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1. Introduction

Beginning from 1977 the phenomenon of muon catalysis of nuclear
fusion in deuterium-tritium mixture is being intensively investiga-
ted in many laboratories of the world,both theoreticslly and experi-

. mentally (see reviews/1'4/). The bottle neck of the chain of muon

catalyzed fusion =)
ol + 1 +pM”
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is the lost of muons in the (/&1*'1) channel where the muon sticka
to the ol -particle. The problem of muon sticking was discussed by
Zaldovich/S/ and Jacksom’a/ in 1957 for the first time. More careful
analysies has been performed & few years ag 7‘8/, s8till in a frame-
work of the Born-Oppenheimer approximation and for the case of &n in-
finite rate of nuclear fusion, the latter having been treated in a
sudden mpproximation (BO+S method). The estimated accuracy of these
calculations was about 10%°

In recent paper/IQ/ & muon wave function of dtu mesic molecule
calculated with Monte-Carlo method without approximations characteris—
tic for BO method is involved. Thus obtained values of sticking co-
efficients are by 25% lower than those previously calculated in BO+S
method.

Only recently some reliable experimental information on mucn
sticking in the reactions ddu-n Ha+n/11/ and dt)bgﬂ‘ﬁe+n/12/ has be-
come available. The experimental values of muon eticking probabiliti-
es appeared somehow smaller than the theoretical estimates within
BO+S method. In the dda case the achieved experimental accuracy is at
the level of & few percent, and it is expected that in the near futu-~
re experimental data of comparable or better accuracy will be avail-
able for muon sticking following other nucleer reactions (pd,dt,etc).

In this situation it seema reasonable and up-to-date to perform
an analysis of the approximations used in the BO+S method and to de-
velope & regular method of a more sccurate calculation of muon stick-

x) Recent cnlculation/9/ within BO method is irrelevant, since there
has been used as the initial state muon wave function that of dta
mesic molecule at the equilibrium internuclear distance R-Ro, in-
stead of R0 limit, as it is necessary.
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ing probsbilities in verious reactions. These are the aims of the
present paper.

The BO+S method involves some approximations, each of them having
& corresponding sméllness parameter such &8s the ratio of muon to nuc-
leon mass, Mu /m,, , the ratio of & characteristic range of nuclear
interaction to & muon Bohr radius, R,.,/a/“ , and so on.

We show in Sec. 2 that corrections due to the finite nucleus maas
sre most important, &nd, hence, & muon wave function more precise
than the BO one is needed, first of all.

In Section 3 a calculation of the muon sticking probability based
on the exact muon wave function is presented. The corrections to the
sudden approximation are evaluated in Sections 4 and 5. Our results
are summérized and discussed in the concluding Section 6.

Only the case of dt-fusion is considered here mainly due to the
intenae interest on this specific problem. The developed method, how-
ever, holds for nuclear reactions involving other hydrogen isctopes
/13/. The cumpariéon between theoretical and experimentsl determina-
tion of the sticking probability in &ll these cases (dd,pd,pt,ete.)
is equally importent for the solving of the sticking problem in the
dt reaction end sellows one to gain information which is, in & sence,
complementary to that provided by studying the dt reaction.

2. Analysis of the BO+S Method Approximations

The sticking probability Ww; which is actually measured (effec-
tive sticking probability) can be expressed as

Wwe = ;(1’3’)' (2)
where (U] is the probability that the muon is bound to the o -par-
tiele just after fusion and ¥ 1is shaking-off, or reactivation, coef-
ficient, i.e., the probability that during the slowing down of the pro-
duced Mol atom the muon is shaked off as result of stripping reac-
tions in collisions with the nuclei in the target. The BO+S method
for the celculation of UQ: relies on the following main assumptions:

A) The muon follows adiabatically the motion of the two nuclei
until fusion occurs.

B) Fusion is an extremely sudden process, i.e., its time scale is
very short in comparison with any other time relevant to the process.

