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Multiple Meson and y-ray Production in Cosmiec Ray Stars

by H. L. Bradt, M. F. Kaplon and B. Peters*),
University of Rochester, Rochester, N. Y.

Abstract.

A shower of some 56 singly charged, relativistic particles, produced by a pri-
mary alpha particle of energy 1012—1013 eV, which has been observed in a stack
of photographic plates exposed to the cosmic radiation at an altitude of 30 km,
is analyzed in detail. This shower presents evidence for the generation of both
high energy mesons and gamma-rays with large multiplicity. Almost one half of
the mesons of this shower are concentrated in a narrow core of halfwidth 1.5%;
the others are spread out over an angular interval of + 60°.

Multiplication of charged particles (production of pairs) in the shower core in-
dicates the presence of a large number of high energy gamme-ray quanta. The
energy of the gamma-rays is estimated from the angle of divergence of the observed
pairs. Assuming that the gamma-rays result from the decay of neutral mesons, the
lifetime of these mesons is estimated to be < 10-12 sec.

The structure of the shower can be explained either by the assumption of
multiple meson production in primary, secondary and tertiary encounters in the
target nucleus (plural production) and/or by the assumption of a considerable
degree of anisotropy of the meson production in the center of mass system of
the incident and target nucleons in the primary encounter.

These conclusions are based on the transformation relations connecting the
angular distribution of the mesons in the laboratory system with the angular and
the energy distribution of the mesons in the center of mass system, discussed in
section II.

Besides pair production by high energy gamma-rays, a case of pair production
by an energetic electron has been observed (section III).

I. Introduction.

During the past year nuclear photographic emulsions have been
developed which are sufficiently sensitive to record the tracks of
charged particles whatever their charge and energy. Photographic
emulsions have therefore become a most useful tool for the study of
high energy phenomena in nuclear physies. In particular the investiga-
tion of the production of mesons in high energy collisions of cosmic
ray particles and the multiplication processes of the soft component
have become accessible to the photographic emulsion technique.

*) Die Autoren méchten Herrn Professor SCHERRER zu seinem 60. Geburtstag
die herzlichsten Gliickwiinsche ausprechen. Einer von uns mochte dem Jubilar,
seinem verehrten Lehrer, seine besondere Dankbarkeit bezeugen.
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Because of the relatively high frequency of occurrence of such
events near the top of the atmosphere, it was found desirable to
expose such plates in balloon flights at very great altitudes
( ~ 30 km).

Since the particles produced in very energetic collisions usually
possess great penetrating power, i1t was found useful to expose large
stacks of carefully aligned plates, such that the trajectory of a given
particle can frequently be traced through many emulsion layers and
therefore through a considerable amount of stopping material
(20—50 gr/cm?).

The photographic plate possesses two important advantages over
most other particle detectors:

a) The specific energy loss of a particle can be determined with
great accuracy by the method of grain counting. Fig. 1 shows a plot
of the range of different particles in microns of emulsion versus their
specific energy loss. The same graph contains also 8 curves (I, I, I1I)
which show the number of developed silver grains per 100 g (right
hand scale) plotted versus specific energy loss for three emulsions of
different sensitivity. Emulsions can now be obtained which are so
uniform in sensitivity that the only appreciable error in determining
the specific energy loss comes from the random statistical fluctu-
ations in the number of grains in a track of finite length; an error
which for tracks of several hundred microns amounts only to a few
percent.

b) The angle between tracks can be measured with great accu-
racy. Angles as small as 2 x 10~ radians can be measured in favour-
able cases. This high resolution makes it possible (as shown in sec-
tion III) to detect and to estimate the energy of electron-positron
pairs produced by y-rays up to energies of ~ 50 Bev.

The investigations discussed below are mainly based on the dis-
tinctive features of the photographic emulsions listed under a) and
b).
In section II we discuss the relations between the angular distribu-
tion of a meson shower as observed in the laboratory system and some
parameters which characterize the process of meson production in
the center of mass system of the nucleons, in particular:

the energy of the incident nucleon,

the multiplicity of meson production,

the energy spectrum and the angular distribution of mesons in
the center of mass system and

the degree of inelasticity of the nucleon-nucleon collision giving
rise to the meson shower.
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Fig. 1.
Range, specific energy loss and grain density of tracks.
The range of different particles in microns is plotted versus the specific energy loss
in MeV/(gr/em?). The grain density (grains per 100 u) (right hand scale) is plotted

versus specific energy loss (curves I, 11 and III) for 3 emulsions of different sensi-
tivity.
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In section III we discuss the production of pairs of relativistic
singly charged particles which have been observed to be associated
with large meson showers. On the assumption that these pairs are
electron-positron pairs produced by y-rays, a method for the energy
determination of such y-rays is discussed.

Section IV contains the description of a particular meson shower
(R-shower). This shower is of special interest because of the follo-
wing features:

a) The high energy involved in the process (1012—1013 eV).

b) The large number of mesons produced ( ~ 56 charged mesons).

¢) The clear separation of the shower into two parts:

a narrow core of width + 1.59,

and a wide shower of comparable intensity spread over an an-

gular range of -+ 60°.

d) A considerable multiplication of charged particles in the core of
the shower, presumably due to very energetic y-rays whose
number 1s comparable to the number of mesons.

Section V contains a discussion of the R-shower based on the
relations obtained in Section II. It 1s shown:

a) That the narrow shower core is produced in primary collisions
of the nucleons of the incident a-particle of energy 1012—1013¢V and
that at least a fraction of the wide shower is probably produced by
secondary and tertiary collisions of the nucleons emerging from the
primary encounters. The shower, therefore, is considered to represent
an example of both multiple and plural meson production.

b) If one assumes that the greater part of the available energy is
transferred to the meson component, an appreciable degree of an-
1sotropy of meson emission in the center of mass system 1s required
m order to account for the observed angular distribution of the
shower particles.

¢) The observed multiplication of charged particles in the shower
core 1s consistent with the hypothesis that neutral mesons are pro-
duced 1n numbers comparable to the number of charged mesons and
that the neutral mesons decay into two p-rays in a time not longer
than 10713 sec.

II. Showers of Relativistic Mesons

In sensitive photographic emulsions exposed to cosmic radiation,
especially at high altitudes, an appreciable fraction of the nuclear
explosions are observed to be accompanied by the emission of singly
charged relativistic particles?)?)?). These particles are mostly emit-
ted in the forward direction with respect to the initiating primary.
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Such showers are produced by relativistic neutral, singly (Fig. 2) and
multiply (Fig.3) charged particles. As many as 60 relativistic particles
have been found to originate in a single nuclear explosion. The photo-
graphic plate in general does not permit to identify these particles as
protons, mesons or electrons. Only in those cases where the multi-
plicity 1s very high one can conclude with certainty from considera-
tion of charge conservation that not all the observed minimum 1oniz-
ation tracks can be due to protons.

However, imnvestigations with cloud chambers and counters have
made 1t very probable that the majority of the relativistic singly

MESONSHOWER

I00p

— i
L

Fig. 2.

Facsimile drawing of a shower of 13 minimum ionization tracks (the majority of
them being presumably mesons) produced by a singly charged relativistic particle
(a), presumably a proton.

charged particles emitted in showers of high multiplicities are z-
mesons and we shall therefore discuss these showers assuming that
most of the minimum 1onization tracks they contain are tracks of
positive and negative z-mesons.

Meson showers produced in photographic emulsions admit in most
cases an accurate measurement of the angular distribution of the
mesons 1n the laboratory system (L. system). In the more energetic
events the meson intensity will show a maximum in the forward di-
rection. Using as polar axis the direction of the incident nucleus we
shall describe the angular distribution mainly by three parameters:

6., the angle at which the intensity reaches its maximum value.

