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ABSTRACT

The scattering of electrons and positrons at both large and small angles
has been studied by observing their tracks as they penefrate nuclear emulsions.
The measur ements of the large-angle scattering (> 4} of both~40-Mev electrons
and positrons have been compared with the Rutherford scattering law. Within
the statistics available, fair agreement‘ was found with the relativistic Ruther-
ford formula,

A scheme of analysis for gamma-ray spectra based upon multiplle scatter -
ing measurements of the pair-production electrons has been developed. It is -
applied to the determination of the energy spectrum of gamma-rays emitted by

a beryllium target under bombardment by 330-Mev protons.
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I. INTRODUCTION

The study of the interaction of charged particles with matter has been an
historically productive means of investigating either phenomena associated with
the penetrated matter or properties of the particle itself. Investigations of the
first kind have demonstrated the existence of a massive atomic nucleus of positive
charge, and more recently -- with the aid of high energy accelerators -- have
provided valuable information concerning the structure of the nucleus. Investi-
gations of the second kind made possible the discovery of the positron and of
mesons, and produced quantitative measurements of the mass, charge, and spin
of many particles. -

The theoretical description by quantum electrodynamics of electrons and
positrons and their behavior is fairly complete. While up to a few Mev there
is considerable experimental verification of the theory, there are insufficient
corroborating data at the higher energies. Recent:cosmic-ray work, however,
has indicated that the theory may be valid well into the high-energy region. It
is obviously important to investigate further the behavior of high-energy electrons
and positrons as they penetrate matter.

In this paper investigations of two aspects of the scattering of electrons by
nuclei are described. In a study of the first kind mentioned above, a comparison
is made of the scattering at large angles of ~40-Mev electrons with that of
~40-Mev positrons. In a study of the second kind, empirical information about
the small-angle, or multiple, scattering of electrons is applied to determining
the energy spectrum of photons emitted by a beryllium target under bombardment
by 330-Mev protons. This is done by measuring the multiple scattering of the
electrons and positrons, which are creéted in pairs by these photons, as they

penetrate the nuclear emulsion.
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Incidentally to the study of the large-angle scattering a number of positron
disappearances were observed. An analysis of these was performed and a cross
section is quoted and compared with the theoretical predictions of positron

annihilation in flight.

II. LARGE-ANGLE SCATTERING

A. Scattering Theory

A theoreticai expression for. the scattering of electrons by nuclei was first
derived by Lord Rutherford. For consideration of their traversal of a finite
thickness of matter, thé vscattering is treated as having two components. T he
first is small-angle or multiple scattering, Which is properly described by a
statistical analysis, and the second is large-angle, single nuclear scattering.
The expression for the scattering is found to involve a G aussian term for the
small-angle scattering, plus a large-angle tail closély approximated by the
Rutherford formula. _

The quantum-mechanical analyéis of scattering was first presented by
Mott in 1929, 1 He was able to transform Dirac's expression describing the
electron into one in the form of Schroedinger?’s equation; with the potential
term amended by spin and relativistic terms. Use of the simple Schroedinger

equation in describing scattering vields the charge-independent Rutherford
40
-

potential term of relativistic and spin terms leaves the resulting expression

scattering law, i.e., the csc relation. However, the introductioh into the
. 2 . .

no longer charge-independent, prediding an excess of electron over positron

scattering at large angles. As summarized by Lipkin,.3 the expression for the

ratio of electron to positron scattering is:

. o : where a= Ze
R= 14 Z-n-aﬁsin'z_(l-sinT) _ ~ Hc
N 1_ﬁzsinzg__waﬁsing'(.l.;Sing) (1)
2 2 2 B =

o<
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According to Lipkin, a simple picture of this effect is obtained by regarding the
positron and electron as having magnetic moments plus point charges. Owing to
the existence of a second-order effect involving the dipole component parallel

to the direction of flight, on the statistical average the particle will be attracted
to the nucleus. Hence the resultant repulsive force on the positron is lessened,
and the resultant éttractive force on the electron is increased, giving rise to
slightly larger scatters for the electrons than for positrons of the same impact

parameter.

