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The total yield of charged 7 mesons, produced in collisions between neutrons of 586 Mev ef-
fective energy and protons, was measured at angles in the range from 15 to 120° (in the labora-
tory system). Assuming charge independence of nuclear forces, the total cross-section for the

production of 7+

and 7~ mesons, derived from the experimental data, was found to be

o(np—7") = o(np—7") = (2.0 £0.5) X 102" cm?.

THE process of production of charged m mesons
in neutron-proton collisions has not, so far, been
studied extensively. Comprehensive investigations
were carried out only for 409 Mev neutrons. One
experiment only was carried out at an energy close
to 600 Mev.2 The spectra and yields of 7" and 7~
mesons, emitted at the angle & = 90° in the labora
tory system* (l.s.) from a target containing liquid
hydrogen bombarded by neutrons originating in the
charge exchange of 670-Mev protons, were meas-
ured in that work in relative units, using nuclear
emulsions. The relatively small cross section

for meson production, the fact that three particles
are present in the final stage of the reactions stud-
ied, and also the fact that the neutron beam used is
not monoenergetic, all contribute to the difficulties

of experiments on 77~ and 7~ -meson production

*The angle ® was measured with respect to the direction of
the incident neutron beam.

in n—p collisions. On the other hand, a detailed
study of n—p collisions at energies considerably
larger than the meson production threshold neces-
sitates an investigation of these processes. The
study of the process of meson production in n—p
collisions is also of interest for understanding the
character of the interaction between two nucleons
with different isotropic spin (T =0 and T =1).

THE EXPERIMENT

The measurements were carried out with the
synchrocyclotron of the Joint Institute for Nuclear
Research. The neutron beam used in the experi-
ments was obtained by charge-exchange scattering
of 680-Mev protons on a Be target. The energy
distribution of the neutrons in the beam had a max-
imum at 600 Mev and a half-width of 130 Mev.?

To determine the differential cross-section for
charged m-meson production in n—p collisions,
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we measured the ratio of the total number of =t

and 7~ mesons Nj; to the number of recoil pro-
tons Np, emitted from the scattering medium at

a given angle & to the direction of the neutron
beam. The differential 7-meson production cross-
section was then obtained from the determined
ratio Np/ Np and from the differential cross sec-
tion for elastic n—p scattering, measured earlier
by the authors.*

To measure the m-meson yield, polyethylene
and graphite were used as scattering media and
were placed alternately in the neutron beam. The
charged particles emitted from the scatterer were
recorded by a detector. The difference between
the number of particles scattered by polyethyelene
and graphite, as recorded by the detector, gives
the total flux of charged particles emitted from
the scatterer as the result of n—p collisions.
Estimates have shown that, for a given neutron
energy, this flux is determined essentially by the
number of recoil protons and 7 mesons incident
upon the detector. It was found that, in the condi-
tions of the experiment, the number of ¢ mesons
and B particles produced in 7 -meson decay
amounted to less than 10 or 15% of the number of
m mesons. This made it possible to neglect the
admixture of 4 mesons and B particles and to
assume, in first approximation, that all particles,
other than recoil protons, were 7 mesons. The
necessary corrections were introduced later into
the results of the measurements.

The 7 mesons and recoil protons were identi-
fied either by their range or velocity. The range
method was used in the region of angles of m-
meson emission & = 60°. For angles 60° < & <
15°, m mesons were separated, using the velocity
method, by means of a Cerenkov detector.

Two types of detectors were used in connection
with the two methods of 7 -meson separation
(Table I). A telescope consisting of three scintil-
lation counters, connected in coincidence, was used
at large angles, & = 60°. Estimates based on the
results of reference 2 have shown that if the thresh-
old of such a detector is raised, by means of a
suitable absorber, to the level of the maximum
energy of recoil protons at a given angle &, then,
in the range ® = 60°, the majority of m mesons
is detected.

