Cs (1967).

STanoH ceKyHAH peanu3yeTcs C [OMOLIbIO He-
3HeBOro HuanydeHus. Jlnas onpeseneHuss TaKoro npo-
MeXKYTKa BpeMeHH HeOOGXOAHMO YMeTb «COCYUHTATb¥»
9192631770 nepuonoB atoMHOro uanyuyedus. OueBuaHo,
YyT0 B GYAyLIEM MOSIBATCS TreHepaTopbl YacCTOTH, KOTO-
pHe 6yayT Gojee TOYHHMH, 4eM <«aTOMHble 4Hachl» Ha
nsorone wuesust '3Cs. Torma notpebyercss HOBOe Ompe-
nenende eAMHHUH BpeMenu. Ilpu 3toM onpenenenue
MeTpa He H3MEHHTCH, TAK KaK MeTp BHpaXaeTcs yepe3
CKOpOCTb CBeTa.

B3auMocBs3b MeXay 3/MeKTPORHHAMHKOH H MeXxaHH-
KO# mosBosiuna B 1948 r. 3aHOBO ONpefe/NuTb eIHHHLY
CHUJIBbl TOKA:

Amnep paseH cuae NOCTOAKHO20 3AeKTPUYECKO20 TO-
Ka, KOTOpbLi, NpoTeKas no 08ym NAPAAAEAbHbIM NPAMO-
AuHelHbIM 6eCKOHeYHO JAUHHBIM NPOBOOHUKAM C npere-
Opercumo MasblM KPYeosoiM Cederuem, HAXOORWUMCS 8
sakyyme Ha paccrosHuu 1 m dpye ot Opyea, sbL3bl8aeT
Ha y4acTke nposodHuxa Oaunod 1 m cuay s3aumolet-
créus mexwdy Humu 2-10-7 H.

TeMm cambiM onpejefsiercsl 4MC/JeHHOe 3HaueHHe ApY-
ro#t GyHHaMeHTANbHOH NOCTOSIHHOH GU3HMKH: MACHUTHOU
nocroanHol po. OHa pasHa po = 4n-10-7 H/A% 3ro co-
OTHOlIeHHe B NpHHUHNE 3KBHBAJEHTHO MpHBeNeHHOMY

BHILe ONpefeneHHi0 ammepa. 3Has, yToO c = 1/4/eonp
MOXHO TOYHO ONpeeNuTb OUIAEKTPUHECKYIO NOCTOAH-
HYI0 €0, KOTOPYIO yXe He HYXHO H3MepsATb 3KCIIepHMeH-
TaJbHO.

OcHOBHOH TepMOnHHaMuUyeCKOH BeJHuHHOH sBJseTCH
TepMofHHaMHuueckass Temnepartypa. Ona u3Mepsiercss B
KeabBHHaX. [JoCKOABKY [/t TeMIepaTyphl CyuleCTByeT
3HayeHHe abCOJIOTHOrO HyJis, TO A8 ollpejeseHHs 3TOH
BeJIMYMHH HeoO6XOAHMO 3aHKCHPOBATH elle OAHY TOYKY.
B kayecTBe Hee BHOpaHa TpoHHasl TOYKa BOAH.

Keavsun, edunuya tepmodunamuueckoll Temneparty-
pot, pasen 1/273,16 wacTu TepmoOunamuueckol Temnepa-
TYpbL TPOLiKoL Touku 8006t (1967).
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[IpakTuueckoe H3MepeHHe TeMmepaTypH MPOBOAST C
noMOWbi0 MeXAYHAapONHO# MpakTHYeCKOA TeMmepaTyp-
Ho# wkanw (IPTS — 68/75), koTopas ocHoBaHa Ha ue-
JIOM psile XOpOLIO BOCNPOH3BOAHMHX (DUKCHPOBAHHHEIX
TeMnepaTypHbIX Touek [2.3).

Kosnuectso Bemecta 661110 BBeaeno 8 MexayHapoa-
HyI0O CHCTeMY elIMHHL B KayeCTBe OCHOBHON BeJIHUHHBI B
1971 r. B pe3y/ibraTe nosiBH/aChb BO3MOXKHOCTb OMHCHI-
BaTh KOJHYeCTBEeHHbIe COOTHOLIEHHUA B XHMHHU H (DHSH‘{E-
CKoM xUMHH ¢ moMmoulbio eanHHun CH. Eaununa koanue-
CTBa BellleCTBa onpeje/sercs CAeAYIOUIHM 06pa3oM:

Mouab npedcrasaser coboii xoauwecTso eewjectéa 8
cucreme, codepxaujeil CTOALKO e 4aCTUY, CKOALKO ATO-
mos codepxcurca 8 0,012 kunroepamma usorona yeaepoda
12C. IIpu ucnoav3osanuu moan caedyer TO4HO onpede-
AuT6 Tun OTdeabHOd wactuysl. B rxauecrse ordeavroll
4acTuysl MO2YT BBLLCTYNATL ATOMBL, MOAEKYAbL, UOHbL,
3NEKTPOHBL U Opyeue HaCTUYbL WAL epynnel 4acTuy ¢
TOYHO 3A0QHHbIMU NAPAMETPAMU.

DTo yuC/I0 YACTHL HaswBalOT uucjaom Aporagpo Na.

dJeKTpoMarHUTHOe H3/y4YeHHe ONHCHIBAETCH C TO-
MOILBIO TaK HasblBaeMblX 3HepreTHuYeckHX (oToOMeTpHue-
CKHMX BeJIHYHH, KOTOpHEe BhIpa)KaioTCA Yepe3 MepBHe TPH
OCHOBHble efHHHUH. Ec/H XKe HYXHO omHcaTh H3JNyuyeHHe
Yyepe3 ero BO3JACHCTBHe Ha 4YeJOBeueckKHH rJas3, TO ANS
3TOro HCHOJIb3leT COOTBETCTBYIOLLHe pellyquOBaHHble
dboToMeTpHYeckHe (CBeTOTexHHYeCKHe) BeaHYHHH. Oc-
HOBHO#H BEJMYHHOH NPH 3TOM CJAYXKHT CHJa CBeTa, KOTO-
pasi U3MepsieTcs B KaHAesaax. B MeXAyHapomHOM corJa-
IIeHHH ONpedeneHa CNeKTPaabHas YYBCTBUTEJbHOCTb Ye-
JoBeyeckoro rnasa. Kpupas crnekTpa/ibHOH UyBCTBHTE.Ib-
HOCTH MO3BOJISIET CBA3aTh APYr C APYroM 3HepreTHYeCKHe
(boToMeTpuuecKHe BeJHYHHBI H CBETOTEXHHYECKHe BeJIH-
YHHBI: MOLIHOCTb H3Jy4YeHHS H CBeTOBOW MOTOK CBS3aHH
MeXjy co60i yepe3 Tak HA3nBaeMHA (POTOMETPUYECKUL
sxkeusarent usaydenus. B 1967 r. npuHATO onpende’eHue
KaHjeJbl, KOTOpOe OBIJIO OCHOBAHO Ha H3JYYeHHH CBeTa
a6CoMIOTHO YEPHHM TeJOM MPH TeMIepaType 3aTBeple-
BaHHsa nJaatuuel. K coxaJsenuio, 310 onpeneJseHHe OH.IO
He ouYeHb y100HbBIM, NOCKOJbKY TeMIlepaTypa 3aTBepaeBa-
HHS MJIAaTHHH HECKOJbKO pa3 yTOYHSAJach, MOCJe 4Yero
BCcerfa MPHXOMAHJIOCH H3MeHATb (POTOMETPHUECKHH 3KBH-
BadeHT u3ayucHHs. [loatomy B 1979 r. 6H/IO nmpHHATO
HOBOE oNpefesnCHHe KaHIeJH.
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Kandera — cuna ceera ucToOURUKA, MOHOXPOMATUYe-
cKoe udayuenue xoTopo2o uacrorou 540-10'? eepy, usay-
yaemoe 8 onpedeneHHOM HANPABAEHUU 8 TeAeCHbuld Yyeon
seaudunoi 1 crepaduan, umeer mowrHocts 1/683 earra.

UYacrora 540-10'2 Tu cooTBeTCTBYeT AJHHe BOJHH
555 HM, npH KoTOpOH 4esoBedyeCKHH rsa3 obsanaer Ma-
KCHMaJIbHOH YyBCTBHTENbHOCTBIO.

OrnpenesuM Tenepn INOHATHE pPa3MEpPHOCTH (H3HYe-
CKOH BeJHYHHH. Pa3MepHOCTb NOKa3WBaeT, KaK CBA3aHa
JAaHHas BeJHYMHA C OCHOBHBIMH ()PH3HYECKHMH BeJHYH-
namu. [1o3ToMy HeT HYXKAB OTAENbHO ONpenensiTb efH-
HHIY H3MepeHHsl JR KaXXA0H (H3HYECKOHA BeJHYHHH:
OHH BHPAXXAaIOTCH Yepe3 MpoH3BeleHHe OCHOBHHX (H3H-
YeCKHX eAHHHI C LeJbMH NMOKa3aTeJsiMH CTeNeHH H YHC-
JIeHHHMH MHOXHTe/JsiMH, paBHuiMH 1. B MexnayHnapon-
Hol cucteme eauHun CH ocHoBHHM (H3HYeCKHM BeJH-
YHHAM COOTBETCTBYIOT OCHOBHHE €JHHHUBH H3MepeHHSN:
IJHHa, Macca, BpeMs, CHJIa TOKa, TeMNepaTypa, KOJHue-
cTBO BeulecTBa u cuna cBeta. Mx o6niuHo o603HavaioT
nponicHumu G6yksamu L, M, T, I, ©, N u J. Pa3smep-
HOCTb HEKOTOPOH BeJHYHHH B 06uleM BHIe Bhpa)Kaercs
B cucreMe CH (2.2) xak

dim G = LP MPT® [Be@B:prPesPr, (2.3)

B 3TOM BHpaXXeHHH BCe r0Ka3aTeJH CTeleHH — pelble
yucaa. Ecau Bce OHM paBHH HyJI0, TO BenWyHHa G G6y-
ner 6espasmepHofi. Tak, Hanpumep, pasMepHOCTb KHHe-
THYeCKO# 3HeprHH Exun HMeeT BHA

E un = dim (mv?/2) = MLT™2,

®usnyeckas BEJHYHHA H ee PA3MEPHOCTb — 3TO He
onHO H To XKe. ONHHAKOBYIO pa3MepHOCTb MOryT HMeEThb
COBepWEHHO pasHule Mo cBoed npupoae GH3HYECKHe Be-
JIMUHHBI, HAanpuUMep paboTa H BpallamOUHA MOMEHT W.1H
CHJIa 3JIeKTPHYECKOTO TOKA H HANpsXKCHHOCTH MAarHHT-
Horo noJs. PasmMepHOCTb He COMepXHT HHpOpMauUu
0 TOM, fiBJseTcA JM NaHHAA (H3UYeCKasds BEJIHYHHA CKa-
JpOM, BeKTOpoM HaH Ten3opoM. OaHako BenMYHHA pas-
MEpHOCTH Ba)XHa /AJ15 NPOBEPKH [PaBUJIBHOCTH COOTHO-
UIeHHA MeXAy (PH3HYeCKHMH BCJIHYHHAMH.



3. lnanupoBaHue 3sKcnepHMeHTa

3.1. Beenenne

Ecan 3kcrmepHMeHT Xopollo MpoAyMaH H YyAayHo
CIJIaHHPOBAH, TO OH OGHYHO WMeeT G6oJibllle WIAHCOB Ha
ycnex. OCHOBHBasich Ha yXKe H3BeCTHBHIX TEOPHSX H 3Ke-
NepHMeHTaNbHHX pe3y/JbTaTax, MOXHO Tak BhIOPATh CMO-
coObl H MeTOAH H3MepeHHH, YTOOH MOJNYYHTb KaK MOXKHO
6osbuie cBefeHHH. [lpH 3TOM OYeHb BaXKHO HCKJIOYHTHL
B/JHSIHHe BHelllHeH cpeabl HJAH XOTsl OB CBECTH ero K MH-
HuMyMy. Ha npakTuke ¢pHHaHCOBHe Oo6CTOATeNbCTBA Ya-
CTO OrpaHHYUBAIOT aNnapaTypHele BO3MOXKHOCTH YYeHHX.
DKCnepUMeHTAaTOPH BCAYECKH CTPeMATCs MpeojdoseTh
HJIH OGOMTH 3TH TPYAHOCTH. 371ech, KOHEYHO XKe, OYeHb
Hy>XHH OMNBIT U MacTepCTBO HCCJea0BaTesl.

B coBpeMeHHo# (pH3HKe H B TeXxHHYECKHX HayKax cy-
IlecTBYeT OYeHb MHOrO Pa3/MYHBIX METOJ0B H3MepeHHUH.
[losToMy naxe caMuit 06Ul 0630p 3aHAA Gbl CAHIIKOM
MHOro mecra. Mul orceiiaeM uyutateas Kk paboram [0.1—
0.3 1 3.1], B KOTOPHX MOXHO HalTH pa3NHYHbEe NPAKTH-
YyecKHe COBeTH. 31ech e Mbl OCTAHOBHMCSl TOJNbKO Ha
ABYX KJaccax 3KCIePHMEHTOB, MOJAeJbHBIX WM aHaJoro-
BHX. TakHe 3KCmepHMeHTH OOGHYHO OYyeHb KpaTKo obcCy-
XKAaI0T B yye6HHKAX, B TO BpeMs Kak Ha MpakTHKe HX
BeCbMa LIMPOKO NPHUMEHSIOT. Mbl Bhi6panu psija xapak-
TepHHX MPHMepoB M3 pa3NHYHBIX o6JacTell PU3UKH. DTH
NpHMepH MOKa3HBAIOT, KAK € NMOMOLLLIO MOJENbHEIX HJIH
aHAJOrOBHX ONKTOB MOXHO HCCIel0BaTb OYeHb CJI0XK-
Hee (pH3HYeCKHe MpOLleccHl.

3.2. MopeabHbie 3KCNEPHMEHTH

Ecan n3yyenHe TOro HJIM HHOrO CJ0XHOro ¢Hauye-
CKOro rmpomuecca CBsiI3aHo € GOJNbIIHMH TPYAHOCTAMH, TO
yaCTO HMeeT CMBIC/ MPOBeCTH 3KCIIepHMEHT B yBeJHWYeH-
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HOM HMJIH yMeHbLIeHHOM Maclitabe Ha MOHAeJbHOMA CHcTe-
Me, CBOHCTBA KOTOpPOH MOXHO Jerk0 H3MeHsITb, NOOH-
Basich ofipefe/leHHHX BXOAHBIX rpaHHYHBIX ycnoBH#. 3a-
MeHa peaJslbHOH (H3HYECKOH CHCTeMBl C MOMOLLBIO MOJe-
JAH OCHOBaHA Ha TaK Ha3hHBaeMbiX 3aKOHaX MNOLOGHS,
KOTOpHE I03BOJIAIOT NMepeHeCTH AaHHble, MoJydYeHHble Ha
MolleJid, Ha HCXONRYI0 (u3auyeckyio cucremy. JlBa ¢u3u-
YeCKHX Mpolecca Ha3hBalOT nodobHoiMU, ecM OHH NMOA-
YHHSAIOTCS OAHHM H TeM XXe (H3HYeCKHM 3aKOHaM H BCe
¢u3HYecKHe BeJIMYHMHH, XapakTepH3ylollHe OAHH MpO-
ecc, MOXHO Npeo6pa3oBaTh B BeJHYHHB AN APYroro
npouecca MPOCTHM YMHOXEHHeM Ha MOCTOSHHble Ko3d-
¢unuentn. Mx RasbBawr xosgguyuentamu nodobus.
[IpHHSTO TOBOPHTL O NOAHOM UAL u3uvecKkom nodobuu,
KOTAa 3aKOHH [MOA0GHA OJHOBpeMEHHO BHINOJHAIOTCS
A8 8Cex OCHOBHHX BeJHYHH, XapakTepH3yIOLIHX Ipo-

uecc V.
3.2.1. 3akonnt nop06HA B MEXAHHKE

leomeTpuueckoe M BpemeHHOe nomoGue. Haubonee
NPOCTHMY SIBJARIOTCA C€/y4aH, KOrAa noaobHe OrpaHuYH-
BaeTCsl TOJbKO NMoAo6HeM AJHH [ UK BpeMeH [:

=My t,="rb, 3.1)

B nepBoM caydyae roBopsIT O 2e0MeTpuueckom nodo-
6uu MeXay Momelblo (HHAeKC 2) H OpHrHHanoM (HH-
aekc 1). Bo BTOpoM cilydae pedb WAeT O 8peMeHHOM no-
dobuu.

KunemaTnyeckoe nopo6ue. EciaH paccmaTtpHBaTth 0n-

HoBpeMeHRO 06a ko3ddHIHeHTa noao6Hs A W T, TO MH
6yaeM HMeTb HeJ0 € KuHemarudeckum nodobuem c Kosd-

¢dHuUHeHTOM MOA06HS Py AN CKOPOCTH:
v, =¢,vs = (A/7) V,. (3.2)

Bce BekTOpH ckopocTeit B MOAeJH H OpPHrHHAJe AJIs CO-
OTBETCTBEHHBIX MOMEHTOB BPeMeHH H B COOTBETCTBEHHHX
TOYKax CBA3aHH MeXAy COG60f cooTHolUleHHeM (3.2).
Ecan peub uper 0 NMOTOKe, TO COOTBETCTBeHHble JNHHHUH
TOKa GYAyT MOJOOGHH APYT APYry B COOTBeTCTBeHHHeE MO-
MeHTHl BpeMeHH.

" Cu. [3.19*—3.23*). — [1pum. ped.
17



Dunamuueckoe noaoOue. B MexaHHke yacTo BMeECTO
nodobus macc HCHoOAb3YIOT nodobue Cua:

F,=¢F,. (3.3)

Boipaxkenne (3.3) B of6ileM ciayyae O3Hayaer, 4Tto BCe
CHJIBI, NMPHJOXEHHHE K aHAJOTHYHBIM TOYKAM MOJAeNH H
OpHUTHHaNa, MOAYMHSAIOTCS 3TOMY cooTHouleHHi0. [Toatomy
JOJIKHB 6bITb MOJAO6GHBI H NOJS CHIL.

[Tosb3ysicb HBIOTOHOBCKHM YpaBHeHHeM [BHXXEHHs
F = mr, noayuum ¢ noMmouwbio ko3dpbHuHenTa nomobus
AJST MAacCH pu = my/ms:

ml“l:.l = ¢m2f2,
iy (A/1%) £y = $rmots, (3.4)
¢t~ AT =1,

Stor o6uMil THHAMHUYECKHH 3aKOH MNOJA0OHMA HA3HIBAIOT
HbIOTOHOBCKHM 3aKoHoM noao6usa. Takum o6pasoM, B
AHHAMHYECKOM MOJeJbHOM 3KCMEpPHMEHTe CYuleCcTBYIOT
Tpu TNPOH3BOJILHBIX napaMerpa (kos(pguuHeHTa noj0-
6Hs1). B ofHOM H3 yacTHBIX cJyuaeB 3TOT 3aKOH NOAOGHS
ONMHChIBaeT reoMeTpHuyeckd Mono6Hble Tesa ¢ MJOTHOCTS-
MH p1 H po H 06bemamu V| u V,. KoapopuuHedt nogobus
AN MaccH Gyaer paBeH p == A%p;/ps, @ 3aKOH MOAOGHS
HMeeT BHI

p=L 2 (3.5)

Kpurepun nopo6us. Kak nokasano BHIIE, 3aKOHHI
MoJ06GHsT MOXHO HerocpeACTBeHHO BHBECTH H3 ypaBHe-
HHH, KOTOpble ONHCHIBAIOT (PH3HYecKHe Npopmecchl. B He-
KOTOpHX caydasx [3.17, 3.18] Gonbuwiylo mosnb3y npHuo-
cHT anaau3 pasmeprocreid [3.8]. Oxa3sbiBaercsi, 4To Ha-
psay c 3aKOHaMH mnojo6HMs cyulecTBYIOT bOe3pasmeprbie
BeJHYHHBI, KOTOphHle XapakKTepH3ylOT (H3HYeCKHe Npo-
uecchl. DTH Ge3pa3MepHble BeJIHYHHH Ha3BBAIOT KpHTe-
pHAMH MOAOGHS.

Hsa ¢usuueckux npoyecca nodobrel, eciu 8ce Kpu-
Tepuu nodobus, onucel8aroujue 3TU NPOYECCHL, NONAPHO
pasHbL Opye Opyey.

B ypaBuenun (3.4) MOXHO 3aMeHHTb KO3(p(HIHEHTH
nofo6ust OTHOIIEHHSIMH (PH3HYECKHUX BeJHYHH:
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[peo6pasyst 3TO BbipaXKeHHe, MmoJydHM OGe3pasmepHue
BeJIHYHHH
Fifi _ Fofh

m;l, - m;lg ’

(3.6)

STor KpuTepuH MOAOGHS AHHAMHUKH Ha3bIBAIOT YHCJIOM
Hulotona Ne:

Ft? Fi
Ne=—" nmn Ne=—-7.

(3.7)

3akoH nopo6us ®pyna. Ha npakruke ue mceraa Bos-
MOXHO TMOJYYHTb 00uraxossid ko3¢ dHUHeHT MoA06Hs
nJd BCexX CHJ, BO3HHKAIOUIHX B CHCTeMe. Hoaromy HHXKe
MH OyZeM FOBOPHUTH JIMILb O YACTHHX CAYyYasx, B Ka)KJ0M
M3 KOTOPbIX paccMaTpHBaeTCs TOJLKO OJHH BUX CHJ
B3auMmofelictBus. HauHeM c cHJ/ TsIKeCTH.

=mg unan F=pVg, (3.8)

rie g — yckopeHde CBOGOLHOrO TMajeHHss B JaHHOH
TOUKe.

Kosdbdpuunent noao6Hs ANS CHABL TSXKECTH HMeeT
B

¢s=|~"gl/g2 HJIA ¢s=&&xa' (3-9)
P2 &2

HeoToHoBCKHME 3akon mopobus (3.4) u (3.5) mepexoaur
B BblpaXeHHe

T=4/2g./g:. (3.10)

IT0 — TaK Ha3biBaeMbifi 3aKOH NopoGHa dpyna, B HeM
ocTaeTCH TOJNbKO OJAHH [POU3BOJbHBIA KO3 PHUHEHT NoO-
no6usi. Ecsii MBl CHOBa 32MEHHM T H A OTHOUWIEHHAMH
($H3HYeCKHX BeJIHYHH, TO NMOJYYHM 3aKOH nonobus dpyna
B BHlle

L/ Ee =15/ g, (3.11)
Kpurepuit nono6us Fr HaswiBaloT yuciom dpyna:
Fr=1/’g umu Fr=v?gl (3.12)

PaccmoTpum aisa nmpuMepa jgBa reoMeTrpuyeckd Mono6-
HbIX TeJa pa3HOM Macchl, KOTOpHe NMOABeUIeHB Kak (QH-
3vyeckue MasTHHKH. M3 3akoHa molo6ua creayer, uro
OTHOUIeHHe KBAApaTOB NePHOJOB KOJeGaHWH Taknx Ma-
SITHHKOB 6y/JleT PaBHO OTHOWIEHHIO UX IJIHH,
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3akon nopo6usn Peinoabaca. [Ipu TeueHHH peasibHHx
KHUAKOCTEA BO3HMKAIOT TaK Ha3HBaeMble CUAbL BHYTPEH-
Heeo TpeHus. B COOTBETCTBHH C HbIOTOHOBCKUM 30QKOHOM
Jas TpeHus cujia TpeHHs MeX]1y ABYMs CJIOSIMH XKHAKO-
CTH paBHa '

Fr=nAdv/dx, (3.13)

rie n— AMHaMHyeckas Bs3KocTb, A — miowaAb conpu-
KOCHOBEHUA cyoeB, dv/dx — rpajHeHT CKODOCTH, H3Me-
peHnbfl NepmenaMKysfpHO JHHHAM Toka. Kosdduuuenr
noao6usi CHJH TpeHHs paseH

$p=- P (3.14)

Ecnn BBecTH KHHEMaTHYeCKyl0 BSI3KOCTb v ==1/p, TO
MH TOJAYYHUM C ydyeToM ypaBHeHus (3.5) 3akoH noaoGus
Pefinoabaca

T = (vofv|) A% (3.15)

CooTBeTCTBYIOWIMA KPUTepHil NOAOOHSA HA3LIBAIOT YHCJIOM
PefiHoabaca Re. Ouo pasno

Re=0/vt wan Re=vl/v. (3.16)

dra BeJHYHHA IIHPOKO NMpHMEHsIeTCS NMPH H3y4YeHHH IO-
TOKOB >KHAKOCTeH.

3axon nopo6bus Kowu. JIna ynpyrux CcHJA, NOAYH-
usilomuxcs 3akony I'yka o = Ee, cyluecrByer ko3ddu-
IIHEeHT NoxOG6HS

%=%m (3.17)

rae E — Moayns ynpyroctH, ¢ — HOpMajbHOE Hampsixe-
HHe, a ¢ = Al/l — oTHOCHTeNbHOE YI/HHEHHE.

HoloronoBckufi 3akon mnoao6us (3.5) nepexoaur B
3akoH nomo6ust Komu:

= 4/{0./02) (Eo/E)) 1. (3.18)

CooTBercTByIOIWIUA KpHTepHi NMOKOGHsS Ha3biBaeTCst 4HC-
aom Kowmu Ca:

Ca=v/A/Elp. (3.19)

ITOoT 3aKOH NOAOGHS HCIONB3YIOT MPH H3yYeHHH koJseba-
HHH yIpyrux TeJd H TeueHHS yNpyrux XKuakocreid. B cay-
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yae CABHIOBHX HanpspKeHHH moaynb E 3aMeHSIOT MOAy-
Jgem casura G. (Bojee cTporuii BEIBOA 3TOro CooTHOle-
HHs O/ TpexMepHoro cayuwas [3.8] nokasmBaer, yto 3a-
KoH nomobus Koluu BhINosHsieTcsl, ecJH MOjeJibHAsl CH-
CTeMa M OpHTHMHAJM HMelOT OAMHAKOBHIH KO3(pGHIUHEHT
ITyaccona.)

Cratnyeckoe mnopobue. M3 ypaBHeHuit ans ko3adpodu-
UHEHTOB MOAOOHS CHJI MOXKHO MOJY4aTh 3aKOHB! NOAO0OHS
cratHkd. Tak, Hanpumep, u3 Buipaxenus (3.17) noay-
yaercs 3akoH mopobua I'yka aas ynpyrux cua (kosadou-
uHenTn [lyaccoHa MopesnbHOH CHCTEeMBl H OpHCHHAJa
AOMKHH OHTh paBubl [3.18]):

O’l/E| =0'9/Eg. (320)

CoorsercTByOmUf KpHTepHit nNogo6HA HasbiBaercst YHc-
aom Iyka Ho:

Ho = o/E. (3.21)

StoT 3akoH MonO6HA WHPOKO NpPHMEHseTcsl NMPH H3yuye-
HUH YNPYTHX HaNpsXKeHHH C NOMOILLBIO MPO3PavHBIX MO-
nenedt [3.14]. Ina onpepesnenns ynpyrux HamnpsikeHnuf
B leTajisiX CJOXHOH (POPMBI H3TOTOBJIAIOT HX MOJEJH H3
COOTBETCTBYIOUIErO MpO3pa4YHOro MaTrepHaja, a 3aTeM K
HHM IMpHKJI2AbIBAIOT TaKue XKe BHellHHe MeXaHHYeCKHe
Harpy3kH, Kak k opurHHanam. [log neficTBHeM MexaHH-
YeCKHX HaNpsKeHWil B MaTepHalle MOjesH, KOTOpHIH 0
3Toro OHWJ H30TPONHLIM, BO3HHKaeT JABOHHOe Jyuyemnpe-
JoMjeHue. Ec/in moMecTHTh TaKyio Moje/b B ONTHYECKYIO
CHCTEMy CO CKpelleHHbIMH MOJISIpU3YIOIHMH GHIbTPAMH,
TO MOXHo HabaoaaTb HHTepdepeHUHOHHYIO KapTHHY,
KOTopasi MOKa3biBaeT pacrnpejejeHHe YNpyrux Hanpsike-
HHH BHYTPH HeTalH.

