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B ,n;aHHOH pa6oTe pacCMOTpeH PH.D: aorrpocoa, CBH3aHHbIX C HaKo

IIJienneM MnoroJapH.D:HhIX Honoa f l}'eKTponnoM KOJihl.(CBOM crycTKe KoJI

JICKTHBHo~o YCK9f~T~JIH HOHOB • qaCTH'-IHO ::na rrpo6JieMa 6bIJia y:»ce 

pa,ccMoTpena a 1 41 . 
Heo6xo.n;nMblH ,!l;JIH KOJIJieKTUBHOro ycKOPCHHH ::rneKTPOHHhIH KOJib-

1.(CBOH crycTOK C Tpe6yeMbIMH rrapaMCTpaMH C03,!l;aCTCH B ycTaHOBKC, 

Ha3BaHHOH a,n;reJaTopoM /5/ . Cyll.(eCTByeT HCCKOJlhKO cnoco6oa UH)KCK-

1.(HH HOHOB B ::rneKTPOHHOC KOJlhl.(O, OCHOBaHHhIX ua TOM, '-ITO B peJyJihTa

TC CTOJIKHOBCHHH neiiTpaJibHhIX aTOMOB raJa c JJICKTPOHaMH KOJibl.(a o6-

pa3ylOTCH HOHhl, KOTOPhlC y,n;ep:>trnBaIOTCH B KOJlbl.(C ero KYJIOHOBCKHM no

JICM. 

B nepBOH '-IaCTH pa60Thl paCCMOTpeuo HaKonJienue HOHOB npH C)Ka

THH KOJlbl.(a a cpe,n;e raJa, HOHbl KOToporo Tpe6yeTCH HaKOIIHTh a KOJlhl.(C. 

ITpu JTOM HaKOIIJienue H,!l;eT nenpepbIBHO OT MOMCHTa HH)KeKl.(HH JJieKTpo

HOB B a,n;reJaTop .no ycKopeHHH KOJlbl.(a KaK l.(CJIOro. YnpaBJIHTb 

npOl.(CCCOM KOJIH'-IeCTBeHHO MO)KHO, MCIIHH ,n;aaJienue raJa B KaMepe 

a,nreJaTopa. 

Bo BTOpoii '-IaCTH pa6oThl paccMaTpnaaeTCH npouecc HaKOIIJieHHH 

HOHOB H3 IIOTOKa /KaK HenpepbIBHOro, TaK H HMIIYJibCHOro/ aTOMOB BbI-

6pannoro raJa, nepeceKaIOll.(ero JJICKTponnoe KOJihUO, rrpe,n;aapuTeJihHo 

C)KaTOC .no KOHe'-Inoro COCTOHHHH. B JTOM CJiy'-Iae yrrpaBJIHTb npol.(eccoM 

MO)KHO KaK KOJIH'-IeCTBCHHO, BapbHPYH ,n;aBJieHHe H CKOPOCTh CTPYH ra3a, 

TaK H BO BpeMeHu, MeHHH MOMCHT BKJIIO'-ICHHH H BhIKJIIO'-ICHHH HCTO'-IHHKa 

ra3a, ITpu JTOM CTPYH ra3a ,!l;OJl)KHa 6bITh XOpOlllO Cq>OpMHpOBaua H HMCTb 

'-IeTKHe rpaHHl.(hl, '-ITO npe,n;'hHBJIHeT orrpe,n;eJieHHbie Tpe6oaaHHH K HCTO'-I

HHKY raJa. ITpu o6oux crroco6ax HH)KeKunu rrpe,n;rronaraeTcn:, '-ITO 

rrapuuaJibHhie ,n;aaJieHHH acex OCTaJihHhIX ra30B MHOro MeHbllle HH)KeKTH

pyeMoro H HX HaKOIIJienneM B 3JieKTpOHHOM KOJlbl.(e MO)KHO rrpene6pe'-lb • 

. Ilpe,n;aapHTeJibHhie pe3yJihTaTbl ,n;annoii pa6oThl '-IaCTH'-IHO H3JIO)Ke-
Hhl B /Gt • . ' 
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Ha1<0n.11e11ue"Uo11oe e nporJecce c:»eamu.11 KOAblJa 

3.o;ecb Mbl paccMoTpHM HaKOilJieHHe HOHOB a3OTa H renm1 H3 ra3O

BOH cpe.o;LI B npouecce C)KaTHHKOJILuaaa.o;re3aTope. IloTpe6yeM TaK)Ke, 

'IT06bl 'laCTOTa pa.o;HaJibHhIX 6eTaTpOHHhlX KOJie6aHHii 3JieKTPOHOB B KOJib• 

ue He .o;ocTHrana pe3oHaHcHoro 3Ha'leHHH, paaHoro 1. 3To.o;aeT HaM yc

JIOBHe Ha .o;onycTHMoe .o;aaneHHe HaKannHaaeMoro ra3a B KaMepe a.o;re3a

Topa. 

