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rM.,Tpo M. " AP · 
PaAHa~HOHHbl~ aax eaT ,.,.- -MeaoHOB Ha AApax . 
MHKpocKomot4ecKi-tH pac4eT AflA 160 H 4Dca 

P2 - 12942 

Ha OCHO Be o6ono4e4H~X BOnHOBbiX ~yHK~HH aHanH3Hpy~TCA CKOpOCTH 

paAHa~HOHHOrO 3aX Ba Ta OCTaHOBH BW HXC A M~OHOB H cneKTp H3fly4aeMbiX 
y -KBa HTOB B RApax 16Q H 40Ca. BbiRBJleH BKJlaA CKOpOCTHbiX /no HMnynb

CY HYKr.OHa / 4neHO B 3$$eKTHBHOrO r aMHflb TOHHaHa n pH nepeXOAe OT 40Ca 

K 6onee nerKHM RApaM. 

Pa6oTa Bbl nOJlHeHa B na6opaTOPHH TeopeTH4eCKOH ~H3HKH OHRH. 

Coo6weane 06'benH HeHHor o HHCTHTyTa ru:tep HhiX nccnenoeaHnA • .D,y6Ha 1979 

Gmi t ro M. et al. 

Radia ti ve Muon Capture on Nu c le i . 
Mi c roscopi c Ca l cul at ion for 16 o and 

4
°Ca 

P2 · 12942 

Radiati ve muon capture rates of stopped muons and spectrum of 
emit ted y - quanta i n tso and 4°Ca a re ana 1 ysed using the she 11 - mode 1 
nuc l ear wave f unct ion s. The contri but ions of t he nuc l eon-velocity
dependent t erms of effecti ve Hami l tonian have been shown to be 
different in 40Ca and in 1 igh t e r nu c lei. 

The invest igati on has been pe r formed at the Laborato ry of 
Theore ti ca l Rhysics, JINR . 

Communication of the Joint Institute for Nuclear Research . Dubna 1979 
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I . Bse.n;eHHe .---------
BosMOXHOC Tb .n; eTeKTnpos aHH II t- KBaHTO B c 3HeprHeA nopl!.n;Ka 

IOO M3B C BHCOKOA CTeneHbD TOqHOCT H nyTeM HX KOHB8pT11pOBa HHII B 

3R8KTpOH-n03HTpOHHYD na py, npo.n;eMOHCTpHpOBaHHal! npH HCCRe,JJ;OBa HHH 

npouecca pa.n;HaUHOHHOrO saxBaTa nHOHOB aTOMHHMH ll,ll;paMH /I/, OTKpH

BaeT HOBHe nyTH 11 B HCCne.n;OBaHHH pa.n;HaUHOHHOrO 3aXBaTa MDOHOB 

( ~~ v Y ). TaKa!! MeTo.n;HKa nossonHT HSdexaTb uenwA pa.n; Tpy.n;

HOCTeA, npHCY~HX npexHel M8TO,li;HK8 11 CBII3aHHHX C HeOdXO,li;HMOCTbD 

pa3nJ.IqaTb CHrHanH OT dliiCTpHX HeiTpOHOB 11 ({ - KBaHTOB, B KO HetJ-

HOM HTOre 3TO npi1B8,li;8T K 3Ha4HT8RbHOMY nOBiilillSHHD Ha,JJ;8XHOCTH 

113BR8Ka8MOI HH~OpMaUHH, 

llpH 3KcnepHMeHTanbHOM Hccne.n;osaHHH npouecca (~~ ~ ¥) Odi114HO 

H3Mepi!DTCII 3HepreTHqecKHA cneKTp Hcny~eHHHX K- KBaHTOB 11 3Hep

reTJ.~q8CKall 3aBHCHMOCTb aCHMM8TpHH yr ROBOrO pacnpe.n;eneHHII d -
KBaHTOB npH saxBaTe nonl!pH30BaHHIIIX MDOHOB, 3TH xapa KTe pHCTHKH 

IIBRIIDTCII HHTerpanbHHMH B TOM CMHCR8 1 4TO KO H84H08 COCTOIIHH8 R.n; pa 

He perHCTpHpyeTCII. B CBII3H C 3THM OCHOB HOR anna paT, HCnORb3Y 8Miill 

,li;RII HHTepnpeTaUHH pesynbTaTOB H3M8p8HHI 1 da3HpyeTCII Ha TeopeMe 

nORHOTiil 1 no 3BORIID~el CB8CTH CYMMY no KOH84HHM COCT OIIHHIIM ll,ll;8pHOR 

CHCT8Miil K cpe.n;HeMy no OCHOBHOMY COCTOIIHHD OT KOHKpeTHOrO ,JJ;BYX-

4aCTHqHoro onepaTOpa / 2/, ilpH 3TOM 1 O,li;HaK0 1 B T80pHH B03HHKaDT 

CBOdO,li;Hi118 napaM8Tpi11 1 Ka K, HanpHM8p 1 cpe.n;HIIII 3Hepr1111 B03dy~.n;8 H HII 

ll,ll;pa, Ha XO,J:,li;8HHe KOTOpliiX COllpl!ll(8HO C Tpy.n;HOCTII!AH, 

B TO ll(e npeMH npH onHCaHHH npoueccoa norno~eHHR pas

RH4HIIIX 4aCTHU nerKHMH ll.n;paMH WHpOKO HCnORb3YSTCII MHKpOCKOITH48-

CKHA nO,li;XO,ll; K CTpyKType ll,ll;pa , 0H n03BORII9T npocne.n;HTb Sa ,li;HHa MHKOA 

rrpouecca H BHIIBHTb COCTOIIHHII a.n;epHoR CHCT8Miil 1 Ha KOTOplile npHXO~MT
CII OCHOBHall HHT8HCHBHOCTb B03dyll,JJ;9HHII, C U8RbD Bliii!BR8HHII ,li;HHaJ:HKH 
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p8.,1Utal.lHOHHOrO 38.XB8.T8. M!JOHOB H COITOCTB.BJieHHII ee C ){HH8.MHKOk\ 