@, the angle at which the intensity has fallen to one-half its maxi-
mum value, hereafter referred to as the halfwidth of the shower.
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©, the half opening of the cone which contains at least 909, of all
mesons 1n the shower, hereafter referred to as the width of the
shower.

In photographic plates it is not possible to measure directly the
energy (Hg) of the mesons if Ky > 2uc? But on the assumptions
stated below, the order of magnitude of the energy can be deduced
from an analysis of pairs of relativistic singly charged particles pro-
duced 1n the neighborhood of the shower and clearly associated with
1t. These assumptions are:

a) that these pairs are electron-positron pairs produced by y-rays;
we can then estimate the energy of the y-rays from the angular
divergence of the pairs, as shown in section ITI.

|
2N
. Ny

5 10 5 . 20 25 30 35
Fig. 2a.

Angular distribution of minimum ionization tracks in the shower of fig. 2. The
histogram represents the polar angles with respect to the direction of the incident
particle (a). The curves 1 and 2 represent the distribution calculated according to
eq. 11 and 15, on the assumption of isotropic meson emission in the C. system and
with an energy of the nucleon in the C. system of = 6 corresponding to an energy
of 70 BeV for the incident nucleons. Curve 1 is obtained on the assumption of
equal energy for all mesons, curve 2 for an energy spectrum proportional to

f’g dPO/Eé%

b) that these y-rays are the decay products of neutral mesons, as is
suggested by observations at Berkeley on high energy y-rays
associated with meson production?). The average energy of the
neutral mesons, of the order of twice the y-ray energy, may
reasonably be assumed to be equal to the average energy (>
of the actually observed charged mesons.

We shall assume throughout that the mesons are created in a
nucleon-nucleon interaction between a nucleon of the incoming and
a nucleon of the target nucleus. The center of mass system (C.
system) is the reference system in which the total momentum of
those two nucleons is zero.
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In this chapter we shall discuss the relations between the obser-
vable quantities:
a) the multiplicity N;
b) the angular distribution function N(&) characterized by

1) halfwidth 6,

2) width 6,

3) the meson energy fj = y,uc?
and the following quantities describing the process of meson produc-
tion in the C. system:

100 p

. MESONSHOWER

Fig. 3.
Facsimile drawing (incomplete) of a shower of 30 minimum ionization tracks (pre-
sumably mesons), produced by particle 4 which appears to be a carbon nucleus
of the primary cosmic radiation.

a) the angular distribution of mesons,
b) the energy spectrum of the mesons,
c) the energy of the incoming nucleon,
d) the degree of inelasticity in the nucleon-nucleon collision.

Throughout the discussion we shall confine ourselves to relatively
energetic collisions (energy of incoming nucleon ~ 50 BeV) since we
want to discuss large meson showers for which the observed angular
distribution becomes statistically significant.

Defimtion of Symbols
p = v/c 15 the velocity of the nucleon in terms of the
velocity of light in the L.

¥ = 1/)/1 — B2 is the energy in units of the rest energy system
p = J/y*— 1 is the corresponding momentum
B, 7, p are the corresponding quantities in the C. system.
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Without subscripts these symbols refer to the incoming nucleon.
The subscript zero 1s used for mesons.

m = /B, is the ratio of the velocity of the nucleon and the velocity
of the meson in the C. system.

& 1s the polar angle with respect to the direction of the incoming
nucleus in the C. system.

O 1s the corresponding angle in the L. system.

1 = 1/6.5 1s the mass of the #-meson in units of the proton mass.

a = Y tan @ is a convenient parameter characterizing the angular
distribution in the L. system.

N 1s the number of mesons produced.

K (0 < K <1) 1s the fraction of the energy available in the C. sy-
stem going into meson production, defined by

N —
2 wyei=2(y—1) K;
i=1

K 15 the degree of inelasticity of the collision, if, as will be
assumed, all the energy lost by the nucleons is transferred to
mesons.

. 2(y-1)K . .
N, =" (/M--) 18 the largest number of mesons, which could be

produced in a given nucleon-nucleon collision (if all mesons
were produced with zero kinetic energy in the C.system). N,
1s the total energy transferred to the mesons in the C. system
in units of their rest mass.
I'y= N,— N +1 is the largest energy (in units of its rest mass)
with which a meson can be produced in the C. system.
The relation between the energy » of the incoming nucleon in the
L. system and its energy ¥ in the C. system is given by:

y=2y2—1 (1)

The velocity and angle of emission for mesons in the L. system
and in the C. system are related by:

« =v tan @ = sin #/(cos & + m) (2a)
y tan & = + sin @/ (cos @ — B/B,) (2b)
Py Sin ¢ = p, sin @ (2¢)

The energy of the mesons in the L. system 1s obtained with the help
of (2a, b, c)

Vo= 7oy & Vi~ 1)/y*—1cos 0 (82)
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where either (+) or (—) sign applies if Yo <V (m >1)

and the (—) sign applies if Yo =7V (m < 1)
Yo=7voV +Vy:—1)p2—1cos 9 (31)
PP Pt L V-1 1)1 —(m2—1) a2 .
o= (PP LV 1P =T (e B (3¢)

It m > 1 the (+) and (—) signs give for a given angle in the L. system
the two different energies corresponding to the two possible angles
i the C. system.
If m <1 the (+) sign applies if @ < /2

the (—) sign applies if @ > 7/2
From (3b) we see that since the meson distribution in the C. system
must be symmetrical with respect to the plane perpendicular to the

m > | m< |

(a) _ (b)
o= fané = ¥ tan @

Fig. 4.
Graphical representation of the relation between angles in the laboratory system
and the center of mass system. 4a refers to the case m > 1. 4b refers to the case
m < 1. (See text.)

direction of the incoming nucleon, the average energy in the
L. system {y,» is related to the average energy in the C. system
{(Yo» by
Yo =7 <vey (4)

Equation (2a) is graphically represented in Fig. 4. Here the angle &
15 defined by tane = ¥ tan@ — «, the distance 04 is given by m — B8,
and the radius of the circle is chosen equal to unity.

As can be seen from the diagram:

It m > 1 (4 lies outside the unit circle) there are two angles in
the C. system (&; and &) which correspond to a single angle @ in
the L. system. The largest angle (6,) which @ can assume is given by

sin ¢ = 1/m or (5a)
sin @, = py/p or (5Db)

x,=7ytan @, = 1/m?—1 (5¢)
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Hence at a given angle & only mesons emitted with energies:

Vo=>cos O Va2t 1 (6)
in the C. system can be present.
~ The angle corresponding to @, in the C. system is given by
cos ¥, =—1/m (7)

If m <1 (4 lies inside the unit circle) a single value of & corres-
ponds to a single value of @. In this case @ may assume any value
0<O a.

From 2a we obtain the addltlonal relation

—-mazi |/1 2_1) a2

cos ¥ = T 1 (8)
here the (+) sign applies
a) if m <1 and
b) ifm >1
and 0 < ¢ < (corresponding to & = &; in Fig. 4a). The (—m)

sign apphes 1f m>1and ¢,< %< n (correspondmg to 9 =93, In
Fig. 4a).

ItF (&, 7o) d 2 d V,1s the number of mesons which in the C. system
are emitted into the angular interval d Q with energies lying bet-
ween ¥, and 7, + d ¥, then the angular distribution function in the
L. system (number of mesons between angles ® and @ +d0) i1s
given by

. — g, 0 9
N(0)dO =27 sin Od @fdyOF[ﬂ(@, yo);yo](-—o%)% )

For all values 7,< 7 (m 1) both F and J = (geg-)_ will be

double valued functions corresponding to the angles #; and &, In
Flg 4a. Hence the lower limit of integration 1s given (eq. 6) by
Yo = cos @ }/a® + 1 and the upper limit of integration is 7, = 7.

