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1. INTRODUCTION

Occurrence of the’He and “He in Dy /Ty mixtures leads to
the reduction of the number of fusion cycles catalyzed by one
muon. The losses are ‘due to’!’:

- helium atomic canture of the ﬁuon,

- muon transfer from excited muonic hydrogen to helium,

- muon exchange process from the dp and ty in the ground

state to helium. ‘ o

So, helium, produced in fusion reactions in dtgp , ddp , and
tty mesic molecules and from the tritium B decay, should be
‘taken into account as the primary fuel pcison factor.

The probablllty of the atomic capnture by a hydrogen atom
in H/He mixtures is expressed as:

I3

- (1 + Ac) Y, (1)

where ¢ is the relative helium concentration defined as the’
ratio of the number of helium atoms to the number of hydrogen
atoms, and A is the ratio of the capture rates for helium and
hydrogen. Till now no experimental data concerning the value
of A in a H/He mixture have been available, but.theoretical
considerations lead to the conclusion that 7~ and g~ atomic
capture are the same’ 23/ therefore the.value of A can be
taken from experiments on 7~ capture in which A =1.84 was
obtained %"

The muon transfer from excited pu* —-atoms to helium was
observed for the first time by Bystritsky et al.’® . The de-
pendence of the probability of the pp -atom formation in the
ground state, Wy , on relative helium concentration, ¢ , has
been measured. The estimated rate of this process is about
2.1012 s~1*¥ /6/ i e,  of the same order as mesic atoms de-
excitation rates’?’. There are no experimental data for D/He
and T/He mixtures, nor theoretical considerations about this
process, but one can expect that it takes place analogously
for du* and tp* atoms changing considerably kinetics of the
muon catalyzed fusion.

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

’

* Throughout the paver the values of transition rates .are
referred to the liquif TSI 1}'fI.ZS'l()zz em S ).




L It is well established now that transfer occurs
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about 10 s~ :
mainly via formation of the intermediate mesic molecules

Hy + He'fas [(HpHe)*"™—s HY + [Hepl®, (2)

where H = p, d: t.

The rates, A%e , of processes (2) are about 108 s71 ' This
phenomenon was investigated experimentally in the case of
b# + e 7%, dp + 3He, and dy + 4he /11 at ro?{nz}:emperature.
From dty muon catalyzed fusion experiments ”  the dependen-
ce of the A'3He on temperature (from 100 to 400 K) was extrac-
ted but with experimental error about 30%.

To understand the results of the experiments on muon cata-
lyzed fusion in Dy/T, , having in mind that isotope exchange
in excited states (du),+ t — (tp) g+ d/13.143yoments conside-
rably the population of ty —atoms, it is desirable to have in-
dependent information about tu + He transfer rates from the ex-—
periments with targets containing only Ty and He . In this
case the transfer rate can be extracted from the time distri-
butions and yields of neutrons from the synthesis in ftp
molecule 715/ | In this paper we present the kinetic formulae
describing the processes in T,/He mixtures and we give some re-—
commendations concerning the tritium density ¢ and the helium
concentration at which an experiment aimed at the joint deter-
mination of the values of the probability Wg and the rate AOHe
should be performed.

2. KINETICS OF THE PROCESSES IN Tz/He MIXTURES

*
The processes in a T,/He mixture are shown schematically
in Fig.1. The muon entering the target or the muon liberated

. N . . *
in a fusion, after slowing down, forms an excited tp~ atom )

- X 2~
(nz 14)/3/ or Hep* . The rate of this process is about 10 °s .

