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Brictpuukuit B. M. u ap. E15-2005-91
U3syyenue pe KLMM s1epHOTO cuHTe3 B Komrnekce du’He

ITpenct BreHs! pe3ysabT Thl KCHEPUMEHT MO M3YYEHHIO pe KIHMU SAEPHOTrO CHH-
Te3 B 3 PANOBO-HECHMMETPUYHOM MiooHHoM Komiuiekce du’He (dpHe — o
(3,5 M»B) + p (14,64 M»B)). [erekTupoB Hue NMPOTOHOB C dHeprueit 14,64 MaB
OCYIIECTBIISUIOCh TpeMst 1T p MU Si(dE — FE)-TelecKonoB, p CIOJIO0XEHHBIX BOKPYr
KPHOTeHHOI MumieHu, 3 nonHenHoil (Dy + 3He)-cMechio mpu Temmep Type 34 K.
Peructp mus ~-xB HTOB c sHeprueil 6,85 x»B, ucCHyLIeHHBIX B IMpolecce IeB030Y-
xnenust dpHe-KoMILIEKC , NPOU3BOMMI Ch IepM HMEBBIM JeTeKTopoM. M3mepeHus
BBINIONTHEHbI TP JIBYX 3H YeHusax miotHoctH (Dg +*He)-cMecu (OTHOCHTENBHO ILIOT-
HOCTH XKHMJKOTO BOJAOPO ) M NPH OIHOM M TOil Xe TOM pHOil KoHueHtp muu He
csge = 0,0469. 3 yenus sdeKTUBHOI cKOpocTH aaepHoro cuntes B du’He momy-
YeHBI BIIEPBbIE: \f = (4,5'_%;8) 10% ¢ (p = 0,0585); A\f = (6,9f§:g) 105¢ (o =
0,168). Uspneyen T Kxe MHGOPM LM O CKOPOCTH sjepHoro cuntes B du’He-
Kommiekce B cocrosmun J = 0: A{=0 = (9,732) -105¢7! (¢ = 0,0585);
A0 = (12,4787) - 10° ™t (0 = 0,168).

P 6or Bbmonnen B JI 6op Topuu syepHbix npobiem um. B.IL. Ixxenernos

OUIN.
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Bystritsky V.M. et al. E15-2005-91
Study of the Nuclear Fusion in du*He Complex

Experimental study of the nuclear fusion reaction in charge-asymmetrical du>He
complex (du*He — o (3.5 MeV) + p (14.64 MeV)) is presented. The 14.64-
MeV protons were detected by three pairs of Si(dE — E) telescopes placed around
the cryogenic target filled with the Dy + 3He gas at 34 K. The 6.85 keV ~ rays
emitted during the de-excitation of the dj:3He complex were detected by a germanium
detector. The measurements were performed at two Dy + 3He target densities,
@ = 0.0585 and ¢ = 0.169 (relative to liquid hydrogen density) with an atomic
concentration of 3He csy, = 0.0469. The values of the effective rate of nuclear
fusion in dp*He was obtained for the first time: A\ = (4.5725) - 10%s (¢ =
0.0585); A\f = (6.9735). 1055 (p = 0.168). The J = 0 nuclear fusion rate in
dp*He was derived: Af=0 = (9.73:%) - 10°s™! (o = 0.0585); Ay=0 = (12.4777) -
10557 (¢ = 0.168).

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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1. INTRODUCTION

The formation of muonic molecules of hydrogen isotopes and their nuclear
reactions have been the subject of many experimental and theoretical studies [1-
8]. As to the studies of formation of charge-asymmetrical muonic molecules
like huZ (h = p,d,t, Z are nuclei with a charge Z > 1) and their respective
nuclear fusion, the situation is slightly different. What gave an impetus to study
such systems was the theoretical prediction and experimental observation of the
molecular mechanism for charge exchange (MMCE) of pu atoms on He nuclei [9,
10]. Essentially, the mechanism is reduced to the following. Colliding with a
He atom in a H-He mixture (H = Hy, Dy, T5 and He = 3He, “*He), the muonic
hydrogen atom forms a muonic complex huHe in the excited 2po state. In the
case of a deuterium—helium mixture, the complex may then decays from this state

(see Fig. 1) via one of three channels
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Fig. 1. Scheme of p-atomic and p-molecular processes occurring at stops of negative
muons in the Do + 3He mixture
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If He = 3He, fusion reactions may occur

s
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Thus, the fusion proceeds by the formation of a dy atom, which, when incident on
a 3He atom, forms the du®*He molecular system. This molecule has two primary
spin states, J = 1 and J = 0 *; formation favors the former, fusion the latter [11].
In Egs. (la—c), A, is the (duHe)* molecular decay channel for the 6.85 keV
~-ray emission, ). for the Auger decay, and A\, for the break—up process. The
duHe molecule is formed with a rate Agyge. The main fusion process, Eq. (2a),
occurs with the rate Ay, whereas reaction (2b), with the associated rate A¢r has
a branching ratio on the order of 10~(+%) [12].

Interests in further study of charge-asymmetrical systems was caused by first
getting information on characteristics of the strong interaction in the region of
ultralow energies. Secondly, it allows us to test the problem of three bodies
interacting via the Coulomb law. More precisely, these studies may allow us to

— check fundamental symmetries and to measure the main characteristics of
the strong interaction in the region of astrophysical particle collision ener-
gies (~ keV) in the entrance channel. It should be mentioned that nuclear
fusion reactions in charge-asymmetrical muonic molecules are characterized
by the same astrophysical range of energies [13];

— test the calculation algorithm for rates of nuclear fusion reactions in p-mo-
lecular complexes as well as for partial rates of decay of these asymmetrical
complexes via various channels;

— solve some existing astrophysical problems.

*J denotes the total angular momentum of the three particles.



By now the experimental discovery of the MMCE has been confirmed in a number
of experiments on study of muon transfer from hu to the He isotopes.

Formation rates of the charge-asymmetrical duHe, and puHe systems were
measured [14-23] and calculated [24-32] with quite a good accuracy, and partial
decay rates of such complexes were found.

Table 1. Experimental and calculated nuclear fusion rates, in s~ !, in the du*He complex.
Ay is the effective rate of fusion reaction (2a), )\fzo and )\le are the rates of fusion
reaction (2a) in the d;>He complex in the J = 0 and J = 1 states, respectively

Experiment
Refs. [33] [34] [35] [36]
Af <7100 <1.6-105 <6-10 <5-10°
Theory
Refs.  [26] [37] [38] [39, 40]  [41] [42]
Ap=0 3-108 3.8-10% ~10% 101! 1.9-10°
A=t 100 6.5 - 102

In the past five years interest in studying charge-asymmetrical complexes
and in particular fusion in the du3He system has revived. Table 1 presents
the calculated fusion rates of deuterium and 3He nuclei in the du®He complex
in its states with the orbital momenta J = 0 and J = 1 and the experimental
upper limits of the effective fusion rate, A #, in the molecule averaged over the
populations of fine-structure states of the du®He complex.

