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Introduction

In the spring of 1965, our group started to study the multiple meson
production in the accelerator energy regions on the basis of our understanding
on high energy nuclear interactions so far made clear through our cosmic-ray
research work in Japan. It was the time when the cosmicray experiment
confirmed that the multiple meson production takes place through an interme-
diate state—called a fire-ball."”~®

We focussed our particular attention on the H-quantum hypothesis® pro-
posed by one of us (S. H.) among the proposed theories or models of multi-
ple meson production. The H-quantum hypothesis insists that there exists an
elementary “unit” in the fire-ball and it works as energy quantum in the
multiple meson production. The mass of H-quantum was estimated as two
to three times of the nucleon rest energy—the same order of magnitude of
mass of baryon and anti-baryon system—through the study of the angular
distribution of high energy cosmic-ray jets in the nuclear emulsions observed
by various laboratories in the world at that time.” The analysis of nuclear
interactions observed by emulsion chamber experiments on Mt. Norikura and
Mzt. Chacaltaya was also consistently understood on the basis of the H-quantum
hypothesis.

Yokoi and one of us (S. H.)® derived a formula to estimate the four-
mometum transfer between two groups of secondary mesons from the angular
distribution of jet showers. Results of the analysis with this formula gave a
general law for mechanism of production of the H-quantum such that the
four-momentum transfer between H-quanta and between a nucleon and a H-
quantum is about the same magnitude with H-quantum mass, and it was
called a law of constant four-momentum transfer or constant virtuality.
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Considering these characteristics above descrited together with the experi-
mental facts that jet phenomena occur with the geometrical cross section, it
was concluded that the H-quantum is closely connected with the inner struc-
ture of mesons as was suggested by the composite model of elementary parti-
cles proposed by Sakata™ in 1955,

A number of heavy mesons—resonances—have been found by the accele-
rator exgperiments after the proposal of H-quantum hypothesis.  Different
natures found between H-quantum and heavy mesons have presented us with
a fundamental question, as suggested by Taketani,® how the upper limit of
the mass of heavy mesons is.

Now, it is of deep significance to study the H-quantum production just
above the threshold energy. One expects that it should be observable in the
accelerator energies of present time when one compares the available energy
in C. M. S. with the mass of H-quantum. But, up to that time, at the be-
ginning of 1966, the main attention of the study of elementary particles by
the accelerators had been concentrated on exact measurement of cross section
of elastic scattering, production of a number of resonance states of baryon and
meson and so on. Multiple meson production had never been the central
problem and the statistics of published data had never been encugh.

One could summarize the qualitative nature of multiple meson production
which had been made clear up to that time by the accelerator experiments
as follows:

It was established that the production of a single or double mesons in
energy region up to several GeV takes place mainly through the isobaric states
of nucleon, showing strong forward and backward collimation in the angular
distribution of secondary mesons in C. M. S. and small four-momentum
transfer.” One may exgpect that this character remains as the energy is going
higher. But there may occur some complicated situation such as double isobaric
production, heavy boson production and so on.

Meanwhile, the angular distribution of secondary mesons in high multipli-
city events seems to be almost isotropic in C. M. S. It was difficult to
understand for these events how the multiple meson production does take
place.

Hence, one may naturally raise the hypothesis that H-quantum production
is going to ke the main channel when the available energy exceeds the thresh-
old of production. This hyrothesis seemed to be supported by the follow-
ing facts.

The distribution of the transverse momentum of secondary mesons observ-
ed in accelerator energies is quite similar to the one in the cosmicray
energies. Multiplicity distribution of secondary meson observed in bubble
chamber film is also similar to the one of H-quantum decay analyzed in the
cosmic-ray jet data.
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At first, we were able to get two emulsion stacks exposed to 22.6 and
24 GeV/c proton beam at CERN and started to measure the angular distribu-
tion of secondary mesons. The systematic analysis of the forward and back-
ward asymmetry in C. M. S. observed in the angular distribution of secondary
mesons of individual event was taken as the first main subject. More than three
hundred interactions were found in the emulsion stacks by the track following
scanning which could be identified as the collision of a proton with a proton
or with a quasi-free nucleon in the nuclear emulsions. After grouping the jets
by magnitude of the asymmetry, one could find the existence of the regularity
which could be understood that mesons are emitted isotropically from the
emitting center moving with the definite velocity forward or backward in the
C. M. S, r¥=1.3. It was also striking that the regularity above mentioned
is independent of the multiplicity of the events for n,>4. The knowledge on
average values of the transverse momentum and the multiplicity of secondary
mesons given mass of emitting center as twice to thrice of the nucleon rest
energy. These results are just what the H-quantum hypothsis insisted.

As mentioned often, however, in the text, it is quite difficult to identify
kinds of the individual particles, to measure their energy and to be free from
complexity of contamination that the interaction occurs with heavy target nu-
clei in the nuclear emulsion.

It is natural that we desired to proceed to the analysis of the hydrogen
bubble chamber films as our next step in order to confirm our results obtained
in the nuclear emulsion analysis avoiding the difficulty above mentioned. For-
tunately, we could get 1000 pictures of 10 GeV/c n-beam in CBH 81 by
kind arrangement of Prof. Leprince-Ringuet and Prof. C. M. G. Lattes and
Prof. Y. Fujimoto. This is quite fortunate for us in the following two points.
We have the question for a long time whether the multiple meson production
by the meson has the same character as that of nucleon or not. Further-
more, one can solve the question which of the H-quantum and a hypothetical
excited baryon production is of essential process in the high energy collisions.

It was the first time for us to analyze the bubble chamber films, so all
the program should be started from the beginning. The time lag is quite
long. Waseda group, however, completed the analysis with one projector and
a computer OKITAC 5090H. The multiple meson production of higher mul-
tiplicity (n,=6, 8) is studied at first, because the characteristics of the fire-ball
production should be clearest in the events of this category.

The results are summarized as follows. The production of a fire-ball is
established by balance of momentum of the secondary particles. The mechanism
of collision, therefore, is found to be composed of the three-body reaction, that
is, a survived pion (leading pion), a recoil nucleon and a created fire-ball.
The created fire-ball moves forward or backward with Lorentz factor y%==1.1
in C. M. S. Mass of the fire-ball is obtained as 2.4+0.4 GeV. The standard
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deviation of the mass distribution is obtained as about 600 MeV.

Four-momentum transfer of leading pion 4= and of recoil proton 4, are
measured, respectively. Both the average values are V' —£*~1 GeV/c. These
are quite consistent with the one of cosmic-ray jets obtained by Yokoi and
Hasegawa method.

Just in 1968, an enormous amount of data were published for the analysis
of multiple meson production by the incident proton and meson of various
energies in the foreign laboratories. It includes angular distribution of second-
ary particles, correlation of momentum of longitudinal and transverse compo-
nents, invariant mass of a group of secondary mesons, and so on. In part III
of the text, we shall discuss the experimental evidence of H-quantum produc-
tion summarizing all the data which are in our hand.

Part I. Emulsion experiment®

In this part, we shall discuss the experimental results obtained by our
measurement of interaction of 22.6 and 24 GeV/c proton with free or quasi-
free nucleon in the nucleus in the nuclear emulsion. The experimental pro-
cedure and the results such as mean free path, prong number distribution and
so on have already been published in a short note.®

Therefore, we present here only a brief summary of our experimental
results which were fully described in Refs. 10) and 11), and let us con-
centrate the discussion on the analysis of the angular distribution of secondary
mesons and its physical meaning along the line of thought described in the
previous sections.

§1. Brief summary of the results

1-1) Experimental procedure

In this experiment, we used two kinds of stacks of Ilford G-5 pellicles,
each 12cm X 20 cm X 600 pum, exposed to the 22.6 and 24 GeV /c external proton
beam of the CERN proton synchrotron. The proton beam entered the stacks
along the direction nearly parallel to the plane of the emulsion. The average
flux value was found about 6 X 10* particles per cm®. The beam tracks were
scanned and followed until they interacted in the emulsion or left the plate.
The scanning was made inside of a margin of 1cm from the edge to minimize
the distortion effect. The magnification used for scanning was X 60 objectives
X 10 eyepieces and X1.25 optical length. After checking the scanning,
it was found that the nuclear interactions were detected without any serious
bias except the extremely small angle scattering.

* By Shun-ichi Hasegawa, Hirotada Nanjo, Takeshi Ogata, Michinori Sakata, Kojiro Tanaka
and Nobuo Yajima.
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1-2) General results

A total track length of 620.4 m has been followed to observe 1656 inter-
actions of all types. A summary of the results is presented in Table I1.¥

Table I. A summary of the results.

Laboratory mﬁ;‘éﬁg’m ;I‘rack length |No. of interaction| Mean free path Mean
(GeV/o) ollowed (m) found (cm) multiplicity
K. G. 22.6 220. 80 594 37.2+1.5 5.6+0.3
Nagoya 24 200. 09 547 36.6+1.6 5.4+0.3
Waseda 24 199. 50 515 38.8£1.7 5.8+0.3
Total — 620. 39 1656 —_ —
Laboratory Nofji(?tfs lgti?:ll?c- Mean(g;es path % of interactions multilz)/{fgrtly for
Na<1, 763 | for Na<l, >3 | With Na<1 Na<1, 753
K. G. 122 182116 21 4,4+0.4
Nagoya 101 200+20 19 4,0+0.4
Waseda 98 205+21 19 4,1+0.4
Total 321 —_ —_ —

1-2-a) Mean free path

In this experiment, the mean free path for the inelastic collisions of 22.6
and 24 GeV/c proton with emulsion nuclei is found to be 37.2+1.5cm and
37.6x 1.2 cm, respectively, which are consistent with the results obtained by
other authors™~™ (see Fig. 1). As can be seen from Fig. 1, the interaction
mean free path in the nuclear emulsion of a high energy proton remains
nearly constant, of 40cm, up to the cosmic-ray energy region. The observed
mean free path has no significant differences from the geometrical collision
mean free path

Ageom =1/ E’_]Nm(ro AV, (D
A {em) ¢ present work
100}
o boo, W * f } *
20}

2 5 100 2 5 10

EleV)

Fig. 1. Collision mean free path of proton in emulsion as a
function of primary energy.

