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Introduction. Physical substantiation 

The study of mu-atomic and mu-molecular processes in mixtures 
of hydrogen isotopes with different chemical elements is an 
independent part of physics of exotic atoms. Theoretically, 
interest in these processes is due to the fact that the quantum 
mechanics problem of three bodies interacting under Coulomb's law 
is realized in its pure form in interactions of hydrogen mu-atoms 
with different elements. The pattern of mu-atomic and mu-molecular 
processes occurring after the stop of a negative muon in mixtures 
of the H +Z type is a multistage and multibranch series of 
processes that are essential both for nuclear fusion of hydrogen 
protons and for the study of fundamental reactions of weak 
interaction: M + p —»n + i> ; ji + d —» n +n + u . So, if one wants 
to interpret correctly the experiments on muon-catalyzed fusion of 
hydrogen isotopes and the experiments on fundamental reactions of 
weak Interaction, one must know characteristics of one of the 
concurrent processes, i.e. muon transfer from mu-atoms of hydrogen 
isotopes to admixture nuclei with Z > 1 that are found in 
hydrogen. Briefly, the pattern of processes occurring after the 
muon stop in a H+Z mixture is as follows. Entering the н+z 
mixture, a muon loses some of its energy because of adiabatic 
ionization and is captured by H and Z atoms, forming pu- and 
ZM-atoms in a highly excited state. Then muonic atoms aie 
de-excited through Auger and radiative transitions. According to 
ir-meson experiments, the de-excitation time of рц-atoms in liquid 
hydrogen is 10 - 1 2 s. Mu-atoms of hydrogen isotopes in the around 
state Is with the initial energy -1 eV, owing to their smaJ1 size 
(the Bohr radius of a dM-atom in the ground state is 
0.27xlO~iO cm) and electric neutrality freely penetrate through 
the electron shell of other atoms and molecules and come to their 
nuclei as close as about a mesoatomic length unity a = 
= 2.56xl0~" cm. The following processes may result from this 
proximity: 

a) elastic collisions between muonic atoms of hydrogen 
isotopes and protons, deuterons, tritons,- complex nuclei; 
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b) transitions between hyperfine structure levels of mu-atoms 
of hydrogen isotopes; 

c) transfer of muons from a light hydrogen isotope to a heavy 
one (isotope exchange reaction); 

d) transfer of muons from nuclei of hydrogen isotopes to 
nuclei of elements with Z > 1; 

e) formation of muonic molecules ррд, pdu, ptu, ddu, Atu, 
ttu. 

Below we shall describe the current experimental developments 
in the study of muon transfer from mu-atoms of hydrogen isotopes 
to nuclei of elements with Z > 1 and shall substantiate the 
necessity of further investigations in this field. It should be 
.mentioned that the method used to determine the parameters of the 
muon transfer process is based on the analysis of yields and time 
distributions of secondary particles: electrons from muon decays, 
mesic-X-ray ^-quanta emitted by Ẑ -atoras as a consequence of muon 
transfer from mu-atoms of hydrogen isotopes to nuclei with Z > 1, 
and products of nuclear fusion of hydrogen isotopes. Typical times 
of these processes are comparable with the time of free muon 
physics (r = 2.2xl0~6 s), so the secondary particles are usually 
registered in the 5+10 us interval with respect to the moment of 
the muon stop in matter. 

Time distributions of the mesic-X-ray ir-quanta from Z^-atoms 
and of electrons from muon decays in the Нг+ Z mixture are 
described by the following expressions: 
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where B is constant; A is the decay rate of a free muon (A = 
0.455xl06 s - 1 ) ; A , A p are the rates of ррд-molecule formation ррД z 
and muon transfer from рд-atoms to nuclei with Z > 1 reduced to 
the density of liquid hydrogen respectively; С , С are the atomic 
concentrations of hydrogen and the admixture with Z > 1 
respectively; <p is the H + SO mixture density with respect to the 
atomic density of liquid hydrogen (n = 4.25x10 cm ); A is the 
rate of muon decay in the Zn-atom orbit; A z is the rate of muon 

cap 
absorption by a nucleus with Z > 1. Jointly fitting the mesic-x-
ray y-quanta and muon decay electrons, one can unambiguously 
determine the value of A*. 