Iloae.o;eHHe NOJILUa B npouecce ero C)KaTHH onpe.o;enaeTCH amia-

6aTH'leCKHMH HHBapHaHTaMH caMocornacoaaHHhIX ypaBHeHHii )];BH)KeHHH 

3JieKTPOHOB B . KOJihUe / 5/ • 3TH HHBapHaHThl HMeIOT cne.o;yIOIUHii BH.o;: 

'f, = ·Yri. R /30 g 2 v k 2 - 11 v 2 ; ... , , 
2 ' 

'J = y R f3 0 b V k 2 - 11 •V 2 
z .,I.· . z . z 

/1/ 

3.o;ecb 

. µP 
k:=(1-n)(l+µP)--2-

2 µ·P 
k z =n(l +µP) - .-. -

2
-; /2/ 

11 V 2 = , .. (-1- -
y2 
-~ 

11v2=11v2~,. 
z , b 

IkN 
k k 

) ; . /3/ 
N 

C! 

/4/ 

r.o;e g H b - nonyocH 3JIJIHilTH'leCKoro Ce'leHHH KOJihUa, OTHeceHHhle 

K ero pa.o;Hycy R / g - no OCH r _ , b - no OCH z /, f3 0 - OTHeceHHaH 

K CKOPOCTH _CBeTa C 0 -aaH CKOPOCTh 3JieKTPOHOB, ·Yi = {1.-(3 ~) -½ ' 

k - KpaTHOCTb HOHH3aUHH HOHa, N k - 'IHCJIO HOHOB C .o;aHHhIM. k, , 

N 'o e 

µ = 2 "R y-l.. 
r O - KJiaCCH'leCKHH pa.o;Hyc 3JieKTPOHa~ N e - 'IHCJIO 

R an; . ( 16 ) 
3JieKTpOHOB ·a KOJibl(e, p = 2 en b · 

+g ' n =---
Bz az - noKaJa-

TeJib cna.o;a MarHHTHOro IlOJIH. 
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BTopLie qneHhI · cKo6oK /3/ H / 4/, OTCYTCTBYIOIIJ,~e n / 5/ , xapaK -

TepH3YIOT ocna6neHHe co6CTBeHHOro KynoHOBCKOrO nom1 ::rneKTpOHHOro 

KOilhll,a 3a cqenHOHOB. 

KpoMe 3THX HHBapHaHTOB He06XO,ll,HMO TaK)Ke Y'IHThIBaTh a,D,Ha6a

TH1Ie.CKHH HHBapHaHT paBHOBeCHOro ,ll,BH)KeHHH, ,l],aIOIIJ,HH CBH3h Me)K,ll,Y 

3HeprHeii H pa,ll,HYCOM KOilhll,a 

Y.:.1,. R "" const /5/ 

A,D,Ha6aTH'IeCKHe HHBapHaHThl Il03B0IlHIOT B IlPHHIJ,Hne HaHTH COOT

HOWeHHH, CBH3hIBaIOIIJ,He HaqanhHhie H KOHe'IHhie pa3Meph1 KOllhIJ,a 

bl kz2 -~v; 
0 0 ] ¼ =[-------------

k /, ~ V / ( b I ' g I ' N k) 

2 I 2 
gt k, - ~ V, 

= [ 0 0 

k; -~v,2 (b 1 , g 1 , 
I I 

/6/ 

llH,D,eKChl "O" H " f " OTHOCHTCH K Ha'IallhHOMY H KOHe'IHOMY co-

CTOHHHHM. 

KaK BH,ll,HO H3 /6/' KOHe'IHhie pa3Mephl KOllhIJ,a 3aBHCHT OT KOJrn

qecTna HOHOB B HeM, KOTOpoe, B CBOIO oqepe,D,h, onpe,D,enHeTCH pa'3Me

paMH H xapaKTepoM C)KaTHH KOllhIJ,a. Ilo3TOMY K CHCTeMe ypaBHCHHH 

/6/ Heo6XO,ll,HMO no6aBHTh ypanHeHHH, OilHChIBaIOIIJ,He HaKonneHHe H0HOB 

B KOnhIJ,e. 

. Ilpn H3y'IeHHH npouecca HaKonneHHH HOH OB 6y,neM HCXO,ll,HTh H 3 cne

.D.YIOIIJ,HX npe,D,IlOllO)KeHHH, cqiopMynHpOBaHHhIX B / 
41 : 

a/ KHHeTH'IeCKaH 3HeprHH HeiiTpanhHhIX aTOMOB H HOHOB /n MOMeHT 

06pa3onaHHH/ npe,D,nonaraeTcH ,D,OCTaTO'IHO Manoii /cKopocTH 6nn3KH 

K TennOBhIM/; 

. 6/ npeHe6peraeTCH MHoroKpaTHOH HOHH3aIJ,Heii:, nepoHTHOCTh Ko

Topoii MHOrO<MeHLWe O,ll,HOKpaTHOH, H HOHH3aIJ,HH C.'I:UJ;aeTCH CTyneHqa

TOH, TO eCTh npe,D,nonaraeTCH, 'ITO HOHhl ··33,p,i;,D,ffi,c.k._ o6pa3yIOTCH H3 

HOHOB c 3apH,D,OM k - L~:.scir•.:r ,o-rwn -;r; L~J;:,1r: .. • 

uaMu, 

n/ npoueccaMH peKoM6HHaUHH npeHe6penaeT-O:H; ML 

r/ He Y'IHThIBaIOTCH TaK)Ke coy,D,apeHH}I MC:>K,ll,y TH)KCilhIMH qacTH-

conp0B0:>K,ll,aJOJUHeCH 

310 c11pa1H:..1nn1rn 11pn 

npoueccaMH HOHH3aUHH H nepe3apH,ll,KH. 