OdHqHOrO 38.XB8.T8. B HB.CTOII~eA padOTe 3TH ada npo~ecca HCCI!e){y!JTCII 

Ha OCHOBe MHKpOCKOnJ.tqeCKOrO OITHCa.HHII ll){epHOA CTPYKTypH. 

B COOTBeTCTBHH C 3THM ITII8.HOM BO BTOpOR tmCTjl[ Halllek\ padOTU 

AB.Hbl OCHOBHHe no II011:eHjl[ll <flOpM8.Jiji[31A8., ji[CnOI!b 3JeMOrO Alii! OnHC8.HHII 

pea.K~J.Ijl[ (}1.4~ V '( ) B paMKaX HMnyllbCHOrO npji[ClJIH:teHj/[11, B TpeTbel! 

qaCTH npj/[fleAeHH HeKOTOpue ){eTaJIH 4HCJieHHOrO pacqera .1{1111 paAHa

Uji[QHHOrO _M -3aXBaTa Ha 
16

0 H 40Ca. 0CHOBHble pe3yllbT8.TH H HX 

OdCy:t){eHHII npOBO){IITCII B qeTBepTOR qaCTjl[ padOTH. 

a...2Ji!l.ll.ll~g__Q£ill!L~!i!.ll __ '/ -!£Jill!i.IQ..ILJL.ll~51.Yji[O!i!i.Q!:i 
}j.-=-~!!ll..ill!:-ill!!i!!L..l!JU!~.:. 

3HepreTJ.tqeCKHR cneKTp (- KBB.HTOB B pa.CCMa.TpHBaeMOM npo-

uecce npH nepexo){e Mpa H3 cocroi!HHII I i. ":> B coer OIIHHe If> 
onpe){eJII!eTCII BHpaxeHHeM 

M. (k) ==- 2 c~"g)"!.cA. rn R (G ~ec} k (k!"- k )22.. )J.n.K Fl~Yr) 
ft (2JT)~ ii f'l f'1 A ~.,- f• CI) 

1\ 

r.n:e K::::. kf< - aeKTOp ji[Mnynbca, .J\. -Uji[PKYIIIIpHas nonspH3a

~jl[ll 0- KBaHTa, o1... H G- coorneTCTBeHHO KOHCTaHTH 31leKrpo

MarHji[TH oro jl[ cnaeloro B3aHMo.n;eltcrnHA, 9c - yro11 KadJ.tddo, R.f'i 
xapaKTepjl[3yeT 3~eKTji[BHHR 38.pll.l{ IIApa. qepe3 k~i OCl03Ha4eHa 

l.\i!KCIIM8.1IbHHII 3HeprHII, YHOCHM8.11 r -KBaHTOM npH nepexo.n:e s.n:pa 

B cocTOI!Hjl[e If-,. 
k!"= tnf4-(Ef-Ei.). 

ITonH~It 3HepreTJ.t4eCKHa cneKTp nonyqaercR H3 (I) nyreM cyMMHpona

HHII era no BCeM KOHe4HHM COCTORHji[IIM I!AepHOit Cji[CTeMH! 

N(k)=L. N+"(k). 
f 

(2) 

,lll!H8.1UIKU npo~ecca (pt-; V d') nOJIIIOCTb!J CO,!Iep-Kj/[TCII B MaTpj/[4HHX 

31leMeHTax 3~eKTji[BHoro raMji[JibTOHvtaHa H~ , j/[3 Koroporo 

CTpOIITCR Bl; paJKeHJ.te: 
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~ 
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f;~)(K'):: m~ Y)J.a-v!<f)<1vl H;~ I i, rnJ'1)1
2
, (3) 

r){e 3H8.K ~ 03HaqaeT ycpeAHeHHe H CyMMHpOB8.HHe ITO nOI!IIpH38.UH-

IIM qacTHU B HaqaJibHOM H KOHeqHOM COCTOIIHHIIX. iliiOCKHe BOIIHH HeiT-

pHHO H ~oroHa xapa.KrepH3YDTCII HMITYJibca.MH 1= v·V HI<= k:~ 
COOTBeTCTB6HHO. 