For all values ¥, > ¥ (m < 1) both F' and J are single valued;
the lower limit of integration is 7, = ¥ and the upper limit ¥, = I
1s equal to the highest energy with which mesons can be produced
in the C. system.

From (8) we obtain

Jo(deet) _ EPm /T onLT (10)
7

cos? O (x® + 1)2)/1 - (m?—1) «2
The 4+ signs apply as in eq. (8)..

In order to discuss these relatlons further we shall now calcuiate
the angular distributions of the mesons in the L. system which result

3
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from different assumptions about their angular and energy distribu-
tion in the C. system.

Case I. We assume that the mesons are produced in the C. system
1sotropic in angle and all with the same energy 7,.

Then F (3, ¥,) = += 6 (¥, — 7,) for all values of  and 7,. Dropping
the prime symbol we obtain from (9) the angular distribution in
the L. system: '

_ Ny o m2+1—(m2-1)a? , ‘
N(O) = 25 Gariy Vi= (mi=1)as form>1  (11a)

and
N = Y7« Imayiominely g gy

......... e

T 20570 A1 It 1) a2

cofO-N(9)
oT

OO0t 4=

00014

o1 s t 3 0 %0 30 - R ENOHE

Fig. 5.
Angular distribution functions for Case I. (Isotropy and uniform energy of mesons
in the C. system). N(®) cos® @ is plotted versus «a = 3 tan © for various values
of m = B/B,. Curve e refers to the limiting case m = 1.
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For m >1 N (0) 1s the sum of two terms corresponding to the
two possible energy values of eq. 3c.

In Fig 5 cos2 @- N (0)is plotted against the parameterrx = Ytan @
tor various values of m >1. :

If 7> 1 the width of this distribution is given by a <3 or
=3[y
as shown below. A cone of angular half width @, = 3/')/ will contain

all the shower particles if m > y10/3 as follows directly from the
cut-off angle in eq. (5¢).

If m < y10/3 then we see from fig. 4a, that the point 4 must
lie on or slightly outside the unit circle. The angle « = tan ¢ >3
then corresponds to an angle ¢ in the C. system given by ¢ >2 ¢ or
cos ¥ < —0.8. For an isotropic distribution in the C. system the
contribution from the angles 2 ¢ <& < 7 is given by

Thus the angle @, = 3/ will contain at least 909, of all shower par-
ticles whatever the energy ¥, with which the mesons are produced in
the C. system.

If we further assume that the mesons are produced in the C. sy-

stem with kinetic energies equal to or larger than their rest mass,
such that

-1
2;2

y0>10r[m2——1[ o <1

29}0

we see from (11a) and (11b) that the angular distribution in the
L. system 1s, for not too large «, given by

/(o2 + 1)

(see Fig. 5). Thus N (0) reaches a maximum value at
1 058
@m r—a
Vay 7
and drops to one half its maximum value at

1.34

By = ——

®) 7 o

The energy of the incoming nucleon can therefore be obtained

directly from the maximum or the half width of the meson distribu-
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tion in the forward direction provided that both the incoming nu-
cleon and the mesons in the C. system have relativistic velocities and
the mesons have an isotropic angular distribution. Under these as-
sumptions the total width of the shower can never be more than
about twice the half width of the peak in the forward direction

6,226,

where K is the degree of inelasticity of the colhslon the multlphc}ty
of meson production is given by

N=20-DE 99,mE

H Yo Yo

where y 1s the energy of the incoming nucleon 1n the L. system in
units of Me2.

Case I1. The angular distribution obtained in Case I is not appre-
ciably altered if we assume that the mesons are created in the
C. system with a smoothly varying and not too extreme distribution
in energy. For the discussion we have chosen as an example a spec-
tram proportional to p2/E? di_)o which 1s proportional to the phase

(12)

Still assuming angular isotropy of meson productlon in the C. sybtem
we have for the distribution function F (&, 7,) of equation (9):

N
B
independent of #. The constant 4 and the multiplicity N are related
by To ]/ L
V71
A./ _,&ﬁ?_js__ — N
and

Afdyol/m _2G-UK_

where the upper 11m1t of the integrals 1s given by the highest energy
any meson can obtaini.e. Iy =N, — N +1
Solving for I', one obtains ,
f 1 :Nm [arctaan%—l—Vfgml/fg :1 (13&)
0 9 - = =
arcosh [, — ]/Fo — 1T

which for large values of I', reduces to

F= [1 + —i‘L] ~ (18b)
1-2log Iy
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In Fig. 6 we have plotted the relation between the multiplicity N
and the energy of the incoming nucleon y as obtained from 1 and
13a. The curve 2 1s well represented by

N =87 (K2y)*® N <10
N =29 (K2p)%2 N >10

MULTIPLICITY
N

50
40

30

(14)

20

1(7e-10)

2.5
1(75-100)

400

50 70 90

‘ — : . poroKe
1 25 B 10 20 30 40 60 80 100 200 300 500 1000

NUCLEONENERGY x
(DEGREE OF INELASTICITY)?

Fig. 6.
Multiplicity of meson production.
The multiplicity N is plotted as function of the product of the energy of the inci-
dent nucleon y times the square of the degree of inelasticity K.Curve 1 gives the

multiplicity for unique meson energies y, = 10 and 7, = 100 in the C. system
(case I). Curve 2 gives the multiplicity for the energy spectrum of case II.

Using eq. 9 and 10 one obtains for the angular distribution (with a
— cos O /a2 + 1)

N (0) = Ay _ox B 00%2@4-1—2}*‘57“’0_
05 @ (o +1)? 7l 7o) 7-ar

(]
Ty - B 7
f{ﬁ cosz@+1—~— 4 +fﬁ-cfj@d7~’0
v 7ol Gol7i—a Yo
¥

which on integrating becomes
Ay (2B cos? O +1) o
4 cost O (a2 + 1)

Ay «
2co82 O (a?+1)2

N(O) =

7 I,
[areos -+ arcos —]

V2 -a?
_Vri-a

(1]

7 oo

| oo

".u "Jl
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The second term in N (@) is smaller than the first by a factor of
“order 1/7 or 1/T,. We therefore may neglect it in discussing the an-
~gular distribution. If we furthermore confine ourselves to values of
« < 3 which as shown above account for at least 909, of all mesons,
then (since ¥ > 1 and ;> 1) we can replace each arcos by z/2.

Thus
_ Am—2cos?@+1 o

N(@) i 7 TcostO (x2+1)" (15b)
This distribution has a maximum at
0.5
- (150
and drops to half maximum intensity at
Op= 5 (15¢)
The total width 1s again
3
(- 5

Thus both the assumption of a single meson energy 7, > 2 and
the assumption of a meson energy spectrum proportional to p2dp,/
E? lead to very similar angular distributions in the L. system. The
primary energy can be uniquely determined from the shape of the
angular distribution in the L. system in either case. In Fig. 12 a
shower 1s 1llustrated (which will be discussed in detail in Section IV
and V) which exhibits a narrow core confined to + 1.5° and a wide
shower of comparable intensity. The results derived above prove
that such a combination of a narrow and wide meson shower cannot
be produced in a single nucleon-nucleon collision, if the mesons are
produced 1sotropically in the C. system (Fig. 5). The high multiplicity
and the small width of the core show that ¥ > 1 (actually ¥ = 20 to
30). Since the wide shower has an angular spread much larger than
3/7, it cannot represent mesons produced isotropically in the C. sy-
stem In a single nucleon-nucleon collision.

Case I111. We shall now investigate the effect of anisotropic me-
son production in the C. system on the angular distribution in the
L. system. In order to obtain in a single nucleon-nucleon collision
a narrow core and a wide shower of comparable intensity an angular
anisotropy of meson production in the C. system is actually required.

