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Abstract 

:1 number of me sonic atom processes in hydrogen has been studied experimentally by means of a dilfu· 

. sion cloud chamber in the magnetic field. The following quantitative data have bee" obtai,ed: the cross 
• • 0 +0.4 -I9 2 

section for elasttc scatterang of pp. • mesontc atoms on proto"s a "' ( I. 7 ) , IO em ; the rates 
p)J - 0 5 

of the meson transfer from a proton to deuterons and complex nuclei r c and 0 ) recalculated to the liquid 
h d d . A + o.J4 IO I + o 8 IO -I 

Y rogen enstty d"' ( 0. 9 5 _ 0 2 I ) 10 sec- ttnd A = ( I. 2 ' ) ·IO sec , the rate of the fo,. 
0 z -0.5 

"'ation of me sonic molacular ions PPI.L In liquid hydrogen 

\ + o. 8 6 -I 
" "' ( 0. 6 0 c ) • IO sec • 

PPIL - •-' 
The experimental values of Ad' .\ and A are in good agreeine"t with the theoretical o"es what co,. 

firms the validity of the mechanisms Cfifhe proce:ses suggested theoretically. The cross sectio" a tur,.ed 
pp 

out to be close to the theoretical value calculated without the hyperfine stN<cture of the PP. meso,ic atom 

bei>~g tak.e" into account. However, the possibility of the fast transitio~ts to the lower state with the total 

spin of a .,esonic atom F = 0 is not excluded. 

The determination of the absolute value Ad of carried out ilf thi!J i~tvestigatiotJ allows to find the abso· 
lute probabilities of a number of 11- • mesonic molecular proce:Jses by usiflg it as a scale. 



I. Introduction 

An experimental study of the reaction in which negative muons ore captured by protons 

ll+p-+n+ll ( 1 ) 

may present important information for the theory of weak interactions. However, until recently reaction 

( 1 ) was referred to the processes practl~ally not studied among the phenomena concerned with the 

weak interactions of ordinary particles. The difficulty in solving this problem is due not only to a 

small probability of the above-mentioned reaction but, for the most port, to the complications which dif

ferent mesonlc atom and muleculor effects preceding this reaction introduce into the interpretation of 

the results which con be obtained experimen toll/ 1- 31. As has been shown in theoretical poper/ 1,4/, 

th e probability of reaction ( 1 ) depends upon the hyperfine structure spin state of the P!L·mesonic atom 

. - 0 or F = l ), and for the densities of hydrogen larger than 10 19 nucle!/cm 3, the muon cap

ture occurs mainly from the lower state of a meson ic atom with F = 0 ( F is the totoi mesonic atom spin). 

The probability of muon capture in hydrogen depends ol.so essentially on that of the formation of 

( /5 -7/ 
PP ll me sonic ion s 'APP!L ) , since the spin state of such ions turns out to be analogous .to the 

mixture of states F = l and F = 0. 

Therefore, to determine experimentally the magnitude of 'A and to obtain the information about pp ,.,. 
th e probability of transitions of p ll from the state F = 1 into F = 0 becomes of great importance. 

ll- mesonic molecular processes ore essential also for the catalysis of nuclear reactions by muons 
/ 8-10/ 

in the mixture of hydrogen isotopes, and though the main experimen tal facts are in qualitative agreement 

with the theory, further experiments on the determination of the rates of the muon transfer from a proton 

to a deuteron , of the pdp. mesonic molecular-ion formotion1 and of the nuclear fusion reaction in this 

rnesonic ion ore also of interest. As far as these problems are very acute, a number of experiments were 

mronged at the Joint Institute for Nuclear Research synchrocyclotron which were aimed at investigating 

th e mesonic atomic and molecular processes occurring in hydrogen and deuterium. In these experiments 

a high pressure diffusion cloud chamber placed in the magnetic field was used. 

This pap~>r presents the results which were obtained in the fir<>t series of experiments pertaining to 

the study of pp. -mesonic atom scattering on protons, to the determination of the rates of the muon trans· 

fer from a proton to a deuteron , of the formation of the ppp. mesonic ions and of the muon transfer from a 

proton to complex nuclei. 
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2. The Cross section for PI' -Mesontc t\to11 Scattering on Protons and ~luon Transfer to the 

Complex Nuclei 

The cross section for PI' -mesontc atom scattering on protons has been theoretically calculated in2 • 6~ 
It may be expressed ln terms of the scattering lengths a and a of the PI' + p system in the symmet-

g .. 

r!cal ( a ) and antisymmetr!cal ( a J state with respect to the Interchange of the space proton coordi-
g " · 

nates. At energies of the f mesonic atorr. in the c.m.s. which are much greater than the energy of the 

hyperfine structure of the hydrogen me sonic atom t >> f
0 

( t
0 

.. o. ~ eV ), the cross- section of scattering 

PI' + P .. PI'+ P ( 2 ) 

Is of the form 2 
u • 4" ( 1 ag 

PP l" 1 + a2 k 2 

' 
+ ~ a2) 

4 II ( 3) 

where ,/.. 2 ~tl f 

li2 

However, as was shown in the theoretical paper1 41, the PI' me sonic atom is expected to transfer 

from the hyperf!ne structure state F' = 1 to the state F' • 0 for 2.10-9 sec what is 0.001 of the muon li

fetime as a result of coll!sions with protons and because of the 1 jump 1 mechanism. The results of the 

'neasurements of the muon depolarization in liquid hydrogen/ll/ are likely not to be in contrast with 

such a transition. 

