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ABSTPACT

Pifferential cross-sections for the small angle

© - 10°) scattering of 1408.0, 1274.2, 1112.0, 1085.8,

(2
964.0, 778.9, 443.9, 344.3 and 244.7 })eV gamma rays from

lead, tantalum, cadmium, copper, aluminum and carbon were
measured experimentally employing a high resolution gamma

ray spectrometer system. An attempt was made to separatﬁ&\w)
the coherent and lncoherent components of the. scattered
radlatlon. Ag empirical model was developed to generate

the shape or:energy distribution of the incoherently scattered
gamma rays and was applied to extract these component; where
these were unresolved. Various correction factors for_the
coherent and incoherent components have been considered.

The experimental results for the coherent scattering
in lead, tantalum, cadmium and copper were compared w%tn the
form-factor basea numerical computations. Significant h
deviations have been observed and some of the possible causes
are indicated. The ‘present results‘are*éompared With the

o-

. previous measurements, wherever available, on the basis. of

momentum tranhsfer.

1ii’
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This work reports the first set of systematic
measurements of the incoherent scattering crbss-sections
for small momentum transfers.(l.ox—1 - l0.0X;l). The
experimental incoherent scattering functions are found

t .
to be considerably ‘lower than the theoretical values for

the sScatterers of high atomic number. .
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CHAPTER 1 g v
INTRODUCTION -

1. General features of gamma ray‘scattering'

The eiectromaghetic radiations or photons emitted
by excited . atomﬁc nuclel are called gamma rays. The inter-
action of these photons w1th matter may be clas51f1ed 1nto
absorption and scattering. - In the absorption process the
photen vanishes losing all of its energy to the medium,
but in scattering the photon is merely deflected ftom the
initial direction with or without any change in‘energy.
When a photon is scattered impa;ting no energy to excite
the interacting system (an atom or nucieus) the phenomenon
is known as ‘elastic scattering.: If the photon raises the
internal energy ‘of the atomic system-either by ejeeting
one of the particles or by-exciting them.toghigher energy
states, the enerqgy of the scattered photon is reduced.

This process is referred to as inelastic scattering [FA 53,
Cco 23}. The dlscuSSLOn in thls report w1ll be llmlted to
the phenomena of importance fon—gamma ray energxes from
200 keV to 2000 keV.

- The elastlc scatterlng of gamma rays results from

(1) the lnteractlon with the bound electrons of an atom,_



the whole atom receiving the recoil energy
(Rayleigh scattering)

(ii) the interaction of nuclear charge like a radiating.'
dipole (nuclear Thomson scattering)

(iii) the electrodynamic interactioﬁ in which a photon
produces e;ectron—positrop pairs, real or virtual,
in the nuclear electric field and the pairs annihilate

,yieldiﬁg a single photon with no energy modification
{Delbruck scattering) and. ’

(iv) the resonant process thch is éossible only when
the incident photon energy falls exactly into one
of the energ&—levels of the scattering nucieus,
(nuclear resonant scatteriﬁg) [DA 65].

In all these elastic'scaﬁtering processes the whole

atom receives the recoil energy. If E is .the incident phoEon

energy and 6 is the angle between the dir ctions 9% initial

and scattered photons'(scattefing angle) as in Fig. 1.1, the

' Tecoil energy of a free atom is given by

2E€ . 2 2E ... 2 =1 '
E, = sin“(8/9) |1 + ==, 'sin“(9/2) | (1.1).
R e2 ‘ Mc 2 : '

where M is the mass of recoiling'atom and ¢ is the velocity

of light in vacuum. - N

»
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|§|4=' 2h.x wﬁcre‘x= EEE%QLEL and X is the photop |,

- . wavelength

= 0.00391.E.sin(8/2) in (mc) units
where m is the electron rest mass and.c: the veloc1ty
of llght in vacuum and E 1is in' keV. . . ’
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For 'example, when a 1 MeV thtoﬂ is scattered by
a lead atom by 100, the recoil energy is ~ 0.079 eV.
This enérgy has to be supplied by the %ncident photon.
The situation is different when the atomic scatterer is
bound in a solid. Then all the‘neighbouriné atoms may
also take up the'recoil. Under suitable circumstances
the recoil loss can be reduced to zero [DY 73, MO 58].
| The wavedengths of incident photons in the present.
investigation range between 0.05}3 (18 = 1.0x10™ %cms)
and 0.0088R. These wavelengths are considerablg less than
the Bohr radius (g'O.SZBR) and are less than the diamétgr
of an atom. Hence any correlation between gcattéring due
‘to more than one atom must be negligible. Under these
conditions the photon scatteriﬁg amplituée is a coherent
sum of the amplitudes associated with each of the elastic
' scattering processes. The amplitude for the ﬁayleigg
scattering precess is the‘coherené sum of thé‘aﬁplitquk
due td_the individual atomic eleéfrons. If £, is the .

th

scattering amplitude for i elastic scattering process, -

the total elastically scattered photon intensity due to all

n processes {10 50] .

8). n 2 : L
coéeient G!X fi(e)l (1.2).
. 1= .

1
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In the case of inelastic scattering the phase
relationship does not exist, the contributing processes

are incoherent, and the incoherently scattered intensity

can be written as .
() (8),2
incoherent E lfi | (1.:3)
with f. representing the scattering amplitude for ,the ith
ﬂl \\/"‘//\/

inelastic scattering process;

The atomic incoheren£ scattering in the gamma ray
energy range is essentially Compton scatteriné [Gﬁ 57) with
suitablesmodifications depending upon the momeéritum transfer
feq. Fig. 1.1] and atomic number‘of the scatterer., The
ehergy of ‘the Compton scattered gamma rays is less than the
incident photon ené?gy)_the difference being a'funétiqn of
the scattgring angle. When the energy difference between
the coherent an& incoherent scattered photons»is’gmall or
can not be observed experimenﬁally, the.undepstandipg of
coherent scattering relies on an empirica; (oi theoretical)

estimate of the incoherent part and vice versa.
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2. Expe@l studies of small momentum transfer
scattering of gamma rays. .
,Of 'the three common coherent scattering processes,
Rayleigh scattering is ﬁhe only significant contrigutor in'
the case of small momentum transfers (a < 0.5 mc or x < lOR—l).
For larger homentum trénsfers, however, nuclear Thomson and
Delbruck scattering have amplitudes comparablé'to the Rayleigh
mode and he;Ce must be taken into account [HU 75, PA 75; FA_53,‘
RO 52). For a given wmomentum transfer small angle scatﬁe:ing
of Eigh ene;qy gamma rays and large angle scattering of low
energy gamma rays are equivalent with respect to the differential
scattering cross-sections. To the extent that th}s is true,
one is allowed to put together the experimental differential
coherent scatterf%g cross-sections in terms of'momentuﬁ
éransfer, which is a function of photon energy and scattering.
anéig_as well, | . -
Early expérimental investigations"[MO‘SOL established
the fundamental aspect of Rayleigh scattering as compareé
to incoherent or Compton scattering - that is, a sharp
reduction in differential scattefing cross-section with
increasing scattéring anélé. Eirsﬁ significant qﬁéntitaéive

8

results, perhaps, were obtained by Storruste (ST 50]. In this



l98Au source (411 keV)

experiment, gamma rays from a
were scattered by targets made of aluminum, copper,aﬁd
-lead and measurements were made at several scattering
angles ﬁ;oﬁ 3%0 150° using a scintillation counter
{scheelite crystal). The Compton scattering cross-
section was deduced using the large angle scattering data.
Then the‘Rayleigh scattering(Eross—sectign was obtained by
subtracting the Compton compénent from thé observed small
angle differential scéttering cross—sectioﬁ. Though ‘the
Cohpton scattered photons have lower energy than the elasti-
cally scattered photons, the energy résolution of the
scintillation detector was not good enough to permit the
discrimination between the two components, particularly for
small momentum transfers. Later experiments involving small
momentum transfers also had the same difficulty [MA 65, BE 60,
KA 61, NA 64, AN 65, SI 65, HA 66]. In all xﬁese experiments
monoenergetic sources were employed with a Nai scintillation
coﬁnting system for the détection éf scattered radiation.
In general, all these measurements*hgeded“some method to
estimate the incoherent qpmponent.

When the momentum transferred to an-electron is very

much greater than its momentum while bbund to an atom, the



incoherent scattering can be considered ﬁo be equivalent | \
to the ideal Compton scattering. But when the two enta }
are roughly of the same order of magnitude,. the assumpt'ons/k/
of the Comptﬁn scattering theory is not satisfied. Even

for small momentum transfers, low-Z atoms likg carbon can

be considered as "pure" Compton scatterers while for high-2
atpms this will not be true. As a first step a simple

method of e;timation of the incoherent component for high-2
atomic scatterers was to assume. the Compton scattering to

be directly applicable and extrapolate the incoherent cross-
section from that of an experimental measurement using a
low-Z scatterer like carbon or aluminum [MA 56, KA 61].

For example, under this method, the incoherent scattering

' cross-section from lead (2=82) would be {ﬁ%) times that

from carbon XZ=6), without any regard to the momentum
transfer. A more refined method [NA 64]~was\to use theoret-
ically calculated values of the~C0mpton séattering Cross-
section after suitable modification. Thcrg&had been
considerable theoretical developmeénts in\computing the
incoherent scattering functién (cf. Ch. 2] which took into

account the momentum transfer and atomic electron binding

enerqgy. However, the incoherent scattering. function itself



had not been put to any serious experimental test.

This thesis presents a series of experiments
aimed at resolving the above situation. - The high
;esolufion capabilities of a lithium-drifted germanium
detector were exploited to accomplish the separation of
coherent and the energy-modified incoherent compqQnents
of the scattered radiation.’ The gamma ray energies and
scattering angles chosen for this investigatioé cover
a region of momentum transfers, gromvo.oz\;zfﬁ,slmc.

The objective of this investigation is to extend

our knowledge of the géhma ray atomic scattering process

* i

for small momentum transfers) by a direct-experimental

measurement of the elastic 'and the incoherent scattering

components.

)

L
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CHAPTER 2

| THEORY
1. Elastic scattering amplitudes
If A“ denotes the amplitude for photons which are

‘ -
initially polarized in the plane of scattering and A'L denotes

the amplitude for the photons which are initially polarized

perpendicular to the plane of scattering, then the differen- |

L]

tial elastic scatfering cross-section for initially uppoiarized

photons is given by
\

¢

%(8"“ = 172 lal 12+ a3 o (2.1)

The amplitudes al and Al themselves are a coherent

s of amplitudesdue to different elastic scattering processes.

Then, T a o r
‘CN‘H i J oo L | ‘l‘l

A = AR + AT + AD + AN and .

P , , (2.2)
| N
; At = A‘R + Mp A+ Ay

i

thre the subscript R represents Rayleigh scattering, T

d#notes nuclear Thomson scattering and D afdg N stand for

Deélbruck. scattering and nuclear resonant scattering

"4
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becomes )

3

processes respectively.

The equation (2.1) can be rewritten in terms of
scattering amplitudes for circularly polarized photons.
Then the scattering amplitude for no change in the state

of circular polarization A is written as

r’/

a=1/2 @ +al K , (2.3)
and the scat;eriné amglitude for change in the state of

s : . s o f .
cirecular polarization A is
!

1 . (2.4)

A =172 @l -k
| H
The differential elastic'scattering-cross-section

Pag

|

o]

|+ .

|

e N R Lk | . (2,50
The cipculariy polarized amplitudes can ‘also be

decomposed into component processes in a similar fashion.

P . . . ' ' '

In general, tbe amplitudes AR’ AD ’ AN 3 AR ' AD and AN

.are complex; since these add up to-yield the total coherent

Sscattering qmblitude their relative phases are important.



Their relative phases pre determined from the optical
theorem and scattering afplitudes at O? [pA 75}. As

far as the present work is concerned, the intérferenCe'
due to Delbruck, Thomson and nuclear resonant processes
would be negligible wﬁen comparéd to the Rayleigh scatter-

ing amplitude.

2. Nﬁclear Thomsén scattering

Gamma ray photons, Seing electromagnetic waves, set
into forced oscillation the positively charged.atomic nuclei.
?he accelerated nucleus rédiates the énergy it received. .
When the gamma ray energy is very much smaller éhan the rest-~
mass.energy éf the nucleus the_sdattered phoﬁoﬂ retains all
tﬁe initial energy except for the small receil 1oss; This
ﬁechanism was first”proposed by J.J. Thomson [CO 35] in the

context of low energyX-ray scattering- by electrons. The

Thomson scattering amplitude is given.by '

.Zzez A A ’ ..
- (;—7—) (e.E') {(2.6)
c ..

T

Ze is the charge as the nucleus

M the mass of the nucleus, and

~

€ and &' are polarisation vectors before and after scattering.

<
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In terms of the classical electron radius rO,AT can

be given as

=:-' —_ g
AT ( M)r0 (E.E') o -(2.7)
where n is the mass of the electron.
It may- be observed that the scattering amplitude
is independent of energf and depends primarily on (% ).

The ratio (%"vaxies only from 0.39 to .l across the periodic

table and so roughly ATMM//. The angular dependenée of
Thomson scattering is dictated by the polarisation term
(E.€'). The polarizafion cémpoﬁenés Ag° and A% are arrived
gf;'by fixing directions of £ and a di&ection perpendicular
~to it, as B

«
H

2
Ag =" (Z %)r "cosb . .
&
~and . g . ) (2,8)
" . 2 A )

For small angles both components Ag and Aé'aregabout the
it '

same while at 90°, A, = 0. The differential cross-section
for the Thomson process is

S22 2 : -
ol YA .
q= P fdteos ®) A (2.9)



1

do - (szy2.2

For small angles, a0 T %o

Thus, practically this value does nét vary. For lead,

1
- Ag, has a’value of about (0.0178r0). Comparing this

L
value with the Rayleigh scattering amplitude (AR = 6.39r0)
for 1408 keV for scattering in lead by 10°, the‘Thomson

amplitude is less than 0,3% of Rayleigh amplitude. This

s o

particular case is chosen to illustrate the relative

importance of the two cases to the present investigation,

‘3. Delbruck scattering
]

The phenomenon of the scattering of photons by a
Coulomb'field was prediéted by M, Delbruck ([DE 33] on the
basis of quantim electrodynamics. This process can be

. thought of as pair production in the nuclear Coulomb field

followed by annihilation of the pair. Delbruck sca£tering
can be considered as a fqdiative correction to nuclear - .
Compﬁon scattering [KA 67]. Th;slis a second~order

- inte;ac;ion'[RO 52] and so tﬁeescattefing amp litude N(Za)z,

where'a is the fine structure constant and Z,‘the‘ﬂumber

of protons of the scattering nucleus. The amplitude for

Delbruck scattering:is written as - \

\

AD(E,@) = Al(E,O) + i AZ(E,G) _ | (2.10)
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(2]

where.Al is known as the dispersive part and A, as the
ébsqrptive part. Up to 10 MeV, the dispersive paft
'AOminates and for higher enefgiés the absorptive part:
is larger than Al.

The absorptiye part is related to pair prod@ction
and the digpersive part.may be considered to igpresent
scattering of photon by phopphs [RO 52]. The célculations

of scéttering amplitudes are complex [PA 75]. Thé differ-

ential Delbruck cross-section is given by

do (E, )

a0 < |2y (E,0) + iny(r,0) % (az) sl (2.11)
For E << mcz,
.
A(E,0%) = A (E,0)
A\ = B Ey (2.12)
.- mc ’ .