At present there are a lot of works, both experimental and 
theoretical, dealing with muon transfer from mu-atoms of hydrogen 
isotopes to nuclei Z. Noteworthy are recent experiments [1,2,3] 
with the H + SO mixture, whose results are surprising and have 
not been explained yet. 

The experiments [1,2,3] were carried out with the H + SO 
mixture at the PSI meson factory, the total pressure of the 
mixture being 13.3 atm and the molecular concentration of SO 
being 0.4%. Analyzing the time and energy distributions of 
mesic-X-ray jr-quanta from 0ц- and S(i-atoms, they have found that: 

1) the time distribution of 2f-quanta from Sn-atoms is 
described by one exponential with a typical time t = 110 ns; 

2) the time distribution of y-quanta from SM-atoms is 
described by superposition of two exponentials - the fast one 
(v' = 41 s) and the slow one (xz = 110 ns). 

The presence of two components in the time spectrum of the 
mesic X-ray radiation from Од-atoms cannot be explained in terms 
of the universally acknowledged mechanism of muon transfer from 
рд-atoms in the ground state to S and О nuclei. With this 
mechanism applied, the time distributions of mesic-X-ray r-quanta 
from Од- and S^-atoms must be described by one exponential with 
the index Л equal to 

P 
Л * A + С-»— (2Л + Л ) + А С ip. (3) 
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where C is the relative molecular concentration of SO.,; p is the 
molecular density of hydrogen in the target with respect to the 
density of liquid hydrogen; p is the molecular density of liquid 
hydrogen (p = n / 2 ) ; A and Л are the rates of muon transfer 

* э ч р 0 0 0 S 
from рм-atoms to oxygen and sulphur nuclei reduced to the liquid 
hydrogen density. 

Having obtained such an unexpected result, the authors of 
ref.[1,2,3] advanced a hypothesis that there can be two types of 
рд-atoms - "white" and "black". "White" рд-atoms are long-lived 
ones, from which muons can be transferred both to sulphur nuclei, 
at a rate Л , and to oxygen nuclei, at a rate A . "Black" рн-atoms 
allow muon transfer only to oxygen nuclei, the transfer rate being 
much higher than Л = Л (in the authors' opinion, "black" 
mu-atoms can correspond to an unknown intermediate state of the 
system - a muon-chemical complex). 

There are other experimental observations which must be 
explained. 

1) The ratio of the rates of muon transfer from рд-atoms to 
sulphur and oxygen nuclei к = Л /A measured in the experiment 
with the H + SC mixture differs from the ratio of earlier 
measured and calculated transfer rates [4]. 

2) There is no second component in the time distribution of 
mesic-X-ray jr-quanta from Su-atoms. 

3) The rates of muon transfer from рц-atoms in the ground 
state to nuclei Z, experimentally measured at different 
laboratories with different techniques [5-11], are very different. 
Besides, there are two groups of results on measurement of rates 
of muon transfer from рд-atoms to 4He nuclei, differing by a 
factor of 2.5 [12-14]. 

4) The probability ratio for atomic capture of muons A(H /Ar) 
in the H + Ar mixture is considerably smaller than the 
corresponding value for pions [1] and does not agree with model 
representations. The same is true for the value of A(H/SO.,) 
measured in the experiment with the H + SO mixture. 

5) There are two components in the time distribution of 
mesic-X-ray т-quanta emitted by Neu-atoms [15] as a consequence of 
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muon transfer from рд-atoms to Ne nuclei in the H + Ne mixture, 
and only one component in the H+ Ne + Ar mixture [11,15]. 

