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1. INTRODUCTION 

Occu r r erice	 e D l e.ad sof the 3 He and 4 H i n 2/T 2 mixtures to 
the reduction Df the number of fusion cyc1es cata1yzed by one 
muon . 'The l.os s e s are '.due to 111 : " r 

helium atomic. capture of the muon , . 
muon transfer from exc it.ed muonic hyd r ogen to he1ium, 

- muon e xc ha nge process f tom t he d ll and til in. the ground 
state to he1ium. . 

50, he1ium, 'produced i-n fus i on reactions in dt u , dd u , and 
ttll mesic mo l ecu Les and f rom the t r i t i um {3 decay, shou1d be 

'taken into account as the primary fue1 pcison factor~ 
The ~robabi1ity of the atomic canture by a hydroRen atam 

in RIRe mixtures is'expressed as: ' 

-1 
WH = (1· + Ac) ,	 (1 ) 

where c í s the re1ative helium concentration defined as t he ' 
rat ia of 'the number of he 1ium a toms to the number of hydrogen 
atoms, and A is the ratio of the capture rates for he1ium and 
hydrogen. Ti11 now no experimental data concerning the va1ue 
of A in a R/He mixture have been avai1able, but,theoretical 
cons iderat í ons 1ead r o the conc 1us ion 'tha t 77- and Il --' a tomic 

/ 2 3 1 capture are the same • , therefore the. va1ue of A can be 
taken from experiments on 77- capture in which A =1.84 was 

/.obtained /4
 

The muon transfer from excited PIl* -atoms to helium was
 
a1. / 5 1 observed for the first time by Bystritsky et • The de

pendence of the probability of the PIl -atam formation in the 
g r ound state, Wo , on re1ative he1ium concentration, c , has 
been measured. The estimated rate of this process is about 
2· 10 12 ç1 * /61 , i.e., of the same arder as mesic atoms 'de
excitation rates 17/. There are no exoerimental data for D/He 
and T/He mixtures, nor theoretica1 considerations about this 
pracess, but one can expect that it takes p1ace analogous1y 
for d ll * and tll* atoms changinr, considerab1y kinetics of the 
rnuo n cata l y.ze d fus i on . 

The direct transfer of the muon from mesic hydrogen in the 
ground state to he1ium is strong1y suppressed / 8 1 ; its rate is 

* Throughout the 
referred	 to the 

1 
cm-3 ). 

paner the va1ues of 
1iqui~i~~ilãjnan~ 



about 10 6 S-1 . It is well established now that transfer occurs 
mainly via formation of the intermediate mesic molecules 19,10/ 

HIl +- He-i:±,;.,. (HIlHe)*]++- H+ + [Hell]+, (2) 

where H = p, d, t. 
The r a t e s , ÀO , of processes (2) are about 108 s-1 .: ThisH e 

phenomenon was investigate~ experimentally in the case of 
PIl+ \1e/5 / , dll+ 3Hl;l, and dll+ 4 He/11/ at room temperature. 
From dtll muoon catalyzed fus ion experiments 1121 the dependen
ce of the À 3 He on temperature (from 100 t-o 400 K) was extrac
ted but with experimental error about 30%. 

To understand the results of the experiments on muon cata
lyzed fusion in 02/T2 ' having in mind that isotope exchange 
in excited states (dll)n + t --- (tll)n+ d/13.14/au.p,ments conside
rably the population of til -atoms, it is desirable to have in
deoerrden t information about til + He transfer rates from the ex
periments wi th targets con t a i n i ng only T 2 and He . In t h i s 
case the transfer rate can be extracted from the time distri
butions and yields of neutrons from the synthesis in ttll 
molecule 1151 • In this paper we present the kinetic formulae 
describing the processes rnixtures and we give some rein T 2/He
commendations concerning the tri t í.um densi ty cp and the helium 
concentration at which an experiment aimed at the joint deter
mination of the values of the nrobability Wo and the rate ~He 
should be performed. 

2. KINETICS OF TRE PROCESSES IN T2 / He MIXTURES 

The processes in a T2 / He mixture are shown schematically 
in Fig.l. The muon entering the target or the muon liberated 
in a fusion, after slowing down, f orms an excited tll* atom 
(n~ 14)/31 or He u" . The rate of t h i s process is about 1012s-1 

Àf 

Fig.l. 'Soheme of processes in the T2/He barqeti, 

2 

Next, in the collisions wi th the mixture atoms Il -atom deex
citation to the ground state or muon transfer to helium takes 
place. The cascade in the muonic atom is very fast (~IO,11 s-1 ). 
The til -atom can have two spin states in the ground state: 
S =1 and S =0. The transition from the upper to lower s p i n 
state is rapid 111 (109 s-1 ), the reverse transition can be 
neglected because of the hyperfine splitting energy Ehfs 

