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The inelastic interaction characteristics of 2.66-BeV pions in a propane bubble chamber
were studied. It was found that at this energy the 7~ -p inelastic cross section is 24.3 + 3.0
mb. The multiplicity distribution for secondary charged particles from 7~ -p and 7~ -n inter-
actions is in agreement with the predictions of statistical theory with allowance for isobar
formation. The multiplicity distribution of the secondary relativistic particles is the same
for interactions in hydrogen and carbon. It is found that the effective numbers of ‘‘quasi-
free’’ protons and neutrons in the carbon nucleus are both close to unity. An attempt was
made to study pion resonances in the (7~,p) — (7~, 7*, n) reaction for neutron energies

Tp = 0.2 GeV.

EXPERIMENTAL METHOD

INTERACTIONS of pions with nucleons and carbon
nuclei were studied with a 37 x 10 x 10.8 cm pro-
pane bubble chamber without a magnetic field. The
chamber was exposed to a 7~ beam of momentum
Po = 2.8 + 0.15 GeV/c at the proton synchrotron of
the Joint Institute of Nuclear Research.[!] The ex-
perimental arrangement, the methods of scanning
and selection of stars, and the measurements of
the spatial coordinates and angles have been de-
scribed earlier.[?]

To study 7~ -N interactions we selected 594
stars with no more than one slow proton (np < 1)
in a fiducial region of the chamber 29 cm long.
Cases of elastic diffraction scattering of pions on
carbon nuclei as a whole, and of diffraction scat-
tering on quasi-free neutrons in carbon nuclei,
were separated through the exclusion of one-prong
stars with a relativistic particle emitted at an
angle less than 15°.[%3] Cases of T~ -p elastic
scattering have been separated previously. (2]

In studying the characteristics of 7~-N inelas-
tic interactions, we did not divide the interactions
into interactions with free nucleons and those with
quasi-free nucleons (i.e., interactions with car-
bon nucleons, not accompanied by secondary proc-
esses inside the same nucleus). It can be shown
that in the great majority of collisions between
2.66-GeV pions and nucleons moving inside the
nucleus, the change in energy in the center-of-
mass system (c.m.s.) of the colliding particles
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(in comparison with a collision with a nucleon at
rest) is less than 10% and the direction of motion
of the c.m.s. in the laboratory system (l.s.)
changes by no more than 6°.

Estimates of the energy of the secondary par-
ticles and the identification of the slow protons
were made from measurements of the range and
relative bubble density g, where for comparison
we always used the track of the primary pion pro-
ducing the interaction. It was shown that the rela-
tive bubble density remains practically unchanged
over the length and width of the chamber. We ob-
served, however, that there was a certain change
in bubble density (20—30%) over the chamber
depth. This was connected with the steady re-
lease of heat in the upper part of the chamber
upon condensation of the gas phase. To decrease
the influence of this effect on the measurements,
we chose segments of track with a small differ-
ence in height.

The bubble density of secondary-particle tracks
was estimated in two steps. In the initial scanning
for stars, the interaction products were classified
by inspection as black or relativistic tracks with-
out any intermediate categories. Despite its qual-
itative character, such an approach proved to be
sufficiently objective. Disparities in the estimates
of the track density by different observers oc-
curred in an insignificant number of cases. The
density of the black tracks and part of the relativ-
istic tracks was later estimated more accurately.
The bubble density was measured by the gap-length
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method[45] with a correction for the inclination
of the track. It was shown that the visual method
permitted correct classification of black tracks
(g = 2) at angles of inclination o = 45°. For

a > 45°, about 8% of the tracks visually classified
as black actually had g < 1.6. The correctness of
the final classification of the tracks was checked
by the flatness of the distribution of the azimuthal
angle ¢ for the black tracks [N (45° < ¢ =< 90°)/
N(0 =¢ =90°) = 0.54 + 0.04].

The secondary particle energy was estimated
by Bethe’s formula for primary ionization. As was
shown by Hahn and Hugentobler,[é] this formula
describes well the dependence of the bubble den-
sity on the particle velocity, including the region
beyond minimum ionization in which the ionization
loss increases logarithmically. A check on recoil-
proton tracks of known energy produced in elastic
7~ -p interactions in our chamber showed that the
formula is in satisfactory agreement with the rela-
tive bubble density measurements.

