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Summary

Energy spectra of positive and negative 7 mesons (emitted in p+Be and p+C collisions at an angle of 24° to a
660 Mev proton beam) were measured by means of magnetic analysis. Spectra of m* mesons have pronounced maxima
at an energy near 210 Mev in the laboratory system. The number of 7~ mesons changes insignificantly in the range

from 60 to 250 Mev.

The probability of =" production in collisions of protons with protons bound in Be and C nuclei is found to be three

times less than that in free proton-proton interactions.

The maximum in the spectrum of 7" mesons is near 100 Mev in the c.m.s. The ratio of ™ and =~ meson yields
for Be and C in the whole spectrum range was determined.
The ratios of the total yields of =" and =~ mesons for these elements are respectively 5.3 £0.6 and 7.0 + 0.8.

1. Introduction

The present report describes the investigation of
energy spectra of positive and negative 7t mesons pro-
duced under bombardment of beryllium and carbon by
protons, the energy of which was sufficient to make one
of the colliding nucleons in a nucleon-nucleon collision
pass into an excited state with an angular momentum
3/, and isotopic spin 3/, (the Py s.3/2 state), but not high
enough to make the process of double 7t meson production
in single collisions take place to a noticeable degree.

2. Experimental technique

In order to investigate the energy distribution of t mesons,
a magnetic spectrometer was used. The 7w mesons emitted
at the angle of 24° to the proton beam, after having passed
through the spectrometer, were recorded by a telescope of
three scintillation counters. Information on the proton
beam and magnetic spectrometer is givenin®. A method
of determining p. meson and electron contamination in the
1 meson beam at the exit of the spectrometer is also given
there. The influence of 7 meson absorption in the target
as well as in the crystals and filters was estimated on the
basis of information on total cross-sections of nuclear
interaction of 7 mesons 2~%. The values of the corres-
ponding corrections for beryllium and carbon targets,
the thickness of which was chosen so that the energy losses
of 660 Mev protons in each of them would amount to
3.7 Mev, ranged from 3 %, at the lower spectrum boundary
to 6.6% at the energy of 200 Mev, and then fell again to
3.59% at the energy of 420 Mev.

In computing the correction for 7 meson decay in
flight, it was assumed that the lifetime of 7 mesons is
(2.54+ 0.11) x 10-® sec.®™

3. Tt meson energy spectra

The ¢* and 7t~ meson energy distributions obtained both
for beryllium and carbon are shown in figs. 1 and 2. The
errors given there include both statistical errors of measure-
ments and all that was uncertain in determining corrections
for 7t meson decay in flight and for p meson and electron
contamination. The spectra were normalized in relative
units according to the area of the w* meson peak in the
reaction pp — drm” ©®.

The principal properties of the measured spectra are as
follows :

a) The upper limits of the 7 meson spectra for Be
as well as for C are located at noticeably higher energies
than those of the w— meson spectra.

b) For both elements the average ¥ meson energy
equals about 215 Mev, and the average w~ meson energy
about 180 Mev.

¢) Both w" meson spectra have pronounced maxima
at the energy of about 210 Mev, while the number of
- mesons in the spectra of both elements varies insignifi-
cantly in the energy interval from 60 to 250 Mev.

d) In the ©* meson spectra there is some disturbance
of smooth change in the number of mesons in the region
of 140-200 Mev energy, that is in the same range where the
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Fig. 1. Energy distribution of wm+ and 7— mesons from Be
at 24° in the Ls.

cross-section of the =% meson-proton interaction reaches
its maximum. This circumstance leads to the assumption
that the cause of this disturbance lies in the interaction of
77 mesons with nucleons of the initial nuclei.

Special attention was paid to the measurements of
7t spectra in the interval 250 < Ex < 350 Mev in which
a peak was observed corresponding to v+ mesons originating
from the reaction pp— dn*. If it were possible to find
this peak in our experiments also, it could mean that in
the Be and C nuclei the protons spend a considerable
time on the surface, away from the region of strong inter-
action with other nucleons. In this case the protons
must have a small spread in momentum. As seen in
figs. 1 and 2, the obtained results give no indication of the
existence of deviations exceeding experimental errors,
from a monotonous decrease of the ©* meson number in the
spectra in the whole energy interval.

4. Comparison of T meson yields with free and bound
protons

By means of integration of spectra over the energy,
the values of the =% and m— meson yields at the angle of
24° were determined. The yield for one nucleus of the
target is given in Table 1. The total yield of ©* mesons
from the reactions pp— npx® and pp— dn* on free

TABLE 1
Element yt y-
H 1.0 —_
Be 1.4 0.26
C 1.7 0.24

protons, found under the same conditions, is also given.
The =+ meson yield from a p-p collision is taken as a unit.

