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I. BBE.[\EHHE 

MoAenHposaHHe npo~eccos s nnoTH~x 3neKTPOHHO-HOHH~x nY4Kax s 
nocneAHee speM~ npHo6peno 6onbwoe 3Ha4eHHe s cs~3H c pa3BHTHeM 
KOnneKTHBH~X MeTOAOB YCKOpeHH~, CHnbHOT04H~X 3neKTpOHH~X YCKO
PHTeneA, C03AaHHeM HeKOTOP~X THnOB HCT04HHKOB MHOr03ap~AH~X 
HOHOB. 6onbwoA HHTepec npeACTasn~eT H3y4eHHe npo~eccos o6paao
saHH~ H HaKonneHH~ HOHOB H HX $YHK~HH pacnpeAeneHH~ B 3neKTpOH
H~X ny4KaX H KOnb~ax. TaK, HanpHMep, napaMeTp~ HOHH~X ny4KOB, 
nony4eHH~X B 3neKTPOHHo-ny4eB~X HCT04HHKaX HOHOB, a TaK~e 803-
MO~HOCTH KOnneKTHBHOrO MeTOAa YCKOpeHH~ B 3Ha4HTenbHOA CTeneHH 
onpeAen~~TC~ pacnpeAeneHH~MH nnOTHOCTH H no CKOPOCT~M HaKOn
neHHbiX HOHOB. 

HoH~ o6paay~Tc~ s peaynbTaTe HOHH3a~HH 3neKTPOHH~M YAapoM 
HeATpanbH~X aTOMOB HnH MOneKyn, nonaAa~~HX B ny40K H3 OCTaT04-
HOrO raaa B KaMepe YCKOPHTen~ nH60 snp~CKHBaeM~X TyAa cne
~HanbHO. BHA $yHK~HH pacnpeAeneHH~ HOHOB onpeAen~eTC~ npQ$HneM 
nnOTHOCTH 3neKTpOHHOrO ny4Ka, a TaK~e C06CTBeHH~MH 3neKTpOMar
HHTH~MH non~MH 3neKTpOHOB H HOHOB. 6 nnOTH~X 3neKTpOHH~X ny4KaX 
C06CTBeHH~e non~ ropa3AO CHnbHee ~HeWHHX, BnH~HH~ KOTOp~X 
Ha ABH~eHHe HOHOB, KaK npaBHno, Hecy~eCTBeHHO. ~yHK~HH pacnpe
AeneHH~ HOHOB, o6pa3y~~HXC~ B paBHOMepHO 3ap~~eHHOM 3neKTpOHHOM 
ny4Ke, H3y4anHCb paHee s 1 1-31. B 14,6/ Hcnonbaosanocb 6onee peanH
CTH4Hoe C $H3H4eCKOA T04KH 3peHH~ rayCCOBCKOe pacnpeAeneHHe 
nnoTHOCTH 3neKTPOHOB. CpasHeHHe peaynbTaToB 3THX pa6oT noason~
eT CAenaTb BbiBOA 0 CHnbHOM BnH~HHH HepaBHOMepHOCTH nnOTHOCTH 
3neKTPOHOB Ha $yHK~H~ pacnpeAeneHH~ o6pa3y~~HXC~ HOHOB. Pa3nH-
4H~ B peaynbTaTax, nony4eHH~X B 3THX ABYX MOAen~x, 04eBHAHO, 
AOn~H~ ysenH4HBaTbC~ C pOCTOM 4HCna paccMaTpHBaeM~X HOHHbiX 
aap~AHOCTeA. B HacTo~~eA pa6oTe H3y4a~Tc~ $YHK~H~ pacnpeAeneHH~ 
HOHOB, a TaK~e cpeAHeKBaApaTH4H~e pa3Mep~ H CKOpOCTH HOHOB, 
06pa3y~~HXC~ B 3neKTpOHHbiX ny4KaX C rayCCOBCKHM pacnpeAeneHHeM 
nnOTHOCTH. npoBOAHTC~ CpaBHeHHe C peaynbTaTaMH, nony4eHH~MH 

s npeAnono~eHHH o pasHoMepHOH nnoTHOCTH 3neKTPOHOB s ny4Ke. B 
pa6oTe CAenaH~ cneAy~~He npeAnono~eHH~. HoH~ po~Aa~Tc~ H3 HeAT
panbHbiX aTOMOB H nOABepra~TC~ AanbHeAweA nocneAOBaTenbHOA OAHO
KpaTHOA HOHH3a~HH. C4HTaeTcH, 4TO co6cTBeHH~A aap~A HaKonneHH~x 
HOHOB HeBenHK no cpasHeHH~ C 3ap~AOM 3neKTpOHOB H HOHH~e non~ 
He OKa3biBa~T BnH~HH~ Ha ABH~eHHe 4aCTH~. Be3Ae pe4b HAeT TOnbKO 
o nonepe4HOM ce4eHHH Kpyrnoro ny4Ka. npHH~T~ cneAy~He o6oaHa-
4eHH~: N - nHHeAHa~ nnoTHOCTb ny4Ka nH6o pacnp~MneHHoro KOnb~a, 
BenH4HHbl C HHAeKCaMH e H i 
C 3aP~AOM i COOTBeTCTBeHHO. 