3.2.2. 3akonm nogo6us sneKTpoHHOR U HOHHOA ONTHKH

Ha 3apsXeHHHe 4YacTHubl B MOCTOSIHHBIX MACHHTHHX
¥ 3JIEKTpHYECKUX MOJSAX JeHCTBYIOT CHIH

F=¢gE=—g¢ggradV u F=¢q(vXB). (3.22)

q — 3apsapn 4acTHuH, E — HampsXKeHHOCTb 3JIeKTpHYECKO-
ro moas, V — snekTpuuecku# mnoreHuuan, B — maruur-
Has uHaykuMs. Ecau nmepeATH K ApPYrHM 3Ha4yeHHAM no-
nefi

E =eE, n B, =f;B, (3.23)
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TO MOJAYYHM KO3 (HUUEHTH noAobus AJA Cua:
¢:=(9./9)e; v ¢5=(9,/%) (M) Bs.  (3.29)

Ons HepeaATUBUCTCKUX 4ACTUY BBHIOAHSAETCH HBIOTOHOB-
CKHi1 3aKoH mojo6us (3.4) M cnpaBeAJHMBHl BHDaXKeHus
@ T g =
L —eg., =1 1 ——=Pfz=1. 3.2
g2 pA E q: B Bs (3.25)
JIns 3/eKTPpHUECKOrO H MarHHTHOrO MoJed MOXHO 3anu-
caTb 3aKOHH MOAO6HSA:
q % & q q
I 1 2 2 1 2
—_—— ——E —,B,=—1,B,. (3.
my 1, ! ma 1y 2 H my IB] ms t2 2 (3 26)
BBoas  BeJMuYHHbl KHHeTHYeCKO# 3Heprun Eg,, =
= (1/2) mv? u umnysabca p=mv, nNony4yuM

GiE\ _ qaEaly u @B\ __ 2B, (3.27)

EKHHI EKHH2 1 4] P2

dnekTpuyeckoe Mose  OnpeleNeHHOH  KOHQHrypauuy
06bI4HO (POPMHPYIOT ¢ TOMOLIBIO METANJIHYCCKHX 3JleK-
TPOJOB HYXHOH (OPMH B BakyyMme. DTH 3/1EKTPOAH sB-
JASIOTCA 3KBHUMNOTECHIHAJbHBHIMH  NoBepxHocTaMH. Ecau
NPUNOKHUTL K 3THM 3JEKTpoAaM HampsXeHue U, TO w3

cooTHouenns U = S E ds MOXHO nony4uThb

U, =¢egAU,. (3.28)
Toraa supaxXenue (3.27) npuoGperaeT BUA
U, qUs
Exun, — Exun, : (3.29)

KpuTepuu noao6us Ans ABHXEHHS 3apsXXeHHbIX YaCTHI
B 3/IEKTPHYECKOM H MarHHTHOM MOJSX HMEIOT BHA

qU/Ewa # gBl/p. (3.30)

Ecan 3T KpuUTepuu paBHLI, TO TPAaeKTOpHH yacTHll 6Y-
AYT NOAOGHH ApPYyr ApPYyry (KOHEYHO 2Ke, TNpH YCJIOBHH,
yTO NOAOGHbB M HadajbHHe YCJAOBHs 3aaayu). MubimH
C/I0BaMH, 4acTHUH JOMXHH [ONalaTb B 3JeKTPHUYECKOE
M MarHWTHOE MOJIs B FOMOJIOrHYECKHX TOUKax MOA OnH-
HAaKOBbIMH yrnaMH. [IpuBelenHbic 3aKOHH MOAOGHS HI-
paioT GOJILIUYIO ponb B 3JEKTPOHHOH M HOHHOH ONTHKE
[3.10]. [ns pensTUBHCTCKHX YacTHL MOXHO MOMYYHTb
COOTBETCTBYIOLINE O6OGILEeHHEE 3akoHB nopobus [3.7):
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3.2.3. 3axonn nopobus Aas Tenaonepexoca

H3yuenue TtensonepeHoca sBsseTcA CJIOXKHOH 3ana-
yeil, MOCKOJIbKY NpH €€ pelicHHH NMPHXOAHTCA yYUTHIBATb
HE TOJIbKO TEMJIONPOBOAHOCTb, HO M KOHBEKILHIO, 2 TakiKe
oOMeH TemIoM MeXIy TBEPABIMH TeNaMH, XHAKOCTSMH
u rasamu. Hcnosb3oBaHue 3aKOHOB NOAOOHSI MO3BOJIAET
H B 3TOH O6JACTH MOJYYHTb BaXXHble O6GLIHEC BHBOAH, a
Tak¥Xe CYLLECTBEHHO O6ser4yuTh NpPOBEAEHHE IKCMepHMeH-
tos. Eciu aBe cucteMs Tepmuvecku nodobHet, TO Temie-
paTypbl B COOTBETCTBCHHBX TOYKAX MOACJIHY H OpHUTHHAja
CBfi3aHbl COOTHOLUEHHCM

T, = 6T,. (3.31)

OTHOCHTE/IbHO HecJOXeH cJydail TensonepeHoca B Mo-
KOSILLUXCHA TBEPAbIX, reoMeTpHYeCKH MOAOOHBIX TeJsax.
NuddepenunanpHoe ypaBHeHHe TellJIONEpeHOCA HMeeT
BHA

0T /0t = aV?*T,

rie a — TaK Ha3blBaeMblit KO3Q(HUHEHT TeMIliepaTypo-
NPOBOLHOCTH.

Bocnonn3oBasukch BeipaxenusiMu  (3.1) u (3.31),
noJiyuuM 3akoH mopoGus Pypoe:

T =(ay/a,) A% 3.32)
KputepueMm mono6us siBnsieTcst ynucao ®ypne Fo:
Fo = at/l%. (3.33)

B notokax XHAKOCTCH W rasos ¢ Nodo6GHHMH pachpene-
JCHUAIMH CKOpOCTel BesnuuHa A/t B BHpaxeHHu (3.32)
cayXuT K03pPULHEHTOM MOA06Hs AN CKOPOCTH. ITO
3HAYHT, YTO HYXHO COOTBETCTBYIOLIHM O6pa3oM BhHI-
6paTb 1. B 31OM cayvae Bblpaxkenue (3.32) HasbIBaIOT
3akoHom nopo6us Ilekne, a cOOTBETCTBYIOILHHA KPUTEPHH
noao6usi — yucaom flekae Pe:

Pe = vl/a. (3.34)

Hpyrde 3aKOHH ¥ KPUTCPHH NMOAOGHA MOJNYYAIOTCSH, €CJiH
paccMaTpHBaTb MEpPEHOC Temna ¢ MOMOIUbI CBOGOLHON
wi¥ BHIHYXIeHHOA KouBekuud [3.17]. B 3tux cayuyasx
HYXKHO, pasymeeTcsi, YYHTHBATb 3aKOHB MOAOGHS THApO-
auHaMukd (cM. pasa. 3.2.1). Ilonydaercss oueHb CJ0XK-
Hasi 3aja4a. Ee MOXHO CYmeCTBEHHO yNPOCTHTb, €CTH
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HC paccMaTpuBaTh BJAHSAHHE HEKOTOPHX KpHTEpPHEB MOo-
6Msi U OrPAHUYHMTBLCS JHLIb CAMLIM CYLIECTBEHHHM Mapa-
metpoM. Ecsiv B HcclelOBaHHAX HCHOJB3YIOT TaKOH noj-
X0, TO MPHHSITO TFOBOPHTb O npubauierHOM nodobuy,
[Ipu6auxennoe nogo6ue urpaer 60blIyI0 pOJb B pelle-
HUY NPAKTHYECKHX 3aj1ay.

3.2.4. 3akonnl noao6us B PpH3nKe NNAIMBI

3akoHH noao6us B (H3HKe MAa3Mbl MOXHO pasge-
JUTb HAa TPH OCHOBHHIE PYNIHL

Tasosmit paspan [3.4, 3.5]. Ve Ha panHuX cTa;uax
u3yueHusi nmpolleccoB B NJja3me TayHceHa cpaBHHA 2eo-
meTpudecku nodobubie pa3pads. 8 2a3ax, 4TO MO3BOJIHIIO
YCTAaHOBHUTb O6IIHEe 3aKOHOMEPHOCTH 3TOrO CJOXKHOrO
npouecca. 'eomerpuueckoe nonobue (3.1) npeanonaraer,
4TO CpefHHe [JIHHH CBOGOAHOro Mpob6era I HocHTeselr
3apA10B H HeATpaJbHHIX YAaCTHI OMHCHIBAIOTCS OXHUM U
TeM Xe Ko3ddHuueHntoM noaobus A. Ilockosbky Benu-
YgHH ! O6paTHO MNpOMOpUHOHANbHH MJOTHOCTH rasa
n(l ~ n~'), png NnoTHOCTeH ra3a BHIMOJNHSETCH COOT-
HOllleHHe

ny=2A"'n,. (3.35)
[Tpu onunakoBux temneparypax (7T, == T;) B cooTBer-

CTBEHHHX TOYKAX NMOMOGHHX CHCTEM BBIMOJIHSETCS OMHO
M TO e ypaBHeHHe COCTOsiHHsI AJs naBJieHusi (p=nkT):

py==A"1p,. (3.36)

Ecau npeanosoXutb, 4TO B rasoBHX pa3psiaax, 06.a-
A30IHKX CBOMCTBAMH MOAOGHs, HOCHTE]H 3apsiia NMpPHO6-
peTalT MeXay ABYMsi MOCJeJ0BaTeJbHBHMH CTOJKHOBE-
HHSIMM OJIMHAKOBYIO KUHETHYECKYIO 3HEpPTHIO

Exun = QIEII-I = qEQiz»

TO MJIA HANpsXKeHHOCTER 3JIeKTPHYECKOTO MOoJs TOXe CO-
6J108aeTcsi COOTHOLLEHHE

E =A"'E,, (3.37)

a HanpfXeHusi MeXAy COOTBETCTBYIOLIHMH 3JieKTpoaaMH

paBHH
Ul =Ug. (3.38)

24



Vi3 Boipaxenuit (3.36) u (3.37) mosyduM cooTHOLUieHHe
rnofo6us
E _E (3.39)
14 P2
BBoas paccrosiHue Mexny sJekTpolaMu d(d, = Ady),
NoNy4YuM
pid; = pods. (3.40)

[noTHOCTL O6BEMHOro 3JEKTpHUYECKOro 3apsna p =
= pt + p~ = e(nt — n~) noauuHsiercsi ypaBHeHHo Ily-
accoHa V2V = —V.E = —p/eg, a coOTHOWIENHUsi NMOAOGUS
A5 NJOTHOCTEH HOCHTesel 3apsila WMelT BUA

nf =A"ny u ni=2a"’n;- (3.41)

(Ctporo roBopsi, 3TH COOTHOLUEHHsI B peajbHHX CHCTe-
Max clpasefJIMBH A5l KaMJOro copTa HoCHTejeil 3aps-
Za B OTAEJbHOCTH; CM., Hanpumep, [3.5].)

[TockoabKy e HOCHTeNH 3apsina NpHOGPETAIOT Me-
X1y JABYMsi CTOJNKHOBEHHSIMM OJHHAaKOBYI0 KHHETHYe-
CKyI0 3Hepruio, pacnpeiejeHHe CKOPOCTeHl HocHTeleit 3a-
psia 6yner OAHHAKOBHIM:

V| = Vs. (3.42)
KOBq)(pHU,HeHT noanobus ansd BpeMEHH paBeH
T=A. (3.43)

[TnotHocTs TOKAa paBHa Jj==ptvt4 pv-=entvt—
— en~Vv~ H NOAYHHSETCS COOTHOLIEHHIO MOROGHs

it =A7%s. (3.44)
W HakoHel, nojyyaeM BHpaXcHHe AJs cHABl TOka | =
= S jdA:

l] - 12. (3.45)

T'eomerpuuecku nodobnsie 2azogeie pa3pader ¢ odunako-

goimu kputepuamu nodobus e/p usru p/d umeroT odua-
KOBble BOALT-QMNEPHble XAPAKTEePUCTUKU.

[Tockonbky mnanpsixenue szaxuranus U, JeXut Ha

BOJIbT-aMIICDHOH XapaKTEepHCTHKe, W3 [pHBEJEHHOro 3a-

KOHa MOAOOGHsT HENOCPeJCTBEHHO cJeayeT TaK Ha3biBae-

Muit 3akon IMawena ans U, STOT 3aKOH MepBOHAYAJbHO
6us1 OGHApYXKeH 3KCepHMeHTaJbHO:

U, = (pa). (3.46)
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Urto6u noHsiTh, B KAKHX MNpelesax BHIOJHAIOTCH YKa-
3aHHble 3aKOHBI NOJOGHS, CJaeayeT U3YYHTb aTOMHBIE 3JJie-
MeHTapHblC MpoleccH B rasosoM paspsze [3.4, 3.5]. HUn-
TepBaJ TMapaMeTpoB CHCTEMH, B MpejeJax KOTOPOro
clpaBe]JHBb 3aKOHH MOAOGHS, OrpaHUYMBAETCH HEJH-
HeAHHMH SIBJEHUSMH, MpPOTEKAOUIUMH B ra30BOM pas-
psiie (K HX YHCAy OTHOCATCS, HallpHMep, CTyleHYaTas
HOHH3ALHS HJIH pekoMOHHAUWA NpH TPOHHBIX COyaape-
HHAX).

Marunrornaponnsamuka. [Ipn mMarHuTOrMApPOAHHAMMU-
YeCKOM OMHCAHHU [1J1a3Mbl ypaBHEHHs THAPOAHHAMHKH
HCMOMB3YIOTCA BMECTe ¢ ypaBHeHusiMu Makceensa. 3a-
KOHH nojgo6us B 3TOl obaacty QHU3uKH, KaK H B OOHIYHON
THApPOJAHHAMUKE, HMeloT O6oJibliloe MpakTHYeckoe 3Ha-
yeHHe.

B kauectse Haubosee NpoOCTOro NpHMepa paccMOTPUM
MardHHTHOe Noje B MJa3Me, nepeMmeulaiomeics co CKo-
pocrbio v(r, {). [lycTe 3ta nnasma o6nagaer u3oTpon-
HOH MpPOBOAMMOCTBIO G, a BO3AefCTBHEM MaTCHHUTHOrO
noJif MOXHO MpeHeGpeyb.

g]orna M3 ypasHeHHH Makcseasa H 3akoHa Owma
(3.1

V X B=pj, (3.47)
j=0(E + v XB), (3.48)
v X E = — 9B/dt (3.49)
NMOJIYY4HM COOTHOLUEHWEe AJas8 MarHUTHOro MnoJad nJasMmh
OB/0t = (1/ue0) V2B + v X (v XB) . (3.50)

B MmoaenbHOH cHcTeMe (HMHzeKc 2) ¢ KoadpduuHenTamu
nogobusi (3.1), (3.2) u (3.23) BBHINOJHSIETCS COOTHO-
lIeHHe

0B,/0t, = (t/pyo A?) V2B, + V2 X (v, X B,).
HOns npoueccos B o6eux cucTeMax co6/I0AaeTcsi 3aKOH
noao6us, NO3TOMYy
(o/o9) (A¥t) =1 nau (3.51)
le,l, = 0’202[2. (352)
CoorBercTBylown#i KpHTepuii noaobust Ha3HBaT Mar-
HUTHHM 4YHcaoM Pelinonbaca Rm, KOTOpOe onpegeasiercs

KakK
Rm = poavz‘ (3.53)
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B norokax naazmel npu o0uHaKoselx nosax pacnpedeie-
Hua ckopocTeli 6y0yr 803HuUKATb nOOOGHble MAZHUTHbLIE
noan, ecau macHurHole yucaa Pelinoabdca 3Tux noroxos
naasmei pasnel dpye Apyey.

B 3{Ipyme 3aKOHbl MOAOGHS OMNHCAHH B JIMTEpPAaType

Kuhernueckas teopusa naasmul. Ecau nac unrepecyior
MHKPOCKOIIHYeCKHe TMpolecchl B [171a3Me, TO MOXHO
Mo aHaJOrHH CO CTATHCTHYECKOH MeXaHHUKOH HeHTpaJb-
HHX ra30B BOCNOJb30BATbCA OMHCAHHEM, KOTOPOE OCHO-
BAaHO Ha KHHETHYECKHX ypaBHeHusx i yHKuu# pac-
npesenenus yacTuu B ¢asosoM npocrtpanctee. [ast Bpe-
MEH, MaJbiX N0 CPaBHEHHI0O C BpeMeHaMH COyJapeHHH,
BHINOJIHAETCst TAK HasblBaeMoe ypaBHeHue BaacoBa ans
;pynxuuﬁ pacrpejenenusi 3J1eKTpoHoB f~(r,v,?) u uoHOB
+(r, v, f):

of/ot + v - Vi + (g/m) (E + v X B) (8f/ov) = 0. (3.54)

Anextpudyeckoe E u marnutHoe B noas onpexensiorcs
ypasHenneM [lyaccona unu MakcBensa:

V-E=pfe,=¢;! S (g*f+* —ef)Po=¢e;l (g*nt —en),
(3.55)

VX B =y, S(q*v*f* —ev f7) v 4 euodE/Ot.  (3.56)

[Mono6ue B cTporoM cmbicsie 3toro chaosa [3.15] nonxuo
YYHTHBATh TakHe 3P(PexkTh, Kak MHUKPOHEYCTOHYUBOCTH,
Typ6yJeHTHOCTL H 3atyxaude Jlanaay. ITostomy, Kak H
B 3JIEKTPDOHHOH HJIM HOHHOH OMNTHKE, KpOMe Moaobus mo-
Jeit (3.28) noMXKHO cOGJIOAATbCH TeOMETpHUYECKOe, Bpe-
MeHHOe M KuHeMaTHueckoe Nomobue (3.1), (3.2). Ilpu
5TOM [0JI)KHA HMMeTbCsi BO3MOXHOCTb HE3aBHCHMOrO H
IPOH3BOJIBHOrO BblI6Opa KO3 (PHUHEHTOB MOAO6HS A, T H
$u, NOCKO/ILKY BEJHYMHBI I, V 4 ¢ B QYyHKUHH pachipene-
JICHUSI SIBJSIIOTCSI HE3aBHCHMbIMH TepeMeHHBIMH.

Tpeb6yemoe nopo6ue noJed H HadaJbHHEIX YCJOBHH
nonyuaercs u3 BulpaxeHuit (3.55) u (3.56), a Takxe c
y4YeToM COOTHOLIEHHH

n= S fr, v, )d®v u (3.57)

fi(r, vi, £) =4’ff2 (r2, Vo, ). (3.58)
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OHU HMeloT BHJ

nfng =nyjny =e /A =¢;¢S=¢7¢] u qf =q7

(3.59)

Ba/A=¢}¢, n Bs/er =M. (3.60)
O6BbeHHHM 3TH BbIPaXKeHHst H MOJYYHM

¢, =Bp/ez=A/t nan (3.61)

nn,=Bg/P AN (3.62)

M uakoxel, noactaBHM COOTHOLUEHHsi MOROGHS B ypaBHe-
uue Buacosa. [lpu mi =2 ® mi =m3 ono npmuobpe-
TaeT BHA

g,
_a%“}“f’u% Vo + Vofs +—,Z—:'X

e.T of
X [% Es+wByv X By 5o =0.  (3.63)

CpasHenue 6e3pa3MepHbX MHOXHTeJed Aaer
pTA=1; e/, =1, =1 (3.64)

KoM6HHHDYST 3TH COOTHOIUIEHHS APYr C APYTOM H C BHI-
paxenusimu (3.60), (3.61) u (3.62), nonyunum

¢,=1;, T=A; e,=Pg=A""

(3.65)

n1/n2=l_2; ¢f=l-2.
BuaHo, 4TO TOJNBKO 00ur K03P(PHUHEHT noaobus ocraer-
¢ npou3BoabHHIM. [loaToMy MOXHO cdopmynHposaTh
LBl psin 3aKOHOB MoAo6us [3.15]:

vi=vy Lfli=1yfly; Elj = Eyly; (3.66)
Blll = 8212; nllf = nzlg.

OTH 3aKOHBI MOAOOGHA H 3aKOHH MAarHHTOTHAPOAHHAMHKH
urpaioT 60JbUIYyI0 pOJib NMpH H3yYeHHH B Ja6OpaTOpPHBIX
YCJAOBHSAX TeX MPOLECCOB, KOTOPHEC NPOTEKAIOT B pasiuy-
HBIX acTpodH3HdeCKHX O6bekTax (HalmpuMep, B Hexpax
3ge3n). C npyro#t cTOpPOHB, OHH BaXHBl NMpH H3yYEHHH B
yMeHblleHHOM MacuTabe Tex MPOLECCOB B MaasMe, Ko-
TOpbic JOJXKHB MPOTEKaTb B TEPMOsiAEPHBIX peaKTOpaXx.
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6.2.5. BpeMeHHOA MacmiTa6 MOACABHBIX IKCMEPHMEHTOB

HntepecHble BO3MOXKHOCTH OTKpHBAIOT Iepel Hccie-
AOBaTejieM 3KCIepHMEHTHl B H3MEHeHHOM maciurabe ape-
menu [3.13]. Ecan B 3akOHAaxX Momo6us, ONMHCHIBAIOUIHX
cucreMy, Bce KoddduuueHTH NOAO6HST paBHH eAHHHLE,
332 HCKJIOYeHHeM Ko3pPHUHEeHTOB AJs BpeMeHH ¥ AJH-
HB, TO MBIl TOJY4YHM

fo ~ (L/1)Et, tRe k='/y 1; 2. (3.67)

AT0 03Ha4aeT, yTo B YMeHbIUEHHBIX MOAENAX BCE AHHA-
MUYECKHe Mpouecchl G6yAyT npoTrekatb B fp/f; pa3 ObICT-
pee. TakuM 06pa3om, MbH CMOXeM H3y4aTb Ha MOAe/sAX
T€ MPOLECCH, KOTOpDHE B peajibHbIX CHCTeMaX HayHyTCs
JAWlUb B OTAajJeHHOM OyayweMm. ITOT NpHeM Hrpaer
6o/blUYI0 pOJb B CO3AAHHH CAaMOODPTaHH3YIOIHXCA BHI-
YHCJIUTENbHBIX CHCTEM.

3.3. AHAJOrOBbie IKCMEPUMEHTH

dusnyeckHe MpoueccH, KOTOpHe HMEKT pPa3Hylo NpH-
poay, HO OMHCHBAKTCS OAHHMH H TeMH Xe Aubddepen-
LHaJbHBIMH YpaBHEHHSIMH (NIpH COOTBETCTBYIOLIHX Ha-
YaJibHHX W TpaHHYHHX YCNOBHUSIX), HA3BIBAOT AHAA02Q-
Mu. AHalorus Mexay mnpoueccaMn pa3JHYHOrO THNA
T03BOJISIET U3yYaTb CJAOXKHBIE PH3INYECKHe CHCTeMBI C MOo-
Moulbi0 APYFHX Tpoueccos, 6oJsiee yAOGHBIX AJsl 3Kche-
pumenratopa. MccnenoBanns Ha aHanorax HMeT 60ib-
lioe 3HaYeHHe B pAa3BHTHH (PHU3HKH He TOJbKO MOTOMY,
YTO OHHM MNPHBOAAT K B3aMMHOMY OOGOrauieHHio pas3HbXx
AUCUHIJIMH, HO W MNOTOMY, 4TO MO3BOJAIIOT YBHAETb 06-
uwxe ¢u3nyeckHe 3aKOHH, JeXaliHe B OCHOBE CoBeplleH-
HO pa3HbiX Ha MepBHi B3rJsAA sBJeHHH. XapaKTepHbIM
E}pg}mepou TAKOro poAa fBJAKTCA MPOUECCH NepeHoca

33.1. AHaAerus MeXAy npoueccaMu nepeHoca

B 310M pasaene MB paccMOTPHM TeNJONPOBOLHOCTD,
AnpdysH0 H NepeHoc 3JeKTpHYecKHX 3apsanos. [lior-
HOCTb NOTOKA TenJa jr, MJOTHOCTb MOTOKA YaCTHL, ja
H NUIOTHOCTb 3JEKTPHYECKOTO TOKA jeg MNOAYMHAIOTCA
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COOTBETCTBEHHO NepBOoMY 3aKoHy Pypbe TenJonpoBoAHO-
cTH, mepBoMy 3akoHy ®uka Ansa anddysun u 3akony OMa:

a) jr=—»AVI; 6) j,=—Dvn; B) je=—ovV. (3.68)

3Iech Ar — Tak HasnBaeMbH KO3Q(QHiUHEHT Telaolpo-
BoaHOCTH, D — ko3¢ dpuunent andpoysnu. ST1a UpE3BH-
YafiHO HarJ/sifiHast aHaJOrHs MeXAy TpeMs pasJHYHBIMH
npoueccaMu OTKphiBaeT UeJbiii psil BO3MOXHOCTeH H, B
YAaCTHOCTH, MO3BOJIsieT pellaTh CJOXHHE TemJoTeXHHue-
CKHe 3a/a4¥ C MOMOUIbIO pa3JHYHBIX 3JIEKTPHYECKHX
anajoroB [3.2). [das HecTauHOHapHHX NpPOLECCOB TOXe
Ha6/ojaeTcst MoxoXasi aHaJIorHus:

a) dT/ot = av?T; 6) On/ot = Dv*n;
B) OV/ot = (c/C") VV. (3.69)

BuipaxeHusi «a» u «6» Ha3BHBalT COOTBETCTBEHHO BTO-
puM 3akoHOM DPypbe AJS TEMJONPOBOXHOCTH H BTOPHM
sakonoM Puka ans auddysuu; a — remneparyponpo-
BOAHOCTb. BhipaXKeHdHe «B» [OJyuaercsi H3 OGBLIYHOrO
ypaBHEHHS HenpepHBHOCTH AJSl MJIOTHOCTH 3apsiAa

0g/ot 4+ V - jg=10 (3.70)

npH NMOACTaHOBKe BhipaxeHus (3.688) n BBepenun C*—
BeJHYHHH E€MKOCTH Ha eluHHuy ob6beMa (dg = C*dV).
Aunajiorus MeXxay AByMSl CHCTEMaMH NOCTHraeTcsl, KOrAa
coOTBeTCTBYIOLIHEe KO3PPHIHEeHTH MOAOGHA paBHb. Pac-
cMaTpuBasi TeNAONPOBOAHOCTb (MHAEKC T) H 3jekTpHue-
ckuft 10k (HHIAekc E), moayuum A1 COOTBETCTBEHHHIX
AJHH [ H MOMEHTOB BpeMeHH ¢

Fo=at /i = otE/(C’PE).
3aKkOH NMOJAO6HA WMeeT BHI
(0/Ca) (tg/ty) Ur/lgf = 1. (3.71)

Oun coRepXHT aBa Kodpuyuenta nodobus te/tr u
(le/lr)~2 a Takxke kpurepuii nodobus, KOTOpHH Ha3b-
BaioT 4ncaom Boikena Beu [3.11]:

Beu = (¢/C") a. (3.72)

KputepuH nofoGust ABASIOTCA Ge3pasMepHHIMH H B KO-
HE4YHOM cuYeTe CBOJSTCA K OTHOIUEHHSAM MarepHaNbHbIX
KOHCTAHT Pa3jIHYHbIX (PHU3HUYCCKHX CHCTEM,
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ToyHO Tak Xe cpaBHeHHe TEMJONPOBOJHOCTH H AHD-
¢y3uH NO3BOJISIET MOJYYUTh 32KOH MOAOGHS

(a/D) (tr/tp) Up/lr)* =1 (3.73)

H COOTBeTCTBYIOILMIH KpHUTEpH#H Noao6Hs, TaK Ha3unBae-
moe 4Hcao JIbonca Le:

Le=a/D. (3.79)

OcTtaJjibHble 3aKOHB MOJ06Hsi MOAPOGHO pacCMOTPEHH B
3.111.

[ B kadecTBe npumepa MOXHO NMPHBECTH TAKYI0 CHTya-
uuio. IlycTb B KOHCTpPYKUHH, BBINOJHEHHOH W3 paziny-
HbIX MAaTEepHaJIOB, HECKOJIbKO TOYEYHHX HCTOYHHKOB Ten-
Ja CO3AAI0T NPOCTPAaHCTBEHHOE pachpeleseHkhe Temmnepa-
Typ, KOTOpOe 3aBHCHT OT BpemeHH. UTO6H ompepenuts
3TO pacnpeneneHHe TeMhnepaTypbl, MOXHO MOCTPOHTH
MOJAEJbHYIO CHCTEMYy, OCHOBAHHYIO HA aHAJIOTHH MeXAy
aupdysuelt u TennonpoBoAHOCTbI0. [ast 3TOoro cosmalot
MO[€Jb, B KOTOpPOH H3ydaloT aHdpdysuio caabopannoak-
THBHBIX 4acTHU. B 3toM cayyae uucao Jlblouca BHyTpH
MOAEJH BCIOAY [NOJNXHO 6bHITh OJAWHAKOBBHIM H GYyIeT Bbl-
noJHATbCst ypaBHeHue (3.73) mas k03pQHUHEHTOB MOA0-
6us. C NOMOLLbIO COOTBETCTBYIOUIHX AETEKTOPOB MOMHO
JIeTKO H3Y4YUTb paclipejeseHHe pajHOAKTHBHOrO Beule-
CTBa B Mojesu Nnocae AHPpPy3uH.

