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ABSTRACT

The inelastic collision between 6,2 Bev protons and emulsion
nuclei is studied, The interaction with C s N and O forms the light
group, while that with Ag and Br forms the heavy group, The analysis
of the angular distribution of the charged m-mesons produced indicates
that the incident protons interé.ct with different target masses as they
traverse the target nuclei, Also the interaction between the incident
proton and the meson field of the nucleon situated at the edge of the
target nucleus is observed. The angular distribution of the charged
n-mesons in the centre of mass system is isotropic for the intefaction_
where three, four or five target nucleon masses are involved, However,
in the cases when one target nucleon mass is involved and when the
interaction occurs with the rieson field of the peripheral nueleons, ‘l';he
angular distribution in the centre of nass systei1 does not show spherical
syrmetry. The study of the transverse nomentur and the energy distributions
of the charged m-nesons also indicates the presence of the interaetion
between the incident proton and the meson field of the peripheral nucleons

of the target nucleus,




ACKNOWLEDGEMENT

I would like to express ny gratitude to ny Supervisor,

Mr, Jacques Hébert, for his suggestion of the interesting research
problen and his able guidance throughout,

I would also like to thank Mr. J. Lefaivre, and riy student
colleagues, especially Mr. K. Crouch and Mr. J. Ancsin, for their
interest in this work and for their helpful discussions,

I anm also grateful to the National Rasearch Council
Cosmic Ray Group for supplying the emulsion plates,

Financial assistance through a National Reéearch Council

grant is also gratefully acknowledged,



12.

13.

14,

15,

LIST OF FIGURES

Graphs of nornalized grain density
vs, PpB for n--neson, proton and
deuteron,

Diagran to illustrate the neasurement of
the mean scattering angle,

Two~dinensional geomectrical figure to
illustrate the physical meaning of steep
tracks,

Three-dimensional geonetrical figure for
the estination of the angular distribution
of' the n*-neson tracks,

Correction graphs for steep nt nesons
(small stars),

Correction graphs for steep n* -nesons
(big stars).

n*-meson distribution of log(cotQL)
(=m&ll stars),

n+.meson distribution of 1og(cotQL)
(big stars),

Distribution of § (snall stars),
Distribution of g (vig stars).

nt.neson distribution of log(coter,)
for g).h (snall stars),

n*-neson distribution of log(coter,)
for f( .4 (snall stars),

n* -meson distribution of log(cotey)
for §<.2 (big stars).

nt -neson distribution of log(cotey )
for .2 < £ (.4 (big stars),

n*-meson distribution of log(cot0y,)
for g >4 (big stars).

Jiid

15

15

25

25

28
28

30

30

31



Nuniber

16.

17.

18,

23,

25,

26,

27,

(List of Figures) (continued)

F-plet of the angular distribution of
n *nesons (small stars),

F-plot of the angular distribution of
n*-nesons (big stars).

F-plot of n*-mesons for g {4 (small
stars).

F-plot of w*-mesons for g > 4 (small
stars).,

F-plot of n*-mesons for f .2 (big stars),
F-plot of ni-mesons for .2 <§(.4 (big stars),
F~plot of mn*-nesons for E) 4 (big stars),

n*-neson distribution of log(-z‘c-'-)
(emall stars), I

n*-neson distribution of log( ——%’— )

(big stars).,

n"-neson distribution of log(—p-‘E
for ?( o4 in big stars, M¢

Energy spectrun of mt-mesons
(vig stars),

Energy spectrun of nt -riesons
{small stars),

34
35

35
36
36
37
40

Lo

43

43



ABSTRACT , . . . .. ...

ACKNOWLEDGE™INT , , , . .

LIST OF FIGURES . , , . .

Introduction . . . . .

Classifieation of nuclear events
Identification of particles

Multiple scattering neasurenent

Grain counting , . . .

Angular distribution of steep tracks

CONTENT

Experinental results . . . ,

m-neson rultiplicity . . . . .

Energy available in the C, M. systen
Angular distribution of n't—mesons

Transverse nonentun distribution

4+
Energy syectrur of wmesons . .

Conclusion , . ., ., . .

Appendix ., ., . ., . .

.

.

.

°

.

NV 0 9w W

.16

17
17
20
38
42

L6



1. INTRODUCTION

In a high energy nucleon-nucleon collision, the energy available
in the centre of mass (C. l4.) systen is released in a small volume having
the dimensions of the order of magnitude of the meson cloud surrounding

the nucleons.(l) This volume is assumed to be:

2
V, = £7R
<

o]

where R"’ —1:— and /( =z -neson rest mass,
Mo \
But in high energy interactions, the volume is subjeect to Lorentz contraetion
and hence the volume wiil be:

V= (4

Me?
w Y,

where M = nucleon rest mass
and W = total enecrgy of the two colliding nucleons
in the C. M. system,
Since the interactions of the meson field are streng, the energy will be
distributed rapidly among the various degrees of freedom present in the
volume according to statistical laws, anc the probability that a certain
number of mesons will be created, can be computed,
In the interaction of high energy protons with emulsion nuclei,
two different models have been used to explain the production of showers,

which ar. composed of high energy protons and charged mescns, In the

s ods (T Y — .
statistical model, (15 2) the incident proton sets up a cascade in the

target nucleus and the consecuL;Ie4ggllisign34maegg—the—naeleeﬁs—givegriSErgggg“““*

to the production of a shower. However, in the tunnel model (3), the
incident proton, if its energy is higher than 16 Bev, (%) punches a

c¢ylindrical tunnel in the target nucleus, and so a chunk of nucleons is




pushed out, It is the interaction between the incident proton and these
nucleons that gives rise to the production of a shower. At lower energies,
this tunnel may broaaen towards the end and a funnel-shaped tunnecl nay
result, This means that more nucleons arce involved and thegnergy
available in the C, M, system will be inereased, llence, the shower
multiplicity will be higher than that for o cylindrical tunnel,

then the incident proton tunnels through the nucleus, some energy
is given to the nucleus. lHence the residual nucleus is unstable and
low energy nucleons and light fraguents arc cmitted. This evaporation
of the residual nucleus(s) occurs after the formation of theshower and
hence these two proéesses can be treated distinetly from each other,

The evaporation process is now being studied by K. Crouch in this
laboratory,

The interaction between high energy protons and ermlsion nuclei
has been investigated by a number of experimenters(é'lh). Ali et al,(lz)
an& AncsinZlB) studied the interaction with 6,2 Bev protons and found
that the angular distribution of the charged mesons was isotropic in
the C, M, system, although they disagresd about the different average
target masses involved., Kalbach et alﬁ(é) and Danicl et al.(g) studied

the inelastic collision between 6.2 Bev protons and single nuclecons
(hydrogen atoms and peripheral nucleons) in the emulsion and found
that the charged meson angular distribution showed forward and back-
ward peaking in the C, LI, system. In the stucy of 9 Bev proton inter-
actions with emulsion nuclei, Friedlgnder(7) showed that there were

different target nasses involved in the interaction, depending on the



length or size of tunncl produced by the proton traversing the target
nucleus, Barbaro-Galtieri ot al.(u‘) also showed similar results in
the study of the interaction between 27 Bev protons and emulsion

nuclei,

2. CLASSIFICATION OF jUCLEAR LVINTS

"

A stack of Ilford G5 armulsions (L4 em x 10 em x 0,06 em each)
wes exposed to a 6,2 Bev proton beam fron the Berkcley Bevatron, The
method of area scanning was adopted to find nuclear events, The
interactions were divided into two groups: the light group (C, ¥, 0,)
and the heavy group (Ag, Br). Stars with cizht black tracks or more s
which were dus tc the interaction of the incident proton with the
heavy nuclei, were taken as big stars, while those having less than eight
black tracks were taken as small stars. Tracks with normalized grain
density, g/g°$2.0, where g is the grain densif.y at the plateau
ionization, were taken as shower tracks, whilc thosc with g/go> 2,0
were token as black tracks, Black trecks of range less than 10 microns
were taken as recoils(15 ) s which rmight be due to heavy cvaporation
fragments, So for the interaction with the light group, snall stars

were only thosc without o recoil,

3. IDEETIFICATION OF PARTICLES

T —

A charged particle rmoving throupgh matter loses its energy
mainly by ionizing and exciting the atoms of the medium, If the
velocity of the particle is much greater than the velocitics of the

.



orbital slectrons, the clectrons can be considercd as stationary
relative to the incoming particle.. Using this assumption, the loss

of energy per unit length is arrived at by the Bohr forrmulas

dE . g 2

where I = kinetic energy of the incoming particle
Z = number of clectronic charges carried by the

charged particle

and, a and b are constants
But in the case with emulsion, as the charged particle moves through
the ermlsion, latent images will be formed in the grains of silver
bromide, which have been traversed by the charged partiele, If the
latent image is sufficiently large, it will show as a black grain in
the emulsion after development, Assuming a lincar relationship between
the loss of energy per unit length and the average size of latent
images produced, one can show that the loss of energy per unit length
is dircetly proportioncl to the grain density of the track. (This is
truc up to g=hg o). For practical purposes, the normalized grain
density, g*, is used, It is defined as g":’ = g/go, where g is the
grain density of the t rack and Bq? which is constant, is the grain
density at thc plateau ionization., (See fig.l). The kinetic ener.y,
E, is also reclated to the quantity, pB, wherc p is the momentum and
B is the ratio of the velocity of the particle to the velocity of
li:ht, Hence a graph of g* against p3 can be drawn according to

equation (3.1). Fig, 1 shows the theorctical curves for charged
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w-meson, proton and deuteron and. the crosses are experimental points,
For some poihts s the statistical errors are shown, This is to show
the order of magnitude of the errors, Thus using this method the
shower particles can be identified as protons or charged =n-masons.
(Je negleect tho K-mescns because of their very small number),

In Fig, 1, the experimental points from the charged m-meson
tracks were quite close to the theoretical curve, while those for the
proton tracks were shifted to t he left of the theoretical curve, with
some lying quite close to it. Those lying close to the curve were
found to be flat tracks and those shifted to the left were at an angle of
dip more than 5°, Uhile carrying out neasurements in these tracks,
the vertical motion of the microscope must be adjusted constantly to keep

the track in view. This introduced a2 noisec and hence the p3 of the
track was reduced accordingly. This accounts for the shift of the
experimental peints to the left of the theoretical curve,