OTHOC~TC~ K 3neKTpOHaM 
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Bee nony4eHH~e peaynbTaT~ cnpaBeAflMB~ AflR AOCTaT04HO TOHKMX 
3fleKTpOHH~X KOfle4, KOrAa nonpaBKaMM K nOflRM, CBR3aHH~MM C KpM
BM3HO~, MO~HO npeHe6pe4b, 

II. $YHKU11R PACnPEAEnEHHR HOHOB 

1 , POAMBWMeCR OAH03apRAH~e MOH~ OKa3~BaiOTCR B noTeH~MaflbHO~ 
RMe KYflOHOBCKOrO 3aPRAa 3neKTpOHOB M COBepwaiOT B He~ KOne6a
TeflbHOe ABM~eHMe, Hx Ha4anbHaR KMHeTM4ecKaR 3HeprMR pasHa 
Tennoao.:i 3HeprMM HeHTpanbHbiX aTOMOB M npM Ne= 1 0 10 -1 o13 CM - 1 

Ha HeCKOflbKO nopRAKOB MeHbWe rny6MHbl RMbl, n03TOMy BCe OHM 
OCTaiOTCR B 06beMe ny4Ka M nOABepraiOTCR AaflbHe~we~ MOHM3a4MM 
3fleKTpOHHbiM YAapoM. OrpaHM4MMCR paccMoTpeHMeM nocToRHHO~ eo 
BpeMeHM $YHK4MM pacnpeAeneHMR 3neKTPOHOB, DYAeM C4MTaTb, 4TO 
CKOpOCTb npOAOflbHOrO ABM~eHMR 3neKTpOHOB V e 3Ha4MTeflbHO 60flbWe 
nonepe4HOrO, B 3TOM Cfly4ae OTHOCMTeflbHaR CKOPOCTb CTOflKHOBeHMR 
3fleKTPOHa C MOHOM, B pe3yflbTaTe KOTOporo npOMCXOAMT MOHM3a4MR, 
npaKTM4eCKM pasHa V 8 ,M nonepe4HOe ABM~eHMe 3fleKTpOHOB He BflMReT 
Ha np04ecc HaKonneHMR MOHOB, a AflR ero M3y4eHMR AOCTaT04HO 
3HaTb nnoTHOCTb 3neKTPOHOB Pe a nonepe4HOM ce4eHMM ny4Ka, Me~AY 
aKTaMM MOHM3a4MM COXpaHReTCR nonHaR 3HeprMR E1 Ka~AOrO MOHa: 

mv2 
E 1 = -

2
- + ieU(r) 

rAe m - Macca MOHaj 1 - KpaTHOCTb MOHM3a4MMj e - 3aPRA 3fleKT
pOHa;U- nOTeH4Man 3fleKTpM4eCKOrO nonR 3fleKTpOHOBj r- paCCTOR-
~lAP lA()~~ ()T IIPL.IT~~ f"PU'?UIAC M~/UII'?,: " - ~~~~~~-~~:;!~ ':~':)~':'':"!'~ • 

AnR ny4Ka Kpyrnoro ce4eHMR a cMny OTHOCMTenbHO~ ManocTM Ha-
4anbHO~ 3HeprMM M a3MMyTaflbHO~ CMMMeTpMM nonO~MM, 4TO yrnOBaR 
CKOPOCTb MOHOB Vc~J =0 M, KPOMe TOrO, Eo= 0. 

nyCTb B MOMeHT MOHM3a4MM (i-1)-aapRAHbl~ MOH MMen r 1-1 =fo 11 V1-1 =Vo. 

Ero noTeHttManbHaR 3HeprMR CKa4KOM yaenM4MBaeTCR Ha eU(r0), cne-
AOBaTenbHO, MMeeM 

2 
mvi-1 

El .. 2 + (i 
mv8 

1)eU(r 1_ 1 
) + eU(r 0)"" -

2 
- + ieU(r 0 ) 

/1/ 

2. OcTaHOBMMCR noAP06Hee Ha po~AeHMM MOHOB a 3neKTPOHHOM ny4-
Ke C OOCTORHHOH no Ce4eHMIO nnOTHOCTbiO, B 3TOM Cfly4ae Bee MOHbl, 
He3aBMCMMO OT paAMYCa M 3HeprMM, paBHOBepORTHO nOABepraiOTCR 
MOHM3a4MM, no3TOMY $YHK4MR pacnpeAefleHMR i -aapRAH~X MOHOB B 
MOMeHT MX pO~AeHMR COBnaAaeT C $yHK4Me~ pacnpeAeneHMR MOHOB npe
AbiAY~e~ 3apRAHOCTM f ~ = f 1_ 1 • 3a HeCKOflbKO nepMOAOB KOne6aHM~ 

. MOHbl 11 nepeMeWMBaiOTCR 11
, M MX $YHK4MR pacnpeAeneHMR npM6flM~aeTCR 

K CTa4MOHapHOMy 3Ha4eHMIO f 1,0AHaKO nonHaR 3HeprMR Ka~AOrO MOHa 
AO nocneAHero aKTa MOHM3a4MM OCTaeTCR nOCTORHHO~. 

2 

113 /1/ AflR 
m;-2 __ i_ 

2 

CpeAHe~ 3HeprMM MMeeM 
mv2 

+ ie U (r i) = --1 
-- + ieU (r i _ 1), 

2 
/2/ 

rAe 4epTa oaHa4aeT ycpeAHeHMe c $YHK4Me~ pacnpeAeneHMR no ace~ 
o6naCTM KOH$Mrypa4MOHHOrO npOCTpaHCTBa, HanpMMep; 

vi2 = r vl2 ri rdrdv/ Jfi rdrdv. 
2 2 

npM nony4eHMM /2/ 6bJnO MCnOflb30BaHO U(ri-1) = U(ro) M vi-1 =Vo. 
EcnM noTeH 4 Man 3neKTPM4eCKoro nonR RBnReTcR cTeneHHO~ $yHK4Me~ 
oT paAMyca U=Ara, TO cornacHo BMpManbHOH TeopeMe 

mv~ ai e-
-2- = -2-U' 

OTKYAa, MCnOflb3YR /1/ M /2/, HaXOAMM 

r al. = r al'-1 (1 - __ a __ ) 
i(a + 2) 

