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BBE,D,EHHE 

H3aecTHble MeTOAbl pac'-leTa HHTeHCHBHbiX 311eKTPOHHbiX ny'-IKOB 
B nHY /l, 2 / CBOAHTCH npeHMy~eCTBeHHO K pac'-leTy orH6a~~e~ nOTOKa 

H B CBOe~ OCHOBe OnHpa~TCH Ha npeAnOllO~eHHe, '-ITO nOTOK llaMHHap

Hbl~, T.e. BCe BHyTpeHHHe TpaeKTOPHH nOA06Hbl, pacnpeAelleHHe nlloT

HOCTH 3aPHAa no Ce'-!eHH~ noCTOHHHO H Ae~CTBYIO~He CHJlbl JlHHe~Hbl 

a nonepe'-!HbiX KOOPAHHaTax. Ho, KaK 6blno HeOAHOKpaTHO noKa3aHo, 
/3·6/ 

HHTeHCHBHble 311eKTpoHHble ny'-IKH HMeiOT HellaMHHapHyiO CTPYKTYPY 

OcHOBHble npH'-IHHbl, npHBOAH~He K B03HHKHOBeHHIO HellaMHHapHocTH 

B nHY, ClleAYIO~He: 

1/ KOHe'-IHbl~ 3MHTTaHC 3JleKTpOHHOrO ny4Ka Ha BXOAe yCKOPHTellH, 

2/ norpeWHOCTH $OKYCHPYIO~ero nOllH 8 BHAe CMe~eHHH H HaKJlOHa 
MarHHTHbiX OCe~ 11HH3, 

3/ norpeWHOCTH YCKOPHIO~ero nOllH 8 BHAe CMe~eHHH 3JleKTPH4eCKHX 

oce~ HHAYKTOPOB. 

npH y'-leTe 3JleKTPOMarHHTHbiX norpeWHOCTe~ /n.2,3/ npOHCXOAHT 

CMe~eHHe ny4Ka KaK ~e110r0. npH 3TOM B03HHKaiOT KOJle6aHHH ~eHTpa 

TH~eCTH ny4Ka H npOHCXOAHT HapyweHHe CHMMeTpHH nonepe'-IHOro ce

'-!eHHH nOTOKa. 
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Ca /n. 1/ Ha npOXO~AeHHe ny4Ka no AllHHe YCKOpHTeJlH. 

B npaKTH'-IeCKO~ CHTya~HH AllH paC'-IeTa YCKOPHIO~HX CHCTeM ~eJla
TellbHO BOCnOllb30BaTbCH TaKHM npH6JlH~eHHeM, KOTOpOe MOrllO 6bl AaTb 

AOCTaTO'-IHO nOllHyiO HH$OpMa~HIO, KaCaiO~YIOCH AHHaMHKH ny4Ka C y'-leTOM 
BCeX HellHHe~HbiX 3$$eKTOB. 

HAeH aocnollb3oBaTbCH TaKHM MeTOAOM AllH onHcaHHH noaeAeHHH 
HellaMHHapHoro 3JleKTPOHHOro ny4Ka 8 nHY AOCTaTO'-IHO 11erKO peaJ1H-

3yeMbiMH cpeACTBaMH H CTHMYllHPYIO~aH nOHBJleHHe 3TO~ CTaTbH, 6bllla 
nOACKa3aHa pa60TO~ /7/ 

TEOPHR 

181 1. KaK H3BecTHo , a rHAPOAHHaMHKe Mbl HMeeM Aeno c 11$H3H4e-
CKH11 6eCKOHe4HO MallbiM 3JleMeHTOM o6beMa HAeallbHbiX >'<HAKOCTe~ HllH 

ra3a, 8 KOTOpOM COAeP~HTCH MHOrO MOJleKyll, HO KOTOpbl~ 8 TO ~e 

BpeMH paCCMaTpHBaeTCH KaK T04Ka, H 8 111060M MeCTe npOCTpaHCTBa 

MO~eT 6b1Tb~OnHCaH eAHHCTBeHHO~ nllOTHOCTbiO Po H eAHHCTBeHHO~ 
CKOPOCTbiO Vo, no3TOMY nOA nOHHTHeM CMe~eHHe 4aCTH~bl l!<HAKOCTH 

HllH ra3a pe'-!b HAeT He 0 CMe~eHHH OTAellbHO~ MOJleKyllbl, a 0 CMe~e
HHH ~e11oro 311eMeHTa o6beMa. B HeKOTOpOM CHbiCJle V O MO~HO npeA
CTaBHTb KaK MrHOBeHHYIO CKOPOCTb 4aCTH~bl ~HAKOCTH. 
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0CHOBHbiMI1 ypasHeHI1RMI1, KOTOPbiM AOn>KeH YAOBneTBOpRTb 3TOT 
3neMeHT 06beMa, RBnR~TCR ypasHeH11R Henpep~BHOCTI1 

apo 
~ + divp0 ~0 ~ o 
at 

11 ypasHeHI1e 3~nepa 

a;o ... ... 
--+(VV)v0 at 0 

1 
-- gradp, 

Po 

/1/ 

/2/ 

rAe Po- Macca eA11H114bl o6beMa (po ~nm), n - nnoTHOCTb 411cna 
MoneKyn, m- Macca MoneKynbl, (-gradp) - c11na, Ae~cTBY~~aH co 
C TOPOHbl O,KPY>KaiOIJ1e~ cpeAbl Ha eA11HI1Y.J' o6beMa. 