Among the shower tracks, those for which pf was higher thé.n
700 Mev/c could not be identified as protons or m-mesons by means of
the curves shown in Fig.l, since the curves are too close, These
tracks were classified as high energy tracks, cmitted within a cone of ‘
15° relative to the incident proton, Also some tracks had values of p8
and g* lying in the region between the proton and the n-meson curves,
where identification could not be made. These tracks were of pf less
than 700 Mev/c and were classified as unidentificd tracks, some of these
tracks mizht be charged K-mesons but it was not possible to tell
definitely, These tracks were shown by the symbol&in Fig. 1.



L. MULTIPLE SCATTZRING MEASURE!ELT

For small scattering angles, Rutherfordt!s formula can be written

(o)
a

p%:M __-(h.l)

whare B = nean scattering anzle
R(t) = JO0L745 x (£)? x X
t = cell length in microns
and k = 24 ilev degree/(100 microns)& (5ec reference 16)
If D is known, p3 can be Tfound from cquation (4.1), and its unit is in

liev/c,

In order to neasurc D, a high precision stage microscope¥® was
used, with a ma.gnificatidn of 100x, 12,5x, The track was aligned as
parallel as possible to the direction of moticn of the stage and was
moved along this direction, At cqual intervals t microns apert (t =
cell length, see Fipg.2) the deviations Tys Foseee Fysees of the track
from a refercnce straisht line were neasured by means of a nicrometer

which formed part of the eye-piece in the microscope,

track

reference straisht line,

%
The microscope stage was built by lir, J. dincsin as part of his I, Se.
work in the Universily of Ottawa,

a

}g:‘{ PP



The angle the first segment makes with the reference line is

Q= ’t'% for small angles

Similarly for the second segment:

8, < $:-Ys
8=

Then the magnitude of vthe angle between these two segments is given by:

1| = l( }ht‘?: ) - (22{ 51)“

Similarly, for the other segments, we have:

o) = |edepde -ty

0, = [ - (2] end 50 o,

Hence, the average value of |D| gives the mean scattering angle 5.
The choice of a cell length is arbitrary, but the mean
scattering angle of the track must be larger than the mean scattering
angle due to the grain noise, which is the scattering of the emulsion
grains even if the path of the charged particle is a perfect straight
line, The statistical error associated with g:_e found this way is

taken as 37_—_5'-'—- percent, where N is the number of measurements,
N




5, GRAIN COUNTING

The grain density aléng the incoming proton tracks and showér
tracks was found by,counﬁing grains over equal intervals along the tracks.
Since FB of the incoming proton could be meaéured, the normalized grain
density was read’off from the proton curve in Fig, 1, and hence the grain
density corresponding to the plateau‘region was given by dividing the

grain density along the incoming proton track by this value, Knowing the

grain density at the platean region, the normalized grain density of each

shower track could be found, The statistical error for the grain count

was taken as J%rloo percent, where N was the total number of grains

counted,

6. ANGULAR DISTRIBUTION OF STEEP TRACKS

Since the thickness of the emulsion was only 600 microns, shower

particles emitted at large angles might be too steep to allow any reiiable
measurements, as the track in the emulsion was short. Any track which was
less than 700 microns was considered to be a Steep track, Assuming that

the distribution of the fast protons and charged m-mesons in the steep
shower tracks was the same as in the identified shower tracks, the number

of charged m~meson from steep tracks could be found. The angle of emission
of each identified charged m-meson was measured with respect to the
direction of the incident proton. However to obtain the angular distribution
of all the charged n~mesons produced, the angular distribution of the

steep charged w~mesons must be teken into consideration, The following

method was used for this purpose,



There are two factors whlch must be con31dered in thls respect.
The first one is purely gecmetrlcal It is obvlous that the larger the ,'f
angle the track makes with the primary; the more probable it is that it
will be less than 700: microns long in the same plate. Therefore in thls
correction the number of steep tracks should 1ncreese with 1ncrea31ng

angles, But on the other hand experlment shows that the number of charged

T~meson decreases as the angle of the emlssion increases, Hence the angular S

distribution of the steep charged nqnesons must lie somewhere between these '
two dlstrlbutlons and a dlstrlbutlon which is the addltlon of the two effects
is used, | ‘

