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The angular and energy distributions of pions produced by 650-MeV protons and pion-nucleon
correlations were studied using a liquid hydrogen bubble chamber. The present investigation
indicates that the experimental angular distributions of neutral and charged pions are consistent with the assumption of isotopic spin conservation. The contributions of rrN subsystem
states with isospin T 11'N = 7'2 and % are measured; the contribution of the latter is 72 ± 3%.
INTRODUCTION

(7)

b,o =b,±•

The angular distribution of neutron pions produced
in p-p and p-n collisions at about 650 MeV, taking
into account the rr 0 energy spectra, [ 3] is almost
isotropic:

INTENSIVE investigations of pion production by
600-MeV nucleons in the meson-nucleon resonance
region ( TrrN = %. JrrN = %> have determined the
quantitative characteristics of all meson productionprocesses and have made possible the construction of a phenomenological resonance model agreeing
with experiment. [tJ However, several questions
have remained unanswered, among them the possibility that isospin is not conserved[ 2] and the role
of ( %, %) resonance in pion production.
In the given energy region there is practically
no production of pion pairs, but the following four
proton-proton processes can occur:
p
p
p
p

+ p--+ p + p,
+ p d + n+,
+ p ~ p + n + n+,
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+p

--+

p

+ p +no.

b,. = 0.22 ± 0.05.

Much more anisotropy was found in the angular
distribution for the principal charged-pion production reaction (3); this was observed in the first
investigations of the process: [ 4] 2>
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This led to the conclusion [ 2] that either isospin is
not conserved in the given energy region or (9) is
incorrect. The latter conclusion was supported by
spectrometric data[G] which disagree with (9):
fpp.-.pnn+

(5)

(6n+) -

1

/a

+ (0,03 + 0.08) cos

2

6,+.

The value of brr± obtained by using this last distribution is close to that of brro: brro /brr± = 1.3
± 0.6.
Because of the foregoing discrepancy it has
been emphasized several times[ 2 ,7] that the angular distribution for reaction (3) must be obtained
more accurately. It was one of the aims of the
present work to measure this distribution by a
direct method not requiring essential corrections

(6)

which is equivalent to
1>unless otherwise specified, the kinematic characteristics of the reactions (angles, momenta, and energies)
will always pertain to the center-of-mass system of the
colliding nucleons.

1/ 3

b,.jb"± = 0.44 + 0.12.

If isospin is conserved the total angular distributions of the neutral and charged pions produced in
proton collisions with protons and neutrons should
be identical:
fvv+pn

(6,+) -

The other reactions make only a small contribution
to (7). When (9) is used to calculate brr± the ratio
brro /brr± is considerably smaller than unity:

The angular distributions of pions in reactions
(2) -(4) at about 600 MeV are well approximated
by second-degree polynomials of the form t)

t (6,) -

(8)

2>see in [•] the remark regarding earlier measurements
by means of photographic emulsions.[•]
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to the measured quantities, such as cannot be
avoided when reaction (3) is investigated with
scintillation counters.
It was another purpose of our investigation to
determine the role of ( %. %) resonance in pion
production processes. Mandelstam's resonance
model [t] has accounted quantitatively for most
experimental findings regarding pion production
in p-p collisions at about 600 MeV on the basis of
the hypothesis that the 1rN subsystem consists
very predominantly of states with isospin T1rN

=%.
It follows from this hypothesis that in the given
energy region there should be no appreciable production of pions by nucleons in states with zero
total isospin; this conflicted with experiment. [S]
Mandelstam's resonance model was therefore, at
the very least, incomplete and an experimental
test of his initial assumptions was required, i.e.
the determination of the probability ratio of 1rN
subsystem production in the states with T1rN = %
and %. It was suggested in [ 9] that this ratio
could be determined by utilizing the symmetry of
wave functions in isospin space with respect to the
exchange of the two secondary nucleons in reaction
( 3).

The cross sections for processes (3) and (4)
are determined by the two isospin amplitudes A 13
and A 11 . The first index is the isospin of the two
nucleons in the initial state, while the second index
is 2T7rN· In order to solve the inverse problem,
i.e. to determine experimentally the amplitudes
A 13 and A 11 and the phase angles between them,
three independent cross sections must be measured. Two of these, the cross sections for (2) and
( 4), had been measured previously. The third
quantity is the cross section difference l::!.u, characterizing the spatial asymmetry in (3) with regard
to the exchange of the neutron and proton. [ 9]
If we confine ourselves to the S and P waves
of the 1r+ meson and secondary nucleons, the interference term associated with this asymmetry in the
cross section difference has the form

L1:\
r:,.

