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Abstract. A method for measurement of the muon catalyzed fusion parameters CF in the H-T mixture is
proposed. The kinetics of the mu-atomic and mu-molecular processes preceding the pt reaction in the ptu
molecule is described. Analytical expressions are obtained for the yields and time distributions of v quanta
and conversion muons formed in nuclear fusion reactions in ptu molecules. It is shown that information
on the desired parameters can be found from the joint analysis of the time distributions of v quanta and
conversion muons to be obtained in experiments with the H-T mixture at three (and more) appreciable
different atomic concentrations of tritium. The experiments with the H-T mixture at the meson facility
PSI (Switzerland) are planned to be optimized to gain the precise information about the desired puCF

parameters.

PACS. 25.10.+s Nuclear reactions involving few-nucleon systems — 25.60.Pj Fusion reactions —
36.10.-k Exotic atoms and molecules (containing mesons, muons, and other unusual particles)

1 Introduction

The pt-reaction is one of the least known of all processes
of muon catalyzed fusion (4CF) in the mixture of hydro-
gen isotopes. It is very important to gain information on
reaction characteristics of all muonic processes in the H-T
mixture (e.g., the rate of muon transfer from pu atom
to triton, the rate of transition between hyperfine levels
of tu atoms, the rate of formation of the ptu molecule,
and the rate of nuclear synthesis in it) to interpret cor-
rectly the results of experiments in the triple mixture of
hydrogen isotopes H-D-T and to describe the kinetics of
all processes occurring in the mixture. From the theoreti-
cal point of view, the experiments investigating uCF pro-
cesses in hydrogen-tritium mixture will allow one to test
an algorithm describing a three-body system of particles
interacting according to Coulomb rule.

It is necessary to emphasize the importance of the uCF
study in H-T mixture in order to obtain the information
about characteristics of pt-reaction at ultra low energy
range (~keV)?!.

The investigation of the reaction between light
nuclei at ultra-low energies (~keV) is very impor-
tant for wverification of fundamental symmetries in
strong interactions [1-3], the contribution of meson ex-
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! In nuclear fusion reactions in the muonic molecules of hy-
drogen isotopes the astrophysical range of energies (~keV) is
realized [11-14].

change currents [4-7] and to solve some astrophysical
problems [8-10].

With classical accelerators, it is practically impossible
to study the pt-reaction in direct collision at very low ener-
gies (~keV) because the cross-sections of it and intensities
of proton (triton) beams are very small [11-14].

At present, there are only two experiments [15,16] that
investigate characteristics of yCF in an H-T mixture?.
Only one [15] was performed with a H-T mixture and the
second [16] with triple mixture H-D-T (no doubt, exact
measurements of the parameters of muon catalyzed fusion
of the pt reaction can be achieved only with the double
mixture H-T).

In this paper we give the detail description of the ki-
netics of pCF for what is essential for data analysis of
experimental results with the H-T mixture. Add the aim
of this paper is to choose optimal conditions of the experi-
ment for precision investigation of muonic processes in the
H-T mixture.

2 Kinetics

The scheme of p-atomic and p-molecular processes in the
H-T mixture after the negative muons stopped, is shown in

2 Recently, on the TRIUMF meson facility the investigation
of the processes of muonic atom (pu, du, tu) interaction with
hydrogen lattice at temperature of 3 K have been performed.
The preliminary results of ptp molecule formation rate have
obtained [17,18].
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Fig. 1. Kinetics of the muonic processes in H-T mixture.

Figure 1. As a result of the muon transfers from pu-atom
to tritium nuclei

pp+t—tu+p+183 eV (1)

ty atoms are formed with the kinetic energy of about
45 eV (the scheme in Fig. 1 corresponds to a very low tri-
tium concentration in the H-T mixture (<1%), which al-
lows one to neglect direct capture of the muon by tritium).

The ground state of the tu atom is split into two hy-
perfine structure levels with F = S; + S, being the total
spin of the ¢ty atom (S; = S, = 1/2 are the spins of triton
and muon, respectively) equal to F' =1 ((S;S,) = (1))
and F =0 ((S¢S,.) = (T!)). The energy of hyperfine split-
ting of the ¢ty atom equals 0.24 eV. The initial population

of hyperfine levels is assumed statistically to be:

n=3/4(F=1), n=1/4(F=0).