C) Any effect associated with finite nuclear size and finite ra-
dius of nuclear forcea is neglected: dt fusion occurs when the two
nuclei are at zero distence between them, the muon moving in the Cou-
lomb field of point-like nucleus with the eharge end mass of their
compound .,

For the case of dt system this means that the initial muon g:ve
-— . . . = f e
function W[ (7) Jjust before.fus:xon is the wave function of A
in the ls-state with & point-like nucleus

Bo
’Kn (é’) " ‘Cs (%) (5}
The emplitude of muon sticking to the of-particle in the (/Ao()"‘ -
state, F...g , is aimply expressed as the overlap between 'y/‘.'" m?d
the wave function " of _uol mesic atom ir the nl-state, moving
with velocity ¥, the value of which is defined by an energy release

Q=17.8 MeV in reaction (l)x).
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In papers/7'8/ partial @W,g and total W_,o aticking probabi-
lities were calculated with formulae:

w; = Zw"e (6)

Bo
and function P‘;K-"('i') = ’Y{h@ were used.
Concerning the three main approximstions approved, clearly:
A) is exact in the limit the relative motion of two nuclei is extre-
mely slow in comparison with the muon's. The relevant smallness para-—
meter equals the ratio of the muon m&ss m/q to the reduced mass of

i:‘ K Vs (4)

"

Wye = lF"‘lz .

two nuclei My,

‘xcm/./rn,,- (7)

For dt system one has 2 = 0.09, whareasa {gr dd and pd, respecti-

vely 0.11 end 0.15. The relevant parameter % cen A8 well be de-

fined as the ratio of nuclei velocity ‘U',, to muon velocity 15“5 LC,
~

e =V /-,_);M . (8)

Nesr the nuclei equilibrium position 'V;/ can be estimated from the

relation between the nuclei vibrational energy and the muon energy

x) Tn pnpo; E[_t;x;. f;ml state wave function was teken as
imTZ > 3 -4
M I Yf‘e(z),when m o= mu My (m/..fm,,)
is the reduced mass of ( ud) atom. It is shown in Sect. 5 that
& straightforward consideration leads to formule (5).
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Evie =myv,® . ("V‘/m,,yzn}, —,;: (9)

from where
~ 3
= = ("“‘/" /"’,v)"', (10)

- . = Ao

in th?.a case one obtains xdtno.ls, % ,4=0.19, % 4=0.26. These
and similar estimates enable one to evaluate the expected contribu-
tion from the corrections to the BO approximation at the 10+420% le-
vel.

Appr%imation B) is based on the fact that the lifetime
‘E'”z 10 8 of the compound nucleus blxe‘ » which can be accepted as
a time scale, is small compared to a characteristic time of muon mo-
tion in a mesic atom %z 10'195. The corresponding parameter

b= T’,,/'t/‘.4 ~0f. (11)
The effects due to the nuclei finite size depend on the parameter
§=k,,/c},4 x~ 0.03, (12)

where Ry and a/« are characteristic nuclear scale and muon orbit
radius. BO+S method corresponds to the case 2 = b = £=0 . cal-
culste now the corrections to BO+S due to finite values of these pa-
rameters.

3. The Calculation of the Muon Sticking Probability ¢’

We calculate the muon sticking probability w_: without the
Born-Oppenheimer approximetion but using an exact dtu mesic molecule
wave function. We will remain in a framework of & sudden approxim-
ation and neglect the nuclei dimensions and range of nuclear forces
in comparison with the mesic molecular dimension,

In a sudden approximation the sticking probabilities are still
defined with formulae (5)-(6), where, however, the muon initial wave
function “W;, (7) at the moment of fusion is expressed via the atu
mesic molecule wave function ’y/'n’(i', E) in a rotational - vibra-
tdonal state (J¥) in the following way

VVER)
() =& : -
Yn (2) R": {S‘Jszlyﬂr ‘i: E’)Iﬁ}%

(13)