FIG. 1. Kinematics of reaction (3). Pp• Pn• and Prr+ are the
momenta of the proton, neutron, and rr+ meson.

When l::!.u has been obtained, the isospin amplitudes and phase angle w13 , 11 between them are determined from

I A1al 2 =~a (pp--'? pnn+) + f ~a.
I A 11 !2 = a (pp--'? ppn°) -r +a (pp--'? pnn+)
31 A1all Au I cos W1a.u

-a(pp-'?pnn+)l

=

-

f ~a,

V2 [3a (pp--'? ppn°)

+ VZ1 ~a.

(11)

In order to solve the aforementioned problem
we must have complete simultaneous experimental
information concerning the three particles in the
final state. The necessary experiment could only
be performed by means of a "track chamber."
In the present work proton interactions were
investigated using a liquid hydrogen bubble chamber, which enabled us to obtain a complete kinematic picture of processes (1) -( 4). It was thus
possible not only to determine the cross sections,
angular distributions, and energy spectra of the
particles by a method that was free of the systematic errors present in experiments utilizing
counters, but also to obtain information regarding
angular and energy correlations of particles in the
three-particle processes (3) and (4). We thus observed the characteristics of meson production
which could not be measured using the earlier
technique. Finally, an important advantage of the
liquid hydrogen bubble chamber technique is the
possibility of studying all p-p scattering processes
in a single experiment, thus considerably enhancing
the reliability of the data.

(10)
where the angle (} 12 is the direction of neutron
emission in the c.m. system of secondary nucleons
with respect to the 1r+ momentum ( Fig. 1), and
Pn+ is the n+ momentum. The sign of the interference term (10) is reversed when we make the
substitution 8n+- 180° -en+ or e12- 180°
- e 12 . Therefore the cross section difference l::!.u
is measured separately in the regions 0 < fJ1r+
< goo and goo < e1r+ < 180° or 0 < (} 12 < goo and
goo< e12 < 180°.

MEASURING PROCEDURE
The experiments now to be described were
performed in 1g61-62 using a 650-MeV proton
beam from the synchrocyclotron at the Laboratory
for Nuclear Problems of the Joint Institute for
Nuclear Research. At the same time similar
experiments were being performed at a lower
energy by an Italian group using a CERN bubble
chamber.CtoJ
The proton beam extracted from the synchro-
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FIG. 2. Typical photographs of the
events. a - p + p -> d + rr+ and
p + p -> p + n + rr+; b - p + p -> p + p + 77 °

cyclotron was defined by a deflecting magnet and
collimator system and was directed into the center
of the bubble chamber by means of a quadrupole
positioning lens. The proton beam intensity was
monitored by a scintillation counter ahead of the
bubble chamber; the count was 10-20 protons per
pulse, i.e., about 10-6 of the total beam intensity.
The liquid hydrogen bubble chamber (of the Institute of Theoretical and Experimental Physics)
used in our experiments had a diameter of 13 em
and was placed in a 13-kOe magnetic field. Particle tracks in the chamber were photographed by
a stereo camera synchronized with the synchrocyclotron.
About 3200 proton interactions were observed
in 25,000 scanned stereo photographs. Events
were identified by measuring the track coordinates
with semiautomatic equipment; this was followed
by processing of the data on an electronic computer,
and also by measuring space angles in reprojection.
The average accuracy of the measured momenta
and space angles e and cp was determined by
analyzing the photographs of two-particle events
( 1) and ( 2), whose kinematic characteristics can
be calculated accurately; the results were
!J.p

=

20%' !J.6 = 1°, !J.<p

=

3°.

The angle e12 was measured to within 20°.
Elastic and inelastic proton interactions were
separated by comparing the measured and calcu-

lated momenta and angles. Another test of correct
event identification was provided by evaluating the
amount of ionization along tracks. The threeparticle reactions (3) and (4) were also separated
by means of kinematic analysis. Only about 2% of
the events could not be interpreted uniquely; typical
photographs of events are shown in Fig. 2.
CROSS SECTIONS

In determining the total cross section at for
proton interactions a central region was defined
in the chamber in order to avoid errors associated
with scanning losses. Simultaneously with the
2444 proton interactions observed in this region,
the number of protons ( 183,000) traversing the
chamber was counted. The total cross section was
obtained from the known density of liquid hydrogen,
with small corrections for scanning inefficiency:

at= (41,8 + 1.1) .fQ-2 7 cm2.
Elastic scatterings comprise 60 ± 2% of the
aforementioned total number of interactions. The
cross sections for elastic (as) and inelastic ( aa)
scattering are

a.= (25.1 + 0.8) -10-27 cm 2,

Oa

= (16.7 + 0.6) .f0-27 cm 2•

To determine the cross sections for reactions
(2) -( 4) a narrower region of the chamber was defined for study. The process of event identification
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in this region yielded the following results:
Reaction
No. of events

