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We have used a multichannel magnetic spectrometer to measure over a wide range of angles
the energy spectra of charged mesons produced in np collisions at a neutron energy of

~600 MeV. The spectra obtained are characterized by a large content of low-energy mesons.
The peaks of the spectra are located at ~0.6 of the maximum possible energy. The angular

distributions obtained for =¥

mesons, in the c.m.s., have the form of a quadratic in cos 0, as

given by Eq. (15). The total cross section for meson production is found to be Unp(w+) = onp(1r")
= (1.3 +0.2) x 10727 cm?. Analysis of the results shows that, in spite of the dominant role of
the resonance production of pions, it is necessary to include the contribution of non-resonance
transitions in the phenomenological considerations.

1, INTRODUCTION

AT the present time considerable experimental
data have been accumulated on the production of

m mesons in nucleon-nucleon collisions. Produc-
tion of positive and neutral pions in proton-proton
collisions at energies from threshold to 1 BeV
have received the most detailed study. Analysis of
the data on pion production in this energy region
is performed mainly with the aid of phenomeno-
logical theories. As the experimental data have
accumulated and as the energy of the interacting
nucleons has increased, several phenomenological
models have been developed for the single produc-
tion of mesons for different energy ranges of the
incident nucleons.

Near threshold most of the experimental data
have been successfully explained by the theory
developed by Gell-Mann and Watson'!! and Rosen-
feld.'?) Incident-nucleon energies of 600-700 MeV
correspond to a resonance energy for interaction
of the pion produced with one of the nucleons.
Therefore the resonance nature of the interaction
should show up most strongly here. An appropri-
ate phenomenological model was developed by
Mandelstam. 3] The results of most experiments
on pion production in pp collisions in the energy
region 500—700 MeV have turned out to agree with
Mandelstam’s theory.

In the phenomenological analysis, meson pro-
duction processes are divided into two groups de-
pending on the value of total isotopic spin of the
system of two interacting nucleons, T =1 or

T = 0. Classification of the final states is carried
out by segregation of a subsystem of two nu-
cleons!!: 21 or a pion and one of the nucleons,
The cross sections for all possible reactions are
expressed in terms of three independent ampli-
tudes. In the representation where a subsystem of
two nucleons is introduced in the final state, the
three partial cross sections corresponding to these
amplitudes are written in the form oyy, o4y, and
091, Where the indices indicate the value of total
isotopic spin of the nucleons in the initial and final
states. The total cross sections for production of
mesons in the interaction of two nucleons in states
with isotopic spin T =1 and T =0 are expressed
in terms of the partial cross sections introduced,
by the following relations:

Or=1(n) = 010 + 2043, (1)
Or=0(7) = 3001. (2)

[3, 4]

Naturally, information on the partial cross sec-
tion ¢y; and correspondingly on o =, (m) can be
obtained only by investigating the interaction of a
neutron with a proton. From this point of view it
is most convenient to study the production of
charged pions in the reactions

n+p—>at4+n+n n+p>a+p-+p. (3)

The phenomenological expression for the total
cross section for these reactions,

Onp () = Gnp(n~) = Y2(0u 4 out), (4)

involves, beside the cross section oy, of interest
to us here, only the total cross section for produc-
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tion of 7° mesons in pp collisions, opp(7r°) = 011,
which has been well studied in the energy region
from threshold to 660 MeV.!3!

In the resonance theory”] it is assumed that
production of mesons can occur only in states of
the two-nucleon system with isotopic spin T = 1.
Therefore the determination from experiments of
the value of the cross section o1 ¢ (m) gives valu-
able information on the validity of the prediction
of a dominant role for the (3/2, 3/2) in meson pro-
duction in the energy region ~600 MeV.

Only a few experimental studies have been made
of the processes (3). The difficulties in study of
these reactions are due to the relatively small
cross sections and the low intensities of neutron
beams, which always have a broad energy distri-
bution. Yodh!®) has studied the reactions (3) at an
energy of 400 MeV by means of an emulsion tech-
nique. At 600 MeV the production of 7 mesons in
np collisions has been studied in our labora-
tory.!", 8] Kazarinov and Simonov!?! used a scin-
tillation counter telescope to study the cross sec-
tion for reactions (3). Oganesyan and Yarba!8!
measured the spectra of 7* and 7~ (in relative
units) at 90° with a photoemulsion chamber.