B. Experimental Procedure

Electrons é.nd positrons were obtained as pairs created by the 300-Mev
synchrotron bremsstrahlung beam as it penetrated a tantalum target. Their
. nominal energies were 38.5 Mev and 36.1 Mev, respectively, as determined
from multiple-scattering measurements. The particles were magnetically
separated by a pair spectrometer whose field was effectively constant over
their entire path. The magnetic field was calibrated with a proton moment
fluxmeter. The spectrometer magnet was optically aligned with the beam by a
telescope. The magnetic field direction was determined from the direction of
force on a current-carrying wire. Detectors were 200-micron nucléar emulsion
plates (G-5) ; incident particles of desired energies were obtained by the
appropriate choice of positions: for these i)latesﬁ The plates were positioned
during the exposure in such a way that the particles entered at ~5° to the
surface of the emulsion and perpendicularly to the leading edge of the plate.
(see Fig. 1). |

Electron-sensitive G-5 type emulsions accumulate with time many
background slow-electron tracks., Therefore it was necessary to eradicate
their latent images immediately before exposure. After the exposure the
plates were developed by a temperature cycle process. The eradication,
exposure, and development of the plates are described in detail by Violet. 4
The plates were scanned under 530-power magnification with a Bausch

and Lomb microscope equipped with a special stage designéd to read trans-
lations to ~1 micron. Only tracks entering within ~3° of the normal to the
leading edge were selected for scanning. Track lengths were measured with

the special microscope stage. Tracks were not scanned and events were not
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recorded within 10 microns of the air-emulsion surface. In the acceptable
region scatters were recorded in terms of their horizontally projected

angles. The recording of angles in terms of their horizontal projection
eliminates any uncertainty in the shrinkage factor of the emulsion. This
shrinkage occurs during the drying after processing, Because a large

volume of silver halide is rerﬁoved frovmv the emulsion b'y 't-he fixer.

Mea.sureinents of scatters were made in terms of the sine of the angle

with a 100-division reticle plac;ed in one eyepiece. By répeéted measurements
of several scatters the standard déviatioﬁ, vO‘S, of the sine, due to observer
resolution, was ascertained to be 6.8 x;10m3, Three plates were scanned: one
‘that had been exposed to positrons, and two to electrons. The electron plates
and a portion of the positroﬂ plate were scanned until equal numbers of
scatters greater than 4 were obtained. In addition, another portidn.of the
positron plate "was scanned and scatters re'corded»greatef'than 6°. The ‘
choice of the minimum angle was a compromise which afforded the most

rapid gathering of stati/stics without allowi'ngv resolution effects to distort the
results. Scanning of both portions of the positron plates was facilitated by
measuring the length of only every tenth track. From the distributions of
track lengths, the probable error in track length in the portion scanned for
events greater than £ was found to be 2.0 percent, and that for the portion
scanned for events greater than 60 was 2.3 percent. T he total track length
and the distribution ofliangles were then compiled for the electrons and
positrons. The largest scatter observed was one of 68—1/2_0 by an electron.

It is shown in Fig. 2. The observed distributions of scatters for both particles

are shown in Fig. 3.

C. Data Analysis
1. Transformation from Solid Angle to Horizontally Projected Angle

In order to compare properly the observed data with theoretical

| expectations, the theoretical expression for the angular distribution must be
expressed in terms of the horizontally projected angle. The analysis follows
Ba.rkaLs.,5 A good approximation for the theoretical scattering is given by the

relativistically corrected Rutherford expression

4 do (@)

N ©

o (0)dQ= Acsc'

where A = Z eZ 2 1 ‘52

2
Zmo c B4

o (@) is the cross section for scattering at an angle 0. See Fig. 4.
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BFig, 2

Photomicrograph mosaic of an electron-nuclear scatter.
A 40-Mev electron enters at legt and is scattered to
upper right at an angle of 68.5".
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Fig. 3A :

Histogram of the number of positron-nuclear scatters

vs the angle in degrees. The upper portion shows those
found in the area scanned for scatters> 6.
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Fig. 3B
Histogram of the number of electron-nuclear scatters vs

the angle in degrees. The results of both plates " A"
and 'B'' are shown.
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Fig. 4

In order to transform this expression into terms of the plane projected angle & ,

the Rutherford expression is written as:

clfde =—28  de
- cos-())’Z o

Using the relation cos O = cos § sin ff, we see that

4Asingdgd b

(1l -~ cos & sin ﬂ)z

Integration over @ gives the total probability of scattering into the plane

projected angle§ :

