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The elastic scattering of gammas of 1.17 HMeV and 1,33
Mev from a Co®® source was measured for the scattering angle
of 90° and four different materials (Pb, Cu, Al and H,0).
Intensity of the source used was about 1000 curies and the
scattered & -ray spectrum was obtained by using a NaI(Tl) crys-
tal (12" thick and 1iv diameter) and a single channel pulse
height analyzer. The cross sections obtained are tabulated
on page 59. These results agree fairly well with Bethels
form factor calculations for Rayleigh scattering and with the
classical Thomson fermula for elastic scattering by the nucleus.
The hard continuous gamme spectrum, usually aseribed to
bremsstrahlung frrom photo- and Compton electrons, was examined
for different thicknesses of Sp, Cu and Pb scatterers. The intensity
of‘the spectra and the fact that it is almost ind.pendent of
the scatterer thickness unambiguously proves that only a

minor part of the hard component is caused by bremsstrahlung.

The assumption that its origin is in the Compton effect on

bound electrons seems consistent with the measurements.
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I INTRODUCTION

The scattering of a gamma ray by an atom can take place
in several ways. The most probable process is Compton scat-
tering from the atomic electrons, very well explained theore-
tically [l] and checked experimentally [2, 3] for the usual
case where the electrons may be considered free and at rest.
Here a gamma ray scattered at any angle has a definite energy
given by the well<known Compton formula. The effect of elec-
tron binding is to give a distribution of energies to the
’scattered gamma rays as a result of the distribution of
electron velocities within the atom,[hla This is well known
in the X-ray region, but for higher energies the Compton
line broadening has not been well treated theoretically
or observed experimentally. |

A process with much smaller probability is the elastic
scattering which can occur in several different manners. In
this case theoretical treatments have preceded experiments
and four different elastic processes have been predicted.
These are Rayleigh scattering by bound eleétrons [5, 6},
Thomson seattering by the nucleus {7], Delbruck (potential)

scattering from the electric field of the nucleus[;S] and

nuclear resonant scattering [9, 1@}, All these four processes

are coherent meaning that their scattering amplitudes must
be added rather than their intensities., Since scintillatics
counter techniques have been developed, several successful

experiments have been done on resonance scattering from




the nucleus as well as a number of experiments on Rayleigh
and Thomson scattering [:11=ZO], Delbruck scéttering
has not yet been observed experimentally.
In all scattering experiments we must use scatterers

of finite thickness. This has the effect that some secondary
processes take place. Among these processes the annihila-
tion of positrons created by gammas is the best known one
[c,f. sec. 26, 27 in ref. 1, and for instance ref. lh] .
Adnother secondary process is bremsstrahlung due to electrons
produced by the photo- and Compton effects. The ensrgy
spectrum of the gammas created in this manner is evidently
dependent on the scatterer thickness and covers continuously
the range from zero to the maximum energy of the ejectedk
photoelectrons. In almost all experiments on elastic scatter-
ing a hard®continuous component of gammas was observed [14,
15, 16, 19, 20] and has been ascribed to bremsstrahlungs,

‘The aim of this experiment was to get some more data
on the elastic cross section for different atomic numbers
(particularly for low Z ) and to investigate more closely
the origin of the hard continuous component. In section I
a short theoretical discussion of scattering processes is
presented in the scope that will be necessary for the dis-
cussion developed in section V. In section II and III
the experimental set up and method are explained and the

results obtained are presented in section IV,

* See, however, Mann [19] who suggests Compton effect on
bound electrons for part of it.

* By hard we mean &-rays ofenergies higher than the energy
of gammasS scattered by the Compton effect,

fae}



II. THEORETICAL CONSIDERATIONS.

‘(A) Main primary processes.

{a) Photec effect.

For the discussion that follows the experiment we need
to know roughly the angular distribution of ejected photo-
electrons. We are not particularly interested in the total
cross section for photo effect, so we shall present only
the angular dependence of the differential cross section.
Also, because the experimental results show that about 80
per cent of the photo electric absorption occurs in the K-
shell for y-ray enercies of .5 MeV or higher we shall not
consider here effects in the L-shell.

Several formulas for the differential cross section have
‘been derived all having a limited range of validity.

Sauter [21] has derived one that is most applicable in our
case. It is valid for relativistic energies of the ejected
photoelectrons and for 7<< 137. Its angular dependent part

for the case of an unpolarized primary beam is

§8) ~ Hu*Q szitfi_ -
('\~P<-—=39>q
- (Vi) (2,1)
2V g - pem 88 4 o) (1-p me )

where(9)is the angle between the direction of the ejected
electron and the direction of the primary photon, and
p is the ratio of velocity of photoelectrons to the velocity

of light.



It can be'easily shown from the above formula that in
the case when the energy of the ejected photoelectrons is
1.2 MeV (this is applicable to the radiation from Co“‘)
almost all of the electrons are emitted within an angle
of 25° with the primary beam.

{b) Compton effect

From the relativistic relations for the energy and
momentum it is easy to obtain the familiar equation that expres-
ses the energy E of the scattered photon in terms of its pri-

mary energy E, and the scattering angle © i.e.

Eo
E === Y(1- o) ° (2.2)
Here ¥ = E,/ me” , where mc® is the rest energy

of the electron.

d&ier®
A i
is given by the well-known Klein-Nishina formula (ref. [ 1]

The differentizl cross section for the process

p. 219, eq. (40)). In the nonrelativistic case (¥« 1) it

tends to a limit

ds’(e): pe 1t Wiyt O
da : 2 (2.3)
where R, = e%/amc™ = 2,82 x 10~13 cm is the classical

electron radius. This expression was initially derived by
J.Jd. Thomson on purely classical grounds.

| From the Klein-Nishina formula for the recoiling elec-
trons (ref. [l , D. 220, eq. (L3)) or from its graphs {?2]

it can be deduced th:t most of the recoil electrons go in

+ ¢ o ¢ . N
4$8) j5 the cross section for scattering per unit solid
angle.



the forward direction, and from eq. (2.2) it is clear that
these electrons have the largest energies.

(¢) Pair production

The-differential cross section for the creation of a pair
(ref [l], p. 257, eqs. (6) and (7)) shows that the angular dis-
tribution of positrons is strongly peaked in the forward direc-
tion and that the éross section for pair creation is propor-
tional to 2 . For heavy elements and relativistic energies
and in the case of screening there is a small correction factor ;;ffff

that slightly changes the Z-dependence.

(B) Secondarvy Processes

(a) Bremsstrahlung due to photo and Compton electrohse

The differential cross-section for bremsstrahlung has been
derived theoretically by several authors (section 25‘in ref.,
[l]) but recent experiments of Motz [23] have shown that the
theory does not give satisfactory’resultsa We reproduce in
fig. (1), in a convenient and simplified form, his results for
the cross section for 1 MeV electrons at 90°. Cross sections
for Cu and Su have been interpolated using theoretically ob-

tained Z-dependence that is valid for low Z (ref. [1], sec. 25).

(b) Annihilation of positrons at rest and in flight.

When positrons are annihilated at rest two ¥-quanta of
energy 511 KeV are produced and their angular distribution is
isotropic.

The probability for the annihilation of a positron when
it collides with a negative electron is treated in refa[ l]

(sec. 27, subsection 1) for the case when the centre of mass
of both electrons is at rest. In order to get the differential

cross section for the annihilation in flight it is necessary
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to make & simple Lorentz transformetion [ZAJC Energies
of Y-rays created [hv), and(kv)are directly related to
the angle © one of them make with the original direction

of positron. So, it can be shown (ref. [ZA] eq. 2) that

R
( Y )l h ;! - E- P con O | (2.[].)
Eot Mot
and of course
(&‘\’)L T B+ Aac® - LLv), : (2.5)

Here, E is the total energy and mct  is the rest energy of
a positron.

Besides this two quanta annihilation a positron can
combine witl an: electronand produce three quanta, or.only:one.
For small positron energies these processes are very improbable
with respect to two quanta annihilation and usually their

effects can be neglected [25].

(C) Less probable primory processes.