N A½ 
k 

--- « --~2 , r,lle A - Macconoe 

'IHCno HOH a. 
Ne JO k 

KpoMe 31 BX npe,D,IlOilO)KCHHH 6y,D,eM C'IHHtTh, 'ITO nee 06pa3onan-

WHCC}I HOHhl ,ll,BHraJOTC}I BMCCTe C KOnhUOM H npHHHMaJOT B ,D,anhHeiirneM 
Ill, 
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. ...,. __ ;_..,_~' . 
y11acTHe B npouecce cTy11eH11aT0ii lloH.H3aUHH, _IlepBaH 1ulCTL cnenaHHo~ 
ro YTBepmneaH.11 He BLI3LIBaeT coMJieHHii, Ta1< KaK ycKopemi11 H cKopoc-

~ ' '' ' ·, ' ' ' '' 

TH, K0T0pLte HCfiLITLIBaeT K0JILU0 rrpH C)kaTHH no 6onLWOMY panHYCY, 
0.'leHL MaJILI /Ha HeCK0JILK0 II0p.H,llK0B MellLWe, 'IeM npH _ yc1<opeHHH 
KOJILUa B ycKopmomeii °CHCTeMe/, n0Jl.Hp1baUHH. HQHHOro crycTKa OTHO· 

cHTenLHo :meKTpoHHoro itpaKTH·11ecK1t oTcyTcTByeT H 'i3ce H0Hht.ocTaroT· 
CH B noTeHUHanLHOH HMe. :meKTp0HHoro K0JILrta. .. 

qTo 1<acaeTc.11 BTopoii 11acTH rrpennono)keHHH, To ee MLI o6cynHM 
B nanLHeti:meM. · 

. IlpH cnenaHHLIX· npenrronomeHHHX .np.ouecc HaKonneHHH HoHoB B 
K0JILUe onHCLil}aeTcJi ~nenyromeii cHcTeMoii ypa~HeHH~, 3anucaHHoii B 
OTJIH'IHe OT / 41 He ,llJIH tmOTHOCTeii : HOHOB, a ,D;JIH HX IIOJIHOro 'IHCJia 

dN
0 

_ - No 
-- = A n - A -· 
d t a a O ·v 
dN1 - N 0 - Nl /7/ -·-· = A -- - A 
dt I V 1 V 

d Nii. - N1,,_1 N It.. 
- = A - A -- l<h < Z' 
dt lt.-1 V It. V ' - t -· 

c . Ha'IaJILHLI~H ycnoBHHMH No (0) =n av, N 1 (0) = 0 , N_1,,· (0) = 0 • 
3necL A1,,=N,/,,..c, 15_ k5.Z~ rne zl- aToMHLiii HpMep :meMeHTa; 

C1 I& • Ce'IeHHe ll0HH3aUHH k ·KpaTH0 H0HH30BaHHOro aToMa, npH'leM 
a = O; A = Su ~ A0 =A,+A , A.= N o; 0 c ; S - rrnomanL noBepxaocTH, Z· a a I e . 
11epe3 K0Topyro HeiiTpaJiLHLie aT0MLt nonanaI<>T _B K0JILU0, . fl • cpe,llHee 
3Ha'leHHe HOpManLHoii K rroBepxH0CTH · S K0MIIOHeHTLI CKop·ocTH HeiiT· 
panLHoro . aToMa, V - o6'LeM KQnLua; na· rrnoTH0CTL iHeiiTpaJILHLIX 
aT0M0B B 0KpeCTH0CTH I<0JILUa, 

B cHcTeMe /7/ o6'LeM KonLua V =2112R3 b g HBnHeTcH ii>YHKUHeii 
BpeMeHH, 3aBHCHtu;eH OT rrpouecca HaKOIIJieHHH HOHOB, BJIH.IIHHe K0T0pLIX 
BX0,llHT B BLipameHHe /6/ ,D;JIH b H. g • liyneM C'IHTa,TL ny 3aBH<;HMOCTL 
pa3MepoB K0JILUa OT H0H0B cna6oii. B anaa6aTil'IeCKH pac'Tytu;eM, 110,'I· 
TH 0,llHOpO,D;H0M 110 r MarHHTH0M rrone annfaaTopa R "' B-½ . 

' % 

a b(t) ,,, 1 H g(t) 

bo go 
"'1. Tor.D;a V "'B-3/fI, nocKonLKy MarHHTHoe rrone 

% ' . . . 

H3MeH11eTc11 no 3aKoHy B z = BO + 
MHpoBaTL cnenyromeii ii>YHKUHeii 

:.':-- -'~· ·~.--'<"'." ,':,,'c.~--.'::_ ;:"':•,,..:-;::":'".'.:":~ • .;·.::. 

