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1. BBE.QEHHE 

6biCTpOe pa3BJ.1THe TeXHio1Kio1 no.ny4eHio1R Clo1!1bHOT04HbiX 3J1€KTPOH

HbiX ny4KOB H Wlo1POKJ.1e nepcneKTJ.1Bbl, CBR38HHble C YCJ.1!1€HJ.1€M J.1 re

Hepa'"'~-te~ MOIQHbiX C. B. 4. BOJlH H pa3Bio1Tio1€M HOBbiX M€TOAOB YCKOpe

HHR, CTHMY!lHpy~T HCCJ1€AOB8HJ.1€ pa3JlH4HbiX acneKTOB B38HMOAeHcT
BHR ny4KOB aapRmeHHbiX 48CTH~ C 3!1€KTPOMarHHTHbiMH BOJlHSMH B 
3Jl€KTPOA\.IIH8MYI4€CKHX, 8 TOM 4111CJ1€ H n.na3M€HHbiX, CTPYKTypax/l-3 / 

HasecTHO, 4~o np1o1 ABJ.1meHHH a.neKTPOHHoro ny4Ka 4epea n.naaMy 
8 CI-1CT€M€ npH onp€A€11€HHbiX YCJlOBiriRX MO>K€T pa3Bio1TbCR AOBO!lb

HO CHJ1bH8R ny4KOB8R H€YCTOH4J.1BOCTb, B pe3y!lbTST€ KOTOpoH BQ3-
HHK8eT· 3J1€KTpOM8rHHTH8R BOJ1H8, a ny40K TepReT 3HeprH~. Bon
poe o6 3~$eKTJ.1BHOCTH TpaHc$opMa~J.1J.1 3Heprlo1J.1 ny4Ka a 3HeprH~ 
31l€KTpOMarH~THOrO nOriR RBnReTCR BS~HeHW~M KSK C T04K~ 3peH~R 
yc~neH~R ~ reHepa~~~ 3rleKTpOMarH~TH~X BOriH, TaK ~ gnR YCKOpe
H~R 60rlbW~X TOKOB. 0AHaKO Hen~HeHH~H xapSKTep npo~ecca B3SHMO
AeHCTBHR BeCbMa 3aTPYAHReT He TOrlbKO nOCTpOeHHe TeOpH~, HO 
AS~e HaXO~AeHHe HSAe~H~X SHSriHTH4eCKHX O~eHOK /eM., Hanp., 141 

/. 
MHor~e sonpoc~ HenHHeHHoro eaaHMOAeHcTBHR 4aCTH~ c reHepHpye
MOH eonHoH HY~Aa~TCR e~e e AeTarlbHOM aHanHae. 

,ll.nR O~eHKH 3$cf)eKTHBHOCTH reHepa~HH H YCHrleHHR BOriHbl, B036y~

ASeMOH 3neKTPOHH~M ny4KOM B nna3Me, B HSCTOR~ee speMR HCnOnb-
3Y~T ABa MeTOAa: 4HcneHH~H H aHanHTH4eCKHH. B nepsoM paccMaT
pHsaeTcR nocneAOBaTerlbHSR TpSHC(f)OpMa~HR cf)a30B~X TpaeKTOpHH 4ac
TH~ ny4Ka 8 npo~ecce HX B3aHMOAe~CTBHR C 3neKTPOMarHHTH~M no
neM /S-?I Peam1aa~HR 3Toro MeTOAa csR3aHa co 3Ha4HTenbHbiMH aa
TpaTaMH speMeHH HS 38M. apyroH nOAXOA HCnOI1b3yeT HenocpeACT
seHHbiH aHariH3 KOHe4HOrO CTS~HOHSpHOrO COCTORHHR BOriHa-ny40K, 
KOrAS BOilHS H ny40K CHHXpOHH3y~TCR, a 06MeH 3HeprHeH Me~AY no
neM H 4aCTHU.SMH npeKpa~aeTcR. HasecTHO, 4TO gnr~ OAHOPOAHbiX 
CHCTeM BbiXOA HS HeilHHeHH~H ypOBeHb HSCbl~eHHfl COnpOBO~AaeTCR 

oc~HnnR~HRMH aMnnHTYAbl nom1 181 . TeM He MeHee, aHa.n~T~4eCKHe 
O~eHKH, nony4eHH~e Ha OCHOBSH~H aHariH3a CTa~~OHSpHOrO COCTOR
HHR HS CTSAHH HSCbl~eHHR, Aa~e npH npH6r1H~eHHOM nOAXOAe/9/ RB
riRIOTCfl BeCbMS no.ne3HbiM~. 