The Delbruck scattering differential cross-section in lead

at 0% for 1.33 Mev photons is 0.591 millibarns/steradian
“.and thus is negligible for 'the energies_.relative to the-
’Rayleigh scattering and angles of interest in this

investigation.
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4. Rayleigh scattering
The elastic scattering of gamma rays by bound
electrons is called Rayleigh scattefing (MO 50}. The

¥

scattering process consists of the absorpfion of a

primary photon of energy E and the "simultaneous" emission
6f a secondary or scattered photon of energy E'. When the
‘séattering atom is left in its initial state by the
secondary'photon, the scattering prbcgss is termed elastic.
This process takes piace through the agency of intermediate
statés which differ from the initial and final Qtates by one
photon emitted or "absorbed [He“Sﬁ].. Then, there can be

two kinds of such intérmediate states differing in order of

the emission of E' and the absorption of E takes place,as

shownlbélow:

*l
AD
AR,
P i
4k ,E P )

[The vectors 5 and ‘hk represent,tﬁe initial momenta of the
electron and photon respectively.. The primes denote the

~ momenta of the outgoing particles.])

*
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The relativistic scattering amplitude for Rayleigh

scattering is given by ([JO 68, BR 55, HE 54]

A= r, I (<gléu'[n><nfsulg> | <gléH]n><n|5n1g>}
n

(2.13)
Eg+E-En ‘ Bg-—E—En

<
where Ig? ‘and |n> refer to the ground state and inter-
media;e stétes of a é—électron atom with E and'En being‘
the corresponding energies of those states. The first term
rebresenté the procqés\with'absorption of E(the photon
energg) at the start and the second term_descfibes the
_scattering'stafting with the emigsion of the photon. The
states |n> are obtained by solving tﬁe Dirac eguation
[SC 55] for electron in a central field. We may write

I‘\,

this és,
(E_-H) |n> = 0 o . (2,14)

with the' Hamiltonian H being

H = - ca.p-Bmec® + V(r). (2.15)
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e

In the equation (2.15) & and B are the Dirac matrices

and V(r) is-a central pétential for the electron. A
perturbatioﬂ AH due to an electromagne;ic (or radiation)
field represented by a vector potentigl K(;,t) is deduced

by replacing (cgf by (cE-eK) in the Hamiltonian (2.15) as

AH==3 . eA - ‘ (2.16) ..

The perturbation 6H and SH' will be’

Z T or.
SH = €.% &. e XT3 and
3=1 .
/"\.
o= 2'E % omike §j , (2.17)
1% ¢ '
) Lo
where  the operator A is replaced by & elk’rJ

7oA
%

vw

The photon polarization diréction_is denoted by the

at

unit vectors £ and &'. The propagation vectors for the

-

pbotﬁné are given by'i and X'  such “that:

»

E = fic|k| = fic|k'| = Hck ' (2.18)
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‘The radius vector ;j represents the position of the jth

electron.. Itwmay be noted that the vector cd correspond
to velocity in the npn—relativistic limit [ME 66, HE 54}.
The interaction matrix given in (i,13) includes the
’ . s . + +2 .
effects .of the non-relativistic operators p.A and A~ [BR 54].
For a scattering angle 6, i.e. the angle between the

directions of the propagation vectors X and ﬁ', the momentum

transferred by the photon to the atom is
fq = 2k k.sin (9/2) (2.18)

.

The ‘momentum transfer is preSentedrin several ways in the
. ¥ ‘
literature. The egquivalent forms of the momentum transfer

are:

x.= sin (8/2) . 27} (x = 2mA™h o (2.19)
.o =Ta
and - Q = e
- : . . -1 -
In the  farmer form x is given in units of ] qr.loscm 1

‘and the later-'ane is in 'the (mc) units where m is the’
_electron rest-mass.
"If g << 1 and the intermediate staﬁes are assumed to

s .

" be free-electron states, the Rayleigh scatfering amplitude

Y
<
N
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reduces to [WE 27, HA 51, LE 52, NE 55, BA 69]

. i Z S R
Ay 3 r (E.&') L <g|el(k k )'rJ|g> (2.20)

The amplitude under this approximation is called the
form-factor. In this form it is poséible to calculate the

amplitude and there have been quite. a few attempts made in

this direction. L
Introducing
J 7 .+ +.
P(a) = .E <gle™*I|g> €2.21)
j= ‘

can write the Rayleigh scattering amplitude as

v

;L/. - a A
- _ . R T r, (E.E )F(q)

ahd the differential scattering cross-section for this

A

process with initially unpolarized radiation. is

. ) )
do _ 2 (l+cosTB8) 2
a7 Iy ————— |F(q) | (2.22)
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In an equivalent form we can write for F(q),

o0 N 2_5 > 3
{ ) 1 .rj .
o lvizy)le a’ry, .

F(gq) = (2.23)

.
[ eI ]

1

where w(;j) is the ground-state wave function for jth

electron. The term Iw(;j)lz represents the elecéronic
charge distribution at the position vector r.. 1In the
literatu;e F(q) is referred to aé the form-factor, atomic
‘scattering factor or electronic structure factor.

Débye and Harms obtained .a siméle form for‘F(q,Z)

on the basis of a Gaussian charge distribution function

(DE 30] given as

Flq,2) = 2 e ——2 (2.24)

_‘_ 0.47 2 o — "‘8
where ATF = 7173 in & (1A = 10 ﬁcm]‘
Applying the Fe}mi—ﬁhomas model [FE 28, TH 26]. of an atoémic
chargé distribution, 'Franz [FR 35, FR 36) derived a form

factor,

-/

Flx,z) =z P RYZ P m HB SR ap (2.25)

A



where R = = with Y= 0.472;1/3A°, and
U
u = 5.906271 3% with x = 8182 (5071

®(R) is the Fermi function [FE 28]. Using an approximate

series expansion for ¢ [BA 30) it was shown [FR 36) that

-

for X>Xp = l.06521/3, the form-factor reduces to a simple

form as
{

3
F(x,2) = 0.08745 (%) /

21/3,

2
[1—0.2017(§ ] : (2.26)

The value of Xp is a characteristiec of the atomic number,

presented in Table 2.1 . For x>>x

t
loa
o
i
Hh
th
0
0
o]
‘1-
"
o}
[
o]

F’
Rayleigh scattering cross-section becomes °’

. _ 3 2
49 = 3.036x1071 (%) 7 (Ligos ©)

3a barns/Sr. - 52.27)

Expressing this in terms oﬁ gamma ray energy E we have

(MO 507

L 3
do ? °
an = 5783 (ggEnosgy3 (1*C9STO) parngssre

where L is given in keV.
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Ve
r
TABLE 2.1
Characteristic lMomentum Transfers .
J ' g
<
0 \\ »
Element Atomic ™. Momentim
Number // -transfer
z % in (87}
r \ F ~ -
‘Lead 82 / ) 4.627
Tantalum 73 4.451
© Cadmium 48 3.870
Copper 29 ' 3.272
“Aluminum 13 - 2.504
Carbon 6 1.935
.. .
Y,
. ~»
[ 3
t
e A ’
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With these results, some observations on the Rayleigh

scattering process can be made.

»

On the basis of the form-factor approximation, for
. 7

g or x = 0, we must have F(0,Z) & 2 and the scattering

cross—section becomes

QJIQJ
Qla-
o
M
[ o]

In the range of x=0 to x=x;; the differential Rayleigh

scattering cross-section varies as the exponent of Z
. . . [

changes from 2 to 3. ®n the same range the expoﬁent of .
the momentum transfer variable x,(changes from 0 to (-3).
ALY [y

Another significant deduction is that the cross-section
- .
depends primarily on momentum transfer x rather than on the

N

gamma ray enefgy. It is also interesting to note. that more
than three quarters of the scattered radiation takes place

_for momentum,trénsfers X less than x The momentum transfers

F.
Xp for the elements under investigation, are given ‘'in Table'z.l.

This characteristic momentum transfer can be expressed in
terms of a characteristic scattering angle GF as

-

: 1/3° '
Opr= 2,13 )\ 2 /3 ( ~ (2.28)

} . f v : /

. %

a
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where A is the wavelength of the incident photon, in

2° units. For gamma ray energies, the Rayleigh scattering
process takes pléce méinlj'in forward. angles. The value

of BF is inversely proportional to gamma energy (or propor-
tioﬁal to wavelength). Thus the simple derivation was
.usefui in bringing out the main features of Rayleigh
scatteriné.

Pauling and Sherman [PA 27, PA32]}] developed an
analytical method of computiﬁg form-factors under the
following assumption. Each eiectroﬁ’of an atom-i; assumed
to move in a hydrogen-like nuclear Coulomb potential with a.
correction included for the effect of screening of this
potential due to the inner sH%ll electrons. Since the wave-
'functions'thus obtained are hydrogen-like, form-factors can
‘ "be analytically calculated. This procedure was adopted, in
this thesis, to estimate the contribution of ‘the elect?ons
from different shells of the atom, to the scattering
'ampligude. This.méthod, though simple;’provides an insiéht
into the physics of the situatioﬁ. Partial form-facgorsT .

£ £. and fM for K~ , L- , and M-shell électrons in lead,

K’ L ‘
tantalum, cadmium and dopper were computed.

K’ L, fM etC. r tO

. the total form-factor F (=f +f +f.+ .,..) change with the

“ The relative contributions of ‘£ f

L. M

b
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-

momentum transfer x. As x increases the qum—fact?gé
corresponding to the inner shells tend to dominate the
.SCattering and in the region of momentum transfer x
between 0.4 and 10.0 g—l coverea-in this work the k, L
and M shells play a prominent role. To bring out these,
features while comparing the experimental results,the,
férm-factors were computed on~the basis of Pauling and
SHerman méael and.are presented @ith a discussion in
Cmap£er 5. ¢ - j‘

~

More rigorous'computat}ons were done using the’
Hartree-Fock self-~consistent field fmethod of Qenerat%ng
ﬁany electron wave-functions [HA 28]. Nelms and;Oppenhéim
[NE 55] performed numerical computations of form-factors
and tabulated them ‘in a graphic§l form. Recént devélbpments
in computational techniques and\in Qigital computer facilities
have made possible a more complete tabulation of form-factOri’
for a wide range of x; for all atoms. The method of calcu-
lation, for x'up £o 10 X—l, was based_éﬁ‘non—relativistic
Hartree-Fock wave-functions due to Cramer %na Mann {CR‘68}.
The form-fgctors were‘tabuléted in the Journal-of Physical
and Chemical Reference Data volume 4, No: 3; 1975 [HU 75].
This extensive tabulatioé has helped the comparison with

-

the experimental data.
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s

Brown, Peirls and Woodward [BR 55] deviéed a method
of calculéﬂion of scattering amplitude matrix eléments
"for gamma ray scattering in mercury dueto K—shell-electrons.
They used relati&istic wave-functions for electrons ‘and took
into account Fhe intérmediate states prqggrly. The differential
elastic scatterﬁng cross—sections were calculated for gamma
ray energies 163.5, 327, 654 and 1308-keV, The'sefies of
intergéting'puﬁl;cations [BR 55, SH 55, BR 56, BR 57] threQ
light on the differing features between the form-factor
approximation and their methoé based on second order per%g;batioh
theory. | |

First, even at OOL their scattering amplitude, which
includes the binding of electrons in intermediate states,. was
less than the form-factor kfor K~shell electrons) by as ﬁucp
as 30%. ‘Thg.form~factor approximation dﬁés ﬁot'iﬁclude the
imaginéry part which can be related to Ehg photoelectric
effeqt. For low energies, this-part is'significant. For
_example, for 163.5 kéV'gammg raxs’in mercury the imaéinary
éqpt‘wés calcqlated to Be about 14% of the r;al part of the

I3

scattering émglitude for all scéttering angles.- For higher

4 ’

energies this part rediuces in value. For all energies above -

163.5 keV, -their sgattering amplitude was less than form-
X : ’ Co
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factor by about 25 .to 30%. The binding in the inter-
mediate states was shown to have a significant effect for
X n§t too small compared to 20 R™Ll. However, for L-shell .
and outer'shell electrons this effect is egpected,to be
less important. They probosed a correction.to the férm;
factor to take into account the effect of.intermediate

th

states. The scattering amplitude for n shell electrons '

"in these céses, could be approximated to [BR 57]

T Tl 12 89Tk
o it J
[ET+V(rj)]

(2.26)

where ET is the total energy of the bound electron

~V is the Coulomb potential and the-su;\EVE{\j is

th

done for 2z electrons in the n-' shell.

>

5. Incoherent scattering of gamma fays

When a gamma ray photon'is scattered by a frée

electron at rest, the energy and momentum conservation laws,
- lead to a reduction in.energy of the scattered gamma rays

[cCO 22, CO 23, DI 23]. This phenomenon is the well-known

Compton effect . The energy of the scattered photon E' can
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-

be expressed, in terms of the (photon) scattering angle

6 (cf. Fig. . 1.1) and the initial energy of the photon E,

. as
E' = _E (2.27)
' l+—§7'(l—cose) |
} ) mc .

where mc2 is the electron rest mass energy. On the basis
' e . Lo

of the relativistic gquantum-mechanical considerations

[KL '29] the differential cross—sqction for the unpolarized

incident gamma rays is given by| the following Klein-Nishina

»

(lsz ' E: ) " . E

where r, is the'glé;sicai'electrbn radius.

The scattered photpnsj from different electronsﬂ
Sear ﬁo rélationship in phése and hence #pe Cométon cross-
section due to.scattering from all the 2 electrons of an
atom is |

do(6,9) _ do e
daa Atom = % - faﬁ)electron . ) - 229
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This is true only when the momentum transferred to the

A\ B
electron greatly exceeds the initial momentum of the
electron's motion within the atom. In the non-relativistic

approximation, this condition leads to

l k4
q = 2.-(2) sinf/5 >> (B.2m) /2. i : (2.30)

'

where B is the electron binding energy.

For K-electrons in lead, B=8Q’keV. When E =1408 keV, .
the ratio of the momentum' transfer to the initial electron
momentum is approximately unity'for 6=12.2°, Thus for the
gamma ray energies and scattering angles involved.in this
investigation, for high-2 materialé,.the ideal Compton
effect conditions are 'not satisffed. fn order to account
for this binding!energy éfféét, the incoherent scattériné

. . . . . P ~
differential cross-section is separated into two factors as

»
’

228, 9) = s(q,2) (3

d? incoherent’ (2'31?

electron

-’ ’

The factor S(g,Z) isscalled the ivcohérent scéttering function

[GR 57].
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{

Defining Fe(é,Z) as

z : ' o
F (d,2) = <w | . lq rle > (2.32)
& 501 ¢ \ _

- 2
S{g,2) = I |F_(q.2)]
e>o0 € |

bymére Ve is the wave function for an exc%ted state or -
ionized state of the electron; the sﬁmmation’gign
represen£s the- sum over discrete states and the integral-
over the contlndum'states.

On the basis of the Thomas~Ferm1 app?oxlmatlon, the
iécoheren; scattering function was calculated by Bewilogua
EBE 31,'HE 31). S(q,2%) was rewritten as .