QUASI-ELASTIC 7~ -p INTERACTIONS

From the obtained material, we selected cases
of quasi-elastic scattering of pions on bound pro-
tons of carbon accompanied by a small' momentum
transfer (quasi-elastic diffraction scattering).
These cases were separated by means of kinematic
criteria based on the assumption that the incident
pion collides with a moving target proton. Here the
magnitude and direction of the recoil-proton mo-
mentum are uniquely determined by initial momen-
tum of the proton inside the nucleus, the momentum
transfer during the collision, and the proton mo-
mentum loss in overcoming the binding forces upon
leaving the nucleus (see, for example, (7]). In the
calculation of the kinematics of quasi-elastic colli-
sions, the momentum distribution of the protons in
carbon nuclei was approximated by the function

dW(P) ~ exp (— P¥2P?) P2dP, Py~ 0.14BeV/c[®].

It was shown that in the case of quasi-elastic
scattering the distribution of the coplanarity pa-
rameter 6 (angle between the direction of the
primary proton and the plane of the secondary
particles ) had a Gaussian distribution:

sin? § Py o
dW (8) ~ exp (— —2?) dd, 8= 2% =0.05=2.9"

Two-prong stars with one slow proton were
considered as quasi-elastic diffraction scattering
if they satisfied the following conditions:

1) 6 =2Vof + (Ad)? = 6.2° (where AS = 1.25°
is the rms measurement error of the angle 6);

2) the event lay inside the region bounded by the
kinematic curves connecting the pion and recoil
proton emission angles in the momentum interval
for bound protons 0 < P < 3P;; 3) the momentum
transferred in the collision was =<0.7 GeV/ c;[zj
4) the energy of the recoil proton was not in con-
tradiction with that permitted by the kinematic re-
lations (with allowance for the energy loss for
rupture of the binding); 5) there were no electron-
positron pairs or V events directed toward the
point of interaction.

In this way, we found 23 cases which could be
regarded as w~-p quasi-elastic diffraction inter-

_ actions, which corresponded to a cross section

0ge = 6.0 + 1.3 mb on carbon. The distribution of
the target mass £e] M calculated from the angle
of emission and range of the recoil proton (under
the assumption that the scattering occurs on the
free proton) is shown in Fig. 1. As expected, they
are all grouped close to the value Mt = 0. The an-
gular distribution of the quasi-elastically scattered
pions is very similar to the distribution of second-
ary pions in 7~ -p elastic scattering. If we ignore
certain differences between these distributions in
the small-angle region, where quasi-elastic scat-
tering does not occur, and take the elastic and
quasi-elastic cross sections to be equal, then the
effective number of quasi-free protons in the car-
bon nucleus turns out to be ny = 0.85 + 0.20. This
result disagrees with the conclusions of Bayukov
et a1l10] (nq ~ 3), whose selection criteria for
quasi-elastic interactions at the same energy are
less strict. The value of ng also depends on the
experimental conditions, in particular, on the min-
imum energy of the recoil protons Tpmin re-
corded in the chamber; Tpmin = 6 MeV in our
case while Tpmin ~ 12 MeV in L10],

MULTIPLE PRODUCTION OF PIONS IN 7~ -p
AND 7~-n COLLISIONS

Since the cross sections for 77-p and 77-n

interactions at our energies, (1] are practically
N
10
FIG. 1. Distribution of target
mass M for cases of quasi-elastic
7 -p scattering (M is the proton St
mass).

. TE T TN
M/H



16 G. I.

the same, the number of collisions of pions with
bound protons and neutrons is also expected to

be the same. Therefore the number of collisions
between pions and free protons is equal to the
difference between the number of stars (np < 1)
with even and odd numbers of prongs. As a result,
we have found that the cross section for inelastic
7~-p interactions at 2.66 GeV is !

0p = 24.3 + 3.0 mb.

In the calculation of the cross section, we intro-
duce a correction for one-prong inelastic interac-
tions with a relativistic particle emitted at an angle
# < 15° and a correction for the contribution from
quasi-elastic 7~ -p scattering. We also used the
value of the 7~ -p total cross sectiont11] at 2.66
GeV:

or = 33.03£0.32 mb [Y].

