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Composition of the Secondary Particles

12 eV*T

Produced in Nuclear Interaction at ~10
C. 0. Kim

The Enrico Fermi Institute for Nuclear Studies
The Departngg of Physics

The University of Chicago
Chicago, Illinois

ABSTRACT

Twenty-two proton, neutron, and alpha jets (Nh 23, 2x
1011 ev < E < 1.5 x 10%3 ev) found in a 22-liter emulsion stack
flown for 13 hours at an altitude of 116,000 feet, have besn
analyzed to identify the nature of the barticles emitted in the
extreme backward c.m. cone. Among 82 tracks analyzed, out of
149 tracks traced (total length of the secondaries traced was
20.4 m, and T4 interactions were found), 53 secondaries were
attributed to pions, 18 to kaons, 10 to protons, and one to a
hyperon. The relative composition of the 82 secondaries has a

dependence on the c.m. emlssion angle 8. For 6 > 1750, there

were 7T 7, 9 K, 10 p, and 1 ¥Y; for 6 < 1750, there were 46 7,

9 X, and no baryone° Similar distinction existed for the

Research supported by the National Scilence Foundatlon and the
United States Office of Naval Research.

*This paper 1is based on a thesls submitted to the Department of
Physics, the University of Chicago, in partial fulfillment of
the requirements for the Ph.D. degree (August, 1963). Prelim-
inary reports of this work were given in Bull. Am. Phys. Soc.
II, 8, 293 (1963) and in the Proceedings of the International

Conference on Cosmic Rays at Jalpur, India a (December, 19563).
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average c.m. momenta <p* and the average transverse momenta

<pt> as follows:

<p> (GeV/c) <p.> (GeV/c)

T K p T _ K . P _
6 > 175° 8.5 14.3 26 .20 +.08 .21 % .07 .35 & .11
5<175° L1 1.5 - .32 %.05 .46 % .15
Overall 2.1 7.9 - 26 .31 | .33 .35

The baryons carriéd the average fraction .5 z .2 of the total
available energy in the c.m. system. Concerning the XK/m ratio,
p, distribution, and <p> at 6 < 175°, the hydrodynamical theory
with a critical temperature'ch = mv°2 predicts the correct
behavior. In'this region, the c.m. momentum distribution of
pions is of the form dN « p" dp with n = -.9 * .4. But for

8 ; 1750,'the smallness of <pt> favors an interpretation in
terms of the Helsenberg theory, since this theory predicts

= m ¢ and high K/7 ratio in the extreme backward and

forward c.m. emission angle region.
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I. INTRODUCTION
In‘thé very high-energy nuclear interactions, a large
fraction of the created particles are narrowly collimated in
the direction of the primary incoming particles as a

consequence of the great velocity of the c.m. system of the

'incident and target particles. These events, which are pro-

duced'by high~energy cosmic rays and'recorded,mpstly by
means of big emulsion stacks flown by balloons at the top of
the atmosphere, are known as "jets". There are excellent

1,2 It is well es-

review articles avallable on the subject.
tablished that the created particles (secondaries) are composed
mostly of pions. The exact relative frequencies of occurrernce

of pions, kaons, nucleons, and hyperons are, however, not well

~ known. At accelerator energies up to ~ 30 GeV, thils problem

has been investigated fairly we11,3’4 and the question is open
whether such frequencies remain constant at higher energies.
Two indirect methods have been used to investigate fhis

1,2

provlem. A first approach consists in the measurement of

the frequency'of electron pairs versus that of charged second-
aries in the core of Jjets. Since electrbn,pairs are assumed
to arise frém the materialization of decéy Y rays of neutral
plons, fhe freduency of these electron pairs gives an estimate
of the production rate of neutral pions. .The number of
created charged pions is then inferred, equal to twice the
number of neutral piohs, since charge 1independence 1s expected
to hold in the production process, provided the pions are pro-

duced directly. Then the number of charged secondaries
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subtracted from that infefred for charged pions in a given
solid angle wlll give the portion of non-pionic charged sec-
ondaries. A second estimate 1s obtained from the observation
of the frequency of secondary nuclear interactions prddpced
by neutral particles, which are definitely non-plonic in

origin. Both methods give an estimate of ~ 20% for the fre-

12

quency of non-pionic secondaries at energies above 10 ev.

The direct approach to this problem is concerned with
the identiflcation of the secondaries emitted backward in the
c.m. system of the two colliding nucleons, with respect to
the_direction of the incident particle. In fact, the masses
of such secondaries can be offen established by measurements
of grain density, scattering, and range when they émerge in
ﬁhe laboratory system with energies = 10~GeV.5’6 On the other
hand, the forward-emitted secondaries are too energetic in the
laboratory system for identification by conventional methods.
However, several plausible models of a single nucleon-nugleon
collision suggest that the secondaries in the backward and
forward cones must possess, on tﬁe averagé, overall symmetry
with respect to the center of mass, as to both composition and

angular distribution. Brisbout et g;.7 further attempted to

. estimate the non-pionic portion of secondaries from an analysis

of the tertiary products emerging from the interactions of the
backward-coﬁe secondaries. In their study the tracks of sec-
ondaries were followed for 17 meters and 51 iInteractions were
observed, 32 of which were studied; one kaon and one hyperon
were observéd among the tertiary particles. One unstable

secondary was also reported.
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Tne present investigation follows the above authors'’ approach.
The energy of the jets studied here is in the range of 2 x 1011
eV to 1.5 x 1013 ev. an attempt has been made to identify 149

secondaries belonging to the c.m. backward cone. The large

volume of the stack employed here (22 liter) was used to full

advantage. Net only muitiple scattering and ionization measure-
ments could be performed on very long tracks, but in several
cases the varlation of ilonization along the path of the second-
aries could be detected. In this way 82 of the secondaries
studied could be identirfied.

Finally, several important features of high-energy
nucleon-nucleon collisions are investigated here, such as the
longitudinal and transverse momentum distributions of the -
secondariesdin the c¢.m. system and the dependence oI these

quantities on emission angles and particle composition.

IT. EXPERIMENTAL MATERIAL

1. Properties of the Emulsion Stack

A 22 liter stack of Ilford G-5 emulsion, consisting of

- - Kl
A TS T B ;

at an altitgde of 116,000 feet for thirteen hours, was used
for the present experiment. Meny investigatlions on various
aspects of high-energy phenomena based on the material
contained in this stack were previously r*eporvted.8'15 Data
referring to-the flight curve, the construction of the stack
and scanning procedures are contained particularly in Refs. 8-
and .10.

Severalldetails,~pertinent to the present investigation,
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snould, however, be.mentioned here. The stack was processed
in batches of 36 plates per day by the "dry" method of
Bonettl et §1.16 Three months elapsed between expoeure and
development, whiie the new Ryerson processing plant was built.
The mean grain densities, 8> of high-energy electrons
are shown 1in Fig. 1. The mean grain densities, 8y’ remain
reasonably constant for the group of plates No. 1 - No. 112,
which were processed last. The fluctuation of grain density
for the rest of the plates can be attributed to the setting-
up of the routine in the new processing plant. The trecks of
high-energy electrons were carefully selected from the
electromagnetic shcwers and were estimated to have energies
= 100 MeV, or within ~ 2% of the relativistic plateau of grain
density. The depth dependence of grain density, go(z), cf the

high-energy electrons, on the depth, z, measured from the

glass surface of the emulsion was constructed for several

plates and was tested-using the very highienergy electron
pairs in the cores of jets. Figure 2 shows the typical
dependence of the grain dehsity, go(z), which is normalized by

g, of the plate where g, = f go(z) dz. In spite of the large

variation wlth the depth the mean grain density, g,s wWas

consistently the same over different regions for each plate.
The one-millimeter LRL grid17 was photographically
pfinted on the glass side of the emulsion and these coordinate
readings were used for the range measurements and for aid in
tracing. .The alignment of the grid from a plate to the next

was well within 1/2 mm. The grid system and the "landmarks"
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provided by local tracks enabled about 10,000 traversals of
shower particles and tertiary particles between plates with
abdut 26 impossible cases, which resulted mostiy from crossing
the cut edges which became rugged after cutting.