Ecan Xe npouecc audpdysuu uian TensonpoBOAHOCTH
H3y4YaloT ¢ MOMOUIbIO 3JEKTPHYECKHX aHa/NOroBs, TO He-
MpepuIBHYIO cpely OOBIYHO 3aMEHSIIOT AUCKPETHHM Ha-
60pOM 3J1eMEHTOB 3JEKTPHYECKOH CXeMBl, MOJ06paHHBX
HyXKHbiM O6pasom [3.11].

3.3.2. AHanorus MeXAY NOTEHUHANBHBIMH NOAAMH
H NONSAMH AHHHA TOKA

Hast craunoHapHbX npoueccoB ypasHeHHs (3.69) me-
pexonst B

VT =0, vV’n=0, V¥V =0. (3.75)

B 3stom cayuae none TemmepaTyp, 3anekTpHYecKoe MoJe
H pacnpepenenue AHPYHAUpYIOLIErO BeleCTBA MOAYH-
HSIOTCS OZHOMY M TOMY Xe ypaBHeHHio Jlamnaca, xoro-
poe, B YaCTHOCTH, OMHCHBAET MOTEHLHAN H 3J€KTPOCTaTH-
YecKoe MoJsie B OTCYTCTBHE OGBEMHHX 3apsinoB (p = 0).
Mu BuAMM, YTO pelleiive 3TOrO ypaBHeHHs AJS OLHOrO

31



M3 MPOLECCOB MOXHO HeMOCPeNCTBEHHO MEepeHOCHTb B
Apyryio 06JacTb, €CJd NPH 3TOM COXPAHSIOT CBOH CMBICJ
rpaHHYdbe ycnosHs. B HaunGonee mpocToMm cayuyae no-
TeHIlHaJ Ha rpaHHle u3yuaeMoli 06JacTH 3aJaH H He H3-
MeHseTcsi co BpemeHeM. MHHMu cioBaMH, rpaHuua o6-
JACTH CJAYXHT 3KBHIOTEHUHANbHOH MOBEPXHOCTHIO.

Ha nmpakrtuke Ansi H3MepeHHsi 3HA4YeHHH MOTeHLHaJa
HCMOJIB3YIOT TaK HA3BIBAEMYIO 3AEKTPOAUTUHECKYIO BAK-
Ky (OTHOCHTenbHas OlIKOKAa H3MepeHHS C MOMOLIbIO
3TOro Meroja cocrasisieT npuMepHo 0,2 %). dnekTponu-
THYeCcKas BaHHAa MpelcTaBJsier co6ofi N0CTaTOuYHO GoJib-
IIOH cOCya, 3anOJIHEHHbIH 3/1eKTpPOJHTOM, B KOTOpOM
NoMellleHsl MeTaJIIHYeCKHe 3JeKTPOAB olpeaesneHHON
¢opMbl, CO3RAIOLIHE ITEKTPHYECKOE 110/1€ HYKHOH KOH(DH-
rypaunu. PopMa MeTaNJHYECKHX 3/eKTPOJOB COOTBET-
CTByeT TpaHHYHHIM YCJOBHSIM 3amaud-anasaora. [lo-
CKOJIbKY Ha TrpaHHle MEXLY MeTaJJOM H 3JeKTPOJHTOM
cywecTsyer Oo/bIUOfi CKAYOK MpPOBOAHMOCTH, MeTaJlIH-
yeckHe 3NEKTpOAB  SBJAIOTCS 3KBUMOTEHLHAJbHBIMH.
3HayeHHe MOTEHUHaJa B PasHHX TOYKAX BaHHH H3Meps-
ercs ¢ nomowpio 3ouma [0.2, 3.7, 3.11). B uacroswee
BpeMsl BMECTO 3/IEKTPOJIHTHYECKHX BAHH Bce Yalle MOoJb-
3yIOTCSl MOAe/JHpOBaHHeM C NMomMollbio SBM.

3.3.3. TpaexkTopHu 3apAXKeHHBIX YACTHI
8 MarHMTHLIX NOAAX

TpaekTopHH 3apsKeHHBIX YAaCTHIL, ABHXKYLIHXCH B MO-
CTOSTHHOM MArHHTHOM MoJe, MOXHO HarnsiiHo npeacra-
BHTb C MOMOLIbIO aHAJOrHH C paBHOBeCHOH (popMo# Ha-
TSHYTOH THOGKOW MpOBOJIOKH, MOMELLeHHOW B 3TO MoJe,
no KOTOpO# TeueT 3JacKTpHueckHi Tok [3.9]. YpaBHeuue
JNBHXEHHUS 4aCTHUbI C UMIY/JIbCOM P MMeeT BHI

q(v X B)=p.

[lpeacTaBuM TpacKTODHIO YacTHIB KaK QYHKUHIO AJHHBI
ayry, T.e. r =r(s). Toraa Mbl NOAYYHM C y4yeToM

v=uvdr/ds, p=dr/ds, p=const;
p = par/ds + pvd?r/ds® = pod?®r/ds?
ypaBHeHHe TPAaeKTODHH UacCTHUB B BHAE
(dr/ds) X B = (p/q) d’r/ds% (3.76)
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Ha 3JeMeHT AJuHB dr MPOBORAHHKA, MO KOTOPOMY TeyeT
tox I, neficTByer cuaa

dF, = [ (dr X B).

B paBHOBCCHH 3Ta CHMIA A0J/KHA GBITb paBHa cuae S Ha-
TAXCHHS HUTH, KOTopast AefiCTBYeT Ha KOHLH 3aKperJeH-
HOH MpPOBOJIOKH. DTO paBHOBeCHe CO6JIIOAAETCS BCIOAY
BOJIb NPOBOJIOKH, a CJel0BaTe/bHO, 3Ta CHJIa AeHCTBYET
M Ha KOHUH JIOGOro 3JeMeHTa NPOBOAHHKA. Pe3y/bT-
pylolLlast CHIa 3aBHCHT OT KPHBH3HBI 3JleMEHTA H 3ajaeTcs
BHpaXKeHHeM
dF, =S ds d’r/ds*.

Ycnosue paBHoBecuss dF; 4 dFs = 0 nozsoaser mnoay-
YUTb ypaBHEHHE NJIsi NPOBOJIOKH

(dr/ds) X B= —(S/I) d’r/ds*. (3.77)

TakuMm 06pa3oM, TpPAGKTOPHR 3apsXKEHHOH YacTHUB H
¢opMa NpOBOJNIOKH OMHCLIBAIOTCH OJHOH H TOH Xe KpH-
BOH, ecJd BHOPaHH OAMHAKOBblE HAYyaJbHHE YCJIOBHA:

plg=—S/lI. (3.78)

JKcnepumenTarop, He umero-
wuti naana paboret, nodobex
Kopabato 6e3 pysn 80 8pema
1uTOpMa.

2 X.-H. Kyuue



4. O6pa6oTKka DPe3yJbTaTOB H3MepPeHHH

Hamepenusi npoBoAsT, 4TOGH MONYUYHTb HUCACHHbLE
3HQueHUA HYXHOM @usuueckod geauqunsl. [Ipu npamoix
H3MepeHHsIX 3TH 3HAaUeHHs NOoJYy4YaloTCs HENOCPeACTBEHHO,
a INpH KOCBEHHbLX H3MepeHHSX BHAyaJje onpepegasior
OAHY HMJIH HECKOJIbKO HCXOAHBIX (H3HYCCKHX BCJIHYMH, a
3aTeM MO MX 3HAYCHHUSAM BBIUHC/SIOT HYXHYIO BCJHUYHHY.

OnpiT moka3mBaer, YTO NPH MHOTOKPATHOM MOBTOpE-
HHH OJHOrO M TOrO XC H3MEpEHHsS NOoJy4yaloTcsd pasHble
YHCJICHHble 3HayeHHs. Tak GbiBaer, gaxe ecnd JeJaTb
Bce coBepllleHHO oaHHakoBo. Ilepen HaMu cpa3y Bo3HH-
KaeT BONpoC 06 WUCTUWHOM 3HAYEHHH H3yyacMoH (Hu3nue-
CKOW BenHYMHH, a TakXe O TOYHOCTH, C KOTOpPO#H ero
MOXHO ONpCAeJNHTb MO HAWKM JaHHHM (€C/lH, KOHEYHO,
Takoe 3HauyeHHe AelcTBUTEJbHO cyuwecTByeT). OTkJoHe-
HHS pe3yJbTaTOB H3MEPCHHS X OT HCTHHHOIO 3HAYEHHs
xo (KoTopoe OGHYHO HEH3BCCTHO) HA3HBAOT OWHOKaMH
H3MepeHHn e:

e=x — X, (4.1)

Own6ku u3MepeHUl PU3MYECKHX BEJIHYHH HEOG6XORHMO
NpOAHAJIN3HPOBATh, MONKHTATHCA YCTAHOBHTb HX MPUYHHY
M cBeCTH HX K MHUHUMyMy. Omu6xu u3MepcHUH NpHHSATO
pasgenstTbh Ha [Be FPYNMIbl: cUCTemaruieckue w caywal-
nole (MK cTarucTuveckue) oWHO6KH. OHH NOAYMHAIOTCA
a6CoJTIOTHO PA3HHIM 3aKOHOMEDHOCTSIM, IO3TOMY pasJH-
YalTCsi H «Cnoco6H GOpbOH» ¢ 3THMH OIUHOGKaMH.
K own6kaM TpeTrbero THMA OTHOCAT TaK Ha3blBaeMbiC
2pybote oWu6GKH, HAH GblOPOCH!, KOTOpble MOrYT O6BbITb
BhI3BaHH OUWHGKaMH SKCIepHMeHTaTopa HJM OTKasaMH
¥3MepuTeJbHOTO 06OpyROBaHHA. OTH OIWHGKH B MpHH-
LikIle JIETKO 3aMeTHTb, a JedeKTHhle H3MEHEeHUsi HCKJIIO-
UHTD.
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4.1, HcTOYHHKN OWHGOK H MX KaacCHPHKauus

CucreMaTH4eckHe OWIMOKH HMECIOT MHOXECTBO MPHYHH,
¥ HX OOHYHO TPYAHO O6GHADYXKHTb, MOCKOJLKY MpH MO-
BTOPEHHH HM3MEPEHHH OHH, KaK MPAaBH/IO, COXPAHSIOT
CBOIO BeJHUYMHY. THNHYHLIMH HCTOYHHKAMH CHUCTeMaTHue-
CKHX OLWIHO0K OGBIBAIOT:

— HECOBEPIUEHCTBO  HCIOJb3VEMOH H3MepHTEbHOMN
annapaTtypbl (coga OTHOCATCS OWIHOKH JIHHEHHOCTH,
apeid HyneBoH TOUKH, rpadyHPOBOYHBIE OUIHOKH);

— HeCOBepLIEHCTBO HCMOJb3yeMOro MeTOoha H3Mepe-
HHH,

— [JI0X3st HAcTpoHKa H3MEpHTCJALHON amnapaTyphl,

— HeAOCTaTOYHOe MOCTOSHCTBO YCJOBHH OfBITa;

— BJHSIHHE OKPVXKAloWCH CpelH;

— TMOCTOsIHHBIE OIUHOGKH 3KCIEPHMCHTATOpa;

— HeyuYTeHHble BJHWSHHSA APYTHX NapaMeTpos.

O6HapyXHTb H HCK.JIIOYHTb CHCTEMATHUECKHE OLWIHOKH
OOLIYHO HEJIerKO, H TYT HeJsb3st NpPeAJNOXKHUTb obuiero pe-
uenra. MoXHo H3MEHHTb YCJOBHS MpOBEJEHHS ONBITA
WJIH [POBCPHTb BCC NCPCYHUCICHHBIE HCTOYHHUKH OLIMGOK.
B COMHHTENbHBIX CIyuasix OCTaeTCs TOJbKO OLHO pelle-
HHe, HauboOJiee paiHKajbHOE: HYXHO IcpefTH K COBep-
HmiedHo ApyroMy crnocoby H3MepeHHH. B koneuHoM cuere
pewlaowi¥M (pakTopoM B MOUCKE CHCTEMATHYECKHX OLUH-
GOK ABJISIETCS KPHTHYECKOE OTHOLICHHE 3KCICPUMCHTATO-
pa k cBoe#t paGoTe u npexjae Bcero — ero onur. Pasy-
MeeTcsl, COBCPUICHCTBOBAaHHe 3JKCIHEPHMEHTAJNbHOH TeXHH-
KH BO MHOTHX CJyyasix MO3BOJMfiCT H36eXaTh CHCTEMAaTH-
YecKMX OIIHOOK. DTO MOXHO MOKAa3aTb HA KJAACCHYECKOM
npuMepe. PaHHHe HCCIel0BAHUS aTOMHHX H MOJIEKY.18p-
HBIX YaCTHL CHJbHO 3aTpYAHSIUCh B3aHMONCHCTBHEM
3THX YaCTHI C MOJICKYJaMH OCTaTOuHHX ra3oB. [Ipose-
AeHUC ONMHTOB B CBEPXBHCOKOM BaKyyMe MO3BOJIHIO MOJI-
HOCTBIO HCKJ/IOYHTb CHCTCMATHYECKHE OWHUGKH Takoro
poaa.

Cayuyalnble OWIMOKH TOXKE HMEIOT BMOJIHE ONpeae/ICH-
Hble NpHYHHB, OOGBIYHO [AOBOJIbLHO MHOTOYHCAeHHHe. On-
Hako B3aHMOJeACTBUE 3THUX [IPHYHH NPUBOAUT K TAKOMY
pa3bpocy H3MepsieMbIX 3HAYEHHH, KOTODbI 3aBHCHT yxe
TOoAbKO OT cayuas. [lpeackasatb BeqHuuHy cuayuyaiHoi
OWHUGKH 1Jsi ONHOIO H3MCPEHUsI B NpPHHUHIC HEBO3-
MoxHo. [To3TOMY UDHXOAWTCA MOBTOPSTH W3MEPEHHS 10
onpelesNieHHOro Ppa3ymMHOro fpeaena, a MOJYUYEHHYIO
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COBOKYNHOCTb AaHHBIX 06pabaThiBaTh ¢ MOMOLIbID METO-
AOB TEODHH BEPOSITHOCTCIH H MaTeMaTH4YeCKOH CTaTHCTHUKH.

O6Ge MareMaTHYCCKHE AHCLHIIMHH OOpa3ylOT OCHOBY
TaKk Ha3blBaeMOH Teopuu owuboK, KOTOPYIO Mbl KOPOTKO
paccMoTpuM B JfaHHO# raase. Dosnee noApoGHO 3TH BO-
MpoCH OnucaHu B KHUrax [4.2—4.9] 1.

4.2. OcHoBbl Teopuu owuGOK

4.2.1. YactoTa, BEpOATHOCTD, CpeiHee 3HAUEHHE,
AHCIEPCHA

Teopusi oln6ok chnpapensiiBa TOJbKO AMs Ciaydai-
HBIX oWwHG0K. MK HauHeM ¢ Haubosee nMpocTOro cJayudas,
KOra ofHa H Ta Xe Qu3nueckas BeJJHUYHHA H3MepsieTcs
n pa3. Ecin usmepsieMast BelHUYHHA X HM3MCHSICTCH He-
npepHBHO, TO 06JacTb nO-
1_ JYYEHHHX n 3HayeHu# pa3-
- — JeJIAI0T Ha HeKOoTopoe Ko-
- JIHYeCTBO HHTEpBaJIOB
B (knaccos) ONHHAaKOBO#H
IMpHHBl AXx U onpejfensiioT
KOJIH4eCTBO H3MepeHHH,
B NOMaBUIHX B KaXAW# u3
= 3THX HHTepBaJoB  (x; +
1 =+ Ax/2). Takoe yacTOTHOe

ol % pacnpenenenne MOMKHO

Puc. 4.1. Fucrorpamma aas ce- MpeACTaBHTh C [OMOLILIO

PHH H3MEPeHHi. AHarpaMMbl, KOTOPYIO Ha-

3bIBAIOT FHCTOrpaMMOH

(puc. 4.1). Ona no3sonsieT HarAsiAHO NOKa3aTb HCXOL

cepuu u3MmepeHuil. XoTsi pe3yabTaT KaxKAOro u3MepeHHs

X; onpejensieTcsi cayyaliHbIMH NPHUYMHAMU, H3 pHC. 4.1

XOpOLLIO BHJHO, YTO 3Ta CJAYy4aHHOCTb MOAUYHHACTCS onpe-
JI€JIEHHBIM 3aKOHaM.

Ins onucanus cepuit u3MepeHH#t ynoGHO BMmecto ab6-
COJIIOTHBIX YaCTOT A, (M; — KOJHWYECTBO pE3y/abTaTOB, NO-
naBUWHKX B KJacC X;) BBeCTH OTHOCUTEAbHbLLE 4ACTOTbL
h; = n,/n. OHW HOPMHpPOBaHB Ha efHHuLYy: ZXh; = 1,
[Ipu yBeslnYeHHW YHC/Ia H3MEPeHHH n 3To pacnpexele-
HHE CTPEMHTCS K TeopeTuxecKomy pacnpederenuro ge-
POATHOCTeM, KOTOPOE XapaKTepU3yeT pe3ynbTaTol 6ecko-

Yaemoma 1;

D CM. Takxe [4.10%*—4.12%]. — [Tpun. nepes.
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HeuH020 4ucia onbiToB. CylleCTBOBAHHE TEOPCTHYCCKOTO

acnpelesieHHs BEDOATHOCTEH SIBAACTCA OCHOBONOJAramo-
LM DpPELNOJOXKECHHEM TEOpHH OlIHGOK, KOTOpOe, CTPO-
ro roBops, Helb3s NpOBCPHTb 3KCNEpHMCHTa/bHO. Mare-
MaTHYECKH MNpeaea fpH n—> 0o LI KaXAOro Kaacca Xi
BHIpaXkaercs B BHAC

P(x)=Ilim (n;/n); X P(x)=1. (4.2)

Benuyuua P ecTb He 4TO HHOe, KaK 6epOATHOCTL fona-
JaHUs H3MepsieMOro 3HadycHHs B HHTepBaa (I) npu on-
HOM H3MECpeHHH.

TeopeTnueckoe pacrnpefejcHde BeposTHOCTe# rnepexo-
auT npu Ax = 0 B riagkyio Kpusyio. BepostHoctb nona-
JlaHHST HCXOZAa OLHOTO H3MEpCHHSi x B HHTepBaj Ax pas-
ua p(x)Ax. OyHxkuuio p(x) Ha3HBAOT NAOTHOCTLIO Ge-
poarnoctu. BepositHocts P monajands  pesyJbTaTa
H3MepeHUsl B HHTepBaJ [¥1, X2] paBHa

X

Pu<e<w=|pwdn 3

X,

CnpaBeAJaHBO YCJOBHE HOpPMHDOBKH

S px)dx=1. (4.4

— 00

BeposTtHOCT MOmajanus HcXofa OLHOTMO W3MCPEHHs B
o6sacTb OT —00 [0 X Ha3bIBAIOT B MaTeMaTHYeCKOH cTa-
THcTHke (4.9] pynxyuel pacnpedesenusn F(x). Ona onpe-
Jenserca Kak ¥

Fi= { p . (4.5)

-— 00

Teopernueckast ¢yHKUHS pachnpelfeseHHss (UM NPOCTO
(QyHKUHS paclpelle/ICHHA) COACPXKHT B CXKaTolt ¢opMe
BCI0O HHPOPMANHIO, KOTOPYIO MOXHO MOJYYHTb K3 OINbITA
[4.2], B Tom vuMciac M HMCTHHHOEC 3HAaucHHE H3MepscMO#R
BeJIHYHHB! Xg. DTy BENHUHHY AN NAHCKDETHOrO paclpepe-
J'leHﬂié 3HaYeHHH X HA3bIBAIOT apupueTusecKkum cpeod-
Hum E:

Xg=X=E(x)= ; x;P(x;), (4.6)
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a B cJyuae HelMpepbIBHOrO pacnpejesieHHs — MATeMaTu-
4eCKUM oXUOaHUeM BeJMYHHBL X, KOTOPOE pPacCYMTHIBaeT-
cs1 no ¢yHKuuU pacnpefenenus [4.9]:

oo

Xo=E—=E (x) = S xp (x) dx = SxdF(x). @.7)

— 00 -

OueBHAHO, 4TO e€caH CpaBHHBATb pe3y/bTaTH He-
CKOJIbKHX CepHH H3MepeHHH ONHOH H TOH e (PH3HUECKOH
BeJAHYHHBI, TO Hanbo.ee TouHOe 3Ha4yeHHe Oyler moay-
YeHO B TOH CeEpuH, B KOTOpOH KpHBas pachpelejeHHs
6yrer camoli y3kod. UeM yXXe KpHBas pacnpejescHus,
TeM MeHblle OlINOKA € == x — X OT/eJIbHOTO U3MepeHus,
no3ToMy uejecoo0pa3HO XapakTepH30BaTb pacnpesene-
HHE BepPOATHOCTEH He TOJbKO CpeHHM 3HaueHHeM, HO H
WHpHHOA KpHBOH pacnpenenenusi. ApupMeTuueckoe
cpelHee OWUGKH e AJs 3TOro He MOAXOLHT, MOCKOJbKY
OHO B TOYHOCTH paBHO Hymw0. Hnas 310l ueln BHGUpPAIOT
MaTeMaTuuyeckoe OXKHAaHWe KBajapaTa OlIMGKH 02, KOTO-
poe HasmBalT ducnepcuell

©o

o= E (¢?) = S ep (x) x dx = S (x — 2?2 p(x) dx. (4.8)

~00 .

(a8 RHCKpeTHBIX pacnpefe/eHddl TOXe MOXHO 3aMNu-
caTb COOTBeTCTBYylole ypaBuenus.) Kopenb kBaapaTHu#
H3 AHMCNIEepCHH HA3HIBAIOT CPEOHUM KBAOPATUYHLIM OTKAO-
nenuem (crandaprom) o pacnpeneaeHus. OHo Hemocpel-
CTBEHHO XapakKTepu3yeT WIWPHHY pachOpele/eHHs BeponT-
HOcTefl, T.e. pa3bpoc H3MepseMhlx 3HaueHHH. Peiuas
ypasHenne (4.8) c yuetom (4.4) u (4.7), nonydum
[

oo [

02— S 22p (%) dx — 2% S xp (x) dx + (E)? S p(x)dx,

(4.9)
2= — (AP =E (x) — [E()]%

310 BbIpaXeHWe cnpaBelJIHBO AJS BCeX pacnpeleseHHi
BeposiTHOCTeH W umeeT 60./blUOe NpakTHYECKOe 3HAaUeHHe.

CoBOKYNMHOCTb BCeX BO3MOXHBIX HCXONOB H3IMepelHs
B JaHHHX YCJOBHAX Ha3biBAalOT B MaTeMaTHuecKoH cTa-
THCTHKe 2eHepasbrod coeokynwocToro. B Hawem cayuae
9Ta COBOKYMHOCTb GeCKOHe4yHO BeJIHKa, M [103TOMY Teope-
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THYeCKoe pacnpenenenne BepOsTHOCTeH HUKOraa He pea-
ausyerca. Mbl Bceria umeeM [e/0 ¢ KOHEYHHM YHCJIOM
n H3MepeHHi, KOTophie Ha3blBAIOT 86i60pKol 06BeMOM n.
OTH 3HayeHHsi NPEACTaBJAIT coboi cayuaiHylo BHGOp-
Ky BETHUHH H3 reHepa/bHOH COBOKymHocTd. [lo pesyJib-
tTataM BbIGOPKH Mbl RO/IKHB KaK MOXHO TOYHEe y3HAThb
XapaKTePHCTHKH reHepasbHOH coBOKynHocTH. [lostomy
HYXHO ONpefe/HTb COOTBETCTBYIOLIHe BeJHYHHB BHOOP-
KH, IpHYEM CJelyeT MOCTOSHHO MOMHHTb, YTO BeJHYHUHH
B BbHGOpKe CJAy4yallHBIM 006pa3oM «H3BJICYEHBI» H3 reHe-
pa/ibHO# COBOKYMHOCTH.

HaunyquwiuM npuGiuKenneM HCTHHHOH BEeNHYHHH X
ABISIETCSi TAK Ha3biBaemoe BHIGOPOYHOe CpelHee 3Ha-
yeHHe

%, =(1/n) ,Z:. x;. (4.10)

(10T ¢dakT MOKHO OGOCHOBATb C MOMOLIbIO rayccoBa
MeTOda HaWMeHbILHX KBaApaToB.)

[Mo ananorun ¢ BuipaxendeM (4.8) MOXHO BBECTH 8bt-
6opounyto Aucnepcuro S, KOTOpasi oONpegenseTcs Kak

cpellHee 3HAYeHHC KBajJpaTa OTKJIOHEHHH (X;— Xn).
(3aecb He Hper peub 06 MCTHHHOM OMUOKe e, MOCKOJb-
Ky He H3BECTHO HCTHHHOC 3HAayeHHe X.)

si=[1/n— D] X (x;— %), (4.11)

[B ato#t ¢opMyse BMecTo n nosiBaAsleTcs MHOXHTENb
(n— 1), nockojbky aasi pacuera passoctelt (xi — ¥n)
HYXKHO HMeTb MO McHbllleli Mepe ABa pe3yabrata. C ma-
TeMaTHYeCKOH TOUYKH 3peHHsi 3TO 03HayaeT, YTo TOJbKO
C y4eTOM 3TOr0 MHOXHUTeNss MaTeMaTH4YeCKoe OXHAaHue
s? 6yleT paBHO AHCNEPCHH FeHepa/bHOH COBOKYIHOCTH.]

Kopenb kBaapaTHh# U3 BHOGOPOYHOH AHCIEPCHH Ha-
3LIBAIOT B86l60POUHOLIM CTAHOQPTHOIM OTKAOHEHUEM Sp.
OHo xapaKrepusyeT pa36poc OTAEJBHBX pe3yJlbTaTOB
H3MepeHHu# BOAM3H CpDEAHero 3HayeHHsi H ABJSETCS HaH-
Jyulleii OUeHKOH CpedHexk8aodparu4Hoz0 OTKAOHEHUA O
reHepa/ibHOiH COBOKYMHOCTH, KOTOPO€ MOXKHO OMpeAennTb
N0 BHI6OPKe H3 n pe3yJ/IbTaToB.
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Insi npaktuyeckoro pacyeta BHOOPOUHOH AMCIepCHH
noJb3yiorcsi $GOpMyJiodf, KOTOpasi COOTBETCTBYeT BHIpa-
KeHuo (4.9):

sa=(n—1)"" i (x; — %)’ =
(n— 1)1 [Z 2%, X x, + n[fnlz]- (4.12)

n n 2
sh=(n— 1)"[;‘ X — (l/n)[Z ] ]
KpoMe cpeanHero 3naueHusi pe3y.abTaToB H3MepeHH#l 3Kc-
nepuMeHTaTopa HHTepecyeT elle H ero TOYHoCTb. Mbl Mo-
*CM ONpefenTb ee, HECKOJIbKO pa3 NOBTOpss CepHH MO
n u3Mepenuii. Toraa Be/qHUYHHH MAaTeMaTHUYECKHX OXHAa-
HU# X, 06pa3yioT pacnpeneseHHe, CTAHAAPTHOE OTKJOHe-
HHe KOTOpOoro S, GyAeT XapaKTepH3oBaTb pa3bpoc cpel-
HUX 3HayeHHH X, oT BbIGOpKH K BHGOpke. [loatomy Be-
JHYHHY S, HA3bLIBAIOT CTAHOAPTHbIM OTKAOHEHUEeM 66160-
pounoeo cpedneeo (uau ero cpeaneit owu6Koi). [losb-
3yACb 3aKOHOM CJIoXeHHsi owubok (pa3a. 4.2.5), noay-
YHM

sy=s,/V/n= /\/Z“‘ (n— 1" _Z: (x, — %)% (4.13)

CraupapTHoe OTK/IOHeHHe cpejHero, [MOJY4YeHHOro 1o
n u3MepeHHUsIM, OT/IIHYACTCS B l/'\/n pas oT CTaHZapTHOro
OTKJOHEHHs OTAeJbHOTO H3MepeHHs. TakuM o6pasom,
TOYHOCTb H3MepeHH#t J0CTAaTOUYHO MeNJIeHHO pacTeT C
yBeJIHUEHHeM KOJIH4YecTBa H3MepeHuH IpH 60JbLIHX N,
[ToaToMy HYXHO CTPEMHTbCS HE K yBe/IHUYEHHIO KOJHdYe-
C1Ba ONBITOB, a3 K YJAYyYlICHHIO H3MEPHTEJbHHX MeETOAOB,
KOTOpbi& M03BOJSIT YMEHbWHTb CTAHAAPTHHE OTKJOHEHHS
Sn OTIAEJNbHOTO H3MepeHHS.

