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1. Introduction 

Beginning from 1977 the phenomenon of muon catalysis of nuclear 
~neion in deuterium-tritium mixture is being intensively investiga­
ted in man,y laboratories of the world, both theoretically and experi­
mentally (eee reviewa/1- 4/). The bottle neck of the chain of muon 
catalyzed fusion --, 

1-"'!J d. + 11 +/'"- } dr dtM'7 + Q=1'1.6 MeV (ll
jA.- , ~-t~ ~ I - lA.A-.....-.,. + 1'1 

W.s / 

ie the lost of muone in the (~.,,("I't) channel where the muon eticka 
to the «-particle. The problem of muon sticking was diecussed by 
Zeldovich/S/ and Jackson/6/ in 1957 for the first time. More cereful 

8alUl13eie has boan performed a few years ag/7- still in s frame­
work of the Born-Oppenheimer epproximation and for the case of an in­
fjnite r&t~ of nuclear fusion, the latter having been treated in a 
sudden approximation (B~S method). The estimated accuracy of theee 
ca~culatioD8 was about 10$X). 

In recent pape~lO/ a muon wave function of dt}l meaic mole~ule 
calculated with Monte-Carlo method without approximations charaoter~B­
tio ~or BO method iB involved. Thus obtained valuee o~ eliciting co­
efficientB are by 25$ lower than those previously calculated in B~S 
lIIethod. 

Only recently some reliable experimental information on mucn 
sticking in the reactione ddp ..)PHe+n/ll/ end dt)l .."u4He+n/12! h&s be­
come available. The experimental values of muon sticking probabiliti­
es appeared someho .. smaller tllen the theoretical estimates within 
B~S method. In the dd)l caS8 the achieved experimental accuracy i8 at 
the level of 8 few percent, and it is expected that in the near futu­
re experimental data of comparable or bettel' accuracy will be 8\oil­
able ~or muon sticking following other nuclear reactions (pd,dt,~tc). 

In this situation iL aeems reasonable and up-tn-date to perform 
en analysis of the approximations used in the 8~S method and to de­
welope a resular method ot 8 more eccarate calcUlation of muon stiok­

lE) Recent ClIlculat ion/9/ within Be method is irrelevant, since there 
hae been ueed 88 the initial state lIuon wave 'function U:at of dt,u 
88sic molecule at the equilibrium internuclear distance R-R ' in­o 
ateed of R-.O limit, as 1t is necessary. 



ing probabilities in vsrious reactions. These are the aims o£ the 
present paper. 

The BO+S method involves some appro~imation8, each of them having 
a corresponding smallness pttrameter such as the ratio of muon to nuc­
leon masa, "',.... /rvt,., , the r .. tio of a characteristic range of nuclear 
interaction to a muon Bohr radiWl, R", /~ • and so on. 

·.qe show in Sec. 2 that corrections due to the finite nuoleus melle 
ere moet important, and, hence, a muon wave function more precise 
than the BO one 1a needed, first of all. 

In ~ection 3 8 001cu1ation of the muon sticking probubility bssed 
on the exact muon wave functjon is preRented. The oorrections to the 
sudden approximation uro ~valusted i n Sections 4 Bnd 5. Our results 
lire sUlIl11l8rized and diecuased in the concluding bect.ion 6. 

Only the case of cit-fusion is consl.dered here mainly due cO the 
intense interest on this specific problem. The developed method, how­
ever. bolds for nuclettr reactions involving other h,ydrogen isot.opes 
113/, The comparison bet.pen ~heoretical and experimental de t ermina­
tion of the sticking probability in all these casea (dd,pd , pl,etc.) 
is equally impor~ant tor the solving of the sticcing problem ir. th 
dt reaction and allowa one to gain informDLion wLlch is, in 8 sence, 
complementary to that provided by studying the dt reaction. 

2. Analysis of the BO+S Method Approximations 

l'he sticking probabil i ty Ws which is actually meBllured (effec­
tive sticking probability) can be expreeBe~ ae 

( 2 )Ws W;(1-t). 
wbere 00; is the probability that the muon ia bound to the ~ -par ­
ticle just after fusi.on end '( ill shalring-ot'f, or reactivation. coef­
ficient, i.e., the probability that during the alowing down ot' the pro­
duced )I. d.. atom tha muon is shoked off as rosuJ.t of strippina reac­
·tiona in collisions with the nuclei in the t e rgel The DO+S oethod 
for the celculat10n of ~; rali es on the fol10~ing main assumption 

A) The muon follo~a adiabatically the motion of lhe two nucle i 
until fueion occurs 

B) Fusion ie an extremp1y sudden process , i.e •• its tima Deale 16 

very abort in comparison with aT\)' other lillie relevant to the process . 
C) Any effect associsted with finite nuclear sille and fin i te 1"8­

diWl of nuclaarI"orces is neglected: dt fusion occura wh"n the two 
nuclei are 01. zero distsnce between them, 10M muon moving in t he Cou­
lomb. fjeld of pOint-like nucleus with the charge and IlliSS ot t heir 
compound. 

2 

or the case of dL system this means t hat the initial muon wave 

function ;v.-" ti) j ust before fusion is tbe TlSve function of )l~e 
i n t he Is-state with B point-like nucleus 

l!;,,~O{i) = ~s(;). (3 ) 

The 8mpli tude of muon e ticking to the col-part icla in the (j"-ol) .. t 
atate, F"e, is simply expressed 8S the overlap between -yr... and 
the wave function 'lJ'f of /-<d. mesic stom iIi t.he nl-stat." , movb~g 
with velocity 1T, the value of which is def1ned by an energy release 

Qa17.5 MeV in reaction (l)x). 
.....~ 

L 
. 