The stack had two shortcomings: (i) No systematic

measurements of thickness of the emulsion prior to development

were made. (ii) The density of the emulsion during the flight

is not known. Thus, all the plates in the stack were assumed
to be exactly 600 um before processing and of the standard
density, 3.815 gm/cme. The results of the present experiment,
howevér, mostly based on measurements of multiple Coulomb
scatterings and ionizeation, are particularly insensitive to
variation 1in such parameters, at least within the limits known
for typical emulsion stacks.
2. Scanning

Each plate of this stack was scanned with 22X oll objec-
tives and 12.5X oculars for groups of parallel and minimum-
1onizing tracks along scanning lines defining 15 c¢m x 15 cm
squares. 'Erom about 2,000 groups of associated shower tracks
that were found on the scanning lines, all showers having more
than ten‘pafallel tracks in 6ne field of view were traced back

10

to their origin. The scanning criterion corresponds to a

lower limit of aboﬁt 100 GeV for the energy contained in the
electron-photon component of the showers. A total of 120
nﬁclear interactions (78 p, 6 n, 27 o, and 9 H) were found.
Among 84 p or n events, 57 -events with dip angles less than
¢ 21.% Jsa1nd

170 were analyzed and reported by Barkow
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reported the results of the analysis of 17 a jets with dip
angles less than 20°,
3. Selectlon of Jets and of Tracks for Analysis
Among these nuclear interactions, 22 jets of proton, a,
or neutral primaries, which satisfied the following criteria,
were chosen for the present study:
(1) The primary had a track length of more than 2 mm
per plate. |
(i1) The potential length of the jet axis in the
stack was larger than éo cm.

(111) The number of ‘grey or heavy tracks, N, = 3.
(iv) The estimated energy was greater than lO11 ev.

Condition (i) was imposedlto ensure having secondaries of
favorable geometry, condition (ii) givés the secondaries more
chances to interact in the detector, condition (iii) selects
either ﬁrimaries' collision with hydrogen or with emulsion
nuclei in which the effect of collisions with more than one

nucleon is minimal. The relevanl data o6r these events are

- listed in Table I. Indicated are the event number, the type

of jet in accordance with the standard nomenclature (ns

corresponds to the nﬁmber of secondaries with the normalized

18

cast’ the

grain density g* < 1.5), the Castagnoli energy E

energy carried by the charged secondaries defined as Ech =

[Z.4 GeV/sin 91] by assuming the transverse momenta of the
secondaries as .4 GeV/c and constant, the track length of
primaries per plate, the spread of the distribution

o= [2(log tan 6, - <log tan Gi>)2/(ns - 1)]1/2)

i
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and the potential length of the jet axis in the'stack.' The
emicsion angles Qi refer to the centroid of the secondaries in

the laboratory system. For most p and n events E and the

cast

particle multiplicities correspond to those given in Ref. 8;.
Only for event No. 63 a new energy estimate is given here. ECh
was calculated from the plot of log tan Gi in Ref. 8. The
seven ¢ events were thoroughly reanalyzed. In all cases the
emission angles of the backward—cone secondaries were carefuliy
remeasured with respect to the direction of the incident |
primary. The plots of log tan Gi for the 22 events, inclusive
of small corrections from the remeasurements, are shown in
Figs. 3 (a) and (b).‘

Out of 501 shower particle tracks, the following were

selected for measurement:

(1) All those belonging to 1/8 of the charged second-

' aries in the extreme baQRWard-cone. Such tracks
were traced to their ends in the stack, regardléss
of dip angles. Four grey tracks with normalized
grain density 1.5 < g* < 3.2, later identified as
protons, were also included in this analysis;

(i1) All tracks of length 2 5 mm per plate, not included
in (1), to cover about 1/4 of the charged second-
aries in the extreme backward-cone. Such tracks
were:traced.

The composite angular distribution of the 22 jets is shown in
Fig. 4. The solid line histogram refers to the tracks contained

in 1/4 of the charged secondaries in the backward-cone, while
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the shaded area represents the portion of secondaries which
were actually traced. 1In addition, the grey and black prongs
of all the primary interactions were also traced to their ends
in the stack. When the secondaries being followed interacted,
the numbers of black, grey, and shower particles in the
secondary stars were carefully determined. Grey and black

tertiary particles from all the secondary interactions were

‘then in turn traced throughout the stack.

Table 11 summarizes the results of tracing secondaries.
A total of T4 interactions was found in tracing 20.4 meters of
secondaries. (The correspénding intéraction mean free path ié
27.2 c¢cm in place of the geometriéal mean free path in emulsion
of 28 ecm.) Twenty-six tracks out of 149 were lost in tracing.
Only one of the four grey secondaries included in the analysis
came to rest among all the secondaries analyzed and was

identified as a 130‘MeV proton.

IIIL. IDENTIFICATION OF JET SECONDARIES

Aside from the rare occurrence of decays in flight or
étrangeness conserving interactions, the systematic identifi-
cation of charged jet secondaries stems from the measurements
of quantities depending on their electromagnetic interaction.
Thus, the mass of a sécondary was determined essentially with
the following two standard methods, which were sometimes
employed simultaneously:

a) The parameter m; in the function g* = f[(Ri/mi)],

where g* is the grain density of a secondary normal-

ized to that for shower electrons, g¥* =,g/go, and Ri
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‘the residual range, was determined by measuring the
variation of the normalized grain density Og* = g*2 -
g*l'at a value of g*l over a distance, ARi = Ri2 - Ril'
This was, of course, possible ohly‘if the thickness
ARi of emulsion traversed.was'large enough to moderate-
éppreciably the energy of the secondary.

b) The mass my in pBg = miyﬁ2 was determined by combining
the value of the DB, obtained from measurement of
multiple Coulomb scatterings with that of the normal-.
ized grain density, g*, which tc a good approximation
is a function'only of the velocity, £, énd not of the
mass.

The function g*‘= ft(Ri/mi)] could be established by measufe-
ments on known particles in the region-of B = .95 (pre-minimum
region), while g* = F(pR) beyond the minimum ionization (trans-
minimﬁm region) is essentlelly predicted on.theoretical groundsg
these funétions‘were then used to attempt particle identifica-
tion. Tﬁe deta%&s of the grain denslty and scattering
measurements are described in Appendix:I.