The authors of ref.[1,2,3,15] consider that all features 
mentioned may occur on the assumption that рд-atoms in the ground 
state differ by "colour" {"white" and "black") and thus their 
interaction with other atoms is of different character. 

This hypothesis is rightful only if no methodical ambiguities 
appear in setting up an experiment of this kind. 

As an example, let us consider the experiment with the H + 
SO mixture [1,2,3] and analysis of its results. In our opinion 
one of the reasons for the short-lived component in the time 
distribution of mesic-X-ray r-quanta from Oil-atoms is diffusion of 
рд-atoms, which are formed near the target walls in a layer as 
thick as the diffusion length, to the target walls followed by 
muon transfer from рд-atoms to oxygen nuclei (in the experiment 
[1] a target of stainless steel was used, so its inner surface was 
always covered with a Fe 0 film). According to our estimations, 
under the conditions [1,2,3] the time of diffusion of рд-atoms to 
the target walls is 50 ns, which practically coincides with the 
typical time measured for the short-lived component of mesic X-ray 
radiation. In this case it becomes clear why there is no a short
lived component in the time distribution of the mesic x-ray 
radiation from Sn-atoms. As far as the amplitude of this component 
is concerned, its estimated value also agrees with the results of 
the experiment. 

One more point should be mentioned. In the experiments 
[1,2,3] muon transfer from рд-atoms in the ground state to О and s 
nuclei was investigated in the epithermal region (рд-atoms were 
not thermalized) because the thermalization time for рд-atoms 
under the given experimental conditions is 200 ns. This adds more 
ambiguity to interpretation of the data obtained and does not 
allow their correct comparison with the results of other 
experiments. To test the hypothesis on existence of two types of 
рд-atoms ("white" and "black") and to describe the transfer 
mechanism correctly, one must first of all carry out experiments 
with the H + SO mixture under the conditions when the 
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contribution from diffusion of рд-atoms to the target walls is 
negligible and the thermalization time of рд-atoms is small as 
compared with the typical times of the process under 
investigation. This is possible if one uses a target filled with 
the H + SO mixture at a pressure P 2 100 atm. 

2 2 c 
In this connection we propose to perform the experiment to 

test the hypothesis on existence of "white" and "black" рд-atoms 
with using the following set-up. 

Experimental apparatus 

Figure shows a schematic view of the experimental apparatus 
installed in the muon channel of the low-background laboratory. 
Scintillation detectors 1, 2, 3, 4 register a muon stop in the 
target volume. A gas target T is placed inside a hollow detector 
4. The target is a stainless-steel cylinder 150 mm long, with the 
inner diameter of 50 mm and walls 2.0 mm thick. Mesic-X-ray 
зг-quanta from Од-atoms and SM-atoms (Е?ц = 133 keV, E* M = 519 keV) 
are registered by a Ge(Li)-detector 100 cm in volume. Muon decay 
electrons are registered by the detector 4. The muon stop signal 
123? triggers the gate 10 us long, and the jr-quanta and electrons 
are registered within this time. 

1 2 

M 

Fig. Experimental set-up. 

3 4 Ge(Li) 

T 
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Experimental conditions 

Two exposures are proposed: 
1) with a target filled with the H+ SO mixture at a 

pressure 120 atm (the molecular concentration of SO is 4.-10-5); 
2) with a vacuum target (the background experiment). 

Measurement technique 

The technique of measuring the rate of muon transfer from 
рд-atoms to 0 and S nuclei is based on approximation of time 
distributions of registered mesic-X-ray r-quanta from Од-atoms and 
S^-atoms and muon decay electrons by expressions like (1) and (2). 
rt should be mentioned that the joint analysis of these 
distributions allows one to determine partial rates of muon 
transfer from рд-atoms to oxygen and sulphur nuclei. 

Statistics 

If the muon beam intensity is I * 105 s ', the number of 
muon stops in the target volume with the H + S0Z mixture at the 
pressure of 120 atm (according to the muon beam parameters) is (1д 
= 4xl03 д/s. 

