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Multiple Meson Production in Nucleon-Nucleon Interactions at Energies of 10" ev*
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A nuclear interaction of type 0+20p observed in nuclear emulsion was analyzed by measuring the energies
and angles of the secondary particles. The primary energy, as determined from the angular distribution of
the tracks, is 2.7X10"ev. This value is in agreement with an independent estimate obtained from the total
energy dissipated. A secondary collision of type 0+20n was also analyzed in the same way. Its energy is
1.4X 10"ev, which is comparable to the primary energy. The inelasticity of the primary event is 0.54 O. go~' .

The energy and angular distributions of the shower particles in the center-of-mass system (c.m. system)
are given for both events. The shower particles show a correlation in the sense that those with the highest
energies are emitted in the c.m. system under small angles with the shower axis.

The energy distribution of the mesons in the c.m. system is peaked toward low energies and shows a
remarkably long tail at high energies extending up to 10 Sev. One of these particles is a 7t. meson, which
carries off about 23% of the total energy.

The average value of the transverse momentum of the shower particles is 0.3+0.05 Bev/c.
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out in order to obtain some of the experimental
facts about multiple particle production in high-energy
nuclear interactions (F~10" ev).' sr The most useful
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interactions to investigate are those representing the
fundamental process in which a nucleon collides with
one single unbound nucleon. Present experimental tech-
niques do not allow us to observe this process un-

ambiguously, since no criteria used in selecting such
events from large samples of nuclear interactions ob-
served in photographic emulsion are sufficient. Fortu-
nately, a number of quantities can be observed, which

are not very sensitive to this selection.
There are several" 44 theoretical approaches to the

problem of multiple particle production as well as
phenomenological models, "4' but until now, none of
them succeeded in explaining all of the experimental

"M. Schein and D. M. Haskin, Suppl. Nuovo cimento 8, 710
(1958).

"Minakawa, Nishimura, Tsuzuki, Yamanouchi, Aizu, Hase-
gawa, Ishii, Tokunaga, Fujimoto, Hasegawa, ¹iShimur, ¹i,
Nishikawa, Imaeda, and Kazuno, Suppl. Nuovo cimento ll, 125
(1959).' Fenyves, Gombosi, and Suranyi, 1958 Annual International
Conference on High-Energy Physics at CERE, edited by B.Ferretti
(CERN Scientific Information Service, Geneva, 1958).

"Zhadanov, Zamchalova, Tretjakova, and Scerbakova Zhur.
eksptl. i teoret. Fiz. 34 843 (1958) /translation: Soviet Phys.
JETP 34(7), 582 (1958) .

"Gramenitzkij, Zhdanov, Zamcalova, Tretjakova, and Scer-
bakova, SuppL Nuovo cimento 8, 714 (1958).

"Zdanov, Zamcalova, Tretjakova, and Scerbakova, Suppl.
Nuovo cimento 8, 726 (1958).

"Boos, Vinitskii, Takibaev, and Chasnikov, J. Expt. Theoret.
Phys. U.S.S.R. 34, 622 (1958) Ltranslation Soviet Phys. JETP
34(7), 430 (1958)g.

"Ciok, Danysz, Gierula, Jurak, Miesowicz, Pernegr, Vrana,
and Wolter, Nuovo cimento 6, 1409 (1957).

"Ciok, Coghen, Gierula, Holynski, Jurak, Miesowicz, Sani-
ewska, Stanisz, and Pernegr& Nuovo cimento 8, 166 (1958).

"Teucher, Lohrmann, Haskin, and Schein, Phys. Rev. Letters
2, 313 (1959).' W. Heisenberg, Z. Physik 126, 569 (1949); 133, 65 (1952)."E.Fermi, Progr. Theoret. Phys. (Kyoto) 5, 570 (1950).

E. Fermi, Phys. Rev. 81, 683 (1951).
' S. S. Belenki and L. D. Landau, Suppl. Nuovo cimento 3, 15

(1956}.
4'Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127

(1948)."S.Takagi, Progr. Theoret. Phys. (Kyoto) 7, 123 (1952).
44 W. L. Kraushaar and L. J. Marks, Phys. Rev. 93, 326 (1954).
4' G. Cocconi, Phys. Rev. 111, 1699 (1958).

1238



MULTI PLE M ESON PROD U C'I ION 1239

50@, ~ ~
~~o

~ ~

e
~ ~ »

~ ~
~ ~

~ »

4

P
~ ~ ~ ~

~ ~ ~
~ y

0 4
~ ~

~ ~

~ ~

~ ~
~ ~

0 ~ ~ ~

~ + ~ ~

~ ~
~ ~

"8

-6

~,

~ ~
~ 0 ~

~ ~ ~.~~:----.w+~; ~g:~+~w~~'.+~/&i~: «~'-"~; 5 9-20

FIG. 1. Projection drawing of the 0+20p event.

facts, for instance, the energy and angular distribution
of the produced particles, the mass spectrum, the
multiplicity, and the elasticity.

