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Production of slow mesons by 660 mev protons was studied with the aid of the
emulsion camera. The method exployed permitted us to studyeffectivelythe stars
formed by 7™~ mesons as well as the energy and angular spectra of the slow 7

mesons formed in nuclei.

The present work is a continuation of the study of formation of 7" and 7~ mesons
in the nuclei of photoemulsions by fast nucleons and contains results obtained with
660 mev protons, The camara used in this work was prepared with the photoemulsion
NIKFI, type R (85% Ag Br), containing 45 layers each 300 p thick and 42 mm in diameter
and was irradiated with 600 * 10 mev protons obtained from the synchrocyclotron of the
Institute for Nuclear Problems, Academy of Sciences, USSR.

The greater thickness of the emulsion camera (15 mm) and the higher sensitivity of the
emulsion used in this work permitted a more detailed analysis of the process of formation
of slow #~ mesons in the photoemulsion nuclei.

1. ENERGY AND ANGULAR DISTRIBUTIONS
OF THE FORMED 7 MESONS

TO obtain a correct picture of the different char~
acteristics of the 7" and 7~ mesons in the
photoemulsion we used the method of following
each meson track from its end to the point of
7 meson production or its entrance into the camera.
There were found by this method 95 cases of
7* meson and 80 cases of »~ meson production.
After making corrections for the end effect (as
discussed in Ref. 1) there were obtained the
angular distribution and energy spectrum of the
produced 7* and 7~ mesons.

In Fig. 1 are shown the angular distributions of
7* and 7 mesons produced by 600 mev protons
in the photoemulsion nuclei. It is seen from
Fig. 1 that the # meson production cross section
depends slightly on the flight angle relative to
the direction of the beam of the incident particles.
The energy distribution of the #* and 7~ mesons
is shown in Fig. 2. It is seen from Fig. 2 that
the difference between the spectra of #* and 7~
mesons produced by protons is preserved at 660
mev although it is less pronounced than at 460
mev (Ref. 1) which is possibly connected with the
incressing effect of the charge redistribution
between the captured nucleon and the nucleus
prior to the formation of the meson.

*This communication is based ea mesults obtained
during 1954-55.
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There was also computed the ratio of 7" to
7" meson production which for mesons of E, >40

mev, after conectigns for the end effect
turned out to be #° / 7~ =1.6 £0.4. Allowance

for the Coulomb displacementof 15 mev (Ref. 1) in

the #* and #° mesons energy spectrazields for

the value of this ratio the quantity #*/ 7~

- =23 $0.5 which coincides, within the limits of
error, with the results obtained by irradiation of

emulsions with 460 mev protons:

== =2.54+0.6.

The production cross sections of #* and 7~
mesons of energy £, < 40 mev by 660 mev protons
in photoemulsion nuclei was obtained from the
number of produced 7 mesons in a definite volume
of the emulsion and the density of the proton
beam (Ref. 1). The cross sections were found to
betsr- = (2.8 + 1,0)-107%7 cm?; 6~ = (4,4 +1.5)

10727 cM?; S(nran-y = (7.2 + 1.8)XA07*7 cu?.
These cross sections refer to mesons of the energy

interval 0<ZE-<40 mev .

2. ANALYSIS OF STARS ACCOMPANYING
PRODUCTION OF 7 MESONS

In the analysis of the stars accompanying pro-
duction of 7 mesons,traces of the particles leaving
the star were examined up to the point where they
were stopped in the emulsion camera,or up to their
emergence from it. In the first case the energy was
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determined from the curves E= f(R) where R denotes
the ionization path of the particle; in the second
case, the energy was determined from the curves of
energy dependence on the grain density
E=f(dN/dR). The curve E=f (dN /dR) was ob-
tained experimentally for 7 mesons and recomputed
for protons according to the formula

dN dN (ExM,,
RE) =R (5)

The application of this method permitted more
relisble me asurements of the energies of particles
emitted from the stars compared with other investi-
gations in which photographic:plates were used for
this purpose.