B ){8.HHOA padOTe HCnOI!b3J6TCII Hepei!IITHBHCTCKHA 3~eKTHBHHA 
ra.MHJibTOHHa.H pa){Ha.JHOHHoro 38.XBara MDOHOB ll){paMH H'lrf ,no

nyqeHHHA B padore 
21. KaK H B 12{ B Kaqecrne nponarar~oB MDO

Ha H HyKIIOHa dpaiiHCb nponaraTOpH CBOdOAHHX qacTHU. ql!eHH raMHI!b

TOHHaHa, pacxoAII~Hecs npH X-'~' 0 ( HH~paKpacHall pacxOAHMOCTb), 

onycKa.JIHCb. H3 coodpaxeHHA y){odcrna uenecoodpa3HO 3anHcaTb fl~ 
B HeCKOI!bKO HHOM, qeM B /

2{ BHAe, pa3){61IHB 8.ApOHHYD H JienTOHHYD 

qacTH. C 3TOA Uel!bD BOCnOIIb3J6MCII CII6AYD~HM pc31IO~eHH6M CKal!llpHO

ro npOH3Be,l{eHHI! no UHKJIHqecKHM opTaM K=e~_' l"== ce:-.:Ae;)/..[2': 
.... ~ ~ --" (c;.l) = (a·l>.) (~·£>.'~")+ (Q':~>-") ( ~· ?~) + ("Q.i<) (g. K), 

-rAe a H ~ - npOH3BOI!bHHe BeKTOpH. TorAa 3~eKTHBHHA raMHI!b-

(4) 

TOHHaH MOXHO CB6CTH K Cl!eAJD~eMy BHAY! 

H!; = j- (i-7,:1)t [ HA(j) + H B(j)+ He Cj) -t-
-,2. ml" J"-' 

+h. (j) 1 ~ (t!- ~'Yh·t~ (5) 

rAe t~-llp> =In> 

HR tj) = H~l)(j) (~EA) + H~21 (j) C~· [A) j 

H \ (i) __,.~A) c~J ~ _.,>.) 
e(j,==He Cj)(~·£ +Hs (j)(v·E ) 

H (.) H(i)C.) Hcz)C .). ~ r,j. ~J 
C j = C. J + C j l6'· V X j( • 

(6) 

3HaqKoM J no Me4eHbl oneparopu, AeacTBYDIIIHe Ha nepeMeHHHe J -
ro HJKIIOHa. ,lln11 aApOHHbiX onepaTOpOB BBeAeHH Od03HaqeHHII 

H (a.) . [ \ 
X (j) X= A) BJ c. j ct.= 1.:> 2. J j 
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(Q) c~) A(~)(~· ~) ca.). ._. P· ~ HA (j)=A1.·1j+ 2. ,4·K +A3 t.[ 6 j)( ~}kj (7) 

Heal(·\ Bcq)(~ ~) BcQ)(- A\ cQ> - ~\( -o. ~) 
B jJ= .L rO(k + 2. COf"P:J+B3(6'f"k"J ~·k j 

H(t:t)( .)- t11(CI)c- .-~\ cca>c -p. -A) c(")c;::!··~)(P: ...... A') c. J - L-.! !OJ· E. J + :z. _j • ~ + :.3 -a J ...:!.... • E:. 
M M . 

- -B BYpaseHHIIX (5)-Q) 6 H <OJ -MaTpHuu ITaynH .nna nenTo-

HOB H HYKJIOHOB, Pi - HMny Jibe HYKIIOHa, A1 - ero Mac ca. 
3anHCb a~eKTHBHOrO raMHJibTOHHaHa B BH,ne (5) y,no6Ha B TOM 

D Cl)( ... ) nnaHe, qTO B BYpazeHHH )(JIB tti. tc He B03HHKatJT HHTe~epeHUHOH-
HYe qJieHY Mez.ny MaTpHqHYMH 3JieMeHTaMH 1 OTBeqatJ~ pa3JIHqHYM 
HH,nexcaM X . OcHOBHOI BKna.n B nonHYI MaTpHqHYI aneMeHT .nat>T 
nepBYe TpH qneHa BYpazeHHB (5). qneH 6(j) npe.ncTaBnaeT Manym 
nonpaBKy, Ero BBHYI BH.It .naH B npunoxeHHH A COBMeCTHO c BYpaxe

HHeM .nna qHCJIOBYX K03!WJHuHeHTOB ,q.~•l ' Btl H ci") . 0603Ha-
qHM qepea 

M(c:t)_ <f I ~ '1-(-) -i(K+vrry H (t:t)( •) c c- -)I . 
X - ~ l.J;· e X j o r-~· "l > (8) 

j=·l 

I!,Ite~HYI MaTpr.rqHYI 3JieMeHT 1 COOTBeTCTBYillllHI O,ItHOMY H3 onepaTOpOB 
Hx ~(j) . .Una ero BYqHcneHHB o6uqHo npoH3BO.nHTCB MYJihnrnonbHOe 

paanozeHHe ( CM, npHnozeHHe E). ITocne npoBe.neHHB TaKoro paanoze-
n,tl)(-) HHB JierKO BH,neTb 1 qT 0 BeJIHqHHa fti. k BYpallaeTCB qepea HH-

T erpan no (}oJ"K - yr ny Me:t,ny HanpaBJieHHBMH BYJieTa a -KBaH-
Ta H HeiTpHHO: 

J. 
c.l)( (' ( (l) c~) c) 

Pt~ k 1 = 2.Jr_1 J~ s.! -+ s.t + ~ , (9) 

r.l(e -:J = ~()"it< , 

zt')== (I M~t)l 2+ 1 M~J) 12.) < 1+ A~)- (M~~M~t)~ M~~M~~)·)c~-~:t) j 

('/ C~) / (J.) 12. I "/2) \:t( :t\ }-.),_ = Me. + /¥1~ 1-~ ) • (IO) 

HHTerPftpOBaHHe B (9) npHBO.ItHTCII qHCJieHHo. 
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CnaraeMoe ~ , BXO.ltllll{ee B (9), nponopuHoHanbHo U/:v.A. )~ 
H n03TOMy HM MO:KHO npeHe6pe~. 

