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INTRODUCTION 

When a nega t ive muon enters a deuterium targe t it forms 
a muonie deute r ium a tom (d~ and subsequen t ly a ti gh t ly bound 
(dj.td )+ system (r.m.s. - S.1 0- 11cm) i n wh ich th e deu te rons ea 
sily penetrate the Coulomb barrier and nuclear fusion r e
suI ts / 1,2/ 

It is n ow wel l es tablished t hat dJLd forma tion proceeds ma in
ly via creation of a resonance f.l -mol ecular compound 13-51 

• 
d l' + D2 - [(dl' d)J+ . de e l ( 1 ) 

.1I K ,v 

in which t he ~d -sys tem i s in a weakly bound «( b- 1. 91 eV ) ro
tationa l-v i brational s tate J = I , v = I. The energies are tuned 
by t he vibr ationa l (fy_ 10 2 meV) and rotational (c k - I MeV) 
e xcita tions of compound (I) and by a relative coll i s ion ener
gy «( T - J0 meV ) 12 ,6/ . I t has been connnon ly as s umed, s o far , 
t hat - unless the muon decaAs - (I) leads inevitably to f usion. 
Howeve r , as pointed out in 7 / ,a decay of the resonance. compound 
( I ) back in to the formation channe l may s eriously compete with 
transitions fo llowed by fusion i n d/l d. In thi s pa per we inves
tigate the conseq uences of this obse rvation . 

I. RESONANCE BACK DECAY AND MCF KINETICS 

Fi gure I present s t he main process es forming one muon- cata
ly zed fus i on (MeF ) cyc l e· in de ut e r i um wi th i ncl usion of th e 
r esonance back decay (RBO). The mos t important transitions com
peti ng ",i th RBD (d a sh ed line) are 171 , 

i ) d irec t f us ion in the J = I, 'I = I; K, v state of the 
compound, 

ii) destruction of t he resonance compound h~ deexc itat ion 
of dIJ d to a lower J = I, " = 0 state ( !1(b =2 . 10 eV) and subs e
quent fu s ion , 

ii i) vibrational deexc it a tion of compound (I) i n collisions 
wi t h D2 mol ecules . A v .... v _1 transition brings the compound 
be l ow the e lastic threshold (.1.(v »(T)' An implicit assump tio n 

.. When the deuterons fuse in dIJd, the muon is mostly f r eed 
(r ~ 907.) and becomesr aYillable to . ca_tili. ze another fus ion . 
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Fip . 1. Kinetic graph ppe
senting the pr ocesses 
f onming one muon- cata
lyzed f usion cycle in 
deuteriwn. The I' , d f 
and (1 , 0) nodes repre
sent the muon, d II. - atom 
and d,ld- ion in (J, ") = 
= (1 , 0) s tate , (J , ": K , v1

A, the f -molecular reso

nance l(dild)J 1/ dee I; . 


F is a common veptex representing f usion in d~d. WiggleaVar
rows show muon decay . 


made in /71 i s that the ro t ationa l (K) -deexc i ta tions which are 
relat i v e ly fast I S ! do n o t complete with RBD. Thi s assump tion 
is consi s t ent with t h e strongl y t emperature d epend e n t d/1d-fu
sion data /3, 5 / which can be we l l de scribe d by a single na rrow 
resonance at £:1' '"' f O ;:: 50 meV. Ro tati onal exci t ations added to 
the requir e d vi brat iona l one ( .1 fK « ( ) will l eav e the fo rma tion 
cha nne l open i n t he e n sui n g K -trans it i ons , thu s , the gen e ral 
s tructure of the kinetic g r a ph o f Fi g .1 wi ll r emain unc h a n ged. 
( We shall r e t urn to this point below). 