In the collision of ¢t atoms with Hy or HT molecules

tp+Hy — ((ptu) pe)™ + e~ (2)

tu+HT — ((ptp)Tte)™ +e” (3)
the ptyp molecule is formed by the electric dipole transi-
tion El in excited state (J,v), (where J, v are rotational
and vibrational quantum numbers of the pt-system in ptu
molecule, respectively).
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Fig. 2. Scheme of the energy sublevels

/v)=00 5 172" 1/2° 0.967 0.033 of pty molecule ground state [19]: W7,
W} are the probabilities that the sum

~. -134 1/2 1/2 0.033 0.967 of spins of proton and triton in the ptu

molecule, (I =1, +I;), in the state with

At the collision of the ¢ty atom with triton in the T or
HT molecule, the formation of a ¢t molecule is possible

(4)
(5)

tu+ Ty — ((tpt)tte) +e”
tp+HT — ((tut)pe) + e~

due to El dipole transition.

The competitive processes to the formation of a ptu
molecule are: free muonic decay (@ — e~ + v, + Do),
tty molecule formation (processes (4) and (5)) and the tp
atom transition between hyperfine levels.

A10

tu(F = 1)+t 222 ¢(F = 0) +¢, (6)

(7)

The transition (7) is possible only when the energy of
the tp atom fulfills the condition: E;, > AE = 0.24 eV
(AE is energy of hyperfine splitting of the ground state
of the tu atom). The probability of the transition of a tu
atom between hyperfine levels due to the collision of tu
atom with a proton

tu(FZO)thA/\—m—atu(F:l)th.

A10

e
tw(F=1)+p ,, tw(F=0)+p (8)
Dor

according to [21,22] is very small (because of the small rate
of spin-flip reactions due to spin-spin interactions com-
pared to the rate of charge exchange reactions).

The transition of pty molecule from the state with
(Jv) = (10) to the ground state (Jv) = (00) proceeds very
quickly (~107! s) and the energy difference between two
states is carried out by conversion electron.

The ground state of the ptu molecule is split into three
sublevels with total momentum J = I + 5 = 3/2, 1/2,
1/2* [19,20] (see Fig. 2).

The binding energy of the ground state of the
ptir molecule (in the non relativistic case) equals
00 = 214 keV.

As it is seen from Figure 2 and Table 1, the probabil-
ity of the formation of a ptu molecule in the state with
total momentum J and nuclear spin I = 1 in the colli-
sion of tu atom in the ortho-state with a proton is smaller
than during the collision of ¢ atom in the para-state (see
Appendix A).

The populations of the states with different J, J, I
and S (S is the total spin of ptu molecule) depend on

angular momentum J equals 0 and 1.

Table 1. The population of ptu molecule levels, formed in
the collision of a ¢y atom in the para (F = 0) or ortho-state
(F = 1) [20] with a proton. €, is the energy of the stationary
state of the pty molecule (Jv) in the non relativistic case; €7,
is the energy of the stationary state of the molecule pty (Jv)
with total momentum J deduced from €. a¥, (11), aZ, (17)
are the populations of the state (J, v, J) of the ptu molecule,
created in the collision of a ty atom in the para — (F = 0) or
ortho — (F' = 1) state, respectively, with a proton.

J v en, eV e, eV ay, (1) ay, (11)
1/2*%  0.0046 0.1120 0.2960

0 0 -—-2140 1/2 —0.1344  0.8880 0.0373
3/2 0.0649 0 0.6667

0.0053 0.0256 0.1026

1/2  —-0.1249  0.3076 0.0086

0.0555 0.0001 0.1111

1 0 —=99.0 0.0083 0.0548 0.2039
3/2  —0.1262  0.6119 0.0183

0.0608 0 0.2222

5/2 0.0594 0 0.3333

the relations between the rate of the loss of the energy
by the tu atom (due to elastic and non-elastic collisions
with Hy, HT and T3 molecules), the rates of the pro-
cesses (6-7) (A1, Ao1), and also on the relation between
the above mentioned rates and the rate of the ptu molecule
formation.