Ecn11 V - CKOPOCTb MOneKynbl, a Vo- CpeAHflfl CKOPOCTb >K11AKOCTI1 
11n11 ra3a B Ka>KAO~ T04Ke npOCTpaHCTBa B MOMeHT speMeHI1 t, T.e. 
OTHOCI1TCH K OnpeAeneHH~M T04KaM npocTpaHCTBa, a He K onpeAeneH
HbiM 4aCTI1':iaM >K11AKOCTI1, nepeABI1rai0~11MCfl CO speMeHeM B npOCTpaH
CTBe, To u v- v0 MO>KHO npeAcTaBI1Tb KaK co6cTseHHY~ cKopocTb 
MoneKyn. 

CpeAHee r11APOCTaTI148CKoe AaBneHI1e ra3a p, cornacHo/9/ MomHo 
B~pa311Tb HenocpeACTBeHHO 4epe3 C06CTBeHH~e CKOpOCTI1 Mone~yn 11n11 
4epe3 TepMOAI1HaMI14eCKY~ a6con~THY~ TeMnepaTypy 

P = ~ P~ u 2 ~ knT , I?. I 
" ~ 

2. Ha npaKTI1Ke n~6o~ ny40K He 6yAeT MOH03HepreT~4eCKI1M 11 Ha
nl1411e KoHeYHoro $a3osoro o6beMa npi1BeAeT K cy~ecTBosaHI1~ pa36po
ca CKOpOCTe~ OKOnO HeKOTOP~X cpeAHI1X 3Ha4eHI1~. B 3TOM cny4ae 
Heo6XOA11MO CTaTI1CTI14eCKOe np116n11>KeH11e, KOTopoe 11Cnonb3yeT ¢YHK-
411~ pacnpeAeneHI1fl nnOTHOCTI1 4aCTI14 OTHOCI1TenbHO KOOPA11HaT 11 CKo
pocTe~ f(~ ~ t), n1060~ pe3ynbTaT, B~pa>KeHH~~ 4epe3 3TY $YHK41110, 
xapaKTepl13yeT cpeAHee noBeAeHI1e ra3a. B 3TOM cnyYae AOCTaTo4Ho 
xopowee on11caH11e A11HaMHKI1 ny4Ka AOCTI1raeTCfl caMocornacosaHH~M 
ypasHeH11eM Bnacosa 110/ 

... ar e ... 1 ... ... ar 
+(V-)+-(E +-[vH])~=O. 

a? m c av /4/ 

np11 nepexoAe oT wecTI1MepHo~ ¢YHK4~-'~11 pacnpeAeneH11fl K ri1APO
A11HaMI1Ke, T.e. K npocTpaHcTsy Tpex 113MepeHI1~, seCbMa 4enecoo6pa3-
HO 11CnOnb30BaTb ee CBO~CTBa B B11Ae MOMeHTOB Hynesoro 11 nepsoro 
nOPflAKOB. 
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n r 
(oo) 

f dV' 1 r 
n (oo) 

... ... 
v fdv /51 

n03BOnRT npi1~TI1 K r11APOA~HaMI14eCKOMY 3aKOHY coxpaHeHI'IR Be~eCTBa 

an 
at 

0 /6/ 

11 K ypaBHeHI1~, COBnaAa~~eMy no BI1AY C r11APOAI1HaMI14eCKI1M 3aKOHOM 
coxpaHeHI1fl 11Mnynbca 

... a ... a ... = __ 1 aP 
(at + VO a r) V 0 n ar + 171 

_, 
rAe p - r11APOA11HaM114eCKI1~ TeH30p HaTfl>KeHI1fl, ; - cpeAHee ycKo-
peHI1e 4acT114. 

Anfl 04eHK11 BToporo cnaraeMoro npaso~ 4aCTI1 /7/ paccMoTpi'IM 
OAHOCKOPOCTHOe np116n11>KeH11e, KOrAa $YHK41110 pacnpeAeneHI1fl f(r,~t) 
MO>KHO xapaKTepi130BaTb BeCbMa Man~M pa36pOCOM CKOpOCTe~ OTHOCI1-
TenbHO HeKoTopo~ cpeAHe~ cKopocTI1 v0 , npeACTaBI1B ee s BI1Ae 

..... ~ ..... ..... ...... ..... ...... 
f(r, v, t) ~ n(r, t) · 8(v - v ) ~ n(r, t) .lJ(u). 

0 !81 

~ JTOM CJlYYae nepsoe cnaraeMoe pasHa Hyn~, a BTopoe cTpeMI1TCfl 
K 

~, 
u ~ 0 191 

... ... 
rAe E 11 H - Hanpfl>KeHHOCTI1 3neKTPI14ecKoro 11 MarHI1THoro none~, 
KOTOp~e, B CBOD 04epeAb, 3aBI1CflT OT pacnpeAeneH11fl nnOTHOCTI1 
3aPflAa 11 TOKa B ny4Ke. 