F'or PI' mesoatoms in the state F' ..0 at the thermal energies ( f << t
0

), this cross section is given 

'1y the formula: 

a(O) • 4, ( a4 + 3a 11 

pp 4 

2 
) . 

The scattering lengths a and a have been calculated i/2•61• 

( 4) 

g .. 1'r2 -11 
In both papers close values a • .J( in the units ofal'= 2 = 2,55.10 em )have been obtained 

" m I' e 161 for a
11 

, while in the magnitude of a
6 

a great difference is observed (according to a g ... - 11: 

'lCCOrdlng to/2/ a .. - 17 ). This difference may be due to the fact that the 1'1'1' mesonlc len has a 
g . 

virtual level with an energy close to zero, and under the resonance conditions a turns out to be rather 
g 

sensitive to the approximations assumed in these papers. It is essential that in ( 4) the scattering 

lengths having opposite signs are added. As a result, a(O) may be far less than the corresponding 
PI' 
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value of app at K = 0*. Therefore, the comparison of the experimentally measured cross section with 

the calculating one enables us to estimate whether the corresp.onding theoretical approximations are 

correct and, thus, to get information about the Pf.L mesonic atom distribution over the spin states just 

before the muon decay or its capture by a nucleon. 

Method . To determine this cross section experimentally the following method may be used. As far 

as the Pf.L mesonic atom travelling in hydrogen with a thermal velocity is electrically neutral, it will 

cover appreciable distances (diffuse) from the point of its generation to that of muon decay. Therefore, 

the process of fl. -e -decay on the pictures in the diffusion chamber must look like so as the beginning 

of the decay electron tracks should be somewhat displaced with respect to the ends of the tracks of the 

muons coming to rest. The length of the gaps thus appearing between the muon and electron tracks de

pends on a number of factors, including the scattering c ross section. As is seen from what will follow, 

it is the investigations of the length distribution for the gaps detected on the pictures that allow to de

termine this cross section. 

As soon as the hydrogen density in the diffusion cloud chamber is some dozens lower than that in 

the bubble chamber, it creates very favoulfC!ble conditions for good observation and measurements of such 

gaps. The main difficulty encounted in similar experiments is that owing to the presence in the chamber 

of carbon and oxigen nuclei which are the components of methyl alcohol the scattering process ( 2 ) is 

overlapped by another process-the muon transfer from protons to these nuclei which will lead to some 

decrease in the length of these gaps. The first experiment we·have performed was devoted to the deter

mination of the scattering cross sections ( 2 ) by the fl. - e -decays with the gaps and to the obtaining 

of the rate of the muon transfer to complex nuclei. 

Experimental Arrangement 

The diffusion cloud chambe/ 131 with the working diameter of 380 mm was placed into the magnetic 

field of 7200 oersted and exposed to the rr- and fl.- -meson beam with the momentum of 260 MeV/c. 

The muons were slowed down and pion s were absorbed by means of a copper filter 11.5 em thick and of 

the 0.8 em steel wall of the chamber. The admixture of rr -mesons coming to rest in the chamber was 

determined by the relative number of one-prong stars tlue to rr -mesons when the chamber was filled with 

helium, or by distinguishing rr and fl. mesons stoppings in hydrogen by measuring the mean radius of 

th e curvature along a certain length of the track. This admixture in different runs was 1-5%. The cham-

*For the values of the parameter a = - tT.3 and a = 6.26 aooopted ln (
121

• the oross seotlon a(•) 
Is obtained to be anomalously small, ~cause of the •aoo'idental' oo tnolden oe \a I-:, 3au. However, In PP 
view of the above-mentioned unoertatty in the magnitude of a g, this cannot be I; oonsidere·d lmpoPtant . 
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bc>r wa s fill 0d with hyJrogen which was purifi ed from the contam ina tions of N2, 0
2

, H
2

0 etc by letting 

it throu qh the trap with silica-gel and activated carbon cooled down to th e temperature of liquid nitrogen. 

The exposure was made for two values of the hydrogen pressure. The analysis of the technical hydrogen 

Wf' have us ed has shown that the atomic concentration of the deuterium admixture is 0.007% in it. 

The fir s t two runs have been performed under th e pressure of 22.7 atm., but with different concen

tra tion of C and 0 nuclei which was estimated by the temperature of the vapour source or by the tempe

rature and critical super saturation of the upper part of the sensitive region. The temperature of the va

pou r source was in the first run + 2° C, in the second - 15°C. The two latter runs were made under 

th e hydrogen pressure of 5.0 atm., and the surface of the vapour source with the temperature of au C 

was decrea s ed. Besides, in the fourth run the concentration of complex nuclei was increased by adding 

22 mm Hg of a lr. 

The Results of the 'Experiments 

The main results and condition s of experiments are listed in the Table. 