4.2.2. Pacnpenenenne BepoaTHOCTeH

B 510oM pasjesne Mu o6cyanM HauGoJlee BaXXHHe pac-
npefeJeHHsi BEePOSITHOCTeH A/si reHepasibHOM COBOKYMHO-
CTH, KOTOpHE 4aile BCEro HCINONb3YIOT NMpH 06paloTke
pe3ysbTaToB H3Mepeuuil. Ha upaktuke moryr peaJIn3o-
BLIBaTbCA pa3/HyYHble paclpelesieHHss BEpOsITHOCTeH, Mo-
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CKOJIbKYy KpoMe pa3bpoca u3MepsieMhX 3HaueHHi H3-3a
cayyaiiHblX OWHOOK CyLIeCTBYIOT CTATHCTHYeCKHE QJIyK-
TyalunH caMOii usmepsieMoil pesinunHbl. B KasecTBe mpu-
Mepa MOXHO NPHBECTH pajHOAKTHBHHIA pacnajg # CHOH-
TaHHYIO IMHCCHIO H3/ydeHus (cM. Takxe pasa. 6.2).

422.1. TAYCCOBO, UJIM HOPMAJIBHOE, PACITPEJEJ/IEHHUE

Hopmanbhoe pacnpejeseHue 6bis10 HalgeHo
K. ®. TayccoM. Ero MOXHO NONYYHTb @ priori B paMKax
TeopHH ollu60K. BaxxHas poJsib rayccosa pacrpeieseHus
O6bSICHSIETCS TEM, 4TO, C ONHOI CTOPOHH, OHO XOpOLIO

p(xl‘tﬂld)

0s

1 Ty 0 =x

Puc. 4.2. TlnotHOCTH BEpOATHOCTER ANA HOPMAJBHOTO
pacnpeneflenus fpu 3HaueHussx napamerpa 0=0,5 1; 2.

OMUCHIBAET [IJIOTHOCTb BEPOSITHOCTEH A7 MHOTHX (H3H-
yecKMX BeJHYHH, a C Apyrod — pacrnpeje/enne 4HCJIEH-
HBIX 3HayeHWH Npu CaMblX pasHHX H3MepeHusx. Kpome
TOro, MHOrHe JApyrue pacnpejesieHHs NepEeXoAsiT B Mpe-
IeNbHOM cayuae B HOpMaJjbHoe pacnpenenenne. [TosTo-
MY HX MOXHO 3aMeHHTb pacnpencienneM [aycca. [laor-
HOCTb BepOSITHOCTeH A/14 CJAyYyaHHOH MepeMeHHON X umeer
BHA

p(x; xo, 0) =(1/2_:xw)"exp[— (x — x0)%/26%]
npu —oo < x < oo, (4.14)

Ha puc. 4.2 nokasaHo HOpMallbHO€ pachpeleseHHe CO
3HauyenusiMu napaMerpa o = 0,5; 1 u 2. OHo xapakrepu-
3yerca CJeAyIOUIHMH OCHOBHBIMH OCOGCHHOCTSIMH.

1. Pacnpene/sienne CHMMETPHYHO OTHOCHTEJIbHO TOUKH
X = Xo.
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2. MaremaTHYeCcKoe OXKHAAaHHe BHUYHC/AAETCH KakK
0
k=E(x)= S xp (x; %o, 0)dx = x,.
—o0
EMy cooTBeTcTByeT MakCHMAa/bHas MJOTHOCTb BeposiT-
Hoctedl p(xg Xg O)= 1/«\/2:! c.
3. Ilo o6e cTOpoHbl OT MAaKCHMyMa Be/JHYHHA D MO-
HOTOHHO MajaeT H ACHMITOTHYECKH CTPEMHTCA K HYJIO.
4. [lucnepcHs H CpelHEKBALpaTHYHOE OTK/JOHEeHHE
onpeaessioTCs Kak

Iucnepcus = S (x — %)% p (x; xo, 0)dx =07,

CpenHekBaipaTHYHOEe OTKJOHeHHe (CTaHLapT) = 0.
5. Ha puc. 4.2 noxkasaHo, uTo NMpH yBeJHYEHHH cpel-
HeKBaJpPATHYHOrO OTKJIOHEHHS pacnpejeseHHe CTAHOBHT-
ci WHpe, @ MakCHMaJibHOe 3HauyeHHe YyMeHblllaercs.

BcaeacTsHe yCJa0BHS  HOPMHDOBKH S pdx =1 naomanb
NOA KPHBOH OCTaercs MOCTOAHHOH.
Hcnonb3ys BeJHYHHB

p=>_"%* (4.15)

v}

MOXHO MOJIY4HTb CTAHOAPTU30BAHKHOE HOPMAAbHOE paC-
npedeaenue. Ono umeer Bua p(x)dx = ¢ (u)du

¢ (u) = (1/4/2n) exp [— u?/2]. (4.16)

Dyuxnus paclnpeneseHHs 3aaaeTcs BhipaKenHem (4.5):
X
F (x) = (1/4/Z70) S exp[(— 1/2) (z — xo)/o? dz. (4.17)

Ee Hesb3s1 MpPeACTaBHTb B BHAE 3/eMEHTAPHHX QYHKUHH,
H TNO3TOMY BO MHOrHX pafboTax oHa TalyiaHpoBaua B
cTanaapTHsosanHoMm (HopMupoBanHoM) BHae @ (u) [4.1]:

u

®w=(1/v2) | expl—(/2)P1dr.  (4.18)
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YacTo HCMOML3YIOT TAK Ha3blBaeMylo (yHK4ui0 owubox
OHa TaKXC HasnBaeTcs wuureepasom owubox [laycca)
rf (u):

u

of (1) = (2/4/7) S exp (- - 12) dt = 20 (u/4/2) —1. (4.19)

MOXHO nOJy4uTb COOTHOlIEHHE, KOTOPpoe BCCbMa MOJeE3-
HO A5 NpaKTHYECKHX LeJed:

F(x)=®(x_;x°)=%[l + erf(xv—;_;")]. (4.20)

Ha puc. 4.3 npuBeleHbn HOpMaJbHOe pacnpeneneHHe H
ero (QYHKUHA pacnpenejeHds B CTaHA3apTH30BAHHOM
BH/e.

10

p£T
0.5

V / \\
/| N (1)
A ' N
3 -2 -1 0 7 Z 3
u —>

Puc. 4.3. CraupaprusoBanHas ¢opmMa HOPMAaJbHOrO
pacnpenenerus ¢(u) u ero ¢Gynkuud pacnpeneseHust
sepoaTHocTel @ (u).

BeposiTHocTb TOTO, 4YTO cJjyyaliHas MepeMeHHas X,
pacrnpeneseHHas MO HOpMa/lbHOMY 3aKOHY, NomajeT B
HHTepBaJa (X, Xo}, paBHa

X LK) = F(x)) — Flx) =
~0(252) —n(252) -
=%[erf(%)—erf(”'7;:—° ] (4.21)
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Tabauya 4.1

Hurepran P, %
Xg— O < < xo+o 68,3
xo— 1,960 <x < X9 + 1,960 95
xo— 20 <x < X0+ 20 955
xo— 2,580 < < %o 4 2,580 99
Xo— 30 <r<< X0+ 30 99,7

Benuuuny P, BbIPaXKeHHYI0 B [POLEHTAX, Ha3bIBAIOT
TakKe CTaTucTuueckoi OocTosepnocTsio. B taba. 4.1
l'lpPlBelleHbl 3Ha4yeHus 3TOH BeJHYHHbLI IJ15T HEeCKOJIbKHX
I'lpaKTH‘IeCKH BaXHDbIX HHTEpPBAJIOB.

X;2,,d X;Zp,0
P(Zix0) 0,4\.0( 2:7)

o4

02

X0 Ty Xy+0 x x,, Zd Iy .z'a*Za x

Puc. 4.4. Unteppasil xp— o <x < x—0 H X—20 <<
< x < X+ 20.

Ha puc. 4.4 nokasaun 06;1actu =0 u =20 AJA HOp-
MaJbHOrO pacfpefesaeHus.

4.2.2.2. BHHOMHWAJIBHOE PACIIPEJEJIEHHE

BunomuasbHoe pacripeieseHHe HHOTAA HAasbIBAlOT
pacnpenenenvem bepuyaau. Ouo saBasercs HanbGosee
BaXXHblM NHCKPETHHLIM paclpelesieHHeM M MOJYYHJO CBOe
Ha3BaHHe B CBS3H C TeM, YTO YJEHH 3TOrO pachpejeJe-
HHs MpeACTaBJsioT coGoH csaaraemble GHHOMHAJBLHOTO
pasjoxeHHs. Ilyctb B HeKOTOpDOM ONBITE BO3MOXHH
Toabko aBa Hcxoaa A u B. Torma p — BepoOATHOCTL HC-
xona A. [TosTopum Hau onbiT n pas, Toria GUHOMHAJb-
Hoe pachnpefie/ieHHe MpeACKaXKeT BepOSITHOCTb TOro, uTO
ucxon A Gynmer HabJa0laTbCi B TOYHOCTH X pas:

P(x; n, p)=(z)p‘(l——p)""‘, rae x=0,1, ..., n.
(4.22)
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q))’HKU,HiI pacnpeneJsieHHsT HMeeT BUJ
x
Foy=3 (&)t —pr (4.23)
k=0

PaayMeeTcn, JNOJI)KHO BbINOJIHATbLCSA yc.rlorme HOpMHpOBKH
Y P(x;m, py=1.
x

MaTeMaTHuecKOoe OXHAaHHE H [MCIepCHsT HMEIOT BHI
[4.8]

n

Xx=E(x)= > xP(x; n, p)=np, (4.24)

x=0

o?=E[(x— f)21=§0<x—f)?P(x: n, p)y=np (1 —p).
(4.25)

[pu Goabliux 3HaueHussX n OuHOMHAJbHOe pacnpelene-
HHe nNpHOJIHXKAETCS K HOpPMalbHOMY. ITO BaXHO NJs
MPakTHKH, [OCKOJbKY C HODMAJbHLHM pacrnpeneleHHeM
nerye paGotatb [4.9].

4.2.2.3. PACIIPEJEJIEHHE TIYACCOHA

Ecan BeposTHOCTb p B GHHOMHAJbHOM pacnpeneeHHu
OueHp MaJa, a YHUCIO BO3MOXHLIX HCXOHOB 71 BelHKO,
TO NMOJb30BaTbCs paclpeleseHHeM BepOSITHOCTeH B BHIE
(4.22) Heymobno. B 3ToM ciysuae mnosesHo nepedTH K
npexeny n—oo W p—0 [pu NOCTOAHHOM 3HAUEHHH Ma-
TemaTHueckoro oxumauus x = np [4, 5]. Takoe auck-
peTHoe paclpele/eHHe HasbiBalor pacnpenenenuem [ly-
accoHa, a CcoOTBeTCTBywoUAas OGYHKUHS pacrnpenefeHHs
BEpPOSATHOCTEH HMeEeT BHI

- =X -—
P(x; ) =-—e*pan x=0,1,2, .... (4.26)

x!

drta GYHKUHMS OLHO3HAYHO XAPAaKTEPH3YETCH OOHUM Ma-
paMeTpoM — CpelHUM 3HAYEHHEM ¥ YuC/]a BCTpedalollnx-
cs ucXonoB. MaTemaTHyecKoe OXXHAAHHE H JIHCIIEPCHA
HMeIOT BHI

E(x)= Z xP(x; %)= X, (4.27)
?=FE[(x— 2= 2 (x— 2P P(x; =%



®DyHKUHA pacnpeleseHHs onucbiBaeTcs (GopMyJaoi
X
F(x)=e*Y x*/k! (4.28)
k=0

Ha puc. 4.5 nokasaubl pacnpegenenus Ilyaccona pas
Tpex 3navenH#f napamerpa ¥. OTyeT/IHBO BHAHO, YTO NpH
yBeJIHUEHHH X nepBOHAYa/JbHO acHMMeTPHYHOe pachpe-
llejeHue CTaHOBUTCH Bce GoJsee cummerpuunubiM. [lpu
3TOM OHO MNpHOJHXKaeTCs K HOPMaJbHOMY paclpenene-

HHIO C X = X H o=x/x0.
Pacnpenenenne [lyaccona onucbiBaer uweabld psii sB-
JeHu#l, B KOTOPBIX H3MepfAeMble BCJIMYHHbI NPHHHMAIOT

A P(x; x) AP(x;Z)
24 02
a3k Z =08 s x=3
(724 o o1
"I |
1 A I l 1 L
1 2 3 4x 1 283 4 § 6 7 8 9x
Plx; %)
o1t x=8
LI I , , IJ 1 15
1 2 3 4 5§ 67 8 9 1011121314 15%

Puc. 4.5. Pacnpepnenenus [lyaccowa ¢ pasauuHoil senn-
YHHOH MAaTeMaTHYeCKOro OXKHAaHHS.

IOHCKpeTHBble IeJOYHCIEeHHble 3HAYeHHsd, KOTOopble He 3a-
BHCAT APYT OT Apyra. THNHYHLIM [PHMEPOM MOTYT CJay-
XKHUTb U3MepeHHs B aTOMHOH M sigepHoil ¢usuke. Ilyctb
3a cekyHIy (DMKCHpyeTCs CpelHee YHCJIO yacTHu R, a u3-
MepeHHA Bcerja MPOUCXOAAT B TeueHWe OAHOrO H TOTO
*e uutepana BpemeHH Al. Toraa usmepenHoe 3a 3TO
BpeMsi YHCJIO yacTHU X (HJIH ckopocTb cyeta R = x/At)
onHchlBaeTcs pacnpepencHueM [lyaccona ¢ ¥ = RA! n

CpeaHeKBaAPATHYHbIM OTKJIOHEHHEM © ='\/RAt. Ecan
Takoe H3MepeHHe MOBTOPHTb N Pa3, TO CTAHZAPTHOE OT-
KJOHeHHEe BbIGOPOYHOTO CpelHero B COOTBETCTBHH C

(4.13) paBsuo
s, =/ RAln. (4.29)
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0THocuTerbHan cpednexsadparuunas owubra cpedneeo
3naderusn Oyner paBHa

§,/% = (nRAt)—12=1/+/N. (4.30)

Ona onpexensercss TOJAbKO 4YHcaoM N = nRAt! Bcex He-
3aBUCHMO 33()HKCHPOBAHHLIX YaCTHL.

Ananoruysble coobGpaKeHHsT MOXHO NPHMEHHUTb H K
3/1eKTPOMArHuTHuHM BoauaMm. OrpaHuuuMcsl BHavaJje CTa-
6ususuposannbimu Konebauusmu. [lox 3atTumMu cuaoBamu
mMbl OyneM MOHHMATb BOJIHOBblE NaKeTbl OeCKOHEeYHOH
AJUHBl, KOTOpble MOTIYT HCMYCKaTbCH BbICOKOYACTOTHBLIM
reHepaTopoM HaH na3epoM. C NOMOLIbIO COOTBETCTBYIO-
UIHX JOETEKTOPOB C BBICOKHM BPEMEHHBLIM pa3spelleHUeM
MOXHO (DHKCHPOBaTb OTIeJbHblE KBAHTbl 3JIEKTpOMar-
HHTHOTO H3aydeHHs (pasa. 6.3.5), npHyeM HYXKHO YYHTbI-
BaTb CTATHCTHYECKHe CBOHCTBA caMoro aerekropa. Teo-
pHA NOKa3blBaeT, YTO B 3TOM cJyuyae [OJyYeHHOe YHCJI0
doToHOB TOXe OyaeT OMHCLIBATLCA  pacnpepeseHHeM
[lyaccona, B KOTOPOM X COOTBETCTBYeT CpeIHEMY OXH-
naeMoMy uncay (oroHOB 3a (UKCHPOBAHHLIK HHTEpBaJ
speMeHH. POTOHbI BenyT ce6si B ITOM Cjayyae Kak KJjac-
CHUECKHe He3aBHCHUMble YacTHIbI, a Takoe cocTosHue ¢o-
TOHOB Ha3blBAIOT Ko2epenTHbuim. HekorepenTHoe H3ayude-
HUe OMHUCbIBaeTcsl HHAaye, Ha 3TOM BONPOCE Mbl KOPOTKO
OCTAHOBHMCS B 3aKJIOYHTEJbHOM pa3sjene.

4.2.2.4. IPYTHE PACIIPEOEJ/IEHUSA

[Tpu BHIYHCIEHHAX BEpOATHOCTEH HCMNONB3YIOT LeJbIH
pan Apyrux (yHkuHH pacnpexeneHHs. Mbl paccMotpum
TOJLKO Te H3 HHX, KOTOphle Ydlle BCEro HCMOJb3YIOT B
¢usnke. Kputepun corsnacus Oyayr obcykmatbcs oT-
aenbHo B pasn. 4.2.4.

Bo Bcex u3MepeHHSIX 3KCnepHMeHTATOpa HHTepecyer
BeposATHOCTL p(t)dt Toro, 4ro mnocje OXHOrO COGHTHSA,
NpoHcUIeINEro B MOMeHT BpeMmeHnu ! =0, caeaywilee
coObiTHe HabJ0JaeTcsi B MOMEHT BpeMeHU f, a ToyHee
rosops, B HHTepBa.e oT ! po t 4 dt. Ec1u camu cobutHs
nopuuusiorcs pacnpenenexuto Ilyaccona, To naotnocTb
BepoATHOCTeH OJA HHTepBaJa ! paBHa

p(t; R)=Re™™" npu >0, (4.31)

rae R— cpefHssl CKOpPOCTb cueTa (KOJHYeCTBO COObI-
THH B enauHHuny BpeMeHH). TakuMm o6pa3oMm, MaJble
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HHTepBaJbLl BpeMeHu GoJsiee BepOsTHBI, yeM GoJbliue. Ta-
KO€ paclpe/iesieHde Ha3blBaloT IKCMOHeHUHaJbHbIM. Co-
OTBeTCTBYIOWAs (YHKUWA pacrnpeleleHHs, MaTeMaTHue-
CKOe OXHJaHHe W AUCNEPCHS HMEIOT BHI

Fi)=1—eR, (4.32)
t=E()= /R, (4.33)
*=E [t — 1= R =2 (4.34)

Ecau nprn u3MepeHHsx NpPHMEHAIOT TaK Ha3bHBaeMblii
ZHUCKPUMHHATOpP, KOTOPHH (HKCHPYeT TOJbKO Kaxioe

j PX)
04+

03
0,2
o1

T
1 Xp-Tf2 x5 xo+l/2 ‘10

Puc. 4.6. Pacnpenenenun Tlaycca (/) n JlopeHua (2)
¢ oaHHakoBofi moaywupuuoi T.

r-e cobHITHE, TO CJe/lyeT NOJb30BaThCA 0GOOGLIEHHH M 3KC-
MOHEHILHAJIbHBIM paclipeae/eHHEM.

Pacnpepenenve Kowu GoJsibllle H3BECTHO (H3HKAM
nop HasBauueM pacnpepenenun Jlopenua. OHo, nanpu-
Mep, onuchiBaeT coObLITHA, KOTOPbIE H3YYalOT C NOMOUILIO
Metoaa pesoHanca. [lnoTHoctH BeposiTHOCTEH QyHKUHH
pacrnpeaeseHts HMEIOT BHA

1 r/2

p (x5 Xo, = T (x —x0)? + (I/2)7° (4.35)
F(x)= % + % arctg —x;,—;" . (4.36)

BeuyHHH MaTeMaTHYecKOro OMXHAAHHA H AUCIEPCHH
Heab3s ONpeAe]HTb, MOCKONbKY WHTerpaau c (4.35) pac-
xoaatcs. [ToaTomy Takoe pacnpeznenenue XapakTepH3yiOT
MenuaHo#t xo u noaywupuso#t I'. IToaywnpuua I' onpene-
Jsercs TakHM oOpa3oM, 4To npH x — xo = =I'/2 naor-
HOCTb BEPOSAITHOCTEH AOCTHraeT TMOJNOBHHbI MAaKCHMalbe
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Horo 3Hayenus. Ha puc. 4.6 HarasagHo nmokasaHw pac-
npeaeaetns Jlopenua u Faycca ¢ oaunakoBoft Moayuin-
pHHO#.

Xopouwo BHAHO, 4TO pacnpeaeienue JlopeHua Go.ee
WIHPOKOE, HHHIMU CJOBaMH, MJOTHOCTbL BepOATHOCTeH na-
naer MenseHnHee. To Xe camoe cNpaBeldJHBO H [JA Be-
posTHocTelt B HHTepBase [xo — I'/2; xo 4 T/2]:

P(xo—T2<x<x+1/2)=T76% pansa pacnpenejeHns
Cayca n
Plxo—T2<x<<x+T/2) =50%nna pacnpeneienus
Jlopenna.

PaccMoTpuM Tellepb (B OTJAHYHE OT MpeXXHero ciydas
KOHTpPOJMpYyeMbIX KoJebaHHH) (OTOHLI, KOTOpble HaXo-

Py a PAS z
|

-8

Q1 o1

INTRHE T
20z

jo 10 20 z

Puc. 4.7. Pacnpepnenenvsa [lyaccona (a) u bBose —
Ofinwreiina (6) Asa  cpeAnedl NAOTHOCTH OTOHOB

=

AATCS B TepMHYECKOM DaBHOBECHH cO cpeao# (Kak, Ha-
npuMep, NpH OMHCAHHW H3NyYeHHA abCONIOTIO YEPHOro
tena). OHM NopyHHSIOTCA pacnpenedenuo Bose—IiuH-
wrefiHa, KOTOpOe MOXHO onucaTbh CPeJHHM YHCJIOM 3a-
MOJIHEHHS X:

Px; X)= g npu xr=0,1,2, ...,

1 !
D)
(4.37)

Has Gonblunx 3HaYeHHH cpefAHero YHcsaa 3aloJIHeHHs 3TO
BhIpaXKeHHe NMepexoaHT B

P(x; B)=—pe~¥%, (4.38)
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OyHKIHA pacnpenedieHHsl, MaTeMaTHuYeCKOe OXHAAHHE X
H AHCNEpCHS DaBHH ’

Fo==Y (1+5)"", (4.39)
k=0

E(x)=£%, (4.40)

o?— # + . (4.41)

Ha puc. 4.7 nokasaubl pacnpefienenns [lyaccona n Bo-
3e — DfiHWITeAiHa A cpeaHed nJaOTHOCTH (OTOHOB
¥ = 10.

B nepsoM caydae cpeaHekBajJpaTHUHOE OTK/IOHEHHE
paBHO ¢ = 3,2, a Bo BTOpoM ¢ == 10,4, T. e. Be/HUHHe
cpenHero 4ucaa (OTOHOB.

4.2.3. NloBepHTe bHLIA HHTEPBAJ

[Tonartne craTHcTHYECKOR NOCTOBEPHOCTH MHl BBEJH B
n. 42.2.1, koraa obcyxaaan HopMaJbHOe pachpeseJe-
Hue. Mu Hcnoab3oBaau ero, kKoraa obcyxaaam Bepo-
SITHOCTb TOro, YTO H3MepsieMas BeJHYHHA NMpPH HKCHPO-
BaHHOH (DYHKUHMH pacnpeneseHHs OKa)keTcs B Mpenenax
3aJlaHHbIX rpaHdu. DTH rpaHHUbl Ha3wBalOT dogepurens-
HbIMU 2pARUYAMU, @ UHTepBaJ — 00BepuUTEeNbHbIM UHTEpP-
s6aaom. BeaHuHHa CTAaTHCTHYECKOH JQOCTOBEDHOCTH B
Ka’K[JOM KOHKDETHOM cJlyyae 3aBHCHT OT TpebyeMoH Ha-
LEeXHOCTH H3MepeHHH.

Ocob6bift HHTepec npeAcTaBJseT AOBEPHTENbHbIA HH-
TepBaa [Js1 CpelAHEro 3HAYeHHA X, reHepasbHas COBO-
KYITHOCTb KOTOPOrO OMHCLIBA€TCH HOPMAJbHBLIM pacrnpe-
JeneHHeM ¢ aucnepcuedt o2 OTHOCHTENBHO NMPOCTO OMH-
cHBaercsl cayyal, KOraa nUCIepCHs H3BECTHA, MOCKOJbKY
cpelHHe BbIOOpOUHbIe 3HAYEHHS MDPH MOLIHOCTAX BbIGO-
pOK n TOXe pacnpeieseHbl BO3je X MO HOPMAaJbHOMY
3aKOHy, a 3HAYHT, UX AHcnepcus pasHa o’/n. [To auano-
rHd C BhipakeHHeM (4.15) nposesem npeoGpa3oBanue

U= (%, — %) /njo (4.42)

u nepefizeM K cTaHgaptH3opaHHoMy BHay @ (U) Hop-
MaJIbHOTO pacnpeue.neﬂm. JIsT. TPOH3BOJIbHbIX Aosepn-
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TenbHbIX rpanun U, NOBepHTeJbLHLIA HHTepBaJ cocTa-
put [—U,04/n; U,,o/'\/;] C BEPOSITHOCTbIO (4.21):
P(—U,KUKSU)=DU,)—0(—U,)=

=P(x—UoAn<3, <i+U,0/4/n). (4.43)
C 3TOR BEPOSITHOCTbIO HCTHHHOE 3HadeHHe X Jiexxut B
HHTEpBaJe

T, —Uon<i<i +UgoAn,  (4.44)

KOTOpBIAi Temepb Ha3biBaeTCs [AOBEPHTEJbHBIM HHTepBa-
JoM BHIGOPOYHOrO CpelHero.

OnpHako B o6uieM cJayuyae JHCMepCHS reHepaJbHOM
COBOKYMHOCTH HEH3BECTHa, H [03TOMY KpPOMe BLIGOpOY-
HOro CpefHero X, HYXHO TakXe 3Hatb BbIGOPOUHYIO

2
IHcrepcHO s, Torna B oranude ot (4.42) BBoasT ne-
peMeHHnylo £
—_— in—i
—_ =
Sn/’\/"

KoTOpasi He pacnpefeleHa [0 HOPMaJbHOMY 3aKOHY.
3akoH pacrpejesneHHs 3Toil Beanunubl [4.5] HasmBaioT
{-pacnpepenenuem, uau pacnpenenenvem CrbiogenTa.
Ouo Bnepsbie Gobino onyGankoano ¥. C. Toccerom nox
ncesgoiuMoM «Crtyaents. Ero naoTtHocTb BeposiTHOCTH
paBHa

t (4.45)

p(t; my=pll +&f(n — )", “ne
pa =T (/2)/A/(n—=1)n [ ((n — 1)/2). (4.46)

Srta BeJHUYHHA 33aBHCHT OT MOIIHOCTH BbiGOpKH n = 2,
Benuwunny [=n—1 Ha3blBalOT YMCJAOM CTeNEHEH CBO-
6o pacnpenenenns. ITo pacnpejeNeHHe CHMMETPHYHO
H BHellHe MOXOXe Ha KOJOK0J000pa3Hylo KDHUBYIO HOp-
MaJbHOrO pacnpelejeHHs, HO ee MakCHMyM HuXe. B Tto
XKe BpeMs Ha GOJbLIOM paccTOfHHH oT [ = 0 NJIOTHOCTb
pacnpenenenus CrTblofeHTa coBnajaaer C MJIOTHOCTbIO
HopMaJsbHOro pacnpenedenus. Ha pnc. 4.8 nokasaHu
t-pacnpeneseHus n4s pasanudblx n. das n = 2 oHo
coBnajaer ¢ pachipeneiedneM JlopeHua, a c yseJnye-
HHeM 71 OHO CTPEMHTCA K HOpMaJlbHOMY pacnpeleseHHIO
¢ MaTeMaTHYyeckKHM oXupaauwuem O u aucnepcueét . [Tpn
n > 30 aBa pacnpeiejeHHs y¥e COBINaAalOT HAcTOJ/bKO
XOpOLUIO, YTO MOMXHO NM0/1b30BaTbC OObIUHLIM HOPMaJbHHM
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pacnpegenendem. [lpn Mmaseix mougrocrax eubopKu

(n < 30) caemyer Hcnoab3oBaTb f-pacnpepesieHHe.

