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ABSTRACT-

'The scattermg of electrons and pOS1trons at both large and small angles
has been studled by observmg their fracks as they penetrate nuclear emuls1ons
The measur ements of the large angle scattermg (>4 ) of both ~ 40-Mev electrons

" and” p051trons ‘have been compared with the Rutherford scattering law. Within -
the stat1st1cs ava11ab1e, fa1r a.greement was found ‘with the relat1v1st1c Ruther-
" ford formula. o '
- ‘A’ 'scheme of analys1s for gamma ray spectra based upon multiple scatter-
1ng measurements of the pair- product1on electrons has been developed. It is

applied to the determination of the energy spectrum of,gamma—rays emitted by

a berylliumi target o.n'der bombardment by 330-Mev protons. -



““_4.  UCRL-2380
Unclassified - Physics Distribution

- THE SCATTERING OF ELECTRONS BY ATOMIC NUC LEI
Peter C. Giles
(Thesis)
Radiation Laboratory, Department of Physics
University of California, Berkeley, California

September, 1953

I. INTRODUCTION

. . The study of the interaction of charged particles with matter 'has been an
historically productive means of investigating either phenomena associated with
thé ”penefc.r.ated matter or properties of the p‘article itself. ‘ Investigations of the
fifsﬁ ki;1d have demonstrated the existence of a massive atomic nucleus of positive
cha;jg‘.e,, anci more 'recentlyi-- with the aid of high energy accelerétors -- have,
provided valuable information concerning ti'xe structure of the nucleus. Investi-
g'at_j?_hls of the second kind made possible the discovery of the positron and of
‘mesons, a.pd_produce:d quantitative measurements of the mass, charge, an.d spin
of many particles. A ) _

The theoretical description by quantuﬁ electrodynamics of eledrons and
positrons and their behavior is fairly cbmplete. While up to a few Mev there
is cor;siderable experimental verification of the theory, there are insufficient
corrobbrating data at the higher energies. Recent:cosmic-ray work, however,
has indicated that the thépry 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 pbsitrons. In a study of the second kind, empirical information about '
the small-angle, or multiple, s.cattering 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 created 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 theoretical expression for the scattering of electrons by nuclei was fir_st
derived by Lord Rutherford.. For .consideration of their traversal of a finite
thickness of matter, the scattering is treated as havihg two components. T he
first is small-angle or multiple scattering, which is properly described by a
statisti.cal analysis, and the second is large-angle, single nuclear scattering.
The expression.for the scatterir;g is. found to involve a G aussian term' for thé_ S

small-angle scatt"efing, plus a lal:ge -angle tail _c_losely approximated by the

,Buthe rfor‘d fo rmula.

ATh‘e;qt.).an’tum-mechanical analysis of scattering was first prevsenteld by
Mott in 1929. ! He was able to trahsfiorm 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 yvields the'charge-independent Rutherford . °
49
"z

potential term of relativistic and spin terms-leaves the resulting expression .

scattering law, i.e., the csc relation. However, the introduction into the
. 2 A A ~ o

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

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

ratio of electron to positron scattering is: .

.2
0 5 . where a = Ze_
R=,14 27apsins (1-sin —) = . | i
1 - “32'.s1n2 S L. a B sin o (1 - sin 9 )- ‘ (1)

op<-
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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 repulsivé force on the positron is lessened,
and the resultant attractive force on the electron is increased; giving rise to
slightly larger scatters for the electrons than for positrons of the same impact

‘paramcter,

B.. Experimental Procedure

+ Electrons and 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
ffom 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 wa.s 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 nuclear emulsion
plates (G-5) ; incident particles of desired energies were obtained by the
-appropriate choice of positions; for these plates. The plates were positioned
' during the e xposure 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 inany
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,
eprsure, and development of the plates are described in detail l;y Violet. 4
The plates were scanned under 530-power magnification with a Bausch

and Lomb microscope equipped With a special stage designed 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. Tr‘acks were not scanned and events were not