To see wha t is t.he ef fe c t o f RBD on reac tion k inetic let u s 
c on s ide r the La pl a ce trans f o rm, F (5) of the t i me d is tribution 

• " 1 • •
of fus l on e v e n ts endlng the fl r s t cyc le F I (t) , lhthout RBD 1 t 

r e c1ds / 9.1 0 1 


~ A
F', (s) ~ __<):(5)___-"-- __!"-__ Ii (s), ( 2) 

A,1. l- s Aclp. + s Ap. m r + s 

whe r e \ a r e transition r ates defi n e d i n Fig.l, 41(s) r e pre

s e nts the incoming muon fl ux, I\. i a r e sums of tra ns ition rat e s 

ove r- all lines leaving an i -th vertex (note t hat: " 1 I ' K v = 

= "Il- mr ) and B(s) describes the st r uc ture of the subg~a ph 'lin 


/ tl l
k in g th e Ilmr and F' nodes (channels l ead ing to fusion i n 

<I"d ) : 


_____ d ,\ , At 11(5) - ~ I t A 
~ 

- - -.---- - I ~ -t A' 
r -,,--

At 
---- --] • (3) 


l , I : K,v-l + 5 f 1, 0 + S r A-I~;~ 


Tnc lus ion of RED leads t o the fo l l owing r e p lacements in Eq.( 2) 

1 
" dp. = AO ' Am" Rdp. = "O + -(A + A + ~ -(3) ( 4a)

2 m F h • 

A" A O ' A F ~ R _ AO +.1..(A + Ap + Ab + (3) , (4 b ) mr I1mr 2 m 
2 

with 

{3 = V(~:-:-~-~A:)2~-4,\:\~ (4c) 

AF = A + ¢AOd, A A, + A • A ¢Ao , (4d)
e e t III In 

wh e r e AO = 0 .455 1l-5-
1 is muon decay rate, rp is target dens i ty 

exp r ess e d in un i ts of l iquid hydrogen densit y (LHD = 
~ 4 .25, I022 cm- 3 ) and i nd e x 0 deno t e s the colli s ion rates nor
ma l i zed t o LHO . Indeed, it is easy to verify that th e d/1 .--:! Il lllr 
loop c r e a t ed by RBD coupl es Adfl and I\. ~ mr =:: Aft mt -t All i n th e 
c ha rac t e r i s t ic de t ermina n t o f the s e t o f the k ineti c equa tion s 
corr espondi n g t o th e one - c ycle g r aph i n F i g. I, l eaving t he 
othe r A i unchanged: 

(A." + 5)('" + sl-AA (R + s) ( R,1.mr t- s) · ( 5 ) ...,.... ft mr b III dil 

2. DISC US SION 

Since t h e me asu r ab l e cha ra c ter is tics of HCF : t he time di s 
tributions o f f u s ion even t s endin g a k -th c ycle and th e cor
r es ponding to t al y i elds , are d e te rm ined by IF, Is)I' a nd I F',IOII' 
r es pecti vel y 1 10. 11 / , prac t ical ly a ll expe ri m~n t a l r e sult s r epo r
t e d for tempe ratu r es , where p ro ces s (1) d omi nates , ho v e t o be 
co r r e cted f o r r e pl aceme nts (4). Since Rd;t -: Ad/! <1. n i mmedi ate and 
most i mpo rt a n t coms e qll e nce i s t ha t the d/Ld f ormat i on r ates J\'! 
ohtained ""l t hou t t akin g RED into acc ou nt 1 3.4 1 are un deres timdJc. e d. 

Th e magn i t ude o f t he corre cti on s dep e nds on t he r atio of I\ h 

to th e s um of all t ra ns iti ons f r om t he l1.mr-ve r te x: Ah I- Ar = 

= Ah ' Ae t- ", Ad' Th e fo r mati o n and decay ra t e s a r e pr o po r t i onal 
to each o ther, and upon averagi ng ov e r the Maxwe ll d i s tr ibut ion : 

Ab = u(T), A~,(T ) ( 6 ) 

17 8' 
with aCT) :: 300 at T = JOO- lIOO)( , - th e t e mpe r a ture ran ge 
where r esonant forma ti on ( 1) domi na t e s / 14 ~ \.J'ith t he l at est ex 

1 / 4 ,5 1pe rimenta l value o f AOm ( 300K) ::: 311 5 - it g ive s A b;-;; 900 I1.S- I , 

a value to be compared with Af '" 870 J.LS- I 1 15 /, A l = 190 /1 s - 1 / 16 1 
-1 17 1 ° I..} • a nd A~:::: lOp. S (Ad = ¢Ad < A;, Howeve r, as 15 s hown b e 

l ow , wi t h inclus i on of RBD t h e expe rime nt a l r esu l t s fo r AO 
ha ve to be revis~d a nJ <l signifi c a nt l y s t ronger RED-effe ctmcan 
be expected. 

