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ABSTRACT

In the Tirst part of this work the consiruction of a
~igh precision microscope stage is described with pariticular
reference to a compensating system uslng two nulleys. The
noilse measurement of this stage 1s made by means of an
electronic system which measures noise down to a few Angstronm
units,

The second part is & study of the stars produced by the
interaction of 6.2 Bev. protons with emulsion nuclel. The
angular.distribution of the piong is found in the laboratory
system after reconsidering the definition of thé showsr
pafticles. The results cttalned indlcatse that in the collision
of 6.2 Bev. protons with cbmplex nuclei 3 or I} nucleons of the
térget nucleus are directly involved in the nion nroduction.
The charged pion multiplicity is found to be 2.5 + .2 per

star. These results are in agreement with those predicted by

the tunnel theories,
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PART T.

MICROSGOPE STAGE AND NOISE MEASUREM?:NT:
| INTRODUCTION:

It is o well kaown éxperimental fact that charged particics
fonizge the matter through which they trevel, Making use of this
fact, the pﬁoto emuision'technique has been developed as an
important tool for investigating the interacticn bf slementery
particles;

’6ur mein purpose will be the analysis of the events
resulting from the intéraction of 6;2 Bev. protons with the
nucléi of the emulsion;

To study an event, one has to know the identity and the energy|
of the primary,.the targst and the particles produced9 if any, in
the inueractiona Every analyaisq theref‘cfe0 has %o start with 1
identification and ensrgy determinqtion of ths pariticles involvedu
Uhfortunately;.the neutral particles are not'registered'in the
plates, and d;stinction.be%ween positive and nagative charges 1s
not possible in the absence of & magnetic field.

Due to the fact that all of this work is based on the ilden-
tification of the elémentary particles, it would be worthwiie to
say & few words about the way of doing this, and point out the
probleus to be overccme; First the basic principles of identifi-
cation snd energy determination will be summarized, the formulae

used stated and the lmportance of the
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good scattering micrescope sbage zxplainsd. Filaally the

problem of multiplicity and angular disiribution of pions

(n-mesons) produced in the above wmentioned interaction will

be discussed.

IDENTIFICATION AND ENERGY DETERMIWATION Of CUARGED PARTICLES .

A charged particle traversing matter will lose energy dus
to the interaction wilth the atoms of the matter. In the photo
emulgion thls interactlon conslsts of the ionization of the
individual atoms and appears in the form of grains when
looking at it through a microscope; Knowing that the
lonizatlion 1is the interaction of thé incoming primary particle
with the periphery elegtrons of the target atcms and that this
interaction 1s governed by Coulombts law, it can be shown thab
the energy loss of the primary per unit length (commoni' callad

the  lonization) is given by the following relation:

P ¢ E

2

de i
(1) A e M2
Ax . r>L
where p, m and Z are the momentum, the mass and the charge of
the primary, respectively, and k and ¢ are constants.
Por the derivation of this formula it has been assumed

that the electrons revolving sround the atom are sc slow in

comparlson with the primery that it can be agsumed that they

n R e e e i ot e+ e e e




are at rest. This assumntion wmeans that ecuation (1) can bve
apnlied only if the -sriicle under consideration is Tast

encugh for its ensrgy to be higher than a certain 1limit Eg.

Below this energy equetion (1} has no moaning;

It is clear from this fcrmula.that below the re;ativistic
regiog the ionizetion at a given momenbtum and charge is
proportional to the wawnare of the mass. Thils fact is used to
determine the mass of a particle simply by measwring its
momeﬁtum and the so-called grain density, using fizure 1 which
is equation (1) plotteé for pfotons, pions and K-particles,
the rest masé energles belng 937 Mev., 140 Mev., and about
480 Mev., respectively. The grain density is the number of
grains ver unlt length, i.e. the ilonlzation. These are
particies of unit chargs. On ths other hand the grain density
at a glven mass and momentum 1is proportional to the square of
the charge. Thus, particles with Z.z 2 would have four times
as high e grain denslty as a particle having the same mags and
momentum, but unit cﬁar{ge0 Notice also that the cuwrves in
fiéure 1 have & mlnimum and in the high energy reglon a mass
and energy Independsent portion called the plé%eau;

Let us turn now to the problem of energy determinationo
Bnergy measureme;f is most commonly done by multiple scattering

o

i' measurement s,
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Wher. a narticle with nigh enough velocity travels in
matter it will, in general, in nddition to the ionigzation,
suffer elastic collision with the nuclel of the atoms. This
being agaiﬁ an electrostatic interaction will be descrloed by
Coulomb?s law, and consequently the relation between the angle
of scattering and the energy of the primery will be given by
Rutherfordis scattering equation. For multiple scattering of
the primary, using Rutherfordts relation for small angles, it

can 5& shown thaﬁ
e
(2) /yafé pord ._iif.n

vhere p is the momentum of the primary, B = ¥ , K is a constan®

[+

given by equation {3) and a ig the mean angle of multiple

sdatteringo
(3) K = f(#ﬁ)

Here t is the cell length used in microns (explained further
on). Por the derivation of squations (1} and {2) soe referencs
(1) and for equation (3) see {2). Rquation {2} 1s used in
practice for momentum determination in.the range of about

20 Mev. £ E & 10 Bev. One can have the 1mpressi§n when

looking at equation {2) that it is necessary to measurs each
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scattering angle of & given particle in crder tec determine
its energy. "o avoid this misconception it 1s necesgsary to
describe'briefly the technique of angle measurement;

There are a number of different wsys of determining the
scattering angles. Tor a short suwmmary of them see (3). In
our measurement we used the so-called cqordin&te me thed of
Fowler, which can be described as follows:

Consider m narticls moving in nmattsr suffering multiple

‘collisions as shown in figure 2. For small angles the bangent

of an angls is equal to the angle itsslf. Therefore, instesd
of measuring the actusl angles 1% 1s sufficlent t; me ggure the
tangents. Moreover, if for measuring the tangents we uss
triasngles whose two shorter sides are along the X and y axes,
and if the side along the x dirsction has unit length, then

it 1s sufficient to measure only the y component of the
triangle for determining the btangent of the scattering anglej
Let the narticle vwhose scattering angle is to be determinsd

be displaced along a éerfectly straight lins; then leﬁ us
measure its perpendicular displacesment wlth respect to this
straight line, a% each unit length as shown in figure 2. TFrom
these readings,_yi,yzpy3s +ees ¥p, Ghe angles can be determined
in the following Qayz The first differences {y, « yndlﬁ give

the curvature of the track, and the second ones
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(v, - Ypei) = (Fpog = ynaa)‘will give the angles of scatiering.
Finally we obtain the mean angle @, necessary to calculate the
momentum pf the particle. Knowing the momentum nnd the mass,

the energy can be calculated.