W (8 d6 = 4aa6[ sin f d ¢ .
| © (1 -cosé sinf)?
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Letting u = 1 - cos sin Q',

cos &

l - cos &
cos & 1 uz\[cos2 §- (1 —u)z
= ] '
16Ads [i+(m-18n)cot 161] . T 3)

For the Ipurpo'ses of this experiment the integrated cross section above 50\
will be considered:

T

{%9 WsDds=8a [cotisyl+ (n-lgl)esd &) . (4
It can now be shown that the integrated cross séction taken with respect

to the space angle 8 is twice the integrated cross section taken with respect

to the horizontally projected angle 8, provided the lower limits of integration,

50 and OO, are small and equal. The integrated cross section with respect to the

space angle 08 is given by

o 4 T 5in0d@ - I
[ Acsc™ 0 a@-2nA[ 3% - 4q A -1
% 2 Jé sin > T sin2 %

o

-
using d £ = 2w sin 0 d@. -
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The ratio of the two expressions for the cross section is:

1
R tra [Sin;%/Z ] ' .
i 8 A EOt |60| o "60 ) csc? 6;|

For 0 = | 86 the limit of R as 66 a.pproa_che's zero is seen to be 2.

2. Calculation of A,

Since the scattering cross section is additive in a mixture of elements, such
‘as nuclear emulsions, the total cross section in emulsion is the sum of the individual

cross sections for each element. The constant A then, becomes

2
A=z N2/ <N 1 1-§ |
Am & ED 7!
o | )

The summation of N“ Zf is found, from information supplied by the manufacturer,
-3 :

“to be. 37.0 x 1024 cm

If the particle energies are assumed to be normally distributed about the mean

energy E with standard deviation 0, the effective A becomes

2

| L E-E
- 2 2 SiESof
A‘E’ I\{,Z{, (mzz_—cz—>, %_Jl—‘;—‘lﬁ.Ce. ‘ 2¢ dE

where C is the normalizing constant."

~ForB z1, 1-P  maybe replaced by |

[34

Then:

(E - F)?

A= = N zz( & >2 (mo.-CZ)2 P |
voov —7) (—— S.e 20 dE . (5)
o f o8 '

This integral is computed in section C. 4. in terms of observable quantities.
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3. Correction for Resolution’

The resolution of an instrument is a measure of 1ts accuracy in measurement.
Analytical consideration is taken of the resolutmn by def1n1ng a resolution function
W( 6,8 ) such that W(§, §) d6/ gives ‘the probab111ty that the variable § will be
observed between the 11m1ts & and 5’+ d&/. We now proceed to derive the
correction necessary owmg to the f1n1te resolution involved in the measurement of

the angles.

Let W (sin$§ , sin §)
o (sin§) d/(sin§)

the resolution function,

the theoreticaldifferential cross section

i

for ‘scattering between sin § and sin § +
d{siné ), '
Qfsin 8/) d {sin 8/) = the observed differential cross section

for scattering between sin ¥and sin §+

d(sin &),
o, = the standard deviation of the r_eselution
function.
It follows that
Qsin 8} = [o (sin §) W(sin &, sin §) d(sin &) . . (6)

- We assume the error in méasurement to be normally distributed, i.e.,

o _ﬂ_(siln § - sin 6/12
W(sin§ , sin &) =Ce » 20;2

where C is the normalizing factor. Since the effect of the resolution is
important only at the smaller angles, a sufficient approximation for the

cross section is given by

5(6')_f=197‘53“— e S (7)

sin” &
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Equation (6) then become s
- (sin 6 - sin g)Z
;264 o
Q(sinef):flé_g ce | %% 1 dsing) .

sin &

1
Letting sinb - sin 6= x,

2
X
. 20.‘“2
.ol 1 8
Q(sinb ) = 16ATT:Cf'———-_—,——71‘§ € dx
(x + sin &) v
B 2 ’ . . . ~
_16Ar C f e GS dx (1 -__3x : 6x2. + )
sin® & cin & Y . e
2
= 16A1T 1+ 6 frs ) ) )
( +...) tothird order in c.
sin36/ ‘sin” &

With the effects of resolution now considered and the theoretical expression
now rendered in terms of the horizontally projected angle, the results of the
nuclear scattering of 38.5-Mev electrons and 36. 1 -Mev positrons are tabulated
in Fig. 6. From these results it may be concluded that within the statistics
available and large-angle scattering of ~40-Mev electrons and positrons is fairly
well described By the Rutherford scattering law. No further comparison was
made with the charge-dependent Eq. (1), because in the region in which 95 percent

of the statistics were gathered, Eq. (1) predicted only a 5 percent deviation.