AY
)
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Fig. 1—Experimental arrangement of pair spectrometer.
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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 lérge

volume of silver hal’.ide is removed from the emulsion by the fixer,
Measurernenf;s, of scatters were made in terms of the sine of the angle
with a 100-division r.eticle placed in one eyepiece. By repeated measurements A
of several scatters the standard deviation, O‘S, of the sine, due to observer.
resolution, was ascertained to be 6,8 X -10~3., Three plates were scanned: 'one“
that had been exposed to positrons, and two to electrons., The electron plates
and a portion of the positron plate were scanned until equal numbers of |
écétters greater than £ were obtained. In addition, another portion \of the
positron plate was scanned and scatters recorded greater than 6°, 'i‘he
choice of the minimum angle was a compromise which afforded the most
rapid gathering of statistics without allowing resolution effects to &istort 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 6" was 2.3 percent. T he total track length
and the distribution of angles were then compiled for the electrons and
positrons. The largest scatter observea was one of 68-1/2.0 by an electron.

It is shown in Fig. 2. The observed dist.::'ibutions of scatters for both particles

are shown in Fig. 3,

C. Data Analysis

1. Transformation from Solid Angle to Horizontally Projected Angle

In or'der 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
Barl.cas.,.5 A’ good approximation for the theorefical scattering is given by the

rel-ativfstic‘ally corrected Rutherford expression

o (Q)dQ=Acsc4‘ g d Q : (2)
where A = Z- eZ }2' 1 - pz
2m &)\ 4
Yo ¢/ \.B.

o (9) is the cross section for scattering at an angle 8. See Fig. 4.
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100 MICRONS

Fig. 2—Photomicrograph mosaic of an electron-nuclear scatter. A 40-Mev
electron enters at left 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 degrees.
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singdeds

Fig. 4

In order to transform this expression into terms of the piaﬁe projected angle 6 ,

the Rutherford ex,pl"ession is written as:

)
o0 de '=___fli°‘___ da .
(1 - cos 0)2

Using the relation cos 0 = cos § sin @, we see that

4A sin ¢ d ¢d6

shidn -
T & I - cos' § sin # )2\

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

projected angle§ :

W (8 d6 = 4pa6[ _in fdf .
. o (1 - cos§ sin )% |
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Letting u.=1 - cos sin @, . .

l - cosb -
W(6sl)as=- 8AdDd . (1 -u)du.
cos & 1' -nz\/éo'sz 5- (1 ;Au)z
) 16Ad6 l:+(n-161)cot|a|:| )

cos

:For the purposes of this exper1ment the‘mtegrated cross sectlon above 6 |
:w111 be con51dered |

: - |
I wasnas=8a [cotls]l+ (n-l6l)isd 8] . (4

1§t

It can now be shown that the integrated cross section taken wif:h respect
to the space angle 0 is twice the integrated cross section taken with respect .
tothehorlzontally projected angle &, provid'ed the lower limits of integration, |
~6_and 0, are small and equal.. The integrated cross section with réspect to the

" gpace angle 0 is'given by

m -4 o | sin0d0 0 . | )
Acsc” -9 dQ=27w7A -
fgb > = f j“‘g— =47 A —TD;__Si _ !

using d © = 2 7 sin 0 d0.

Fig. 5
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The ratio of the two expx;es'sions for the cross section is: - T '
4 mTA sin 90/2 : :
R-=- __ o : : .
. ‘ 2 ;
8 A Eot ISO,‘ + (w -l60 |) csc 6;|

For Qo = 80 . the limit of R as 60 approaches zero is seen to be 2.

7

S
p

/

2. Calculation of A.

Slnce the scattermg cross section is additive in a m1xture of elements, such
as nuclear emulsmns the total cross section in emulsion is the -sum of the individual
Cross sect1ons for each element. The constant A then, becomes '

g

{

e

The. summatmn of N Z2 is found, from information supplied by the manufacturer,
0;:4 3 - _ ‘
to be.37, Oxl .