= E tll(1f' E til(O) ,=0.24 eV. In the til ground s t a t e two processes 
are possible: the ttll -molecule formation via a non-resonant 
Auge~6el:.~tron-ejectionmechanism 116/ with the rate À ~tll = 
=3· lOs and the molecular exchange of p:" from til to He , 
Since both of theI!l are independent of the spin state of the 
til atom, it can be easily shown that the kine·tic graph with 
the hyperfine structure reduces to the graph without it, as 
presented in Fig.1. Thip also mean~ that the spin-flip tran
sition will not be observed in targets containing only T 2 or 
T2 + Z. After the ttll -molecule formation the nuc Lear svnt.hes i s 

.. . h h \ I 7 I 8 - 1 1171 .tak es p1ace In lt Wlt t e rate ~( = O ~ Os,. In thls 
process the muon can be released with prcbab i l i ty f =l-w, w= 

...=O. 1 1181 and reenters t he ch'alTI to ln1t1ate t h e next cyc 1e. 
From the quite realistic assumption that I!leasurements are 

realised at timest > 0.01 Ils after the muon sto~s, it follows 
that the changes of the shape of the measured neutron time 
distributions due to muon capture and tll* atom cascade are neg
ligibie, therefore these two' processes can be described only 
by WH -the ptobability of tll* formation andWo-the nrob ab í Lí t y 
that tll* -atom reaches its ground state. 

Within the above approximation the kinetic equations des
cribing the muon-catalyzed fusion in T are:2/He
d N t 

--dt~- ~ WH WoS (t) - At Ntil ' 

dNtt· (3) ____!:.i!:_ == À N, .. - 1\ Nu .
dt u Il ..,... Il 

dN 
--dtn == 2 Àf Nttll, 

With the source term defined by: 

S( t) = o(t) + À{'fNttp.' (4 ) 

where 

A t = Àt tp. + À He+ À O == À~tp. 4> + À ~ d> C + À o' A {== À f + À°. (5 ) 

The ini tial condi t íons are: Ni (t = O) = O • o(t) represents the 
externaI muon source. Index ° denotes rates normalized to LRD.

-1 . 
À o =0. 455Ils lS the muon decay rate. 

3 



The	 Laplace transform of the first real cycle is simply The	 probability of the til formation in the ground state, 

y =	 :_f W~~~~.:!JtJ_.-..-, . (9) tration changes mainly in the 
1\ Ar -, WHWo \tllÀr f 

The time distributions for consecutive cycles are of great 
importance for the analysis of experimental data. The time 

distribution of neutrons in the k-th registered cycle is expres
sed as: 

~~ 
.k-t À ) k (_l)k Lk ( k + -_j :..3]~ x ~ <, 002 

~k(t) = 21' ~fWHWO\tlf r (k=i~j=l (j-l)!(k-1.)! ,~~~ 
(10) Q4 

. e - si t e - S 2t k - j x [- ...,,...__ + -------~-] t , 

(si - 82f+j-1 (S2 - stYH j- 1	 Q2 

WHWo Àttll Àr W , is	 a complex function of the rates of transitions (radiaF (s) = -___________ ( 6 ) o
 
tion, Auger and Stark) between tll* leveIs and the rates of
1 (8 +At)(s + Ad 
transitions f~om tll* leveIs to a helium atom. It means thatd i .... I' /15/and , accor 1ng to prescr1pt1on g1ven 1n our ear 1er paper Wodepends on both T2 density and He concentration.' However,

the	 all-cycles (AC) time distribution registered with the re · .. . . /5/ k . 1 W dt h e	 parametr1zat10n g1ven 1n ta es 1nto account on y O e
gistration efficiency f is: pendence on concentration c . In order to obtain dependence 

dN (t) 2fW HWO À tt À r -r t ,-r2 t) , W W (9 ' C) it was assumed that Wo are the same for tll*/He
(7)	 o= oF (t) = -"df--' = ----JT5.-:--:-':1':..--... (e 1 - , e	 and for p 11* lHe , and t ha t the trans i tions of 11 occur from the 

tll* -leveIs n=5 and lower. Using the scheme of the cascade in
where I
 excited muonic hyd~ogen Riven in /13/we obtained the transfer 
/). = (Ar -' Ad 

2 
+ 

(8) 
rates from Pll* to lie fitting the exuerimental uoints Wo taken4WHWOÀt1f1 Àr f	 /5/ r ,~. 

from . The transfer rates for l~vels n=5,4,3,2u,2s are 4.8,
1 -- 

r =--(At+Ar±Y/).)·	 1.0,0.4,2.1 and 0.002 (alI in 10 1 2 s-l), respectively.
1,2 2 The	 dependence of Wo on helium concentration and T 2 dens i ty

The	 A-C yield of neutrons from fusion is given by: is shown in Fig.2. One can see that Wo is sensitive to concen
range c=O to c=0.3. 