B11AHO, 4TO ypasHeH11fl /6/ 11 /7/ no BHeWHeMy BI1AY aHanor114Hbl 
/1/ 11 /2/, 4TO MO>KeT cny>KI1Tb o60CHOBaHI1eM ri1APOAI1HaM114eCKO~ 

TpaKTOBKI1 ra3a. np11 3TOM Anfl paC4eTa ny4KOB KOHe4HOrO, HO AOCTa
T04HO Manoro 3MI1TTaHCa, MO>KHO 11CnOnb30BaTb ypaBHeH11fl /6/ 11 /7/, 
on11c~sa~~11e c xopowi'IM np116n11>KeHI1eM cpeAHee ABI1>KeHI1e ny4Ka, B c11ny 
npocTpaHCTBeHHoro 3aPRAa, Ae~cTsy~~Y~ Ha npo113sonbH~e 4aCTI14bl 
113 3aAaHHO~ $a30BO~ o6naCTI1, B n~60~ T04Ke Ce4eHI1fl MO>KHO Bbi411C
ni1Tb 11CXOAH 113 3Toro cpeAHero AB11>KeHI1fl. 

Anfl cny4afl KoHe4Horo 3MI1TTaHca /Hanpi1Mep, 3nn11nc Ha p11c. 1/ 
B Ka4ecTse 3Toro cpeAHero AB11~eH11fl MO~Ho paccMaTPI1BaTb Henpep~s
Hoe 113MeHeH11e COCTORH11fl naM11HapHoro ny4Ka. Ecn11 npeACTaBI1Tb, 4TO 
B Ha4anbH~~ MOMeHT OH xapaKTepl13yeTCfl paBHOMepH~M pacnpeAeneHI1eM 
nnoTHOCTI1 3apflAa no Ce4eHI1~, TO Ha ¢a30BO~ nnOCKOCTI1 ~,r1 /pl1c.1/ 
npoeK411fl $a3osoro o6beMa 6yAeT npeACTasneHa npflMO~ OA6 , npoxo-
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AR~e~ 4epe3 Ha4ano KOOPA~HaT. Pa36~8aR Ha4anbH~~ paA~YC or~6a~

~e~ ny4Ka R 0 Ha N pa8HWX oTpe3Kos, MW a8TOMaT~4ecK~, cornac
Ho 161, 3aAaeMCR Ha4anbHbiM~ KOOPA~HaTaM~ T04eK A 1 /oaA~YCOB r 1 
~ noo~380!1HbiX r ~. rae i = 1. .... N I Hr~fioor~ lA ::I N Tn.:.PI<'TnniAIA 

~ 8en~4~HO~ 3aPRAa /TOKa/, nepeHOC~Moro Ka~AO~ Tpy6KO~ TOKa. 
Kp~8Y~ OA6 ~ ee nocneAY~~~e B~A0~3MeHeHHR, oTo6pa~a~~~e C8R3b 
Me>KAY r'1 ~ r 1 nocneAOBaTenbHOCT~ To4eK A 1 B nopRAKe 803pacTa
H~R ~HAeKca i, 6yAeM Ha3bl8aTb 11nHH~e~ Hynesoro Ha4anbHoro 3M~T
TaHca·11 8 COOT8eTCT8Y~UleM ce4eH~~ Ha ~a30BO~ nnOCKOCTIA (r, r'), 

Pac4eT naM~HapHoro ny4Ka 1 ~ 1 He npeACTaBnReT cno)!{HOCTIA AO 
Ha4ana 803H~KH08eH~R nepece4eH~R TpaeKTOp~~. 8 3TOT MOMeHT Ma
TeMaTV!4eCK~ Ha6n~AaeTCR CKa40K nnoTHOCTIA 3aPRAa, XOTR B peanbHOM 
cny4ae np~ CYUleCT8Y~~IAX 8 nHY nnoTHOCTRX 4aCT~4 -4·10 73neKTp./cM3 
MO~HO O~~AaTb TOnbKO He3Ha4~TenbHOrO 803My~eHV!R 8 3T~X MeCTaX, 
KOrAa 4aCT~4W 6YAYT A81AraTbCR C8060AHO OTHOCV!TenbHO APYr APYra. 
4T06bi ~MeTb 803MO~HOCTb npOAOn~~Tb pac4eTbl 8 TaKO~ C~Tya41A~, 
AOCTaT04HO npeACTa8~Tb nnoTHOCTb 3aPRAa /lA, cneA08aTenbHO, TOKa/ 
KaK ~YHK41A~ He OT r, a OT paCCTORH~R S 8AOnb nHHIAIA Hyne8oro Ha-
4anbHOro 3M~TTaHCa, 4TO 6blnO 4aCT~4HO V!CnOnb308aHO 8/6/. 

8 npo4ecce A8~~eH~R 3neKTPOHHOrO ny4Ka 8 cno~HWX 3neKTpOMar
H~THWX nonRx Ha4anbHaR n~H~R Hynesoro 3MIATTaHca /npRMaR OA

6 
Ha p~c. 1/ TpaHc~opM~pyeTcR 8 KP~8Y~ OA6, Ho nooRAOK cneA08aH~R 
T04eK Aj (i = 1, ... ,N) He HapywaeTcR, TaK KaK nepece4eH~e 4aCT~4 
He MO~eT ~MeTb MeCTa 8AOnb 3TO~ n~H~~, a HenpepbiBHOe pacnpeAene
H~e nnOTHOCTIA 3aPRAa p~) COXpaH~T C80~ HenpepW8HOCTb.T04K~ nepe
rH6a A'3 ~ E 8 nopRAKe nocneA08aTenbHOCT~ xapaKTep~3Y~T MOMeHT 
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803H~KH08eH~R nepece4eH~~ 6n~3ne~a~~x cnoe8 8AOnb n~H~~ Hyne8oro 
Ha4anbHoro 3M~TTaHca.TaK KaK no TeopeMe raycca none npocTpaHcT-
8eHHoro 3aPRAa 8 npo~380nbHO~ T04Ke ny4Ka Ha paCCTORH~~ r1 