ITo.ncTaBHM peaynbTaTY MYJibTHnoJibHoro paanozeHHII H3 npHnoxe
HHII E B ~OpMYJIY (10), 3aTeM,HCXOJ(II H3 (10) H (9),nonyqHM OKOH
qaTeJibHOe COOTHOWeHHe ,nJIII BeJIJ.fqHHY ~ft(k), 

ilpH pacqeTe CKOpOCTH 06YqHoro MD-3aXBaTa HCnOJib30BaJIHCb 
XOpOmO H3BeCTHYe BYpa:KeHHII ( CM,,HanpHMep,/J/ ~ H n03TOMY MY HX 
He 6y,neM npHBOJ(HTb, 

l,_CneKI"Q G - lBaHTQ!ULCKOpOQ.!Llli!.!l!ll!:YHOHH.QrQ__,fi-~~ 
~6o..ll 40ca 

B pa6oTe Henocpe.ncTBeHHO paccqHTYBanca aHepreTHqecKHR 
cneKTp B napUHaJibHYX nepexo.nax. rrocne HHTerpHpoBaHHB Alt~(k) 
no k nonyqaeM napUHaJibHYD CKOpOCTb pa,nHaUHOHHOrO ~ -
aaxBaTa: 

A~~-== S Nt~ (k) cJ k . 
ilOJIHal! CKOpOCTb ~~ nonyqaeTCB B peayJibTaTe CyMMHpOBaHHB 
no BCeM KOHeqHYM COCTOBHHBM a,nepHOI CHCTeMY, 

)VIII ~pa I6 0 HCCJie,nOBaHH OT,It8JibHO nepexo_ny B CBB38.H

HYe cocTOIIHHII .noqepHero a,npa 16 N . Bu.neneHHe nepexo.noB B cu
aaHHYe COCTOIIHHB n03BOJII!eT HCCJie,l(OBa Tb 3a BHCHMOCTb 3HepreTH
qecxoro cneKTpa oT CTPYKTYPY raMHJibTOHHaHa, He B.ItaBaBCb B ,nHHa

MHKY npouecca. 
06YqHO npHHBTO npHBO,ItHTb He a6COJIDTHYe 3HaqeHHB xapaKTe

pHCTHK pa,ItHaUHOHHOrO j4 -3aXBaTa 1 a OTHeCeHHYe K nOJIHOI CKO
pOCTH J:t o6uqHoro f'( -aaXBaTa: 

R (k) =- N {k) I 1f. 

~ .. r. Bxo~~~ 
B paOOTe HCnOJib30BaJIHCb CJie.nyD~He 3HaqeHHB KOHCTaHT CJia6oro 

B3aHMO,IteiCTBHII: 

-4! ~ . G-~ e e. = .i, 4 o . 1 o ~r-· ~ ) 
CJ,A(O)-: -1,2.4 ; 
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9v = 0, 91- ; C]tvt= 3,-=t-~v i 
z. '2. 

" m;r+ m"' ·1 (o} ~ p =X h1i- M~ + 2. mf1 V A 

t '2. ( 
L _ 1'1111 + ynf4 .2. · CJFt o) , 

Cjp - X m; + .<,m14 (K+IJ)+2.k \I(J-1\-mj\1 

PacqeTN npoBo~HRHCh npH Tpex 3Ha'leHHHX BeRH'lHHN ~ 
~ = 4f6; 7,5 H I2 • KaK ~RH 06N'lHOrO, TaK H ~RH pa~Ha
UHOHHOfO j4 -3aXBaTa y~TNBaRHCh CKOpOCTHNe 'IR9HN ( nponopUHO
HaRhHNe HMITJRhCY HJKROHa B H~pe ) raMHRhTOHHaHa. 

l:b.....MllA.!l!!!L!!.!!!m 
KaK 6Nno noKa3aHo B pa6oTe 141, BKna~ nepexo~oB BToporo 3a

npeTa B o6N'IHIIIR f4 - 3axBaT B I 6o He npeBHwan IO%. !1o3TOMY MH 
orpaHH'lHRHCh pacqeToM TORhKO nepexo~oB nepBoro 3anpeTa a B pa
~aanaoHHOM 3aXBaTe MDOHOB. nna OITHCaHHH COCTOHHHR H~epHOH CHCT9MH, 
B036yx~aD~axcs B pe3JnhTaTe nepexo~oB nepBoro 3anpeTa B I 6o, 

HCITORh30BaRHCh ~Ba Ha6opa BORHOBHX ~YHKUHR. B nepBOM Ha6ope OC-

HOBHOe COCTOHHHe 3TOf0 ~pa OllHCHBaROCh KaK ~BaM~H MaraqecKoe, a 
cocTOHHHe 16 N- B BH~e cynepno3HUHH qacTHqHo-~HpoqHHX B036y:ueHHH. 

