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Abstract

A number of mesonic atom processes in bydrogen has been studied experimentally by means of a diffu-
. ston cloud chamber in the magnetic field. The following quantitative data have been obtasined: the cross
). 10" “cm’; the rates

, . . : +
section for elastic scattering of piL - mesonic atoms on protons 0 = (1.7

of the meson transfer from a proton to deuterons and complex nuclei‘?‘oC and 0 ) recalculated to the liquid

. 0. 0 _ _
bydrogen density /\d= (0.95_ "5 ) 10 sec I pd A = (1.24-_06.85)-1010 sec— L, 1he rate of the /o.r-

mation of mesonic molecular ions DD in liquid bydrogen

+0.8 6 =1
A =(0, . 10 sec .
oou (0.6 _ 051 ‘
The experimental values of A , A and A are in good agreement with the theoretical ones what com-

firms the validity of the mechanisms gfltl):e processes suggested theoretically. The cross section UPP turned

out to be close to the theoretical value calculated without the byperfine structure of the pu mesomic atom
being taken into account. However, the posslbility of the fast transitions to the lower state with the total

spin of a mesonic atom F =0 is not excluded

The determination of the absolute value A | of carried out in this investigation allows to find the abso-
lute probabilities of a number of | - mesonic molecular processes by using it as a scale.



ILiIntroduction

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

g+ p >ty (1)

may present important information for the theory of weak interactions. Howevet, until recently reaction
(1) was referred to the processes practicully not studied among the phenomena concemed 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 part, to the complications which dif-
ferent mesonic atom and mulecular effects preceding this reaction introduce into the interpretation of
the results which can be obtained experlmentully/l":;/. As has been shown in theoretical papers/1’4/,
the probability of reaction ( 1 ) depends upon the hypetfine structure spin state of the pu-mesonic atom
( = 0 or F = 1), and for the densities of hydrogen larger than 10 19 nuclel/cm3, the muon cap-

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

The probability of muon capture in hydrogen depends also essentially on that of the formation of
ppp mesonic fons (pr )/5 —7/, since the spin state of such ions turns out to be analogous to the
mixture of states F = 1 and F=0,

Therefore, to determine experimentally the magnitude of )\” " and to obtain the information about

the probability of transitions of pu from the state F =11into F =0 becomes of great importance.

¢ - mesonic molecular processes are essential also for the catalysis of nuclear reactions by muons
in the mixture of hydrogen lsotop/ees_}%/nd though the main experimental 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 pdy mesonic molecular-ion formation,and of the nuclear fusion reaction in this
mesonic lon are also of interest. As far as these problems are very acute, a number of experiments were
arranged at the Joint Institute for Nuclear Research synchrocyclotron which were aimed at investigating
the mesonic atomic and molecular processes occurring in hydrogen and deuterjum. In these experiments

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

This paper presents the results which were obtained in the first serles of experiments pertaining to
the study of pu -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 lons and of the muon transfer from a

proton to complex nuclel.,



2. The Cross Section for pu -\esonic Atom Scattering on Protons and Muon Transfer to the
Complex Nuclei

The cross section for pu -mesonic atom scattering on protons has been theoretically calculated I{\Z'G(
1t may be expressed In terms of the scattering lengths ‘g and a, of the pp + p system In the symmet-
rical ( ﬂg) and antisymmetrical ¢ a, ) state with respect to the Interchange of the space proton coordi-

nates. At energles of the ¢ mesonic atom {n the c.m.s. which are much greater than the energy of the

hyperfine structure of the hydrogen mesonic atom ¢ >> €, (¢, ~ 0.2 eV ), the cross section of scattering

Pu +p>putp (2)
is of the form 2
= 4n (1 g 3 L2
pp (g T+a? MR (3)
k2 ZMI‘
where =
/4/

Howevet, as was shown in the theoretical paper’ ™, the pu mesonic atom {s expected to transfer
from the hyperfine structure state F =1 to the state F =0 for 2.10°9 sec what s 0.001 of the muon li-
fetime as a result of collisions with protons and because of the f jump / mechanism. The results of the

/1Y

measurements of the muon depolarization In liquid hydrogen are likely not to be in contrast with

such a transition.