Indeed, if o ne r equires for the da ta of 1 4 1 (cf> = 0.1) that 
with Eq. (6) and the a bove values of a, )., r' A t ' AO the l a r ged 
time s l ope o f the f irst- cyc le t ime dist ributi on , F'l(s) wh ich is 

Rdjt of Eq. ( 4a ), . should b e r e produced by ~hoosing a ppropriate 

ly )f,.°m - one obtaln ~ : ),.0 = 12.6+1. 7 J.LS - 1 lnstead of 2 .76+ 


m 

3 

http:underestimdJc.ed


--
---

+0.08/,., -1 C'uta :ned i n 14/wi thou t t a k ing RED into account " 
l Rdp. .... "d/l ) . Th i s va l ue i s much higher than the ex i sting pre 
d ict i o n i' 14t_O.B I-' S - I) . However, the r esu lts of / 4 ,S I alrea dy 
cha l le nge thi s es timate a nd fur t her i ndica tions appear tha t t he 
theoretica l value of t he ~ -mol ecular r e sonance format i on r ate 
shoul d 	 be r evised /6•17< 

A nontr i vial conseque nce of inc lus i on o f RB D i s t ha t t he 
fo rmat ion r at e determined fr om the large t i me slope o f d/l d 

. 141 as, e . g . , 1n 

A~l ~ (Rd/l - Ao) ¢ - ' 	 (7) 

shoul d 	 var y wi th targe t density according to Eq.(4a) i nst e ad 
o f being constant. Figure 2 shows X~ as a f unction of ¢ for 
several v al ue s o f Ad and /\ e . A wide range of Ad i s covered t o 
include the pos s ibili t y that t he r otationa l deexcitations also 
compete wi th RBD, as con~ec tured in 18 / ** . For each AOd t wo hypo t 
heses a re tri e d: Ae 10 ~ s - l 1 15 , 16 1 and 200 ~ s- l , the latter;::>" 

be ing above t he e xperimen t a l l ower l i mi t on A F 13, 1 2~ The experi 
mental point s ar e a lso s hown : X ~ = 0.76+0.1 1 ( ¢ = 0 . 05) / 3/ , 
2 . 76 +0 . 08 (¢ : 0.103/41 and - 3.0 p s-1 "( ¢ " 0 . 5) 151 

A-; is seen from the f igure, the r esults of 141 and I S/ together 
imp l y '\d _101 - I 0 2 ~ s -1 and ,\ ... 10 3 1-' 5 - 1. Even with ample e r 
rors of 151 this exe lude s much elar ger values of ,\ °d and, th us , 

support s the conclusion o f 171 as opposed concerning the
to /8 1 

magnitude o f the RBD effect , a rr ived at with s imila r values o f 
a (,,300) . 

On the othe r hand the re s ult of 181 c a nnot be r econcile d wi t h 
the results of 14 ,51 wi th a ny r e asonab l e choice of parameters. 
However , it should be r emembered that di ffe r ent experimental 
approaches wer e us e d i n de te.r mina tion of ,\.om i n a l l three ex
pe r imen ts . We , the refore , do no t conclude that our analysi s 
s uppor t s t h e values of 14,51 i n f avour of the one obtained i n 141 

al though the me t hod of 141 seems to be the most s traigh tforward 
and unambiguous ( c f. 112 ~ . '<Ie would r athe r suggest a sy s t ematic 
expe rimen t a l inves tiga tion wi th inclus ion of RBD . I n part icular, 

.. For s imp l ici t y we do not men t ion explicitly t he contribution 
f r om t r a nsit i ons to impurities which i n r e f. 141 a r e small 
( c f. 1 121 and do not cha nge our est ima t e . (When necessar y it 
should be added to Adjl in (5») . The e rror of I . 7 ~ s - 1 corres
ponds on l y to the e xper ime ntal ~r r.Ar of 14 / . He also make i mplic i 
ty t he standard a ssumption 12 - 41 tha t the smallest A i in Fig . l 
corre spo nds to the d/L-vert ex (cf. 1 1°1. 