KaK 8 TOM, TSK H B ,qpyroM MeTo,qe, He.n~HeHHbiH xapaKTep Teo
pHH CBfl3SH C B03AeHCTBHeM BOriHbl riHWb Ha ABH~eHHe 3.neKTpOHOB 
ny4Ka. asH~eHHe 3.neKTpOHOB nna3Mbl npeAno.nara!lOCb IlHHeHHbiM .. 3TO 
HaK.na,qbleano onpeAeneHHble orpaHH4eHHfl Ha aMnnHTYAY eonHbl. noa
TOMY a 191 H s noc.neAYIO~Hx pa6oTax npeAno.naranocb, 4To 
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/1/ 
r,Qe <flo - aMnm1Ty,Qa nOTeHL.4111SJla BOJlHbl, ll b - nilOTHOCTb 3Jlet<TpOHOB 
ny4KS, yb - peJl.ATIIIBIIICTCKIII~ ¢aKTOp 3JleKTPOHOB ny4Ka. 

npVI TaKO~ aMnm .. Hy,Qe nOll.R ABYOKeHI-le 4aCTI-1l.J,bl B CIIICTeMe KOOp
,QI-1HaT, ,Q811.>KYutei1C.R C $a30BOI1 CKOpOCTbiO BOJ1Hbl, RBJ1ReTCR Hepem:'!
H18HCTCKIIIM. 14M€€TC.fl H€60JlbWO€ 4111CJ10 pa60T, HanpiiiMep, / 7,12/, 
r,Qe aHaill-13 npOBO,QIIIIlC.A 4111C11€HHO, Ill /10,11/ r,Q€ HaXO,QVIJl"''Cb aHa-
Ili-1TVII..I€CKI-1€ 0Lt€HKV1 paBHOBeCHOrO COCTORHIII.A ny4Ka Ill BOJ1Hbl, B KO
TOpblX ABIII>KeHI-!e aaxsa4eHHbJX eonHoC1 4acn11..J, ny4Ka npe,Qnonaranocb 
peJl.RTI-1BJ.1CTCKIIIM, T.e. orpaHVI4€H11€ /1/ 6biJ10 CH.RTO. 

0,QHaKO ,QBIIImeHII!e 3J1€KTpOHOB nna3M~ Ill B 3TIIIX pa60TSX no-npem
t:eMy C"4J.1Tanocb m1HelliHbiM. Kat< not<aaan Haw aHaill-13, Ail.A pen.ATIII
BIIICTCKHx ny4KOB Ill 60J1bWIIIX aMnJliiiTYA nonH, KOr,Qa npOHCXOAHT aa
XBdT 3neKTpOHOB nyYKa BOflHOi:1 H aneKTpOHbl npH ABH>«€HHH 8 .RMe 
Hd6Hpd~T 3HeprH~, CPSBHHMY~ C 3HeprHei:1 nOKOH, ,QBH>«eHHe 3neKT
pOHOB nna3Mbl HBJlHeTCH CY!!..teCTBeHHO HeJlHHe~HbiM. 3TO npHB6AHT K 
TOMy, \..ITO I..ISCTb 3HeprHH, OT,QSHHO~ nyi..IKOM CHCTeMe, OT6HpaeTCH 
nna3MO~. npHYeM CHSI..ISJla, C pOCTOM aMnJlHTYA~, 3HeprHH, OT6Hpae
MSH nna3MO~, paCTeT MOHOTOHHO. 3TO npHBO,QHT K TOMy, YTO B o6-
J16CTH napaMeTpOB, r,Qe npvrMeHHMbl np~t~6Jllti>KeHHFI p.360Tb1

17< yYeT He
J1VIH€~HOrO xapaKTepa ,QBH}f(eHHH nna3M~ nplt!BOAVIT K nOHH}f(eHH~ K.n.A. 
TpaHC$0pMa~HH 3HeprHH nyi..IKS 8 3H€prH~ 3J1€KTpOMdrHHTHOrO nonA. 
3aTeM, C pOCTOM peJlFITHBHCTCKOro $6KTOpa nyYKa, npH nOCTOFIHHO~ 
ero nJlOTHOCTI-1, 3aTP6Tbl 3HeprHH HS nnaaMy no OTHOWeHV\10 K HaYanb
HOi:1 3HeprHH nyYKa (ryp) npOXO,QHT Yepea MdKCHMyM H ASnee MegneH
HO yMeHbWSIOTCFI. EcnVI pa.cTeT TOK ny4Ka np~t~ nocTOHHCTee penHTVI
BI-1CTcKoro $SKTOpa, TO 3aB~CV1MOCTb 8€JTHI..IHHbl lJp OT KOHl.\eHTpS~VIVI 
3Jl€KTPOHOB nyYKa HOCHT KOJ1e6aTeJlbHblt1 xapaKTep. 8 CBH3'V1 C 3T¥1M, 
C ~e.rtbiO YB€J1HI..I€HHFI K, n, A. CHCT€Mbl, H€06XO,QY!M nO:vtCK onTHM6JlbHbiX 
BenHYHH H61..16JlbHOt1 3HeprHH H TOKa nyYKa. 

2. flOCTAHOBKA 3AilA411, 11CXOilHbiE YPABHEHI1R 

B pa6oTe HcnonbayeTcR TPSAH~HOHHa~ nocTaHOBKa aa,QSYH. Pac
cMaTpHeaeTCH HeOrpaHHI..I€HHbli1 nOTOK nJlS3M~ C KOHl.\€HTpa~'HeJii fip , 
B KOTOpOJii pacnpOCTPSHFieTCFI 16pMOHH4€CKdFI BOJ1Hd 

/2/ 

3-AeCb ~ = v = (:3c - $d30B6FI CKOpOCTb BOJ1Hbl. 