For pu mesoatoms in the state F =0 at the thermal energles ( € << ‘o)' this cross sectlon is given

hy the formula:

2
a0 = 4n( 22t 3y ), (4
3 )
pp
The scattering lengths a_ and a4, have been calculated tn/ 28/
2 -11
b
In both papers close values a = 3( in the units of = —— 7 = 2,550 ¢ ) have been obtatned

for a_, while In the magnitude of a,d great difference {s observed (according to

%
/2/

= - 11
nccording to ag =17 ). This difference may be due to the fact that the ppu mesonic lon has a

virtual level with an energy close to zero, and under the resonance conditions ‘g turns out to be rather
sensitive to the approximations assumed in these papers. It {s essential that in ( 4 ) the scattering

lengths having opposite signs gre added. As a result, a(® may be far less than the corresponding
44



value of %, at K = 0*. Therefore, the comparison of the experimentally measured cross section with
the calculating one enables us to estimate whether the corresponding theoretical approximations are
correct and, thus, to get information about the pu mesonic atom distribution over the spin states just

before the muon decay or its capture by a nucleon.

i?_t_ﬁgi' To determine this cross section experimentally the following method may be used. As far
as the pp 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 u —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 cross 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 {avourable 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 nuclel which are the components of methy!l alcohol the scattering process (2 ) is
ovetlappad by another process-the muon transfer from protons to these nuclel 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 scatteting cross sections { 2) by the pu —~ e -decays with the gaps and to the obtaining

of the rate of the muon transfer to complex nuclei.

Experimental Arrangement

The diffusion cloud chcmber/13/ with the working diameter of 380 mm was placed into the magnetic
fleld of 7200 oersted and exposed to the n~ and u~ -meson beam with the momentum of 260 MeV/c.
The muons wete slowed down and pions were absorbed by means of a copper filter 11.5 cm thick and of
the 0.8 cm steel wall of the chamber. The admixture of 7 -mesons coming to rest in the chamber was
determined by the relative number of one-prongstars due to » -mesons when the chamber was filled with
helium, or by distinguishing = and pu mesons stoppings in hydrogen by measuring the mean radius of

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

- 13/ °)
*For the values of the parameter a = — 17.83 and a = 5.35 accepted In’ : the cross seotion 0(
is obtained to be anomalously smali, bBoause of the ‘accdidental? colnofdence ]a |~ 8a . However, in

view of the above-mentioned uncertaity in the magnitude of 58, this cannot be  considered {mportant,



ber wax filled with hydrogen which was purified from the contaminations of NZ' 02, HZO etc by letting
it throuqh the trap with silica-gel and activated carbon cooled down to the temperature of liquid nitrogen.
Tre exposure was made for two values of the hydrogen pressure. The analysis of the technical hydrogen

we have used has shown that the atomic concentration of the deuterium admixture {s 0.007% in ft.

The first two runs have been performed under the pressure of 22.7 atm., but with different concen-
tration of C and 0 nuclel which was estimated by the temperature of the vapour source or by the tempe-
rature and critical supet saturation of the upper part of the sensitive reglon. The temperature of the vo-
pour source was In the first run  + 2° C, in the second - 15°C. The two latter runs were made under
the hydrcgen pressure of 5.0 atm., and the surface of the vapour soutce with the temperature of 0¥ C
‘vas decreased. Besides, in the fourth run the concentration of complex nuclel was increased by adding
22 mm Hgqg of alr.

The Results of the Experiments

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

In all the runs along with usual p—e ~-decays there were observed the events in which the beginning
of the decay electron track !s vividly displaced from the end of the stopped u -meson at a distance rang-
inq from a half-width of the track («(.25 mm ) up to 3.5 mm. In Fiq. la is given an example of such an
event observed in the first run. The length of the gap is 2 mm. Both the lengths of the qaps and the
frequency of their appearance given in Column 7 depend on the concentration of complex nuclel and es-
pecially on the hydrogen pressure. When the hydrogen contains a very small contamination of deuterium
(technical hydrogen) these gaps are due to the diffusion of pu mesonic atom for a time before the decay
or transfer of @ u -meson to a complex nucleus. The muon transfer to the complex nuclel 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 emission of Auger electrons. In the cases with gaps the beginning of the decay electron track
{s very frequently accompanied by a distinct ‘point’, i.e., a gathering of drops with the dimension
0.3 — 0.6 mm (Fig. 1b ). The frequency of the appearance of these ‘points’ depends upon the concentra-
tion of complex nuclel {Column 8 ), and these ‘points’ are accounted, very likely, for the short-range
Auger electrons arlsing in the cascade muon transition from the excited levels of the C or 0 mesonic

atoms after the muon transfer from the pu -mesonic atom to these atoms.