. . f o

S(q.2) = 8(x,2) = S(v) L -

' where v = 2.2166 x.2

Seveial modél calculations are outlined in the
gxcellent revxew by [GR 57]).« '

An emplrlcal equation for S(v) was obtained by
:fitting to these calgulatlons [VE 66]. They arrived at a .
function for § as - . ’

~(4.88 v 0-836

S(v) = 1=-e (2.33) .
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The lncoherent scatterlng functlon for an atom

°
>

with: 2 electrons can be thought of, as a sum of a 31m1iar

factor for the individual electrons. Then -

S(q,2) = 2~

P
ll ~Me

Ifo(q)l _ (2.34)

i
where ' represents the amplitude for the ith electron

ot to get eXcitgd nor ionized, on receiving the momentum q.
The amplitude fo(q)_is different from the form-factor
ampl;tude fi(q) by the)fact that some of the fransitions
are forbidden by the Pauli exclusion prinéiple. Since the

form~-factor data are more extensively available? one may

write . B -

i

S(Q,Z) Z"

[ N
IIMN

2o, su2y
|f @f? - [, z |f (a)l lef‘(q)1 ] (2.35)

.

-

" Now the "term in" the brackets canibe evaluated as a correction
(WA 29, PI 46]. The most complete tabulation for incohérent
scattering functions for all elements for the range of x in
this report, is available [HU 75]. "In %?ese calculations,

' ﬁartree-Fock self—coﬁsistent—field wave functions were used

and S(x Z) was calculated using the complete Wallgr—Hartree

theory (WA 29] with exchange terms. . o
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. 6. Photéelectric effect
In this absorption process, a gamma ray , with

energy E greater than atomic electron biﬁding energy B, .

is completely absorbed by the atom and the electron escapes ‘

from thef atom with a kinetic energy [EI 05] - . ’(

. " T=E-DB . . (2.36)

a

For B << E <« mc2 = 511 keV, on the basis of non-relativistic

calculations [HE '54) atomic K-shell contribution to the photo-

63

electric differentlal cross-section by an atom of atomic

* )]
number 7,

do 2 7/2 : :
K 5 ,mc .
g ©« 2 (E-'- . _ . (2..37)
Fpr E >> rnc2 ’
d....iK o ZS (..m_c.$ )
aQ ' E (2.38)

‘From'thesé exﬁressiqns-one may infer that the photoelecz;fbhﬁ‘,/a

,crossésection falls off rapidly'for_high energies. If

o. and o, are the photoeledftéc total cross-sections for

%' %L M. |
K, L and M shells reépectively,'then we have fRo 68)



2

4
(o] 0 "--\[‘ -
L sana .4 ;
L M

)

These ratios lead to the concluéion that inﬂer'shellS'of
the atom contribute much more~£han the outer shells - a
property similar to the Rayleigh scattering. In fact,
the Rayleigh scatﬁering at 0% and photoelectric crosé—

section can be related by optical'fheorem [BR 54].

»

7. Pair production

g

A photon with eﬁergy'greater than 2 mcz(=°l.622 MeV)
'may be absorbed in the neighbourhood of an jatomic nucleus

or an atomic electron and produce an electron-positron pair.

For low.energies, i.e., (—Ef - 2) << 1 4 -the péif'productioﬁ

mc .
cross-section [RO 68] ’ ) ' oo “
: A
23 . :
2 2mc : NEREN
do 2 (1 - &= - : S
. ( 5 ) _ - (2.39)
a ) ' ’ ¢

. ' b .
‘It is interesting to note that for photon energies: below
I‘. ) . B
2 MeV, this process is not important relative to the Compton

L . . :
scattering. Eog gamma ray energies greater than 5 MeV, the



- integral cross-sections for each of those processes
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pair production is a major process of absorption.

8. Gamma-ray, attenuation in matéer

- All the'procgsses described in the previous sections
cont;ibute to the removal of gamma-rays from the original
photon beam. The total interaction c;oss—section for the
gamma rays with a material is obt;fﬂgd by summing the ,

(DA 52, NE 53) RO 68, EV 55]. The photoelectric effect,’ ;
Compton effect and the pair producéion are the important_

modes in this regard. For the energy range of this study

© the Compton and phétoelectric processes dominate the gamma-

>

ray attenuation. For 1000 keV photons in lead, the coherent

processes form only 3% of the total interaction cross-section
while the ihcoherent scattering can account for 71% of the
total. However as the enérgy is lowered the coherent scatter~

ing tends to become imporfant relative to the incoherent part.

For example. for a 200 keV gamma—ray‘inllead the coherent and

‘incoherent processes are respongible for 5.4% and 9.2% of the

total attenuation ({ST.70] respectivély.

4

D



- CHAPTER 3

EXPERIMENTAL DESIGN

1. Introduction >
” Experimental investigation of photon scattering
requires a photon-source of constant inteqsity, a suitable
collimation system and a reliable detection system. A
convenient scattering geometry is a very important part

of the design and the éhoice largely depénd; upon the

measurements of interest: In the present case, the

' experiment was designed to measure

(1) the angular distribution of scattered gamma rays
(1) the energy dependence of the scattering process and
N .

(iii) ‘the variation of sqattering intensity with atomic
number of the scatterer. : .
Small angle scattering is the matter of current study and. %

the angular interval was chosen to be from 2° to 10°.

i. Choice of photon source .

First, the photon energy range of interest had to
be decided upon. Above 2 MeV, the atomic nucleus starts
to play a siénificant role in the scattering process
(RO 52). Below 100 keV}'anomalqus dispersiqn effects

¢ ‘ ’

r

are important, depending upon shell ionisation enerqdgies

oY
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of the scatterer (GR 57). The intermediate energy

region is ideally suited to study the scaxtering_due .

ﬁ\ﬁ to atomic electrons.

The use of monoenergetic sources necessitates

a program of S%iiﬁl measurements in which several differ- o
ent sources muét be pre;aréd and introduced into the ~
apparatus. With the advent of high resblution spectros-~

. copic technigques this procedure can bé‘circumventgd.

"Thus polyengrgetic'séurces yielding the energy dependence,
during each medsurement may be used. Many radioactive
sources of this type are aQéilable. It is desirable that
the isotope 5e considerably 1ong lived. If the half life '

{s mﬁch lgnger than the entire period of measurements, the

dorrectioh for the decrease in source intensity due to

radicactive decay is .small.

The isotopes, europium-152 ?ng europium-154, satisfy

. { L \
all the criteria, their gamma spectium containing ten prom-

inent lines, from 122-keV to 1408-keV. These‘isotopes‘were .

‘producéd by irradiation of europium oxide (Eu203, 99,99%)

in the McMaster Nuclear Reactor. "Natural erropium has two
151 153

-

'&prominent isotopes~ Eu (47.8%) and Eu (52.2%). On

irradiation, th& following nuclear reactions occur:.

»

¢
X * ~
. N
‘
“ .
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lgéEu +- Thermai'neutron + 152py
(0= 5000 barns) _ _ -
ﬁ
152 8™ 152 :
63Eu -+ 64Gd (stable) .

(Half-life 13.2 years)

+
152 B" 152

\ g3Bu > Tg,Sm  (stable)
. ) ) (ﬁalﬁ—life %3.2 years):
lggEu + Thermal neutron - 134y
‘(0= 480 barns), N J
a ; ' ,
. : ' g™ ' ' :
134py j 13lca  (stable) e

(Half-1ife 8.5 years)

Some details of the container used for the irradiation.
are in order at this' point. The échgmétic-is shown in
?ig.‘3,1, A'fiﬁe.quartz tube’ of 3 mm inner diameter and N\

N\

4

1 mm whll-#hiqkness was packed with'Eu203 powder. The ﬁi}
packed region was -about ‘3 ‘ems long and cdntainéd‘29é'm§ of
.Eﬁ203. The open end of fhe quartz tube was Sé;led. The
'féact?r ifraqiation procedures required this sealed tube

to be élaced ingide a standard size reactorfgradg aluminum

. capsule and this was also sealed. Specificdlly for this | .

AN . ., .
. . Dl . . B . . .
- . ¢ -
.
.
.
.
.
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25CM L P B
[ "1 75CM
collimator 1
Pb confainer | -
26.3 CM ‘ ' AL supporting disc
Jl

SC - source capsule

. Fig. 3.2 Schematic diagram of the source-container

it |

= —
1T . AT M
' 2
=1 . -
[| Pb :
4 7] Fon >_ A[ éPAe:ERs
T E 1.6mm
1.0 Jo Pb . L '
S s P e '
o %
. L ‘ 'i” Pb-'
} . ;\‘ :_lj‘ -

=,
o .
. .

Fig. 3.1 Schematic »Eiagragn of the ki.fx:adiétion capsulc

ES
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investigation, the position of the quartz containgr
wds'fixed.by aluminum spacers and lead doﬁdts. Whi;é
the lead donuts provided the shielding, the aluminum
spacers held the quartz container }n position along the
longitudinal axis of the-cgylindrical aluminum capsule.
This design protected the container geqmetry against any
pdssibie softening of lead and consequent shape deform-
ation due to ‘local peating during neutron irradiation.
To add mechanical strength;~the quartz cbntaiger was
wrapped lengthwise with aluminum sheet. ‘

_This doubly sealed capsule was irradiated in the
McMaster Nuclear Reactor to prodﬁce‘éhe required source,
of about fi?e Cufieg strenéth. §£Fer the period o?
irradiation’ (5 weeks) and a period of 2 weeks to éiiéw for
the decay of short-lived radio;ctive isétopés} the aluminum

caﬁsule was carefully dropped in positioﬁ into a specially

designed source-container made of lead (Fig. 3.2).

3. Experimental System Geometry

The choice of scattering system geometry was guided

.. ; .
by the follaowing critcria:_ .
. - - . .
(1) the source-to-target and target-to-detedpdr
distances should not be changed throughout the

. measurements .
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-

(ii). 'for all scattering angles, the target should
face the same.éart of the collimated photon
N beam (This is. not, true for a ring geometry
(NA 64).)

(1ii) any.possible effect due to a non-uniform density
. lwithin a collimated beam'should be'circumvented.
The resulting system geomé£ryiis presented in Fig. 3.3:
In this geometry, the collimation ;yétem determined the
photon beam size; the targets used @ad.larger area th;n

. t
beam size; and different scattering anglés were realized

by rotatiné the source af;¢?dilimation system around a
'pivot under the target poSition. .The details of the
experiméntal'&rrangement are given in.Fig.“3.4. '
The Ieadvcagtle'SOurce~con£ai§ér, and fouf_lead
céllimétqrs'were all mounted on the érooves'of an alqmﬁ
" inum H-beaﬁ. on the .source-end the H-beam rested on a
ﬁoVable cart and ﬁhe.other end was supported bi a pivot
whiqh could ﬁe raised or lowered. The Ge(Li) dete¢tor.
u;éd_ip:this axperiment was placed in ;n immovablé cart
at a desiréd‘diétance_from the‘pivot ﬁosixion. - All the
'lead~qoliimatdr$ héd 0;635 cm hoiés along their

. axes. - The lead-castle and the collimators had circu;ar

-~
]

S

v
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3 3(a) Scnemat;c dlagram for measurement of, scdattering angle
of the -set-up
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Fig. 3.3(b) Schematic diagram for measurcment of beam profile
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end surfaces, 25.4 cm in diameter; and hence all their
axial holes lined up when these were mounted on the

H~beam. By varying the positions of these coilimators

.along the H-beam, the photon beam size could be varied.

Before the lead container was in position, a laser beam
was pessed through .the collimators placeﬁ at diffefent
positions along thé H-beam. Thé height ef the Ge(Lii
det@éstor Was.adjueted_using this laser spot.’

/if;7 A targeénholder‘was placed above the pivot .

position perpendicular to the photon beam and it was

attached to the H-beam, As the H-beam was rotated the

.target would also turn accordlngly. The target position

;was ascertalned‘by tracing .the photon beam using a Geiger -
\ .

countef and'x-ray sensitive films. The source-to-target,

‘target- to-counter dlstances and all the other dlmen51ons

are given in Fﬁg 3 4, N

Some 1ead shleldlng close to the target ‘was.

necessary (cf. flg.:3.3) "to prevent an¥.photons.reaching

the detector ftom'the edgeskof éhe last coliimatorf Ci in

"Fig. 3.4.:.' The minlmum scatteranq angle,, 1n this type

>

" of gedmetry, is lxmlted by the w1dth (oxr dlameter) of the

;;::h C.diverging phoEon beam at the-detector position. Thus, in-
h e IYTET \ Gliee , : SR e S

\
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KValues measufea in.this way agfeed within * 0.3° with

(~obta1ned by fittlng (cf; Chapter 4) procedure. The Zero

45

the bosition of the smallest angle for measurement_

-

the ‘direct photon beam will jus% miss the detector.
;he size of the photon beam, the collimator
positiogs.and tﬁe soufce~to~tar§et-and target~to-
getector distanceS*wete 511 adjusted for count rates of
about one per minute at the scatterihg'angleS'of interest.
Scatte;ing angles were measured using a piumb
line hanginé from the. end of the rotating arh:._Before.- ..
mounting the‘sourée.on the a;m,_using a large beaﬁ and .
lead collimétors, a geemetric Jzerof position of the’

plumh line was marked on the floor;) As the érm was’

rotated, the, chord length between the current plumb line

. poB;tlop and 'zero' posltlon was measured, (Flg. 3. 3)

Then the scattering angle 8 is given by
T8 . .
"o = 2 sin =1 (___
. . 2L )
/

those obtalned by Compton peak analysis. . The dnbertaiﬁty

stemmed from the statlstxcal nature of the peak= data

g

'p081tlon was also confxrmed by an Exper;ment to measure -

. .

the 61Verg;ng seurce photon beam proflle dlrectly. An

8” long lead collimator’ thh a0, 25" hole was placed at

-t , . .
..
. , . .
‘ . .. . ,

"



the centre in front of the defectér directly looking at
the centre of the target. This positioning was adjusted
using a weak Eﬁ source’ at thé tafget position. Thé
source-arm, with lead collimatOESjuﬁder the fegulﬁr
experimental positions, was positioned at several angles
{1 cm of choid length = 0;150) and spectra were éollected
-in each position. Counts-per minute of each peak were
‘computed in evefy case, thus making up a beam profiie. ;'
The éollimatdr in front of the detector helped cut down
the rate so that a meaningful speétrqm could be obtained..
The 'zero' positi&n measured in. thi§ fashion ag}eed'within'
0.05° with the geometfié posifionjmarkef. | '
‘4, Target:Samplés , o ' ._ L

To measure the variation of sqattériﬁg,intenéity
with atomic numberlz, the target elements chosen were
carbon (2=6), aluminum (z=13), copper (z=29), cadmium (z=48),
tantalum (2=73) and léqd (2=82) . The lateral dimensions
of all targets Qere 5 cm by 5 cm square. Usually t;fgéﬁs
were)quﬁ out of a shee; and the pieces were'stacked .
together:to form différent thicknésses. |

The pﬁoton sburqe coﬂsistea of gamma-;ayé‘of
differeqt energies and for each.edergy‘aﬁfenuatiOn in ﬁhe?

target is differxent. For thin targeté, the number of

-
- .

\L) :



scattered gamma rays due to singlé scattering,

47

.ns(§)a o(8)t Exp(-u(E)t) . (1.4)

where o(6) is the scatteriﬁé cross-section for scatter-
.in§ by a small.angle 8 (with sec 6=l),' t is the target
thickness and p(E)t is the ;otal'attenuation cross-
sect%on.. .