The experimental study of nuclear fusion in the du®He molecule is quite
justified as far as detection of the process is concerned because there might
exist an intermediate resonant compound state °Li* leading to the expected high
fusion rate which results from quite a large value of the S-factor for the d®He
reaction [43]. However, as follows from the calculations presented in Table 1,
the theoretical predictions of the fusion rate in this molecule show a wide spread
in value from ~ 10°s~! to 10!t s~ 1

The nuclear fusion rate in muonic molecules is usually calculated on the basis
of Jackson’s idea [44] which allows the factorization of nuclear and molecular
coordinates. In this case the nuclear fusion rate Ay is given by

Af = M7 X |Wee(0)]7, (3)

which is defined by the astrophysical S-factor, the reduced mass of the system
M, the charges of nuclei in the muonic molecule Z; and Z5, and the three-body



system wave function W,.(0) averaged over the muon degrees of freedom and
taken at distances comparable with the size of the nuclei, i.e., for » — 0 because
of the short-range nature of the nuclear forces.

It should be mentioned that, strictly speaking, asymmetrical muonic molecules
(Z1 # Zs) do not form bound states but correspond to resonant states of the
continuous spectrum. In this case an analogue of Eq. (3) is given in Ref. [38] as

S 1 Mk

L |W,.(0)]?, 4
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Ap =

where [ is the orbital quantum number of the resonant state, kg is the relative
momentum corresponding to the resonant energy, I' is the width of the molecular
state and W,.(0) is the wave function for the state of scattering at resonant energy.
In the limit of a very narrow resonance when I' — 0 Egs. (3) and (4) coincide.
However, one should take into account the asymptotic part of the wave function
responsible for an in-flight fusion, including the possible interferences between
the resonant and nonresonant channels.

Let us briefly discuss the calculated nuclear fusion rates in the du>He reac-
tion presented in Table 1. The value given in Refs. [26, 37] were given with
some references to a calculation by Kamimura but without any references to the
calculation method. In Ref. [38] the author used a small variation basis and the
experimental value of the astrophysical factor S =~ 6.32MeV - b and found the
nuclear fusion rate in the du>He molecule in the J = 0 state to be 3.8 - 106 s—1.

In Refs. [39, 40] the nuclear fusion rate in the du®He complex from the
J = 0 state was calculated by various methods. Since the nuclear fusion rate in
the 1so states of the du>He molecule is much higher than the fusion rate form the
2po state (because of a far smaller potential barrier), the under-barrier 2poc — 1so
transition was calculated with finding the transition point in the complex r-plane.
This procedure is not quite unambiguous and therefore the nuclear fusion rate in
the du®He molecule was calculated in an alternative way by reducing it to the
S-factor and using experimental data on low-energy scattering in *He (dp) *He
reactions from Ref. [39]. However, the procedure of an approximation of the
experimental data for the ultralow energy region leads to some ambiguity of the
results. The results of the calculation by the above two methods may differ by
a factor of five for the ¢;3He molecule and by a factor of three for the du’He
molecule in question [40].

The highest nuclear fusion rate was obtained in Ref. [41]. Unlike the case
in Ref. [40], where the barrier penetration factor in the 2po — 1so transition
was evaluated, in Ref. [41] the contribution from the 1so state to the total wave
function at small internuclear distances r» was determined. The determination of
the contribution from this state to the total mesomolecule wave function at small
distance requires the solution of a multichannel system of differential equations,
which is a complicated problem because of the singularity of the expansion



coefficients at small distances 7 — 0. As to the results of Ref. [42] given in
the last column of Table 1, it is difficult to judge the calculation method used
because the method for calculation the wave function at small distances was not
presented in the paper.

Different results of calculations of the fusion rate in the du3He molecule
reflect different approximations of the solution to the Schrodinger equation for
three particles with Coulomb interaction. The main uncertainty is associated
with the results at small distances and hence follows the spread of the calculated
values for the nuclear fusion rate in the du®He molecule given in Table 1. When
the adiabatic expansion is used, the important problem of convergence of this
expansion at small distances is usually ignored. Such problems vanish if the
direct solution of the Faddeev equations in the configuration space is performed
in Refs. [45-47]. For this reason the calculation of the fusion rate in the du?’He
molecule using Faddeev equations in order to adjudge discrepancies between
different theoretical results becomes very actual problem.

Much less has been done to study the nuclear fusion reaction in the du3He
experimentally. The estimations of the lower limit for the fusion reaction (2a)
rate, has been done by a Gatchina — PSI collaboration using an ionization cham-
ber [33-35]. Their results (see Table 1) differ by several orders of magnitude.
Another experiment aimed to measure the effective rate, A #,p» Of nuclear fusion
reaction (2a) was performed by our team [36]. A preliminary result, also as
estimation of lower limit, is shown in Table 1.

The goal of this work was to measure the effective rate, A t of nuclear fusion
reaction (2a) in the du®He complex with the formation of a 14.64 MeV proton
at two Dy + 3He mixture density values.

2. MEASUREMENT METHOD

Figure 1 shows a slightly simplified version of the kinetics to be considered,
when negative muons stop in the Dy + >He mixture. The information on the
fusion reaction (2a) rate in the du®He complex can be gained by measuring the
time distribution, dN,/dt, and the total yield, IV, of 14.64 MeV protons. These
quantities are derived from the differential equations governing the evolution of
the J = 1,0 states of the du>He molecules.

Establishing the time dependence of the number of du®He molecules,
N (‘1]“3He(t), for the two possible states J is sufficient to predict the time spectrum
of the fusion products. In the following, we will include the effective transition
rate 5\10 of the du3He complex between the states J = 1 and J = 0. The 5\10
transition is important if the )\} and )\(} rates differ strongly from one another, and

an appropriate value of Ao permits the two rates to be measured. This possibility
can be checked by measuring the fusion rates using different concentrations and



densities which should also help clear up the questions surrounding the mecha-
nism of the 5\10 transition [48], which is predicted to scale nonlinearly with the
density.