In all the run s along with usual p.- e -decays there were observed th e events in which the beginning 

of the decay electron track is vividly displaced from the end of the s topped p. -meson at a distance rang

ing from a half-width of the track (•0 . 25 mm ) up to 3.5 mm. In Fig. la is given an example of such an 

event observed in th e fir s t run. The length of th e gap is 2 mm. Both the lengths of the gaps and the 

frequency of their appearance given in Column 7 depend on the concentration of complex nuclei and es

pecially on the hydrogen pressure. When th e hydrogen contain~ a very small contamination of deuterium 

(technical hydrogen) these gaps are due to th e diffusion of pp. mesonic atom for a time before the decay 

or transfer of a p. -meson to a complex nucleus. The muon transfer to the complex nuclei occurs compa

ratively quickly, what the effects we have observed point to: 

1) The appearance of the muon stoppings not accompanied by the decay electron, and the appearance 

of the stars with one or more heavy charged particles (Column 6) which are due to the nuclear muon capture 

by the complex nucleus. 

2) The emiss ion of Auger electrons. In the cases with gaps the beginning of the decay electron track 

is very frequently accompanied by a distinct 'point', I.e., a gathering of drops with the dimension 

0.3 - 0.6 mm (Fig. lb ). The frequency of the appearance of these 'points ' depends upon th e concentra

tion of complex nuclei (Column B ), and these 'points' are accounted, very likely, for the short-range 

Auger electrons arising in the cascade muon tran s ition from the excited levels of the C or 0 mesonic 

a toms after the muon tran s fer from the pp. -mesonic atom to these atoms. 



7 

To clear up the latter circumstance (the smallness of Auger electron energy) another run was perform

ed wi thout the magnetic field under the some conditions as run 3. There were identified 43 ~£- e -decays, 

n 10 of which the beginning of the electron track was accompanied by a visible 'point'. Out of all the 

43 ll- e -decays, only in 3-4 events one could not exclude the presence of the second electron wh~se 

range or multiple scattering would point out that its energy is considerably greater than 10 KeV (the range 

in the chamber is more than 2 mm). This fact implies that after the muon transfer to the C or 0 nuclei 

1nost of the emitted Auger electrons have the energy of less than 10 KeV. 

The observation of these effects allow to determine the rate of the muon transfer to complex nuclei. 

This problem turn s out to be difficult enough due to the smallness of the effect and to the complications 

connected with the identification of the transfer events. Therefore, several methods of determining this 

rate have been used. 

In the first run the rate of the transfer was determined by the formula 

>.., cq • . A0 n stop,a 
z nile- nstop.a 

( 5) 

where A~ is the rate of the muon transfer from a proton to the complex nuclei in the gaseous hydrogen; 

C is the concentration of complex nuclei (Column 3); q .. 1 for experiments 1 and 2 and q = ( 5.02/22. 7),0.22 

for experiments 2,3 and 4; A =0.4J2.IO 6sec"
1 

0 
is the probability of the muon decay, n is the number 

atop. 

of the muon stoppings without electrons; ,. is the number of decays; 2A, 
lle a=...,----'--- ; Ac 

Ac + Ao cap 
and 

cap cap 

>.. 
0 

are the rates of nuclear muon capture by carbon and oxigen found experimentall/ 14~- This method cap 

of the determination suggests that the probabilities of the muon transfer to the C and 0 nuclei should 

oe the same. 

In the remaining three runs A' cq was determined by the following methods. 
% 

1) By the frequency of appearing the Auger electrons at the beginning of the decay electron track under 

the assumption that the visible 'point' can be seen always by the muon transfer to a complex nucleus. To 

clear up the validity of this assumption an experiment was arranged in which 3% of C and 0 nuclei 

( C02) were added to the hydrogen at the pressure of 21 qtm. In order to Increase the dimensions of the 

')aps 5% of deuterium were also let into the chamber (see Sec. 4). In this experiment about 95% of muons 

which are on the dl£ -mesonic atom orbit will transfer to carbon and oxigen nuclei before their decay. 

'Jut of the 40 events in which the gaps were longer than 1 mm, in 37 at least, the beginning of the 

~ecoy electron track was accompanied by a visible 'point'. This points out that in not less than 90% of 

·lll the events the transfer to the complex nucleus is accompanied by the Auger electron. 



2) By the magnitude of >.: %cq from 

sibl e prongs in runs 2,3,4. 

3) By the magnitude of X~cq from 

nuclei in runs 2,3,4. 
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run l and by the ratio of the number of stars with vi-

run l and by the ratio of the concentration of complex 

It turned out that tne values of the rates of the transfer to the complex nuclei obtained by various 

me thods are In goo d agreement with each other. This confirms, to some extent, the validity of the assump

tions and estimates of the relative concentrations o{ complex nuclei. In Column 9 of the Table are pre

sented the obtained values of the transfer rates. For runs 2,3 and 4 are given the values averaged over 

all the methods. The errors toke into account both the statistical errors and the uncertainties In Identi

fying the events and in determining the concentration of complex nuclei. 

The measurements were made of the lengths of the gaps directly on the film by means of a UIM-22 

microscope with 50 X magnification (the photographing scale is l : 15). The projection lengths 1' of 

the distance from the beginning ohhe· decay electron track to the end of the muon track were measured, 

a half width of the muon track being taken into account. At the same time those events were rejected in 

which the length of the projection of the electron track is less than 5 mm, the electron track itself is not 

clearly seen, or the point at which the muon comes. to rest is covered with a gathering of drops, the grid, 

background tracks etc. We also rejected the events in which the gap was due to a local Insensitive region 

in the vicinity of the muon stopping ( in these cases the muon track becomes thinner at the end of the 

range, and the electron 'looks' at the stopping point). The distributions over the true gap lengths were 

constructed by those described above, with the corrections taking into account the events with the gaps 

not observed because of the finite track width. For runs 2 and 3, these distributions are shown in Fig. 2. 