(2)
113

( 3)
430

(4)
118

(2)

or

(4)

(3)

5

or

(4)

9

Following some small corrections for scanning
inefficiency, we obtained the following cross sections for processes (2)-(4):
:,(pp~pmr.+) = (10.8+-0.5)·10-27 cm 2,
a (pp-'-'>- ppn°) = (3.0 + 0.3) .iQ-27 cm 2,
a(pp~dn+) = (2.9+0.3)·10- 27 cm 2•
All the foregoing cross sections agree well with
earlier values. [ 4 't1-t 4J

The angular distribution of 7!'+ mesons produced in process (2) is shown in Fig. 3; the experimental distribution has been corrected slightly for
scanning inefficiency at small angles 87!'+. The
measured angular distribution is symmetric about
Brr+ = 90°; this indicates the absence of appreciable
systematic errors in determining 7!'+ yields at different angles. The observed angular distribution
for reaction (2) is well approximated by a seconddegree polynomial:

+ (1.22 ± 0.25) cos

2

6"+·

( 12)

This distribution is in good agreement with earlier
experimental results.[l4]
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FIG. 4. 17+ angular distribution in p + p -> p + n + 17+.
The curve is the normalized polynomial (14). The dashed
curve shows the angular resolution.

or, as represented by (5),

THE REACTION p + p - d + 7!'+

j PP-"d"+ (6.,+) ~ 1 / 3

0

,,

I\

fpp-.prm+

(6,+) ~ 1 /3 + (0.25 + 0.07) cos 2 61t+•

( 14)

The distribution (14) was considerably closer to
isotropy than that given in [ 4]. This discrepancy
appears to be due to the fact that the angular distribution given in [ 4] was measured with a detector
having its threshold at approximately 70 MeV for
rr+ registration; to determine the total rr• yield
the energy spectrum was extrapolated to lower
energies on the basis of certain assumptions.
From our present measurements of the 7!'+ spectrum, which were not limited by any energy threshold, we find that the mean rr+ energy is 95 MeV,
with one-third of the 7!'+ mesons having energies
below 70 MeV. As shown in Fig. 5, the actual rr+
spectrum was found to be softer than in [ 4]. The
distribution (14) also differs from the isotropic
distribution given in [G].
The total angular distribution of rr+ mesons
produced in the reactions (2) and (3) is represented by

90 120 150 180

(15)

Utilizing data concerning the angular distribution
of charged pions produced in n-p collisions, [ 15 ]
we obtain

FIG. 3. Angular distribution of 17+ mesons from the reaction p + p -> d + 17+. The ordinates in all graphs represent arbitrary units. The curve is the normalized polynomial (12). The dashed curve shows the angular
resolution.

THE REACTION p + p - p + n +
CONSERVATION

1r+

b,± = 0.32 + 0.07.

AND ISOSPIN

Figure 4 shows that the angular distribution of
rr+ mesons from the reaction (3). This distribution
is also seen to be symmetric. A polynomial approximating the differential cross section was obtained by least squares:
de;

dQ (pp~

0.8

II

48
0.4

II I
f

I

o.z i
0

pnn+) = [(0.68 + 0.05)

+(0.51 +0.15) cos 2 f)~+ I .f0- 27

F(&.)
1,0

f
50

100

150

200
~·).tev

cm 2 /sr,

(13)

FIG. S. 17+ energy distribution in p + p

->

p + n + 17+.
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DETERMINATION OF CONTRIBUTIONS FROM
STATES WITH TnN =%AND Y
2

Comparing this result with b1ro of (8), we find that
isospin conservation (7) is not violated at 650 MeV:
b,ojb;:± = 0.7 + 0.2.