¥

If the particle energies are assumed to be normally d1str1buted about the mean

P

energy E with standard dev1at€rq,on o, the effective A becomes
- ' 0

o E-ERE
A=z N;%Z & ¢ 1_'é,ce O 20% - gE
foob et m <) 7T ﬁ4; .
where .C is the normalizing constant.

For f =1, _1_’4£_. may be replaced by | - ©°
| g O\ TE
Then:. -
(E -Ey)?

S NLZf( (mojf E . s
2 - -

This 1ntegra1 is computed in section C. 4. in terms of observable qix_antitiés_."
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3. " Correction for Resolution - ' ,

The resolutlon of an 1nstrument is a measure of 1ts accuracy in measurement.
Analytical cons1derat10n is taken of the resolutmn by defmmg a resolution function
W( 6,8 ) such that W(6, 6’) d§ gives the probability that the variable § will be
observed between the limits & and 6"+ d 8. We now proceed to derive the
correction necessary owing to the finite resolution involved in the_me,as_u;'em’ent‘,.of

the angles.

Let W (siné , sin §) =-the resolution function,

o (sin§) d’(siné)

the theoretical differential crvoss” section'
for scattering between sin 6 and sin 6 + '
d(sin d ),

the observed diffe_rential cross ‘section

Q(sins/) d (s_jn 5/)

for :sca.ttering between sin §and sin §+

_d(sin &), ‘
o = the standard deviation of the resolution
function.
It fo_llows that ’:;
' Q(sin‘S/) = [0 (sin §) W(sin §, sin §) d(sin §) . ‘ 6) - i

We'as,sum_e the error in measurement to be normally distributed, i.e.,

' -~ (sin § - sin 6'/)2
W(sin § ,'-sinS/) =Ce = - 20;2

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

cross section is-given by

;r.(.s.)z—lﬁ’_—‘%;'—— R T )

.sin” {
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.Equation (6) then becomes

Letting ‘sin'd - sin 6= x,

¢ . xZ
/ X 20t
Q(sind ) = 16Aw Cf———-——- e A dx
, "/ (x + sin 8/'.)?’ -

-

T 2 .
=16A11'C f»e. % dx (1 -__ 3x - + ’~6'x2 + '

sin> & .sin & sin2 &
o ; 2
= 16 Axw og : : .
(1+6 = + . ) to third order in .
sin36’ sin® & a

With the effects of resolution now considered and the theoretical expression
now rendered in térms of the hbrizo‘ntaiiy projected angle, the results of the "
nuclear scattering of 38. 5-Mev f:l»ec,trons' ai}d 36.1 -Mev positrons are tabulatéd
in Fig. 6. From these results it i'nay i)e cdncluded 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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of ~40 Mev, the expression relating the energy with the mean scattering angle is

where E = particle energy,
' o K = the scattering factor,
<‘a\A = mean angle of scatter, using a cell
: length of 100 microns.
The. infegral of Eq. (5) may now be coxﬁputed as follows:
' Let‘p(-a,'E) da be the probability that a particle of energy E will
be scattered between the angles of @ and a + da
per unit cell length, o
q{a, ao) d a, ‘be the probability that an angle a will be observed b'etwe~en %

and a + da .
. o o

" Since p{a, E) and qg{a, o,o) are normally distributed, : :
: 5 o ™ :
FOROEES | )
O 2N . ' .
where <11‘,>1s the mean square angle of error from.the resolution function,
q{a, a)).

: Q’o> is the second moment of the observed angles for a given E.
4 4

2N ) | |
Q> is the theoretical second moment of angles for a given E.