{a) Thomson scattering

The Compton effect on the nucleus exists as well as on
electrons and the discussion reviewed in section (A-b) is
applicable in this case, too. But because the mass M of any
nucleus is much greater than the mass of the electron we have

that
v ) E.
¥ = << )
Mer

Consequences are that the scattering of photons is elastic

(see eq. (2.2)) and that the scattering cross section is



given simply by the classical Thomson formula (2.3)

" where n, is replaced now by (Z2e*)/ Me*
That is
dsr  (Zeff 1 + a8

o i (Mc‘)" 2. (5306)

or introducing the atomic weicht A and substituting nuneri-
o & &

cal values for the universsal constants we have

s

- 4 2
= s 239, T EL Lt en'e
£

A" N {(2.7)




(b) Rayleigh scattering

Elastic scattering of y-rays by bound electrons,
usually called Rayleigh scattering, or electron resonance scat-
tering, may be treated in the following way: & primary photon
is absorbed by an atomic electron that is excited to an energy
‘state in the discrete or continuous spectrum.

Tt has been shown that in the non-relativistic limit
the amplitude for Rayleigh seattering O.can be expressed
as the ordinary Thomson secattering amplitude carcorrected by

an atomic form factor, i.e.

QR. = QT\—L&) =

e? X -~
= 1/-’)—_—(\—&% Q) P(q_) (2«8)
where q is the change of momentunm of the photon

that is

(q) is the form factor

) 3
L dY

and, ag shown by Franz [5], =
Fea) = (G et
where ou is the charge density. Franz used the followiﬁg
simplifying assumptions: (a) the Thomas-Fermi electronic

harge distribution; (b) the assumption that the change of

the momentum of the photon 1s much smaller than mc i.e. << Mcj
(¢) that the velocity v of the electron that scatters the
quantum is non-relativistic, i.€. (*ch«»b*z7%f“/where o iz
the fine structure constant and m is the principal quanitum
number; and (4) he neglected binding in the intermediate
state, i.e. he used plane wave functions. By this

method he obtained the following result
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for the scattering amplitude Or

e’L \ l”——‘ 2 ri
o, T (3 mte) = (2.10)

where

s 27 N (2.10")

The corresponding cross section, providing that other forms

W= 20 x|

MA

of coherent scattering are negligible, is

4(#9)_ Q“Z& o + o O

A CENT w? 2. (2911)
o ()0 & y

or, by putting in numerical values

- L2 !
i‘éi_@_)__ 8,47&!13 53<24 rMaC ) 14 Con O C,.M"—/,‘\,Lma((zoll’;
o A ©
2

- by 2

The scattering amplitude O_ is in phase with -
due to Thomson scattering so that the differential cross sec-
tion &_. in the case where neither of these two processes is
negligible is

IS lo)

z
ol.Q_ QL+QF +Z‘QTQF

™

(2,12)
Theoretical calculations of the scattering amplitude

for this process applicable to a general case have not yet

been made. Bethe [26] has calculated the contribution (of

K electrons only) to the scattering amplitude using Dirac wave

functions, neglecting binding energy in the intermediate

states and assuming that changes of the photon momentum .

are larger than the characteristic momentum. of K electrons.

i.e,

rc 2

CL >> e
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He has shown that, in this case, the scattering amplitude

a, is still given by eg. (2.9) where the form factor is

JEPEETC LS (2.13)
a,q_,(‘$9_.z>x
here
Y I S, (2.13")
CL = T N Mz@
Z Al
and (2.13"")
X o= \/\—QZ/\N)"

This, Bethe's expression for the scattering amplitude Q,

&l . - !
QB :h—c}- \[-;_'L\ﬁ— z_e')"e> s le_{\h k= ) (2’1}4')
¥q Lreq®)”
is again in phase with the scattering amplitude a_due to

Thomson  scattering so that the differential cross section,
provided that the contribution due to other elastic processes

is negligible,is

T Qf + Qg+ 20,Q, (2.15)
Rohrlich and Rosenzweig [27] have extended Bethe's

caleulation to the case of L-electrons. They have shown

(p. 388 in [8] ) that at intermediate energies (momentum

transfer ~ o7 ) the contribution of the L-electrons to the

differential cross section for the elastic scattering is aboutb

20% of that due to K-slectrons. With this modification

the eq. (2.15) becomes

Aple) _ gt bhag ~ 24 0y (2.16)

ol <2



12

Levinger [6] has calculated some corrections to Bethe's
form factor formula mainly applicable to small angles. We
shall not discuss them here because our scattering angle is
90°.

Brown et al.[28] have shown that taking into account the
binding energies of the intermediate states may change the
expression for the scattering amplitude significantly. Un=-
~ fortunately these calculations are also inapplicable to the
elastic scattering of Co° x -rays at 90° although they are
now being extended.

(c) Delbriuck scattering

The interaction of sﬁrong electric fields with a
photon ﬁay cause a change in its momentum. Because only
atomic nuclei can produce fields strong enough and the mass
of the nucleus is large, the energy of nuclear recoil is
neglizgible and the’scattering is elastic. This scatﬁering
is frequently refered to as potential scattering of light.
The process takes place through an intermediate state. Two
intermediate states are possible, one where an electron pair
is actually produced and immediately again annihilated, and
the second where the pair is only virtually produced.

Theoretically, the problem is very complicated. It has
been possible to carry out calculations analytically only
fof the scattering angle of 0°, and this has been done by

Rohrlich and Gluckstern [29} and Toll {}O}. Some approzmimate
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calculations have been done also for very small scattering
angles and for very high energies [31} .

Evidently no calculations can be applied to our eiperi-
ment and in the discussion of the results the contribution
due to potential scattering cannot be taken into account.

(d) Resonance scattering from the nucleus.

There are two different cases of resonance scattering,
one when the photon energy is nearresonance and the other
when it is far from resonance. The cross section, when the
photon is near resonance is high, of the order of a barn or
still higher but the resonance is very narrow (always narrower
than 107 % eV). So the photon is usually off the resonance
except in very special circumstances. In spite of that fact,
several successful measurements on resonance scattering have
been done [9, lO] o

The second case is when the photon energy is far from
the resonance. The effect of the tail of the "giant resonance"
could be appreciable. This effect has been treated theoreti-
cally by Levinger {32] for the case of Z>so because measure-
ments on photonuclear reactions indicate the existence of
this "giant resonance" at emcitation energies of 15-20 Mev,

He has shown that in a hypothetical case when only Thomson
and resbnance scattering are present the differential cross

section is

%= (ot Q) ;QTL[,_E%%)(%J(H.?&) (2.17)




i

where Q. 1s the scattering amplitude due to nuclear re-
sonance scattering, E 1s the nuclear excitation energy
15 Mev), N is the number of neutrons in the nucleus and
o (= 1) is the fraction of exchange force. From this formula,
it can be easily shown that in the case of lead and ¥ -rays
from Coé°, the contribution due to resonance scattering is
smaller than 1% of that due to Thomsor  scattering.

The case of lizht elements has not yet been treated
theoretically but it is expected thet the contribution is
again small.

(e) Compton scattering on bound electrons

The collision of a photon with a free electron at rest
- {Compton effect) changes its initial energy by an amount
determined by eq. (2.2). The energy change is quite dif-
ferent if the electron has an initial momentum gand is a
function of i as well as © . For instance, by using the
conservation laws for energy and momehtum it can be easily
shown that, for the angle ©O= 90, a scattered photon can
have, for different values of p any energy from zero to
twice the initial energy. If the photon is scattered back-
ward or forward there is no limit to its energy at all,

(2as the electron momentum approaches oo ),

According to the Bohr picture of the atom every bound
eleciron has a definite momentum that is dependent on the
principal gquantum numbers According to wave ﬁechanics there
exists for every bound electron a continucus linear momentum

distribution. It is clear that, at least energetically, the Compton



effect on bound electrons must produce a broad continuous
energy spectrum of scattered photons peaked about the energy
given by eg. (2.2). |

In the X-ray region the Compton effect on bound elec-
trons has been investigated thoroughly (p. 236-255 in ref.
[2],[4] and [33]) for the case when the scattered photon
has an energy close to that given by eg. (2.2). It was
shown by Wentzel (p. 243 in ref. [2]) that the broadening
of the modified (Compton) line due to scattering by an elec-
tron bound in a particular level is dependent on the bind-
ing energy of that level (E@)e The energy width (eE) of

the modified line is approximately

or

Here, E. and E. are the energies of prim&ry beam and Compton
linc respectively, and Eg is the kinetic energy of the re-
coiling electron.