From the relation (1.4) one .may find that n, is

”

a maximum for w(E)t = 1. ‘Correcting for the absorption
'in'the scatterer, we may write for the corrected count-
rate

nl(8) = n_(e)e" F)*

Immediately it is observed that né is proportional to

thickness for a single scattering process. Wﬁen the

a o(8)t P (1.5

scatterlng within the target involves more than one 1nter~

actlon or multlple scatterlng, the relatlonshlp between

né and t becomes non-linear. In the present experlments,.

usxng dlfferent target thi knesses, the linear region
for-each energy was measured Typlcal measurements of

this type,are'preseﬁted in Figures 3.5a and 3.5b. For

the'collectiOp qfrdata,,oﬂly those thicknesses which would

be linear with the corrected count-rates were emponedt

; .
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Pllﬁ\he targets used in this experiment were 99.9%
pufe metal@xc sheets. Their thicknesses were measured

using a micrometer and by weighing as well., The range

‘

of target thicknesses used for the measurements are as
follows:

For lead 0,011 cm to 0. 531 cm

AY

tantalum 0.00508 cm to 0.203 cm
cadmium 0,044 cm to 1.76 cm

copper 0.043 cm to 1.89 cm

(.
.

aluminum 0.317 cm to 2.54 cm and for

carbon 0.52 cm to 2.44 cm (density = 1.545 gm/cc).

)
[}

5. Detection System

A lithium drlfted germani}m detector was the
priwary component of the detection system., Basxcally,
a Ge(Li) detector is a p-i-n diode réverse biased and_

kept at 77°K. The gamma rays interpct with germanium

‘v1a the photoelectrlc effect, Compton effect or pair-

productlon when energetlcally poo51ble. Below 1.5 MeV,
the photoelectron acqulres tbe full gamma ray energy

(less electron shell binding energy and rec01l energy)

-~

while the Compton electron receives only a fraction of

r

that enerqgy. These enérgetic electrons ionize the
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.intrinsic region producing electroo-hole pairs at the
exponsé'of 2.98 eV per péir. These charges are collected,
integrated and -suitably amplified. The width of the full
energf peak in the spectrum, so obtained, is a figure of
merit for the detector. The full width at ‘half-maximum
height (IrwHM) for the Hafshaw Modéf Ge(Li),detector ‘used
in these experiments was 2.3 keV at 1.33 MeV incideot
gamma energy. Another intéfesting property of a detector
is the ratio of full energy,péak height to the Compton
cootinuum height ‘on the low energy side of thé peak. This
" ratio was 25 .: 1 for this .detector. The detector ‘is q.
coaxial type, operated at -2900 V and has the following

geometric specifications: .

Total diameter of Ge f4'0 cm
Total léngth ' 3.8 cm
Drift depth’ - 1.5 cm
"p“icore diameter ’ 1.1 cm

The excellent FWHM of this detector #érmit the

«

resolution of elastlc and lnelastlc components in the

observed spectrum - the prime aspect of this 1nvestlgatlon.

- .

s
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‘6. Data Handling System

The detector signal, after suitabre amplification,l

was coupled to an analog~to~digital converter (ADC).
. P

After pulse-height analysis by thelaDC, the events vere
accumulated in a Nuclear 'Data - 3300 multi-channel analyzer
memory.. The memory of thls analyzer consists of 16K words
or channels with 18 blts per channel. ‘The spectra were

collected and stored in 2048—channel groups. The data

AN
were transferred on to a magnetlc tape and were analysed

using a CDC~64OO dlgltal computer. ¢A block dlagram of

the data haridling system lS presented in Fig. 3. 6

%

2
A spectrum stablllser was used to maintain the gain

and zero of the spectrum constant. This operatlon requrres'

-

two reference peaRS»in the spectrum. A weak amerlcium—24l
'radioactive source (59.9 keV) was used for the low energy

reference. A stablllsatlon pulser (Canberra Model 1504,

>

60c/s)was used to 51mﬁlate a high energy peak

It was realised that the data collectmon@&lVe-time
(run- t1me) could be deduced from this pulser peak. Usually
each . run took a day,egThe analyzer menory can store oniy
ZIB.events per channel and -the pulser peak overflowed

\ : . . -~ . .
. .. .
<, ta « .

.
- ~,
A

>
3
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about séven times a day. It was possible to inhibit

©

the memory store process for the pulser events at a
desired rate.y This was accomplished by s'pqlser—rate
scéier circuit- (Fig. 3.7) and by the operation of the.
snalyzer in a hémory storage rejsct mode for pulser

events.

7. . Pulse -rate Scaler ‘

The stabilisation pulser, used for the high
energy reference provides a linear and a logical output,
synchronised with" each other. This logical pulse triggers
a monostable MS1 and the wiéth of tﬁe output is fixed by
adjusﬁable”R~C components (cf. Fig; 3.7).

.+ At this'stage, the circqit opération can be
understood in terms’of two branches. One:braﬁch, consist-
ing of a ﬁonostéble;MS—B, prod&ces ‘the - same numbexr of,input’
pulses, of desired width. On ths other branéﬁ, shs number
of input pulses are scaled by two decades. The width of .
output pulses from’ monostable MS-2 have to be wider than .
those from MS-3, By adjustlnq the R-C components of these

monostables, the outputs of both these branches are .set

»to arrive in time to an AND gate whlch serves the.pqupse

¥

-
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of suppressing the output, for one out 6f‘one hundred
'pulses. Using a driver, the output of the pulser rate
scaler provides a trigger for analyzer storage suppression,
In this mode of application, any input to the ADC,
in time with the above trigger pulse, is puise—height
analysed and used for stabiliser correction; but it is

not accumulated in the analyzer memory.

A MY
«
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,t“fo;‘ Avogadro s number

CHAPTER 4

DATA ANALYSIS PROCEDURES

1. Relation between the -observed count-rate and
scattering cross~section. : . R

The number of scattered gamma rays of enefgz\ff

© observed at a mean apgle-em to the, initial direction

.

(cf. Fig. 4.1) from a)différentiai target element'of.

thickness dt is given by .

\

N p ’ ' .
= S . a~Wp(E)t secBj

e-uT(E‘)(z-t) s§ce2 € (E ezﬁ .
do{0,E) . dQ,_(6,) . dQ.(8.) ) R
a-ﬁ . t l T d 2 . . (‘4" l)

where I (&, 6 ) is the number of 1nc1dent photons of energy

E along the 1n1t1a1 dlre¢tlon el

‘o . \, B .
dQ (91) is the dlfferentlal SOlld angle oﬁ the target
*for the 1ncident.photons S '
'.N(‘,-p‘, . L e S s T L .
c il the number of target atoms per unlt volume, p-

-3;be1ng thé den51ty, A the atomlc mass and Ny the .

L o *’ Dl
s ! X ': P, g p
. . N ol
. b . . O - N »
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' s(E}GZ) - the effic%?ncy of the detector for the
' scattered ‘ray
ae 4 (8,) the detector differential solid angle
N . . N .
b (E) the total absorption coefficient for the photons

-

of energy E in the target

2]

L the total thiCTkness of the target and - \

do (e IE)

the differential scatterlng cross-section for photons
av '

of energy E at a scatterlng angle 6 (81,62,¢ )

In the above formula Ql is defined for’a coordinate
system on the source, and 92 for a éoordinate system piaced
on the target. The values of 61 are less than 0.5°'and the
iéléés of (6,-6) are also in the same range. In all cases
of interest, the value of sécel is nearly equal-ﬁo unity and
that of secf, can be assumed to be equal to secf. We did not
attemﬁf‘té calculate the'so}idnangle factqrs.difectly'but
., tried to.evaluatégthe effect through an empirical procedure
outlined_in»d~iater séctipn, .

. .,'éonsiéé}iﬁg the photon transmission paét %n the above
.exﬁre851on for a target ‘of thlckness 2, we have

Y Lsect

o - - e 2& -
dt e ult- -uz(z~t)se¢6 & [l e (u1-tpgecti by e™V2
o : ,“1‘“2.59"9
where py: ¥ pilE) and by 5 ug (BN : - (4.2) .

Y "
. , .

-
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L

When the term (ul-uz.sece)l << 1, this integral reduces

o Ple_u?(ﬁ_)l'sece].

In the current set of experiments
the- condition (Ulhuzsecejg < 0.1 was méintained and hence
the above approximation was valid. It may be observed

that the transmission appears to bé equél to the case

of the scattered photon passing through the whole tﬁickness.
Now:the number of scattergd gaﬁma'rays for a scatterer (or\

target) of thickness % can be written as
N

o)

. M_p do : ,
. =1 o S(8,E), _~u,(E')L.sech
IS(E',Q)—IO(E)AQt . {—"—\-—'] .a?r 2.8 T . .

b2, e(;i.(1+5E,). (4.3)

where E(E')EE(E7(1+5E‘)' ) : . X o

]

In equation (4.3) we have assumed, say a point
scatterer and point detector such that we cén represent

the solid-angles- by AQt and AQa without any dependence

.qn'el,ez or 6, .
The efficiency e¢(E"') is -written in térms of,thé"'

efficiency of the. detector for incident-bhofons of energy

E and .a~correction factor GE' . The term (1+6F,) fepresents

.
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the relative change in efficiency for detection due -
- to a change in energy of the photon. -
.To obtain the differential scattering cross-

section we can rewrite (4.3) as

: doS(B,E) uT(E Y%, sece

. -1 -1 (4.4)
— [}
A = Ig(E',8) ¢

(l+6 ) 7. N

’
)

where K = IO(E)AQt .825 .€(E) and the étomio density

. Nop - :
N = —%—;. We may refer to K™as the observable source photon

. strength’ factor.

For coherent scattering, imposing the conditions

E' = E and GE' = 0, the differential scattering cross-
_section bécoﬁes!'
(6,Ey - - S

uT(E)£ sec - -
= IS (E,0). NS (4.5).

4%on

r

&
In the case of lncoherent (Compton) scatterlng, however,

the relationsh;p glven by equatlon (4 4) lS dlrectly

applicable.'



62

2. Energy calibration

3

The energies and the relative strengths of the

gamma rays emanating from the radioactive, sources 152p4

and 154Eu are well known [BO 74, RI 70]. The energy

spectrum of a weak. europium soufce (lszEu:and lSunf-as
obsefved by our Ge(Li) detectioh system is presented ini
Fig. 4.2. An 241Am radioactive source emitting 59.9 keV
gamﬁa rays and the 1460-keV gamma rays from K40 present
in the room back-ground were included in the spectra
providing an ‘independent bu11t~1n energy calibration.

At times 1ndependent standard gamma ray sources were also

used for the same purpose.

3. Computation of foll-energy peak area ' #
It 1s a common practice that the area of the full-

energy peak or photo-peak in the energy spectrum ‘is ‘taken »

to be representative of the number of events in the

detector and tﬁis area, when corrected fof detector

efficiency, yields the %ntensity of £;; gamma ray, with

the" energy given by the peak positioh; This full-energy

_ peak lies a on top of the room background events and m'

the Compton events in the detector. If the room background |

is smooth in the energy reglon of 1nterest, the contrlbutlon

»

A
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&

6f room background and the Compton events in the

detector is estimated using a sﬁall portion of the
energy~spectrum on either side of the full-energy peak.
These two wing regions are fitted to a parabola or straight
line. Using the parameters of this fit, the curve is extra-,
polated under the full—enefgy peak region. Thus the conti;uum
area under the‘peak(is coﬁputeé. Tﬁen the full energy peak __-
area or the gamma line-intensity is given by the total area
.under the full énérgy peak minus the continuuﬁ area. - A

straight-line model for the background continuum was found

to be giving reproducible results in all cases,:

4. Attenuvation correction

.

The. number of counts in the full-energy peak was
eturlsecs
i

scattering angle in this factor can be understood by

first corrected by the factor [ ]. The effect of

considering the ratio

-

+uTlseé0 c'*:UT‘i -1
T(8) = [

]‘[I ]

o

= e+uT£(§ec6—l)'

i

(4.86)

For 0=10° and uT2=l, 1=1.016 and thus the effect

. 0of angle over this correction factor is small. This
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correction was performed for each target sample using
éamma ray attenuation coefficients for every energy of
interest. The. coefficients were obtained from the .
currently available data of Storm and Israel [ST 70]

by the method of least-squares fit. The tdbulated data

were f%}ted to ‘'an inverse polynomial funétion-represcnted

by

wp(B) = Lo 3B (4.7)

where m was in tHZ:ffjgg;ﬁF\q to 9. Using the set of
‘fitted coefficien a, for the polynomiaL uT's for all

the energies were calculated. The corrected peak-areas

for all samples of different thicknesses were -averaged.

5. Empirical model for the angular resolution functions
In an ideal experiment, with a single ray, a point.
scatterer and a point-detector, the SCatteiing angle is

unique with no spread. However in a practical experiment

there will be .a finite spread due to the follo&ing causes:

"“(a) . the divexging'incident rays introducing different

, sc¢attering "angles

. (b) the size df'éhe'incﬁdent beam
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[
[

(c) the size of the;detector and the spatial’distribution
! . ‘

~ of efficiency gf the detector for dlfferent scattered -
A - < l - . .

v .

rays. AN T

. . . p
To get somé insight into the -problem a very simple

a : . o ’

. . . N ( .
. Situation may_be_ bn31dered. ' .
: For a poiht scatterer (cf. Fig. 4.3) at Q, lét the
8 ' . - :
mean scattering ﬁngle be 6 . For any scattering angle 6;

the scattered 1 tensity along an 1nf1n1te51ma1 area dA on
the detector of uniform efficiency is given by - i f,‘ "
‘a . ‘ £ v M .- J -

.

I} .

ar (8) # K(r Io,At) T ‘der C .' L (4.8)

.
-
b L e s . - . B A
< Lhae -
- d - »
. - M . <, . : , 3 -
» .. . , , .
' > ‘., N @ - M

- ‘ agg(®) - L. R T

where 'dft, = sinba® T - - - B¥Y. 7 el ) .
A e (BB e T
. ] . '1 l'.nl 1 - [_ . . e ,‘;_:) L *, ::
] .o : ‘ ) . » ,- N ) 5, . ‘;:? ] . . :_ « . . ~ * - kel ]
. ) . . ‘.o""f"
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where 8, =6 -8. Then the ‘angular resolution function

68 ° "

For the set up in Fig. 4.3, the area of the
strip 'dA covering the ‘point P essentially defines the
solid angle of that part of the detector. Then we have

the solid anglé for this area

P .

1;_2_ 2‘ 2 . . . L
ag = 2 [ > - tan“e,} ‘sec”,de R (4.10)

’

™

1
normalised'to unity at 6n=6 or ql=0-is given by . o
: ) .. |
’ 12 2 1o 2 S ' -
w8, ,e) = la —tan_@L} sec %_ . . (4.11)

. b

P .

where a“='§ with a valué of 0.0185 in. our ekper;mentw
This dlstrlbutlon is presented in Flgure 4. 3a. a .
):4 -

*‘i

In the abOVe case, just the effect of the face- N

area of’ the detector~over the scatterlng anqles was found.».

- ’

The 1nclu51on of all the other effects makes the‘bhfculatlonv

' * . .

very ﬁlfflcult. However thesc could be taken-mnto account ‘-\fn

' ., PRV . . N

in an emplrlcal form. T?e experlmental scatterlng angles"

v - L

may be characte:mzed in a fash;on SLMllar to the abave case, ,_&;;3

. by a mcan scattcrlng

the angular spread.;
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‘the equivalence betweén the tWO distrlbut;ons

To deduce these factors the experimental data
for the Compton scattered gamma ray spectrum were used.
The energy of the scattered fhoeons in tﬁis case is
related to the scattering angle and the incident energy.

