CHAPTER 1

REQBNT DEVEIORENTS IN THE THRORIES 0¥ fHOTON SCATIENING.

101 INTRODIRTION.

The scatiering of photons in matter is divided into two classes:
4) The scattering of photons by atomic electrons.

$1) The scattering of photons by nuclei or £ieldo.

At lover photon euergies, the conitribution of the scatiering by auwelel
or fields is very smoll copared to that by the atomie scattering, vhich
can again be divided into two categories: Inooherent{inslastic ) seattering
and conereat{elastic) scattering, known as atomic Roylelgh scatiering
1102 Inccherent(inslastic) scatiering.

In this ss:é"swring reaction, the incident photon uniergozs a changa'
in both momentun and energy and the state of the seattering atom after
the seatiering is exc:;ted or ionized. The pmees'sa iz incoherent, bLecause
the wavelengths of scatiered vadietion from different eleotrons ave diffe-
vent resulting in no difinite phase x;elation hetween the sgaiterad radias
sion from differezlﬁ eleotrong. The inecherent scattering oross section i
the probability of ccourverce of such em intraction with an electron. If O
is the amplituie for inccherent scattering by the [ $h atomie alectron,
then the probabilily of i&oherenﬁ seattering by the aton of atonic mm=
ber 7 is fl a'LIZ « 'This means that the seattéring eross section fov
the entiye ;tﬁm is not Z timeg the scatitering emsa geotion par elee't:z‘on,'
because OL;'S are different dus to differing binmding of electrons in the
ator. For suﬁ’;lcienﬁly high phoion energies, when the binding energy of
atomic electrond con be neglecied, each seatiering electron can ve consle

derad as {ree, all smplitudes of scatiering mim by the free elecirons ave
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the save 's' and the probability is 2 | a] 2. The value of the incident photon
snargy above which each atomic slectron can ba considered ao free depends on
the angle of scattering and Z. Incoherent scattering of photons by free ele=-
ctrons is knc;wn an Compton scattering. The asaunption of free sleciron is
valid when for scattering st an angle § of photon with energy B =4 Vthe
nomentun transfer to the electron% = 2B/o Sizﬁ 6/2(for V-¥= 0 ) 18 very
lerge compared to the initiel momentuvm of the electron in the atom. Taking
the approximate velus £« me for the momsmtun of & keslectren, this condi-
tion can be writte;} as ?[ w 2k S8in 0/2)) 2= 2/137. Here, 9 ie expressed
in wnits of mo, X is, photon emergy in unit of mcz, the elsctron's rest
snergy, A = € L/‘ﬁ c = 1/137, and AV s the enorgy of the acatiered photon.

The theory of Compton ecatﬁering waa formulated by Klein axd Nishina
(k 29) wsing Dirac's re'iativie‘l:ic- theory of the electron. Iniersetion bEt~
ween a photon and a free electron, in the quantum eleCtrodynamica, involves
an inidtinl state, an intergediete statg and a Linnl state. Homentum and
energy are consexrved between the initial ard finsl etate but in the inter-
mediate ntade, in requirement Vo the theory, only mumentua should be conserved.
During the intsmediéw. state an electron at rest can emit a virtual photon,
| violating the ordinaz'y energy consexvation law, and then can abgorb an inoi-
dent photon. Consequently ‘t‘ﬂe photon scattering process by a fiwe electron
at rest is the sun of two prcceraées(i) the imoident photon 4V is absorbed
by the electron. In the intermediate siate, the electron momentun ig A V/C
and no photon is preseat. The electron emits the photon hv ':m the transie
tion to the final state, (i1) The electron emits the photon 4V In the
internediate state, the eleciron nmomentun is—-'AV/'C and two photém AV ’
and 4V ave preosut. Tae eleetron absorhs AV in transition to the final state.
Thise mbmsenta*z;ion of the seettering oechanism was used to obfain the well-

Imown Kleiﬁ-ﬂielﬁna differentisl cross section per electron for wmpolarized



incident photon besonie
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Here S P[G) = —-—— in cmz/electﬁcn sﬁm&' an of solid angle is the cxose

section for z:cat mmng of ph‘stnms in d2 at em emgle . r=¢€ %czfoma =
282 x 10 13 cn is tha classieal-mﬁim of alecatmna For small incident

photon emprgies and seattering angles, the formula can be written approxi-

mately =
rE !/ + Cos*®
§<—N @) = 7 I + 2k(1+ Cs6) (1.2)
is k-0
, 2
S 6 — —;‘i (: + Co529) = GT(Q)
(1.3)

where 6T (6) iz the dsfferentinl cross seciion FYor Thomson seattering. The
total cross section for Compton seattering byﬁan electron
:/6K-N(9) o = 27T/6K_N(9) gi'n 6 oAb (1.2)
5 ,
valoes of & (6) and 6ror Ware computed and fabulated by Nelms (¥ 53) and
- Bvang (53, 68)s The cross sectlon Yor en atom 18 2 times the crose seetion
for a aingle slectron.