B HanpaeneHHH OCH Z ~BI-1}f(€TCFI 3neKTpOHHbl~ nyYOK CO CKOpOCTbiO 
Vb={:3bC ~ KOH~€HTpal.\H€t1 nb.nyYOK 3SMSrHHY€H Hero ABVI}f(€HHe RB
J1R€TCR 0AHOM€PHbiM. 
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PaccMaTp~aaeTc~ cTa~~oHapHoe, caMocornacoeaHHoe cocTo~H~e 
nyliKa, nna3M~ ~ BO.nH~. npeAnO.naraeTC~, liTO 3TO COCTO~H~e ~a
nReTC~ KOHeliH~M ~TorOM pa3B~T~~ nyliKOBOH HeyCTO~li~BOCT~ ~ nos
TOMy see 3neKTpOH~ nyliKa MO~HO CliHTSTb 3SXBa4eHH~MH BOilHOH. 

8 HeB03My~eHHOM HS4SJlbHOM COCTORHH~ ny40K ~ nna3Ma ~MeJlH 
COOTBeTCTBeHHO CKOpocn1 vb =!Jb c' Vp=,B"pc = 0 ~ KOH4eHTPS4~H 
n b , np • 

YliHTblaaeTc~ Hen~He~HOCTb AB~~eHHR KBK sneKTPOHOB ny4-Ka, 
TaK vt nna3MY, T.e. cH~MaeTcR orpaHHlleHHe /1/. 3To noasonReT 
paccMaTpHBaTb nyliKH npo~aeonbHoH KOH~eHTPa~HH H 3HeprHH. Ha
noMHHM, liTO HS4SilbHOe COCTORHHe nyliKS B TBKH~3SASliSX xapaK-

V 1/3 -2- nb - 2-112 Tep~ayeTCR napaMeTpOM s~(-) f:lb Yb· rAe v ~=-. y ~ (1-{3 ) • 
2 np b b 

B cnyllae Il~HeHHoH nnaaM~ H npH ycnoaHH /1/ eenHliHHa S<<t191 • 
B Haweal! pa6oTe napaMeTp S MomeT 6btTb nJ06blM. 

HcxOAHaR cHcTeMa ypaeHeH~H cocTOHT ~a ypaaHeHHali MaKcaenna, 
ypaBHeHHali ABH~eHHR, ypaBHeHHH Ail~ H3MeHeHHR 3HeprHH H ypaa
HeHvtR HenpepbtSHOCT~. 

af ~ 
at~ -4rrj. 

.t"E 
-- = 4rrp, az 
a{3, r, a{3, r, eE 
---+V. =---, at 1 az mo c 

ay, ay, eEv, 
--+V. at 1 az moc2 
ap, ai , 
--+-- 0. 
at az 

/3a/ 

/36/ 

/3•/ 

/3r/ 

13AI 

3AeCb HHAeKCbl i = b, p OTHOCRTCR, COOTBeTCTBeHHO, K 3JleKTpOHaM 
ny4KS H nna3Mbl, r = e(nb;b + Op V p) , p = e (n b + D p) 

vb vp 
{3b~--, {3 =-, Vb' V - CKOpOCTH ny!.!Ka VI n!la3Mbl, c p c p 

noA4epKHeM e~e paa, 4TO M~ paCCMaTpHBaeM KOHe4HOe COCTO~HHe 
pa3BHTHR ny4KOBOH HeyCTOHliHBOCTH, KOrAa CKOPOCTb ny4Ka CTS!la 
paBHOH $a30BOH CKOpOCTH BO!lHbt VI YCTSHOBHBWSRCR rapMOHH4eCKBR 
BO!lHa aaxean111a ny4KOBbfe 3JleKTpOHbl. 1-iCXOAR H3 CHCTeMbl ypaBHe
Hio1H /31, npeAno.no~eHHH 0 -rapMOHH'-IHOCT~ BOilHbl /2/ H yc.nOBHR 
3BXBaTa 3JleKTpOHOB, nony'-IHM 3BMKHYTYIO CHCTeMy ypaeHeHHH A.flR 

onpeAeJleHHR HeH3BeCTHbtX: aMnil~TYAbl BO!lHbl, 4aCTOTbt, $a30BOH 
CKopocT~, a TaKme nocTORHHbiX a ~HTerpa.nax AB~meH~R, onpeAenRe
MbtX 4€pe3 CKOpOCT~ ny4Ka J.1 n11S3Mbl 8 TO'-IKBX MHH\.1MyMa noTeH4~SJ1a. 
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Ha CVICTeMbl /3/ H€TPYAHO nony4V1Tb ypasHeHH.A GanaHca 3Hepn1VI 
1-1 V1Mnynbca paccMaTpV1BaeMo?l CV1CTeMbl: sonHa-nna3Ma-ny40K. ,llei1cT
BV1Te!lbHo, YMHoma.A neps~e ABa ypaBHeHV1.A Ha E,a 3aTeM V1HTerp¥~
PY.A no BCeMy 06beMy, Hai1,QeM: 

E2 
< ----;,--> +<nbyb> +<npyp> = nbyb +n P' 