* Afterwards, we collected more 65 events of ns=7, 8, 9 and 10 by track following scanning in
order to analyze the angular distribution in a better statistics for higher multiplicity phenomena.
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where A; and N, are the mass number and the number density of Z-nucleus in
emulsion, respectively, and 7, is a constant of dimension of length with order of
magnitude of the pion Compton wave length. From Eq. (1) the geometrical
mean free path is 36.6cm, when 7, is taken to be 1.2X 10 *cm.

The mean free path for events of N,=0,1 (N, is the total number of
the “grey” and “black” tracks in a star) is found to be 182+16 cm for 22.6
GeV/c and 202+15cm for 24 GeV/c, respectively. The events with 7,<{2
are not taken into account in obtaining this value. The observed values are
much smaller than exrected collision mean free path for proton-hydrogen inter-
action in the nuclear emulsion, Aesp=487cm, estimated from a value of hydro-
gen content in the emulsion, 3.34X10% atoms/cm®'® This implies that at
least about 60 percent of the observed events with N,=0,1 should be assign-
ed to the interactions of a proton with a bound-nucleon.

1-2-b) Prong number distribution

The observed statistics for correlation of N, vs n, are summarized in Table
II, where N, and 7z, are the number of heavily ionized tracks and of thin
tracks, respectively. In our experiment the thin track is defined as it has
ionization lower than 1.4 times of minimum ionization.

Figure 2 shows the dependence of the average multiplicity on primary
energy found by various authors.™»*®#>%  We must notice here that the
multiplicity of the individual event considerably fluctuates at a given primary

Table II. Correlation between #s and Nh.

ns 18 1 1
17 1 1 1
16 11 2 1 1
15 |- 1 11 2 111
14 1 1 1 1 1
131 11 1 2 1 21 4 1 1 11 3
12| 11312 3 1 3 2 2 22311 52 21 2
11 2 2 33111233416 4 2 11 4
10-2 2 4 2 3 6 3 21 4 2 2 2 5 2 1 4 2 4
977572 93934372866 322131 2 4
8] 9 8 3812 847 384317243 5 2 1 3
711710 6 512 914 4 6 6 511 1 3 4 1 8 2 2 2 11 2
612116222516161412 6 911 2 1 6 1 1 3 2 1 5
51-23181521 1422161010 2 512 6 5 5 2 5 1 2 11 1
4373417142019 9 9 6 7 3 6 4 711 2 4 1 551 1 1
315845192013 915 3 3 4 3 2 6 2 2 3 2
21701714 9121016 7 5 3 2 2 2 1 1 4
11223 7111612 4 4 6 2111 3 21 1 11
0 11 l1 1 I1 1 | :

012 3 456 7 8 91011121314 151617 18 19 20 21 22 23 >24 N»
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Fig. 2. Mean multiplicity as a function of primary energy.

energy. An increase of mean multiplicity with primary energy at the accele-
rator energy region is much steeper than at cosmic-ray energy region.

Figures 3 (a) to (e) illustrate distribution of the multiplicity »n, classify-
ing the events by the number of heavy prongs N,. As can be seen from
Fig. 3, a proportion of the events of n,=3 is fairly larger for N,=0 than in
the cases of N,=>1, hence the average multiplicity for events with N,=0 is
smaller than that for the events with other N,. We have to keep in mind
that a large proportion of the events of n,=3 for IV,=0 may not be ascribed
to the nuclear interaction, but to an effect of contamination of electron which
produces a trident in the stacks and of the electron pair created by a proton
in the Coulomb field of nucleus.

We can observe a different character in multiplicity distribution between
N,=0,1 events and others. Figures 3(a) and 3(b) show similar distribution,
while Figs. 3(c), (d) and (e) show apparently broader spectra and their peaks
shift towards larger multiplicities. This indicates that most of the events with
N,=0, 1 may be attributed to the collision between a proton and a free or
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Fig. 4. Comparison of multiplicity distribution for events with N»=0,1 with that

of hydrogen bubble chamber experiment.
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quasi-free nucleon, but the events with N,>>2 are strongly affected by second-
ary collisions in a residual nucleus. Comparing our results with those obtain-
ed by hydrogen bubble chamber’® in Fig. 4, we find their agreement and are
not able to find out any effect of residual nucleus in the event of N,=0, 1.
The effect can be detected only through a detailed comparison on a basis of
the angular distribution of secondary particles, which will be made in §4.

1-2-¢c) Selection of events

The purpose of our investigation is a study of multiple meson production
by nucleon-nucleon interactions. For this purpose, we limit ourselves only in
events of N,=0, 1. This criterion may not be enough to eliminate all effects
due to residual nucleus which is mentioned in the previous section. In order
to exclude the events associated with secondary interactions in the residual
nucleus, the criterion that the inelasticity in the mirror system, K, should be
smaller than 1.4 is applied in this paper. The distribution of K, for each
multiplicities is illustrated in Fig. 5. The Ku is calculated from the formula'®

Ku= (3(Pr>/2MD) 3, tan (0/2), )

where M is rest mass of a proton and {FPr) the mean value of the transverse
momentum of a pion. A fraction of the events rejected by the criterion, Ky
<<1.4, is 0% for n>6, 12.5% for n,.=8 and 33% for n,>9. Galstyan et
al.® measured by the pulse magnetic field method the recoil momentum of a
proton in the interaction of a proton of 24 GeV/c with emulsion nucleus and
obtained the target mass distribution for the event of V,<(3 and N,<(1, where
N, is the number of grey tracks. According to them, 10% o {the events for n,
=4,5,6 is found in Ky>1.5 and 59% of the events for #,>>7 in K,>1.5.
Though the adopted method is different from ours, there is no significant dif-
ference in a tendency of the increase of frequency of secondary interaction
with multiplicities.

For the analysis on the angular distribution described in the next section,
used are the events satisfying the following criteria:

_J {a) * =3 (b) : ns=4
10 0+
Bl

g 2
3 g
..5 [

s 25
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£
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1) The number of grey or heavy tracks: N,<l.

2) The inelasticity in the Mirror System: K,<(1.4.

3) n>4.
Two hundred and nine events are thus selected among 1656 nuclear inter-
actions.

§2. Angular distribution

2-1) Angular distribution (1)

The histogram in Fig. 6 is the composite differential angular distribution
in the scale of log tan@ for each multiplicity.® They are compared with a
theoretical curve which is calculated by assuming the isotropic distribution in
the center of mass system (C. M. S.) and using the momentum distribution
obtained by the experiment of hydrogen bubble chamber.'®

There is seen in Fig. 6 a general tendency that the anisotropy increases
with decreasing multiplicity. For the smaller multiplicity events, it is observed
that the secondary particles are emitted more frequently in the forward direc-
tion in the C. M. S. While, for the large multiplicity events, the angular
distribution is found to be nearly isotropic in the C. M. S., having no charac-
teristic of the strong forward excess such as is observed in the smaller multi-
plicity events. It is not in contradiction with the experimental results by hy-
drogen bubble chamber.® This general tendency seen in the angular distri-
bution may be qualitatively explained as follows: As is discussed in §1-2-a),
let us consider a case where the primary proton collides to a bound nucleon

— {a)
5_% N,,=O, |
£ =4
o
2 55 events
g 220 tracks
=
S 20}
<

15¢

10}

5 L

o}

* For the discussion of angular distribution of #5>>7, more 65 events were scanned by the
track following method and analysed afterward in order to increase the statistics.
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Fig. 6. Differential angular distribution for events with different mul-
tiplicities. The smooth curve represents the isotropic distribution
in the C. M. S.

in an emulsion nucleus with a certain probability. In this case, most of pions
emitted backward in the C. M. S. will have smaller kinetic energy, ie., 100
~200 MeV. At such low kinetic energies, the interaction mean free path of
pions in the nucleus is so small that pion will suffer a secondary nuclear in-
teraction before leaving the emulsion nucleus, giving rise to a nuclear star with
one or more heavily ionizing particles. These events should be out of our
criterion (V,<{1), and hence be excluded from the data we are concerned in.
If the pions are emitted preferably either forward or backward in the C. M.
S. in an individual event, the events of backward excess will suffer more an
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effect due to the secondary scattering in the nucleus, while the events of for-
ward excess is less affected. In consequence, the composite angular distribu-
tion of events with N,<{1 is expected to be with forward excess. This is
considered to be a case of the smaller multiplicity events. On the other hand,
for the case that the pions are emitted in an isotropic way in the C. M. S.,
the composite angular distribution of events with N,<(1 still remains nearly
isotropic in the C. M. S,, even if some events are excluded by the effect dis-
cussed above. This case may correspond to the large multiplicity events. It
is needless to say that the composite angular distribution obtained by hydrogen
bubble chamber should be symmetric in the C. M. S. for lack of the nuclear
effect.

Thus one notices a significant difference in the angular distribution as
seen in the fact that the angular distribution is essentially asymmetric in the
C. M. S. for the low multiplicity events, while it is nearly isotropic for the
high multiplicity events. We now consider more quantitatively nature of the
angular distribution, introducing the asymmetry factor'” Z through

Z=(n;—mn) [ (ny+m), 3

where 7; and 7, are the number of shower particles emitted in the forward
and backward direction in the C. M. S., respectively.

In Fig. 7 plotted is distri-
oMe=d, ofk:5, e =6, bution of the asymmetry factor
20p ams?, a8, o Mk=9 RN Z for the events with differ-
ent multiplicities. From inspec-
tion of Fig. 7 it is seen that
there is a remarkable difference
of Z distribution between for
the events with #,=>7 and for
n,<6. For the larger multiplic-
ity events (n,>>7) the exgeri-

z mental results are distributed

Fig. 7. Distribution of the asymmetry factor, Z= nearly uniform over the wide

t(irrlﬁi—c—i:tiz;)s./(nf-i-nu) for events with different mul- range of Z from 0.5 to — 0.5,

while for the smaller multi-

plicity events with 7,<C{6 there is a significant deficiency of events of negative Z.

This forward-excess asymmetry in the small multiplicity events can be ex-

plained in terms of statistical fluctuations from the symmetric distribution in

the C. M. S. It is also seen that a non-relativistic effect of emitted particles
gives only negligible effect in asymmetry of the events.?”