Dunganson and Coulson [33] have calculated the Compton
profiles (shape of the modified line) for a few light atous
by using the distribution of electron momenta in the atom

as obtained from electron wave functions. They have shown

L

that the contribution to the Compton profile of electrons is

in first approximation additive and in the case of ls-electrons




the Compton profile J (q) is equal

Bot s
e la) = 33 (qr+ott)? (2.20)
llere,a=® (. =g is the Bohr radius) and g isa

convenient variable which depends on the energy of the primary
garmas, the angle of scattering and the difference between

the energy of a scattered photon ana E_ . It is equal to
zaro for the case when the scattered energy is equal to E_. o

The above formula are valid only in the nion-relativis=

cic case but it is expscted thet they are correct within an

order of magnitude in the relativistic case, toO.




III., EXPSRIMENTAL ARRANGEMENT

The experiment was performed by using the A.E.C.L,
Cobalt-60 Beam Therapy unit No. A-~5 installed in the
Winnipeg General Hospital whose source strength was about
1000 curies. Scattered §-rays were analyzed by a standard
scintillation spectrometer,

(a) Geometrical set up

The geometrical arrangement of the source, scatterery,
lead shields and Nal crystal is shown in Fig. (2). The draw-
ing is 1/8 full scale. The source is labelled by S, scatterer
by St, NaIl crystal by C and photomultiplier by PF. The primary
and secondary diaphragms(they are part of the unit) and lead
shield around the crystal are marked by FD, SD and LS, res-
pectively. Very strong radiation scattered by the Compton
effect was filtered by a lead filter (F). Uniformity of the
beam was not checked. Position of the scatterer was fixed

by the help of the cross hairs (CH) at the mouth of the beam
‘unit and of a light source (not shown on the drawing) instal-
led in the unit,

The average scattering angle was 90°. Scatterers of
different sizes and thicknesses were used. The largest scat-
terer used (5i" x 6") subtended an angle of about 35 ° at
the crystal and the smallest one (1 ™ x 14™) about 17° .
Distance from the center of the source to the center of the

scatterer was 92.5 % .5 cm,
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Fig.2, Sketch of the geometrical arrangement of the
source, scatterer and crystal.
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The dea 7ing 1is 1/8 full scale. For the explaia-

tion o1 letters see sec. Ill-a,
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(b) Scintillation spectrometer

The scintillation spectrometer was of a conventional type.
A NaI crystal (size 1" in diameter and 13" long) was mounted
on a 6292 DuMont photomultiplier tube followed by a cathode
follower, amplifier, single channel pulse height analyzer and
scaler. An oscilloscope was used for visual check of the équip-
ment. Drifts of the spectrometer were usually smaller than
3% over the measuring periods of 10 hours-——due to this rela-
tively large drift the equipment was usually calibrated every
three quarters of an hour by a small Co*® source (about 0.1
mC). Two different channel widths were used, 2@8V01£s and
0.75 Volts but the stability of the channel width was not
checked directly. Energy calibration of the spectrometer
was done by using the 1.33 MeV and 1.17 MeV lines from Co®°
whose disintegration scheme is given in Figay(h) [34],
the 1,12 MeV line from éZ;f , the 660 KeV line from Cs '*’
and the .511 Me¥ and 1,28 MeV radiation from Na™® . The
calibration curve is shown in Fig. 3. Resolution of the
spectrometer was 11,5% for the 660 KeV line from Cs'’ with
a channel width of 2.8 Volts and 8% for 1.1 MeV line from
Zivf: with a 0.75 Volt channel,
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IV MLETHOD
In this section we shall present formulas used in evaluating
and estimating cross sections for elastic and inelastic scatter-
inz. Measurements and results which are common to all scatterers
used will be discussed here, too.

(a) Elastic scattering

We make the following simplifications:

(1) We consider a parallel beam of monochromatic primary
radiation whose energy is k. .

(2) We assume a solid angle(scatterer—crystal)small
enough so that we may neglect the change of the differential
cross section in this angular interval.

(3) We assume that the length of the scatterer is much
greater than 1ts thickness so that we may neglect the effectv
of the edges of the scatterer on the cofrection due to ab=-
sorption in it.

(L) We neglect, for the time being, the correction due
to finite size of the scatterer, i.e. the fact that one side
of it is nearer to the crystal than the other, and that the
crystal efficiency for different parts of the scatterer is
different.

With the help of Fig. 5 it may be easily deduced that
the number of photons scattered by the scatterer per steradian
at an angle © is

fu's f‘tff)‘g{e“m”\k dn )
> (4o?)

where

_€
1
T
4
N
J
°
™D



scattered beam.

)

on

with respect to the primary and
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and meanings of 6, and ¥ are clear from Fig. 5.
The following notation was used.
f = primary flux of photons in no. of photons
traversing 1 cm® per second.
y

= no. of scattering atoms/cm’

area of the scatterer in cm™ .

]

thickness of the scatterer in cm.

differential cross section in cm*/steradian,

mass absorption coefficient in cm™ /gm:.

i

density of material in gm/em® .

Q.
-0 o‘-~2 ét\:,\(k o X
!

After the integration is performed we have that the

no. of photons scattered per steradian is

o)
PEI LN (1.3)
where
K=K'St = total number of atoms in the scatterer
R ’ —e/(p[~'t°(tg)ﬂ _ (Lok)
&, ‘Th(tg)k}’

The number of pulses, N that is registered by the spectrometer
when the position of the channel is set in the middle of

the photo-peak is proportional to this number, i.e.

- 1(}__1,(_ oy

oA

(4e5)
lx is a constant that includes the solid angle subtended by
the counter,a factor due to absorption in the lead filter,

efficiency of the crystal and the effect of the finite channel

7




width of the spectrometer. Kk is usually unknown, but we
can eliminate it by using an auxiliary small source of Co°’
that has the same shape as the scatterer and which is p%aced
in its position. The number of pulses /N registered by
the spectrometer under the same conditions as before is

| N, - ks, (4.6)
where intensity of the auxiliary source is b 4, disintegra-
tion/sec. By the help of eq. (L.6) we can eliminate k from

eq. (L4.5) and we get

f _K dste)

b a o

N o= N, (4e7)
I the intensity of the primary source which is used in the
measurements is Lz S dis/seec/ and if n is the distance source-

scatterer in cm, than

TR (L.8)

IIL

and after substituting in eq. (4.7) we have

| I /Vs-i— 7?*;'— J::ie) (4.9)
From this equation we see that we need not know the absolute
strength of either source,.s° and 4_, but only their relative
intensities.

Practically, the source 4, used has dimensions much
smaller than the scatterer. Owing to this reason it is neces-
sary to introduce another correction factor (4) that accounts
for the finite size of the scatterer. By introducing it in -

the eq.{4.9) we have

S¢ K 4 dse)
N N2 (4.10)
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@

or

Ja K S, N, 4 (L4o11)

(b) Continuous inelastic distribution of gammas.

In the introduction and in section II the existence of.
a continucus inelastic distribution was discussed. In this
section we develop an approximate formula enabling us to eva-
luate the cross section for this type of scattering when the
pulse height spectrum is measured. For such a process the
differential cross section must be dependent on the energy
() of the scattered gammas as well as on the angle(e). In
other words SYEA%EJJE expresses the probability that a
scattered photon will have direction in a unit solid angle
situated around ©® and energy in ﬁhe interval E , F+~dE, when
the primary photon energy is E. . Owing to this continuous
energy distribution of scattered photons and to the fact that
each monochromatic beam of gammas gives another continuous
spectrum of pulses in the spectrometer it is clear that the
pulse distribution as seen by a single channel analyzer is
very complicated.