There is a direct transfer rate from ground state du’s to >He’s but that rate
is about 200 times smaller than the Mgy, rate and will be ignored [49]. No
hyperfine dependence on the \jsp, formation rate is expected since the molecular
formation involves an Auger electron and bound state energies of many tens
of electron volts [9]. Using the expectation that the du>He is formed almost
exclusively in the J = 1 state, the solution for the fusion products from the
J =0 and J = 1 states is relatively straightforward given the dy population. The
recycling of the muon after duHe fusion will be ignored due to the extremely
small probability of the fusion itself, and thus the system of equations decouples
into the dp®He sector, and the dd-fusion sector (where cycling will be considered).
Since there is no expectation of a J = 0 to J = 1 transition, i.e., g1, the du?’He
sector is easily solved.

Formation of dud molecules from a dy in hyperfine states F' = 3/2 and
F = 1/2 is given by the effective rate A\p, whereas the branching ratio Sp
and sticking probability wgy model the number of muons lost from the cycle by
sticking. In both the initial condition on the number of du atoms, and in the
cycling efficiency after dd fusion, q;s represents the probability for a du atom
formed in an excited state to reach the ground state [18]. Finally, Wy, represents
the probability that the muon will be captured by a deuterium atom given that
there are both Dy and ®He in the mixture:

Cq _ XD2
cq + Acsye Xp, + A Xsy,

Wq = )

where cq and csp, are the deuterium and helium atomic concentration. A is the
relative muon atomic capture probability by a *He atom compared to deuterium
atom, and A’ is the same ratio measured with respect to gas fraction concentrations
(X). The previous experimental measure exists for Dy +3He (A = 1.740.2) [33,
50, 51], and theoretical calculations for A’ have been made by J. S. Cohen [52]:
for Dy +3He : A’ = 0.78 and for HD +3He : A’ = 0.68. Our gas mixtures
have csg, = 0.0496(10) and thus Xsy, = 0.0946(20). By atomic concentration,
and using the experimental value, we get W, = 0.92(2). Using theory and the
gas fraction the result is the same, Wy = 0.92. Using our own experiment [53],
A =1.67703 to determine Wy leads also to the exact same value.

The differential equations governing the evolution of the J = 1,0 spin states
of the du®He molecules are (see Fig. 1):

1
d Ndp,:”He

7 +pcseAasneNay — AsNi, e (6)



0
d Ndu?’He

dt
where g, is the number of dj: atoms and with the definition

= +;\10N(§;L3He - )‘(X))N((i)p3He’ @)

AL = oA AT AT Y, ®)
AL = (Mo A0 AT H A0 A0, ©
and
/\du = A0 + @C:‘HeAd:’He
+ peadr [1 — Waqis(1 — Brwa)] - (10

The yield for protons between two given times after the muon arrival, ¢; and %o,
is:

Yo(tita) = Y, (t1,t2) + Y, (t1,12)
~ ND/Ee. Ar ¢CsneAdas e WadisEyEp , a1
As Adu

where the difference in time exponents has been defining as the yield efficiency:
ey = (eMnft — erant2) (12)

and with the effective fusion rate defined as

5\ _ )\J:1 )\% )\J:O 5\10 13
A C A W TR A W Tl (13)
10 + Ay 10 + Ay

Ao + AL
Ay = Q2 tAn ) (14)
Ao + A%

In the above equations, XV, B /He i the number of muons stopped in the Do + 3He
mixture and ¢ is the mixture atomic density relative to the liquid hydrogen density
(LHD, Ny = 4.25-1022cm™3).

When protons are detected in coincidences with muon decay electrons, later
on called the del-e criterion, the fusion rate from Eq. (11) takes the form

~ Yp(tl,l‘,g)/\(mx\z

Af = ) (15)
! N/E)/He

Wy q1s ¢ C3He>‘d3HeEp EeEtEY
where €. is the detection efficiency for muon decay electrons and ¢; defined as

£ = e—/\otini _ e—/\otﬁn (16)



is the time efficiency depending on the interval during which we accept the muon
decay electrons. Note that Eqs. (11)—(15) are valid when the proton detection
times are ¢ > 1/As. The values €, and Ay are found through calculation.
Note an important feature of this experimental setup: A ¢ is found by using the
experimental values of Ag,, €c, Wq , Agspe, and qis.

The information on these quantities corresponds to the conditions of a partic-
ular experiment and is extracted by the analysis of yields and time distributions
of the 6.85 keV ~ rays from reaction (la), prompt and delayed x-rays of p>He
atoms in the Dy + 3He mixture and muon decay electrons. The quantity \gspe
is determined from Eq. (10) where 8 = 0.58, wq = 0.122(3) are taken from
Ref. [54]. Ar = 0.05-10%s7! is taken from Ref. [55]. The rate Aq, is the slope
of the time distribution of v ray from reaction (la).

The procedure of measuring ¢is, Agspge. Wa . €e, A and A, (the partial
probability for the radiative du>He complex decay channel) as well as our results
are described in detail in our previous work [56].

3. EXPERIMENTAL SETUP

E The experimental layout (see Fig. 2) was

Sigp e " described in detail in Refs. [23, 56, 57]. The
e 1 Siz experimental facility was located at the uE4

E p — beam line of the PSI meson factory (Switzer-
\|:| v { land) with the muon beam intensity around
[Gey | T Ge,, 2-10%s™'. After passing through a thin plastic
entrance monitoring counter muons hit the tar-

H ———_ get and stopped there initiating a sequence of

. . processes shown in Fig. 1. The electronics are

Sipo \\E protected from muon pileup within a £10 us
Gey B ' time gate so pileup causes a 30% reduction in

bo the effective muon beam. Thus, we have a

(')—'—1(')(”“ number of «good muons», called N, stopping

in our target.
Fig. 2. Apparatus used in the yE4 Three pairs of Si(dE — F) telescopes were
area. The view is that of the incom- installed directly behind 135 pm thick kapton
ing muon. Note that the T1 and TO windows and a 0.17 cm® germanium detector
scintillators are not shown. The la- behind a 55 pm thick kapton window to detect
bels are explained in the text the 14.64 MeV protons from reaction (2a) and

the 6.85 keV ~ rays from reaction (la), respec-
tively. The Si telescopes with a 42 mm diameter were made of a 4 mm thick
Si(E) detector and a thin, 360 pum thick, Si(dE) detector, respectively. An as-
sembly of Si detectors like that give a good identification of protons, deuterons,



and electrons based on different energy losses of the above particles in those
detectors. Muon decay electrons were detected by four pairs of scintillators,
Evp, Epo, Err and Ep g, placed around the vacuum housing of the target. The
total solid angle of the electron detectors was ~ 17%. The cryogenic target was
located inside the vacuum housing. The design of the target is described in detail
in Refs. [57, 58].