Number of events

2-2) Angular distribution (2)

Since the difference between the events with n,>7 and with #,<<6 is
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apparent, we classify the obseved events into e
four groups (see Table III) in order to FI-F) 2 5 10" 2 5 10

study a possible difference in the particle 5l
production mechnisms.
Table III. Classifying the observed events. 2r %'
I |
Group ng 1Z] No. of events 10 /
a 4,5,6 >0.5 58 St
b 4,56 <0.5 89
¢ | 7,8910 >0.5 21 2
d 7 <0.5 39 o}
8 <0.5 25
9,10 <0.5 31

Let us first examine nature of the group Fig. 8. Duller-Walker plots of the
secondary particles emitted in

of the. smalle%‘ multiplicity e.vents. ‘At ﬁrs_t, the forward hemisphere in the
we will consider only particles emitted in C. M. S, with ng=4. The
the forward hemisphere in the C. M. S. in straight line is the result obtain-

order to minimize the effect of residual ed by hydrogen bubble cham-
ber. The normalization is taken

nucleus. . . . so that F is 1/2 at tanf=+#7",
In Fig. 8 comparison is made between

results of our experiment and of the bubble chamber experiment on the com-
posite integral angular distribution (the Duller-Walker plots)™ of secondary
particles emitted in the forward hemisphere in the C. M. S. taking events
with n,=4 as an example. The straight line is the result of obtained by
hydrogen bubble chamber.” It can be seen from the comparison between the
two experimental results that there is a good agreement in the shape of the
angular distribution as far as the forward hemisphere is concerned. If we
could observe the particles emitted in the backward hemisphere after getting
rid of the effect of the residual nucleus, one could expect such resemblance in
the angular distribution even in the backward direction.

In order to study the full detail of the angular distribution, we analyze
the events of n,=4, 5,6 dividing them into three groups, Z>>0.5, Z<—0.5
and |Z]<<0.5. The Duller-Walker plots for each group are shown in Fig. 9
and Fig. 10. The smooth curves in broken line drawn in Fig. 9 are theoreti-
cal curves obtained by assuming that the fluctuation from an isotropic emis-
sion of particles in the C. M. S. yields the asymmetric event, giving the ap-
parent asymmetry factor Z=0.7 and —O0.54 which is the mean value of Z
for the events of Z>>0.5 and of Z<(—0.5, respectively (for the derivation
of this curve, see Appendix A).

If the asymmetric events are due to such a statistical fluctuation, experi-
mental points in the Duller-Walker plots should fall on the theoretical curve.
While, as is seen from Fig. 9, the experimental results for both groups, those
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ns=4,5 6 e
58 events N
F/{1-F) °

Fig. 9. Duller-Walker plots of the events of 75=4,5,6 for |Z|>0.5. The curves in broken
line are calculated by assuming that the fluctuation from an isotropic distribution in the
C.M.S. yields the asymmetric events, giving the seeming asymmetry factor Z=0.7 for
Z>0.5 and Z=-—0.54 for Z<—0.5. The straight solid lines are of slope 2.

with Z>0.5 and Z<—0.5, deviate from the corresponding theoretical curves.
Rather they are on straight lines with the slope 2 (solid lines). This implies
that the particles are created through isotropic decay of an emitting center
moving forward or backward in the CM.S. The Lorentz factor of this
emitting center in the CM.S., 7%, is estimated from the point where the
experimental curve of Duller-Walker plots crosses the abscissa, and one obtains
75~1.3. The events of |Z]>>0.5, therefore, are concluded to be resulted from
the isotropic decay of the emitting center moving forward or backward with
r¥~1.3 in the CM.S.

The Duller-Walker plots for |Z]|<<0.5 are shown in Fig. 10. If the
particles are emitted in an isotropic way in the C.M.S. in these events, the
Duller-Walker plots must be on a straight line with slope 2, crossing the
abscissa at tanf=+y;". However, that is not the case. The experimental plots
show deviation from the straight line with slope 2 (solid line in Fig. 10).
We now consider a possibility to interpret the angular distribution of these
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events, |Z]<<0.5, in terms of the emitting center moving with y§~1.3 in the
C.M.S,, the existence of which is established in the asymmetric case, |Z|=>0.5.
Let us assume that the emitting center moves either forward or backward in
the C.M.S. with probabilities which are assumed to be proportional to the
frequency of events of Z<C0 and that of Z>>0, respectively. With this
assumption, one is able to construct the expected angular distribution corre-
sponding to a given value of Z. Averaging the results with weight deter-
mined by the Z-distribution given in Fig. 7, one obtains the expected total
angular distribution based on this model (see Appendix B). The theoretical
curve thus obtained is shown in a broken line in Fig. 10, reproducing
well the experimental results. Therefore, the events of n,=4, 5 and 6
in the cases of |Z|>0.5 and |Z|<C0.5, are interpreted in terms of one
emitting center moving forward or backward with a definite Lorentz factor
=13 in the CM.S.

Next, we examine a group of the larger multiplicity events, 7,>7. The
Duller-Walker plots for the events of Z>0.5 and Z<C—0.5 are shown in
Fig. 11 for n,>>7. The experimental results agree with the straight line with

n,=7,8,9,I10 165 tracks
1Zi 205 °
n;=4,5,6
IZ1<03 g9 events
F/U1~F) 5o
10
tan@
10

/
1Z1<05

0.5 ---<2>=07

Z2
Z =-05 ---i<Z2>=-Q57

Fig. 10. Duller-Walker plots of the events
with ng=4, 5, 6 for |Z]<<0.5. The
straight line with slope 2 corresponds to

Fig. 11. Duller-Walker plots of the events
with ns>7 for |Z|>0.5. The straight
lines are of slope 2. The broken lines

the isotropic distribution in the C.M.S.
The broken line is calculated by assum-
ing the presence of one emitting center
moving forward or backward with v#
=1.3 in the CM.S.

are calculated by assuming that the
fluctuation from an isotropic distribution
in the C. M. S. yields the asymmetric
events, giving the seeming asymmetry
factor Z=0.64 for Z>0.5 and Z=—0.55
for Z<—05.
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slope 2 (solid lines) which corresponds to the isotropic decay of the moving
emitting center, y%==1.3. The broken line represents the calculated curves
which are obtained under the assumption that the events with |Z]|>0.5 occur
from an isotropic emission of mesons in the CM.S. by the statistical fluctu-
ation. It seems we cannot exclude, from this figure alone, the possibility that

(a)

N3
‘,\“
(@]

3

ff: ns=7
+ 1Z21<05
[ 39 events

a
©
o

31 events

B
&
o F/1-F)

1 Y

(b} n=8 25 events
1ZI< 05

Fig. 12. Duller-Walker plots of the events
fan & with 7s>7 for |Z]<0.5. The straight
line with slope 2 corresponds to the
isotropic distribution in the C.M.S. The
broken line is calculated by assuming
the presence of one emitting center mov-
ing forward or backward with y%=1.3
in the C. M. S.
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mesons are emitted isotropically in the C.M.S., especially for the events of
large multiplicity. However, we consider that a possibility of the isotropic
emission of mesons in the CM.S. is less favoured when one looks at a differ-
ence between experimental results and the broken lines, appreciable in the
forward hemisphere where the secondary effects in the emulsion nucleus will
be least.

The result of the Duller-Walker plots for the events of |Z]<C0.5 is
shown in Fig. 12. A straight line with slope 2 crossing the abscissa near
tanf=7;" (solid line) does not give the best fit with the experimental results.
However, the theoretical curve calculated by assuming the presence of one
emitting center moving forward or backward with 7%¥==1.3 in the CM.S.
agrees well with the experimental results, as is shown in a broken line in
Fig. 12. Therefore, we may conclude that the situation is similar to the case
of small multiplicity, n,=4, 5, 6 meaning that the particles are emitted
through decay of one emitting center moving forward or backward with the
Lorentz factor y5=1.3 in the CM.S. This result is quite important for the
conclusion, and it now becomes necessary to study together with the experi-
mental results obtained by a bubble chamber.

The mass of emitting center thus verified is estimated as product of the
average number of emitted particles {n,», and their average energy, e, in the
rest system of the emitting center, which is connected with the average trans-
verse momentum Pr, as e= (4/x)Pr. Taking {(n,)=~6~7 and Pr=350 MeV /c,
we obtain the mass My==2.7~3 GeV, just consistent with the mass of fire-ball
observed by emulsion chamber experiment at Mt. Chacaltaya.

Appendix A

We consider a case of n particle emission. Let us express a priori
probability of a particle being emitted with an angle between 6* and 6* +do*
in the CM.S. as

f(0*)d(cosb*). (A1)

If there is no correlation between particles, the probability of finding the
first particle between 6f and 6F+d6F, -+ the nth particle between 6Ff and
0% +de¥ is given by

AP}, -+, 6) = L (cost?) d (coso). (A-2)
On the other hand, the angular distribution for such an event is written as
g(0%; 02, -+, 69)d(cos0®) =n™* 333 (cos0* —cost)d(cost®).  (A-3)

From Fgs. (A-2) and (A-3), the average angular distribution is then obtained
as
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30 =alg(0*; o1, -, 8 PGt -, 0. @A

If we are concerned with a case where n, particles are emitted in the for-
ward direction in the CM.S. (cos6*>0) and 7, particles in the backward
direction in the CM.S. (cosf*<<0) among n particles in total, of course
n=n;+n;, the average angular distribution for such a case is given by

7@ =&\ e (g% 0, - B TLAED A0S0 TL AN ACcos0D),
cosg =20, cosp* = . (A- 5)

where Z is the asymmetry factor, Z= (n,—m)/(n;+mn,), and A’ is the nor-
malization factor given by

Al=2" (A-6)
Here is assumed f(6*) to be symmetirc in the C.M.S.:
Sa—0%)=£(6"). (A7)

Inserting Eqgs. (A-3), (A-6) and (A-7) into Eq. (A-5) yields

2 6* f 6*>0,
@@*):{( ne/n) £(6%) or cosf*> (A-8)
Cns/m) (6% for cosp*<<0.
Taking into account the definition of Z, we obtain the relation
2n;/n=1+2 }
A-9
2n/n=1—2 (A-9)
From Egs. (A-8) and (A-9), we finally obtain
1+Z)f(6* f 6*>0,
y,(a*):{( ACH) or cosf*> (A-10)
A-2Hf* for cos6*<<0.