Bo BTopoM Ha6ope y'lHTHBaRCH BKRa~ ( 2p-2 h )-KOH~arypanH!t KaK B 
OCHOBHOe ( 44 KOMITOH9HTH), TaK H B B036JX~9HHH9 COCTOHHHH. COOT

B9TCTBYD~He BORHOBH9 ~YHKUHH npHBe~eHH B !1pHROX9HHH B. BORHOBN9 
~YHKUHH BTOpOrO Ha60P.a ( M0~9Rh C ) OTRH'laDTCH OT paHee npHBO
~HMNX HaMH B pa60T9 74/ • 11pH npOB9~9HHH paC'l9TOB ITOCR9~HH9 B 

HeKOTOpNX cnyqaax 6HRH llORy'leHN HeBepHO. B HaCTOH~eR pa6oTe 
~aDTCH HCllpaBR9HHH9 ¢yHKUHH H COOTB9TCTBJDmHe HM pe3yRhTaTH ~H 
06H'lHOfO fL{ -3aXBaTa. nu OITHCaHHH ~HITORhHNX COCTOHHHR ~ep 
40ca HCITORh30BaRHCh BORHOBH9 ~YHKUHH pa60TH / 5/, ITOCTp09HHH9 Ha 
6a3Hce 'laCTH'lHO-~HpO'lHHX B036yx~eHHR. ~ 

~~~y ~c~gTQ~ 

Pe3yRhTaTH pacqeTOB napnaanhHHX cKopocTeR nepexo~oB npaBe~e
HH B Ta6n. I H B Ta6n.2 ~ns s~pa I 6o. CKopocTH o6H'lHoro -~ -
3aXBaTa ~aHH B e~HHHUaX I03 C -I , a p~aUMOHHOro - B c-I. 

8 
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~6RHU~ CKOpOCTH nepexo~OB B CBH3aHHHe COCTOHHHH ~pa 
I 6 /II .n;ns pa,n;.I'IaUHOHHoro R 14(!) H o6HqHoro 
.ft(i.) f1 - 3axBaTa. (l,io.n;eRh C., ~,.-=- l-,S"'jp, ) 
B e.n;HHHnax c -I ~a Av.(1) H I0 3 c -I .n;na ./I:(L). 

Jl -_Q_=----l=---=----2--=--====---=-. .!fYi) o,68 o,62 2, 79 4,09 

---------------------------------
£(1) 1,73 2,67 10,78 I5,I8 -------------------------·- --------

1a6R[ga_g~- CKOpOCTH nepexo~OB B COCTOHHHH HenpepHBHOfO 

cneKTpa .n;ns pa.n;aanaoHHoro H o6H'lHoro fl -3axBa-
Ta s.n;poM 16o. (l.!o.n;eRh c) ~p-= ?-,5"~11 ) B 
e,n;HHHnax c -I ~RH A,_"' H I0 3 c -I .n;na 1f'. 

--------- ---------1J !{'(~ A"(~) J('(y) JNs) ~ -------------------------------
o- 8,I7 8,I7 

r 3,70 2,32 IJ,6I I6,38 J6,0I 

2- O,I7 0,09 I8,38 5,08 23,72 --------------
J] A"t/1(2.) A"IJ1(3) A'~~'(y) .A"lf'1(S) A'Ui 

------------------~ o- 2,03 2,03 

1- 0,50 0,39 2,68 I,70 5,27 

2- 0,04 0,01 4,2I I,06 5,32 

11pH 3TOM BKRC.~ B ITORHYD CKOpOCTh OdHqHoro 3C:.XBeTa MDOHOB OT ~H

ITORhHHX nepeXO.ll:OB OKa3aRCH pa BHHM 84,I03 C -I • C yqeTOM KBa.n;py

ITORhHHX nepeXO.II;OB, CKOpOCTh KOTOPHX paBHa 9,3xi0 3 C -I , llORHM 
CKOpOCTh COCTaBRHeT 93,3M10 3 C -I • nns cpaBH9HHH npHBe~eM 3KCne

pHM9HTaRbHJD B9RH'IHHY 
93.I0 3 -: I09.I0 3 c -I • 

B 060HX nponeccax O~HH H Te xe COCTOHHHH BHOCHT OCHOBHO!t BKRa~ B 
ITORHYD CKOpOCTh nepexo,n;a, XOTH pacnpe,n;eReHHe ITO CKOpOCTHM pa3-
RH'IHHX napnHaRhHHX nepeXO.II;OB He COBlla~eT. 110CR9.11;Hee OTHOCHTCH K 
nepexo,n;aM Ha ypOBHH :Jtr= _r , r~e B 06H'IHOM JLI- 3aXBaTe HHT9HCHB
HOCTh B036yx,n;eHHH .n;BYX ITOCRe.II;HHX COCTOHHHH ITO'ITH paBHa, a B pa,n;Ha
UHOHHOM 3aXBaTe donee HHT9HCHBHHM OKa3HBa9TCH nepeXO.II; Ha ypOBeHh 

1; 
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. KaK UOKa3HBa~T peaynLTaTH pacqera,oOa HaOopa BOnHOBHX ~YHK
U~R np~BO~HT K 0n~3KKM 3HaqeH~HM Ben~q~HH f( ( OTn~q~e COCTaB