The yields of r-quanta of the К -series of Од-atoms (E'*1» 13 3 
kev) and Бд-а^тз (Е"^ 519 keV) per muon stop under the given 
experimental conditions (C = 4xl0~5, p/p - 0.16) can be determined 
as follows: 

"Г " WJbp-)-r " I-**»-4. 
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where K= 0.6, K= 0.8 are the coefficients of passing through 
walls for 133 keV and 519 keV respectively; K3= K4= 0.8 the 
relative intensities of К -series per Од- and Бд-atoms 
respectively; c'= 3.3-.10-3, e2= 1.2xl0_:) are the detection 

У У 
efficiencies for y-quanta of the К -series of Од- and Sji-atoms (in 
the photopeak region); Л= 8*10ш s~', Л$= ю " s-' are the rates 
of muon transfer from рд-atoms to oxygen and sulphur nuclei (the 
data are taken from ref.[llj); \ = 1.6*10 s~' is the rate of 
рд-atom disappearance (see expression (3)). 

To reduce the background from random coincidences and the 
background from muon stops in the target walls to 5%, delayed 
coincidences (within the 10-дэ gate duration) of y-detector and 
electron detector (detector 4) signals are used. 

In this case the experimental yields of mesic-X-ray y-quanta 
from Од-atoms and Бд-а^тв can be determined as follows: 

С - r°7\ ' 3.10-, (a, 
у - = У ; \ . 0.9*10-, (7) 

where e=0.6 is the detector 4 detection efficiency for tnuon decay 
electrons. The number of ye-coincidences registered in 1 hour is 

Nyf = V y f " 3 ' 6 " 1 0 3 ° 4-3*10J, (8) 
Ny* = N y S^ 3- 6^l° 3 * 1.3ч103 . (9) 

If there are really two components in the time distribution of 
y-quanta from Од-atoms (and the contribution of fast components is 
5%), one must have the full y-spectrum statistics of 10 events to 
determine the time constant of the fast component to 10%. Thus, 
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the data taking time in the muon beam is 30 hours. The background 
exposure duration is 10 hours. 
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Бруданкн п.П. и др. Д15-92-327 
Предложения по эксперименту "Проверка гипотезы 
о существовании "белых" и "черных" р/латомов" 

Работа посвящена анализу результатов эксперимента по иссле
дованию перехвата мюонов от рд-атомов к ядрам кислорода и серы 
в смеси Н 2 + 0,4% S0 2 , выполненного швейцарской группой на 
мезонной фабрике PSI. Сделанный авторами рассматриваемой 
работы вывод о существовании различных типов ("цветных") 
pfi-атомов ставится нами под сомнение из-за неучета ряда сопут
ствующих физических процессов, которые могут имитировать 
наблюдаемый эффект. С целью проверки гипотезы существования 
"цветных" р^-атомов предлагается постановка эксперимента, 
в которой влияние сопутствующих процессов сведено к минимуму. 

Работа выполнена в Лаборатории ядерных проблем ОИЯИ. 

Сообщение Объединенного института ялерных исследований. Дубна 1992 

Brudanin V.B. et al. D15-92-327 
Project of the Experiment to Test the Hypothesis on Existence 
of "White" and "Black" рд-Atoms 

This article is dedicated to the analysis of the experiment on the 
investigation of the muon transfer from рц-atom to oxygen and sulphur 
nuclei in the Н г + 0,4% S0 2 mixture performed by Swiss group on the 
meson factory PSI. We put under doubt the conclusion of the authors 
of the considered article about existence of the different types of pfi-
atoms ("coloured") because they didn't take into account a number of the 
accompanying physical processes which imitate the observed effect. 
With the purpose of the checking the hypothesis of the existence of 
"coloured" p^-atoms we propose the experiment in which the influence 
of the accompanying processes is minimal. 

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