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ENERGY SPECTRUM AND ANGULAR DISTRIBUTION OF 7w MESONS PRODUCED

ON CARBON BY 660-Mev PROTONS
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The energy spectrum of 7t mesons produced by 660-Mev protons on carbon was measured
at five angles from 19°30’ to 65°. The absolute cross-sections doy/dQ were also measured.

In the c.m.s. of the two colliding nucleons, the mean i

meson energy was found to be inde-

pendent of the angle of emission, and equal to 100 Mev. Conclusions are drawn concerning

the angular distribution of '

mesons; the total cross-section for their production on carbon

by 660-Mev protons has been found to be (46.7 +5.1) x 107 cm?. The probability of =t -
meson production in p —p collisions in the carbon nucleus is half the analogous probability

for free p —p collisions.
1. INTRODUCTION

THE production of charged m mesons on carbon
by 660-Mev protons was investigated for various
angles of observation in several experiments.!™
Meshcheriakov et al. measured the relative energy

spectrum of 77 and 7~ mesons at 24°.! Energy
spectra and absolute yields of 7" mesons? and 7~
mesons® were studied at 45°. Analogous informa-
tion on mesons of both signs was obtained for 90°
as well.

In the present work, we have studied the energy
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spectra and the absolute yield of positive 7 mesons
produced by 660-Mev protons on carbon at 19°30’,
29°, 38°, 56°, and 65° in the laboratory system. All
measurements were carried out on the external
proton beam of the synchrocyclotron of the Joint
Institute for Nuclear Research, Laboratory of Nu-
clear Problems, using a 7-meson spectrometer

described earlier.?
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FIG. 1. Energy spectrum of 7 + mesons produced by 660-Mev
protons on carbon at a—19° 30’, b—29°, ¢ —38°, d - 56°, and
e —65° in the laboratory frame.

2. RESULTS

The results of measurements of the differential
cross-sections d%cy/dQdE at various angles of
observation are given in Table I. The errors given
in the table represent the statistical errors of the
measurements. The energy spectra of 7" mesons
based on the date of Table I are shown in Fig. 1.
The curves are drawn to obtain best fit with experi-
mental points. Our experimental data are insuffi-
cient to determine the shape of the spectrum in the
low energy region, in view of the high energy thresh-
old for m mesons detection in the spectrometer.
In that region, the curves have been drawn under
the assumption that the spectrum is almost linear
near the origin of the coordinate system. This
was shown experimentally! for carbon at 24°, and
also in the study of the yield of m mesons with en-
ergies up to 40 Mev on emulsion nuclei.® It has
been assumed that the cut-off in the high-energy
region occurs at the 77 meson energy, calculated
from kinematic considerations under the assump-
tion that the energy of nucleons in the nucleus is
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TABLE II

A oratory system | 157V 290 ase 45e 56° 6o
do,/dQ B

cm? sterad™* x 10727 [12.34-41.44 [10.224-0.78/7.134-0.436.774-0.62(4.624-0.28/3.704-0.57
dajr/dn* B

cm? sterad-! x 10727 3.614-0.42 | 3.54--0.27(2.904-0.17/3.274-0.30|2.964-0.18|3.014-0.46

Mean energy E* in

c.m.s., Mev 101 103 102 103 101 106

Mean angle of emis-|

sion inc.m.s., U * 36° 53° 67° 77° 93° 103°

of the order of 256 Mev. Extrapolation of the ex- st

perimental curves in Fig. 1 into the high-energy
region is, at all angles, in satisfactory agreement
with the calculated maximum energy of 7t me-
sons.

Results of integration of the spectra over the
curves, i.e., the cross-sections do, /dQ, are
given in Table II. The value of doy./dQ for 45°,
measured earlier,? is also given in the table. Both
statistical and systematic errors, the latter rang-
ing for the various angles, from 5 to 10% were
taken into account in the integration.

It is known from experiments on the production
of 'm mesons by protons and neutrons of various
energies, that in collisions between nucleons and
complex nuclei m mesons are produced essentially
on single nucleons of the nucleus and not on the
nucleus as a whole. In connection with the above
fact, it is of interest to transform the obtained
spectra into the c.m.s. of two colliding nucleons.
Results of integration of the spectra in the c.m.s.,
i.e. the values of the cross-section do}/d*Q, as
well as the average 7" -meson energy in the c.m.s.
for each spectrum and the mean angle of emission
4%, are given in Table II. The values of 4* rep-
resent a rough estimate, since the motion of the
nucleus was neglected in their calculation.