For a normal distribution, :

ORI
= | 4‘2> -"2'—<|§ °

e,
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.Theréféfé,

“but

hence

3|V

OO

= .
[

~

s

V4
oy

1

K | 2

‘Integrating over the normally distributed variable, E, we havé

| -(E - Ef

T )
K

C
_EZ e
- 00
w here éi> is the mean square of the observed angles over all tracks.
T-his is the integral contained in the factor A. B

(a) Determination of the mean angle of error

F or measurements of cell lengths other than 100 microns, and on

B part1c1es whose [3 1s not 1, the relat1on between momentum and mean scattering

<D 4K <100>1/2 | | | ‘,(11)

“where <|'a1> 7 mean scattering angle in degrees:
' cell length in microns

' angle is

K = scattermg factor in Mev - degrees
(m1cron)
P = momentum of particle in Mev
‘ C

= velocity of particle in cm/sec
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However, at these energies v = ¢, i.e., @may be substituted for pv.
" Following Voyyodics, K, the scattering fact,o;, varies as the 0 06 -power of the
cell length., For these measurements Voyvodic*‘*s value of 23. 6 for Kfor
“100-micron cells was used. The observed mean angle of scatterdq.7‘, is

th 1
found by the re at1on<|a |> <|D°|> where <ID0|> is the mean second dlfference

per cell length The actual mean second difference,{|D[), is determined from the

‘observed mean second dlfference by Eq (9) ' :
/l o5 =< |3 <D|7 B S o

<l ' is the mean error in the observations. It is due to the effects of observer
resolution, mlcroscope 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,< ]>, is found as follows

By squaring equation (8)’qdl> :'»g _t__) . and subst1tut1ng<l > :(ID[>
, : 100 ‘

and the proportionality of K to t 06, we obtain

‘::1 “ v‘

ey

or, in terms. of the error

,<‘DODZ ] At312 QDIDZ_' : | . | | -'.(“1‘3)

It is seen tha D0I> is a linear function of t3 12; the ordinate 1ntercept of th1s

" furiétibn 'méasures the "noise" squared. For the "noise" determ1nat10n in th1s
experlment the second differences were measured on the same track for 25-, 50-,
100-, 150-, and 200-micron cell lengths. By the method of least squares the
or'-di.'n"ate' intercept was then computed. The. ""noise’ ,<‘D\ amounted to 0.137

L , Or only ~2 percent of the observed second d1fferences squared
cell : . A
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" (b) Test for Emulsion Distortion

In order to make small—angle scattermg measurements properly, it is
essential that there be no emulsion distortion present. . Emulsion distortion
manifegts itself by creating series of se_cond differences 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 pfeceding one. If any emulsion distortion were present,
the_mean would be displaced from zero to some “positi\_/_e value. From the

results it may be concluded that no appreciable emulsion ‘dist‘orfio_n was present.

III. POSITRON ANNIHILAT ION IN FLIGHT

Six instances of positron annihilation in flight were observed in the
positro'n‘_p‘late‘ during the course of the‘e'x'pe_riment. In each case an intensive
investi‘g.”atio’n was undertaken in order to determine whether or not the positron
reappeared at some point near by. Multiple-scattering measurements of the
six tracks were carried out; the energies thus déter»mined were cons’istént with
the mean energy of other p051trons in the plate. The annihilation events are
compared in Table I with the two-quantum anmhilation cross ‘section.given by
Dirac.l‘o The contribution to the cross section by zero- of one- quantum
annihilation may be assumed negligible here‘,11 o

Observations by Colgate and C}ilber'c12 of the annihilation cross section in
Be and LiH were found to be consistent with the theory of Dirac. Three events
at ~ 40 Mevand two at ~200 Mev, found by Barkas et all.3 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 purf;ose of thi's 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, ahd, more specifically, to determine
the enefgy 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 900 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 pérticle, therefox;;a, could
travel from the slit to the detector. The garﬁma—rays were 'detécted 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 scherhe'outli_ne_d by Violet. 4