OT OC~ onpeAenReTCR KOn~4eCT80M 3aPRAa Ha eA~H~4Y An~Hbl ny4Ka 
8HYTP~ r 1 , TO AaHHaR 8en~4~Ha 3aPHAa MO~eT 6~Tb Ha~AeHa npoeK
T~p08aH~eM pacnpeAeneH~H 3aPRAa 8AOnb n~H~~ Hyne8oro Ha4anbHoro 
3M~TTaHca Ha ocb r. TaK~M o6pa3oM, 8en~4~Ha 3aPRAa Ha p~c. 1 
8 T04Ke r 1 COCTO~T ~3 CYMM~ 3aPRAa Me*AY Ha4anoM ~ T04KO~ B 
~ 8en~4~HO~ 3aPRAa 8AOnb AYr~ CEF. 

KaK yme ynoM~Hanocb 8Wwe, AnR ny4K08 c Man~M no 8en~4~He 
3M~TTaHCOM nepo~~ 4neH 8 /7/ OKa3~8aeTCR He3Ha4~TenbH~M no Cpa8-
HeH~~ CO 8TOp~M /no np~6n~*eHHO~ 04eHKe AnR f = 0,05 CM•PaA 
OH pa8eH nOPRAKa 4-5% 3TO~ 8en~4~Hbl/ ~ p ~ VO, 8bi4~CneHHble 
~3 /6/ ~ /7/, 6YAYT o4eHb xopow~M~ np~6n~~eH~RM~ AnR cpeAHe~ 
nnoTHOCT~ ~ cpeAHe~ CKOPOCT~ 4aCTH4. Ecn~ 3nn~nT~4eCKaR KP~8aR 

B1A 6 C1 Ha p~c. 1 R8nReTCR Ha4anbHO~ rpaH~4CH npoeK4~~ ~a3080ro 

o6beMa Ha Oa3o8o~ nnocKocT~ (r, r'), To npRMaR OA~, TO)!{AeCT8eHHaR 
cpeAHeMy COCTORH~~ ny4Ka, xapaKTep~3yeT ny40K C Hyfle8WM 3M~TTaH
COM, KaK 3TO y)!{e 6wno oTMe4eHo. nocneAY~~ee nono~eH~e cpeAHero 
COCTORH~R ny4Ka 6yAeT OTMe4eHO 8biWeynoMRHYTO~ Kp~80~ OAS Ha 
nnocKocT~ (r, r'), nony4eHHo~ ~3 OA6 , a nono)!{eHV!e or~6a~~e~ 
npoeK4~~ ~a3o8oro o6beMa /nyHKT~pHaR KP~8aR BiA~Ci/ Mo~eT 6wTb 
Ha~AeHO ~HTerp~p08aH~eM ypa8HeH~~ A8~~eH~R np0~380nbHblX 4aCT~4, 

pacnono~eHHWX Ha 3nn~nT~4ecKo~ Kp~8o~, c y4eToM Toro, 4TO Ae~cT-
8Y~~aR Ha H~X C~na 8~4~CnReTCR ~3 cpeAHero A8~~eH~R ny4Ka. 
Q oo~r~oo~r~•• n ~~'"'n Q ro•n- n~nnnnnnn~rn rnnn'""' "nn .. oonr~""" 
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3aPRAa Ha n~H~~ Hyne8oro Ha4anbHoro 3M~TTaHca 8HYTP~ oaA~yca r0 , 

T. e. 8en~4~HO~ 3aPRAa Me~AY 0 ~ T04KO~ P. 
Ho, KaK noKa3b1Ba~T pac4eTbl 8 nHY' peanbHbl~ paA~YC or~6a~Ule~ 

ny4Ka, ecn~ CYA~Tb no KP~80~ BiAeCt, AOBOnbHO 3Ha4V!TenbHO 
/8 cpeAHeM B npeAeflaX 1,2-2,5/ npe80CXOA~T paAIAYC, COOT8eTCT-
8Y~~~~ MaKC~MaflbHOMY paA~YCY AnR Il~H~~ Hyne8oro Ha4anbHOrO 3MV!T
TaHca. CneAoBaTenbHo, AnR scex To4eK sHe ero /HanpV!Mep, T04Ka 
sl I B HeKOTOPO~ CTeneH~ Mbl 6yAeM Henpas~nbHO 04eH~BaTb none 
npocTpaHCTBeHHoro 3aPRAa ~. HaAO nonaraTb, ow~6Ka 3Ta 6yAeT 
B03pacTaTb C ysen~4eH~eM pacxomAeHIAR Me~AY 3T~M~ ABYMR Ben~4~

HaM~. Ho TaK KaK o6w4HO Aa~e AnR Manblx 3Ha4eH~~ 3M~TTaHca 3T~ 
pacxo~AeH~R 3Ha4~TenbHbl, To HaAo socnp~HHMaTb nony4eHHY~ or~6a~
~Y~ npoeK4~~ ~a3osoro o6beMa BiA6C1 KaK Ka4eCTBeHHoe ~3MeHeH~e 
COCTORHHR ny4Ka. noA 3T~M HaAO ~MeTb BB~AY, 4TO peanbHO BCe 
4aCT~4bl cosepwa~T Kone6aH~R B 6onee cna6oM 3neKTPOMarH~THOM 
none ~, cneAOBaTenbH0 1 ~CT~HHW~ pa3Mep ny4Ka B AaHHOM Ce4eHIA~ 