The production of charged mesons in np colli-
sions can be studied by comparing meson produc-
tion in collisions of protons with deuterons and
with protons. A deficiency in this method is the
fact that the energy spectra and angular distribu-
tions obtained in the experiments with deuterons
can be distorted in comparison with the charac-
teristics of meson production in the elementary
events, as a result of the intranuclear motion of
the nucleons in deuterium. Therefore we decided
to carry out a rather detailed study of the reac-
tions (3) with a magnetic spectrometer in a neu-
tron beam of energy ~600 MeV, incident on free
protons.

Simultaneously with the present work, Kazari-
nov and Simonov'®! carried out a study of the
cross sections and angular distributions of reac-
tions (3) with a scintillation telescope. The re-
sults of their measurements agree with those of
the present work.

Preliminary results of the present work were
reported at the Conference on High Energy Phys-
ics at Kiev in 1959'1%1 and at Rochester in 1960.[11?

2, EXPERIMENTAL APPARATUS

The multichannel magnetic-spectrometer tech-
nique allows the most complete and efficient study
of the spectra of mesons of both signs over a wide
range of angles, particularly under conditions of
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low neutron-beam intensity and the relatively
small cross sections for production of charged
mesons in np collisions.

The experimental apparatus used is shown in
Fig. 1. It consists of an electromagnet with a max-
imum field strength of 19,000 G, a system of coun-
ters, and remotely controlled electronics. Pions
produced by the neutron beam in the target pass
through a collimator in the vertical leg of the mag-
net yoke, intersecting counters Cy and C,, and en-
ter the magnet gap where they are analyzed in
momentum by counters Cs, C4, and Cs.

The m-meson spectra could be measured at any
angle from 0 to 150° with respect to the neutron-
beam direction. For this purpose the electromag-
net was rotated by means of an electric motor
about a vertical axis passing through the center of
the neutron beam. The target was located on the
axis of rotation and identical geometrical condi-
tions were thus maintained for all measurement
angles. The experimental conditions provided the
possibility of simultaneous detection of mesons of
both signs by a multichannel system covering the
entire spectrum of mesons produced.

Two liquid-hydrogen targets were used for
measurements at different angles. One of these

FIG. 1. Experimental arrangement: 1 — neutron beam, 2 —
target, 3 — multilayer collimator (Fe,Al), 4 — magnet yoke, 5 —
magnetic shield, 6 — absorber, 7 — magnet pole, C,, C, — scin-
tillation telescope counters, C, — front counters, C, — coordi-
nate counters, C; — selection counters.
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was a three-liter glass Dewar vessel with an in-
side diameter of 140 mm, and the other consisted
of a stainless-steel cylinder with 0.1 mm thick
walls. The cylinder was connected by a tube to a
reservoir filled with liquid hydrogen. The hydro-
gen reservoir was surrounded by a liquid-nitrogen
jacket. The entire assembly was located inside a
Styrofoam casing.

The detecting system was a combination of gas-
discharge and scintillation counters. The counter
arrays Cs, C4, and C; (Fig. 1) consisted of gas-
filled counters operating in the limited-proportion-
ality regime. Group Cj (the front counters), con-
sisting of eight counters, served to reduce the
background of accidental coincidences. The co-
ordinate counters C, were divided into nine groups
(channels) on each side, with eight counters in each
group. The arrays of selection counters Cg with
one array on each side, were arranged to have the
possibility of placing a wedge-shaped copper ab-
sorber between counters C, and Cy to remove
proton background. Counters C; and C; formed a
scintillation telescope which served to define the
m-meson beam and to reduce the number of acci-
dental coincidences. The scintillators consisted
of plastic and had dimensions 35 X 35% 1 mm. The
electronic equipment detected coincidences be-

tween pulses from the scintillation telescope
(counters C; and C,;) and the groups of front

counters (Cj), coordinate counters (C,), and selec-
tion counters (Cj).