In order to obtain more experimental information
about some of the topics just mentioned, it seemed
desirable to analyze two high-energy nuclear inter-
actions in great detail because they seem to come closest
to the fundamental process of a nucleon-nucleon colli-
sion, and oGer favorable possibilities for carrying out
reliable measurements. A brief account of some of the
results has already been published. """

l. EXPERIMENTAL PROCEDURES

A stack of nuclear emulsion consisting of 100 Ilford
G-5 pellicles, 30X15 cm, 600 p, thick, was exposed to the
cosmic radiation on a Skyhook balloon Qight over Texas.
The Qight remained at an altitude of 104000 feet for
8 hours.

The stack was scanned for energetic electron-photon
cascades which were traced backwards. One of these
was found to be originated by a high-energy nuclear
interaction of type 0+20P (Fig. 1).The incident proton

of this event enters the top of the stack with a zenith
angle of 2.5' and a dip angle of 1.2' with respect to the
plane of the emulsion. It traverses 14 cm of emulsion
before interacting. The tracks in the central cone of the
shower remain for more than 2 cm inside this particular
pellicle. The central cone can be followed for 16 cm
inside the stack.

All of the 20 tracks of the event were followed until
they produced a secondary interaction or left the stack.
In addition, the total volume of a cone (opening angle
approximately 10 2 radian) around the extrapolated
line of Qight of the primary proton was carefully scanned
for neutral secondary interactions. By this method an
event of type 0+20m (Fig. 2) was found at a distance
of 5./ cm from the primary event.

The neutral interaction is located within the un-
certainty of measurement on the extrapolated line of
Qight of the primary proton. The axis of the meson
shower of the secondary event is parallel to this line of
Qight. Figure 3 shows a projection drawing of the pri-
mary interaction and all observed secondary collisions.
Figures 4(a) and 4(b) show the angular distributions of

FIG. 2. Projection drawing
of the 0+20n event.
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FIG. 3. Schematic drawing of the primary event and its secondary interactions.
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FIG. 4. (a) Angular distribution of the 0+20p event.
(b) Angular distribution of the 0+20n event.

the 0+20p and the 0+20rr event in a diagram which
will be discussed in Sec. 3.

Due to the favorable geometry of both events, rather
extensive multiple scattering measurements were pos-
sible. The energy of the highly collimated tracks in the
central cones were obtained by track to track scattering
measurements' whereas the low-energy tracks in the
outer cone were measured by the usual methods of

multiple scattering. ' The experimental results for all
tracks are given in Tables I and II. In several cases,
only lower limits could be established. This is due either
to insufhcient track length, to too high an energy of the
particle, or to spurious scattering. In addition to the
scattering data, Tables I and II also contain some in-
formation on the type of the secondary interactions.
The energy of these interactions has been estimated
using the Castagnoli formula, which will be discussed
later in detail.

In case of track 10 in the 0+20m event, this method
leads to a result which is obviously impossible. The
energy thus obtained would not be sufhcient to produce
the rest masses of all the observed charged mesons plus
the neutral mesons whose number is assumed to be one
half of the number of the charged mesons. Therefore, we
estimated the energy of this particle such that it could
just produce the observed number of mesons.

In addition, it is possible to obtain some information
about the m mesons produced in the interactions. A
scan of the forward cone of the primary event 0+20p
up to 0.5 cascade units (1 C.U. =2.9 cm in nuclear
emulsion) yielded four high-energy electron pairs which
are probably due to p rays from the decay of high-energy
x' mesons. Three of these electron pairs originate rather
energetic cascades in the stack. The lateral distribution
of the electrons in these three cascades was measured
and plotted at distances of 2.4 and 4 C.U. from the
origin of the pairs. Using Pinkau's method4~ based on
computations of Nishimura and Kamata, "we estimated
the energies of the three 7 rays. In addition, the
Cudakov eGect~ ""was measured on those electron

4' P. H. Fowler, Phil. Mag. 41, 169 (1950).
4' K. Pinkau, Phil. Mag. 2, 1389 (1957).

J.Nishimura and K. Kamata, Progr. Theoret. Phys. (Kyoto)
7, 185 (1952); 5, 889 (1950).