THE PROBLEM OF THE SCATTERING STAGE AND OF THE NOISE.

Thers is one very Important thing assumed in the above
described angle measurement. We assumed that it'is,possibla
to disblade the path of a particle.alchg a perfectiy'straight
line. It is qqite easy to show, however, that it éannot be
done.,  To show this let us consider ths way of aisplacing tha
path of a particle in practide: |

When messuring the sngles using the method described, the
photo emulsion plate is placed on the stage of a microsccp§:
_The-track of the partlecls is lined up parallel ta the dirsctilon
élong which the stage is displaced with the aid of ths micros
pslsr fixed to the bass of the microscope. The séattering angles
along the path of the particle are then measured as describeé
above'by means of an eyepiece flxed to thelmicroscope head:

% Now; ﬁhe assumption in question is that the mlcroscope stéé@
is capable of doing displacemsnt along & perfectly étraight

line. This, of,éourse,‘is an assumption'thaﬁ Ean be accepted

when measuring rolatively low enérgies.where the scattering

L | | I




angles are relatively large. Atlhigh energles, howsver, thils
assumption can eériougly bs questioned for tﬁe following
reasoﬁ:

Mozt of the previously used microscope stages have &
rigid part fixed to the bases of the microscope with their top

sned

asd

as smoothly finished a8 possibls. An equelly well fin!
movable part‘is placed on top of this with a thin Lllm of oll
between them o0 provide a smooth straight motion of the labiter
when pughed with a mlcromster. Obviously the surféces obtalined
this way wlll not bs as flat as to provide motion in a
geometrically flat plane but rather a zig-zag moticn gbout this
plana; This small irrsgularity is cglled the noise:

To have an idea about the order of magnitude of this noiss
oné can expresgs it in terms of ensrgy. If we would have a
geometriéally stralght 1line placed on top of the stage, then
doing scattering measurements on it ws should find no scatitering
at all i the staée wore ﬁerfecto In practice, however, we
would find for a well bullt mechanical stage that this energy
is of the order of 2 to 3 Bev. This means that the stage‘éua
to its nolse cannot measure energies higher than, say, 1.5 to
2 Bev. This siﬁple 11llustration shows the 1ﬁéortahpe of having

as good stagss es possible,vespeciallfiif ona deals with evenis

S




where the ensrgies involved are higher than 2 or 3 Bev., In
our case the p?imary protons have 6.2 Bev. kinetic energy so
that we are justified in considering the problem of noise in
detail. It became possible vecently to buy better stages on
the market, but they are very exnensive. Considering the
necessity of anving a high precision stage, we decided to
build one. ‘the principle of operation i.as beén suggested by
Plainevaux, see reference (L)}, and the essence of it is that
it has nd slidihg surfaces, bthus avoiding»the mechanical noise

due to the imperfection of the azurfaces: '

PRIWCIPLE O OPERATION.

The srinciple of operation can be exp}ained very easily
by meking use of the diagrems in figurés 3 to 9. ' Consider
the systen composed of two ldentical eiastic bl&des el Ope '
ond of each of them is Fixed to the ends of a rigld weightleas
rod "bY, thg other end to the rigild frame "A", as’ shown Iin

figure 3. The length of "b" 1s c¢hosen so as to mnke the blades

parallel.
After applying the force I along "p¥ the new position of
the system will be bthat shown In filgure L. Notice that "b”

remained parallel to the horizontal,

G
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Let us modlfy the system to that showun in figure 5.

There ggain all blades ere assumed to be identical end
parallel in this position. "c" is a weightless rigid rod:‘

Applying the fofca F this time along "e", the system wllil
be displaced td a new position, as shown in figure 6:

It will be ghown later ‘that it is necessary to make the
followlng modifigation on the system: 1lst us clamp the bladeg
by two rigid plates in such a way that only a veryAshcrt pars
of them will be free to beﬁd. "ith elamped bladés, the systom
of figure 6 is redrawn in figure 7;

‘There are three important points to:bé notiéed in

connectlon with figure 7.
{1) Due %o the woelghtlessness of the stage the only external
fdrce is Fo

{2) Becauss F acts along the horizontal line, "o" will move

in the horizontal plane.
(3) If "e" moves a dlstance x, "b"™ moves a distance x/2. The

stage, howsver, is not weightliess. Let thg nags of the
gbajie be m, then at its centre of gravity there is a forée Fg,
perpendicular %o . As a rerult of this andditional force, the
displacement of "é" will not take place along the hdrizonta1;

Let us reconsider the nrevious three poinbs.

ns
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(1) There are two external forcss.

(2) The resultant. does not lis in the horlizontal plane,

consequently "c" will not move in the horizontal nlane.

(3) If "e" moves g distance x, "o" will not move x/2, but

less, &s shown in figure 8.

It is clear that F_, causes two things:

2]

(1) Non~horizontal motion of "e" (lowering).
(2) "b" does not move x/2 for a displacement x of "c',

There are two ways of forcing this'33s£am back to rectilineaw
motion. One way would be as follownzv The non»iinearity of
the motion was caused by Fg. Therefore, if we would epply an
equal but opposite force -ngét the centre of gravity of the
gystam the stage would anpear welghtless again. Alterhakively;
the iinear motion of "c"‘implies that for a displacement ﬁ of
"e" there 1s a displacement x/2 of "b". On the other hand,
nonulinear'displaéement of "e" causes a displacement of "b?
less than x/2. Conéequently,Aforcing "Lb" %o be displaced by
x/2 then "b" would automatically bring "e® back to the hord.:
zgontal plane, i.e. its motion will be recfilinear again., Tor
practical purposes the firsgst way would not bg satlsfactory

because the appiiaation of -F_ would wake the stage rather

13

awkward lodking, and in addition the adjustment of the ]

—




positlon and magnitude of the force oFg could be difficult:
For thils practical reason only, we discard this possibility
and examine the other,

A solution of the problem was given by Plalnevauz. In
his stage he applied two micrometers. One pushes "e", the
other nushes "b". Jith the aid of a third screw, through &
connectling systemy; the micromebers sre driven in a 1:2 ratio;
Stages built this way are known as high encrgy scattering
stages, and are commercially avallable. There are scme
disadvantages, however, in this arrgngement:

Due to backlash in the'micromctar serews they will naver
start %o move exactly in a 1:2 ratio. This will become even
worge due to wear. Another thing is that these micrometers
are more expensive than the ordinary ones because they have
to perform two things at the same time. They rust be just ag
accurate as any other type of mlcrometer and they must be abls
to push hard withoﬁtﬂlosing their accuracy. Wone of the
commonly used micrometors are desligned te perform these two
fﬁnctiong; At least two of these screws are necesssry in

Plainevauzts microscope,
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Our solution of the nroblem in this:

L A simple device which divides
E' ol distances by 2 is a movable pulley.