The design of the magnetic spectrometer al-
lowed us to carry out a series of control measure-
ments. First, the symmetry of the apparatus made
it possible to perform measurements with direct
and reversed field. This procedure allowed us to
control the correctness of operation of all counter
channels and of the electronics and to avoid (par-
ticularly in measurement of the ratio of 7* to =~
yields) possible errors due to unequal efficiencies
of the various channels and circuits of the two
halves of the spectrometer. Another means of
controlling the spectrometer efficiency consisted
of measuring a spectrum at one angle for different
values of magnetic field strength. The same pur-
pose was served by a third control experiment in
which the entire system of coordinate and selec-
tion counters was mechanically shifted in a track
along the pole-piece edges with the magnetic field
held constant.

The n-meson spectra studied are broad energy
distributions whose study does not present particu-
larly severe requirements on spectrometer reso-
lution. The resolution depends on a number of
factors: the place of production of the meson in
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the target, the angle of emission of the meson from
the target, the energy loss in the target and in the
material in the path of the particles in the spec-
trometer, and particle scattering. The resolution
was calculated by numerical integration. The cal-
culated values of resolution AE/E change, with
decreasing energy of the detected 7 mesons, from
15 to 30%. The angular resolution of the spectrom-
eter was determined by the width of the telescope
of scintillators and amounted to 1° 45/,

3. NEUTRON SPECTRUM AND EFFECTIVE
ENERGY

One of the features of fast neutron beams ob-
tained from accelerators is their broad energy
distribution. The neutron spectrum from the JINR
synchrocyclotron[ 12) has a sharply expressed peak
at an energy of 610 MeV with a half-width of
~100 MeV, located 70 MeV away from the upper
limit of the spectrum (~680MeV). This portion of
the spectrum is the important one for the experi-
ments being described.

Let us attempt to see in what degree the pres-
ence of a broad spectrum of neutrons can be re-
flected in the interpretation of our results.

Let us dwell at first on the determination of
cross sections. The experimentally measured ef-
fective value of the cross section for meson pro-
duction ceff can be expressed as

6ot = | 0(B)Na(E)dE / { N.(B)dE, 5)

where o(E) is the excitation function for the pro-
duction of 7% mesons in np collisions, and NL(E)
is the neutron spectrum. However, as the result
of the fact that the neutron spectrum has a sharply
expressed peak, the result of the cross-section
measurement turns out to be not very sensitive to
the excitation function ¢(E). A calculation shows
that quite different excitation functions lead to
very nearly the same values of effective neutron
energy Eqpr. This means that measurement of
cross sections in a neutron beam can be consid-
ered, in this sense, to be the equivalent of meas-
urements in beams with negligible energy spread.

The effective neutron energy for the chosen
neutron-detection threshold of 450 MeV is 585
+ 15 MeV. It must be kept in mind that the value
of effective energy introduced in this way is used
only for comparison of absolute cross-section
values obtained in these experiments with meson-
production cross sections at other energies.

Let us now consider the effect of the neutron
spectrum on such basic parameters as the energy
corresponding to the peak of the 7-meson distribu-
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tion, E} .+, and the half-width of the 7-meson
spectra. To carry out an analysis of this type, the
experimental energy distributions of m mesons
are represented as the sum of partial spectra of
7 mesons of different shape for definite neutron
energies. The problem is to find the dependence
of the shape of the partial spectra and the location
of the peaks on neutron energy, such that the calcu-
lated combined m-meson spectra obtained as the
result of integration over the neutron spectrum
agree best with the experimental spectra.

As the result of such an analysis, we obtained
an estimate of the deformation of the spectrum
shape and of the shift in the energy corresponding
to the peak of the m-meson spectrum. For all the
variants of the partial spectra used, the peak of
the combined spectrum turns out to be shifted by
12-15% toward low energies with respect to the
peaks of the assumed spectra of mesons produced
by monochromatic 600-MeV neutrons.

The shape of the m-meson spectra themselves
is more substantially deformed. The existence of
the wide energy distribution of neutrons leads to
an increase of the half-width of the partial 7-meson
spectrum corresponding to a neutron energy of
600 MeV by 25-35%, depending on the angle of
measurement.

The angular distributions of 7 mesons in the
incident-nucleon energy region 400-650 MeV un-
dergo considerably less relative change in com-
parison with the spectra, so that in the analysis of
the angular distributions we can assign the distri-
butions obtained to a neutron energy of ~600 MeV.