The whole set of nuclear reactions occurring in the ptu
molecule in different states:

—4He 4+ p + 7 (19.76 MeV) (9a)
—4He p(1s) + v (19.77 MeV) (9b)
—*He u(2p) +~ (9¢)
pty — | = Hep(n > 2) + (9d)
—4He + p (19.22 MeV) (9e)
—4Hep+et +e” (9f)
—*Hep+v+7 (92)

The production of 19.8 MeV 7 quanta (M1-transition) is
possible only from the state of ptu-molecule with the total
nuclear spin I =1 (reactions (9a-9d)).



134

Non radioactive transitions (9e) and (9f) proceed dom-
inantly via the monopol EO transition. The probability for
the reaction channel (9g) is negligibly small.

The values of the partial rates for the different ptu
decay channels can be written as:

Npi(d) = p(WPK§ + WIKT) (10)
where i =y, u, e, e7, 2v; p is the density of the proba-
bility that the distance between the proton and triton in
the ptu molecule equals 0 and K, K} are pt reaction con-
stants for S wave in the nuclear states with I = 0 (singlet)
and I =1 (triplet).

For the theoretical description of the pt reaction we use
the resonant model of the existence of *He nuclei in excited
state 0T near the threshold of this reaction. It is seen from
Figure 1 that transitions (6-7) change the populations of
the state of the pty molecule (the population of the state
with J = 3/2 decreases, therefore together with the pty,
molecule formation, the process of thermalization of tu
atoms proceeds) which can change not only the yield of
the reaction products (9) but also the ratio between the
partial probabilities for different channels of the reaction.

Below, the kinetics of the ptu cycle is presented un-
der the assumption that the rates of all muonic pro-
cesses in the H-T mixture do not depend on energy and
that thermalization of tu atoms occurs sufficiently fast.
The expected average time of thermalization of tu atoms
tterm A~ 10—30 ns (depending on density of the target) is
considerably smaller than characteristic times of all other
muonic processes in the H-T mixture.

The yields and time distributions of v quanta with
energy 19.8 MeV and the conversion muons with energy
19.2 MeV, formed in the pt reaction, can be described by
the following expressions:

% = AJe Mt AJeM! + AJe Mt L AJem M (11)
% = Alle™™t 4 Alem et
4 ABe™ st 4 ARem Mt L Aot (12)
NV%JF%JF%JF%’ (13)
N“:i\l_f+f\l_§+§_§+i_§+§_§’ (14)

A= 20 + XppupCp + AprpCh, (15)
A2 = Ao + At 0Cp + Mt 0Ch + A10@Ct, (16)
A3 = Ao + ApiupChp + At pCh, (17)
A= Xo+ M (1 =1), (18)
As = do + (T =0), (19)

Y% =0455x10°s™" O, +Cy =1

where A] + A), A} + AL are the normalized coefficiences
given in the Appendix B; IV, N,, are the yields of v quanta
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and conversion muons, respectively; Ag = 0.455x 10571 is
the free muon decay rate; Apt, A1g, Apty are the rates of the
muon transition from py atom to triton, of the transition
of tp atom from the state with F' = 1 to the state with
F = 0, and of the pty molecule formation, respectively
(the above values are reduced to liquid hydrogen density,
ng = 4.25 x 102 ecm=3); M (I = 0), ! (I = 1) are
partial rates of nuclear synthesis in the pty molecule with
muon production for the total spin of proton and triton
equal to 0 and 1, respectively, and )\?M(I = 1) is the rate
of nuclear synthesis in the ptu molecule in the state I =1
with v quanta production; )\S’ct(I =0), )\’}t (I =1) are the
rates of nuclear synthesis in the pty molecule for the total
spin of proton and triton equal to 0 and 1, respectively;
)\?Tee (I=0), )\’;’fee (I = 1) are the rates of nuclear synthesis
in the pty molecule with the formation of an electron-
positron pair for the total spin of p and ¢ equal to 0 and
1, respectively; C, and C; are atomic concentrations of
protium and tritium in H-T mixture; ¢ is the density of
the H-T mixture reduced to liquid hydrogen density.

The measurement of the synthesis rate in the ptu
molecule with the production of conversion muons,
)\fcfu (I = 0) is very important and will allow one to ver-
ify the validity of the hypothesis of the existence of a
threshold resonance in the fusion channel (and to check
the charge distribution in the system with A = 4).