The dependence of the cross section dof /dQ*
on the angle of emission #* in the c.m.s., based
on the data of Table II, is shown in Fig. 2. The
curve is drawn for best fit with the experimental
points. Assuming that this experimental curve
represents the angular distribution of 7t mesons
in the interval 36 to 103° in the c.m.s., we have
calculated the cross-section O'.T. for 7" -meson
production in that region. We found ot (36 to 103°)
=(20.5 £ 0.8) x 102" cm?.

3. SHAPE OF THE SPECTRUM AND MEAN
POSITIVE m-MESON ENERGY

As the result of transformation of the 7" me-

son spectra into the c.m.s., we find that a maxi-

46,/d8, cm? sterad
N
=

-~
T

Loy

1 ! ) 1 I )
/) 20 0 60 80 wo 120 #o

Emission angle in c.m.s., degrees

FIG. 2. Dependence of the differential cross section for the
production of 7+ mesons on carbon on the angle of emission in
the c.m.s.

mum is attained at E* = 100 Mev for §* = 36°.
For #* =93° and J* =103°, the maxima in the
c.m.s. are located between 70 and 75 Mev. The
maxima of the remaining spectra are contained
between 70 and 100 Mev, a shift of the position of
the maximum in the c.m.s. towards higher ener-
gies being observed for smaller angles, indicating
that the shape of the spectrum depends on the angle.
A similar variation of the spectrum with the angle
was observed earlier for free p —p collisions in
the reaction pp — pnn.%7 It is possible that the
effect exists in production of 77 mesons on bound
protons as well.

It follows from Table I that the mean 7" -meson
energy E* in the c¢.m.s. hardly varies with the
angle of emission and amounts to 100 Mev. The
same value of mean 7' -meson energy has been
obtained earlier for Be and C at 24° in the labo-
ratory system.1 Most remarkable is the fact that
the position of the maximum and the value of the
mean energy change very little at higher proton
energies. This result follows from comparison of
the present results and those of other experiments
carried out at 660 Mev' with the data of Yuan and
Lindenbaum,® who have found for Be that, at an
energy of 1 Bev, the 7" -meson spectrum attains
a maximum at 100 Mev for an angle of observation
of 32° in c.m.s. A further energy increase to 2.3
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Bev causes the maximum to shift only 30 Mev.

This weak dependence of 7 -meson energy on the
proton energy can be explained® by the predominant
role of the isobaric P_s/ _3/; state in the m-meson
production.

4. ANGULAR DISTRIBUTION OF 7t MESONS
AND CALCULATION OF THE TOTAL CROSS-
SECTION

1t follows from Fig. 2 that the cross-section
do i/dﬂ* does not vary greatly with the angle be-
tween 36° and 103°. An analogous result has been
obtained for neutral m mesons produced on carbon
by 660-Mev protons.® It follows that the 7°-meson
yield in the c.m.s. varies very slowly with the
angle in the interval 0° to 100°. A marked increase
in the 7° yield is observed with a further increase
in angle. The 7°-meson production cross section
for 180° is twice that for 0° in the c.m.s. This in-
crease can be explained by simple qualitative con-
siderations which follow from the optical model of
the nucleus and which are connected with the ab-
sorption of protons traversing the nucleus. An
analogous increase of the cross section for large
angles can be observed for charged m mesons.

Prokoshkin® calculated the angular distribution
of m° mesons produced by protons on carbon, using
the optical model, and assuming an isotropic angu-
lar distribution of 7’ mesons in the ¢.m.s. in pro-
ton-nucleon collisions. The calculated curve is in
good agreement with the experimental data. To
calculate an analogous curve for 7" production,
it is necessary to know the angular distribution
of n* mesons in elementary collisions. Experi-
mental data concerning this problem are, at pres-
ent, inconsistent’!? but, most probably, the angular
distribution of 7" mesons in p—p collisions at
660 Mev does not differ appreciably from isotrop-
ic.’ Taking the above into account, one could ex-
pect that the angular distribution of 7t mesons
produced by protons on carbon should not differ
appreciably from the angular distribution of 7°
mesons.