Let us assume an angular distribution proportional to cos?”$
(d cos ©). Particles which lie outside a narrow cone defined by tan ¢ =
¥ tan @ = « > 3 can only come from C. system angles cos & < cos
2e<—0.8 or % > 143°; while those outside the cone Y tan @ > 6
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can only come from C. system angles cos & < — 0.9397 or & > 160°.
For example we need n > 2 in order to have ¥ tan @ > 3, and
n > 9 in order to have ¥ tan @ > 6 for 1/3 of all the mesons.

If we assume that all mesons are produced with equal energies

F(&,%)'—‘?”“Neoswam 7)-

cos2@- N(©)

m-| = 0 0l

os T-tan g
0.004 } + —+
ol X¢] 10 o¢

Fig. 7.

Angular distribution functions for case III. (Uniform meson energy and angular

distribution proportional to cos2® & d cos # in the C.system). cos? @ N (0) is plotted

for m —1 = p/B; — 1 = 0.01 and various degrees of anisotropy (n =0, 1, 2)
versus o = y tan 6.

Making use of (8), inserting this expression into eq. (9) and dropping
the prime symbol one obtains

N(O) =
omil Ny o [ (m+p1—(mi—1)a?)?(— ma2+VW)2n
2 cos?@ (a?41)2t2 I/l—(m2 1) a
i 2 R 2an
+ (mnl/i—(m—l)“wl (m*—1) ) ]form?l (16a)
‘/1-—-(’,*)@2—1)052 .
2241 Ny o
I\T (@) i 2 0032 @ Ci.2 +1)2’ﬂ’l"2 X

[("’“‘V l/l m““ ‘mz“”“”)m]form 1 (16b)
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If ¥¢> 1 (m ~ 1) one obtains for small values of @

Ny o(x2-1)%"
cos? @ (a2 41)2n+2

N =22n+1) (16¢)
In Fig.7 the angular distribution of eq. (16) has been plotted for
m = 1.01 and n = 0, 1 and 2. A strong intensity peak in the forward
exists for all values of m < 1.1 (¥, > 3). Fig. 7 shows that a cos2*¢
— angular distribution in the C. system reduces appreciably the
width of the forward peak of the angular distribution function in the
L. system plotted against « = ¥ tan @ as compared to an isotropic
distribution. For a given half width @4, of the shower, the corres-
ponding value of ¥ 1s the smaller, the larger the exponent n. For
mesons created with relativistic energies in the C. system but with
different degrees of anisotropy the angles @,, and @, are given with
good accuracy for n >1, by

0.5
@ —_— i e A — 17
" ¥ |/2 n+1 ( a)
and
0.96
9(%) = —?_}—1—/2 _ (18a)
while for n = 0 the values are
6, = 0.58/y (17Db)
and B '
@(%) = 1.84/y (18b)

For instance for a narrow shower of given width a cos* ¢ angular
distribution in the C. system will lead to a value of ¥ which is only
1/8 of that obtained for isotropic distribution. The estimate of the
energy of the incoming nucleon 1s therefore reduced by a factor 9
compared with that obtained for an isotropic distribution.

However in an actual shower where the meson energy in the
L. system can be estimated as outlined at the beginning of this sec-
tion, 1t 1s not possible to assume an arbitrary high anisotropy.

Let <{y,> be the estimated average energy of mesons in the
shower core. According to (4) their average energy (¥,> In the
C. system i1s

(Yo =<y 2/?

Assuming an anisotropy of the form cos?*&#d cos & we have from
(18a) the energy of the incoming nucleus in the C. system

e 0.96
('*)(%) ]/2 n+1
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The multiplicity becomes

N _2KG-1) 2Ky 12 K
BT B (g @3 @nt])

(19)

Thus for a given multiplicity and energy of the observed mesons and
for a given half width of the shower core, an increase in the assumed
anisotropy requires an increasing degree of inelasticity. The degree
of anisotropy which can be assumed is therefore limited by the con-
dition K < 1. An example is discussed in detail in Section V.

+

Angular distribution of decay y-rays from neutral mesons.

The angular distribution of the two decay y-rays emitted isotro-
pically in its rest system by a neutral meson of energy y, can be
obtained directly from eq. 11b

Ny,
N'y(@) — 9 | 00:3 6| (1 +0;2)z (1 + IBO Cos @)2 (20)

The average energy of the y-raysin the L. system in units of uc?
1s given by

(B>, =EByyo="4 @y

and, as in casel, 909, of all y-rays are contained within a cone of
half angle

0, = 8/, (22)

II1. Electron Pair Production by y-Rays and Fast Electrons.

In electronsensitive photographic emulsion exposed at high alti-
tudes we observe not infrequently pairs of minimum ionization
tracks diverging under a small angle from the point of origin in the
emulsion (Fig. 8). The angle of divergence is sometimes so small that
the two tracks are not resolved near the point of origin and for the
first few 100—1000 x the pair appears as a single track originating
in the emulsion with a grain density corresponding to a specific
energy lose K = 2 K ;..

We consider these paired tracks to be tracks of electron pairs
produced in the emulsion by high energy y-rays or possibly by
other neutral particles. This interpretation is supported by the fact
that multiplication associated with paired tracks has been observed.
Since the radiation unit in emulsion (4,= 3.0 cm) is very large as
compared to the average track length, we cannot expect to observe
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in the emulsion, as one can with a cloud chamber, an appreciable
cascade multiplication initiated by a single particle or quantum.
Nevertheless, two events showing multiplication have been obser-
ved. One energetic pair produced by a ~ 10 Bev y-ray of the shower

PAIR PRODUCED
By Vemay -

Fig. 8.
A pair of singly charged relativistic particles (presumably electron-positron pair
created by a y-ray) originating in the emulsion.

11,2) CONTINUE FOR ANOTHER
SO0 u IN EMULSION

Dot NN, e A AT B B e Y Iy

" (3.4] DISAPPEARS IN GLASS

1,2)
RESOLVED

—c
1

By O e et e L _lvz’
PAIR (1,2) CREATED BY o I :

V- RAY IN EMULSION o e

‘Fig. 9.
Multiplication of charged particles in the emulsion. An electron pair (1.2) origina-
ting at point A, the tracks of which are resolved after about 800 u at point D,
gives rise to another pair 3.4. All four tracks are resolved at F. The energy of the
pair 1.2 is estimated from the angular divergence as 10 Bev.

to be discussed in section IV gives rise to another pair (Fig.9) at a
distance of 800 u from the point of origin of the first pair in the emul-
sion. This second pair may be the result of pair production by a
y-ray which either was accompanying the pair or was created by
one member of the pair as brems-radiation in the usual multipli-
cation process of the soft component.
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The direct production of an electron pair by a fast electron, a
process which also provides a possible explanation of this event,
seems to be the most probable interpretation of the pair creation
shown in fig. 10.

Here an incident relativistic particle, presumable an electron, pro-
duces a pa.lr (2,3) at 4 after having traversed 105 u of emulsion. At
A the grain density changes abruptly from that corresponding to

Fig. 10.
Pair Production by a Fast Electron.
An incident relativistic particle 1, presumably an electron produced a pair (2,3) at
A after having traversed 105 y in the emulsion. At A the grain density changes
abruptly from that corresponding to minimum ionization Kpiy to that correspond-
ing to K = 3 Kyyn. At point B the track with K = 3 K, has split into a mini-
mum ionization track 1 and a track with K = 2 K ;. After point C this latter
can be resolved into two minimum ionization tracks 2 and 3. Tracks 2 and 3 are
separated by 2 u when they leave the emulsion, 1250 u from point 4, the origin
of the pair. The energy of pair (2,3) is estimated to be Epayr ~ 5 Bev.

minimum ilonization K to that corresponding to three times
minimum ionization K = 8 K, ;.. At point B the track has split into
a minimum ionization track (1) and a track with K = 2 K ;. After
point C this latter can be resolved into two minimum ionization
tracks (2) and (3). Tracks (2) and (8) are separated by 2 u when they
leave the emulsion, 1250 ufrom point 4, the origin of the pair, a
separation which corresponds to an energy of 5 Bev (see below).