R being the distance between d and t in dta mesic molecule. The wave
functions ¥ ' “(Z,K) have been celculated in papers
algorithma/16'17/ for numerical solution of the Coulomb three-body

/14,18/ ith

problem in the adisbatic representetion/ls/

the mesic molecule wave functions has been found in paper

. The R—»0 asymptotics of
/19/. For

J=0 states it is:
v ST ot T P i T -
VIV(‘Z,:K):’OA R{an ?2,0(2)'(-05@”( a, go (2)}, (14)

i.e., in this limit the variables E' and R which describe the mo-
tion of the muon and nuclei are factorized. lere ¢,/o (E’) and
¢k0 ('Z') are discrete and continuous spectra wave functions
of the mesic atom in f=0 state with nucleus charge Z=2 and mass of
ta mesic atom’la/. Coefficients AW a}” and a,‘”' are known
from the numerical solution of the Coulomb three-body problem/ls'ly

and are normalized according to
oa 5 o -
T =
Zlau! +S‘Jk’0k " = 1. (15)
”:1 [}

Prom (13)-(15) it followa that the normalized muon initial stsate
function has the form™’:

Y (7)= V(E) =;a,f"y;,o(é') +ka a3 (Z).ae)

The muon wave functions at the moment of fusion, i.e., coeffici-
ents a:,” and a.{” , depend, though weakly, on the meaic mo-
lecular state (JV) (see Table 1). The probabilities Py of the
nuclear reaction from the various rotational - vibrational atates

(‘nr) are known from the cascade calculationa/Zl/

0.84, (Jv )=(01)
,o ~ ¢ 0.18, (Jv )=(00) (17)
Jv

0.00, J#0

The probability of fusion from rotational states with J#£O being

x) Taking into account of nuclear dt interaction (eee/zo/) essential-
ly influences coefficient AW— only, coefficienta a,:/v- are
practically unchanged and coefficients Q:r are changed noticeab-
ly for momenta Kk % Ry*>> 4 only ( R, being the range of
nuclesr dt dinteraction).
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negligibly amall)‘), the muon stiecking should be considered for J=0

states only. T

Sticking coefficients W , are cslculeted with formule analo-
gous to (6)

w,, = jF:?r{z. (18)

where, sccording to (5) and (16)

Fe = 2 a,"E (nt) + Sk ;" F (ne).
N

. —
-9 Z
: 2 oy 4 >
F”(n()= SJZ o (2 e Q,d(z)' (19)
L -t".é. ~¥
g oy
ﬁ‘(n() = SJ A %e(z) e 4 ¢ko 2).
—n
here q,: mﬂir' s V =5.843 is the velocity of Aol measic atom cal-
culated within relativistic kinematics for the process J‘f}q - Mol+h,
(4 more mccurate definition’ %/ of U is relevant, bec&use the
value g is extremely sensitive to 7 ,)
w
Coefficients a; and a’,ﬂ" for the states T=0 are pre-
sented in Taeble 1 and shown in Fig. 1b.

Here and below, unless otherwise atated, the units are used
e=1%

=mM=d m=mm, /(m/_, M) where M. = 105.66 MeV,
mt =2808.94 MeV are masses of muon &nd tritium, respectively. Form-
factors Fy(4s) ena FL(:{S) calculated with formulae (19) are
displayed in Pig.la. hey satisfy the closure relation

2R aol" + §dk|Ranl® = {4 «ga) T

where Q = (W,u '*”'.1)/2 M e

(20)

Although stute N=1 dominates in the normalization condition (15) of

the mesic molecule wave function ( |a41’2 0.98), its contribution to

(20) is about 10% only. Hence, despite the smallness of @ ,, and Qk
their inclusion essentally decreases Lhe value of W_‘” calculeted
in the BO approximation due to the destructive interference with N=1
term. Thus the probability (Mgg decreases from W\,“ =0.908-10
for the wave function (@ (7') of u®He atom to kg =0.867+10 %for the
M He etom wave funection ¢Js (7)) « Inclusion of descrate apactrum

x) Mesic molecule dtu is formed in state (IT)-(ll)/22/, but for all

states with J¥O ita de—edl_:citation rates significantly exceed the
rates of nuclesr fusion’ 2/