Because the statistical and other errors of the experimen-
tal results are large we use a very approximate formula to
give us some information on cross sections. It can be ex-
pected that the results are good only to an order of magnitude.
In developing this formula the following approximations were

introduced, in addition to the four already used:



(5) We assume that the width at half height of the
phdto peak is small compared to the channel width.

(6) We consider the primary beam from Co®® as monoener-
getic with an average energy of 1.25 MeV.

It can be easily seen with these six approximations that
the number of pulses counted in a channel whose width in energy
units is 4EF is equal to

| .
N(e) - kE)§ K A (B8 aF

A oLE)

(4o12)
Here the same notation e&s before is used except that the
dependence on the energy E is explicitly . shown.

If we have a source of gammas (energy E) whose strength
is 4walthan the number of counts due to it (under the same
conditions as supposed in scattering of eq. (4.6)) is

Mo (E) = k(E) 4! (4.13)
We get in complete analogy with eq. (4.11) the cross section

for the inelastic gamma distribution
ds (E,8) _ N(E) A (E) n* olE)
do K M(e) S, 4(E) at (Lo14)

(¢) Measurement of the relative strength of the sources

S.and 3.,

Owing the great difference in the intensity of the sources
S. (~1000 curies) and 4 (~ 0.1 millicuries) this measuremnent
was performed by using a source of intermediate strength AL
(~1millicurie). The ratio of intensities 4,/+_ and 4./S,
was measured in two separate experiments.

The ratio 3.,/4. was measured directly, by placing the

sources successively in the same position with respect to
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the crystal and measuring the spectrum of its photo peaks cor-
responding to the 1,33 MeV line. By comparing the heights
of the peaks, the following result was obtained.

AL
— = 4) 0] (4.15)

S
where the indicated error is the standard deviation.

On account of the tremendous strength of the source S,
it was not possible to measure 4. /S, directly by a similar
experiment. The following procedure was used: Source b,
was placed at the cross hairs (CH_in Fig. 1) and the beam
from S, was shut off by the use of a mercury switch, already
built in the beam unit. A copper scatterer, whose dimensions
were 3" x 3" x 046", was placed at the standard position
(St—Fig.1). On account of the small strength of 4. no
lead filter (F - Fig.l) was used and the spectrum of the
photo-peak due to gammas seattered by the Compton effect was
taken. The height of this peak was taken and corrected for
the presence of background whose spectrum was also measured,
After that, the source s5_was removed, the scatterer was re-
placed by a thinner one (3" x 3" x ,008") and the beam from
S, turned on, Intensity of the radiation scattered by the
Compton effect was measured again. In this case, lead fil=-
ters of five different thickness (from 5/8" to 9/8") were
used, and after the counting rate was corrected for the
presence of background it was extrapolated to zero thickness.,

This extrapolation was justified by the fact that the absorption



coefficient as obtained from this measurement agreed within

2+ with that one from the tables (appendix I in ref. [91 ).
By comparing the counting rates in the middle of the

peaks and correcting for different distances source-scatterer

in two cases the following result was obtained

EEa R (4.16)

Combining results (4.16) and {(4.16) we have as the result

A, Ae A S
S - 2.3 % 1D (L.17)

o

the total possible error is fairly large; it is estimated it

amounts about 20%.

(d) Correction for the finite size of the scatterer.

The correction factor 4 (eq. L.11) was measured by
placing an almost point source 4 in twelve different positions
corresponding to a scatterer whose size was 53" x 6" and whose
angle ¥ (c.f. Fig. 2} was equal to 65° . By taking succes-
sively the counting rates at the top of the photo peak of
the 1.33 MeV line the average of these twelve measurements was
obtained. Comparing it with the counting rate due to the
above source at the center of the scatterér it was found that,
in the case of the above mentioned position and size of the
scatterer, the correction factor was

4 = o 9¢ = 0.03 (.18}
The indicated error is again the estimated total possible

~error. For other sizes and positions of the scatterers and
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energies less than E.= 1.33 MeV 4 was not measured, In these
cases, 4 = 0,95 has been taken as a rough approximation.

(e) The measurement of Ns (eq. = 4.6)

N, for the 1.33 MeV and 1.17 MeV lines was measured by

¢ gource at the center of the scatterer

placing the smallest Co
and by using several different thicknesses of lead filter.
In Fig. 6 the Co“® spectrum fbr this case is presented when the
radiation was filtered through 7/8" of lead and the channel width
was 2.8 Volts. Dotted and broken lihe correspond to the pulse
height spectra due to monoenergetic gamma rays having energies
1.33 MeV and 1.17 MeV, respectively. They were obtained by de-
composition of the Co®® spectrum (heavy line) by the help of
measured pulse height speétra for Z» (1.12 MeV) and Na™
(1,28 MeV=~shown on the séme figure). In Fig. 7 are shown the
absorption curves that correspond to similar measurements but
with different thicknesses of lead filter. The absorption co-
efficients as deduced from these curves agree within 3% with
the ones obtained from tables (appendix I in ref [9}),

Results for N, (number of counts due to the auxilliary Co*°
source) can be summarized in the following tables. Stated errors

are estimated total errors.

_ Table I
Lead filter (1,17 MeV) (1.33 MeV)
0" (14.5 # 1.2) x 10° (11.0 £ .6) x 10°
5/8" (5.3 ¢ .8) x 10’ (4.20 & .13) x 10°
7/8" (3.5  .3) x 10° (2.85 z .10) x 10°
9/8" (2.3 = .2) x 10° (1.90 & .08) x 10°
14/8" (.8, t .07) x 10° (.72 + .04) x 10°
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In order to get a qualitative idea how &(E) {(from
eq. 4.12) varies with energy, a similar measurement with Na**
was made. The result is also presented in Fig. 6 for the
case when no lead filter was used. The measurements of the
heights of both peaks was done for several different thick-
nesses of lead filter. The corresponding absorption curves
aré presented in Fig. 7; the absorption coefficients as cal-
culated from these data are in fairly good agreement (with-
in 3% error) with the coefficients from the tables (appendix
I in ref. [9]).

This ratio of the intensities of the Na®* ( %4 ) and
Co® (4,) sources used was obtained by the following pro-
cedure. In Fig, 8, the no. of counts N, for 1.33 MeV and 1.17
HeV line from Co® (taken from Table I) for no lead filter
were plotted. Then the number of counts due to the Na?*
1.28 MeV line was fitted assuming that the variation of
Ny in the interval between the energies of the two Co*® lines
was linear. The ratio of the no. of counts estimated in
this manner to the actually observed number is taken =s
the ratio of the intensity of the two sources. i.e.

—/;i‘s L2.4 + 32

By using it,the number of counts due to .511 eV line was
recalculated (keepins in mind thet 511 KeV line is twice

as abundant as 1.28 MeV line) and plotted.

Heavy line (Fig. 8) represents interpolated dependence
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of N, on energy £ of gammas. Because the interval between

511 KeV and 1.17 MeV is fairly large the shape of the interpo-
lation curve is estimated by the help of the dotted line.

It was evalusted on the basis of data for the photo—absorption
in NaI (p. 153, Fig. 17 in ref. |9]), and it represents the
percentage of raéiation absorbed in the crystal used assum-
ing that the direction of gammas was along its axis. Broken
lines at the bottom are obtained by correcting heavy line

for the absorption in lead filter of different thicknesses
(they are indicated in the figures) these curves are latef
mainly used in eqg. (4.1lh) for evaluating the differential

cross section §(f,s).

(f) Measurement of the resolving time (T),

A lead filter had to be used on account of stronz inten-
sity of the low energy gammas scattered by Compton effect.
If it were not thick enough the pile up of pulses (when one
pulse follows a preceding one in a time that is shorter than
the length of the first pulse or to be more precise, shorter
than the resolving time of the spectrometer) can significantly
change the shape of the spectrum. In order to determine the
thickness of lead that is just enough to make the number of

pileup pulses negligible we need to know the resolving time

(&S g

~

U (The number of pileup pulses is equal TN* where N
is the counting rate). It was obtained by measuring the
low energy spectrum of radiation scattered from two different
water scatterers so adjusted that the number of pile up

pulses in one case is quite appreciable and in another small.