Velocity selection was used in measurements
of the yield of charged mesons at angles & < 60°.
For this purpose, the middle counter of the tele-
scope was replaced by a Cerenkov detector (Fig. 1),
while the other two scintillation counters remained
in place. For the determination of the total yield
of charged particles, it was necessary to replace

TABLE 1
Emission angle Energy threshold
of 7 mesons of the detector Detector
(l.s.) for 7 mesons (Mev)
Cerenkov counter
(]
150 i (water) and two scin-
30 78.0 41 pe
tillation counters
(coincidence)
450 Cerenkov counter
78.5 (plexiglass) and two
scintallation counters
(coincidence)
60° 65
90° 37 Three scintillation
120° 37 counters (coincidence)

again the exchanged scintillation detector. To
preserve counter geometry in the exchange, and
to effect the exchange quickly, both types of de-
tectors used the same photomultiplier FEU-19M
and the scintillator was placed in front of the
photocathode directly behind the radiator of the
Cerenkov detector. At the angle & = 15°, recoil

A0,

1

5 s
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FIG. 1. Schematic diagram of the experiment. n — neutron
beam, M — monitor (ionization chamber), 1, 2, 3 — scintillation
counters, 4 — radiator of the Cerenkov counter, A — absorber,

S — scattering medium.

protons could be detected by the Cerenkov detec-
tor. A correction was applied for that case to the
results, to account for the fraction of protons re-
corded. The angular definition of the detector,
determined by its geometry, was 3°. Energy
thresholds of the detector at different angles are
given in Table I.

Polyethyelene and graphite disks of equal stop-
ping power were used as scatterers. The polyethe-
lene disc was 0.9 g/cm? thick for angles & = 45°
and 3.2 g/cm? for & < 45°. Copper and tungsten
plates were used as absorbers.

The measurements were carried out as follows:
First, the total flux charged particles incident
upon the detector as the result of n—p collisions
was determined, for a given beam intensity, under
the conditions of the measurement of the differen-
tial cross sections for elastic n—p scattering.!
The usual CH, —C difference experiment was
carried out for that purpose. The detector was
then set to record recoil protons and the total
yield of m mesons was measured. This was
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TABLE II

Angle @’ 15° 30°

45° 60° 90° 120°

Correction for admixture 0.9 0.9

of 4 mesons and electrons

Correction for admixture
of protons

Correction for 7 mesons
with energy below detec-
tor threshold

Correction for detection
efficiency

Correction for 7 — 1 decay
N"/ Np Y3

0.15

1.21
1.03

1.21

1.03
8.6.-3.5( 1942.3

0.9 0.92 0.90 0.88

1.95

1.20

1.03 1.04 1.06 1.10
13.742.719.740.5 4. *+1.3(4.3 40.9

*The 7 meson yield is expressed in terms of the yield of recoil protons at

® = 60°

done, as mentioned above, either by increasing
the telescope threshold up to the maximum energy
of recoil protons (for angles ¢ > 60°), or by ex-
changing one of the scintillation counters for the
Cerenkov detector. Special attention was given

to the measurements of the background in deter-
mination of the 7-meson yield at the angles ¢ =
15, 30, and 45°. In this case it was found neces-
sary to measure, apart from the usual chance and
true coincidence rate, also the background due to
the fact that the detector recorded a considerable
fraction of recoil proton incident directly upon the
photocathode of the photomultiplier tube in the
Cerenkov detector. The total background amounted
to less than 5% at 60°, and increased to 20% of the
number of mesons incident upon the detector from
the polyethyelene scatterer at 15°.

The stability of the neutron beam intensity dur-
ing the measurements was measured by means of
an ionization chamber placed in the beam and con-
nected to an integrating circuit.

RESULTS AND REDUCTION OF DATA

Determination of the Total Cross Section. The
following corrections had to be applied to the re-
sults before the latter could be used for the deter-
mination of the total cross section for 7-meson
production.

1. Correction for the admixture of u mesons
and electrons. As mentioned above, a small amount
of u mesons and electrons was present, besides
protons and m mesons, among the particles inci-
dent upon the detector. The number of electrons
detected was calculated according to the data of
reference 5, assuming that the angular distribu-
tion of 7° mesons in the c.m.s. is given by the
expression 0.2 + cos? ¢. It was also taken into
account that ~1.5% of the 7’ mesons decay ac-
cording to another scheme. The fraction of the u
mesons was calculated from the known yield of 7

mesons and the calculated angular distribution of
4 mesons.

2. Correction for the admixture of protons.
This correction was applied only for the 15° angle,
where a considerable fraction of recoil protons
could be detected by the Cerenkov detector. The
correction was determined from the known neutron
spectrum, and the measured dependence of the
Cerenkov detector efficiency on the particle veloc-
ity (Fig. 2).