1"1... 11"2 __ ... ­"!if = e" c;;, e ('l) i 1 /"f~ 'if • (4)= 

~t : Scls,£ y:.; (Il) e-<.;t: 1f:.. (~) (5) 

In papers' 7,8/ partial eN.. t. snd total Wso eticking prob8bi­

litiea were calculated ¥!ith formulae: 

(6)
(..U .. , =- I F"t I:z.:> vJ; =L: W"e 

and function rp-;.. (~) = :t:C;) were used. 
Concerning the three main approximations approved. cloarly: 

A) is exact in tbe l i mit the relative mot ion of two nuclei is extre­

mely slaw in comparison wi t h t he muon's. The relevant 8~allne8s para­

meter equuls the ratio of the muon mass rn~ to the reduc(!d mass of 

. '('f\w, /two nucle1 ;L c t"ll" r»,.,. 
(? ) 

For dt system one MO tIt. • 0.09, whereas for dd und pd, respecti ­

vely 0.11 and 0.15. The relevant parBmeter ?C can ~o .411 be de­

fined as the ratio of nuclei velocity iF~ to muon velocity ~ '" ..tC 

~ = 'IF,., /~ . (£I) 

Near the nuclei eqUIlibrium position 1F~ can be eetimuted from the 
relation between the nuclei vibrational ener~'y and the m'~on energy 

x) Tn pape1/BI the final state wllve function was taken as 


imif~ ...) (-1
~ =e ~e(Z , where m '" rn....... /1101 1"1...... T .....,l) 
ill tile reduced maBa of ()4rJ..) atom. It ie shown in Sect. 5 that 
• etreightforw.rd conaider8tion loads to formula (5). 
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Ev,l :: mN -v;, lP. "Y2 L 
(9)( M/"/M"') rn/" ~ 

from where 

:.i 	~ (~~ /y..,)1)*, (10) 

,.J ,-v '" 

In this case one obUdns Z dt-O. 15, OJe dd "0.19, ~pd"'O. 26 . These 
and s i mi lar estimat e s ena ble one to evaluate the expected contribu­
tion from t he c ar rections to t he 80 a pproximation at the 101-2 0% le­
vel. 

Approximation a ) is b~sed on the faet t hat t ile lll"et i me 

"... - 2 0 :, # . 

" N ~ 10 s of t he compound nuc leus lie , WhlCb can be accepted a s 
a time Bcale, is small c ompared t o €I character i a t ic time of muon mo­
tion in €I mesic a t om 'L.LI~ 1 0 -19s . The corre s pond i ll,l;( par8lIle t er 

z = T'", /~ ~ O. f . (11 ) 

he 	e f f ects due to the nuclei finite size depend on the parameter 

~ = ,'#/~ Z 0. 0 3, 	 (12) 

wher e f!.. ", Bnd ~ sre character i stic nuclear IScal € and muon orbit 
rad ius. BOt-S method correaponds t o the case ~ = 2. = ~ =0 . Cal­
cula t e now t he corrections to BOt-S due to finite values of these pa­
rameters . 

3. The Caloulation of the Muon St10ld..ng Probability Ws" 
We calculate t he muon aticking probability W,S° wi thout the 

Born-Oppenheimer approximation but using an exact dt)! mesic mol ecule 
wave funct i on. We wil l remaiu in a framework: of a s udden approxim­
etion and neglect the nuclei d i mensions and raD8e of nuclear forces 
in comparison with the mesic mol ecular dimension. 

In a s udden approximation t he sticking probabilities are still 
defined with ~ormulae (5)-(6), where, however, the muon initial wave 
i"unction '\J!i", (i) at t he moment 0"[ fusion is expressed via the dt}1 

. 	 . '11/ TV( -. 0"') . 0 •mesl.C molecule wave i"unctl.on r Z," 10 11 rotatlonal - vl.bra­
t!i:onal etate (JV) in the following way 

yllr(~7)
Y;., (;) := fAom 	 (13) 

K.~o { 5P z/yTlT(2, t)/~1Y.z 

4­

R being t he d i stance between d and t in d lp mesic molecule . The .,ave 
furlCtions ry'U-('tl l ) have be en ca1cu1o.t ed i n papers / 14 ,151 with 

a l gorithms/16 , l?/ ( or numerical solution of the Coulomb three-body 
problem i n the adis batic r epresen t ation/18/ • The R-+O asympt otics of 
the mesic molecule wave functions has been f'ound in peper/19/ . For 

J=O s t ates it is: 
00 1>0 

y	 rv-(z;) = AnTif 2;= Q;V~o (i)+ 5.J k C?;~91o (n] , (14) 
, ~-.O 1. 10:1. () 

..... ... 
i . e . , in this limit the variables Z and t which describe the mo­
tion 01' t. he muon and nuclei are f'actorized. Iiere ¢YO (z) and 

¢J:o ( ;Z:) are d i screte and cont inuous spectra wave funct.ions 
0 -( the mellie a t om in t =O state with nucleus charge Z.2 and mass of

1181° • Coef't-::'c:1ents° AnT, a TV and a kTv are knownt }l meal.C atoll ,., 
from the numeri cal soluti on of the Coulomb three-body problem!18, l JI 

and are normalized according to 
00 00

2: Ia;VI#: of SJk /a:,v lz 10 (1:.. ) 

/1=1. 0 

From (13)-(15) it "follows that the normalized muon initial atlite 
function has t he tormx ): 

Y; (2) =-ty -rv(;) == L a;lT~Jz) +f..1 k a:v-¢,.o(Z).(16) 
L'" ... N 	 " 

The muon wave functions at the moment. of fusioD, i.e., coeffici ­
7V TV 	 . 

ente A." and G?", , depend , t hough weakly, on the maOlC mo­
lecular s tate (IV) (see Table 1) .rbe probabilitilla fonr af the 
nuclear reaction from the various rotational - vibrstionbl atvtes 

(TV-) are lmown from the cascade calcullttionalZl/ 

O.B4. (Jv- ) " ( Ol) 


0.16, ( J V- ) .. (00) (17 )
flV :::: 
0 .00, J~O .\ 

The probability of f'us i on f'rom rotational s t ates wi th J!O being 

x) 	Taking inlo account of nuc1ea~ dt interact ion (see/20/ ) essent i al ­
13 influences coefficient ATV- only, coefficients (A:~..r are 
practic&lly unchanged and coefficients qzr ere changed noticenb­
13 for moment a k?- Il" 

-1 
»:1 only ( RII' being lhe range of 

nuclear dt interaction ) . 
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1 

Xneglicibl y ama11 ). t he ·bluon sticb"e should be considered for J=O 
:Jtat e s onl y . 