1. Grain Density Calibration in the Pre-Minimum Region

The grain density in the region .62 < g < .83 was

established using tracks of stopping 7', identified by their

characteristic w-H-e decay. The pions were traced back from
thelr decay point and counting was performed in the region of
residual range from 2 to 12 ¢m. This calibration 1is shown in
Fig. 5 where the solid curve is a best fit to the experimental
points. The curves for kaons and protons.werelderived from the

latter.
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It was poséible to extend the curve further down to the
region of minimum ionization by observing the variations of g¥
for jet secondaries, even 1f they did not stop or decay in the
stack. This is shown in Flg. 5 where the observed variation
in the normaliéed graih density, oVef'an interval AR, 1s fitted
to extrapolate the curves obtained up to B = .95. By this
procedure some of the secondaries were also identified. The
reglion thus calibrated is indicated by dotted curves 1n Fig. 5.
The same symbol is used to represént’points of the same
secondary. '

2. The Theoretical Grain Density in the Relativisti;lRegion
: The average energy loss per unit path by lonization of a
singly charged particle of‘velocity‘ﬁ in unit of the velocity

of light ¢ may be expressed by the modified'Bethe-Block

formulat? 23 ‘ M
UL T BB 2y )
meTpT @ :
where
ng = number of electrons per unit volume
m = éiectfon mass | .
y = (1 - g3V
®w = average ionization potential of atoms in the medium
T = maximum energy transfer to an slectron; for a heavy'
narticta o7 |
(72 - l)mic2

= mi/2m + m/Qmi + v

the correction for the density effect.

Al

But as stressed by many authors, e "restricted" rate
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of energy loss, Ir’ which is to be compared. with grain density

in emulsion, arises from absorption only in AgBr crystals along

the track, and can be expressed as

2wnée4' 2m026272To 5 o
I,= 55 (1n - BT - DY) (2)
; mc B :

w'g

where To is the maximum energy of‘delta—rays which are contalned
in the dimension of a single grain. Thé dashed quantities refer
here to AgBr. The correction A' for the density effect, which *:'
is very critical for the present purpose, is approximated by

the analyﬁical expressions given by Sternheimer25’26

a' = 1ng%y2 + ot o+ L0235 (4 - x)*03 for .30 < x <4
AV = lnazyg + C! ' for x > &4 - (3)
where . ‘ . -
X = logloﬁy; c!' = —1n[w'2/(hvé)2] - 1; Vé = Vnéeg/ﬁm
" So I. in Eq. (2) becomes
4 2
2mn'e 2me~T : : o
I, = —> [In o- B%+ 1 - .0235 (4 -'x)*"93)
mc“R (hv!') :
: p ' for .30 < x < 4
and the asymptotic plateau value Ir(B = 1) becomes
‘QWnéea QmCQTO
I(f=1)=—5—1n 5 (4)
o . me (hvé) :

where there is no longer a dependence on the ionization
potential as such,_bﬁt only on the electron density né in the
medium linearly and through the plasmaifrequenéy Vé. Then the
theoretical expression g*¥* = Ir/Ir(B = 1), which is to be

compared with the normalized grain density g%, 1is given as
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2
2me T i
1n 'z—h—-'—)—% - ﬁ2 + 1 - .0235<4 - X)L"'o3
. \Y
. _L p ) .
g2 2mc2To
2
(nv})

This expression predicts that the grain density should increase

agailn to an asymptotic plateau value after passing through a

broad minimum around Bmin = .954, The existence of such relati-
vistic rise to a plateau was first detected by Pickup and
Voyvodic27 and subsequently confirmed by many observations.28'3l’5’6

Shapiro and Stiller29 made a detalled comparison of the rate of
relativlistic rise with theory, and obtained a very good fit to
the curve which included the density effect function elaborated
by Sternheimer.2? The comparison of Eq. (5) with experiment

depends critically on the knowledge of the mean ionization

potential o' for AgBr. The value for this quantity chosen here

26
24

For the electron

3

1s w' = 574 eV as given by Sternheimer.

density in AgBr the value né = .83 x 10 has been

20

electrons/cm
used, but the knowledge of né is not ver& critieal_for the

present ekperiment, since Eq. (5) does not depend on n, any more
except through the weak dependence on the plasma frequency. The

parameter TO is usually determined by the ratio between minimum

.and plateau grain densities. As will be obtained in the next

section, g*%min = .81 for the present experiment,'which

determinesee value To.= .9 KeV.

3. The expefimental Relativistic Rise in Grain Density
The experimental ratio between the graln denslitles at

minimum and plateau ionization, respectively, was determined in

J—
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(1) that this discrepancy is soiely due to thevaérenkov
contribution, which is believed to saturate very early around
v = 20 and (1ii) that the estimated theoretical g* is accurate
to less than a percent in this region, the above estimate .
follows. Of course, 1t should be kept in mind that the
scattering measurements might have given an underestimate of joa
because of spurious scatterings. If this were indeed the case,
any difference between experimental points g*-pf and the
thecretical g¥ would disappear, thus, reducing even further the
above upper limit on the Eérenkov contribution.
4, Identity Assignments

Out of the 149 secondaries traced, 13 secondaries were
identifiéd by method a) alone, 4 secondaries by the combination
of both methods a) and b), and 65 secondaries by method b)
alone. Method b) was used only for those secondaries which had
track lengths = 6 mm per plate and did not interact within 5 mm

from thne parent jet. Altogether, the analyzed portion is 55%

of the traced; i.e., 82 secondaries out of 149. Figure 7 (a)

4shows, by a shaded histogram, the angular distribution of the

secondaries which were analyzed; Figure 7 (b) shows the
distribution of track 1¢ngth per plate for the analyzed sample;
and finally, Fig. 7 (c) shows the distribution of the total
track length tfaqed for each secondary.

Method a) was used on the basis of Fig. 5. If a varia-
tion in g* along the path of a secondary was détected, a fit
to each curvé in Fig. 5 was attempted. The best it to one of
the curves for a given OR gave the ideﬁtity of the secondary.

The calibration of the g¥-pg function of Fig. 6 provides the
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tne fol
a proton primary (8 TeV, v = 8.5 x 103) was 6bserved'to be
B platean = 1.028 & .024, where the normalization is relative
to the electron grain density gt Y = 200. The grain density at.
minimum idnization'was détermined frém'several of the measured
pion secondaries. - This corresponds to g*min = .84 £ .01. The
observed relativistic increase is then (23 % 3)%. This result

is compared 1ln Table III with similar ones in previous
experiments.

The theoretical function Eq. (5) of the previous section,
for the choice of the critical parameters already described and
for the trans—minimﬂm regionAonly, is reprpduced in Fig. 6,
where 1t 1is nofﬁalized to fit the expefimental g*plateau° The
pre-minimum part of the curve in Fig. 6 corresponds to the best
fit of the g* versus R plot of Fig. 5. For this translatioﬁ,v

use was made of the range-energy relation of Barkas.32 As can.

be seen, the experimental points g¥-pf follow quite satisfac- |

26

torily the slow rise to the plateau predicted by Sternheimer
and in this sense agree very well with the observations of
Shaplro and Stiller29 aﬁd 6f Barkas,3l | | |

The contribution from the Cerenkov radiation, whilch was

estimated by Sternheimer25 and Allen33 to amount at most ~ 2%

of the total increase of ionization from the minimum to the

‘plateau, was not included in Eq. (5) of the previous section.