Further, we now define the integral angular distribution function, F,(6*), as
E@)=\__7.0"d(cosr. (A-11)

If we assume the particle is emitted in an isotropic way in the CM.S,,
the distribution f(6*) is given by

f6*=1/2, (A-12)
hence we obtain
122 (1—cos6*) for cosf*>0,
F,.(06%= A-13
0 1+Z2  1-Z ( )

%k *<
5 5 cosf for cosg*<<0.
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To convert from the C.M.S. to the Laboratory system we use the follow-
ing relation:

1

m[—rﬁtanza-ni Vitand(1—y5) +11, (A-14)

cosf*=

where # is the emission angle in the Laboratory system and ¢, is the Lorentz
factor of the CM.S. and % is

==V (G5 ) Fraer) (a15)

where m and M are the rest mass of pion and nucleon, respectively, p* is
the momentum of pion in the C.M.S. and E, is the primary energy of nucleon.
Inserting (A-14) into (A-13) yields

1tz {1_ - ;tanza wm—manm.ﬂ)}
F.(0)= for cos§*>0,
1;2 + 152 1+7'21tan20 (VA tan0(1—»») +1+¢%tan%-y)

for cosf*<C0. (A-16)
The final results are obtained

1+21+p) —veEA—p) +1

for cos@*>0,
F at+tt(a—y) +VEQ+) +1 ' (A-17)
1=F  a'+2@ )+ VEA—r) +1 for cos§*<0

1+2Q—y) V(A —7») +1

where t=y, tanf and a=(1—-2)/(1+2).

Appendix B

Let the Lorentz factor of the emitting center in the Laboratory system
be y. The emission angle of a particle is denoted by @ in the system referred
to the emitting center and by # in the Laboratory system. For a relativistic
particle, the following relation holds between them,

rtanf=tand/2. (B-1)

We denote the Lorentz factor of the center of mass in the Laboratory system
by 7y.. The value of @ corresponding to angle § defined by tanf=y* is ex-
pressed as 8, and is given by

tand./2=1/v.
or
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cosfe={1— (r/r)% / {1+ (+/7.)%}. (B-2)
The asymmetry factor Z is represented as
Z="(ns—m) [ (ns+mn),

where n; and 7, are the number of particles emitted in the forward direction
(tanf<<¢7*) and in the backward direction (tang>y;") in the C.M.S., respec-
tively.

‘We now assume that the particles are emitted on an average in isotropic
way in the system referred to the emitting center and take into account
the effect of the fluctuation in the following approximation. Let us consider an
event with asymmetry factor Z with », particles in forward hemisphere and
n; particles in backward hemisphere in the CM.S. Since the half angle 6, in
the C.M.S. corresponds to an angle 6, in (B-2) in the system referred to the
emitting center, we will make an approximation such that 7, particles distribute
uniformly in angular region of cosf>>cosf, and #, particles in cosf<Zcosb,.
Then one obtains the following angular distribution in the system referred to
the emitting center,

{14+ G./n53 Q+Z)/4 for cosb>>cosé,,

fleos8; Z, )= {{1+ /r5t(1—Z)/4 for cosb<cosd, . (B-3)

The corresponding integral spectrum takes a form as

F(cost; Z,7) =Sl f(eost; Z, d(cosh). (B-4)
Inserting Egs. (B-1) and (B-3) into Eq. (B-4) one obtains
(1+2) A+ G/rd)’ X' for X<,
FG: Z, 1) = 2 1+ G/ra)* X (B-5)
T 1+7Z +(1_Z>(T/Tc)2 X:—-1
2 2 1+G/)Xe
for X>1
with
X =17, tans. (B-6)

Denoting the Lorentz factor of the emitting center in the C.M.S. by 7,
we obtain

r=fr.+VP—-1vV7E—1, (B-7)

where the sign + (or —) corresponds to the case that the emitting center
moves forward (or backward) in the C.M.S. The probability that the emitting
center moves forward (or backward) is assumed to be proportional to the
number of events for Z>0 (or Z<<0), as was stated in §2-2, and hence
can be calculated directly from Fig. 7. For a given Z and 7 the mean
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integral spectrum of the angular distribution is given by

where 7, and 7, are the value of y corresponding to the cases of the + sign
and the — sign in Eq. (B-7), respectively, and P, (or P,) the probability
that the emitting center moves forward (or backward) in the CM.S. When
Eq. (B-8) is averaged over Z within |Z|<C0.5 by virtue of the Z-distribution
given in Fig. 7, the integral spectra shown in Fig. 10 and Fig. 12 in a broken
line can be obtained.

Part II. Analysis of inferaction of 10 GeV/c in bubble chamber*’

We have shown in Part I an evidence for the fire-ball creation at the
collision of 22.6 and 24 GeV/c proton with a free proton or a quasi-free
nuclenon in the nuclear emulsion through analysis of the angular distribution
of secondary shower tracks. It was shown that the multiple meson production,
especially in the events of 7, greater than four, takes place through production
of a single fire-ball with mass of about 2.7 GeV, moving either forward or
backward with a Lorentz factor 7%#=13 in the CM.S, and subsequent
isotropic decay into mesons.

In this Part II, we shall confirm the results obtained in Part I and
proceed to a study of the detailed nature of the fire-ball by analysis of the
hydrogen bubble chamber film exposed to 10 GeV/c negative pion. In the
hydrogen bubble chamber experiment, we are free from such troubles in
analysis that we met in the nuclear emulsion experiment because of the com-
plex nucleus target. Further, the pion interaction is interesting because of
heing able to see whether there exists a difference between. nature of nuclear
interaction of a nucleon and of a pion.

The analyzed film contains 1076 pictures by C.B.H. 81** of Saclay. We
concentrated analysis of the events of high multiplicities, n,.>>6, for a study
of the fire-ball among the total of 675 events detected, 90 events of 6, 8 and
10 prongs were measured and analyzed.

It was confirmed that most of secondary mesons are emitted from the
fire-ball with mass of 2.4+0.4 GeV, and standard deviation of 0.6 GeV, moving
forward or backward with Lorentz factor y¥=1.1 in the C.M.S. and that the
pions produced through decay process of excited baryons occupy only several
percent of all secondaries.

The four-momentum transfer of an incident pion and a recoil proton is

*) Shun-ichi Hasegawa, Hirotada Nanjo and Kojiro Tanaka. Science and Engineering Research
Laboratory, Waseda University, Tokyo.

*#*) We express sincere thanks to Prof. Leprince-Ringuet and Prof. C. M. G. Lattes and Prof.
Y. Fujimoto for their kind arrangement of C.B.H. 81 films for us.
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measured. Their average values are about equal to the nucleon rest energy.
This result is consistent with the one obtained from cosmic-ray jet data by
Yokoi-Hasegawa formula.

§1. Experimental procedure

Data The data are obtained from 1076 pictures of 35 mm films which
were photographed at CERN in 1961. The number of the events is 675 and the
multiplicity (n,) distribution is shown

in Fig. 1. We measured and analyzed Multiplicity ~ distribution
6, 8 and 10 prong events among them. 675 events
The events in which the track length <Ns> =354%015

of all secondary particles is shorter
than 10 cm are omitted since errors
in the momentum measurement are
not negligible. Therefore, 75 in 100
six-prong events, 14 in 16 eight-prong

------ Poisson distribution

3°
T
1
t
|
-—

events and 1 ten-prong event were - P
measured and analyzed. 2
=3
Optical constant  The bubble g
chamber used in the present experi- °
ment is Saclay CBH. 81. Though %

. =2 20}

values of all the opitical constants hd

ought to be known, we could not
get the precise information, so we
had to estimate them. The known
constants are the size of the chamber
(32%x32x81 cm), the thickness of
glass plates (108.39 mm), the refrac-
tive indexes of glass (1.525) and of

[

O n i "
2 4 6 810 Ns
multiplicity

Fig. 1. Multiplicity distribution of secondary

the liquid hydrOgen (1.098), the ap- particles in 1000 pictures of CBH 81.
proximate position of the fiducial Total numbdr of events is 675. The
marks (the nearest three points make average multiplicity {ns> equals to 3.54

40.15. The dashed line shows the Poisson
distribution centered at average multi-
plicity {ns)-

a nearly regular triangle, the side
length of which is about 156 mm),
and the information with the camera.
Six fiducial marks were put on each of two inner surfaces of the front and
back glasses, respectively. The relative position of the fiducial marks, the
direction of the light axis and the position of the camera, etc., were determined
to be consistent with each other by using the 12 fiducial marks on each of
the three films.
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Measuring method The films are magnified ten times by the projector.®
The track measurement is made selecting four measuring points for incident
and secondary tracks including the interaction point. However, three points
were selected for the short tracks (<150 mm) and two points for incident
tracks of several cm.

The identified bubbles are chosen to be measured on each of three films
and the center of the identified bubbles are used as the measuring point. It
is possible to check mistakes in measurement by the present method. As
a matter of course, the more the measuring points are, the better the accuracy
of the track reconstruction is. The number of measuring points is adopted as
four including the interaction point in our case, because it was found that
accuracy of the track reconstruction in the case of four measuring points is
more precise than in the case of three points but not much appreciable, and
furthermore the time required for measuring (about three hours for one 6-
prong event) is taken into account. The distance between measuring points
is kept as long as possible. Each distance between the measuring point and
3 fiducial marks near the measuring point is measured for reconstruction of
the track.

Error Errors in reproducing the position in the bubble chamber from
the films are caused by the following two reasons. One is error in the
measurement of the position on the film. The other is caused by our determi-
nation of the parameters of the bubble chamber apparatus, including the optical
constants. The latter type of error should not exist in nature, therefore,
it must be taken away as much as possible. Necessary parameter values of
the bubble chamber apparatus are determined by geometrical consistency of
the distances between all possible pairs out of the twelve fiducial marks in
total. Accuracy in the parameter determination is limited because of inaccuracy
of the measurement of position of the fiducial marks on each one of the films,
+0.22 mm on the ten times magnified image of the film.

Estimation of the overall errors is made reconstructing the position of the
fiducial marks in the following way. The reconstruction of the position is
made by measuring its distances to three neighbouring fiducial marks and the
results are compared with the previous values determined in a self-consistent
way, as described above. The maximum difference between the two determination
is found to be ~0.3%, namely 1 mm on ten-times magnified image of the film.

In our case, the momentum of incident particle is 10 GeV/c (£3%).
Then, if the track length is taken as long as possible, incident momentum
should be obtained from the measurement as 10 GeV/c within the relative
error of several 9%, and this is shown in Fig. 2 in which a relation between
track length and measured momentum is plotted. Therefore, the error which
is caused by determining the optical constants is considered to be negligible,

* The projector is OLYMPUS OP-560-T.
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because error of several % is
expected from measuring errors
and non-exact uniformity of
the magnetic field.