.Flrst of all consider a two dlmensional flgures as shown 1n Flg. 3.
Suppose 0 is the centre of an emulsmon star and OX is the dlrectlon of theT'
incident proton. HK is the upper surface of the emu181on. Then 1f OA is
equal to 700 mlcrons, i.e. the radlus of the clrcle, any track 1y1ng at an
angle greater than o will be less than 700 microns and is con31dered to be
a steep track, OB is one of these tracks. Now let us transfer this 1aea
into a three dimensional picture (Flg. h), which is the true plcture in
nuclear emulsion, Instead of a clrcle, a sphere is con51dered, and the
upper surface of the emu131on 1s reprcsented by the plane HKL Let the
radius of the sphere be r (chosen to be 700 mlcrons) Tracks making an
angle © with OX will subtend a cone of semi~apex angle e w1th base CBDG,
It is seen from the figure that part of these tracks formlng the surfaee
of the cone is cut off by the plane LKCEDH, OC and OD are the tracks at
the limit, i.e, their length in the emulsion is just 700 microns. So
these tracks (forming the surface of the cone) lying above OC and OD are.
taken as steep tracks. Assuming spherical symmetry for all tracks, the

number of these tracks g01ng out through a certain part of the sphere will
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just be proportional to the area of the surface, Now let us return to the
‘section as shown in the diagram. OM is a track making an angle of © + AQ

with OX. So the area of the annular surface will be given by:

AS = 2T +%in0 A0

Part of the surface area is cut off by the plane LKCEDH. In order to find
the area cut off, the section CBDG, which is a circle with centre F, must
be considered. As seen from the diagram, the arc CBD of the circle is
cut off by the line CED, So tracks originating from O and passing through
this are will be taken as steep tracks, Now let us . find the radius

of this circle, FC and FD are two of the radii:

Since 4OFC = 90°
FC = 0C sin 6
=pr sine
Let the perpendicular distance, FE, from the upper surface of

the emulsion to the direction of the incident proton be h,

Then cosg = %% , since  LFEC = 90°
= £ Mmé f'
|
H T g 'ty
L?) = @ ( Varmn S>

The area Aa of the annular surface cut off by this plane is

2¢ a5 _ b
AQ_::.T{_'Q-,#AS

(N.B. Only the upper half of the annular surface is considered, since

the lower half of the sphere must be considered with another plane



corresponding to the bottom of the emulsion),
Or in other words, the number of the steep tracks at an angle @

with the incident proton is:

o = A%—L\.S

Where A is a proportionality constant

b
’ Am (. Fye "'—) .
Ay = 5T L)% amBA0
P
- ~1 . = -l/ e’v
2RV mmB cos ! s | A9

Using the same argument, the number of steep tracks cut off by the bottom
surface of the emulsion can also be found,

For practical purposes the various values of © were taken at
intervals of 10° (i,e, © = 0°, 10°, 20°, and so on). So the annular
surface area between angles Gl and ©, will be:

8,

;
S =) d
= 97! S amedo

e

2
= 2T (e, -t e,)

Therefore, the number of steep tracks lying between the angles Ql and e,
is:
~9p.2 ] 4, h
A%@tg = IRV (LN ®, -1, ) em (-—-—-——)
2

where Ch +'@z
© 2
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As seen from equation (6,2) AFglgz depends on h, which is the
depth of the cmulsion star. In the selection of stars, only those lying
between 100 microns and 500 microns from the upper surface of the emulsion
were used. So h in this case varied from 100 microns to 500 microns, For
practical purposes h was chosen in steps of 100 microns (i,e, h = 100,
200, vseoves, 500 microns), For different values of h, AfQIQZ was
calculated and all these were added to give the total number of steep
tracks. So the.fra;§ions of steep tracks lying at different angle
intervals were found, This distribition was plotted as shown in Figs, 5
and 6 (curve A), Hence using this method the effect of the geometrical
factor on the angular distribution of the steep tracks was estimated,

As experiment showed, the number of the charged n~-mesons
decreases as the angle of emission increases, So zn angular distribution
of the identified charged n-mesons (Figs. 5 and 6 curve B) was drawn,
Multiplying curve B by curve &, and normalizing the new distribution so
formed to 100 percent, the angular distribution for the steep tracks in
the lab system was arrived at (Figs, 5 and 6, Curve C). Assuming the
ratio of proton to 7 mesons in the stecp tracks was the same as in the
identified tracks, the number of %*-mesons from the steep tracks was
found. These steep T mesons were then assigned to different angles by

means of curve C (Figs., 5 and 6).

L7
‘.
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7. EXPERIMENTAL RESULTS

Shower tracks from 68 big starsﬂ~ and 51 small stars were analysed,

the result of which is shown in Table I,

In this table, the shower tracks

were divided into five groups: proton tracks, nt-neson tracks, steep

tracks, high energy tracks and unidentified tracks,

TABLE I
Small Stars Big Stars
No. of stars 51 68
No, of protons 28 180
No, of n¥-mesons 61 9
No, of steep tracks 40 209
No, of high energy tracks 10 20
No, of unidentified tracks 5 10
Total number of shower tracks - 144 513

Assuming that the ratio of protons to 'nt-mesons in the steep, the high

energy and the unidentified tracks was the same as in the identified

tracks, the number of 'n:i -mesons from these tracks was calculated. The

results are shown in Table IT .