4. MEASUREMENTS AND ANALYSIS OF
RESULTS

Measurements were made at five angles: 16,
30, 60, 90, and 123° in the laboratory system.
The measurement procedure consisted of the suc-
cessive collection of sets of data with hydrogen
and with an empty target at these angles, and also
of the measurement of the yield of recoil protons
from elastic np collisions at an angle of 60°. The
latter measurements were made to determine the
absolute values of the differential cross sections
for meson production.

The ratio of the effect from the target with hy-
drogen and the empty-target background depends
on the angle of measurement. As a function of an-
gle, the background for 7 mesons varied from 15
to 35%, and for 7~ mesons—from 35 to 65%. The
considerably larger background for 7~ mesons
compared to 7+ mesons is due to the fact that the
main source of background is the target walls
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(without the target the background is practically
absent), and is explained by the preferential pro-
duction of 7~ mesons by neutrons in complex nu-
clei.

Corrections were made to the experimental re-
sults which took into account the electron and pu-
meson impurity, m-meson decay, and nuclear ab-
sorption of * mesons in the absorber. The data
were reduced to the same energy interval and the
same solid angle.

A. Electron background. The sources of elec-
trons incident on the spectrometer are y rays and
Dalitz pairs from decay of 7 mesons produced in
the target. Because of the difficulties of direct
measurements to determine the electron back-
ground, we utilized known data on the production
of 7 mesons in nucleon-nucleon collisions, and
calculated the spectra and angular distributions
on this basis. To determine the absolute number
of electrons, we normalized the spectra, which
were obtained in relative units, to the experimen-
tal results on the basis that in the measurements
at large angles (90 and 123°) the events in the first
channel of the spectrometer can be assigned en-
tirely to electrons. The latter situation occurs be-
cause the energy loss results in the 7-meson de-
tection efficiency by the first channel at these an-
gles becoming negligibly small (yu mesons from
decay of T mesons from other energy channels, a
calculation shows, can be completely neglected).

We present below the results of the determina-
tion of the ratio of the number of electrons to the
yield of 7 mesons:

Angle, deg: 16 30 60 90 123
Ner/Nyy:  0.073 0,095  0.420 0474 0,215
No|N.: 0073 0.095 0424 0192  0.252

B. Decay of m mesons and impurity of u me-
sons. Calculation of the corrections associated
with m-meson decay is complicated by the fact that,
in addition to removing ™ mesons which have de-
cayed in flight, it is necessary to take into ac-
count at the same time the probability of detecting
the p mesons produced in the decay of these 7™ me-
sons. As in the case of electrons, the experimen-
tal determination of the y-meson impurity is prac-
tically impossible, as the result of the difficulty of
identification and the low counting rate.

Calculations have shown that the y-meson im-
purity varies within a rather small range from 3
to 7.5% as a function of the measurement angle
and the channel number. Therefore, the possible
errors in the numerical calculations cannot be
very great. The values of the corrections for the
decrease in the number of 7 mesons as the result
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of their decay, taking into account the y-meson
impurity, are as follows:

Angle, deg: 16 30 60 90 123
Correction, %: 10 12.5 20 30 36

C. Protons and nuclear absorption of m mesons.
The ranges in matter of protons and 7 mesons hav-
ing identical momenta are substantially different.
Therefore the protons are easily excluded by the
wedge-shaped copper absorber which was placed
in the gap between the groups of coordinate and
selection counters (see Fig. 1). At the same time,
the presence of the absorber leads to the neces-
sity of introducing corrections for absorption of
T mesons, associated with inelastic collisions.

The values of these corrections were calculated

on the basis of data on the cross sections for the
inelastic interaction of m mesons of the appropriate
energies. It was necessary to introduce correc-
tions for nuclear absorption only for angles less
than 90°, where they amounted to 10, 6, and 3%

for angles of 16, 30, and 60°, respectively.

5. RESULTS

The experimentally measured spectra of n* and
7~ mesons at five angles in the laboratory systems
are shown in Figs. 2—4. For 90° and 123° the =*
and 7~ spectra are shown separately. The large
background made the measurements at these an-
gles difficult. Therefore, in order to increase the
accuracy of the results, the measurements here
were made with two different targets and two dif-
ferent values of magnetic field.