Next, the measurement
error is described as follows.
Let us denote that a, b, ¢, d,
e and f are fiducial marks,
and P is an identified bubble
on a secondary track as is in
Fig. 3. The distances between
P and three neighbouring
fiducial marks &, ¢ and d are
measured on ten times magni-
fied films. Then, the location
of point P is reconstructed
numerically on the film using
the measured values as follows.
Let us draw three circles which
have their centers at b, ¢ and
d and have each radii equal
to the measured distances to
P from b, ¢ and d, respectively.
Then, the three circles cross
with each other. Taking two
circles out of the three, we
make a triangle connecting
the two centers and one of
the two cross-points of the
two circles, nearest to P. The
angles at the cross-points are
measured. We define the re-
constructing point P’ as one
of the three cross-points, which
has an angle nearest to 90
degrees. The distance R, is
defined as the one that is
measured from P’ to the third
circlee. If the distance R,

Ogata, M. Sakata, K. Tanaka and N. Yajima

Track length-momentum of incident paorticles
86 tracks

g GeVic
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Fig. 2. Track length versus measured momentum of
incident 10 GeV/c pion. 86 tracks are plotted.

XM

~ X

Fig. 3(a). Explanation of our measuring method.
Cross marks, a, b, ¢, d, e and f are the fiducial
marks. P is the bubble of which the position
should be reconstructed in the chamber. The three
circles have their centers at b, ¢ and d, and have
each radii equal to the measured distance to P
from b, ¢ and d, respectively. P’ is the crossing
point of two circles & and ¢, which has an angle
/bPc, nearest to 90°. R, is the distance from P’
to the third circle.

exceeds 1 mm, the measurement is made again. In this way, we can eliminate

mistake in the measurement.
0.17 mm in our case.

The average value of R, is then obtained as
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This reconstructed point

on each of three films is project- i Bubble chomber

ed three-dimensionally into the

bubble chamber by the three .

lines according to the experi- HImZQ RN
mental setting. Let us call < 25 T
sum of square of the distances

from a certain point in the Film3

bubble chamber to the three Theee dimensionl
lines as R.. We define the Two dimensional

three-dimensional position of Fig. 3(b). Explanation of reconstructing of the track
the bubble as P:. which shows in a chamber. The point P’ on each three films

is projected in the bubble chamber. The point P*/

the minimum value for R,. - oA
When R, is 1 h 22 that R: has the minimum value is decided as the
en R, is larger than 1 mm’, reconstructed point, where

a re-measurement is made Re=P7 0+ P70 P05 .

again. Here again we can

eliminate mistakes in measurement. Average value of R, is obtained as
0.38 mm?® in our case. This gives a magnitude of the measuring error. It is
mentioned in 2-2) that how many such measuring errors cause an error in
determination of momentum of the particles.

The third origin of error is caused by the experimental technique. It
was reported that the incident pion momentum fluctuates about 3% and the
magnetic field in the bubble chamber is not completely uniform, showing the
maximum fluctuation of several % around 20 k gauss.

There exist other types of errors described as follows, but all of them are
found negligible to the above discussed types. They include errors caused from
the fact that a row of bubbles does not always show precisely the trace of a
particle, and that the image of a bubble may not be always photographed on
the center of the bubble.

Reconstruction program The reconstruction program of tracks is de-
scribed briefly as follows:

1) Input of the data (measuring values).

2) Determining two-dimensional positions of the measuring points on the
filmes.

3) Projecting the three lines through glasses in the chamber.

4) Determining three-dimensional positions of the measuring points in the
chamber by minimizing a sum of the square of the lengths of the three
perpendiculars from the point to the above three lines.

5) Reconstructing the tracks from positions of the four measuring points.

6) Determining the momenta and emission angles of the particles.

7) Output on physical values of the particles.
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§2. Particle identification

1) Bubble density

The bubble density (the number of bubbles included in a unit track length)
is influenced by variation of temperature and pressure of the liquid hydrogen,
which are caused during the working time and also depend on the position in the
bubble chamber. The maximum dispersion of the bubble density over the
running time and varieties of the position are estimated about 5% and 2%
in our measurement, respectively. The statistical error due to the limited number
of bubbles is on an average 5% in our case. Then, the resulted error in the
measurement of bubble density is estimated about 7% on an average.

Figure 4 shows results of the particle identification using a relation be-
tween the normalized bubble density, 4*(=54/b,), and the momentum, where
b, and & mean the bubble density of the incident pion and the secondary
track concerned, respectively. When the incident track is too short (the
statistical error is greater than 5%), average value of the bubble density of
the incident tracks in the same picture is taken as b,.

* Momentum - bubble density

p . positive charge
o negative charge

°
oe o Z
° ®q eyt — -2
of+ TRt e e, &y
. LI I O%o& ) ..6’0.0 o e, . % H

i N . : P (4
0 500 1000 1500 2000 2500'

Momentum (MeV/c)

Fig. 4. Relation between the particle momentum (MeV/c) and the normalized bubble density
b*(=b/by) where bo is the bubble density of the incident 10 GeV/c pion. The solid curves

are calculated according to the equation,
*=b/bv=(A/8*+B)/(A+B),

where g8 is the velocity of the particle in terms of the light velocity, A is a constant and
B is another constant depending on the temperature.
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2) Momentum measurement

Errors in the momentum measurement depend on the track length and
magnitude of momentum of the particles. Table I shows the relative error
summarized as a function of track length and momentum. The average value
of the track length is 225 mm in our case and tracks longer than 150 mm
occupy 82% of the total

Table I. Relative error in momenta of particles classified by track length and momentum.

Track length (mm) 50~100 100~200 200~300 300~400 400~500
\ (4% in total
Momentum (MeV/c) 2Ry) B36% ~» MM ~» Q7% » BB ~» )
0~100 <5
100~200 <10 <5 <5 <5
200~300 ~10 <5 <5 <5
300~400 ~30 ~5 <5 <5
400~600 *10 ~5 <b <5
600~800 <10 ~5 <5 <5
800~1000 ~10 ~5 <5 <5
1000~1500 ~10 <10 ~5 <5
1500~3000 *10 ~10 ~5 <5
Incident track 10GeV/c *10 ~25 ~10 ~5

3) Momentum vs. bubble density

Figure 4 shows a correlation between normalized bubble density and
momentum of the particles. The particles are identified by Fig. 4 with use of
the expected theoretical relation. The particles of P=1.2GeV/c are out of
the range of this method of particle identification.

The particles are also identified by the kinematical method using the
energy and momentum conservation in the case of the following modes of the
reaction.

np+dnt, mptdnt+a
—

for 6-prong events
’p+5a*, an+5r% prong

wp
n p-+6bn*, np+6n*+a’

for 8-prong events
'p+7a*, wntTz" prong

T p—>
The summary of the identified particles is shown in Table II
It is, in general, difficult to identify the particles which are emitted with
very high momenta forward in the CM.S. In our case, these unidentified
particles in the extremely forward direction are assumed as pions and used
for the analysis, though some small percentage of the proton contamination
may be expected.
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Table II. Identified particle number.

Total track No. Pr—b%/b, Kinematics Unknown
e 8
8,10 122 tracks " 66 15 23
prongs K 1 1
? 2
e 12
6 450 tracks = 217 s 100
prongs K 5 5
b4 31 2
§3. Experimental results 1
3-1) Pj}-Pr plots In Fig. 5 we present the correlation between transverse

momentum Pr and longitudinal momentum in the CM.S. P} of emitted particles.
Figure (5a) is the plot of Pr vs. Pj¥ for 8-prong events, 5(b) and 5(c) are those
of positive and negative particles for 6-prong events, respectively. The cross
mark is for recoil protons and the © mark is for leading negative pions.

One can observe three different groups of the particles in these Figs. 5(a),
(b) and (c). The first is the group of negative pions with large Pjf observed
in the forward direction in the CM.S. The second is the group of recoil
proton with higher momentum than pions in the backward hemisphere in the
C.M.S. The third is the group of the particles other than those above men-
tioned. This suggests the multiple meson production takes place through the
mechanism as follows:

(incident =~) + (target proton)—> (surviving =~ ) + (recoil nucleon) + (fire-ball).

Through the following discussion of this section, we shall confirm the mecha-
nism above mentioned and study nature of a fire-ball in details.

3-2) Pr distribution The distribution of transverse momentum is shown in
Fig. 6. Figures 6(a), (b) and (c) correspond to the 8-prong events, positive
and negative pions of the 6-prong events, respectively. The solid curve in
Fig. 6 is obtained assuming pions are emitted isotropically through a fire-ball.
We assume that the energy spectrum and angular distribution of emitted pions
in the rest system of fire-ball is to be represented by the following formula,

SF(E)dE;d cosoc E; exp(—E;/E)d*Po(E;— Pi—p), €))

where E;, P; and p are energy, momentum and mass of a pion, respectively.
The distribution of Pr, then, is obtained as

F(PDdPos S:P, exp(— VPIF P+ 2 /E)dP,dP; )
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{a)
@ F, distribution
-
8 8 prongs _g
5 114 fracks g {b)
5 102 =* © P distribution
€ 3 6 prong events {+charge)
Z <R> 25030 § w77
) MeV/c (Experiment) 620 p, 33
1 e (Colculol ) “ )
/e ] j
Ve (Calculation <R> 30040 MeV/c (Expenment)
3014 MeV/c(Calculation)
20 40
10 201
L p‘ 1 L
(o] 500 1000 1500 o] 500 1000 1500 MeVie
Transverse momentum MeV/c Transverse momentum
(c)
£ distribution
6 prong events (~charge)
£ ¥ 199
£ leadings 12
5 -
K 5
3
3 ¢R>  300:40MeVic
607
Fig. 6. Py-distribution. Figure 6(a) is for 114
tracks of 8-prong events. The curve is calcu-
= F ] teoding lated according to Eq. (2) with E,=100
MeV. Figure 6(b) is for positively charged
40} particles of 6-prong events. The curve is
calculated according to Eq. (2) with E,=120
MeV. Figure 6(c) is for negatively charged
particles of 6-prong events. The curve is
20! calculated same as in 6(b).
0 500 1000 Mevie

Transverse momentum
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which are shown as solid curves in Fig. 6.