*31:, big stars were analysed by John Anesin (thesis, University of Ottawa,

l‘ﬁO). Ten of these stars were remeasured and the result showed good

agreement,




R T

17
TABLE II

Small Stars ' Big Stars
No, of steep m™-mesons 27 72
No. of high energy mn*-mesons 7 7
No. of n¥.mesons (from unidentified 3 3

tracks)

No, of nt.mesons (identified) 61 - ol
Total number of n¥.meson 98 176

8., MESON MULTIPLICITY"

From the results in Table II, the average number of ni-mesons

per star is:

{77'*) =1,9 + .2 for small stars
and (7> = 2.6 + .2 for big stars

In the calculation of the error for the 'n:t~meson multiplicity, it is
assumed that the numbers in the last row of Table IT are all ni-mesons,.
Hence the ni-meson nultipiicity produced in hsavy nuclei is higher than

in light nuclei, This can be explained by considering the energy

available in the C. M. system,

9. ENERGY AVAILABLE IN THE C. M, SYSTEM

Suppose the ineident proton moves with kinetic energy, B, in

the lab system and collides with an emulsion nucleus, During the collision,

*Please see appendix,
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only part of the nucleus will take part in the interaction for meson
production, Let the rest mass energy of this target mass involved b %
Then the total energy, Up, of the system in the lab system will be given

by

U= Brptr oo

where /.g. = rest mass energy of the incident proton,

In the C, M, system, the total energy, U*, of thc system becomes:

Uﬁz-&;—% - === (9.2)
where Xc = ( ] -—[:l% ).ﬁ - == ~.(93)

and B, = velocity of the C, M. system relative to the lab system in units
of velocity of light, c,

Then equation (9,2) can be written as

\
U%z UL('_lsi)-E e (9cl|')

But ﬁC = Cui

where fb = momentum of the incident proton in the lab system.
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Therefore equation (9.4) becomes

RTINS )

But (EL+}*)2: CF*/’”

2,2 2
_ P o= EC+pnE L

Substituting the values of U; and <>2p2 from (9.1) and (9.6) respectively
into (90 5)

Ut (B tprx) - (B4 206, )]

= (P2 22E T o

Hence the energy available in the ¢, M. system is given by,
¥

E'= U*- (ot x)

% 2, .9 Ve
or E" = (/.4, + ,X"*‘%/%X‘f”QXEL)‘(/A*K)- ~ = = (9.8)

From equation (9.8), it can be seen that this energy increases with X
i.e. the target mass involved in the interaction.

On the basis ofvthe tunnel model, the length of the tunnel
depends on where the incident proton punches through the nucleus. But

on the whole the mean tumnel length with the heavy nuclei should be




greater than that with the light nuclei, since the nuclear diameter is
proportional to the cube root of the mass number of the nucleus. This
means that the target mass involved in the interaction with the heavy
nuclei is greater than that with the light nuclei and hence the energy
available in the C, M. system for the production of mesons im higher,

This shows that the ni—mcson multiplicity should be higher for big stars

than for small stars,

pd
10, ANGULAR DISTRIBUTION OF 7 -MESONS

In the analysis of the angular distribution of ni -mesons, the
Castagnoli(17) and the Duller and Walker(18)' F-plot methods are used,
Both methods are based on the equation of transformation of angles from
the lab system to the ¢, M, system, This equation can be written as:

S.;m :;3

tan = L. - == (10.1)
X, [ :’% -+ e ,»]g
where ©;, = angle of emission of m-meson in the lab system,

g = angle of emission of m-meson in the C, I, system,

B, = velocity of the centre of mass in the lab system,

]

B velocity of memeson in the C. M, system.

n
In the Castagoli method, the following assumptions are made:

(1) The mesons are produced from nucleon-~nucleon collision,

(2) The angular distribution of the mesons is symmetrical with respect

to a plane perpendicular to the incident proton and passing through

the centre of the emulsion star,

20




(3) The mesons are independent from one another in the sense that there
is no correlation bctween their angles of emission nor between

their cnergies c¢f emission,

Taking the logarithm on both sides of equation (10.1),

k.r;a(go{ Q) = QDE\Q M___

Ter n mesons, the equation can be written as:

5%
|
w 2 logtoy) - b e - Z‘Lyx +m+ - (10.2)

The term log(cotQL) can be found, since QL can be measured in the lab,
A °/ﬁn+r"’j¢

angle of emission of the meson in the C. M. system, Hence in the "spectrum

system, while the term depends on the energy and the
independent! approximation as suggested by Castagnoli, 8, is put equal to
Be » and we have:

1 > /‘WV"‘P‘ < 1 Y e,
WZQ”‘} rend - nzﬁﬁ

[ +enf,
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Hence equation (10.2) becomes

By Laplace Theorem, the distribution of log(cotQL) can be shown to be
& Gaussian distribution, The mean of this distribution is equal to log Yoo
Hence by the Castagnoli method, log Y. can be found, Bub from equations

(9.1), (9.2) and (9.7), Yc can be written as:

_ B+ +x
¢ - ().Lz +x+ §}Ax+2tEL)72

-~ (10.4)

Therefore, for a given target mass, % , involved, the corresponding log Y,
can be calculated, Thus the target mass can be found from the distribution
of log(cotsy ).