If we assume that the pair (2, 8) has not been directly created by
electron (1), then the fact that the point of origin of the pair coin-
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cides as closely as one can judge (that 1s within 0.5 x) with the
track (1) would be purely accidental.

The probability for such a chance coincidence to occur 1s quite
small since, assuming the angle between the brems-radiation quan-
tum and the electron (1) to be not smaller than 1/, of the angle of
divergence of the pair, such a coincidence would imply that the
quantum was emitted not more than 1,5 mm before it was converted
into an electron pair. This distance correspondsto ~ 0-01 radiation
units, since the electron entered the emulsion coming from glass
1054 before point A (radiation unit in glass 4, = 12.2 em).

At low energies (F > 2 mc?) the ratio of pair production cross
sections by electrons and y-rays respectively 1s theoretically ex-
pected to be quite small (of the order of 1/137), in agreement with
experiment (J. R. FeLomerer and G. B. Corrins®); H. .. BrapT16);
K. SteeBAHNY).

The theoretical cross section for pair production by relativistic
electrons (HerTLERS), p. 203) increases more rapidly with energy than
the cross section for pair production by y-rays, and at energies of
the order of a few Bev the theoretical probability of pair production
by an electron is only about one order of magnitude less than the
probability of pair production by a photon. We consider 1t there-
fore as very probable that Fig. 10 illustrates the creation of an elec-
tron pair by a high energy (~ 5 Bev) electron.

Estimate of y-ray energies.

From the separation d of the two tracks of a pair created by a
y-ray at a distance L from the point of origin (Fig. 11) we can obtain
an estimate of the energy k = hv of the y-ray.

This separation of the tracks is determined by two factors:

a) the imtial divergence of the members of the pair;
b) multiple scattering of the electrons over the distance L.

a) Initial divergence of the members of the pair.

M. StEARNS?) has calculated the root mean square average angle
@_ between the direction of the electron of energy E_ and the di-
rection of the photon of energy k which creates the pair in the
field of a nucleus of charge Z:

- k E_
6 =" log s 1.(7) (28)

The function f, (%), plotted in Fig. 5 of STEARNS paper does not
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strongly depend on Z and, for Z > 30 is very nearly equal to unity
for E_=E, = % Curve 1 of Fig.11 shows the average angle

O ~ 0,4+ O_~206_between the members of the pair plotted ver-
sus k for equipartition of energy between electron and positron. If
the positron and electron of the pair of Fig. 10 for instance have
equal energies and if scattering is neglected, the most probable

- . . > 2 -
energy of the pair is derived from the angle of divergence @ = 1255;

= 1.6-10-3 to k = 5.5 Bev. The average angle (& _) between the

y

0" Ravians

—100 p

3‘13 .I i IJ“|=°4 Ilo et 'lhis,s A l‘“ws“/mc?.
Fig. 11.
Average angle © of divergence between electron and positron created by a y-ray
as function of the y-ray energy k/mc?.
Curve 1 represents the divergence for equipartition of energy between the members
of the pair.
Curve 2 represents the average divergence to be expected for a given energy k/mc2.
Curve 3 (right hand scale) represents the average separation due to multiple scatte-
ring of the tracks of pairs produced in 2 cm glass after emergence from the glass.

direction of the electron and the direction of the photon averaged
over the energy distribution of the electron (HerTLer®) p. 199), 1s
~ 1.6 times greater than the value corresponding to equipartition
of energy between electron and positron. (@) =2 (6@_ is plot-
ted as a function of k/mc? in curve 2 of Fig. 11.

b) Multiple scattering.

The evaluation of the track separation due to multiple Coulomb
scattering i1s based on a recent paper by SNYDER and Scorr!?), to
which the following notations refer.
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The projected scattering angle ¢ is measured in units of

73 (1.25-10-5%/F for emulsion
e i = = 0.8 '10_5/E for g].avSS
ATV ) o
VE*~1 | (8 (>1) in Bev)

Distances are measured in units of the mean free path for scatter-
ing 4, defined by 1/4 = 1.85-10-20- Zn, Z\'" |
(n:;Z; = number per cm® and charge of atoms of kind 71s respectively)

5 0.157 u for emulsion
0.335 u for glass

With these units the average projected scattering angle = &/#, is
given by
o

7V§* o -E)
The track separation (y) at a distance (2) due to multiple scattering
1s given by

2
Yty =52
or

Hence

~ _5 .. /f for emulsion
2.5 x 1075 2"k (in units Ze)

(24)

1 =
Yscatt. 1.6 % 10-5 ZB/"/E for glass

(in units 4,)

As an example Fig. 11 (curve 3) shows the separation of the tracks
of an average electron pair produced by y-rays in a layer of 2 cm
glass due to multiple scattering after traversing the glass.

An energy estimate of the y-ray should then be based on the se-
paration of the pair tracks at a given distance from their origin,
using the angular divergence or the separation by scattering which
ever is larger. For the examples to be discussed in section V, the
initial divergence is more important than multiple scattering.
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IV. Description of a Shower Showing Both Multiple Meson and y-Ray
Production (R-Showerll)).

In a survey of Kodak NTB3 plates flown at a geomagnetic lati-
tude of 51° at an altitude of 100000 feet we have observed a collision
of an extremely energetic primary cosmic ray alpha particle with
a heavy nucleus of the emulsion (Ag or Br): the collision gives rise

: _ Fig. 12.
Photomicrograph (incomplete) of the R-shower. Only a small fraction of the
18 heavy prongs are shown. The narrow core of the shower contains 23 -+ 2 rela-
tivistic particles, the diffuse shower contains 33 relativistic tracks.

to a very narrow penetrating shower of 23 relativistic singly charged
particles together with a more diffuse shower of 33 relativistic par-
ticles. This star consists of 74 prongs (Fig. 12) representing a mini-
mum of 81 units of charge of which about 56 correspond to mini-
mum ionization for singly charged particles. These constitute the
shower part of the star. |
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Incident «-particle.

The star is initiated by an alpha particle whose energy loss is
7.7 MeV/(gr/cm?). As minimum ionization for an alpha particle
corresponds to an energy loss of 6.7 MeV/(gr/cm?) this particle has
an energy loss 159, above its minimum. Since the event initiated
by this particle represents a release of a great amount of energy,
one 1s justified in ascribing this difference, if it is real*), to the in-
crease of energy loss beyond the minimum on the energy loss curve.

Non-Relatinstic Portion of Star.

There are 18 non-relativistic heavy particles (i. e. protons or
heavier particles) emitted in the nuclear explosion, corresponding
to at least 23 units of charge. One prong has a grain density corres-
ponding to an energy loss 129, above minimum for a singly charged
particle and another has one corresponding to an alpha particle with
an energy loss of 8.6 MeV/(gr/cm?) (constant loss of 8.6 MeV/(gr/
cm?) over a distance of 1.5 cm, in which distance any singly charged
particle would appreciably increase its energy loss). We estimate
for the energy in the non-shower part of the star a value of 2.8 Bev.
(apart from the fast secondary alpha particle with an energy of some
2.5 Bev.). Since the collision leads to the emission of 79 units of
charge (of either sign) we have, on the assumption that all are posi-
tive, an excess of 30 units of charge over the atomic number of
Ag(%7), the heaviest abundant nucleus of the emulsion. We thus
conclude that at least one-half of our 56 shower particles cannot
possibly be protons of the target nucleus; they are most probably
mesons.

Shower Portion of Star.
I. Narrow core.