49 D. H. Perkins, Phil. Mag. 46, 1146 (1955).
~A. E. Cudakov, Compt. rend. ac@d. scj.. U.R.S.S. 19, 65j.

(1955).
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Track
No.

PP PP
(Bev/c) (Bev/c) determined from

1
2
3
4
5
6
7
8
9

10

11
12
13
14
15
16
17
18
19
20

49 5
17 5o
16.2
6.5
5.7'
203

115
21 So
9.3 )&10 3 rad
3.7 )&10 3 rad

3.4 )(10~ ra,d
5.9 )(10 I rad
5.8 )&10 Brad
6.9 )(10 0 rad
0.63 )(10~ rad
0.63 )(10~ rad
3.0 X10 orad
4.5 X10 0 rad
4.4 )(10 0 rad
6.1 X10 I rad

0.53 &0.10
1.0+0.3
1.1 &0.3
3 8 0 7+2.0
1.8 &0.5
4 9 0 0+4.0

0.52 &0.12
0.30&0.07
&7
40 &20

)40
23 +7

&65
)65
&70
)70
14P 70+2oo

)35
&40

25 +15

0.41
0.30
0.31
0.43
0.18
0.20
0.11
0.12)0.065
0.15

&0.14
0.13)0.38)0.45

&0.045
&0.045

0.42)0.16)0.18
0.15

scattering
scattering
scattering
scattering
scattering
scattering
scat tering
scattering
scat tering
scattering,

interaction 11+13»
sca t tering
scat tering
scattering
scattering
scattering
scattering
interaction 1+6»
scattering
scattering
scattering,

interaction 6+6»

(a) Data of two high-energy 7ro mesons from event 0+20»
Particle 8 E pt

No. (rad) (Bev) (Bev/c)

~0 1
w02

0.9 &(10 3

2.7)(10 0
700
200

0.63
0.54

momentum P& approximately constant. This correla-
tion, for example, can be seen quite easily in Figs. 6 and
7. This is to be expected from the theories of Heisen-
berg" and Landau. "The value of P~ is not changed by
a relativistic transformation into another frame of
reference, for instance by the transformations carried
out in Sec. 4. It can, therefore, be discussed in- a
meaningful way without further assumptions regarding
the primary energy.

The importance of the transverse momentum for the
discussion of high-energy nuclear interactions was
6rst pointed out by Nishimura" and by Milechin
and Rosental. ~'

pairs. Taking into account the kinematics of the x
decay, one can try to match the p rays. This leads to
two m' mesons of 700 Bev and 200 Bev, respectively
Lsee Table l(a) j. The energies of all other a' mesons
must be small compared with these two because they do
not originate comparably energetic cascades. Their con-
tribution to the measured electron densities at 2.4 and
4 C.U. is negligible.

We were not able to 6nd any electron pairs of very
high energy originating from the secondary neutral
event 0+20ts. Low-energy pairs were observed but they
do not produce dense cascades and, therefore, cannot be
distinguished from the large cascades originating from
the primary event.

2. TRANSVERSE MOMENTUM

The angles and energies of shower particles are
correlated in such a way as to make the transverse

TABLE I. Angles, energies, and transverse momenta p&
of the secondaries of event 0+20„.

TABLE II. Angles, energies, and transverse momenta p&
of the secondaries of event 0+20„.

Track
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

320
25
15o
8.9
3.20
2.30
4.0o

51
10.9 &(10-0 rad
9.9 )&10 0 rad

24.2 )(10 5 rad
3.5 )(10~ rad
0.0 &(10 5 rad
0.78)&10 0 rad
3.4 )(10 5 rad
92 &(10 I rad
9.9 &(10 0 rad

14.3 &(10 3 rad
18.3 )&10 0 rad
25.5 &(10 3 rad

eP
(Bev/c)

0.66%0.20
0.55 &0.15
0.23 ~0.05

&0.76
2.3 +1.0

&5.8
3.6 o 7+00

0.072 ~0.002
&4.2

50 2o+50

4.2 0+4

40 gp+40

25P—170+500

60 50+50
5p 25+50

&20
20 Io+0
5P 05+50

&15
2.7 %0.5

pt
(Bev/c)

0.36
0.23
0.07)0.12
0.13

&0.23
0.25
0.09

&0.05
0.50
0.10
0.14

~ ~ ~

0.05
0.17
0.18
0.20
0.72
0.27
0.07

pP
determined from

scattering
scattering
scattering
scattering
scat tering
scattering
scattering
range, e star
scattering
interaction 12+20»
scattering
scattering
interaction 2 +6»
scattering
scat tering
scattering
scattering
interaction 1+7»
scattering
scattermg

P' is the momentum, 0' the angle of the secondary
particle in the laboratory system as explained in Sec. i.