2 
v2 = v2 (1 + ) . 

i i-1 (i-1)(a+2) 
npM nOCTORHHO~ nnOTHOCTM B Ce4eHMM 3fleKTpOHHOrO ny4Ka 

"' pMynaM" M3 /l, 2,li.'. MMeeM peaynbTaTbl, coanaAaiO~Me c ~o " 

r 2 r 2 (1 _1_) = r2 
2r(i + J,.J) 

I i-1 2i 1 r(llz)r(i+1) 

r 2 = r 2 /2, r 2= a2/2, 
1 e e 

2 (2i- 1) - 2- 2r(i + •.4) 
=V --- =V 

1-1 2(i -1) 1 r<llz)r(i) 

v2 
1 4 

a =2 

/3/ 

B none 3fleKTPOH0Bj C -

- 4aCTOTa KOne6aHM~ OAH03aPRAHbiX MOHOB 

CKOpOCTb CBeTa B BaKyyMej R8 =2,82.1Qr1aCM 

- KflaCCM4eCKM~ paAMYC 3fleKTPOHa. 
npM 3TOM 3~eKTMBHbiH $a30Bb1H 06beM nonepe4HOrO ABMmeHMR MOHOB 

- - r (i + 1,1) 2 a 4w ¥ 
F2=v2r2 = [ ] --. 

I I I r(t.,l) r(i) 4i 
/4/ 

CpeAHeKBaApaTM4Hble aenM4MHbl r 2, v 2 M $a3oBbl~ o61>eM F ADCTa
T04HO nonHO OOMCbiBaiOT ABM~eHMe CMCTeMbl 4aCTM4 B tteflOM M BO 
MHOrHX Cfly4aRX no3BOflRIOT 060HTMCb 6e3 3aAaHMR $yHK4MM pacnpeAe

neHMR B RBHOM BMAe• 
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A~ynpo~eH~R AanbHe~we~ 3an~c~ BBeAeM cneAY~~~e o6o3Ha4eH~R: 

)r
1
2 : a

1
. , ~ u v v~ = 1 • 

3. PeanbH~e 3neKTPOHH~e ny4K~, KaK ~ n~6~e orpaH~4eHH~e a 
npocTpaHCTBe pacnpeAeneH~R 4acT~4, He ~Me~T pe3K~x rpaH~4 ~ 

nocTORHH~x nnoTHOCTe~. PaccMOTP~M 3neKTPOHH~~ ny40K, HaXOAR~~~

CR 80 BHeWH~X 3neKTpOMarH~TH~X nOnRX, MeAneHHO MeHR~~~XCR 3a 
xapaKTepHOe speMR HaKonneH~R ~OHOB, KOTOpoe, B CBO~ 04epeAb, 
ropa3AO 60nbWe 3neKTPOHHbiX ~ ~OHH~X Kone6aH~~1. 8 3TOM cny4ae 
np~ ~3y4eH~~ HaKonneH~R ~OHOB 3neKTpOHH~~ ny40K MO~HO C4~TaTb 
CTa4~0HapH~M. EMy COOTBeTCTByeT 6onb4~aHOBCKaR ~yHK4~R pacnpe
AeneH~R ~ nnoTHOCTb 3neKTpOHOB a nonepe4HOM ce4eH~~ 

p - exp(-eU (r)/2.E ), /5/ 
e e e 

rAe eU e (r) - noTeH4~anbHaR 3Hepr~R 3neKTpoHos so BHewHeM none, 
a U e - cpeAHRR 3Hepr~R ~x nonepe4Horo AB~~eH~R. 8 3neKTPOHHOM 
ny4K€ C HepaBHOMepHO~ nnOTHOCTb~ sepORTHOCTb ~OH~3a4~~ 3aB~C~T 
OT paA~yca. no 3TO~ nP~4~He ~OHbl, ~Me~~~e pa3Hy~ nonHy~ 3Hepr~~. 

6YAYT ~MeTb ~ pa3n~4HY~ sepORTHOCTb noABeprHYTbCR AanbHe~we~ 
~OH~3a4~~. VlOHbl C H~3KQ(1 3Hepr~e~, HaXOAR~~eCR Ha 11AHe 11 noTeH-
4~aJlbHO~ RM~, csoe AB~~eH~e cosepwa~T a 4eHTPe ny4Ka, rAe 
nnOTHOCTb 3neKTPOHOB MaKC~ManbHa, ~ ~Me~T OTHOC~TenbHO B~COKY~ 

BepORTHOCTb 6~Tb ~OH~30BaHH~M~ AanbWe, 8 CBO~ 04€P€Ab ~OH~, 

~Me~~~e B~COKY~ 3Hepr~~, 3Ha4~TenbHOe BpeMR npOBOART Ha Kpa~ 

ny4Ka, rAe nnOTHOCTb 3neKTPOHOB HeBen~Ka ~, COOTB€TCTBeHHO, 
CP€AHRR BepORTHOCTb ~X ~OH~3a4~~ 3a nep~OA KOne6aH~~ M€HbWe, 
~C~i0My ~~c~MHH ~Mc~l ~H HOBO~ 3aPRAHOCT~ OyAei H~~e, 4€M 6~n0 
nony4eHO B npeA~AY~eM pa3Aene, COOTBeTCTBeHHO MeHbW~M~ fiYAYT 
cpeAH€KBaApaT~4H~e pa3Mep~ ~ CKOPOCT~. 8HOBb o6pa30BaBw~eCR 
HOH~ 3a H€CKOnbKO nep~OAOB KOne6aH~~ 11nepeMeWHBa~TCR 11 , ~ ~X 
~yHK41-1R pacnpeAeneHHR CTpeM~TCR K CTa4~0HapHOMy 3Ha4eH~~ ~, 

noA ~YHK41-1e~ f i nOApa3yMeBaeTCR HOPM~POBaHHaR Ha €A~H~4Y He 
3aB~CR~aR OT 06~ero 4~Cna ~OHOB ~YHK4~R pacnpeAeneH~R B ~a30BOM 
npOCTpaHCTBe, nepeXOA HOHOB B cneAY~~y~ 3apRAHOCTb - OTHOC~Tenb

