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~ith observation angles of 29° and 46° relative to a proton beam there were obtained 
energy spectra for the production of charged rr-mesons in the process p + p-> rr+, Differ­
ential cross sections were measured for the angles of 29°, 46 ° and 65° in the laboratory 
system, 

I T is known that the production of positive mesons 
takes place by means of two reactions 

p + p--:;.TC+ + d, (l) 

p + p--:;. TC+ + p + n. 
(2) 

The total cross section for meson production by 
the process p + p-> rr +, that is, the sum of cross 
sections of the reactions (l) and (2) was investi­
gated previously for various observational angles 
with proton energies in the range 340-440 rr,ev l- 4 . 

Reaction (l) was studied with proton energies of 
460-660 mev 5 •6 • 

The present research, carried out with the syn­
chrocyclotron of the Institute for Nuclear Problems 
of the USSH Academy of Sciences, investigated the 
energy spectra of mesons produced by 660 mev pro­
tons in reactions (l) and (2), without separating 
the two reactions, with angles of 29°, 46° and 65° 
with respect to the beam. 

1. METHOD OF MEASUREMENT AND DESCRIPTION 

OF THE SET-UP 

The method of magnetic analysis was used to 
record the rr-mesons and to determine their ener­
gies. The schematic layout of the apparatus is 
shown in Fig. l. The beam of 660 mev protons 
passed through collimators K 1 and K 2 and struck 
target M. On leaving the collimator K 0 the Learn 
had a rectangular cross section l x 3 ~n1 for the 
29° measurements and 2 x 3 em for the 46° and 
65° angles. The proton bean1 intensity was 
measured by means of the ionization chambers / 1 

and / 2 , which were calibrated with a Faraday cyl­
inder. The magnetic field, perpendicular to the 
plane of the drawing, was produced in the gap be­
tween two pole pieces of special shape, the cross 
section of which is shown in the Figure (section 
AB ). 

The rr-mesons produced in the target at an angle 

a to the beam were deflected by the magnetic field 
and were recorded in a telescope of four scintilla-
tion counters I-IV, consisting of stilbene crystals 
l-4 and plwton,nltiplier:s la-4a of the FEU-19 type. 
Special precautions were taken to avoid the in­
fluence of the magnetic field on the photomulti­
pliers of the scintillation counters. To do this the 
photomultipliers were placed in many-layered non­
magnetic screens of "Armco" iron and permalloy 
and ren,oved from the strong magnetic field region. 
The photocathodes of the photon,ultipliers la amd 
2a were connected to the crystals by plexiglass 
light pipes 1 h and 2b each 80 en, long. The thick­
ness of the crystals I and 2 ( 1.5 en, each) were 
selected so as to ensure a sufficient n,agnitude of 
light in,pulses in the crystal frorr. the recorded 

mesons by con;parison with the impulses produced 
in the plexiglass light pipes by the passage of the 
particles. 

The target M was located 20 em from the edge of 
the nwgnetic pole pieces. At the same distance 
from the other edge crystal 2 was located. The 
aluminum filter 5 was placed between crystals 2 
and 4. The thickness of the filter was chosen so 
that the protons having the sarr.e impulse as the re­

corded mesons would not get through the filter and 
would not he counted by the telescope. 

The counters Ill and IV were in the general 
nonmagnetic screen. The independence of the 
nurr,ber of coincidences 1234 on the voltage of 
counters I-IV (the voltage plateau of the counters) 
was checked periodically. The scintillation 
counter in;pulses entered the cathode followers and 
~fter passing through coaxial cables of 2000 wave 
Impedance c~me. into wide hand amplifiers and from 
there to a comcrdence circuit with a resolving tin1e 
of 2 X 10" 8 sec. 

The .effect of rr-meson production on hydrogen was 
detern:med by the difference paraffin-carbon. The 
paraffm target. was a paralJelopiped of thickness 
d = 0.5 em ( Frg. l ). The dispersion angle of the 
recorded rr-mesons was approximately ±l 0 • 
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FIG. 1. Schematic layout of the apparatus 

The magnitude of the magnetic field in the gap 

varied during the experin.ents from 5000 to 17000 
oersteds, which ensured the recording of mesons 
in the impulse range of 130 to 450 mev I c. The 
topography of the magnetic field along the curve 
MDC was measured with a fluxmeter with varying 
values of current in the magnet winding. The flux­
meter was calibrated in a magnetic field, the value 
of which was measured by the method of nuclear 
resonance. 

