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A diffusion cloud chamber in a magnetic field was employed to study a number of fJ. mesic 
atom processes in hydrogen. The following quantitative data have been obtained: the cross 
section for elastic scattering of Pf.J. mesic atoms on protons, app(L7:8:t> x 10- 19 cm2; the 
rates of the f.J.-meson transfer from protons to deuterons and complex nuclei ( C and 0 ), 
recalculated for the density of liquid hydrogen, A.ct = (0.95:~J1> x 1010 sec-1 and A.z 
= ( 1.2:~j) x 1010 sec- 1; the rate of formation of PPf.J. mesic molecules in liquid hydrogen, 
.., - (O 6+0.8) 106 -1 "PPf.J.- . -o.s x see . 

The experimental values of A.d, A.ppf.J.• and A.z satisfactorily agree with the theoretical 
ones. This confirms the mechanism of the processes proposed in the theory. The cross 
section Upp was found to be close to the theoretical value computed without taking the hy
perfine structure of the Pf.J. mesic atom into account. However, it is not excluded that fast 
transitions to the lower state with a total mesic-atom spin F = 0 may occur. 

The absolute value of A.d determined in the present work opens the possibility of finding 
the absolute probabilities of a large number of fJ. mesic molecular processes by employing 
it as a scale. 

1. INTRODUCTION 

THE experimental study of the capture reaction 
of negative fJ. mesons by protons 

fC + p -+ n + v (1) 

may yield important information concerning the 
weak interactions. Until recently, however, reac
tion (1) was among the practically unknown proc
esses involving the weak interaction of ordinary 
particles. The difficulties in its study were due 
not only to the small probability of occurrence, 
but also to a very large extent to the complica
tions in the interpretation of the direct experi
mental data as the result of various mesic-atom 
and mesic-molecular effects which precede the 
reaction. [1- 3] 

As has been shown in theoretical investiga
tions, [1, 4] the probability of reaction (1) depends 
on the spin state of the hyperfine structure of the 
fJ. mesic hydrogen atom ( F = 0 or F = 1 ) , and for 
hydrogen densities greater than 1019 nuclei/cm3 

the capture of fJ. mesons should mainly occur from 
the lower state of the mesic atom with F = 0. ( F 
is the total spin of the mesic atom.) 

The probability of f,J.-meson capture in hydrogen 
also depends substantially on the probability A.ppf.J. 

of the production of ppf.J. mesic molecules, [5-7] 

since the spin state of such mesic molecules is 
analogous to a mixture of the states F = 1 and 
F = 0. The experimental determination of A.ppf.J. 
and of the transition probability of the Pf.J. from 
the state F = 1 to the state F = 0 becomes there
fore especially important. 

The fJ. mesic molecular processes also deter
mine the catalysis of nuclear reactions by fJ. me
sons in the mixture of hydrogen isotopes, [8- 10] 

and although the basic experimental facts are in 
qualitative agreement with the theory, further 
experiments on the determination of such quanti
ties as the transition probability of the fJ. meson 
from the proton to the deuteron, the production 
probability of pdf.J. mesic molecules, and the prob
abilities of nuclear reactions in such mesic mole
cules, are also of interest. 

Because of the urgency of these problems, sev
eral expe~iments devoted to the study of mesic 
atom processes in hydrogen and deuterium were 
undertaken, using the synchrocyclotron of the 
Joint Institute for Nuclear Research. A high
pressure diffusion cloud chamber in a magnetic 
field was used in this experiment. In the present 
article we report the results of the first series 
of experiments on the scattering of the Pf.J. mesic 
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atoms on protons, on the determination of the tran
sition probability of the M meson from the proton 
to the deuteron, on the production of the PPM mesic 
molecules, and on the transfer of the M meson 
from the proton to complex nuclei. 

2. SCATTERING CROSS SECTION OF PM MESIC 
ATOMS ON PROTONS AND THE TRANSFER 
OF THE M MESONS TO COMPLEX NUCLEI 

The scattering cross section of PM mesic atoms 
on protons was calculated theoretically. [2, 6] It can 
be expressed through the scattering lengths ag and 
au of the PM + p system in the symmetrical ( ag) 
and anti symmetrical (au) states with respect to 
the permutation of the spatial proton coordinates. 
When the c.m.s. energies E of the PM mesic atom 
are much greater than the energy of the hyperfine 
structure of the hydrogen mesic atom, E » Eo (Eo 
f:::j 0.2 eV ), the scattering 

Pfl + P ~ Pfl + P (2) 

has a cross section 

0 - 4:rt (__!__ a~ 
PP- 4 1 + a~k2 + ~a2) 

4 u ' 
(3) 

where k2 = 2M1E/li2• 

However, as was shown in C4J, the PM mesic 
atom should, as a result of collisions with protons 
and because of the "jump" mechanism, pass from 
the hyperfine structure state F = 1 to the state 
F = 0 within 2 x 10-9 sec, amounting to~ 0.001 of 
the M-meson lifetime. The measured depolariza
tion of M mesons in liquid hydrogen [11] evidently 
does not contradict such a transition. 