Uhen polnt "a" moves a distance x,

point "B" moves a distance of x/2,

and the problem 1s sgolved. Thus@

point "a" should be ccnnected to "of

polint "y" to the rigid frame A" ond
:

F'\Gi. 0 & the axle of the pulley to part "b
of figure 8, The advantages of thig arrangemenﬁ'over thst of
Plainevauz are: DBecause the pulley is driven bﬁi"c" and nob
directly by the micrometer, "b" will be forced to move x/2 for
& displacement x of "e". Thus the control of "b" would be
1ﬁdependent of backlash of the micrometer. Moreover we need
only one micrometer instead of two, thua making the stage less
expensive.- Another peint is that malting the strings across
the pulley tight enougk eliminates the backlash in the ﬁulley
1teelf;

I£ is clear now why it is necessary to clamp the bia&es,

Due to the presence of Fg even the pulley would not bring "¢

back to the horizontal because of the elasticity of the blades.




Pinally the completed diagram of the system performing
the reetilinear motion is given in Tigure 9,
The photograph of the misroscepe hawving the described

stage is shown here.




MEASUREMENT OF THE NOISEH

To check the reliavility of the stage, we have to measure
its noise. The measurement of the noise is essentially the
problem of measuring small distance changes. The conventional
way of doing this is to use interferometry. It seems logical
to consider the method of measuring small distonces interferoc.
metrically as it is done in practice, and show its accuracy;
then discuss the posslibility of iImprovements and finally give

our sclution of the problem.

Interferometric Methed,

An interferomster consists of two opticaliy flat semil.
transparent surfaces seot up parallel to one another, Due to
the multiple reflection of 1light between the plates, an
inberference pattern can be observed; -Knowing the wavelength
of the light used and counting the number of fringss, the
distancs between the. surfaces can be calculated. On.chénging
the separation of the plates, one can observe a fringe shift.

To apply this method to nolse msasurement, one-heeds.to
Fix ons plate of the interferometer to the rigid part of the
stage, the other plate to the movable part. e then neasure

the fringe shift as a function of the displacement of the




movable nart of the stage.

fccuracys

| Estimatipgp for instance, %o 1/25th of a fringe which
corresponds to a distance of A/50, and using A = 5000 R, we
can determine distances of the order of 100 R- Obviously the
error caen bes quite large in this case. One also realizes thab
the wavelength used sets a lower 1imit to the magnitude of %the
distance differences which can be determined in this way; Thus,
the limited sccuracy made it obvious that it would be worthwhils
to look for another principle which, if applied'to noise

determination, would give beiter accuracy.

Parallel plate condenser method,

T6 £ind a better method, ons has to go back o eiementa?y
experimental physics and ssarch for principles oy known facté
by which distances are related sensitively to other quantities.
We have chosen two experimental facts which we thought deserved

considerationg

(1) The principle of the Kerr cell, It is well lnown that

liguids change their ontilcal propertles when passing through an
electric field.. ILet us produce an electric field by a fixed

potential difference across a narellel plate condenser. This




field wlll then be a function of the distance between the plates.
Setting these up the ssme way as the nlates of the interferometer,
the electric field will then be controlled by the noise of the
stage. Passing plane polariéadlight through the field, the
‘intensity of the light as picked up by a ohotocéll through z
fixed Nicol prism will be a function of the stage nolse. This
way ncise can be messured by meésuring light intensity. This

method looks promising, but the necessity of dafkness and the

use of liquid would probably make the procedure rather unpleasani.

For this reason we decided to look for some other way.

{2} Noise measurement by messuring frequency., A simple

way of megsuring small distance variastions was suggested by
Waddington, see roference {5). This method isg Conslder a

parallel plate condenser, lts capacity in e.s.u. is glven by

AR where A: erea of the surfacess
C: - ™
X: distance between the
4t X ,
platess

Using .this condenser‘as a component of a parallel LC circulf,
an oscillator can be bﬁilt_whose frequency will be a function
_of the distance between the platesé One realizes at once thet
this method canheasilﬁ be adopted to the ndolse measurement by

setting up the plates of the condenser in the same way as the

%
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plates of the intsrferometer, Then the stage noise would
mean variétion in the dlstance between the plates, and
consequenfiy as a result of ﬁhe noise; we would have sz
varying canaclitancs.

From the fundamental relation

| i
(43 L) = = X
- NLce ﬁA

we get

1
(53 AX .

Hence, the relation betwesn the noise and the frequency

variation of the oscillator is given by

. (6) Ax = 2 t{){—a/j{- w?zere W= '2:?:"-3‘;

As an example let us calculate the sensitivity of the oscillator

having the following values:

£f = 1 Me/s;
. . -2
x = 10”2 cmp then As = 23:am_3£%;__.
, 10
Af = 1 c¢fs; ;

2 x.10°g cm
This means that having an osecillator whose frequency is 1 Mc/s

o
with & plate separation of 0.1 mm, a variation of 2A would
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produce 1 ¢/s frequency change of the oscillator frequency;

This illustration shows that 1t is possible to have a much
more aqcurate way of making distance measurements than by
interferometry.

Lot us consider now what sebtup is required to perfornm
the noize measurement successfully.

Looking at equation (6}, we see that to detect the smallest
poasible distances we need an oscillator with as high s frsqusncy
as possible;~ On the other hand, the separation of the plates
has to be as small as possible.