TV" 
Sti ckinG coeffic5enls W .. t. are Ctll Cllluted with forrnllla /;Ino10­

gous to (6 ) 

T1I" 
J Fnr{tWI! :co 

n t. • 	 (lB) 

wher e, &ccording Lo (5) ~nd (16) 

111" ~ nr 5 TIT )F;.I! = £-aJl ~(tteJ-f- «ka/C F".(l1e. 
/'I 	 ._ ... 

-t~Z~ __)
F,.,(l1t) ~ SJ1'l, ~;(;) e 't'1o',/Z' (19) 

F/«l1l) = 5./'2 	~;(n e-"}; CPJ<oCl) , 

Here ~=~],A< '1T • V- .5.~43 1S tLe VP.'locil,y Of,/<d. lUCaie: atom cal­
culat.ed ~.'ithjn 	relativ i eticldnell1lJtic9 for the procefls J~ -"~ol1'n, 
(,\ more lie-curate rlcfinit ion1101 of ". ill'relevam , b[;c6tuse the 
vUIue INs is ext.remely senaiLive to 11" ,l 

CneITiciellta 	 a.~1T und a~V- for t.ho stotes T=O are pre­
sent ed in ruble 1 and shown in Fie . Ill. 

lIere lind below, unle,'1lS otherwise "~8ted. the uni t s are used 

e == 1:; = r>1 = i> I'll = ""'.f'( ""'t /(YtI.f'( + ~-t) WhF!'e ""'/'4- . 105 66 MeV. 

I"'t t- "2130fl.94 IlaVare masc.es of muon Ilnd lr·itium. respectively. Form­

factors FIf (1!: ) and Fie ( is) calculDted with formulae (1.9 ) e r e 
displayed in j,'ig.le. 'l'hey sat isfy the c1oelll'e .relation 

~ IF", (1 s ) I2 + SJk IFj( ( :f s) IZ = [ .1 t (or Ct t rj • 
(20)# 	 0 

whore a = ( ~I" + tI1.t )/2~ mo(. 

Although atute N~l dominates in the normalization condition (15) of 

the mesic lIIolecule wEive function ( Itl:fl':. 0.£18) ., ite conLrihutio," to 


(20) io "bout 1o.t onl,Y. Hence. despite the 8uulllneDs 01' a. '\I' and ~ 
their incluaion assentell,)' decreases lh" 'l/elup. of Wi° clilculated 

in the BO oplJroximution due to lhe dOsLructivp. illterferehC 'l.tn fl-1 

t.erm. ThUll tile probllllil i ty W;ss dccr~D8co (rom W.s~O cO.903.102­

for the 'jrflve 1'unction ~s (iJ of ,u!JUe alaD to "'is ..o.a67'10-2tor th 
~3He alom "liYC 	 function ~;(S (i") . Ine1U1J1on or d08crole s}}ectr 

X) "allic molecUle th,u ill torlllP.d in stat 2(1r )-(11) ul foT' e~l 
atutoll _ith J~O its de-excitation r ~Il eignificant.ly exceed tile 
;att;s or nuclear .fueion/21/ • 

6 

Table 1 

Formi'ac t oJ's FlI(ls) a n d Fk (la) Ilnd coeffic ients aN a nd a k 

of' de compos it i on (15) x) 

N ) - 1 	 8 tl N/81F1FN Cle , 1 0 	 ~ ~ 

( J =O , v"l ) ( J &V"O ) 
 (Jxv=O) 