According to the charge independence hypothesis, the
total cross sections o(pn — nn=n*) and s{np — pp=w-)
must be equal, and the =" meson yield at the angle 0 in
the first reaction in the c.m.s. must equal the =~ meson
yield at the angle 180° -6 in the second reaction. At an
energy near 660 Mev

o (pp—>drt) = (3.1 +0.2) X 102 cm? ®),
6 (pp — nprt) = (10.2 + 1.8) x 10-*? cm? O,
o (pp—>ppr°) = (34 + 04) X 10-¥ cm?® O,
6 (pn— pnz°) = (7.8 & 1.6) x 10-27 cm? (10,

From the relation

15 [6 (pp— d=*) + o (pp — npr’)] =

= o (pp —> ppr°) + o (pn— pn=°) — o (pn— nnw*),
it follows that
o (pn— nnn") = o (np — ppr) = (4.6 £ 1.8) X 10-27 cm?.

Having in mind the values of these cross sections, we
may make the approximate assumption, that in the energy
range under consideration, the =+ meson production inside
the nuclei takes place mostly in p-p collisions.

If we now refer the values Y* for Be and C to one proton
in the target nucleus, it will appear that the probability
for =" meson production in p-p collisions inside the nucleus
is approximately 3 times less than that for free protons.

Such a considerable decrease of the probability of meson
production on bound protons is caused to some degree
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Fig. 2. Energy distribution of =+ and n— mesons from C
at 24° in the Ls.
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by the absorption of mesons in the initial nuclei, and also
by slowing down and scattering of the incident protons in
the nuclear matter.

Thus, nucleons situated on the surface of the nucleus
play the greatest role in meson production. The binding
of nucleons in the nuclei might be an additional factor
which decreases the probability of meson production
inside the nuclei even at high energies.

5. Analysis of the = meson energy spectra

On the assumption that the = meson production on
complex nuclei takes place in an interaction of the incident
proton with one of the bound nucleons and that the scatter-
ing of = mesons in the initial nuclei is insignificant, the
produced spectra were transformed into c.m.s. of two nu-
cleons. In this system the kinetic energy of two nucleons
equals 305 Mev, when one of them has the energy of 660 Mev
in the laboratory system. The values of d?s/dwdE in the
c.m.s. were found by using the invariance of the expres-
sion 1/p d?c/dwdE, where p is the = meson momentum.

The obtained spectra of =" and =~ mesons, with indi-
cations of the angles at which the = mesons of the stated
energy were emitted *, are shown in figs. 3 and 4.

It is seen that the energy interval 50-200 Mev corresponds

to the angular region between 48° and 42°. The average
total energy of = mesons for both elements proved to be
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Fig. 3. Energy distribution of n* mesons from Be in the c.m.s.
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Fig. 4. Energy distribution of n* mesons from C in the c.m.s.

242 Mev, which nearly coincides with the value found
under the same conditions for free p-p collisions V), the
average total energy of w~ mesons in both cases being
225 Mev.

From these figures it follows that in one act of = meson
production an average of about 75 % of the available energy
in the c.m.s. is spent.

Both =t meson spectra show a maximum near 100 Mev.
If we add to this the most probable value of the =" meson
energy in the c.m.s. the nucleon recoil energy and the
© meson rest energy, the most probable value of the
total energy at = meson emission will be about 260 Mev.

The obtained value of the total energy is only a little less
than the resonance energy of the excited Py, 3, state.

It is interesting to compare the = meson spectra obtained
in the present investigation with those measured at much
higher energies.

According to'), the maximum of the spectrum of the
=t mesons produced on beryllium by 2300 Mev protons
and recorded at an angle of 32° to the initial beam, is
located near 130 Mev. It is also known that at an energy
of 1720 Mev in =" and =~ meson spectra originating from

* The values of these angles are estimated, since the calculations disregarded the nucleon motion in the nucleus.
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Fig. 5. Dependence of the ratio of n+ and m— meson yields
for Be upon the pion energy in the c.m.s.

the reaction np — npn'n—, the average energy values are
respectively 112 and 120 Mev?®.

These facts show that with the increase in energy from
660 to 2300 Mev, the position of the maximum in the
=" meson spectrum is changed insignificantly, remaining
always near the resonance energy of the Py 3. state.
From these facts, one may assume that the same specific
mechanism of = meson production acts in the whole energy
range under consideration.

It may be concluded that in the energy range of
600-1000 Mev this mechanism consists in exciting one, and
at higher energies both colliding nucleons, into an interme-
diate state, from which the nucleons, almost like free
particles, decay by emitting m mesons.