The analysis of the 6.85 keV ~-ray time distributions allows us to determine
the disappearance rate, Agy, for the du atoms in the Do + 3He mixture. Note
that the presence of a signal from the electron detectors during a certain time
interval (the del-e criterion) whose beginning corresponds to the instant of time
when the Ko, K3, and K+ lines of uHe atoms is detected makes it possible
to determine uniquely the detection efficiency for muon decay electrons. When
the del-e criterion is used in the analysis of events detected by the Si(dF — FE)
telescopes one obtains a suppression factor of 300 —400 of the background, which
is quite enough to meet the requirements of the experiment on the study of nuclear
fusion in the du>He complex.

Our experiment included two runs with the Dy + 3He mixture. The ex-
perimental conditions are listed in Table 2. In addition, we performed different
measurements with pure Dy, >He, and “He at different pressures and temperature.
Details are given in Ref. [23].

Table 2. Experimental conditions for the D + *He mixtures with an atomic concentra-
tion of helium csy, = 0.0496. NN, is the number of muon stopped in our apparatus

Run P,, MeV/c T,K p, kPa @, LHD Ny, 10°

1 34.5 32.8 513.0 0.0585 8.875
11 38.0 345 12244  0.1680 3.928

The germanium detector was calibrated using °°Fe and ®"Co sources. The
Si(dE — E) detectors were calibrated using a radioactive ?2Rn source. Before
the cryogenic target was assembled, a surface saturation of the Si(dFE) and Si(FE)
detectors by radon was carried out. The 222Rn decay with the emission of alpha-
particles of energies 5.3, 5.5, 6.0, and 7.7 MeV were directly detected by each of
the Si detectors. The linearity of the spectrometric channels of the Si detectors in
the region of detection of protons with energies 8 — 15 MeV was checked using
exact-amplitude pulse generators.

4. ANALYSIS OF THE EXPERIMENTAL DATA

Determination of the du®He Complex Formation Rate. By way of example
Fig. 3 shows energy spectra of events detected by the germanium detector in run [



without and with the del-e criterion. The rather wide left peak corresponds to the
~ rays with an average energy of 6.85 keV and the three right peaks correspond
to the K, K3, K+ lines of yHe atoms with energies 8.17, 9.68, and 10.2 keV,
respectively. As seen in Fig. 3, the suppression factor for the background detected
by the germanium detector with the del-e criterion is of the order of 103.
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Fig. 3. Energy spectra of the events detected by the Gegs detector in run I without (O) and
with (@) the del-e criterion

Figure 4 shows time distributions of 6.85 keV + rays resulting from radiative
de-excitation of the du>He complex in runs I and II. The distributions were
measured in coincidences with delayed muon decay electrons. The experimental
time distributions of  rays shown in Fig. 4 were approximated by the following

expression:

dN.
TV = BYe Mt 4 0ot 4 DY (17)

where B, C7, and D" are the normalization constants. The second and third
terms in Eq. (17) describe the contribution from the background. The analysis of
the time distributions of the 6.85 keV -~y rays yielded values of Ag, and thus the
formation rates A\ s3p.. Results are given in Table 3.

Table 3. Parameters used to determine the formation rates ), 3;.,. The value W, =
0.92(2) was used for both runs

Run q1s Ay, 108 s71 Ag3Her 106 s71

I 0882(18)  1.152(36)stat (30)syst  240(13)stat (15)syst
I 0844 (20) 2.496(58)stat (100)ayst  244(6)star (16)syst
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Fig. 4. Time distributions of the 6.85 keV ~« quanta resulting from radiative de-excitation
of the du®He complex obtained in coincidences with the muon decay electrons in run I

The systematic error is larger than the uncertainty of the result caused by
various possible model of the background, including the case where it is equal
to zero (e.g., when time structure of the background is inaccurately known). We
describe the procedure of determining A;sy, in more detail in Ref. [39].

Number of Muon Stops in the D5 +>He Mixture. The number of muon stops
in the Dy + 3He mixture was determined by analyzing time distributions of events
detected by the four electron counters. We detailed this matter in Refs. [23, 31,
57]. Here it is pertinent to dwell upon some particular points in determination of
this value.
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Fig. 5. Time distributions of muon decay electrons measured in run I. The solid curves
are the results of fitting its components (see Eq. (23)): 1 — Au; 2 — Al; 3 — Do + 3He;
4 — constant background

By way of example Fig. 5 shows the time distribution of muon decay elec-
trons measured in run I. To determine the number of muon stops in the du>He
the time distribution of the detected electrons, dN. /dt, is approximated by an ex-
pression which is superposition of four exponents and a background of accidental

11



coincidences
dNe e _—Aat e —AAut e _—AHet e —Aot e
W:AAle T+ Af e A+ AR e e + Afe + B®, (18)

where AS,, AS.,, A%, and Af), are the normalized amplitudes with

AS = N/Qidee  i=Al Au, He, D, (19)
and
Aal = Qar- Ao+ ACAalpa
A
Au = Qau- Ao+ Acap, (20)
)\He = /\0 + /\E:p
21

are the muon disappearance rates in the different elements (the rates are the
inverse of the muon lifetimes in the target wall materials). In reality, Eq. (18) is
an approximation of a more complex equation, which can be found in Ref. [59].
The different rates are \g = 0.455 - 10%s~! and A¢ = 2216(70)s~! [60]. The

cap
nuclear capture rates in aluminum and gold, )\‘CAalp = 0.7054(13) - 10°s~! and
A?a‘;, = 13.07(28) - 10571, are taken from Ref. [61]. Qa; and Qa, are the

Huff factors, which take into account that muons are bound in the 1s state of
the respective nuclei when they decay. This factor is negligible for helium but
necessary for aluminum @} = 0.993 and important for gold Qa, = 0.850 [61].
The constant B¢ characterizes the random coincidence background.

We denote N, as the total number of muon stops in the target, N MAI, N, MA“,

and N,]?/He as the numbers of muon stops in Al, Au, and the gaseous Dy + 3He

mixture, respectively. Thus, we have the relation
N, = N}M+ N ND/He, (22)

Since the muon decay with emission electrons in the Dy + *He mixture
takes place from the 1s state of the du or p?He atom, the third and fourth
terms in Eq.(18) will differ only by the values of the amplitudes Af;, and Af
because the slopes of both exponents are practically identical (A\ge = 0.457 us™!,
Ao = 0.455 us~'). In this connection the following simplified expression was

used to approximate experimental time distributions of

dN,
dt
Under~ our experimental conditions of runs I and II, we obtained the effective
rates Ap/pe = 0.4563 us~* and 0.4567 us™, respectively. With these effective

= Afje Mt AG e Mt AG e AD/mel 4 B (23)
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muon decay rates, the uncertainty in the calculated number of muon stops in the
gaseous Do +3He mixture is negligibly small as compared with the more rigorous
calculation of this value by Eq. (18).