The upper limit of this effect may be set to less than ~ 5% from
the present experiment. In fact, the experimental points of Jet
secondaries around vy = 20 1lle, on the average; at most a percent

higher than the predicted g* curve of Fig. 6. Then by assuming
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pasis for identification by method b). As can be seen, a large
number of polnts cluster around the pion curve, while several
fit the kaon curve better. Pilons were distinguished from kaons
and protons in the’region where the curves intercept, fbr.the“
absence of a variation in g¥*. 1In any case, for eéch event the
relative probability of it belonging to either identity was
estimated and an assignment made. The identity assignment of
the 82 secondaries (excepf 3 protons of g* > 1.8) by all methods
is illustrated in Fig. 6 where the black filled circles repre-

sent pions; the open circles, kaons; the open squares, protons;

-and a filled square, a hyperon, identified by its decay as will

be reported elsewhere,34 Thevsecondaries, identified by method
a), are reported in Fig. 6 with the same symbols as in Fig. 5. |
It should be pointed out that three kaons and a proton were

separated by the combination of both methods a) and‘b) from the
pioné in the trans-minimum region. One of the three kaons also

produced a mesic hyperfragment.

IV. EXPERIMENTAL DATA

1. Compositlion of Secondaries

Among the 82 secondaries analyzed, 53 were attributed to
pions, 18 to kaons, 10 to protons, and ohe to a hyperon; this
corresponds to relative frequencies of production of (65 * 9)%,
(22 + 5)%, (12 = 4)YF, and = & 7T et
errors quoted are only statistical. Table VIII in Appendix II
shows a breakdown of identity)assignments for each event. The

identity of a hypéron will be reported elsewhere,34
The degree of discrimination between particles in the
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present set of data 1is showﬁ by the two histograms in Fig. 8.
The upper histogram of the two 1s the mass distribution of the
82 secondaries by.fdlding the errors of g* and pB, while the
lower histogram shows thé mass distribution of the identified
secondaries when no errors in measurenents of g* and pR were
assumed. - The mass values were.calculaﬁed strigtly with ref-
erence to the'tbéoretical g*-pp curve of the pion for both
cases. The similarity of shape and width in the distributions
of the two hiétograms in Fig. 8 shows consistency in errors of
measurements adopted.

It is realized that the separation is not very clear and
the wrong identification_is quite possible‘espécially(for those
secondaries which lie in‘the'intermediate regions between the
peaks in the mass distribution in Fig. 8. An uppef-limit of
contamination is estimated at ~ 10% of the so-called kaon and
proton samples.

With the help of E 'in Table I, the emissidn»anglevof

cast
each secondary was transformed into the c.m. system. The rela-
tive composition of the secondaries was found to be dependent
on the c.m. emission angle & as shown in Table IV,
2. C.M. Momentum and. Transverse Momentum -Distribution

- The results of the Lorentz transformation to the c.m.
system aré shown in Fig. 9 where the transverse momentum of the
jet secondaries 1s plotted versus theirAlongitudinal momentum.
Figure 10 shows the momentum distributions of pion and kaon,
where the shaded portiqn represents the secondarles with c.m.

emission angles 2.1750. The average c.m. momenta of the plon

and kaon are 2.1 GeV/c and 7.9 GeV/c respectively.
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The ratios of the c.m. energy of the 11 baryons (10
protons, 1 Y) to half the available energy in the c.m. system
corresponding to each primary, can be'defined as an index of
"persistency' for the baryons; Table V lists the track number,
c.m. energy, half the total available energy, and index of |

persistency of the 11 baryons. The average of this index thus

obtained (excluding 12-1) is .5 % .2, which should not be

influenced by the inaccuracy of the primary energy estimate.to
a good approximation. Inconsistency that the track 12-1 has
an index of persistency 1argef than 1 might_have resulted from
the wrong assignment of mass for the track.

The least square fit of the pion momentum distribution,
for c.m. emission aﬁgle 6 < 1750; to the form dN « ﬁn.dﬁ gives

n= -.9 % .4, | (6)

and tﬁe best fit 1s drawn in Fig. 10. '

The average trans?erse momentum of the secondaries has
been glveéen special attentioﬁ,35 since it has been known to bé;
amall and reasuvnably constant tnrough the wide range of primaﬁy '
_energies. Figure 11 shows the transverse momentum distribu-

tions of pions, kaons, and protons where the shaded portions

are for the c.m. emission angle 6 > 1750. The avérage trans-

verse momenta of pions, kaons, and protons obtained from the

present experiment are .31, .23, ar? -7

R 4

momentum pt = 1.3 GeV/c. Figure 12 shows.the transverse

momentum distribution according to theAc.m. emissidn angle ©.

The angular dependence of the c.m. average momenta <p>

e rebn e e €4
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and transverse momenta <pt> of pions, kaons, and protons are
iisted in Table VI. The numbers in the bracketé in Table VI

are the average percentage ratios of the c.m. energy to half

the total available energy for secondaries in the given

angular intervals where the ratios areé not influenced by the
inéccuracy of the primary energy estimate to a good approxima-
tion. It shouid be emphasized agaln here that the secondaries
analyzed in.the present experimené were selecfed from the outer-
cone particles in the laboratory sysfem, thus, the average
values in Table VI are preferentially weighted over the large
c.m. emission angles. The decrease of the transverse momentum
in the extreme c.m. emission angles was noted by J. Pernegr

1.36

et al
V. DISCUSSION

l. Observed Features and Theories for Jets

The bresent experiment has investigated the folléwing‘ -
features of high-energy. jets; (i) composition of produced
particles, (ii). the transverse momenta of different secondary’
particles, and (iii) the c.m. momentﬁm distributions of
different particlesi These features are found to be dependent
on the c.m. emission angle. The index of peréistency, P, 1is
related with (iv) inelasticity of interactions, n, as P = 1 - 7.
Besides these,'previous extensive investigations of jets have
yielded other features such as (v) variation of multiplicity
of the produced shower particles versus the energy of the pri-

mary and (vi) anisotropic emissidén of the secondary particles

in the c.m. system. So far few attempts have been made to
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measure (vii) the total and elastic scattering cross sections.
Investigations of some features, listed above, suffer from the
inaccurate estimate of the primary energy itself.

There have been many theories proposed to explain

partially or totally the observed features, listed above, such

38 40

as Heisenberg's,37 LOW's, Fermi's,39 Landau's, and

41

Bhabha's. There also are phenomenological models proposed

to explain certaln parametric features, such as the two-center .

model,11L2 the tunnel model,43 and the two-fire-ball model.uu

Recently Peters' hypothesis45 draws much attention. Amati et

h
21.%% developed a field-theoretical model for the multiple

production of particles.
The three features (i) - (iii) of the present experiment
could be studied only for two intervals of c.m. emission angle

as tabulated in the Tables IV and VI; i.e., for 6 > 175° and

6 < 175O¢ In the following section, it will be discussed that

40, 47 -54

the hydrodynamical theory describes the observed

features consistently, as far as the K/r ratio, p. distribution,

ct

and <p> at 6 < 175° are concerned. In Sect. 3 the Heisenberg
theory37’55 will be favored for interpretations of the small-
ness of <pt> and high K/m ratio in the extreme c.m. emission

— N
angle 6 = 175°. Landau theor:frO and Heisenberg theory37

are
two extreme cases of laminar flow and turbulent flow, respec-
tively, in the hydrodynamical system°56 So the intermediate
theory between the two extreme theories or the application of
two theories to the different c,ﬁ, emission angles might be

necessary to .explain the overall properties of jets. (See the

Sect. 4.)
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2, Data fof 6 < 175O in Terms of the Fermi-Landau Theory

The basic assumption of the Fermi-Landau theory was first
proposed by Fermi and later modified by Landau. When the two
very fast nucleons collide, the energyAin the ¢c.m. system is

released in a very small volume
2
. 2m, ¢
_ b4 A3 58
Q= §(m c) = (7)
o)

where my is the nucleon's mass and Eo is the total energy of
the two colliding nucleons in the c.m. system, and the Lorentz'
contraction in the direction of the nucleon's motion is taken
into account. The nuclear interaction is '"strong"”, the
interaction volume Q is.small and the energy distribution will
be determined by statistical laws. Fermi originally took this
initial stage of statistical equilibrium as 'frozen" and the
obsérved final state of multiple production process reflected
just such equilibrium. Landau modified the view to that the
observed numbgr of particles in a nuclear interaction does not
correspond to the first stage of statistical equilibrium but to
the second stage when a critical temperature has been reached.
Namely, when due to the expansion of the sysfem the mean free
path of the created particles becomes comparable with the
linear dimension of the system and their mutual interactions
decrease  sharply. In the process of expansion the system can
be visualized as a relativistic hydrodynamical system, since.
the mean free path remaihs small compared with the dimension of
the system.