Some background everits the number of which was estimated in special measurements were excluded from 

these distributions. The numerical values of the mean squares of the gap lengths are given in Column II. 

The errors in these values take into account the uncertainty due to the inclusion of a small number of 

doubtful events into the distributions. 

The Determincrtionof the Cross Section aPJor Elastic Scattering of P/l Mesonic Atoms on Hydro(Jen 
-------

The magn itudes of A' cq and ";" 2 found experimentally allow to determine the cross section a • 
% n 

In deed, If Pll -mesonic atoms have thermal energies, then the mean square of the gap length is connected 

with the diffusion coefficient D of Pll mesonic atoms in hydrogen by the relation 

iJ ,. 6 Dr , ( 6) 

where 
l , 

- = A0 + X cq. 
r z 
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In its turn 

0 v ( 7 ) 
32 ~ '1 d 

··,here ;:; -is the mean velocity of the relative motion of Pll and Fl2• /II is the number of protons in cm3, 

1hile 2d is th e value of the migration cross section averaged over the Maxwell distribution 

00 

I vJexp (-~)Qdv 
O 2K 1 

Qda --------~---
( m >" 2KT 

( 8) 

:'he quantity Q entering ( 8 ) is equal to Q = 211 I ( 1 -cos e) (1 (8) sine dO; (1 (8) de 

is the differential cross section for Pll -mesonic atom scattering on hydrogen; ,.. = · \11M2 is the 
MJ+M2 

reduced mass of Pll and of the H 2 molecule, T is the mean temperature of gcs. 

Since in the real hydrogen the scattering of Pll -mesonic atoms takes place not on free protons, but 

on the H 2 molecules, then 1t is necessary here to take foru(O) the differential cross section for the Pll -

-mesonic atom scattering on the H 2 molecules. This magnitude is not difficult to be calculated if the 

cross section for Pll scattering on free protons is known. This may be made by the method of the pseudo-

potential used in computing slow neutron scattering on molecules. 

The calculation of the magnitudes ~ d for Pll me sonic atom scattering, the p ll -me sonic atoms 

are in the F =0 state, on the ortho- and parahydrogen molecules for ;;., 2. 7. IO'c,.. ; sec and at the 

temperature T =-242°K (our experimental conditions) leads to the result 

( Qd ) para= 0,6 Cf,p ( Q d ) ortho= 2 upp ( 9 ) 

while for the statistical mixture of or tho- and parahydrogen (3/. 4 ; 11 4): 

Qd = 1,6 (1 
• pp-

( 10 ) 

).laking use of ( 6 ), ( 7 ), and ( 10 ) we find the expression for determining the cross section 

(1 .. 

PP 
1,1 v 

( 11 ) 

In the last Column of the Table are presented the cross sections upp -calculated by this formula accord

ing to the values >.:%cq and .,! indlc.oted 1n CoWmn. 9 and ll. 



T
a

b
le

 
-
-

-
-
-

t:
 

~
4
)
 

~"
'C

J 
0 

g 
-
~
 

...
 -

0.
 

C
D
~
 

oQ
lS

:; 
1 

( A
o 

+
 .>

J c
q 

).
 

E
 

il: 
E

 E
 

.C
:-'!

:: 
(.

\ 
cq

) 
• 

19
 

!4 
-
6

 
-

;.g
 8

 
.::

:s
 

!;
 
"'

 
t:

 
z 

(1
 

'1
0 

2 
-o

-e
 

0 
2 
~
 _g

 t
 

'II
 

-
t 

0
1

1
) 

1
0

-6
 

1
0

-6
 

PP
 

C
:l

l 

~ 
o

-..
.. 

:>-
. 

0 
'i;j

 ~
.t
-

~i
j 

CD
'<
>I
lo
~ 

t:
 

t:
~.

O:
: 

.. 
oQ

 
~
~
~
~
 

(p
ll

 +
 p

 ..
. 

... 
._g

 g
 -E

 
..8

"' 
~-

0 
t:

 
<

D
*

 
-1

 
-1

 
~
 

m
m

2 
.!

!!
>

"
' 

...
...

 .
...

.. 
Q

) 
..

..
 

4
) 

4
) 

E
 '"

"•
 

0 
s 

.. 
;I

 
se

c 
se

c 
..s

 
.. 

ll 
~:c

:: 
~
 

5 
~ 

t:
 

"'
 

t 
c
.;

. 
..

. 
t:

 C
ll 

C!
. 

;I
 

'<
>I

) 
..

Q
 

Q
..!

! 
C

D
-

'II
 

0
"
' 

Cl
l 
0

"
' 

... 
p
~
 
+

p
) 

"' 
-

"' 
t:

~ 
t5 

c: 
~
:
a
 

<a
.!:;

 
E

 C
D 

'II
 

0 
0 

0 
'<

>I
) 

-~
~ 
~
~
 ~

 
0 

.
.
.
.
 

Cl
l 

CD
 

~ 
C!

. 
·
-

CD
 

0 
-
a
. 