nHeT oKono 5~), xora aOcon~THHe 3HaqeH~H cKopocrel paan~qa~rca 
c~nLHO. 

BKna~ CKOpOCTHHX qneHOB raM~nLTOH~aHa B Ben~q~HH 1\!(k) 
H ~~ COCTaBnHeT OKOnO 1~. HaHOonee qyBCTBHTenLHHKH K 3THM qne
HaM OKa3HBa~TCH nepeXO~H Ha ypOBH~ J-=0-. 0~HaKO ~X BKna~ B 
nonHy~ cyYMy He oqeHL Ben~K. 

B a~eKT~BHOM raM~nLTOH~aHe KMe~rca rax~e qneHH, nponop
u~oHanLHHe i/k . 3TID.l~ 'UeHaM~ MH npeHeOperJIH. Rx xoppeKtHHR 
yqer rpeOyer ~cnonL30BaH~H nponararopoB caaaaanoro w~ona H ayxno
HOB, a TaKze paCCMOTpeH~H BKna~a MHOrO~OTOHHHX ~~arpaMM. ilo3TOMY 
np~BO~~yge Ben~q~HH ~H CKOpOCT~ pa~a~OHHOrO 3aXBaTa ~~ 
cne~eT paccMaTp~BaTL nHmL B xaqecrBe op~eHTHpa. 

llOnHHII OTHOC~TenLHHI 3Heprer~qecK~I cneKTp ~ -KBaHTOB 
R(k)-=/V(k)/ 1{' ~ cneKTp, oOycnoaneHHHI nepexo~aM~ B cuaaH
HHe cocTOHH~H a~pa 16 N B aaB~C~MOCT~ or lJ.p , np~e~eHH Ha 
p~c.l ~ 2, a CKOpOCT~ nepexO~OB - B Ta0n.3. 

6 

j:q 
C') 

5 ~ 
::Ill. 
-;::. 
10 

=3 = a:2 

II ,.......,_ 160 

PHc.I 

llonHHI cneKTp r- KBaHTOB 
C R..(~<)=-N(k)/ H), 

~cnycxaeygx np~ PBA~a~OHHOM 

3aXBaTe M~OHOB H~pOM 160. 
Kp~BH6 l,ll,lli COOTB6TCTBY~T 
~ = 4,6; 7,5; 12. 

o 10 30 so 70 90 k (M3B) 

llonHHI BHXO~ r- KBaHTOB B H~pe 40Ca B MB~C~MOCT~ OZ ~p 
npHBe~en B raon.4, a 3HeprerHqeCKHR cnexrp - na pHc.3. Ha PHCYHJte 
taKze np~O~TCH ~Me~~H6CH 3KCnepHU6HTanLHW6 ~HHHe, 3T~ ~aHHHe 
npotHBopeqHBu, noarowy rpy~Ho or~arL npe~noqreHHe o~Howy H3 HaOopoB. 

Pacnonaraa cnexrpaKH raMMa-KBaHTOB, paccq~TaHHHM~ ~Hacroa-

~el paOOTe, MOZ6M ~3BneqL cpe~H~e 3HaqeH~H < K~~o~) = 95 Ji3B 

10 

P~c.2 

6l 
/ " CneKTp ~- KBaHTOB 

160 C R~(k)=Ne~J(I<)/A~ ), 
5 oOycnoBneHHHI nepexo-

j:q ~aM~ B CBH3aHHH6 
C') =- 4 COCTOHH~H np~ pa~~aU~OH-

'> HOM 3aXBaTe M~OHOB 
<0~ 3 ~\ H~pOM 160. 
.X 

.. -:e 2 
0: 

o 10 30 so 70 90 k (M3B) 

H .( V > = 94 !laB; no~cTaBnaa ar~ Ben~q~Hii B 
np~e~eHHOe B paOore :02~ Haxo~KM: 

I ,08 R ( Poe~ ~ Tonxyx) ~JIH Ca. 

BlipazeH~e ~na R ( k) ., 
~ (~aHHaH padora)= 

TaOmrua 3. OrHoc~reJILHiilt BHxo~ K'- KBaHTOB RtC =A-: ILl~ 
c BoaOyz~eH~eM CBH3aHHHX cocroRHHI a~pa 16 N ~ 
tl - C B030yz~eH~eM BC6X COCTOBH~It B 3aB~CKMOCTH 
OT X. B 6,11;~H~UaX 10-4 , .ff~pO 160, 

-------------------·----· 
:X:. R.c~, R.. -- -- --

4,6 2,14 1,68 
7,5 2,69 2,01 

12 3,90 2,.72 

·---------------
TaOn~ua 4. OtHoc~TeJILHHI BHXO~ t- KBaHTOB c 

B030y~eH~6M BC6X COCTORH~I OTp~narenLHOI qeT
HOCTH B 40Ca B 3aBHC~MOCT~ OT ~ 
(B e~~H~uax ro-4 ). 

X 4,6 7,5 

R. 2,39 2,70 
------------------------------------

II 

12 

3,36 
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2!llil!~ 

PHC.3 
IlOJIHI>IR cneltTp 'Q'- KBaH

TOB, HCllYCKaeMHX npH 

pa~HaUHOHHOM 3aXBaTe MDO

HOB ll~pOM 4QCa: ~, e
1

.a.. -
3KCUepHMeHTaJibHHe ~aHHHe 

COOTBeTCTBeHHO H3 pa60T 

/6,8,7/ . 

Ilpoae~eHHoe Hccne~oaaHHe ~HHaMHKH pa~HaUHOHHoro 3axaaTa 