HO MeAneHH~~ np04ecc, 4~cno TOnbKO 4TO POAHBW~XCR ~OHOB AaHHOH 
3apRAHOCTI-1 Hesen~KO, ~ 06~aR ~YHK4~R pacnpeAeneHHR ~OHOB OAHOro 
3apRAa, KaK npas~no, finH3Ka K CTa4HOHapHOH ~YHK4~1-1 pacnpeAeneHHR 
f

1
, KOTOpaR YAOBneTBOPR€T ypasHeH~~ 

dfi 
-=0 
dt 

1-1 RBnReTcR ~YHK4~e~ TOnbKO OT ~HTerpanos AB~~eH~R. Ka~A~~ ~OH 
HMeeT ABa HHTerpana AB~*€H~Sl - MOM€HT KOn~4€CTBa AB~~eHHR OTHO
C~TenbHO 4eHTpa ny4Ka M<P = mv<Pr ~ Me~y aKTaMH ~OH~3a41-1~ nonHy~ 

3Hepr~~ E .• 8 a3~MyTanbHo-c~MM€TP~4HOM ny4Ke MAonpeAenReTCR cKo-
1 w 'I' 

pOCTb Tennosoro AB~~eH~R H€~TpanbHbiX aTOMOB, KaK OTMe4anOCb, 
OHa npeHe6pe~~MO Mana no cpaBHeH~~ CO CKOpOCTb~ AB~~eH~R HOHOB 
a none aneKTPOHOB, nono~HB M<P=O, nony4HM AnR scex HOHH~x aa
PRAHOcTeH 

4 

C 
1 

= f 1 (E 1 )8 (M <,6 ) , 

rAe 8 (x) - 8 -~yHK4HR AHpaKa. 
8 6onbWHHCTBe cny4aes aneKTpOHH~H ny40K a nonepe4HOM ce4eHH~-'~ 

~OKYCHpyeTCR BHeWHHMI-1, nHH€HHbiMI-1 B nepBOM npHfinH~eHI-11-1 nonRMI-1, 
CneAoBaTenbHO Ue - KBaApaTH4HaR ~yHK4~-'~R paAHyca 1-1 cornacHo 
/5/ nnoTHOCTb'aneKTPOHOB a ce4eHHH ecTb pacnpeAeneHHe raycca: 

exp(-r 2/2a 2) /6/ 
Pe = a2 

8 TaKOM ny 4Ke sepORTHOCTb HOHH3ai..IHI-1 cy~eCTBeHHbiM o6pa30M 3aBH

CHT OT paCCTORHHR AO 4€HTpa C€4€HHR, 
PacnpeAeneHHe aneKTPOHOB /6/ HMeeT co6cTaeHHOe HenHHeHHOe 

aneKTPH4ecKoe none: 
2eN r2 ---=-8 - (1- exp(- -}}. 

2a 2 
F (r) = 

e r 

0AHaKO 6onbWHHCTBO HOHOB po~Aa~TCR 1-1 ABH~YTCR B 4€HTpe ny4Ka, 
rAe nonR nHHeHHbl. 6yAeM npH6nH~eHHO C4HTaTb, 4TO ace HOHbl cosep-

" .I iN,R orne _£ V1x 
wa~T rapMOHH 4ecKHe KOne6aHHR C 4aCTOTOH WI""' V m a' 

2 2 

E mv 2 + mwl r npH4eM 3HeprHR OAHO-
nonHaR 3HepntR 1 = -- --- • 

2e 2 2 2 2 r2 
E _ w1 ro = ....!!!Y... + mw1 • ~YHKI..IHR pacnpeAeneHHR 

3a Pl1AHbiX HOHOB 1 - 2 2 2 
i -aaoRnHbiX HOHOB B MOMeHT HX pO~AeHHR nponOPI..IHOHanbHa ~YHKI..II-1~ 

pacnpeAeneHHR HOHOB npeA~Ay~eH 3aPRAHOCTI-1 1-1 nnOTHOCTI-1 aneKTPO 
HOB fo _ f p , AnR paBHOMepHO~ nnOTHOCTI-1 HeHTpanbHbiX aTOMOB 

I I -1 e 161 1-1 nnOTHOCTI-1 3neKTPOHOB HMeeM 
2 

r o 
C0

- exp(- --) = exp(-
1 2a2 

2 ) ' 
2mw2 a 

1 
OTKyAa fo- ~YHKI..IHR TOnbKO OT HHTerpanOB ABH~eHHR,He 3aBHCR~aR 
OT apeMJHI-1. CneAOBaTenbHO' f'l = r 1. HopMHPYR r 1 Ha €AHHHLIY' 

nony4HM 

ro - r p - exp(-
1 I -1 e 2w 2 a 2 

i-1 1-1 

r2 
0 (1 + 

2a ~ _ 1 

_1_)) 
i- 1 
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exp (.:... 
2mw.2 a2 

I I 

1-1 OKOH4aTenbHO 

r t 
m v2 

--- exp(-(r 2 + -)/2a 2 )o(M..~..). 
rra 2 w w~ 1 ~ 

i i I 

~HTerpHpyH no npocTpaHCTBY CKOpOCTe~ 
1-'!0HOB B Ce4eHHH ny4Ka: 