Having time distributions of 7 quanta with energy
19.8 MeV (reactions (9a-9d)) and conversion muons with
energy 19.2 MeV (reaction (9e)) or electron-positron pair
(reaction (9f)) for different tritium concentration Cy, using
equations (11-14), one can derive unknown parameters:
Apts A0, Aptps )\?TW(I = 1) and )\’;’fu(I = 0). We assume
the values of parameters App., Ay, k, I, m, n, p, 7, 8, t
and v are known (the value Ay, was taken as an average
from papers [18,23-27], Ay, from [28] and the remaining
parameters were taken from [19,20].

This approach is valid, because the yields and time
distributions of the products from different channels of
the pt reaction require the same uCF parameters, which,
on the one hand can guarantee correct interpretation of
the results and correct estimation of systematic errors, and
on the other hand can increase the accuracy of measured
parameters.

3 Optimization and results description

The existing theoretical and experimental parameters de-
scribing the ptu-cycle are presented in Table 2.

As shown, there is big difference between experimen-
tal and theoretical values of some parameters like A,
)\’}t(I = 1), and )\fct(l = 0). Regarding the rate of the
ptp molecule formation (Aps,) there is strong disagree-
ment between theory and experiment.

It is shown from Table 2 that it is necessary to measure
fundamental characteristics of yCF in the H-T mixture to
explain the nature of the difference between theoretical
and experimental values. Figure 3 shows the dependence
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Table 2. The experimental and theoretical values of the parameters of the uCF process in the H-T mixture.

Experiment Theory
Value H/T [15] H/D/T [16] H/T [17] H/T [18] [14] [19]
Apt, 102 571 93415 5.86 £ (0.10)stat 5.8 4+0.4
Ao, 10° s71 6.0+ 0.5 1.0+0.2
Apty, 10% 571 754+ 1.3 0.4
NI =1),10% 57! 6.540.7 70£12 ~1800 7
AT =0),10% 57! (15 + 4) x 10? 8.6
A (I=1),10°s7" 0.07
AL =1),10° 57" 2.4
AL(1=0),10° 57" 3.6
A (I =1) s 0.35
APL(I=0),10%s7! 10°-10* 541
NP (T=1
% 10°° 5x 1076
oy
M ~1 0.73
NP (I =0) ~ '
f.ee _

There also exists some other, single theoretical estimates of the above parameters not shown in the table:
Apt = 7.5 x 10° 571 [22], (7.0-8.0) x 107 s™! at T' = 300—30 K [29], 5.8 x 10° s [30], 5.5 x 10° s™" [31], 5.7 x 107 s~ [32];

Ao = 0.89 x 10° s7* [22], 0.91 x 10° s7* [33], 1.3 x 10° s [34];

Aptp = 6.5 x 10% s71 [35], 6.38 x 10° s~ [36];

AT =1) =0.5x10% s~ [37]*, 0.13 x 10° s~ [38]", 0.008 x 10° s~ [40]".

#These values were obtained according to the formula: A’;t(l =1) = (4/3)Kopo using pt reaction constants Ko from papers [37,

39], respectively and po from [38]. "The estimate of this value was obtained [16] using the cross-section o(n,~y) = 55 + 3 ub of

the mirror reaction *He(n, v)*He [41,42].
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Fig. 3. The dependences of v quantum (triangles) and con-
version muon (circles) yields from pt fusion as a function of
tritium concentration.

of the yield of v quanta and conversion muons per one
muon stopped in H-T mixture as a function of the tritium
concentration Cy (calculated according to formulaes (13)
and (14)) for a density of the H-T mixture equal to the

density of liquid hydrogen, ¢ = 1. Comparing obtained de-
pendences with corresponding values from paper [16] one
can notice differences not only in shape but also in abso-
lute values of conversion muon yield for the same values
of C;. The reason for such discrepancies is not clear.

According to [16] the maximum values of the v quan-
tum and conversion muon yields of calculated for one
muon stopped in the H-T mixture equals NJ*** ~ 0.11
(Cy ~ 6 x 1072) and Np® = 0.015 (for Cy = 3 x 1073),
and in present paper NI ~ 0.10 (C; =~ 8 x 107?),
NP 22,0 x 107 (Cp & 3 x 1073).