MO~eT HeCKOnbKO OTn~4aTbCR OT nony4eHHOrO pe3ynbTaTa Aa~e ~ B 
MeHbWY~ CTOPOHy, 3aTo B APYrOM MeCTe OH MO~eT pe3KO 803paCTIA. 
04eH04Hbl~ nepec4eT /HanoAo6~e ~Tepa4~0HHoro npo4ecca/ TonbKO 
nOATBep~AaeT COXpaHHOCTb B cpeAHeM sen~4~Hbl OTHOCV!TenbHOro ~3-
MeHeH~R pa3Mepa ny4Ka. 8 3TOM CMetCne 11 Ka4eCT8eHH~I~ 11 pe3ynbTaT 
MO)!{HO np~paBH~BaTb C xopowe~ T04HOCTb~ K KOn~4eCTBeHHOMy. 
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B npHH~Hne, 3HaH TOflbKO HCTHHHOe pacnpeAefleHHe 3aPHAa B 
B1 A6 C 1 so speMfl c4eTa, Mm~Ho rosopHTb o 6onee T04HbiX pa3Mepax 
ny4Ka H 0 era BHyTpeHHeH CTPYKType KaK 0 pe3yflbTaTaX peweHHH 
caMocornacosaHHOH 3aAa4H. 

3. B~4HCfleHHe pacnpeAefleHHH noTeH~Hana H COCTaBflH~~HX HanpH
)I(eHHOCTH 3fleKTPH4eCKOrO nonH B npOH3BOflbHbiH MOMeHT npOXOlt<AeHHH 
HenaMHHapHoro ny4Ka B npo~ecce YCKOpeHHH B npOCTpaHCTBe nHY, 
orpaHH4eHHOM BaKyyMHOH KaMepoH PaAHYCa Ra C HaHeceHH~M Ha HeR 
MeTaflflH4eCKHM noKp~THeM, npeAn04THTeflbHee Ha4aTb C 3aAaHHH Ha-
4aflbH~X YCflOBHH Ha BXOAe yCKOPHTenH /pa3Mep ny4Ka, ero 3HeprHH, 
Ha4aflbHaH npOH3BOAHaH OrH6a~~eR, BeflH4HHa TOKa/ H B~6opa ~OKy
CHpy~~eH H yCKOPRO~eR CHCTeM no AflHHe ycKOPHTenH, KaK 3TO y)l(e 
Hcnonb3oBanocb a 111 1• Ha4anbHbiH paAHYC orH6a~~eH ny4Ka R0 pa3GH·
saeTCH Ha N paBH~X OTpe3KOB H npeAnOflO)I(eHHe OAHOPOAHOCTH pac
npeAefleHHH nnoTHOCTH o6oeMHoro 3aPHAa no ce4eHH~ o6ner4aeT npo
~ecc onpeAeneHHH aenH4HHbl ToKa ~I 1 I 3aPHAa/ a KaMAOH Tpy6Ke 
TOKa. HccneAOBaHHe noBeAeHHH Ka)I(AOH AOBOflbHO TOHKOH Tpy6KH TOKa 
a npo~ecce ycKopeHHH, a ce4eHHH KoTopoH npeAnonara~TCH BblnonH~
M~MH p(r) D const, a pacnpeAeneHHH f3 (r) H r' (r) nHHeHHbiMH, H co
cTasnHeT npeAMeT paCCMOTpeHHH, T.K. 3TO H 6yAeT xapaKTepH30BaTb 
cpeAHee COCTOHHHe KaK naMHHapHoro, TaK H HeflaMHHapHoro ny4Ka 
B Ka)I(A~H MOMeHT BpeMeHH. 

~OKYCHpy~~aH CHCTeMa Ha Ha4aflbHOM HH)I(eKTOPHOM y4aCTKe npeA
CTaBneHa Ha6opoM COOTBeTCTBY~~HM o6pa30M pacnOflO)I(eHH~X He3Kpa-
,,.~~"""""v -~"~"~''"~" " """"~"-~"' """ -~"~""~" ""~""'~" /!1/ " ""-····r----····-••• .......... .- ............... M,..._ - ''I""~'' '""'.1' ._,.,_,,_, • -- ............... , • ,,..., ,,_ ..... , .. 

paMeTpbr BHewHero 3neKTPH4ecKoro nonH, C03AasaeMoro a npo~ecce 
nepeMarHH4HBaHHH HHAYKTOpOB ~ ynpo~eHHO onHC~BaeMoro 6e3 y~ep6a 
HCKa)l(eHHJ1 CY~HOCTH pacnpeAeneHHH HanpH)I(eHHOCT~ BAOflb CeK~HH no 
aHanorHH C ~OKYCHpy~~eH C~CTeMOH, B~6Hpa~TCH ~3 ycnoB~H npHpOCTa 
3HeprHH Ha Afl~He OAHOH ceK~HH. 

AnH npoH3BonbHoro pacnpeAeneHHH 3aPHAa, npeo6pa3yH ypasHeHHe 
nyaCCOHa, MO)I(HQ nony4HTb B~pa)l(eHHe 

r ( 1 + ~) av - _!_ ; r ,2( av - r a2 v ) dr = 471 r pr dr 
2 ar 2 0 ar ar 2 0 

/10/ 

npaKTH4eCK~ BTopoe cnaraeMoe 3Ha4HTenbHO MeHbwe nepsoro H co
cTasnHeT MeHbwe 1% ero. MO)I(HO c ysepeHHOCTb~ C4~TaTb, 4TO 

471 r 

r'2 
r(l+-) o 

2 

fprdr. 