8rrm 0 c 2 /4a/ 

<nb{3b Y b> + < np/3p Y p > ~ 0b /Ibyb • /45/ 

3,QeCb CK06KV1 03HS4SIOT ycpe,QHeHIIIe no ,QI1J.1He BO!lHbl. \13 nepBbiX 
ABYX ypaBH€HJ.1i1 liiCXO,QH0£:1 CliiCTeMbl /3/ nony4V1M V13BeCTHOe ypae
H€HV1e ,Qll.A non.A 

1 a 2 E a 2E 1 Ji 
- --- + --- ~ -4rr(- -c2 Jt2 Jz2 c2 Jt 

-~). 
Jz 

Y4111T~sa.R /2/, ne-pei1geM K Hosoi1 nepeMeHHoi1 

-_a_~_1 _a )·· 6 6 • "' BB€,Q€M 0 0 U4eHHbiV1 nOT€Ht.J.V1Sil az v Jf, 
1 rJ<I> k . 

E ~-- --~--<1> 0 Sln,P. 
vy 2 at; y2 

2 -Vz 3,qecb <1>~<!> 0 cos,P, .p~wf,, y~(1-{3) • 

¢~~. 
moc2 

Tor,qa ypasHeH"e /5/ 6y,qeT: 

2 
~ =f32y2(v -i7 +I/ -V ), 
d<fr2 b b p p 

Vb= ----, 

477e 2 n b 

mow2 
4rre2 'iip 

rn ow2 
4rre2np 

vp vp 2 m
0
u>2 m0 w 

/5/ 
a a ~~t-~ (-.-~-. 

v at a;, 
$ TSK, liTO 

/6/ 

171 

/8! 

J.-1cnO!lb3Y€M J.1HTerpan ypaBH€HV1.R HenpepbiBHOCTI-1 B BVI,Qe: 

vb ~ lb(flb-{3)' ''p ~ 

r,qe 

1 2rr r.p 
I -- f 
p- 2rr 0 (f3p-f3) 

191 

3aM€TV1M, 4TO npH ycpe,QH€HV11t1 Mbl C4J.1TSJ1V1 <nb> = llb , <np> =lip 
Tor,Qa ypasHeHVI.A 6anaHca /4/ H ypasHeHVIe non.A !8!, nocne ycpe,Q
HeHH.A, MO~HO 3anHCSTb B BV1,Q€: 



1 2" 
b ~--I 

2 2"lb 0 

/lOa/ 

/106/ 

/lOs/ 

p l p 2 , p 3 COOTBeTCTBYIOT b l, b 
2 

, b g C 3aMeHOJ1 noA 3HaKOM 
~HTerpana ~HAeKCa b Ha p,K C~CTeMe ypaBHeHHH /10/ A06aBHM HH
Terpan~ ypaBHeHHH ABH*eHHR /3e/: 

y'+¢'=y" 
b 0 

rAe 

y~ ~yyb(1 -,8,8b), 

Y~ ~ YYP (1-,B,Bp)' 

¢'=±.., y;=yyo(1-fl,Bo), 
y 

Y;o ~ YYpo(1 - ,8,8p0 ), 

/lla/ 

/116/ 

l3 0 , l3po - CI<OpocTH 3neKTPOHOB ny4Ka H nnaaMbl npJ.II ¢=0. Ha ypae-
HeHHR /11 a/ npH ,Bb = ,8 onpeAeJlHM ¢ O: 

/12/ 

3TO H eCTb ycnOBHe aaxsaTa C y4eTOM peJ1RTHBHCTCKOrO xapaKTepa 
ABH~eHHR ny4KOBbiX 3J1eKTPOH08, 

nony4HM e11.1e OAHO COOTHOWeHHe, Heo6XOAI-1MOe A.Jl.A nOJ1HOTbt CJ.1C
TeMbl ypaaHeHHH. YMHO>K~-tM I 11 a/ Ha vb , I 116/ Ha v P ~ cno>K~-tM H 
ycpeAHHM C Y4eTOM COOTHOWeHHH /4/ H /8/. 8 pe3yJ1bTaTe nony4HM: 

¢8 - ' -, - ( ' ) --;,.....;,,-=vb(Yo -y )+ vp Ypo-Y • /13/ 4,B2y 3 

8 HTOre AflR onpeAeneHHR nRTH HeH3BeCTHbiX Be11H4HH: aMnJlHTYAbl, 
BOJ1Hbl, 4aCT0Tbl, ¢a30BOC1 CKOPOCTH H nOCTORHHbiX HHTerpHpOBaHHR 
HMeeM nRTb ypaeHeH~H /lOa, 106, lOs, 12,13/. 