171 

181 

3TO pacnpeAeneHHe HMeeT OC06eHHOCTb B 4eHTpe Ce4eHHH ny4Ka, 
nOHBneHHe KOTOPO~ CBH3aHO C TeM, 4TO npH BhlBOAe He 6~nH Y4TeH~ 
CKOpOCTH He~TpanbH~X aTOMOB H C06CTBeHH~e nonA HOHOB, 

~YHK4HH pacnpeAeneHHH 171 HMeeT MOMeHT~ BTOpOrO nopHAKa, Ko
TOp~e COOTBeTCTBy~T CPeAHeKBaApaTH4H~M pa3MepaM H CKOpOCTHM: 

191 

4TO cornacyeTCH co CAenaHHbiMH npeAnono>t<eHHHMH, OTKYAa 3cl>¢eKTHs
H~~ $a30B~~ 06beM HOHOB 

1101 
l:Jie~yeT OTMeTHTb, 4TO cpeAHeKBaApaTH4Hbl~ paAHYC nonepe4HOr:Q 
Ce4eHHH 3neKTpOHHOrO ny4Ka, HMe~Uiero nnOTHOCTb 161, ae = V 2 a, 

TaKHM o6pa3oM, c T04HOCTb~ AO npeAnono>t<eHHH o nHHe~HOCTH co6-
CTBeHHbiX none~ 3neKTPOHOB HOHbl, o6pa3y~IJIHeCH B ny4KaX C rayc
COBCKHM pacnpeAeneHHeM nnOTHOCTH, HMe~T Cpa3y CTa4HOHapHy~ 
$yHK4H~ pacnpeAeneHHR, 04eBHAHO, 4eno4Ka $yHK4H~ pacnpeAeneHHH 
HOHOB, o6pa3Y~UIHXCH B peanbH~X HenHHe~H~X nonHX, CHnbHee BCero 
OTnH4aeTCH OT 171 npH i =1, TaK KaK AnH 3TO~ 3aPHAHOCTH HOHOB 
CPeAHeKBaApaTH4H~e pa3Mep~ HMe~T MaKCHManbHOe 3Ha4eHHe, 

~TaK, Y4eT HepaBHOMepHOH nnOTHOCTH 3neKTpOHOB B Ce4eHHH ny4-
Ka npH nocneAOBaTenbHOM HaKOnneHHH HOHH~X 3aPRAHOCTeH npHBOAHT 

K TOMy, 4TO CPeAHeKBaApaTH4H~e pa3Mep~ HOHH~X KOMnOHeHT yMeHb
wa~TCH nponOP4HOHanbHO i -o,~ a He i - 0 •26 KaK 3To 6~no nony4e

HO B 11•21• 0AHOBPeMeHHO naAa~T H 3$$eKTHBH~e $a30B~e 06beM~. 

In. 4~CnEHHW~ PAC4ET nPOUECCA HAKOnnEH~~ ~OHOB 

1, 4HCneHHOe MOAenHpOBaHHe n03BOnHeT HCcneAOBaTb ABH>t<eHHe 
H HaKonneHHe HOHOB B HenHHeHH~X nonHX, PaHee B pe3ynbTaTe 4HC
neHHOro peweHHH ypasHeHHH Bnacosa 6~nH Ha~AeH~ $YHK4HH pacnpe
AeneHHR 4aCTH4 npH HaKonneHHH HOHOB OAHO~ 3aPRAHOCTH B 3neKT
POHH~X KOnb4aX paanH4HOrO npQ$HnR/4/, HaKonneHHe HOHOB B 3neKT-

6 

) 

POHH~X KOnb4aX C nOCTOHHHO~ nnOTHOCTb~ H3y4anOCb TaK~e MeTOAOM 
KpynHhlX 4aCTH4 16 ~ B 3TOH pa6oTe Hcnonb3osanocb no 132 KpynHwe 

4aCTH4W AnH npeACTasneHHH 3neKTPOHHOH H HOHHOH KOMnOHeHT,TaKoro 
4HCna 4aCTH4 HeAOCTaT04HO AnH BOCCTaHOBneHHH $YHK41-1H pacnpeAe
neHHH H MOAenHpOBaHHH nocneAOBaTenbHOrO nepeXOAa HOHOB 1-13 OAHOH 

aapHAHOCTH s APYrY~ B pe3ynbTaTe HOHH3a4HH 3neKTPOHHbiM YAapoM. 
PacCMOTPHM TaK >t<e, KaK H BO BTOPOM pa3Aene pa6oT~, KOne6aHHH 

HOHOB B nonepe4HOM Ce4eHHH 6eCKOHe4HO AnHHHOrO aKCHanbHO-CHM
MeTpH4HOrO 3neKTPOHHOrO ny4Ka, Bee HOH~ HMe~T MOMeHT M<P=0 1-1 
cosepwa~T OAHOMepHoe ABH>t<eHHe B none Fe(0 3neKTpoHos: 

d2 . 
_r_ = ~F (r). 
dt2 m e I 11 I 

YpasHeHHe ABH>t<eHHH 1111 HMeeT HHTerpan- 3aKoH coxpaHeHHH 3Hep
rHH, H3 KOToporo cneAyeT 

dr · 2 dt = Jm(E 1 - ieU(r)). 1121 

AnH nocTOHHHO~ nnoTHOCTH 3neKTPOHOB 

eNer 2 u = 
a2 

e 
1131 

npH rayCCOBCKOM pacnpeAeneHI-11-1 

r2 r 2 
U = eN (E 

1 
(-) + ln (- ) + C ) 