Figure 6 shows the distribution of events with
respect to the angles () 12 and 87r+ in reaction (3).
As expected from the resonance model, these distributions are asymmetric, with opposite asymmetry signs, in accordance with (10), for the two
regions 8n+ < goo and 8n+ > goo. It also follows
from Fig. 6 that the interference term in the
cross section actually has the form (10), i.e., the
asymmetry is not affected by the exchange 8n+

THE RELATION BETWEEN ANGLE AND
ENERGY VARIABLES
The 11"+ distribution for reaction (3) in the investigated region is

where the coefficient b is in general dependent on
the 11"+ energy T 7r+, i.e. the 1r+ energy spectrum
can vary with the angle ()7r+. In order to determine
whether there is any correlation between the angle
and energy variables in ( 16), the 1r+ energy spectra
were constructed for two intervals of 81r+. As
shown by the table, these spectra were similar.
Unlike the result in [ 4 ], the tabulated data show a
separation of the energy and angle variables in
(16):

:;::!:: ()

12·

Adding the distributions shown in Fig. 6a (with
allowance for the angular resolution), i.e., calculating the numbers of events:

= N (9,+ < 90o,

N1
N2

= N (9,+ < 90°,

< 90°) + N (9,+ > 90°, 9 > 90°),
> 90°) + N (9,+ > 90", 8 < 90°),

912
912

12

12

(17)

we find that N 1 = 244 and N 2 = 129. We have, by
definition,

b (T ,+)::;:;; const.

so that
Lla = (3.4±0.6)·10- 27 cm 2•

No. of events

T"'" MeV
(interval)

N(cos'9,+<'/z)
N(cos'9,+>'/z)
N(cos• e,+>'/,)IN(cos' e,+<'f,)

0-20
20-40
40-60
60-80
80-100
100-120
120-140
140-160
160-180

4
18
13
18
26
28

0-180

11

10
17
34

0

33
52
31
41
27
1

129

246

1.9±0.2

11

From (11) we obtain

1.8 ± 0.5
2.2 ±0.4

!A1al2 =

(9.6±0.8)·10-27 cm 2,

IA 11 !2

(3.9±0.5)·10-27 cm 2•

=

1.7±0.3

cosw 13 , 11

=-

0.1

± 0.1,

i.e., there is practically no interference between
the states with T nN = % and Y
2 • To calculate
l A 11 j, in place of the reaction for reaction (4)
measured at 650 MeV we used the value of
a* ( pp ~ ppn° ) obtained from <T ( pp ~ ppn°) by
introducing a small correction for the difference

energy,

93±5

f(~+)
1,0

f(O,z)
1.0

0.8

FIG. 6. a - 0 12 distribution of p + p -> p + n + IT+
events: e - ()IT+ < 90 °, 0 - ()IT+> 90 "; b - ()IT+ distribution
of p + p-> p + n +IT+ events:.- ()12 <90°, 0- o,.>90".

(19)

The relative phase angle w13 , 11 is close to 90°:

1.9±0.3

Mean
MeV

(18)
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between the maximum pion momenta in reactions
(3) and (4), which is associated with the difference
between the masses of charged and neutral mesons
and the nucleonic mass.
Figure 7 shows the region of possible values of
k 2 = IA13i 2/IA11i 2 and
a= a(pp- pmr+)/a* (pp- pp1r 0 ) and indicates
the values obtained in the present work (taking
into account the results of earlier investigations [ 13 ] ) :
k2

=

2.5

± 0.3,

ot =

FIG. 7. k 2 versus a. • -our result. The shaded region
contains the possible values of k 2 and a . Values of w 13
are indicated on the curves.
' 11

pp,

MeV/c:

0-150
2.1 ± 0.6

150- 300
1.5 ± 0.2

It is evident from the ratios N 1/N 2 characterizing the asymmetry of the distribution f ( e12)
that the ratio between the contributions of states
with T 1rN = % and Y
2 has little dependence on the
energy of the secondary proton.
The asymmetry of f ( e12 ) is only slightly dependent on the 1r+ energy:
T,+, MeV:

N 1/N2 :

F(fh)
0,8

0.6

0,6

0,4

o.z
200

300

4IJO JOO
~,MeVfc

4.1 ± 0.4.

Thus the 1rN subsystem in reactions (3) and (4)
is formed mainly in states with T1rN = %. At the
same time, however, by contrast with Mandelstam's

N/N2 :

F(~)
OJ

0-70
70-120
>f20
i.8 ± 0.3 i.8 ± 0.3 2.i ± 0.4

TRANSITIONS WITH LARGE ORBITAL
ANGULAR MOMENTA
Figure 10 shows the angular distributions of
protons in reaction (3) for large and small values
of the momentum Pp· As was to be expected, the
distribution of low-energy protons is well fitted
by a second-degree polynomial, i.e., only the S
and P proton states are important in this case.
In the case of high-energy protons, which experience predominantly a large momentum transfer,