MDOHOB UOlta3ano, qTQ B 3TOM npouecce onpe~eJIIIDmyD pOJib HrpaDT 

Te xe COCTOIIHHII ll~epHOR CHCTeMH, qTQ H B 00HqHQM MD-3aXBaTe. Qc

HOBHall CHJia nepeXO~OB UpHXO~HTCII Ha ypOBHH C J"= 2- H qaCTHqHQ 
!- • 0THOCHTeJibHHe xapaKTepHCTHKH npouecca Fl OKa3aJIHCb CJia6o 

qyBCTBHTeJibHYMH K MO~eJIH, HCUOJlb3yeMOR ~Jill OllHCaHHII CTpyKTypY 

B030ys~eHHHX COCTOIIHHR ll~epHOR CHCTeMH. 

BKna~ citopocTHHX qneHoB ~eKTHBHoro raMHJibTOHHaHa a xapaK-

TepHCTHKH fV (k) H ~~ npeHe6feXHMO Mail B 40ca,HO B03pacTaeT 

c yMeHbrueHHeM aTOMHoro HOMepa • B 6o oH ~ocTHraeT ypoBHII IO%. 
Ha nepexO~H B CBII3aHHHe COCTOIIHHII llpHXO~HTCII OltOJIO 25,t HHTeH

CHBHOCTH, BH~eJieHHe TaKHX nepexo~OB B 3KCUepHMeHTe ll03BOJIHJIO 6H 
UOJiyqHTb HH!f>OpMaUHD 0 CTpyKType raMHJlbTOHHaHa pa~HaUHOHHOrO f'l -
3axaaTa. 

H3-3a OTCYTCTBHII Ha~eXHHX 3KCUepHMeHTfiJlbHHX ~aHHHX llOKa 

Tpy~HO CY~HTb,HaCKOJlbltO XOpOWO TeOpHII OllHCHBaeT OCHOBHHe 3aKOHO

MepHOCTH npouecca ( fi~ v Y ). 

12 

• 

!IPHli~!:illU 

!. Ilonpa BKa 6, ( n COCTOHT H3 ~BYX qa c Te R, HHTepcfJepeHUHH 
uex~y KOTOpHMH He ~aDT BKJia~a B pfct') (~ J : 

6CJ.)= 6J. Cj)+6.tC~), 
r~e B 0003HaqeHHIIX paOOTY / 2/ 

~.i(j)= (]M~Aj[ c~'f+~g)(6·g_A) -1- ~,oC~· ~A)] CGj· t'") ; 

A~ (j) = 7: [ ~/6·f:A")+ ~~ C!.·-g!K) J ( 6j E,\J (~ .. tf) . 

A
(Q) BrQ) (q) 

2. BHpaxeHHe ~Jill K034>!f>HUHeHTOB ;_ , i , C t 
B 0603!1a qeHHIIX pa60TH / 2/ 

a) ~Jill He 3aBHCIImHX OT CKOpOCTH qJieHOD 

{J.) v \ (~) \ v 
A.= ~.i+~s;_)~-A.J ~ Ai = (~6-A~sl.tM 

B(J.) ( s ~ \ i_ ( - ) \ . 
1..=-]\~3-t~lf ;_,.;.KJ+~g.2M ~ Jl) ; 

(2. I) $ -. . ) (- ") BJ. =A C1r- -~:JJ:LM + g,o .2M. K 1 
(J.) ..... ~ ....- ~ \ I \ <.\ V 

c.~. = ~2.- A~!~ - >..~1- Cfu K)- ~8 (fk v 1-;: C~v+ 39- ~,0 ;(t-y ;.2M; 

C2l= -A~3+ }S_ ~'f {?if+). )f_M- ~K ~+±(~-fl. J ~91M 
6) Mil CKOpOCTHHX qJieHOB: 

(i) (.2) 'l (2.) 

A2 = C:Q. =9vflt- ; A2. = 0 1 

A(L.)=Jte/J.'>=l A {1..)_ ) H . 
~ .:; .2 Jt e 3 - - Jl "L9A k. ; 

A(2.)- ..i1 e/2.)_- .A e/.1.)- - 1 "'..i · 
~- ~- .2_- .At~P,tkJ 

(L) 'J M (L) \ ( 1) .2}-1 
B~-==-~Ail++i~AK j CQ. =~vllt ~-A +'l_~vk j 

(l) N .2.f1 AI M (% ~ \ 
C=. = 'l.-~p-~~AT~-+.22.9PJ< M·K ). 
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JlP HJIOllttHHE ~ 
B HacToHmeM npHno~eHHH aocnpoHaao~HM HeKoTop~e ~eTanH 

MYRbTHllOmbHOrO pa3ROXeHHH MaTpH'lHOrO aneMeHTa A1x~) ( ypaBHeHHe 
(8) ) 

BocnonbayeMCH cne~DmHM paanoxeHHeM: 

-i. (IC+v)r e . .., "' " e = LtrrZc-n jf.Csr')'fe ... cs)':ft,Jr), 
t .... 

(E. I) 

r~e 

_.., ~ ~ 
.S=- K+ V J j (. ( S r) - c¢epHqecK8.JI !IJYHKIU'lH EeccenH • 

0 0 ( ) .i- . J.__,. 
YcnoBHO C'lHTaeM 6 = p:::: 1 e~HHH'lH!dl onepaTop , H 6 =~, P=P. 
Tor~a HaH6onee odmHl'! O~HO'laCTH'lH~H onepaTOp, KOTOp~H MOXeT BCTpe

THTbCH B H~epHOM MaTpH'lHOM 3ReMeHTe (8), 3allldWeM B BH,ll;e 