The dense core (C) of the shower of relativistic particles, the majo-
rity of which are assumed to be mesons, has a total projected angu-
lar spread of 2.5°. The axis of this core 1s an exact continuation of
the direction of the incident «-particle. The core 1s so dense that
not all individual tracks are resolvable in the immediate vicinity of
the star. At larger distances where resolution is possible all these
tracks prove to be minimum ionization tracks. By counting over
a given distance the number of grains in the core and dividing by
the number of grains of a minimum ionization track we obtain

*) It should be remarked, however, that no relativistic increase of grain density
in emulsion has been observed for electrons up to energies of E/mc? ~ 10%.
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N@ = 23 £ 2 as estimate of the number of charged relativistic par-
ticles in the narrow shower.

The region where the narrow shower C, after passage through
some 2 cm of glass penetrates the next plate of the stack (the dotted
area C of 0.25 cm? in Fig. 13) was surveyed for tracks of such length
and orientation that they can be assumed to be caused by the ex-
plosion; 44 tracks of relativistic particles were found, 38 inside and
6 near the edge of the dotted cone C, that is 21 more tracks than
were originally contained in the narrow shower. In surveying an
additional area 4 = 0.29 cm? for tracks satisfying identical criteria
only 6 more tracks were found, all but one lying very close to the
~core and probably also belonging to the shower. We conclude that

TOP OF ATMOSPHERE

INCDENT ALPHA
e PARTICLE

2t 264 RADIATION LENGTHS =~
FROM
ORIGIN OF SHOWER

n s i + 4 o — — -t
2 4 5 10 12 (1] 3 -] 20 22 24 26
Ximm of E MULSION)

Fig. 13.

Schematic diagram of the appearance of the shower in the first and second emul-

sions. (The dotted lines above the vertical arrow refer to the event of Fig.9).

The area of the core C' and the control area A where completely surveyed for tracks
of such orientation that they could have been associated with the explosion.

considerable multiplication of singly charged relativistic particles
(electrons) has occurred 1n the core. Two electron pairs, one with an
energy of ~ 10 Bev (pair no. 2, event of Ifig. 9) and one with an
energy of ~ 50 Bev (pair no. 1) were created in the emulsions of
the second and the first plate. One of the pairs within the core
(pair no. 2) gives rise to another pair; this fact supports the assump-
tion that the additional charged particles appearing in the narrow
core are fast electrons produced by high energy y-rays (or possibly
other neutral particles). ' S

As the core of the shower is not well-defined (due to scattering
and the opening angles of the pairs created by the y-rays) the cor-

4
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rection to be applied from the control area A4 is somewhat indeter-
minate. Taking 8 as the number of random tracks to be expected
in the area C we find that the most probable value for the number
of pairs created is 8 + 2. As these are created in the core over an
average path length of 0.26 radiation units of glass and emulsion,

the number of gamma rays in the core must therefore at least be
equal to N ~ 35.

Pawr Productions in the Core.
Pair no. 1.

In the first plate (the plate in which the star occurs) we observe
a track on the outer fringe of the core C, that originates in the emul-
sion (approximately 500 w from the star), has the direction of the
core and corresponds to exactly twice minimum ionization over a
length of approximately 2000 x of emulsion. This track is resolvable
after 2000 x into two minimum ionization tracks (projected sepa-
ration d = 0.5 u after a track length of 2390 ux) and can therefore
be regarded as the track of an electron pair. According to figure 11
this separation corresponds to an energy of ~ 50 Bev.

Pair no. 2.

In the dotted cone another pair (Fig. 9) 1s observed to originate in
the emulsion; the position of the pair is indicated by the dotted
lines 1n fig. 13. After a track length of 700 x of emulsion (at which
point the projected separation is 0.5 &) another pair (3.4) is created
along the path of the original pair (1.2). The latter pair has a pro-
jected separation of 1 u after a path of 345 u in the emulsion and
the mean projected separation between (12) and (34) (taking the
origin at the point of creation of the second pair) is 5 g in a path
length of 345 u. The original pair (12) leaves the emulsion 720 u from
the point at which (84) was created. The energy of the original pair
(12) 1s estimated to be ~ 10 Bev.

Although the increase in the number of tracks from the first to
the second plate shows that at least six pairs have been created in
the 2 cm of glass between the emulsions, the tracks of these pairs
have already separated in the second emulsion sufficiently such that
(except In one case where the separation is only 2.5 u) no unique
correlation between the associated tracks i1s apparent. The six
smallest distances between possibly associated tracks are 2.5 u, 9 u,
18 u, 194, 23 u, and 39 u. Hence the average separation between
the tracks of the pairs created in the glass must be at least 15—20 .
According to curve 2, Fig. 11 the average energy of these pairs can
therefore not greatly exceed E, ~ 10 Bev.
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Angular Distribution of the mesons.

In fig. 17a, b the angular distribution of the relativistic tracks in
the narrow core C (excluding those correlated as pairs) is plotted in
the histogram, the direction of the incoming alpha-particle being
taken as the polar axis. This distribution was determined from the
orientation of the tracks in C of Fig. 13 by assuming that each track
originated directly from the star. Due to scattering the distribution
curve obtained in this way is somewhat broader than the true angu-
lar distribution.

I1. Diffuse Shower.

The grain density was measured for all the tracks in the diffuse
shower. The maximum deviation of any of these 32 tracks from
minimum ionization is 4+ 109, (minimum ionization for singly char-
ged particles is 22 grains/100 ). The maximum polar angle is found
to be ~ 60° One third of all the tracks in the diffuse shower are
contained between cones of opening @ = 2° and @ = 6°.

The histogram of Fig. 16 represents the overall angular distribu-
tion of the shower (diffuse + narrow core).

V. Discussion of the R-Shower.

The main conclusions concerning the shower described in the
previous section are:

(1) Production of both a well defined core and a diffuse shower of
comparable intensity.

(2) a) Multiple production of gamma rays.
b) Multiplication of charged particles (electrons) in the core.

We will consider two possible modes of production of the narrow
shower and the diffuse shower.

A. The narrow core C and the diffuse shower were produced si-
multaneously in the initial encounter between the nucleons of the
mcoming alpha particle and the nucleons of the target nucleus.

B. Only the narrow core C was produced in the initial encounter
and the diffuse shower was produced in secondary and tertiary colli-
sions of the nucleons of the incoming alpha-particle and the target
nucleons.

We will assume, in view of the recent experiments at BERKELEY?),
that the gamma rays arise from the decay of a neutral meson, z°,
whose rest mass is ~ 800 m,, the observed multiplication in the core
then being due to the pair-production by these gamma-rays.

We consider first the information obtained from the observed
multiplication of tracks in the narrow core C.
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(1) Estimate of Meson Energies from the Analysis of Electron Pairs.

With the assumption concerning the origin of the gamma-rays
stated above, we can use the information obtained from the electron
pairs in order to estimate the average energy of the neutral meson,
which we assume to be equal to the average energy <{y,> of the
charged mesons. | |

The result of the survey of area 4 (Fig. 13) shows that the y-rays
are essentially contained within a cone of opening ~ 2.5°. This fact,
according to eq. (21) provides a lower limit for the meson energy:

Yo 2 35
or
(E_> = 5 Bev

An upper limit for the energy of (F,> ~ 20 Bev results from the
estimate of the y-ray energy E, < 10 Bev arrived at in section IV.
(The pair of tracks separated by 2.5 x in the second emulsion may
be ascribed to a pair produced in the glass with an energy possibly
as high as ~ 50 Bev.)

Hence (&_> = 15—20 Bev, or {y,> ~120 seems to be a reasonable
estimate for the average energy of the mesons in the core C.

(11) Estvmate of the Lifetime of the Neutral Meson.

