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l. Introduction

The purpose of this paper is tb describe an experiment
performed on the interaction between mesons and electrons
for the purpose of verifying the expression given by
Bhabhal for the electromagnetic interaction between a
spin % particle and an electron. This experiment will

In effect give the combined radius of charge distribu-

tion of the meson and eleciron..

The experimental procedure was to observe the "knocked-

"

on" electrons as the meson traversed six carbon plates
in a cloud chamber. The numbers and angular distriou-
tion of the emerging electrons were then compared with

the Bhabha expression.
For the comparison the following calculations were made:

1. Expected angular distribution of electrons

when scattering is considered.
2. Effective range of an electron in carbon.

5. Using the results in 2 (above) the total
number of electrons expected from the carbon

plates.



2. Theory

The expression derived by Bhabha for the electromagnetic
interaction between a spin # particle and an electron is
given by Rossl and Greisenl as
2
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\X{ E, é ) J E . is the probability for a par-

ticle of maéil‘ , charge T1 and eneragy E, traversing a unitl

¢ t
thickness to transfer energy between E and E + J E

to an electron.

ihen the thickness is measured in (:3 cm*

C=mwN(Z/A)r: = .150(Z/A)

/4? = velocity of the primary particle
(
E?w, maximum energy transferable to
the electron in the collision

/‘-e electron mass in units of -é‘//cz.
For EJ((Eé this reduces to the Rutherford formula.

Applying the conservation of energy and momentum to the

collision, an expression for the dependence of energy of
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the electron upon angle 1is:

(2) E— /acfcm .
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and in order to get the maximum transferable energy set £1=67
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With E = 1.15 Bev in equation (3)
JE—/' = /7

then with carbon C = .075

(5) ‘;7?/;>/5'£52p>,é;t) =

7776 e 17 1 0in @ 14 /Y0420

This 1is plotted in Figure I.

A. Scattering:

In order to compare experimental results with the above
collision theory, the scattering in the carbon plate was
treated with the multiple scattering theory as given by

Fermi (see Rossi and Greisenl).

The mean square angle of scattering in a thickness dt is

given by

(6) 2 _ £;-Z z%
©) - £ P
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é? :‘projection of the scattering angle
on a plane containing the path of
- the original unscattered particle
where E; =/£{e /477‘/37)//2' =2/ Mev
- = thickness in radiatlon lengihs of
the electrone.

A radiation length in carbon = 52 g/cm2

If energy loss 1s negligible the mean sguare angle of

scattering for a thickness A t 1is

2 _ Esat
(O hue = 5505

" For the case where eneryy loss is negligible, the follow-

ing expregsion is given by Fermi for the probability of a
particle pelng sczzt_.t,ex'éd into an angle 6 wiile traversing

a thickness A t. .
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2
Eyges gives an expression for the scattering distribution

when energy loss is considered. For the case where the

energy loss is€F and<?=lhe gives

(8) 6:/?‘6?/‘-—[5(5 671)( f[ ﬁé)j

€ = energy loss/radiation length.

It can be seen that this is the same expression as equa-

tion (7) if <Q9§2 , is substituted for <{29/)

Av At
where

(9)<9 £* ? et . 5t

: Ay ¢ /é' e?)* RE(E—eZQ

In order to treat the total angle of scattering,@, the

following expression will be used:
S(e4) = 60t 4) 6/% 6)
NCAZE

the probability of scattering into

the element @d@dg

f = azimuth angle.
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5)“,/ 97 are the projection angles in two orthogo-

nal planes.
2 2
P=- &G r4°

The above expregssion is true since deflections in the

two orthogonal directions are independent of each other.

In the calculation of the distribution it will be required
that the knocked-on electron be of sufficient energy to
traverse the carbon plate following the one 1n which it
was made. This requires an average energy of at least
10 iiev and corresponds to an angle of ¥ .29 with the pri;

mary particle.

With this restriction we will make the approximation that
e & =0

Also, since the angles are small they can be represented

by distances on a plane. Figure 11 shows the relations

of the quantities which are used in calculation of the

distribution of electrons in the angle O,
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Figure II
angle of observation of the electron measured from
the primary particle.

angle into which the electron is scattered in pass-

ing through the material.
production angle of the electron.

azlmuth angle of the electron.
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From the diagram it is seen that the angular distribution

of the observed electrons will be

ﬁ?-) m”
T -traf | ZE5p)dpar
° 2

‘The knocked-on distribution 2 W is divided by
27 in order to get the distribution in the

element /4; 3%%2/}’ .