Vien the binding enersgy of the seattering stomic electrons camnoh be
negiected; an ez@ct éal.culation of incoherent scattering cross section
proved very difficult so fave In all approximate theory, the differential
exoss seetion per m;ém ie formulated as

' (1.5)
6(6) = 6. .(.2.5(9,2)

IH0CH,
where the funotion S (‘1; ; 2) Eﬁo be written hereafter simply 5] 1o called
ircoherent seatlering furstion. It repfeasents the probzbility that the atem
be raised to an excited or mmcsad state a9 a rosuli of one of atonic elect-

roNs meeiving a momentun CZ .



Iz "she electron receiving the momentum C& does not make a trangition,
~ then the atom ag a whole absorbs the momentum, and bedause of miatively
iarge atomic mass, the momentum absorbﬁién i means negligible energy absor-
nhion.

For Gigh energy photon interaeting with the loomely bouvnd elecirons in
iow § atome, each atomic eleclzon acts o3 & free and staticnery elsciron and
the incoherent seattering function S approaches iis maximun valus 1.

Ivalwations of S is besed on the expression

S@,2) = Z F. (% 2)[? ‘ " (1.6)

where ﬁ; i3 the gﬁm%seé f’ozm factor to inclule exeimd ptates and defie

ned es

F(3.8) = < )j et Tl o (1)

Here [O> represents the grom‘i state of the aiom, <E [ s an execlied otate

of the atme Tae sum of {1.6) is iaken, excluding the ground state € =0, %o

represents position of the ]the electron velative % the nuleus

meaﬁ a Sun over the excited states and an integral over the continuum states.

The expression for 8 (§,Z ) can be written as

$(4.2) = 5 {[<o;_ge-i?’--’j/*,e><q_;ei?-Tf/*,,»

_|<qu— Jﬁ@k}
{(O’ - 1‘3- J/I |0) _.IF'(‘L- Z)l} (1.8)

z
vhera ( ?,Z) is the common coherent scatiering form factor 0] ) €
. : j

\\

19 /8
/ /@

of the atom. S can be evalunied exacily only for hydrogen atom where ground
Btate wave fuction (o] ie known exactly.
2
S = 1-[F(y,z)l

Fly.z=0 = {1+ %—?}

(1.9)
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vhere B = A /et = 5,29 x 1070

¢ Pohr rodius. Ior all other atoms epproximate
atonic nodels have been used to caloulate 'the ground state wave fwctlons
Thouaa=Yermi (TF) ¥odole
This statistical model,valid for high Z atoms, is based on ireating
the atomic electrons a9 a Famni gas at zero temperature confined to a zegion
by spherically symmetric atomic potential £V (v ) . I# V () does not change
pignificantly over o distance of the crdoy of delivogile wavelsagth of electe
rougy then the magimm kinedie anérgy at any digtence ¥ Irom the nueleus
1s-V{ P } and hensa the deneity of Pernmi zas Is exprecsed ix‘z"v;exmé of potens.
tinl. The poteniisl is evalusted using Poisson's lew. This procedure leeds

0 an equation for potentizl y, i
1 2-
w2 KO = X (%)

d x | (1410)

whore the quontities > aud X ave given by .
Y 2., Y3 ) 7z

vir) = —‘;‘27.—9’)( L r= bx . b= 0-885a/2 :047/2 3{/7}

with the boundry conditionas X(X) =tat AX=0,am X =08t X = oc.
Heisenberg (¥ 31) derived the following expression for § intemms of X and

i
thoe univerpal veriabls U

S(v) = I—O/ (o(-?%)vz-— 0}1{(,};)‘/7__,_ 32} x2dx (1.14)

2
- _a o 4 Simb_ X ax#k
= 322/397:§?73' Tme TA T 3z me %

Sinbp

with X = X s whexe A is the wovelsngth of incddent phodton.
Bowilogue (B 39), Waselor and Yemo (W 39) compuied numrically S valuso,
a8 a fuwticn of U . Thess mlwaé agyee Lairly with those calcuiated from
the analytical expreesion for S obiaired by Mets (2 59) vy integrating

equation {1a11)



Yartree(ll) and Hortres=-Pock(HP) self conpistent field (SCF) models.