Formfactora FN(ls) and Fk(la) and coefficients ey

of decomposition (16) x)

Table 1
and a,

N Fy(18),2070 oy ayFn/a1Fy
(J=0,v=1) (J=v=0) ki
1 0.9312 0.9831 0.9827 1
5 0.3514 -0.0733 -0.0747 -0.0287
3 0.1936 -0.0293 -0.0297 -0.0063
4 0.1263 -0.0173 -0.0175 -0.0024
5 0.0905 -0.0124 -0.0126 -0.0012
k Fi(18),1070 &, ,107 a,,107t (®xFx/a F,),1070
0.2  0.2273 -0.2702 -0.2740 -0.0623
0.4  0.3223 -0.3610 -0.3650 -0.1179
0.6  0.3964 -0.4089 -0.4090 -0.1621
0.8  0.4605 -0.4140 -0.4190 -0.1929
1.0 0.5188 -0.4017 ~0.4061 -0.2106
1.2 0.5737 -0.3755 -0.3798 -0.2176
1.4  0.6265 -0.3420 -0.3451 -0.2162
1.6  0.57e4 -0.3060 -0.3086 -0.2094
1.6 0.7301 -0.2705 -0.2726 -0.1990
2.0 0.7822 -0.2372 -0.2389 -0.1869
2.5  0.9174 -0.1680 -0.1690 ~0.1550
3.0  1.0636 -0.1187 -0.1143 ~0.1268
3.5  1.2215 -0.0847 -0.0851 -0,1040
4,0  1.3831 -0.0615 -0.0618 -0.0854
5.0  1.5997 -0.0343 -0.0344 -0.0550
6.0  1.3295 -0.0205 -0.0205 -0.0273
7.0  0.7081 -0.0120 -0.0130 -0.0092
8.0  0.3143 -0.0087 -0.0087 -0.0028
9.0  0.1461 -0.0060 ~0.0060 -0.0008
10 0.0748 -0.0043 -0.0043 -0.0003

X) phe values are calculated st v=5.843, 1,=(mﬂ/m)zr-6.063,
m/my =0.963748, in unita e=h=m=4.
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states N>1 in decomposition (16) decreases (J,, down to 0.770%107%
and, at last, the continuum teken into account diminishes it to
w,, =0.653'10'2.About 23% of muons are captured to excited nl states.

The probability of muon sticking to excited states wmé€ with n>5
was calculated with formula 13

n-1 . ot "2 a)z]n-s
“’..=an x égn?[(d ) + (% — x
S é ( /) [(j-fgﬂa)z‘*'(i'a)x]” 3

X [(fg)@—:'/nz)+(4+;)(1,a)2‘]z+ %gf(i—-:,—;)(?“)‘}' (21)

where
.
My (""m+ ’;m) !

The resulting initisl sticking probability

o r i AR ~2
we = D Z Pro Wye = =0.848:10 (22)
X né

A Bo -
is by 27% smaller than the value (J¢ =1,164°10 2 calculated within

the Born-Oppenheimer approximationx). Calculated here (A)oo

ne TEBSON-
el - AL /10/ g .
ably coincide with J,,” from paper obtained with Nonte-Carlo

method (they are listed in the third coleumn of Table 2). Such an
asgreement, Tirst of ell, evidences the correctness and high accuracy

of both methods. From Table 2 one can also see that uJ;:r practi-

cally do not depend on the vibrationsl state U’ of dtu mesic molecule.