The values of P& fear all the secondary particles of the
two events are given in Tables I and II. For some cases,
only a lower limit for P'& could be established. It will
now be discussed, how this aGects our conclusions
regarding the average value of P&.

Table III shows the directly measured average values
of P~ ((P~)) for both events in forward cone and back-
ward cone separately.

For the 0+20p event, (P&) in the forward cone seems
slightly lower than in the backward cone. This could be
due to the fact that most of the energies of the backward
cone tracks could be actually measured, whereas in the
forward cone, for '7 out of the 11 tracks only a lower
limit could be given. Assuming P& to be the same in both
forward and backward cones, the value of (P&) in the
forward cone cannot be increased by much more than
about a factor of 1.2.

Another upper limit on (Pr) comes from arguments of
energy balance, if the two events are accepted to be
examples of a nucleon-nucleon collision. This will be
discussed more completely in Secs. 4 and 5.

ln this case, the primary energy of the event 0+20p
can be determined by the angular distribution of the
shower particles and by assuming symmetry in the
c.m. system. A lower limit for the primary energy can
be obtained by adding the energies of all secondary

TABLE III. Average transverse momentum (P~).

On the two events, 0+20p and 0+20m, the transverse
momenta of the charged secondary particles can directly
be determined. The transverse momentum is calculated
from

P(=P sin 0~

"Z. Koba, I'roceeChngs of the Sixth Annual Rochester Conference
On High Energy Nrcclear Physic-s, 1956 (Interscience Publishers,
New York, 1956), Vol. IV, p. 46."G. A. Milechin and I. L. Rosental, J. Kxptl. Theoret. Phys.
U.S.S.R. 55, 197 (1957) /translation: Soviet Phys. JETP 55(6),
154 (1957)g.

Interaction

0+20p
0+20n

(Pg) forward cone

)0.20 Bev/c
&0.28 Bev/c

(Pg) backward cone

0.24 Bev/c)0.17 3ev/c
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particles. This sum includes the energy of the 0120m
event (calculated from its angular distribution), the
energy of the soft cascade, and the energy of the charged
secondary particles. The lower limits obtained by the
scattering measurements were taken as the true values
of the energies. This lower limit of the primary energy
agrees well with the value deduced from the angular
distribution, which in turn, indicates, that the values
of the energies of the shower particles cannot be raised
a great deal above the lower limits given. Otherwise the
energy contained in the secondary particles would be
higher than the primary energy. However, increasing
the energies in the forward cone by a factor of 1.2, as
mentioned above, would leave our conclusions un-
changed because of the various experimental errors. We
conclude therefore, that the most probable value of
(P~) for the event 0+20p is about 0.24 Bev/c.

A similar argument can be used for the 0+20' event.

15—

10-

00 .8
P,

Bev/c

FIG. 5. Distribution of transverse momentum for 0+20p and
0+201 events. The shaded area represents measurements when
only lower limits were obtained.

The average energy of the secondary particles cannot
be increased by a factor greater than 1.6, otherwise
their total energy would be higher than the primary
energy determined from the angular distribution. This
gives an upper limit of 0.35 Bev/c for (P~). Furthermore,
for this event, only 6ve measurements out of a total of
twenty are lower limits; therefore, their infiuence on
(P~) is expected to be small.

The upper and lower limits of (P&) given for the
secondaries of both events is between 0.25 Bev/o and
0.35 Bev/c. The results regarding (P~) agree for both
events within experimental error. Hence we can combine
the data for both events in order to plot the distribution
of I'&. It is shown in Fig. 5. The values, which represent
lower limits only, are shaded. The distribution is peaked
at a momentum of about 0.2 Bev/c. No values of
P~) 0.8 Bev/c were observed.

This result on (P~) is compared with the values given
by other authors in Table IV. They agree with our

TABLE IV. Average transverse momentum (P&)

Reference

This work
Fenyves et al.b

Edwards et al. '
Debenedetti et al.d

Glasser et al.'
Lohrmann'

(Pg) Bevjc

0.30+0.05
0.34
0.41%0.13
0.36

&0.13
&0.24

Primary energy of
events used {Tev)a

1.4 —3.0
0.05—1.0

~5

20
0.15

a 1 Tev =—1Q'l~ ev.
b See reference 3Q.

o See reference 22.
d See reference 24.