To clear up the latter circumstance (the smallness of Auger electron energy) another run was perform-
ed without the magnetic field under the same conditions as tun 3. There were identified 43 p —e —decays,
n 10 of which the beginning of the electron track was accompanied by a visible ‘point’. Out of all the
43 u—e -decays, only In 3-4 events one could not exclude the presence of the second electron whose
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

most 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 nuclel.
This problem tutns 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

Aleq --.._)‘°___."5t°p'a (5)
z B,e — fAstop.@

where )Vz is the rate of the muon transfer from a proton to the complex nuclei {n the gaseous hydrogen;

T 1is the concentration of complex nuclel (Column 3); g='1 for experiments 1 and 2 and q = (5.02/22.7)=0.22

for experiments 2,3 and 4; Ao =-0.452.10 6sec’! s the probability of the muon decuy,n" {s the number
op.

of the muon stoppings without electrons; e i{s the number of decays; a= 2o and

_— : AC
Ac + A\° cap
cap cap
A(::ap are the rates of nuclear muon capture by carbon and oxigen found experimentally/ 14/, This method
of the determination suggests that the probabilities of the muon transfer to the C and O nucletl should

be the same.

In the remaining three runs X'z 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 nuclel
(002) were added to the hydrogen at the pressure of 21 atm. In order to Increase the dimensions of the
qaps 5% of deuterium were also let into the chamber {see Sec. 4). In this experiment about 95% of muons
which are on the du -mesonic atom orbit will transfer to carbon and oxigen nuclei before their decay.
Tut of the 40 events in which the gaps were longer than 1 mm, {n 37 at least, the beginning of the
'ecay electron track was accompanied by a visible ‘point’. This points out that in not less than 90% of

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






In its turn

D=3n v (7)

32 NI ’

shete T -is the mean velocity of the relative motion of pu and "2' N is the number of protons in cm3,

“hile jd is the value of the migration cross section averaged over the Maxwell distribution

s _ mv? (8)
54 Iiexp (=2 Qdv
) (m_ )%
2« T

The quantity 2 entering(8)isequalto Q = 27 (1 ~cos @) o () sin 6 d9, o (0 deg

MM
is the differential cross section for pu -mesonic atom scattering on hydrogen; m = MI 2 {s the
1+M2

reduced mass of pp and of the H, molecule, T is the mean temperature of ges.

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

on the H, molecules, then it is necessary here to take fora (@) the differential cross section for the pu -
-mesonic atom scattering on the H, molecules. This magnitude is not difficult to be catculated if the
cross section for pu scattering on free protons {s 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 Q'd for pu mesonic atom scattering, the ppu -mesonic atoms
are in the F =0 state, on the ortho- and parahydrogen molecules for &= 2,7. 10°cm/sec and at the

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

(6d )p(ll‘c( = 0;6 $P ’ (Qd )orth0= 2app 4 ( 9 )

while for the statistical mixture of ortho- and parahydrogen (3/4; 1/4):

nd =1;60pp' (10)

Makinguse of (6 ), { 7), and { 10 ) we find the expression for determining the cross section

L1v
%p ; ‘ (1)
PV(Ao+/\z cq )

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

ing to the values N eq and 2

fndicated {n Column 9 and 11,







3. Discussion of the Experimental Results on the Determination of the Cross Sections app and

on the Muon Transfer to Complex Nuclei

2

1. The comparison of the cross sectior. a  calculated by the found velues of ¥ % and X cq

4
shows that the effect of pp  -mesonic atom :cottering on complex nuclei 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 noted that 72 changes more strongly in varying the hydrogen density than it follows from the
diffusion férmula (11) (for instance, in rum 3 we have to expect by (11) that 72 jncregses five times as

large in comparison with run 1, but not 13 times as large what was obtained experimentally). In view of
this, a difference has been obtained in the calculated values of cross sections for high and low hydro-

gen pressures.