In order to get an idea of this distribution without too
involved numerical calculations the function ;>(' was
divided into three parts in the interval and approximated

by polynomials.
_ Z
AP = 7575 ) <p<ass
=3/S’ﬁ ﬁ,§'<ﬁi<a{

.‘:.75’/"’7‘.0(7{?% /)0‘/
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2
Also, in the corresponding intervals the value of <<Z?/)
AY

was taken as

2 4
(ﬁgv ) fé"z (2207

@3, - 422 2.5K3< 0./

(@2 = }Zz,'-'{ 0 < (K.0€

The distribution is then the sum of the three integrals..
These are then evaluated for several values of (X and 2%
and then, integrating over Z?numerically, the distribution
is dbtained. (See appendix for evaluation of these in-

tegrals.)

Although much closer approximation could have been nade

with a few higher order terms, the limited amount of time
spent on this approximation showed that the distribution
would be such that a precise check on the angulur distri-
bution function would be impossible with the large amount

of scattering in plates of this thickness.

The values of :77&4) obtained are plotted with equation
(5) in Figure 1.
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In order to illustrate the insensitive character of the
distribution in angle, a plot is given (Figure 1) with a

cut-off in production of knock-on's at 58 iev.

Since the angular distribution of electrons is so limited
in sensitivity, the number of particles knocked-on and
traversing various numbers of carbon plates 1s of primary
importance in checking equation (1) against the experi-
ment. The number of electrons seen will be highly depen-
dent upon the range of electrons, and the method which

follows was used to treat this.

B. Range of the Electron:

The mean square (true) angle of scattering is given by

(10) > %
| <2£D ézyaﬁf B 57’?5?2' 6“(15

(The fgctor of 2 difference between this and equation (6)

is due to the average value of thelcosingfbf the azimuth

angles.)

We wish to find, then, the angle (QZV which the electron

makes with its original path at the thickness t.
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This is essentially given by equation (7)

{&(z) - Hdefo where € is the

Ay /E-éZ") E‘_ energy loss/radiation length

Then for the rd.nge

K = / cro (), AL

Assuming that the electron has essentially reached the end

of its range when (d%v ;ﬁ s substitute

_ {otD
then = (o{%v i I- T
z

= _ 7’7 iz
K A ’ A[-_"é‘f') ]ﬁél‘
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for the limit % at (&) = /3

21:535—0"/5'62()

£ - 2E°
/eom Jfo + R E £

#ith this limit the range becomes in radiation lengths

_ acs*?

220 _E 2cF*

For carbon o
= 1.8 mev/g/en” .= 94 iev/radiation length

Example:
50 kev electron will have an average range
2
] (28 - 309) g/cm

This is a reduction in range from maximum
range of 3.9 g/cm2 as compared with

A
Steinberger's’ value of 2.0 g/cmg.
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For 10 iev the reduction in range = 2.1 g/cm®

where Ry = 5.55 g/cn®

Equation (11) agrees very closely with the diffusion range

as given by LauritsenA.

The range for energies less than 0.3 ikiev was determined

. =
by the range relation given by Glendenin”.

The range energy curves are shown in Figure IIL.

C. Calculation of the number of electrons appearing

between the various plates:

Followling the method described by Herefordé, the path
length of the electron will be calculated from its pro-
duction angle. Then the probability of a 1.15 Bev meson
producing a knock-on in an angba() with sufficient ener-

gy to penetrate the remaining plate thickness 1s

AL(OP(8,%) 4 @ 4

where P/@,)’) ig the probability that an electron
with energy corresponding to a production angle @ will

penetrate Xx g/cme.

PlOn-["1 7% RO)cr®
O A> KO oo B
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X
The probabllity of a collision in a thickness¥in which
an electron with energy greater than ;z penetrates the

remaining thickness is

v / %/ XO oot

€onsidering the definition of ;;7/,622)9)

y
/V = / ()R el &

In plates of thickness h there is a maximum value that

R{ﬁ/cos(@) can have, viz., R(@} cos@~ h. Thus, N

is the sum of two integrals

IS
A[X/@//ﬂ +é}/ﬂ/ V12

#hen considering electrons produced in one plate and

traversing the next plate, we have

/‘/ X (646~ W/ﬁ/w@]w/@
é)
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will essentially beﬁ in the one-plate expression.
¢ [}

/2



- 17 -

3. Experimental procedure

The knocked=-on electrons were observed in a cloud chamber
with a volume 24" x 18" x 10". The chamber contained

six carbon plates 3.16 g/cm2 thick, and bottom plate of
5/8" lead. The expansion of the chamber was controlled

by trays of counters in the following manner:

1. Tray above the chamber

2. Tray below the chamber and above 30" of
lead.

3. Tray below the 30" of lead and above a 2"
slab of lead.

4. Tray surrounding the pottom and sides of

the lower 2" slab of lead.