& See reference 17.
f See reference 19.

results within the limits of error. The over-all results
indicate that the value of (P~) observed in these
collisions is between 0.30 and 0.35 Bev/c, irrespective of
primary energy. This value is furthermore con6rmed by
the determination of the transverse momentum of ~'
mesons by the Japanese group. "After correction for
their acceptance criteria of electromagnetic cascades,
they find a value of (P~)=0.325&0.02 Bev/c. The
BristoP' data on x' mesons are not in contradiction with
this, since they are less accurate.

On the other hand, (P&) as determined from the
angular distribution of secondary interactions"" is
higher than the directly obtained value of 0.30—0.35
Bev/c adopted here by almost a factor of 2. This
discrepancy could be explained by the fact that the
energy of such events can be overestimated by a factor
of 2 by using one of the standard methods involving the
angular distribution of the shower particles (see Sec. 3).

The low value of about 0.30 Bev/c for the average
transverse momentum will remove some of the difFi-
culties arising in connection with the "two-center
model" of multiple meson production. In particular,
values of the inelasticity greater than unity, which were
obtained by Cocconi" in his analysis of some of the
showers, should disappear.

Finally the transverse momentum of the two high-
energy ~' mesons originating from the 0+20p event has
to be discussed. The data are shown in Table I(a). The
values of I'~ are rather high. However, it has to be noted
that the angles of these x' mesons, with respect to the
line of Right of the primary, could not be measured
accurately. Therefore, their direction of Right was deter-
mined with respect to the prinjary direction of the
0+20N event. This procedure should lead to an over-
estimate of I'&, because the true center is probably
between the 0+20ts event and the ~' mesons.

These two zr' mesons carry away an appreciable
fraction of the total energy going into meson produc-
tion. No attempt was made to determine the transverse
mornenta of the other ~' mesons, which have lower
energies. Therefore the value of I'& found for the two
high-energy m' mesons cannot be combined with the
results given above on charged secondaries.

3. ESTIMATE OF THE PRIMARY ENERGY

A direct measurement of the energy of the primary
particle causing the 0+20p event is impossible. It is
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possible, of course, to add up the energies of all second-
ary charged particles. This will definitely lead to a lower
limit for the primary energy. In addition, we have the
energy found in electron-photon cascades associated
with the event. But one has always to take into account
that neutral particles may escape detection completely
and that for some of the charged particles in the forward
cone only lower limits of their energy can be established.
Such a "calorimetric" method will, therefore, in general
lead to an underestimate of the primary energy to a
degree which is difFicult to calculate, if one cannot make
sure that most of the neutral particles were actually
detected (see Sec. 5). A Grst estimate, therefore, has to
be based on the kinematics of the 0+20p event. This
method requires the assumption of a model for the
fundamental process and some additional assumptions,
which will be discussed brieQy.

First we assume that the 0+20P event is due to a
collision of a primary proton with a single proton target.
This is suggested by the even multiplicity of the event.
The absence of "heavy" prongs, as is well known, is not
sufhcient evidence for the assumption that the target is
actually a free proton. In nuclear emulsion, about 10 to
15% of all nuclear interactions of primary protons are
"clean, "i.e., they do not show heavy prongs due to the
evaporation of charged particles from a heavy nucleus.
From the composition of the emulsion and assuming
reasonable cross sections, one can, however, expect that
roughly 6% of all nuclear interactions will occur on
free proton targets. The rest is explainable by collisions
between primary protons and peripheral protons of
heavy nuclei without any visible excitation of the
nucleus.

The secondary event 0+20m is assumed to be a
collision between a neutral particle with a single neutron
on the periphery of a heavy nucleus as suggested again
by the even multiplicity of the event. It is furthermore
possible to assume that the primary proton undergoes
an inelastic charge exchange collision in the 0+20p
event, continuing as a neutron which subsequently
produces the 0+20st event.

These assumptions cannot be proved a priori. How-
ever, it can be shown that they lead to an analysis of
both events, consistent with experiment.

It can generally be assumed that in nucleon-nucleon
collisions the emission of particles in the c.m. system is
symmetrical with respect to a plane perpendicular to
the line of Qight of the primary nucleon. On this basis,
the so-called median angle formula is used to determine
the primary energy

E,/Mc'= 2yP —1=2/0" (1)

LE„=primary energy, Mc'=rest mass of the proton,
0~i= half the opening angle in the laboratory system of
a cone around the extrapolated line of Qight of the
primary particle, which contains half of the charged.
particles produced in the collision, y, =(1—p,s) &, p,
=velocity of the c.m. systemj.

This formula does not lead to an accurate value of
the primary energy for reasons discussed by several
authors. It uses only part of the information contained
in the angular distribution. Also, it is valid only under
the approximation

(2)

(P= velocity of produced particles in the c.m. system).
Therefore any energy distribution toward lower energies
in the c.m. system is neglected. The situation is further
complicated by any correlation between the energy of
a particle and its angle of emission in the c.m. system.
The experimental facts obtained so far show such a
correlation.