Ny



The value obtained
T = (1.8 + 0.6) x 100 sec
agrees qualitatively with the resolving time deduced from

the shape of pulses as seen on the oscilloscope.

36
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V. MEASUREMENTS AND RESULTS

In Figs. 9, 10, 11 and 14 are shown the measured pulse-
height spectra at 90° for thick targets of H,D, Al, Cu and
Pb, respectively. It can be easily seen that they all have
some common. characteristics, ie. high intensity for pulse
heights smaller than 25V (corresponding to energies of scat-
tered gammas smaller than 600 KeV) and three or four peaks
{in the case of HZO and Pb there are only three) superpcszd
on a continuous spectrum. Energies of gammas corresponding
to this peak, as can be seen from the calibration curve in
Fige. 3, are near 360 KeV, 511 KeV, 1.17 MeV and 1.33 HeV.
These peaks are consistent with gammes scattered by Compton
effect (360 KeV is the mean Compton energy corresponding to

the two different lines in Co®® spectrum) annihilation radia-

-

tion (511 KeV) and elastic scattering of the primary beam
from Co® (1.17 and 1.33 Mev). In the case of Pb there is
only one unsymmetrical/peak in the low energy range. The
Compton peak and the annihilation peak are not resolved bhe-
cause the first is fairly broad due to very large size of
the H,0 scatterer. Also, the large thickness of lead filter
used (larger than in any other case) produced strong unsym-
metrical absorption of a Compton peak favouring the higher
energy radiation. In the case of Pb (Fig. 14) there is only
a bump corresponding to 1,17 MeV . From the general shape

of the spectrum it is clear that its presence is due to

elastic scattering of 1.17 MeV photons that is mesked by a




38

continuous pulse height distribution having avvery steep
slope in this region,

In Fig. 6 the Co* pulse height spectrum filtered through
7/81% of lead is shown for the.case when the source was placed
in the center of the scatterer. Similar curves were obtained
for all the other thicknesses of lead filter used. In order
to separate the elastic pulse height spectrum from the measured
one the above mentioned curves were used in the following
way: the corresponding (with respect to the thickness of
lead filter used) spectrum of the Co®° source was taken and
so normalized that its 1.33 MeV peak made as good a fit as
possible to the measured points. The top of the (normalized)
Co®° peak was taken as N in eq. (4.11). This procedure was
applied directly to the HZO’ Al and Cu scatterers because the
continuous distribution had a small intensity in this region.,
The case of 1.17 MeV line will be discussed later as well
as the Pb scatterer.

In order to get more insight into the origin of the con-
tinuous pulse height spectrum, measurements with Sn, Cu and
Pb scatterers of different thicknesses were made. The pulse
height spectra corrected for different absorption due to
different thicknesses and normalized to the same number of
atoms are shown in figures 12, 13, and 16. On account of
the‘low counting rate, spectra of pulses greater than 50V

were not measured. All the curves show a well resolved peak
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due to gammas scattered by the Compton effect but the anni-
hilation peax was not resolved for thin targets. This is easily
understandable because the scatterer thickness was smaller
than the positron range. This effect 1s most pronounced
in the case of tin (Fig. 13).

(A) Water

The quantity of distilled water used as scatterer was
1780 grams contained in two rectangular milk cartons made
of heavy waxed paper. The sides of the scatterer were sach
approximately 3" x 6% x 6", The side 6" x 6" was placed
normally to primary beamd gammas. Thickness of the lead
filter used was l%}” and the total number of pile up pulses
was negligible. |

Because the shape of ths scatterer being different
from that assumed in deriving eq. (4.L4) the correction factor
due to absorption is

[ T - Xg) -r(Ye) 1
z X»’t‘gz(l*c“ )(1_6, ) | (5.1)
where X = 3" is the thickness of the scatterer

and Y = 6" is its width.

(a) Elastic scattering

" In Fig. 9 are shown the results obtained. The back-
ground counts which are mainly due to scattering from air and
the empty carton have been subtracted. The broken line on
the figure corresponds to the Co*° spectrum normalized and

fitted to the experimental points in the already explained
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manner. The broken line shows that this fit is good (within
the experimental errors) for the 1.17 MeV peak as well as

for 1.33 MeV. The dotted line and the trianpular points cor-
respond to the continuous part of the spectrum after the con-
tribution due to elastic scattering was subtracted.

The good fit of the broken line to both peaks (1.33 MeV
and 1l.17 MeV) shows that the cross section for the elastic
scattering is the same within the accuracy of the measurements
(about 20%). The correction factor due to absorption of the
1.33 MeV gammas in the scatterer is obtained from eq. (5.1) and
has the value a=1.94. The absorption correction for 1.17
MeV line has a slightly greater value (o = 2.0) but on account
of the low statistical accuracy of the measurements this dif-
ference is discarded in the evaluation of cross section.

The cross section obtained for both energies (1,17 MeV
and 1.33 MeV) is

{‘r;flu(go") = 2.2 x 107" cm*/sterad,
The overall possible error in this result is estimated as
35%.

(b) Inelastic scattering

Cross sections for inelastic scattering are shown in
Fig. 17. They have been calculated by using eq. (4.14) and
the points indicated by triangles in Fig°‘9o‘

(B) Aluminum
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Tts size was 53" x 6" {(213.5 cm*) and its thickness was 2.93
gm/cm?, The angle ¥ between the primary beam and the scat-

terer was 65° . The thickness of the lead filter was 9/8",

The material used was aluminum metal of high purity k99a7%)°
Iron and silicon made up 70% of all impurities.

(a) Elastic scattering

The experimental results are shown in Fig. 10. Back=
ground, as measured with the primary beam on and without
scatterer, was for all points, especially near the right end
of the spectrum, smaller than the standard deviation and 1t
was considered negligible. The number of pulses in the re-
gion between 10V and 24V was fairly high so that it produced
about 200 pileup pulses per minute with amplitudes be-
tween 28V and 45V. |

The meaning of the broken line in Fig. 10 is the same
as in Fig. 9. It was fitted to the experimental points by
assuming that the number of pulses in the tail of the in-
elastic component, having pulse heights greater than 55V, was
negligible in comparison with the number of pulses due to
elastic scétteringo From the general shape of the curve this
assumption doesvnot seem quite justified and so it is likely
that the cross section obtained is slightly too high.

leasurements show, within the accuracy of the experiment,
that the cross section for elastic scattering is roughly the
same for the two Co% lines. The correction due to absorption

in scatterer was made according to the eq. (Lof) and for 1.33
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MeV it was o = 1,29, DBy using formula (4.11) and the results
from (L.17) (4.18) and table I we get for the cross section
for 1.33 MeV (this is also the result for 1.17 eV because
the differehce in the absorption correction factor is small
as compared to the statistical error) the following value:
ASae (oF) = 6,9 x 10=>  cm*/sterad.

o2,
The total error in this result is estimated to be about 30%.
It is possible that another systematic error as high as 107
is present due to the tail of inelastically scattered gammas.
If so,the true cross section should be smaller than the'one
indicated akove.

(b) Inelastic scattering

The results about the cross section for inelastic scat-
tering that can be inferred from Fig. 10 are very inconclusive
owing to high pileup and they are not presented here., A1l
that can be said is they indicate that the cross section for
Al is by a factor of twc or three greater than for H,U.

(C) Copper

(a) Elastic scattering

In measuring the elastic component a large scatterer
was used. Its total weight was 455.0 gm, area 213.5 em®
(6" x 5%") and the corresponding thicknesss 2,13 gm/cm™ .
The lead filter was 9/8" thick. Copper used as material in
the scatterer was analytically pure with less than 0.015 of
°

clements with 2 >29. The scatterer made an angle of 05

with the primary beam.
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The results of the measurements are shown in Fig. 11.
The background was neglected as it was always smaller than
2% of the corresponding counting rate with the scatterer in
the beam. The slight increase of about 40V is caused by pile-
up of pulses smaller than 26V, However the number of pile-
up pulSes for pulse heights greater than L8V was again neg-
ligible.