For PM mesic atoms in the state F = 0 and for 
thermal energies ( E « Eo), this cross section is 
given by the formula 

o(o) = 4:rt (ag + 3au)2 
pp 4 . (4) 

The scattering lengths ag and au were calculated 
in two articles [2, 6] in which close values for au 
were obtained, namely au f:::j 5 (in units of aM 
= :11 2/mMe2 = 2.55 x 10-11 em) while a large discrep
ancy resulted in the value of ag (according to C6J 
ag f:::j -11, and according to [2] ag f:::j -17 ). This 
difference may be due to the fact that the PPM 
mesic molecule has a virtual state with energy 
close to 0, and, at resonance conditions, the value 
of ag is very sensitive to the approximations 
underlying the calculations. The fact that scatter
ing lengths of opposite sign enter into expression 
(4) is significant. As a result, the value of a~~ 
may be markedly less than the corresponding 

value of app for k = 0. * Under these conditions, 
a comparison of the measured and calculated cross 
sections enables us to test the theoretical approxi
mations, and thus obtain information on the distri
bution of PM mesic atoms with respect to the spin 
states just before the decay of the meson or its 
capture by the nucleon. 

Method. The following method can be used for 
the determination of the scattering cross section. 
The PM mesic atom, moving in hydrogen with ther
mal velocity and being electrically neutral, will 
traverse a large distance from the place of its 
production before the M meson decays. There
fore, the M-e decay process should appear in the 
photographs of the diffusion chamber as if the ori
gin of the decay electron track were slightly shifted 
away from the end of the stopping M-meson track. 
The magnitude of the gap thus produced between 
the M-meson and electron tracks depends on a 
number of factors, among them the scattering 
cross section. As will be shown below, a study of 
the length distribution of the gaps recorded on 
photographs can indeed be used to find the cross 
section. 

The conditions in the diffusion chamber, where 
the hydrogen density is tens of times lower than 
the density in the bubble chamber, are very con
venient for good observation and measurement of 
the gaps. The main difficulty in the experiment is 
that the presence in the chamber of carbon and 
oxygen nuclei, contained in the methyl alcohol, 
superimposes another process on the scattering 
process (2), viz., the transfer of M mesons from 
protons to these nuclei, which leads to a decrease 
in the gap length. The first part of the experi
ments was devoted to the determination of the 
cross section (2) from M-e decay events with 
gaps and, simultaneously, to finding the probabil
ity of the M-meson transfer to complex nuclei. 

Experimental setup. The diffusion chamber [la] 

with a working volume diameter of 380 mm was 
placed in a magnetic field of 7200 Oe and irradi
ated by a beam of n:- and M- mesons of 260 MeV/c. 
The M mesons were slowed down and the 1r me
sons absorbed in a 11.5 em copper absorber and 
in the chamber wall ( 8 mm steel ) . The admixture 
of 1r mesons stopping in the chamber was deter
mined either from the relative number of single
prong stars produced by 1r mesons when the cham-

*For the values of parameters~ assumed in[u],ag = -17.3 and 
au= 5.25, the cross section a'~J due to the "chance" coinci
dence \ag\ "'3au was found to be anomalously small. However, 
because of the above-mentioned uncertainty in the value of ag, 
this result cannot be given serious consideration. 
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ber was filled with He, or by the identification of 
the 7l" and J1. mesons stopping in hydrogen by meas
uring the mean radius of curvature for a given 
track length. This admixture amounted to 1-5% 
in different experiments. The chamber was filled 
with hydrogen purified from admixtures of nitro
gen, oxygen, water vapor, etc., by passing it through 
traps with silica-gel and activated carbon cooled to 
the temperature of liquid nitrogen. Exposures were 
made at two values of the hydrogen pressure. The 
analysis of a sample of the technical hydrogen used 
showed that the atomic concentration of deuterium 
in it amounted to 0.007%. 