Such an assumption was used in !? to explain the pre-
ferred formation of two = mesons in one elementary
event at the energy 1720 Mev and of the angular distribution
of particles.

The causes of the sharp difference in the spectral form
of positive and negative mesons deserve special discussion.
Supposing that nucleon collisions inside the nuclei have the
same properties as free nucleons with respect to their
interaction in the final nucleon system and to the isotopic
spin conservation, and the preferred = meson emission
in the p-state, the difference mentioned above of the
positive and negative meson spectra may be qualitatively
explained if we assume that the reactions pp — np=* and
pn — ppn- correspond in general to different final states
of the two-nucleon system and that the form of the = meson
spectrum must be sensitive to the nature of the interaction
in these final states.

N +
6. The ratio N E:_;
d2
Using the measured values of ° — the energy depend-
dwdE

ence of the ratio of =+ and =~ meson yield was determined.

N +

&)
N (=)
In the range of 160-180 Mev

For both elements, as seen in figs. 5 and 6,

at the energy E ~ 15 Mev.

"
N (=)
14 for Be and 17.7 for C.
For the same elements the ratios of the integral =" and

n= meson yields is equal respectively to 5.3 + 0.6 and
7.0 + 0.8.

According to1®, the ratio of integral =* and = meson
yields is 5.0 4+ 0.7 at an angle of 90° in the laboratory
system for collisions at the energy of 600 Mev.

the ratio reaches its maximum value which is

A large excess of the =" meson yield over that of the
n— mesons is caused by the fact that the incident nucleon
is a proton, and also by the relatively low probability of
n meson production in the state of the two-nucleon
system with zero isotopic spin.

An attempt 'Y has been made to predict the value of the
N (z%)
N (%)
collision passes through two independent stages, excitation
of one or both nucleons, and then an independent decay
by = meson emission. When the energy is sufficient for
N (z%)

(=)

equal to 9 for p-+Be collisions and 11 for p+C collisions,
if only the = meson production takes place through the

ratio on the basis of an assumption that the nucleon

excitation of only one nucleon, the ratio must be

. . N (@@
Pyjo5/2 state. These predicted values of the ratio ———
N (7)
20 c
NUTTY)
N
15
o H
SRS
4
o 50 100 150 200 E*, Mev

Fig. 6. Dependence of de ratio of wm+ and n— meson yields
for C upon the pion energy in the c.m.s.
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are noticeably higher than the corresponding experimental
values.

Evidently this difference may be partly removed if we
take into consideration the production in equal numbers
of =% and =~ mesons in nucleon p-n collisions in the state
with isotopic spin 15. Nevertheless, the initial assumption
that the processes of nucleon excitation and of its
decay are independent raises doubts, if only because the
width of the excited Py, 3/» state level is not much less than
the energy of excitation !,

7. Conclusions

In the present experiments the following facts were found
concerning charged = meson production on nuclei of beryl-
lium and carbon by 660 Mev protons :

1. The probability of the =t meson production
referred to a proton of the target nuclei is reduced more
than three times as compared to that in free p-p collisions.

It is possible that the reason for the small =¥ meson
yields from complex nuclei even at high energies lies in
nuclear binding of protons.

2. The spectra of positive and negative © mesons
differ in form and in value of the mean meson energy.

The relative softness and spread of the negative meson
spectra leads to the assumption that in the reaction pn —
pp =~ the interaction between nucleons is very weak in
part of the final states.

3. Onanaverage, in an elementary act of charged = me-
son production in a nucleon-nucleon interaction, nearly
759% of the available energy is consumed.

4. Perhaps the most unexpected fact in these experi-
ments is that the maximum of the =+ spectrum was found
in the same energy region as in the investigations made
with the Brookhaven proton accelerator at collision
energies 1720 and 2300 Meyv.

This result gives direct evidence in favour of the conclu-
sion that both the single =* meson production in nucleon-
nucleon collisions at the energy of 660 Mev and the double
7 meson production at the energies of 1720 and 2300 Mev
are caused essentially by a strong meson-nucleon interaction
in the intermediate Py, 5/,. state.

5. The ratio of negative and positive © meson yields
increases with energies up to 160-180 Mev in the c.m.s.
The ratio of integral yields of positive and negative © me-
sons is noticeably smaller than the values given by the
theory using the assumption about the independent for-
mation and decay of the intermediate Pj, 3/, state.
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M. M. Block asked what was the experimental evidence
that Py, 4/, states were involved even in m-pair formation
at cosmotron energies.

M. G. Meshcheriakov gave the arguments put forward

DISCUSSION

on p. 359 and 360. He added that it was possible that
mesons interacted with the nucleons after they had been form-
ed, and that this interaction might influence the shape of
the energy spectrum.