The dependence of the ratio of the conversion muon
and v quanta yields as a function of tritium concentration
is shown in Figure 4. The distinguishing feature of this de-
pendence is that the ratio N, /N, is practically constant
for a tritium concentration larger than 0.2. A such behav-
ior of the N, /N, ratio can be explained by the existence of
the Gershtein—-Wolfenshtein effect predicted [43] and veri-
fied before for muon catalyzed fusion in H-D mixture [24].
There are six unknown parameters e, €, )\’}L(I = 0),
A10, Aptu, Apt in expressions (11-14) and to determine
them with sufficient accuracy, three exposures of muon
beam in the H-T mixture for three tritium concentrations
are required. Really there are seven unknown parameters
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Fig. 4. Ratio between yields of conversion muon (N,) and ~y
quanta (N,) as a function of tritium concentration.

but the quantity )\S’ct(I = 1) is determined from the slope
of exponent with index A4: )\’}t(I =1) = Ay — Ao (see
expression (18)).

According to [19] the partial rates of nuclear M1 tran-
sition in ptu molecule with emission of conversion muon
()\’;’;L(I = 1)) and electron—positron pair ()\?Tee(I =1))
are negligible in comparison with A?;(I = 1). Therefore
the following ratio is valid:

NI =1)m NI =1)= N (I=1)+ N (I=1)
+ (I =1).

The accuracy of estimating these parameters depends on
the statistic of detected events in the experiment. In prin-
ciple, the rates of the processes )\’;’fw([ = 1), Ao, Aptps
Apt can be estimated from the slopes of exponents with
indexes A1, A2, A3, A4 (expressions (15-18)). The value

)\’;’fu(I = 0) can not be experimentally found from the

slope of exponent with index A5 (A5 = )\’;fu(f =0)+ Xo)
because the value )\fcfu (I =0) is very small ()\?t(I =0)=
5 x 102 s71 [19]) compared to A\g (A5 & Ag). Therefore,
the value )\?M(I = 0) can only be found analyzing the
factor AL before the exponent with index A5 ~ )¢ in
expression (19).

Below as an example of H-T experiment optimization
it will considered the performance of experiment using the
muon channel pE4 of PSI meson facility (Switzerland). As
a target it is supposed to use the liquid hydrogen with tri-
tium concentration C less than 10%. This value of tritium
concentration is dictated by safety conditions.

The optimization of the planned experiment requires
finding three tritium concentrations and corresponding
times of the exposures, on the muon channel so that the
errors of the determination of unknown parameters will
be minimal (this means that the sum of the squares of the
relative errors of the desired parameters is minimal in the
interval Cy = 0—0.1).

The European Physical Journal D

800 1

Counts / 100 ns

Time, us

Fig. 5. The time distributions of pt fusion v quanta for three
different values of tritium concentrations: 1: C; = 5 X 1074;
2: Cy = 6x 1072 3: C; = 1 x 107'. The solid lines are the
result of fitting of the simulated time spectra. The indicated
bars are the statistics errors.

As input data, the following values were used:

Nystop = 101 571 [43]; e, =2x107% g, =5x 107"
Aptp = 7.5 x 10 s [16];

N (I =1) =M1 =1) = 7x 10" 57 [16,19];
M (I=0)=5x10%s7" [19); Ay = 1.8 x 10557 [28];

At = 9.3 x 107 s71 [16]; Mg = 1.0 x 107 s7* [16];
¢ =1.0; C;=0-0.10.

For the purpose of choosing optimal experimental condi-
tions, it was assumed that the total time of exposure for
three different tritium concentrations was 700 h.

The time for each of three exposures is determined as:

t1 1ty ity = \/n(f) : \/n(f) : \/n(vl)7

where ngyl), nSYQ), n,(y3) are the yields of v quanta per one

second in the exposures 1-3, respectively.

As a result of the combined x? analysis of the cal-
culated six time distributions of v quanta and conver-
sion muons (the Monte Carlo method was used for each
of the three exposures for obtains the simulated exper-
imental time distributions of v quanta and conversion
muon), we have found three optimal values of tritium
concentrations®: Cy =5 x 1074, 6 x 1072, 1 x 10~1L.