A total of 95 stars accompanied by production
of 7* mesons and 80 stars by production of 7
mesons were analyzed, and not a single case of
formation of pairs of mesons was registered in all
the 175 cases. In addition, we investigated 74
stars found in following tracks of protons not

containing 7 mesons (see Sec. 3). .
The distribution according to energy of the parti-

cles leaving the stars is shown in Fig. 3. The
photographic emulsion used in the work did not per
mit effective identification of protons and o-parti-
cles of low energy (Ep < 40 mev); the particle
energy in all cases was therefore determined from
the curves E= f (R) for protons. Numerical values
for the energy distributions of the particles are
shown in Table 1.

TABLE 1

Average star energy E (combined kinetic energy of charged particles) and
average number of charged particles N in stars with and without production

of mesons
Particle energy (in mev) 0--30 30—100 >100 All energies
=~ 184-2 2344 143419 184413
T 284-2 9447 163422 246417
E . without 7= 2842 3645 2964-34 3604-20
o+ 1.85+40.14 0.4 40.07 0.634+0.08 | 2.9 4-0.17
L 3.2 40.2 0.9 40.1 0,714-0.09 | 4.854-0.25
N without ™ 2.5 40.2 0.6240.09 1.0. 401 4.2 40.2
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F16. 3. Energy distribution of particles
leaving the stars under the action of 660

mev protons, ® —decnotes stars with pro-
duction of 7 mesons; X - stars with
production of 7 ~ mesons; O~ stars with-
-out any mesons.

As shown in Table 1, the number of fast protons
leaving the stars (E > 100 mev) is substantially
the same for all cases of #»* and 7~ meson pro-
duction, but there is a difference in the number of
charged particles of low and medium energy. The
independence of the number of fast protons of the
sign of the produced meson is maintained aso for
the case when the meson is emitted forward. The
latter characteristic , pointed out in the analysis
of stars produced by 400-460 mev nucleons, indi-

cates that the nuclei aretransparent to slow mesons

(E, < 40 mev) and that there exists a high
probability of the nucleons recharging in the
nucleus.
~ Stars which are not accompanied by 7 meson
production are characterized by a relatively high
number of charged particles and by high average
value of star enérgy E. .The difference in the
number of charged particles of small and medium
energies (E< 100 mev) corresponds to the change
in the nuclear charge with the production of
mesons of different signs.

In Figs. 4 and 5 are shown angular distributions
of slow (£ < 30 mev) and fast (£ > 100 mev)
particles leaving the stars. The corresponding
numerical characteristics are shown in Table 2
where the anisotropy is determined as

[N(0-+-90°)—N(90-+-180°)1/ [N (0-+-90°) -

+ N(90-+180%)].

It should be noted that the anisotropy of the
angular distribution of particles leaving the stars
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is maintained down to particles of lovest energies.
The corresponding results are shown in Fig. 6.

It can be readily shown that the observed aniso-
tropy cannot be explained by the motion of the
nucleus as a whole.
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FIG. 4. Angular distribution of slow (E < 30 mev)
particles leaving the stars under the action of 660
mev protons, @— denotes stars with the production
of 7 ¥ mesons; X — stars with production of 7 mesons;
O— stars without mesons,
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F1G. 5. Angular distribution of fast (E > 100 mev)
particles leaving the stars under the action of 660
mev protons. @ — denotes stars with production of

7 mesons; X — stars with production of 7~ mesons;
O — stars without mesons.
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FIG. 6. Distribution by energy of slow particles
(E < 20 mev) emitted forward ( $< 90°) and back-
ward (9 > 90°) relative to the beam of the inci-
dent 660 mev protons. X — denotes particles emitted
forward (0° < & <90°) from stars with the pro-
duction of 7 and 7” mesons; O-— particles emitted
backward (90° < 9 <180 ° ) from stars vith the
production of 7t and7 - mesons.
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FIG. 7. Distribution by energy of slow particles
(E < 20 mev) leaving the stars under the action of
660 mev protons. X — denotes stars with the pro-

duction OfK + mesons; O~ stars without
mesons; — all the stars (in relative
units). @ — stars with the production of 7t mesons.