The topography of the magnetic field investigated 
by this means and the meson trajectories deter­
mined by the orientation of the target and counters 
served as a basis for the computing of the impulse 
distribution of mesons recorded by our system 
(resolution curves). During the computation the 
multiple Coulomb scattering of 77-mesons by the 
matter in the system as well as the ionization 
energy losses in the target and crystal I were 

taken into account. The mean square angle of dis­
persion was calculated by the usual formula. From 
the resolution curves obtained the mean values of 
meson impulses and effective solid angles were 
determined for the mesons recorded by the system. 
One of these resolutions curves for the case of an 
average impulse of 396 mev I c is shown in Fig. 2. 
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FIG. 2. The resolution curve. 

The curve half-width constitutes 3.8%. The reso­
lution worsens in the region of sn.aller impulses, 
reaching 10% for an impulse of 150 mev I c. 

The indicated computations were made by G. M. 
Adel'son according to the Monte Carlo method with 
the electronic con,puter of I. S. Brook in the In-
stitute of Energetics of the USSR Academy of 
Science. The calculations comprised 109 opera­
tions. 
2. CONTROL EXPERIMENTS AND CORRECTIONS 

In making the measurements it was important to 
be sure that the described system did not record 
electrons originating from the conversion of photo­
currents during decay of the 77°-mesons produced 
in the targets. To evaluate the possible addition 
of electrons, control experiments were carried out 
in which the number of particles were measured 
entering the telescope with a magnetic field of 
opposite direction to that for recording only nega­
tive 77-mesons and electrons. In doing this the 
carbon and paraffin targets had the same cascade 
length in the direction of the motion of recorded 
77-rr.esons. Experiments showed that the number of 
particles recorded with the paraffin target did not 
differ within the limits of statistical accuracy from 
the number counted by the system with the carbon 
target. It was therefore concluded that the possi­
ble electron background produced by the p + p --> 77° 
process could not exceed 2-3%. This value was not 
taken into account in subsequent calculations. 

The nun.ber of recorded mesons was corrected for 
the nuclear absorption of mesons by the system's 
matter and decay in flight. In calculating the 
correction for the nuclear absorption the interaction 

cross section was taken to be equal to the geometri­
cal cross section of the nucleus for all elements 
except hydrogen, for which the dependence of the 
cross section on the energy of 77-mesons was taken 
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TABLE II 

The angle I 
of me sons ej ec-

Production cross sections of mesons in reactions (1) and (2) in 

cm2 sterad- I, calculated for 1 nucleon 

tion in the 1 ahora- I 
tory system, degrees In the lahoratory system In the center-of-mass system 

29 
ljfi 
fi5 

(3, OJ ±0, 24) ·10- 27 
(2 .1L±0, 14) · J0-27 
(1 ,20±0, 12)·10-27 

(1.07±0' 08) ·10-27 
( 1. 06±0 .07) .1Q-27 
(0. 99±0, 10) .1Q-27 
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Frc. 3. Spectrum of 77 +-mesons in the laboratory system 
from the reactions p + p--> 77+ + p + n and p + p--> 77+ + d 

with meson flight angles with respect to the proton beam: 

a-29°, b-46°" 

into account 7 • In calculating the decay correc­
tions, an evaluation of the possible effect on the 
telescope recording of the decay fl-mesons showed 
it to be negligibly small.The decay and nuclear 
absorption corrections are shown in Table I. The 
correction for multiple Cuulon,b scattering was 

automatically accounted for by the method of cal­
culating impulse intervals and effective solid 
angles described in Sec. l. 

3. THE DATA 

The spectra of mesons produced in hydrogen with 
observation angles of 29° and 46° are shown in 
Fig. 3. The ordinates represent differential cross 
section of meson production d2a I d n dE cm 2 I 

sterad- 1 lmev- 1 , calculated for one nucleon; the 
abscissas, meson energies in rnev. We do not re­
produce the meson spectrum for the 65 ° angle he­
cause it was obtained when measurements were 
made with a different version of our apparatus in 
which the resolution of the system was not suffi­
ciently good to determine the shape of the differ­
ential spectrum with adequate precision. 