4. Determination of the Particle Energies

The mean particle energy was determined from multiple -scattering measure-
ments. On each of the three plates scanned forty tracks were chosen at random
for measurement. The angle of scatter was determined by finding the second

differences of track displacement, measured every 100 microns. For an electron
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The ratio of observed positron-nuclear scéttering to
Rutherford scattering is plotted vs the angle (9 or & )

in degrees.

o5k

18 T T 30° " :90°% for@

The ratio of observed electron-nuclear scatteéring to
Rutherford scattering is plotted vs the angle (0 or 6 )

in degrees.

Fig. 6

UCRL -2380
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of ~40 Mev, the expression relating the energy with the mean scattering angle is

-

where E ~ = particle energy,
‘ = the sAcatt'eribng factor, '
<‘a\ = mean angle of scatter, using‘a cell

length of 100 microns.

The integral of Eq {5) may now be computed as follows:
Let p(a, E) da be the probability that a particle of energy E will
be scattered between the angles of a and a + da
per unit cell length, |
qf{a, ao) d a be the probability that an anglé a will be observed between a
and a +'da . '

Since p{a, E) and q{a, 'o) are normall&r"distribufed; R
OIORRC S &
2. : : .
where <1r>1s the mean square angle of error from the resolution function,
q{a, ao) .
éﬁ> is the second moment of the observed angles for a gi:\}en E.

éz> is the theoretical second moment of énglles for a given E.

For a normal distribution,

@ :z~——<\a+\2
<> <\§
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T herefore,
2\ - 2
@/E - Dy -

but

hence

L@ )

= i -

K? ' B

Integrating over the normally diétributed fvaria‘ble, E, we have

(v 0]
(E-E Y

BTN R ) ‘
KZ» [ _ | (10)

c
'EZ e
- 00
w here <1(2)> is the mean square of the observed angles over all tracks.
T his is the integral contained in the factor A.

(a) Determination of the mean angle of er ror
F or measurements of cell lengths other than 100 microns, and on

particles whose  is not 1, the relation between momentum and mean scattering

- = (&) Vé o | ~an

where <|u.> = mean scattering angle in degrees
t = cell length in microns

angle is

- degrees )
(micron)

K = scattering factor in Mev

= momentum of particle in Mev
T

= velocity of particle in cm/sec
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However, at these energies v Z ¢, i.e., E may be substituted for pv.
Following Voyvod1c:8, K, the scattering factor, varies. as, the 0. 06 power of the
cell length. For these measurements Voyvodic®s value .of 23.6 for K for
100-micron cells was used. The observed mean angle of scatterd 7

f th
ound by the relat1or<. ’> <|DOI> where <|D l> is the mean second difference

per cell length. The actual mean ‘second d1fference,<IDI7, is determined from the

observed mean second difference by Eq: (9)

<| j (lD}} +<D|7 | | (12)

<’D ‘\15 the mean error in the observations. It is due to the effects of observer
resolution, microscope stage noise, finite grain size, and the distribution of grains

about the actual path. By a procedure first descr1bed by Corson,9 the error in
the second d1fferences,< D, is found as follows

By squaring equation (8),d’q‘|> :g 2N , and subst1tut1ng<| > (D
o . E \100
and the proportionality of K to t 06, we obtain

qDJy:' K? 312
g

or, in terms of the error

ol3 - Py W

It is seen that<{D0{> is'a linear function of t3' 12; the ordinate intercept of this

function measures the '""noise' squared. For the '"noise' determination in this
experiment the second differences were measured on the same track for 25-, 50-,
100-, 150-, a.nd 200-micron cell lengths. By the method of least squares the
ordinate 1ntercept was then computed The ''noise'’, <}D\ amounted to 0. 137

>

t , or only ~2 percent of the observed second differences squared.
cell : :
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(b} Test for Emulsion Distortion .