:
:
.-

0 
;I

 
~
:
Q
 

~
C
D
~
j
l
:
~
 

.. 
~
-
-

S
a

. 
0 

C!
. 

t
:
f
;
O
~
 

(-
..

C
. 

l
:
~
t
:
t
:
 

4>
~-

s-
w~

 
~
 

C
ll
S

 
CD

 
E

 ·;;
; 

"" 
\S

 su
· '¥

) 
~
.
,
 

Cl
l 

"'
 
g 

>< 
..c

: 
::
~ 
...

. 
..c:

 ...
... 

-..
. 

a:
:s_

 
.:%

: 
(-

...
 

i:::
"S:

 E
~
 

1
--

o
t:

>
 

~--
o 

o 
s.

.S
 <

ll 

2 
3' 

4 
5 

6 
7 

8 
9 

10
 

11
 

12
 

40
00

 
7

1
8

 
21

 
9%

 
'>

6
0

%
 

+O
 4

xx
x

) 
1 

3 
+

0,
4 

0,
10

±
.0

,0
 1

4 
1 

9
+

0
,4

 
2

2
,7

 
0

,2
 

0
,8

 -o
' 2

 
• 

-0
,2

 
• 

-0
,6

 
. 

2 
2

2
,7

 
0

,0
7

 
8

0
0

0
 

5
50

 
6 

15
%

 
10

/2
6

 
0 

21
 +

O
,l

l 
• 

-o
,0

7
 

0 
66

+
0,

11
 

• 
-0

,0
7

 
0,

22
±

.0
,0

4 
1 

7
+

0
,4

 
• 

-0
,5

 

- 0 
3 

5
,0

2
 

0
,7

 
[6

0
0

0
 

2
0

2
 

5 
50

%
 

2
1

/1
0

 
0 

7+
0,

4 
• 

-0
,2

 
I 

2 
+

0,
4 

• 
-0

,2
 

1,
4:

t.,
0,

3 
0 

7
+

0
,2

 
• 

-0
,3

 

4 
5

,0
2

 
1

,3
 

7
0

0
0

 
98

 
5 

40
%

 
13

 
/4

 
1 

1 +
I 

,0
 

• 
-0

,5
 

1 
6

+
1

,0
 

• 
-0

,5
 

1,
1 

±.
0,

4 
0 

6
+

0,
3 

• 
-0

,4
 

* 
T

h
e
 n

u
m

b
e
rs

 l
n

d
la

a
te

d
 I

n 
th

is
 C

a
lu

m
n

 a
re

 g
iv

e
n

 w
it

h
o

u
t 

p
io

n
 a

n
d

 f
a
ls

e
 
st

o
p

p
in

g
•.

 

*
*

T
h

e
 n

u
m

b
er

 o
f 

st
a

r
s 

in
d

ic
a

te
d

 i
n

 C
o

lu
m

n
 6

 i
n

c
lu

d
e
s 

o
n

e-
p

ro
n

g
 s

ta
r
s 

to
r 

ru
n

s 
1 

a
n

d
 2

 w
it

h
 l

' 
> 

2
m

m
, 

fo
r 

ru
r.

'!
 

3 
a

n
d

 
4 

-
w

it
h

 
T

 m
m

 
(e 

'I
•
 t

h
e
 l

e
n

g
th

 o
f 

th
e
 t

ra
c

k 
p

ro
je

c
ti

o
n

 a
lo

n
g 

th
e
 h

o
ri

z
o

n
ta

l 
p

la
n

e
).

 

**
* 

W
he

n 
,\

• 
cq

 
w

a
s 

d
et

er
m

in
ed

 i
n 

th
is

 r
u

n
, 

it
 b

a
s 

b
ee

n
 r

ou
n

d
 t

h
a

t 
_!

!s
tO

J:
·=

 
~

-~
 ,

 a
 n

u
m

b
er

 o
f 

se
le

c
-

tl
o

n
 c

ri
te

ri
a
 h

a
v

e
 b

e
!n

 a
p

p
li

e
d

. 
n 

f.L 
e 



i 1 

3. Discussion of the Experimental Results on the OeteJ'IIlination of the Cross Sections upp and 

on the Muon Transfer to Complex Nuclei 

1. The comparison of the c ro ss s ectior. upp calculated by th e fo und val ues of r 2 and >..' zcq 

shows that the effect of Pfl -mesonic atom scattering on complex nucl ei is small since it is not demon

strated in changing the concentration of complex nuclei or the hydrogen pressure. Along with this, it 

should be not~d that r2 changes more strongly in varying th e hydrogen density than it follows from th e 

diffusion formula (11) (for instance, in rum 3 we have to expect by (11) that 72 increases five times as 

large in comparison with run l, but not 13 times as large what was obtained experimentally). In view of 

this, a difference has been obtained in th e calculated values of c ross section s for high and low hydro-

gen pressures. 