So, for a pure Compton scatterer, the energy distribution

, .

carries the informatioh about the aispribution.qf scatter- . .
ing angles for,an-experimental system. From.the.ene:dyr

angle relationship for the Compton scattered’photons, ve’

have .” . o o Lo .
. ‘\’ . r . " LY
' . - . ’o .:‘
gE's ~8ind g2 ‘ L q4a2)
. 'mc . . . . .

If the detector resolutlon is small comparea to the width

of "the Compton scattered photon exper1menta1 energy dis—;

.

trlbutlon then we are justifled in transfonmlng the enexgy

dlstrlbutlon into an angular d;stributlon without any neeﬁ "”i
1. * .:.o

fon remov1ng "the effect of detector.resolutlon by deconvolut;on,

1 l 4

In this case, the transformatlon is performed maklng use of ék

. .

‘ -
4 " Lo

N{,,00a0 = N (E Jnfiss'.‘)-dg{'; '
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) where N(Gmyé) is the distribution of scéttefipg angles X
- -and N(Em,n') is the enefgy-distribution for Compton v L
1 scattered photons. The photon energies E and E' corres-
S - pond to the ompto; scatterlng angles é’ and 6, After‘the - N
. = transformatlon the dlfferentlal cross~section for Cémpton o ‘~‘
) ~-i"f écattering‘aAd’the dlstrlbutlon of scatterlng'angles are - .
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‘ized numerically such that ' R ‘ -

The cases of Compton peaks for‘all energies greater ﬁhan

.or equal to 779~kev and of w1dths'langer

& . . .

»

«algpread of about 2° in our range of scattering angles

and hence we have ] . . _— .

N(6_,6) = a;w(emrQ) . - (4.15)

ml

where o' is a constant. ' : .

.
v

The distribution function wxam{e) may be'ndimai-

. .
- - - . »
. .

sw(d_,0)60 = 1 o L C . (4.16)
g ™ : . E

v » . [ . '

It appears to be the first timeTthis'éngﬂlaf resolution
functlon for scatterlng angles ‘was deduced experimentally

and used for the analySLs of the data.. ;,_ ”;" }‘, d";'- ‘

The spectra.of photons scattered from alumlnum at R

f3.5° 6.0° ana 8, 0 were used for the shape analys;s‘ : ERRIAPRN

Typical energy dlstrlbuxlons of scattered gamma rays for : ~.f*'m
o ' » o

1408-keV are presented in Fig. 4,4 and for comparxson the . j.j:gj

o

detector response to 1460~keV gamma rays is alsd incIﬁdedm :’ }L’:ﬁ

," --e

FWHM vete analysed In all the l::é%\aps,r a
fltted well wlth the model functioﬁJ

wt

g
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. éimple.and'fruitful approach, . ' : .

74
K s b

where W was found to-be equal to 1.5° = 1% 1t may

'be'mentioned that this function must be convolved with the

L
The consistency of the parameters 6

a ﬁ_deducéd from
the spectra for different energieg, angles and thicknesses

of ' the scatterer tended to confirm the validity of this

6. Separatlon of coherent and lncoherent components

The scattered radlatlon from the elements of high

> .

atomic number, unlzke from alumlnum, has a’ strong coherent

%
'component ‘even for energles as hlgh as 1408~keV (Flg. 4.5).

When the scatterlng angle is sufflczently small, the 1ncoherent
and coherent components overlap 1n the experlmental energy ’zh
dlstrlbutlon spectrum. For these particulax cases, .methoq;»

to extract the 1nd1vxdual component$ was dev;sed us;ng the

-

empirical model for the angular resolution functlon.'l"f .

* The modeI line shape for the scattered photons can be

- - - s .
4 . - A

wrltten as - .. o | T S FCE ”r; ‘o

S'(E,Em\,Eo')-h = A'.C(E,Em) '+ B.b (E-E‘o‘)_’i . o IR ‘.‘(_'4‘,.'lp;)'“..'_/':“.f.'

P
AN

'
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into an cnergy distribution from ' ' ’
- ¢ - v ' N
) = | ag, - - (4.19)
C(R,F) = aw(em,e) . [dnln,e . L
with a being a normalisation factor. .
In thé above expression, A and B Fepresent the
component intensities while C and § represent, normalised
distributions for incoherent llne shape and delta function . | -
distr}butlon with the centre at Bo’ the 1ncxﬁent~energy of
the photon. . : ' ) ‘
The shape of § is presented in Fig. 4.6. This model
shape is to be convolved with thé detector .resclution function
R{E,Eoyc). This represents a diétribdtioﬁ with the\peak
position at E, and a barameter representing the wldth of the -
distribution o. This. resolut;on functlon is adequately o ;_'
represented by a Gaussian as . ' _ SN e L
AR .. ' " 'K D - . -. \ ' N
, (E~E )2 Co ST
\' . 1 ‘:‘ -\O- , ’,z~ N I '4’20
R(E,E_,0) 5 —2— @ 02 "0 T . (4.20)
- Y q/?i S N AT o
. ) . . L Tl w s .
" Then the total model functlon‘f (ﬁf' h'éﬁta;nédlbYﬂig'lJ fﬂ:i{j
_convolving § with Ras, U TRt T el Vv
. s ) ‘G"z;g-“v-f o .¢." "
Y (F) R*S(ETF :F ) 'k_;u't PR
-—A R*C(EE ) +B ”"8(_‘
o (symbo@ *. dendtes coﬁépi
A _.;1‘%7. 'N - :‘:)‘ ,:.“:,; s ._
. \ LI R
CoL R
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78

Ratio of coherent to total intengity, at 2.3°

x

CADMIUM SCATTERER

thickness _
E(keV) 0.44cm 0.88cm 1.32cm
1408 0.47, 3.5% 0.48 2.9% 7  0.50 3.1%
1274 0.51 6.3 "'0.57 3.8 60.51 5.8
1112 .0.62 4.3 0.70 - 2.5 0.69 2.2 .
1086 0.58 9.0 0.65 3.4 0.59 7.7
964 0,75 3.7 0,79 1.9 ©0.77 2.4 .
779 0.87 4.1 0.86 2,2
& f
‘y J \ “ ) .
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B ( e
This distribution was fitted with the experimental peak
to extract the parameters A and B rxepresenting the

N N
coherent affd incoherent intensities. The rmethod of

1

weighted linear least-squares was used for fitting the
= : . .
model and experimental shapes. ] The uncertainties in the

fit-parameters A and B were calculated using variahce-
"o . .
covariance matrix andlysis. The ratio of A to the total
. ) peak intensity from the peak area analysis and theé ratio

of B to total intensity wvere comparcd between different

runs and different thicknesses for the same angle, energy . - -

' &J . - > - :
and element. These ratios were in good agreement, for
4 M . N

example refer to Table 4.1. Thus the suitability of, this

procedure wds monitored for each case at every step.
- ..). \.' . . ‘» ?’ < . )

- 7. _Angular resolution correction “o coherent stcattering
crogs-sections’ - - R ' .

. . ‘ - Lo N

Ihcbhérent scattéring cross-sections, for 0:4<x<1O 0

NS ;' . vary with angle ‘only by a small percent and hence the flnlto - v

'

gQOmetry:of thg system has very llttle eff ‘ct in changlng the - .

»f_~*~d'value of the ‘cross- sectlon at the”. .mean angleh The coherent.

.
* . K ¢ e + . )

scattering cross. sectlons, accordlng tO»Franz’s sxmple ‘:f.._ : o

. -

-

\°3ﬂ eStl ate {FR 36] mlght haVe a smmple anqulaf éependencc L
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of the fornm [sinO/Z]_rl with n lying betveen 0 and 3
depending on the momentum transfer. Though this

dependence is - not good enough for a rigorous compariﬁpn
with the experiment, this still brings out the importance
ofs the scattering angle. From this one might infer that
the 'scattering angles smaller than the mean angle Qould
tend to increase the value at the mean scattering angle,
Hence a proper méthod is necessary to take into account
theéexperimgntal distribﬁtion of scattering angles in
calculating the differentia} scattering cross-section at® ’
the méan,anglen 'However, this correction does require

some assumption about the'éhape of the angular distribution
itself., As a first approximation the form-factor based
cross-sections compﬁted from the tables of Hubbel et al.
[ﬁU 75) were used to dcriye these correction factors.’
Unless there is a large diécrepancy between exberimeﬁta]
and form-factor basced theoretical shapes of the angular
digtribution function, these corrections‘may be wvalid.

Hence this estimate of corrcction is not expected to be

unrcalistic. 1 ‘

©
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Let the theoretical cross-section Q%(Go) be

given by

"

do (8g) r. = . F2(x) (l+c05200) (4.22)
* 4 e}
— .
sinfi /o

with x = — . |

-

The experimentally observable cross-section, if the
argles were distributed according to w(eo,e), can be

written as )

- I F7(x,) (l+cos“Pi). w. (9 _,0.)40,
do (6,) ) 5 i=1 17— itto’i i (4.23)
) =T :
Alconr, rxp o n
.Z wi(GO,Oi)AOi
i=1

where n denotes the number of ,angular intervals 91 chosen

. T, _ SinOi/z
for integration and X; = (”—T"_ ).
The value of n used was 199 to cover a span of 30, from
(00—1.50) to (00+1.50) centering around the mcan scattering
angle Oo' The computations were checked for the convergence

of the integral by varying the number of intervals.
[ d

/
(-

N

- e e A =



&2
do (8 ) .
If g0 © represents the uncorrected experimental
differential cross-section, then the corrected cross- '
section is obtained from
. do(B8p)
do (0o) - do(e) _dacon (4.24)
dg"(‘ORR,COH do do (Oo)
aﬁbon,nxp
1Y

In the numerical computation F(x') was calculated for

each x' by linear interpolation from tables of Nubbel et al.
[HU 75]. Thus an attempt was made to estimate the correction

due to the angular resolution function as accurately as

. . do do
ossible. The ratiog of == to —
B * . a®  col,Fxp aw  con

tabulated [cf. Table 4.2]) for all energies and angles for

are

.

which measurcements were made in this investigation.

8. Source photon strength factor (K)

This factor gives the relative number of photons of
each energy incident on the target. This is a constant for
each source-line (enorqy)_for all angles. 1lence it is
possible to extract this set of numbers from the gngular °
distributios data for a‘pure Compton scatterer. Of the
elements used in these experiments, carbon hasryhe lowest

K-shell clectron binding energy (0.284 keV) and can be

.
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TABLE 4.2

ANGULAR RESOLUTION CORRECTION 83
N - . N !
Ratios of correctgd cross—-sections to theoretical values %%COH,-EXP
do
. 1. LEAD asicon
T
"“Photon ’ ,
energy Mean scattering angles
{keV) 2.4° 3,5° 5.1° 6.0° 8.0° 10.0°
1408.0 1.05 1.11 1.11 1.01 1.00 1.08
1274.2 1.07 1.02 1.02 1.04 1.01 1.00
1112.0 1.08 1.00 1.01 1.03 1.00 1.00
1085- 8 1.08 1.00 1,02 1.01 1.01°  1.00
964.0 1.08 1.01 1.08 1.00 1.01 1.01
778.9 1.06 1.04 0.99 1.02 1.00 1.00
443,9 0.98 1.00 1.02 1.01 1.01 1.00
344.3 0.98 0.99 1.02 1.03 1.01 . 1.00
244.7  0.97 1.00 1.00 1.00 1.00 1.00
2.  TANTALUM _
2.4° 3.5° 5.1° 6.0° 8.0° - 10.0°
1408.0  1.03 1.18 1.05 1.01 1.00 1.09
1274.2 1.02 1.05 1.01 1.02 't 1.03 1.00
1112.0 1.02 1.02 1.02 . 1.01 ®1.00 1.00
1085.8 1.02 1.02 1.04 1.00 1.00 1.00
964.0 1.05 1.02 1.12 1.00 1.0X 1.02
778.9 1.08 1.00 1.00 1.03° 1.00 1.00
443.9 0.99 1.02 1.01 1.00 1.02 1.00
344.3 0.97 1.00 . 1.03 * 1.02 1.00 - 1.01
244.7.  0.97 0.99 1.01 1.01 ©1.00 1.00

. r’—\
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TABLE 4.2

(cont'd)
84
ANGULAR RESOLUTION CORRECTION
Ratios of corrected cross-sections to theoretical values
\\\ 3. CADMIUM '
\
. v
Photon Mean scattering angles
energy 0 0 ‘ . 40 0 o] o]
(keV) 2.4 3.5 5.1°, 6.0 8.0 10.0
1408,0 1.17 (1.03 1.11 1.08 1.60 1.02
1274.2 1.19 1.00 1.02 1.05 1.03 1.00
1112.0 1.15 1.03 *1.00 1.03 1.03 1.00
1085.8  1.12 1.05 1.00 1.02 1.05 1.00
964.0 1.08 1.08 1.02 1.00 1.02 1,02
778.9 1.01 1.09 1.00 1.00 1.00 1.01
443.9 1.00 0.98 1.02 1.02 r.03 1.00
344.3 1.01 0n99 1.00 1.02 1.03 1.01
244.7 0.99 " 1,01 1.00 0.99 1.00 1.00
4, COPPER
2.4° 3.5% 5.1° 6.0° 8.0° 10.0°
1408.0  1.14 1.23 1.04 1.00 1.00 1.07
1274.2 1.06 1.09 1.00 1.01 1.01 1.00
1112.0 1.01 1.08 1.03 1.01 1.00 1.00
1085.8 1.00 1.10 1.05 1.00 1.00 1.00
964.0 0.98 1.08 1.14 1.01 1.00 1.01
778.9 1.02 1.01 1.03 1.04 1.00 1.00
443.9 1,08 1.02 0.99 1.00 1.06 1.00
344.3 1.03 1.05 1.01 1.00 1.01 1.02
244.7 - 0.97 1.03° 1.02 1.01 1.00 1.00

A
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83

¢
considerced to he an ideal Compton scattercr, for most

of the cases of momentum transfers (> 0.6). First, thé
carbon scattering count-rate (c.p.m) was analysed and
corrected for target self-absorption, change in efficiency
due to the degradation in energy of the Compton scattexed
photons, and for the decay of the source strength. The
ratios of corrected experiméntél data and calculate@ﬂsz:jl
Compton scattering differential cross-sections were
computed for every angle of measﬁrement“ For momentum
tfansfers x less than 0.6, theoreticai Rayleigh and incoherent
scat;erinq éross—sections [HU 75] Qere computed ana added to
obtain tﬂe cross—secfions cohpagahle to .observable ?nes.
The ratios obtained were averaged for each energy and this
average wvalue represents the felative source photon strength
for that photon ihcident encrqy. In‘fact this value relates
the experimental data to differential scattering cross-
sectioné. ‘Usinq these deduced strength factors, all the
experimental data were converted into scattprind'crpss—

- .
sections, for comparison with theory and prévious experiments,
The ratios of count-rates to-Compton cross~-sections and the

source photon strength factors are given in Table 4,3,

5]
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TABLL | 4.3
i
Source photon strength factors

E

Y -
(kev)  2.4° 3.5° 5.1° 6.0° 8.0° 10.0° K K1
1408.0 46. 44,3 45.5 46.7 47.2  47.7 46.3+2.6% 0.0216
1274.2 13, 15.6 13.5 13.1 15.6 13.9 14.2:27% 0.0704
1112.0° 35.9 35.8 34,3 36,0 35.6 37,7  35.9%3.2% 0.0278
1085.8 33, 30.4  33.1 32.0 31.0 31,2 32,3%3,5% 0.0310"
964.0 42, 42,1 44.7 41.6 42.9 43.4 42,8+3.2% . 0.0234
778.9 44,8 48.1 45,2 47.4 45.7 46.3+3% 0.6216
443.9 22.0 21.5 20.8 21.4 21.2 . 21.1%+2.4% 0.0474
344, 3 179 179 175 186 176 179 +2.4% "0.00559
244.7 66.6 70.8 62.2 69.5 69.4 67.7:5% 0.0148

Table - : Ratio of corrected experimental count-rates (cpm)

to Comptoh scattering cross-sections -(b/Sr) for carbon.
Legend K denotes the source photon strength factor

Data statistical errors < 3%

N
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9, Efficiency correction for Coipton scattered photons

The energy of a photon, Jafter being scattered by

"free" electrons, is less than £he initial energy. The

wefficiency of a radiation deteqtor, (a Ge(Li) counter in °

this case) is energy dependent. The Compﬂéf#scatteréé\dﬂﬁJ
photons are more efficiently absorbed by the detector than
the elastically scattered ones. The actual energy lost by

the photon depends on the initial energy and scattering angie.