" In order to make Small—éngle scé.ffering measurements prc')'pe'rlly, it is
essential that there be no emulsion distortion present. Emulsion distortion
manifests itself by creating series of second difference’s whose signs are alike.
"To detect such an effect as this the second differences for each plate were
. plotted as in Fig. 7 with a new sign, the new sign being positive. if the second
difference had the same sign as the preceding-one, and negative if it had a sign
opposite that of the preceding one,' If any emulsion distortion were present,
the mean would be displaced from zero to some positive value. From the

results it may be concluded that no app’réciable emulsion distortion was present.

III. POSITRON ANNIHILAT ION IN FLIGHT"

Six instances of positron annihilation in fl'ight.v.vere. obser‘\ir.'e'd in the
positron plate during the course of fhe'experimént", In each é‘!a_.s'e én‘int‘e'nsivev
investigation was undertaken in order to determine whether or not the positron
reappeared at some point near by. Mult1p1e scattering measurements of the
six tracks were carried out; the energies thus determined were consistent with
the mean energy of other positrons in the plate. The annihilation events are

compared in Table I with the two-quantum annihilation cross section given by
Dirac. 10 The contribution to the cross section by zero- or one- quantum
annihilation may be assumed negligible here. ) '
- Observations by Colgate and Gilbert12 of the annihilation cross section in
Be and LiH were found to be consistent with the theéry of Dirac. Three events
at ~ 40 Mev and two at ~200 Mev, found by Barkas et al13 in nuclear emulsion,

also were found to be consistent with theory

Table 1

- Annihilation in-Flight of Positrons .

Mean = No. of Track - Obs. Ann. Theor.
Energy - - Events .= Length . - Length Ann. -
(Mev) (cm ) - Length

36.1 £5.3 6 185.5 30.9 12,6 67.0
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IV, SMALL-ANGLE SCATTERING

The purpose of this portion of the paper is twofold: to create a scheme of
analysis for gamma-ray spectra above a few Mev using the multiple-scattering
information of the pair-production electrons, and, more specifically, to determine
the energy distribution of gamma-rays coming from a Be target bombarded by

330-Mev protons.

A. Experimental Procedure

A thin beryllium target lmm x lmm was bombarded by the 330-Mev proton
beam of the 184-inch cyclotron. Gamma-rays emmitted at 90° from the incident
beam were collimated by a long brass rectangular cylinder. The straight cylinder
served to screen out all charged particles, which must travel in circular orbits
in the magnetic field of the cyclotron. No charged particle, therefore, could
travel from the slit to the detector. The gamma-rays were détected by the electron
pairs they created in a G-5 nuclear emulsion plate 1 in. by 3 in. by 200 microns.
The three-inch dimension was parallel to the gamma-ray paths, and the surface

was inclined about 5° to them. (see Fig. 8). The plate had been previously

""eradicated'" and was developed according to the scheme outlined by Violet.

The plate was scanned under 424-power magnification for pair-production
events. T he multiple scattering of each electron was then measured under 2250-
power magnification. To determine the mean angle of scatter, 100-micron,
50-micron, and occasionally 25-micron cell lengths were used, depending upon
the measurable track length available. |

The total area observed was first scanned in strips perpendicular to the
electron paths; 125 usable events were found in this way. It was then noticed
that this method tended to select out the higher-energy members of the pair.
population, because these tend to be straighter and longer, and hence more easily
. found. APproximately one-third of the total area was then rescanned by the same
observer. The technique was altered so that the new area was scanned in
overlapping strips parallel to the direction of the gamma-ray paths; 28 new events
and all the old events previously noted in this area were found. As was suspected,
the mean energy of the newly discovei‘ed pairs was significantly lower than that
found previously. The original distribution was then corrected by adding to it

the weighted distribxffftion of the new pairs found by the second technique.
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Experimental arrangement of gamma-ray detection equipment
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'B. Data Analysis

In order that the observed data be interpreted properly, four important
effects must be considered:

1. Ionization and Radiation Energy Loss

The first consideration is the energy loss due to ionization and to
radiation. The ionization loss may be considered approximately constant.for
the energy regions involved. It is 4.90 Mev/cm as calculated by Violet. 14 T he

energy loss due to radiation may be computed from the expression
-x

E=Ee " ' | | (14)
o .
where E is the energy aft‘er. traveling a distance x,
- E_ is the incident energy,

L is the radiation length in emulsiony

Violet14 has also calculated L to be '2. 90 cm. The energies were cofré(:ted by
adding to them the energy loss calculated for one-half the portion of the track

| measured. The energy distribution was then smoothed by weighting an element
of the histbgram by 6, the two adjacent elements by 4, and the next two elements
by 1 (quartic smoothing). T he energy distribution for the pairs corrected for

radiation and ionization loss is shown in Fig. 9. The smoothed distribution is

shown in Fig: 10.