Acéording to the theory, the particle density of the

Boson gas p at the Qritical temperature,€Tc, at a certailn

<oty
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section of the system 1s expressed by

8)
_ 2 3 2 ‘
py = (83/21°) (KT /cH)> F(m;e®/kT,)
wnere , .
s ) = x 5 ; Kg[(l + v)xc]
c ¢y o (1+V)
- 2 fe

X, = mc /klc,

gy is the statistical welght of the particle of mass my and
48, 57

Kg(x) is a modified Bessel function of the second order.

The Ki./vri ratio as predicted by Eq. (8) as a function of
_ 2 2 ] v + ‘-

x, = m.c /ch, is shown in Fig. 13 where g & = g % = 2 is

assumed. From the present experimental ratio of the number of

charged kaons to that of chérged pions, .34 % .0G,

kTC = (1.3 & .2)mwcg. . A' (9)

6 < 175° is considered (9/46 = .20 * .07),
then .
_ o .18 2
kT, = (.93 % °l5)mvc . (10)
''ne hydrodynamical theory further predicts the energy

density of the produced Boson particles at a temperature T as

e, (1) = (gikT/ng)(kT/c%)3 G(micg/kT) 5 (11)
where .
() 5 @ . 3K2(<1 + vV > x) ( )
Gi{x) = x > 2= [ + xK, (<1 + v > x ]:
veool+V T+ v 1 _
X = micg/kT,

and Kl(X) 1s a modified Bessel function ofithe first or‘der‘.l’ta’j7

So the energy per particle at the critical temperature, Tc,

becomes
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g = € (T,)/ps(T)

ti

KT G(micg/ch)/F(mice/ch). (12)

A greph of this function at various X, = mvcg/ch’is shown 1in

Fig. 14 for kaons and pions, as calculated from Refs. 48 and 57.

L1so shown 1s the ratio of EK‘to Ev, which stays around unity
5 )

for ch >> mvc » and goes up, in a complicated manner, eventu-

ally to 3.54 = mK/mTr in the non-relativistic limit. The overall"

average momenta of kaons and pions (<§K> = 7.9 GeV/c, <5W> =

2.1 GeV/c) are rather large when Eq. (12) gives Ek = .77 GeV

and gv = .46 GeV at ch = mﬂcg° This would immediately suggest

an explanation in terms of higher critical temperature than

mwc2 as seen from Fig. 14. The same situation persists even if

the average momenta of kaons and pions for 96 < 1750 are only
taken into éonsidération° While it may not be ignoredithat the
over-estimates of the primary energies,kin general, result in
those of the c.m. momenta'proportionally through the Lorentz. _

ast V%

be given by assuming that a portion of the fluid, that is

factor Yo

Cast/2mp02, another natural explanation could

responsible for the isotropic emission of pions and kaons -accord-

2 .

ing to Eq. (12), has a c.m. velocity B. While kT, = m c“, the

average c.m. momenta of kaons and pions will reach the same mag-

nitude as the present data for 6 < 175° if E.= .88 (v = 2.1).
Moreover, the ratio of the c¢.m. average momenta of kaons and
plons 1.5 * .5 is consistent with
2 ‘ A
kT, = mc", | (13)
since 1t can be shown that the ratio of average momenta of kaons

gnd pions is approximately Lorentz invariant provided that E > .3

R

et e py—
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and that kaons and plons are emitted isotropically in the
fluid.
The transverse momentum distributions are consistent with

a critical temperature ch ~ m,,rc?° The overall distribution
of pilon transverse momentum shows very good agreement with the

calculations (for'ch = mwcg) of'MileEin and Rozental5oland

Milekhin51 as the experiments of Debenedetti et gl.58 and

Hansen et gl.59 previously showed. ‘The tranéverse momentum
distribution of pions for 5 < 1750 is ' shown in Fig. 15, together
with the theoretical calculations by Miiekhin5l for the two

parameters ch = mvc2 and sinh € = 0 and .5, where £ is defined

as the hydrodynamical transverse velocity at the moment of

break-up. The best fit obtains when

KT, = mw02 and sinh € = O, (14)

which means the transverse velocity at the‘moment of break-up
is negligible. Thus, the one-dimensional hydrodynamicél thebry
gives an overall satisfactory fit to the ‘data’ for this angular
interval. Here it must be reminded that Eq. (6),1is also con-

sistent with n = -1, which is predicted by the hydrodynamical

theory.

3. Data fof 9;2 175° and Their Interpretations

Several disagreemenfs emerge When K/v‘ratio, the average
momenta of pions and kaons, and the transverse‘homenta for
6 > 175° are studied under the light of the hydrodynamical

. +, +
thgoryg The large K"/Wf ratio (9 X versus 7 w) suggests a

. large critical temberature of the fluid (Fig. 13)

| kT, > mvce‘ ; (15)
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¢ = 1/3 (18)

o]
from an analogy with the black body radiation. But it turned

out that when

cZ=0 (19)

o)
the hydrodynamical description becomes equivalent to the

Heisenberg theory. Since the data for 6 > 1750 in the present
experimenb favor an interpretation in terms of Heisenberg

thebry and those for 6 < 1750 in terms of Landau theory, then

it might be concluded that cg elther varies according to the

c.m. emission angle or is some number between 0 and 1/3. But
it seems clear that the two views are sufficient to describe

the parametric features observed in the present experiment.

VI. CONCLUSIONS

The'present experiment has made full use of the large
dimension of the stack, which revealed extremely valuable both
in the tracing of tracks and in the observation of the gradugl'
change of ionization as the secondaries traversed thelblock of'
emulsion. Moréover, the local normalization of the grain
density to tﬁat of hiéh—energy electrons and.the large
statistiés of grain counts contributed to improve tﬁe method
of identity assignment. The presént experiment shows good
agreement with the theory of ionization.loss in the trans-
minimum region, to an extent which enabled discrimination of
kaons from pions up to pf of ~ iO GeV/c.

Among 82 secondaries analyzed; the composition found
consisted of 53 pidns, 18 kaons, 10 protons, and one hyperon.

The average c.m. momenta were 2.1 and 7.9 GeV/c for pions and
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kaons respectively in the solid angle analyzed; the transverse
momenta were .31, .33, and .35 GeV/c; respectively, for pions,
kaons, and protons. The overall resuitsAof the present experi-
ment may be roughly accounted for by the hydrodynamical theory
with a critical temperature kTC = mﬁc?; consistent with the
observed average K/ ratio and ﬁhe transverse momenta.