The amplitudes in Eq. (19) are expressed in terms of the factors aaj, aay,
and ap /Hes defined as the partial muon stopping in Al, Au, and D, +3He mixture,

=

a; =

(3

=, Y ai=1 i=Al Au, D/He (24)
Ny -

take the new form

Af = NquQieeai. (25)

The electron detection efficiency, €., of the detectors Eyyp, Epo, Egr and
Err was determined as a ratio between the number of events belonging to the
K lines of the y®He atoms, found from the analysis of the data with and without
the del-e criterion,

, (26)

where N,_. and N, are the numbers of events belonging to K lines of the p>He
atom and detected by the germanium detector with and without coincidence with
the electron detectors. The measured experimental value is electron detection
efficiency averaged over the target volume. Table 4 presents the results.

Table 4. Electron detection efficiencies, ., in [%]

Run Detector

Eup Egrr Epo Erg All
1 4.77(16)  5.69(16) 4.91(16)  0.169(24) 16.40(31)
11 4.53(15) 5.89(18) 4.88(14) 0.114(39) 16.34(39)

€e 4.65(12)  5.79(12)  4.89(12)  0.148(23)  16.37(22)

The electron detection efficiency of the detector Ep g is considerably lower
than that of each of the other three electron detectors. This is because the material
(Al, Fe) layer which the muon decay electron has to pass through in the direction
of the detector Ep g is thicker than material layers in the direction of the other
electron detectors.

Table 5 lists the values of the fraction of muons stopped in the Dy + 3He
mixture, ap,me, found from the analysis of the time distributions of the events
detected by the four electron detectors in runs I and II. Note that when the ap /e
fraction, was calculated by Eqgs. (24) and (25) it was assumed that the electron
detection efficiency by each of the detectors Eyyp, Epo, Err and Ep g did not
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Table 5. Fraction of muons stopped in the gaseous deuterium-helium mixture found by

the absolute method. N, E /¢ is the number of muons stops in the D2 -+ >He gas mixture

Run ap/Hes % NP/He 109
I 47.5(6)stat (30)syst 4216
I 66.6(10)stat (39)syst 2.616

depend on the coordinates of the muon stop point in the target (be it in the target
walls or in the Dy + 3He mixture).

The systematic errors were determined as one half of the maximum spread
between the ap/pe values found from analysis of the time distributions of the
electrons detected by each of the electron detectors Eyyp, Epo, Err and Epg.
Note that the fraction of muons stopped in gas, ap /.. is a result of simultaneously
fitting all time distributions obtained with each of the electron detectors (and not
a result of averaging all four distributions corresponding to each of the four
detectors).

Determination of the Detection Efficiency for 14.64 MeV Protons. To de-
termine the proton detection efficiency, €,, of the three Si(dE — E) telescopes,
one should know the distribution of muon stops over the target volume in runs
I and II. The average muon beam momentum P,, corresponding to the maxi-
mum fraction ap,p. of muons stopped in the D2 + 3He mixture in runs I and
IT was found by varying the muon beam momentum Fu and analyzing the time
distributions of the detected electrons by Eq. (23). Next, knowing the average
momentum FH and the beam momentum spread, we simulated the real distribu-
tion of muon stops in runs I and II by the Monte Carlo (MC) method [62]. The
results of the simulation were used in another Monte Carlo program to calculate
the detection efficiency of each pair of Si(dE — FE) detectors for protons from
reaction (2a) [63]. The algorithm of the calculation program included simulation
of the muon stop points in the Dy + *He mixture and the du and p3He atom
formation points, the consideration of the entire chain of processes occurring in
the Dy + 3He mixture from the instant when the muon hits the target to the
instant of possible production of 14.64 MeV protons in the fusion reaction in the
dp3He complex. The calculation program took into account the proton energy
loss in the gas target, kapton windows and Si(dE — F) detectors themselves (in
the thin Si(dE) and thick Si(£) detectors). The proton detection efficiency ¢,
was calculated at the g1, Wy, and Mg, values (see Table 3) corresponding to
our experimental conditions. The scattering cross sections of du atoms on Dq
molecules were taken from Refs. [64-66].

We ceased tracing the muon stopped in the target when

a) the muon decays (1~ — €~ + v, + Ie);
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b) the muon is transferred from the deuteron to the *He nucleus with the
formation of a 3Heu atom;

¢) nuclear fusion occurs in the du®*He complex;
d) a ddu — p 4+t 4+ p reaction proceeds in the ddy molecule.

Note that the algorithm of the program also involved the consideration of the
background process resulting from successive occurrence of the reactions

dp+d — ddp — *He (0.8 MeV) +n
+
d — a+p(14.64MeV). 27)

Reaction (27) is called d®He «fusion in flight».

) o o e e e

o e =
= =)
e =

<
~
P

Fusion cross section (total), b

<
)
T

e
=3

S e A E N S S,
0.2 0.4 0.6 0.8 1.0
Energy of 3He, MeV

Fig. 6. Cross section for the reaction SHe+d — *He+ p in flight (reaction (27)) as a
function of the *He nucleus—deuteron collision energy. The solid curve is the result of
averaging the entire bulk of the present experimental data

In our calculations we used the dependence of the cross section for re-
action (27) on the He deuteron collision energy, averaged over the data of
Refs. [67-72]. Figure 6 displays the cross-section dependence on the 3He
deuteron collision energy. The program also took into account the energy loss of
3He nuclei in the Dy + *He mixture caused by ionization of *He atoms and deu-
terium molecules. The time distributions of protons from reactions (2a) and (27)
under the same experimental conditions have completely different shapes in ac-
cordance with the kinetics of processes in the Dy 4 3He mixture.

Figures 7 and 8 show the calculated time dependencies of the expected yields
of protons from reactions (2a) and (27) under the conditions of runs I and II.
Thus, there arises a possibility of selecting a time interval of detection of events by
the Si(dE — F) detectors where the ratios of reactions (2a) and (27) yields are the
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Fig. 8. Calculated time dependencies of the expected yields of the protons form reac-
tion (27) in runs I (@) and II (b)

largest. This, in turn, makes it possible to suppress the detected background from
reaction (27) to a level low enough to meet the requirement of the experiment on
the study of nuclear fusion in the dy:3He complex. Table 6 presents the calculated
values of some quantities describing kinetics of muonic processes in the Dy +3He
mixture and the process of detecting protons from reactions (2a) and (27).