2. Approximation of Scattering Formula

The second source of error a;rises because the scattering theory predicts

the product of momentum and veloci‘éy rather than the energy (see Eq. 11), i.e.,

,<|a|>/z= K o - (15)

pv
where p = gﬁomentum,
v = {}elocity, :
{laly = mean aﬁgle of scattering,
K = scattering constant.
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210 290 29 Mev

. - Fig. 9 .
Energy distribution of observed pairs corrected for
ionization and radiation energy loss. The numbers are
plotted vs energy in Mev. '
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‘Where particles have a velocity essentially that of light, it is entirely proper to
replace pv by the energy. But when the velocity is appreciably below c, the
approximation does not hold. Using the relativisitic expression for total energy

as a function of momentum and rest energy,
2 22 .
(M = pef + (m A7,

we find that the total energy of an electron in terms of pv and the rest energy is

pv (pv);' + 4(m0c2)2 . {16)

(mc®) = >

No correction wjas made to the data, however, for in no pair was the momentum

of either electron sufficiently low to warrant correction.

3. Effects of Resolution

T he energy of an electron is determlned from the mean of the absolute
value of the scattering angles measured at regular intervals {cell lengths). T he
distribution function of these angles is very nearly Gaussian. It is distributed
about zero. Since.a particular measurement of the scattering is an observation
of a random variable, the mean of N such measurements is also an observation
of some random variable, for which there must exist a distribution function. 4
Specifically, the observed energies in a monoenergetic beam of electrons, obtained
by making N measurements per track Eof the multiple scattering, will be distributed
in some fashion about the actual energy. This dlstr1but10n functlon is-the

"resolution" of the technlque of measurement. It is der1ved as follow s:
F or a normally distributed {Gaussian) random variable of standard

deviation o-, the distribution of the sample standard deviation squ_ared, S‘-Z, base-d

upon N observations, is a chi-square distribution of (N-1) degrees of freedom.ls
Defined thus, the distribution is -
. 5 ¥
1 €N\ N
fINS.—) = ( s - 5
(N-5—) = - =) e 5 (17)

o - N-1I N - D
.o [
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For a normal distribution,

RGO

where |a| is the true mean of the angles of scatter.

Also from simple scattering theory we know that

=_<Ti_<l_§_

where E is the true particle energy}',

E

K is the scattering factor.

The assumption is now made that s has the same relation to<|o.0|>, i.e.,

S2 z T ‘a 2.
2

-whvere»q%Dis the observed mean of the scattering angles. We may also write -

where E’is the observed ehergy of the particle.

Finally we write

- s~ n anl» _ EZ

The distribution in terms of ¥ and E becomes

(2N L 2o -3 B
D TR
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And the resolution function is derived by the following:

§(5, B a5’ - f(nE) amE_)
42 )
E E

V=1
t’llf‘k
S
2
E
3|
Wity
N

o (2T
: ‘2 e
5 e\

2

-1
S o E
z<2) (%,}n e ° K% av (19)

(21 E

This is the final form of the resolution function. In this form it is normalized

so that

w 1
L‘g (E, E)dE” = 1

Also: g(E, Ej - 0, e <E < 0by definition.
If the distribution is considered as a function of = the half-width is a function

solely of N. Hence the distribution function of the total energy of a pair of
electrons may be well approximated by the proper choice of N. The expression

for the probable uncertainty in energy of an electron is
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The probable uncertainty in e_nergjr of the electron pair is

5 = [l + anf] ve

22 E where N is the effective
I N P v number .of measurements -

Y i [—%——% %] :

hence

. | 5
N = (B, + EZ)
> -
El/ o+ 'EZ/

Since N’ varies from pair to pair, an effective: <N>based upon the average

probable error of the pairs must be used. Hence <N>is the value such that

average pr’ob.able"err'_()r = _= 66 . - - (20)
N .
<N>is found to be 13.5. The resolution function with

<N> = 13,5 is plotted in Fig, 11, A - ’

(b) Unfolding of the observed data.

