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A.B.MaTaeeeKo, Jl.l1.IloeoMapea 

PACIJET PEAKUHH p µ + He ++ 

Hayt1BO•T9XBK'leCK89 
G■Ga■oTeaa 

OHSIH 

HanpaBJ1t•Ho s I3'1'• 



1. PacqeT peaxunn nepesapHAKH 

(pµ) + He++ ➔ (Heµ)+ + P, 
1 s 1 s ( l) 

TO eCTb nepexoaa µ--Me3oHa H3 OCHOBHoro COCTOHHHH pµ -aToMa B OCHOB

Hoe' COCTOHHHe (Heµ)+ -aTOMa, npeacTaBnHeT. HHTepec .no ABYM npHqHHaM. 
. . . /1/ 

ITpe:iKAe acero, axcne pHMeHTanbHbre nccneaoaaHHH aToro npouecca ae 

IT03BOnHroT noxa caenaTb OAH03Haqaoro ,BbIB0Aa 0 ero CK0pOCTH. C Toqxn 

apeHHH TeopeTnqecxofi peaxunH (1) HHTepecaa xax npHMep pacceHHHH 

B CHCTeMe Tpex 3apmKeHHbIX qacTHU fies BbIPOJKAeHHH, xapaxTepHoro AnH 

CHMMeTpHqHofi nepesapHAKH THna pµ+p. Oco6eHHOCTbro saaaqn ( 1) HBnH

eTCH KynoHOBCKOe OTTanKHBaHHe B KoHeqHoM C0CT0HHHH. 

2. .llayxypOBHE!BOe npn6nHJKeHne MeToaa B03MYIU8HHbIX CTBUH0HapHbIX 

COCTOHHHfi (B.c.c.)
121 

B cnyqae saaaqu pacceHHHH {l) npHB0AHT K CHC

TeMe ypaBHeHHfi llJpeAHHrepa AnH 0TH0CHTenbHoro ABHJKeHHH HAep (B Meso-

aT0MHbIX eAHHHUax e = fl = Mµ 1 

2M 2 L (L+ 1) 
- (V 1 (R), + ;:-R )~.-----] Xi 
m · · · 'R 2 

.. d . 
= K 11 (R)x 1 + 2Q11 (RJ _,d~ 1 

3. 

( 2) 



rJle 

1 1 1 
- =- + -, 
M M 1 M2 

1 
m 

1 1 
- + ----
M/l .M1+M2 

Ml' M2 H M /l- M8CCbl npoToHa, HJlpa renHH H Me30Ha COOTBeTCTB9HHO, 

V
1 
(R) E f (R) - EI ( 00 ) + ..!!!_ [ K II (R) - K II ( 00 ) ] 

2M 

(3) 

3cp<peKTHBHbie noTeHUHanbI E,(R) • K 11(R) H Q,,{R) Bbl'IRCnHIOTCH. npH 

peweHHli 38Jl8'IH JlBYX ueHTpOB, T.e. 38Jl8'IH O JlBJI}K9HHH M930Ha B none 
131 

JlBYX H9ITOJlBli}KHbIX HJlep • 11x BHJl npeJlCTaBneH Ha pHc. 1-2. 

fJpH R_-+..oo <pyHKUHH Xi (R) npeJlcTaBnsreT neBy~ '!8CTb peaKUirn ( 1) 1 

a cpyHKllliH X 2 (RJ.;... ee npaByro tJaCTb. 11Mnyhi.cb1 k 1 'B 06011x ~aHanax 

peaxunn onpeJlenHIOTCH xax 

k2 _ .2M 
1- -- ( m 

k2 = k2 + k2 
2 1 0 

k2 =~ /'J.E 
o m 

!iE =E -E =m 13/2 - __E!.[(K~1) 2 -L(K+1) 2 ] 
1 2 2M .4 . 

K = M 2 -Ml 

M 2 +Mi 

l"Jle E - HatJanbH8SI aHeprHH CTOnKHOB9HHH. 