Apparently, this cannot be fully accounted for possible neglected experimental inaccuracy. If th is 

di screpancy is real , then it may be due to the following rea sons: 

a) Pl.! -me sonic atom has the initial energy of order of 1 e V* which exceeds essentially the th er

mal on e (0.02 eV), and the scattering cro ss section i s increasing wi th decrea s in g velocity. In thi s case 

the application of the diffu s ion approximation for P1.1-rresonic atom scattering at low densities ~ (5atm) 

may turn out not quite justified since the time before the decay or tran s fer can be compared with th e 

time before the slowing down to the therm al velocity (for the energy of 1 e V, the number of Pl.!+ p 

colllsions before th e slowing down is about 6, while for a"' 110-19 cm 2 and 
pp • vh =·2.Io'cml sec 

t erm , 

the number of collisions before the decay or transfer is equal to 5). 

b) Pl.! -mesonic atoms may be in the two s tates F = 0 or F = 1, whose cross sections for ela s ti c 

scattering differ from each other 5-10 time s . In this case it is possible to satisfy the values of r2 

attained experimentally by an appropriate choice of the statistical weights of th ese states. These qua

litative reasons for a possible difference in the magnitudes of th e cross sections for the two pressures 

may be checked by further increasing. the accuracy of th e ma.gn!tudes obtained experimentally and in a 

mor e accurate analy s is of th e range dis tribution. 

In order to compare the experimental absolute value of th e cross section u with th e theoretical one 
19 2 . pp 

we make use of the magnitude 1.7.10- em experimen tally obtained with high hydrogen pressure and low 

concentration of complex nuclei (run 2) s ince the application of th e diffusion formula In this case is 

more justified (the number of collision s Pi.!+ p is about 40), whereas th e effects from complex nuclei 

are very small. This value is in agreement with th e magnitude 3. w-19cm 2 obtained by Cohen et al / 6/ . 

* If the transition ot a muon from high o rbits to the K-o rblt or a me sonic atom occurs 8.8 a result of the oollt
slon s with H~ mo le o ules, as It was p o int e d out by Weightman / 16/ , then a part of th~ OOt.JplJng P-nelR.Y...o! a~~ 

culo ( about 1 eV) wtll be transferred t o a Pll - meson lo atom. 
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However, the magnitude 3.10-19cm2 Is calculated without taking Into account the hyperfine structure of a 

l>ll -mesonlc atom. If the scattering lengths a,. =+ 5 and a "'- ll found by Cohen et al are 
y ~0 2 

used, then the cross section In the state F = 0 calculated by ( 4 ) Is equal to 1.10 em and differs 

/ 2/ h d from an experimental one about 20 times (for a,. .. + 5 and ag =- 17 given in , t e magnitu e 

c/O)< 10-20 ,.2J.In order to bring Into agreement the theoretical scattering cross section In the state F"" 0 
1>1> c 

with the experimental one for the given scattering length a" ... + 5 (In which there are no noticeable 

discrepancies between/2/ and / 6/ ), it Is necessary to put a either equal to+ 3 , or to - 30. The g 

magnitude of a g =+ 3 suggests the presence of the bound level in the t>l>fl system and seems, therefore, 

unlikely (although It yields a small value of the cross section with the transition to the lower state of the 

hyperflne structure). The magnitude of ag =-•30 Is not Impossible theoretically, but seems too large. 

Thus, the experimental value does not contradict the magnitude of the cross section calculated without 

taking into account the hyperf!ne structure. But this does not exelude the possibility of fast transitions 

F = 1 .. F = 0. More definite conclusions can be, probably, drawn in a further theoretical estimation of 

the possible values of the scattering lengths and in Increasing the accuracy of the experimental range 

distributions of the l>fl -mesonic atom. 

2. The mechanism of the muon transfer from the hydrogen nuclei to complex nuclei has been treated 

by one of the authors (S. Gerstein). It was found that a great rate of the transfer to the C and 0 nuclei 

depends upon the presence of the intersections of the mesonic molecular terms In the t>llZ system ( if 

the nuclear charge Z ~ 3 J. This mechanism accounts also for a small experimentally observed magni

tude of the cross section for the muon transfer to He/16, 171, (as far as in the I> f.' He system the above

mentioned intersection of the terms Is absent ). A detailed consideration shows that a muon Is transferred 

from protons mainly to the mesonlc atom levels with the quantum number n .. 4 for carbon and n =-5 for 

oxigen. Therefore, subsequent cascade transitions of mesonlc atoms to the ground state with the probabi

lity close te 100% must be followed by the emission of one or some Auger electrons with an energy of some 

KeV. The frequency of appearance of the 'polots' visible at the beginning of the electron track and their 

dimensions are in agreement with the transition mechanism suggested. 

The calculation shows also that the cross sections for the muon transfer to C. and 0 nuclei are ap-

.proxlmately the same: uv"" I.~. 10- 12 ~~/sec for carbon and uv .. 2.~o-12e,.3/see 

for oxigen, while the rate of the muon transfer to C and 0 nuclei (for the liquid hydrogen density} is equal 

to .\ z • 5·1 0 10 
sec -l .The experimental value of Az for liquid hydrogen calculated by .\• ,.eq found In 

the first run from 

,\ 2 "' X ',.cq ~ llq. 

N gas . 