Fig.2. Hypothetical dependence 
of Wo (the probability of reach
ing the ground state by an ex
cited tll* atom) on the relative 
helium concentration c at dif
ferent tritium densities ~ in
dicated at the curves. 

c 
where 

1 ----------------------~--------
sl,2= -2(At + Ar t:"y(I\T - At ) 2 + 4f(1-d WHWOÀ ttll Àr)	 Fig.3. Time distributions of ~ 

registered neutrons from the 
Consequently, the yield of the k-th re~istered cycle looks	 nuclear synthesis in a ttll

-molecule for tritium densitylike: 
9 =0. 04 and he Lium concentra

k- 1 f WHWo À t t À r k ( 11) tions c indicated at the curliYk 2f {------~~---~--------~~~]	 ves. Besides all-cycles time 
AtA r- f(l-dWHWo"ttIlÀr	 \:

t
 
;(. distributions~ the distribu


tions of the first three cycles
 
are presented. The top part cor

responds to the neutron regis
3. RESULTS AND DISCUSSION,	 tration efficiency f =1~ the 

The	 kinetic formulae given in the previous Section were bottom part - f =0.2. The chain 
o -1 oapplied to prediçt the results of the experiments in T lHe mix paramr::~eY's are: l-ttll == ~~s • ÀH e = 

tures wtth different tritium densities 9 and helium cohcentra
= 600 Ils ,À r = 50 11 s

tio»s ~ . and e =0.1. 
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001 

50 far no experimental data exist concerninp, the va1ues of 
À~tl1 ~ À f ~ and ú) • If not stated otherwise õ the fo110wing 
theoreticalll predicted va1ues are used: ÀtL11 =·3I1S -1 /16/ ~ Àr 

-1 /17' .! 181 • d í • b .= 50 Ils ~ú) = 0.1 . The neutron t í.me i s t r t ut i ons were 
constructed using two va1ues of the r a t e of muon transfer from

1(tll*/4He) tg in the g r ound ist a t e -t o he1ium: ÀO~e =200I1S - and 
À~e =600 s1(tl1*/3 He) ~ both va1ues ca1cu1ated for room t empe r a
ture /9/. 

Fig.3 represents a typica1 time distribution of neutrons 
from fusion reaction in aT2/He mixture for a11-cyc1es and 
for the first~ second~ and third registered cyc1es. As rs 
seen, increase in he1ium concentration 1eads to a rather dra
matic change of the slope of time distributions~ which restricts 
the avai1ab1e time range. Let us remark that appllcation of 
the cyc1e-by-cyc1e ana1ysis for c> 0.02 is strong1y 1imited 
because of the very poor statistics ~~ the second and third 
cyc1es even for the case with the neutron registration effici 
encYf =1. The ana1ysis of the second cyc1e yie1d (Eq.l 1) con
firms this conc1usion. 

At the p1anning sta~e of the experiment the number of' ne
utrons produced by one muon and the s l ope o'f time d i s t r i bu t i ons 
are of .s pe c i a l i nt e re s t , Fig.4 shows the dependence of the a11
cyc1es yie1d of neutrons and the time T after which F(t) dec
reases 10 3 times with respect to its maximum va1ue on helium 
concentration c . Ana1ysis of these two factors 1eads to the 

conclusion that measurements of Wo (cp,c) and À~e shou1d be 
oerformed at the densities cp ~ 0.2. 

To ~et some information about ~rrors~ the simu1ated resu1ts 
of tt/l .-muon catalyzed fusion exneriments were ana1ysed for 
several va1ues of rjJ and c. Time distributions (7) were con
structed by random disnersion of events in each time interva1 
(== 0.1 Ils ) acco rd i ng to Poisson distribution. Next, the "ex
per1menta. 1" d i .bu t í ob t a i d' t h . way~ f . 1.5ted/19 /lstr1 ut10ns~ ta1ne ln lS were 
using formula (7) in order to extract va1ues of Wo and ÀHe 
Lt was assumed that parameters ÀOttp. ~ Àf ~ ú) ~ and e are found 
earlier in exneriments with a ~ure tritium target as suggested 
in 12G( The data obtained in each case with specified va1ues 
of cp and c were ana1yzed independent1y. The resu1ts of the 
experiment mode11ing. are shown in Fig.5. It is seen t ha t' even' 
with.moderated statistics (e.g.~ 2500 registrated neutrons) 
the errors of Wo and À~e are 1ess than 5%. Of course; a joint 
fit to a set of data obtained at different cp and c wi11 pive
 
sma11er values of errors, e.g. from the joint ana1ysis of
 
6 neut'ron time distributions at cp =0.02~ 0.04 and c =O.02~0.2~
 
0.4 wi th s ta tis tic N =2500 the errors were: ~À~e /À~e == 1.2 % 
and ~ Wo/Wo == 2.5%. Practica11y the same va1ues of errors 
were obtained when ÀO =200 Ils-1 was used and in the case wi th