The first two experiments were carried out at a 
pressure of 22.7 atm but at different concentrations 
of the C and 0 nuclei, estimated from the temper
ature of the vapor source or from the temperature 
and the critical supersaturation of the upper part of 
the sensitive layer. The temperature of the vapor 
source in the first experiment was + 2°C and in the 
second -15°C. The two last experiments were car
ried out at a hydrogen pressure of 5.0 atm, with a 
decreased evaporation surface of the vapor source, 
whose temperature was O~C. In addition, the con
centration of complex nuclei was increased by the 
addition of air at 22 mm Hg in the last experiment. 

Results of the experiments. The main results 
of the experiments and the experimental conditions 
are shown in the table. 

In all experiments, in addition to normal JJ.-e 
decays, events were observed in which there was 
a marked gap between the origin of the decay elec
tron track and the end of the stopping J1. meson 
track, having a size between the half-width of the 
JJ.-meson track (~ 0.25 mm) and 3.5 mm. An ex
ample of such an event obtained in Experiment l, 
is shown in Fig. 1a. The gap length is 2 mm. Both 
the lengths of the gaps and the frequency of their 
appearance, given in row 6, depend on the concen
tration of the complex nuclei and especially 
strongly on their pressure. In the experiments 
using hydrogen with a small admixture of deuterium 
(technical hydrogen), these gaps were due to the 
diffusion of the PJl. mesic atom up to the time of 
its decay or up to transfer of the J1. meson to a 
complex nucleus. The J1. meson transfer to com
plex nuclei was relatively fast, as shown by the 
following observed effects: 

1) Stopped J1. mesons unaccompanied by decay 
electrons, and stars with one or more heavy 
charged particles (row 5) due to the nuclear cap
ture of J1. mesons by complex nuclei. 

2) The emission of Auger electrons. The origin 
of a decay electron track (in events with gaps) is 
often accompanied by a well-defined "dot," i.e., a 

cluster of drops 0.3-0.6 mm in diameter (Fig. 1b). 
The frequency of such dots depends on the concen
tration of complex nuclei (row 7) and can clearly 
be attributed to the short-range Auger electrons 
originating in the cascade transitions of the J1. 

mesons from the excited states of the C and 0 
mesic atoms after the capture of the J1. mesons 
from the PJl. mesic atoms. 

An experiment was carried out under the same 
conditions as Experiment 3, but without the mag
netic field, in order to explain the low energy of 
the Auger electrons. Altogether, 43 JJ.-e decay 
events were identified, in 10 of which the origin 
of the decay electron track was accompanied by 
a visible "dot." Only in three or four out of the 
43 JJ.-e decays was it possible to exclude the exist
ence of a second electron, whose range or multiple 
scattering-would indicate that its energy was con
siderably greater than 10 keV (range in the cham
ber > 2 mm ) . This means that after the transfer 
of the J1. mesons to a C or 0 nucleus the major
ity of emitted Auger electrons had an energy< 10 
keV. 

These effects made it possible to determine the 
probability of transfer of J1. mesons to complex nu
clei. The problem is quite a difficult one because 
of the small effect, and because of the difficulty in 
identifying transfer events. Several methods were 
therefore used to determine the transfer probabil
ity. 

In the first experiment, the transfer probability 
was determined from the formula 

(5) 

where A.z is the transfer probability of a J1. meson 
from a proton to a complex nucleus in gaseous hy
drogen; c is the concentration of complex nuclei 
(column 2 of the table); q = 1 for Experiments 1 
and 2 and q = 5.02/22.7 = 0.22 for Experiments 3 
and 4; A. 0 = 0.452 x 106 sec-1 is the decay probabil
ity of the J1. meson; nstop is the number of stopped 
J1. mesons unaccompanied by electron tracks; nJ.t.e 

is the number of JJ.-e decays ; a = 2A.0 I ( A.~ap + A.~ap ) , 
where A.~ap and A.2ap are the probabilities of nu
clear capture of the J1. mesons by carbon and oxy
gen respectively, found experimentally by Sens. [14] 

In this method, it is assumed that the probability 
of JJ.-meson transfer is the same for C and 0 nu
clei. 