AnH HenaMHHapHoro ny4Ka npH B~4HcneHHH 3Ha4eHHH noTeH~Hana 

/11/ 

H COCTaBflH~~~X 3fleKTPH4eCKOrO nonH B npo~3BOflbHOH T04Ke r ce-
4eH~H ny4Ka Y4~T~saeTCH BKnaA scex Tpy6oK TaKa KaK pacnono)l(eH
H~x BHYTP~ OKpy)I(HOCT~ paAHYCa r, TaK ~ BHe ee. 

6 

TaK 4To 

V (r) 
N 
I V 

1 
(r) 

1= 1 

av(r) = ava- ~ av1(r) 

ar ar 1=1 ar 

av (r) = ava 

az az 
N 
I 

1= 1 

av1 (r) 

az 

AnH Ka)I(AOH 
3anHcaTb: 

-ToH Tpy6K~ ToKa cornacHo TeopeMe raycca MOmHo 

a1 r~1 - b1 r21 

A ln 
Rf (2 + r'2) 

ai 
r2(2 + R' 2) 

a 

\7 (r\ - .t .. A • I<' (r ) 
I ' ' -- l ' l!l . 

av 1 (r) 

ar 

R a- r21 

- f3 
1

• arctg[ 
(R~- r'h/2 

], 
2 + R~ r' 

a V1 (r) 

az 
R' 

471 [ A. F 
2 

( r 
21 

) + 2( ~ + r' A 1 ) • F 1 (r 21) ] , 
Ra 

6/ np~ r 11 < r ~ r21 

R' a 
- {3 1 • arctg(-=-) 

y2 

V 1 (r) = 471 [A. F 1 (r 21 ) - A 2· F 1 (r) 

av 1 (r) 

ar 
&rA 1 · F 1 (r) , 

r21- r'u 
r 21 - r 11 

/12/ 

/13/ 
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avi (r) 

az 

r 2i 

+ 2r'A 1.F1 (r) +pi [ (2A 1 r -A2 )r'dr], 

sl npi-1 r < rli 

V. (r) Vi (r li ) ' 
av i (r) 

0, 
av i (r) 
---= 

1 ar az 
avi (rli) 

Jz 

rAe npae~e 4aCTI-1 COOTBeTCTBYDT B~pameHI-1RM 8 nyHKTe 61. 
BcnAY I-1MeeTcR 8 81-1AY 

r' a i + bi r, ai 
1 

a2 + 2 
i 

2 r 2 r' 
A 2 = a i ln--_-, 

0
- - f3i . arctg( ~) 

ava 
v --1-1 a , Jr 

v "' 

ava 
---onpeAenRnTCR B MeCTe pacnonomeHI-1R KOOPA1-1HaT 
az 

1141 

(R a' R~) CTeHKI-1 BaKyyMHOR KaMep~ npi-1 COOT8eTCTBYD~I-1X 3Ha4eHI-1-
RX Z, 

YpaeHeHI-1e TpaeKTOPI-11-1 3neKTpoHa B aKCI-1anbHo-ci-1MMeTpi-14HOM pe
nRTI-1B~CTCKOM nOTOKe B npOI-13BOnbH~X OCeCI-1MMeTpi-14fi~X CTa41-10HapH~X 

3neKTPOMarHI-1TH~X nOilRX 1-1MeeT BHA 

r" 
a JV , JV a a ( JA¢ a 

-f3 2 [ ar- -- r a;: - -; (A¢ - -;.-- ) T + -;2 
y z 

8 

JA¢ 
-r'--) + 

az 
115/ 

rAe a= const 1-1 onpeAenReTcR ycnoBHRMH e~neTa 3neKTpoHa c no-

, dr BepXHOCTH KaTOAa, r = -
dz 

e 
, a=- , e > 0, e H E0 - 3aPRA 

Eo 

H 3HeprHR nOKOR 3neKTpOHa, v 2 -112 
f3 = c , Y = (1 - f3 ) = 1 + a V (r, z) 

V H C - CKOpOCTb 3neKTPOHa H CKOPOCTb CBeTa, A¢- CYMMapHaR 
a3HMYTanbHaR COCTa8nR~~aR BeKTOpHoro noTeH4Hana $OKYCHPYD~ero 
nonR. 

=..!.. jr2
-1-a

2
(A¢-f-l

2 

Y 1 + r' 2 

H¢= - ~ [ f3 prdr, 
r 

0 
z 

T.e. nponOP4HOHanbHa cyMMapHoR 8enH4HHe 3aPRAa, COAepma~erocR 
8 OKpymHOCTH paAHYCa r, MeXaHH3M HaXOl!<AeHH.R KOTOporo yl!<e fibiil 
OnHCaH BbJWe. 