Bl ·sin ~r" t, V(t} M0)KHOarrnpoKCH· 

i 
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V( t) 
T 

4 
/8/ 

r~e ·v O H V 1 - Ha'IaJILHJ.,Iii H KoHe'IHhiii ofri.eMLI KonLu;a, T - nepno.n: 
. BHeurnero MarHHTHoro nonn. Ilpn 3TOM npe.n:nonaraeTCH, 'ITO HaKonne -
HHe HOHOB CKa3hIBaeTCH JIHlllh Ha KOHe'IHOM o6'heMe KOJibIJ;a V ' a 3a-

. . . / 
: .KOH H3MeHeHHH o6'beMa /8/ OCTaeTCH npe)KHHM. 

K CO)KaJieHHIO, B JIHTepa Type HeT Ha.n:e)KHbIX qiopMyJI JJ:JIH onpe.n:ene
HHH ce'IeHHH HOHH3aIJ;HH HOHOB peJIHTHBHCTCKHMH 3JieKTPOHaMH. Ilo3TOMy 
.n:nn pac'IeToB ucnoJIL3oaanach cne.n:y10ll(a11 npn6JIH)KeHHaH qiopMyna/7 I 

2 m c 2 E 
a Ir. = rr r O -r;- £n T; /9/ 

r.n:e m - Macca IlOKOH, a £ - KHHeTH'IeCKaH 3HeprHH 3JieKTpoHa, / 1r, -

IlOTeHu;HaJI HOHH3aIJ;HH k -KpaTHO HOHH30BaHHOro aTOMa. IloTeHu;HaJibl 
0OHH3aIJ;HH 1,. JJ:JIH k =0-9 B3HThl HaMH H3/s/ . 

cI>opMyna /9/ xopo_lllo cornacyeTCH c 3KcnepnMeHTaJILHhlMH .n:an
HhIMO ,!l,JIH ao.n:opo.n:a H reJIHH, HO .n:aeT CHJihHO 3aHH)KeHHble 3Ha'IeHHH JJ:JIH 
a30Ta. Ilo3TOMY npH pac'IeTe HaKOilJieHHH a30Ta B qiopMyJiy /9/ 6LIJI 
ane.n:eH HeKOTOphIH HOPMHPOBO'IH1>1ii K03qlqJHu;HeHT k H "" 5 , KOTopL1ii, 
coxpamrn o6ll(HH xapaKTep 3aBHCHMOCTH Me)KJJ:Y ceqenHHMH HOHH3aIJ;HH, 
.n:aeT ,!J,JIH aoN 3Haqenne, 6JIH3I<Oe K 3KCilepHMeHTaJibHOMy. 

. 2 
HcnonL3y11 ace CKa3aHnoe Bhillle, MeTOJJ:OM nocne.n:oaaTeJILHhlX 

npn6JIH)KeHOH Mhl npoaeJIH pacqeT HaKonneHHH HOHOB reJIHH H a30Ta 
o3 ra3onoii cpe,!1,LI a npou;ecce C)KaTHH Koni.u;a npn cne.n:y10ll(HX ero na
paMeTpax, xapaKTep_!lhlX .n:nn cyIIJ;eCTBYIOll(ero a.n:re3aTopa: R0 =38 CM, 
go=goRo =1,5 CM, bo =ho Ro=0,75 CM, Y.J.o =4, Ne=S-10 12 'no =0,5, 
R 1 =6 CM, n 1 =0,06, T =BOO MKCeK, apeMH HaKonnemrn r ~T/4 = 
= 200 MKCeK. Pe3YJILTaTLI pac1IeTa npnae.n:enhI B Ta6nnu;ax I H 2. · 

EcJIH MLI XOTHM, 'IT06bI 'IaCTOTa pa.n:uaJibHhIX 6eTaTpOHHhlX KOJie-
6aunii v, He .n:ocTnrana pe JoHancHoro 3naqennn, paBHoro e.n:HHHu;e, TO ' 

· 03 Ta6nnu; I n 2 nonriaeM cne.n:yIOll(He Tpe6onannn _Ha .n:aaneHHe HaKan
nnaaeMoro ra3a B KaMepe a.n:re3aTopa: PJJe < 2-10-7 MM pT.CT.,PN< 
< 2-JO-BMM pT. CT. KaK BHJJ:HO H3 Ta6JIHIJ;, npuTaKHX .n:aanemrnx cnpa~ 
ae.n:mrno c.n:enaHHOe npe.n:noJio)Keune o cnaGoM BJIHHHHH uouoa Ha pa3 -
Mepbl KOJILIJ;a. 