The meson spectra recalculated in the center-
of-rr,ass system for two colliding protons are shown 
in Fig. 4. Above the graphs are shown the values 
of the angles in the center-of-mass system, as a 
function of the meson energy. 

The solid curves, shown in Figs. 3 and 4, are 
the best approximations to the experimental points. 
The figures show only the statistical errors of 
measurement. The systematic errors on the order 

of 5% are accounted for during the integration of 
the spectra, i.e., in calculating the cross sections 
da I d n. The results of computations are shown in 
Table II. Included in this table also are the re­
sults of integrating the spectrum obtained with an 
observational angle of 65 °. 

4. DISCUSSION OF RESULTS 

The energy of 77-mesons recorded in our system 
was determined by the computation method indi­
cated in Sec. l. In accordance with this, the ab­
scissa axis in Fig. 3 was calibrated. For reaction 
(1), proceeding with the formation of a deuteron, 

the energy of 77-mesons can also he computed from 
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FIG. 4. The spectrum of 17+-mesons in the center-of-mass 

system from the reactions p + p --> 17 + + p + n and p + p 

--> 17+ + d with laboratory angles: a- 29°, b-46°. 

the conservation laws. The result of this calcula­
tion is shown by arrows in Fig. 3, the location of 
which agrees well (with a precision of 1-2%) with 
the peak position corresponding to reaction (1). 
Such a coincidence indicates the correctness of 
the calculations which serve as the basis of our 
rr.ethodology. 

It follows from Table II that the meson produc­
tion cross section da / d D. in the reactions (1) and 
(2) recalculated in the center-of-mass system, re­
mains constant (within experimental errors) for 
the three angles investigated by us, with the rr.ean 
cross section value being 1.05 x 10- 27 /cm 2/ 

sterad- 1 . If in accordance with this experimental 
fact one makes the assumption that the angular 
distribution of the rr.esons produced in the process 
p + p--> TT + is nearly isotropic in the center-of­
rr,ass system, then the total cross section of 

charged meson production by 660 mev protons on 
protons turns out to be a ( pp --> rr +) = 13.2 x 10- 2 7 

em 2 . This quantity can also be evaluated if from 
the cross section for all the inelastic processes at 
this energy app = ( 16.7 ± 1.2) 10- 27 cm 2 8 one 

subtracts the production cross section of neutral 
( 0) ( ) -27 2 9 rr-n,esons. a pp --> 17 = 3.6 ± 0.3 x 10 em 

As a result, we obtain a(pp--> rr+) = ( 13.1 ± 1.2) 
x 10- 27 cm 2 . The agreement of this value with our 
estimate and the observed independence of the dif­
ferential cross section on the angle make the above­
mentioned assumption quite probable, viz., the 
process p + p --> rr+ in the centcr-of-rr;ass system is 

close to isotropic. 
The contribution of reaction (l) to the total cross 

section of the process p + p--> rr+ can be evaluated 

by comparing out data with those of Meshcheriakov 
and Neganov 6 who studied reaction (1). Namely, 
for the observational angles of 29° and 46° the 
number of mesons fron, the reaction (1) constitutes 
23.6 ± 2.6% and 10.8 ± 1.5% of all the mesons pro­
duced at the corresponding angle as a result of the 
p + p --> rr + process. 

The relatively small part of reaction (1) in the 
total process p --> p --> rr+ and the adequate energy 
resolution of our systen1 allow an approximate 
judgment about the shape oft he meson spectra pro­
duced by reaction (2). Jt follows from Fig. 4 that 
the maxirr!a of these spectra are in the energy range 
100-120 mev in the center-of-rr,ass coordinate sys­
tem. 

In conclusion we express our thanks to A. I. 
Alikhanov for his continuous interest in the inves­
tigation and for valuable advice, to lVJ. G. Mesh­
cheriakov for the opportunity to carry out the cur­
rent experiemnts and to G. M. Adel'son for making 
the computations. We also express thanks to the 
operating personnel of the synchrocyclotron of the 
Institute for Nuclear Problems of the USSR Academy 
of Sciences. 
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