In the F-plot method, the assumption that Bp = B, is also used,
Therefore the equation transforming angles from the lab system to the C. M,
system can be written as:
] A 4>

tan = ’
QL xc [ + C«o’Je#

or kﬁ/‘\/\@ :—L—Mi

L% 2
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Squaring both sides of the equation, we get
GAY = v -
t yc I - Aan 4’/2_
Assuniing spherical syrmetry of the angular distribution of m~-mesons

~ = == (10,5)

in the C, M, systen, the number of T-mesons passing through a
spherical surface of radius r and with the centre of the emulsion star
as thé centre, will be directly proportional to the surface area,

The spherical surface subtending a semi~angle 4 at the centre is

given by: ¢
S = 2w ’V‘zj( /J.M\.rﬁo{/‘f'

= 2T¥( |- coag)
= l.LTT‘v“Qm.i?‘/z

Hence the fraction F of the number of the m-mesons emitted within the

angle ¢ is given by: g
F= 477 2
i.e, o= AAM?—E—

substituting into (10,5), we get

forle, = L. _F ~ ~ = = (10.5)
6, = <5 ——— .
LY -k -

X




Hence if a graph of log = against log(tanQL) 1s drawn, the slope
of the graph should be equal to 2 for isotropic angular distribution

for m-mesons in the G, M, system,

The log(cotQL.) distribution of m'mesons for smell and big
stars is shown in Figures 7 and 8, respectively, The arrows show the
different expected values of log Yc as calculated from equation
(10,4) for different target messes involved, The solid line histogram
represents the tota.l* distribution which includes the identified,
the steep and the high energy m'mesons, while the shaded area represents
the distribution for the identified ntmesons above, The analysis of

results shows the mean value of the total distribution as:

< log(cotQL)> 42 for small stars

and 4 log(cotQL) > .12 for big stars

*The three m'mesons from the unidentified tracks (Table II) in both
small and big stars were neglected, since it was impossible to

assign any angle to thoen,
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and the standard deviation is:

(O

+39 for small stars

0> = .42 for big stars.
Using these values a gaussian curve which is also shovm in the diagram,
is fitted to the total distribution and the Xﬁ-test shows an agreement,
since the probability, P, is .7 and .8 for small and big stars respectively,
For isotropic angular distribution in the C. M. system, the standard
deviation of the gaussian distribution is .36, Therefore the angular
distribution for both small and big stars does not show spherical symmetry
in the C, M, systen,

The above mean value for small stars shows that 0,5 nucleon mass
was involved in the interaction, while for big stars, 4 nucleon masses were
involved, Since the average target mass in small stars is less than one
nucleon mass, this seems to indicate that the incident proton may interact
with the meson field of the target nucleon and the m~meson so produced is
pushed forward., Now let us examine the distribution more carefully, In
small stars, there are peaks round the regions of log(cotOL) correéponding
to target masses of one nucleon mass, two m-meson mass and one m-meson
mass, while in big stars, the peaks correspond to target masses of three,
four or five nucleon masses, one nucleon mass and around two or one T-meson
masses, (The last one is not so distinct).

In order te show this effect more distinctly, the method
proposed by FriedlAndert?} was used, For each star consider the arithmetic

measn, g » of the ntmeson showers in the star.,

LS
g n ;Qg}((ﬂ{eh)




The number of shower rarticles is 2,8 and 7.6 for small and
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big stars; including the neutral particles assumption (3) in the Castagnoli s

nmethod may still be justified without violating laws of conservation of
energy and momentum., Thercfore we are jl;lstified in finding the value of
for each individual star, If a single type of target mass is involved s
the §-dist.ribution for all stars should assume a gaussian distribution
aé the 1og(cotQL) distribution does, with the mean corresponding to a
certain target mass involved, As it was impossible to tell whether the
steep tracks, the high energy tracks, and the unidentified tracks were
protons or ni—mesons » only the identified ni-meson tracks were used to
calculate the value of g o The g-distribu‘bion for small stars and big
stars is shown in Figs. 9 and 10 respectively, In the small stars, there
is one pack between one nucleon mass and three m-neson mass, one at

2 m-meson mass and another beyond one m-meson mass, The peak beyond one
T-meson nass seens to indicate that the incident proton interacts with
the n-meson field of the target nucleon and the n-nmeson o produced is
pushed out in a forward directicn at a small angle with respect to the
incident proton, If this is the case, this accounts for the peak beyond
the one m~meson mass, and the log(cot@L) distribution for such m-meson
is no more gaussian. In the g-distribution for big stars, one peak exis
around, three, four or five nucleon masses s one between one nucleon mass

and 3 m-meson mass and another at one m~meson mass, In order to separate

§

ts

these peaks, arbitrary ranges of g are chosen. From the figures it scems

reasonable to separate the small stars into two groups: one with %) oy

and another with g { sk 1In the big stars, the stars are divided into
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three groups: one with )%( 02y One with .2 ¢ §< o&sy, and the remaining one
wi'bh %) .k The log( cotQL) distributions for all these groups are shown
in Figs. 11, 12, 13, 14, and 15, With small stars, the group with €> ok
(Fig. 11) shows peaks at 3 m-meson, 2 w~meson and 1 m~meson masses and the
peak beyond one m-meson mass remains. The last peak again seems to indicate
that the incident proton interacts with the meson field of the target
nucleon. In the other group where §< o (Fig. 12) the distribution.
shows a distinct peak at one nucleon mass, In the big stars, the group

of §< .2 (Fig, 13) shows a distinct peak at three, four or. five nucleon
masses, the group of .2 < §<‘ o4 (Fig., 14) shows a peak at one nucleon mass
and the group of %) o4 (Fig. 15) shows peaks at three m-meson, two m-meson
and one m-meson, Hence using this method, the different target masses
‘involved in the interaction separate,