T =

4. Corrections to the Sudden Approximation

In this section we perform 2 more detalled, &2 compered to
Seet. 2, analysis of the sudden approximation. We'll continue neglect-
ing the nuclear finite size effects (see Sect. 5). However, siart

from a more accurate definition for the sticking probability of muon
to helium,

. TV
Expressions (5), (6) and (18) for W, ,
of the general definition

TU TV TU
w"e =>"¢/>l ’

are simplified versions

(23)

x)

The difference between this value and those presented in papera/7'
8/ js due to the contribution from the states nf with pn> 4.

Sticking probabilities

(J'l}u "V (/“ "‘)nc* ?

Wy, 1077,

T -2

Table 2

for the reaction
from the states (J¥)=(01) and (00)

X ) Oxx)
01 00 AC B
r Wy Wm Wi W
1s 0.6526 0.6502 0.689 0.9030
2s 0.0937 0.0934 0.099 0.1287
2p 0.0259 0.0238 0.024 0.0321
3a 0.0285 0.0284 0.030 0.0391
3p 0.0086 0.0086 0.009 0.0115
3d 0.0003 0.0003 - 0.0003
4s 0.0122 0.0121 0.013 0,0166
4p 0.0038 0.0037 - 0.0051
44+4f 0.,0003 0.0003 - 0.0003
o0 n-l
n=5 1=0 0.0242 0.0241 0.031 0.0278
Total 0.848 0.845 0.895+0.004 1.164
Wy = 0.848
x) Data from paper/lo/. Values bdgp and a4 are included

in the sum over the higher states.

xx) The listed values are calculated with formulae (5)-(6) with

functions (3). The contribution from nz35
with formula (21).

Fig.1.?orm factors FN(la) and 0,
Fk(ls)'culculated with formu=— J
1a (19) (a) and coefficients
8y and gy of the mesic mole=-

cule dt

a wave functions
?”@, R)decomposition (14)(b).

gos)
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Tor
where )u:', is a partial rate of nuclear reaction

@) — (ma), +n (24)

with cuaL)F system in diserete spectrum state /9 :(nt)

o ;g (25)
B
= {”e’ Pj A
is a total rate of nuclear fusion (1) from mesic molecular states
(]‘v) . Estimate the uncertainties appearing due to transition from
(23) to (18).
In the first order of the perturbation theory in fusion resction
dt — d+mn amplitude 7" partisl rate )
with formulse F

—
r =

is defined

lleFP l SJS'; y;*(i,) e~c'i’,§.,¥‘)’vi,’o)lz

(in what follows J=0, and indices TV~ are omitted). Here ff is
the momentum of 0“" )F system in c.m.s.:

4
[ 2 (@ - 2p) My (1a *"'«OJ % (27)
fe My + Myt 1y
Q=17.6 MeV is the energy release in reaction J'f)u. —> ol +h f/«." £
i 2
s the energy of (,uo()P
’

L. "
1’ . m,(4m‘ Fp kee)

From (23), (25) and (26) follows standard expression (18) for the
aticking probebility "C s provided the dependence of 2 and P
on final state P in formula (26) is neglected and clcsure relation

S YIE) Y (E) - FE-T)
applied. A -
In order to estimate the accuracy of this approximation put
’;’ - r, & S‘f’ then
wf(fp) = wF(f’.)+ s“"p; )’ = XF(P.)+ Skf g A;)‘(P-)*SA
(29)
Swf/w,, = SXP/A’ - SX/A u n

The main contribution to the total rate )\ comes from final stetes
B where muon is e spectator, i.e.,st = k | b= ’,!< a *. The
average energy carried away by muon is sbout ﬁ' ™ 10 kev. the total

B

—— —

10

rate )\ being proportional to the phase space volume of relative M
motion 2 TV /e 23 .