In the remaining three experiments, the value 
of A.zcq was determined by the following methods: 

1. From the frequency of Auger electrons ac
companying the decay electron track, and assum
ing that a visible dot is observed in each transfer 
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Number of experiment 

2 4 

Hydrogen pressure, atm 22.7 22.7 5,02 5.02 
Concentration of complex nuclei 

!C,O, or N) in hydrogen, "Ia 0.2 0.07 0,7 1.3 
NUmber of photographs 4000 8000 16000 7000 
Number of stopping IJ. mesons* 718 550 202 98 Number of stars with visible prongs ori-

ginating in the capture of p. mesons by 
complex nuclei** 21 6 5 5 

Ratio of the number of events with visi-
9 15 50 40 ble gaps to total numbers of events, % 

Ratio of the number of events with gaps 
accompanied by Auger electrons to the 

>60% 10/26 21/10 13/4 number of events without Auger electrons 

(l.~cq) X 10-.;, sec"' o.8:!:~r· 0.21 :!:~:~i 0. 7 :!:~:~ 1.1 :!:~:~ 
("-o+ l.~cq)x 10-.; sec-t 1. 3 :!:~:~ o.66:!:~:M 1.2!~:~ 1.6 :!:6:g 

i2, mm2 0.10±0.014 0.22±0.04 1.4±0.3 1.1±0.4 

UppX 1019, cm2 1. 9 :!:~:~ 1.7 :!:~:~ 0. 7 :!:~j 0.6 :!:~:~ 

*The numbers .shown in this row are found after substracting the number of stopping 17 

mesons and of false stoppings. 
**The number of stars shown in this row includes the single-prong stars for Experiments 

1 and 2 with l '> 2 mm, and with l '> 7 mm for Experiments 3 and 4. (l' is the length of the 
projection of the track on the horizontal plane.) 

***In the determination of A zcq in this experiment, using a number of selection criteria, 
it was found that the ratio nstop/np.e = 34/267. 

FIG. 1. Photographs of p.->e decays in hydrogen (under the 
condition of Experiments 1 and 2). The gap between the begin
ning of the decay electron track and the end of the stopping p. 
meson track is due to the diffusion of the pp. mesic atom; a
at the beginning of the electron track there is no visible dot; 
b- a dot (an Auger electron) is visible at the beginning of the 
decay electron track. 

of a f.1. meson to a complex nucleus. To find out 
whether this assumption is correct, an experiment 
was carried out in which 3% of C and 0 nuclei 
( C02 ) were added to hydrogen at 21 atm. In order 
to increase the gap size, 5% of deuterium was also 
added (see Sec. 4 ). In this experiment, about 95% 
of the f.1. mesons in the orbit of a df.l. mesic atom 
were transferred before decaying to C and 0 nu
clei. In 37 out of the 40 cases found with gap length 
greater than at least 1 mm, the decay electron 
track was accompanied by a visible dot. This fact 
indicates that, in not less than 90% of all cases, the 
transfer to a complex nucleus is accompanied by 
an Auger electron emission. 

2. From the value of i\.zcq of Experiment 1, and 
the ratio of the number of stars with visible prongs 
in Experiments 2, 3, and 4. 

3. From the value of i\.zcq of Experiment 1, 
and the ratio of concentration of complex nuclei 
in Experiments 2, 3, and 4. 

It was found that the probabilities of transfer 
to complex nuclei obtained by the various methods 
are in satisfactory agreement. This confirms the 
correctness of the assumptions made and the es
timates of the relative concentration of complex 
nuclei. The values of the transfer probabilities 
are shown in row 8 of the table where, for Experi
ments 2, 3, and 4, the values given are averaged 
over all methods of determination. The errors 
indicated take into account both statistical errors 
in the identification of events and the errors in the 
determination of the concentration of complex nu
clei. 
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The gap length was measured directly on the 
film using a UIM-22 microscope with 50x magni
fication (the ratio of reduction in photography was 
1:15 ). The projections l' of the distances from the 
beginning of the decay electron tracks to the end of the 
meson tracks on the horizontal plane were measured 
taking the half-width of the ~-t-meson track into 
account. Events in which the length of the electron 
track projection was less than 5 mm, in which the 
electron was not clearly visible, or in which the 
point where the IJ. meson stopped was obscured 
by a concentration of drops, the grid, background 
tracks, etc., were excluded. Cases in which the 
gap was due to a local insensitivity near the point at 
which the IJ. meson stopped were also excluded. 
In those cases, the 1J. meson track usually becomes 
thinner towards its end, and the electron "looks" 
towards the point at which the meson stopped. 

The distributions of the projections were trans
formed into distributions of the real gap length, 
and corrections were introduced which took into 
account the number of events in which a gap was 
not observed because of finite track width. For 
Experiments 2 and 3, these distributions are shown 
in Fig. 2. Some background events were excluded 
from these distributions; their number was esti
mated by special measurements. Values of the 
mean squares of the gap lengths are shown in row 
10 of the table. The indicated errors of these val
ues take the inclusion of a small number of doubt
ful cases into account. 