The threshold energy of mesons detected was
~25 MeV and was determined by the amount of
material in the path of the mesons in the spectrom-
eter. In the measurements at large angles, this

threshold distinctly limited the detectable portion
of the spectrum, leading to the necessity of intro-
ducing large corrections in determination of the
differential cross sections. For all of the angles
the upper limit of the meson spectrum is in agree-
ment with the maximum energy kinematically pos-
sible for the neutron spectrum used.

Figure 5 shows the spectra averaged over both
signs of T mesons, in the center-of-mass system.
The curves drawn for the spectra in Fig. 5 have
been constructed so as to provide the best agree-
ment with the experimental points.

The results of the differential cross section
measurements are shown in the table. The errors
listed in the table include only the statistical er-
rors of the relative measurements. Normalization
of the absolute values was performed by compar-
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ing the meson counting rate with the counting rate
of recoil protons from elastic np scattering, the
differential cross section for which has been
measured by Kazarinov and Simonov.[13]

The total cross section for production of me-
sons was determined by integration of the experi-
mentally determined angular distribution (see the
table). In addition the total cross section was de-
termined from measurement of the m>-meson
yields at the two isotropic angles, which corre-
spond for our neutron energies to angles of 31
and 90° in the laboratory system. The total cross
section for m-meson production obtained as the re-
sult of integration of the angular distribution
agreed satisfactorily with the values determined
from measurements at the isotropic angles. The
averaged value of the total cross section is

Onp(n+) = Onp(n~) = (1.3 £0.2)-10-2 cm?. (6)

6. DISCUSSION OF RESULTS

A. Total cross sections. The hypothesis of
charge independence establishes a certain ratio
between the total cross sections for production of
charged and neutral mesons in nucleon-nucleon
collisions:t4)

[opp (7+) + Onp(nt) + Gnp(n)] / 2[opp(n)
+ Onp (ﬂo)] = 1. (7)

Substitution into (7) of the cross-section value
determined, Eq. (6), together with the values of
the cross sections for the remaining processes
14-18) 5t an energy of 585 MeV leads to a value of
0.90 +0.08. If we take into account the fact that the

(s,
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cross-section values used have been obtained by
different authors and by different methods, we can
consider that the value determined for the ratio (7)
is completely compatible with the charge independ-
ence hypothesis, which has been proved rather
strictly at the present time.

One of the main results which can be obtained
from the experimental cross-section value (6) is
the determination of the partial cross section o0y:

0ot = 20np (n+) — Opp(n) (8)

and thereby the cross sections for production of
pions in a system of two nucleons having total iso-
topic spin zero. According to Dunaitsev and Pro-
koshkin,t?1 at the energy of 585 MeV of interest
to us,

opp(n®) = oy = (1.72 % 0.12) -10~¥ cm?. 9)
Substituting (6) and (9) into (8), we obtain

oo = (0.9 &= 0.4)-10~¥ cm? (10)
and correspondingly, according to (2),
or=o(n) = (2.7 £1.2) -10~¥ cm?. (11)

At the same incident-nucleon energy the cross
section for production of mesons in a system of
two nucleons with total isotopic spin unity is

or—1(n) = (10.1 = 0.6) -10~2" cm?. (12)

This allows us to draw the first conclusion: at
an energy of 600 MeV the production of m mesons
in the two-nucleon-system state T = 1 is predom-
inant. This result reflects the fact that the pro-
duction of pions occurs mainly through the inter-
mediate state of the pion-nucleon system with
T=J-= 3/2. To evaluate the factor enhancing the
matrix element for interaction of the nucleon with
the produced pion in a (3/2, 3/2) state, it is neces-
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sary to compare identical classes of transitions
for reactions in which the resonance interaction
occurs with reactions in which it is impossible.
Difficulties associated with separation of the con-
tributions of individual transitions make it impos-
sible to carry out an accurate evaluation of the
enhancement factor in this way. Therefore, we can
use an approximate evaluation, comparing the par-
tial cross sections oy, and o0j;. The experimental
data allow us to assume that the dominant contri-
bution to these cross sections is given by Sp tran-
sitions,! particularly for the oy, transition to the
final state 3S;p,, and for the oy, transition to the
state 1SOp1. Then, including the correction for the
statistical weight, which is determined by the fac-
tor 2J + 1, the ratio of these partial cross sec-
tions is ~4. The ratio found shows that about 25%
of the transitions in oy must go by the nonreso-
nance channel.