®dyHKUHA pacnpejeleHds H B 3TOT pa3 MOJyyaeTcs HH-
Terpuposatuem (4.46):
t

FOy=pa | 1+ on—1D]""dv.  (4.47)

- 00

dta ¢yHkuus TadyaHpoBaHa, Hanpumep, B [4.1]. Ee ma-
TeMaTHUYeCKOe OXHAaHHe H IHCMePCHA paBHb

f=0 nas n>3, (4.48)
?=2tL i n>a (4.49)

n—1

Ons n=2 n n=23 aucnepcus He onpelejeHa, a MpH
n = 2 He Onpefe/ieHO ¥ MaTeMaTHUYeCKOe OXHIaHHe.

p(t, n)

0,2

% 3 <2 -1 0 1 2z 3 4¢

Puc. 4.8. Pacnpesenenun CTbiogeHTa ans n=2, n=3
H n = 00,

N36paHHoe 3HaueHHe CTATHCTHYECKOH LOCTOBEPHOCTH
P (%) ompemeasieT rpaHHUbl 1OBepHTEJILHOrO HHTEpBa-
aa [—tp; B}, t, A8 X onpepedasieTcs MO aHaAJOTHU C
(4.44):

Bn— lpSalAn S<EL X, +1,8,/Vn. (4.50)

TaGyaupoBanHas (QyHKUMA pacnpelle/ieHHsi [03BOJIAET
Jerko y3HaTb 3HaueHHe f, Las JO0bLIX BeJMYHH CTATH-
CTHYECKOH AOCTOBEPHOCTH:

P=F(,)—F(—t)=2F(,)— I, (4.51)
Fit,) = (1+P).
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Ha puc. 4.9 noxasaHb 3TH 3HaueHHs AAs OOBLIYHLIX Be-
JIMUHH CTAaTHCTHYECKOA JOCTOBEPHOCTH.

Tak Ha3blBaeMasli YewrpaaoHnas npedenvHas Teopema
MaTeMaTHUeCKOH CTAaTHCTHKH [O3BOJASAET MOKa3aTb, YTO
Npu He CAUIIKOM MaJblX MOUIHOCTSX BHGOPKM pacnpeje-
neHnHe BLIGODOUHBIX CPeAHHX, MOJyYeHHOe s Da3/Hu-
HbIX HCXOAHHX QYHKUHA pacnpefeneHHs, AOCTaTOUHO

o Pog| |
? Poss\
tp
5 A \\
5 N
\~\
TS
Pgg [N
1
1 0 100

n—-

Puc. 4.9. 3Hauenusa ¢, ANA pasidyHBIX BEeJHYHH CTa-

THCTHYECKOH JOCTOBEPHOCTH P B 3aBHCHMOCTH OT Moll-

HOCTH BHIGOPKH n: Pgg = 68 %, Pos = 95%, Py =
= 99 % H ng_g = 99,9 o/o.

XOpOUIO OMHCHIBA@TCA HOPMAaJbHbIM  paclpele/]eHHeM.
[TosToMy B ApasbHeRIIEM MOXKHO M0Jb30BAThCS MpHBE-
JNEeHHbLIMH Bblllle COOTHOUIEHHAMH.

TouHO Tak Xe MOXHO ONpelelNHTb K JOBEpPHTeNbHbIH
UHTepBaJ NpH (HKCHPOBAHHOH CTAaTHCTHYECKOH [OCTO-
BEPHOCTH AJs BbhIOOPOUHOrO CTaHZApPTHOFO OTKJOHEHHS.
[MpH 3TOM HCHOJAB3YIOTCS pe3yabTaThl H3MepeHHH, pac-
npefiesieHHble MO HOPMAaJbHOMY 3akOHY. Teopus M03BO-
AseT MOJyuYHTb AJAs caydyaldHoA nepeMeHHOH (QYHKUHIO
pacnpeneneHus

w2 =(n— 1)s2/o> = (l/o? 2:1 (x,— %)  (4.52)

KOTODYIO HA3HBalOT XM-KBaapar-pacnpeneneHuem. bosee
noAPOGHO MBI pPacCMOTPHM €ro B CaelylolleM pasiese.
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B antepatype (Hanpumep, [4.5]) noapo6HO OnHCaHO, Kak
MOJKHO OMpeleNHTb AOBEpUTEbHBH HHTEpPBaN AJNA O C
MOMOLIbIO 3TOTO pacrpeneseHHsl.

4.2.4. Kpnrepu#t xu-KBagpar

PaccmMoTpuM pacrhipelniesieHHe BepoOATHOCTeH I pe-
3yJbTaTOB H3MepeHHH BLIGODKM MOILHOCTBIO 7 H MOMNpO-
6yeM OLEHHTb, C KAKO¥ BepOSATHOCTbIO Mbl MOXeM Cy-
AUTh N0 3TOMy paclipefefieHHI0 O paclipeleseHHH Bepo-
AaTHOCcTell AJs Tenepa’ibHoil coBokymHoctd. las atoro
HYXHO JM60 cpaBHHTb 00a 3THX pacnpejpeseHds, au60
OUEHHTb HMX CXOACTBO CO BCEMH BO3MOXHbIMH THNAMH
pacnpeneneHunii BepositTHoctedl. PaccMoTpuM sMnupuye-
CKOe pacnpelle/ieHHe, KOTOpOe [M0X0Xe Ha pacnpelese-
HHe, Noka3aHHoe HAa puc. 4.1. Pasgennm 3arem o6.actb
MoJy4eHHBIX 3HAYERHA X HA R HE3aBHCHMbIX KJacCOB
TaK, YTO KaXIblli H3 HHX Oyler cOXepXaTb B CpeaHeM
NATb OTAeAbHbIX co6HTHA. YHcsmo k.JaccoB ToXe Gynmer
6.113K0 K 5. Mepofi cornacH 3MNHPHYECKOTO H TEOpETH-
YyeckKOro pacnpelleneHuit OyleT cyMMma KBaapartoB OTKJO-
HeHHH 3MMHPHYECKON 4aCTOTHl n; KJacca [ U Teoperuuye-
CKH DacCYHTaHHOK yacToThl nP,, rge Pi— BepPOATHOCTD,
npeACKa3aHHAd THIOTETHYECKHM pacnpeje/eHHeM AJs
paHHoro kjacca [paccuntansas no (4.3)]. Torma MoxHO
OnpeaenHTh BeJNHUHHY

L 3
Xt = 2 (r,— nP,)*[nP,= 3 (ni/nP,) —n. (4.53)

(=]

Ecan ¥2 = 0, To Hab.1i0onaeMas H OXKHIaeMas 4acTOThl B
TOYHOCTH coBmajawT; ecau ¥? = 0, To 3TO He Tak: ueM
Goablile BenHuHRa %2, TeM O6OJblie OTKJAOHEHHEe HaGJIIO-
AaeMOro pacrpejesieHus oT oXxHiaaemoro. [lockosnbky 3T
OTKJIOHEHHA TOXe WUMEIOT CTaTHCTHYeCKYIO MpHpOLy, TO
Ias % cyulecTByeT CBOe paclpele/eHHe, KOTOpoe Aast
BLIGOPOK GOJMBLIOH MOLIHOCTH COBMajaeT C Tak Ha3blBae-
MbIM XHM-KBajpaT-pacnpeaeneHueM ¢ k — | cTeneHsamu
cBo6oabl. TO pacnpenenetne 60 BBeleHO XeaMepTOM.
[1.10THOCTL pacnpeneaeHHs HMeeT BHA

pOs D=pr A"~ e, rpe
pr' =2"T(f/2) mns ¥’ > 0. (4.54)
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MareMaTHYECKOe OXHAaHHE H JHCIEePCHs PaBHbI

Z=T, (4.55)
o? = 9f. (4.56)

3aecb f— uHCaO cTeneHeil cBOOOAbI pacnpejeseHus, OHO
pasHo f = k& — 1. Ecan onpexeanTb no 3KCNepHMeEHTalb-
HbiM H2HHBLIM ellleé 7 NapaMeTPOB THIIOTETHYECKOTO pac-
npejesNeHHs, TO OTKJIOHEHHs] OXKHAdaeMOH YacTOThl OT Ha-

pX5T)

S\

T

=2

T T

o1}

Puc. 4.10. I1n0THOCTE BEpOSITHOCTH XH-KBaapaT-pachnpe-
neneHHs ANA  KoauyectBa CTemedeii cBoGoam [ =1,
f=2f=4u j=6.

6aronaeMol Hanaraior ewte r ycjaosu#. Torga uuciao cre-
neHeli CBOGOAB! pacnpepesenns Oynetr paBHO

fek—r—1. (4.57)

Ha pnc. 4.10 nokasauo y2-pacnpepenesse ans pasHex f.
IIppy f =1 u =2 KpHBbHiE MOHOTOHHO MOHH¥KAWTCH C
yseauuenneM %2, npu [ > 2 nabaiopaercs MaKCHMyM
y 3HayeHnsi y2 = f — 2
®yHKuHA pacripeneneHHs HMeeT BHA
x)

F () = p; S o\ f=2W2p—0/2 oy (1.58)
0

Oua TaGyaupoBaua, HanpuMep, B [4.5], npuuem aas 60ab-
Wwux [ BMECTo Hee MOXHO MPHUGJHXKEHHO HCMOJb30BaTh
HOpMaJlbHOe pacnpeaeneHue

Fix) ~O(W2Z — A2 —1). (4.59)
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Ilns ¥? 3Ta BeqHYMHA COOTBeTCTBYET BepxHell rpaHuue
%%, HHXKe, KOTOPOH ellle MOMHO CYHTaTb, YTO THIOTETH-

yeCcKOe paclpeje/ieHHe COBMajaeT C WCTHHHBIM pacnpe-
AesieHHEM rexepaJipHoi cosokynHoctu. Ilpn ¥* > x2  sra

rHnoTesa HecnpapedJnBa. Beamunna x2 onpenedser no-
MyCTHMYIO BEPOSITHOCTb BCEX BO3MOMXKHbLIX OTKJIOHEHHH.

i
I
AN

R —
L

Z
2P
4 |\\\ N Pos
2 \\\k |
~——
7 Pos Palv

50 o

f —

Puc. 4.11. BepxHee npeaenbHoe 3HaueHue X3-pacnpeje-

Jleliis B 3aBUCHMOCTH OT KOJaHYyecTBa cTeneHefi cpo6OAN

nan  seposTHocTel Py = 90 %, Po = 95%, Pg =
= Qg 0/0 H Pogo = 99,9 %.

Beanuuna P* =1 — P onpenenser BepoATHOCTb TOro,
4TO OTKJOHEHA HCTHHHAs THNOTe3a

PO<y<x2)=F(x)- (4.60)

Ha npakTHke ualue BCero BEIGHPAIOT BEPOATHOCTH Pgs ==
=95% H Pgg =99 %. Ha puc. 4.1! noxaszaHu HeKkoTo-
pble rpaHHUN 3. 3Hauenne ¥o/f npencrasieno kax
GyHKuHA yHCna cTeneHedl cBoGoaw f. Bbille xaXpoit u3
NoKa3aHHLIX KPHBHX THIIOTE3a COrJacHa HeBepHa.

B ocHoBe KpHTepHs 2 JEXHT NpeanoONoKeHHe O TH-
MOTeTHYECKOM paclpeleNleHHH 18 TreHepajbHO# coBo-
KynHocTH. B TO e BpeMs mapameTpbl 3TOrO pacnpepe-
JIeHHs1 OOBIYHO ONpenessioTcs M0 3IKCMepHMEeHTaJbHEIM
3HaveHnsM. Tak, Hanpumep, BHIGOPOYHOe CpelHee sB-
JsieTcsl HauJyylleH OLEHKOH 1A MaTeMaTHYECKOTO OXH-
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naHHA TeHepaJbHOH cOBOKYMHOCTH (pa3a. 4.2.1). B Ha-
crodlllee BpeMs ¢ nomoumbio IBM MOXHO OTHOCHTe/NbHO
JIerk0 BapbHpPOBaTh NapaMeTphl CHIOTETHYECKOTO pac-
npeieneHns, UTOGH NOCTHYb MHHHMaAbLHOM BENMUYHHBL y2
cornacio  (4.53). [IlonyuenHoe pacrnpeneneHve Gyner
nanbosiee BEPOATHLIM.

4.2.5. Cnoxenne omn6oK

Bo MHOrHx cJaydasx He ynaeTcs HeNocpeACTBEHHO
H3MEPHUTb HHTepecYIollylo Hac ¢GH3HYECKYIO BeJHYHHY, U
ee NMPHXOAHTCA PACCYHTHIBATL HA OCHOBE 3HAaYeHHH ApY-
rux M3MepuMulx BeanudH. [ToaToMy MBI paccMOTpuM NpH-
Mep, B KOTOPOM BeJIH4YHHA 2 fIBJsercss W3BECTHOR (YHK-
nHel He 3aBHCSAIIMX APYr OT Apyra M3MepHMBIX BeJHUYHH
XHuy:

=f(x, y). (4.61)

BenHuHHBI X U Y H3MepSIOTCS COOTBETCTBEHHO M K n pas.
BLiGOpOUHBle cpefHHe paBHBl Xm W Jn, BHOOpOUHbIE AHC-
mepchn  §2 M s2. [lna KaXkmo# napH 3HayeHHH Xi H

Yr NOJIYUYHM BEJNHUYHHY Zix, @ BHOODOUYHOE CpejHee omnpe-
JeJIHM 10 BBIGOpKE MOLUIHOCTbIO M-

2 = (1/mn) 32y = (1mn) X 3. F (51, go). (4.62)

Pas3noxuM BeJnuHHy 2ix B psn Telliopa B OKPeCTHOCTH
3naueHus f(Xm, Jn):
2ipp = f (Xm, yn) + (af/a)C) (xi - )-cm) +
+ @Y (ye —Ga) + - - .

3xech BMeCTO X = X¥m H Y = {§» CJeLyeT NOACTaBHTb
napunanbHble OTKJOHeHHs. Toraa BHIGOpOuUHOe cpeaHee
2mn HCKOMOH BeJHYHMHD OyaeT paBHO (ecaH npeHeGpeub
ujleHaMH BHICOKOro nopsjka)

= (1/mn) 3 3 [F (i) + @1100) - (51— ) +
+ (0f/0y) - (yx — 7)),
2= (1/mn) | mnf (X, §a) 4 n (0f/02) X (2, — %m) +

+ m (3f/3y) X (yx — F2)]-
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IMockoabKy 2, (x; — %,) =0u Y (yx— i§,,) =0, ocraercs
zmn =f(’em’ gn)° (4’63)

Takum o6pa3om, HCKOMOe BHOOpOUYHOE CpelHee PaBHO
(c TOYHOCTBIO 4O YJIEHOB BTOPOrO MOPSAKA) BeJH4HHe 2,
PaCCYHTAHHOH 110 CPeIHHM 3HAUYCHHSM Xm H ¥n.

Iucnepcus BbIGOPOYHOTrO cpelHero Z B TOM e MpH-
6/THXKeHHH paBHa

m n

sgnn = [l/(mn - I)] i; kgl (zlk - émn)z =
~ (Umn) X ¥, ((0F/0%) (x: — %) + (0FI0Y) (9 — G}V

[TepekpecTHbIt uleH paBeH HYJI0, MO3TOMY MOJyyaeM
s2., = (0f/0x)’s?, + (3f/9y)*s>. (4.64)

DTo BhIpa)KeHHe HA3LIBAIOT rayccoBbIM 3aKOHOM cJ/oXKe-
HHs1 own6oK. Ero MoXHO 0606WHTL H Ha Caydyall MHOTHX
nepeMeHHbIX.

PaccmoTpuM pas npuMepa cayudail, Korga HcKoOMas
BEJHYHHA MPONOPUHOHANbHA MPOU3BEACHHIO U3MepsieMbiX
BEJIHUHH B HEKOTOPOH cTeleHH:

2= Cx“yﬂ, (4.65)
s = (aCr 'R s + (BCER 7 ")'s5,

Pasnenns nonyyenuyo BejHUYHHY HA BHOOPOUHOE cpen-
Hee

~2 =a -B\2
NoNy4HM

2

2 /=2 2.2 /=2 2.2/
smu/zmn = ' Sm/Xm + B Sn/ Jn. (4.66)
4.2.6. B3sewennoe cpeHee 3HaueHHe

Ha npaxkTHke uyacTo NMpHXOAMTCA pacCYuTbIBaTh OH-
3UYecKHe BEJHYHHH NO HECKOJbKHM BBLIGOPOYHBIM Cpel-
HHM, OlpeleJeHHbIM C Pa3HOH TOYHOCTBIO (MOJYYEHHBIX
B pa3HbIX CepHAX ONBITOB HJIH C MOMOUIbIO Pa3JHYHBIX
meTonHK). Ecin cooTBeTcTByIomMe BHGOPOUHbE CPeaHHE
paBHbl Xa, Xb, ..., @ BbIOOpOYHKIE AHUCMEPCHH COOTBET-
CTBEHHO S$2, S7, ..., TO MO 3THM BCIHYHHAM MOXHO Of-
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pPeleNHTh Tak Ha3blBaeMoe 8388WleHHOE Cpedwee, ecnu
Kaxaoe BHOOpOYHOe cpenHee YMHOXHTb Ha MHOMXHTeNb
w (Tak Ha3blBaeMLIH 6ec):

X = (Wokg + wpkp + ... )/ (0w, + wp+ ...). (4.67)

Bec onpepensier TOYHOCTh KaX[10ro BHIGOPOYHOro cpen-
HEro: 4eM Bbille BeC, TeM MeHblle BHGOpOUYHOE CTaH-
RapTHOE OTKJOHEHHe.

3akou caoxeHus ownGok (4.64) nossosser nosy-
YUTb AJIsT X AHCMepPCHIO B3BelUeHHOrO cpelaHero:

2= (wisi=wisi+ ...)/(w, +w, + ...)% (4.68)

3HaueHHs BecOB AOJKHBL GbITb BbLIGpaHbl TakHM o6pa-
30M, YTOOH BequyHHa S$2 Gbl1a MHHHMaJbHOH. Paccmo-
TPKEM AJs NpOCTOThl ABa 3HayeHHs w. [lyctb cymma
W= Wy 4+ Wp Gyner NOCTOSIHHA, TOCAa MOXKHO 3anHcaTb
AMCNEPCHIO B BHIe

s’ = [w?s} + (v — w,)’s; |/’ (4.69)
Us ycnosus 0s*/0w, =0 caenyer
w, /w, = s;[s. (4.70)

HunMu cnoBaMu, Beca O6paTHO MpPOMNOPILHOHAJbHB BHI-
GOpOYHBIM AHCIEpPCHAM. DTOT pe3y/abTaT clpaBelIHB H
I8 cyyasi HeCKOJIbKHX BbIOOPOK.

4.3. CraaxxnBatue 3KCNEepPUMEHTaNAbHbIX
3aBUCMMOCTen (AHHeHHan perpeccus)

BaxHo#i 3anayell sBAsiercs HaXoXaeHHe (QYyHKIHO-
HalbHbIX 3aBHCUMOCTCH MeXAay (H3HYECKUMH BeJHYHHA-
mu. [Ipn 3TOM OGHIYHO CTapaloTcA TakHM 06pa3oM cgop-
My.J1HpOBaTb 3ajayy, 4TOOH H3y4yaTb TOJNbKO ABe BeJH-
YdHH, B TO BPEMS KaK OCTaJIbHble nepeMeHHble OCTaloTCA
NOCTOSHHHMH. B 3KchepuMeHTe MoJyyaloTcs NApLl 3Ha-
YeHHH

(xl: y]), (x21 y2), ey (xm yn)v

KOTOpHe 06pa3yloT BbIGOPKY MOLLHOCTbIO n U3 AByMep-
HOH reHepaJ/ibHOA coBOKYnmHOCTH. B obumem cayuae obe
H3MepsieMble BeJHYHHbI XapaKTepH3YIOTCs OUIHGKaMH H3-

MepeHHs,
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[Ipexxne Bcero H306pa3HM MNoJYYeHHBle NApbl 3Haye-
HHA B NpPAMOYTrOJIbHOK cHcTeMe koOpAHHAT. Toraa uepe:
3KCMepHUMeHTaNbHble TOUKH, KAaK MPAaBHJO, MOXHO Mpo-
BECTH IJ1alKYl0 KDHUBYIO, KOTOpas NPHGJIHIKEHHO OMHCHI-
Baer noayyeHHwe pesyabTaThl. Ha puc. 4.12 nokasauu
3KCMepHMEeHTaJ bHble TOYKH, TpYNMHPYOUIHecS BAOIb
npsAMoR JuHHH. B cnydae nogoGHLIX JHHEIHBIX 3aBHCH-
MOCTEH  OGBIUHO  MOXHO
JOCTaTOYHO TOYHO MpOBe-
CTH npPSAMYIO «lid TJas».
Oanako Hauayywasi H3
BO3MOXHbIX NpAMbIX (npA-
Mmas peepeccuu) noJydyaet-
Cf, €ecJH  HCIOAb30BaTh
- 00beKTUBHHH MeTOon. Ta-
Xx KYI0O BO3MOXHOCTb MpeJo-

CTaBJIfeT TaK Ha3blBaeMbiil

| } | 1 L N NPpHHIAIN HaHMEHbUIHX

x gBagpatoB [aycca [4.9).

Puc. 4.12. Dkcnepumentanbhue Has  npocrothl Gynem

SHaueHWH? H JHHHA pErpecCHd. CYYTaATh BEJHYHHBEl X HeE3a-

BHCHMBIMH  NE€peMeHHbIMH,

3HAYEHHsI KOTOPbIX H3MepeHbl C npeHeOpeXKHUMO Manoii

own6xo#. [lycTb BemHuHHA y:, COOTBETCTBYIOLIAsT 3HAye-

HHIO X;, OTKJOHSIETCH OT HMCTHHHOH BEeNHYHHB y(x;) Ha
yi— y(x;). Hanayuwest npsimoit

y=uax—+b (4.71)

SIBJIIETCA Takas MpsiMasi, HA KOTOPOi AOCTHraeTcss MHHH-
MyM CyMMbl KBaaparoB OTk.I0HeHu# F(a, b, n):

Ay

> (y;—ax,—b2=F(a, b, ) >Min. (4.72)
=1

YaCTHHX MPOH3BOAHBIX
0F/0a=0 un AdF/0b=0.

YcaoBuem MHHHMYyMa $IBJISI€TCA DaBEHCTBO HYJIIO MePBHX

Ortcioga nonyunm
n

i; (%,49, — ax3 — bx,) =0, (4.73)
n
2 gy — ax, — b)=0. (4.74)
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pemasi 3Ty CHCTEMY YpaBHeHHH A HEH3BEeCTHLIX a H
b, nmeeM

ﬂ=(Z X; Z Yy —n 2 x1y1)/[(z xz)2 —n Zx?]' (4.75)
b=(2xizxiy: — 2y L) [(Xx) —n 2 ] (4.76)

(Besne npeanosaraercst CyMMHpOBaKHe MO I OT ! o n)
[TocTpouM cpeaHee apHdMeTHueCKOe BCeX 3HAYeHHH
X H Yl

E=n) X x, 1 gi=(/n) X g
Toraa ypaBHeHHe (4.74) Oyner umeTh BHA
§y=ax+b. (4.77)

[TonyuenHasi npsiMasst HAET yepe3 3TH CPefHHe 3HAYECHHS
x n y. [ToaToMy MOXHO 3anucaTthb

y— j=a(x—X). (4.78)

HaksioH NpsaMOH Ha3BBAOT KO3I(POHIHEHTOM perpecCHH.
Mepoit pasbpoca 3HaueHHH y; BO3ae NpsAMoOH perpec-
CHH SIBJISIETCST LHCIIEPCHA S2:

2= X[y, —y(x)P/(n—2)=F(a, b, n),,,/(n—2).
(4.79)

Yucao creneded ceo6oAabl paBHO 31ecb 1 — 2, NOCKOJbKY
Aas ompeneseHHs MNPAMOH perpecCHH HeoOXONHMO BH-
noJHeHHe ABYX NOMOJHHUTEIbHLIX YCJIOBHH.

Hurtepecno monyuurb AHCNEpCHH IJsi BeJIHYHH a H b
npsaMo# perpeccu:

ss=senf[n X i — (X %), (4.80)
si= Y H[n Y = (T %) (4.81)

Ilnst HaKJOHA NMpPAMO# perpeccHy @ W OTCEKaeMOro eio
oTpe3ka b B NpHHLHNE crpaBefJuBbl BCe COOGpa)KeHus,
H3J1I0KeHHble B pasa. 4.2.3, ecotn 6bl 6bJI0 H3BECTHO pac-
npefleleHHe BEPOATHOCTEH 1S ABYMEpPHOH reHepaJbhHOR
COBOKYNMHOCTH. TyT BHOBb BO3HHKaeT BOMPOC O LOBepHU-
TeJIbHOM HHTepBaJje, KOTODHH NOKAa3hlBaeT, C KaKOH Ccra-
THCTHYeCcKOH JOCTOBEPHOCTBIO 3TH BEJNHYHHB MOMXHO
olpenenHTh N0 AaHHOH BHIGOpPKe. DTH BONPOCH OGCYXK-
natotcs B Kuure [4.5]. Ecnn oGe nepemeHHble cuyuTaTh
PaBHOMPABHBIMH HJIH MeXAY HHMH HeT (yHKUHOHAJhHOI
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3aBHCHMOCTH, TO /51 06paGOTKH pe3yJbTaTOB H3Mepe-
HHH HCIOJNB3YIOT MeTOABW pacyera Ko3(p@PHUHEHTOB Kop-
peJsiLHH.

3anaya o HeauMmednod peepeccuu peliaercsi cosep-
IIeHHO aHaJOrH4yHo, NMpHYeM B KayecTBe KPHBBLIX perpec-
CHH HCNOJb3YIOT MHOrouJeHu [4.3].

Hcxyccreo onpedeaars sepo-
ATHOCTU OCHOBAHO HA TOM, 4TO
MONCHO npoeodute 0TAeAbMHbLE
nHabawdenus u 68 TOM, KAk
OHU nNOBTOPAITCA, YCMATPHU-
8ars obujue 3QaKOHOMEPHOCTU,

Suemynd I'pagep



s

5. U3mepureabHbie ycTpoicTBa

OcHoBHble 6JOKH M3MEePHTEJbHHIX YCTPOWCTB

Has npoBeneHHda H3MepPeHHH OGLIYHO HCNOJB3YIOT
npubophHl H nepenaTouHble 3JeMeNTh, KOTOpble BMecTe
o6pasyloT usmepurenvrole ycrpoicréa. Taxoe uzmepH-
TeJbHOC YCTPOHCTBO MOXHO YCJOBHO H300pa3dTb C no-
MOIBIO OJIOK-CXeMbl, XOTAl Kax</bli H3 NMOKAa3aHHbIX HA
Heit npHOOPOB MOXKeT B CBOIO ouepelb NPeACTaBAATb cO-
Gofi LeJoe H3MepHTeabHOe yCTpoiicTBO (pHC. 5.1).

Ha BXoA darvuxa (ero 4acTo Ha3bIBAIOT 4Y8CTEU-

JHOIM 3NEMENTOM) TOCTYNaeT U3MepseMas BeJHYHHA,
M Ha €ro BHLIXOJ€ BO3HHKAaeT CHUrHad, npeiHa3Ha“cCHHBIN

il Yeumermens Nepeda

WLHUHO lepedamoy- Herpoiicmeo

o Jameun unu npeobpa- 7 Bremesm wo%%a
sosamens

Puc. 5.1. BJiok-cXeMa H3MepHTeNbHOro YCTPOiCTBa

s panbHeiimelt o6pabGoTKH. DTOT CHIHaj 33BHCHT OT
H3MepseMOll BeNHUYHHBL. THOHUHBIM JaTuHKOM sIBJASETCA
doropnon, HA KOTOpbIH Majgaer cBeT. 3aTeM CJaabble CHI-
HaJIbl MOTYT YCHJHBATbCS CIEUHANbHBIM YCUAUTEACM ATTH
C noMouipio npeobpasosareas npeobpazossisarvcs K 60-
Jee yno6uomy BHRy. [lepedarounoli 34eMeNT (3JEKTPH-
YyeCKHH NpOBOAHHK, OecnpoBOJIOYHAS cHcTema) mnepepaer
CHIHaJ Ha YCTpolcTeo 8vi800a, KOTOpoe JHGO Hemocpen-
CTBEHHO BbiflaeT HHGOPMAUHIO FKCHEPHMEHTATOPY, JHGO
XpaHuT ee AJA AajbHeHed o6pabOTKH C NMOMOUIBIO KOM-
nelorepa. Ouenb yacto IBM noacoesinHeHa K H3MepH-
TeJbHOMY yCTpoHCTBY, TOoraa o6paboTka AaHHbIX MpOHC-
XOAHT HeNoCpPeACTBEHHO B Mpolecce H3MepeHHH.