Wy, is the total probability for the 3He formation (Esp, = 0.8 MeV) in the
D, + 3He mixture, as a result of the fusion reaction in the ddy molecule. WausHe
is the du*He complex formation probability and Wysy, is the probability for
d3He fusion in flight, following reaction (27), and W, is the branching ratio of
the muon decay via the u~ — e~ +v,, + U, channel. ¢, and Egjf are the detection
efficiencies of one Si(dE — FE) telescope for protons from reactions (2a) and (27),
respectively. 7, and ngf are the yields of protons from reactions (2a) and (27)
detected by the Si(dE — E) telescope per muon stop in the gaseous Dy 4 *He
mixture (the value of duHe fusion rate Ay = 10%s~1 was used for calculation
of 7,). There are some noteworthy intermediate results in the calculation of the
detection efficiencies for protons from reactions (2a) and (27). Table 7 presents
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Table 6. Calculated values of the quantities describing kinetics of muonic processes in
the Dy + 3He mixture. The probabilities Wy, Wa,3tes and Wysy, are given per
muon stop in the gaseous Dy + >He mixture

Run W3He’ Wdu3He’ Wd3He’ Wl“f’ Eps Eijf’ > nlj:f’

10—2 10-1 10-5 101 1072 1072 10=% 10°8
I 2.60 4.00 2.735 364 340 354 226 252
I 2.87 5.16 2.735 206  3.67 347 216 272

average energy losses of protons on their passage through various materials in
the direction of the Si(dE — F) detectors.

Table 7. Average energy losses, in MeV, of protons on their passage through various
materials

Run Ds +3He gas  Kapton window  Si(dE)  Si(E)

I 1.1 0.6 3.0 10.1
11 3.5 0.7 3.7 6.9
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Fig. 9. Two-dimensional distributions of events detected by the Si(dE — E) telescopes in
runs I (a) and II (b)

Figure 9 shows the two-dimensional distributions of events detected by the
Si(dE — E) detectors without coincidences with muon decay electrons in runs
I and II. The x axis represents the energy losses in the thin Si(dF) counters
and the y axis shows the total energy losses by the particle in both Si(dF) and
Si(E) detectors connected in coincidence. The distributions of events in Fig. 9
correspond to the detection of protons arising both from reactions (2a) and (27)
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Fig. 10. Two-dimensional distributions of events detected by the Si(dE — E) telescopes in
runs I (a) and II (b) with the del-e coincidence

and from the background reactions such as

u+3He — p+2n+ vy,
p+Al —Na* +p+n+uy,

+p+v,

+p+2n+ vy, (28)
u+Fe —Cr* +p+n+uy,

+p+ vy

+p+2n+v,.

In addition, the background which is not correlated with muon stops in the target
(background of accidental coincidences) contributes to these distributions.
Figure 10 shows the two-dimensional Si(dE—(E+dFE)) distributions obtained
in coincidences with muon decay electrons. As seen, the use of the del-e criterion
leads to an appreciably reduction of the background, which in turn makes it
possible to identify a rather weak effect against the intensive background signal.
To suppress muon decay electrons in the Si(dE — F) telescope, provision was
made in the electronic logic of the experiment to connect each of the electron
detectors in anti-coincidence with the corresponding Si(dE — FE) telescope. The
choice of optimum criteria in the analysis of the data from the Si(dE — E)
telescopes was reduced to the determination of the boundaries and widths of the
time and energy intervals where the background is substantially suppressed in
absolute value and the effect-to-background ratio is the best. To this end the
two-dimensional Si(dE — (dE + E)) distributions corresponding to the detection
of protons were simulated by MC method for runs I and II. On the basis of these
distributions boundaries were determined for the energy interval of protons from
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reaction (2a) where the loss of the «useful» event statistics collected by the Si
telescope would be insignificant.

Figures 11 and 12 show the two-dimensional Si(dE — (dE + E)) distributions
corresponding to the proton detection which were simulated by the MC method
for runs I and II. Based on these distributions, we chose some particular proton
energy intervals named AFs when considering the total energy deposited and
0 F when looking only at the Si(dF) detector (see Table 8) for further analysis.
The regions of events corresponding to the intervals 0 ' and AFy, are shown in
the form of rectangles on the two-dimensional distributions presented in Figs. 9
and 10.
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Fig. 11. Two-dimensional distributions of Si(dE — (dF + E)) events obtained in run I by
the Monte Carlo method and corresponding to detection of protons from reactions (2a) (a)
and (27) (b) in the time interval Atg;
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Fig. 12. Two-dimensional distributions of Si(dE — (dE + E)) events obtained in run II
by the Monte Carlo method and corresponding to detection of protons from reactions (2a)
(a) and (27) (b) within the time interval Atg;

It is noteworthy that the proton detection efficiencies given in Table 6 cor-
respond to these chosen proton energy intervals for runs I and II. The next
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step in the data analysis was to choose a particular time intervals of detection of
events by the Si(dE — E) telescope. Figures 11 and 12 show the simulated time
distributions of protons corresponding to the chosen energy loss intervals d F, for
the energy loss in the Si(dE) detector and AFEy = E + §F the energy loss in
both silicon detectors. For the chosen proton energy intervals Table 8 presents
the statistics suppression factors corresponding to different initial time, ¢y, (with
respect to the instant of the muon stop in the target) of the time intervals of
detection of proton events. These factors correspond to the ey value in Eq. (11).
The data in Table 8 are derived from time dependencies of the yields of protons
from reactions (2a) and (27) (see Figs. 7 and 8).

Table 8. Time factors for reactions (2a) and (27) for the chosen intervals of energies of
protons detected by the Si(dE — E) telescopes and detection beginning time, %y,

1 1

Run AFEys, MeV 6FE, MeV Reaction (2a), tyny, ps™ Reaction (27), tyny, ps™

00 02 04 07 0900 02 04 07 09

I [0 — o0] [0 —oc] |0.911 0.684 0.524 0.350 0.264|0.989 0.599 0.388 0.198 0.131
[11.7 — 14.2] [2.1 — 3.6]|0.878 0.659 0.505 0.337 0.254|0.438 0.263 0.171 0.090 0.058
11 [0 — o0] [0 — oo] [0.934 0.543 0.316 0.129 0.059(0.996 0.333 0.114 0.025 0.009

[8.0 —13.4] [2.1 —4.6]

0.904 0.525 0.306 0.125 0.057

0.752 0.252 0.084 0.018 0.006

According to the data given in Table 8, we took the following time intervals
Atg; (with tg; — the time for the Si signal to appear) for analyzing the events

Atg;i (run I) :
Atg; (run II) :

0.7<  tsi
04 < (29)

Lsi

Figure 13 displays the two-dimensional distributions of Si(dE — E) events
obtained in coincidences with muon decay electrons in runs I and II with this
time criteria imposed. With these time intervals Atg; and the proton energy loss
AFys and 0F intervals, the statistics collection suppression factors for events
from reactions (2a) and (27) are

=11.2,
=121,

Run I,
Run II.

kguste = 2.9, Kgste
kqusre = 3.2, kgsne

(30)
Another stage of the data analysis was the determination of the number of

events detected by the Si(dE — E) telescopes in runs I and II under the following
criteria:
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Fig. 13. Two-dimensional distributions of events detected by the Si(dE — E) telescopes
in runs I (@) and II (b) with the del-e coincidence and the time interval Ats; as defined in

Eq. (29)

(i) The coincidence of signals from the Si telescopes and electron detectors
in the time interval 0.2 < (. — tsi) < 5.5us (t. is the time when the

E detector signal appear).

e: = 0.83 when determining the rates.