The best fitted values of E, with the experimental results are obtained as
100 MeV for the 8-prong events, and 120 MeV for the 6-prong events, re-
spectively. The average values of Pr from the experiment and of calculation
by the formula (2) with the best fitted parameter value are shown in the
following:

Experiment Calculation
n,=38 250+30 MeV/c 258 MeV /¢
n,=6 300+15MeV/c 301 MeV/c
3-3) Pf distribution Longitudinal momentum distribution of emitted pions

in the CM.S,, is shown in Fig. 7. Figures 7(a), (b) and (c) correspond to the 8-
prong events, and positive and negative pions of the 6-prong events, respectively.

Theoretical P} distribution is obtained when we assume that the produced
fire-ball moves forward or backward in the CM.S. in equal probability with
Lorentz factor 7% along the incident direction. Using formula (1), we obtain

F(PF)dPFos % {1+ A)e ™+ (1+A)e 3 dP} (3

where

A= (VPP +4 +B: P}) /B,
and

Ae=1%(V PP 41" —Ba PI) /Es .

The results are shown in Fig. 7 for cases of y¥=1.0, 1.1 and 1.2. The

agreement with the experimental data is good in the case of positive pions of
the forward direction and negative pions of the backward direction of the 6-
prong events, which are not effected by the contamination of the leading
negative pion or the recoil proton.
3-4) P* distribution Momentum distribution of particles in the CM.S.,
P*, is presented in Figs. 8(a) and (b) for the case of 8-prong and 6-prong
events, respectively. The curves show the result of the calculation according
to the following formula,

* * o P *2 ( D%2 ;2
SPAPros e exp(— iV PR JE (VP
—P*Bﬁ TE )eXp(P*BHTH/Eo)
(-‘/P*Z‘F.U +P*BH+ Eo)exp( P*BHTH/EO)}dP* (4)

with r%=1.1 and 1.2.
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A New Horizon of Accelerator Physics 159

The average values of P* are summarized in the following.

Experiment Calculation
n,=8 325440 MeV/c 363(r5=1.1)
392(y%=12)
n,=6 415+20 MeV /c 416(+¥=1.1)

441(z5=1.2)

The results also show that the fire-ball is produced and moves with
r¥=11 in the CM.S.

5
Q
(a) . -g.% {b)
" P distribution Z2= P* distribution
%‘6. 8 prongs 80r 6 prongs
:c:> 114 tracks xt 177
g . = 21l
5 <P =325140 MeV/c
2
30 ® 60F
% =10 <P'>=415:20MeVie
> %=l
b’:= 1.2 a
20t 40r
P
10 20t
leading
0 500 1000 1500 MeV/ic 0 500 1000 1500
Momentum in C.M.S. Momentum in C.M.S. Mevic

Fig. 8. P* distribution. Figure 8(a) is for 8-prong events. Figure 8(b) is for 6-prong events.
The curves are calculated according to Eq. (4) with parameters 4%=1.0, 1.1 and 1.2, re-

spectively.

3-5) PF-{Pr> correlation Figure 9 shows correlation between longitudinal
momentum in the CM.S., P}, versus average transverse momentum {Pr).
The curves correspond to the distribution represented by Eq. (1) with y$=1.0,
1.1 and 1.2. The results are consistent with the assumption that the produced
fire-ball moves forward and backward in the CM.S. with +¥=1.1.

The dip at PFf=0 in Figs. 9(a) and (b) are mainly due to isotropy in
the decay process.
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(a) )
B'- <B>  correlation

8 prongs
7+ 104
ok
o s
£ 1500 % =10
= ‘//// ]
-500 0 500 Mevs
{b)
S
© prongs e
+ [+}]
7376 81500 =10
g e
E =1
Sny e
-500 0 500 Mev

Longitudinal momentum in C.M.S.

Fig. 9. P§ and {Pr) relation. Figure 9(a) is for 8-prong events and Fig. 9(b) for
6-prong events and curves are calculated on the basis of moving fire-ball with
Lorentz factor v%=1.0, 1.1 and 1.2.

3-6) cos@*-distribution In a case where a fire-ball moves with a certain
velocity forward or backward in the CM.S., the angular distribution of
produced secondary particles, after taking out a leading pion and a recoil
proton, will vary in its shape sensitively depending on assumed volocity of the
fire-ball. The experimental results and theoretical curves by Eq. (1) with
r%=1.0, 1.1 and 1.2 are presented in Fig. 10.

The angular distribution of the 6-prong events agrees well with a theoret-
ical curve with y¥=1.1. The experimental results of the 8-prong events show
a smaller value of r¥%, though statistics is not enough to make a definite con-
clusion.

3-7) Contamination of excited states A study is made on the contamina-
tion of pions which are produced through the excited baryons of target protons
or the excited bosons of incident negative pions. Figures 11(a) and (b) show
the histograms of invariant mass of (pz*) and (z*z") in the 6-prong events,
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{a) cos 8" distribution

g 8 prongs
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S T* |14 tracks
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(b) cos 8" distribution
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Fig. 10. Angular distribution of secondary mesons in the CM.S. Figure 10(a) is for 8-prong
events. Figure 10(b) is for 6-prong events. The curve is drawn assuming the fire-ball
which moves forward and backward with ¥%=1.0, 1.1 and 1.2 and decays into mesons in
isotropic way.
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respectively. It is evident from these
data that several events of N*
(1236) exist among the events in
which a recoil proton is identified,
and that p or f meson scarcely
exists. Combination of (p=~) which
shows the invariant mass of 1236
MeV is not found. Thus, we may
conclude that the contamination of
resonance states, as a whole, does
not exceed several percent in the
total pions of 6-prong events.

3-8) The cos@*-distribution classi-
fied by the momenta of secondary
pions Figures 12(a) and (b)
show the angular distributions classi-
fied by the momenta of secondary
pions, P*. Figures 12(a) and (b)
are cosf* distribution for secondary
pions of P*<<500 MeV/c and 500
< P*<C1000 MeV/c, respectively.
The curves are the results of calcula-
tion assuming a fire-ball moves for-
ward or backward in the CM.S. in
the equal probability with r¥=1.1.
The agreement is quite well. It

(o)

= —
k<] ©
I M
£ &
g *2] M (P=*) 6 prongs
15¢ 2x32 combinations
10
5
0 nMAa i 1
e 10 L5 20 BeV
3 {b)
8 M (=*7} 6 prongs
‘g 499 combinations
50}
40 |
30
20
10
[¢]
6] 05 10 1.5 BeV.

Fig. 11. Figure 11(a) shows invariant mass
between recoil proton and a positively
charged pion calculated for 6-prong events.
2% 32 combinations are made. Figure
11(b) is showing the invariant mass of
499 combinations of (#*z~) for 6-prong
events.

means almost all secondary pions come through isotropic decay of a fire-ball
and contribution from the excited bosons is not appreciable.

3-9) Mass of fire-ball

In order to determine the invariant mass, My,

and Lorentz factor in the CM.S., 7%, of an individual fire-ball, the events
are classified into the following four types.

1) Momentum and energy are conserved without introducing the presence of

a neutral particle.

2) Momentum and energy are conserved when one neutral m-meson or

neutron is taken into account.

3) Two or more neuiral particles are necessary for momentum and energy
conservation, though recoil proton and leading pion are identified.

4) The others.

In the cases of 1), 2) and 3), My and 7% are determined by excluding
the recoil proton and leading pion. Table III shows the fire-ball mass obtained
from the events which belong to the types 1), 2) and 3), respectively.
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Angular  distribution
classified by momentum

(a) * {b) ]
P"< 500 Mev/c 500MeV/ < P*< 1000Mev/e

% %
120 /20

* o M
Pl 10 oA 10

0 05 0 0 05 10
lcos8'l lcos 8%

Fig. 12. Angular distribution of secondary mesons classified by its momentum, (a) for P*<(500
MeV/c and (b) for 500 MeV/c<{P*<1000 MeV/c, respectively. The curve is drawn as-
suming the moving fire-ball with y%=1.1 similarly in Fig. 10.

Table III. Average fire-ball mass classified by decay mode.

M) Width
Nen ‘ Type ’ Decay mode Event No. (MeV) (MeV)
(1) pHm o+ 2+ 2 6 1615 jggg
() P2+ 2n 10 2258 +es0
2
- + - +420
6 n+m+3n* + 2 5 2394 7
(3) P+ 2+ 2n -+ n (n>2) 9 2247 a0
(4) The others 45
(1) pt+a 43" +3n" 3 2094
R A 0 —
{(2)
8 n+z"+4z*+3n" 1 2401
(3) pHn+3n" 43 +net(n>2) 2 2699
(4) The others 9
Average 2180+350 MeV
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In Fig. 13, the histogram of fire-ball mass is shown. The curves are the
calculated ones from the phase space prediction of the three-body hypothesis,
namely, the assumption of production of leading pion, recoil proton and fire-
ball which moves with 7%=1.03 (Curve a). The curve A will be mentioned
in the following chapter. Figure 14 shows correlation of fire-ball mass versus
fire-ball Lorentz factor. The dotted line represents the kinematical limit of
1% given by the relation,

1

T?;(max) (mH) = m

[EX — (M+p)®+ MM, )

Fire ball mass distribution

37 events

Momentum and energy
conserved events

(26 events)

/]

mo: 24
o =06

Gauss distribution (curve A)

Number of events

D
phase space volume
=103 (curve )
) N)J—

rmmmmmmm e m oo eeee——— - qvgilable energy {3.36 GeV)

IN)
modified

10 20 30
Mass of fire ball (GeV)

Fig. 13. Fire-ball mass distribution. 37 events are presented in which momentum and
energy of all secondary particles are conserved. The drawn curves are explained
in the text and Figure.
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where Ef is the total available energy W~ plots

C.M.S. It is observed that the velocity

and mass of fire-ball are suppressed x g:g;;f:f

by the phase volume restriction. s iem
"3 \\\ = 8 prongs

§4. Experimental result 2 \

\ *

\ L1 2 2 "

In oder to study more in detail . \\(1/ MG ey 25,
on nature and production mechanism N\
of a fire-ball, we shall discuss in this 12 \\\
section the mass of a fire-ball and ++ . \\
magnitude of four-momentum transfer Lt g:"x“xo . \\\
at the collision. 10— M T

10 20 30 Bev

4-1) Fire-ball mass Fire ball mass

In Fig. 13 of the distribution of Fig. 14. Relation between My and v} are

h plotted. The dashed line shows the maxi-
fire-ball mass, we present the curve mum of y¥ as the function of M¥ in the

A of Gauss distribution, defined as given available energy.
1 (W — M )2>
M) d My = —— (—4" dMx, 6
(D) d M Voms €xp 2g? M (6)

where average mass MM =2.4 GeV and standard deviation 6= 0.6 GeV are taken
as the best fitted one. The fire-ball mass is obtained as MMy =2.4+0.2 GeV from
the peak of the distribution. The arithmetic mean value of fire-ball mass was
obtained as My=2.210.35GeV as described in Fig. 13. Their difference is
considered to be caused by suppression of the fire-ball production of mass
greater than 3 GeV by the energy-momentum restriction—the available energy
is 3.36 GeV in our case—, while a fire-ball with mass smaller than 1.3 GeV
may be cutted off by our criterion, n,=6 and 8. Experimental result agrees
with the calculated curve from the phase volume restriction denoted as curve
a) in a region where the mass of fire-ball exceeds 2.8 GeV.