A relative efficiency correction was performed to account for

- the change in efficiency relative to the energy unmodified

photons. Energy-shifts are tabulated for each energy apd
angle (Table 4.4). A weak auxiliary Eu~scdurce was placed

at the target stitioﬁ and a source spéctrum was collected
until the desired statistics ( ~ 1%) were achieved. The -
detector and weak soﬁrce geometry was' maintained the same as
for‘the regular scattering experiment. The peak area.for each
énergy was computed. The:ratio of this are to the standard
tabulated source-line intensity [Ri 70], BO 74] yields ah
estimate of the relative'effidiencies. The ratios were
normalised to the value of 1112-keV line set to unity. A
plot of the v;riation in relative efficiency*with

energy is presen%n Fig. 4.7. These experimental

"
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. TABLE 4.4
Scattering 2,4° 3.5 5.1 6.0 8.0 10.0
angle
E:incident
{(keV)
1408.0 3.4 7.3 15.3 4 211 37.1 57.1
1274.2 3.0 6.2 12.8 17.5 30.7 47.2
1112.0 }ff/ 4.5 9.6 13.2 23.3 35.9
1085.8 /1.8 4.1° 9.0 12.4 22.0 34.1
964.0 1.6 3.4 7.2 10.0 17.6 27.1
778.9 1.1 2.2 4.7 6.5 11.5 17.8
443.9 0.3 0.7 1.5 2.1 3.8 5.8
344;3 0.2 0.4 0.9 1.3 2.3 3.5
244.7 0.1 0.2 0.5 0.6 1.1 -1.8
Fnergy shifts for Compton scattered gamma rays in keV
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TABLE 4.5

90

Relative efficiencies of the detector used for Compton Scattered

photons

Phoion

incident Mean scattering angles

energy

tkeV) 2.4° 3.5° 5,1.° 6.0° 8.0° 10.0
140. 80 1,00 1.01 1.02 1.02 1.04 1.06
1274.2 1.00 1.01 1.01 1.02 1.03 1.04
1112.0 1.00 1.00 1.01 1.0 1.02 1.03
1085.8 1.00 1.00 1.01 1.01 '1.02 1.03
964.0 1.00 1.00 1.01 1.01 1.02 1.02
778.9 1,00 1.00 1.01 1.01 1.01 1.02
443.9 1.00 1.00 1.00 1.00 1.01 \\ 1.02
344.3 1.00 1.00 1.00 1.00 1.01 01
244.7 1.00 1.00 1.00 1.00 1.01 1.01

Lo
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values were fitted By a least-sguares procedure tg!an
inverse polynomial function. Using the fitted coeffi-
cients, relative efficiencies were calculated for energd-
modified gamma rays for every angio. Only the Compton
peak eﬁerqies were used for‘computation. Lven though the
Compton peaks were consicderably wider (unlike elastic
peajys), the use of peak energies was justified by the
fact that the peaks could be considered tp he symmetr

and any increase in efficiency for the log—energy ﬁart of
the peak would compensate fér a accrcase for the high-ecnergy
side. Thus this correqtion is sufficient for the total
Compton peak area. It is to he noted (Table 4.5) that

this correction is very small except for higher encrgics

Lxperinental differential scattering cross-sections,

and larger anqgles.

10. Tabulation of experimental data .
using the carbon data for normalisation are presented in
Tables 4.6 and 4.7. If theNzrcelative error in erperimental
count-rate is o, (in percent) and photon strength factor for
the particular cnerqy has a relative error 0cn then the

. L

. : " 2
total relative error is qiven by ¢ =Jo + 0 .
i oxp e cn

Pal
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Oexp is given in per cent. Oa i¥cludes the ﬂncertain—
tie; in counting statistics, attenuation correction,
thickness measurement and background evaluation. Coherent
and incoherent data are tabulated separafely in Qnits of
barns per steradian with errors., A few remarks concerning
the resolution of the elastic and Compton components are

'necessary at this point. The energy shift of Compton
scattered gamma rays (cf. Table 4.4) determines the peak-
position and the width of the Compton peak primarily depends
on the effective angular spread of the photon-beam.: Empir-
ically, this width'was found to be consistent with a FWHM
of 1.5° of a triangular distribution. On the ba§is of the
Compton peak-widths, it was found, for an energy sﬁift

of . more than 9 keV, both elastic and Compton peéks were
well-resolved. For shifts between ~ 2 and 9 keV,' least-
squares fit-procedure (cf. Section 6) was ﬁsed t@ extract
the components. The Compton components obtained by the

. fitting procedures from unresolved peaks within 3 channels
(correspdnding to 2 keV) were unreliable: however, thg

elastic components formed the major part of the scattered"

photons in these cases. ‘

For low energies (443.9, 344.3 4na@ 244.7 keV) the

Compton components at'loo, and 8O were used to estimate
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the elastic part for smaller angles. The Compton
cross-section was assumed to be constant for all these
angles and the uncertainty in the elastic component,

introduced due to.this procedure, is very small.

11. Verification of the méthod of normalisation

" In the previous section the procedure used to
arrive at the experifiental scattering cross-sections on
the basis of theoretical cross-sections and experimental
count-rates for the carbon scatterer was outlined. The
soundness of the procedure can be checked by (i) comparind
the experiméntal scattering crOSS—sections‘for aluminum

with the theoretical values in the range of x where agree-

ment can be expected and (ii) computing the absolute scatter-

ing cross-sections from the experimental parameters for carbon.

Because of the low electron binding energies for aluminum
(e.g. K-electron binding energy = 1.5 keV) one would

expect it to behave as a pure Compton scatterer, for

X 0.4. Convinciﬁgly enough, it was found that the

v

>
4"
weighted mean ratio of experimental to theoretical cross-

sections (IU 75) is 1.00 * ,01.

ThE absolute scattering cross-sections were obtained -

[PTSRRSITL o st s
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from an experiment to scan the photon beam-profile
(cf. Chapter 3.3 and also Figures 3.4a and 3,.4b) and
a measurement of 'relative efficiency. using an auxiliary

weak europium source.

Absolute scattering cross-sections can be computed .-

as follows. For a scatterer with no absorption, tle count-rate

of scattered photons observed may be written as (cf. eq. 4.3)

_ . do (8)
I=1I AQt[Jt.t. 3o ] . AQD - €p (4.25)

where

I is the rate of number of photons emerging from the

source per unit solid angle, as observed by the same

o

detector
AQ,  the target-to-source solid angle
AQD ‘the detector-to-target solid angle
t the thickness of scatterer of Nt atoms/cc. and
e' the relative efficiency of the detector to the

scattered photons or the ratio of efficiency for

scattered photons to that of the inc}dcnt photons.

. o mmo e -



100

o

In this expression, al} other factors are known

except Io and g% . By experimentally measuring IO the

absolute value of %%(8) can be deduced. It is difficult

to measure IO directly since the rate would be too high

[P

for the detection system. The photon beam was scanned
using a 0.25" aperture in front of £he detector, which
was shielded otherwise. The phoéon—source‘was moved
through different positions (or angles) on either side
of the zero positiorn and in each position the source
sﬁéctrum was recorded. Thus the detector was allowed to
look at only a bart of the photon beam. It may be noted

that only a portion of the detector faced the photon-beam.’

An juxiliary weak europium source was placed in target

position and spectra were recorded with and without this ‘

4
special aperture in front. The ratio of these two count

rates for each photon-energy gives the relative efficiency

‘0f the full detector to the detector with only a 0..25"
e
aperture.. Then we have, " K !
* /
I, 2 (82 )" elarip(r).x] x 2n ST (4.26)
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where AQ'D is the detéctor-source solid angle
p(r) is the photon'countrate for a particular energy
when the source was positioned at a distance
r fron the zero-position
A; the distance interval between positions
and € the ratio of countrates without and with‘O.ZS"
aperture in front of the detector in the
au&iliary source experiment,
The value of € was found to lie between 39;0 and
41.3 for th; range of eﬁergies above 778.9 keV. Typical source '
countrate distribution is presented in Fig. 4.8. Fo£
carbon, the cross-sectio;s obtained using source-photon
strength factors and those based on the source-scan measurements
agreed well within 5% for eneréies between 1408- and 778.9-KeV
[Table 4.8]. Incoherent scatterinb cross-sections for
ca;bon have almost a constant value in this range of energies
and angles and so the correétion due to the finite angular
interval and distribution of angles in this interval is nat

L]

expected to be‘lmportant.
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CHAPTER 5

RESULTS AND DISCUSSION b

1, Rayleigh scattering
(a) Some details of previous investigations

There have been a number of measufements of
differential elastic scattering cross-sections in recent
years [DI 68, sC 69, HA 71, SC 73a, SC 73b] employing
high resolution Ge(Li) detection systems., All these
measurements were performed for  large momentum transfers
(x>10) and involved large scattering angldgi Considerable
experimental work on small angle scattering had been done : L
since 1950 and in all these measuremeﬁts low resoltuion
detection systems were used. !

Storruste measured-scattering cross-sections for
lead, copper and alumninum using 410-keV gémma rays and the
" Hal detection system for many scattering angies petween 3°
and 40° [sT 50]. Around 400, ghe‘Compton scattering was
expected to be the dominant component of the scattered ' !
radiation. Using the measured absolute scattering cross-
section for angles in this rangé the Compton cross-sections
for smaller angles were obtained by extrapoiation. Then
the Rayleigh scattering cross-scctions were deduced from
/1
s C

o | o 1
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the observed cross-sections by subtracting the e ap- ' ’
- olated Compton component. l!ann conducted an in gation
using 411-, 662-, and 1330~ keV gamma rays in the range

of scattering angles between 15%nd 90° (MA 56j. It was
found for 411- and 662- keV lines that the experimental
cross—-sections disagreed with the theoretical values

based on the form-factor approximation using Dirac wave-
functions with the inclusion of only K- and L- shell
electrons. In an interésting experiment using Co60
gamma rays (average énergy 1250-keV) Rayleigh scattering
cross-sections were measured [BE 60] fo£ small angles In

the intervals 15' to 1° and 15' to 2°30'. The experimental
cross-sections were found to follow a Zz— dependence and

the values were higher than the theoretical predictions for
high Z- scatterers. The theory compared was based on a form-
factor approximation given by Debye and Franz [DF 30, FR 35].
Moreover, the measurements on tantalum yielded anomalously
high coherent sca;uéring cross-sections and for nigckel

(Z = 28) the expefgmental values were markedly lower than

those for copper (Z2 = 29).

.
l,\

A valuable set of absolute coherent scattering

cross-section measurements was carried out by Nath and Ghose

Attt S -
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t.
(NA 64]) for small scattering angles (1° - 12°) on 1eadh.
tin and copper using 279-, 662-, 1170-, and 1330-keV
éamma rays. The incoherent component of scattering was
taken into account by application of the theoretical
.values of incoherent scattering functién [BE 51]. Their -

results for the 279-keV gamma rays in lead were inr very good

vagreement with the theoretical coherent scattering cross-

sections of Nelms and Oppenheim [NE 55] based o; Hartree

model wavefunctions and the form-factor aﬁpfgg;mation.

For 662-keV photons-sc§Ftered by lead their cross-sections

were in fair agreement‘with theory up to 6° and beyond

that the experimental valueé were hig?ex. For Cosp gamma

rays the data werein good agreement with theory for

scattering angles larger than 3° and féi smaller.angles

the theoretical\values were found to be.hiéher. For copperf

the measured coherent scatter%ng cross-sections were consid-

erably lower than the theoretical ones. ' ‘ g
An experimental method employing a coincidence "

technique and a source of annihilation radiation (511-keV)

was ysed hy Hauser and Mussgnug {HA 66]. They attemﬁ%ed

to measure elastic scattgring cross-sections for elements

with the atomic numbers (Z) in ?he'range of 72 to 92.

Ve -
e
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Their arrangemént permitted a very small angular resolution

N,0.04° and scatteriné angles v 0.5°. For §>2.0 in lead,
H

their méasurements agreed with that of Nath and Ghose but
}or x<2.0 their values were tending towards J constgnt
thereby differing from the form-factor approximation. It
is difficult to make a quantitative comparison with.all

_these measurements for two reasons. First these articles

H

did not list the deduced cross-sections numerically and
secondly a quéntitative'evaluatiog of the agree;ent or dis-
agregmenéxwith the theory was nédt pre;ented.

(b) Procedure followed for cémparison with the theory.

In the earlier experimenté {NA 64, KA 61] the sma%l
angle. coherent scattering cross-sections were cqonsidered as
a simple function of 2 and E. On the assumption that, the
differential elaétic scattering cross—sectioq'be given by

do(0). Lo g - /

E ' . ’
the expoﬁents n and m were extracted from the experimental
data. It was founa that n varied from 2 to 3 as the

momen tum trapsfer increased and thatcﬁ increased with.e.

Since both n -and m vary with x it is worthwhile to plot

: -/07
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%% Vs, X in a logarithmic scale. Before drawing these
graphs the polarisation factor [(l+c0526)/2]_may be
L)
removed and the graphs are presented for g%— (x) vs. x
such that (cf, ch, 2,)
do' (x) 2 2 .
Tacon.” Yo [F(x) | )

K]

From figures 5.1, 5.5, 5.9, and 5,13, it is observed that
the exponent of X decreases as x decreases thus conforming
to the features of the form-factorxr approximation., For the
range of energies between 244.7 And_l408.0—kev tne coherent -
cross-section momentum transfer plots seem to be rather
smooth curveé. The theoretical cuxves of cross-sections
were obtained from the form-factor tables of Hubbel'et al,
[HU 75). TFrom the tabulatgd values the form-factor for a
particular experimental ‘x was obtained by linear interpolation,
These theoretical. form-factors sqpersede the previous
calculations of Nelms and Oppenheim (NE 55], Of course both
these c?mputations used Hartree modgf non-relativistic wave-

functionk.. Helms and Oppenheim plotted form-factor curves

for a few elements and presented the Z;dependcnbe saparatelyy

r

)

4 . ‘ I
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But the tables of Hlubbel et al, are more elaborate and
present F(x)vs, x for all the-atomic numbers, For: this
reason the form-factors of Hubbel et al. were compared
with the present data in detail. To provide a closer ¢
N 13 A _ /:'
comparison betwe%gﬁtheory and experimental data a weighted
mean ratio R was calculated using the formula
- N -
R =l£l Rin
N A
I W
i=1 *
where Ri is the ratio of experimental to the theoretical
y

differential scattering cross-section for the ith datum

and N i1s the number of data pdints. The weight factor for

the ith point is given by

the value ei being the variance in the experimental datun.