€

1 a FIG. 2. Dependence
b of the Cerenkov-counter

y efficiency € on the ve-

o - locity of detected parti-

cles 3. a — plexiglass,

b — water.

@ 8 7 g

., 3. Corrections for the presence of particles
with energy below the detector threshold in the
m -meson spectrum. These corrections were found
from the w-meson spectrum calculated according
to the data of reference 2 under the assumption
the m-meson spectrum in c.m.s. is independent
of the angle of emission. The calculated correc-
tion factors are given in the third column of Table
II. These coefficients were also recalculated un-
der the assumption that the 7 -meson spectra of
the reactions p+p —~7t+n+p, n+p — 7" + 2n,
n+p— 7 +2p are identical.*

The values obtained were practically identical
with those given in Table II.

4. Corrections for detector efficiency. These
were necessary because of the different absorption
of 7 mesons and protons in the detector absorbers
and the properties of the Cerenkov detector. The
corrections were determined experimentally on

*Evidently, this is the case at energies much higher than the
threshold of meson productions. (cf., e.g., reference 6).
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m-meson and proton beams of corresponding av-
erage energy.

5. Corrections for the m—pu decay. Correc-
tion factors were calculated from the known half-
life of m mesons, accounting for the 7 meson
spectrum cutoff (cf. point 3).

Strictly speaking, in reducing the data it would
be necessary to account for the error due to the
fact that the absorption of 77 and 7~ mesons in
media is slightly different. An estimate based on
the results of reference 7 indicates, however, that
the error involved is small in the conditions of the
experiment and can be neglected.

The corrected results yield, after integrating
over the angles, the following value for the total
production cross section of 7t and 7~ mesons
in n—p collisions, under the assumption of
charge independence of nuclear forces:

s(np—=) = o (np—=7) = (2.04+0.5)-1027 cm?.

The total cross sections for the studied reac-
tions can be also determined from the m-meson
yield found for the so-called “isotropic angle,”
i.e. the angle, for which the following relation
holds between the differential cross-section
or(#) and the total cross-section:

ox (%) = (1/4n) s (np —=).

The “isotropic” angle i can be easily found
in our case, considering that the obtained angular
distribution of m mesons in the c.m.s. does not
contain terms higher than cos? ¢, and can be
written in the form

Ont (9) 4 on- (8) = a -+ bcos? &,

where ¢ is the meson emission angle, and a and
b are constants. As it is well known, Jj = cos™!
X (1/\/—3T ) and corresponds, in our case, to the
angle & =30° (l.s.). Using the value of Np/Np
given for that angle in Table II, we find that the
cross section is equal to

s(np—>=*) = o (np—=") = (1.740.4)-10727 cm?.
The obtained values of the cross-section are very
close to each other. This fact indicates, probably,
that the assumptions made in reducing the data
have not distorted seriously the angular distribu-
tion.

Determination of the Effective Energy. In the
method used, the detector recorded m mesons
produced in the collisions of particles, the energy
of which varied in a very wide range, from 300 to
670 Mev. It was therefore especially important to
determine the mean effective energy Eegff. This
was done by finding the dependence of Eeff on the

Eeﬂ, Mev

600
~

! L L I L ! L

2 3 ¢ 4§ 6 7 4n

FIG. 3. Dependence of the effective neutron energy on the
power exponent of the maximum 7-meson momentum in Eq. (1).

00

excitation function of the studied reaction for a
given shape of the neutron-energy spectrum. The
excitation function was taken as

5 (1P~ =) ~ Tinan . (1)

where nmax is the maximum =-meson momen-
tum in the c.m.s. It was found that, under the
given conditions, the mean effective energy is
practically constant for power exponent n = 3

in Eq. (1) and does not depend on n (Fig. 3).
Taking this into account, we find from the known
value of o(np — 7t) at 409 Mev that, for our
case, Eeff = (586 +15) Mev.

DISCUSSION OF RESULTS

A comparison of the obtained value o (np —~ 7*)
= (2.0 £0.5) X 10727 cm? with the cross-section
at 409 Mev, o(mp — 77) = (0.16 = 0.04) x 10™%

cm? (reference 1) shows that the total cross sec-

tion for 7t- and 7 -meson production in n—p
collisions increases by more than a factor of ten
for the energy increase from 409 to 586 Mev. The
dependence of the cross section on the maximum
T -meson momentum 7 max can be written in the

form

5 (np_) ﬁ+) —~ n4.7mia())(.8.