C Touku 3peHHst CHCTEMHOro aHa/JH3a BCS 3KCIepH-
MCHTaJIbHAsi YCTAHOBKA, TaK Xe KaK U ee OTlesbHbe
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6,10kH, (DYHKUHOHAIBHO ONMHAKOBA: B CHCTEMY MOAAeTcCs
BXONHOH CHIHAM Xe, @ Mocje nepepaboTKH HAa ee BHXOJe
MOsAIBASIETCS CHTHAN Xo. O6e 3TH BeJHYHHH CBA3AHH APYT
C APYroM ONpele/eHHHMH COOTHOIICHUSIMH, KOTOPHIE Xa-
PaKTepH3yIOT CHCTEMY. DTH COOTHOLUEHHS! HA3HBAIOT ne-
pedaroyneimu xapaxrepuctukamu [5.1, 5.3, 5.5, 5.6,
5.9] V. MHuorue nmepelaToyHne XapaKTepHCTHKH HE 3aBH-
CAT OT KOHKPETHOTo ApH6Opa, 8 HMEIOT O6ILYI0 NPHPOAY.
O HHX nOHAET peub HHXe.

5.2, MNepenarounble XapaKTepHCTHKH
5.2.1. CratHdeckHe nepenaTouHble XapaKTEPUCTHKH

CraunnonapHoe COCTOSHHE H3MEpHTEJbHOrO yCTPOii-
c¢rBa M (nnu oTHenbHOro 3JeMeHTa) AOCTHTaeTcs, Koria
3aKaHYHBAIOTCA BCe MepexoAHble MpoueccH Mocjde noxayu
Ha BXOJ MOCTOSIHHOTO CHrHanla Xe. MeXay BBIXOAHBIM X,
H BXOJHHM X, CHTHAJaMH CyllecTByer (yHKIUHOHA/JbHAs
3aBHCHMOCTb (pHcC. 5.2)

X = [ (x,). (6.1)

Takas QyHKUHOHANBHAS 3aBHCHMOCTb AJSI H3MeEpHTE/b-
HOM CHCTeMH J0JXKHa GbITb OJHO3HAYHOM: OHA, HaMpHu-
Mep, He N0JXHA 06/1alaTh rHCTepe3HcoM (IpH BospacTa-
HUH W yOHIBaHHH H3Mepse-
MOH  BeJIMYHHHW  3aBHCH-
T, p Za MOCTb [(xe) AO/KHA OcTa-
— BaTbCA ONHOH H TO#H Xe).
B stoM cMhicie BechMa
OmacHH MepJseHHble Heob-
Puc. 5.2. BxoaHoii n BHXOAHOR paTHMble HM3MCHEHHS Xa-
CHrHa /bl "3'“9[-,{9“""""0'“0 YeT*  pakTepHCTHKH, KOTOpHIC
pofictpa. MOTyT ObiThb CBSI3aHH €O
CTapeHHeM GTAEJbHHIX ne-
taJjeil. 3aMeTHTb Takoe H3MeHCHHEe MOXKHO TOJbKO C I10-
MOILBIO MOBTOPHOTO KOHTPOJIS 3aBHCHMOCTH MEXNy BXOJ-
HOW H BbIXoxHOH BenuuunamHd. TouHo Tak e caeayer
YYHTBIBATL H BJHAHHE BHEIUHHX YCNOBMH (naBjeHHs BO3-
nyxa, TemneparypH, pasorpesa npu60opoB NpH AJHTENb-
Honu paéore).

D CwM. takxe [5.14*—5.19%). — [1pum, nepes.
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Ecaun ¢yHKuHoHanbHas 3aBHcHMocTb (5.1) u306pa-
XKeHa rpadHueckH, TO ee HA3bIBAIOT XAPAKTEPUCTUYeCKOU
kpuBol. C TOYKH 3peHHS| TEeXHHKH H3MCPeHHH ynoGHee
Bcero paboraTb C AuHeliHbiMU 33aBHCHMOCTSIMH, T. €. NpS-
MBIMH, KOTOpBIE K TOMY e NpPOXOAAT Yepe3 HAyalo OT-
cuera:

X, =Kx,. (5.2)

Beanunny K HasbiBaloT Kkosg@uuuentom nepedauu, ee
pasmepHocTe paBHa [K] = [x.][x.]-'. Ecau peun nger
0 CJOXKHOM H3MepHTelbHOM NpHGOpe HJIH 11e710M H3Me-
pHTEJIbHOM ycTpo#cTBe, TO BelmynHy K 06byHO Haswi-
BaIOT «y8cTaureavnocToio S. BesuunHa 4YBCTBHTENbHO-
CTH NOKAa3blBaeT, KaKoe H3MeHeHue AX. BXOJHOTO CHIHA-
na HeoOXOnMMO AJS TOro, 4tobbl BBIXOJHONH CHrHaJ
H3MeHHaCs Ha Axg:

Ax
S=—"%=K. (5.3)
Xe
Ecnu cxema copep’XHT HeJHHeHHWH 3J1eMeHT, TO 4yB-
cTBUTENbHOCTb S OnpelensieTcsi N0 HeJHHEHHOH Xapak-
TepHCTHYECKON KpHBOI € NOMOULbIO NMPOH3BOAHOI:
dx
S=-+—° (5.4)

= Gr,

B 31OM Cayyae uyBCTBHTEJIbHOCTb YXe He NMOCTOSIHHA, a
3aBHCHT OT pabouell TOYKH [Ye; Xo). [1pu HeGosblIOM H3-
MEHEHHH H3MepsieMblX BeJHYHH HeNHHeHHYIO XapakTepH-
CTHYECKYIO KPHBYIO 4YaCTO MOXHO NpHOIHXeHHO 3aMe-
HHTb C NMOMOILUBIO KacaTeJbHOW K 3TOH KPHBO#K B paboueft
TOYKE [Xe; Xa).

5.2.2. lnHaMHuecKHe CBOACTBA JIMHEAHbIX
nepenaToyHbX 3JAEMEHTOB

Ecin BxoaHas BenHuWHa x.(f) ObCTPO MeHsieTCs CO
BpeMeHeM, TO BHIXOAHAs BeJHYHHA MOXeT ColepXKaTb
HCKaXKeHHa. XOTs nepelaTOYHble XapakTEPHUCTHKH MNpH-
60pa MOXHO B IIpHHLHME paccyHTaTh, 3HAS XapakKTepH-
CTHKH BCEX OTJEJbHhIX 3/71€MEHTOB, NMOJHYIO YBEPEHHOCTb
JaeT JHIIb MNpsMas 3KCHepHMeHTaJsbHAas TNpoBepKa.
TONbKO OHa [103BOJsieT yYecTh Bce (aKTOpbl, KOTOpHE

MOTYT HCKa3HTb BbLIXOAHOA CcHrHaia. B Takux mnpose-
POYHHX ONBITAX BXOAHA# BeJHYHHA H3MeHsleTcA N0
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3aaHHOMY 3aKOHY, a BHIXOAHAs perdcTpHpyercs c A0cTa-
TOYHO 6OJIbIUHM pa3pelieHHeM N0 BpeMeHH. 3aBHCHMOCTH
xe (), KOTOpHE HCMONBL3YIOT AN KOHTPOJS MnepenaToy-
HBIX XapaKTepPHCTHK IpHGOpa, HAa3HBAWT KOHTPOAbLHLIMU
QyHKyuaMu, a pe3yNbTHPYIOUIHE 3aBHCHMOCTH Xq(f) Ha
BhIXOAE — PyHKkyuamu orxauxka. Haubonee BaXKHHMH
KOHTpOJIBHBIMH QYHKUHUAMH ABJIAIOTCA CTynen4aras, eou-
HuuHas umnyaschan (8-pyHruus) u cunycoudasvras

dyHKIHH.

6.2.2.1. MEPEJAYA HEMEPHOIHWYECKOTO
CHIHAJIA

Ha puc. 5.3 nokazaubl XxapakTepHCTHKH CHCTeMhl nep-
BOrO NOpsaKa, Ha BXOJ KOTOPOH nojpaercs CHTHaJ, HMeIO-
wui ¢opMy cTyneHu (ckaukoo6GpasHasa OQyHKuus, a).
CHcTeMa nNepBOro nopsiika ONHCWBaeTcs AHdbdepeHUH-
aJbHHM ypasHeHHeM INepBoro nopsaka. Pynkyus orkiu-
Ka Ha CKaykoOGpasHH curHan, 6, Kotopas OMHCHIBaeT
CHrHas Ha BBIXOJE, 3KCIOHeHIHaJbHO CTPEMHTCA K MNO-
CTOSHHOMY 3HaYEHHIO Xao = KXo

xg(()=Kxo[l —e " “7 pqas t>=f,. (5.5)

3necy T — mocrosinHast BpeMeHH. B moMeHT fy + T Bu-
XO/MHOH CHTHaJ cocraBasier Bcero 63 % HOBOro craruo-
HapHoOro 3HaueHus, a Yepesz 5 T — 99 9 craguoHapHOro
sHauyeHHs. Bpemenem ycramosaenus T HA3HBAOT Mpo-
MeXYTOK BpeMeHH, B KOHIl€ KOTOPOTO BBLIXOLHOH CHTHaJ
Xa(t) oTnuyaercs OT crauHOHApHOro 3HayeHus Kxe, Ha
5, 1 uau 0,1 %.

Ins cpaBHeHHs pa3NUYHBIX cHCTeM GYHKIMIO OTKJIH-
Ka Ha CKaYk0o6pa3Hblil CHTHAaJ Ha BXOlLe HOPMUPYIOT HA
BEJHYHHY CTYNEHH Xep BXOJHOTO CHIHaja:

ho (=228 < K [1 — ™ ¢=4VT], (5.6)

STy HOPMHPOBAHHYIO (YHKIHIO OTKJIHKA HA3HIBAIOT ne-
pexodnoi ¢pynxyuei (puc. 5.3, 8).

K coxaneHHio, GOJBLIMHCTBO CHCTEM OMHCHIBACTCH
aud¢epeHunanbHHMH YpaBHEHHSIMH BTOPOTO HJH GoJee
shicokoro nopsaka. [loatomy tepexoaHas ¢yHkuus no-
CTHraeT CTalHOHAapHOTO 3HAUYeHHS He 3KCIOHEeHIHaJbHO,
a 110 6oJee CJAOKHOMY 3akOHY. PyHKUHA OTKAHKE MOXeT
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cTpeMHTbCA K K N1aBHO HAM C 3aTyXalOUMMH Koseba-
vuamu Bosne K. [lnasuoe m3MeneHne QyHKuHH OTKIHKa,
Kak npasuno, Gosee mnpeanoururensHo. CoorBercTByio-
wHe npHMepdl Mokasaun Ha puc. 5.4. B cayyae xoneba-
HUA GYHKUHMH OTKJIHKA Bo3je K BpeMeHeM YCTaHOBAeHHS
Ha3bIBAIOT BpeMsi, nocle KOTOporo (yHKIHS OTK/HKa He
BHRIXOAUT 3a npenpens Arz,(t)

onpeneneHuoil moJOCH BO3-

ae K (ua puCyHKe mokasa- -
Ha no.oca UIHpHHOH
+59%). B cucremax c a
(171aBHBIM H3MeHeHHeM
GYHKIUHH OTKJIHKA BpeMms

ycranoBaenusi Tz onpepne-
JASIOT TaK Xe, KaK B CHCTe-
Max nepsoro nopsaka. las
(IPaKTHYECKHX LeNel ynoob-
HO T0./1b30BATHCA H TaK Ha-
3HBaCMbIM BPEMEHEM Ha-
pacranus Ta. 3Oto Bpems,
32 Kotopoe OYHKUHR OT-
KnuKka hq(f) Hapacrtaer ot
0,1 no 0,9 K.

B gpyrux  cayyasax
ynoGHee OMHCHIBATb Mepe-
AAaTOYHbBIE XapaKTePHCTHKH
C MOMOULbIO eAHHHYHON UM-
nyabcuoll  yuxuun. Tak,
HanpuMep, B ¢HOTO3MI€EK-
TPOHHOM yMHOXHTE € tg tp*T i
3NCKTPOH, BBINCTEBWHR € 5,0 53 3asncumocti sxomworo
(porokaTOAa, BEISBIBAET HA  y pyxosworo cHrHA/IOB OT Bpe-
aHoje HMNYJbC TOKA, WIH- MeHH B CHCTeMe NepBOro no-
puia # HopMa KOTOpOTO paka.
onpegeJsioTcss  pasbpocoMm
BpemeH cso6oxHoro npoGera B ®IY (cm. pasn. 7.4.2).
B kavectBe Apyroro npiMepa MOXHO MPHBECTH HMIYNbC
cBeTa, BO3HHMKAIOUIHH B CUMHTHAAATOpPE, KOTAa Tyaa no-
Nagaetr KBaHT H3JYYEHHS HJH uyacTHuaA.

Eannnunas nmnyancHas dyukuna x.(f) npeacrasaser
co6oil KOPOTKHH KMNyJbC NpAMOYroabHoi $opMb mnpo-
ROMKHTENbHOCTBIO Al ¢ aMnauHTydod X.. Ilpu. atom
BeNHYMHa Af HOMKHA OHITb HaCTONBKO MaJso#, 4To6bl 3a
9TOT NpPOMEXYTOK BPEMEHH He BO3HHKAaJO HHKAKOro
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CHTHAJ1a x,(f) wa Buixome yctpofictBa. B npenene Af—0
e[HHHUYHAA HMNyabcHas (YHKUHS MaTeMaTHYECKH OIH-
chiBaercs §-dyHkuuest upaka:

oo

Xo ()= %00 (), raE S X, () dl =%  (5.7)

-0

DYyHKIHIO OTKJIHKA HA €AHHHYHBH HMOYJbC Xa(f) oO6blu-
HO HODMHDPYIOT Ha Xep, T.€. Ha MJIOWAAbL N01 KPUBOH

\ha(”

o —=Z22Z2Z

7,0%
0.9%

T T, —
Fo—] L—?—*t
a

Puc. 5.4. Tlepexoannle (QyHKIHH Nepejalollero 3JeMcH-

Ta. BHIXOJHOH CHrHan npHOAHXKAeTCH K CTallHOHAPHOMY

3HauenHio K ¢ xosie6anusamMu BO3je K(a). BHxoaHOH

CHFHa/l MJaBHO TPHONHKAETCA K CTaUHOHAPHOMY 3Ha-
yennio K (6).

xe(f). B 3TOM cayuae ee Ha3blBAalOT peaxkyueil Ha edu-
HUYHOUL UMNYA6C, WIN 8eC080U PyHKyuel:

8a (1) = x4 (1) x 0. (5.8)

Torna nas awboro npou3BONbHOTO BXOLHOTO CHrHaJja
Xe(t) = 0 npu t == 0 MOXHO npeacTaBHTb PYHKUHIO OT-
KJAHKa Kak HHTerpaa [lioamens or npousBeleHHA PyHK-
ILHH X, (T) HA BECOBYIO QYHKIIHIO:

t

(0= | x (et —vdu. (5.9)

0

EaunuyHas umnydbcHas QyHkuHs noJaydaercs NpH aHd-
¢epenuupoBannu ctyneHyato GyHkuuu. [lostomy or-
KJHK CHCTeMbl Ha €1HHUYHYIO HMIYJbCHYIO GYHKIHIO
TecHO CBSI3aH C OTKJHKOM HAa CTYyMeHYaThli BXOAHOH CHT-
Hax:

ga () =dh,(t)/dt. (5.10)
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Ecnu 3anaHa nepexoaHas GyHKuHs, 10 Bupaxende (5.9)
npuo6peraer BHI
t t

ral) = 2= ar = (L0 g ¢ —vyar
0 0

(5.11)

Ecnu Mbl 3aXOTHM BOCCTAHOBHTH MO BBIXOAHOMY CHTHaAy
¢opMy BXOAHOTO CHIHal1a, TO 3TO MOXHO caenaTh, HC-
nojb3ys BhpaxeHnue (5.9): ¢ nomowbio npeobpa3zoBaHUs
Jlanjaca MOXHO TOJNYYHTb (YHKIHIO-H306paxKeHHe A
BXONHOro cHrHana. Toraa, ucnoab3ya o6paTHoe MNpeob-
pazoBaHHe Jlannaca, nonydum

L {xa ()} =Z {x. (1)} - £ {ga (O} (5.12)

M3 3TOro BHpa’eHHA XOpPOILO BHIAHO, YTO GYHKUHA-H30-
6pa)keHHe, NOJyuYeHHass C TNOMOWBI0O Npeobpa3oBaHHsA
Jlannaca s BecoBOH (DYHKIHH, MOJHOCTbIO onpepenser
nepenaTouyHble cBOWHCTBa cHcrembl. [loaToMy ee Hasw-
BaloT nepedarounoil pymKyuel cucTemol, oHa B obuEeM
BHIE ONpejaenserTcss BblpaXKeHHeM

H(s) =2 {x, + O)Z {x. ()} =L {g. ()}, (5.13)
rae
5§ =0+ io. (5.14)

Takoii cnoco6 OnHcaHHA NepefaTOYHOR (YHKIHH HMeeT
Ba)XXHOe IpeHMYyl1ecTBO: ecJH H3MEepHTeJbHOe YCTpOi-
CTBO COCTOHT H3 3JIEMEHTOB, COeJHHEHHHX TmoOcJenoBa-
TeJIbHO, TO obOwas MepefatoyHas (YHKUHSA ycTpoHcTBa
paBHa TNPOH3BENEHHIO MNepepaToUYHHX (YHKUHH OTAeNb-
HbIX 3JIEMEHTOB:

H(s)=I1 H, (). (5.15)

5.2.22. MEPEJAYA TEPUOOWYECKOIO
CHUTHAJIA

[Ipu nepenade nepHOAHYECKOro CHrHajla B KayecTBe
KOHTPOJIbHON OOBIYHO  HCMOJB3YIOT CHHYCOHZAJbHYIO
¢yukuHio. [locne 3aBeplueHHss MepeXOAHHX KosebaTelb-
HHIX MPOLECCOB BXOJHOH MepHOAHYCCKHH CHTHAJ

Xe (1) = x,08™" (5.16)
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BHI3BIBACT HA BHIXOAE NepHOAHYECKHH CHrHAJ ¢ Takoh Xe
yrJIOBOA 4acToToM @, HOo ¢ Apyrofi aMIVIHTYLOH Xag H CO
caBuroM no ¢ase ¢, KOTopHe 3aBUCAT OT W:

Xo () = xgo (@) 1P, (5.17)

3aBHCHMOCTb MeXAY BXOAHHIM H BHLIXOAHHIM CHTHalaMH
Ha3HBAIOT KOMNAEKCHOU 4ACTOTHOU XapaxkTepucTuroll:

H (o) = 2o (o) @ (5.18)

Xeo

B npeaene o — 0 ona, ectecTBeHHO, MEpeXOAHT B CTaTH-
yeckufi kosbduunedt nepenauyn K. [dasi pasmepHocTeft

, ) Tap(W)
o2

-0 12
T YI i I w"
() 4 Y,
(%
ig Tol -
LIRS \
19100 AN
o
-1 0 ot
0° T T ? w‘
lgw‘;
-45%-
-90°

Puc. 55. UYacrotHasm xapaKTepucTHKa 3jeMenTa nep-
BOrO MOPsSKA, NPeACTaBAeHHas C MOMOWbI AHArPaMMHbl
Bone.

cnpaBexnuso coorhowende [H] = [K] = [xJ][x.]} PyHK-
uHio H(w) MOXHO B NpHHLANE NpedCTaBUTh C NOMOILbIO
rolorpada Ha rayccosoii KOMIJIEKCHOM MNJOCKOCTH, OJ-
HaKO Ha MPAaKTHKEe OOBIYHO HCMOJb3YIOT MpeldCTaBJCHHE
KOMIIJIEKCHOH 4YacTOTHOH XapaKTePHCTHKH C MNOMOUIBIO
Tak Ha3biBaeMoH anarpammbl boae. Jra amarpamma
npeacrasasier coGoH 3aBHCHMOCTH $asn u Jorapupma
OTHOIIEHHst aMNauTyA OT JorapHudpma uacTtorn. Ha
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puc. 5.5 Ans npuMmepa nokasaHel amnautyonas W $aso-
608 XQPAKTepuCTuKu nepefaToOyHOrO 3JICMeHTa MepBOro
nopsifika. IIpH HH3KHX 4acTOTaX aMIJKTYAa He 3aBHCHT
oT yactoTel. HaunHas ¢ HeKOTOpO# BEJHYHHH (g, BHI-
XOMHOH CHrHaJ cTaHOBHTCA Bce Cnabee, a pasHocTb das
sospacraer. [IpH BBHICOKHX 4acTOTaX NnepelaTOYHLle Xa-
paKTePHCTHKH CHCTeMBl yXyAwatorcs. [lostoMy npuusTo
onpenesTb TaK Ha3HBAEMYIO 2PANUYHYIO 4ACTOTY (g,
npd  KOTOpPOil aMMNJIHTYA3

pagaer 10 1/4/2 (r. e. o0— __ }—7—o

npaMepHo g0 71 %) wmc- R

xongHoro 3uadenus. [lpu |u, —C |Uz
H3MepeHHUsX TakHe O60Jb- —1

WHe HCKAaXEHHAA aAMIUIHTY- o o

ad  HegonyctuMbi. [losto-

MY B KadeCcTBe JAONYCTHMO- Puc. 56. RC-OunbTp HHXKHHX
ro OTKJOHeHHS BHOHpPaOT 4acToT.
sHauendsa 10; 5; 1 9% wuau

HaubOJIbIEH NONYCTHMONR 4aCTOTOH CYHUTAIOT YACTOTY, KO-
topast B 10 pa3 MeHblle rpaHHYHOMH:

0 << 0,/10. (5.19)

Ha noxobHbix rpadukax OOGBYHO NPUBOAAT 3HaueHHS
4acToThl ®, HOPMHPOBaHHbIE Ha HAacCTOTYy @p. XOTS BEJH-
UHHY @o MOXHO BHIG6paTb IpOU3BOIbHO, HO, KaK MNpaBHJIO,
B KayeCTBe o HCMOJIb3YIOT FPAaHHUHYIO 4acTOTYy Wg HJH
4yacToTy cOGCTBEHHBIX KOJebOaHHI B cHCTEME.

Ha puc. 5.5 npeacras/ieHsl cBOACTBA CHCTEMBI, KOTO-
pyo HasnBaloT QuasTpom Huxcrux wacror. OpHuM n3
Hanbonee npocTeiX OUILTPOB HHKHHX HAaCTOT, y KOTO-
poro BXOLHOM W BBLIXORHOH CHTHAJB HMEIOT OAHY H TY
®e (pu3duecKylo Npupody, cayxut RC-uenouka (puc. 5.6).
KomnnekcHyo 4actoTHyio XapakrepHCTHKy RC-lenodku
MOXXHO NPENCTaBHTb B BHIE OTHOWEHHS MOJHBIX CONpO-
tusiaeHHl, ecty RC-uenouka NORKJIIOYEHA KakK HENHTenb
HanpsKeHH:

H (@) = Uy/U, = (1/ioC)[R + (1/ioC)] = 1/(1 + ioRC).

(5.20)
Orciona MoOJyYHM

|H(0)|=1/4/T +0R%CT u ¢=—arctgwRC. (5.21)
Ipanuunas yacrora pasHa
w, = 1/RC (5.22)
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H, CJel10BaTeNbHO,
lg|H(0)] =(—1/2)lg (] + 0¥/el) n $ = —arctg (0/@g).
(5.23)

(KpuBbie Ha puc. 5.5 cOOTBeTCTBYIOT BHpaxeuuio (5.23)
C TOYHOCTLIO A0 NOCTOSTHHOro MHOoXHTens K Ha ammiu-
TYAHOH XapakTepHCTHKE.)

O6biuH0 Ob6sacTb yactor Mexay 0 H wg HA3HBAIOT
noA0Col NPonycKkarus, B TO BpeMs Kak noaocoi npony-
CKaMus U3MEPUTEAbHbIX CUCTEM HA3BIBAKOT HHTepBan ot 0
10 wg/10.

lg {Hm }

Hm
g [1—0}

[Hn}
19 a0

Puc. 5.7. AMN/HTYAHas XapaKTePHCTHKa QNAbTPa Bepx-
HHX 4aCTOT.

Pewmas auddepennnanbHoe ypaBHeHHe, MOXHO noJay-
YHTb TIOCTOAIHHYIO BpeMEHH AJs NepelaTOYHOH (YHKUHH
RC-uenouku (370 BHpaXeHHe CNpaBeAJHBO AJS BceX
CHCTEM MepBOro nopsiaka):

o= I/T. (5.24)
Yuyurnsas (5.6), nonyuum spems Hapacrauus Ta:
In9 2,2
Th=2, =%, (5.25)

Bpems ycrauosienus Te paBHO ¢ TodHOCTbIO | U

Tg =~ d/w,. (5.26)
AnanorudHne BRIpaXeHHs MOXHO MOJYYHTb H ANSA CH-
crem 6oJiee BHICOKOro nopsiaka. B 3rux caydasx Ha

MpaKTHKe Yacto MO0Jb3YIOTCA BHpaXeHnuamu (5.25) u
(5.26).
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dnemMeHTH €O CBOHCTBaMH (uabTpa 6epXHUX 4acToT
MOXXHO HCNOJIb30BaTb TOJbKO MPH AHHAMHYECKHX H3Me-
peHusx. TakHe 37eMeHTH MOJHOCTbIO MNOAABJSIOT HH3KO-
YacTOTHYIO COCTABJSIOMYIO CHTHala BMeCTe C MOCTOSIH-
ot cocrasaswome. Ha puc. 5.7 nokasana tunuuHasg
aMILIUTYyHas XapaKTepH- H
cTHKa (uabTpa BEPXHHX
yacTor, a Ha pHc. 5.8 — ”?
npocTeRIHH QHABLTD BepX-
nux uactor, CR-uenouka. |Ue R
(AMnauTyanas  Xapakre-
pHCTHKA Ha puc. 5.7 Toxe o __
onuchiBaer cBoicTBa CR-
({enOYKH ¢ TOHHOCTbIO 10 Puc. 58. CR-puabTp BepXHHX

MOCTOAHHOTO MHOXHTEJA.) 4acToT.

Huxcuan epanuunas ua- _
4acrora GuabTPa BEPXHHX YACTOT COOTBETCTBYET 1/4/2
MAKCHMaJbHOIO 3HayeHus aMniaHTyabl. YacrorHas Xa-
pakteprcrHka CR-uenoukd onpejensercss U3 OTHOLLEHHS
NONHBIX CONPOTHBJIEHHH:

Ua

Q *—— O

Ua __ R ___ieRC
HE) =7 =g =1rwrc 27

AMmnautyaHas v pazoBas XapaKTepHCTHKH ONHCHIBAIOTCA
BHpaXeHHAMH
| H (0)|=

@RC . o/ogy
VIFRC? A1+ (0og,)?
¢ (o) =arc tg (1/oRC) = arg tg (0,,/0). (5.29)
HrXHsAA rpaHnyHas 4acrtoTa paBHa
w0z, = 1/RC. (5.30)

Ecnau B cucreme MoryT Bo3HHKaTb cobcTBeHHble Koseba-
HHS C YyacTOTOH ®g, TO Ha aMIJIHTYAHOH XapaKTepHCTHKe
TAKOA CHCTEMbl MOABJNSAETCS XapakTepHbIH MakCHMYM
BO3JNe @y (Ha puc. 5.9 nokasaH npuMep COOTBETCTBYIO-
wero ¢uabrpa HHXKHHX dacTtoT). KomGuHauus duabrtpa
BEPXHHX H HHXHHX YacTOT NO3BOJSIET MOJYYHTb TaK Ha-
3biBaeMblit noaocosol uaerp (puc. 5.10).

KoMn/iekcHass 4acTOTHast XapaKTepHUCTHKAa B MPHHIH-
e OMuMCbiBaeT M CHeuHa]bHHH CJaydafi mneperaToOyHOH
¢dyHKuuH, koraa § = iw. [loaTtomy oyeBHAHO, YTO MO aHa-
qaorum ¢ (5.15) dyHkuuss H(w) BCero H3MepHTENLHOrO
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4 Top(w)
52
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MR

Puc. 5.9. AMnanTtyaHas xapakTepHCTHKA CHCTEMH, B KOs
TOPOI1 BO3MOXHH cO6CTBeHHBE KoJeGaHHA TPH Wo.