TABLE 2

Anisotropy value of particles leaving the stars within
different energy intervals

Energy interval
of the particles + n without
in mev
0—30 0.39+4-0,08 0.22-40.06 0.1540.07
> 30 0.82+-0.06 0.8140.05 0.8240,05
>100 1.004-0,03 0.894-0.06 0.9740,03

A comparison of the data in Table 2 with
results of Ref. 1 shows that, with increase in
energy of the incident protons from Ep = 460 mev
to Ep= 660 mev, the anisotropy of slow particles
leaving the stars decreases. In Fig. 7 are shown
energy distribution curves for low energy
(F <20 mev) particles leaving the stars under the
influence of 660 mev protons. The distribut jon
shows that the energy spectrum includes a large
number of slow particles. The number of stars
containing particles of energy £ < 6 mev com-
prises 70% in the case of #~ meson production and
about 50% in the case of stars without mesons.

Considering the fact that nuclear interactions in
the photoemulsion take place principdly in the
nuclei of silver and bromine for which the mean
Coulomb potential is ~ 9 mev relative to protons,
the number of stars containing slow particles
appears to be too high to be explained by the
action of light nuclei, presence of subbarier
particles or the decrease of the Coulomb barrier
with nuclear excitation. '3 It should be noted
that in emulsions which register particles of
minimum ionization, it is impossible to determine
effectively the mass and charge of low energy
particles. Therefore, the path-energy relation
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for protons was used in this work in determini ng
the energy of particles of short paths. Thus, for
example, o-particlesof energy8 < E < 16mev fall
into the energy interval of 2 to 4 mev. In this
way, aconsiderable portion of the spectrum of the
short path particles (R > 40 p) could be ex-
plained by the presence of o-particles of energy
Ecx > 8 mev. However, it can be seen from the
distribution presented in Fig. 7 that, among the
rays of the stars, there is a large number d
paticle traces of paths shorter than 40 p which

therefore must be related to particles with
Z>2.

3. THE MEAN FREE PATH IN THE PHOTO-
EMULSION OF 660 MEV PROTONS

There were also found in this work 127 cases of
interactions between protons and nuclei, regis-
tered by the method of following the protons tracks.
The total length of all the traces studied was
4362 cms. Four cases were related to the elastic
scattering of protons by nuclei. Thus, the mean
free path of the 660 mev protons in inelastic
interactions with the emission nuclei was e qual
A=354 £3.1 cm.

The theoretical estimate of the mean free path
can be obtdned from the formula

theor ZN ’tRz pi)’ (1)
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where N, denotes the concentration of nuclei in the
ith component of the emulsion, R, = r 4; 1738 __
nuclear radius of the ith component, pl the
transparency of nuclei in the ith component. The
transparency p; Was determined from the expres-
sion

2
pi={1— (1 + 2R;/L) ?

X exp (—2R;/L)} L*/2R 2,

where L denotes the mean free path of protons in
the nuclear matter.
Computation of p; was made for two values

of parameter ro which determmes the radii of
the nuclei: ry =1.2x10-1% cm and o=

x 10713 cm.

The cross section of the interaction between the
proton and the nucleons was taken as o np =7pp
=42x 10°27 cm

Results of computations of A 0, are given
in Table 3. As seen from Table 3, A theor , Ob-
tained for two different values of r_ , does not
differ much from A oxp . It is readily shown that the
dependence of A peor 0N 0pp and opp is weaker

than its dependence on r [see Eq. (2)]. We can
thus state that there is good agreement between

the observed value of the proton mean free path
in the photoemulsion and the computed value.

In conclusion we express our thanks to Prof.
M. G. Meshcheriakov and Prof. V. P. Dzhelepev
for the opportunity afforded us to conduct experi-
ments with the syncrocyclotron of the Institute

TABLE 3

Comparison of Ajp .. with A

and A

exper geom

741015, in cm. t)ixeor' in cmy lgeom in cm, Yexp. in cm.
1.37 37.3 25.6 35.443.1
1.2 33,6 29.1

for Nuclear Problems, Academy d Sciences, USSR,
to L. V. Surkova, O. L. Shchipakin and G. V. Kol-

ganova for their assistance in this work.
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