=

LHef2n+p

‘Hep+2n

Next, in the collisions with the mixture atoms p-~atom deex-
citation to the ground state or muon transfer to helium takes
place. The cascade in the muonic atom is very fast (=10 11 g1 ),
The tp -atom can have two spin states in the ground state:

8 =1 and s =0. The transition from the upper to lower spin
state is rapid /Y (10?2 s~! ), the reverse transition can be
neglected because of the hyperfine splitting energy Epgs =

= E gy EWMO)FO~24 eV. In the tuy ground state two processes
are possible: the tty -molecule formation via a non-resonant
Auger-electron—ejection mechanism /18’ with the rate Ag =
=3.10° s™! and the molecular exchange of pu~ fromty to He.
Since both of them are independent of the spin state of the
tu atom, it can be easily shown that the kinetic graph with
the hyperfine structure reduces to the graph without it, as
presented in Fig.l. This also means that the spin-flip tran—

“sition will not be observed in targets containing only T, or

T, + Z.After the ttg -molecule formation the nuclear %ynthesis

takes place in it with the rate Ay = 10" =+ 108 s "1/ 1n this
process the muon can be released with probabilityfl =l-w, o=
=0.1 and reenters the chain to initiate the next cycle.

From the quite realistic assumption that measurements are
realised at timest > 0.01 ps after the muon stops, it follows
that the changes of the shape of the measured neutron time
distributions due to muon capture and tu* atom cascade are neg-
ligible, therefore these two processes can be described only
by Wy —the probability of tu* formation and Wg-the probability
that ty* —atom reaches its ground state.

Within the above approximation the kinetic equations des-
cribing the muon-catalyzed fusion in T,/He are:

dNtz

__.a.i_f__ = WyWpS(t) — ANy, ,

ANy,

___a?_g__ - ’\ttpth - /\rN“’1 R . (3)
dN_

e = 2 A¢Nyy,, -
m fNep

With the source term defined by:
S(t) = &(t) + /\f‘fN“#, 4)

where

- _ 0 0 _ (5)
A, = /\nu+ Aget Ag= )\n#qs + /\Hébc+ )\0, A[— Ap+ Age
The initial conditions are:N;(t=0) = 0 . 5(t) represents the
external muon source. Index 0 denotes rates normalized to LHD.
Ag =0.455us 1 is the muon decay rate. .

3



The Laplace transform of the first real cycle is simply
WuWo Ay, A
HY0 Aty M
Fy(S) = mommeri (6)
(s +A)(s + Ay)
and, according to prescription given in our earlier paper
the all-cycles (AC) time distribution registered with the re-
gistration efficiency ¢ 1is:

/157
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dN (t 2eWygW A -~
Ft) — n( ):= € H' 0:‘“;1 f (e_rlt _.e 2 t) , . (7)
dt VA
where ,‘
2 s
A= (Ap =A) "+ AWgWokey Al o
\ o (8)
1'1’2: —5(AL+ Afi \/A) .
The A-C yield of neutrons from fusion is given by:
_ 2‘WHw0AtwAf___A
= : . 9
A A= Wil Xgre ! ©®

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:

v

k k .
N Y k) 5 (krj-2)
.k(li) 2 t WHWQ)\:H)\H (k—l),'jzzl GG (10

. e 51t e~ Sgt k—j
x [ T + .
(Slv__ s2¥+1"1 (sg - Sl)kﬂ-—l

Jt

where

1
51’2= 'g"'(At+ Ap £/ (Mg - AR+ 4f(1“f)w}1wo)\np,’\f) .

Consequently, the yield of the k-th registered cycle looks
like:

k—1 eW W A A k
v - 26 H0 Moyl o ) (1)
AnAF‘fu‘dewonAf
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3. RE?ULTS AND DISCUSSION

The kinetic formulae given in the previous Section were !
applied to predict the results of the experiments in T /He mix—
tures with different tritium densities ¢ and helium coficentra-
tions ¢

4.