The broken line is the elastic scattering. It was
fitted to the experimental points as explained before without
taking into account the possible presence of a higher energy
tail of the inelastically scattered quanta.
| As in the case of aluminum we obtain the cross section
for 1.33 MeV line

_d€e (90, 1.33) = (.3.5 £ .9 ) x 10" em*/sterad.
o

Presumably this value is 10:-20% bigh - owing to the
presence of inelastic scattering. The accuracy of measure-
ment does not give an unambiguous answer as to the intensity
of the 1.17 MeV line since the dotted line fids the experimental

results as well as the broken line. For the cross section

is taken an average value
A
The indicated errors in both cases are estimated tosal errors.

905 1.17) = { 3.7 £ 1.2 ) x 10" cm* /sterad,

{(b) Inelastic scattering

Scatterers were made of electrolytic copper foils;
purity was unknown but it was believed satisfactory. Three

different siges were used. Area of the scatterer No. 1 was

«
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213.5 ca*/or 53" x 6") and its thickness 50 mg/cm® .
Scatterer No. 2 had the same area but thickness approximately
twice as great (701 mz/cm*). The third scatterer, Ho. 3,

had a small area 12,35 em™ (or 13" x 1 3/2") but a large
thickness, 1.735 gm/cm* . The first two scatterers made an
angie of 80° with the direction of the primory beam and the
third one an angle of only 4L5° .

Comparative results for all three scatterers sre shown
in Fig. 12. In the case of scatterer No. 3 the number of
counts wias corrected for the absorption in it and in the case
of No. 1 and No., 2 correctionsdue to thelr large sizes were
done assuming that 4= 0,95,

Cross sections for inelastic scattering were evaluated
for scatterer No. 2 by using eq.(4lh). Only the energy in-
terval between 550 KeV and 1 lMeV was taken into consideration.
The.results are given in figure 17.

(D} Tin - Inelastic scattering.

Scatterers were made Irom chemically pure tin metel foils

47}

whose percentape of impurities was unknown. Three scatterer

N

of different thicknesses (12 mg/cm?, L8 mg/em* and 1.53 gm/
cm?) were used. The size of tﬁe first two scatterers wos
213.5 em* (53" x 6") and of the thick one, 6.0 em™ .

In Fig. 13 comparative results for all three scatterers
are shown under the same conditions as for copper. Exactly
the same procedure used in evaluating cross sectiom for

copper was applied here, and the results, for scatterer No.

2 {48 mg/em? thick) are presented in Fig., 17.
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E) Lead .

The experiments on lead were dene in order to measure
the elastic cross section for both &-ray line of 1.17 HeV
and 1.33 MeV. Also, the inelastic scattering was examined in
a much wider energy range than before. The material used
was the analytically pure lead metal (in the form of foils)

whose total impurities were smaller than 0,002%.

(a) Blastic scattering

Tn measurements of the elastic component & large scatterer
was used. 1Its area was 1Lk em? (L 3/4% x 4 3/4") and thick~
ness 1.028 gm/cm> . It made an angle of 65° with the
primary beam. The filter used was 17 thick and the number

£

of pileup pulses for biases greater tnan 1,5V was negligible.
The channel width used wes .75V,

The results of the measurements are showmn in Fig. li.
Ir. the region of special interest (for biases greater than
26V) the background was always smaller than 155 and was treated
as negligible. Measurements on scatterers of smaller sizes
showed that the gentle bow in the region between 30V and L5V
was caused by a large number of pileup pulses. The dotted
line below the experimental points is the rough correction
obtained by comparing measurements with small scatterers
and this one. The small peak and the bump correspond to
energies of 1.33 eV and 1.17 MeV respectively.

In order to get Cross sections for elastic scattering

it was necessary to separate counts due to the 1.33 eV
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line and continuous inelastic scatterin=. The special procedure
used is illustrated in Fig. 15 where an enlarged portion of
the right side of Fig. 14 is shown. The small circles without
bars indicate the measured points. Broken and dotted lines
give the approximate pulse height spectrum if only the 1.33
MeV and the 1.17 MeV line, respectively, were/present, These
spectra were obtained by measuring the spectrum of the small
Co® source placed at the centre of scatterer {lead filter
used was 1") and analysing it into components with the help
of % and Na*  spectra obtained under the same conditions.
The intensity of these lines, as given in the picture, was
S0 édjusted that the continuous spectra due to inelastic
scattering had a smooth shape. This spectrum is indicated
in the picture by a heavy line and cross points, and it was
obtained by subtracting spectra of 1.33 MeV and 1.17 MeV
lines from experimental points. In Fig. 1k the broken line
represents the same inelastic spectrum shown in the interval
from 26V to 70V.
By this procedure the following results were obtained

for N (eq. L4.11):
for 1.33 HMeV

Ny = 12 + 124 counts/min
and for 1.17 eV

M,.= 25 % 255 counts/min

By using the following data:
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N]= 7,0 ¢/m N, = 380 ¢/m
l'\} .
] = 1,10 a | = 1,11
.33 iy
and 4 = 0,98
o= 92,5 cm

the differential cross seetions were obtainead

ASe (907, 1.33 o) = (1.2 £ 30%) x 107 em*/ster
dse (90°, 1.17 HeT) = (2.1 + 453) x 107 cm*/sver

As before the indicated errors are total estimated errorsSe.

(p) Inelastic scatbering

The inelastic scattering was measured by using two dif=-
fepent scatterers, one 213.5 em* (53" x O") in area and (62.5
mg/em? thick, and the other 12.35 em> (137 x 1 3/8") in area
and 3.16 gm/cm* thicke The pulse height spectra corrected
for different absorption in s catterers and normalized to the
same number of atoms are presented 1n Fig. 16. Standard devia-
tions of the points are of the order of the sizes of circles
and triangles used. The ordinate is on an & Litrary scale.

The data for thin scatterer sere used to obtain the ine
elastic cross sections in the energy interval between 600
KeV and 1.1 MeV. The corresponding curve (statistical errors

T’.,\

are small) is presented in figure 17 { heavy 1ine).

.,
o

broken line in Fig. 1L, was also used to get the cross section
in an interval extending so far as from 600 KeV to 1,6 HeV,
The result is also represented in Fig. l?(%rokenjjﬂe), The

the interval be~

o
s
o]
-t
Jte
et
]
[
0

large disagreement betweel the

tween 1.0 MeV and 1.15 MeV can be explained by the fact that

A,




Counting rate (rel}

107 —
_lw\MS’
10 A
1 ]
10
Fig, 16,

. |
© 20

Corrected pulseheight spectrum for Pb
scatterers of different thicknesses

The scatterer thicknesses used were: 3.16
gm/gm?® {(—o—) and 68.5 mg/em? ( -cmma----),
Standard deviations are of the order of
magnitude of the circles and trizngles used,

\Jt

\Jt




jf}:ﬁ)(cm /st KeV)

- s\ Fig.i7. Cross sections for the inelastic
| AN scattering.
g .
[+ . . . N
N AN Circles (o) and Lur3 stand for the
o) measursd points an! staznlard deviations,
*t respectively.
S

107 — S,
b g\\\
- -]

\\°
L\ EN
® N
- \\°
\0
" ) .
[
A
- (4]
¢ ‘} \o 1 Fo LA
s N\ Ph (189 mejca
}\0\//
0,
—L‘

107 5 NN
B \W +\\ \+ Ph (1.03 =afcm*)
i \ -
B $ i \
! \ \ \

+

T
//;#
/)7

l\‘!ll“

I
El
-

10‘31 ]1"

1 1 ‘III\!
e
//

| |
.6 i 1.0 1.7 1.4 Energy (Volts)



counts due to elastic scattering have not been substracted

in the case of thin scatterer. The close agreement in the
interval between 700 KeV and 1 MeV is probably accidental

due to some systematic errors because the scatterers compared
were thin and thick and more direct data in Fig. 16 show that
scme difference should be expected. The shape of the curve

far on the right is also questionable due to poor statistics.
lfeither statistical errors which are small nor systematié erTors are
shown on the curve but it is estimated that the total error

Tor every point om ila curve is smaller than (300) except

far on the right where, owing to poor statistics it amounts

to 705 or 100:4.
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VI. SUMMARY OF RESULTS AND DISCUSSION

(4) Elastic scattering

In Table II we give a comprehensive survey of our results,
some measurements published in the literature, and theoretical
prédictions, In the first five rows the theoretical cross
sections are presented: (1) the Thomson cross section A6 /da
obtained from eq. (2.6); (2) the Franz cross section from eq.
(2.11),46 /da (3) the combination of these two as given DY
eq. (2@12),J4;c/dﬂ-; (L) the Bethe cross section obtained
from the expression for the K-electron scattering amplitude
(eq. 2.14) multiplied by 1.2 owing to effects in the L-shell, dsy/da
and (5) the combined Bethe and Thomson cross section,dsis/da. In the
sixth row results of the present measurements are given and
in the seventh row the crst sections published by other
authors, All the results listed, if not otherwise stated,
refer to the scattering angle of 90° and gamma energies
of 1.33 leV and 1.17 MeV, Indicated errors in the case of

our results are the total estimated errors; i.e. due to both

statistic and systematic errors.