HeTPYAHO noKa3aTb, 4TO np~ y'Cnoe~~ /12/ b 1= 1, b2 =f3y, bs=Y· 
TorAa nepell~CJleHHble BbiWe ypasHeH~R MO>KHO 3an~CaTb B B~Ae: 
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(v+pl) -
y~0 = 1 + v \y '-y;) + -Y--"-[(y- y)v- (p 3 -1)] 

v 
p 

(y-y)v -(11!-1) 
/14/ 

3,Qecbv=nb/Iip {3 =Ph, y= Yb ~ Y'=Yb·C~cTeMa ypaeHeHH~ /14/ 
pewanacb MeTO,QOM HbiOTOHa. npw 3TOM 3a,Qaeam1Cb v ' [3 ,onpe,QeJlfi

JlHCb: v p ' y 0 ' r;n '[3. Onpe,Qem-tB Yl3 /14/ YK838HHbte B€!1H4H

Hbl, nerKO Ha~n1 K. n. A· CHCTeMbl, T. e. K03¢l¢lHLV1€HT TP8HC$OpMa-

4HJ.1 H848JlbHO~ 3Hepnu.1 3HeprHIO aneKTpoMarHHTHoro nonfl: 

E~ 
1) = ----''-::---

16?Tmoc2nb Yb 4vvp {3 2
y 

4 ji 
C y4eTOM /106/ COOTHOWeH"e /15/ MOmHO 
Me: 

y vy 

/15/ 

/16/ 

noM"lMO K03$$H4J.1eHTa Tf 60J1bWOiii I-1HTepec A11.A 8H8J11.138 pacnpe,Qene
HHR 3HeprHYI M€m,Qy pa3J1JII4H~MH 48CTRMJ.1 CHCT€M~ npe,QCT8BJ1RIOT cne
AYIOtqH€ K03¢l¢n·14H€HTbl. Koa¢$H4H€HT 17b' xapaKTepH3YIOll.IH~ OTHOW€HI-1€ 

3HeprHH, OT,QSHHO~ ny4KOM B CHCTeMy, K H848JlbHO~ 3HeprHJII ny4K8 

m oc2\y-y )ii b (y -y ) 
1) d-~· b = 2- -

m0 cnby Y Y 
1171 

Koa¢¢H4H€HT Tfp' paBHbl~ OTHOWeHH~ 3Hepr~H, aaTpa~~eaeMoH Ha AB~
meH~e 3neKTpoHoB nnaaM~, K Ha~anbHOH 3Hepr~~ ny~Ka 

m0c2iiP(p 3-1) p 3-1 
1) = ---. 

P m c2 n y- vY 
0 b 

/18/ 

np~ 3TOM, KaK CneAyeT H3 /16/, 

/19/ 

npeACTaBJlR~T TaK)f(e HHTepec K03$¢lHL-'HeHTbl 7]' lot 7]~· nepBblti onpeAe
JlReT, KaKaR AOJlR 3HeprHH, OTAaHHOH ny~KOM B CHCTeMy, TpaHC$Op
MHpOBanacb B 3HeprH~ 3neKTpOMarH~THOrO nonR, BTOpOH xapaKTepH
ayeT noTepH 3HeprHH Ha nna3MY no OTHOWeHH~ K TOH )f(e eenH4HHe. 
npH 3TOM 

/20/ 

6 



3. 06CYlK,IlEHHE l!HCnEHHbiX PE3YnbTATOB 

npe)I{A€ 4€M nepe~nt K SHSJl~3Y 4HCJ1€HHbiX pe3yi1bTSTOB, o6cy
AHM H€KOTOpbl€ BOnpOCbl, OTH0Cfl~lo1€Cfl K I11-1H€ViHOVi nna3Me.. Ecm1 

nnasMa n"Hei:iHa, TO h_«1. T.e. ~«1. C y4eToM /19/ 
f3 f32y 2 

3To np~t~BOAHT K ycnos~t~~: 

yQ -1 

f32y 
<< 1 . /21/ 

C APYrOVi CTOpOH~, npeAnOJ10)1{€HHe 0 HepeJlf!THBHCTCKOM xapaKTepe 
ABHmeHHfl 8 CHCTeMe nOKO.fl BOJlH~ npHBOAHT K YCilOBH~: 

(y' - 1) « 1 . 
0 

/22/ 

CpaBHitiBS.fl /21/ 14 /22/, BHAI-1M, LITO AI1R MSJlbiX 3HSI..I€Hitti:1 ¢la30BOVi 

CKOp0CH1 (f-3 2< 1, }' ~ 1) npeAnO!lO>K€HH€ 0 JlHHeViHOCTH nna3Mbl nplr1-

BOAHT K YC!lOBH~ HepeJlRTHBHCTCKOrO ABH}I{€HHR 3Jl€KTPOHOB ny4Ka 

B ABHmy~eViCR CO CKOPOCTb~ V CHCTeMe KOOPAHHST /yCJlOBHe /21/ 
6onee mecTKOe, 4eM /22/ I. B cny4ae >Ke {1 "'' 1 , y>>l npeAnono>Ke-
HHe 0 HepeJlRTHBHCTCKOM xapaKTepe ABH}f(€HH.fl B CHCTeMe nOKO~ 8QJ1-

Hb1 03Ha4aeT, 4TO nnaaMa IlltlHe~Ha /e 3TOM cnyl.lae ycnosltle /22/ 
6onee meCTKoe, ~..teM /21/. 

