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1 IntI‘Oductlon

Although a conmderable effort has been made 50 far on the problem of muon" .

. sticking to helium produced In muon catalyzed fusion reactions, the continuing

dlsagreernent of the theoretlcal evaluatlons with experlmental data. demands

further investigation ( see [1:3) and references therein ) .~ S e
- The aim of the’ present work is to avoid ‘one of the questlonable aspects of -

_the theoretlcal treatments of the problem to date, narnely use of the framework i

.of the * “sudden approxrmatlon (SA)[4, 5]; which ‘was an esséntial element of
all prev1ous calculations ('see, for exarnple [4- 12 23])- Because the fusion time
(r.= l/lﬂm <107 “Ps)is much shorter then the times characteristic for rnuonrcf

 processes (1, = 2.4x10717 s/mu = 1 2><10 %), it has been assurned that the‘._, :
stlckmg events of the type o W T , ‘

w,‘r

dt,u — /14He + n B (l) |

. are'sudden ( T/Tu 5 0 ) and therefore that in evaluatlnrr ws one can apply thevl

Mlgdal formula[13]
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s ThlS is the snnple overlap 1ntegral between the 1n1t1al 1,[),,1 and the ﬁnal wave

funct10n 1/)_,' t,bn, er R ‘of the (,u“He) i atom rnovmg with' the veloc1ty V (q =
m,V), wh1ch is. 'defined by the energy’ ‘output of the reactron (1),

Here we analyze the appllcatlon of the formula (2) to the case of the reactron g

‘ ( The key pomt 1s a computatlon of the tlme evolutlon for the rinuon wave Lo

due to emission of the fus1on neutron by dlrect solutlon of the trrne-dependenti S
three-drrnenswnal Schrodmger equatlon B PR O o

\

2 Tlme-dependent equatlon

Flrst we' develop the tlme dependent Schrodmger equatlon descrlbmg the pro-

S cess. (1). Snnple semi- classrcal consrderatlons .give a rough estlmate for the ‘

tlme-dependent part, of the 1nteract10n potentlal AU(R t) actmg on the rnuon -
- Due to: recelvmg the: momentum Ap =q= muV the muon 1s subject to the

- mean force F' ~ Ap/At = m,,V/T durmg the tlme At T of the fusron




event (1) On the other hand the force is equal to F =
whrch grves the followmg est1rnate for the mteractlon potentlal

U~ —F R ~ __vz_z

STe

Here the z-ax15 d1rect10n nz comcrdes wrth 17 the drrectron of the enutte(l‘
neutron - : SR o

' More preclsely, the trme-dependent potentlal AU (R f) may be determme(l S
as e

Joewt

" This is a consequence of the evolutron of the muonic momentum durmg the o
fusron event (1) BwEEs ' ' :

" AU(Rt) R_[M

'/’

\;; N B

reproducrng the lrrmtrng cases, p(t = 0) 0 and p(t = oo) = q T
' The fusron trme 7 =1/Fin is determmed by the nuclear w1dth i of the
‘ compound nucleus*sHe for the initial state (4 ®He*) in the transltlon (l) fFor L
ﬁxmg this value we use the parameter Fm—340 keV (r= 1/1‘m = 0 017 meaiu.);
- of the three-coupled channels model (dt; SHe*, n"He)[14] grvmg the best ﬁt to -
the expernnental data for the fus1on reactron d + t — 4He + n , St

ERE

3 Method of calculatlon

The method\of global approx1rnat10n ona subspace grld [15] recently ap—
plled to a number of stationary’ problems [16], is extended here. to the trme—f;
dependent bchrodrnger equation. Followmg the l(ey 1dea of the papers [lo 16] R

S we seel( a solutron as an expansron s
¥ b s

R

=15 w) .
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where P{( ) are the Legendre polynomrals and P,J s the N X, N matr1x 111ver's({‘
to {P,(z;)} defined on the grid z; = {cos 0;};.coinciding with the sel of the =
nodes of the Gauss quadrature on:[=1,1]: "In this. way. the initial problem i
s reduced to the’ system" of Schrodmger type equations with respect to the =
" vector 1/)(R ). _~{1[)J(R t) = {z,/)(R 28 )}N of unknown coefﬁclents in the',': kX
expansmn (5) SEn, LR g T ‘
g g ¢(R t)f?

o _filev‘aer“e' s = |
o k : ' REIE - m VR:ck
(“YH(R f) Hk,(R t) {..2W“§; —-“—exp{——}}ak, -
- 2R2Zl l+1 Pr(:ck)P,J

We seel\ a solut1on of the equat1on (6) on a d1screte set of the pomts R,,: and
"y, in the spatial ‘R, € [0 R,.] and temporal t, € [0,¢,] dimensions. For
;propagatlon m t1me tn —» tn + At the SImple Crank Nlckolson scheme has
s beeu used Sl c T

S ,/ -

S

o i‘g(?)“;,

jwhlch is’ stable, preserves u111tar1ty and may be lntegrated over R by applymg
the implicit inverse technlque : T