Tuo nonreletiviotic Memodel is bosed on the agsumpiion that each
eleetron moves in e central £ield dve to all other clectrons and the
nuelewde Shféédingar equation is solved for each electron in 4t6 owm fleld
and the %a&mlmng wavefune tions made congistent with the potentlals from
which they ave celoulated. The £inal single=pavticle wave functions deter-
nined are teken to give the wave fumniion for .the gground‘ ptadte of the atom
throwzh the antisymmetrized pmdmt

[0y = r [ (1e12)
vhere I’”} denotes the nth eieetmn ptate in the ground etate of the atome

subammtmg (1.12) in (1.8)

$1 [k 2
S(qu)—— T(%I/Z /[211’“>
n=1 S Mn'=i
:’— z - Zzl<iie”'"r"/*“>lz>
gl 1= , '(;1.13)

Fvalvated in the position vepresentations S ¢ %, Z ) becomea,

s{g,,Z)? *2‘1"{3“2/’[(%)/} | (1014

t={

Uy(r) 48 the wove function of the {th electzon in the ground state of the
atinle

’ The HF model tales for the ground state wave function of the ston, &
syoretrived product of single ealeetz-on wave funetlon U; expressed in Blater

Qeterminante



| %(') uz(z)
(,V __1__ : : {1.15)
o = & | '
w(® - e uz(z)
wish Mi(j) = LL;_(;})XE(SJ) | ‘

where X; (S;) is the spin funotion for a single electron. Substituting this

in equaticn(1.8)
P

S(s,? :‘z‘l‘ {Z—Z ’((%) Zé(’"’“* s,) (‘H) (1.16)

i=1 i#j
W fo(q) = fule)e T u o

Pasde caloulations Zox eveluation of § on nonrelativistic HF model have
been done by Preeman (P 59) and Freeman and Watoon (¥ 55). Some other HP
nodel celeulations by Milberg and Srailsford (M 58) for o few low 2 atoms
are aleo aveilable. Zerby et al {2 66) paloulated S values for some 27 .
elenents using the bagic caloulations on Henodel for 3 Ey Jemes and Brindley
(3 31)e TP model hes baen‘wszed by Veigele (V 65)‘%@ calewlate S for a few
elomentbs

Recently Cromer and Momn (O 67) used relativistic SCP EF wave functions
for computation of § for all atcms upto 2 = 94. These wave .fum'tions in nune-
rical form wers celoulated by Wann (M 67). Cromer's S values form a mont |
nomprehensive set o far available. 4

Inoohersnt scatiering foctors from different caloulations.

Caleulations of inoochevens seadtering fectors § using TP model have
some limitationse There ave (i) The effects of atomic shells are smoothed
ous (ii) Neur the nucleus, the model predicts high density of electrons,
regulting in an underestimate of incohmyent sestiering at large momentum
transfere (iii) The electron density near the periphery of the atom does
not decrease rapidly enough resulting in insecweaoy in Se

Ihese limitations hoave been removed in the Hemodel. Une of e drawbeck
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of this nonrelativiatis model 1s that the exchange effect is noi considered
for a gystem of E‘ami particles. I-Eoweverg_ the theory has been odified dn
the H¥ model to toke info asccount exchangs effect by wing e symetrized
produwet of single electron wave functions, although the electron nmotion is
not cowsiaae\md relativistically., This drawbacl has been eliminated in the
aalevhbions ¢f & by Cwmer and lMann who uged nmerical?%giativmtic: wave
fune tions dervived on the HF model. So thwse imohe?rent geatlering faetors
of Cromer amd Mann apﬁmar to be the best becauss of inelusion in the HP
modelkmgeeffect.wﬂ&eh is particwlerly impoptass for bizk 8 atoss
and large momendun transfers,
The total cross section for incoherent seattering ie evaluated by
integrating equation (1.5) over the full solid angle. Thisy. is
~ :
6 swon. = 27/ G (02 S(u2)sn 040D

‘Bawi‘j;%tm (B 51}, Vheelor and Iamb (V 39) mmerdically eomputed § values
using Heisenterg's TF model dexivation of S (4,2)s For 2 = 100 maximum