This estimate is in agreement with the work of
Guzhavin et al.['"} who studied pion production in
pp collisions at 6560 MeV. The contribution of
states with the nucleon-pion subsystem total iso-
topic spin TN = 1/2 determined by Guzhavin et al.
is (28 + 3)%. As a result we can uniquely draw a
second conclusion: it is impossible to neglect the
contribution of nonresonance transitions in meson
production. It follows from comparison of quanti-
ties (9) and (10) that the latter conclusion applies
to a still greater degree to the reactions (3) being
studied. About half of the mesons produced in np
collisions are produced via the nonresonance chan-
nel.

B. Energy distributions. The high-energy parts
of the 7'~ and 7 -meson spectra agree within
experimental error for all measurement angles.
In the low-energy part of the spectrum at angles
of 16 and 30° (Figs. 2a and b) the predominance of
the 7 -meson yield is noticeable. It follows from
charge symmetry that for larger angles in the
laboratory system in the same part of the spec-
trum a larger yield of 7* mesons should be ob-
served. However, the relatively high energy
threshold and lower accuracy of the measure-
ments at these angles (Fig. 3 and 4) do not allow
us to determine this difference very reliably. The
observed difference of the spectra in the low-
energy region is evidently due to the large asym-
metry of the T-meson angular distribution which

DHere and subsequently we use the designation employed
by Rosenfeld.[?] The large letters correspond to the angular mo-
mentum of the two-nucleon system, and the small letters to the
angular momentum of the pion.
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Yodh’s data'® show to be present at neutron en-
ergies of ~400 MeV. In the discussion of the angu-
lar distributions below we will dwell on this point
in more detail.

An angle of 60° in the lab corresponds to 100°
in the c.m.s., i.e., so close to 90° in the c.m.s.
that, according to charge symmetry, we would ex-
pect identical spectra for both signs of mesons.
Figure 2c shows that the 7*- and 7~ -meson spec-
tra at 60° are in good agreement.

The 7*- and 7~ -meson spectra obtained at 90°
are somewhat ‘‘harder’’ than the spectra meas-
ured by Oganesyan and Yarba'®! with an emulsion
chamber.

As we have noted above, calculation shows that
for the case of a monoenergetic spectrum of
600-MeV neutrons, the energy ET .. should be
increased in comparison with the experimentally
determined value by 12-15%, and the half-width
of the spectrum reduced by 25—35% as a function
of the measurement angle. When this effect is in-
cluded the averaged energy for the location of the
m-meson spectrum peak in the c.m.s. is 70-75 MeV,
and the half-width of the spectrum is 70-80 MeV.

A characteristic feature of the spectra of pions
obtained in collisions of neutrons with protons is
the high content of low-energy mesons. A similar
situation has been observed by Rushbrooke et
al.[18) They obtained pion energy spectra for four
neutron-energy intervals from the meson-produc-
tion threshold to 970 MeV. Direct comparison of
the shape of the meson spectra obtained in the
present work with the results of Rushbrooke is
difficult even for the same neutron energy inter-
vals, as the result of the fact that the neutron
spectra themselves are substantially different in
the two experiments. However, we can use as a
quantitative characteristic of the shape of the
spectra the position of the peak of the energy dis-
tributions ET, .. with respect to the upper limit
of the energy spectra Ejj,. This characteristic
is relatively insensitive to the nonmonochroma-
ticity of the neutron beam.

The peak of the spectrum in the c.m.s. in the
present measurements for 600-MeV neutrons oc-
curs at an energy of (0.59 + 0.05)E}j;,. The same
ratio can be determined from the data of Rush-
brooke et al. for neutrons with an average energy
of 620 MeV. It turns out to be Ewmax/Elim =0.63,
in agreement with our measurements.