The baryons carried, on the average, a fraction .5 *..2
of the avallable energy per nucleon in the c¢.m. system of the
collision. This method, if refined further with better statis-
tics, 1s a good means of measurement of inelasticity of nuclear
interaction of high-energy jets since it 1is not affected by the
accuracy of the primary energy estimate to a good approxima-
tion. From analysis of the four-momentum transfer of the 11
baryons by assuming that the identilfied baryons ére surviving
target nucleons, it has been inferred that the peripheral or
multipheral modelsu'6 of high?energy.interactions disagree with
the observation of \/755 = 1.1 GeV.62, This conclusion may
coincide with the central character of inelastic nucleér
processes, deduced from the present experiment.

Even if the number of tracks analyzed 1s small, the
qualitative structure observed 1in the extreme backward reéion
of ¢c.m. emission angle is éonspicuousa The observed features
are as follows: (i) for 6 > 175°, there were 7 7 9 X, 10 p,
and 1 Y; for 8 < 175°, there were 46 7, 9 K, and no baryons;
(ii) for 6 = 175°, the average~c°m. momenta of pions and kaons
were 8.5 and 14.3 GeV/c respectively;Afor 6 < 175°, they were
1.1 and 1.5 GeV/c respectively; (iii) for 6 = 175°, the trans-

verse momenta were .20, .21, and .35 GeV/c, respectively, for
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picns, kaons, and protons; for 6 < 175°, those of pions and

@)

kaons were .32 and .46 GeV/c respectively. And the increase of
transverse momentum with the mass of the secondary particle is

noticeable.

For the observed features in 6 < 1750{ the hydrodynamical

theory with ch % mvc2 describes consistently except the fact

_that the average c.m. velocity of the fluid that is responsible

for the isotropic émission of mesons must be assumed. around B =
.88 (7Q= 2.1), to get the magnitude of the average c.m. momenta
observed. The fact that the c.m. momentum distribution of pions

is the form AN « ﬁn dp with n= -.9 = .4 supports this view.

But for 0 2z 1750 the transverse momenta become smaller, the c.m.

'momenta larger, and the K/ ratio is around unity. So for the -

latter region, interpretations in terms of the Helsenberg theory
are favored. |

The existenée of severai.Very highrenergyusecondary mésons-
in the extreme c.m. angle must be examined with better statis;
tics. These mesans may be the decay products of the "persistent”
excited nucleon states. Or phenomenoldgically{ they may have |
the function of the energy carrier,vwhich is built in the hydro-“
dynamical theory to carry away about a half of-the évailablét
energy in c.m. System.49

The theoreticai correlation between the two extreme views
were discussed by.Milekhin.61 The consequences of the present
view that both the Landau and Helsenberg theories might con-
tribute may yield a'variation of the multiplicity of shower
particles né as a function of‘the brimary énergyAEo of the form:
/4 Ly Ecl>/2 '

= a kK
nS EO

¥
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where & and b are constants. The total cross section of
interaction would increase slightly by consequence of the
Helisenberg part. The ratio of kaon production to that of pion

would not vary -very much from the known rate of production at

accelerator energies.
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APPENDIX I

AN

1. Grain Density Measurements
Grailn couhting was perforﬁed with 53X objective and
12.5X ocular. As discussed in Chapt. III, the convention for
counting is very critically relevant to the ratio of the
plateau-to the minimum, which, in turn, sets the 0-ray energy
limit Tb. In the convention.adopted here, those grains which
were not strictly aligned with the particle path, were rejected
in counting, but even small gfains were counted if they aligned
well. 'Repeated observations of the grain counts over the same
track by the same observer showed conslstently the same value
within 0.2% over a substantial elapse of time. The grain
density was not measured within 1 cm from theAplate edges.
Unfortunately, the grain density varied from one plate to an-
other and had a dependence on the depth Qf emulsioﬁ as alrezdy
shown in Figs. 1 and 2. The grain density of a secondary, g,
was normalized to the average grain deﬁsity of high-energy
electrons, 8o° This . procedure was carried out effectively by
counting ﬁhe grains through a whole plate from the glass bottom
to the air surface'of the emulsion, both for the secondary andl
for the high-energy eiectron‘tracks. This normalized grain
density, g% = g/go, was obtained by individual observers to
eliminate subjectivé factqrs in the couhting procedure. The
grain Qensityuof flat sécondaries was normalized to that of the
highjenergy electrgns ét the same depth_of the emulsion in the
vicinity of the secondary, afﬁer constructing a curve simllar

to that shown 1in Fig. 2. The elctron tracks were carefully




TN

Non ety ey

AR A o) b

gl (g

-38-

selected and low-energy tracks were discarded. The radiative

, 6 . . . ,
correction 3 was inferred as negligible from the measurements

of the normalized grain density of the highest-energy elec-
trons in the cores of jets (y = 4 x 103), g% = .99 £ .03, where
the normalizing procedure was the same as for the secondaries

by using the shower electrons (v ~ 200). The average grain

density of shower electrons, go, from different showers in a

given plate showed consistently the same value. The values of’
g% for the same traék for several successive plates usually

showed good regularity. Errors on-g*, Ag¥, were taken as

Ag* = /1/N_+ 1/N
g &q
where N_ and N are the number of grains counted, respec-

. O . .
tively, for the secondary and high-energy electron tracks.

2. Scattering Measurements

i

The multiple scattering meésurements were made on
Koristka R-ﬁ and MS-2 microscopes'withAiOOX and 90X objectives
with a total magnifying power of about 1200X; the microscope ‘
iamp was always turned on two hours before measurement. Scat-

tering measurements were not performed if the secondary was

within about 4 cm.from the plate edzes. The standard Sagitta

methodgo’21 was used to obtain pR. For the present experiment

the value of the scattering constant K was taken to be 26.7,

27.6, 28.5, and 29.3, respectively, for 250 microns, 500 microns,

1000 microns, and 2000 microns cells.64 This value K refers

to = 1 with the cutoff procedure, which means that the second

differences that exceed the values of four times the average

are eliminated in the next average-taking procedure. In

}%—.a.&;-mﬂ TSIV < e AN TS Bt e taeond e ki 255 b e, T b, .
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practice, the measured second differences, <D (l)émeas_,
contailn contributlons from effects other than multiple Coulomb
scattering. Among these effects65 the combined effects of
stage nolse and reading noise were estimated from measurements
of second differences on a Bausch and Lomb straight line. The
combination of spurious scattering with the stage noise, read-
ing noise, and grain noise were estimeted from scattering
measurements on flat primary tracks of high energy. Results
of these measurements are tabulated in Table VII. As seen in
this table, while the stage noise is almost independent of the

cell size, other listed noises are probably due to small grad-

.ual distortions of the plates in packing and due to the

differential shrinkage of emulsion during processing. Some"’

effect might come from the fact the average second differences

listed for larger cell lengths resulted from taking completely

overlapping second differences from the measurements fof the
basic cell length rather ﬁhan taking fhe direct measurements
for the actual cell lengths.

The.noise elimination was carried out on the assumption

that the noise contribution, €, is independent of cell length,

as follows: . ‘ -
| >2 . 2 K(l)tlj/g 2 |
(1) meas. = ¢ * sz . (20)‘
where <D (1)>m'eas is the average second difference of the

basic cell length £y

3/2 :
- 2, K n)n3 (K(l) )2

2
(
(n.) meas. KZ(1) 573 pB

(21)

where <D2(n)>meae is the average second difference by the

P S S T
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completely overlapping procedure of the cell length ntl.' Then

‘from Egs. (20) and (21)

S K(1)t,°/2
(1) = 35—

.