(‘- -
value of 8 tabulated corresponds to X = 10 A 1

o H model computationg of

5 after James end Frindley have been given by Compton and 4lliscn {(Ce 35}
for X upto about le1 A "7 for a mumber of olsments. The § veswdts on IP
model over the range Ost < ¥ £ 1.1 for scue elements have been given by
Curiens A comparison is given in table 1.1 and sroph (fig.1.1) over the

X range of earlier calculstiongs. SCP HF model calculabions for § heve been
given by Oromer and Man (€ 67, 69) over the range 0 <X £ 61 a~

(0 €9 £  38y.me)
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TABIE 1.1

Samparienn of inccherent meattering factor S ( 9.2 ) from
Ty Hy HF and Cromes zmodele Lor amme selscted elements over
a rane o nomentum twosfor 7r eovresponding 40 01 < x &1

(1 and Hv values are not mrezila‘)la :‘i’or x> 1.1)

6 = 47!‘ (A)x 52’119/7_( ) 8XIO—2(A’)'X(A°—D

%  Method x (a™)
0.1 0.2 0e3 Do Oe5 De6
PR 0e38 057  0.674 0.74 0480 0,839
I Ue33 G55 0470 Ce75 0.78 0483
6
HE 0el7  0e42 0459 0.67 Oe T4 0. 78
Cromer Oe 1T Ded3 0.64 071 0«75 078
o 0.28 0043  0u55 0.62 0e6T 0,72
H 0e22 Co40  0sB4 0465 0.74 0.80
i3
e 0.18 037 0040 OedS Ce55 0.85
Cromer  0s17  0o%1  0ed0 0.50  ©e58 0+65
g 0,30 0e52
n .17  0e38  0u52 0e59 0e66 0.69
29
HF 007  Coi8 a8 0037 C.44 051

Cyromapy 0.0 015 Je8 Os 37 0045 0"51
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TABLE 1.1 (Contd. ) -
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0.81
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076
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79
0.T79

0.89

Ce4

Q.82
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0.93
CeH
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C.86
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The va)..ws of the Aifferential and the total eross sections have been

cemputed by Brown (B 66) using 17 model onleulations of 8 (I 31, B 31, ¥ 39)

Recently Veigele et al (v 71) have com_pw&eri valuss of todnl scatiering eross

gection wing S velues of Cromexr and Mann over o wide vange of momerbun

trenafer corresponding to the X values O £X

D
<81 A

1

*
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Te1e3e¢ Atomic Rayleigh Scattering.

This scattering is elastic, because the state of the atom before
seattering is identical to its state after scattering. The acattering-
electron does not make a transition and so the atom as a whole ebsorbs

e recoll i&mnentmo Ag the maes of the atom 1ls much 1arge$- than the ele=
- ctron nesg, this recoil momentunm absorption weans negligible amount of
energy absorp uion from the iﬂcident photon. Consequently, the scatteved
photon has an energy almost the same as the incident photon.

Under the conditions of elastioc scatiering the wavelensth of the
radiation seattered by ewh elec trcm of the pton ie game and o definite
phaae velaticn betwean the Bcattewd maiauons from different electrons

exists. Thiz means a consiructive iu:&arference between these coherant

radiations. The pﬁ&?ilﬁ,y of hie cohersnt scatiering by the atom is ] '—
‘where Q;is the smplitwle of echerenmt seatioring b;r the th elecmr: =ﬁ:n the
atome Raylelgh soat te ring ia importeat when the sontlering éleetrons can be
taken to be bound in {the aton. For K-ghell elsctrons of an atonm with atomie
number & eoherend soatte\ring is important if the meomentum transler % =
2ksing, <L za o Thie meats, the Rayleigh scattering is eigmifi-

caut at low snergy of incldent p’no“éon cr at suall a"at'terivg arple.

‘Fheo:fetir*all;; Reylaigh scattering hee been treatod hy o rwtho&m
&) Bxzet cawu’inaion of seattering amplitules in the sesond order

perturba tion theorys

In an emct caloulation, there are; mf”ieuli,ms in using bound gtate
wave Lunctiong in the inltial, inﬁemgﬁia‘ba and ﬁml stav:es and othew
considerations that are involvad ‘n tha exact description \9:3 the scaistering
process. S0 far, only a few sncwate caloulations (B 54, B 55, 3 57) by this

nethed have dbeen published.
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b Calculation of scatte:cing crosa gection under the form factor‘approxi-
matiou emi:loyad by Franz (F 35) and Bethe (Be 52).
Uz;der the approximations that- the rIoﬁ.mi:i.;ag on the electrons in the inter-
| mediate state 18 nsgligible and 9 < me for photons of ronvelativietic
enexyy, the differential cross gection fér'the coherent Ruyleigh scatiering

of photons by an atom is weltien as

COH(G) [- 2‘(l+cos"62] !F(z z)}z (1.18)