The plate was scanned under 424-power magniﬁcatidn for pair-production
events; T he multiple scattering of each electron was then measured under. %250—
power magnification. To determine the mean angle of scatter, IOO—fniErdn,
v50-rnicron, and occasionally 25-micron cell lengths were used, depending upbn
-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 tehded,tou select out the higher-energy members of the pair
pop;ulation, because these tend to l;e 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 alteréed so that the new area was scanned in
overlapping str>ip‘s ‘parallel to the direction of the gamma-ray pa’fﬁs; 28 new events
and all the old events previously noted in this area were found. As was suspected,
the mean energy of the newly ;discpvered pairs was significantly lower than that
found previously. The orig'i:na.l di‘svtributi-on.was the'r'l" co'rrected by adding to it

the weighted distrib\i‘tion of the new pairs found by the second technique.
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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 rye

energy loss due to radiation may be computed from the expression
! C %

E=Ee S (14)

where E is the energy after traveling a distance x,
Eo is the incident energy,

L is the radiation length in émulsion,

Vi‘oletl.4 has also calculated L to be 2.90 cm. The energies were corrected 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 h_istégrainq by 6, the two adjacent elements by 4, and the next two e‘lnements
by 1 (quartic sm-o'othing). T he x‘energy distribution for the pairs correctéd for

radiation and ionization loss is shown in F'ig. 9. The smoothed distribution is

' shown in Fig. 10.

2. Approximation of Scattering Formula

The second source of error arises because the scattering theory predicts

the product of momentum and velocity rather-than the energy (see Eq. 11), i.e.,

where p = g{momentum,
v = %/elocity,
{la]> = mean angle of scattering,
K = scattering constant.’
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" Where particles have a velocity e"ssent‘ially that of light, it is entirely preper to

A ‘ UCRL-2380

replace pv by the energy. But when the veloc1ty is appreciably below c, the
approx1mat1on does not hold. Using the relat1v1S1t1c expression for total energy

as a function of momentum and rest energy,
2 22 .
mA? = pef + (m HZ,

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

5 ) pv £ (pV)Z‘ + 4(mocz)2 o - o (16)

(mc?) = ~

No correction wias made to the data, however, for in no. pair was the momentum }

of either electron suff1c1ent1y low to warrant correct1on

3, Effects of Resolution

(a) Derivation of the résolution function

The energy: -of an electron is determmed from the mean of the absolute

value of the scattermg 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 observatlon

of some random variable, for which there must ex1st a d1str1but10n function.

Specifically, the observed energies in a monoenergetic beam of electrons, obtained‘

by makmg N measurements per track of the multiple scattering, will be distributed
in some fashion about the actual enérgy. This distribution function is the
"resolution" of the techmque of measurement. It is derived as follows:
- For a normally distr‘ibuted (Gaus sian) random variable of standard

deviation o-, the distribution of the sample standard dev1at10n squared SZ based

‘upon N observatmns, is a chi-square d1str1but10n of (N- 1) degrees of freedom. 15
Defined thus, the d1str1but1on is
1 F S\NN-3 N &
fNS—) = 67 7 S a7
o N-1 (N - 1) o e :
> 2 "2 <

-

s
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For a normal distribution,

‘ | '0-2_ _ %_<|a‘>2

whéreqabis the true mean of the angles of scatter

Also from simple scattering theory we know that

KON
where E is the true particle-energy,

‘K is the scattering factor.

UCRL-2380

The assumption is now made that s has the same relation tp<!ao'>, i.e.,

2
s

~

z W ‘a 2
s

L E = K-
’ Qa

TP

where E’is the .é)'bserved,en'ergy of the particle.
. Einaliy we write ‘

2

S S ~ <0- R
NS S ) A z
Y
The@isf‘ribuvtic.)r.l in terms of E 'and"‘E' becomes
, o D3 _n .
flél EZ> B 11 - ™~ <nEZ__n2 e z E'
27 n-1 <n -.1> ,2)

Coe

|

_whefeﬂ'aODis the ‘cbserved mean of the scattering angles. We may also write

(18)
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A

And the resolution function'is de‘i'vivé.dz.l’)y"the follc')w‘i'ng:‘.