3HeprH.R ecex 4aCTH4, npHHaAnema~HX o6nacTH KoHe4Horo 3MHTTaH
ca, 1-1 Ael:icTBYIO~He Ha HHX CHnbl onpeAenR~TC.R c nOMOUib~ I 131 H I 141. 
Pac4eT ypaeHeHH.R 1151 Ail.R KamAol:i TpaeKTOPHH npoH3BOAHTCR MeTOAOM 
n,,,, __ ''··--- ··--------- --·--- ,.. ... 
• J''' '- ''J o IU ._..._,._..._....,,...._,, V IIVtJilt'-II"CI \.o IIV\,.,.IUI1nnDIM WCII VM• 101'\. 1'\.01'\ IIUJ.}Uio1 

HeH36emH~ npH 3TOM nepece4eHHR TpaeKTOpHA C OCb~ Ha HeKOTOPOM 
(n + 1) -M ware, KOrAa yrnoeaR cKopocTb ¢' npH r-+ 0 • Heonp~AeneHa, 
TO AnR AOCTaT04HO MaJlbJX r nonaraeM B 3TOM cny4ae ¢n+ l = ¢/111, 

HHTerpHpo8aHHe ypaeHeHHI:i ABHmeHHR, onHCbJBa~~I-1X cpeAHee A81-1-
meHHe ny4Ka H ero orH6a~~Y~ npoeK4HH $a3oeoro o6~eMa, 6blno ebJ
nonHeHo Ha MaWHHe CDC-6500. Ha ni-1HHH Hyne8oro Ha4ailbHoro 3MHT
TaHca 3aAaBanocb N = 16 paeHo pacnonomeHHbJX To4eK H 31 T04Ka Ha 
orH6an~eR npoeK4HH $a3oeoro o6~eMa. YeenH4eHHe 4HCila To4eK 
8 3 pa3a npHBOAHilO K y8eJlH4eHHD npOAOill!<HTenbHOCTH C4eTa npH6nH-
3HTeilbHO 8 5-6 pa3 6e3 H3MeHeHH.R ero pe3YilbTaTa. 

PE3YnbTAT~ 4HCnEHHOrO C4ETA 

HCXOAHbJMH HOMI-1HailbHbJMH Ha4anbH~MH AaHHbJMH Ha BXOAe YCKOPHTen.R 
naMHHapHOrO 3neKTpOHHOrO ny4Ka C noCTO.RHHOI:i nilOTHOCTbiO 3aP.RAa 
no Ce4eHHD, 4TO, B npHH4Hne, n04TI-1 AOCTHmHMo 112~H HCnOilb3YeMoi:1 
ycKopHTenbHol:i Tpy6KH 6bJnH TOK I = 250 A, paAHYC orH6a~~ei:1 ny4-
Ka R 0 = 3,043 eM, npoH380AHaR orH6aiO~ei:1 Ro = 0,0433, Ha4anbHoe 
3aMarHH41-1BaHHe a = 0 cM 2·3, eenH41-1Ha noTeH4Hana Ha aHOAe 3neKT
poHHoi:1 nywKH va = 300 KB H paAHYC 8aKyyMHOI:i KaMepbl Ra = 3,75 CM, 
napaMeTp~ YCKOP.RD~el:i CHCTeM~ onpeAen.RnHCb H3 ycnOBHR, 4T06~ npH-
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•oo 

200 I 
H(3) 

I H(l) 

1100t 

6 6.6 
2 u L____ --~-----

------~~~----~-~ 

6 6,6 

200r~~ 
6,6 10 12 13 Z(M) 

--- """------' 
-- ·--

3 3 

~: -_ ~---- /------------ ----=-~ ~ 
~6 7 8 10 II 12 13 l (~) 

PHC, 2, JlepBbiH BapHaHT npOBO,D;KH DY'l!Ka B Jll:IY, l , E = 0 CM- pap;, 
2, ( = 0,05 CM•pap;, 3, E = 0,) CM•pap;. 

I 
H(l) 

600 
I :[ ~""·-· 

--------
3 

-- ~_l __ _______l U UL-~--~2~ 3 

200 ~ 

66 

~----:-~~- ~ 
6.6 10 II 12 13 l (M) 

L_ __ _=:"-'o__------J w 

-'~' ~:~, 
6,6 7 8 9 10 II 12 13 Z (W) 

PHc.3. BTopoli BapHaHT npoBO,D;KH ny'l!Ka B ITHY. I. E = 0 CM·pap;, 
2. E 0, OS CM. pap;, 3. E = 0, I CM. pap;. 

10 

poeT 3HeprHH Ha Ka~AOA CeK~HH 6~n paaeH 250 K38, 4TO COOTB€TCT
ayeT cpeAHeA HanpHmeHHOCTH 3neKTPH4ecKoro nonH -1,6 KB/cM. 