We also estimated the contribution from stars
with np = 1 produced in collisions between pions
and carbon nuclei accompanied by secondary proc-
esses inside the nucleus. Such a procedure is nec-
essary for comparison of the secondary-particle
multiplicity distribution in 7~-N interactions with
the predictions of the statistical model. Here we
base ourselves on the characteristics of stars with
several slow protons (ny > 2) produced in inter-
actions between pions and carbon nuclei. Analysis
of these stars showed that the fraction of black
prongs emitted in the backward hemisphere is
(37 + 1)%. This result does not depend on the
number of black and relativistic prongs which
gives us a right to extend it also to stars with
nh = 1. Since we found a total of 45 stars with
black tracks directed toward the backward hemi-
sphere, we can conclude that 45/0.37 = 123 events
with np = 1 correspond to interactions between -
pions and carbon nuclei. This correction, as
should be expected, is the same for 7”-p and 7~-n
interactions and constitutes half of all stars with
np = 1. As a result, the fraction of pion-nucleon
interactions accompanied by the emission of a slow
proton (Tp < 0.2 GeV) proved to be ~ 20%, which
is close to the results of Birger et all12] for 6.8-
GeV/c 7~ mesons and indicates that the contribu-
tion from peripheral collisions changes very little
with the energy.

From the number of 77-N collisions with an
odd number of prongs (7~ -n interactions) we can
estimate the number of quasi-free neutrons in the
carbon nucleus, which turns out to be 1.5 + 0.3.

DWe include here cases of elastic nondiffraction scatter-
ingl?] 0e = 1.3 + 0.5 mb.
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This value is somewhat greater than that obtained
in an analysis of quasi-elastic interactions, which
is, perhaps, connected with the inclusion of stars
produced as a result of collisions between m~
mesons and carbon nuclei not accompanied by
visible tracks of slow secondary protons.

The multiplicity distribution of secondary
charged particles in pion-nucleon interactions
(Fig. 2) is in good agreement with the predictions
of statistical theory with allowance for isobar pro-
duction.?) The mean multiplicities are 2.22 + 0.06
and 2.46 + 0.12, respectively, for stars with odd
and even numbers of secondary prongs. The mean
charged-particle multiplicities at 2.66 GeV calcu-
lated from statistical theory with allowance for
isobar formation are 2.26 and 2.27 for 7~ -p and
m~-n collisions, respectively.[”‘]

FIG. 2. Secondary charged-
particle multiplicity distribu-
tion for pion-nucleon interac-
tions. The histogram represents
the result calculated from statis~
tical theory with allowance for
isobar formation.
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In a study of the angular distribution of the
7~ -N interaction products, we noticed an increase
in the mean emission angle of relativistic particles
with increasing multiplicity. This phenomenon is
evidently directly related to the decrease in the
asymmetry of the angular distribution of the sec-
ondary pions in the c.m.s. with increasing multi-
plicity (see, for example, t12]y,

INTERACTIONS BETWEEN - MESONS AND
CARBON NUCLEI

For a comparison of the characteristics of in-
teractions of 7~ mesons with nucleons and carbon
nuclei we separated the stars into two classes. All
stars with ny = 2 and those stars with n, = 1
which were inconsistent with the kinematics of in-
elastic m-N interactions were regarded as inelas-
tic interactions between pions and carbon nuclei.
All stars with njp = 0 and also part of the stars

IIn this energy region, the pion resonance interaction has
little effect on the secondary-particle multiplicity distribution
in pion-nucleon interactions (cf. (3] and [+4]),
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Comparison of the characteristics of interactions of 2.66-GeV
7~ mesons with nucleons and carbon nuclei (1.s.)

Interactions of pions with carbon nuclei

m"-N

np =1

inter~
2 3 %, 5,6 1—6 actions

Mean multiplicity of relativ- .
istic particles 1.944+0.15/1

Mean projected emission
angle in plane of observa-
tion, deg 34.5+2.3|3

Ratio Npack/Ntot, % 10+3

-89+0.09/2.20+0.15/1.98 +0.17|2.00+0.06/2.07 +0.08

6.7+1.6/44.642.3/43.