The uncertainty in R, e can be also obtained -from

N -
L (R,- R)® W,
i=] 1 1

—
R -1) ¥ w, o
i=} 1

. e o



TABLE 5.1la
110
Weighted mean ratios of experimental
coherent cross-sections to form-factor
based theoretical values
Photon
energy Lead Tantalum Cadmium Copper
(keV) )
1408.0 0.82 t ,02 0.84 * .02 0.74 * ,02 0.97 * .05
1274.2 0.82 * ,02 0.89 * ,03 0.83 * ,04 1.02 * ,05
1112.0 0.82 * .02 0.85 * .03 0.85 * .05 0.86 * .08
1085.8 .79 * .03 0.78 * .04 0.79 * .03 0.91 * .09
964.0 0.89 * .03 0.91 t .02 0.89 = .03 0.85 * ,07
778.9 0.83 ¢ .05 0289 * ,03 0.88 * ,04 0.95 * .03
443.§ 0.83 * .03 0.89 * ,04 0,78 * ,03 0.78 * .05
344.3 0.98 & .02 0.99 % ,01 0.%50 % .02 0.90 t .07
244.7 1.01 * .03 1.08 * ,07 0.93 * .04 0.99 * .09
'R . .
For all 0.86 % .01 0.0 + .01 0.84 =+ .01 0.87 + .02
points’

~hw~wA&wW o

o
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TABLE

1

5.1b

Weighted mean ratio R for different x-regions

x in A R Lead .
0.41 - 1.1 0.90 + .04
1.2 - 3.5 0.88 + .02 p
3.6 - 6.3 0.78 + .01
6.4 =- 10,0 0.94 * .04
x in At * R Tan;:alum'
0.41 - 0.6 1,11 £ .07
0.75 - 1.1 0.91 * .06
1.2 - 4.7 0.89 & .02
4.8 - 10.0 0.88 * .02
x in A% R Cadmium
0.41 - .1.25 0.89 + .02
1.3 - 5.5 0.84 + .02
5.6 - 10.0 0.68 + .03
x in a1 R Copper
0.4 - 0.6 1,15 + .06 \
0.7 - 1.25 0.82 =+ .02 “
1.3 - 10.0 0.88 + .03 |
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”’

The weighted mean ratios were calculated fér all the
data points for each element, Similar ratjos were also
~

obtained for all angles per energy and foridifferent
regions of momentum transfer. Thus a quantitative eval-
uation of dependence on x and E of ﬁ was deduced. The
;mpirical power law relationships_for E and 2 were not
;ttempted since the form-factor calculations are more

accurate and -xeadily available. Just direct comparisons

with this theory itself were felt to be interesting.

(c) Comparison with the theories and experiments'fof lead
A comparison of the current set of data of coherent
scattering cross-sections with an. appropriate set of previous

measurements are presented through Tables 5.2 = 5.5, All the

B L, Tar WU & S L

other experimenters used different photon energies ang hence
the momentum transfér‘x(=sin(0/2) . A™1) is used as a basis’
for comparison, Small angle scattering daéa are more appro-
priate in this context since the photon energies involved

' . S
would be in the same range and a better agreement can be

- v %

expected. In the case of low encrgies.(é'loo keV) and large
angles, in spite of the same momentum. transfer a considerably ‘ ;
lafge absorptive part (related to the photoeléctric effect)

in the scattering amplitude could have a significant
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TABLE 5.2 115
Comparison of the experimental coherent
scattering cross-section for lead
7
Momentum do . do .
transfer an 1 b/gr ag in b/gr
present values for
closest x
0.41 210 * 10 244 * 15
0.75 120 = 5 100 £ 3
1.25 46 + 3 4,37 ¢+ 1.4
1.36 36 £ 2.5 . 35.6 2.5
N
1.45 27.5 £ .5 32.3 % 1.4
1.72 28 ¢+ 3 * 26.6 * 1.9
1.81 18 & 2 17.2 ¢ .7
P ’ - ;;
1.87 19 + 1 ‘16,1 + 1.2%
2.71 g + .8 7.79 £ .34
3.06 6.6 + .4 6.94 * .35
D 4,68t .2 5.7 t .4
3:79 3.1 ¢+ .2 o' 2.75 ¢ .12
13
4.44 2.2 ¢+ 1 2.02 ¢+ |1
5.43 1.38¢ .08 1.35 + .08
6.23 9:92; .15 0.87 + .06
7.28 0.52¢ .15 0.58 * .09
10.0 0.16% ..05 0.22 ¢+ .02

.
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' TABLE 5.3
Comparison of the experimental total

(coherent + incoherent) scattering

‘cross~sections for lead

>

.

1 ¢ *
Momentum do dg

tréns%fi . . 39 {Total) o) (Total)
X an A Stgiggste Present values -~
for closest x
and
Tjom [ST 58]
0.82 100 *+ 13 ' 90.3 * 3
1.08 " 65.5 % .9 50.5 * 1.7
1.47 " 30,5 + .4 4 36.4 ¢ 1.5
2.36 : 16.0 & .2 14.4 + 0.6
3.13 10.5 .+ .14 11.03¢ .5
3.95 8.05+ .1 - 6.9 + 0.4
4.73 7.10¢ .09 5:68t .4
L ]
\ .
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contribution. The present experimental cross-sections-
agxee reasonabiy well with that of Nath and Ghose.[NA 64]
wh?ie the agreement is not as good with those of Storruste
and Tjgm [ST 58]. In the latter case thé cross—-sections
were not corrected for finite angular spread [NA 64].

This correction might be of the order of 10% reducing their
values. Then the agreement tends to improve, The experi-

~¢

mental scattering cross-sections of Kane et gl. [KA 61]

including hoth the coherent and incoherent mpon ntsiﬁ
apparently higher than the current values bg\abeﬁ/
They normalised their values on the basis of the cross-

sections of Storruste and Tjgm. If the same renormalisation
required for the data of Storruste and Tj¢m’is.appliéd to

he values of Kane et al., the discrepancies are reduced.

t may be mentioned that the errors quoted in Tables 5.2
and 5.4 for the data of Nath et al. and Kane et al. might
be higher tha% their true values siAce tﬂose'were reéd off

the figures in their papefé [NA 64, KA 61)]. The plots
' of Nath and.Ghoéelwere_magnified by a factor of 2.5 to allow con-
venient readout. The measured cohercnt»;cattéring Cross-
secéions for 145-keV at large scattering angles [SC 69f .

presented in Table 5.5 has proqressivély higher values

.
ot e s
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{

TABLE 5.4
Comparison of the experiment total

(coherent + incoherent) scattering

cross-sections féi:lead

Momentum do do

transfer 3q (Total) in b/Sr 3 (Total) in b/Sr
O
X in A 1 from Kane et al. Present values for
[KA 61] " . closest x
2.0 19 + ,2 17.4 + 1.0
2.94 13 = .13 11.0 ¢ 5
3.84 8.3 * .8 " 6.8 1 4
4,38 7.0 £ .7 6.1 4
5.42 5.8 £ .6 5.4 ¢ .4 ¥
4
/

b - s =
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TABLE 5.5 -

Comparison of the experiment coherent

scattering cross-sections for lead

Schumacher's data [SC 69])

Photon X do'! do

energy in £-1 an ’ e
(keV) in'b/g, in b/g,
present valués
i ¢ for closest’ x
-
145 32 3,22 " 6.86+.58 6.94%,35x
T 45 4,47 2.76+.19 , 2.02¢.1
‘60 5.85 1.54:.1 0.95+.08 ?
75° 7.12 1.05.06 0.58+.09
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differing by as much as 80%. The observed cross-sections
2 )-%ﬁ In fact thelse values

¢
are considerably higher than fdrm;factor based values too.

were multiplied by 2(l+cos

;
Thus the present set of measurements agree well with the

.other small angle data comparing on the basis of x.

0-
In the range of x between 0.4 and 10.0 A 1 the

scattering amplitudes fN’ f f_ and kK due to N, M, L

M’ 7L
‘and K - shell electrons are the important components of
the total amplitude F. To estimate which of these is a

major contributor to F(x), the f~ratios i.e., the values

fN(x) COf f‘L f}gx)‘
_M
of IF(x) I ! ,F I I and lFT§)I arg computed on the

basis of a simple model due to Pquling'and Sherman {[PA 32].
These estimates plotted in Figqures 5.3, 5.7, 5.11 and

5.15 are juét meant to give a simplé picture of the
pomponénts and are not as accurate as the more realistic
computaéions of Cromer et al. {CR 68]% On the basis

of these estimates it is noted that the L-shell electrons

contribute the major part of the amplitude in the region

. Ve
2.5 < x < 6.0 A 1 and that the K-shell electrons are

- 1

e

. ‘ - Lo :
important for x > 7.0 A ., Larger momentum transfers

involve K-electrons primarily. The form-factor approximation

implies that the scattering amplitude depends mainly on x

t

t
[T
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and not directly on E. This is true ?F a great extent
as exhibited by the plot of coherent scattering dross-
sections against the momentum transfer x. To closely
examiEE this point, the weighted mean ratio ﬁE for all
the/data ﬁoints per energy was computed and drawn in

Figure 5.4, 1t is opserved (cf. Table 5.la) thét for

the 244.7 and 344.3-keV lines the form-factor theory J
. agrees with the experimenf very well and for higher
? ) . ‘

energies the expg¢rimental values are lower by about 15%. | .
. . . ‘

+

The approximate correction to the form-factor approximatyon

suggesfed by Brown et al. [BR 57] is energy-dependent.

~

This correction takes into account the electrdn-binding |

l

!

in the intermediate state® of'the atomic system. These
two low energy lines (244.7 aj?

344.3-keV) span a region
| (o . .. .. !

of x between '0.4 and 2.4 A l. In Qh}s region there are |

‘ R \

data points due to higher energies and one may consider '

the weighted mean ratio for this region of x. It is notid
that the weighted mean ratios for 244.7 and 344.3—ké9/11nFs
are considerably higher than a similar ratio for x rangin% .

from 0.4 to 2.4 A~}

. This difference indicates that for the
same range of x, the form-factor approximation describes

the scattorin§ due to low enérgy gémmaigays more acburately

e T
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than the cases involving high incident -energies. For

x > 2.5 X—l or for incident gnergies 443.9 keV and

above, the electron binding in éhe intermediate states
could be a source of discrepancy. The form-factor in

tﬁis region involves L and K-shell electron contributions

for the most part. The correction to the L-shell form-

factor could be ~ -8% (reading off Figu;e 4, reference Sc 73)

and .for the K-electron form-factor it could be as high as,

1 the K-electron
A &

‘contribution dominates the form-factor amplitude and in

. o
-30%. In the region of x above 7.0 A

this region the weighted mean ratio is 0.94 * 0.04. This

value leads to the inference that the correction required

to the K-shell form-factor is far less than the prediction.

In fact in this reé%on,the experimental values are not far
from the theory as the weighted ﬁean ratio indicates.
But. in the region 3.5 < x < 6.3, the weighted mean‘éatfo
is 0.78 # O.l_indicating ap,overall discrepancy of 22%

. in the cross-section. ‘This may point to a correctién of
~11% to the form-factor whicﬁ is not inconsistent with the
estimate for L-§ﬁell céntribution [SC 73]. The low valued

of the ratio Ri of experimental to the form-factor-based

cross—-sections (Hu 75]) in this region x may be noted from

PUS

1§ Rkl
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the plot of R vs. x in Figure 5.2: It is to be
mentioned that the coherent components in this region
were, in almost all cases, well resolved from the incohe;ent
peaks and so the possibility of the introduction of any
uncertainty due to a lack of proper‘stripping of the in- -
‘coherent component is negligikble,
(d) ~ Comparison wifh the theories and experiments for

tantalum.

Both lead and tantalum are high 2 mater?als'with
tigﬁ;ly bound K*land L- shell electrons. For ekamﬁle, the
K- electron‘binding enexgy in iead ig 88-keV and for |
tantalum it is 67.4-keVv (cf. Table'5.7). éo gne ﬁay expect
the shape of the‘ffratio and form-factor curves for lead and
tantaluﬁ té be simi;ar:in the momentum transfer‘range of
0.4 < x <-10.0. In fact this pattern is exhibited by the
f-ratio vs. x plots .for tanﬁalum (cf. Fig. 5.7) and the

W

weighted mean ratios Rp for different energies in tantalum.

. As in the case of lead, the scattering of the 244,7 and

344 ,4~keV gamma rays in tantalum yields cross-—sections-as
predicted by the form-factor calculations [HU 75]. For

higher incident energies the experimental coherent

'scattering cross-sections are lower than the predictions,

(Table 5.1a).

o o
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Be;;skii and Starodubtsev [BE 60] obeerved an anomalously
high scattering croes—section for Co60 gammd rays in
tantalum and suggested the possibility of Bragg diffracﬁion.
Except for the 244.,7-keV line at 2. 4 there seems to be no
such effect in the present data. From the crystal dlffr7c-
tion data [PDF 74] the possmble strong diffraction llnes\
and angles for this case were deduced and presented in
Figdre 5 8. With a d-spacing value of 0. 8835A -1 for'a
{321] reflectlon the scattering angle would be 2, 15

With a relatively large.angular resolutxon n1.5° , 1t 1s'
possible that there is some contribution for this datum.
Since it‘is not possible to evaluate a reasonably accurate
weighting of this infinitesimal anguiar interval this -
datum, i.e. the cross-section at 2.4° for 244.7-keV is
not useful. ' The weighted mean ratio of all the data for
the 244.7-keV line is 1.08 ¢ .07 and for the 344.3-keV
llne, ‘the corresponding value is 0.99 ; .01. For all the
'hlgher energles ‘the agreement with the theory.is poorer,
y%elding an over—all weighted mean ratio for all data
équal to 0.90 * 301: It is interesting ro note from
.Table 5.la and Figure 5.4 thar~the weighted mean ratio for

all data for each incident energy in:tantalum ﬁt Ta is
. i : S
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relatively higher than RE pp* Thus, in general, if any
[}

correctAon to the (L-shell) form—féctor amplitude is- to
be apblied, the required maghitude will be less for
‘tafitalum than for lé&é.
When the measurements of ;auser et al. [HA 6&]
is\considered for comparison in the range of x between
nd 2.0 R—l, the relatively large uncertainties do
not a 1o§ Ehéir éata to decide between the present
valyés or the theo;y.
(é{? Comparison witﬁ the theories and experiments for ~
cadmium,

An inspection of the f-ratio and the'diffe;ential
' cross-section curves in Figures 5.9 and 5.11, igdicate that
the features for cadﬁigm aéé éuité différent from those af
lead or tantalum. The important contribution§ to the form-
factor scattering amplitude for cadmium arise from the K-,
L- gnd M-shell electrons fin the momen tum transfer range Qf\
interest. The .regions of éheiﬁ major contribution are '
wide and the c?oss-sections curve exhibits broad bumps.
The experim&ntal' c;urve for cross-sections, seenms ' & follow
the predicted shape for x up tb 5:5.. For x > 5.5 the

. ' .

experimental cross-sections have large deviations from

the theory, the weighted mean ratio for all data in this

e
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region.péing 0.68 * ,03. This suggests that the K-shell
form—faétor requires a correction ~ 16%. The agreement
with t?e theory is better for x < 1.25 with the weighted
mean fééio equal to 0.89 ¢ .02 while in the intefmediate

region of x, the mean ratio drops to 0.84 * 0.02. Thus

the deneral feature is that the deviation from the theory

136

increases with the momentum transfer (also cf. Fig. 5.10).