The average value of fire-ball mass is also obtained by the following
estimate. The total number of pions emitted by the decay of fire-ball, #,, is
obtained from Table IIl as n,=6.0+0.5 for 6-prong events and #,=7.5+0.5
for 8-prong events, respectively. On the other hand, it was obtained that the
average energy of pion in the CM.S. is <{e*)=440+20 MeV for 6-prong
events and {e*)s=380+=40 MeV, respectively. By using the following relation,

M) <ried = Le*<m), )

the average values are obtained as

(DMPe=2.410.4 GeV (8)
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and

respectively. These values are consistent with what is obtained from a peak
of the Gauss distribution.

4-2) Four-momentum transfer

We present in Fig. 15 the four-momentum transfer between incident and
surviving pion, V' — 4%, as a), and between target proton at rest and recoil
proton, including neutron, V' — 43, as b). The quantity of a recoil neutron
is obtained by using the energy and momentum conservation. The average
values are given as

V — 45 =1040+200 MeV (10)
and
V — 42 =730+270 MeV. an

One finds that the difference between both the numerical values comes from
the mass difference of a proton and a pion. As shown in Fig. 5, the plots of
momenta of recoil protons and surviving pions themselves are almost symmetric

Four momentum transfer distribution

a) Leading b}  Proton

Momentum ond energy Momentum an
erg
conserved event <4p>=1040 D energy
v

[]

event

N

10
B>=725
\J

7

Z /4

| - l 1 L
0] 1000 2000 0 1000
Ax MeV Ap MeV

NN

Fig. 15. Four-momentum transfer. Figure 15(a) gives the four-mometum transfer between the
incident and the surviving pion and Fig. 15(b) is between target and recoil proton.

conserved event

Recoil and (.eading 2; 7 Proton identified
discliminated event | ,A
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in the CM.S. Since vV —4* is defined in the CM.S. as
V —4# =V (PhHh—P})*+Pi— (Ef —E*)*, (12)

the mass difference between V' —42 and V' —4£ is seen to come mainly
from the term (IFf—E*) through the mass difference. The experimental values
are consistent with this argument.

The distribution of the four-momentum transfer is well expressed by the
formula as

FC= (= £y (~ £y exp —<=22 Ja(— . (13)

Curves of the integral form are given in Figs. 16{a) and (b), together with
the experimental data. The values of — 4; are given as

— 4£=0.60 (GeV)* for recoil proton
and
— £=0.33 (GeV)* for surviving pion.

Twice these values are just the average values of — 4%, obtained as
{—4>=1.19 (GeV)? for recoil proton,
(= 4=0.67 (GeV)* for surviving pion.

Integral distribution
of squared four momentum fransfer

(a) Surviving pion

& Number of events

2 <-25>=067 Gev* Integral disteibution

of squored four momentum {ronsfer

{b} Recoil nucleon
<f>=119 GV

& Number of events

1 1 1

0 0 20 30 | 0 0 20 0,
-4 (GeV) 45 GeV]

Fig. 16. Integral distribution of squared four-momentum transfer. Figure 16(a) gives squared
four-momentum transfer between the incident and the surviving pion and Fig. 16(b) gives
between the target and the recoil proton. The curve is given by Eq. (13) with —42=0.60
in Fig. 16(a) —4=0.33 in Fig. 16(b).
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4-3) Pr and P} of created fire-ball

In Fig. 17(a), we present a relation between longitudinal momentum in
the CM.S. and transverse momentum of created fire-ball. In Fig. 17(b) we
show the same relation of recoil nucleon and surviving pion. The angular
distribution in the C.M.S. of created fire-ball is shown in Fig. 18. From these
one observes forward abundance in the creation of fire-balls. This tendency,
however, is explained by the selection bias of the events, for which energies
and momenta of the secondary particles are conserved, and the recoil proton
and the surviving pion are also identified together. The numbers of particles
emitted forward and backward are 118 and 89, including =’ mesons and
neutrons, respectively, in the selected events. While they are 115 and 137 in

F,Z*—P,. plots
p+57t

T a PrSmiey®
(Mevz) + n+6
. *x Recoil ond leading
(a) fire ball s 1000 discnminated event

<RB>=526 * " 24
<EH=227 (Mevre) o & S e 4 x
<RN>=404 x R

o : s +; a +

a x : +
~1000 0 1000 £ (Mevrc)
R
. {Mevrc)
Recoil nucleon 1000 Leading 7
) (pr=406 L. as <R>=380
<E“>=-8I6(MeV/GC) B . o o <F%=603(Mevi)
° o a A¥ @
S ot g+ ° °
? * ++° N + ’ % ° x ++X+XA °
ao 2 PR
" . L * 22 . .
-I000 0 1000 E* (Mevie)

Fig. 17. P%-Pr relation of created fire-ball in (a), and recoil nucleon and surviving pion in (b).

" Angular-disiribution of fire bail in CM.S.
10 €
3
k<]
3
[=
=2
z
5_
-0 -05 0 05 0
cos 6

Fig. 18. Angular distribution of created fire-ball in the C.M.S.
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the remaining events, respectively.
Sum of both is consistent with as- Inelasticily ~ distribution
sumption of the symmetrical emission

of fire-ball in the forward and back-
ward hemisphere.

- D 6-prongts
.. » o
4-4) Inelasticity B 8-pr\(,):;5
If the multiple meson production H event
takes place through the three-body € 16%3“,3:;’(2?(,)
mechanism, a surviving pion, a recoil =
proton and a fire-ball, the inelasticity o
has its meaning even in our energy é
and it is analyzed as shown in Fig.
19. The distribution has a peak 5
around K~0.7. The mean values
are obtained as
K=0.69+0.055 ,
for 6-prong events 0 05 10
and K
K=0.76+0.1 Fig. 19. Distribution of the inelasticity.

for 8-prong events.

Part III. Conclusion and discussion

We have analyzed the nuclear interaction of 22.6 and 24 GeV/c proton
in nuclear emulsion in Part I, and of 10 GeV/c negative pion in the hydrogen
bubble chamber (CB.H. 81) in Part II. Let us here summarize briefly the
conclusion which we have arrived at by these analyses, and discuss a general
feature of the high energy nuclear interaction including the results of the
accelerator experiments and the cosmic-ray experiments obtained by foreign
laboratories.

§1. Summary of our results

Our main results are summarized as follows. Secondary mesons, especially
in events of large multiplicity, are emitted through the intermediate state—
called a fire-ball—which moves with a certain velocity forward or backward
in the CM.S. The fire-ball production was observed in both cases of incident
proton and pion and we could not observe any difference between the different
kinds of incident particles. Then, the interaction mechanism is described as
follows,

Incident particle (p or =) +target (p)
— surviving particle (p, n, or =) +recoil nucleon+ fire-ball.
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The contribution of an excited state, resonance, of a baryon and a boson
known up to date is quite limited, several % of secondary mesons in events
of n,=6 and 8 in our analysis of hydrogen bubble chamber of 10 GeV/c pion.

1-a) Mass The mass of fire-ball was measured for the events in which
the momenta and energies are conserved among secondary particles. It is an
invariant mass of all the secondary particles in the event after taking out its
surviving pion and recoil nucleon. An average value of the mass of fire-ball
was obtained as 2.4+0.2 GeV. This value of fire-ball mass is consistent with
the one estimated from the 22.6 and 24 GeV/c proton interaction experiment,
by using the mean multiplicity and the mean transverse momentum.

1-b) Momentum disiribution of secondary mesons Mesons are emitted
isotropically and their momentum distribution is of exponential form in the rest
system of a fire-ball, and it is described as

f(Ey, cos8)dE;d cosf< E; Py exp(—E;/Ey)dE;d cosf
with

Ey,=120 MeV for 6-prong events,

E,=100 MeV for 8-prong events.

1-¢) Motion of fire-ball Lorentz factor of a fire-ball in the C.M.S. was
measured and obtained as r¥=1.3 for 22.6 and 24 GeV/c proton case and
r¥=1.1 for 10 GeV/c negative pion case. The difference of these results will
be explained on the basis of kinematical restriction caused by the available
energy. (See discussions in §3.)

1-d) Momentum transfer A characteristic quantity of the fire-ball creation
is observed in the four-momentum transfer between an incident particle and a
surviving particle, and between a target particle and a recoiled particle. In
our analysis of 10 GeV/c negative pion, it was observed that the distributions
of —4% and — 4; have the same form as

2 2 (_Az) 2
S(—= &) oc (—4) exp| —2—=55 Jd(— 4,
(—&
with —£=0.60 (GeV/c)? for proton and — 4=0.33 (GeV/c)? for pion. The
average value is given by twice of (—d4;). These values are essentially
different from the one in peripheral phenomena, for example, production of
resonance states.