=IT1p S 1Ym0 |* L. ol
Here momentum F is defined up to terms ~ & /Q with formuls

2 Q my My %l
P = M"*.MJ ) (31)

In contrast to )L , partial rates >\ quickly vary with momen-
tum PF . For instance, the partial rate for F:ds is

P -#
) ~e — i 2
"~ T1e o) pd (a2)

Let F, = ﬂ“ y then relative errors of partisl fusion rates
&re minimal and can be estimated with formula

l —AE- ’F-.fL ;t ,5 3.40-3_ (23)
Jr,, Pe
The relatxve error in total rate, accerding to (30), is
i ad ]P'f'l 2 e ] LS 3-40-3- (34)
A P 2 my (vat i)

Thus, the uncertaintiee in W; caused by neglected dependence
of mesic atom Q«i)”e momentum on the state Kf in which it is
produced, do not exceed O0,5%.

Return now to the effects of finite rate of nuclear fusion. In
order to take them into &ccount the energy dependence of the nuclear
reaction amplitude has to be considered. By using & simple resonance
model to describe the nuclear interaction in the coupled J{f A&nd nd
channels,; the T-matrix is given by

d
. S DL eV,
% ; E-Ep ~ig
ig. 2
The deaecription of the nuclear reaction (.:H/u) Q“‘(_)ne

results in n three coupled cheannels problen M +d+t - Mtdthn
and M + "He* %) pne amplitude ]’1“‘ for this reaction can be
represented by a grlph shown in Fig. 8.
x) We are using here a simplified version of & model developed in/zo'
23/ which fits -11 the experimental data on 4t reaction in the re-
sonance °He (3/2%) region,

11



The diagram involves the propagator of the muon (;b. in the
Coulomb field of 2 point-like nucleus with charge 2=2 and mass
My My which can be conveniently written by using the spectrel re-

" ¢*z) e )
C}c IZ'>> " ‘Zi:' ) -

=y (35)
By neglecting effects connected with finite fusion radius, the
dtpy mesic molecule wave funetion in R0 1limit is decomposed over the
basis of the Coulomb functions involved in spectral representation
(34) of

31} AP TV 4 L2 P
’l_;fw@ & /;-:_'ox (Z){%(” ¢,y fdk b kaa(Z)}('as)

presentation

<7z’

i.e., over functions “Pm, (Z) =nd (ﬁw(?) of discrete andn}:_onti-
nuousvgpectra of p“He mesic atom. Note, that coefficients é%v and
éﬁ: in decomposition (36) slightly differ from coefficients a;

and Q:v- in (16). From (24)-(26) we obtain (an integral over k is
included in & sum over N): _iifg
TV v NT"'S‘ 3 a0 ()
Mg = N (o)T(E‘)%’Z,, 'z ¥, (%) %, )
where
T(E) = <o, 05k | T dts ki) E.=E~&x,
~T v T(E = z
7 =5N-——IQ)—> Eacke o k1o (38)
o T(E,) ZMy 2M, >

N=1 corresponds to ls state.

Should the energy dependence of the T-matrix be neglected, expres-
sion (27) reduces to the result of the sudden approximation {(8), (18),
the only difference, however, being that functions '€,,(3") of‘pSHe
mesic atom are involved instead of,usHe ones ¢~e (Z) . It ia the
firat term of decomposition (27) that corresponds to the Born-Oppen-
heimer approximation.

Note that the energy dependence of the T-matrix influences only
the non-adisbatic corrections to the muon wave function. In other
words, corrections to the value bq: calculated in a sudden appro-
ximetion, are rather amall, because they change only the contribution
from non-adiabatic corrections to the BO approximation.

12

R

*

o s

(KX
a

t

Fig. 3. The amplitude for the reaction (dtm)’’ —» (/»(a()"e +n
in the three coupled channels problem.

-
n ﬁ n ?
b N —-d
ﬁl

Fig. 4. The relative coordinates of the particles involved in the
reaction (1).

Fig. 5. The examples of the diagrams for the reaction Jf/bl — Md+N
with the internuclsar interactions sandviches by the
Coulomb interac¢tion of muon with nuclei.