OcTaHOBHMCH Teneph Ha c.n:enaHHOM panee npe.n:noJIO)KeHHH, 'ITO 
nee o6pa3oBaBllIHecn HOHhl npHHHMaIOT yqacTHe B npou;ecce cTynenqa-. . . . 
TOH_ HOHH3aIJ;HH. AMnmITy.n:a KOJie6aHHH HOH OB npH a.n:na6a THHeCKOM H3 -
Menemm qacToTLI nx Kone6anuii n. MenneT.cn no 3aKony a i "' h n· 

I "-
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'II -½ . -3/2 R3/4 . 
B caoro oqepe,n;L, n i "" V "" R H, cne,n;oaa TenLHO, a i "" • AH a -

norHqHhIH pe3ynLTaT IionyqeH a I 9 I. TaKHM o6pa3oM, pa3MepbI HOHHoro 

cryCTKa 3aTyXaIOT Me,n;neHee, qeM pa3Mepbl 3ITeKTPOHltoro cryCTKa. B 
pe3yIThTaTe HeKOTopoe qucno HOHOB, o6pa3oBaBIIIHXCH B Haqane C)KaTHH 

Ha Kparo crycTKa H HMeIOll(HX 6onbIIIHe HaqanbHbie aMITITHTY,D;bl, qacTh 

apeMeHH HaXO,D;HTCH 3a npe,n;enaMH 3neKTPOHHOro crycTKa H He yqacT

ayeT npH 3TOM B npouecce HOHH3aUHH. K CO)KaneHHIO, npH BbI6paHHOH 

CXeMe pa,cqeTa yqeCTb. 3TO He npe,D;CTaBITH€:TCH B03MO)KHbIM H Il03TOMY 

nonyqeHHbie pe3yITbTaTbl no qucny HOHOB HBITHIOTCH HeCKOITbKO 3aBbI

IIIeHHblMH. O,n;HaKO 3Ta norpeIIIHOCTb He oqeHb aenHKa, T .K. Ha Haqanb

HOM 3Tane C)KaTHe KOITbUa npoHC~O,D;HT oqeHb 6hICTPO H qucno 06pa30-

BaBIIIHXCH 3a 3TO BpeMH HOH OB, He IlOITHOCTblO yqacTBYIOIUHX B npouecce 

HOHH3aUHH, HeBeITHKO. TaK, HanpHMep, apeMH C)KaTHH ,n;o R =20 CM co

CTaBnHeT 4o/o, a ,n;o R =IO CM - 15o/o OT o6mero apeMeHH C)KaTHH KonL

u:a. TaKHM o6pa30M, OCHOBHOH npouecc HaKonneHHH HOHOB npoHCXO,D;HT 

npH ManbIX H3MeHeHHHX pa,n;Hyca, Kor,n;a pa3HHUa B JaTyxaHHH paJMepoB 

3JieKTpOHHOro H HOHHOro cryCTKOB HeJHaqHTenbHa; 

2. Ha1wnAe11ue uo11oa a crjJopMupoaa11110M 1C0/lbt,1e 

3,n;ecb Mbl paCCMOTPHM HaKonneHHe MHOro3apH,D;HbIX HOHOB aTOMap

Horo a30Ta, aproHa H KCeHoHa B npe,n;aapHTeIThHO C~OPMHPOBaHHOM 

KOIThUe C napaMeTpaMH, KOTOpbie npe,n;nonaraeTCH nonyqHTb BO BHOBb 

n_poeKT.!'1pyeMOM a,n;re3aTope - I I: Ne . =10 14 , R =3,5-4 CM, y l. =40, 

b = g =0,05 CM. HaKonneHHe HOHOB npoHCXO,D;HT H3 CTPYH aTOMOB 

BbI6paHHOro raJa, nepeceKa10meii 3ITeKTPOHHOe KOITbUO B,D;OITb OCH z . 
EcnH He yqHTbIBaTb H3MeHeHHH nonepeqHbIX pa3Mepoa KOITbUa B npo

uecce HaKonneHHH, :ro B CHCTeMe ypaBHeHHH /7 /' OilHChIBaIOll(eii 3TOT 

npouecc, MO)KHO nepeiiTH OT nonHoro qucna HOHOB N,. K HX IlITOTHOCTH 

n,. . B pe3ynLTaTe nonyqaeM cne,n;y10myro CHCTeMy ypaaHeHHii 

n = ( n - n ) A 0 ( t) - A . n , 
O a .o a i 0 

n =A.n -A
1

n
1

, 
l , 0 · /10/ 

n ,. A n 
k-1 k-1 

A n 
k k 

1 < k S Z 

KOTopyro MO)KHO 

A - A k 
k - V , 0(t) - ~YHKUHH, Jaauc.11ma.11 

peIIIHTh aHanHTHqecKH I 4 / • 3,n;ecb A.= Ai, A 
' V a 

A 
a 

= v' 
OT cnoco6a HanycKa ra3a. Ha-

qanbHbie ycnOBHH n k = n a Oo k • 
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2.1. Henpepb18Hbli1 11anycK za3a 

B cnrme HenpephrnHoii CTPYH ra3a 0(t) =1. Tor.na pemeHHe cHc
TeMhI /10/ 3anmueM n cne,nyrow;eM BH,ne: 

f ( t) 
0 

= _!:Q_ 
na 

n A z-1 
f ( t) = - = --( A t + B - A !, 

Z n- A a Z-1 
a O n=O 

k-1 

II A 
r.ne Aa 

A = ( 1 - -- ) --------
i.n An d (Ae-A n) 

e = o 

m=O 
m 

e ,f n 

1 Z-1 

!, 
A n n =O 

A = A + A . 
O a i 

Az-ln 
A 

n 

/11/ 

-Ant) 
e ' 

O<n< k< Z-1 

CyMMapHaH nnoTHOCTh T H)KenhIX qacTHU: B 061.eMe KOnhu;a 

f ( t) = 
z 
!, 

k=O 
na 

1 2 2 A.( A -A.} A.(A -A.) A 
( A A A A ) ' 0 ' ' "

0 
' - o1 

= -A2 o-- o ; + ; + A + A 2 e 
O O 0 

pacTeT npn6nH3HTenhHO nnHeiiHo co npeMeHeM /npu A0 t 
1>> 1 /. 