Figures 5 and 6 show the calculated time distribu-
tions of the detected v quanta with energy 19.8 MeV and
conversion muons for three chosen tritium concentrations.
Figure 7 shows the dependences of calculated parameter
errors as a function of the statistic of detected events.

3 The minimum of x? for different combinations of three tri-
tium concentrations corresponds to the chosen set of three C}.
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Fig. 6. Conversion muon time spectra for three chosen tritium
concentrations: 1: C; = 5 x 10_4; 2: Cy =6 % 10_2; 3:Cy =
1x107". The solid lines are the result of fitting of the simulated
time spectra. The indicated bars are the statistics errors.
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Fig. 7. Relative errors of Aptu, Ao, /\’JZ;(I = 1) and Ap: as
a function of the statistics gathering time (g, €4, Aptp, A10,
Apt, /\’JZ;(I = 1) are the variable parameters; )‘?fu([ =0) =
5 x 10% s71): 10 Adpe/Dpes 20 Adio/A10; 35 Adpen/Aptp; 4
ANEL (I =1)/A% (I =1).

These parameter error dependences correspond to the
approximation of the simulated v quanta and conver-
sion muon experimental time distributions by the expres-
sions (11-14) with unknown parameters ., €, Apty, Ao,
Apt, )\?TW(I = 1). It should be pointed out that in such
case the )\’f”fu(l = 0) was fixed and equal 5 x 102 s~* [19].

As seen, the sufficient total time of statistics gathering
for determination Aps,, )\?TW(I = 1), A\p: parameters with
accuracy of ~10% is ~300 hours.

As for transition rate between hyperfine level of tu
atom A1g (curve 2 in Fig. 7) the uncertainty of this mag-
nitude is ~100% for the same time gathering statistics. At
the statistics gathering time of 600 h the accuracy of Ajg
falls to 75%.
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Fig. 8. The dependences of the uCF parameter relative errors
from statistic gathering time (e, and €, are know from addi-
tional experiment). The numbers 1-4 at curves correspond to
the Figure 7; 5: AN (I = 0)/AY (I =0).

From the proceeding it may be seen that the result of
joint analysis of v quanta and conversion muon time dis-
tributions received at three chosen tritium concentrations
is weakly sensitive to the value of Aqg.

More precise measurement of Aig is possible at es-
sential increasing of the collection statistics and the
range of variation of H-T mixture density and tritium
concentration.

The next step of the uCF parameter errors calculation
has been done setting €., and ¢,, are know with accuracy of
5% from additional experiments. The results of these cal-
culations are presented in Figure 8. As seen, it is appeared
the possibility to determine for the first time the informa-
tion about fusion rate )\’}L (I = 0). This circumstance is
very important for correct description of the pt reaction
mechanism. The relative errors of other 4CF parameters
in H-T mixture at this optimization less than the corre-
sponding values from previous optimization at the same
gathering times of statistics.

From the presented analysis of the puCF kinetic in
the H-T mixture, one can conclude that from the ex-
periment performed for three different tritium concentra-
tions, the unknown parameters of muon catalyzed (Apt,,
)‘?v([ = 1), A\p) fusion can be obtained with sufficient
accuracy. Simultaneous measurement of yields and time
distributions of 7 quanta and conversion muons will allow
one not only to find the ratio of probabilities for the ra-
diation and non radiation channel of pt reaction, but also
their exact values. So the possibility exists to measure
the fusion rate occurred in the ground state of the ptu
molecule due to EO and MI transitions with the conver-
sion of muons and v quanta, respectively.

The measurement of v quanta and conversion muon ef-
ficiencies in the additional experiments will allow to obtain
the value of )\’}L (I = 0) and to decrease the relative errors

t
of uCF parameters such as Apty, Ao, Apt, )\I}W(I =1).
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In addition, the accuracy of A9 can be improved due
to the measurement and joint analysis of 7 quanta, con-
version muon and Auger electrons emitted at deexcitation
of ptp molecules formed in (Jv) = (10) state.