O -1 He
Àtt ll... = 1 Ils .. In a I I those cases the confidenée leveI was ~ 90%. 

! ~ 

;} 

f Fig.4. The dependence of the

I all-cycles yield of neutrons~
 
I y ~ and the time T after ioh.ich
 
~ 

F(t) decreases 10 3 times 1JJi th
·1 respect to its highest value~ 

'l on the helium concentration 
for different values of tritium 

)-1 density cp indicated at the curves. 
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Fig.5. Estimates of errors ~Wo/Wo 
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and ~ À'ke /ÀoHe as a function of the 
number Df registered neutrons N 
for different values of tritium 

.; 

.\ 
density cp and helium concentratiI 

~ on c . The points are obtained uith 
À ~e = 600lls-1 and f =0.2. 

The above resu1ts indicate that it is possib1e to determine 
the parameters of muon transfer from til -atoms to he l í.um: Wo 
and ÀO s. from neutron time distributions obtained in experi

I 
He 

ments with triti~m density cp ~ 0.2 and he1ium concentration c
 
in range: O.;. 0.4. The required s t'a t i s t í.c (abou t 10

4 
registered
 

'I. neutrons) can be ohtained in 1ess that 10 hours~ therefore
 
the3He bui1d-up from the tritium $ decay during exposition


-6 . . 1l can be kept belowc == 7·10 . In order to fl.nd the values of
 

r'
 transfer ~ates from different leveIs of an excited tll* -atom
 
the measurements should be performed at 1east at two tritium 

\1 densities (e.g. ~ cp =0.01 and cp 00.1). These conclusions are 

'1 
a1so va l id for D /He mixture (À ddl1 =2. 76 I1s-1 ~ Àf =1O~S -1 /1/ ) 

except that the shape of time distributions at t :::; 0.3 Ils wi11 
be slight1y different due to different values of ddll-formation 
ra te from two sp i.n s tates of the dl1-a t om. 
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By6aK M •• B~CTPH~KHH B.M" EI-86-101 
O~eHKa B03MOllOlOCTH onp~eJ1eHWI napaMeTpOB npo~ecca 
nepeXBaTa MIOOHOB OT t P. -aTOMOB It re..nno 

npHBOAHTCH ypaBHeHHH KHH~THKH. OnHCWB~e MesoaTo~e H 
MesoMoneltynHp~e npo~eccw, npOHCXOAft~e B CMecu T2rHe. Ha oc
HOBaHHH 3THX ~opMYn B~nOJ1HeHO MOAeJ1HpOBaHHe 9ltCnepHMeHTa no 
H3MepeHHW BepOftTHOCTH nepexoAatp.* -aTOMa H3 B036YEAeHHNX COCTO 
HHHH B OCHOBHoe ("') H CKQPOCTH nepeXBaTa MIOOHa 01) tp. -aToMa, 
HaxOAHtqerOCH B OCHOBHOM CQCTOHHHH It ft,qpaM reJlHft ("He) • Anft 
9KcnepHMeHTaJlbHOrO Onp~eJleHHfI SeJlH'UfH Wo H A~e C 'l.'pe6yeMoH 
TOQHOCTbW HaHAe~ AHana30~ 3HaqeHHH nnOTHOCTH TPHTHfi H OTHO
CHTeJlbHOH KOHl.\eUTp~HH re.n;HH C (0 < cp < 0,2, 0 < C < 0,4). 

Pa60Ta B~nonHeHa B Ra6opaTopHH f1Aep~ npo6J1e~ OHHH. 
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Evaluation of the Possibility for Determining the 
Parameters of the tp. -Atoms Charge Exchange on Helium 

The kinetic formulae describing p. -atomic and p.-molecular 
processes in a T2/He target are presented. Those formulae were 
applied to predict the results of experiments aimed at determin 
ing the values of probability of the tp. -atom formation in its 
ground state and the rate of muon transfer from tp. in the 
ground state to helium. It is estimated that variation of the 
helium concentration in the range 0 -0.4 at two tritium densi
ties (cp ~ 0.2) is sufficient in this kind of experiment. 
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