e it n2 
e 1141 

_1_ (- ..!'!_) k "" eN I 
e k = 1 kkl a 2 

e 

3AeCb E1 - HHTerpanbHaH noKa3aTenbHaH $YHK4HH; C - nocTonHHaH 
3Rnepa, TpaeKTOpHH Ka>t<AOrO HOHa HaXOAHnHCb HHTerpHpOBaHHeM 
ypaeHeHHR 1121 MeTOAOM PyHre-KyTTa, 

npH MOAenHpOBaHHH HOHHOro ny4Ka HCnOnb30Banocb n=10QQ 4aCTH4, 

3neKTPOH~ B HBHOM BHAe He npHCYTCTBOBanH, npeAnOnaranocb, 4TO 
OHH CYUieCTBY~T KaK nOCTOHHH~H BO BpeMeHH $OH C nnOTHOCTb~ 161, 
a HOH~ cosepwa~T ABH>t<eHHe s none 1141. npo4ecc HaKonneHHH HOHOB 
HMHTHpOBancH cneAY~IJIHM o6pa30M: D OAH03aPHAH~X HOHOB nORBnR
nHCb nocTeneHHO B Te4eHHe HeCKOnbKHX nepHOAOB HOHH~X KOne6aHHH 
C HyneB~MH Ha4anbH~MH CKOPOCTHMI-1, ~X nnOTHOCTb B MOMeHT pO>t<Ae
HHR nponop4HOHanbHa nnoTHOCTH 3neKTpoHos. B Te4eHHe speMeHH, 
He06XOAHMOrO AnR BbiXOAa $yHK4HH pacnpeAeneHHR Ha CTa4HOHapHOe 
3Ha4eHHe IHeCKOnbKO nepHOAOB KOne6aHHHI, HOH~11nepeMeWHBanHCb 11 , 
1-1 Ha4HHanocb o6paaoeaHHe AByxaapHAH~x HOHOB. BepoRTHOCTb noRs
neHHR ABYX3aPRAH~X HOHOB nponOP4HOHanbHa nnOTHOCTH 3neKTpOHOB 
1-1 OAH03aPRAH~X HOHOB, .QsyxaapRAH~H HOH np~-1 11 pO>t<AeHHH 11 HMen 
KOOPAHHaTy 1-1 CKOpOCTb OAHOrO 1-13 OAH03aPRAH~X HOHOB, a noTeH-
4HanbHY~ 3HeprH~, BABOe 6onbwy~. nocne o6paaoeaHHR n AByx-
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PHc. I • Cpe,o;HeKsap;pa TH't!Hbte pa3-
Mepbt HOHHblX KOMIIOHeHT B 3aBH
CHMOCTH OT 3apRp;a HOHOB B 3neKT

pOHHOM rry't!Ke C rayCCOBCKOH 
ITflOTHOCTbiD /J/ H paBHOMepHOH 

ITflOTHOCTbiD /2/. 
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PHc. 2. 3qxpeKTHBHbte ci>a30Bbte 
06'heMbl HOHHbiX KOMITOHeHT B 3a
BHCHMOCTH OT 3apRp;a HOHOB B 
3neKTpOHHOM rrytiKe c rayccosc
KOH rrnoTHOCThiD /1/ H paBHOMep
HOH rrnoTHOCThiD /2/. 

3apAAHbiX HOHOB 1-1 HX 11nepeMeW~t~BaHHA 11 Ha4ailOCb 06pa30BaH~tte Tpex-
3aPAAHbiX HOHOB 1-1 T.A. B Ka4eCTBe TeCTOBOH 3aAa4H 6b1Jl npoBeAeH 
aHailOrH4HbiH paC4eT HaKOnileHHA HOHOB B 3JleKTpOHHOM ny4Ke C noc

TOAHHOH nnoTHOCTb~. B 3TOM cny4a~ HOHbl AB~ttran~ttcb B none /13/. 
P~rr~nTnP~~P nnnAnn~nnr~ RnnnT~ nn ~~wnnnP~~a ?C ~~nan~nrTP~ ,- . .. . . . .. 
HOHOB. 

AJ1A KOHTpOilA Bbi41-1CJleHHH 4aCTb paC4eTOB 6b1Jla BblnOilHeHa C 
n =2000 ..., MeHbWHM waroM no speMeH~tt. np~tt 3TOM pa3Il~tt4HA s pe3ynb

TaTax cocTaBilAil~tt AOil~tt npo~eHTOB. Pe3yilbTaTbl pac4eTOB np~t~BeAeHbl 

Ha p~ttc.1-5. 

2. Ha p~ttc.1 np~t~BeAeHO 1-13MeHeH~tte OTHOWeHHA cpeAHeKBaApaTH4HbiX 
pa3MepOB HOHOB i-3aPAAHOCTI-1 K cpeAHeKBaApaTH4HbiM pa3MepaM 
3JleKTpOHHOrO ny4Ka a 1/a 8 ; Ha p~ttc.2 - OTHOWeH~tte 3~eKTHBHOrO 
$a30BOro 06DeMa i -3aPAAHOCTI-1 K $a30BOMY 06DeMy nepBOH 3apAA
HOCTI-1 s 3IleKTpoHHOM ny4Ke c nocTOAHHOH nnoTHOCTb~. Ha 3THX p~tt
cyHKax KPHBble 1 npOBeAeHbl 4epe3 T04KH, HaHAeHHble no $OpMyJlaM 
/9/ 1-1 /10/ AilA rayccoscKOH nilOTHOCTH 3IleKTPOHHoro ny4Ka. PAAOM 
T04KaMH HaHeCeHbl pe3yilbTaTbl 41-1CJleHHOrO paC4eTa C HCnOilb30BaH~tteM 
Heil~t~HeHHbiX nOileH /14/ *. 0 T04HOCTI-1 4HCileHHbiX Bbi41-1CJleHHH MOmHO 

*~3-3a HeKOTOpOH HeCOrilaCOBaHHOCTI-1 npl-1 41-1CJleHHOM pac4eTe $yHK
~I-11-1 pacnpeAeJleHHA C BHeWHHMI-1 nOilAMI-1 cpeAHeKBaApaT~tt4Hble BeJ11-141-1Hbl 
cosepwan~tt He6onbw~tte Kone6aH~t~A OTHOC~t~TeilbHO csoero cpeAHero 3Ha-
4eH~t~A. Ha p~ttc. 1-3 np~t~BeAeHbl 3Ha4eH~t~A, ycpeAHeHHble no HeCKOilbKHM 

nep~t~OAaM HOHHbiX KOJle6aHHH. 
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PHc.3. 3aBHCHMOCTh rrnoTHOCTH 
HOHOB OT pap;HyCa B 3neKTPOHHOM 

ITy't!Ke C rayCCOBCKOll ITflOTHOCThiD. 