The probability of the ty formation in the ground state,
Wy , is a complex function of the rates of transitions (radia-
tion, Auger and Stark) between tp* levels and the rates of
transitions from tp* levels to a helium atom. It means that
Wy depends on both Ty density _gnd He concentration. However,
the parametrization given in’'°’ takes into account only Wo de-
pendence on concentration ¢ . In order to obtain dependence
Wy = W,y (¢,¢) it was assumed that W, are the same for tu*/He
and for pu*/He » and that the transitions of y occur from the
ty* -levels n=5 and lower. Using the scheme of the cascade in
excited muonic hydrogen given in /13/ye obtained the transfer
rates from pu* to He fitting the exverimental noints Wg taken
from ’®/. The transfer rates for levels n=5,4,3,2p,2s are 4.8,
1.0,0.4,2.1 and 0.002 (all in 1012 s71), respectively.

The dependence of Wy on helium concentration and Ty density
is shown in Fig.2. One can see that Wy is sensitive to concen-—
tration changes mainly in the range c=0 to c¢=0.3.

- Fig.2. Hypothetical dependence
of Wgo (the probability of reach-
ing the ground state by an ex—
cited tu* atom) onm the relative
helium concentration ¢ at dif-
ferent tritium densities ¢ in—
dicated at the curves.
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Fig.3. Time distributions of }
registered neutrons from the
nuclear synthesis in a tiu-
-molecule for tritium density 10
¢ =0.04 and helium concentra-

tions © indicated at the cur-

ves. Besides all-cycles time
distributions, the distribu- o
tions of the first three cycles

are presented. The top part cor—
responds to the neutron regis- . 0°
tration efficiency ¢ =1, the
bottom part — ¢ =0.2. The chatin
parameters are:AS#::ym"{ Ae=
Z600ps ", A = 50 ps”!
and o =0. 1.
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o Se far no experimental data exist concerning the values of
My s M, and @ . If not stated otherwise, the ﬁgll?ging
theoreg}c§1¥y predicted values are used: Ay, =3ps sy Ap =
= 50 ps 1/ Y = 0.1”'®, The neutron time distributions were
constructed using two values of the rate of muon transfer from
t% in the ground State -to helium: Ay, =200 ps”M(tp*/*He)  and
Ajje =600 51(wﬁ/3He), both values calculated for room tempera-
ture /9.

Fig.3 represents a typical time distribution of neutrons
from fusion reaction in a Ty/He mixture for all-cycles and
for the first, second, and third registered cycles. As is
seen, increase in helium concentration leads to a rather dra-
matic change of the slope of time distributions, which restricts
the available time range. Let us remark that application of
the cycle-by-cycle analysis for ¢> 0.02 is strongly limited
because of the very poor statistics of the second and third
cycles even for the case with the neutron registration effici-
ency € =1. The analysis of the second cycle yield (Eg.11) con-
firms this conclusion.

At the planning stage of the experiment the number of ne-
utrons produced by one muon and the slove of time distributions
are of special interest. Fig.4 shows the dependence of the all-
cycles yield of neutrons and the time r after which F(t) dec-
reases 103 times with respect to its maximum value on helium
concentration ¢ ., Analysis of these two factors leads to the

conclusion that measurements of W,(¢,c) and A%e should be
performed at the densities ¢ < 0.2.

To get some information about errors, the simulated results
of ty .—muon catalyzed fusion experiments were analysed for
several values of ® and ¢ . Time distributions (7) were con-
structed by random disnmersion of events in each time interval
(= 0.1 ps ) according to Poisson distribution. Next, the "ex-
perimental" distributions, obtained in this way, were fitted
using formula (7) in order to extract values of Wg and Aye
Tt was assumed that parameters Aﬂql sy A\f » w, and ¢ are found
earlier in exneriments with a pure tritium target as suggested
in /8%/ The data obtained in each case with specified values
of ¢ and ¢ were analyzed independently. The results of the
experiment modelling are shown in Fig.5. It is seen that even
with. moderated statistics (e.g., 2500 registrated neutrons)
the errors of Wy and A}, are less than 5%. Of course; a joint
fit to a set of data obtained at different ¢ and ¢ will give
smaller values of errors, e.g. from the joint analysis of
6 neutron time distributions at ¢ =0.02, 0.04 and ¢ =0.02,0.2,
0.4 with statistic N=2500 the errors were: AA%e/A%e =~ 1.2%
and AWy /Wy = 2.5% . Practically the same values of errors
were obtaiBed whenA%e =200“s_1 was used and in the case with
Apye=1ps . In all those cases the confidence level was > 90%.
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Fig.4. The dependence of the
all-cycles yield of neutrons,