Determination of the elastic scattering cross 
section app of PI-t mesic atoms on hydrogen. The 
values of A.zcq and r2 found in the experiment en-

a N b 

30 30 

20 20 

10 

FIG. 2. Distribution of the number •of p. .... e decay events in 
hydrogen with respect to gap length: a- hydrogen pressure of 
22.7 atm (Experiment 2), b -hydrogen pressure of 5 atm (Experi
ment 3). 

abled us to determine the cross section app· In 
fact, if the PIJ. mesic atoms have thermal energies, 
then the mean square gap length is connected with 
the diffusion coefficient D of the PIJ. mesic atoms 
in hydrogen by the relation 

r 2 = 6D-r, 

where 1/ T = 11.0 + A.zcq. In turn, 

(6) 

3n v 
D = 32 ----=-- ' (7) 

NQd 

where v is the mean velocity of the relative motion 
of PIJ. and H2, N is the number of protons per cm3, 

and Qd is the transfer cross section averaged over 
the Maxwellian distribution: 

- ( m )-5 r ~ mv2 ) 
Qd = 2xT .l va exp (- 2xT Qdv. (8) 

0 

The quantity Q in Eq. (8) is 

Q = 2n ~ (l- cos 6) cr(6) sin6 d6, 

where a( e) de is the differential cross section of the 
PIJ. mesic atoms in hydrogen, m = M1M2 I ( M1 + M2) 
is the reduced mass of the PIJ. and of the H2 mole
cule, and T is the mean gas temperature. 

Since the scattering of PIJ. mesic atoms in actual 
hydrogen occurs not on free protons but on H2 
molecules in actual hydrogen, we have to use the 
differential scattering cross sections of PIJ. mesic 
atoms on H2 molecules instead of a ( e). This 
quantity can easily be calculated if the scattering 
cross section of p!J. mesic atoms on free protons 
is known. The calculations can be carried out by 
the pseudopotential method used in calculating the 
scattering of slow neutrons on molecules. 

The calculation of Qd for scattering of PI-t 
mesic atoms in a state F = 0 on molecules of 
ortho- and parahydrogen lead, for v = 2. 7 x 105 

em/sec and T = 242°K (conditions of our experi
ment), to the result 

and for the statistical mixture of the ortho- and 
parahydrogen <%; 1,14 ): 

(9) 

(10) 

Using the relations (6), (7), and (10), we find the 
expression for the cross section 

uti (11) (jpp = ' 
r2N (/.,0 +A 2 cq) 

The values of the cross section app. calculated 
according to this formula using the values of A.zcq 
and r 2 given in row 8 and 10 of the table, are shown 
in the last row of the table. 
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3. RESULTS OF THE MEASUREMENTS OF THE 
Upp CROSS SECTION AND OF THE TRANSFER 
OF JJ. MESONS TO COMPLEX NUCLEI 

1. A comparison of the cross sections CTpp cal
culated using the measured values of r 2 and A.zcq, 
shows that the effect of scattering of PJJ. mesic 
atoms on complex nuclei is small, since it does 
not reveal itself when the concentration of com
plex nuclei or the pressure of the hydrogen is 
varied. It can furthermore be said that the value 
of r 2 varies more sharply with the hydrogen den
sity than should follow from the diffusion equation 
(11) [e.g., in Experiment 3 we should expect from 
Eq. (11) an increase of r 2 by a factor of five as 
compared with Experiment 1, and not by a factor 
of 13 as was found experimentally]. As a result, 
we obtain a difference in the calculated cross sec
tions for high and low hydrogen densities. This 
difference clearly cannot be explained wholly by 
possibly overlooked experimental errors. If such 
a difference really exists, it might, for example, 
be due to the following reasons: 

a) The PI-' mesic atoms have initial energies of 
the order of 1 eV, *which is considerably greater 
than the thermal energy (0.02 eV), and the scatter
ing cross section increases with increasing veloc
ity. In that case, the use of the diffusion approxi
mation for the scattering of PJJ. mesic atoms at a 
low hydrogen density ( 5 atm pressure) may turn 
out not to be quite correct, since the time before 
decay or transfer will be comparable to the slow
ing-down time until thermal velocity is reached. 
(For a mesic-atom energy of 1 eV, the required 
number of collisions PJJ. + p is "' 6, while for crpp 
~ 1 x 10-19 cm2 and vthermal = 2 x 105 em/sec, 
the number of collisions before decay or transfer 
occurs is five.) 

b) PI-' mesic atoms can occur in two states: 
F = 0 or F = 1, for which the cross sections of 
the elastic scattering differ by a factor of five to 
ten. In that case, we can satisfy the values of r2 
obtained in the experiment by a suitable choice of 
statistical weights of the states. This qualitative 
explanation of the possible difference in the mag
nitude of the cross sections for two pressures can 
be tested only by increasing the accuracy of the 
measurements and of the analysis of the range 
distribution of the PI-' mesic atoms. 