The method developed by Castagnoli et a1."gives a
somewhat better estimate than that of formula (1).
They obtained the expression

1 n 1 n

1ny, = ——P ln tanO~ '+—P U(cosO~; P,) (3)

(u js the number of charged mesons produced in the
collision; Q, ' and 0, are the angle of the ith particle in
the laboratory and in the c.m. system, respectively). »
the spectrum-independent approximation (2) men-

tioned above the second term in (3) vanishes, but in

general, the behavior of the function U has to be taken
from the various theories on multiple meson production
or from experiment. Castagnoli et a/. quote results for
the Fermi and the Heisenberg theory indicating that the
second term in (3) is always &0 and not necessarily a
constant. The spectrum-independent approximation,
therefore, always tends to overestimate p, . The original
method first used by Duller and Walker'3 is essentially
the same as the one by Castagnoli with the additional
assumption of isotropy of the shower particles in the
center-of-mass system. They obtained

F(Q~!)
=y s tansQ~!

1—F(Q~!)

where F(O' ) is the fraction of particles emitted in the
laboratory system within a cone of half opening angle
O' . In order to determine y„one has to plot
log LF/(1 —F)j versus log tan O~ .Under the assumptions
mentioned above, the experimental points should be
located on a straight line of slope 2. Due to Quctuations,
this will, in general, not be completely true. Therefore
one has to try to 6t best a straight line through the
experimental points. The intersection of this line with
the line logLF/(1 —F))=0 yields the value of log&, . It
has been shown'5 that under diferent assumptions, the
experimental points of the Duller-Walker plot will be
found either on straight lines having a slope different
from 2 or on some curves. All these deviations can serve
as indications of the actual angular distribution in the

"N. M. Duller and W. D. Walker, Phys. Rev. 95, 215 (1954).
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Thus we obtained the following values for the primary
energies:

0+20P& 2.7)&10's ev;

0+20II, 1.4&(10"ev.

4. ENERGY AND ANGULAR DISTRIBUTION IN
THE CENTER-OF-MASS SYSTEM
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FIG. 6. Transforma-
tion to c.m. system of
0+ 20p event. In (a),
y, =50, E=S Tev. In
(b), y.=35,E=2.7 Tev.
The dashed line corre-
sponds to a constant
value of the transverse
momentum P~=2m c.
In (c), y, =25, E=1.2
Tev.
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c.m. system. By inspection of such plots, several
authors" "have come to the conclusion that in nucleon-
nucleon collisions, the secondary particles might be
emitted from two centers of qmission of hitherto un-
specified nature ("balls of fire") which move in opposite
directions in the c.m. system. The methods of estimating
the primary energy in such cases have been'extensively
discussed by Cocconi. '5

In addition, there can be found various other ap-
proaches" "' "to the problem in the literature which
in most cases are actually only slight modiications of
the methods discussed above. In order to determine the
primary energy of our events, we follow Castagnoli's
procedure including the second term in (3):

ye=18

2.0-
Ec

'
~

1.0-
00

0 ~ I ~ I ~ L ~ ~

9Qo 180'

After having estimated the primary energy of the
two events, we can now obtain the transformations into
the c.m. system. The primary energies of 2.7 and 1.4 Tev
correspond to approximate values for y, of y, =35 and
7,=25, respectively. In order to show how sensitively
the energy and angular distribution in the c.m. system
depends upon the correct value of y„both events are
also transformed for two additional values of y„which
are approximately 1.4 times larger and 1.4 times smaller
than the values determined in the preceding section.
The results of this procedure are shown in Figs. 6 and 7.
They indicate that the transformation is not very
sensitive upon the choice of p, . This is particularly true
for the energy distribution. All transformations were
carried out under the assumption that all secondary
charged particles are m mesons because present experi-
mental evidence indicates that the fraction of particles
of nonpionic mass among the shower particles is small.
In transforming the backward cone tracks, no approxi-
mations were used. One sees quite clearly that in both
events, the high-energy particles are emitted preferen-
cially in the forward and backward direction. It can
further be noticed that there are particles with angles

1 n
—P U;=1nC.

The value of C was taken from experimental data'4 to be

C=0.7.

In the case of the 0+206 event, track No. 13 had to be
relocated because its angle 0' in the laboratory system
is equal to 0 within the limits of measurement, i.e., it
is parallel to the energetic cascades of m.~', of event
0+20P. We fitted a straight line in the Duller-Walker
plot LFig. 4(a), 4(b)7 through the points of the 0+20e
event and relocated track No. 13 in such a way that it is
now exactly on this line.