2 IR |
ﬁ (n)> - <D (1)>
_ 2 meas. 2 meas. | (22)

SEm)/£(1)%3 - 1 "

The basic cell length used was 250 microns or 500 microns in

this experiment. The errors of the final values were processed

according to Di Corato et gl,,66 whose methods were based on the -

theory of D'Espagnat.67 In most of the cases the actual errdr
is
the number of second differences of the basic cell length. For

each secondary, thée two sets of values of pp and 1its error were
' oand < Da(1) Zaeas. )
< > ) n
processed by a combination of D2(2) meas.Aor by that of

<D2<4)?meas.'and <D2(1)>meas. through E?e (22), and»they_were..

examined for consistency of measurements. In a few cases, whe.‘

the two values of pp of the same secondary, which were thainéd
as described above,'were not in agreement withinﬂtheir errors,

then the value of pp and its error, which were obtained through

the conbination of n = 4 and n = 1 values, were adopted. The

third differences were processed in the similér way to get pB;66
The average ratio of pp deduced Ifrom the third differences and
that from the secohdary differences on the same track were .99, -

which shows, on the average, there are not serious distortions

in the stack. All these values of pB were.also tested of their

consistency with those that were obtained independently by

eliminating the total noise assuming the noise of the
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corresponding cell length listed in Table VII.
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TABLE I

Events Studied

g3

Potential

Event - Boast ‘Dip Jet Axis
No. - Type - (Tev) Ech | g mm/p (cmj
b o2+ 17, 5.7 5 .93  10.5 26
5 2 + 5p - 4 - 3.4 25
8 0 + ula 3.3 4,2 .84 218 25
9 1 +'11p .60 .22 .16 2.9 45
12 2 + 23p 9.9 3.7 1.03 3.2 32
13 3+ 33p. 2.5 2.2 .76 .6 40
23 3+ 18 5.4 .93 .71 2.4 44
28 1 +.23p 3.0 3.4 .98 . 11 31
41 3+ 15 .24 14 .71 3.7 23 .
46 3+ 41 .33 .78 Y 2.8 31
47 2+ 145 12 1.8 .92 293 43
4g 0+ 9, 1.7 .43 .81 14.8 30
59 3.+ 68, 11 ' 5.9 .69 7.6 60
- 63 2 + 20, 6.6 1.7 .65 6.1 37
72 .1 + 27p.1 15 1.8 - .65 2.6 21
77 3+43, .67 1.3 T4 47.3 22
109 1+ 20, 2.8 . 66 .57 2.0 35
113 O + 4 - 8.2 - 7.2 o4
116 0 + 8p .23 58 .49 782 44
117 0 + 17p 1.5 70 .67 - 4.3 32
118 0+ 21p .15 2.2 .69 476 28
120 2 + 23p 6.2 3.2 T1.11 2.1 34

Average 5.2 2.2 1T
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TABLE II

Tracks Traced

Numbers Length
Event Inter- Out of Followed -
No. Traced acted Stack Lost ' (cm)
Y9 22 5 1363 e e hecduots
5 1 1 - - 6.3
8 17 10 5 1 269.5 A prion scatters 4.5°
9 3 1 2 - 50.6
12 76 1 . 75.4
13 7 3 2 2 174,9
23 3 2 1 - 51.0 |
-8 5 5 1 5 33.3 ittfigg zgatters 13.3°
41 4 1 12 29.6
46 5 2 1 2 104.4
47 6 3 1. 2 63.7
49 Ty 3 - 136.6
59 16 10 6 - 267.9
63 y 1 2 1 10.1
72 5 3 1 - qi. b4 A proton stops
7717 5 10 2 164.9 gtt?g°§m3°atte?5 11.2°
109 4 3 1 - 110.5
113 4 31 - 40.2
1116 5 3 1 1 63.9
117 5 3 e - 76.1
118 9 5 2 2 109. 4
120 5 . 1 - i 21.1 & hypércn decays in flight
149 T4 46 . 26 2040.1
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- TABLE III A
The Ratio of the Asymptotic Plateau Value

to the Minimum Grain Density

Highest Y

Author " Ratio ppe O o
Pickup et al.%  1.10 G-5 ~20
Morrish® 1.05 G-5 ~25
Daniel et al.® 1.10 G-5 ~20
Shapiro et al.@ 1.14 + .03 G-5 3400

(1.16 £ .03) , (>300)
Alexander et 21.©  1.133 * .008 G-5 ~500
Eqwards et al.l 1.08 . (6-52) e
Patrick et al.®  1.18 . K-5,G6-5 1400
Present work 1.23 £ .03 G-5 - 10t

b

8Ref. 27; PRer. 28; ®Ref. 5; YRer. 29; SRef: 30;

fRer. 6; BRer. 31.

TABLE IV

Relative Composition of the Secondaries versus 6

Range of C.M. .mwmm. Mormhers
AL .f PRl AT T
et LR - o a ..QJ.:‘bV«-. Pa—_—
6 2 175° 7 9 10 1
6 < 175° L6 9 - -
Overall 53 18 10 1

i .
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TABLE V

Index of Persi

stency

T§§?k Ldentity Egégéy mpycast -Pi?gigtg;cy

4-15 p 15.1 GeV 52 GeV .29

8-1 p 29.3 39 .75

8-28 o) 8.6 39 .22

9-1 D 5.1 17 .30
12-1 p 73.9 68 1.09
13-1 p 8.5 35 .24
41-2 p 7.8 10 .78
59-2 o 17.3 72 .2k
72-G1 p 66.7 83 .80
109-7 p 10.8 37 .29
120-1 Y 38. 4 53 72

Average ' 25.6 (Excluding .46 = .15
12-1) =
TABLE VI

Angular Dependence of the Average C.M.

Momentum and Transverse Momentum

Range of C.M. <p>(GeV/c) <pt>(GeV/%)

Angle ) T K P T K ol

6 =175° 8.5 14.3 26  .20-x .08** .21 * .07 .35 % .11
(11%)* (23%) (52%) I '

6 <175° 1.1 1.5 .32 £ .05 .46 £ .15 -

(3.6%) (9.7%)
Overall : 201 . 709 26 031 033 035
*Average precentage ratio of the c¢.m. energy to half the

total available energy in the c.m.
k23

system.

Errors are only statistical.
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The Nolse Level by Second Differences

TABLE VII

in Microns

Cell Length

By Primaries

By Straight Line

t in MS-2
250 microns .107 £ .003%*
500 .112 = .008
(.12 )x (.059 = .008)
1000 .165 £ 017 o
(.160) (.078 * .014)
2000 .298 + .079 ,
(.240) (.086 * .022)

1

*
Errors quoted are only statistical.

\: N

TABLE VIII

* 3¢ '
The numbers in the brackets are for MS-2.