61:~ . bl'.V (~)=- '\ ps.I2. Il\I e J]·II6J:J.®Pia]®i ]r 
MJ. I Mz. ..L~"" L l M.i Md·d L M 1'11 tJ ( N' (E.2) 

IMTN 

[
I R.. J l 

r~e M ~ N j - K03!fxllH~HeHT KJiedwa-fop.l(aHa, I.1-=- I.2. = OJ i.. 
~Be~eM cne~Dmee odoaHa'leHHe ~nH npHae~eHHoro H.n;epHoro MaTpH'lHOro 

aneMeHT!J.: 

T)6~~ PI~)= 
(2l+i) · /I \\~"'"c-). L- :r~ r, 7 

'm(2.I.;:t·i) \ :f f:- l:j Jlsr) [ 6 
® ~ J ®'it] /{L), J-' (E.J) 

r~e c}.. cooTBeTcrayeT KOM6HHauHH tiJ .e, :.r J , Tt 111 Jf. -
CllHHN Ha'laRbHOrO H KOHe'lHOrO COCTOHHHl'l H.n;pa, .S=[k~-JhkviJ](v~)' 

(4) Ca') 4 A~ 0 ( ) Tor~a fA.x )Jl X MOXHO npe~cTaBHTb qepe3 KOM6HHaUHH 1v1X lo( 

(E.6) MaTpH'lHNX aneMeHTOB To~..(o~riJ.), KaK 

A/0lAP'J._ Ut+i '> ~(f)(o~.d/)/vf(cz_)/v((a')(oi-') (E.4) 
fVIX lvlx - L-- u; 1 X x , :Z.Ji.+i ..._..._, 

r.n;e J= 0 .JVIH x. = A,B H P=-A ~nH X=- c. 
llpOBO~H CYMMHpOBaHHe no npoeKUHHM Ha'laRbHOrO H KOHe'lHOrO 
COCTOHHHl'l H.n;pa, MH G_ (f)(t><

1
o(

1
) nonyqaelo! 

.---------
B(f(o( ot') = ( 'ffl)2.(-i )T+ ~ ~rr' i e'-e ~ (.te-+1) (2 e ~d.) )( 

I C.h+i) (.2.I~L) 

L flrir ['- e' L.J [I r' L.,J { e' e L.} .... J(.f. (-1) ~Wl o o o p-P o I I' J ':IL.o(.s). 
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• 

(E.5) 

• 

1\ 

- --";> 

TaK KaK K-= ee ' TO C!lJepH'leCKal! !l>YHKIU'lll 'lLo (.S) 3aBHCHT 

TORbKo oT Wd 95 ._ = ( k+ VJI) I$'. 
{aJ/ ') B~pa~eHHH ,ll;RH ~X ~ MOSHO nonyqHTb 1 

HHII (7), (8) H (E.2) 
HCllOKb3YH COOTHOille-

M~1C.,Y = A~1 ~(.i) ~ox+ [Ai"lTJp)+'-l:i A~Q>T .... CE;,p)] ~~:r ; 

A,ca'c) Q(q)T.c--)~ [·t";::"f)(Q) ' (Q)J ~..,....) 
fVI& cJ.. =OJ_ oC. El du- '13 O,.t + IJ3 B3 T""'C Ei, r ~o:r+ 

rT B c~) T. c- ...o;>) c£ . (E.6) + ~3 s o<. rc,p .u J 

M~>(o<.)= [ c~q1 T,J6) + c.i_Q1T./jJ) + ~ cioJTu..(6; fi)~J.: . 
+ d. c (Q)T c- _...) ~ Vi 3 o(. 6J fO .u: . 

Cne~er aaMeTHTb 1 'ITO no~yqeHHNe KoHe'lHNe awpaxeHHH cnpaae.JVIHBN 

He TORbKO B BWdpaHHOH HaMM, HO H B RD60H CHCTeMe KOOp~HHaT. B 

3TOM MOSHO ydeAHT~CH, ecnH BOCllORb30BaTbCH CBOHCTBaMH J[) -
~YHKUHH BHrHepa, HO npH 3TOM He HapymaH, KOHe'lHO, ycnOBHII rpa

.n;HeHTHOl'l HHBapwaHTHOCTH 3!fxlleKTHBHOrO raMHRbTOHHaHa. 

10,52 
22,16 

_, 
JsJ> P){. ~~~:--~~;~ ~P~ __ %r.P; _ _bt.P~~ 

0,0318 
0,9509 

0,9598 
-0,0508 

-------------------------------
11,98 -0,1585 -0,0627 0,0418 0,9648 o,D84 
16,27 -0,2060 -0,1167 0,2736 -0,1865 0,8905 
20,10 -0,4883 0,8365 0,1666 -0,0267 -0,0629 
21,89 o, 7922 0,4912 0,0102 0,1212 0,2663 
25,49 0,1462 -0,1183 01 9II6 0,0184 -0,2532 

-------------------
13,02 0,1976 -0,0216 0,0540 0,9663 0.0273 
14,99 -0,0148 0,2213 -0,0582 -0,0180 0,9582 
18,24 -0,5738 0,7633 0,1325 0,1309 0.1682 
19,63 0,7518 0,5871 -0,1541 -0,1291 -0,1400 
23,29 0,1899 0,0041 0,9512 -0,0964 0,0604 

-----------------------
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