To compare the experimental absolute cross 
sections crpp with the theoretical ones, we shall 

*If the transition of the f:L mesons from a high orbit to the K 
orbit of the mesic atom occurs as a result of collisions with H2 

molecules, as was mentioned by Weightman,[15] then a part of 
the molecular binding energy H2 ( -1 eV) will be transferred to 
to the pp. mesic atom. 

use the value of absolute cross section 1. 7 x 10-19 

cm2, obtained in the experiments at a high hydro
gen pressure and low concentration of complex 
nuclei (Experiment 2), since the use of the diffu
sion formula is, in that case, more justified (the 
number of PJJ. + p collisions is about 40 ), and the 
effects of complex nuclei are small. This value 
is in sufficiently good agreement with the value of 
3 x 10-19 cm2 obtained by Cohen et al. [6] However, 
the latter value is obtained without taking the hy
perfine structure of the PI-' mesic atom into ac
count. If we use the scattering lengths au = + 5 
and ag = -11 found by Cohen et al, [6] then the 
cross section in the state F = 0 calculated accord
ing to Eq. (4) is crp~ ~ 1 x 10-20 cm2 and differs 
from the experimental value by a factor of about 
20. (For au = + 5 and ag = -17 mentioned in [2], 

we have crp~ < 10-20.) To make the theoretical 
scattering cross section in the state F = 0 of the 
PJJ. mesic atom agree with the experimental value 
for the given scattering length au = + 5 (in whose 
calculation there is no great difference between 
[ 2] and [6]), it is necessary to set ag equal either 
to +3 or -30. The value ag = +3 requires the 
existence in the PPJJ. system of a bound state, and 
is therefore not very probable, although it gives a 
small value of the cross section with a transition 
to a lower state of the hyperfine structure. The 
value ag = -30 cannot be theoretically excluded, 
but seems to be rather high. 

Thus, the experimental value of CTpp does not 
contradict the cross section calculated neglecting 
the hyperfine splitting. This does not exclude the 
possibility of fast transitions F = 1 ----.. F = 0. 
More definite conclusions will probably be reached 
after a recalculation of possible values of the scat
tering lengths au and ag will have been made, and 
when the accuracy in the observed range distribu
tions of the PJJ. mesic atoms will have been in
creased. 

2. The mechanism of the JJ. meson transfer from 
the hydrogen to the complex nuclei was considered 
by one of the authors (S.G.). It was found that the 
high probability of transfer to the C and 0 nuclei 
is due. to the crossing of mesic molecular terms 
in the pJJ.Z system (if the nuclear charge· Z ~ 3 ). 
This mechanism also explains the experimentally 
observed small value of the cross section for the 
transfer of the JJ. mesons to the He nuclei, [16, 17] 

since the cross terms mentioned above do not exist 
in the pJJ.He system. A detailed consideration 
shows that the JJ. meson is transferred from the 
protons to the oxygen mainly at the mesic atom 
levels with principal quantum numbers n = 4 for 
carbon and n = 5 for oxygen. The consecutive 
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cascade transitions of the mesic atoms to the 
ground state with probability close to 100% should 
therefore be accompanied by the emission of one 
or several Auger electrons with energies of sev
eral keV. The frequency of the dots visible near 
the beginning of the electron track, and also their 
size, are consistent with the assumed transfer 
mechanism. 

The calculation also shows that the transfer 
cross sections of f.l mesons to C and 0 nuclei are 
roughly the same (ov = 1.3 x 10-12 cm3/sec for 
carbon and av = 2 x 10-12 cm3 for oxygen), and 
that the transfer probability of fJ. mesons to the 
C and 0 nuclei (for the density of liquid hydro
gen) is AZ = 5 x 1010 sec-1• The experimentally 
obtained value of AZ for the liquid hydrogen, cal
culated from the value of Azcq found in Experi
ment 1 from the relation 

(12) 

is AZ = ( 1.2~U> x 1010 sec-1• The values Nliquid 
and Ngas in (12) denote the number of protons per 
cm3 for liquid and gaseous hydrogen respectively; 
c 1 = 0.002~~:~~~~ is the concentration of C and 0 
nuclei in Experiment 1. If we take the approxi
mate character of the calculation and the errors 
of the experimental data into consideration, we 
can regard this value of Az to be in reasonable 
agreement with the theory. Results of recent ex
periments on the transfer of 1-' mesons to Ne 
nuclei [17] allow us to draw the more general con
clusion that the probability of JJ.-meson transfer 
from hydrogen to light nuclei varies little from 
nucleus to nucleus. In fact, Shiff[17J found that 
the ratio ANe/(Ao + AppfJ.) = (9.5 ± 3) x 103• Hence, 
using the value AppfJ. found by us (see Sec. 4), we 
obtain ANe = (l.O~U> x 1010 sec-1• 