The f£irst factor is the differential cross ssctlon for Thomson sca-
ttering of the incident radiaticon by & free point clhiarge. The séconﬂ fartoy
gives the probability 4tiat 2 electrong of the atom sbsorb the recoil momen=
tum i without abworbing :my energy from the vhotonus F { §,Z), the fom
raotor, is defined ns 0/ Z e %P/ #/0) in the notation already expla~
ined in the section 1.%eds IFor spherically aymmetric atoms, the gxpression
for fomu factor is r
F(9,2) = /P(r) (q,r?/;#rzdr 4 (119)
where C(r) is the demoity of eloctrons at 7° « The efiect of charge dige
$ribution in the atom on the el&stie. soattering by & point charge is axp-.
| xeosed through the form factor-part of the cross sectlon formuls.

The form factor P (9,7 ) has been calouiated using 9F, I and HFS models.
The HP model has been modified by including Slater'e approximate emehange
| rotential and the model is hnown es HES model.

In the TF podel the charge density is given by ‘
47rb5[X (x)/’f] /2 | - (1.20)
in e notation sleeady explained in the sestion T.1.2. Using a new varisble
U glven by

w = by/h = (/N5 P2

the form factor Ty squation (1 19), becomes

30, '
F= '—/X '/(z) sim (ux)olx (1.21)
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Pranz(P* 35, 36) has nade an analysis of the abuw scattering function aund
obtained wnder norrelativietic epproximation g((m the following reould

(11 50) for the Rayleigh differential cross secticn per atom for angles

greater tha e charasterietic angls O

8 73x/0 z
a(® = "3, (k) (’* cos™g) em®/sr (e22)
with B, = 2 Sim” [0.0262/3/kj

Tor engles 0< 0 Debye's (D 30) eelewlations show that the scattering erces
' section io propertional to 2% and independents of erergle

e H model calewlations of F (9,7) in the rane O €9  <0u5 mo
were carried out by Nelme and Oppenheim (¥ 55) using electron charge diste
ribution couputed froum the SCF Hartree wave functionse A

Hermen and Skilman (H 63) caloulated wave functions for all elements
upto 2 = 103 using the SCP Hartree~Fock-Slater (HES) method, in which
Siater-approximation (S51) i1s made to eliminate the difficult calsulaw
“tion of exchenge potentials. The HF model formfa factors for X from O to
19 2"1 for some elsments have been tabulated by Ibers (I 62)e

A1l these models are nonvelativistico Idbermmmn et al (L 65) have
nade 8 relativistic Divec=Slater (5S) caleulation, for all elements using
Slater's method. Cromer and Veber {(C 64, 065, C68) have computed DS form

/

Paotors for all elenents for a Ierser ranse of momnentur $ransfers, corre-

0 o
gponding to the valus of the varisble X in the venge 0 £ X 2 A i

( 0L g \<0'(?36'm6) Viegele et al (V ‘?1) have obtained the average cohersnt

non- re7 ahvastic
Rayleizh aca‘t;t»rz.ng cress segtion uaing the Cromer’ 8, F values by nwmerdeally
over the ranpe of sin®/x  © <X <81 A by numerically

_evalmting the intsgral

12 R 255 sinfde
— 72_/ /+Cos 9) F[%Z)/ 2m Sin (1-25)

cou R
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e form factors hosed on honrelativistic HFES model have boen evaluaied
by Hareon et el (¥m 64 ). Storm and Terael (St 67) have uced these HPS form

factors to evalvate the integral for O for all elements. Fvaluavions

oH-R
of Qou;k baséd on TF model have been given b:f Yhite-Crodetein (¥ 57 )&
and Dé‘w}iéson (D 65)¢ Form factors have aleo been predioted in taking into
account the emhange effect in the T model. This is Thomag-Fermi=Dirac
model ('I‘F:D) and 4t overestimates the fomm Pastor for small g viaens Gom~
pa:ch with Hy, HF¥S and DS foxrm factors The differencss betwsen the Hy HPS
and is form factors (and henee the differential oross sections) inorease with

mncreasein %o For low 2 ( 7 £ 90) the Gifferewnce between HFS and DS form faotors
is negligitles A comparison 1?31&(!9 in tabls 1.2 emong various form factors

for some gelscisd aluments.
PARLE 1. 2
Gump@.r‘*enn 62 foxn fuetors F i%Z) from TF, TED, BP and DS models