Comparison of our results with the other results published
in the litersture shows that in the case of lead there exists
good agreement with results from references [}5] and [}9] o
For Cu, A1 and H,0 the results cannot be compared because
no previous measurements have been done.

Table II shows that there exisits better agsreement or

cuir results with Bethe's formula than with Franzfs especially



Differential Cross Section for the Elastic Scattering of 1.33 MeV

TABLs

at 90° in microbarns/steradian

11

and 1.17 MeV photons

1. 33MeV 1,17 MeV

Cross section H,0 AL Cu Pb H,0 A Cu Pb

dsy /da .215 430 2.09 12, 215 430 2,09 12.7

ds% /da 2253 1.08 12.1 273 370 1,58 17.6 1,00

dare /da «935 2.87 2b..7 403 .7 1.032 3,60 31,8 555

dey / da. 2,06x107" 1.4x10°°7 . 1.44%10 ° 173 6,410 4.15x10°  345x10 347

A6y [da 2215 435 2.45 279 ,215 438 2,66 192
Present e 224,05 «R9%,20 3.5%.9 120£35 .R22+,08 691,25 3.7z1.1 210%90
measurement
Other (155,00 (17] % L8x.h [14]F K2 14]7 1roxso [14]7 198440 15"

measuremnents

200+60 [11]
800 [13]

135+27 [15]
160440 [19]

* This mensurement refers to carbon, scattering angle of 130

+ This measurement refers to the scattering angle of 1357
o=

This measurement refers to the scatering angle of 115°

and to the Y-energy of 1,05 MeV.

RS



for lowZ . The results for water, where the Rayleigh scat-
tering (according to Bethe's formula) is negligible, is in
excellent agreement with the formula for Thomson scatter-
ing. The measured cross sections for Cu and Al are higher
by about 40w than predicted by eq. (2.16), but the estimated
errors are almost as high as the differeﬁce,so it could be
said that the experimental results are in fairly good agree-~
ment with theoretical predictions. In the case of lead
the disagreement between experimental and theoretical results
is far beyond the estimated errors. It 1s almost impossible
to give the origin of this discrepancy because neither is Bethe's
formula exact nor is anything knowm about the influence of
Delbruck scattering that could, due to constructive or des-
tructive interference influernce the final results signifi-
cantly.

(B) Inelastic scattering

From section 1 it turns out that among all known processes
only two can explain ilielastic scattering with a continuous
energy distribution. These are: bremsstrahlung from photo-
and Compton electrons and the Compton effect on bound elec-

trons. Annihilation of positrons in flight, in the case

ct

of our geometry, cannot produce such hard gammas as those
observed. This is clear from egs. {(2.4) and {(2.5) and from
the fact that positrons are produced mainly in the forward

direction. We shall discuss the two possible explanations




separately and only cualitatively,

{a) Bremsstrahlung

There are several different reasons against the sﬁgges-
tion made in the literuture [14, 15, 19, 20] that the con=-
tinuous medium energy pulse height distribution is produced
by bremsstrahlung. These are:

{1) Dependence of the intensity of the inelastic com-
ponent on the scatterer thickness.,

This is the strongest reason and a glance at Tigs.

(12), (13) and (16) shows that most of the inelastic component

remains even for very thin targets (it decreases by 1/3 in

1de
4

the worst case), If its origin is due to bremsstrahlung this
difference should be much larger,

it was pointed out in sec. II that photo- and Compton-
electrons are strongly pesaked in the forward direction and
because all thin scatterers made an angle of 850° with the
primary beam we may take as a rough approximation that all
the electrons traverse the scatterer normally. The thickness
of thin scatterers was so small that the electrons produced

lose only a small part of their energy in traversing then

A

t-4

normally. To illustrate this fact we list in table IT

the energy loss of 1 MeV electrons in passing normally through

-+

T

he targets used. The date are taken from refl, f@] pzge 10,




Pable ITX
Gnergy loss of 1 eV electrons in traversing

scatterers normally

Element Scatterer thickness Energy loss
in mg/em* in KeV
Pb 169 170
No. 1 12 15
Sn
No., 2 L8 60
Hoo. 1 50 65
Cu
No. 2 101 130
If we suppose that electrons are produced uniformly through

out the scatterer ( practically true because the absorp-

a

tion of primary radiation in scatberer 1s negligible) than
the case of Sw -scatterer lo. 2. the intensity of brem-

sstrahlung radiation per atom should be approximately four

(u

times as intense as for scatterer No. 1 and in the case of

B b
&

Cu Ho. 2 twice as intense as for Cu No. 1. ‘10

53

figures
12 and 13 it can be seen that the intensity of the inelastic
component stays constant (within the experimental accurs:
i.e. within 30,) in this interval of thicknesses. It is

3

evident that this fact by itself is a strong argunent azainst
the assumption that the inelastic component produced is due
to bremsstrahlung.,
my,. 3 o Fal P R POS . - FEN. E o
fhe thickness of the thick targets was always greater
than the range of 1,25 ileV electrons ( the highest

energy electrons). It is fairly hard to say how much more

ON

[




intense the bremsstrahlung radiation has to be from these .
targets. From Motz's results {23] it can be seen that the
differential cross section for bremsstrahlung is roughly in-
dependent of energy in the energy interval between 500 KeV
and 1 HeV. Accordingly, it could be estimated that the brem-
sstrahlung intensity from thick targets should be approximately
an order of magnitude more intense than that for the thin
targets used (12 ﬁé/cml ) In the higher energy range (around
1 MeV) this factor should be something smaller. From the
figures 12, 13 and 16 it can be seen that such a large dif-
ference between thin and thick targets does not exist. The
snall existing difference indicates that only a minor part
of the measured inelastic component can be explained as due
to bremsstrahlung;

(2) Measured cross section for bremsstrahlung radiation.

If the assumption is made that all the observed inelas-
tic scattering is due to bremsstrahlung than the date for
the cross section in fig. 17 has to be corrected for the fact
that the number of electrons producing bremsstrahlung is much
smaller than the flux of primary gamma radiation passing
through the scatterers. We shall correct only curves for Fb,
Sn and Cu targets because their cross sections are obtained
from the measurements on thin targets and accordingly these
results are the most conclusive., The differential cross

section curves (heavy lines) are represented in fig. 18.
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They were obtained from the corresponding curves in fig,.