2 Note that we analyze Eq(6) ina deep nonperturbatlve reglon because the
: dragonal part of the elfect1ve potentlal H(R t) satlsﬁes the followmg relatlon

t(‘i"i+ AtH(R tn)).'/’(R by +At) '(1 _EAt H(Rt )) (Rt )

m“—RzEe p{——-} o~ 103R:z:k exp{ 10 t} >> 1 N e

i = 10T < 0 2 m.a.u. Solv1ng (7) lmposes rather tough demands
" on the computat1onal method (Henceforth we use . the muonrc atomlc unlts

S ety
: ~"(mau) im _:_h Ze=1)i~

4 {Results and dlscussmn

v V4F1g 1 1llustrates the evolutlon in t1me of the muon wave packet 1/)(R t) due to
. “the emission of the neutron in the transitién (1). The real part R{$(R, z,t)} of
8 the wave packet calculated by solvmg the system (6) with, the initial condition".
(R, zt=0) = 1/)15( R),is presented here for a-few points oft By prOJectmg
77 the wave packet on the bound states k = (nl) of the.(u 4He) af atom one can’
“evaluate the stlckmg coefficient ws(k t) —|< i l (1) >[?asa function of time.-
" The calculated quantities w,(k, t) are given in Fig. 2, which demonstrates that
‘ --'frthe last pomt of integration over t, tn, =107 = 0. 17 m.a.u.y is: already in the
- iiasymptotlc region of the reactlon and-may ‘be chosen as a ﬁnal state of the’
~ transition (1) for a few initial states k g1v1ng the main’ contrlbutlon to the
"fcoefﬁcrent ws = ka,( ). o : S
The convergence of the. calculated values ws(l‘,,,, N) with respect to N =

T 00; as well as; the dependence on the mput parameter Fm of the developmg
RO \ . . . ) . 7




. model is lllustrated in F1g 3 Thls ﬁgure demonstrates that in the hnutmg
case T. = 1/I‘m -—-» 0 our approach glves the coefﬁc1ent wls(l‘m >500 keV,.

N > 18), close to the-SA-result w4, “calculated by the Eq: (2)." The valuew :

w1s(Fm-—340 keV,N >18), calculated with the parameter T—I/Fm of the three- '
* coupled-channels model[14], exceeds the SA result only by afew percents.

The way proposed above for ireating.the 1n1t1al stlcl\mg problem has ad-- "
Smce the suggeste(l o

vantages, compared with. the standard SA procedure
computational scheme gives the muon wave packet. w(R t)as. a’ fllll(‘l.lOll of -

time, it makes possxble evaluation of the & energy Tadiated from the muon (uut— T

ted durmg the fus1on events; accordmg to the formulas

’ Accordlng to the Ehrenfest theorem < 1[) | - | 1/) >— -<1/J 2
one can estlmate the quant1ty P as ,,;w ey :

/ l ; v

, ' The numer1cal evaluatlon conﬁrms the above estlmatlon w1th suﬂicwnt accu- "f
B racy'The proportlonahty (10) of the radrated energy P.to the decay width T, e

permlts us to exclude this parameter and mstead use ‘the depeudence ws(Fm)

~of the stlcklng coefﬁc1ent on:the width F,n (see Flg 3). to get the. dependen(c :

: ws(P) onthe energy P.- The calculated curve wis(P) (Flg 4) gives a'new
poss1b111ty for experlmental analyses of the ”initial stlckmg

- responding value wls( ) by us1ng the theoretlcal curve preSented .in Fig. 4~
- This approach gives ‘also the possibility. of evaluatlng the coefficients wi(P). for -

sticking i in ‘excited. states k #'1s;as “well as the spectral denslty of the- rad1at1on

PQ) = ¢ o — [t 1< 12U 1% > dt, which may permit, in prmcxple, mea-
. surement of the time dependence of the perturbatlvc interaction AU(R, t)

Th1s approach gives also the energy and angular dlstrlbutlons for the muon S

ermtted durlng the fuslon event (1) L . L »'f‘ S s

dW Ek

Zl/w tqoo)wu(R)Ym(R)e-thdR V

s i e e e
Tﬁé_jzﬂz /1/) Rt-+O_O)¢u( ).._ (n) llR,‘m‘z w2

“By measurmg'*ﬁ_t»v
- the energy- P ‘radiated durlng the fus1on event (l) one can evaluate the cor- .-

1 P
SN

t—004l3 N j Lol e ..',=0'165~7.:7: R

b

R(‘al ])dll ‘R{l[v(h’ 2 I)} of. tlu' muon way ¢ pac l\et propdgatmg f1 omn. lll(

_‘—l)ound state (p ‘He),s due to'the. nvullon emission i the transition: (1)

“The computatlon has l)( Gl (lon(‘ in the spalml [0 h’,,l] = [0.-)] and tem
- poral [0,1,;] = [0 10 T) (7= 17340 keV = 0.017 m.a.u.)- dlnlmmons witl
,1~"'l,ll( constant AI = T/"()O dll(l Ah’ = (l 025 stvps of mt('grahon