Authors would like to express their sincerely gratitude to Dr.
M. Filipowicz, E. Gula, J. Wozniak and A. Krylov for arith-
metic of H-T experiment optimization and to Dr. Mulhauser,
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by the Russian Fund for Fundamental Researches (under grant
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Appendix A: The probabilities of ptu
formation

WE=0 (1= 1/251 = 1) = agy® (1) Wy = 3.7 % 1075

Pt

WhES (= 1/21 =1) = ag)*(11) W), = 8.59 x 107%;

WE=0()=1/2;1/21=1)=WE(J=1/2"1=1)

ptp ptp

FWE=0=1/2,T=1) =8.62 x 107

Pt

WhHS (I =1/21 = 1) = ag)>(11) Wi,y = 3.6 x 1072

Pt

WhESLJ = 1/251=1) = ag) (1) Wi 5. = 9.8 x 1072

Pt

W (U= 1/2,1/251 = 1) = Wy (U =1/2,1 = 1)

ptp ptp

+WhR (J=1/21=1) =458 x 107%

Pt

WhH=H(1=3/21 = 1) = agy>(11) Wi, = 6.67 x 1071;

ptp

WhEST (1 =3/2;1/2%1/2;1 =1) =713 x 1071

WhETY I =1/2,1=0) = ag)’ (1) W)y = 1.22 x 1072

Pt

WhHZ (I =1/21 = 0) = ag)>(11) W)y = 2.93 x 1072

Pt

WESO(I=1/251=0) = apy’ (11) W), = 0.108,

where W;;#(J, I) is the probability of a ptu formation in
the state with total angular momentum J and nuclear
spin I in the collisions of a tu atom with a spin F' and

Hs molecule.
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Appendix B: The coefficients A] —A]
and A7—A}

1 k+1l+m
AT =A
! <)\1—>\2<>\1—>\4>
N 1 n+p 1 AiopCh
A — A3\ A1 — M\ 3 A=A ’

A
(A1 = A2)(A2 — Ag)

MopC.
X ((k—i—l—i—m)—i)\m(p)\t(n—i—p)),
2 — A3

A= -

A n+p 1 oGy
AL = — 1, AopGr
8 Al—)\3<)\3—>\4)<3+)\2—>\3)’

A = A E+1+m n+p l+)\10500t
LD VD Vi O Y D D A DYy
3
A= ZNustop()‘pt‘PCt)()‘ptu@Cp)A?«,(I =1)¢,,

E=WE=1(1=3/2,T=1)=6.67x 107",

ptu

l=WhtJ=1/2;1=1)=3.6x10"

m=Wh'(J=1/2%1=1)=98x10"7,

n=Wh'(J=1/2I=1)=859x 107",

p=Wh'(J=1/251=1)=37x10"7,

L (A?’“(I =1 (k+1+m)

B
A1A1<>\1>\2 A — M\

2I=0 1 1
n T )(7"—|—s) n (_ B )\109001:)
A1 — Ao 3 A =X/ A — )3

> — Ao D VI Vi R V)

A, NI =1)
Alt — _ sH
5 )\1)\2< A (k+14m)
AN (I=0 AowCy (N, (I =1
T f,u( )(r+s) 1090y f,p,( )(n+p)

i

11=0)
v vl CREON B E

+
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Ay )‘?t (I=1)
— 2
3 )\1_)\3< )\3_)\4 (n+p)
MY (1 =0) 1 AoeC
fou 1 10PLt
e T (t+u) (3+A2/\3),
AN (T=1) 1
Al = =l { k+1+m
A~ M\ AQ—A4( )
1 1 AowCi
+)\3)\4(n+p)(3+>\2>\4 ’
Au:AlA?u(I:O) { r+s
g AL — Ao A2 — Ao

t+u 1
T = (5
3

A1 = ZN#Stop )\pt@Ct )\pt#(pcp Eus

1
r=wkhE=t (J =5l = 0) =1.22x 1073,

Pty

s=WE=Y(J=1/2%1=0) = 0.286,

ptp

1
t=WwE=0 (J =5l = o> =293 x 1072,

uw=Wph"(J=1/2%1=0)=0.108,

where Nstop is the number of muons stopped in the
H-T mixture; €, €, are the efficiencies of the detection
of v quanta from reactions (9a-9d) and conversion muons

from (9e), respectively.
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