Apparently, this cannot be fully accounted for possible neglected experimental inaccuracy. If this
discrepancy is real , then it may be due to the following reasons:

a) pp -mesonic atom has the initial energy of order of 1 eV* which exceeds essentlally the ther-
mal one (0.02 eV), and the scattering cross section is increasing with decreasing velocity. In this case
the application of the diffusion approximation for pu -mesonic atom scattering at low densities HZ(Sqtm)
may turn out not quite justifled since the time before the decay or transfer can be compared with the
time before the slowing down to the thermal velocity (for the energy of 1 eV, the number of PU+ D

5
Y berm= 210 cm/sec’

collisions before the slowing down is about 6, while for oz 110" Pcm? and
the number of collisions before the decay or transfer is equal to ).
b) pu -mesonic atoms may be in the two states F =0 or F= 1, whose cross sections for elastic

scattering differ from each other 5-10 times, In this case it is possible to satisfy the values of 72

ottained experimentally by an appropriate choice of the statistical wefghts of these states. These qua-
litative reasons for a possible difference in the magnitudes of the cross sections for the two pressures
may be checked by further increasing the accuracy of the magnitudes obtained experimentally and in «

more accurate analysis of the range distribution.

In order to compare the experimental absolute value of the cross section o with the theoretical one
we make use of the magnitude 1.7. 10"19%m? experimentally obtained with high ﬁzdrogen pressure and low
concentration of complex nuclef (run 2) since the application of the diffusion formula in this case is
more justified (the number of collisions b+ p 1s about 40), whereas the effects from complex nuclei

are very small. This value is in agreement with the magnitude 3.10~19%m?2 obtained by Cohen et 01/6/.

"
It the transition of & muon from high orbits to the K-orbit of a mesonfe atom ocours as a result of the oolli-
slons with H

'g molecules, as It was pointed out by Welghtman/”/v then a part of the coupling energy. of a H’?‘ mole

culs (ahout 1 aV) will be transferred to a oy - masonic atom,
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3
, 10__ -1
is equal to Az = ( 1.zt g_g) .10 Usec™t. In (12), N”q and Noas Or€ the number of protons in cm

for liquid and geseous hydrogen, respectively; C1 = (o.ooztoéf'&‘g’) 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 Az is in reasonable agreement
with the theoretical one. The account of the results of the recently performed experiments on the muon
transfer to Ne nuclei’ 17/ allows, very likely, to draw even more general concluslon 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 in’ 17/' that the ratio A,/ (A, + pr) =(9.5+ 3). 103 Hence, by making use of the

magnitude )*”# we have determined (see Sec. 4 ) we get Aye=( l.o:‘o'_“ ). 101%ec!,
4. The Determination of the Rate of the Muon Transfer from a
Proton (o a Deuteron and of the ,pp Mesonic Ion Formation
In the muon transier from a hydrogen mesonic atom to a deuteron in the reaction
pe +d-dp+p (13)

the produced mesonic atom dp receives the energy of 45 eV because of the difference In the reduced
masses of pp and du . Aslis known, Alvaretz et ql./ 8/ 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 c¢loud chambet of about 20 atm., the range of a mesonic atom

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

The experimental procedure with a deuterlum was analogous to that in run 1 (see Sec. 2). The deute-
rium concentration in hydrogen was tested In speclal experiments and was found to be 0.44%. Measures
were taken to avold a large background from the particles passing through the chamber which would make
the identification of the events with the transfer to deuterium difficult. The gaseous deuterium used in

the expetiment was carefully purified from tritium ( the tritium contamination in it was less than 5.10714

atomic parts).

About 800 events were found on 10000 pictures., A half of these events were usual p ~ e—~decays,
while the remaining ones  reached 10 — 15 mm between the end of the stopped muon and the

electron. In Fig. 3 are glven 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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f>1mm is snown in Fig. 4 (except the background events with the gaps from the pp -atom diffusion).
In the same fijute the smooth curve shows the calculation distribution of the projections of the gap

lenaths. It has been obtalned on the basis of the distribution of the real gap lengths which can be put as

dd!; = A expl bl-_% Lexp(BDT 1, (14)

o

where b=1% Non, N is the number of protons in cm3, o is the cross section for elastic scattering

of du mesonic atoms on protons, deuterons and complex nuclef { it was taken to be 7.10"2em /27 3;
nls a part of d p-mesonic atom energy lost per collision, 7n= 0.45; v, Is the initial velocity of
a dy -mesonic atom equal to 6.6.106 cm/sec; A Is the sum of the rates of the muon transfer from a