From Figs. 11 and 15, i’q can be seen that the interaction between
the proton and the meson field of the target nucleon in much more prominent
with small stars than the big stars, The reason is that in such an
interaction, it is very likely that an edge~on collision must take place
and such a collision may not be able to produce eight o® more black tracks
even if the target nucleus belongs to the heavy group. Bonsignori and
Selleri(l9) ha%'ve pointéd out that this peripheral interaction is important
in nu,céleon-’nuéleon interaction. The mesons produced this way can be
explained by the isobaric nucleon model(zo) » In this model, one of the
two nucleons interacts with the meson field of the other nucleon and this
nucleon forms an isobar with the m-meson, Then this isobar decays and a
#=meson is emitted., Sometimes both nucleons are excited to the isobaric

state and as a result two sw-mesons are produced,

2
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The production of m-meson from proton-proton collision through
the formation of an isobaric state has recently been investigated by
Barnes et a1(21)‘and Melissines et a1(22) at 970 Mev and 2,9 Bev
respectively. The former used a hydrogen bubble chamber while the
latter used a liquid hydrogen target and detected the mmesons produced
at O°, 170 and 32° with respect to the direction of the incident proton,

The three chief interactions are:

P+tp+rptp oo (1)
P+P>PFon 4+ m e o (2) °
and PP p+p+1° e (3)

and some other interactions involving the production of more thaﬁ one
-meson, Barnes ¢t al showed in their experimental result that the cross }
sections for the above three interactions as 24.4 + 1.0, 18,4 + 0,8 and
3.8 + 4 millibarns respectively. Hence it can be seen that at this proton
energy, the production of m~meson is chiefly via interaction (2), In such .
an interaction the incident proton interacts with the n " -meson in an
isobaric state of isotopiec spin 3/2 and the ncutron acté as a spectactor,
Other experimenters(ZB’zh) investigated the saﬁe pfoblem with m~meson protom
ccllision in hydrogen bubble chambers and also showed that n~meson was
produced via the formation of an isobaric state,

The angular distribution of the identified njameson is also
studied with the F-plot method, Such a plot for both small and big stars
is shown in Figs, 16 and 17, respectively. The straight lines are fitted
by the method of least squares, The slopes for small and big stars are
found to be 2,4 and 2,1 respectively, This shows that there may be a

deviation from isotropy in the C. M, system in the small stars, while in
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big stars the angular distribution may be isotropic in the C, M, systen,
In order to study the angular distribution of the -ni—meson for different®
target masses involved, the same method as used in the log(co’o@L)
distribution, separating stars into differcnt groups is used again,
The small stars are divided into two groups: one with § D oh

and one with & { 4 and the big stars are divided into three groups: one

2
L » . p . - -
with §< o2, One with .2 ¢ 5 < .4 and the remcining one with ‘% Y okis

The F~plots of these groups are shown in Figs. 18, 19, 20, 21 and 22,

411 these straight lines are again fitted by the method of_least squares,

and all except the one with €< .2 (Fig. 20) in big stars, show a slope

much bigger than 2, which is the slope for isotropic angular distribution

in the C. M, syétem, Therefore, tﬁe‘; angular distribution of the ni-meson

shows ani‘sotropjr in the C‘, M. " sjrstem for the cases where the target masses q@
involved are one nucleon mass and the meson field of the target nucleon, |
This shows an agreement with the; wo:ék on the inelastic collision between

6,2 Bev.‘. protons and nucleons (Bydrogen atoms and peripheral nucleons in

the emulsion) by Kalbach et 21(6) and Daniel et a1(9), in which they

showed that the angular distributicn of the ntmesons showed forward

and backward peaking in the C. M, system, For the group in big stars

with g € .2, which corresponds to three, four or five nucleon target

masses‘,. the angular distribution in the C., M. system may be isotropic,

as the slope of the graph is 2.3,

11, TRANSVERSE MOMENTUM

Rosental’ and Milekhin were the first to draw attention to
connection between the angle and the energy of emission of secondary

particles in high energy maclear interactions. In their hydrodynamical
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model(zs) for multiple particles production, the secondary particles are
assumed to be préduced as result of particles in thermal moticn at an
evaporation temperature of }J,Cz/ k, where jacz is the rest mass
energy of m-meson and k is the Boltzmann constant, In such a process,
the transverse momentum (the component of the momentum perpendicular to
the direction of the incident particie) of the secondary particles vary
only slightly over a relatively large range of the angles of emission,
Therefore, the distribution of the transverse momenta is a gaussian
distribution with & mean at 1 i ¢, For convenience sake (26) s instead
of plotting & distribution for jthe transverse momentum, p, 1og(-}1"—}
is plotted,