The substantial content of low-energy pions in
the spectra obtained can be explained by the large
contribution of nonresonance transitions in the re-
actions being studied. For this purpose let us
compare the energy distributions obtained with the
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Angle in do/dQ, 10% cm?/sr Angle in de*/dQ*, 10% cm?/sr
lab., - c.%n.s.
deg nt - at =
16 4.50 + 0.28 4.88 4 0.28 31° 1.17 + 0.08 1.29 4 0.08
30 2.92 +0.21 3,22 +0.23 55°30” 0,96 + 0,07 1.05 + 0,08
60 1.35+0.18 1.37 4+ 0.08 101° 0.95 + 0,06 0.97 4+ 0.06
90 0.60 + 0.03 0.58 + 0.03 130° 1.05 4 0.06 1,02 + 0.06
123 0.32 + 0,04 0.30 + 0.p4 155° 1.31 £ 0.15 1.23 +0.15
0 . . . S
spectra of 7° mesons produced in pp collisions. dUVdQ 107 cm?/sr

The 7°-meson spectra have been studied at proton
energies of 650 MeVE!: 191 and 560 MeV.[20) The
earlier studies,!®! employing electronics, obtained
a value E"moa /E,.  =0.55. Gushavin et al.,[1"]
using a hydrogen bubble chamber, found the 0-
meson spectrum to be harder: Emax/Elim =0.81.

For 560-MeV protons Baldoni et al.,[2°] also using
a bubble chamber, found E?r?ax/Elim = 0.76. The
errors do not exceed 10% for all of the ratios
given. Thus, a definite difference exists between
the spectra of 7’ mesons obtained with electronics
and with a bubble chamber.

If we compare the charged-meson spectra with
the 7’-meson spectra measured in a bubble cham-
ber,[”' 20) which we consider more reliable, we
can draw the conclusion that the former are sub-
stantially ‘‘softer.’’ According to Mandelstam!?!
the position of the peak in the 7’-meson spectrum
should occur at an energy roughly 2/3 of the maxi-
mum energy. From the point of view of phenom-
enological theory, the difference in the spectra of
7+ mesons from np collisions and 7 mesons from
pp collisions is determined by the partial cross
section oy;. If the contribution of o¢y; is small,
then the production of 7° and 7* mesons will be
determined only by the partial cross section oyy,
and their spectra will be similar. In the region
being considered the main contribution to the cross
section o0yy is given by resonance transitions,
which lead to a shift of the pion spectra in the high
energy direction.t®1 Therefore the observed rela-
tive “‘softness’’ of 7--meson spectra indicates the
important role of nonresonance transitions in oy;.

C. Angular distributions. A phenomenological
analysis of the angular distribution of mesons in
reactions (3) is convenient to carry out for the
combined differential cross section for mesons of
both signs. The combined cross sections meas-
ured for five angles are shown in Fig. 6. We have
determined the analytic form of the angular dis-
tribution function from these data by the method of
least squares. For an angular distribution of the
form A + C cos? § we have obtained the expression

do* /dQ* = [(1.84 = 0.08) + (0.71 = 0.18) cos2 0].
%X (1.00 = 0.15)- 1028 cm?/sr.

(13)

FIG. 6. Angular distribution
of the combined yield of 7*
and 7~ mesons (c.m.s.). The
curve was computed by the
method of least squares.

o

0° 0° 50“ .90” /20" /50 180°

This distribution is plotted in Fig. 6. The value of
x% found for distribution (13) is 2.59 and is in good
agreement with the expected value of 3. This re-
sult shows that, for the energy of the present ex-
periment, we can limit ourselves to discussion of
s and p states of mesons in analysis of the main
characteristics of the process being studied. The
angular distribution found, Eq. (13), is character-
ized by a low value of anisotropy (about 80% of the
mesons are distributed isotropically).

Let us compare the angular distribution ob-
tained here with the angular distribution of 7 me-
sons produced in pp collisions. Dunaitsev and
Prokoshkin! % obtained for 7’ mesons an angular
distribution close to isotropic over practically the
entire energy range studied from 400 to 660 MeV.
For an energy of 590 MeV the coefficient b o A0
the 7’-meson angular distribution written in the
form /3 +bro cos? #, according to Prokoshkm,””
is 0.05 + 0.06. The coefficient for the same ex-
pression obtained in the present work is b+ =0.13
+ 0.03. Thus, the angular distribution obtained for
charged mesons in np collisions is the same within
experimental error as the distribution of 7° me-
sons produced in pp collisions. These angular dis-
tributions enable us to determine the angular dis-
tribution of pions produced in collisions of nucleons
with isotopic spin T = 0:

(do* [ dQ*) 1—0 ~ Y3+ (0.32 £ 0.18) cos20. (14)

For a neutron energy of ~400 MeV Yodh!#?
found a substantial asymmetry in the angular dis-
tribution of 7 mesons of one sign: in the c.m.s.
the 7~ mesons were emitted mainly in the direc-
tion of the primary neutron, and the 7° mesons
were emitted preferentially backward. In the pres-
ent measurements we obtained a small value for
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this asymmetry. The ratios of the yields of =*
and 7~ mesons are listed below:
Angle (lab.), deg.:

16 30 60 90 123

NN
0.92+0.05 0,91+0.08 0,98+0,06 1.04+0.07 1,0740.10

The ratios found for yields of mesons of dif-
ferent signs have allowed us to determine the co-
efficient of the cos # term in the angular distribu-
tions. The corresponding angular distributions of
7* mesons in the c.m.s. have the form
(do” [ dQ*) xt = [(0.92 = 0.04) F (0.052 =+ 0.025) cos 0

+ (0.36 == 0.09) cos26] - (1.00 = 0.15) 1028 cm?/sr.

(15)
The observed small value of asymmetry can be
assigned to the effect of low-energy neutrons. It
turns out that if we use the existing datal®! and
take into account in our angular distributions the
asymmetry due to this effect, the asymmetry dis-
appears within experimental error.

The asymmetry in the pion angular distribution
arises as the result of interference between defi-
nite transitions of the partial cross sections o4
and 0y; and is a specific feature of 7*- and 7" -
meson production in np collisions. In order to
have the possibility of interference it is necessary
that the nucleons in these transitions be in initial
states with identical spin and go to the same final
state. These rules exclude the possibility of inter-
ference between oy, and the two other partial cross
sections. At the same time for reactions (3) the
corresponding transitions in oy, and oyy take
place, which also leads to a forward-backward
asymmetry. The main Sp transition in oy can
interfere only with the transition 3Py — ('S, )1, 0>
which is possible for the partial cross section oy;.
For energies below 500 MeV, according to Dunait-
sev and Prokoshkin, 65 ap appreciable contribution
to the cross section ¢4 is given by nonresonance
Ss transitions, which appearently leads also to a
strong asymmetry in the meson angular distribu-
tion observed at an energy of ~400 MeV. For a
dominant role of the resonance interaction the
main contribution to ¢y; for neutron energies of
~600 MeV must come from a Pp transition, which
cannot interfere with the main Sp transition for
0g1- Thus, the absence of asymmetry in the angular
distributions obtained by us indicates that a reso-
nance Pp transition is the main transition in oy
at ~600 MeV, while an Sp transition is predomi-
nant for oy;.

7. CONCLUSION

1. We have measured over a wide range of
angles the energy spectra of charged mesons pro-
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duced in np collisions. A characteristic feature of
the spectra studied is a large content of low-
energy mesons. The peaks of the spectra are lo-
cated at an energy of ~0.6 of the maximum possi-
ble energy. A phenomenological analysis of the
energy distributions found indicates an important
role of the partial cross section gy;.

2. The combined meson angular distribution
found is characterized by a small anisotropy and
is described by formula (13).

3. Data on the angular distributions of 7* and
7~ mesons show that there is practically no asym-
metry. This can be explained by the hypothesis
that at an energy of ~600 MeV the main transi-
tions in meson production are Sp transitions in oy
and resonance Pp transitions in the partial cross
section 0y4, which do not interfere with each
other.

4. The measured value of the total cross sec-
tion for production of Vi mesons, (1.3 + 0.2)

% 10727 ¢cm?, is consistent with the relation between
the cross sections which follows from the hypothe-
sis of charge independence, and allows determina-
tion of the cross section for production of 7 me-
sons in nucleon-nucleon collisions with total iso-
topic spin equal to zero: o =¢(m = (2.7 % 1.2)

x 10727 cm?,

5. Comparison of the value found for o ¢(r")
with o (1) = (10.1 +0.6) % 107%" cm? shows that,
in spite of the preferential role of resonance proc-
esses, we are not justified in neglecting the con-
tribution of nonresonance transitions in phenom-
enological models for meson production in nucleon-
nucleon collisions.

The authors are grateful to Yu. M. Kazarinov,
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