** In fact, AP., f o r v ibrat i ona l deexcita t ion de pends strongly 

16. -- -- - - -- -- .--

10 5 

103 
,/ 

/ 	 - 101 
/ ... ---- 
. -- --- -- --- - - - - - - ---- - - _

/
'\. 

o .2 .4 .6 .8 c.p 
Fig. 2. 10m v s target density ¢ (in units of LHD ) for 
AO

m = 16 ~ s- , and a = 300. The values of h dare 
indicated at the curves . So l id lines correspond to 
he = 10 3 ~ S -1 and the dashed ones t o 200 ~ s -l The 
experimental points are : , - Ref. 131 • • - Ref. 141 • 
• - Ref. 15/ 

a n accurat e meas ur ement of A O(~ )with a single e xperimental se t 
.m . 

up could provi de va luable 1nf ormat10n abou t the paramete rs 
involved . I n par t icula r,for lar ge A~ t he va l ue me as ured accord
ing to 	Eq .(7 ) would strongl y i ncrease wi t h targe t dens i t y at 
small ~ . So f a r , no s uch devia tions f rom a l i n ea r de pende nce 
'X m= q.,'A°m have been r epo rted for If :::: 300K. However, Ad is expec
ted t o 	 g r ow r a p i dl y wi th T 171 (cf / 81 ) and s uch an interesting 
e ff e c t 	 may a ppear a t somewhat higher temperatures. 

Le t us comme n t on some of the ambiguities whi ch have not 
be-en mentioned above : If the rot a tional spectrum of the ~ - mo
lecu lar compound (and the initial D2 molecule s ) is taken into{ 	 account, app r op r i ate averagi ng should be pe rformed and the re
sulting va lue o f a in Eq . (6) may become sma lle r 118 / leadi ng to 
a l ess pronounced RBD-effect . For example , with a = 100 and 
other paramete r s as in Fig . 2 the va l ue of 'X ~ = 2. 76 ~s-l would 

on the 	assump t10n used in its evalua tion and a wide spectrum lead to 3.8p.s- l i nstead of 16~s- l. H01j".tever, a dec r ease of'\ 
of values can also be expected 1 181 	 e 

tO:::l 300 p:s- l which - tho ugh much below the theoretical pred i c 

4- 5 



tion 0( / 15 / _ is far from be ing exc luded by the expe rime nta l 
1da ta / 3, 12 /,wo ul d readily boost this value to::: 30 p. 5 - . Also the 

hype rfine transitions be twee n t he dll-a t om h f states should b e 
i nc luded in a. more r e f ined study, The relevant formul a e , though 
slightly more involved, can be writt en down straigh tforward, 
e. g ., usin g the technique of I ll ~ Howeve r , at room t emperature 
t he hf trans it i ons b ecome p r onounced in the time-distr ib i t i o ns 
only at relative l y small t where a s Rd/l. i s determined ma inly by 
th e ir lar ge-t ime beh aviour / 12~ Neverthele ss, only a systema t i c 
expe rime ntal survey e s pecia lly at T > 102K and c/> < 0.3, can 
provide clues for resolvin g these amb i gui. ties. Such study s hou ld 
present a part icular inte r es t a s i t could provide valuable in
put informa tion fo r th e a nal ys i s of MCF in D 2 + T 2 mixtures 
whe r e ~D produces mor e co~p li cated and rathe r nontrivial ef
fec t 	1 19 . 

A[ t e r t hi s wo rk lIa!; been comp l e ted we ha ve l e a r ned that 
L. I.Mcn s hik ov has i nvps ti gated the in f l uence of RBD on the 
p..-molec u l ar r esonance fo r mation ra tes. Usin a a probab i l ity ar
gume nt for th e "all-c ycles" time di s tr ibut i on he ob t aine d 
a f o rmu la for the corr ec t ion fa cto r by wh ich the measured r a t es 
should be multiplied . For r eal i stic val ues o f the pa r aflle t e rs 
hi s formul a agrees with ou r : q s . (7) and (~a) wi thin a few pe r 
c e nt . 