1 0.9312 0. 9831 0 .982 7 


2 0.3514 - 0 . 0733 -0.0747 - 0 . 0287 


3 0 . 1 936 -0.0293 -0. 0297 -0.0063 


4 0.1263 - 0 . 01 73 -0 . 0175 -0.0024 


5 0.0905 -0.0124 -0.01~6 -0.0012 


- 1 - 1 
k F (ls) , 10- 1 Bk , 10 ale,lO ( a~k/a1Fl ) , 10-1

k 

0.2 0.2273 - 0 . 2 702 -0.2 740 - 0. 0523 

0.4 0 . 3223 - 0 .3610 -0.3659 -0.1179 

0. 6 0 .3964 -0 . 403!J - 0 .4 0 90 -0 .1521 

0 .8 0 . 4 6 05 - 0 ,4140 -0. 4190 - 0 . 192 9 

1.0 0.51 88 -0.401 7 - 0.4 0IH -O.::aOO 
1. 2 0 .5737 - 0 .3755 - 0 . 3793 - 0 .21 76 

1.4 0 .6~65 -0.3420 - 0 . 3451 - 0 .21 62 

1 .6 0 .'3784 - 0. S060 -0 .3086 - 0. 2094 

1. 8 0 . 73 01 - 0. 2705 -0. 2 726 - 0 . 1 990 

2. 0 0.7822 -0 .2372 -0. 23 89 - 0. 1869 

2.5 0 .9174 -0 . 1680 -O . l MO - 0. 15bO 

3. 0 1.0636 -0 .llB7 - 0. 1193 - 0 . 1268 

3 . 5 1. 2215 - 0 .0B47 -0. 0 851 -0. 1 040 

4.0 1.3831 - 0 .0615 - 0 . 061 8 - 0.0854 

5 .0 1.5997 - 0. 0343 -0.0344 -0.0550 

6.0 1. 3295 -0.02 0::' -0.0205 -0.0273 

7.0 0.7C81 - 0.0130 - 0 .0130 -0.0092 

B.O 0.3U3 -0.00B7 -0. 0087 - 0 .002B 

9.0 0.1461 - 0.0060 -0.0060 -0.0008 

10 0.074 8 -0.004.3 -0.0043 - 0 .0003 

x ) The val ues ere cel culated at v=S . B43, ~= (~/",)V' a6 . 063 , 
yr.j"'r -0 . 963748, in unit s e =1; = m ,.1 . 
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etatee N>l i n decomposit i on (15 ) decreases Wi! down t o 0. 770< 10-2 

and, at 	last, the continuum taken into account d1m1n1Bhea 1 t to 

Wi: =0< 65 3<10- 2•About 23% of muons are capt ured t o excited tI t state 
TI1e probability of muon sticking to excited sta tes III e with n~ 5 

was ca l culated with f ormula/13/: 

[(1 - %f' -1- C'r a. Y'] 1'i - 3 
~----..:.~~:.----=-- XL 

11-1 

(It ~/YI)~
WIt = =:
W he 

t.=o 	 [ ( 1 -t ~InY+ (}~t] f1+3 

X [ [ (1 -r)(1- ~/n2)+(H r)('J-of12,+ ~;2(1 - ;2.)(}a.tJ. (21) 

where 
"'" 	 , ..... + 111<" )
••• c( " ••~ 'He. r 	== 
~rHe (""I" -tV'! 01. ) 

The r esulting init ial sticking probability 

o '" "') T"lr _0.848.10-2 (22 )WS == 	 L L tnT W"t = 
1V lilt 

is by 27$ sID8l1er than the value W:O =1.164' 10-2 cal culatad within 

the Born-Oppenhe imer approximationx ). Cal culated here W;; reaaOD­

ably coincide with uU:~ frOID paper/lOI obtained with Monte-Carlo 

method 	 (they are l isted i n t he third coloumn of Table 2). Sllch an 

agreement, ~ir8t of all, e,~dence5 the correctness and high accuracy 
OIT

of both methods. From Tuble 2 one can also aee t hat w",e practi ­

cally do Dot depend on the vibrational state 11 of dt)! mesio moleoule. 

4. 	CorrectioD.s to the Sudden Approximation 

In this eection wo perform e more detailed, 815 co~pared to 

Sect. 2, analyl!!is of the s l.ldden approximation. ,1e'll continue neglect­

ing the nuclear finite size effects (sec Sect. 5). However, start 

from a more accurate definition for the sticking probability of muon 

t o helium. 
Tlr 

Expressions (5), (6) and (18) f01" W~t are I!!implified versioIltl 

of the general definition 

1'V = \'1"" / \ TV 
Witt Aht "" , (23 ) 

x) 	The difference between this value and thoae prel!!~nted in papers/?' 

81 is due to the c ontribution from the etatea ¥It. wit h t1 ~ 4. 

8 

Table 2 

TV' - 2 
W~ t 10 , for the reactionS t i c k inf, probabilities ,

from t he states (Jv )=(01) and (00)(J~ i1T-- (,u. 01. ) l1l -t' rt 

00 A Cx ) I30x x )
01

nl W n l (A) n l Wn1 
W n1 

0 .903 00.6890 . 55020.65:06I s 
0 .12 870 . 0990.09342s 0 . 0937 

0 . 024 0 .03210 . 02382 p 0 . 0239 
0 . Q.'30 0. 0391 

3 a 0 . 02,,;5 0 . 02 84 
O. OllS0 . 0090 . 00863p 0 . 0086 
0 .00030 .00030 . 00033d 
0. 01660 . 01348 0 . 0122 0 .0121 
0.0051 

4 p 0 . 0038 0 . 0037 
0.0003O. OOO'l0 . 00Q.'3 


00 n-l 


4d~4f 

2: E 	 0. 031 0 . 02780 . 02410 . 0242n =5 1=0 

0. 84 5 0.8951'0.004 1. 154
Tot a l 0.84 8 

w; '" 0 . 84 

are i nc luded 
x ) Data fr om paper / l O/ • Va luee W~p and W3J 

in the sum ove r t he h igher s t ates . 

xx ) The l i sted val ue s a re ca lcu l a t e d " ith for mulae (5)-(6) wit h 

func t ions ( 3 ) . The contr ibut i on f r om n ~ 5 states wes f ound 

with formula ( 21). ~, ficllS) 	 Q. 

kYN 

Fig. 1 .Form f actors FH (lB ) and 

Fk(ls ) ' calculated wi t h f ormu­
L- ~ 6 a kla (19) (a) and coeffici ents 


UN and Il j[ of the mesi c m.:lle­


a ul a dtJW wave functions 
 B 
'P.°ft,R)decomposH ion (14)(b). 
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T'V­
where A~t is a part ia1 rate of nuclear reaction r s te ~ being proportional to the phase spece vol ume of rel~tive H~ 

TlT 1II0tion 
)	 (30)(Ji.r -------+ ~ d. ) P + VI 	 ). " IT (~ f S/y1"'C7,o) 12.J 3~.( 24 ) 

with 	 (;-c.tJ. )p system in discret.e spectrum state p -:= (",e) and ' Here momentum f is defined up to terms E,/Q with formuls'V 

'ATV = L: ).~tr (25) = ( Z Q n-1 .. ""'oI.)~ . 
f "",, + ""'at 

(31) 