H~KpnneHHe HOH OB H3 HenpephIBHOH CTPYH ra3a no,npo6HO paCCMOT
. peHO n· 141 . Il03TOMY 3,neci. Mhl nH11Ih npHBe,D;eM PHA rpaqmKOB, xapaKTe-
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pHJYIOIUHX HaKonneHHe HOHpB N , Ar H Xe B KOnhtie. CeqeHH.fl HOHHJan;HH 
,nm1 Ar H Xe BBHAY OTCyT1:TBH.fl 3KCnepHMeHTanbHblX ,naHHbIX BblqHcn.fl• 
nHcb no qlopMyne /9/; ,nnH N , KaK H B npe,nb1,nymeM paJ,nene, BBO,nHn
cH TOT me HopMHpoBoqHLiii K03qlqlHUHeHT. 

Ha pHc. 1 - 3 npHBe,neHhI KpHBhie HaKonneHH.fl HO HOB N , Ar H Xe ,nn.fl 
CKOPOCTH IlOTOKa raJa u a =4,8.10 4 CM/ceK. BbIXO,D: KPHBbIX /KPOMe 
KPHBoii n 2 1 n a/ Ha nnaTo xapaKTepeH ,nnH HenpepbIBHoro nyqKa aTOMOB 
npH BbIIlOnHeHHH ycnOBH.fl A kt'>> I . IlnOTHOCTb HOHOB B paBHOBeCHH 
,naeTc.fl qlopMynoii 

nk /\a ao 
fk =- =--

n.a AO a k 
/13/ 

H pacTeT C poCTOM CKopoCTH IlOTOKa raJa u a ' CTpeM.flCb B npe,nene 

a 
K eennqnHe ....JL_ • 

ak 

OcHOBHhlM He,nocTaTKOM HenpepweHoro HanycKa ra3a HBn.fleTC.fl 
TO, qTo KPOMe HOHOB Tpe6yeMoii Jap.fl,D:HOCTH e KOilbUe HaKannHBalOTC.fl 
H HOHbl Bcex HH31IIHX 3apH,D:HOCTeii. 3TO KpaiiHe He:>KenaTenbHO, TaK KaK 
CYMMapHa.fl nnoTHOCTb HOH OB B KOilbUe orpaHnqeHa ,nonycTHMbIMH IlOTe -
pHMH 3neKTpOHOB KOnhn;a Il_f.H pacce.flHHH HX Ha HOHax. Ilo on;eHKaM / 4 / 

,nn.fl Xe, HanpnMep, f .:5: zo- ."llTo6bI H36emaTh HaKonneHH.fl B KOnhn;e no
HOB c JapH,naMn HH:>Ke Tpe6yeMoro, B ,naHHoii pa6oTe npe,nnaraeTC.fl nc
nonhJOBaTh HMnynbCHYIO CTPYIO raJa. 

2. 2. HMnY.llbCHblii 11anyc1< Za3a 

Ilpe,nnono:>KHM, qTo B MOMeHT BpeMeHH t = 0 , KOr,na KOilbUO yme 
cqlopMHpoeaHo, ero HaqHHaeT nepeceKaTb CTPYH raJa H HanycK raJa 
,nnnTcH B TeqeHHe epeMeHH T • Ilocne 3Toro HanycK raJa npeKpamaeTc.fl 
H B pe3ynhTaTe nocne,nyromeii HOHHJaUHH HaKOilHBIIIHeC.fl Ja epeM.fl f 
HOHbl nepexo,n.flT B 6onee BblCOKHe 3ap.fl,D:HOCTH. 

B cnyqae HMnynbCHOH CTpyH raJa 0( t). JnpH t < T H 0(t) = 0 · 
1> T. PellleHHe CHCTeMbl /10/ B 3TOM cnyqae o603HaqHM npn t 

g,Jt)= nk(t) 
n 

Tor,na npH t '.S_ T, g ,Jt) = f I<.( t) H, 060JaaqHB 1,/T)=x._, 
a 

,nn.H t 1>THMeeM 
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,. 
I 

n=O 
C -A t 

lo n e n /14/. 

r.rr.e C _ A 0r 
00 - XO e ' 

n-1 n-1 

C nn = [ X n + I X n 
m=O mf=m 

Ae 
] A T 

e n 

k-1 
Il A 

m=n m 
C = 

lo n . C nn 
ll(Ae-A) 

f=n+l n 

,ll;JIH CYMMapHOH IlJIOTHOCTH nrn<eJihlX '-laCTHU nonyqaeM 

z 
I f ( t) ' < T 

n ,. 