13
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From (38) it follows that

- (s (Ee-70) 1.
2—({i+ Eg+f:‘/gz} (39)

N N
All the non-adiabatic corrections SMJ; are linear in the real

perts of coefficients (” (see Sect 3), hence, corrections Aw_:
due to the energy dependence of T-matrix are

I S =
Aw; ~ §w; .__f_._ii_._
EE+I'/a

L]
Since 3“’;/«); =0.23 corrections A4 W5 to the sudden approxima-

tion value do not exceed 3%, i.e.,are essentially smaller than one
could expect basing on the naive arguments of Sect. 2.

~ 0.1 del. (40)

5. Other Corrections

In this section we consider corrections to wi’{ arising from
the finite nuclear size and finite range of nuclear forces, as well
as some other corrections, in particular, these, due to nuclear fin-
al and initial state interaction influence on the muon wave function.

First of all, take into account the fact that of -particle is
produced in fusion reaction not exactly in c.m.s. of nuclei (as it
hes been assumed in formula (6)), but is somehow spread. To do this,
caleculate amplitude M:Z- of nuclear reaction (24), which corres-
ponds to the diagram in Fig. 3.Vertex form factors for EHe® —» Lot
and sHe —>n+d in the coordinate representation

g *
3, (F) = <4tV |"He*>

iy
E.CF) & <Amlnees

are localized inside R £ R” , Ryx=4 fm being the characteristic
size,'gf 5He* resonance. For the sake of simplicity write amplitude
Mnt for the mesic molecule wave ft_lpction in the Born-Oppenheimer
approximation: ’y’a(i‘lk) E';OX(R )?}‘(?)(it will be clear from
the following that using of the exact wave function does not influ-

ence the results):

M = (E-Ee-i) Jd% IR0 ARV (F )
x e @ e LR (@), (B (42)

-/
Here R and R are relative coordinates of nuclei in initial and
final states, f is muon coordinate with respect to o =-particle,

(41)

14

f; is Mo _&tom coordinate with reampect to neutroen,
Q =(m,.+m,()1/‘ is 4d atom momentum in c.m.s. Using rela-
tiones (see Fig. 4)

7/
§= ""’n'?/(m"-.- M,.) 'f’?

f Y F,m/‘/(m/“*_m‘l) e F/ (43)
transform (42) _,’.(,, 1§,"2'
] - {Q 3 =3 5 =
o e irrncere e e P
i (44)
Re o B B = (E-Ee-UTAR) (4R A(F)3,(F).

3 e =
Expanding \ﬂo(z—x ) in small parameter X , obtain

1) . (3}
M"g 5 BQ(Q)(F,‘C-" ne ‘ant +"'>‘ (45)
g
3al g L
where g(Q) = SJ R (2 )e « The leading term F,‘g in de-
composition (45) coincides with the aticking amplitude defined with
formula (5), and corrections are

Fnz(‘)/Fne &= J(Kx/f‘z/i)

(46)
ann/ﬁ.e = (K,, /:S‘q/,)z
hence,
Wpe = [F..e + F;:‘)+ F,.(:) 2x IF-e' Ay 4 fF”(:"z:
(47)

"

[Fael® (1 + Of (bu/5a) ] )

Thus, the corrections to Wy, ¢ due to the finsl range of nuclear
fusion are rather spall*

Bw,,e We =~ <

x) Uaing of the exact wave function of Aty mesic molecule instead of
’y‘a('z‘lk’)inrluencea only non-adisbatic corrections from the far
away part of the continuum kzﬂu'lx 80, This, however, is nones-
sential,because, according to Sect. 3, the main contribution to
these corrections comes from the amsller momenta k£q=6,

Ry 1071« 1,

Rv \*

< 3.40°
S'Q/.., S
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Consider now corrections caused by strong interaction influence
between nuclei in initisl and final stetes on the muon wave function.
This means that amplitude of nuclear reaction (24) should be calcu-