The similarity between the angular distribu-
tions of 7° and 7" mesons, expected in view of
the above considerations, permits us to find the
total cross-section for the production of 7t me-
sons on carbon by 660-Mev protons, from the data
of the present work. The fraction of the total pro-
duction cross section of neutral m mesons con-
tributed by the angle interval from 36° to 103° in
the c.m.s. can be calculated from experimental
data,? and amounts to 45%. Assuming that the
angular distribution of 77 mesons is similar to
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that of 7° mesons, we obtain from o, (36° to 103°)
=20.5 X 10"*"cm?, measured in the present ex-
periment (Sec. 2), a value 03 = 45.5 X 107" em?
for the total cross-section for the production of

7t mesons on carbon.

5. PRODUCTION OF m MESONS ON CARBON
AND THE PRINCIPLE OF ISOTOPIC INVARI-
ANCE

The cross-section obtained in Sec. 4 can also
be estimated from the principle of isotopic invari-
ance. It should be noted that the isotopic spin of
Cc? is zero. The principle of isotopic invariance
leads to the following relation for the production
of m mesons in collisions between nucleons and
nuclei of zero isotopic spin:

g, +o_= 23, (1)

where oy, o, and o, are the total or the differ-
ential production cross-sections for 7", 77, and -
7 mesons respectively.!! Equation (1) was tested
experimentally for deuterons and carbon, in w
meson production by protons, at 45° in the labora-
tory system.3

Data on the cross sections for production of
negative and neutral m mesons on carbon are nec-
essary for a comparison of the results of the pres-
ent work with Eq. (1). The results for 7 mesons
are known for a wide angle interval.® The yield of
T mesons can be estimated from the ratio do,/do_
for carbon, given by several authors.

The results are collected below:

Observation angle 24° 45° 56° 90°
in the lab. system
do,/do_ 7.04£0.8" 6.8+1.1°® 5.210.6'* 5.0+0.7*

It can be seen that the ratio do;/do_ varies
slowly with the angle and that the 7~ -meson yield
is only 15 to 20% of the 7" -meson yield. Both
facts make it possible to compare the experimental
results with Eq. (1), in spite of insufficient data on
m~ -meson production.

On the basis of the above data, we shall assume
that oF/o* =6 =1 between 37° and 103° in the
c.m.s. Then, for the same angle interval, ¢} + o* =
(Y%)o¥ =(24.0 £1.1) x1072"cm? (using the value
for of (36° to 103°) given in Sec. 2). Using the
data of reference 9, we obtain, for the same angle
interval, 20} =(25.5+ 2.7) X 10"2"cm?. Relation
(1) is therefore satisfied, as expected from the
principle of isotopic invariance.

In view of the good agreement between the abso-
lute measurements of the present work and the re-
sults obtained for 7’ mesons, Eq. (1) can be used
to compute the total cross section. Assuming that
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for total cross-sections we have o_ = l/s o4+, and
taking into account that o, = (28 + 3) x 107" cm?,?
Eq. (1) yields o4 = (48.0 +5.3) x 10™%"¢cm?. This
result is in a good agreement with the value oy =
45.5 x 10"%Tcm? obtained in Sec. 4 from different
considerations. From the two results we obtain
0, =(46.7£5.1) x 10" cm?.

8. COMPARISON OF YIELDS OF 7" MESONS
PRODUCED ON FREE AND BOUND PROTONS

It is useful, for the understanding of processes
that take place during the production of 7 mesons
on complex nuclei, to estimate the relative proba-
bilities of 7 -meson production on free and bound
nucleons. We shall make such an estimate for
positive 7 mesons produced on the protons of a
carbon nucleus, using the results of the present
experiment.