LN g(E, B) 4 = £ (nEy) d(nEz_)
) ‘ EIZ ,2

aE’ (19)

oo

This is the final form of the"‘resolu,ti(‘)n_function. In this form it is normalized

so that .
. ‘ Lg(E,E’)dE':-l

Also: g(E, E} - 0, - o E <"0 By definition.

If the d1sj:r1.bution is considered as a furnction of = the half-w1dth is a function
solely of N. Hence the distribution function of the total energy of a pair of
electrons may be well approximated by thé proper choice of N. T‘hev expression

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

b= (R + (aEF] jl/ ‘.

AE

- ﬁ E where N’ is the effective |
N p number of measurements .

66 : 2 1/2

hence

B+ B

2
El/ + E?‘/
/N, 2/N,

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

= :06 - @0

>average probable error = .
<N>is found to b'e 13.5. The resolution function with

{N> = 13,5 is'plotted in Fig, 11,

(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:
F(x') = [ g(x, ®¥) f(x)g dx (21)
- 0O K
No general analytical procAedure exists for solving this integral equation for
Howewver, the following analytical approximation usually may be used:

£(x).
A family of functions ft (x), readily integrable with g(x,x"), are chosen,

N
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It is our intent to synthesize f(x) from the fn, (x), i.e.,

f(x) = = £ (x) L (@22

The f; (x) do not necessarily have any physical significance. From th.e:

f"(x) a family of FL (x’) are produced:
T ‘ . w ’ ‘A . " -A ‘
F (x') = [ g(x, x/) fi(x) dx o - (23)
L , coo . : ,

The observed distribution function F(x’) is then synthesized from the 'family of
'FL (x’) as follows: . ' |
FO/)= 2 F () e

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

the functions

e
: lond .
'y e . -
{@=a/ENe T I )
1 ) o

7

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

determined is -

| (<N> + > ) <N>—1 - - E/\L : - -
F. (E) F <<N> ' %/ - - (26)

I"v N>-1 e - g2 N\<N> + 1
z >Z)
L

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)

and is plotted in Fig. 12.

4: Correction for Absorption in Emulsion

The fourth correction hecessar-y is due to the fact that the mean free I.Jat.h'for
pair production in nuclear emulsion is not independent of photon energy. Heitler16
has computed 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 .e‘r-hﬁulsijonf,‘ it:was necessary to. tnterpolat-e‘i betw een his curves and-"creatt'e 5
curves for all the elements involved in a nuclear emulsion. T he total,abs’or'pti‘on":i'
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 energ'y is shown in Fig. 13 " The corrected energy d1str1but1on of gamma-rays
coming from a berylhum target is shown in Fig. 14. .

These results are mterpreted as the energy distribution of decay photons
coming from T 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 widé, however;.as that found by _Crandall-17 when
he studied the decay photons of T mesons ooming 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—Smoothed histogram of number of pairs vs energy in Mev. Supenmposed is analytical approximation
and components of analysis as described in text.
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V. SUMMARY

A. Large Angle Scattermg

-The large angle nuclear scattermg of ~40 Mev electrons and of ~40-Mev
p051trons penetratmg nuclear emulsion has been measured and shown to be falrly
well described by the Rutherford scattermg law. .The Rutherford formula for
scattering has been expressed in terms of a horizontally projected angle,' and
consideration his been taken of the effects of the observer résolution and of the

spread in energy of the Ifliarticle-s" available,

B. Positron Annihilation in Flight : - : SRR

The observed annihilation length has ‘been compared W1th the two- -quantum
ann1h11at1on cross sect1on 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 3 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""iiﬁ'foldin_g”

observed data has been demonstrated.

S

&

q,
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