It was required that trays 1, 2 and 3 be in coincidence
and tfay 4 in anti-coincidence for an expansion to take
place. This arrangement would require the meson to pass
through the chamber, traverse the 30" of lead and stop

in the bottom 2" slab. The meson would then have 1.15 Bev
when passing through the chamber. The chamber was photo-
graphed'with a stereographic camera with lenses separated
19" and placed 72" from the chamber. 4 tray of counters
was also provided below the chamber in order to fire neon

lamps in coincidence with the master pulse. These neon
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lamps were photographed with the chamber, and indicated
the position of the triggering particle. The expansion
rate for this event was about eleven per hour. The dead
time of the chamber was four minutes per expansion. ap=

proximately six tho&sand photographs were taken.

In Table 1 is provided a summary of the results of the
experiment. 4 histogram of the angular distribution is

shown in Figure 1V.

I wish to express my sincere appreclation to Dr. W. De.
Walker, Jdr., not only for having suggested this prob-
lem to me, but also for hlis continued guidance through-
out the course of the work. His constant effort and -
interest in the problem made possible its successful

completion.



APPENDIX

77?;%/ is the sum of three similar integrals as described
in the text. The method of evaluation of these integrals

will be described for one of them.
7
() =

Xyl

2 221 /
At [ (755 +.az£’)ﬂ—;,’3 Wl;fff ﬁ(?ﬂindfwl?ifﬂi;?djy
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“hen the values of ¢¥ and 2( were such that

?z’ ;J x £ 9{ for all values of F
then 'gf/@[;—) ):7 was replaced by
D6A 08 )% L z/,,.,
/ f"iTZ?'C%U }' (;b ,)

Integrating over gives

0= 24[/752 1—035)%’[ JK/J)!

Lo 1 e

59
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For the other cases, 2.4 large and Z? small

@y/:z:gé/dzfﬁz-2ﬂ‘6c@ 7) _7 will be of c\on-—

gequence when )/ is near zero, thus:

a.3-1
ij<) ::?a‘}(' 1275z73:0g89£%%5;ék?{i%%é‘Hﬁhefékqg(7-%;aﬂ[gdf%‘y

The value of the integrand was found for
o = 05, 0.1, 0.2, 0.3, 0.4, 0.5
with t = 0, 0015, .03, .045, .06 for each of the p¢ 's.

This was then integrated over t.

t for one carbon plate = .0645 radiation lengths.



Total Number of Plate Traversals by Primary

TAHBLE 1

P s S — - - SN —— - -~ - -

‘Total Number XKnock-on's Obsgerved

5439

Total number of electrons emerging
from one plate but not traversing
more plates.

Total number of electrons emerging
from one plate and traversing one
and only one additlonal plate.

Total number of electrons emerging
from one plate and traversing two
and only two additional plates.

Total number of electrons emerging
from one plate and traversing three
and only three additional plates.

321

48

11



TABLE 1 (CONTINUED)

T e - — - -~ S oy WO gy W G Gre > W b W gy WS W A s W > T > oo

Angular Distribution of Electrons fieasured from the Primary

Particle
Angle Electrons in Electrons Traversing
Item 1 above at_least une Plate
0°-10° 4 | 5
10°-20° f 33 9
20°=-30° 39 : 19
309-40° 61 | 15
40°-50° 47 11
590-600 37 2
60°-70° 24 1

70°-80° 10

80°-90° 2



TABLE 2
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Variousg Numbers of Plateg Per Plate Traversal _by_the_ Primary

Calculated Obgerved Minimum
Result Number Energy
Reguired
for the
Electron

Number of electrons

emerging from one «062 .059 ol wev
plate but not tra-

versing more plates.

Humber of electrons

emerging from one

plate and traversing .0073 ,0089 (9.6 liev
one and only one ad- :
ditional plate.

Number of electrons

emerging from one

plate and traversing .0023% .002 15.6 ldev
two and only two ad- :
ditional platese.

Calculated Observed
Result Number

Total number of elec-
trons emerging from .076 071
one plate.

Total number emerging

from one plate and tra- 012 -012
versing at least one

addltional plate.

Total number emerging

from one plate and tra- 0044 .0039
versing at least two

additional plates.
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Figure V
V7l /LA TrAY A
CLoup CHAMBEN
WITH ® CARBON PLATES
LOWER PLATE IS LEAD
——t
27777777774 Tray B

el L L L L L L0 7L L L LS

TRAY FOR LIGHTING
NEON LAMFS

"o,
30 LEAe

W7 7777777774 Tray C

I ~n’ LEAD jﬂ
L L ////_/////////_ .

Tamay b

Experimental arrangeuwent

AT B+ C — D was required for an expansicn of the champer.
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