~Me~ B BltlAY ny4Klt1 C peJlRT~8lt1CTCKHMI-1 CKOpOCTRMI-1 (8~1) H npeA

nonara~, 4TO ycnos~e /22/ BblnOilH~eTcR, nonyl.l~M 1-13 ypasHeHH~ 
/1!1/ JlHHe~HYIO 3a8HCHMOCTb K.n.A. CYICTeMbl OT napaMeTpa- 8: 

ry ~~ 0.58. /23/ 

TaKo~ >Ke peaynbTaT nony4eH a171 • B pa6oTe/ 9 / nony4eHa Ta >Ke 

JlHHe~HaR aaeHCHMOCTb, HO c APYn1M K03¢l¢lH1.41t1eHTOM ry=0.4S. 3aMe

THM ,_ 4TO B pa60Te/ lO/ no!ly4eHO TO>Ke 7J = 0,4 8. 3TO 06b~CH~eTC~ 
TeM, 4TO C y4eTOM YC110BJ.1R /20/ TaM ~CnOJlb30Ba!lOCb ~3 CHCTeMbl 

ypaBHeHH~ /10,11,12/ TOilbKO OAHO ypaeHeHHe /lOa/. HeCKOJlbKO 

MeHbWHe 3Ha4eH~~ AJlR 7J nOJly4eHbl B pa60Te /S/- 7J = 0,23 8. npH 

TOM >Ke ycnoBl.-11-1 /20/ npH v << 1 H3 ypaeHeHJ.1R I 1 Oa/ nony4aeM 

JlHHe~Hoe A~Cnepc~OHHOe ypaeHeH~e AJlR CltlCTeMbl nna3Ma-ny~..toK. 

CneAYR /14/, Mbl nocTpOHJll-1 xapaKTepHCTHKH cTal4HOHapHoro co

CTORHHR niJa3Mo-ny4KOBO~ CHCTeMbl B 3aBI-1CHMOCT~ OT S.nocKOIIbKy 

npl-1 paCCMOTpeHHbiX HaMH KOHe4HbiX 8 3TH XapaKTepHCTHKH RB!l~IOT

CR He3aB~CHMbiM~ ¢lYHK1.4HRMH Ha4aJlbHO~ 3HeprHH ny4Ka H ero KOH

U.eHTpa4.HI-1, TO rpa¢lHKI-1 CTPOHilHCb KaK AJlR 8();), TaK H AIJR S(v). 
PeaynbTaTbl 41-1CIJeHHoro c4eTa npeACTaBIJeHbl Ha p!llc.l-;.6. 
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PHc.I. 3aBHCHMOCTb 3Hepi'HH 

wb = ;;b <:Y -yl, OTp;aBaeMOH nyqKOM 
CHCTeMe, 3HeprHH BOJIHbl w = E <PB =--- " 4fl2y 4 
B nna3MY, OT 
npH y = 2,5. 

~ 
0.15 

SHePI'HH, H,u;ym;eH 

rrapaMeTpa S = S(v) 

PHc.2.3aBHCHMOCTb K03~H~eH- ~ 
TOB TJ , TJ , Tf p , TJ S OT napa- , 
MeTpa S=S~:Yl npa v=0.2. 

t 

a2 2, 

1 

?. 

1.0 l5 2.0 s 
PHc.3. 3aBHCHMOCTb K03~~HqHeH-
TOB 1J , TJ b , TJ p OT rrapaMeTpa 
S=S(v) npa y = 2,5. 

? 

" 

8 

'-------z' 

2,0 2.' s 

1.0 \5 2.0 2.5 s 

~ 
Q2 

3 

2,5 

0.5 1.0 L5 2.0 2.5 s 
PHc.4. 3aBHCHMOCTh K03¢$HUHeH
Ta TJ OT rrapaMeTpa S = S(v) 
g.JIJ< pa3HbiX y (y =2; 2,5; 3). 

H .,p oT rrapaMeTpa 
IlPH v ,.Q,2. 



Ha PVIC, 1 noKa3aH AJlfl f = 2,5 VI S=S(v) XOA KPVIBbiX Wb , WE 

VI Wp,xapaKTepV13YIOW,VIX, COOTBeTCTBeHH0 1 3HeprV110 1 OTAaHHYIO ny4-

KOM CYICTeMe, BODHOByiO VI 3Heprvtl0, VIAYW.YIO 8 nnaaMy, BvtAH0 1 4TO 

C pOCTOM KOHU,€HTpaU,vtV1 3J1eKTPOHOB nyYKa, T. e. S(v) BCe YaCTVI 

paCTYT. Tat<)!(€ yBeilVIYVIBaiOTC.A wb. WE I w p c poe TOM s<0~ npH 

nOCTOfiHHOM V. 0AHaKO .VIX OTHOWeHvte K Ha4aJlbHOI7! 3Hepri-114 nyYKa 

M€Hfi€TCfl 6onee CilQ)I(HblM o6pa30M, 3TO BHAHO lo13 plo1C.2 V1 3, rAe 

noKa3aHbl K03$¢JI·1U,VIeHTbl Tfb' TJ 'Tfp KaK ¢lYHKU,Io1H s(y) -VI S(v), 
COOTB€TCTB€HHO. Ha pHC. 2 npeACTae.neH XOA K03¢l$HU,J.1€HTa Tf B 