P"' {lit, k'j 
is a total rat e of nuclear fusion (1) trom mesic mOlecular s tate In contrast to .A , partial rat es 'Ap quickly vary wit h momen­
(rv) . Estimate the uncerta i nties appearing due t o trans i t ion trom tum PI' • For i ns t ance, the par t i al rate :for f = 1s i s 
(23 ) t o ( 18). fss - 1 

I n the "first order of the perturbat i on theory in fusion r eection ).:15 '" r /. /. )21 ~ ,-.J fu. (32 ) 

cit - d..+ 11 ampli tude r psrt i al r ate >.:'V" is def i ned _ 1 + ! <i- ts/ Z f,.&'»:1 

wi th for'DUla ,Le t Fo == fu , t hen re lat ive errors ot' part i al fusion rat es 
are minimsl and can be e s t i mated with tormula 

')."!'IT = I':: f ,e I5J3~ r,*(z) e- ,';; Z yJlT{z: 0) IZ (26) 

f3 	 I ~l ~ ~11~\op ~ 1 -iJL:::! r~~ ;' ,10-
3

. (33 ) 

J -O, and i ndi ces J~ are omitted ) . Here i s (in what follows 	 I >.,. r J Fr 'P fe 2 Q
fp

the momentum of ~ rJ.)p system in C.III.8. : The relative error in t otal rate, according to (30) , is 

_ [ 2 (Q - t r)YI1 I1 ( m ....... +~cI) ] }z ( 27) lA ~ .,... ""'", 
,..., 3 '~O 

-3 
(34)

fp - ~ + 1"1 + WI , A p Z 141.l ( .'101. + i"1..... ) ., ;,+' .... 

Q~17.6 	MeV is the energy release in reaction Thus, t he uncerta i nties in 0V; caused by neglected depend~nceJ~ cl + '" +,1"-; 7 
is t he ener gy of V< rJ. ), 1 ot> mes ic atom 0 d.. ) .. e momentum on t he s t ate ne. in which it ill 

produced, do not exceed 0,5~. 
-~ . (28) Return now to t he ef fects of f i nite rate of' nuclear tlUlion . Inrp - ~/,,+I"'I.,( fp 

order to take them into account the energy dependence of the nuclear 

From (23). (25) and (26) follows atandard expression (18) for the reaction amplitude has to be corusidered. By using a simple resonance 

etickill£ probability W."t , provided the dependence of rand F model to describe the nuc l ear interact i on in the coupled Ji lind l'1ot 

on tinal state r in formula (26) is neglected and closure relation channels, the T-matrix is given by 

f '1'/(;;') r, et) fcr- z;) 	 d rHt! .t 
~ I~H~>~He Iv",= 

applied. Cf'= 	 = 11 E-E 	 -i..L-In order to estimate t.he a ccuracy of thia approxi~tion put r::-<
then 	 't Fig. 2f, =r·-t-r-rJS 	

~ ~ 

II 	 ) nr i~ot' + ytThe description o'f the nuelear reaction (J~ ~ ~ j"tw, (fp) :: Wp (fe) + bW,) '>.f:: Af (p.)., S')., > ~ a}.(,.)-+~~ reeuU. in a three coupled channels proble. ~ +.1 +r: -+ ."Po +.1. + '" 
....-If 	x) ,."TV".(211) and ~ + ru:. • The atlplitude J " ..e :for thlS reaction can be'GWp/Wp = i'>.p/}.,. - aA/~ . { represented by a graph ahown in Fig. 3. 

?he main contribution to the total rat. ~ C08a8 trom ~inal atatea x) W. 	 are uaitJB here a .ilDpl~ied Yeraioll o'f a lIIodel developed in/20• 
p. where lIuon is. spectator, i.8.,.t p == k~ 'Jc - "/~ ~:t. The 23/ wbic.h tit. aU tb. experill8ntal data on dt naction in the re­
verage energy carried away b1 aUOD is about e. CJ 10 keV, tbe total aonance ~e (3/2+' region. 

10 II 



The diagram involves the propagator of t he muon C;c in the 
Coulomb fiel d of a point-like nucleus wit h charge Z=2 and mass 
rnJ + M ' which can be conveniently written by using the spectra l r e ­

t 
presentation 1ft(Z/) <f (~)l ' 

<~/ I Gc Ii> := r 	 (33),E - E,
i 

By negl e ct i ng ef fect s c onnec ted wit h f i nite fus ion radiua , t he 

d t}l mesic m01 ec ule wave f unc t i on i n R-+ O limit i s dec omposed over the 
bas l s of t he Coul omb f unct ions i nvolv ed in s pectral repres entation 

(34) 	of 
n r r nr S f.nT }y'S'IT(; i) ~ j (i) 1. L..f" <eJ~) -t .Jk Ie If',,o( i") (36) 

J p, ....c N 

i . e., over f unc tions If.,o (2) and If. Cl) of discrete and cont i ­s_ ,. k o 	 T V' 
nuous spectra of )l-He mes ic at om. Not e, t ha t. coeff i c ients iN and e:1T in decompos it ion (36 ) sliglltly diff er f r om coef fici ents a:'V 
and a!>r i n (16). Fr om (24)- (26 ) we obta i n (an integral over k i s 

included in a sum over N): -iii. Z 
TV" ~ ~ :nr s J (j/ '* -+) yf' (L) 1-)

T'\I" =: .t ( 0 ) T ( E \ L. f", J '{, I I'l l ( '/- e TNO I., 'l.Mf.li t) f'I 	 ( 37 ) 

where 
E =: £- ET(E ) = < .,( > 11 ; k~ I T \ J;f; kj > ) ,., 1<', 

I 2. 2­
"' TV' T1.r T(E,,) 
{ =: (. . 	 E = ~=~ - Q (38 ) 

T{l~.J) .zM:t 2113. >" 	 f'/ 
N: l corre aponds t o ~s sts te . 