1 

cl 
( 12 ) 
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is equal to \ = ( 1. 2 ~ g:~J .1o10
sec"

1• In (12 ), Nliq and Ng4 s are the number of protons in cm
3 

for liquid and geseous hydrogen, respectively; cl "" ( 0.002t. 
0o~g;~5) is the concentration of c and 

0 nuclei in the first run. If one takes into account both the approximate character of the calculation and 

the errors in the experimental data, then one can think that this value of ·\ is in reasonable agreement 

with the theoretical one. The account of the results of the recently performed experiments on the muon 

transfer to Ne nucle/17/ allows, very likely, to draw even more general conclusion that the rate of the 

muon transfer from hydrogen to light nuclei do not change strongly from a nucleus to a nucleus. Indeed, 

It was found t/ 17/ that the ratio X 1 (X +X J = (9.5 + 3 J. 10
3
• Hence, by making use of the 

' "'e o PPil -

magnitude X we have determined (see Sec. 4) we get XNe"' ( l.o:k~ J. 10
10

sec"
1
• 

PPf.t. 

4. The Detel'l111natton of the nate of tile 1\tuon Transfer from a 

Proton to a Deuteron and of the PPil Mesonlc lon Fo1'111atlon 

In the muon transfer from a hydrogen mesonic atom to a deuteron in the reaction 

PI-' +d .. d,l+p ( 13 ) 

the produced mesonic atom lljt receives the energy of 45 eV because of the difference in the reduced 

masses of PI-' and Jp. • As is known, Alvaretz et al.fB/ found that-the mesonic atom with such an 

energy has a range in liquid hydrogen of about 1 mm. This fact has led one to hope that at the pressure 

of the gaseous hydrogen in the diffusion cloud chambet of about 20 atm., the range of a mesonlc atom 

will be essentially longer and, thus, a comparatively easy means for determining the rate of transfer (13) 

appears. 

The experimental procedure with a deuterium was analogous to that ln run 1 (see Sec. 2). The deute

rium concentration in hydrogen was tested in special experiments and was found to be 0.44%. Measures 

were taken to avoid a large background from the particles passing through the chamber which would make 

the identlflczaUon of the events with the transfer to deuterium difficult. The gaseous deuterium used in 

the experiment was carefully purified from tritium (the tritium contamination in it was less than 5.10·14 

atomic parts). 

About 800 events were found on 10000 pictures. A half of these events were usual ll - e-d ecays, 

while the remaining ones reached 10 - 15 mm between the end of the stopped muon and the 

electron. In Fig. 3 are given two examples of such events with the gaps of 7 and 11 mm. 

The distribution of 341 events by the lengths of the gap projections along the horizontal plane with 
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r > l mm is shown in Fig. 4 (except the background events with th e gaps from the pp. -atom diffusion). 

In the same figure the smooth cu~ve shows the calculation di s tribution of the projections of the gap 

length s. It has been obtained on the basis of the distribution of the real gap lengths which can be put as 

dn 
dl 

A exp I bl - ~ [ exp ( bl)] I 
vo b 

( 14 ) 

where b = '1 NCf!J , N is the number of protons in em 3, u is the cross section for elastic scattering 

k b 7 10-21 2/2 1 •• 
of Jp. mesonic atoms on protons, deuterons and complex nuclei ( it was to en to e . em '' 

Tf is a part of J p. -mesonic atom energy lost per coll!sion, Tf"' 0.4,: v
0 

is the initial velocity of 

a dp. -mesonlc atom equal to 6.6.10 6 em/ sec; >. is the sum of the rates of the muon transfer from a 

deuteron to the C and 0 nuclei and of the muon decay taken to be >."' 1.,.10 6
sec"

1. In the calcula

tion of dis tribution (14) it was ass umed that a dp. -mesonic atom loses its energy only in the collision 

with protons and s ince in such s cattering a possible deviation from its original direction does not exceed 

30° in the lab. system, it was assumed to move along the straight line. Besides, it was taken into acco

unt that the way covered by a dp. -mesonic atom is determined not only by the slowing down time but 

also by the time before the decay or the muon transfer to complex nucleus. One can see from Fig. 4, that 

a qualitl.ltive agreement is observed between the calculation and measured distributions. In determining 

the rates of the muon transfer from a proton to a deuteron the most essential corrections were introduced 

into the total number of such events: the correction for the inefficiency of observing the events with the 

')aps ( + 17%), the background from false events ( -8%) and the contribution from the region with 

l' < 1 "'"' ( + 4,; ). As a result, it was found out that the ratio of the number of the muons transferring 

to deuterium to that not transferring is equal (o 1.12 ± 0.18. Hence, the rate of the transter 

PP. + d-+ dp. + P is ( 1.4, ~ 00!]2 ). 1o6sec" 1• By dividing this value into the deuterium concentration 

and multiplying It by the ratio of the densities of the liquid and gaseous hydrogen, we get the folliwlng 

value for the rate of the muon transfer from a proton to a deuteron In the liquid hydrogen: 

A d = ( 0.9, ~ ~·.~~ ) • 10
10 

sec"
1 • 

The obtained experimental value of Ad Is In good agreement with the magnitude calculated by 

using the method of the refined adiabatic approximation what was done by Belyaev et al/18/, as well as 

'::chen et ar/61. 