~ Jain, Lohrmann, and Tencher Phys. Rev. 115, 643 (1959).
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FIG. 7. Transforma-
tion to c.m. system of
0+20m event In (a), .
y, =35, 8=2.7 Tev. In
(b), y, =25, E=1.2Tev.
The dashed line corre-
sponds to a constant
value of the transverse
momentum P~——2m c.
In (c), y, =18, E=0.6
Tev.
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FIG. 8. Energy distribution in c.m. system of 0+20p and 0+20'
events. The abscissa is in units of the pion rest mass.

close to 0 or 180 degrees having energies which exceed
the average energies by rather large factors. In the
0+20p event (y,=35), one charged particle in the back-
ward cone has an energy of 7.3 Bev, which has a pre-
dominant inQuence on the average energy of the charged
particles in the backward cone, which comes out to be
2 Bev. The average energy in the forward cone, however,
is only 0.76 Bev. This value is, first of all, only a lower

limit, because for several tracks in the forward cone,
only lower limits of the energy in the laboratory system
could be established. Secondly, the existence of neutral
mesons must be taken into account. One of these (xP)
would have an energy of 10 Bev in the c.m. system.
This particle would, of course, have a considerable
inRuence upon the average energy in the forward cone
if the average energy could be calculated for both
charged and neutral mesons. In the 0+20+ event

(y, =25), the situation seems to be reversed. There are
no +' mesons of extraordinarily high energy in the
forward cone, but there is one charged particle having
an energy of 5 Bev, which increases appreciably the
average energy in the forward cone. In the backward
cone, one does not 6nd high-energy charged particles in
the c.m. system. However, there might be high-energy
neutral pions, which, of course, are dificult to detect in
the laboratory system because of their low energy.

In Fig. 8 the combined energy distribution of the
mesons is given for the two events. There is a pro-
nounced accumulation of particles at the lower end of
the spectrum. The average energies for the 0+20p and
0+20m event are 1.25 and 1.1 Bev, respectively. These
values are lower limits only, because of the lower
limits for several particles in the laboratory system. But,
by taking into account the neutral m mesons too, it can
be shown from momentum balance in the c.m. system
of the 0+20p event that this lower limit cannot be far
from the true value. This follows directly from the fact
that there is not too much energy in the c.m. system
available in order to increase the energy of the particles
where only lower limits were measured. In the 0+20m
event, only a few such particles occur anyway. We,
therefore, believe that the average energy of the mesons

in the c.m. system of both events is approximately 1.4

I.Q-

0+ 20p

Forward Tracks 'y =PQQ

FIG. 9.Transformation of
0+20p event using the two-
center model.
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The transformations show that the emission of particles
from the assumed centers could probably be considered
reasonably isotropic and that the average energy of the
charged particles would then be 0.4 Bev (see Figs. 9 and
10). It should, however, be noticed that in the forward
branch of the neutral event, one charged meson has an
energy of 1.25 Bev. If, in the case of the 0+20p event,
z&' is included, it would carry about 1.75 Bev, which
considerably exceeds the average value. From this
evidence, it must be concluded that this model is
certainly not able to remove the high-energy tail of the
distribution. It only shifts the spectrum towards lower
energies. The present limits of measurement do not
allow very precise statements about the angular dis-
tribution for this model. They also do not indicate any
obvious discrepancy concerning the two-center model.

Bev. This will be further supported by the energy
balance presented in Sec. 5 and is not in agreement with
Fermi's" theory, which would predict a considerably
higher value. But it is also in disagreement with
Heisenberg' s" theory, which predicts about 0.5 Bev for
primary energies of 2X10" ev. Landau's" theory can
be adjusted to agree with the experimental value of the
average energy. However, one has to keep in mind that
the obtained average energies are very sensitive with
respect to the existence of a few particles in the high-
energy tail of the distribution. A rather large fraction
of the particles (lower limit 30%, upper limit 60%) can
be found at energies below 1 Bev. But there are a few
particles with energies exceeding the average value by
five to ten times.

The two events were plotted. according to Cocconi's4~

version of the two-center model. The Duller-Walker
plots for both events are broken into two branches.
This yields the following values for y, and Yq.
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that a consistent picture can be obtained by assuming
that both interactions do represent nucleon-nucleon
collisions.