g ( t) 
lo=O z /15/ I X lo = canst , t > T . n 

a lo== 0 

TaI<HM o6paJOM, B CJiyqae HMilYJihCiIOro Hanyc1<a r'aJa cyMMapHaH 

IlJIOTHOCTh TH)KeJihIX qacTHU B I<OJihUe IlOCTOHHHa npH t > T" paBHa 

f (T J. PeJyJihTaThI pac'-leToB no Ha1<onJieHHIO HOHOB N , Ar H Xe HJ 

HMilYJihCHOH cTpyu raJa npHee.rr.eHhI Ha pHc. 4-7. B oTJIH'-IHe OT npe.rr.h1.rr.y

mero CJiy'-laH y I<pHBhIX HaI<OilJieHHH k -1<paTHO HOHHJOBaHHhIX aTOMOB 

( k < Z) cyiuecTBYIOT MaI<CHMYMhI, npu'-leM aMnJIHTY.U.hI MaI<CHMYMOB pa

CTYT C POCTOM CI<OpOCTH CTpyH raJa. 

Bb16HpaH COOTBeTCTBYIOU(HM o6paJoM BpeMH HaI<onJieHHH, MO)KHO 

IlOJiy'-IHTh B I<OJihUe, n OCHOBHOM, HOHhl Tpe6yeMoro JapH,!I.a. . 

Ha .PHC. 8 IlOI<aJaHa JaBHCHMOCTh I<pHBhlX HaI<OilJieHHH OT BpeMeHH 

HH)KeI<UHH T. C pOCTOM T MaI<CHMYMhl CTaHOBHTCH MeHee OCTphIMH 

/"paJMaJhIBaIOTCH"/, .HO npH 3TOM HX aMilJIHTY.U.a MO)KeT HeCI<OJlhI<O 

pacTH, ecnu .U.JIH .rr.aHHoro k A ,.r < 1. Ilpu nh16ope T ·HY)KHO Hcxo.rr.HTh HJ 

cne.rr.y10iuero: T He ,!J.OJl)KHO 6hITh CJIHIIII<OM Be.TIHI<O, '-IT06hI I<PHBhie Ha

I<OilJieHHH HMe,JIH .rr.ocTaTO'-IHO OCTphie H xopOIIIO paJ,!J.eJieHHhie MaI<CHMy

Mhl /B 3TOM ·cJiy'-lae B I<OJlhUe 6y.rr.yT' B OCHOBHOM' HOHhl O,!J.HOro JapH.rr.a/' 

a TaJ<)Ke '-IT06hI cyMMapHoe '-IHCJIO HOHOB B I<OJihUe He npeBhIIIIaJIO .rr.onyc

THMOH BeJIH'-IHHhl /cyMMapHoe '-IHCJIO HOHOB MO)KHO perynHpoBaTh H,!J.an

neHHeM B CTpye raJa, npH 3TOM BH,!J. I<pHBhIX HaI<onneHHH He MeHHeTcH/. 

Ho c .rr.pyroii CTOPOHhI, T .U.OiI)KHO 6hITh 6onhIIIe xapaI<TepHoro BpeMeHH 

HOHHJaUHH HeiiTpanhHOro aTOMa To= A.7~ '-IT06hI,B KOJihUe ycneno o6paJo

BaThCH JaMeTHOe KOJIH'-leCTBO HOHOB. 

... 
II 



,KpoMe 3Toro HH)KHjfjf rpaHHI~a T 6y,u;eT orpaHH1IeHa KOHCTpyK· 

THBHhIMH BO3MO)KHOCTRMH. Ilo·BH)];HMOMY, HaH6onee npHeMneMhlM HB· 

irneTCH apeMR T ""10 - 5 
ceK. 

IIpoae,u;eHHhIH aHanH3 IlOKa3hIBaeT BO3MO)KHOCTh HaKonneHHH B 

KOnbn;e HOHOB a3oTa, aproHa H KCeHOHa Tpe6yeMoro 3apH,u;a H KOHIJ;eHT· 

pan;HH H3 HMnynhCHOH CTPYH ra3a. Hcnonh30BaHHe HMnynhCHOro Hanyc

Ka ra3a o6nerqaeT nonyqeHHe H rro.u;.u;epmaHHe B KaMepe a.u;re 3a Topa He -

o6xo.u;nMoro aaKyyMa. 

B pH.u;e COBeTCKHX H 3apy6emHhlX pa6oT OIIHCaHhl ycTaHOBKH, rro-

3BOnHIOIIJ;He rronyqaTh HMIIynhCHhie rryqKH HeiiTpanhHhlX aTOMOB BhICOKOH 

rrnoTHOCTH. . 

HarrpnMep, al 10lcoo6IIJ;aeTcH o rronyqeHnH crycTKOB HeiiTpanhHhlx 

aTOMOB ao.u;opo.u;a C rrnoTHOCThIO n a""3,JO 12 
cM;-3 CKOPOCTH KOTOphlX 

rrpaKTHqecKH rrapannenhHhl H COCTaBnHIOT .,,JO 8 CM/ ceK. ,D;nnTenhHOCTh 

HMrrynLca no apeMeHH nemnT B rrpe.u;enax 50-80 MKCeK. 