Y , and the time 1 after which
F(t) decreases 10° times with
respect to its highest value,
on the helium concentration
for different values of tritium
density ¢ indicated at the curves.
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Fig.5. Estimates of errors AWy /Wy
and Ah%e/f%e as a function of the
number of registered neutrons N
for different values of tritium
density ¢ and helium concentrati-
onc . The points are obtained with

1&]0 26(1) 3(1)00 4(1)00 N A?{e = 600ps~! and ¢ =0.2.

The above results indicate that it is possible to determine
the parameters of muon transfer from tp-atoms to héliunn Wq
and ﬁHe ,, from neutron time distributions obtained in experi-
ments with tritium density ¢ < 0.2 and helium concintraFlon c
in range: 0 +0.4. The required statistic (about 10® registered
neutrons) can be obtained in less that 10 hours, therefore
the3He build-up from the tritium B decay during exposition
can be kept belowc¢ = 7-10° In order to find the valng of
transfer rates from different levels of an excited tp TaFom
the measurements should be performed at least at tw9 tritium
densities (e.g., ¢ =0.01 and ¢ 30.1). These EPnc1u51on% are
also valid for D /He mixture (Mg =2.?6 ps =, Ap =l0ps )
except that the shape of time distributions att < 0.3 yus w%ll
be slightly different due to different values of ddy -formation
rate from two spin states of the dy-atom. . .

ERRORS (per cent)
. £
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By6axk M,, BucTpHuxkHéi B.M.. . £1-86-107
OueHka BOSMOXHOCTH onpefelleHHs napaMeTpoB mpouecca
NEepPEXBATA MIOOHOB OT {y ~aTOMOB K IejHMo

lipusopgsTcs YypaBHEHHS KHHETHKH, OITMCHBAKmMHE MES0aTOMHBE H
ME3OMOJICKY/InpHIE MpoueccH, npoHcxopamme B cmecu Ty-He . Ha oc-—
HOBaHHH 3THX GOPMYJl BHIOONHEHO MOZEIHPOBAaHHME JKCIIEDHMEHTAa Mo
H3MEPEeHHI0 BEePOATHOCTH nepexonatu* —aroMa H3 BO3OYAmEeHHBIX cOCTOt
auuit 8 ocHosuoe {Wg) M ckopocTH nepexmara MioOHMa oT by —aToma,
HaXOHAMETroCH B OCHOBHOM COCTORHHHM K AnpaM remus (g, » Ana
3KCHEePHMEeHTANbHOI'O onpejeneHHs senmuunH Wg H A%e c TpebyeMon
TOYHOCTHI0O HaMJeHH HHANA30HN 3IHAYEHHI IUIOTHOCTH TPHUTHA M OTHO-
CHTeJIbHON KoHuenTpauud renHa ¢ (0 < ¢ < 0,2, 0 < c < 0,4).

PaGora eoinontHeHa B JlafopaTopuH anepsHex npotneMm OUAH,

CooGmienste OObeMHEHHOTO HHCTHTYTA ANEPHBLIX HccnenoBasnit. lyGua 1986

Bubak M.,Bystritsky V.M. E1-86-107

Evaluation of the Possibility for Determining the
Parameters of the fu-—Atoms Charge Exchange on Helium

The kinetic formulae describing p ~atomic and p-molecular
processes in a T,/He target are presented. Those formulae were
applied to predict the results of experiments aimed at determin}
ing the values of probability of the t#-~atom formation in its
ground state and the rate of muon transfer from tg 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 (¢ < 0.2) is sufficient in this kind of experiment.
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