Sh ould the energy dependence o~ t he T-matrix be neglected , expres­
sion (27) reduces t o the result of the sudden ap proxi mation (5 ), (10), 

the only difference, however, being that funct i ons 'f"tct) of' }lSHe 
mesic at om are involved instead of ;PHe onea ~.. e ( iF) It is the 
firs t term of decofuposit i on (27) that corresponds t o the Born-Oppen­

heimer approximat i on. 
Note thst t he energy dependence of the T-matrix infl uences only 

the non-adiabat i c c orrect i ons to the muon wave ~unction. I n other 
wordS, corrE.c t ions to the val ue Wso calculated l J'l a eudden appro­
ximation, are rather small, because they change only the contribution 
from non-adiabatic correct10ns to the BO approximation . 

12 

jJ jJ 

(dtJl)J1:$ (G ) ~(JlOlnlc

t 11 
Fig. 3. 'f he amplitud.e for the react i on (dt/"y'\T" ---- (.,M ol) .. e + 1'1 

in the t hree coupled channels problelt'. 

p 

a 
Fig. 4. 	The relative coordinates of the particles involved in the 

react i on (lJ. 

jJ J1:--_ 

dt~~~/55He.{~O 
g 	 J:! 

dtJl{i • (5 = C5. ?PO 

t 	 n 
Fig. 5. 	The examplee of the diagrama tor the reaction dt)'t -)-'-+1'1. 

with the internuclear interactions sendvichea by tha 
Coulomb interaction of muon with nuclei. 

II 
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Fr om (38) it ~ollows tha t 

+ (t~- .~~)(EJ( -i %)} . ( 3 9)t« = ft/ { 1. E: + f'y~ 
o

1111 t he n on-adia batic cOt;:!'ec tions 'il w are linear i n the r eal5 

"arts of' coeffi c ient s IN ( s ee Sect 3), bence, c orrect i on s .r1 Wso 

due t ot lIe energy d e pendenc e of T--mstrix a r e 

° E. EAW~ ~ d Ws c f{ ~ 0. 1. 'ii W.s°. ( 40)£: + rY!t 
S i n ce 'fjwso/w; ", 0 .23 c or rections .r1 W; t o the sudd en approxima­

t ion value d o n ot exceed 3%, i .e. , are essential ly smaller than one 

coul d ex pect baa ing on t he nsive arg uments of Sect. 2 . 

5 . 	 Other CorreotionB 

I n thi s section we cons i der corrections to O)~~ aris i ng f rom 

t he finit e n uc l ear size and rini te r ange of nuc l ear forces, as well 

as SOffie o t ber correct i ons , i n part i cular , t he se , due to nuc l ear fin ­
a l and i n i t ial s t at e i nteract i on i nf'luence on t he mUOn wave 1'unotion . 

Fi r s t of al l , t a ke into a cc ount the f'ac t. t ha t 01.. -parti cle i s 

produc ed in f' uaion reac t i on n ot exac t ly in c.m.s. of nuclei (as it 

has be en a ssumed i n f ormula (6 ». but i8 somehow s pr ead. r o d o th i s, 

calculat e a ruplitude nucl ear react ion (24), whi ch c or r es­M::; of 
ponds t o t r,e d iagram in F i g. 3.Vertex torm fac t or s f or 5'He. .... _ J +t­
a nd S'He:r.-+ I'1 +o(, in t he coord i nate r e presentat t on 

< J t I~ IS"He ....>'f~ ( ;) 
(41) 

~2. ():) ~ <.,t.h \ Vz lS"He"'> 
are l ocalized ins i de R ~ R~) ~'f'{::; 4 ~ b e ing the chara'cteristic 

s i ze of 5He 1f resona nce. For the sake of simpl i c ity write amp l i tude 

M~; f or t he mes i c mole cule wave funct i on in the Born-Oppenheime r 
a pproximat i on: yao(=i,iO ;:'o.x'(,t)'fJs(i) {it wiU be clear from 

t he following that using of t he exac t wava funct i on d oes not influ­

ence the resulta) : TIl'

H:; == (£ - E~ - i;XjSJ3R.J lRIJ3'L.i on~(;))( .-­
)( 	 l1/ '11(-) - {, aJ? f (II) 'f en . ( 42 ) 

Tht f e .2 ~o 
-+ - I 

liere R a nd R are relative coord i nates of n ucl e i in init i a l and 

l"ina1 sta t es, ia muon c oordinate wi t h .,respec t to ol.. -pa rticle,5' 

u. 

:f. is /<cX. atom ooordinate wit h r e spect to neut r on . 
Q =(N,... + ,..I.t):if ie ,/"'<1.. .;.tom IDOlTIentu:n in c . m.s. Usi'll'. 1'e19­

tions (see FiF. . 4) 

f:- /'>'I" R:/(N.. + "", ... ) -t- z 
(43 )... -+ / 	 -I1. '" f "'"... ( 1)1,... + \"lei) - R 

t.rioinBforru (42) _p".' 	 .... 'Z. 

11,,/. = B5J ~R/ ~2.ct')etQ JJ'z 'l;,t....C:zr)e-''} ~o (z-x) 
(44 ) 

.... 1'11., l'
X = 	 [):< (£-£1. -if/2-)

-J 
SJ'Rj(r)}.1(~}' 

1'1" + 1'1.1. 

~I-'t.nding If. (if-x) in small pHl'",meler X • obI.
Jo 

(1) _ (l) )

M",t =-- B9 ( Q) ( Flot.:....r.. t TI-,.,~ +. .. . (45) 


I ... ') au. F.. 