Such a requirement add the efficiency factor

(ii) The total energy release in the Si(dE) detector is 0 F as given in Table 8.
This particular 6F interval will be called 6F. For the thin and thick

Si detectors together, we choose the smallest interval, namely AFxy

(11.7 — 14.2) MeV for run I and AEs, = (8.0 — 13.4) MeV for run IL

(iii) The time when the signal from the Si telescope appears, falls in the Atg;
intervals.

Table 9 presents the number of events NNV, detected in runs I and II under the
above mentioned criteria.

Table 9. Numbers of detected events, /V,, and sz f for the chosen 6 F and A Es; intervals,
taking into account the time intervals ¢. —ts;, and Atg;. Also the accidental coincidence
background, N3, as well as the total background, N,>°*&

Run N, N}/ ngiip 1071 Naee  Npoke
I 14 3802 4.2(9) 2505 6.3(6)
n 1 240 2.4 (11) L15)  3.5(5)

The contribution of the background events, NN, ff, given in Table 9 from
reaction (27) is found in the following way. The expected number of detected

21



protons from reaction (27) in runs I and II is calculated by

NI — Np,aD/HeW3Her3He5£fNSi€eEt
b = .

Egsme GV
Ng; is the number of Si(dE — E) telescopes and 1/kgsp, is the factor of back-
ground suppression by imposing the criteria (ii) and (iii). Using the values of
ap/He and N, measured in runs I and II, the calculated values of Wape, Waste,
el, Nsi, kgsne. 1, and Eq. (31), we obtained N/, which is given in Table 9.
Errors of the calculated Ng f arose from the inaccurate dependence of the cross
sections o sy for the d3He reaction in flight on the 3He deuteron collision en-
ergy and from the errors in the calculations of the detection efficiency of the Si
telescopes for protons from reaction (27). These errors were found by substituting
various experimental ogsy.(Fg3pe) dependencies [67-72] into the program for
the Monte Carlo calculation of the in-flight d®He fusion probability Wyspe.

Now it is necessary to find the level of the accidental coincidence background
by analyzing the experimental data from runs I and II. To this end the two-
dimensional distribution of events detected by the Si(dE — FE) telescopes was
divided into three regions which did not include the separated region of events
belonging to process (2a). Considering the boundaries of the intervals §F and
APFEs of energy losses of the protons from reaction (2a) we used three regions,
A, B, and C, of the two-dimensional  E — A Ex; distributions for determining the
background level. The regions are given in Table 10.

Table 10. Three regions of division of two-dimensional () ¥ — A FEs) distributions. All
energies are given in MeV

Region A Region B Region C

Run AEE [ AEE oF AEE [

I 0-117 36-6 0-11.7 0-36 142-25 18-6
11 0-8 46—-6 0-8 0—-46 136-25 15-6

The level N7 of the background of the accidental coincidences of signals
from the Si(dE — F) telescopes and the electron detectors for the given three
regions of the two-dimensional 6 ¥ — AFEyx distributions and the corresponding
suppression factor of the accidental background in the Si telescopes, 7g;— g, are
defined as

N2 = Nnsi- &, (32)
> N
NSi—-F = — = (33)
2 NG
7 S
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where Ngi is the number of events detected by the three Si(dE — FE) telescopes
and belonging to the selected (0E — AFEy,) region of detection of protons from
reaction (2a). N&,_ and N§, are the numbers of events detected by the ith
Si(dE — E) telescope with and without del-e coincidences and belonging to the
other (0E — AFy) intervals. Note that the degree of suppression of the accidental
coincidence background was determined not only by averaging the data obtained
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Fig. 14. Two-dimensional distributions of
events detected by the Si(dE — E) tele-
scopes in a run with pure deuterium with
the del-e coincidences and within the Atg;
interval. The rectangle is the region B cor-
responding to the energy intervals §F and
AFEs for the run with the D2+ >He mixture
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Fig. 16. Two-dimensional distributions of
events detected by the Si(dE — F) tele-
scopes in the run with pure >He with the
del-e coincidence and within the Atg; in-
terval. The rectangle is region A corre-
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with the D, + 3He mixture but also in additional experiments with the targets
filled with pure “He, Do, and 3He whose densities were p ~ 0.17, 0.09, and
0.035, respectively. This guaranteed an identical ratio of stops in the target walls
and in the gas in the experiments with 4He, Do, and the Dy + 3He mixture
(¢ = 0.168) and in the experiments with the Do + 3He mixture (¢ = 0.0585)
and He. Figures 14, 15, and 16 display the two-dimensional distributions of
background events detected by the Si(dE — F) telescopes in the experiments with
4He, Do, and *He.

The values of ng;—g and N;CC are given in Table 9 for runs I and II. The
total number of detected background events, N;Ckg , which belongs to the analyzed
region of energies (0 E — AFEy) of protons from reaction (2a) and met the criteria
(1)—(iii) were defined as

Npke = NJI 4 Nace (34)

and are also given in Table 9. The uncertainties of N;Ckg include both statistical
and systematical errors.

Based on the measured values N, and the calculated values N;’Ckg and
following Refs. [73-75], we found the yields of detected protons, Y, from
reaction (2a) in runs I and II

Y, = 77t munl,

Y, = 75735  runlL (35)
The errors of Y), are found in accordance with Refs. [73-75] dealing with analysis
of small statistical samples. In view of Eq. (11) and the measured values Y}, the

effective rate of nuclear fusion in the du®He complex is obtained from Eq. (15).
It can be written as

L Adu)s Y,
! NMaD/Her di1s 50C3He>\d3He Ep€e €t€y.