6 39.8+1 |31.
11,5+2 | 16+3 |13.4

2.7
3.2 13+1.3
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FIG. 3. a) Charged relativistic particle multiplicity dis-
tribution in interactions of pions with nucleons and carbon
nuclei; b) distribution of the charged relativistic particle
emission angle projected on the plane of observation in the
l.s. in interactions of pions with nucleons and carbon nuclei.
The solid line gives the histogram for 7~ -N interactions
(496 stars, 984 relativistic particles) and the dashed line
represents 7~ -C interactions (360 stars, 716 relativistic
particles).

with np = 1 were regarded as m-N interactions.
In the latter case, it was necessary that the energy
and angle of the slow proton be within the kine-
matically allowed limits determined by the “‘effec-
tive mass’’ method,Ds]s) which was calculated
from the formula

ng

(M) > (ns+no) + X {1 — [cos ¥, cosD;

1<i<j
-+ sin¥;sin¥; cos (p; — @;)1}-

Here ng is the number of secondary relativistic
particles, n, is the number of 7° mesons in the
star, 4 and ¢ are the polar and azimuthal angles
of emission of the relativistic particle, m is the
effective mass, and u is the pion mass. We have
assumed here that the momenta of the secondary
relativistic particles are equal to the pion mass

pi = uc. We also assumed that one 7° meson was
produced in the star when we observed an electron-

9By ‘‘effective mass’’ we mean here the mass of the sys-
tem produced together with the nucleon as a result of the 7 -N
interaction, where the decay of this system leads to the ob-
served secondary pions.
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positron pair directed toward the star vertex or
when a secondary prong had a direction which
clearly indicated that momentum conservation was
not satisfied if we took into account only the charged
particles.

To select the cases, we constructed the multi-
plicity distribution of relativistic particles and the
distribution of the emission angles projected on
the plane of observation (Fig. 3). Some character-
istics of these distributions are shown in the table.
As is seen from the table and Fig. 3a, the multi-
plicity distributions of relativistic particles from
pion interactions with nucleons and carbon nuclei
are practically the same and the mean values of
the multiplicity for both classes of interactions
agree.

The mean projected angle of emission of the
relativistic particles and the fraction of particles
emitted in the backward hemisphere in the l.s.
are somewhat greater for interactions of pions
with carbon nuclei. This difference can be as-
cribed to the scattering of part of the secondary
pions in elastic collisions with bound nucleons.
The difference in the angular distributions will ob-
viously be still less marked if we consider all in-
teractions with carbon nuclei, including interac-
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tions with quasi-free nucleons. The obtained data
indicate that almost no secondary interactions ac-
companied by the production of relativistic pions
occur in the carbon nucleus.

SEARCH FOR PION RESONANCES IN THE =~
+p— 7" +7° +n REACTION

We analyzed 183 two-prong stars with relativ-
istic particles and selected interactions which
corresponded to the kinematics of the reaction

n-+p-s>n+at+4n (1)

with a neutron energy T, = 0.2 GeV. Such cases
correspond to events with small angles between the
plane of the secondary pions and the direction of
the primary pions (6 < 13 ). It is readily shown
that sin 6 = sin o sin ¢, where « is the angle be-
tween the resultant momentum of the secondary
pions pry and the momentum of the primary pion
Py, and ¢ is the angle between the plane of the
secondary pions and the plane of the primary pion
and neutron. For this reason, it can be assumed,
with a probable error of 14%, that sin o ~ sin 6
and the direction of the resultant momentum of the
secondary pions coincides with the projection of p,
on the plane determined by them.

It can be shown that for pions produced in this
reaction with Tp =< 0.2 GeV the momentum pgp,
is practically uniquely related (to an accuracy of
at least 4%) to the total energy of the two pions
Mgy in their own c.m.s. This permits the calcu-
lation of My from the angles of emission of the
pions relative to the direction pry.

As a result of this selection, we eliminated two-
prong stars for which the value of Mgy was for-
bidden by the kinematics of the investigated reac-
tion. We also discarded those cases in which the
secondary-pion tracks lay on one side of the pro-
jection of py on their plane. We also discarded
cases of elastic nondiffraction 77-p scattering ac-
companied by a large momentum transfer to the
proton which could have been erroneously identified
with the investigated reaction. Such cases are
characterized by a small coplanarity parameter
0 = 2A6 = 2.5° and are grouped in a narrow band
about the kinematic curve for the angles of the
elastically scattered pion and recoil proton. The
number and the angular distribution of these cases
are in good agreement with the data in the litera-
ture. [2,16]