The knowledge of the absolute value of Ad playing a great role, e.g., In the catalysis phenomena Is 

e specially Important since it allows to determine another quantity essential for the mesonlc molecular 

physics, I.e., the rate of the ppp. -mesonic molecular Ion formation In liquid hydrogen. Indeed, In some 
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paper/ 8.17/ the yield of the reaction dtL + /J ... fll'J + IL ha s been de termined an d th e ratio 

Ad/ (>.. 0 + >..PPIJ. J has been found . The mo-st reliable data for thi s ratio have been recently obtained by 

Schiff/ 17/ . He found that 
+6,2 ) 

= ( 8,9 -3,6 
3 

10 

By substituting here our magnitude of >.. d' we get the absolute rate of the pp 11- mesonic !on formation 

In liquid hydrogen to be 
+0,8 6 -1 

( 0,6 ) 10 sec. 
-0,5 

This value agrees within the error with that calculated by Zeldov!ch and Gerstein151 * which is 

1.3.106 sec-1, but it is much less than 6.5.106 sec· 1 and 9.106 sec· 1 calculated by Cohen et al/6/ and 

Wu et al 17/. 

Then, using the results of/17/ and taking into account the upper limit of our experimental value of 

>.. , one can estimate th e upper limit of the absolute rate of pdiJ. meson!c ion formation in liquid 
PPI'-

hydrogen. 

If It Is assumed that the ra te s of the muon tran s fer from a prlilton and a deuteron to a neon are the same, 

we get , 6 -I 
"d <0.6. IO .sec· It should be emphasized that this value does not contradict the est!-

p "" 
mate resulting from Ashmore et al experlments191 >.. d > 0.2.Io6.sec" 1, but is in sharp discrepancy p p. 

with the estimate \dll > 10 7 
.sec -l obtained in Investigating the catalysis of the nuclear reactions In 

the liquid deuterium bubble chamberf lO; . 

5. C o n c I u s I o n 

In this paper some quantitative characteristics of a number of me sonic atomic processes in hydro

gen have been determin ed experimentally. Alt!-ipugh the magnitude o f the cross section for p ll -mesonic 

a tom scattering on protons is clo se to the expected theoretical value of the cross section calculated 

without taking into account the hyperfine s tructure, the problem about the probability of the transitions 

P = I ->P = 0 is s till open . More de finite conclusions can be, probably, drawn by studying further 

the me sonlc atom distribution s ovf'f th e range length s and by specifying theoretically the scattering lengths 

ag and au. The found values of >..d' >..PPW and >..z are In good agreement with the calculation ones and 

confirm the validity of the mechani sms of the processes s ugges ted In the theory. However, a highe r accu-

·~:/5/~:;:-::--v-~I~ ::~PPIL h a~ be,..n found to be t.~ . 10 8 !IIIPr.~ 1 fo r tho numbtH of hrdrog e n nuolet N = 4.2 . to 22rm-:\; 

th o val uP A,ppf..L :!! 1.8. to6~~ c ·l hi\~ boon ~ a.lr.ulated for N-= 8.6 .to22 o m-3, what 1~ more rP.al under tho condition of 

tho liquid hydrogen bubble chambAr. 
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racy of these experimental values and, especially, of the rate of the PPIL mesonlc Ions formation In 

liquid hydrogen Is necessary as far as the problem of the muon capture by protons is concerned. 

The contradiction In the estimates of >..pdp. obtained from experiments In which hydrogen contaml 

noted with a small amount of deuterium and liquid deuterium contaminated with a small amount of hyd

rogen/lO/ were used could point out a possibility of a new mechanism of the catalysis. Therefore, 

the experiments on a direct determination >.. pdll are at present especially Interesting. 

The authors take the opportunity of expressing their deep gratitude to J. B. Zeldov!ch for valuable 

discussions, to the cynchrocyclotror divistlon and, especially, to T.N. Tomollna and Ye.I. Rosanov 

for provldina a stable operation of the accelerator In the pulse regime. The authors thank also 

Ye.~l. Kuchinsky, A. V. Brzhestovskoya, Ye.A. Kurchevskaya and N.P. Vasil!stov for the pnr!fication of 

deuterium from tritium. Thanks are due to L. Krasnoslobodzeva, T. Sazhneva and Yu. Calklna for the 

assistance In scanning pictures and In making the measurements. 
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a) b) 

F i :J. l. 

Pictures of 1.1- e -decays ir. hycrogen (run s 1,2 ). The displacements between the beginning of the 

electron track and th e end of the stopped muon are due to the diffus ion of a Pll -mesonic atom. 

a) at th e beginning of the decay electron track there is no visible 'point'; 

b) at th e beginning of the decay electron track there is obse rved a visible 'point ' (Auger electron) 
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2:b 
N 

30 30 

20 20 

22,7 Btm . H2 5,0 atm. H2 

fO 10 

0 ~5 I t,5 2,0 2,5 0 0,5 1 1,5 2 2,5 3 3,5 
epp( mm) fpp (mm) 

Q) 
b) 

Fi g. 2. 

Di stribution of the events of t-t-e -decays in hydrogen by th e gap l enght . 

a) !12 pressure of 22.7 atm (run 2 ). 

b) 112 pressure of 5.0 atm (run 3 ). 
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30 
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10 

0 ·f J 5 

F l 1· 4. 

20 

7 9 II IJ 

22,7 atm . Hz 

0,44 /o lJz 

15 17 19 

e~}J ( mm) 

Distribution by the projections of the gap len gth s of the events of c4t -meson!c atoms produced in 

the process PIA + d .. 4£ + P· ( P,1 = 22. '! atm, c
0 

-= 0. 44r. ). The s mooth curve shows the 
. 2 2 

~clcul atlon distribution . (See the text). 
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