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

(as it has been done when obtaining formula (26)), but exactly. The
diagrams should be taken into zccount where the internuclear interac-
tion is sandwiched by the Coulomb interaction of muon with nuclei
(gxamples of such gruphs are shown in Fig. §). As it was shown in
33/, such diapgrams tsken into account when calculeting the total rate
)fv of nuclear reaction lead to about 5% renormalization of nuc-
lear amplitude [' in formula (EG)X). The corrections to the sticking
probability Ldnl are essentially smaller, since, &ccording to
(23), «i,ug do not involve the nuclear reaction amplitude. They
csrn be estimated as follows. First, neglect the structure of ° He
resonance (i.e.,consider it interacting with muon as & point-like
charge), then sum of all the disgrams of the type in Fig. 5 will
coincide with diagram in Fig. 3, corresponding amplitude having been

/20,

calcul&ted in Sect. 4.
To take into &account the structure of 5Hét one should include

the Se¥* charge form factor dependenoe on the transferred momentum ¢.
The characteristic value of ¢"' P 7/" i8 small compared to the in-
verse radius of sﬂeg 1F§, x 10 1. Corrections to the sticking probsa-
bility due to the influence of “He resonence structure on muon wave
function are defined by monopole and quadrupole form factors and are
about (qRN)z-'?-lO-Z, i.e.y Sw;/w;,s 1072

0f the same order of smallness should be the corrections due to
finite sizes of nuclei d,t and o . At last, note the correction to

W, ¢ due to vacuum polarization

S Wye q 5'_40-3 (48)
Wye

x) As it is clear from the previous discussion and the form of the
diagrams &, the influence of the nuclear dt interaction on the mu-
on_wave function “¥in (?) is negligible. In thia connection the
siatemente of papera/ev'za/ about the importance of such influence

seem strange.
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6. Concluding Remarks

In the present paper for the probability of muon sticking to he-
lium in resction (1) the value is obteined )’ =0.648:107% in the
framework of the sudden approximation. I'he uncertsinty of this cal-
culation due to uncertsinties in the used numericsl wuve function of
dty mesic molecule ’yf’r(i’ E’) in noticeably swaller than the cor-
rections to the sudden approximation, which are, sccording to our
estimations, about 3%.

Our result is in  good sprecment with thia of pupor/lo/, where
the sticking probability for the state (Jw )=(00) of dtu meaie nolé-
cule has been celculated for the mesic molecule wave function obtain-
ed with the Monte-Karlo method.As an argument to the correctnesa of the
calculation can also be a coincidence between the caleulated with
the same technique sticking coefficient (ab -0.12/13/ for the reac-
‘tion 44/4 — *He +n with the experimentally meassured one
Wy =0.12610.0047 117,

The observed value We = w‘(g J') is smaller than the caleul-
ated w‘ by aw. =y, “due to possible stripping processecs during
Aol mesic atom slowing down in the medium: ionization from la-state
of mda /7 /, step-by-step ionization’ 1<% 26/, muons shaking off
the excited atates/z y» ete. According to paper/24/ the resulting
sticking coefficient is

(2
W, = w; {0..‘16 —0.03 Wz%wr{-a.zc -o.o?le}_
(49)

W = 0,58-1072

- This value is almost twice less then the first estimatcals's/ within

the Born-Oppenheimer approximation, but still approximately twice

‘exceeds the experimental values reported in recent experiments of

ldaho-Los-Alamos group/lzl at @ =z 1. The reason for such a draatic
discrepancy between theory and experiment is still to be understood.
Emphasize, however, that up-to-date uncertainties in ws are
due to unsufficiently well known reactivation coefficient ’
while initial eticking probebility w,. is now established quite
reliably.
The authors are gruteful to V.P.Dzelepov, J.Jackson, Yu.V.Petrov
and A.A.Vorobyov for fruitful discussions.
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