ZOO

JOO

400

500

fl,pMeV/c

FIG. 8. Momentum distributions of (a) protons and (b)
neutrons in p + p -> p + n + 17+. The (1) statistical and (2)
resonance distributions were calculated allowing for the
resolving power of the apparatus.

model, we observe a fairly intense production of
1rN subsystems in states with T 1TN = 1/ 2.
Figures 8 and 9 show the momentum distributions, obtained in the present work, of nucleons in
reaction (3) and the distribution of the relative
kinetic energy QN1r+ of 1r+ and one nucleon.
In order to determine how the contribution ratio
of states with T1rN = % and 1/2 varies as the secondary-proton energy increases, all registered
instances of reaction (3) were divided into three
groups corresponding to different values of the
secondary-proton momentum Pp· The 7T+ distribution with respect to the angle (J 12 was obtained
for each group:
300- 480 Average over the spectrum
2.0 ± 0,3
1.9 ± 0,2
F(tJ,J(+)
~0

I

{1_8

48

fI

46

i

44

£
I

II

40

0.4

I

{[,

qz
!

I

I

I

ffH I

46

I

£

4Z
0

F(Q"J(T)
1,0

I

II

80 IZO 160 ZOO Z10
~+-MeV

0

n

6

t
10 80 120 160

r'
zoo

Z40
~".,MeV

FIG. 9. Distributions with respect to QN 17 + of subsystems
(a) 17+-proton and (b) 17+-neutron in p + p -> p + n + 17+.

the angular distribution curve rises rapidly in the
region cos 2ep ~ 1. This appears to indicate the
presence of secondary protons with orbital angular
momentum l > 1. The cross section for these
transitions does not exceed 0.5 x 10- 27 cm 2.

PI 0 N P R 0 D U C T I 0 N IN 6 5 0 -MeV p - p C 0 L LIS I 0 N S
fPP~Prrn'
1,0 f

~
rr~

0.8

0.8
0.4

0.2 f
!
0

0.2

!

!

0.4

0.5

0.2

!

0,6

0.8

cos 2~

w

0~---J~O----~M----gO

180

IJO

FIG. 10

(6p) ~ 1 /3
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+ (0.5 ± 0,2) cos

2

eP.

( 21)

The observed anisotropy of the angular distribution.
results mainly from high-energy protons. Figure
13 shows the almost isotropic angular distribution
of low-energy secondary protons. The momentum
spectrum of the secondary protons shown in Fig.
14 agrees with the hypothesis that states with
TJTN =% predominate.

f~,.-o, deg

120
FIG. 11

F(Pp}

FIG. 10. Angular distributions of protons in p + p -> p + n
+ 17 + for two proton groups: o - Pp < 275 MeV I c, • - Pp > 275
MeV/c. The straight line is the normalized polynomial'!,
+ 0.21 COS 2 ep.
FIG. 11. Angular distribution of 17° mesons in p + p -> p + p
+ 17°. The curve is the normalized polynomial (20).

~0

0,8
0,6
0,4

a2

THE REACTION p + p - p + p + 1To

The characteristics of the reaction (4) can be
obtained with less accuracy than for charged pion
production. Our 1r 0 angular distribution ( Fig. 11)
is approximated by

which agrees well with earlier isotropic angular
distributions.[ 13 • 16 ] Our JT 0 energy spectrum (Fig.
12) agrees with Mandelstam's resonance model.[!]

I1

1.0 [

0.8
0.4
0.2
0

I

f

f

az
!

50

100

150

200
~o,Mev

FIG. 12

200

300

FIG. 14. Momentum spectrum of secondary protons in
p + p -> p + p + 11°. Curve 1 - statistical distribution;
curve 2 - resonance distribution calculated with allowance
for the resolving power of the apparatus.

PION PAIR PRODUCTION
Scanning of the photographs revealed no fourpronged event which could be interpreted as pion
pair production in the reaction

F(~)

0.8

0

0

f

The estimated upper limit of the cross section for
this reaction is

f

f

o.z

0.4

0.6

a (pp __,.. ppnhq
0.8

1,0

!cos9pl
FIG. 13

FIG. 12. Energy spectrum of 17° mesons in p + p .... p + p + 17°.
FIG. 13. Angular distribution of secondary protons in p + p
-+ p + p + 11° (e). The curve is the normalized polynomial (21).
o - distribution of secondary protons with Pp < 250 MeVI c.

Unlike the JT 0 distribution, the angular distribution of secondary protons in reaction (4) was anisotropic (Fig. 13 ), thus confirming the important
role of states with total angular momentum
J :::: 2. [t3 ] The angular distribution is represented
by

< 2 ·10-

29

cm 2
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