5blnH npeAnO>KeHbl H HCCneAOBaH~ ABa BapHaHTa npOBOAKH 3neKT
pOHHOrO ny4Ka Ha AnHHe wecTH ceK~HA AO 3HeprHH y = 4,54 /pHc.2,3/ 
C COOTBeTCTBY~~HMH pacnpeAeneHHHMH HanpH>K€HHOCTH MarHHTHOrO nonH 
Ha OCH no aceA AnHHe. nopHAOK BKnn4eHHH $OKYCHpy~~HX nHH3, ae
nH4HHa TOKa nHTaHHH B HHX H HX pacnonO>K€HH€ B~6HpanHCb H3 ycno
BHH >KenaTenbHOrO COXpaHeHHH noCTOHHCTBa pa3Mepa ny4Ka npH CTpeM
neHHH K HaHMeHbWeMy HcnonbaoaaHH~ 4Hcna HCT04HHKOB nHTaHHH. KaK 
BHAHO, B nepBOM BapHaHTe /pHc.2/ npeAn04T€HHe AaHO ny4Ky C OT
HOCHTenbHO 6onbWHM pa3M€POM paAHYCa orH6an~eA ny4Ka, HO C HaH
M€HbWHM no aenH4HHe cpeAHHM 3Ha4eHHeM MarHHTHoro nonH. So BTo
poM BapHaHTe /pHc.3/ B OCHOBHOM BHHMaHHe 6~no YAeneHO CTpeMneHH~ 
YA€P>KaTb paAHYC orH6a~~eA a npeAenax 1 eM. KpHB~e 1 a o6oHx aa
pHaHTax COOTB€TCTBY~T ny4KY C Hynea~M Ha4anbH~M 3MHTTaHCOM, B TO 
apeMH KaK nyHKTHpH~e KPHB~e 2 COOTB€TCTBY~T ny4KY C Ha4anbH~M 
3MHTTaHCOM E = 0,05 CM•paA, a KPHB~e 3 - ny4KY C 3MHTTaHCOM 
E = 0,1 CM·PaA. B Ka4ecTae orH6a~~eA npoeK~HH Ha4anbHoro $aao
aoro oGbeMa /eM. pHc.5/1// HcnonbaoaancH 3nnHnc Ha-aa YA06CTBa 
3aAaHHH Ha4anbH~X napaMeTpoa T04eK, pacnonomeHH~x Ha orH6a~~eA. 
~3 cpaaHeHHH peaynbTaToa pac4eTa no ABYM aapHaHTaM MO>KHo CAenaTb 
cneAY~~He BbiBOAbl: 

1/ EcnH a nepaoM aapHaHTe npH AaHH~x 3HeprHHX ny4oK c E = 0 
e~e noKa COXpaHHeT CBO~ naMHHapHOCTb, TO BO BTOPOM BapHaHTe na
MHHapHOCTb HapywaeTCH y>Ke B Ha4ane WeCTOA CeK~HH /pHc.4/; 

v ~ 

L/ DIU}.JUVI t:Sd~VIdHI ...... dln.C ~J111 UIHU\,.~IICJIDnV VUJIDW..-IA n0"'10JICnctA 

3MHTTaHCOB /£ = 0,1 CM•PaA/, H€CMOTPH Ha 3Ha4HTenbHOe yaenH4e
HH€ paAHYCa ny4Ka /KPHBaH 3/, no cpaaHeHH~ C KPHBOA 1 BCe >Ke 
HaMHoro npeAn04THTenbHee nepaoro aapHaHTa AnH npoBOAKH ny4Ka, 
rAe y>Ke npH E = 0,05 CM·PaA 4YBCTByeTCH npH6nH>KeHHe K npeAenb
HOMY COCTOHHH~, a npH £ = 0,1 CM·PaA ny40K 3aBeAOMO B~Ca>KHBaeTCH 
Ha CT€HKY KaMep~; 

31 5naronony4HaH npoBOAKa ny4Ka c HyneabiM Ha4anbH~M 3MHTTaH
coM n~6~M cnoco60M He AOn>KHa HBnHTbCH CaMO~enb~, H60 KOHKpeTHOA 
$OpMe OrH6a~~e~ ny4Ka COOTBeTCTBYeT H KOHKpeTHOe pacnpeAeneHHe 
MarHHTHoro nonH. HeKoppeKTHo e~6paHHoe pacnpeAeneHHe MarHHTHoro 
nonH Ha OCH /oco6eHHO B 3a3opax M€>KAY CeK~HHMH/ MO~eT npHBeCTH 
K TOMy, 4TO Aa>Ke AnH E = 0,03 CM·PaA, 4TO C4HTaeTCH Ha npaKTHKe 
04eHb xopoweA eenH4HHoA, nocne npoxo~AeHHH 3THX y4aCTKOB peanb
H~e pa3Mep~ ny4Ka fiYAYT COH3MepHM~ C pa3MepoM KaMep~. 

4/ ~306pa>KeHH~e Ha PHC. 5 3Tanbl TpaHC$OpMa~HH OrH6a~~eA npoeK
~HH $a30BOro 06beMa B Ha4anbHOA 4aCTH yCKOPHTenH CBHAeTenbCTBY~T 
0 3Ha4HTenbHOM OTnH4HH 3TOA KpHBOA OT 3nnHnTH4eCKOA $OPMbl, 4TO, 
B CBO~ 04epeAb, B~3~BaeT noB~WeHH~A HHTepec KaK K pacnpeAeneHH~ 
HCTHHHOro 3aPHAa H, cneAOBaTenbHO, TOKa no paAHYCY ny4Ka, TaK 
H HBnHeTCH KOCBeHH~M onpaBAaHHeM npH6nH>KeHHOA O~eHKH nepaoro 
4neHa e /7/. 
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0 0,2 o,q 0,1 0,1 t,O t,2 'l ( Cll) 

PHc. 4. KpHBbie nHHHH HyneBoro Ha
~anbHoro 3MHTTaHca Ha ~a3oBo:H 

nnocKOCTH I z = 12,6 HI. I. Ba
pHaHT I. 2. BapHaHT 2. 

PHC. 5. KpHBbie orH6ruo~e:H npoeKL\HH 
~a3oBoro o6beHa B pa3nH~HhlX ce
~eHHHX. I l = 0,05 CH·PaA, Ba
pHaHT I I . I • z 0, I 4 H, 2 • z 

0. 7 5 H. 3. z = I • 35 H. 4. z 
= 1,95 H. 
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