[ e #I()
5{&
=2 -1 0 1 _
Lg[H,,,j————' T lga%
1_9[7—,}"}—
lg[—g'—'?'}-

Puc. 5.10. AMnauTyaHas XxapakTepPHCTHKAa 9JeMeHTa ¢O
CBOMCTBaMH [M0JIOCOBOr0 (HJIbTPA.

yc*rpor"lcraa [IpH MOCJed0BATECJIbHOM CO€AHHCHHH 3JIeMeH-
TOB TOXe paBHa NpPOH3BCACHHIO YACTOTHBIX XapaKTepH-
CTHK KaXnaoro 3JeMeHTa:

H(m)=;£1l H, (o). (6.31)

uau, y4guteipas (5.18),
Ho=1 @i Zs@] 62
k=1 £=

dTto o3Hayaer, yto guarpamMmy Bone Bcero uamepurenb-
HOTO YCTpOHMCTBA MOXHO MOJYYHTb C MOMOLLBIO MPOCTOTO
rpadHYecKoro CJIOXKEHHS aMNJIUTYAHbIX H (a30BbIX Xa-
PAKTEPHCTHK OTJeJbHHX 3JeMEHTOB, MOCKObKY H3 (5.32)
caeayer, 4To JOrapHPmMu OTHOWIEHHH aMIIHTYX CKJIAxbl-
BAKTCA 1O MOZYJIO.
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O6parHoe TOXe BEpPHO: €CJH MBI XOTHM YJAYYLIHTb
3KCNIEPUMEHTANbHYIO yCTAHOBKY H OOGHApYXHTHb ee «ya3-
KHe MecTa», TO cjelyeT DAacCMOTpeTb MO OTAEeJbHOCTH
KOMIJIGKCHBle YAcCTOTHhI€ XaPaKTePHUCTHKH €e 3J1eMEeHTOB.

5.3. Mpuuuun o6paTHoil cBfA3H

[lepenatounne xapakTepHcTHKH NOpubopa HJAH OT-
NeNbHOTO 3JIeMEHTa H3MEpPHTE/bHOT0 YCTPOHCTBA MOXKHO
H3MEHHTDb, HCIONB3YS TAK HAa3LBAEMYIO 00pATHYIO CB8A3b.
Ha puc. 5.11 nokaszana npuHuHnuaabHas cXxeMa YCTpOH-
cTBa ¢ 06paTHOH cBA3bl0. BrlxonaHoi curuaa x.(f) c no-

Te  Tp-Xp o) T
A >

Hr (w)

Puc. 5.11. Llenb ¢ o0paTHOA cssi3blo.

MOLLBIO MepelaToOYHOro 3JeMeHTa Nojaercd o6paTHO Ha
BXOI M CKJlajablBaeTCs C BXOAHWIM CHIHANOM X.(t). Ecau
Hy(0) u H,(0) — KOMN/IeKCHHE 4HacTOTHHIE XapakTepH-
CTHKH NepeJaTOYHOrO 3JeMeHTa H 3JeMeHTa O6paTHOH
CBfA3H, TO NpPH CHHYCOHAAJbHHX COOCTBEHHBIX KoJeba-
HHUAX C 4YacTOTOH ® MOXHO MOJYYHTb CHHYCOMIANbHYIO
GYHKUHIO OTKIHKA:

Xg (1) = Hy(0) [xe (1) — H, (0) x4 (1)) (5.33)

[poctoe npeoGpa3opaHue NMPUBOAHT K BHIPAKEHHIO

Hy (o)
%o )= T, (o) A, Tay ¥ O (5:34)

a 3(dexTHBHAA KOMIJIEKCHAA 4YacTOTHAsA XapakTepu-
CTHKa HMeeT BHA

. Hy (o)
Ho4 (0) = 777, (o) @) -

Ecan mepenucarb ee uHaye:

(5.35)

1 1 1
Hoo= g \Tevmm) = 7 Fr 639
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TO BeMuYuHy H,pp MOKHO NpeACTaBHUTb Kak IpoH3Bele-
HHe OBpaTHOM 4aCTOTHOW XapaKTePUCTHKH 3JeMeHTa 06-
paTHOM CBA3W Ha [ONpPaBOYHHE MHOXHTenp F, =
= (1+ 1/H.H,)~". Ecau

|Hol > H, |7}, (5.37)

TO 3TOT (IONPaBOYHbIH MHOXHTEJNb paBeH eIHHHUE:
F, = 1. IlpeumymectBa TakOoH cxeMbl OYeBHAHH. Bo
MHOTHX CJy4Yasix CBOHCTBAa aKTHBHOI'O 3BeHa mpsiMOH ne-
perayu curHana Hy CHAbHO 32BHCST OT BJHSHHS BHEL-
Hell cpean. Toraa napannensHo ajeMeHTy Hy BkJlOYAOT
naccuBHoe 3BeHO o6partHoil cBsi3H. [Ipn 3TOM BO3MywIE-
HUS B npsMoi uenu Hy NpakKTH4YECKH He BJHSIOT Ha ne-
pelaTOYHbie XapaKTepHCTHKH BceH cHCTeMBl ¢ O6paTHOH
cBA3bl0 B uLeJoM. Bubupas HyXHylo Xxapakrepctuky H,,
MOXHO MOJYYHTb TpebyeMyl YacTOTHY0 3aBHCHMOCTb
CBOWCTB cHCTeMH ¢ obpaTHO# cBfisblo. [Ipu 3ToM crenyer
MOMHHTb, YTO NpPH BBelAeHHH OOpPATHOH CBSI3H yMeHb-
WaeTcss YyBCTBHUTEJNbHOCTb CHCTEMbl B COOTBETCTBHH C
selpaxkedHem (5.36). Yame Bcero cxemn c 06paTHOI
CBSAA3bI0 MCHONL3YIOTCA MpPH  KOHCTPYHPOBAHHH YCHJIH-
Tened.

5.4. daexkTpuueCKHE JHHHH

5.4.1. dnexTpHYECKHE JHHHH
KaK NnepefaToyHbie 3JeMEeHTh

BaxkHeHlWIHMH (epeNaTOYHBIMH 3JeMEeHTaMH SIBJSIOT-
CS ONHOPOJHbIE 3JEKTpHUECKHe NHHUH. B uaMeputTenthnix
ycrpoiictBax (cM. pHe. 5.1) OHH cayKaTt He TObKO AJA
MPSAMOro MOAKJIIOYEHHS OLHOTO 3JE€MEHTa K APYrOMY, HO
H A8 nepefayd CUCHaNOB Ha 60abuiHe paccrosinus. Jas
3TOro O6BHYHO HCMONB3YIOT TaK Ha3blBaeMble KOaKCHaJlb-
Hble kabeu. B Takom kabesle npOBOXHUKU HMeOT HOpMy
LHJHHAPOB: BHYTPEHHEr0 H BHEUIHEro, MeXay KOTOpbIMH
pacnoJyioXeH HJIHHAPHYECKHH CJIOH AHIJIEKTPHKA. DJek-
TpHYECKHe W MarHWTHble MOJS CHTHAJNOB, NPOXOASIHX
no TakoMmy Kabealo, JIOKAJU3YIOTCS B [IPOCTPAHCTBe Me-
XAY UWJIHHADKYECKHMH NPOBOJHHKAMH, INpHYeM BHeIl-
HHIl NMPOBOAHHK OJHOBPEMEHHO Hrpaer poJb 3KpaHa, 3a-
UIKIAOIIEr0 CHTHAJ OT BO3JEHCTBHS MOMeEX.

K coxaJieHHIo, KaXywascs NpocTora TaKoro nepeja-
TOMHOTO 3JeMeHTa YacTo MPHBOMHT K TOMY, 4TO Nepejna-
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TT T T 17 T T 7 1 T 1
10 mB(denerrus S0 mB/oenenue S0.mB/[denenue

NIAY el et \ \

B | 1 \

1 10Hc/denenue ] 50 ne [denenue @ 10 #c/Corenue

Puc 5.12. a—curian ¢o0TOgHOAZ, MNOJZCOEAHHEHHOTO

K BHICOKOOMHOMY Bxoay (R, = | MOwM) ocnuanorpaga;

AnHa kabens [ =1 M; 6 —1 =11 m; Ry =1 MOwm;
86—1l=1 M, Ry =50 Om.

1 1
S0.mB/dene-4 50)1B/d1w—1‘ JOMB/ﬂe/rp-l
- HUE Hue Hue

‘ Y,
' N

A I
1 5 He/denenue 8 Swc/denenue 8  Snc/denenue

Puc. 5.13. Carnas GuctpogeficTBytoulero GoToaH0Aa Hd

KOHUe kabess AaHHO# [. BosHoBOe conpoTHBJAEHHE Ka-

6ens COrnacoBaHO € BXOAHBIM CONPOTHDJAEHHCM OCHHJ-

norpaga. ITosoca nponyckauwus ocuuanorpada pabBHa

1 TTw. a—Il=1 M, 6—I1l=11 mM; 6—1=79 M.
Tun kabeas: RC58C/U.

"OYHBIE XaPAKTEePUCTHKH 3JeKTpHUYEeCKHX JHHHH He npu-
1IMaiOT B pacdeT. IOTO MOXeT MNpPHBECTH K TpPyGHM
yuwnbxkam npu usMepenusax. Hixe npusedeHbl HekoTo-
Jble IpuMepbl Takux owHb0oK. [1ycTh KOPOTKHHA HMOyJabC
:BeTa OT Jla3epa Ha KpacHTensX perucTpupyercs C no-
towblo porognona, a curHan oTo6pakaercsi Ha 3KpaHe
jncTponeicTByouwero ocnuanorpada. Ha puc. 5.12,a
OKa3aH CHrHaj, BO3HHKAIOIUHH Ha KpaHe OCLHJJIOrpa-
pa, ecau BbixoXd (HOTOAHOAA NOACOCAHHHTH K BbICOKO-
JMHOMy Bxoay ocuuasorpada (Re=1 MOM) c no-
40IbI0 OOBIYHOTO KOAKCHAaNbHOTO Kabens mauHOH 1 M.
Zcrd gnuua kabens paBHa [ = 11 M, TO Ha 3kpaHe
euuaiorpacda BO3HHKHET MOCJAEL0BaTeNbHOCTb HMIYJb-
‘0B, TOKa3aHHas Ha pHc. 5.12,6. U auwb xorma noa-
10e BXOJHOE CONpOTHBJEHHe OydeT paBHO BOJHOBOMY
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conporuBaeHUI0 Kabeas (3aecb Ro =150 OM), Mbl nony-
YHM Ha 3KpaHe ocuuanorpada npaBHIbHYIO GOpMY HM-
nyabca Hanps:keHus (puc. 5.12,6).

Ha puc. 5.13 nokasaHo, Kak BAWsieT MJHHA [IPOBOA-
HHKa Ha TMepefayy BLICOKOYACTOTHOrO CHTHaja, XOTH
oObIYHO CHHTAIOT, YTO MOTEPH B TaK Ha3biBaeMOM BHICO-
KOyacTtoTHOM Kabene mpeHebpeXXumo Maabl. Bo Bcex
Tpex caydasiXx, MokKasaHHbIX Ha pHC. 5.13, BosHOBOe co-
npoTHBJeH#e Kabeas Gbi1o noaobpaHo npaBu/bHO. [lpu
aauhe Kabens [ = 1 M MOAY/SiUHA 1a3€PHOTO HMIy./bCA
eme Xopollo BHAHAZ Ha 3KpaHe ocuuanorpada
(puc. 5.13,a). Koraa anuna kaGens paBHa [ =11 wm,
MOAy/siuHsi  CylleCTBeHHO ocsabasercs (puc. 5.13, 6).
[Ipu naune kabeas [ =79 m 3aryxahue B 3JeKTpHYe-
CKOH JIHHHH YXe OYeHb CHJbHO HCKaXaeT (GopMy HM-
nynbca (puc. 5.13, 8).

5.4.2, YpaBHeHus NHHHA CBA3H
Hto6bl onpene/uTb mepeiaToulble XapaKTepHCTHKH

3JIEKTPHUECKHX JIWHHA, pPacCMOTpHM KODOTKHH Kycok
ABOWHOrO NpoBOAHHMKA. B 3tomM cnyuae anuna dz asae-

py: MEHTa MPOBOAHHKA HOMNK-
1 I+ 5, dz Ha ObITb OueHb Majna no
— = CpaBHEHHIO C AJHHOH BOJ-
T = Hbl CHTHasla, pacrnpocrpa-
: : HAIOUIErocst BAOJb JHHHH.
| 1 P Ha puc. 5.14 nokasaum co-
U | {Utg, 92 OTHOUICHHS IUI TOKOB H
| 1 HanpsXKeHHH, KOTOpble 3a-
- - BHCAT OT KOOpAWHATH 2 H
— - — Bpemend ¢ I[lo cocennum
z z+dz yuacTKaM ABYX NPOBOAHM-

Puc. 5.14. Tokn n Hanpaxenns KOB TeyeT ToK [(z) (B mpo-
B y4acTke ABYXTMPOBOAHOM THBOTIIOJIOZKHbBIX Hanpasn.Jie-

JIHHHH. HHAX), a CONpPOTHBJEHHE

3THX ABYX Y4aCTKOB paBHO

dR. Kaxaeli M3 AByX NpPOBOAOB OKDPYXXEH MarHHTHHIM

noJjeM H, cJlel0oBaTeJbHO, o61anaer HHAYKTHBHOCTHIO dL.

EMkocTb ABYXnpoBopHOro yyactka anuHoil dz pasHa dC,

a noTrepH B IOH3NEKTpUKe, pa3delfiowieM ABa IIPOBOAA,

cocraBasitor dG. DTH BeNUYHHB OGWYHO NPHHATO OTHO-

CHTb K HmJHHe NMpoBoxHHKa. Mx HasmBawT nozonneimu
BEJHYHHAMH:
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norokHoe coliporusaeHne R’ = dR/dz;
MOroHHasi HHAYKTHBHOCTL L’ = dL/dz;
norotHas yreika G’ = dG/dz;
norounas emkocts C’ = dC/dz.

DTH YeThpe NOTOHHBlE BEJHYHHB TOJHOCTbIO OMpene-
JSIOT 3JeKTpHYeCKHe XapaKTEePUCTHKH NPOBOAHHKA, H
ec/lM OHH NMOCTOSIHHB BHOJb BCeH NIMHB NMPOBOAHHKA, TO
€ro Ha3hlBaloT 0OHOPOOHbIM.

I I+dl
> -
o_—_——
art R'dz L'z
Ul 6'dz —-_;l_—_- C'dz UtdV
ol o

Puc. 5.15. DkBHBajeHTHAA 3nE€KTpPHYecKan cXxema Oec-
KOHeYyHO MaJjoro YyyacTKa JABYXNPOBOJHOH JHHHM.

YpasHeHnst 1451 IBYXNPOBOLHOH JIHHHH MOMHO JIerko
NOJY4HTb € (IOMOLIbIO 3IKBHBAJEHTHOH 3JeKTpHYecKOH
cxeMbl A/ yyacTka manHo# dz (puc. 5.15):

dl = (01/0z) dz = — UG’dz — C’dz (oU/dt),
dU = (0U/82z) dz = — IR'dz — L’dz (01/dt)
HJH
(— 0l/02) =UG’ + C’ (3U/at), (5.38)
(—oU[dz)=IR' + L’ (dl/ot), (5.39)
Ecru npomuddepeHUHpoBaT NMepBOe ypaBHeHHe no /,

BTOpoe no 2, a 3aTeM NOACTaBUTb ypaBHEHHWE 1Jis Ha-
NnpsiXKeHHs, TO NONYUYHUM

kY ,r 02U y sy OU

5 =LC 57+ (R C'+ G'L)7- + RGU. (5.40)
Buipaxenue (5.40) uacto Ha3bIBalOT TeAeepagproimM Ypas-
Henuem. COOTBETCTBYIOLIEE BHPa)KeHHe O/ TOKa HMeeT

TOYHO TakoH ke BHI, TOJMbKO BMecto {/ B HeM cTOHT [
[5.7, 5.10].
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5.4.3. fzpenatounnie XapaKTepUCTHKH
JICKTPHYECKHX JHHHUA

5.43.1. CTATHYECKHA KO30PHULIMEHT

[NEPEOAYH
Ecaun 0/0t =0 u 3%2/0t* =0, 10
oU Py x EP
F‘=RGU B-ZT_RGI' (5.41)

B 3TOM cnyyae HanpsiKeHHe H TOK TNOJHOCTbIO OMNpene-
JSIOTCS OMHYECKHMMH H JH3JEKTPHUECKHMH MOTepsiMH
BIOJIb npoBOAHHMKA. PelleHns AuddepeHUHanbHHX ypas-
HeHUH (5.41) uUMEIOT BHA

U=Ue ™+ U, n =14 1,7,

rae A='\/R’G’, a nocrosiuuse Uy, U,, I, n [, onpene-
AeNAI0TCA H3 TPaHHYHBIX YCJOBHH, 2 TaKXKe U3 ypaBHEHHHR
(5.38) u (5.39). Ecnu HanpsiKeHHe B HayanbHOH TOYKe
(z=0) paBHo U., a conporuBneHue Ra, TO MH NOJY-
YHM cTaTH4YecKHH KO3dpduuHeHT neperayd K nas npo-
BOAHHKa AJHHOM [:

K=U, U, = 1/[ch (VR'G' 1) + (A R/RAT) +
+ sh (VR'G'1)). (5.42)

HOI‘OHHOQ COHpOTHBJleHHe BBHIYHCJISAKT KakK OMHUYeCKoe
CONMpOTHBJIEHHE BHYTPEHHEro H BHEIUHEro NPOBOJXHHKA Ha
eaMHuny AndHbl. Jlns THOHYHOro kabeasi OHO cOCTaB-
nser R”=2-10—% Om/M. IloroHHas yTeuka H3-3a BHICO-
KOrO CONPOTHBJEHHS HAM3JIEKTpHKAa KpaiiHe Mana. Oua
cocrasasier MO MOPSAAKY BeaHuHHHW G’ =~ 10—° Om—!m-!,

Torna npu v/ R'G’ < 1 Bhipaxenne (5.42) nepexoagHuT B
____Ra
K — m . (5.43)

Hupim cnoBamu, B 6OJbLIHHCTBE NMPAaKTHYECKH BaXHBIX
cayuaes K = 1.

5.43.2. CBOMICTBA TTPOBOOHHKA,
I[IOTEPIMH B KOTOPOM
MO)XHO ITPEHEBPEYb

IlunaMuyeckre NepelaTOYHHe CBOACTBA MPOBOAHHKA
MOXHO IONYYHTb, MNOJb3YACh INOJHHWM TejerpadHbIM
ypaBHenneM. Ha npakruke o6HUHO cTpeMsTcs K TOMYy,
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uTOGH NOTEPAMU 8 NPOBOOHUKAX U AUHUAX CBA3U MONCHO
66110 nperebpeus. TloaTOMY cayyail nmpoBOAHHKa C mpe-
HeOpeXXUMO MaJhMH norepsiMH ocobeHHO BaxeH. [lono-
XKHM BHayaje

R'=0 unu G'=0 (5.44)

W NONYYHM OJS TAaKOTo UGeaasno20 npo8oOHuUKa BHpa-
HKeHUs

oMoz = L'C’ (3°U/or?), (5.45)

0%/0z* = L'C’ (3%I/0o1*). (5.46)

TOK H HalpsXeHHe MNOAYHHAIOTCH BOJHOBOMY ypaBHe-

HHIO: BOJIHB TOKa H HalpsXKeHHs MepemelnaiorTcs BAOJb
NpoBOAHMKA, He 3aTyxas, ¢ (Pa3oBOH CKOPOCTbIO

1

Ecnu B Hauane 6GeckOHeYHO IJIMHHOMO NPOBOAHHKA
(z = 0) NOAKJIIOYEH HCTOYHUK HanmpsXKeHHd

U () =U,, (o) e, (5.48)

TO BOJIHA HANpsXXeHHUsA, ABHXKyllaaca B NpAMOM Halpas-
JIeHUH, ONMHUCbiBaeTcHA BbipaXeHHeM

Ulz, {)="Uy(o)e ™, (5.49)

BenudnHy B = /v HasbiBaloT ()a30B0H MOCTOAHHOH
pacnpoctpaHeHusa. [Ind Toka BepHO COOTHOLIeHHE

[(z t) =1, (0) & P9, (5.50)

B 3TOoM BLIpaXXeHHH NMOSBAAETCHA eLle H CABUT 1O dase ¢.
¥papuenue (5.38) cpA3biBaeT o6e 3TH BeJHYHHH. Ecuu
noacrasutb B Hero pewenus (5.49) u (5.50), To mo-
JyunMm

¢ =0. (6.51)

HubpiMy c/IOBaMH, TOK H HanpsXKeHHE H3MEHSIOTCH CHH-
¢asHo:

Uz, )1z, )=+L'IC = Z,. (5.52)
Jnasa BosHBI, pacnpocTpaHsiolledcs B NPAMOM Hamnpas-

ACHHM, OTHOIIEGHHE HANpSIKEHHA H TOKAa HOCTOSIHHO H
AEHCTBUTENbHO B KaXX[A0H TOUKe HNPOBOAHHKA. 3ITO
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OTHOWCHHE Zp Ha3biBAIOT B0AHOBLIM CONPOTUBACHUEM
npos8oOOHUKA, nOTepAMu 8 KOTOpOM MOXMHO npeHebpeus.
TakuM o6pa3oM, BXOAHOe cONpOTHBIEHHE OecKOHEeyHOo
JUTMHHOTO NMPOBOAHHKA PaBHO BOJHOBOMY CONPOTHBJICHHIO.

Ha camoM naene KaxAbli NPOBOAHHK HMeeT KOHeu-
HYI0 AJMMHY [ W NOACOeAHHEH K MOJHOMY COIPOTHBJIEHHIO
Za. Za— 3TO CONPOTHBJIEHHE NPOH3BOJLHOrQ pE3HCTOPa
HJAM LET0f ueNmH pasjHYHBIX 3jeMeHTOB. Ha npakruke
B pesyJbTaTe 3TOrO BOJAHA, PacnpocTpaHAlowasncs B 1ps-
MOM HaNpaBJjieHHH MO NPOBOAHHMKY, YaCTHUHO OTpaXxKaer-
cs1 ¢ HeKOTOpbIM caBHroM mo dase ¢. Onpexe/inM KOM-
nJeKcHbl KO3 PHUHEHT OTpa’keHHs

r=|rl|e' (5.53)

KaK OTHOlleHHe HanpsiKeHHH OTpa)KeHHOH M Mapatouledt
BOJIH Ha BbLIXOAHOM INOJHOM conpoTHBjaeHHH Z,. OO6uwne
pelueHHsi BOJHOBHIX ypapHeHH# (5.45) u (5.46) umeior
BHA,

U=Ue" % 4 y,e' @+F2 (5.54)

[ =16 7P | [ (O1+F2) (5.55)

BuipaXeHHs AAfA  deThIpex KOMIJICKCHBIX MNOCTOSIHHBIX

nHrerpuposanua U, U, [, n [, nagaoweii n orpaxen-

HOM BOJIH B 3TOM Cjlyuae MOXHO MOJYYHTb C NOMOULbIO
ypastenuit (5.38), (5.48) u (5.53). Torpa nonyunm

Uz, )=Ue(0)[e' 7 4 re! @+=20] - (5.56)

1(2, )= [Ueo (@) Zo] [ 7P — re' @ *8==%0], (5.57)

daza (—2Bl) oTpaxkenHOH BOJHH ompejesnsieTcss KOHey-

HHM BpeMeHeM mnpoGera BOJHH OT KOHua NPOBOAHHKaZ
K Toyke 2. CooTHOLUEeHHe

U, )=U(l, y=2,-1(l, t) (5.58)

BMecTe ¢ ypasHeHusMu (5.56) u (5.57) nossoasier BH-
UHCJAHUTb KO3 HUHEHT OTPaXKeHHs

r=\(Z,—ZZs+ Zo). (5.59)
To BHIpaXeHHEe CNPABeATMBO W IS NPOBOAHHKOB, MO-

TepsAIMH B KOTOPbIX Heab3sl npeHebpeus (R'50, G'5£0),
ecay MOJHOe cOMPOTHBJEHHE SABIAETC KOMIJIEKCHOH Be-

Auunnoi [cM. ypaBHeHHne (5.64)].
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Hns nepeaaun cHruaJoB HaunboJsiee BaXKeH cJyyaH,
KOrja BHIXOAHOe TMO0JIHOe CONpOTHBJEHHE B TOYHOCTH
paBHO BOJIHOBOMY compoTHBaeHHIO: Zo = Zo. B 31OM
caydae kodpdHuHenT oTpaxkenusa r =0 u oTpaxeHHas
BoJiHa He po3Hukaer. [Ipu sToM Bxoauofi curuan Ges H3-
MeHeHHHl nepenaercs Ha BHIXOA JHHHH. Bo3HHKaeT JHLb
3anasabiBaliie MO BpeMeHH

f=Ifv=1+/LC". (5.60)

BhIXOAHOHA CHrHaJ/ NMOJHOCTBIO MOrJOULdeTcs B CONPOTHB-
aeHHH Z,. B 3TOM ciayuae roBopsiT O TOM, 4YTO JIHHHSA
coenacosana (Hacrpoexa).

B pexunMe koporkoeo 3ameikanus npu Z, = (0 BesH-
unHa kKo3dduuueHTa orpaxkenua r = —1. Huwmu cio-
BaMH, BOJIHA HanpsiKeHHA MOJHOCTBIO OTpa)Kaercs C He-
H3MEHHOH aMIIMTYA0MH, HO CO CABHrOM Nno ¢ase Ha 180°.
Ecan e npoBosHHK npucoeluHeH K OYeHb COJblLIOMY
conpoTHBeHHIO (pexuM xoaocroeo xoda), TO r = 1.
B 3TOoM cayuae BOJIHa HanpsiXXeHHA MNOJHOCTbIO OTpa-
XKaercsi ¢ HeusMmeHHoit ¢aszoii. [Ipoucxoautr ciaoxeHue
BOJIH:

U, (8) == 2U 0 (@) €' PV, (5.61)

[Mpu 3TOM Ha BHXOAHOM COMPOTUBJEHHH BO3HHKaeT
yaBOeHHOe HamnpsixeHnue. [Ins TOKOB noayualoTcs npoTw-
BOMOJIOXKHBle cOOTHOWeHHUA [B cooTBercTBHU ¢ (5.57)].

Ecan auHHA He cornacoBaHa, TO CjelyeT YYHTHBAThb
¥ [0JIHOe CONpOTHBJEHHe TreHepaTopa, MNOAKJIOYEHHOro
KO BxOoay JHHHH. Bosnee nonpo6Hoe onucaHHe 3TOro ciy-
yas MOXKHO HaiTu B jautepartype [5.7, 5.10].

Tenepb MH MOXeM MOHATh, NOueMy HCKa)aerca ¢op-
Ma CHrHajo0B Ha pHc. 5.12. Ecan auHHA coraacoBaha (8),
Ha 3KpaHe OCuHJIIOrpacda BO3HHKAeT NPAaBHJIbHLIA CHr-
HaJj, noBTOpsAlOUHA ¢GOpMYy cHrHaja Ha BHXOAE AHOAA.
[ToncoennneHne npoBOAHHKAa K BHCOKOOMHOMY BXOAY
ocuuanorpada (6) npuBOAMT K TOMY, YTO CHTHaJa OTpa-
JKaeTcsl CO CABHIOM MO (pase; OTpaxKeHHe NMOBTOpsieTCA Ha
ApyroM KoHue Kabeas, MOCKOJbKY (OTOAHOA fABAsETCH
reHepaToOpOM C BHCOKHM BHYTPEHHHM CONPOTHBJICHHEM.
B 3TOM c/lyyae Ha BHIXOAe MOAB/SAETCA MOBTOPHHIH CHI-
Ha/l, 3anasibBaloUKA MO OTHOWEHHIO K HCXOAHOMY Ha
JABOHHOe Bpems mpobera cuMria;na BaoJjb kabens. [dauna
kabenss W BpeMs 3anasfblBaHusl MO3BOJIAIOT OMNpeegHTH
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CKOpPOCTb pacnpocTpaHeHusi BOJH BAOJL JHHHH. OHa co-
crasiasier npumepHo 20 cM/Hc (MHBIMH caoBaMH, 2/3 cko-
pocTH cBeta B BakyyMe €). DTO 3HaueHHe XapaKTEPHO
Aas GOMbIIMHCTBA BHRCOKOYacTOTHBIX Kabened. Korpa
anuHa kabens cocrasasier | M (@), NpOAOIKHTEILHOCTD
HMIyJbca TOKA B [HOJe MNpeBhIlIaeT yABOEHHOe BpeMs
npobera BAoAb Kabeas. DTO NPHBOAHT K AOMOJHHTENb-
HOA MOAY/JSiUMH cHrHagaa. Herpyano onpeaeauTs xapak-
TEPUCTHKH KOpOTKOrO HeCOrJacOBaHHOro Kycka Kabes:
oH Beser cebs kak koHaeHcatop c¢ eMkoctbio C’l (npu-
mepHo 100 n®), yepe3 KOTOPHIH NMPOXOAHT HMIIyJbC TOKa
ot ¢oroanona. ITOT KOHAEHCATOpP paspsxaercs C COOT-
BeTCTBYOIIHMH MOCTOSIHHBIMH BpeMEHH uepe3 BXOLHOE
conpoTHBAEHHe Ocuuanorpada H BHyTpeHHee CONMPOTHB-
Jgenune anona. Ciaenyer, KOHeuHO e, YUHTHIBATb €MKOCTb
auona M BxoaHoro ycuautens. HaGaiopaemas nocrosiH-
Has BpeMeHH nopsiaka 10—* ¢ xopollo cornacyercsi ¢ Ta-
KOH OLleHKOH.