There are two problems to golve at this point:

(1) Frequency measurement: We havs So determine very small

changes in the frequency of the oscillator. It would be im-
possible to do this directly. However, using a fixed frequency .
oéeillator end a mizer, the difference frequency can bs quite

small so that relatively small frequency changes can easily be

measured, -

{2) Frequency stabllity of the oscillator: Because the frequency

changes due to the nolse are to be very small, the frequenoy
8tabllity of the oscillator has to be vsry gﬁod° Tortunately
this is ageln a standard problem and it is well known how the
best possible étébility can be achleved. Thé main causes of

the frequency shift of an oscillator ars the followings
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{1} Variation in supply voltages;

(2) Mechanical instability of the system;
(3) Temperature variations;

(L) Low @1 coil;

(5) Spontaneous variation of the oscillator tube paramaters.

Descrlption of the complete sysien.

The individusal circuits are shown In figures 1l to lu;
The fixed frequency oscillator used is a crystal controlled
one with frequency shift less than 5 parts in 106. The crystal
is In an oven ss recommended by the manufacturer;
The mizer 1s again a conventioﬁal one. The main source
of posegible frequency shift is the noise controllied oscillator;
To make it as good as possible, the following things were done:
(1) To minimize the variations in the supply voltégesp an

additional voltage regulator was built in the osecillstor chassis.

(2) To provide good mechanical stabllity the oscillator
chagsis was mede of heavy 1/4" thick brass plate, and each

component installed as strongly as possible.

(3} To minimize the effect of the tempersture variation
the oscillator was operated in an air conditioned room, and
each capacitor éhich may have effect on the freaquency was a

zero temperature coefficlent mica condenser,
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(1. High "Q" coll was used. It was made of heavy copper

wire wound on 2 1/2" diameter bakelite core; giving a @ of LOC.

(5) To minimize the effect of the variation in the tube
parameters the shown "series tuned perallel IO éircu’it" was
used. The purpose of ¢4 and ¢y is that being relatively lavrge
condensers parallel to the input of the tubé, all the minute
changes ln the btube parameters wlll be sbsorbed by them with
no apprecisble effect on the frequency. To show the sensltie

vity; of this clircuit consider the following calculations

!— — The impedance of the clrcuit is
c T 7 , 5 e
s — : “t JVJ h
i % JWL
JMC.
At Wstdy Py o0  and L.o
/ Z
Cénsequently

JWeC = j W0, (Lewy —1)

i

and () = ‘ S‘-)..L
o (H'cm T

4 . -
- CHal )=
Dok AL, "f(l* Ta ) L{crae)

but € &< Cc\, and thersfors after making the necessary

simplifications, we get
AW = =L-. é.g w
°T 2
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but éﬁ' = éﬁ
¢ ) &
"inally we getb
Oy = ggjﬁ-af

Thus' we see that the sensitivity of this circuilt 1s the same
as 1f G, were not present. {Sse equation 6}.
In our case the following values were used:

L x 10“2 cus

200/4;}
Cl = Ca = 100%49%

.and £ = L020 ke.

X

C

The crystal controlled osclllator weas working at 1 ¥c. Thus
the difference frequency was cbtained bj beating the frequsncy
of the noise controlled oscillator égéinst the hth harmonic of
the crystal controlled one.

The sensitlvity
2 3 -§
Ak = 24l o m— = Lx10 e
! 4:506

o
j.e. Af = 1 corresponds to 2 A's distance change. The nolse
controlled oscillator hss a frequency shift of 50 ¢/15 minutes,
but ths short term stability was much bebtter.

The time necessary to determine the noise betwssn two

successive positions of the stage was less than 30 seconds, so




that during this short tims the fredquency shift of the
oscillator was negligible;
The time necessary to make a complete run of ths noilse
moeasurement at a given cell lengbh was less than 10 minutes;
- Thls is cqulte short iIn comnarison with the interferometric
method. Figure 15 shows the nolse of the stage as avfunction
of cell for the Koristka microscope (see reference 6) and for
our stage. In the case of our stage, the noise is plotted as
obtained by the interferometric method and by frequency
measurement .
In conclusion we may sgay that iﬁ is possible to measurs
small distance varlations more quickly snd more accurately

‘-

this wey than by interferometry.
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PART II.

INTERACTION OF 6.2 BEV, PROTONS WITH THE EMULSION WUCLEX.

' The interaction of high energy protons with individual
nucleong has been the subjlect of numerous publications.
The multiplicity and the angular distribution of the pions
produced have been measured for various proton energles.
Such measurements can also be made in the case of collisions
of high energy protons with nuclef, but the interpretation
of thevresu1ts would require the lmowledge of the number of.
target nucléons directly involved in the interaction and
the processes involved in piqn emisaion.

The application of the tunnel theory, see references(733{839

{9), may help to give an interpretabion of the experimental
data obtained froﬁ the interaction of high energy nrotons

with complex nuéleia

?urgosés To atudy the applic;bility of the tumnel theory to
thé interaction of 6;2 Bev. pfotons with the emulsioﬁ nud}ei;
Thers sare tﬁo main experimgntal results ©o be considered:.

;) Multiplicity;

2) Angular distribution.
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Multiplicltyt! First of all 1let us show that the total kinetic

enérgy avallable for showsr particle production in the C.M.
system (center of mass system) at a glven primary energy is
an increasing function of the number of target nuecleon masses.
By target nucleon masses is meant the number of nucleons
directly involved in the collision with the nrimary proton,
and by C.M. system that system of coordinates in which the

total momentum of the interacting particles is zeroc.

Notation: U": total energy iﬁ C.M. sysﬁém.

UL: total energy in the laboratory sﬁstamo

B : relative. veloolty of the G.M. system.

pec: momentum of the nrimary measured in ensrgy
units in lsboratory system.

/ﬂd rest mass energy of the nucleon.,

x: number of térget nucleon maséesﬁ

Ey: linetic energy of the primary proton in
the laborstory system;

E¥: totsl kinetic snergy available in the

C.¥M. system.
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E = u* (xfl)/av

which says exactly as stated abovej; nemely, that the kinstis

energy increases with increasing number of targeﬁ nucieon

masses;x in the G.M. sﬁstem at 'a given primary enecrgy, sse fig; 16:
After this introduction let us.describe the tunnel model

of the high energy interactioens.