The My, spectrum of the 67 cases selected is
shown in Fig. 4. A x? test showed that the experi-
mental distribution is in satisfactory agreement
with the phase-space curve calculated from sta-
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FIG. 4. Distribution of the total energy of the pions in
their c.m.s. for 67 cases satisfying the kinematics of reaction
(1) (T, £.0.2 GeV). The value of the p meson mass (765 MeV)
is shown by the arrow. The smooth line represents the phase-
space curve normalized to the total number of events.

tistical theory. Nevertheless, the grouping of
cases about the value Mpy =5—6u (u is the pion
mass) is in agreement with the conclusions of
Shalamov and Grashinti"J that part of reaction (1)
proceeds through the intermediate p® meson with
a mass 765 MeV.

The authors are grateful to Professor A. I
Alikhanyan for his support of the present work and
for discussion of results and E. P. Kuznetsov and
A. M. Gal’per for aid in carrying out the experi-
ment. The authors express their gratitude to V. M.
Maksimenko for carrying out calculations used in
the comparison of the experimental data with the
predictions of the statistical theory. The authors
thank R. A. Latypova and E. G. Novikova for cal-
culations on the electronic computer and T. G.
Chernyshova and G. A. Ignatova for aid in the re-
duction of the experimental data. We take this op-
portunity to thank the proton-synchrotron crew for
the faultless operation of the machine and for their
careful work.

1Viryasov, Vovenko, Vorob’ev, Kirillov, Kim,
Kulakov, Lyubimov, Matulenko, Savin, Smirnov,
Strunov, and Chuvilo, JETP 38, 445 (1960), Soviet
Phys. JETP 11, 327 (1960).

2 Kotenko, Kuznetsov, Merzon, and Sharov, JETP
42, 1158 (1962), Soviet Phys. JETP 15, 800 (1963).

3 Bannik, Gal’per, Grishin, Kotenko, Kuzin,
Kuznetsov, Merzon, Podgoretskii, and Sil’vestrov,
JETP 41, 1394 (1961), Soviet Phys. JETP 14, 995
(1962).

4 Blinov, Krestnikov, and Lomanov, JETP 31,
762 (1957), Soviet Phys. JETP 4, 661 (1957).

5M. F. Lomanov and B. V. Chirikov, PTE, No. 5,
22 (1957).

¢ B. Hahn and E. Hugentobler, Nuovo cimento 17,
983 (1960).



INELASTIC SCATTERING OF 2.66-GeV 7" MESONS ON NUCLEONS 19

"Kozodaev, Kulyukin, Sulyaev, Filippov, and
Shcherbakov, JETP 39, 929 (1960), Soviet Phys.
JETP 12, 644 (1961).

8Azhgirei, Vzorov, Zrelov, Meshcheryakov,
Neganov, Ryndin, and Shabudin, JETP 36, 1631
(1959), Soviet Phys. JETP 9, 1163 (1959).

9N. G. Birger and Yu. A. Smorodin, JETP 37,
1355 (1959), Soviet Phys. JETP 10, 964 (1960).

1o Bayukov, Leksin, and Shalamov, JETP 41,
1025 (1961), Soviet Phys. JETP 14, 729 (1962).

1 pjddens, Jenkins, Kycia, and Riley, Phys. Rev.

Lett. 10, 262 (1963).

12 Birger, Wang, Wang, Ting, Katyshev, Kladnit-
skaya, Kopylova, Lyubimov, Nguyen, Nikitin, Pod-
goretskii, Smorodin, Solov’ev, and Trka, JETP

41, 1461 (1961), Soviet Phys. JETP 14, 1043 (1962).

By, M. Maksimenko, Dissertation, Physics
Institute, Academy of Sciences, 1961.

Y4y, 1. Rus’kin, JETP 37, 105 (1959), Soviet
Phys. JETP 10, 74 (1960).

15G. 1. Kopylov, JETP 37, 557 (1959), Soviet
Phys. JETP 10, 393 (1960); Joint Institute of
Nuclear Research, Preprint R-341, 1959.

18 1ai, Jones, and Perl, Phys. Rev. Lett. 7, 125
(1961).

7ya. Ya. Shalamov and A. F. Grashin, JETP
42, 1141 (1962), Soviet Phys. JETP 15, 788 (1963).

Translated by E. Marquit
4