<I>YHK~"" S. np" 3TOM "= 0,2, vp=0,4, 1,015SY'S.5,18" 1,01:0y'S_4,56. 
8V1AH0 1 4TO C pOCTOM 3HeprHH ny4Ka K,n,A. CHCTeMbl (Tf) CHaYa.na 

paCTeT ,. ,QOCT\IIraeT MaKC\IIMyMa /a ,QaHHOM c.ny4ae npVI ji"' 2,35 VI 

y~ 1,98/ aaTeM-Ha~vtHaeT yMeHbWaTbCR. YMeHbWeHvte ~ CBR3aHo c 

T€M 1 4TO OTHOWeHvte 3HeprvtV1 1 OTAaHHOH ny4KOM CVICTeMe, K HaYa.nb

HOH 3HeprvtVI nyYKa TaKme yMeHbWaeTCfl C pOCTOM S /KpvtBaR Tfb /. 
3TO 06CTORT€JlbCTBO C8fl3aHO C T€M 1 4TO HaYaJlbHafl 3HeprvtR nyYKa 

paCT€T 6biCTpee 1 4€M AOJlfl 3HeprHY1, KOTOpyiO nyYOK OT AaeT CHCTe

Me, T. K. npH penRTVIBlt!CTCKHX CKOpOCTRX 3Jl€KTP0Hbl H3-3a CBoeH 

YB€JlV14\.1BaiOw,eHCR MaCCbl HaXOAfiTCfl 8 yCKOpRIOW,eH $a3e nonR 3Ha4H

T€JlbHO 6onbwe BpeMeHH, YeM 8 3aM€AJ1RIOW,eH /7,12/. AHa.norH4Hb1H XOA 

HMeeT KPV!BaR Tfp , XapaKTepH3YIOil\afl OTHOWeHHe noTepb 3Hepn1vt Ha 

nnaaMy K HaYailbHOH 3HeprHH nyYKa. Ha 3TOM )l(e p~t~cyHKe nyHKTVIpOM 

HaHeCeH XOA K03$$HU,V1€HTa Tfs, KOTOpbiYI BbiYHCJleH no KaYeCTBeHHOYi 

¢lopMyne 77 .:" __9·58
-
1
-, npHBeAeHHoH 8 pa6oTe114~ rAe n.naaMa CYHTa-

s (bS) 5 2 
nacb nHHeHHoH. B~t~AHO, YTO yYeT noTepb 3Hepr~t~vt Ha nnaaMy 8 o6-

nacTVI 8 < 0,7 yMeHbWaeT K03¢l¢lJ.1U,HeHT TpaHC¢OpMaU,J.1VI 3H€Pri-U1 nyY-

Ka 8 3Heprl-110 3JleKTPOMarHJ.1THOrO nonR. npvt S > 0, 7 8PRA JlVI MOH<HO 

C4J.1TaTb nna3MY JlHHeHHoH. 

B CJlyLlae, KOrAa So.oS(v), 3aBJ.1CJ.1MOCTb ry(S) Ka4eCTBeHHO oc-

TaeTCR TaKoYI }Ke, KaK npvt s':': S()i) /pt.1c.3,4/. KaK cneAYeT J.13 

pl-1c.3, MaKCJ.1MYM K.n.A. pacTeT C pOCTOM y VI CA8vtraeTCR 8 CTo-

pOHy 60JlbWJ.1X 8. npl-1 Y"' 2 (y ==1,726, i/p = 0,4) MaKCI-'IMYM 1} npvtXOAJ.1T-

CR Ha 3Ha4eH"e s = 0,6 I v = 0,11 I, np" y = 2,5 (y = 2, ;; !!. =0;45) 
ry max COOTBeTCTByeT S = 1,05 (v = 0,23), np" y ~ 3 (y = 2 , Vp =0,51) 
T7max 6yAeT npV1 8 =1,27 (v=0,214).YMeHbWeHJ.1e 1} C pOCTOM S Bbl38a-

HO TeM )l(e CaMbiM pe!1RTJ.1BI4CTCKJ.1M 3¢l¢leKTOM yBeJlJ.14eHVIR MaCCbl 3J1eKT

POHa. 

3asJ.1cJ.1MOCTb Tf b(S) 1-1 7Jp(S) np1-1 Y= const 14MeeT co8epweHHO 

,Qpyrot1 BJ.1A 1 YeM npl-1 V= COOSt. npH nOCTOflHHO~ pa3HOCTI-1 Ha4a11bHO~ 
J.1 KOHeYHOH 3Hepr1-1H nyYKa A0Jlfl 3HeprvtJ.1 1 OT,QaHHafl ny4KOM CV1CTeMe, 

Ha4HHaR C HeKOTOpOrO 3Ha4eHJ.1f1 KOHU,eHTpa~J.1J.1 ny4Ka, OCTaeTCfl 

HeJ.13MeHHOH /pJ.1c,J/, 0AHaKO TOJlbKO YaCTb 3TOH 3HeprHH J.1,QeT Ha 

13036ymAeH~~te '3.iie'KTpoMarHJ.1THOi1 8011Hbl, OCTaJlbHaR TpaTVITCfl Ha KO

ne6a·HJ.1R a.neKTPOHOB nnaaMbl. KaK BIIIAHO 1-13 pl-1c.3, noTepl-1 Ha nnaa

My HMelOT Kone6aTeJlbHb1H xapaKTep: cHa4ana pacTyT, aaTeM na,QaiOT, 

9 



7' 
I. 