...·here ~ (a) '" 5J J ~ tz. (R. e . Tljp lead l..rl8 t.arm he i Jl de-

c omposition (45) coincides '"itl! til':! sticking amplitude tlerinf"rl w.ith 

IFtlt. /% (1 + o {(f.Jo'/!>cy.YJ ) 

formula (5), and cor~ec ti ons are 

F..i~/F..e
(2)/FM . FlOe 

~ /,(I?JI/!)~) 

(I?J/ /5"~)2 
( 4 6) 

hence, 

W tlf ~ 
( (1)
I F"e * F.. e + 

(~) (
F"e 

~ 
~ 

I
F"t: t 

0) ] it
F..e ... 

I C~ ) I 2.F..t ::­
(47) 

== 

Thill! , t he corrections to W"l due to tho finsl ra11t~e 01' nUclear 
'fusion .11'11 l'",ther 8l1!allx ) 

~ (!:L)2..s 3 ·;:10~W"t/W"t Sq.... 
-~ 

x) 	Uain,g of tt.e exact wave function of dt,u uleaic molt!cule instead or 

~6°(zl)influenc~s only non-adiabatic corrections from tne rar 
, 	 L. -1 

away part 01' the continuum II.?; I~l ~ 60.1'hu, . ho~cver, ie Dooe8­

8ential,hecaWle, r.ccording to !:lect. 3, ~he m/tin eontribul..ion to 
thelle correct j ons comes from tile 8nltlllor mOlf,enta k':::Q ~6. 
Q~::='lO-~«'l. 

IS 
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Consider now corrections c~uscd by strong interection i nfluence 

between nuclei in init i al and ~inal stotes on the muon wave function. 

This means Lhat amplitude of nucl ear reaction (24) should be oalcu­

lated not in the first order in the amplitude of nuclear interaotion 

(ae it has been done whon obtaining formul6 (26», but exactly. The 

diagr"''lS shon.ld be taken into account ~'here the internuclear interac­

lion is sandwiched by the Coulomb interlilctjon of muon voith nuclei 

(J'.'xamples of such srupha are IIt10v.n in Fig. 5). "a it WBII shown in/~O. 
1.31, Bucll diaprsms tsken into ac("ount when calculating the total rate 

).T.... of nuclear reaction lead to I1bout 5% renol'f'1slizution of nuc­

l~ar &mplitude r in ~ormule (26)x). 1he correctiona to the sticking 

probabili~y Wrat are eGsp.ntially smaller, aince, accordinp to 

(23), W",t do not. involve th~ n'lclear reac\.ion umplitude. They 

carl ua estimated as follOWS. First. neglect tile slructure of :)lIe 

resonance (i.e •• cOflRjilf'J' iL int.1 rGlcting with muon ElS a point-li}(e 

cl1Brge). then sum of all the di!lgrams of lhe \.ype in Fig. 5 will 

coincide with diagram in Fig. 3, corresponding amplit.ude hllving been 

c!llculbted in ~ect. 4. 
To 	t~ke into account the structure ot 5He~ one should incl ude 
r 	 ..

the "'lie charge :torm factor dependenoe OIl the transferred momentum~. 

Tt.e charact.eristic value of i- ~ ~I" 11 is small compared to the in­

verse radius of 5He~ }f!.1( ~ 10-1 • Corrections to the s t icking probs­
bilH y due to the influclnce o~ ')l1e resnnence structure on muon wave 

function are dcfl.ned by monopole IiInd qU1tdrupole form faotors and are 

about (qRN)2~lO-2, i.e., COw;/w; ~ 10-2 • 

Of t.he sawe order or amallness should be the corrections due to 

finita sizes 01' nuclei d,t nnd 0(. :.t last, note t.he correctiOJI to 

lNht due to vacuUltl polarization 

-3
bW"t 	 (48):::;: 	 ~,jO 

W .. t 

x) 	;"s it is clear :froll1 the previous discussion and the form of the 

diagraDls 5, the influence of the nuclear dt interaction on the mu­
on wava function r~ .. (~) ie negligible. In tbio connect ion the 

IItatements of' Pilpera/2?,28! about the importance of ouch influence 

seE'1lI strange. 
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6. Concludin(, Remarks 

In the prl'sent, floPflr fat" the problIhi Ii ty of muon e1 ,lcl:ing to he­

lium in "T'eaction 0) t hl! vulue l.S obtulned ws" ~0.t~4H·IO-2 in the 

framf'work ot' tho !luI'cI,..n Upproximtltion. I'be uncc,rtulUly of this cal ­

Culation duf' to unct'rtl.J nties in ttlo uDed nunu'!'1r,1I1 wuve rUllcLion of 

d lp mesic molocul!;' y1lf'"(i', l) In not i cOllt,ly !lIlJ/lll~r' tlJl;n the cor ­

rections La thl) Budd!'n I./lpl'oximution, wille-II or(,. I.ccnrd l llg to our 
ea t imations, .about :3~. 

Our re8ult is in !toO<l arrep",lonL witl. tlul.I Dr j';'lor/10/ , ",here 
the sticking probllbilit,Y for the otHte (3"11" )-(ClC1) of tll.) 1 Hlecdc mole­

cule has been cal c ulated for t.he mesic lIIo11'0ulo wllVl' fUf1ctlon obtain­

ed wi t h t he Monte-Karlo method.As an argument to the correctness of the 

calculation can a l so be a coincidence bltwoen the euJclIlh\.orl with 
the S8me t echnique st i cking coeffici!mt ,"O.l:/l~l/ tor lIa: reLIc-WJ 
t ion do/-t --~ 'Hl + f'l wi th the experimentally It!C'UlJurur\ one 

UTJ =O. 126j:O.004/1 1/ . 