CYAHTb no pac4eTaM npo~ecca 
HaKOnileHHA HOHOB B 3JleKTPOHHOM 
ny4Ke C nOCTOAHHOH nilOTHOCTb~. 
Pe3yilbTaTbl 3T~ttx pac4eToB 
/o6o3Ha4eHbl KpecTaM~tt Ha p~ttc.1 

1-1 2/ OTil~tt4a~TCA He 6onee 4eM 

05 1,0 1,5 

Ha 1-2% OT T04Hb1X 3Ha4eHHH, 
nony4eHHblx no $opMynaM /3/ 1-1 /4/ 
1-1 npeACTaBJleHHbiX CnJlOWHbiMI-1 Kpi-1-

BUMI-1 2 Ha pHC.1 1-1 2, np~tt4eM AilA OAH03aPAAHbiX HOHOB pa3Jli-14He 
COCTaBJlAeT MeHee 0,5%. 

Ha PHC.3 np~t~BeAeHO pacnpeAeileH~tte no paAHYCY nilOTHOCTI-1 HOH
HbiX KOMnOHeHT np~tt HaKOnileHI-11-1 HOHOB B 3IleKTpOHHOM ny4Ke C rayc
COBCKOH nnoTHOCTb~. CnnowHaA KP~t~BaA cooTseTcTsyeT nilOTHOCTH /8/, 

ycpeAHeHHOH BHYTPI-1 KOH~eHTPH4eCKHX KOlle~ WHpHHOH h r = a 1/20 1-1 
HOpMHPOBaHHOH Ha CPeAH~~ nilOTHOCTb B ~eHTpe ny4Ka: 

prdr. 

t)eJl~tt4HHa n r Oblna BbibpaHa 1-13 ycnos~t~A n >> a 1 j h r >> 1. Ha 3TOM p~tt

cyHKe TaKme npeACTasneHa nony4eHHaA B pac4eTax nnoTHOCTb, Hop

M~ttposaHHaA Ha p
0

,AI1A OAH03aPAAHbiX HOHOB /KpeCTbl/ 1-1 AeCATH3aPAA
HbiX HOHOB /KpymKH/. 

Ha p~ttc.4 1-1 5 np~t~BeAeHbl $a30Bble nilOTHOCTI-1 HOHOB B 6e3pa3Mep
HbiX nepeMeHHbiX-r/a 1 1-1 v/u1 • Ha p~ttc. 4 npeACTasneHbl $a30Bble nnoT
HOCTH HOHOB npl-1 HX HaKOnileHI-11-1 B 3JleKTpOHHOM ny4Ke C rayCCOBCKOH 

nnoTHOCTb~ AilA nepsoH HOHHoA 3aPAAHOCTH /a/ 1-1 AeCAToA /6/. 
P~ttc. 5 Hilil~CTPHPYeT $a30Bble nilOTHOCTI-1 OAH03aPAAHbiX HOHOB /a/ 
1-1 AeCATH3apAAHbiX HOHOB /6/ B 3J1eKTPOHHOM ny4Ke C nOCTOAHHOH 
nilOTHOCTb~. Pe3yilbTaTbl 41-1CileHHoro pac4eTa no3BOI1A~T CAenaTb 
BbiBOA 0 TOM, 4TO Heil~t~HeHHOCTb C06CTBeHHbiX noneA raycCOBCKOro 
pacnpeAeileHHA 3J1eKTpOHOB OKa3biBaeT 3aMeTHOe Billt!AHHe Illt!Wb Ha 

$YHK~~tt~ pacnpeAelLeH~t~A HOHOB nepsblx ABYX 3aPAAHOCTeH. AeAcTs~tt-
2 - -TeilbHo,a 1 >a8 /y2 , F1 <a1 w1 ; a 2 < a 1 /y2, F 2 >F

1
/y2. AnA 

60ilbWI-1X 3apAAHOCTeH HOHOB $OpMyilbl /9/ 1-1 /10/ BblnOilHA~TCA C T04-
HOCTb~ 6onee BbiCOKOA, 4eM T04HOCTb 41-1CJleHHOrO paC4eTa. nnoTHOCTb 
lt!OHOB, B TOM 4HCI1e 1-1 OAH03aPAAHbiX, XOPOWO OnHCbiBaeTCA $OPMYilOH 
/8/.CneAOBaTeJlbHO, BblpameH~tte /7/ ABilAeTCA XOPOWHM np~tt6n~ttmeHHeM 
CTa~HOHapHOA $yHK~I-11-1 pacnpeAeJleHHA HOHOB, o6pa3y~~HXCA B 3JleKT
POHHOM ny4Ke C rayCCOBCKHM pacnpeAeileHHeM nnOTHOCTH. 
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PHc. 5. «l>a30BbJe nnoTHOCTH ogHo3ap.R:,!J;HbiX I a/ H gec.R:TH3ap.R:,!J;HbiX 
/6/ HOHOB B 3JleKTpOHHOM ny~Ke C paBHOMepHOH nJlOTHOCTbiD. 