4. DETERMINATION OF THE PROBABILITY OF 
I" MESON TRANSFER FROM A PROTON TO 
A DEUTERON AND OF THE PRODUCTION 
OF PPI" MESIC MOLECULES 

The dJJ. mesic atom produced upon transfer of 
a 1-' meson from a hydrogen mesic atom to a deu
teron in the reaction 

(13) 

gains an energy of 45 eV, because of the difference 
in the Pf.l. and df.l. reduced masses. As is well 
known, Alvarez et al [S] found that a dfJ. mesic 
atom with such energy has a range of "' 1 mm in 
liquid hydrogen. 

This has led to the hope that, at a hydrogen gas 
pressure of "'20 atm in the diffusion chamber, the 

range of the dfJ. mesic atoms will be considerably 
larger so that it would be relatively easy to deter
mine the probability of the transition (13). 

The experiment with deuterium was similar 
to Experiment 1 (see Sec. 2). The concentration 
of deuterium in hydrogen was chosen in special 
preliminary experiments and amounted to 0.44%. 
Measures were taken to exclude a large background 
of particles crossing the chamber, which would 
make it difficult to identify the events involving a 
transfer to deuterium. The gaseous deuterium 
used in the experiments was carefully rid of 
tritium, the remaining tritium admixture being 
less than 5 x 10-14 atomic parts. 

About 800 events were found in 10 000 pictures, 
about half of which were the usual 1-' - e decays, 
while the rest had gaps amounting to 10 to 15 mm 
between the end of the track of the stopped f.l me
sons and the electron track. Two examples of 
such events with gaps of 7 and 11 mm are shown 
in Fig. 3. 

The distribution of 341 events with respect to 
the gap length projections on a horizontal plane 
for l' > 1 mm is shown in Fig. 4 (corrected for 
the background of events with gaps due to the dif
fusion of the PI-' mesic atoms ) . In the same fig
ure, the smooth curves show the calculated dis
tribution of the gap-length projections. This was 
obtained from the distribution of the real gap 
lengths, which is given by the equation 

dn - A {bl A. bl} 41 - exp - vob e ' (14) 

where b = Na17/2, N is the number of protons per 
cm3, a is the cross section of elastic scattering 
of df.l mesic atoms on protons, deuterons, and com
plex nuclei, taken as 7 x 10-21 cm2 [2]; 17 = 0.45 is 
the energy fraction of the df.l mesic atoms lost in 
one collision, v 0 = 6.6 x 106 em/sec is the initial 
velocity of the df.l mesic atoms, and A is the sum 
of the probabilities of p-meson transfer from the 
deuteron to the complex C and 0 nuclei. The 
probability of free decay of the fJ. meson was taken 
as A= 1.5 x 106 sec- 1• In calculating the distribu
tion (14), it was assumed that the dJJ. mesic atoms 
lose energy only in collisions with protons, and 
since, for such scattering, the possible l.s. deflec
tion from the original direction is less than 30°, it 
was assumed that the atoms move in a straight 
line. Also taken into account was the fact that the 
path traversed by the df.l mesic atoms is deter
mined not only by the slowing down, but also by 
the time before the decay or transfer of the f.l 
meson to a complex nucleus. 
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FIG. 3. Photographs of p. ... e decays in hydrogen with an admix
ture of deuterium. The gap between the beginning of the decay 
electron track and the end of the track of the stopping p. meson 
is due to the process pp. + d -> dp. + p and to the range of the dp. 
mesic atom. a- no dot is visible at the beginning of the electron 
track, b- a dot (an Auger electron) is visible at the beginning 
of the decay electron track. 