Tunnel theory: 'At high enough enérgies the incoming nfimary
punches s hole cﬁlled the tunnel ﬁhrough fhe target nucleus
and the nucleons which before the interaction were within the
tunnel willl leave thg nucleus as 8 sub-nuciear mass qontaining
the prigary and sharing its snergy. The residusl excited
nucleus will then cool off by "evaporating" slow secondaries.
If this is the case, thén the emission of pions from thé'
sub-nuclear mags having high excitati§n energy is cuite
indépendent from the evasporation process.-4The shéwer muit1w~

plicity would depend on the tunnel length, l.e. on the radius

'
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of the target nucleus.

To apply this picturse to the emulsion plates it should
be menticned first that the nuclel of the atoms forming the
emulsion can be divided into two groups:

1) "L" - group containing the light elemenﬁs,
namely H, C, N, O3
2) "' = group wnlch contains the heavy elements:
Br, Ag. .
This means that the primsry has a chance to interact with any
of these nuclei. It is customary, however, to rgstrict the
investigation to "H" or "L" - groups insteed of specifying the
exact atomic number of the nucleus which, in genersl, would
be a very difficult experimental tagk. Therefore, in this
work it will be assumed that the emulsion contains two kinds
of target nuclel only: the "L" nuclei with mess number 2 1b
and the "E" nuclei with mass number 2% 95.

Under these conditions the tunnel theory oredicts two

different multiplicities for the shower particies. This is

obvious because the multiplicity. is a function of the nuelear
radius and there are two mean radii within the emulsion as
explained ébove; Thus, plotting the shower muitiplicity as a

function of the number of heavy prongs (evaporatiQh secondaries},

1t is expected to et a step-llke shape.
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Angular distrlbution: The problem in thils cass is %o find tho

effective C.H. system of the interaction system using the
distribution of the emitted pions in the laboratory system,
To do this we need to know the btransformation squation of the

angles between the two systems of réferencs,

Transformation squation of angles: The simplest way to find

the transformation ecuation is to start with the Lorentz
transformation of velocities.
Let the éystem S move with reapect to 3 with a velocliy v

along the x axis and let the particle have s veloeity vt in S

9

x° Yy

last condition (v; = 0) would mean a loss of generélity. It

its components being v ', and vV, = 0. Mabthematically, this

is easy to see, however, that this condition mesns that the b s
plane is oriented in such a way as to make the z component of
the velocit&'edual to zero. As long as we keep this in mind
the expression ﬁé be derivea will have a general meaning.,

It is well knowﬁ'that under this condltion the ﬁelqcity ve

can be deseribed in & by the following relations:

@ e e gk T
| L / e Ve “

P
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but Vi = Jeos & and J‘x =V cosd
.ot

'\)‘ - V\.Si:/‘wé J'J ".)Jsuu.é

substituting these into (9) we get

t . ]
V“ws@gww&g“‘ Fon Qo L5008 J"%

10 ‘088 i
o’ o Venp d e

C.Z
the division of these equafions glves

}

. 3 . i
. 196 = A [T2: L 2B
Vied v <Y, Ws@w Y

Equation {11} gives the transformation squation of angles
between the C.M. and the laboratory systsm if u is the
velocity of the C.M. system with respect to the laboratory

frams of reference, and v ls the velocity of the particle in

COMO
Taking the logarithm of equation (11} we get
. @6 )
, /) St
ﬁ&‘\ i ﬁ - Q " ,—P,;O (‘M )
(123 ey I AW O:} a:’i "N cose' 4 Py

£

It has been shown by Castag,noli9 gsee reference (10), that
plosting the number of plong emitted vs. log'{tgGL$9 one goty

a. geuzzlen distribution sbouit the average which is log Yo
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whose standard deviation (;/contains the information about the
symmetry propertles in G.M. system. Namely, if C:’z 36, the
distriﬁution of the plons in C.M. system is spherically
symmetrical and il (;’;7°36y there is a forward - backward
pesking. With increasing C; the deviation from §E§§Ei£§l
symmetry increases. The deviation x from spherical symistry,
however, would still mean symrmetry with respect to the = plame
perpendicular o tbe direction of metlon of ﬁhe primary pariticle.
This simply means that in C.M. system there are as many pions
enitted forward as backward.

1f the emltted plons are the résult of the interaction
of the primeries of mono-kinetic energy with one type of nuelsi
{i:e. L ér H}, then taking the everage of both sides of equaticn

{12) over all the picns emitted, the equation becomes

: s = = - L5 o B e )
13 -k g&d ég(@!_);., éo; ¥+ 3! J/(,m@,?%a
L=y e

Now, assuming that:
1) There is a single average kinetic ensrgy for the
emitted pions in C.M,
2) There is a symmetry for the numbar of plons emitted
with respect to the plane perpendicular tovthe

direction of motion of the primaries.




3) The velocity of the C.M. system with regpect to the

laboratory system is equal to the velocity of the
piong in the C.M. system, 1i.e. Bg = aﬂ,
then it can be shown that
}
0 w @ \.::;5:3
’QZ‘W
ey 058 -+ /%m

-congequently
: M PR
(213 -QO? §, = - L X “&3 %?(gkk

Thus it is possible %o calculate the number of target nucleon
masses x from the emission angles of pigns as measured in the
laboratory system.-

Ye should be -aware, howevar, that in obtaininé x ih this
way we have made thres agssumptions. Let us see if they are
Justiried,

1) It is an experimental fact, see reference {11}, that
most of the emitted pions have energﬁ in C.M. system distri-
buted ebout an sverage (in this energy rangeﬁlof 250 ¥ev. " On

this basis, this assumption in the first approximation can be

acceptead.




2) The symmetry vroperty is again an experimental fsct
(see eg. (12), so that thils assumption should be valid also:

3) This assumption should be checksd with the value of
X obtained. If we find fhat Bo £ By coﬁtrary to the assumntion,
then the nsxt gtep should be 4o find out what srror was inteo~
duced;
Fortunately it is possible to find the G.M. system without
using assumption 30.