(4) 

3. flpn peweHHH cncTeMbI ypaBHeH~il-' ( 2). HcnonbaoBaH MeTOJl cpaaoBbIX 

"' ,/41 "· . . . . t 't'YHKUHn I Il03BOnHIOIIIHn Henocpe)lC"tBeHHO onpeJlenHTb aneMeHTbI I/ 

MaTpHUbI peaKUHH ·r I qepe3 KOTOpbie napuHam,Hbie ceqeHHSI u·, I paannq-

4 

I 
I 

l ,, 

HbIX KaHanoB peaxu1m B CliCTeMe P/l +Be++ Bbip8}K8IOTCSI cneJlyIOIIIIIM. o6pa

l5-61 xi 
30M : 

2 ( L ) 2 
L 411 D 8 I J +. t. I/ 

u = ~ (2L +1) . 
I I k 2 (D -1) 2 + ( t L + t I. I 2 

I . 11 2:T 

D =det··r1:=tLrL -tL·tL 
11' 22 12 21 

(5) 

B npHHHTbIX o6oaHatJeHHHX cetJeHne u 11 onncbIBaeT npouecc ynpyroro 

p·acceHHHH ~ cncTeMe p~+He++, a ce~e~ne u1i~ peaxunro ( 1). flpn k 1 ➔ 0 

t = t -...;T, t - 1c H B cooTaeTcTBHH c aTnM 
12 21 1 11 1 · 

u11 -··coizst, u12~ - 1/k i , ,u21 - k_1 · •. ( 6) 

-·· 
BMecTo cetJeHHSI u 12 npn aHannae axcnepnMeH:.c>B no na.Y:tJeHnro peaKUHH 

( 1) yJlo6HO ncnom,aoBaTb CKOPO,CT.b nepexBaTlf _ 

,\ u v 'N° cex-1 
12.1· p ' 

(7) 

. .. - ++ . · 22 -3 
vl - HatJanbH8SI OTHOCHTenbHaSI CKOpOCTb p IL'.: H He ..• ·Ni= 4,2•10. CM 

nnOTHOCTb }KliJlKOI'O _BOJlOpoJla. 
. . . ~ 

PactJeTbI cetJeHRH npoBOJlHnHCb JlnH aHeprnfi CTOnKHOBeHH8 10. .~ 
> ~ < ~ '. • • ~" 

'S. E ::; J SB. flpn. E • . <5_ 0, J '9B ~IrnppCTH nepeXOJla /l - -Me3oHa OT npOTOHa 

(JleHTOHa) K 3He n 4He nocT~SIHHbI. 11;i( 3H8'I~HRH BMeCTe C axcnepnMeH-

l 1/ · l1I ·· ·· . 6 1 
TanbHbIMH R TeopeTR'!eCKH_MH · oueHKaMR n~HB0Jl0Hbl B Ta nnue • 

xi - • • · . ' 
MaTpnua pacceSIHRH CBSiaaHa c ·r -MaTpnueil cooTHoweaneM 

s =;(f+ ~rr· r ( 1 -£'f~J - 1 

5 
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I. 

KaK II cnenoBano o:11mnaTb, Bbr•mcneHHbie CK0p0CTU 0Kaaanncb MBnblMU. 

C pOCTOM aHepI"HH CT0nKH0BeHHH 3HB'leHUH ,\ HB'IUHBIOT y6bIBBTb. nnH 

oueHOK MOJKeT 0K838TbCH rroneanoii 38BUCHM0CTb ,\ OT Mace 'IBCTUU 

,\ - ( .2!!.J ½ 
M ( 8) 

KOTopaH cnenyeT H3 C0OTHOIIIeHHii (4), (6) H (7). Oco6eHHO xopoIIIo Ta

KBH oueHKa Bb!IlOnHHeTCH npu HeHaMeHH0H Macce H30TOIIa Bonopona. 