B .u;py:roii pa6oTe / 1 l/ 6hmH rronyqeHhl KOPOTKHe ( T. "" JO - 5 ) ceK 

rry·ql(H aTOMOB HeiiTpanhHoro KCeHoHa co ·cKOpOCTHMil
1

U a"3/2-5/. 10 6 

CM/ CeK H rronHhIM qucnOM a TOMOB Na "" 10 1•
5 

Hcrronh3YH KaKyro-nn6o H3 3THX MeTO,D;HK B coqeTaHHH C cpopMH· 

PYIOIIJ;HM ycTpOHCTBOM B BH,D;e KOnhIJ;eBhlX IIJ;eneii, MO)KHO rronyqHTh ra3O

BYIO CTPYIO c. HY)KHhIMH ,u;nH Hae rrapaMeTpaMH. Cne.u;yeT OTMeTHTh .u;o
rronHHTenhiIO, qTo XOTH HH B O)];HOH H3 YIIOMHHYThIX pa60T He rrpHBO)];HTCH 

,u;aHHhie O CTerreHH B036ym.u;eHHH aTOMOB B CTpye, H3 rrpoCThlX q>H3Hqe

CKHX C006pameHHH oqeBH,D;HO, qTo 3HaqHTenhHaH ,D;OnH aTOMOB HH)KeKTH· 

pyeMoro ra3a .u;onmHa HaXO)];HThCH B BhICOKOB036ym,u;eHHhlX COCTOHHHHX. 

BpeMH rrepaoii HOHH3aIJ;HH TaKHX aTOMOB cyIIJ;eCTBeHHO MeHhille BpeMeH 

HOHH3aIJ;HH, paccMaTpHBaeMhIX HaMH, T.e. OHH nerqe HOHH3YIOTCH H 3ax

BaTb1Ba10TCH 3neKTPOHHhIM KOnhIJ;OM. 
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PHC. 1. HaKonnemie HOHOB aTOMapHoro a30Ta B KOnL:ue H3 HenpepbIB· 
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Puc. 2. HaKonne1me 110110B aprona B KOnL:ue H3 nenpepbIBHOH CTPYH ra3a .. 
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Pnc. 3. HaKonneHHe HOHOB KCeHOHa B KOnLne H3 HenpepLIBHOI CTPYH 
ra3a. 
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7 

Pnc. 4. HaKonneHHe HOHOB a3oTa B t<OnLne H3 HMnynLcHoii cTPYH ra3a. -
• 
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Pnc. 5. HaKonneHne HOHOB aproHa B KOnb~e H3 HMITYilbCHOH CTpyn ra3a. 
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Pnc. 6. HaKonneHHe HOHOB KCeHOHa B KOilb~e H3 HMilYilbCHOH CTpyn ra3a. 
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Puc. 7. HaKonneHHe HOHOB J<CeHOHa B KOm,ue npH pa3HbIX CKOpOCTHX 

HMnynbCHOH CTpyH ra3a. 
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'· ' I 
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cM 

Puc. 8. HaKonneHHe HOHOB KceHoHa B KOnhue npH pa3HbIX ,D;nHTenbHOC· 

THX BpeMeHH HH:>KeKUHH. 
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Ta6~xna,1. re.iHA 

J{SBJieHHe 9'1 ~ vz' ~; Niµo'o Nr/10'0 (Ni fN,_)poJO. p 'I 
(MM.pr.CT.) {HH) (M,t} 

0 1,826 I,627 0,94!7 0,04646 0 0 0 

1•10-7 I,816 I,462 0,9622 0,07II9 l,672 0,6267 2,299 

2·10-7 I,805 I,327 0,9856 0,1049 3,215 I,359 4,574 

'.')•lo-7 1,794 I,218 I,012 0, !480 4,642 2,!88 6,830 

4•10-7 I, 78! I, !29 I,040 0,2004 .5,971 3,IOI 9,072 

5•ro-7 I,768 I,056 I,07! 0,2615 7,215 4,087 II,30 

6•Ic:r7 I,775 0,9956 I,104 0,33:0 8,385 5,136 !3,52 

7•lc:r7 I,74! 0,9443 I,140 0,4093 9,489 6,244 15,73 
a.ro-7 I,727 0,9003 I,177 0,4955 10,53 7,405 17,94 

9• rc:r7 I, 7:0 0,8619 1,217 0,5897 II,52 8,614 20,13 

I•Ic:r6 I,700 0,8)48 I,253 0,6702 12,64 9,717 22,36 

Tad.una 2. AsoT 

p - ~ }I.' t Ni/Jo'o "'1/J.do N3/1o'' N+/10' Ns/10' (w.pr.cT) 'jl V 1{ 
(Mk) (NH} 

5• rc:r8 I,775 I,099 I,054 0,2230 I,832 2,571 I,601 4,077 ~,603 

4•Ic:r8 1,787 I,167 1,028 o, !757 1,549 2,085 I,226 2,950 lt,499 

3•:ro-8 1,798 1,256 I,002 0,1307 I,264 I,589 0,854 I,877 ~,603 
2•!0-B I,808 li)OO 0,979] 0,99513 0,9139 1,070 0,525' I,056 1,33'.3 

I•I0-8 I,818 I,485 0,959 0,06696 0,5012 0,5'75 0,2361 0,4276 P,4827 
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