The inelasticity of the primary event can also be
estimated. The inelasticity p is defined as the fraction
of the total available energy, which is dissipated in the
form of secondary particles produced in the collision.
As was pointed out before, it is probable that the 0+20m
secondary event was produced by the primary particle
of the 6rst shower, as it continued after the collision.
The inelasticity can then be taken from Table V. In the
laboratory system, one gets

Ec 0.5-
Bev - ~

0 a ~

00 90' l80o

gr, = 1670/3070= 0.54.

The corresponding value in the c.m. system is

g,=0.57.
5. ENERGY BALANCE AND INELASTICITY

The total energy dissipated in the primary collision
can be estimated by means of energy measurements on
the shower particles and on the soft cascade. The total
energy contained in the individual components is shown
in Table V. The values for the shower particles in the
first column of Table V are based on scattering measure-
ments; lower limits obtained by this method were
assumed to represent true values. The estimate of the
soft cascade was based on three high-energy electro-
magnetic cascades discussed in Sec. 1. No further high-
energy cascades were observed. Therefore, the energy
contained in any other x' mesons was neglected. The
lower limit on the energy of the neutral (0+20m) jet
was also derived from scattering measurements on the
secondaries, adding 50% for the contribution by mo

mesons. In this way, one obtains obviously a lower
limit for the primary energy of the 0+20p event. The
high energy of the 0+20m secondary shower suggests
that this event is possibly produced by the particle
which initiated the 6rst jet and retained an appreciable
fraction of its original energy. One may then assume
that no major fraction of the energy of the primary
particle escaped detection. In the second. column of
Table V, the total dissipated. energy was therefore
estimated as well as possible. This should give an
approximate value for the primary energy. For the
shower particles, this was done by raising the total
energy by a factor of 1.2 on the basis of symmetry
arguments between forward and backward cones. This
was discussed in Sec. 2. A better value for the energy of
the neutral jet 0+20n can be obtained from the angular
distribution and symmetry arguments as discussed in
Sec. 3. Assuming that no major fraction of the energy
escaped detection, one arrives at a value of 3.1 Tev for
the energy of the primary interaction. This is in very
satisfactory agreement with the energy estimate of
2.7 Tev obtained from the angular distribution and
symmetry arguments (Sec. 3). This agreement shows

TABLE V. Energy balance of the 0120p event.

Total energy, Most probable
lower limit (Bev) value (Bev)

Shower particles
Soft cascades
0+20N event

Total

640
900
870

2410

770
900

1400

3070

An appreciable part of the figures used to derive the
inelasticity q comes from direct energy measurements
and thus p does not depend very strongly on additional
assumptions about the nucleon-nucleon character of the
collisions.

It is interesting to note, that in the 0+20p event,
a great fraction of the total primary energy

( 23%) is carried off by a single energetic w' meson.
This illustrates again that a single energetic particle can
have great inhuence on the energy balance and on the
average values of the energy dissipation. The high-
energy m' meson also accounts for the fact that the
energy contained in the soft cascade is about as high as
the energy contained in the charged shower particles.
Ordinarily one would expect that the soft cascade
contributes only about ~~ of the energy of the charged
shower particles.

Due to the various assumptions discussed above, it is
difficult to estimate reliable limits of error for g. Using
the lower limits of Table V, one gets an upper limit for
g=0.70. A lower limit for q can be obtained if one keeps
the interpretation of the two events, 0+20p and 0+20m,
as nucleon-nucleon collisions and assumes an un-

certainty of about a factor of 2 for the determination of
energies by means of the angular distribution of the
shower particles. This leads to a lower limit of about
q=0.35. The 6nal value is therefore

—0 54 +0.16
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For the neutral 0+20m event, the estimate of the
inelasticity is less reliable. One gets the following result:

g=0 70 +'"
This is based on scattering measurements of the
secondary particles, adding 50%%uq energy for the n.o

mesons. The limits of error take into account a possible
error of the primary energy of a factor of 2. They are
rather high, because for this event, it is necessary to
rely exclusively on the angular distribution of the
shower particles to determine the primary energy.

The discussion concerning the value of g for the
primary 0+20p event shows clearly the advantage
gained by a thorough analysis of one event. In par-

ticular, it is possible to check the various assumptions
involved and to estimate limits of error. It should,
however, be noted that the two interactions described
do not necessarily represent an unbiased example of a
nucleon-nucleon interactions at energies of a few Tev.
There might be some form of selection, because the
events were found by scanning for high-energy electro-
magnetic cascades. Furthermore, the number of shower
particles of the primary event must not be too small,
otherwise, a complete analysis becomes more dificult
and less reliable. It is possible that such a bias might in
particular tend to select events with relatively high
values of the inelasticity p. The important problem of
determining the distribution of p in a reliable way is as
yet unsolved and needs further studies.