A qualitative agreement between the calculated 
and measured distribution can be seen in Fig. 4. 
In the determination of the probability of the JJ, 

meson transfer from the proton to the deuteron, 
the following most essential corrections were in
troduced into the total number of such events for 
the inefficiency of observation of cases with gaps 
( + 17% ), for background of false events (- 8% ), 
and for the contribution from the range with l' < 1 
mm ( +4%). As a result, it was found that the 
ratio of the number of 11- mesons transferred to 
deuterium to the number of mesons not transferred 
equals 1.12 ± 0.18. Hence, the probability of the 
PJl- + d - dJJ, + p transition amounts to ( 1.45.:tg~) 
x 106 sec-1• Dividing this value by the concentra
tion of deuterium and multiplying by the ratio of 
densities of the liquid and gaseous hydrogen, we 
obtained the following value for the transition 
probability of the 11- meson from the proton to the 

FIG. 4. Distribution of the projected gap lengths for dp. 
mesic atoms produced in the process pp. + d --r dp. + p (hydrogen 
pressure of 22.7 atm, c0 = 0.44"/o). The smooth curve represents 
the calculated distributi5n. 

deuteron in liquid hydrogen: 

Ad = (0.95 ~g:~f). 1010 sec - 1• 

The experimentally obtained value of Ad is in good 
agreement with the value 1.14 x 1010 sec- 1 calcu
lated using the improved adiabatic approximation 
by Belyaev et al [18] and also by Cohen et al. [6] 

The knowledge of the absolute value of Ad, which 
plays an important role (e.g., in catalysis phenom
ena), is also especially valuable because it opens 
the way for the determination of another quantity 
important for mesic molecular physics, i.e., the 
probability of production of PPJl- mesic molecules 
in liquid hydrogen. In fact, in a number of experi
ments, [8, 17] the yield of reaction dJJ, + p - He3 + 1-' 
as a function of the concentration of deuterium was 
determined, and the ratio of Act I ( Ao + AppJ.' ) was 
found. The most reliable data for this ratio were 
recently obtained by Shiff. [17] It was found that 

Ad I (A0 + Appp.) = (8,9 ~;:~)·103 • 

Substituting here the value of Ad found by us, 
we obtain the absolute probability of production of 
mesic molecules of PPJl- in liquid hydrogen 

Appp. = (0,6~g:~) · 106 sec-1. 

This value agrees within the limits of experimen
tal error with the value* 1.3 x 106 sec-1 calculated 
by Zel'dovich and one of the authors, [S] and is 

*In[•] the value Appp. = 1.5 x 106 sec-1 was obtained for N = 
4.2x1022 hydrogen nuclei per cm3; the value of AppJL=1.3x1o-• 
sec-1 refers to N = 3. 5 x 1022 , which corresponds to the operating 
conditions of the liquid hydrogen chamber. 
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considerably less than the values 6.5 x 106 sec-1 

and 9 x 106 sec - 1 calculated by Cohen et al [6] and 
Wu et al. [ 7] • 

Furthermore, from the results of Shiff, [17] as
suming for A.ppt-t the upper limit of the experimen
tal value, we can estimate the upper limit of the 
absolute value of the probability of pdt-t mesic 
molecule production in liquid hydrogen. If we as
sume that the probability of the 1-1 meson transfer 
from protons and deuterons to neon are the same, 
then we obtain A.pdt-t :s: 0.6 x 106 sec-1• It should be 
mentioned that this value does not contradict the 
estimate Apdt-t > 0.2 x 106 sec-1 following from the 
experiment of Ashmore et al, [9] but is greatly dif
ferent from the estimate Apdt-t > 107 sec-1 obtained 
in the study of the catalysis of nuclear reactions 
in a liquid hydrogen chamber. [10] 

5. CONCLUSIONS 

In the present experiment, several quantitative 
characteristics of a number of mesic atom proc
esses in hydrogen have been determined. Although 
the measured value of the cross section for the 
scattering of PI-t mesic atoms on protons app is 
close to the expected theoretical value calculated 
neglecting the hyperfine structure, the problem 
concerning the probability of transitions F = 1 
- F = 0 remains open. It might be possible to 
draw more definite conclusions in this respect 
from a further study of the range distribution of 
the PI-t mesic atoms and from a more exact cal
culation of the scattering lengths ag and au· The 
values of Ad, A.PPt-t• and A.z obtained are in suffi
ciently good agreement with the calculated values, 
and confirm the assumed mechanism of the proc
esses. However, in order to increase the accuracy 
of the measurements of these quantities, and es
pecially of the probability of the production of PPM 
mesic molecules (which is important in connec
tion with the problem of 1-1- meson capture by pro
tons ) the experiments are being continued. 

The above-mentioned discrepancy in the esti
mate of the value A.pdt-t obtained from experiments 
carried out with hydrogen with a small admixture 
of deuterium, and with liquid deuterium with a 
small admixture of hydrogen [10] could indicate 
the possibility of a new catalysis mechanism, and 
therefore the experiments giving a direct deter
mination of A.pdt-t are at this time especially inter
esting. 
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