(36)

The values of S\f and Ay corresponding to the conditions of runs I and II are
given in Table 11. Using Eq. (13) and the measured effective rates of nuclear
fusion and assuming that /\} < /\(} [42], one can get hypothetical estimates of
the partial fusion rate in the du®He complex in its states with the total orbital
momentum J = 0 o
Ar (o +A3)
A10
Table 11 also presents the values for )\;zo found in runs I and II.
The averages A% = 6-101s71 and AL, = 71011 s~ (averaging over the
data [26, 27, 30-32, 39, 76]) were used to get the values presented in Table 11.
As to the effective rate for transition of the du3He complex from the state with

A0 = . (37)
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Table 11. Effective rates of the 1 — 0 transition, 5\10, and the nuclear fusion rates in
the du*He complex

Run  Xjo, 1011571 A1=0,10%s71 X, 10°s71 Mg, 101 s7!

I 52 9.7+5 7 4.5128 6.54
1 7.5 12,4782 6.9738 6.44

the angular momentum J = 1 to the state with J = 0, it was calculated with
allowance for the entire complicated branched chain of processes accompanying
and competing with the rotational 1 — O transition (see Table 11). The chain of
these processes is considered in detail in Refs. [11, 77-79]. The effective rates
of nuclear fusion in the du®He complex found by us in runs I and II coincide
within the measurement errors. This is also true for the d®He fusion rates )\fzo
obtained by Eq. (37). A comparison of the measured A;ZO with the theoretical
calculations shows rather good agreement with [39], a slight discrepancy with
Refs. [38, 42] and considerable disagreement with Refs. [37, 41]. The cause of
this disagreement is not clear yet as also is not clear the discrepancy between )\JJ;:O
calculations in Refs. [37-39, 41] (see Table 1). Note that the theoretical papers
(Refs. [37-39, 41, 42]) yield estimates with a different degree of approximation.
A correct comparison of the experimental and theoretical )\fzo is possible only
after carrying out some experiments with the Dy + *He mixture ruling out model
dependence on the effective rate of transition of the du®He complex from the
J =1 state to the J = 0 state.

A comparison of the results of this paper with the experimental ones [35]
reveals appreciable disagreement between them. The shortened form of presenta-
tion of the results [35] does not allow us to find out sufficiently well the cause of
this considerable disagreement. Note, however, some results of the intermediate
calculations which, to our mind, disagree with the real estimates of the calculated
quantities.

1) According to Ref.[35], the fraction of the du atoms which were formed
in the excited state under their experimental conditions and came to the
ground state (per muon stop in the target) is Cg4,, = 0.8. The quantity Cy,
is defined as

1 "
Cap = 5 Wp.a(dtl +ail), (38)

where W, 4 is the probability for direct muon capture by the HD molecule
followed by formation of the muonic hydrogen atom or the excited du
atom. ¢" and ¢ are the probabilities for the transition of the py and dy
atoms from the excited state to the 1s ground state. According to Refs. [21,
56, 80, 81], under the Maev et al. experimental conditions the values of
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the quantities appearing in Eq. (38) were W, 4 = 0.92 ¢{!' = 0.5, and
q‘fﬁ = 0.8. Thus, as follows from our estimation, Cg,, = 0.6 and not 0.8 as

had been stated.

2) The number of du*He complexes formed in the course of data taking in
their experiment was defined as

A3
Nyuse = Nucdu% , (39)
o

and corresponds to Ny, spe = (4.940.4) - 108.

According to our estimations, the quantities Ag,3te, Adu> Apdp (pdpr mole-
cule formation rate), and Ng,3pe had the values Agyspe = 1.32 - 106 s~ 1
(¢ = 0.0975, cage = 0.056, )\23He =2.42-10% s71) [56]

Ao + >\du3He<pC3He + Apdp,socp + 5\FWdSDCd
2.05-10% s7¢ (40)

Q

Adu

Apdp = 5.6 - 10%s!, which yields Ny,spe ~ 3.7 - 10%s™! instead of
(4.9 4 0.4) - 1035,

3) Their ionization chamber detection efficiency for protons from reaction (2a)
was defined as ¢ = g, and found to be ¢ = 0.082, where eg = 0.13 is the
selection factor for events detected in compliance with certain amplitude
and geometrical criteria, €, = 0.63 is the time factor to take of the fact that
the detected events were analyzed in the time interval 0.4 < ¢ < 1.8 us.
According to our estimation, e, = e Mrtt — e~ranlz — (.44, because
under their experimental conditions the dj disappearance rate is Ag, ~
2.05 x 106571, ¢; = 0.4 us, and ¢ = 1.8 us.

As can be seen, taking into account only the above items alone the upper limit of
A ¢ is, to our mind, appreciably underestimated in the work of Maev et al. An-
other cause of this underestimation might be the improper background subtraction
procedure because they determined the background level using information from
earlier experiments [34] carried out under different conditions and at an exper-
imental facility which was not completely analogous. In addition, it is slightly
surprising that the background from muon capture by 3He nuclei with the for-
mation of protons in the energy region near 14.64 MeV is estimated at zero in
Ref. [35]".

*According to Ref. [56], the fraction of protons from muon capture by the 3He nucleus in the

energy range 14.3 — 14.64 MeV per p2He atom is WfHe =2.1076.
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We believe that our \; measurement results are reliable, which is confirmed
by stable observation of nuclear fusion in both runs with the Do + *He mixture
differing in density by a factor of about three. Nevertheless, as far as the
experimental results obtained in this paper and in Ref. [35] are concerned, the
things are unfortunately uncertain and need clarifying.

There is a point important for comparison of the calculated )\JJ;:O with the
results of the previous experiments [35] and this paper. Measurement of )\fzo
is indirect because it is determined by Eq. (37) with the calculated effective rate
for transition of the du®He complex from the J = 1 state to the J = 0 state.
Therefore, )\JJ;:O is not uniquely defined and greatly depends on Ay, which in
turn is determined by the chain of processes accompanying and competing with
the 1 — O transition of the du®*He complex. To rule out this lack of uniqueness
in determination of )\fzo and, in addition, to gain information on the effective

1 — 0 transition rate Ajo and the nuclear fusion rate )\le in the dy®He complex
in the J = 1 state, it is necessary, as proposed in Refs. [77-79], to carry out
an experiment with the Dy + >He mixture at least at three densities in the range
¢ = 0.03 — 0.2, where not only protons from reaction (2a) but also 6.85 keV
~ rays should be analyzed. Analysis of the results reported in this paper and in
Ref. [35] makes it possible to put forward some already obvious proposals as
to getting unambiguous and precise information on important characteristics of
p-molecular (Ag,3He, 5\10) and nuclear (S\f, )\;zo, )#:1) processes occurring in
the Dy +2He mixture. It is necessary to conduct experiments at no less than three
densities of the (HD + *He) or (Hy + D2(1%) + *He) mixtures with detection of
both protons from reaction (2a) and 6.85 keV ~ rays, to increase at least three
times the detection efficiency for protons ¢, and for muon decay electrons ¢, in
comparison with the corresponding efficiencies in the present experiment.
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