This relation is in a satisfactory agreement with
the relation o(pn — 77) ~ n%ﬁéx given in refer-
ence 10, which was obtained from values of the
cross section calculated for a wide energy region
on the basis of the known cross-sections o (pp —
1r°), og(pp — 1r+), and o(pn — 7r°), assuming
charge independence of the nuclear forces. It
should be noted, however, that the authors of
reference 10 give a slightly lower value for the
cross-section o(pn— 77) at 580 Mev, equal to
(10.8 +1.1) x 107%" cm?. This nevertheless, is
within the limit of the errors and does not con-
tradict the value obtained in the present work.
The value found is also in a good agreement
with the predictions of the isotopic invariance
hypothesis, according to which we should have

s (np—>=*) = o (np — =)+ o (pp —=°) — 3 (pp —=*). (2)

If we put o(np — 7°) = (5.7 + 1.5) X 10727 ¢m?,%



60 Iu. M. KAZARINOV and Iu. N. SIMONOV

o(pp— 1) = (1.6 +0.2) x107%" cm?,!% and
o(pp— 7t) =(8.5+0.7) x 10727 cm?,!! we find
that (np — 77) = (3.1 £1.6) x 10™%" cm?, which
coincides with the measured value within the lim-
its of accuracy.

It is well known that, according to the charge
independence hypothesis, the cross sections for
all m-meson production processes in nucleon-
nucleon collisions can be expressed by means of
three partial cross-sections oy, 03y, 0¢;.* The
cross-sections o0y; and o0y, were investigated in
Ref. 10 for a wide energy region. The value
o(np — nt) found made it possible to determine
oy1 at 586 Mev; we have gy = 20(np — 7") —oyy
=(2.4%0.9) X1072" cm?. It is known, further-
more,! that op; = (0.23 £ 0.09) x 10727 cm? at
409 Mev. The value of oy increases therefore
sharply with the energy and the dependence of oy,
on the maximum meson momentum can be written
in the form:

o~

The total cross-section for 7-meson produc-
tion in n—p collisions at 586 — 590 Mev is
o(np — +°) = (np — 7r°) + 20 (np —~ 7r+) = (9.7 %
1.8) x 107%" cm?. The total cross-section for the
n—p interaction is (36 +2) x 10727 cm?. About
30% of the n—p collision events is, therefore,
accompanied by the production of a 7 meson.

In conclusion, we shall compare the probabili-
ties of 7 -meson production in the collisions of
two nucleons with different isotopic spin, using
our result and those of references 5, 10, and 11.
It can be shown'? that the total cross-section for
7 -meson production in n—p collisions o (np —
7%%) can be written in the form

26 (np — wt0) = sr -+ o2, (3)

where ok and oY% are the cross-sections for -

meson production in collisions of two nucleons in
the states with isotopic spin T=1 and T=0 re-
spectively.. On the basis of the values given above
we have

ok =5 (pp—>=0) + s (pp—=7) = (10.1 +-0.73)- 1077 cm?;
o (np —nt0) = 25 (np — =) + o (np —=°)
=(9.741.8)-10" cm?,
and Eq. (3) yields
% = (9.34-3.7)-107" cm?.
The probabilities of m+meson production in inter-

actions of nucleons in the states T=0 and T=1

*The indices refer to the total isotopic spin of the system
of two nucleons in the initial and final states (before and
after meson production).

are thus comparable, and the nucleons in these
states interact with equal intensity.

The approximate equality of oy and ok indi-
cates also that in the processes studied, at approx-
imately 600 Mev, the transitions which result in
the m-meson-nucleon system having total isotopic
spins T = 3/2 and T = 1/2 have approximately the
same probability. This is, evidently, the chief
reason for the fact that the ratio o (pp — i )/

o (mp — 7t), equal in our case to 3.9 = 1, is con-
siderably less than ten. The latter value was pre-
dicted in reference 12 from the principle of iso-
topic invariance under the assumption that the =
meson-nucleon system is always in the T =%,
state. It should be noted, however, that the value
of the ratio given in reference 12 was obtained
under simplifying assumptions and may, in reality,
be somewhat different.
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