The observed valLIe eNs = WsO(1.-r) is am611er thun t.ll(' clllcul­
a ted Wso by AW,·"': rWiodue to poasible stripping processes dudnl'. 

,,#-cA m.esic a t om slowing down i n t he med i um: i onization -rrolll la-stllte 
o'f /"'- ~ 17, 8/ , step-by-atep i onizat ion/8 , G5 , 26Ii muons slIalang off 

t he exc i ted s t ates
/24/. a t c. Ac cord i ng to psper/ '4/ tile rf;:aultin 

s t i c king coeffic i ent is 

W == w.s° {o,% - 0.03 I.f:~ ) ~r { -O.26 -O. orl.(>~_s 	 _ 

(49) 

At If ~ i 
-2Ws = 0.58'10 • 

rhis value is almoat twice lesa than the first estimc.tt)l,/5,lil witt in 

he Born-Oppenheimer approximation, but still approximately twic 
exceeda the experimental values reported in reeenl. experilUEntn or 

ldaho-Los-Alamoa group'
'121 

at If ~ 1. The reallon -ror Fluch u ilrhllt ic 

diacrepancy between theory and experiment ill still to be undorlltood. 

Emphasize, however. that up-ta-date uncertointicfI it. w,$ a1' 
due to unsufficiently well known reactivation coerrioienl t( , 
while initial sticking probability ws:' is how eatHbliuherl (]uit<' 
reliably. 

The authora are grateful t.o V.P.Dzel epov, J.Jackaon,. Yu.V.1'etrov 

nd II.JI.Vorobyov for fruit~ul discu8eions. 
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COOE~EHHR, KPATKHE COOE~EHHR, nPEnPHH~ H CEOPHHKH TPYAOB 
KOH~EPEHUHA, H3AABAEH~E ODbEAHHEHH~M HHCTHTYTOM RAEPH~X HCCflE­
AOBAHHR, RBnRDTCR O~HUHAflbH~MH nYEflHKAUHRH~. 

Cc~nKH Ha C005mEHHR H nPEnPHH~ OHRH Aon~H~ coP,ep~aTb cne-
A~He sneMeHTW: 

- ~aMHJIHH H HHH~Han~ aBTOpOB, 
- COKpa~eHHOe Ha3&aHHe HHCTHTyTa /OHRH/ H HHACKC ny6nHKa~HH, 

- MCCTO H3AaHHR /AY6Ha/, 
- rOA H3AaHHR, 
- ttOMep CTpaHH~~ /npH He06XOAHMOCTH/. 

npHMep: 

1. flepeywuH B.H. u op. OHRH, ?2-84-649, 
!Jy6Ha, 1984. 

Cc~KH Ha KOHKpentyJO CTATbiO, noMe~eHHY!C? a c6opHHKe, AOJI~H~ 

COAep~aTb: 

- ~aMHJIHH H HHH~Han~ aBTOPOB, 
- aarnaBHe c6opHHKa, nepCA KOTOP~M npHBOARTCR COKpa~eHH~e 

cnoea: "B KH." 
- COKpa~eHHOe Ha3BaHHe HHCTHTyTa /OHRH/ H HHACKC H3AaHHR, 
- MecTo H3AaHHR I AY6Ha/, · 
- rOA H3AaHHR, 
- HOMep CTpaHH~~. 

npHMep: 

KoAnaKoe H.~. B KH. X1 MexoyHapooHuu 
cUMno3uyM rzo .RoepHou .:JAeKmpoHuKe, OHRH, 
JJ13-84-53, !Jy6Ha, 1984, c.26. 

CaeuH H.A., CMupHOB r .H. B c6."KpamKue 
coo61Jlenu.R OHRH", # 2-84, !Jy6Ha,1984,c.3. 

BorAaHOBa n.H. H AP · E4-85-425 
BepoRTHOCTb nparrHUaHHH MIDOHa K renHID 
B peaK~HH MJOOHHor o KaTanHsa dt~t .. f.l4He+ n 

BbNHcneH K03~HUHeHT npHnHnaHHH MrooHa K renHro B peaKUHH 
dt ll -+ J.I a + n , W~ = 0,848• 10-2. 06CYJI(Jl;3roTCR pa3JIINHble HCTO'IHH­
KH B03MOJKHbiX norpemHOCTei':f H TIOKasaHO, 'ITO B paMKaX npHHRTbiX 
TipH6nHJ!(eHHH norpemHOCTb B~NHCJieHHOrO 3HatleHHH W~ He npe­
BbllllaeT 3%. llpH BbNHCneHHH HCflOflb30BaHbl TO'Iftble BOflHOBble c!JYHK-
1..\HH Me30MOJieKyflbl d t11 , HaHAeHHbiC B aAHa6aTHtleCKOM npeACTaB­
neHHH SaAatiH Tpex Ten. C Y'leTOM nocneAyro~ero CTpRXHBaHHH 
MffiOHOB TI PH TOpMOJKeHHH j.t d pesynbTHpyro~aH BepORTHOCTb npHnHna­
HHH W 8 . pasHa 0,58· 10-2. 

Pa6oTa BbiTIOnHeHa B Tia6opaTopHH RAepHbiX rrpo6JieM OHHH. 
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In the s udden perturbation approxi mation t he p robability 
of sticking of the muon to helium w~ is found to equal 
0 . 848·10-2 in the reaction dtlf .-+ILa +D. In calculations we 
have used the accurate wave functions of the mesic molecule 
dtf.l obtained in the adiabatic representation of rhe three­
body problem. Corrections to the sudden approximation do 
not exceed 3%. In view of a subsequent shaking-off muons 
during deceleration of ~ta the resulting sticking probability 
- W 8 equals 0. 58 ·10 -2. 

Th~ investigation has been performed at tbe Laboratory 
of Nuclear Problems , JINR. 
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