. &) One way is to plot the dilstribution of pions in

41fferent C.M. systems and selecting that system in which
there 1e the best sjmmetry, This plot can be done in the

following way: WMaking use of equation (11).

and

and assuming 250 Mev. for the kinetic energy of the pions in

the C.M. system it 1éinossible to trace the relation.égji=f(§i)
for different target masses, see figure 17. ﬁsing this curve,
all the angles measured in thsblaboratory system can be

transformed to the assumed C.M. system. e can then plot the

)

differential distribution of plons vs. cos Qp "
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b} The other way is %o determine the nhalf angle; the
half angie is by definition that angle as wmeasured in the
laboratéry system within which which half of the pions are
emitcted. ’This angle of course would correspond to 90° in
the G.il. system. To sée how the half angle is connected to

the number of target nucleon masses consider the transformatiocn

eaquation of angles:s

SA'M e S

i‘c& QL =

et © =90° ana § = é% then the transformation esquation
ch. L Y2 A

becomes:

- |
(15) tg9 0, = fﬁ? = frip !

but

Writing Uy in 1ts expllcit form, then from equation (16} we

£inally get:

(17) 4 -,-.-J}:— S\'(ﬁ%)’/'luf ‘%} - Ef} ” i
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So that by neasuring the kinetic energy of the »rimary and the
half angle we can calculate x, the number of target nucleon
masses,

Let us now discuss the physical significance of the
numbar of targét nucleons as calculated above. As defined
previously the C.M. systeﬁ ig that system of coordinates in
which the total momentum of the interacting narticles is zeroél
Congider, for exaﬁple, the interaction of the high energy
protons with the heavy nueclei. Assuming the tunnel theory to
be valid for the 1nﬁeraction, fhsn most of the primary energy
i1s distributed over the wvolume containing the sub~-nuclsawy
mags which has been pushed.out of the tumnel. This means thatb
the interaction takes placé between the primary and the sub-
nucloar mass as a unit. Consequently the C.M. system cSnsists
of the primary particle and another "particle" whose mass is
eéual to the volume occupied by this "particle", (volume of

the tunnel}, multiplied by the density of nuclear matter,

£




EXPERIMENTAL, PART

Procedufez The plates used were part of a large stack of
Ilford Ge5 emulsion exposed to the 6.2 Bev.lproton beam from
the Berkeley bevétron, Aporoximately .8 cm3 emulsion having
the dimensions of 10 em x 15 cm x 609/9? has been ares scanned
with a magnification of lZOX: -ThisAway the Zawge stars have
been detected and wmost of thélsmall oneélmissed. A1l the |
shoﬁar tracks of sufficient.lengﬁh have been gralncounted and
their energy determined by multiple scattering with the
'.accuracy ﬁecessary to idenﬁify_the shower partiéieé,i.lf the
track was too shbrt to‘give a sufficienﬁly aécurate deterﬁim |
nation of momentum and thus to identify thse particle, ihen
the track was copsidered as steep. An appreclable numbepr of
steep tracks were foundnin this way and ths number of piong

g ' - :
amongstﬁwas determined from the ratio of pions %o protons
obtained from the set of identified particles. TFrom the date
the shower mdltiblicity has been éalculatad and cbmpéred with
the theoretical prediction. The angﬁlar distribution of pions
has been plotted using the identified pions only. Finéllyp
tﬁe plon multiplicity was calculated, using all the shbwer

particles,




Shower multiplic;tiesf The experimentsl results are shown in

tables 1, 2, and 3. In table 1, the 2nd and 3rd columms shou
the number of events described in the 1st column for."H" end
"L" target nuclel, Pespectively, for instance, we see that
the total number of stars is ?8, where 55 of these belong to
"H" group and 23 to "LV group. Ye have a total of 1115 tracks
in these 78 stars, 92l of them belong to the "H" gtars and 191
to the "L stars. We have counted as lighh tracks all those
with a grain count %2, [ g s where g 13 the normalized grain
density. All other tracks are considered as heavy (N, The

h
light tracks are called the showsr tracks (ng}s and we shall

deal with them latero

Hb L total

No. of stars 44 23 78
Total No. of tracks | 924 |191 1115
-Nd, of heavy prongs | 593 81 6Th
[ No. of light tracks | 331 |110 | uh1
| TABLE I.
H L total
'No. of pions 6l 33 S7
No. of protons ih8 48 196
Ho. of éteép tracks | 119 | 29 Wy
TABLE 2,

Table 2 sheows the number of pions, protons and steefr tracks

s

among the WUl shomar. pasticlos.
(]
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Finally, table 3 shows in detail the data included in
table 1. The purpose of this table 1g to calculate the shéwcr
multiplicities in different ranges of Ny,. GColumn 1 shows the
frequencies of stars having Ny, heavy tracks as indicated in
column 2, and the number of shower particleé g as indicated
in columm 3. Colu@n L4 shows the ﬁverage multipliecity, i.es.the

number of shower particles per star in the lntervals shown.

‘ TABLE I3 ,
[ No. of N Multipiicd by
|_stars . S
3 0 Ty bo 7
. 1 - - 87 - 5.1+ .8
3 2 8, 5, 5 (1 k-particle}| 7 7
11 }-‘- . )4—5 59 ‘)4-5 39 L!-a 6,5 3
- 9 s 1o 3 : : !
8 5 2, 3,8, 6,8, 6,4, 2}
}-l- ) 6, 7, b, 14— ‘ e .9.—@-. = 5.2 e 05
7 7 5,5, b, 8, L, 9, 3 19
s 8 5, 6, 6, 3 | )
9 ? b g?-gi 377 Mk = 6.3 3 .5
5 10 5} 6; 11, 5, ll- '
3 12 | 6,78
3 12 6, b, bt
6 13 ) 7» 99 89 89 69 31
2 '-Ut 'So l!'
2 i5 9, 9 . ,
3 16 10, I, 6 125 = 6.5 + .5
1 17 | & | 1%
2 8 - 6, 7 .
1 19 | 3
1 23 2
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The shower multiplieitiss as given In colurm i of Table 3 are
plotted in figure 16 . 7% 1s interesting %too observe ths

step~like shape as ocune would expect from the tunnsl theory.

PION. MULTIPLICITY

To calculate the correct multiplicity, we should consider
the "IL" and "H" groups sepafately; In doing this, however, we
would introduce a largs stﬁtistical error ints the caleculations
on account of . the reletively few light stars sﬁudisd;AOthe?
experiments (referenée 13) indicated that at a givén prinary
energy the plon multiplicity for the "L" and "H" groups does no?b
differ appreciebly. Therefora, we shail not introduce a large evror
if we assume that ths multlplieitlies are equal f;r the two groups,
and oalculate the overall pion muléiplicity;

Figure 19 sh@ws’the apérgy.@istributicn of all tﬁe shower
particles with pp ?-'-l)?,ev} and s8ll those of lower energy for which
a more acsurate energy determination was necessary to identify
them; An im@brtant obsprvaﬁimn-is that the particles with energy
higher than 1Bev are all sontained within a L0 cone with vespect
to the direction of the primary, and only relatively few"iie
within a 10° céne; On the other hand, assuming 250 Mev kinetic

energy for the pions in the C.M, system, it can be shown that 1t

is highly
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improbeble to find plons cutside 2 10° cone with energy higher
than 1 Bev. Consequently 1t willl be very unlikely to find
pions aﬁongst the Ul. shower narticles having energy greater
than 1 Bev,.,, and therefore it can be sssumsd that thsse
particles found are all protons,

Returning to the steep tracks, 1t seems reasonable to
assume that there are no secondarises included with energy
greater than 1 Bev., simﬁly because the angles are too large.