A distribution function, f{x), when detected with an instrument of

resolution g(x,x”), is observed as a function F(x’) the relation being the following:

. m . . - . N . N
F) = [ glx, ) flx)y dx - , . S - (21)
- 50 . o

No general analytical procedure exists for solving this integral equation for

f(x). Howewver, the following analytical approximation usually may be used:

A family of functions fu. (x), readily integrable with g(x, x"), are chosen.
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It is our intent to synthesize f(x) from the - fL (x), i.e.,
L

fx) = 2 £ (x) R (22)

The f (x) do not necessarily have any physical s1gn1f1ca.nce. From the

(x) a famlly of F (x’) are produced
o0 ' '
F (x) = [ gx, x) filx) dx (23)
L o0 L

The observed distribution function F(x’) is then syntheéized from the family of

FL {x’) as follows:

F(x/) = Z F, (x'); | (24)

f(x) may now be determined from (22). In my experiment it was found that

the functions

_ v .__._Ef_ ' |
. e G2 | o
£ (E) = at<?> S o es)
v . _ \ ,

were easily integrated with the resolution function. The family of FL (E’) thus

determined is

‘<<N> + L> <N>-1 , E’ :
F (E) = [ <<N> | (26)

v r <<N> -1

rZ <N>+ v
2 =)z
-

R

Four terms were used for the synthesis. The observed distribution and the -
synthesized analytical function are plotted together in Fig. 10. The resulting

expression for f{(E), the true energy distribution, becomes:
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(27)
(E in Mev)
and is plotted in Fig. 12.

4, Correction for Absorption in Emulsion

The fourth correction necessary is due to the fact that the mean free path for
pair production in nuclear emulsion is not independent of photon energy. Heitler
has compufed this dependence for some elements by a numerical integration of the
quantum-mechanical expression for pair production. In order to compute the
dependence for photons penetrating the muxture of elements that constitutes a
nuclear emulsion, it was necessary to interpolate between his curves and éreate
curves for all the elements involved in a nuclear emulsion. T he total absorption
in emulsion is merely the sum of the absorptions of all the elements involved. The
resulting reciprocal free path for pair production in nuclear emulsion as a function
of energy is shown in Fig. 13. The corrected energy distribution of gamma-rays
coming from a beryllium target is shown in Fig. 14.

These results are interpreted as the energy distribution of decay photons
coming from m mesons created in the target. It is expected that the peak from the
7 meson photons is of the order of 70 Mev. The observed peak lies in the range of
45 to 75 Mev. The curve is not as wide, howevér, as that found by Crandall when
he studied the decay photons of 7 mesons coming at 90° from carbon at these
energies. T he very low-energy photons may be attributed to nuclear gamma-rays

as well as bremsstrahlung.
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: Fig. 10 v _ :
Smoothed histogram of number of pairs vs energy in Mev.
Superimposed are analytical approximation and components
~of analysis as described in text.
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Fig. 11

Normalized resolution curve as
function of E/E for n=13.5
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Fig. 12
Energy distribution of pairs corrected
for resolution, and components out of
which curve is synthesized.

UCRL-2380



L

UCRL.-2380

20

0§

] s 1o 20 40 60 % 100 200 Mev

Fig. 13 -1
Reciprocal free path (cm ") in nuclear
emulsion for pair production vs photon
energy in Mev, ' :
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30 45 40 % 0 los 120 13§

S Fig. 14
Er%)ergy distribution in Mev of photons at
90" from a beryllium target.

150 Mev



-38 - ‘ UC RL-2380

V. SUMMARY

A

A. Large-Angle Scattering

The large-angle nuclear scéttering of ~40-Mev electrons and of ~40-Mev
positrons penetrating nuclear emulsion has been measured ahd'shown to be fairly
well described by the Rutherford scattering law. The Rutherford formula for
scattering has been expressed in terms of a horizontally projected angle, and
consideration has been taken of the effects of the observer resolution and of the

spread in energy of the particles available,

B. Positron Annihilation in Flight ‘ )

The observed annihilation length has been compared with the twb—quantum
annihilation cross section of Dirac, and is found to,agree within an order of

" magnitude.

C. Multiple Scattering of Electrons

The energy distribution of gamma-rays coming from a Be target has been
determined. - The resolution function for the energy distribution of electrons as
- measured by multiple scattering has been derived, and a method of 'unfolding"

observed data has been demonstrated.
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