N "I‘ N I
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l'rg ‘Z The time evolutron of the mam partml stlckmg (‘oe{'ﬁments ws(k t)
|< wk | w(t >]2 in th( sum uJS : ‘.
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l' 'ig- 3 The convergence wrth respect to N — 00" of the stlckmg coefhc1ent‘ B
Cwis(Liy N)= 1< 1,/113 [ 1,/JN(t) >|2, Calculated for ‘a few values of the .

e mput parameter. I'iy,.: The’ points [y, =340 keV correspond to-the value ~

IERer Lin takeu from the three-coupled—channels model[14] The pomts Fm >
500 keV, N >18 correspond to the llmrtmg case T.= l/Fm ﬁ 0 of SAV

(horlzontal hne “Q'A”) i S :
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Flg 4 The calculated dependence of the stlckmg coefﬁment w,s(P) on tll( en-
ergy P radlated durmg the fusmn event (1) due to the muon emission..
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~Tig. 5 'l h( cne lgy (hstrlhutlon f()l t.ho nuon ¢ nntt( ~ (llll mg the l‘nsmn ove ut (l)
Here onh a few values of dng.,uldl momentum l ha\( l)( ert e lude d in the’

B summdhon fOll]llll(l (




R Ih(- (lllV(‘b mlcnlatv(l b) \lrtuo of Eq (ll) dll(l (1‘) are plesented in Flgs

T e e T T e | i and 6] respectlve‘]v rI]199("c]1drd(‘termtlcs of the stlckmg process (1) are. ob— -

o S e S ER L T ser vable values, and for: spemal (‘on(llt,lom may. be expenmentall\' (letectable

e PR ERTR T A [‘]1(’ above! (‘a|(‘u]atlom have l)een d()n(*‘\nth the initial’ (‘ondltlon u'(R i =

R bl T e R e D 70) = zm,(R) wher(‘ u'xs([f) was the wave fnmtlon of (p”He)y,. -But..

BEERREE S e L S FEr e gty known, t,lmt usmg muw accurate’ wave functlon w(R) = Z,l @ Vo R) +

& au/vm(h’ Ydk: of the muonic. mol(‘(‘ulo dip, mstead of ts(p*He) (lemmses the
mlt,Jal qtl(‘kmg coeﬁlcu‘ntq to ~ ’O = )"%[7 (). Tll(’ (l(*\(’lop(’d applodch per-"
mits such improvement in descnl)mg of Lhe stlckmg proc eS50s - b\ chanﬂmg of

thv mltla] (‘ondmon o CELE T R R =

1
.
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5 Conclusmn

: A nv\\ d])])l()d(‘ll avmdmg th(’ fmm(‘\\()l K of ’SA hd\ be(‘n de\(’lopvd fo; tlle
i trvatm( ut; ()f mion’ stlclxmg It las Deen ﬁho\vn that SA is a hmltmg case.
I/Fm — 0;:for the s_ugg('stvd apploach “As-the mput parameter of th(‘
compntatlond] S(‘llem(’ is T 2 500 I\(‘V th(‘ SA lesult w”" has’ b(‘(‘n r(‘produced
“with sdtlsfactmy dccmacy fm t]w I(’d(‘t.l()ll (Il/t - /14“(‘ 4+ .. For.a realistic
va]u(‘ of- the paramieter [y, = 340 keV: ()f the t,lu(‘(‘—(oupled channel model[l l]
the (‘dl( ilated w, e‘{(‘(‘(‘ds S/\ 1(‘su|t only by a few percent. , .
lll dd(htlon* the new applodt‘h gives the euelg\ and dl]gllldl (hstnl)ullons
e f()r th(‘ emltted muon, well: as th(’ dvpvndence of the sticking (oelﬁm(‘nt (m (
L e e Ce e A U S o  " lh(’ (’norgy, lddldt('d dmmg the muon catdlyze(l fnslon ‘event; Ihesc ()b\(‘l‘\dbl(‘ ‘
e A FERE R b : L V Chdrd(‘t(‘nsh(‘s of- the stu‘l\mg plocesses have b(‘(‘n (alcnldt(‘d fol lll("(d\(‘ of
the reac tion (l) S i;.‘,' Noa A : : R
”’;f": AT bpemal mtereet is7in° ‘the dcpend(’n(‘(‘ of t,he st,)(‘kmg coofﬁ(‘u‘nl w; (I
< on the: (‘n(‘lgy P, fadiated dulmg the! flmon event, which' llld\ op('n anew
po%lblhty for- cxpernnvntd] dna]ysls ‘of the stic ]\mg processes, - .0 s
“There:! are uo lnnltdtlons to extension of th(‘ l(‘sults ol)tdm(‘d h(‘u‘ f()l the~ o
I‘(’d(‘thl] (l), 10 ()tll(‘l muon Cdtdlyzvd fusmn pw(‘(‘ssos ’
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