Now let us estimata'the ratlo of pions to protons among
the steep tracka; ‘The ratio of plons to protoﬂs for the set
of steep tracks éhould ba the same as the ratio for the
jidentified set of narticles, excluding the bLli particles which

have toc high an energy. So,

d43 . X where 148 is the total

number of steep tréckse
XL:'QA {see table 2).

This means that there should be 9y plons included in the 1L8

steeap tracks. The mﬁltlplicity for the charged component of

the emitted plons then is

o_ ol b
e o

#




assuming that 1/3 of the total number of pions vroduced are

neutral, we get for the total multlpllcity

o = 5'%
]

In order to calculate thg tunnel dimenslons, expressed
in proton magses, it w111 be helpful to discuss the physical
meaning of tThe shower narticles;

On reading the litersture, one discovers that several
'différent criteria sare applged to the selection of the showsr
particles. Some authors consider secondaries to be showsr
particles if thelr grain density is,higher than l.i times
minimum, wvhereas otherslusela value of 1.6. Uader these
circumstancses, it is not difficult to arrive at the conclusion
that there is no clear-cut definition of showser particles;

We shall attempt to glve a physical definition of the
shower particles by defining an ef?éctive impact paramsiter
for ﬁhe interaction of the nrimery with the enmulsion nuclei:

Lot us define our maximum impact paramster such that, in
the case of interaction, the energy aveileble in the C.M.
system is just sufficient for pion production. (This energy
Qill'be‘of the order of 150 Mev,). This definition mesns that
the shower par?idleé are those secondaries which have been

involved in a direct collision with the primary particle
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within the nucleus at an 3impach narametor less or equal to
that calculated from the energy considerations. Moreover, all
the pioﬂs produced will be shower narticles, irrespectively of
thelr energy, since they result from a colllsion between the
primary and a nucleon for which the impact prrameter is less
than the calculated maximum,
The maximum impact parameter may be calculated using the

following relativistic eauationss

QK* = UL d!- @z

W )

Y

L

E*:+—(\+}€)}~

i

Eo + (I x«'}}‘?

On simplifications we get

l
®

T 2 (-6
which gives for EX = 150 Mev; at & vrimary energy of 6.2 Bev.
a value of X“.=;02 pfotons mass. If we assume a uniform
stfucture or density for the proton, thus an edge on c011;31on
should be sufficient to produce a meson.
After thils preliminary discussion, let us calculate the

tunnel dimensions.
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T} where Ry is the redius
= QO Q’—;’S‘)”* of the heavy nuelei, R

1s the proton radiuva,

]
&~
[N
)

o

and Ay is the atomic
mass of the "H" nucleil,

The volume of the tuanel will be équel to the cross sectional

area of the prinary proton multiplied by the effective tunnel

length, wihich iy two thirds of the dismeier of the nucleus, i.e.:

— " . /._/' ( \:?/ : P, Z~ W- e - d. A} t-l
\4 = L@xﬁw ,J.’.;/ ,{2 j i Qo here V. an /’p are the
AT :- L: _ volumss of “he tunnel and

= H6x¥ ‘a proten respectively.

The obtzinsd valius wmeans that the primary proton will colllde

with L.& nuclezr nasses.

Assuming thes 50 nercent of these are neutrons, and thus

not registered smony the shower particles, there should ve 2.3

protons on the average, smohg the shower pariticles.

So far we zare not included the primary e¢scaping from the

nucleus. J\ssumiry a 50 percent coarge erxchangs, we find that

the proton contrivubion to the shower multiplicities, for the

"M nuelel

m. = A8
o

and doing this ca’.culation for ths "L" starsg slso, we get




f?LL{::f° -
Incfﬁding the'charged pion multiplicities we shoulé fihd the
following shower multiplicities for the "H" and "L" groups of

*

target nucleis

(™), = 55

3
and

() = b2
L.
These are lower values than the experimental ones, but they
are systematicaliy lover for the "H" and "L" groups. This
means that the criterium for the selection of shower protons,
i.e. all those with g ﬁ&z.s g*, is too large; a value of

<.

g = 2.0 g* would glve a nuch better agrssment between the

theory and experiment.,
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Angulay Distribubtion: The plobtting of the angular distribution
should be done for the two different target nucle: sepsrately but
due to the relatively few pions found we can plot tus overail
distribution and this way find the masses involved in the plon
producing collision.

The finding of these masses will be done in three dii‘“erent

wayss.

. 1) Prom the determination of tne half angle: PFigure 27
shows the angular distribution of 74 pions in the laboratory
systeni. The angles have been determined with an error of less
than 30°.

The half angle was found to be 12° 30°. Using this angls
and 250 Mev. for the kinetlc energy of the emltted plons, then
frdm equation

c 2

2

o = (el o g

U

A o1 1433 G- |
STY: TfOz*}“'-:s':; | i
24

i

and

|

i1

This calculation indicates three target nucleon masses partif

cipating in the nion oroducing collision.

2) Fron_the determination of ye: As a first step 1et‘us

see what kind of symmetry is there in C.', system for the plons
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enmltted? Is it sphericalcor rather conlcal? The answer to
"this questlion will be glven by (;’the standard deviation of
the gaussian distrlibution.