17 by normalizing the thickness of targets used so that

the percentage of primary gammes absorbed by photo- and

Compton-effect is constant® and then multiplying these

curves with the reatio of primary photons pvassing through

the scatterer to the number of electrons produced. By the

help of the cross sections for Compton and photo effect

(ref. [9] app. I) for Pb, Sn and Cu, it is easy to see

that the percentage cf radistion absorbed by these two ef= SR

fects for the targets used in Fig. 17 is approximetely 1),
«255 and asﬁ, respectively. 1If we normalize the thickness
of all targets so that .5% of primary radiation is converted
into electrons {this is approximately the average value for
the targets in consideration) and because they are uniformally
produced in the scatterers (the effective thickness of scat-
terers as seen by electrons is a factor of two smaller) the
cross section for assumed bremsstrahlungis obtained by mul-
tiplying the curves in Fig., 17 by 400,

Such a simple procedure is a very rough approximation
tut it is believed it is correct to better than 100 in the
high energy region (about 1 MeV). In the lower energy region
(around 700 KeV) the real cross section should be smaller.

than the curves indicate due to the finite angular distri=-

butior of photo- and Compton-electrons as well as due to

* We may do that because the experiment has shown that the
intensity of inelastic component is independent {or only
slightly dependent) on the scatterer thickness., .



production of Compteon electrons with energies lower than 1
MeV. It is hard to estimate this error but likely it is
not higher than a factor of two or three.

Comparison of curves in fig. 1 and in fig.18 qualitatively
shows that the cross ssctions (around 1 Mev) as obtained from
our measurements are between one and two orders of magnitude
higher than in Motz's experiment. The cross sections for
lower energics are again about two orders of magnitude
hizher. This great discrepancy is another reison azainst
the bremsstrahlung assumption.

(3) Z-dependence of the cross sections in the region
of 1 MeV.

The third reason against the bremsstrahlung assumption
is the 2 -dependence of the cross section in the 1 MeV region.
It is easy to see from fig., 18 that the cross section varies
approximately as 2% instead of 2° (corrected by smaller
2" fachtor) as it is expected for bremsstrahlung.

(c) Compton effect on bound electrons

By applying eq. (2.18) to our results for lead we see
that in the case of K electrouns only the energy width of the

modified line 2 E is equal 285 KeV. Accordingly, we expect

<

hat the intensity of inelastic component of 500 KeV energy

is 1/82 = 0,0122 times the intensity at the maximum of the
Compton peak. Talking into account the different absorption

in lead filter used and the efficiency of the crystal méasured

ratio should be 0,11 (instead of 0.0122). It is hard to com-



pare this result with measurements in Fig. 16, on account of
the presence of the annihilation peak but by interpolating

we find that the ratio of intensities is approximately equal

to 0.3. The disagreement is fairly large but the higher value
should be obtained from the experiment on account of the finite
resolution of the spectrometer and fairly large solid angle
subtended by scatterer at crystal as well as due to the con-

1

other shells.

tribution to the scattering of the electrons in
In order to obtain a better estimete of the Compton effect
on bound electrons we apply eq. (2.20). In Fig. 19 broken
lines correspond to the Compton profile of K-electrons only
and caleculated from this equation. All the curves were So nor-
malized that the contribution at the middle of the Compiton peak
due to K-electrons was 1/42, 1/25 and 1/13.5 of the contribu-
tion due to all electrons for Pb, Sn and Cu respectively.
Heavy lines are measured inelastic eross sections reproduced
from Fig. 17. Ve see that qualitative agreement within an
order of magnitude exists between the heavy and broken lines.
The disagreement becomes serious for energies greater than
000 KeV but here the electrons are highly relativistic - the
K=electrons cannot be described by non-relativistic wave
functions any longer . Also the nucleus has a finite sisge
which certainly will have the effect of lowering the cross
section. The discrepancy at the lower energy { 700 KeV) may
be understood easily as due to the contribution of L-electrons
(and electrons in the other shells) that is notktaken iato,

account in eq. (2.20}.
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From this fairly qualitative discussion it may be con-
cluded that the assumption that the origin of the continuous
inelastic distribution of scattered gammas is due to the
Compton effect on bound electrons, seems consistent with the

results obtained and existing theory.




70

ACKIOWLEDGEMENT S

The author wishes to express his indebtedness to Professor
K.G. Standing for continued guidance, encouragement and help
throughout the course of this work. He is also grateful to
the Manitoba Cancer Relief and Research Institute, in particular
to Dr. R.J. Walton and Mr, T. Griffith for their kind hospi-
taiity in the Winnipeg General Hospital and permission .to use
the Co¢°® -Beam Therapy Unit.

The author is indebted to the National Research Céuncil
of Capnada for research assistantship which enabled him %o study
physics at the University of Manitoba. He is grateful to
Professors B.G., Whitmore and R.W. Pringle who helped him to
get this grant and also to Professor D.XK., Jovanovic and to
the Council of the Faculty of Science and lMathematics of the
Belgrade University for the leave and help that enabled him

to come to Canada.

The author also thanks to Professor D. G. Douglas and

Professor W. Turchinetz for their kind lecan of some equipment

used in the experiment.




10,
11,

12,
13.
1he

15.

References

rmy

W, Heitler, "The Quantum Theory of Radiation™, Oxford,
3rd Edition, 1954.

A,H, Compton and S.K, Allison, "X-Rays in Theory and
Experiment®, D. Van lNostrand, 2nd Edition.

R. Hofstadter and J.A. MeIntyre, Phys. Rev., 16, 1269
(1949).

J.W.M, Dulond, Rev. lod. Phys., 5, 1 (1933).
W. Franz, % Physik., 98, 314 (1936).
J.S. Levinger, Fhys. Rev. 87, 050 (1952).

E. Segre, "Experimental Nuclear Physics", Wiley (1953),
‘JO}. I Bs 3"’7~3/v~1e

J.M, Jauch and F. Rohrlich, "The Theory of Photons and
Electrons™, Ad ldison-esley (1955) p. 379-387.
K. Siegbahn, "Beta and Gamma Ray Spectroskopy", Inter-

science FPu o¢1¢hgrﬂ Inc., (1955} p. 521,
F.R. Metzger, Phys. Rev., 101, 286 (1956).

A, Storuste, Proc. Phys., Soc., 63, 1197 (1950), also
hm315 University of dslo (1951).

R.R. Wilson, Phys. Rev., 82, 295 (1951),
R.R. Wilsom, Phys. Rev., 90, 720 (1953).

1

W.G. Davey, Proc. Phys. Soc., A& 606, 1059 {(1953).

7.D. Strickler, Phys. Rev., 92, 923 (1953), also Thesis,

Yale UFlV@PSlLy (1952).

L. Goldzahl and P. Fberhard, Comp rend., 240, 905, 2304,
(19553

J.R. Cook, Proc., Phys. Soc., A 68, 1170 (1955),
L.W. Alvarez et al., Phys. Rev., 98, 280 (1955).
J.L, Burkhardt, Phys. Rev., 100, 192 (1955).

A.K, Mann, Phys. Rev., 101, 4 (1956).

71



20,

21,
R2.

23
2o

N
Ao
[

N
ON
@

0
-3
[

3o

72

S. Messelt and A. Storuste, Proc. Phys. Soc., A 69, 38
{1956).

F. Sauter, Ann. d. Phys., 11, 454 (1931).

k)

N.3.S. Circular 5h2=-"Graphs of the Compton Energy-hngle
Relationship and the Klein-Nishina Formula'l,

J.W. Liotz, Phys. Rev., 100, 1560 (1955).

H.W. Kendall and M. Deutsch, Phys. Rev., 101, 20 (1956).

J.B. Gerhart et al., Phys. Rev., 94, 917 (1954).

H.A, Bethe, private communication in ref. [G],

wrlich and N¥. Rosenzweig, private communication in ref.

61,

G.E., Brown and D.,F. Mayers, Proc. Roy. Soc., & R34, 38
(1956), and earlier papers.

F. Rohrlich and R.L. Glucksternu, Phys. Rev., 86, 1 (1952).

J. Toll, Thesis, Princeton University (1952).

H.h, Bethe and F. Rohrlich, Phys. Rev., 86, 10 (1952).

J.S. Levinger, Phys. Rev., 84, 523 (1951).

“

T .
)

W.B. Duncanson and C.A. Coulson, FProc. Fhys. Soc., & 57,
190 (1945) . | ]

C.A. Coulson and N.H, March, Proc. Phys. Soc., A4 63, 367

(1950) .

«

"Nuclear Level Schemes™, U.3. Atomic Znergy Comunission,
ToIgDa-SBOOo . .
J.L. Wolfson, Can. J. Phys., 33, 86 (1955).