If the y-rays result from the decay of a neutral meson of rest mass
~ 800 m, we can, by assuming that the y-rays are converted imme-
diately into electron pairs, obtain an upper limit for the proper life-
time of the neutral meson. The appearance of pairs after a path
length of ~ 2 cm shows that at least an appreciable fraction of the
neutral mesons must have decayed within a time interval of ~ 10-1°
sec 1n the lab. system or an interval ~ 10-12 sec in the rest system of
the meson ({y,> ~ 120). Hence 7, < 10-12 sec. A better estimate
results from the following consideration:

Let N_(t) be the number of neutral mesons in the narrow core at
a time ¢ after the collision occurred, N, (f) the number of y-rays. Then

d N,
dt

dN. -
Y —ma,N,— 4N, (26)

=—A, N, (25)

where 4_is the decay constant of the neutral meson, 4, the pair con-
version probability per unit time of the y-ray and m (1 = m =< 2)
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the number of y-rays arising from the decay of the neutral meson
and contained with the core C.

Since we estimated {(y,> ~ 120, 90%, of the y-rays, assumed to
be emitted in pairs isotropically in the rest system of the meson, are

contained within a cone of opening angle @ ~<;0>~ 1150 (see
eq. (22)), that is well within the narrow core. Hence we have m ~ 2.
Solving (25) and (26) with the initial conditions N,(0) = 0,
N_(0) = N, we obtain for the number of electron pairs P:
Ane = 3, e 'at ]

P=m[Ny—N,]— N, =mN, [1 R B o L

P(z) eF — ge i :
3 A )

1. NO. OF PAIRS P
NO.OF NEUTRAL MESONS Ng

1.0+

25

Pi(m Nc]

Ol r
8

oMW boo

==k s

3 8 10''0
+ 1 N + +
oo 25 5 1, 1015225 45679 25 5 10 9 SEC
APPARENT LIFETIME

, Fig. 14. .
Rate of pair production versus life time of neutral mesons. Plotted is !/, the number
of pairs per neutral meson after a path length of 2 cm glass (0.26 radiation units)
versus the apparent lifetime of the neutral meson in the L. system.

where 2 is the distance from the origin of the shower in units of the
radiation length [, and

With m = 2, Ny <N, =23 + 2 (number of neutral mesons <
number of charged mesons) and P = 8 pairs after a distance

b o 0.264)

Iy

[ =2 cm. glass (
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we obtain from Fig. 14 with
P
mN,

7, <8 x 10-11 sec.

~ 0.2

This time refers to the laboratory system. In the rest system of the
meson the corresponding times are shorter by a factor ~ {yy>,
hence we obtain

79 <8 x 1013 sec
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Fig. 15.
Energy of incident nucleon in the C. system as a function of @,,, the laboratory
angle in degrees for which the angular distribution function assumes its maximum
value.

Curve 1 refers to Case 1 (isotropy and equal energy for mesons in the C. system).
=2

Curve 2 refers to Case II (isotropy and meson energy spectrum ~ QOT dp, Curve).
0
3a, b refers to Case III (equal energy and an angular distribution of mesons pro-

portional to cos? & and cos? ¢ respectively).

as an estimate for the upper limit of the lifetime of the neutral
meson.

(1) Angular Distribution of Mesons and Energy of the Shower.

For any one of the three assumptions (Cas el, IT and III) of sec-
tion II, the energy of the nucleons in the C. system ¥ is for suffi-
ciently large meson energies in the C. system determined by ©,,, the
angle for which the angular distribution function assumes a maxi-
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mum value (Fig. 15). Hence, in any case, ¥ can be deduced from the
observed angular distribution of the mesons in the laboratory sy-
stem. We know the multiplicity N and, as discussed above, we
know also approximately the average meson energy.

Hence we can derive the average energy of the mesons in the C.
system

<?o> = <};—:)>
(eq. (4)) and the degree of inelasticity
N &, .
K=y (7_'}?_?) (see definition). (28)

A. Simultaneous Production of Narrow plus Diffuse Shower.

There are a total of 23 + 33 = 56 charged particles in the com-
plete shower. If we assume that the number of neutral mesons 1s
1/, the number of charged mesons, we have a total of 84 mesons or
N = 21 mesons produced per incoming nucleon, assuming that all
four nucleons of the «-particle contribute equally to the shower (see
discussion below).

The observed angular distribution for the complete shower (Fig. 16)
18 summarized in table I:

Table I.
Angular Interval | Number of Particles %
0—3 | 25 15
3—9 15 27
9—20 9 16
20—60 7 12
56 | 100

Case I. The value of ¥ as determined from Fig. 15 necessary to fit

the observed maximum at @, ~ 1.5%is ¥ = 80. Hence (¥,> = o2y,

With these values a cut-off angle @, ~ 8¢ is derived from eq. (5¢).
Therefore the assumption of equal energy and isotropy in the C.
system is unable to explain the simultaneous production of the
narrow core and the wide shower.

Case I1. The value of ¥ as determined from Fig. 15 necessary to
fit the observed maximum is ¥ = 20. More than 929, of the mesons
then must lie inside a cone of opening @ = 9°. This is obviously not
in agreement with Table I either.
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Case 111. The value of ¥ as determined from fig. 15 1s ¥ = 12 for
n = 1. Hence we obtain for (7,> a value (7,> = 10. From equation
(28) we see that with N = 21, we obtain K = 1.4 >1, but K = 1, the
maximum value that K can assume, lies still within the statistical
error. For any higher degree of anisotropy (n >2) K would turn out
to be much too large.

We conclude from the above discussion that in order to explain
the simultaneous production of the narrow core and the diffuse
shower, some considerable anisotropy is necessary. In Fig. 16 the
angular distribution in the L. system derived for n =1 (cos? ¥-
distribution in the C. system) 1s superimposed on the observed an

N(©)
14
12

10

o N8 + o O

12345 0 8 15 20 - 30 35
Fig. 16.
Angular distribution of all mesons in the R-shower. The histogram gives the
observed distribution in both the narrow core and the wide shower (4 particles
in the interval 40°—60° not shown). The curve is calculated for the assumptions of
Case III, Section 1I:
2 (Energy of incident «-particle £, = 1.1 X 1012 eV);

v=1
n =1 (Angular distribution of mesons in the C. system proportional to cos? 8).

gular distribution. The graph shows that for this case the agreement
1s fair. It therefore appears that an anisotropic angular distribution
in the C. system can explain the simultaneous production of the
narrow and the wide shower.

B. Production of the Narrow Core wn the Primary Encounter.-

There are 23 particles in the narrow core. If we assume as before
that 1/, as many neutral mesons as charged mesons are produced,
and that all 4 of the nucleons of the incoming alpha particle contri-
bute equally, we obtain N = 9 as the multiplicity per incident nu-
cleon. For the three cases I, IT and III the value of ¥ is determined
from Fig. 15 to fit the peak of the angular distribution occurring at
~ 1.5% Figs. 17a, 17Tb, 17c show the angular distribution function
N (0O) (egs. 11, 15, 16) for all 3 cases. The observed distribution, a



Multiple Meson and y-ray Production in Cosmic Ray Stars. 57

distribution which, but for the influence of the broadening effect dis-
cussed previously should reproduce the actual angular distribution
of the mesons in the laboratory system is plotted in the same figure.
The values of the incident energy which are required for an approxi-
mate fit with the observed angular distribution and the results of
(1) are listed in table II.

Fig. 17a.

Angular distributions of mesons in the core of the R-shower. The histogram gives
the observed angular distribution. The curves give the angular distribution calcul-
ated with the assumption of isotropic emission in the C. system.

Curve 1 refers to equal energies for all mesons in the C. system (Case I).
—2

Curve 2 refers to a meson energy spectrum ~ %dfﬁo (Case IT). Both curves have
i V]
been adjusted to give the maximum intensity at ®,, ~ 1.5° corresponding to y = 20
or an energy of 3.2 x 10!2 eV for the incident o-particle.