IV. 3AKn104EHHE 

B pa6oTe nony4eHa YHHBepcanbHaR ¢YHK~HR pacnpeAeneHHR AnR 
HOHOB n~60H 3apRAHOCTH, o6pa3y~~HXCR H3 OCTaT04HOrO raaa B 
peaynbTaTe nocneAOBaTenbHOH HOHH3a~HH B 3neKTpOHH~X ny4KaX H 
TOHKHX KOnb~ax C raycCOBCKHM pacnpeAeneHHeM 3neKTpOHOB B ce-
4eHHH. Y4eT Hepa~oMepHOH nnoTHOCTH 3neKTPOHOB e ce4eHHH ny4Ka 
npHBOAHT K TOMY, 4TO cpeAHeKBaApaTH4H~e pa3Mep~ HOHH~X KOMnOHeHT 
yMeHbWa~TCR 6~cTpee /nponop~HOHanbHO 1/v~ I c pocToM 3aPRAa, 
4eM 3To 6~no nony4eHo paHee AnR nocTORHHOH nnoTHOCTH 3neKTpoH
HOro ny4Ka/1,2/. 3TO yeenH4HBaeT TaK Ha3~BaeM~H K03¢$H~HeHT 3a-

10 

naca H noaeonReT noe~cHTb AOnycTHM~A TeMn KonneKTHBHoro ycKo
peHHR 3neKTPOHHO-HOHHbiX Kone~. KpoMe Toro, cpeAHeKBaApaTH4Hble 
CKOPOCTH HOHOB He H3MeHR~TCR npH yeenH4eHHH 3aPRAa HOHOB, a 
3¢¢eKTHBHbiH ¢a30BbiH 06"beM COOTBeTCTBeHHO yMeHbWaeTCR nponop
~HOHanbHO pa3MepaM • 

B peaynbTaTe 4HCneHHoro pac4eTa noKa3aHo, 4To HenHHeHHOCTb 
co6cTBeHH~X noneA rayccoecKoro pacnpeAeneHHR 3neKTPOHOB He
cy~eCTBeHHO BnHReT Ha npo~eCC o6pa30BaHHR H ABHmeHHR HOHOB. 

B~coKaR nnoTHOCTb HOHOB e ~eHTpe ny4Ka, eepoRTHo, AenaeT 
BKnaA HOH-HOHH~X CTOnKHOBeHHH, B 4aCTHOCTH nepeaapRAOK, B npo
~eCC HaKonneHHR HOHOB 6onee BbiCOKHM, 4eM 3To npeAnonaranocb 
paHee 17· 81 • 
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H3UaTenbCKHH OTUen 06beUHHeHHoro HHCTHTYTa HUePHHX HCcnenoaaHHH 
c:::: 

ITepenbmTeHH 3.A., lliHpKOB r.n. P9-82-526 
0 lPYHK~HH pacnpep;eneHHH HOHOB B 3JleKTpOHHbiX llYt:IKaX 

li3yqaeTCH lPYHK~HH pacnpep;eneHHH HOHOB B 3JleKTPOHHbJX llyqKaX 
H KOJlb~ax llpH MaJIOll 3apH,ll;OBOll HeHTpaJIH3a~HH 3JleKTPOHOB HaKon
neHHbiMH HOHaMH, Hailp;eHbJ C Ta~HOHapHbJe lPYHK~HH pacnpep;eneHHH HO
HOB, o6pa3YJQ~XCH B 3JleKTPOHHOM llY'IKe C rayCCOBCKHM pacnpep;e
neHHeM nnoTHOCTH no pap;Hycy. ITpoBep;eHo t:IHcneHHoe Mop;enHpoBaHHe 
nocnep;oBaTeiTbHOro HaKOllJleHHH HOHHbiX 3apH,ll;HOCTell B llyqKaX C paB
HOMepHbJM H rayCCOBCKHM pacnpep;eneHHHMH 3JleKTpOHOB B Cet:IeHHH. 
IToKa3aHo, 'ITO nonepet:IHbJe 4Ja30BbJe o6'beMbJ H cpep;HeKBap;paTH'IHbJe 
pa3Mepbl HOHHbJX KOMllOHeHT y6bJBaJOT C pOCTOM 3apHp;a i KaK 1/ yT, 
a HeJlHHeHHOCTb C06CTBeHHbJX 3JleKTpH'IeCKHX llOJlell raycCOBCKOro 
pacnpep;eneHHH 3JleKTpOHOB llpaKTHt:IeCKH He BJlHHeT Ha lPYHK~HH 
paCllpep;eneHHH HOHOB, 

Pa6oTa Bbll10nHeHa B 0Tp;ene HOBbiX MeTOAOB ycKopeHHH OH5II1. 

10A? noenD~HT 06~P-n~WP.~wnrn wwrTUTYT~ a~~~~uv nuF\u::. Urr"on"'D::IUI•IA 
- -- -r-o---

Perelstein E.A., Shirkov G.D. P9-82-526 
On Ion Distribution Function in Electron Beams 

The ion distribution in electron beams and rings with a neg
ligible neutralization of electron electric charge by accumu
lated ions is studied. The stationary distribution functions 
of ions appeared in electron beam with Gaussian density distri
bution in radius have been found. The numerical study of 
step-by-step ionization in the even and Gaussian distribution 
electron beams is made. The decrease of transverse phase 
volumes and RMS-dimensions of ion components with the increase 
of charge i as 1/yll is shown. The own electric field non
linearity of electrons with Gaussian density does not pratic
cally effects the ion distribution function. 

The investigation has been performed at the Department on 
the New Methods Acceleration, JINR. 
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