Th e a u thors a re greatl y i nd e b t ed t o L. I. Hen sh i kov f or ve ry 

helpful di scussions and indi c a tion s . Th ey a l s o th a nk L.I.Po no

marev [or constanr enco ura gement and s ti mul a ti ng conve r sat i ons 

and H. P. Faifman [ or hi s COITlF.len t s a nd r ema rks. 
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B 06DeAHHeHHOM HHCTHTYTe RAepH~X HCCneAOBaHHH Ha4an 

BblXOAHTb C60PHHK " }(pamKUe C006Ule 11U.R OHRl1". B He M 
6YAYT nOMe~aTbCR CTaTbH, cOAep*a~He opHrHHanbHble Hay4H~e t 
HaY4HO-TeXHH4eCKHe, MeTOAH4e CKHe H npHKnaAHble p esyn bTaTbI, 
TpefiYlOuU'1e Cp04HOH ny6nHKaL&HH . 6YAY4H 4aCT bIO IICoofiUleHHH 
OH1Hfll , CTaTbl1 , BOWeAWJ.1e e C60PHHK , HMeIOT , KaK J.1 APyrJ.1e 

113AaHHR OHR~ , cTaTyc O¢H~HanbHblx ny6nHKaL&HH. 

C60PHI1K "KpaTKHe coo6~eH""R OH.AW' 6YAeT BblXOAHTb 
perYl1.RpHO. 

• 
The Joint Institute for Nuclear Research begins publ i

shing a collection of papers entitled JINR Rapid Communi
cations which is a section of the JINR Communications 
and is intended for the accelerated publication of impor
tant results on the following subjects: 

Physics of elementary particles and atomic nuclei. 
Theoretical physics. 
Experimental techniques and methods. 
Accelerators . 
Cryogenics. 
Computing mathematics and methods. 
Solid state physics. Liquids. 
Theory of condensed matter. 
Applied researches. 

Being a part of the JINR Communications, the articles 
of new collection like all other publications of 
the Joint Institute for Nuclear Research have the status 
of official publications. 

JINR Rapid Communicat i ons will be issued regularly. 

r y .lla A. , M"u14aK A. , !;yOaK M. EI-B4-B71 
P acna.o. Jl -MonelCynRpllblx p e30 HaHcoB 

Ii :}Kcnt!pHMeHTaIlbIiOe 3Ha4e UHe CK Op OCT H 06pa30nall ll R 

d Jld B "U,)OIl IlOM KaT a n U 3 C RAe pHoro CliHTe3 a B neATepHH 

B pa60Te nOK.;13a Il0 , l ITO npC Heo p elkellHe B a t-t aJ1H3C :lKCn~ p"

~1eHTaJlbllblX ,/la lillblX 110 HhlOIlH OMY K3 T anH 3y R,Ilep flOf'O C il IITe13 1n.1CT Il 

qeCKHM pat fI<l,n.Or-l /, -r-IOJlCKynn p lio r o pe30 J-l M ICa , OOpc1'3Yl'M()I'O 
B CTonKHOHt.'IIIHIX d/ I D2 npIIB o,uUT K 3<1 11H1ItC IIIIIO CKOPO('TII OfipOl'lO

salimi dj.l.d , fJPC1\IIl)JI<lI'.WTCH :)Kc n epI1MeH'r no o npeAt'I1l' III IIO II (,KO'I'O-

PbJ X Ba;)IUlblK lI~lp ;l I'Il-'TPOU NIOO I1l 1 0 1~O K a 'l'aJI lI 3n flneplloro CIlIITt.':l<l 

s AeffTcplIII . 

PaOCH ,1 I\I ,lllllJIIU'IIil II J I ~I(lopaTOpIiH RACP llhi X npO(IJIl'M OIHIlt. 

npenpHHT O/5'beAHllrlmOI 'O IUlcTHTYTa ft.ne pHblx Hccne.a.OB8HHA. JJ.y(5HOl 1984 

Guta A., AdtlnH'7.,'lk A " Huhnk N. EI-B4-B71 
Back Decay cd MlI(lIl i(' Moll'cu]ar Resonances 
and t he Ml'.ISU H'U V~II t H - ol d ,ut-Form.1. t ion Ra te 
i n Nuon-C.lt<Jly· -<I '· lI t. i nn i n D('u t er i um 
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