Table II.
- Case II Case TIT
Case I (isotropy and (single meson energy and
 (isotropy and uniform energy spectrum) | angular distribution F ()
-
meson energy) . Py~ po 2 9 19
F(E) ~ -2 g () ~ cos ~ COS
(Bo) o Po (== 1) (n = 2)
Yoy 120 82 120 120
v 30 20 12 10
K 0.1 0.15 0.6 1.0
y=2y2-1 1800 800 290 200
Ey =4y Mc? 7.2 7 3.2 1.2 0.8
(in 1012 eV) '
Fop = %"l 4.0 41 100 | 120
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In case I and III, we use the average observed meson energy
~ 20 Bev, corresponding to {y,> = 120. The observed ©,, gives
then a value for 7. From 7, {y,> and the observed multiplicity N
we obtain a value for the inelasticity K.

In case IT @,, and the multiplicity N determine both ¥ and K.
{yo> 18 then already determined and the value obtained agrees
within the experimental uncertainty with the estimates made from
the pairs found in the core.

Row 2 gives for each case the value of ¥ for the best fit. Row 5
gives the energy of the incident alpha particle. Rows 6 and 1 give
the average energy of the mesons in the C. system and the L. system,

Z_f=30

) 2 3 § a 5 s 5

Fig. 17b.
Angular distribution of mesons in the core of the R-shower. Same as Fig. 17a,
except that the curves are calculated with 3 = 30, corresponding to an energy of
7.2 X 1012 eV for the incident a-particle.

respectively, determined to fit the results of section (11), and row
3 the inelasticity determined by them.

Case 1. For this case (isotropy -and equal energy in the C.
system) 1t 1s now possible to fit the observed data. The “‘degree of
inelasticity” turns out to be small: K = 1?1;??%)f~0.1. It 1s pos-
sible however that part of the energy not transferred to the mesons
may appear in other processes (as for instance production of nucleon-
anti-nucleon pairs).

Case 11. For this case all factors are determined by the choice of
¥. The multiplicity is given as a function of ¥y K2 in Fig. 6. With
¥ = 20 determined to fit the observed maximum at @,, ~ 1.5°, K =
0.15 1s then determined from the above figure and (7,> = 4.1 from
the relation (28). It is interesting to note that (y,> = 82 so deter-
mined is within the limits estimated in section (i1).

Case I111. Both forn = 1 and n = 2 the angular distribution for this
case can be fitted to the observed distribution. The contributions
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to the larger angles for this case may well be contained in the more
diffuse shower, (see section IV). The value K ~ 0.5 — 1.0 deduced
from the average meson energy in the L. system (y,» = 120 is
much closer to unity than for case I and IL

It is noteworthy that these rather widely different assumptions I,
IT and III give within one order of magnitude the same estimate for
the energy of the primary «-particle: E, = 1012 — 1012 eV.-

N(®)
10

21 n=1(3=12)
m\k
0 e e et . v
1 2 3 4 5 8° 10 ) 15
Fig. 17c.
Angular distribution in the core of the R-shower.
The histogram gives the observed angular distribution. The curves refer to Case 111,
Section 2.
Curve a is calculated for y = 12 (Ey = 1.1 X 1012 eV)
n =1 (cos? & distribution).
Curve b is calculated for y = 10 (Byx = 0.8 X 102 eV)
n =2 (cos*® distribution).

a

(1v) The Diffuse Meson Shower.

The discussion of assumption A in the beginning of this section
shows that the diffuse meson shower can be considered to result
from the primary encounter only if the angular distribution of me-
sons in the C. system is anisotropic. There is no need to explain
all of the mesons by this assumption, since 1t is quite probable that
the nucleons which emerge from the primary encounter will collide
again within the same nucleus and produce additional mesons.

The mean free path of fast nucleons in nuclear matter 1, can be
calculated from the known mean free path of singly charged cosmic
ray primaries (protons) in air

A,,, ~100 gr/cm?
Ay=54x10"13 cm
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The large number of heavy prongs of the star associated with the
meson shower shows that the collision occurred in a heavy nucleus
(Ag or Br) of the emulsion. In order to estimate the maximum num-
ber of secondary, tertiary, etc., mesons we assume that the primary
a-particle made a central collision with an Ag nucleus, whose dia-
meter is 2R,,=14.3 x 10-'® cm. IHence the 4 nucleons of the
a-particle have to penetrate an amount of nuclear matter equiva-
RAg
AN

of them passes through the center of the nucleus without colliding :

P,=4e92(1—e%3=0.23

lent to o = = 2.66 mean free paths. The probability that one

1s three times smaller than the probability that all four nucleons
collide

P, = (1 —e9%=0.75

and we shall therefore assume the latter to be true. We have then
8 secondary nucleons resulting from primary collisions. A calcula-
tion performed by Dr. S. A. WouTHUYSEN*) shows that most prob-
ably 6 of them will collide again and only 2 will escape from the
nucleus:

ny = 5.92 + 1.38

1s the calculated average number of secondary collisions. An average
of 12 tertiary nucleons will result from these 6 secondary collisions,
of which an average of 8 will collide again and produce ng = 8.0 +
2.8 tertiary collisions.

In order to estimate the number of mesons to be expected in the
wide shower, we have to make some assumption on the degree of
nelasticity and the energy dependence of the multiplicity N = N(E).

Table I1I shows the number of mesons to be expected as a result of
primary, secondary and tertiary collisions for the assumption of
complete inelasticity K = 1 and the multiplicity-energy relation
given by Lewis, OpPENHEIMER and WOUTHUYSEN:

N (E)~ E®

Column (1) indicates the order of the collision, column (2) thé
energy ¥;_; of the nucleon (in units Mc?) producing the collision ¢
(y = 1800 for i =1 is taken from table II). Column 8 lists y{¥),,

column 4 the multiplicity of mesons N, (N, = 10 from table II),
column 5 the number of ejected fast protons n,; resulting from the

*) To appear in “Physica’.
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collision of order 7, column 6 the total number of charged particles
N, charged (1/; of the mesons assumed to be neutral) resulting from
the collision of order ¢ and column 7 the tangent of the half width
angle. |

Table III.

Order of (t/s) charged _ 134
Collision | “i-1 | V=1 | Moo om N By =
1 2 3 4 5 6 7
Primary 1800 | 12.2 4 x10=40 0 27 045 | 2.5°
=11 {
Secondary 30 | 3.1 15 2 12 0.33 | 18°
%==2 .
Tertiary 4 1.6 11 8 I | 459

Table III shows that the expected number of charged relativistic
particles from the secondary and tertiary collisions N% + N ~ 27
1s approximately equal to the number of charged relativistic par-
ticles from the primary collision and is only sligthly smaller than the
number of relativistic tracks actually observed in the diffuse shower:
N = 383.

For complete inelasticity there will be no significant contribution
to meson production from 4th and higher order collisions.

For partial inelasticity of the primary encounter secondary colli-
sions will produce mesons only within a cone of a few degrees open-
ing, but the 4th and 5th order collisions will contribute a number of
mesons to the wide shower comparable to the number of mesons
produced in the secondary collisions. Hence the general picture in
the case of incomplete inelasticity of the primary encounter might
not be too much different from the case of complete inelasticity,
as far as the relative numbers of mesons from primary and from sub-
sequent collisions are concerned. This discussion shows that in the
case under consideration we may indeed expect a narrow core re-
sulting from primary collisions of the nucleons of the a-particle to
be accompanied by a diffuse shower resulting from subsequent colli-
sions containing roughly the same number of charged particles.
Hence we may consider the shower of Fig. 12 as an illustration of
pluro-multiple meson production.

We are greatly indebted to the cosmic ray group of the Brook-
haven National Laboratory for their cooperation and to Dr. Ro-
BERT E. MarsEAK for many valuable discussions. This work was
assisted by the joint program of the O.N.R. and the A.E.C.
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