6sec’l. In the calcula-

deuteron to the C and 0 nucle! and of the muon decay taken to be A= 1.5.10
tion of distribution {14) it was assumed that a dp -mesonic atom loses {ts energy only In the collision
with protons and since In such scattering a possible deviation from its original direction does not exceed
30° in the lab. system, it was assumed to move along the straight line. Besldes, it was taken into acco-
unt that the way covered by a du -mesonic atom {s 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 qualitttive 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 cf such events: the correction for the Inefficiency of observing the events with the
1aps ( +17%), the background from false events ( ~8%) and the contribution from the region with

1I* <1mm(+4%) As aresult, it was found out that the ratio of the number of the muons transferring
to deuterfum to that not transferring {s equal to 1.12 £ 0,18. Hence, the rate of the transter

put dardu+p Is (1.43 *—06.’312 ). 108sec™L, By dividing this value into the deuterfum concentration

and multiplying it by the ratio of the densities of the liquid and gaseous hydrogen, we get the folliwing

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

A= o5t G 1070 sect .
The obtalned experimental value of A, {s in good agreement with the magnitude calculated by
using the method of the refined adiabatic approximation what was done by Belyaev et 01/18/, as well as
“ohen et al’®.

The knowledge of the absolute value of Az playing  a great role, e.g., In the catalysis phenomena {s

aspeclally important since it allows to determine another quantity essential for the mesonic molecular

physics, l.e., the rate of the ppp -mesonic molecular ion formation in liquid hydrogen. Indeed, in some
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pupors"lg'”/ the yleld of the reuction  dp + p Held s it has been determined and the ratio

Ag/ (A * '\ppy. ) has been found . The most rellable data for this ratio have been recently obtained by

Schiff/”/. He found that A

e d (89

-~3,6
Ao+ '\PP#

3
+6,2 ) 10

By substituting here our magnitude of A , we get the absolute rate of the pp it mesonic fon formation

in Hquld hydrogen to be
+0,8 6 1

’\PP# = (0,6 - 0’5 ) 10 sec.

This volue agrees within the error with that calculated by Zeldovich and Gersteln”>* which is

1.3.106 sec'l, but it {s much less than 6.5. 106 sec™! and 9. 106 sec’! calculated by Cohen et 01/6/ and
Wuet al /1,

Then, using the results ot/ 11/ gnd taking into account the upper limit of our experimental value of
» one can estimate the upper l{mit of the absolute rate of pdu mesonlc fon formation In liquld

A
244
hydrogen.

If it {s assumed that the rates of the muon transfer from a proton and a deuteron to a neon are the same,

we get A <0.6. 106sec'1.

pdu 9
mate resulting from Ashmore et al experiments/ / z\p

It should be emphasized that this value does not contradict the esti-

6 1

> 0.2.10 sec™”, but is in sharp discrepancy

dp

with the estimate Apdy > 107sec”! obtained In investlgating the catalysis of the nuclear reactions in

the l1quid deuterium bubble chamber/ 10/,

5. Conclusion

In this paper some quantitative characteristics of g number of mesonic atomic processes in hydro-
gen have been determined experimentally. Altwugh the magnitude of the cross section for pu -mesonic
atom scattering on protons is close to the expected theoretical value of the cross section caleulated
without taking into account the hyperfine structure, the problem about the probability of the transitions

F=1+F = 0 s still open. More definite conclusions can be, probably, drawn by studying further

the mesonic atom dfstributions over the range lengths and by specifying theoretically the scattering lengths

4 and « 3
& u The found values of A, ’\ppy' and A, e in good agreement with the calculation ones and

confirm the valldity of the mechanisms of the processes suggested {n the theory. However, a higher accu-

*1n/37/, the value of Apppt has been found to be 1.5 . 108 sec™! for tho number of hydrogen nuclet N=4.2 .1022cm"3;

the value I\ppll= 1.3 . 10%sec ! has haoon calculated for N=8.§ .!0220m'3, what is more real under the conditfon of

the ltquid hydrogen bubble chamber.
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a) b)

Pictures of u - e-decays in nydrogen (runs 1,2 ). The displacements between the beginning of the
electron track and the end of the stopped muon are due to the diffusion of ¢ pp -mesonic atem.

a) at the beqginniny of the decay electron track there {s no visible 'point’;

B} at the beqinning of the decay electron track there is observed a visible ‘point’ (Auger electron)
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