4. BBHllY ManocTH KOHCTBHT. nepexona ,\ 6bma oueHeHa Bep0HTH0CTb 

nepexona Me3oHa C YPOBHH l·s p µ -aToMa Ha Boa6y}KlleHHblll ypoBeHb 

2s (Heµ)+ -aToMa: 

(pµ) 1B + He++ ➔ (Heµ):.+ p • ( 9) 

.---
0Kaaanocb, 'ITO BepoHTH0CTb ST0I"O npouecca npu TennOBb!X SHeprHHX CT0nK-

-10 · · ( ) HOBeHHH. C0CTBBnHeT - 10 OT BepoHTH0CTH rrpouecca 1 • 

5. Ha puc. 3 npencTaBneHo ceqenne 0-11Ynpyroro pacceHHHH p µ+ 3He, 

mm KOTOporo HMeeT MeCTO HpKo BbipaJKeHHblll a<l$eKT PaMaayapa-Tayn

cenna. 3a HcKmotienneM o6nacTH MHHHMyMa cetienusi ( ( - 0,2 aB) ocHoB

Hoii BKnan B cetienne o-11 naeT ·s -Bonua. Cne.nyeT OTMeTHTi,
1 

'ITO rrpn6nu-

JKeHHe llnHHbl• paccesmHH nnsfu ll0CTHI"BeTcg nHIIIb np~ ( < 10-4 SB. 
11 -

CneuuanhHoe nccnenoBaHne noKaaano, 'ITO anepreTuqecKaH aanucn-

MOCTh cetieHHH o-,,npaKTH'IeCKH HetiyBCTBHTenbHa KO BTOpoMy KaHany 

CHCTeMbl ( 2) H uenHKOM orrpenenHeTCH a<l$eKTHaHb!M IIOT8HUHanoM v, (R) 

B ypaBH8HHH nn.11 X1 (R) , MHHHMyM B C8'I8HHHO-u 061>.11CH.1I8TC.II xapaKTepHoii 

' /8/ nanbHOll8ii:CTBy10meii: BCHMIITOTHKOH IIOT8HUHana v, (RJ--9/ R 4 npn R➔oo • 

7 



6. KynoHOBCKOe OTT81IKllB8HJie BO BTOpOM KaHane peaKUHH (1) nplI

BOilllT B MeTone qiaaoBhIX qiyHKUHii K cneny19meMy Bb1pa)l<eH1no !llIH T -MaT

pnUbI 

rne 

·1 = 1 

cos o - [22· sin o (

l,fcos~ - 1,,sin8~ -~; sin8 

t 21 t 22coso + sino 

o = u L = arg r ( L + 1 ·i71 ) , 11 
M 

mk2 

'") ( 10) 

a t 11 

HOH 

- MaTpll'IHbie 
/6/ 

aneMeHTbl BCnOMOI'aTenbHOH MaTpHUbl T •. onpeaeneH-

B pa6oTe • 

<l>opMYllbI ( 10) yqHTb!B8JOT HHTepqiepeHUllJO 'IJICTO xynOHOBCKOI'O pac-

ceSIHllH n' pacCeHHJIH _Ha noTeHuHanax V1 (R). B ynpyroM KaHane STOT aqiqiexT 

npenSITCTByeT o6pame~HJO B HY lib ceqeHnH (J 11, • 'ITO IIMeno 6bI M9CTO nplI 

0JlHOK8~8llbHOM pacceHHllH, { pHC. ·3) • 

7 •. Manoc°Tb cxopocTeii. peaxuna TJina {I) o6'bSICHSI9TCSI OTCYTCTBHeM 
. . . - . • . . ( . . ·H J+/7,9/ 

nepeceqeHnii JI ncesaonepeceqeHnii TepMoB B cncTeMe pµ e .• 

OaaaKo aTo aaicnro'leHHe dnpaseanIIBO T0nbKO anH nepexoaoB na ocuoBHoro 
' ... 

COCT0SIJIHSI p µ -aToMa {pJic. 1). 
. /9/ . 