1—e) Mass distribution We can consider two possibilities about nature of
a fire-ball. One is to assume that the fire-ball is a group of a large number
of heavy boson states like the giant resonance in the nuclear reaction. Another
is to assume that it is a new state of matter having a unique mass value.
If we consider here the latter case, we are able to estimate the life-time of
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the fire-ball in a meaning of the Fire-ball mass distribution

correspondence theory by the Breit- 37 events
Wigner f.ormula. Figure 20 shows <] Vemertom ond erery
a comparison of the fire-ball mass h conserved events "
distribution with the Breit-Wigner 26 events § s
formula defined as g Z;’; 2
f (mH) dMy é N \" %
(r/2)* 2 .
o 3 2 or >m 3
(Mg — W) * + (I'/2) g2 B
where 9%,=2.4 GeV and I'/2=0.8 el ™~
EE%

GeV are taken as the best fitted para-  4f
meter values. Then the life-time,
T, which corresponds to the width

of the mass distribution here obtained, 2r <
is calculated and it gives

—S

. ~25 L
T=4%x107% sec. o 0 5 30
Fire-ball mass (GeV)

Fig. 20. Comparison of the fire-ball mass dis-
tribution with Breit-Wigner formula.

§2. Comparison with other experiments

Let us now study whether nature of fire-ball is changing by the incident
energy or different kind of incident particles, proton and pion, or not. For
this purpose, we will compare our results with those obtained by other authors.
They are from the following cosmic-ray experiments:

Cloud chamber study: E;=100~400 GeV 39
Emulsion stack analysis: E,=1~10TeV®
Emulsion chamber study: > Ey=3~20 TeV *®

and from the following accelerator experiments, proton interactions in bubble
chambers and in nuclear emulsion.

E,=14 19.8, 235 24 and 28.5%*" GeV/c.
z-meson interactions in bubble chambers and in nuclear emulsion.
E.=6.1 8, 10, 16, 25 and 60 *»* GeV/c.

2-a) Mass The result of emulsion chamber exposed to cosmic-rays® con-
firmed the existence of a fire-ball and a part of the rest energy given to rrays
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was found to be 1.3£0.2 GeV in an average. The energy range of the obser-
vation extends from >1Ey=3,000 GeV to 50,000 GeV. They estimated from
the above value the total rest energy as 2 to 3 GeV, assuming the charge
independence of z-mesons and taking into account of their experimental condi-
tion. The comparison with our result of 2.4+0.2 GeV tells us that the present
experimental data are consistent with a hypothesis of production of a fire-ball
of constant mass of about 2.5 GeV from 10 GeV up to around 100,000 GeV
of an incident energy. There are several cosmicray experiments providing
information on the fire-ball in the intermediate region of this wide energy

range.

As will be seen in discussions in an accompanied paper, all of the

experiments are also consistent with the constant mass hypothesis.
In order to see more details in the accelerator energy regions, we present
in Fig. 21224»25.20.28,80.30.85) fraction of the events with prong number #, as

a function of an available energy in the collision.

We will discuss whether

this change can be consistently interpreted by hypothesis of a fire-ball produc-

tion of the constant mass, ~2.5 GeV.

First, one notices the fraction of #,=6 does not change appreciably with
the available energy beyond 5 GeV. From the assumed constant value, 2.5

Fig. 21. Relation between 73 fraction and available energy. White circle is for p-p interaction,
dark circle for z-p interaction and—mark for 100~400 GeV cosmic-ray data. Solid curve

is hand-writing.
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GeV, for its rest mass, the events of #,=6 will occupy a major part of the
single fire-ball production. Therefore, the experimental points can be interpreted
as that the main channel of the interaction is the one fire-ball production as
the available energy exceeds 5~10 GeV. A decrease of the fraction below 5
GeV is consistent with the expected one from the energetics with the fire-ball
mass, 2.5 GeV.

Second, one sees a rapid decrease of the fraction of n.=4 at several GeV re-
gion. The production of resonance states of a baryon and a boson will be responsi-
ble for the events of n,=4, so that it shows that the channel of the production
of resonances decreases with the increase of incident energy and the fire-ball
production is going to be the dominant process in the high energy inelastic
nuclear interaction. Indeed, in our analysis of emulsion stack of 22.6 and
24 GeV/c proton, we observe two types of angular distributions for n,=4.
One is the type that, of the four tracks, two appear strongly collimated in the
forward direction and the other two in the backward, or sometimes one in the
forward and the other three in the backward, and vice versa. The other is the
type of near isotropy comsistent with the angular distribution of the fire-ball.

Third, an increase of the fraction of #,>>8 can be interpreted by the two

possibilities. One is an effect of the mass distribution of the fire-ball, which
has a half-width of about 800 MeV. Due to the kinematical relation, a fire-
ball of smaller mass in the distribution will be produced more frequently in
the events of smaller available energy. The other is that the increase of
incident energy opens a channel of the production of two fire-balls of the same
constant mass when the energy exceeds the threshold. In 60 GeV/c pion of
Serpukhov experiment, therefore, the production of two fire-balls will not be
negligible.
2-b) Momentum distribution In Fig. 22, we present the momentum distri-
butions of secondary pions in the fire-ball system by 10 GeV/c and 16 GeV /c*”
incident pion and 100~400 GeV /c incident proton in cosmic-rays observed by
Dobrotin et al.,*” respectively. All are well represented by an exponential
type distribution as described in Fig. 22 and one cannot observe any detectable
difference among them.

2-c) Motion of fire-ball The angular distribution of secondary mesons
reflects sensitively the velocity of the fire-ball. In Fig. 23(a), we present the
angular distributions of secondary pions in the forward hemisphere in the
CM.S. for the events of n.>>6 by incident negative pions of 10 GeV/c, 16
GeV/e,™ 25 GeV/c*® and 60 GeV/c.*® As is seen in Fig. 23(a), each of
the angular distributions is well represented by a curve calculated on the basis
of isotropic decay into mesons of a fire-ball moving with a Lorentz factor in
the CM.S. of a certain value depending on the incident energy. It seems that
the Lorentz factor in the C.M.S. increases with the incident energy. It reaches
r¥=1.4 at 60 GeV/c pion.
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Momentum distribution

Fig. 22. Momentum dis-

in fire-ball system —— wpl0GeVie
= e 7 16 GeVL
= - pp I00~400 GeV/c
=4
o £
3|

10
o] 05 10 15 , 6 28 30
R (GeVrc)

The angular distributions
of the proton interactions are
now examined. In Fig. 23(b),
we present the angular distri-
bution of secondary mesons by
the incident proton of the
accelerator experiment with
momentum of around 25
GeV/c,*®* and of the cosmic-
ray experiment with energy of
around 100~1000 GeV.*® The
best fit gives r¥=1.3~14 for
both cases.

2-d) Four-momentum trans-
fer There are not many
analysis on the four-momentum
transfer in the production of
a fire-ball. Yokoi and one of
us (S.H.) made a formula to
obtain magnitude of the four-
momentum transfer between
the neighbouring fire-balls from
the angular distribution data
of jet showers. In Fig. 24, we
present their result of the
analysis applied to the Texas
loan stack data®® of the Chicago
group. The average value is

tribution of secondary
mesons in the rest
system of fire-ball.
The data are taken
from z™-p 10 GeV/c,
pp 100~ 400 GeV.
The distribution of
w™-p 10 GeV/c is the
one of momentum in
the C.MLS., because of
little difference in the
case of v%=1.1.
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(b} Angular distribution p-p

+ 6 prong 23.5 GeVLE.C.
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Fig. 23. Angular distribution of secondary mesons in the forward hemisphere. Figure 23(a)
shows 6-prong events of 10GeV/c and 16 GeV/c and 6, 8, 10 prongs of 25GeV/c and 6
to 10 prongs together of 60 GeV/c. Figure 23(b) shows for p-p interaction 24 GeV/c and
cosmic-ray data. The curves are drawn assuming the isotropic decay from fire-ball moving
with y¥=1.2~1.4.
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V=4 =1~2 GeV, which can be compared with the present results of
V—£ =0.73GeV and V' — 43 =1.04 GeV for the 10 GeV z -meson experi-

ment.

§3. Comparison with H-quantum theory

The H-quantum theory was proposed in 1961 by one of us (S.H.) through
the analysis of jet-shower data in the emulsion stacks. The theory proposes
the existence of the H-quantum which is an energy quantum in the process of
multiple production of mesons, and its rest energy is given as two to three
times of the nuclear rest energy. He also proposes the velocity quantization
rule in the production process of the H-quantum. This is expressed as the
Lorentz factor in C.M.S. being constant, yk=~=1.4 for the first created H-
quantum. We will discuss here whether the available experimental data are
supporting the theory or not.

Constancy of the mass is seen, in a large scale, in comparison of our data
of 2.4+0.4GeV at 10 GeV and the cosmicray data of 2~3 GeV covering a
wide energy region. An effect of finite width of the mass distribution will be
seen in the accelerator energy region near the threshold as was discussed in
the preceding section. Here we will present the effect seen in a relation
between prong number and average value of Py, which is shown in Fig.
25.1:20:29.30.8)  The average value of Pr is nearly constant and independent of
the prong number. In more detail, one finds slight decrease of Pr at the large
multiplicity region, and the decrease is more pronounced for cases of the small
incident energy as will be inferred from the effect of the energy restriction.
Qualitative feature of the effect can be better understood by comparison with
the calculated curve from a simple phase space consideration applied to 8
GeV /c pion interaction.

{Pr) vs. ng

m—p
p-p 2 on ° 6.1 Gev/ie
8Gev/c * 8 Gevic
<P <R> phase volume = 10 GeW/c
GeVe| Gevie s 16 Gew/e
o5t o 24 GeV/c o5t x 25Gev/c

+ 28.56Gev/c

+.,
+o
o
.
oe
.
.
@ oo
.

.

x

% a6 T A e e o

Ng s

Fig. 25. The relation between ns and (Pr) of secondary mesons from p-p interaction
of 24 and 28.5GeV/c and = ~-p interaction of 6.1, 8, 10, 16 and 25GeV/c. The
curve is expected relation by the phase volume of 8 GeV incident pion.
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The constancy of the Lorentz factor has to be discussed with consider-
ations on the kinematical restriction. The experimental data show the constant
Lorentz factor y5=~1.4 at energy of several ten GeV or more, while smaller
values of v} are observed in the cases of lower incident energy. More in detail
in the cases of incident energy around 10~20 GeV, one finds that % is smaller
as the multiplicity #, increases in the events of the same incident energy.
All of those features are explained as an effect of the kinematical restriction
with the hypothesis of constant mass and constant Lorentz factor.

Finally we will discuss on comparison between the z-meson interaction
and the proton interaction. We have already seen that the same hypothesis
of constant mass and constant Lorentz factor consists with experimental
data of both the interactions. Therefore, if their difference exists, it will be
simply of the kinematical origin. This is just what the H-quantum theory
concluded.
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