Figure 20 shows the differentiul iistribution vs. log(tgGL)
for the Th pions whose distribution 1s In the laboratory system
shown in figure 27; The histogram shows the experimentally
found distribution and the continuoﬁs.curve the best fit
gaussian curve: For tracing the cuive‘it is necessary to
knog two parametafs namely the average §=5;§}@nd the standerd
deviation G which 1s the seccnd'momenf about the average 5"::
fhe results obtalned ares

X =18 omd - G =-39
which indicetes thet the distribution is nesrly spherically
symmetricalé
To see whether the gaussian distribution 1s the best it
atatistical lew describing the distribution of pions, let us
‘2‘ .
apply the~x'~testo {See Appendix)
: 1 o
Using equation 18 we .obtain }( = 12,3 end for the degrees
of freedom leh; U;ing these values, from figure 28 we got
P o= ;6 ; This mesns that li out of 10 repetiticn of the same
experiment we would not get highef statistical deviation rom
the assﬁmed'ggusgian distribution: Theraforg we see that even

these relatively few pions used for tracing the




S

l—\ - LOG (TAN QL)

14 =12 —10 -8 —6 —4 -2 o =2 -4 6 8 10
FIG.20 THE HISTOGRAM SHOWS THE EXPERIMENTALLY OBTAINED DIFFERENTIAL
DISTRIBUTION , AND THE CONTINUOUS. CURVE THE BEST FIT

GAUSSIAN CURVE .

©
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FIG. 21 CURVE . SHOWING THE DEPéNDENCE OF LOGJ ON THE
- ' . c

NUMBER OF EFFECTIVE NUCLEON MASSES
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distribution, give a suflficiently good statistical fit and the

assumed gaussian disﬁribution describes well the experimentally

found one.,

Having found x = log Ye we need to calculate the number of

target nucleon masses. To do this, consider eauation

qix'c Q&rv BA = : . UZ T
‘ KL .} ¢ «72;é4-%7h2-(Eif)h)‘+f;7“b

Tracing log Ye VS- X, we obtain x for the known value of log Y.

This function is shown in figure 21 . TFor log v, = .138 we get
x = 3.3, in good agreement with that obtained from the half

angle.

3) From the distribution plotted in different C.M.
szstemﬁ: The graphs showlng the distribution in

different C.M. systems are shown in figure Z'Zand:’ 26. The
agsumed barget nucleon masses are i, 2, 3, i, and S respec-
tively. The dotted line thrquéh the wmiddle of the gravnhs
1ndicata'thé plang nernendicnlar to the direction‘of motion
of the primary, and the numbers indicate the humber of
parﬁicleS'emitted forward and backward with respect tc thab
plane.

The distribution representing 1, 2, 5 and‘higher target

nucleon masses do not give symietrical distribution, and -




therefore it is very nrobable that the pilon producing collision
of the primary did not hapnen with these number of nucleons.
) V TRy
Considering the standard deviation for N events as ia(ﬁ
we can cnly say thrt 3 or L target nucleon masses were responsible
for the nroduction of plonsg.
Let us cowmpar.: this value té the wvalue expectad from the
tunnel thsory:
Wle have calculated the effective bLarget nucleon masses to
08 .6 snd 2.l proson masses for the "H" and "L' Sarget nuclel
respectively. The angular distribution is an overall distribusion
for the %wo target nuelsl, and therefore we have to calculatos
ths overall effective target nucleon magses:
L;é 255 4 24.2% _ 3080
e T e

78 +8

=i 25°Cf

wvhich i3 in very good sgreement with the sxnerimentel values,
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CONCLUS ION

From the analysls of the stars the following results

were obtained:! Two different shower mulitiplicities are

found for the "L" and "H" - groups of target nuclei} The

meen number of shower pariticles are:

(/]/k)’ﬂL = b Ly * -/

), = 51+

The mean number of charged and the probable total plon

and

it

miltiplicities are::
i .
M. =25 £-2
and
9% 2 s

From the sngular distribution of p;ons in the laboratory
syatem we have found the expected aymmetrlcal distfibution
in the C.M. sjétem, using 3 or i target nuclear wasses. This
means that only a small fraetion of the nucleus takes part in
the pion producing:interaction of the nrimsry.

The number of pions found of 3.7 (ver star) 1s in
agreement with the kinetlc energy availlable in C.M. system
consisting of the incoming primary and 3 or L target nucleons.
The coefficleﬁt of inelasticity.in this system is approximgtely

33 percent, whereas it would have to be about 70 percent if
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we had assumed a proton-nuclieon collision, in contradiction
with the well established value of 33 Dercent;

Je must stress the importance of the definltion of the
shower narticles. The term "shower" nnrticle rriginnted Crom
‘the very high encrgy interactions for which the conventiom of
a grain density < 1.} x minimum 1s logical., However, applying
this cpriterion in the case of much lower energy interactions
without even reconsidering its definition 1s not only illogical,
buﬁ may lead to basically wrong conclusioné. Good 1llustrations
of this can be found in many of the recent publications (éee
for inétance 1, )lin which the authors arriﬁg at the conclusion
that in the collision of a proton with a heavy nucleus, the
proton interacts with only ome nucieon, or even & fraction of
a nucleon in the whole complex nucleus,

A1l the results we have cbtained (even the reconsideration
of the definition of shower varticles) are in agreement with
the tunnel theory. Consequentily, as far as the se exnerimental
results are concerﬁsd, we may conclude that the tunnel theory
of nuclear interactions seems to be valld.

It would be intergsting tq compare these experimental
results with the predicyions of the theory.of nuclear cascades.
Unfortunately no data for an energy of 6.2 Bev. has been

published as yet.

e ——————t——
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APPENDIX. |

éémétimes it is necessary to auswer the following auestionss
what kin& of stétistics describes anvexperimentally ob%ained
diétributién? What is the probability of getting higher
statisticél deviatlion from the obéer?ed one, 1if repeating
the same msasufement éeries? That is the reliability'of the
obtalned statistical resulta? eic. Thesé are tho questlons
for which answer may be given using fhe Peafsonﬂs }(2: teu;o

The técﬁnique.of’applicatidn of this tést is quitelsimpleo
It can 53 ﬁerformed in three étépéz

1) Obtain

M .
o erserved valLe) « (expected value)g
(& xX=3 11

- (expected value)
vl

2) Determine the degrees of freedom F, i.e. the number of

1ndependent frenuency intervals in which there is. dilference

betwsen the expected and observed valueso

3} From the graph of Pigure %8 get the probability P. This
numbar'shows_the probability of having higher statisticel

deviation from the observed one if repeating the same

experiment,

-

If .1 &£ P & .9, then the assumed statlistles fits the

experimental values obtained, if it is lower than .02 or




higher than .98 then the reliability of the experimental
results 1s very questionable; or it may be that the chosen
statistical distributlon for calculating the expected values

is not the correct one.
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