The transverse momenta distribu‘bion‘ for small and big stars
is shown in Figs, 2% and 24, respectively, The solid line histogram
shows the total distribution for identified n—-mesons and the curve is
the gaussian curve fitted to the experimental data, and the X_z-t,est
shows an agreement, since the probabilié&, P , is , 5 and ,3 for swell and
big stars raspectively. The cean values of the transverse momentum
distributions are 0,59 ‘ /wc and 0.84 | /u,s for small and big stars
respecbively, Alsc such a distribution for small and big stars, in
which %) o4, is shown as shaded area in the same figwes, As seen
from the figures, both distributions show a mean less than that for the
total distribution. Thus taking off those ﬂ‘t-mesons produced in the
peripheral interaction, the mean value for the transverse momentum

distribution will shift towards the value of 1 /u.c s as predicted by

the theory,
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In the small stars, many of the events are due to the

interaction of the incident proton and the meson field of the peripheral

Ps

(&

nucleons so after taking off these events in the log( ) distribution,

the statistics would be too poor to show the 1og('}zt: ) distribution for
the case where one target nucleon mass is involved. But in the big stars,
these events are removed and the remaining distribution is shown in Fig., 25.
The mean value for such a distribution is ,904}4,0. The curve is again

a gaussian curve fitted to the experiment data, The agreement between the
curve and the experimental data is not so good as before, siﬁce the
probability, P, from the ) ~test is .12, Thus it can be seen that

the mean value of the transverse momentum distribution in the cases

where the target mass is at least one nucleon mass, is close to the

theoretical value,

: +
12, ENERGY SPECTRUM OF s -MESONS

Finally, the energy spectrum for the identified n*-mesons is
studied, The energy spectrum for big and small stars is shown in
Figs., 26 and 27, respectively. In big stdrs, the spectrum shows a
maximum at the interval 100-150 Mev and ﬁhen drops off quité rapidly
with increasing energy, For small stars, the maximm is at the interval
50-100 Mev and the spectrum drops off less rapidly with increasing energy,
This indicates that there is a higher proportion of higher energy.ﬂiimesons
produced in small stars, as the njimesons produced from peripheral

interaction may have higher energy as comparcd with those due to a larger

target mass interaction,
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13. CONCLUSION

From the analysis of 51 small stars and 68 big stars, the mean
meson multiplicity is found to be:

24 'n""_) = 1.9+ .2 for small stars
and ¢ty = 2,6+ .2 for big stars,

The n'-meson angular distribution of 1og(cotGL) indicates that
the target mass involved in the interaction depends on the path of the
incident proton through the nucleus., In ‘small stars » the incident proton
interacts either with one target nucleon mass or with the meson field of
the peripheral nucleons, while in the big stars, it interacts with three,
four or five target nucleon masses, one target nucleon mass and the meson
field of the peripheral nucleons. Unfortunately the statistics are not
sufficient to resolve the target mass into different m -meson masses for
the case whera the Fincident proton interacts with the meson field of the
peripheral nucleons. Such an interaction is more prominent in small than
in big stars,

From the study of the F-plot, the angular distribution in the
C. M, systgm shows isotropy only when three, four or five target nucleon
masses are involved, vhile for the cases where one target nucleon mass
and the meson field of the peripher2l target are involved, the distribution
shows a.nisotropy.v

From the study of the total transverse momentum distribution,
the mean value of the transverse momenta of the mi-mesons was found to
to be: |

£ Py =0.5 e for small stars
< }J.) = 0,84 ol for big stars,
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These values are lower than 1 }Lc, and the hydrodynamical model predicts
it to be 1 ‘fAC. This deviation frpm the expected value may be explained
by the small transverse momenfa of the niimesons produced by the
interaction between the incident proton and the meson field of the
peripheral nucleons, since such nEmesons are emitted at very small
angles,

After removing those events in which the incident proton
interacts with the meson field of the peripheral target nucleons, the
mean value of the transverse momentum in the big stars becomes ,90 /y»c.

Finally, the energy spectrum shows that there is a larger
proportion of higher energy niimesons in small than in big stars. -

This seems to be in agreement with the fact that the interaction-between
the incident proton and the meson field of the peripheral nucleons is
more prominent in‘small than in big stars, as the = f-mesons produced in

such a process is of higher energy as compared with those due to a larger

target mass interaction,
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14. APPENDIX

As seen from the log(co‘bQL) distributions for the charged
n~mesons in both small and big stars, different target nucleon masses
are involved in the interaction, In addition to this s we observe the
interaction of the incident proton and the meson field of the peripheral
target nucleons, Due to the presence of this peripheral interaction,
the assumption usually made that one-third of the w-mesons produced are
uo—mesons, is not valid. In the peripheral interaction, the target
nucleon can either be a proton or a neutron, In the p-p peripheral
interaction, a wit-meson is most likely to be produced, while for the
p-n peripheral interaction, the mode of interaction is not known at
6.2 Bev, Therefore, the propértion of n°-mesons in the peripheral

interaction cannot be estimated, For this reason the m-meson multiplicity

is given only for the charged mw-mesons,
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