Very few previous measurements are available in the

b . .
literature for comparison in ;hls case.

(£) Qompariéon'with the theories and experiments for.

copper.

Copper and cadmium bear considerable similarities '

in the f-ratio and cross-section curves (cf. Figures 5.15

and 5.13) but the experimental cross-sections for copper

provide some interesting features. For momentum transfers.

1

. O- .
greater than 1.2 A 7, the data-points teqﬁ to- follow the

theoretical shape vefy well though the weighted.mean ratio’

in this region is only 0.88 ¢+ ,03. But for x between 0.7

1

[
and 1.2 A ~ -the experimental ‘¢cross-sections show'a marked

A

deviation. In this region of x, the L-shell scatte}ing_.
amplitudeis the prominent component while K- and M-shell
éontribdtions are important in the given order as shown

»

in Figure-5.15. Then it is possible that the scattering

Mo A by e e e
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o
TABLE .5.6
’ Comparison of the experimental
coherent scat;ering cross-~sections
fér coppex
Momentum do | do .
‘transfer ' aq 0 b/sr a n b/gy
x in gt from Nath and - present values
Ghose [NA 64) .for closest x
0.74 6.8 .8 5.9 .2
1.55 ' 1.25 £ .3 ) 1.73 £ .07
1.87 . 0.8 % .15 1.39 + .08
2,1 . 0.6 + .15 ) 1.01 £ .08
2.49 .. - 0.3 £0.1 —. . 0.45 £ .02 1!
;o . .
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amplitude in'thig case is quite sensifive to.the M-shell
contribution also. For the incidené energies bétween
443.9- and 1112.0-ke§ the weight?d mean ratios are akout
the same for cédmium and copper as in Figure 5.12'ahd
Table 5.la. But ‘the weighted mean.ratios for 1274.2-
and 1408.0-keV lines are clqsé to 1,00 for copper while
for cadmiumjihe data féf éhese two incident energies yieid
considerably low weighted mean ‘ratios. Thus copper and
cadmium differ.subsfantiaily as far és the data for these
twd lines are concerned. ;

Experimefitayl coherent scattering cross-sections
.of Nath ana Ghose are presented égainsg the present values
for copper in Table 5.6. TFor the doherent component the
experi@éntdl count-rates fér thé,%bpper ségtﬁerer were low
and-hence in qeneial, the uncertginties would be relatively
;érée. They observed tba% their values were.lowcr than tge A
forﬁ-factor bgsed cross-sectipns. Théir %easurement agrees
with thé present value for x =_0.74’and for higher x

o

theif croés—sections are siénificantly lower. It is, ’
.howevcr, to be remembercd that they measured the scatterlng T i
‘cross-sections wlth unresolved lncoherent components and _ !
deduced the coherent part. In this range of x, the in-
'coheréng scaﬁterinq'croséﬂsections are'n 2 barng and hence they

had to.extraéf a small component. This could be a possible

cause for their low values and large uncertainties.
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It may be recalled tha§ the theoretical values -
used above for comparison with the experiment are based

on non-relativistic wave-functions. The relativistic
L4

correction to the form-factor amplitudes becomes important

for momentum transfers in the range of (zo) "t

1

in (mg) ﬁnits.'
This'correspohds to a value of x = 34.42— in lead.and
x = 97.337% for coppef. Levinger [LE 52] showed that for
ﬁhe scattering of gamﬁa rays by K-electrons -in tin the
relativistic effect’incfeases the form-factor amplitude by

1

n . o— *
about 25% for a momentum transfer of 61.8A ~. Also the

"computations of Cromer-Waber [Table 7, HU 75] suggest an

increa to the form—factor by about 4.7% for x = 2.0A in
lead..- So any inclusion of-the-relativistic correction to the
form-féctor would increase the deviation from the experiment.
and any future computation will havé,to.accommodaté this

effect too.

PYSCRPFENEN
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2. Incoherent scattering cross-sections - comparison
with the theory and experiments and qisbussion

Recalling from chapter 2, the iﬁcoherent scattefing
function $(x,2) modifies the pure Compton scattering
cross-sections to take into account the effect of the
binding energies of the atomic electrons where the‘energy
transferred by the gamma ray ig of the order of the binding
energiesx .The incoherent scattering function is a function
of ﬁomentum transfer x and éhe momentum transfers invéived
in this investigétién fall in the range whére the incoherent
scattering‘function varies from 0.0 to 1lo depgnding upon
x and the atomic number Zz of the scatterer. In the region
of ingerest the previous experimental values have:-large
uncertainties aqd provide a need for furthér‘meagurements
for any decisive comparisén [HU 75, page 4905. of partiéuiar
inferest in this context are the measurements of incoherent
scattering, cross-sections by Anand et al. [AN:64]'and
Quivy.[QU:66]. fhe measured incoherent scattering functions
for lead (AN b64] weie about ‘20%, less thén the the;retfcal
valués [CR 69, HU 75] for x_between 5.0 and 870 g—l.'

; .
Quivy's measurement showed that the expgrimen&al incoherent

scattering functions were lower than (+10%) the predicted

~,

~a

5
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o-
values for x 2 10.0 A l. These investigations involved

280-keV [AN Qh] ané 662-XeV [QU 66] gamma rays and large
scattering angles. Iﬁ'the'region of x of our interest
these measurements present only a few data-points.

From the experimental incoherent scatteriné
differential,cross-seétiong the number of‘equivalent "free"
electrons ne were calculated using the relationship givep
by |
do
aﬁ.EXPT
99 19

dQKLEIN—NISIIINA

(8)

»

where the denominator is the differential cross-ééction
per electron calculated on the basis of the Klein~Nishina
formula. .

. The weighted mean values of ne gér different .
momentﬁm'regiéns were compuéed and presented-in Table 5.8 ;
fqr-all éhe_elements of {i:érest‘ If the scattering were
éo follow the klein;Nishin free elcctroh scattering cross-

sections the number oOf ele¢trons would be equal .to the

atomic number 2 of the atoh.. From Table 5,8, iéyfs to be

13
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Average number of equivalent

TABLE 5.8

free electrons ﬁf from experiment

A3

146

Momentum

transferx i

region lead tantalum cadmium copper

. O-1

in A
1,3 - 2.4 45,143.7 49.,2+4.,6 26.6+1.4 20.5:0.7 .
2.6 - 4.7 51.0+0.8 52.3+0.8 34.3+0.8 24,0:0.4
5.0 - 9.9 58:5+1.4 56.4:1.3 37.8+0.5 25.0:0.4
Average _ Y
for all 54,1+1.2 53.9+1.0 34.4+0.8 23.8+0.3

regions

' > e v o— 9
[

~
7
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N
noted that 1e$dT“€aH€alum, cadmium and copper have the

number of weighted mean free-electrons n. less than their

f
atomic numbers, conforming to the general expectation.

Aluminum follows the pure ﬁpton_scattering process in
this region. Also one m;;cjgzé a grgdual increase in Hf
with x for copper, qadmium, éantalum and lead. Comparing
the electron binding energies (cf.'Table 5.75 and the
deduged ne for maximum x in this work, it appears

as though the electrons with binding energies less than
about 2.0 keV participate full?lin the inéoﬁefént scattering.
In this region the ene?gy transferred by the gamma ray.is

of the o;dér of 60 keV. This observation is consistent with
ghe data for allithese elements. Pérhaps; i; a simple

ense, this situation may be answering the questign of how
free are the electrons for.a given energy transfer. Actual
computation of the incoherent scattering cros§~§ebtioﬁs

are more complicated and the comparison of the experimental
data will be made with ﬁhe calculatidns of Cromer [éR 69]

tabulated by Hubbel et al. [HU 75].

The experimental scattering function Ps obtained by
dividing experimental free electrons ne by the)atomic

number of the scatterer. When the scattgring is a pure
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Compton process the incoherent scattering function-is

equal to unity. For the elements under study thé

experimental incoherent scattering functions are plotteé

against the momentum transfer x in Figures 5.16 - 5.19.

The theoretical values are dfawn as continuous curves.

The incident energies are indicated by different symbols

and the uncertaigties by the ver£ical bars. ‘For quanti-

tative comparisoné with the theory, the fatio of £he

experimental to theoretical incocherent scattering functions

were computed. The. weighted means of such ratios werel

obtained for the-angulaf distribution of each'gamﬁa ray

‘with energy from 1408.0 - to 778.9-keV. Similar weighted

means of the ratios were taﬁen for different momentum

transfer régions also. The results are presented iﬂ Table 5.9,

‘For léad and tantqlum the.weighted mean ratios for diffé:ent

momentum transfer regions are about the same within their
. s

uncert&intigs while it was noted that the mean free electrons

were increasing with x. This .indicates that on the average

the trend for the variation of incoherent scattering functien

is similar betwéen the Eheory and experiment; (cf. Figures

5.16, 5.17, 5.20 and 5.21). But, £for cadmium and copper

the mean ratios for x below 2.4 are less than those for larqger

 ———

ey
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6.11-9.9

TABLE 5.9
Weighted Mean Ratids of Experiment
¢ to Theory-Incoherent Scattering
£ Rpp Bra Rea Reu Rag
1408.0 0.85£.01  0.91:.01 0.80+,02 0.88%,02 0.96+.02
1274.2°  0.70%.05 0.79%¢.07 0.76+.03 0.82+.03 0.90£.03
1112.0  0.73+.02 0.82%.06  0.79%.02 - 0.85%,01 1.03:.03
1085.8 0.74%.03 " 0.77%.02 0.79%,02  0.82%,02 1.01£.03
964.0 0.74*.01 0.83+,02 0.83+.03 0.92¢.01 1.01%.03
778.9 0.71%.02 0.86+.01  0.79:.0% 0.88¢.01 0.99+.05 .
.1.06%,04)
l.OOi.Ol;Total
1.06%.05)
Average R
for all  0.75%.01 0.84%,02 0.80£,01 0.87+.01 1.00:.01
points
Aveigge_Raﬁ%g for differentx X-regions = x R
. b . Ta Ca .
1.32-2.38 0.78*.05 1.83-2.38 0.92%.08 1.32-2.38  0,73%.02
2.67-4.69 0.74*.01  2,67-4.69  0.84%.02 2,67-4.69  0.80%.01,
5,05-9.90 0.76+.02 5.05-9.9 0.82+.02 5.05-9.90  0.82%.01
- ! ’ — *
X _RCu | X R
1.32-2.38 0.83*.02 0.41-2.50 °~ 1.04%,02
2.67-5.94 0.87:.01° 2.87-3.99  0.97:.03
0.87:.02 4.07-9.90 0.99:.02 -

PPy

L F o)



154

L]

momentum transfer regions, leading to the observation

that the average shapes of the theorectical and experi-

L]

mental values differ consigerapiy in this region, as
depicted by xhé plots for the ratio of experimental to
theoretical inéoherent scattering functionslagai;st the
momentum transfer through Figuées.5.22 and 5,23,

Another interesting. featiure of the deviation
between the theory and expefiment is the atomic number
dependence., The weighted mean ratios of the angular’
distribution qu each gamﬁa ray energy were plotted against
the atomic number of the scatterer in Figures 5)26 - 5.28.

From these graphs one may observe that the deviation in-

‘creases with the atomic number and for all the energigs the

pattern.of deviation appears to be very similar. So any . .
factor explaining the discrepancy may have a s#rong'
Z-dependence.

" Now the possible causes of the deviations between

the théory and experiment may be éonsidered._ Recently‘there

has been_a series of publications on the effects of multiple
scattering [TA 76]). The scattered photon, after one Compton
scattering may undergo another Rayleigh or Compton scatter-

.

ing, If the second scatterinq'were to add to the intensity

5 e

ke

A
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(scatteriné-in) then the condition that the sum of the
partial scattering angles in both the scatterings must

be equal to the mean scattering angle for the pure single
scattering event. The extra-energy-spréads will then bé
observable too. If the second one is to scatter out of the
observation solid anglé the observed intensity will reduce.
These intensity variations'are a function of the thickness
of the scatterer and the realistic estimates are difficult
to compute ﬁor practical cases. This coulh be exper;mentally
chécked by varying the thicknesses of the scatterér.(ySuch
cLecks were made to ensure éhe linearity of the intensity
after the correctiOn'for”Zttenuation in the scatterer

(cf. Fig: 3.5). Therehwas no evidence for the thicknesses
used in this experiment that the multiple scattering could
be a factor.

The atomic electroﬁs, boun@ to the nucleus as théy
are, have a distributipn'of momenta [DU 33, CO71) and the
initial momentum of the electron introduces- a spread into
the shape of the Compton scattered photon energy spectrum.
This effect will be more important for higher atomic numbers

than low zZ-elements. From the latest momentum distributio;

tabies (BI 75] . it'was found that the loss of intensiéy

A e h e A AR o e e i b %

i

i
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in the background due to'this effect |would be less than
$ and éhis effeq&\would not explain khe discrepancy.
The statistics in this experiment was not good enoﬁgh to
- extract: very small shape-effects due to the momentum
distribution of the bound ‘electrons. ' y
From the'theofetical section on incoherent scatter-
ing, it may be recalled tha£ the formﬁla for the incoherent
scattering function involvéd the form;facﬁor approximation.
aAn analysis of the c¢oherent scéttering showed that fé; these
energies between 778.9 and 1408.0 keV, the correction
adﬁoéated by Brown'eé al. [BR'57] for binding of the electfons
'ip the intermediate stétgs would sufﬁicienély reduce the form-
.,factor'scatﬁeriqg'amplituae.. A.s%milar correction applied
to the inc6herent scattering\fﬁpction might l®ad to.an
exberimentally agreeable result. ?erhaps, this effect ﬁiéht
explain the atomic number dépendence of. the devigtion too
.sincé this correction.involves the Coulomb popential for -

t

“the -atomic electron. " : W

’ . . .
. . .




-2

CHAPTER '6

Sumﬁary .
-
1. Colerent scattering

‘The experiﬁehtal coherent scattering differential
crdss-seceions were‘compared with form-factor based calcu~
lations for iead tantalum, cadmium and copper. -In general
it was found that these theoretlcal values are higher than
the measured cross-sectlons by about 14%. There seems to
be an.explicit dependence of cross sections on the photon
enerqy anu thus suggests a need for a correctlon to 1nclude
this'effect: The data for lead and tantalum have marked
deviations/from the thepry.in the region.of x where L-shell -

. -

amplitudes are expected ‘to be prominent.w While ‘cadmium has

2 low cross-section in e region of K-shell dominance,

copper data display disagreement in a region of x where

L- , K~ and M-shell scattering amplitudes are important.

-

Theoretical calculations of scaftering amplitudes with the

,;ncluszon of electron binding effects 1n the 1ntermed1ate

states might offer a part of the explanatlon. From the
copper data one is lead to conclude that even M-shell

amplitude computatlons can be very 1mportant be31des K- , .
T0-] . '
and L~ amplitudes for x 2°1.0 A l.

-
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2. Incoherent scattering
" The quantitative deviations between theoreticai

and experinental incoherent scattering funetions are
substantial for high-Z elements. The discrepancies are

~ 25% and this fact is strengthened by a iarge nymbef of
data points.’ Anf syetematic errors of that proportion

if existent are not concelvable. The present 1nvest1gatlon,
being ‘perhaps the first systematic measurement of incoherent
scatterlng functlons for small momentum transfers w1th a
hlgh resolution spectnemeter system, will have to be checked
by ineependent measurenments to definiteiy eStaSlish the .

v

behaviour of the-incoherent scattering process.
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