0,5 !.0 

'l' 
'lf. 

i.5 s 

Pac.6. 3aBHCHMOCTh K03~~eHTOB 
"!_'H 7]~ OT napaMeTpa S=S(v) rrpH 
y ~ 2,5. 

nOTOM OnRTb pacTyT. 3TOT BeCbMa 
HeOm~A8HH~H pe3ynbT8T Henb3R o6DRC
H~Tb B paMK8X rHAPOAHH8MH4eCKOrO 
npH6nHmeHHR HaweH MOAenH. Tpe6yeTCR 
KHHeTH4eCKOe paCCMOTpeHHe C8MOcor
nacoaaHHOrO CT8~HOHapHOrO COCTORHHR 
cHCTeM~ aonHa-ny4oK-nnaaMa. TaKoH 
MeTOA 8 C11Y48e HepenRTHBHCTCKOrO 
ABHmeHHR 48CTH4 ny4K8 B CHCTeMe no

KOR BOllHbJ p83BHT a/15/,Mbl HaAeeMCR, 4TO ero paCWHpeHHe H8 cny-
4aH penRTHBHCTCKOro ABHmeHHR A8CT B03MOmHOCTb 06DRCHHTb KOJle-
6aTeJ1bHbll1 xapaKTep 1Jp ,f(v). 3AeCb OTMeTH-M, 4TO AJlR He60J1bWHX 
v (v ""10%) sm1RHHe KOH~eHTpa~HH ny4Ka paccMoTpeHo a 1 161 . XoA 
KPHBOti 7]b(v), nOCTpOeHHbiH no peayllbT8T8M Ta6Jllo'll.lbl 3 3TOI1 pa-
60Tbl, 6m130K K H84811bHOMY y4aCTKy 38BJ.1CHMOCTJ.1 TJ b OT S(v) Ha 
p~c.3. 

--""Ha p1o1c. 5 npeAcrae.neHbt KpJ.1Bble TJ ~ H 1J p , xapat<repH3YIOIQ-He coor
eercreeHHO OTHOWeHHR n.nOTHOCTH 3HeprHH 3J1eKTpOMarHHTHOrO no.nR 
H norepb B n.naaMe K 3HeprHH, 0TA8HHOH ny4KOM CHCTeMe, BHAHO, 
4TO npH 8<<1 3HeprHR, 0TA8HHaR CJ.1CTeMe,n04TJ.1 paBHa 
3HeprHH no.nrt, C poCTOM 8 pacreT aMnJ1HTYA8 no.nR J.1 YBe11H-
4J.1B810TCR norepH 3HeprHH Ha nnaaMy. B peay.nbrare TJ' yMeHb-
waercR, a TJ~, Ha4HH8R c Het<oTopoH 3HeprHJ.1, npaKTH4eCKH oc
raercR nOCTORHHOH BeJ1H4HHO~. 3TO 03H848eT, 4TO npH AaH
HOM rot<e ny4Ka cy~ecreyer Het<oropoe onTHM811bHOe 3Ha4eHHe 3Hep
rJ.1H HK~eK~HH ny4K8 8 CJ.1CTeMy, npH KOTOPOM AJ1R Bb16paHHOH 4ac
TOTbl BOJ1Hbl ny40K 0TA8eT H8H60J1bWee KOJ1V14eCTBO CBOeH 3Hepr~t~J.1, 
4TO npHBOAit!T K M8KCHM8J1bHOMy K,n.A. C T04KH apeHJ.1R 3¢$eKTHBHO
CTitl reHepa'-'HH HY)l<HO Bbf6HP8Tb Clo1CTeMbl C He60J1bWHM 8. 

Ha pvtc.6 npeAcrae.neHbt KPV!Bbte TJ# 1o1 TJ~ AflR }1=2,5 1o1 8= S(v). --- p 0THOWeH~tte 3Heprltllt1 BOJ1Hbl K 3HeprVIVI, OTA8HHOH ny4KOM CHCTeMe, 
COCTaB.nReT B M8KCVIMyMe K.n,A, ~70%, OCT8J1bHble 30% J.1AYT Ha no
rep~tt B n.naaMe, 3AeCb 38BJ.1CHMOCTb K03$¢lt1'-'HeHT8 TJ~ OT v,a BMec-' p 3 Te C Hlo1M 1J , Tat< }f(e K8K lo1 38BHCHMOCTb 7fp Ha ~' HOCHT KO-
.ne6aTeJ1bHbiVf xapat<rep. XoA Kplo1BbiX npH M8Ilb1X S(v) Ka4ecreeHHO 
He OTJ1H48eTCR OT HX XOA8 np1o1 M8IlbiX S(y ), 

B aaKI1104eHJ.1e asropbl Bbtpa}!(aiOT 6naroABPHOCTb A.A. PyxaAae H 
B. K. ipJ.'IWHHY a a no.neaHble o6cy~AeHJ.1R. 
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