· B pa6oTe noKaaaHo, 'IT0 ncesaonepeceqeunH HMeroT Mec_To npu 

rrepexBaTe M930HOB C ypoBHeii 

n~ [1-rv'2 _;Jv''i~,v;J-'.,_., 

8 

u 
I~ 

~ 
l 

MeaoaTOMa p µ n, cnenoBaTem,Ho, 900TBeTCT.BYJOmHe UM CKOpOCTH nepe

xona A MOryT OK838TbCSI. 3H8'1IIT9llbHbIMH. 3KcnepHM9HTanbHOe ll3y'leHII9 

. . - ·n ++ 'H . + I 10/ npoueccoB nepexsaTa TT -Meaoaos·: no peaKunH p TT + e -➔ 1, eTT) + p 

nonTB9p)Kllll.9T. yKa38H1I09 ,38KIIJ0'19HHe •. 

8. HacToSimaH pa6oTa HBnHeTcSI nponon)KeHIIeM nccnenosaHHii asTopoB 
. /5/ 

no MeaoaTOMHbIM npoueccaM • Oco6eaaocTn HcnonbayeMoro MeTona 
16, 11/ 

nonpo6Ho o6cy)Kllanucb aaMn paaee • 

OnnH na aBTopoB ( A.B~M.) npnaaaTene.Ei: X. ·wynbUY aa coae1'icTB11e 

B qncneHHbIX pacqeTax. 
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-1.0 

-15 

2,0L__----"."'_-1.,_ ___ L...,._-:-----

) 

Pnc. 1. Co6CTB0HHbI0 3H8'!0HHH ( TepMbl) W; ( R) = E; ( R) + -i- CIICT0Mbl 

pµ He++. TepM 2pa . acHMilTOTH'I0CKll COOTBC'TCTllyE'T CJICTeMe PIL + He++ ' 
T0pMbI lsa H 2sa -. COCTOHHHHM CHCT0Mt,I pt (Ht'/1 )7 Acm,!IlTOTIIKa TepMOB 
npn R ➔ .':." C TO'IHOCThIO no qneHOB -R-11

nt,1'111Cnc1111 B pa6oTe/ 8/. 
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2.0 

1.0 

R ______ ..........__,__,;__ ____ 4 
0 2 

Pnc. 2a. Anna6aTnqecKne nonpaaKn K TepMaM W 1 (R) aanaqii' ( 1). 

- (+) (-) :z (*) - (+) (-) 
K, J - K I J + K K I J +K K I J , QI J - Q IJ +K Q I J , 

. (-1:.) 

K'V=n'±)+ dQ,, o':!:>=-o':!:> n':!:~n':!:> 
l J i J . dR , l J . J l , l J . Ji . 

K = 
M:z-M 1 , ii= I lsu'I, .·- j = I 2pa·I·; 
M:z+ M 1 

12 

1.0 
K~~> 

u 

(*) 

0.51---Ku - -- --~-----------~-------------

, .. 

01 h 
1 6 ·a r~ 4 

Kf~) 
JJ 

0.5....__ __ _i_ __ _--L. __ _L.1..___;~~_J 

Puc. 2G. 

13 
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1.0 

• 

0.5 

or 
-Qc.~> 

i1 

~H<-> r . J 

2 
.R 

4 

0,5"---__ __,;,_ ______ __, 

Pnc. 2B 

14 

I 

,:.,.-

60.-----------------

40 

20 

I I 
~~11 

3 2 1 0 

Pnc. 3, Ceqeune yrrpyroro pacce.11HH.11 ( p µ) 
1 

+He+-: HmKH.11.11 KpHBa.11 a 0 

H J J 
rrpe.ucTaBn.11eT BKna.u s -BonHhI, BepXH.11.11 - cyMMy napunanbHblX ceqeUHH 
·s H p -BOnH, ITpH anepI'HH CTDnKHDBeHHH t .,. 0,2 9B Ha6mo.uaeTCH a¢¢eKT 

PaMaayapa -TayuceH.ua. Ha-aa CB.Hau KaHanoB ceqeune a 0 He 06pamaeT-
11 

C.11 B Hynb ( JO)• 
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