5.4.3.3. CBOFICTBA I[IPOBOJHHKA,
NOTEPAMHU B KOTOPOM
HEJIb34 NNPEHEBPEYb

Yuer noreps B nposoaHuke (R’ % 0; G’ % 0) npu-
BOJMT, €CTECTBEHHO, K 3aTyxaHHIO BoJH. B atom cayuae
BOJIHA HanpsiXKeHHs, NepeMewamowasicd B NPSMOM Ha-
lpaBieHdH, HMeeT BHJ

Uz, 1) ="Ugy(0)e'e™ " (5.62)

OTOMYy BHIpAXKEHHIO COOTBETCTBYeT pelleHHe Teerpad-
Horo ypaBueHus (5.40)

y=A/(R"+ ioL’) (G'+ iaC") ==a +iB. (5.63)

3nech y— Ko3pdHUHEHT pacnpocTpaHeHHs, o« — Ko3¢-
¢GuuHenT 3aTyxanua. Takoe e BripaXXcHHe CIpaBeLTHBO
u aas Toka. Kak u npeXpe, noactasuMm pelueHHs ags
Toka M Hanpsxedus B (5.38) n nosyuHm BOSTHOBOe cO-
npotusienue Z, paBHOe OTHOLWIEHHIO HANpSIKeHHs W
10Ka:

Z =A/(R" F i LG + iaC"). (5.64)

Teneps BOJHOBOE CONpPOTHBJICHHE — KOMIJIEKCHAA BeJH-
YHHA, KOTOpPas K TOMY Xe 3aBHCHT OT 4actotnl. FEcJn
paccMoTpeTh BOJHY, OTPaXKeHHYI0 OT KOHLA NMPOBOAHHKA,
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TO MOJYYHM BHIpAXKeHHe A1 KOSDPHUHEHTA OTpaXKeHHs:.
OH HMeeT TAaKOH e BHA, KaK W AJNS NPOBOAHMKA, NOTe-
pAMH B KOTODOM MOXHO npeHe6peus (5.59).

B npoBoaHHKax, KOTOpPb€ HCMNOJIL3YIOT B H3MEPEHHAX
M NpH nepeaaue CHrHaJOB, MOTEPH OOBIUHO MaJsibl:

R <ol n G <ol (5.65)

[Mpu BBICOKHX YaCTOTaX STH COOTHOWCHHS BHIMOJHSIOTCA
noutH Bceraa. B 3TOM cayuyae BOJTHOBOE CONMPOTHBJICHHE
CTAHOBHTCA AeHCTBHTENbHBIM (Z = Z;), KO3hPHUHEHT
pacnpoCTpaHeHHsl y MOXHO BLIUHC/IHTb, BBIHOCH 32 CKOG-
kn ©4/L’C’, a ans (asosoro kospduuHeHTa pacnpo-
cTpaHeHHsi H KO3(p¢HuUHeHTa 3aTyXaHHA CHNpaBeHBLI
npuGauKeHHbIC GOpMybl

B=0+/LC, (5.66)

’ c’ G’ L’ 1 ! Y
o E [T 4 EE Stz

W3 (5.66) BHAHO, YTO B 3TOM CJy4Yae CHrHaJjJbl pacnpo-

CTPAHAIOTCA C TaKOH Xe CKOPOCTbI0 U = fff = 1/4/L°C,
KaK H B MPOBOAHHKE, MOTEPAMH B KOTOPDOM MOXHO mpe-
nebpeub. B nepBoM npHOIHXKEHHH 3Ta CKOPOCTb He 3a-
BHCHT OT 4aCTOTH, MOCKOJIbKY OT 4aCTOThl HE 3aBHCAT H
3HayeHHsl MOTOHHBIX HHAYKTHBHOCTH H eMKOCTH. 3Haue-
HHA NOrOHHOH eMKOCTH H HHAYKTHBHOCTH MOHO paccyH-
TaTh, 3HAas TFeOMETPHYECKHE XAPaKTEPHCTHKH H (pH3Hue-
CKHe CBOiicTBa KoakcHaabHoro kabGens [5.10]:

C’ = 2ne,gy/In (D/d) = 55,6¢,/In (D/d) nd/m, (5.68)
L = (1/2n) p,uoIn(D/d) =200p,In (D/d) uln/m. (5.69)
3nech €9 — 3JEKTPHYECKAsA MOCTOsIHHAs; & — OTHOCH-
enbHasi QM3JEKTPHYECKass NPOHHUAEMOCTb AHIJEKTPHKA;
Lo — MArHHTHas NOCTOAHHAA, W, — OTHOCHTE]LHAS Mar-
HHTHas [POHHLUAEMOCTb AM3JIEKTPHKA;, d — gHaMmeTp
BHYTpPEHHEr0 npoBOAHHKA; D — BHyTpeHHHA anamerp
BHeww Hero nposoanuka. [Ipu p, = 1 BOJIHOBOE CONPOTHB-
JleHHe COCTaBHT

Z,=+/T’|C’ =59,96 (1/+/¢,) In (D/d) Owm, (5.70)

a ¢asosan ckopoctb Oyaer paBHa
v=1/4/L'C = 1/Verp e ~c/ve,. (5.71)
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B stoM npubanxenun ¢dasoBas CKOpPOCTb BOJIH B KOak-
cHaJbHOM Kabesle NPaKTHUCCKH MOJHOCTHLIO Onpeessercs
EH3JICKTPHYECKOH TMPOHHILAEMOCTBIO MaTepHasa MeXay
ABYMs [POBOAHHKAMH. BO MHOMHX BHICOKO4aCTOTHBIX
Kabensx aJs H30AAIHH HCNOJBL3YIOT NOJMITHJEH, [H-
JeKTpHueckas NPOHHLAeMOCTb KOTOPOro & paBHa 2,28.
B 3TtoM cayuae scHO, 4TO ¢as3oBas CKOPOCTb BOJIH CO-
cTaBaseT NpPHUMepHO 2/3 CKOPOCTH cBeTa B BakyyMe C.
BosHoBoe conpoTHB/IeHHe OOBIYHBIX KOAKCHaJbLHBIX Ka-
Genelt o6biudo coctaBasier 50 u 75 Om. Hcnoassyiores
Takxe Kabenu c conporusieHneM 60, 95 n 120 Om.

Koadgpuunenr 3aryxanus onpepenserca NyteM cJo-
KeHHs] OMHYECKHX H AHM3JEKTPHYECKHX MOTepb B [POBOA-
HHKe, KOTOpDhie MO-Pa3sHOMYy 3aBHCAT OT 4acToTh.. Tak,
NpH BBICOKHX 4acTOTax HMeeM

R ~+ae n G ~a. (5.72)

Pocr oMHYecknx noTeph OrpaHHuHBaercs NpPH yBelHue-
HHH YacTOTH TeM, 4TO TNMpPH BBLICOKHX YacTOTaX TOK BH-
TeCHseTCcs BO BHellHHe CJIOM NPOBOAHHKA (Tak Ha3biBae-
Mblit ckun-3dpdekr). [TosToMy npu oueHb BBICOKHX ua-
CTOTax Npeo6sanaoT AHIJCKTPHYECKHE NOTEpH.
[Tepenatounnie cBOHcTBa MPOBOAHWKA AJMHHOH [, Ko-
TOPbIH COefHHEH ¢ BOJIHOBLIM CONpPOTHBICHHEM Zj, MOX-
HO JIETKO OMHCaTb ¢ TOMOLLbIO KOMIJIEKCHOH YacTOTHO
xapaktepuctikn H(w). [B TexHnke cBA3sM xapakTepu-
ctuky H(w) 06hHYHO Ha3HBAaIOT nepenaToOyHol GyHK-
uueir.] M3 ypaBuennit (5.62) n (5.63) noayuaem

H(@)=U,(\)U.t)=U(l, DU (0, ) =e e~ =

=| H (o) |". (5.73)
daza ¢ = —fpl = —oli; onpenensierca TONLKO BpeMeHeM
npoGera BOJH [, a aMIJIMTYAHAas XapaKTepHCTHKa
| H(0) | — K03 dHUHEHTOM 3aTyXxaHHs o W AJAHHOH mpo-

poaHuka [ KosaddHuHeHTH 3aTyXaHHA MOXKHO HAHTH B
cNpaBOYHHKAaX. YMHOXas HaliaeHHOe 3HAaueHHe Ha AJIH-
Hy TNPOBOAHHKA I, MOXHO TNOJYyYHTb JOrapuhm aMmniu-
TYNHOH XapaKTepPHCTHKH

a(@)=(—1/)In|H (@)|=01/)In(U N U (5.74)

HJH
lg | H (@) | = — 0,434a (o) L. (5.75)



XoTA OTHOLUEHHE AMIUIHTYA sBasercs Ge3pasMepHOA Be-
JMYHMHON, NS H3MepeHHs Jorapugma 3TOro OTHOUWEHHS
O6LIYHO MOJIL3YIOTCA  «pa3mepronodobrol» eanHHuel
namepenns [2.3]: norapudM OTHOLWIEHHS ABYX HampsxKe-
Hufi MaM TOKOB H3MepsiorT B Henepax (Hn). Takum 06-
pa3oM, a () HaMepsietes B eannnuax Hn/m:

a(@=ANIn(UNUs D, Hn/um. (5.76)

3pech {l} — yncieHHoe 3HaueHHe AJIHHBI MpPOBOJAHHKA
B Merpax). [aA H3MepeHHA AeCATHYHHIX Jorapupmos

-1
T4 R R62I3/U T
) I—IT Z 9
i RGS8C/U L
-
—"-,/'
2 /_,r AT
3 10 i
¢ =
3 4 .4 4 ]
p ot
1073l
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10 100 1000 10000

v, MTy, ——

Puc. 5.16. 3asucHMocTb KO3(Q(QHUHEHTOB 3aTyXaHHA o

OT_uacToTH AJ8 KOaKCHaJbHhx Kabenedi RG58C/U u

RG213/U. LlITpuxoBo# JaHHHell NMOKa3awa YacTOTHas 3a-

BHCHMOCTb KO3 GHLHeHTa 3aTyXaHHs ana Kabeas

RG213/U, B KOTOpPOM B KauecTBe H30JSLHH HCNOJb-
3yeTcs BCNeHeHHBI NOJH3TH/EH.

OTHOLUEHHS MOLUHOCTCH CHIHANOB Obl1a MEepBOHAYAJBLHO
BHeapeHa BeinuuHa 6ea (B). Oamako ma npakthke sty
eNMHULY CTaJH HCNO/b30BaTh H 1A HANPSXKEHHH HJH
TOKOB. B 3TOM ciyuyae OOGHYHO HCMOAL3YIOT AECATYIO
yacTh eanuuubl — aeunbea (ab). Koadpdpuunentn 3aty-
XaHud, Bulpa’keHHbe B Hn/M, MOXHO NepeBecTH B Jeuu-
GeJibl, MOMAB3YsICh COOTHOLIEHHEM

I Hn/m = 8,686 nB/m. (5.77)

Ha puc. 5.16 npusesena 3aBHCHMOCTb KO3¢bHIHCHTA
3aTyXxaHHsa OT YacTOThl v AJfl ABYX KOAaKCHaJlbHLX Kabe-
Jiel, WWAPOKO IPHMCHSEMIX B H3MepPHTENbHOH TeXHHKe.
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C NOMOWIbIO 3THX KPHBLIX MOXHO OMpEACTHTL BEPXHIO0
rPaHHYHYIO YACTOTY g, MPH KOTOPO# OTHOLIEHHE aAMILIH-
TYA BLIXOAHOrO H BXOAHOTO CHFHAJ0B Najaer 0 1/4/2.
Hsz (5.74) noayuaem

0,347 3,010
a(mg)=T}— Hn/m = 0 ab/m. (5.78)

IOns npumepa, npuseacHHOro Ha puc. 5.13, kosdpduuren-
TH 3aTyxaHusa pasHbl  a(wg)== 0,0315 Hn/m (6) u
a(wg) = 4,39-10-% Hn/m (8). I'pannunble yacToTHl CO-
CTaBJAIOT COOTBETCTBEHHO vg ~ 310 MTI'u (6) n vy ~
~ 7 MI'y (8). lNouATHO, nmouemMy MPOHCXOAHT Takoe
CHJIbHOe oOcjabgeHue curHasa. M3 puc. 5.16 suaHO, uTO
€cau BOCMOJb30BaThesl kabenem RG 213/U, to nepepaua
CHrHaJja YJyuYlIHTCHA: NPH TeX Xe AJHHaxX Kabeas co-
OTBETCTBYIOlIHE TpaHHyYHble YacTOTHI COCTaBAT Vg ~
~ 1450 MT (6) 1 vg ~ 33 MTI'y (8).

5.5, [lepepaua CHrHajaos no CBETOBOAAM

5.5.1. NMpunuun pefcTBUA ONTHYECKHX
nepejarUiHX CHCTEM

[lepenaua csera Mo CTeKAAHHHIM BOJIOKHAM XOpOLIO
M3BECTHA W [AaBHO HCMOJb3yeTcA AJNA Pa3IHYHLIX LeJel.
Ho Ttoabko nosejaenne B Hauajse 70-X roaos BOJOKOH C
Yype3BbIYAMHO MaJbLIM 3aTyxaHHeM cBeTa NpHBeJo K Oyp-
HOMY Pa3BHTHIO ONTHYECKHX MepefaloLiHX CHCTEM, KOTO-
pble pe3KO H3MEHHJIH TeXHHKy cBfizH [5.2, 5.4, 5.8] 1.

OnTtnueckas nepepaioumas CHCTEMa COCTOMT H3 Tpex
OCHOBHHIX 3jeMeHTOB (pHC. 5.17): 1) nepepartunka (aa-
3epa WJH CBETOAHONA, KOTOphiit nmpeobpasyer 3JeKTpHue-
CKHil TOK B CBETOBOe H3JyuyeHHe), 2) AH3IJTeKTPHYECKOro
cBeTOBOAa (CTEKJSHHOrO BOJOKHAa) H 3) mnpHEeMHHKA
(doroanoaa), kortopbli BHOBL Npeobpasyer CBETOBOM
curHaa B 3JjekTpuueckui. [lepepaTunk W npueMHHK
cJayXaT 34echb 31EKTPOONTHYCCKHM H ONTO3JEKTPHYECKHM
npeo6pazosarensiMi. Takum 06pasoM, Aas nepenauu
CHTHaJa B CBEeTOBOH ¢opMe HeOGXOAHMbI ABa ROIMOJIHH-
TeJbHHX YCTPOHCTBA B OTJIHYHe OT MepefayH N0 KOAKCH-
aabHoMy Kabeaio. [loaToMy BosnHKaer Bonpoc, 06.a-

b Cwm. takxe [5.11*—5.13*]. — Tpum. nepes.

88



JalT JH ONTHYECKHE nepegaiouie CHCTEMbl npeumMylle-
CTBAMH, KOTOphieé KOMNEHCHPYIOT HX CJOXHOCTD.

OnTHyeckHe CHCTCMEl JeHCTBHTENbHO 06J1alal0T MO
MeHbuleii Mepe OAHHM OYeHb BaXXHHIM CBOWCTBOM: OHH
He MPHBOAAT K CBA3H 110 TOKY H HAaNpsSXeHHIO MeXAy
nepeaaTYNKOM H NMPHEMHHKOM curHaJja. OtnajaaloT Tpya-
HOCTH, CBsi3aHHBIC C 3a3eMJISIOLIMM KOHTYpOM: mepeaar-
YHK HJAH NPHEMHHK MOryT OLHOBPEMEHHO HaXOAHMThCS
AOJ BLICOKMM MOTEHUHaJ0M, a Kabedn CO cBETOBOAAMH
HEUYYBCTBHTEJMCH K 3JIEKTPOMAarHHUTHLIM noMexaM. Hpyrue
npeumyuleCTBa M HELOCTATKH TAKOrO pOaa CHCTEM CTa-
HYT OYeBHAHH, KOrla Mbl N0APOGHO PacCMOTPHM HX Ie-
peAaTOYHKIC XapaKTepHCTHKH.

5.5.2. flepeparoynbie cBOHCTBA CBETOBOAA

OnTHyeckHil BOJHOBOA COCTOMT H3 AH3JEKTPHYECKOTO
BOJIOKHA (cepAueBHHH) C KO3(PPHUHEHTOM npeoMaeHHsA
Nk, KOTOPHIH NpeBbillaeT KOSPGHUHEHT NPEJOMJICHHA ny
oGosouKH. Ecan cBerosoe H3JdyueHHe MajaeT Ha BHY-
TPEHHIOIO NOBEPXHOCTb 000/0YKH MOA YrJOM vy, KOTOPHH
6oabuie yrja MOJHOTO BHYTPEHHEro OTPaX{eHHA yg:

Vg = arc sin (ny/ng), (5.79)

TO OHO MOJIHOCTBIO OTPA3HTCH OT 060J04KH W Gynder pac-
MPOCTPaHATbCA B CTEK/IASHHOM BOJIOKHe, JlaXke eCjH BO-
JOKHO H3oruyto (pHc. 5.18). [Ipn 31OM yron napenus
cBeTa Ha BXOJde B CBETOBOA O He [OJIXKCH NpeBHINATH
Ofpefe/IeHHOrO npelelbHOro 3HaueHuss 04. 3Haa 3710,
MOXHO nOJyYHTh H3 (5.79)

nysin 0, =n, cosyo =a/nk — 3 = Ay.  (5.80)

Bennunny Ay Ha3HBalOT 4ucaennod aneptypoud BOJIOK-
Ha. OHa onpelensieT MaKCHMaJbHHH yron NpH BepluHHe
CBETOBOro KOHyca, BOCHPHHHMaeMoro cBeTosoAoM. Ywuc-
JleHHasi aneprypa XapaKrepH3dyeT KO3Q(HuUHEHT cBsA3H
MeXIy HCTOYHHKOM CBETa H CBETOBOAOM.

Jlyun cBera, nonapuiHe B CcBeTOBOA NOA Ppa3HHMH
yriamu (ot 0 A0 64), pacupocTpaHsiloTCA MO cepAueBHHE
BOJIOKHa MOA Pa3jMYHLHIMH yriamu K ero ocu. ITostomy
OHH MPOXOAAT NO 3Hr3aroo6pasHON TpPaeKTOPHH NYTH
PasJHYHOA AJHMHH. DTO B CBOIO OYepelb NMPHUBOAHT K pas-
HbIM BpeMeHaM npo6era BAO/b CBeTOBOAA H K YW HpPEHHIO
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KOPOTKHX CBETOBHX HMNyJbcOB BO Bpemsi HX NPOXOXie-
HHUSA TIO CTEKJIAHHOMY BOJIOKHY.

Bosee Tounoe ¢usHueckoe onucanue nepenayH cae-
TOBHIX CHFHAJOB MO CBETOBOAAM [OJKHO YYHTHIBATH
BOJIHOBYIO MpHPOAY CBETa: CBCTOBbLIE BOJHH MOTYT HH-

Sl e ﬂvpeiw;:ux —»—| (oemoeod —> ﬂptffgﬁulf —_p‘ﬂ'.ffa
<

Puc. 5.17. llpuHuunnaabHass cXxema ONTHYeCKOH Mepe-
Hdaloulel CHCTEMBI.

TepdepupoBaTh Apyr ¢ ApyroM B cBeroBoze. B pe3ysb-
TaTe CBeT MOXXET pPaCnpoCTPaHATLCA MO BOJOKHY TOJBLKO
NnoA HeKOTOPHIMH ONpelescHHbBIMH yriaMH K ocu. [Ipu-
HATO TOBODHTb, YTO AO CBETOBOAY MOTYT pacnpocTpa-
HATLCA JHWIL HEKOTOpbie MOAB. JlomyCTHMHe MOAbI
MOXHO MNOJYYHTb, peliasi 3/71eKTPOMAarHHTHbie BOJIHOBbIE
ypaBHeHHs

AE = (n%/c?) (°E/31?) u AH = (n%/c?) (9*H/0r?)
(5.81)

C yY4eTOM rpPaHHYHBIX YCJOBHH® ANA JaHHOrO CBETOBOAA.
3aech n — JOKaabHLA Ko3hdHuHeHT npeaomienus. OG-
mee yucao N Moa, KOTOpble MOTYT pacrnpoOCTpPaHATLCA B
CBeTOBOJE €O CTynmeHyaThM npoduaem (puc. 5.18), Bo-

Puc. 5.18. lNpuuunnuaapbhas cxeMa CBeTOBOAA CO CTy-
neHYaTHM npoduieM,

obiue roBopsi, OYeHb BEJHKO, NMOCKOJLKY AHaMmerp cepl-
HeBHHH cBeTOBOAa d BeJHK MO CPABHEHHIO C AJHHOH
BOJIHE CBeta A. Bennunna N npubauxkeHHO noJayuaercs
[6.2] no dopmyane

N = (w/2) (/M) (s — 12,)- (5.82)
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OueBHAHO, YTO MOCKOJbLKY CBET PasHBX MOA paclpo-
cTpaHsercs MOA pasHWMH yrjiaMd K OCH BOJIOKHA, TO
y 9THX MOL DpasnHYHAa M CKOPOCTb paclpocTpaHeHHs
BIOJbL cBeToBOAa. B 3toM cayuae rosopar o ducnepcuu
m00. OHa TOXe MPHBOAHT K ONpefejeHHOMY YIIHDEHHIO
CBETOBOTO HMMyJ/bCa, KOTOPOEe YMeHbUIaeTcs B TaK Ha-
3HBacMbiX 00HOMOO0B8bIX B0A0KHAX: B HHX AHaMeTp

Niw___ Oborouxa__) _
ng(r) C‘t'pdueauﬂa}

nn(l']

Ng Ny n

Puc. 5.19. Xon ayuedr n pacnpelenenne Ko3$QHuHEHTa
NpeJoMJeHHss B MHOTOMOJOBOM ONTHYECKOM BOJIOKHE
C rpajineHTHHIM NpOdHIEM.

cepleuHHKa BbIGpaH TaKHM MaJjblM, YTO MOXeT paclpo-
CTPaHATHCA TOJNBKO OfHA MoOja:

d << 0,76A/4/n% — n3,- (5.83)

K coxanenuio, Manabli AHaMeTp BOJIOKOH MPHBOAHT K
TPYAHOCTAM MPH cOeAHHEHHH CBETOBOJOB C HCTOYHHKOM
M NPHEMHHKOM, a TaK¥Xe APYr C APYrom.

[TpeneGpexknmo Masoft aucnepcuefi Moa 1PH GOJib-
LIOM JHaMeTpe CepAlCBHHB 06JafalOT TaK Ha3bBaeMble
80A0KHA ¢ zpaduenTnoim npodusem. Ecan Ko3bdHuHeHT
npenoMJeHHs H3MeHsAeTcsi B MONEPeYHOM CEYeHHH BO-
JIOKHa no napa6osnuyeckoMy 3akony (puc. 5.19), To Bpe-
MeHa npoGera BceX MOJA MO TakOMY BOJIOKHY ApaKTHue-
CKH ONMHAKOBH, a MYYKH CBeTa pacnpocTpaHfioTcd He
no 3urzaroo6pasHoi, a mo rjaiko# Tpaekropuu. B ra-
KHX BOJIOKHaX MaKcHMaJbHOe 3HaueHHe BXOAHOrO yrJsa
04 3aBHCHT OT paaHyca r, NOCKOJbKY KO3hHUHEHT npe-
JIOMJICHHS HENOCTOsIHeH. 3HaueHHe n MAKCHMaJ/IbHO Ha
OCH BOJIOKHA, a Ha FpaHHlle MEXAY cepaAleBHHOH H 000-
Joukoit ono naaaer Ao nyas (cM. (5.80)).

Ywnpenne umnyanca Habaonaerca H B 0O1HOMOAOBHIX
BOJIOKHaX H3-3a Jucnepcuu, C8A3AHHOL €O CBOUCTBAMU
martepuaros. KosapdHuneHT npesoMieHHss Nx MaTepHa-
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Na, U3 KOTOPOro H3rOTOB/ICH CBETOBOJ, 3aBHCHT OT [JH-
Hbl BOJIHBI, @ NMOCKOJIbKY HCTOYHHK CBeTa, KOTOpHIH MOA-
coellHHEH K CBETOBOAY, HEMOHOXpOMAaTHYeH, TO H3-3a
pa3H4HA nx Ppa3HOCTL BpeMeH npobera BO3HHKaeT Aaxe
B oanHoMoaoBOM cBertoBode. OcobeHHO yaoGHa o06.1acTh
crnekTpa BO6AW3H 1,3 MKM, I'le AHCNEPCHS nx KBapLeBOro
CTeKJa MHHHMaJbHa W MOXHO 6e3 mpo6JjeM HCHOAbL30-
BaThb MCTOYHHKM CBETa C LIHPOKOHA CHeKTpaJibHOH 3MHC-
cvHoHHoii noaocoit. TouHoe nosOXKEHHe MHHUMyMa JHC-
NepcHu Nk 3aBHCHT OT A00aBUK, BBOAHMBIX B CTEKJO.
B BosiokHax ¢ rpaaueHTHbIM npodHaeM pa3bpoc BpeMeH
npoGera BbI3BaH OCTAaTOYHOH AHCmepcHed MOA, a B OAHO-
MOJOBHIX BOJIOKHAaxX BO3HHUHKaeT ,D.OHOJ]HHTeJ]beH:l HCTOY-
HUK aucnepcuu. JlonosHuteabHasi AHCNEPCHA NOSBASETCS
n3-3a TOro, uto ¢azoBulii KO3PHUHEHT paciupocTpaHe-
HHsA B ANS CBETOBOJA 3aBHCHT OT YacCTOTH. JTa 3aBHCH-
MOCTb oOlpeaensierci CTpykTypo# cserosoga. Takyio
JAHCIHEpPCHIO Ha3BIBAIOT 804H0800HOU. Ee, kak M aucnep-
CHIO, OmpejaesasieMyl0 CBOMCTBAMH MaTepHaja, MOXHO
CKOMIIEHCHPOBAaTh, €CNH NpaBHIbHO BLOpaTb AHaMeTp
CepALEBHHBE BOJIOKHAa H PasHOCTb KO3(hOHUHEHTOB Ipe-
JoMJeHHs (Tak HasblBacMas HyseBas aucnepcusi) [5.4],
NO3TOMY KOMNeHCHpOBaHHHE BOJHOBOAKI  OGsanaior
oYeHb LIHPOKOH noJiocoil nmponyckauus. Tak, Hanpumep,
B OAHOMOJOBLIX BOJIOKHaX MJHHOH | KM IUHpHHA OTKJIH-
Ka Ha eJHMHHYHYIO HMIY/JbCHYIO KOHTPOJNBHYIO (DYHKLHIO
MOXeT ObiTh Huxe 10 mc.

Bce Tpu aucnepcHouHux 3¢dekra, onucaHHble Bulllle,
NpHBOAAT K YWHPEHHIO eAHHHYHOrO HMMyJbca, KOTOpOe
NpoNnopuHOHaaLHO nyTH L, mMpoxoauMoMmy CBeTOM B CBe-
tTopoae. B peasbHHX MHOrOMOJOBLIX BOJIOKHAaX OTHAeJ]b-
Hhle MOJAbl B3aUMOIEHCTBYIOT Apyr ¢ ApPyroM. 3TO npH-
BOAHT K TOMY, 4TO, HauHHas ¢ HEKOTOPOH Kpuruueckoil
Oauner c8erosoda Le, yluiMpeHne BO3pacTaer He TOJbLKO
NpoNOpuUHOHAALHO L, HO ellle H 1PONOPUHOHAIBHO +/T.
BsaumoaeficTeHe MeXay MOJAaMH NPHBOAHT K TOMYy, uTO
HE3aBHCHMO OT pacnpefeleHHsi 3HePrHH N0 MOAaM Ha
BXOJe BOJIOKHA Ha ero BbixoAe (eCaH IJHHA NpeBbillaeT
Lc) sHeprusa csera pacnpeaesieHa MO BCeM JONYCTHMBIM
MOZaM H OIIHCbIBAETCS HEKOTOPbIM CTAalHOHApHLIM pac-
npeiejeHHeM MOLLHOCTH MO MOAaM.

HOpyruM Ba’KHHIM 11apaMeTpPOM CBETOBOJOB SABJSETCA
3atyxanue cBera. OHO XxapakTepH3yeTCs yMeHblUeHHeM
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