Let us write the total cross section for carbon
in the form o, = ogr + ofr, where ogr and oy
are the cross sections corresponding to 7T -meson
production on the protons and on the neutrons of
the carbon nucleus respectively. We shall note,
furthermore, that the principle of charge symmetry
requires that, for the production of 7 mesons on
free neutrons, the cross-section for the pn — nn7w
reaction equal that for the pn — ppm~ reaction,
i.e., og = 0op. We can assume, with an accuracy
sufficient for our purposes, that an analogous rela-
tion holds for experiments with complex nuclei,
i.e., that 0;: = 0p’. On the other hand, oy is the
cross-section for the production of 7~ mesons on
carbon, i.e., equal to o_, since the production of
7 mesons on nuclei can occur in p—n collisions
only. We have, therefore, o4 = ag' + UHI = o;,'l +
op! = 0;;" + o-. Moreover, it has been shown in Sec.
5 that o_ ~ 1/6 o+ and, consequently, o4 = 0;')' +
1/6 o+. Hence, using the value of o4 obtained in the
present experiment, and relating the cross-section
agl to one proton of the carbon nucleus, we find
that the 7"-meson production cross section on a
bound proton equals (6.5 + 0.8) x 10"2"cm?. The
value of the cross section for an analogous proc-
ess on a free proton is (13 to 14) x 10727 ¢m?2.5:110
We conclude, therefore, that the probability for
7T -meson production in p —p collision in the
carbon nucleus at 660 Mev is half the analogous
probability for collisions of free protons. It should
be noted that a similar halving of the probability
has been observed in the production of 7’ mesons
on carbon as well. This was found from the values
of the cross sections o (pp—7°), o(pn—7°), and
o(pC—7"), measured at 660 Mev.®

+

991

To explain these facts, we shall make use of the
theory of Ansel’ m and Shekh’cer,13 who have shown
that the experimental data on the production of =
mesons on complex nuclei by protons can be ex-
plained by means of a model, according to which
the m mesons observed are produced only on the
surface of the nucleus (according to a Az/ 3 law),
and that deviations are due to the absorption of pro-
tons in traversing the nucleus. Let us denote by ¢"
the total cross section for 7 -meson production on
the nucleus in the absence of absorption, and by o
the actually-observed cross section. We then ob-
tain!3

dQ

z = (nR)2S% (9) sin 9 d9 /% 4% (9) F (qR, 9) sin 9 d9.
0 (2)

0

where doy/dQ is the 7" -meson production cross
section in free nucleonic collisions, 7 the proton
absorption coefficient, R the radius of the nucleus,
and F a function calculated in reference 13. The
value of 1 and the dependence of doy/dQ on
must be known if the computations are to be accord-
ing to Eq. (2). The absorption coefficient 7 can be
found from the expression

Sa 1 — (1 4 29R) exp {— 29R}

=1 —

ﬂR2 - 2(7]R)2 ! (3)

which follows from the optical model of the nu-
cleus. The cross section oq for the inelastic
interaction between protons and nuclei can be ob-
tained from experimental data obtained at 650
Mev!®. The dependence of do,/dQ on 4 can be
approximated by the expression a + b cos? 8.0b10
It is found that the result for ¢'/oc depends very
little on a and b so that their value is immate-
rial for the calculation.

Computation carried out according to Eq. (2)
showed that ¢’/o = 1.8, which has to be consid-
ered as good agreement with the experimental
value ¢’/o = 2. One can therefore attribute the
50% decrease in the probability for 7+ -meson
production in p —p collisions in the carbon nu-
cleus, compared with the analogous probability
for free p —p collisions, to the absorption of
protons in the nuclear matter, assuming that the
7+ mesons observed are produced on the surface
of the nucleus.

In conclusion, the authors wish to thank Iu. D.
Prokoshkin for the discussion of results.
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The question of the development of a discontinuity in the velocity of the superfluid component
of helium II moving relative to a solid wall is investigated experimentally. It has been as-
sumed that the formation of such surface discontinuities requires the application of some
minimal force, which is manifested in the form of a threshold shear stress. Apparatus has
been constructed which permits the threshold shear stress to be determined with great accu-
racy. The measurements have shown that tangential discontinuities in the velocity of the
superfluid component of helium II do not arise in the vicinity of a wall.

COMPARISON of the results of measurements lating disk method!? on the one hand, and by the
on the viscosity 7 of the normal component of method of the uniformly rotating cylinder,® on the
liquid helium II carried out by means of the oscil- other, has revealed the existence of a considerable