Breakdown of Identity Assignments

Tracka

Iden- Method

Mo  -ten 6, &f  sR(em) “:gg PP Tiity used Pt

4-3 . ,043 .95i.02. - - . 9.6 £3.9 K b) .413
4-12  .008  .96%.04 - - 6513w ) o2
4-14  .105  ,92%.03 23 1.07#,06  .71F :gg K a),b) .086
415 11 94,03 - - 1.3 flzg p b)) .167
4-16  .175 .93%.03 23 1.01x.04 1.0 f :g "K~ a),b) .194
4-17  .232  .97¢.03 - - 2.4 113 1 b)) .53
8-1 1.08 1.88+.06 2.6 2.28+.07 37% .02 p &)  LUTT
8-4  .153 .91%#.03 . - - 1.01% .25 7 o) .184
8-5 | .161 . Gox.04 - - 2.53t .51 7 b)  .403
8-6  .070 - ; 2.51% .50 o) .176

.97+.02

2.51%
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TABLE VIII

(continued)

Track

Iden- Method

No. tan ei gi AR(cm) g% PP ‘tity used *t
8-7 . 067 93+.04 - - . 2.9 = .7 T  b) .194
8-8  .082 .96%.04 - - 4.5 £1.6 7 b) .368
8-9 .059 89,04 - - 4.3 1.2 K b) . 255
8-10 .048  4.97.02. - - 5.6 ¥1.1 7w b) . 269
8-11 .036 .94i,02' - - 6.1 :1.8' b) 184
8-26 .049  .97%.03 - - 2.7 .5 7 b) 132
8-28  .097  .86%.02 - - 2.0 2 p v .20
8-29 .142  .91.04 - - 1.9t 7 b)) Loe8
g-1 139 1.32%£.05 20 1.72%.06 72% .03 p a)‘ 101
12-1- 3.96 1.68x.06 9.3 2.45:.07 © .47+ .01 p a) 729
12-3 .183  .92+,03. - - 2.2 % .7 T 'b) 357
12-19 .23 Bht.02 - - .78% .21 7 b)) .178
12-22 .21 .93%.02 - - ’2,4 £ .4 7 Db) .494‘
13-1 205 .94£.02 26  1.16£.03 2.1 £ .4 p a),b) ..456
13-26  .115  .86%.02 - - . 3.5%+.6 K b) .40k
13-29 20 .96%.02 - - 3.3 #1.0 =«
13-31 75 fen T o
b1-2 L966 2.47.07 3.3 3.2 £.14 295,002 p a)  .395
§1-14  .324 1.59%.05 - - .35+ .14 K b)  .152
41-15 .866 1{131;04' 21 1.67£.06 .51 .01 XK a) 21
46-4 .320 95+.03 - - 2.6 £ .6 7w Db) T4
4e-5 .283  .90£.03 - - <u}3 *1.2 K Db) 1.18
46-g  .210 .98t.02 - - 3.9 .3 7 .802
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TABLE VIII

(continued)

R T
46-36 .61 .86+.02 - - .55 .13 7 b))  .295
46-37 .75 .95+.03 6.6 97+.04 .24i 02 w a) .162
47-1 .250 82+£.03 - - 76 .21 i D) . 187
47-2 .066  .94£.02 - - 2.1 7 jg T b)) .139
47-3  £.0405 .98%+.03 - - 10.6 3.6 w7 b)) .Lou
47-12  .152  .86x.03 4 96%. 03 27+ .02 7w &) .045
47-13  .200 .87+.03 . 5.3 .96£.04 .25+ .04 7 a)  .055
47-14 -3.08 .90£.03 ~ 3.9 Qux,04 .24+ 04 7w a) . 257
49-2  .166  .93%.04 - - 3.7 f%:g' T b)) L6065
49-4  .022  .98%.03 - - 8.4 2.4 7 1b) .185
49-7  .063 1.00%.03 - - - 5.4 F2-2 7 b) .340
59-1 .251  :88+.02 - - 1.5%.3 7 b) .367°
59-2  .118  .89%.03 60.1 1.01£.03 1.77% .14 p a) .230.
59-4 - .084 = .92%.03 - - 1.1 .3 XK b) .00
59-15  .O44  .97+.04 - . 2.5 T2 7 b) .110
55-58  .165 - .96%.03 - - 3.2+.9 7 ©b) .521
59-64 .00 ..99%.03 - - 3.5 710 1 b)) L1ko
70-G1 1.264 3.2 %1 - - . 28% 007‘ b b)  .433
72-36  .308  .90%.02 - - l.2+.2 X b) .378
T2-37  .405 .9h:.02 - - 1.8 £.3 7 5) . 678
72-38 25.6 2ht. 05 4.8 1.442.05 .4ot .02 K a) .541
17-2 .225 .891.93' - - 1.9 % .a' T b) L1418
77-5 .21 .87+.03 - - 1.3 ff:? T b) 269
77-4 .13 LOTE.0h - - % 3.4+ .7 m b) .439
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TABLE VIII

(continued)

R C T
77-5  .11%  .92%.03 -", - 19t 2 T b
77-7 .096  .92%.03 - - 4.8 x1.1 7 Db)
77-8 .088 . .92+.03 - - 6.4 ¥x1.8 K Db)
77-14  .0l4  .G5%.03 - - 5.5 *x1.4 7. b)
77-26 .04  .93%.03 - - 11.1 #3.1 K b)
17-27  .obh. .9B.0h - - 14,6322 7 b)
77-33  .328  .85%.02 - . - . .85: .18 T D)

109-1  .175 _ .90%.02 40  1.10%£.02 .90% .04 K a) |
109-7 172 ?991,04' 43 . 1.08%.03 ‘1.36% .08 »p f é)
116-4 .028  .91%.03 - - | 5.5 1.1 K b)
116-6 .04 .97%£.03 - . 4.9 1.1 7 D)
116-7  .080 ~ .97:.02 - - 6.3 %#1.4 T D)
116-8 - .14 .88£.03 - - 1.5 7 :g T. D)
117-4  .100  .89%.03 - - 1.6% 8 1 p)
117-6 105  .94t.02 - - 1.8+ .6 T b)
117-16  .186 1.00£.03 - B 3.3lf§:§ 7 b)
118-1 .13 .96%.01 - - 2.2 .7 7 b)
118-2 .143  1.07+£.04 - - | .38% .10 X D)
118-3 . .095 1.10%.05 - - 11t 09 T )
118-4  .085 .gux.oh - - 4,7 fg:g - b)
118-5 LO44  ,90%x.04 - - 4.7 *1.5 7 D)
8 T b)

118-18 .010 1.00%.04 - - 6.7 1.
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TABLE VIII

(continued)

T cane, s ealem) sy owe Uirl "oi%e,
118-16  .023 .94£.03 - - 2.0 flzé r b)  .046
118-20 .O47 1.04%.05 - . 7.3 £2.8 7 b)) .343
120-1  .422  .99%.02 - - 2.9 £ .5 Y Ab) 1.27

aThe_number before a

dash 1is the event number, and that

after the dash 1is the sécOndary's number.

Fig. 1.
Fig. 2.

Fig. 3.

Fig' '50
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Mean gfain‘density go'of.shower electrons of E = 100 MeV

as a function of plate number.

Typical normalized grain density as a function of emul-

" sion depth. Each symbol refers to a specific piate.

(), (b) Plots of log tan 6, for the jets studied. The

. arrows indicate the 1/4 of the total number of charged

secondaries in the extreme backward cone.

Composite angular distribution'of 501 secondaries
(oroken line); the bold line eﬁélosés the 1/4 of the
fotal number of gharged secondaries in the eﬁtreme back-
ward cone: the shaded region, the tracks (149) aétually
traced.

Experimental variation of the normalized grain density
according tS residual range. w-mesons points at 2 cm <

: \ + .
R < 12 cm were taken on tracks of stopping 7 -mesons.
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‘L7 OF ILLUSTRATT

(continued)

E of w-meson a: -X-meson and their

r=+*'5 in the

-m the hy dynamical theory, as a function of

.he critic .cemperature.

Trenst .o omentum distribution of pions for 6 <
The t - tical curves are from Milekhin's three-
dimens, al hydrodynamical theory.

:st system of tche fluid, calculated
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