Aor aone selected elenments over a yange of momentium transfer 9,

sorregpording to 01 L X 1.5 (17, TFD and HP form Pfactors ave uotd
. 0 '

available for X > 1.5 A ~')e

Q&-;ﬁ-—»muﬂuo—“mm-u--a-”a»-a-mm-..—»““uﬂoummmu—ﬂm--’—-.ﬂ.—u

20
Z2  Hethod - x{a™)

Ol o2 Gud  0u6 0.8 140 1.2 1.5

FD 26454 22.21 15,98 12,07 9ed9  Te70 6440 - 5402
29 WP 27.19 23,63 16448 11444 8461  To15 6425 5425
' DS 27408 23.54 16448 11,46 B.61  Te12 5026

TFD 435065 3Te57 28416 21485  17.52 14e42 12,12 9.64
47 HP 43,88 37468 27.17 2137  17.95  15.156  12.62
DS 43493 38074 27.57 21.44 17493 15:16 St 9448
P 75 66 %0 41 33 . 28
TED  75.31 66466 52006 41,58 34,06 28450
HP T5e48 6%a14 52.65 42431 34464 28459
D8 75480 67e90 5289 4237 34477 28461

€0
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Bethe (3/\’}52) calculated K-phell form factor F, using Dirac K=ghell
wave Tunction.levinger (i- 52_) obsained relativiedic corrections o E‘k in
the near velativistic changs of momentum yegion ( g &me )s The caloula-
tion for Teshell for 9> mc made by Browm and Woodward (B 52) and by
Rohrlich and Rasanzwleig (r 5é ) gave a I=shell contribution about one
eighth of E-shell contribution. The corzeet amplitude of Rayleigh BCa=
t;tering is eomplex. The imaginery of absorptive part was found by Creife
inger et al (G 52) to be about three-fifth as large as the veal or dispersive
pardy if electron binding in the inteymedisote siate is neglected. The ima=-

inapy pard hes been negilecied in the fowxm fLactor caleulabion.

A3 already mentioﬁéd, Brown ot al (B 52=57) hove developed en exach
nethod of calculating Rayleigh seabiering smplitides taking slectron bind-
ing in she internedliate state and meking no norvelativistic approxinations
Tey have caloulated by this method only the K-shell smplitules for merewry.
at photon energies Ce32, 0.64, 126 and 2.56 mcga Those caleulations wing

.f

i n s
agiroular polarization states gave to Keshell saplituwies Q ; f ad A, |

The anplitides a:,,c called ron-apin-£ilp amplitule, wwmpregents the scae
tiering when ithe cutgoing photon has the same polavigetion as the incoming

photone ¥hen the polarizations are different, the goplitude is called splin=-

£14p amplitudie a;f

o 1% has been wvhown thet real psrt of the Eeshell anpe
1Hitude aR , cen be very wall approxinated Uy

COES RAGL

R,K (1024)

. ’ nsf
when E_ ie R-shell fom factor caleulated by Dethe. For A« however a

modified form factor P, is used for onloulation using the form

gy =T [;,(ﬁ Cose)/g . (1025)

F'k may be caleulaited from the nodified form faotor expression
P T

41462 iy - feepe’ e s (129
¥ 3 i : £+ V(7) Friporsity IO,
2 001978 Uripars'h

el
Cme ot Mo

Kaja Ramimnohanpus.,
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wheve ¥ is the total energy of the scatiering elsctron and V= Zez/ L
The veletions (1.24) and (1.25) form the basis for ealculatiocn of K-shell
, amplimea for other elements at slightly diffevent emergics uwing the cale
culnied amplitudes ‘:‘.’of merveury at the gpeciflied energles. The ILe-shall ampe
lituieo ave eotiusted wping the caleulnted K-shell and Yeshell forp factors
and ssswaing that

nsf
raﬂ,L

nsf
* aﬁ,K

e

(1,2’?}

sf
R,L

cf =
' Tak,k Fy
Tohe contribution to the eross section from the imaginery amplitudes becomes

g

w7

{1.28)

important above 2 HsV, Thege,velated t0 an absorptive process (photeelsetric
effect) in the K-shell, have been obtained naturally from calculations at

1651 MoV and can be extrapoled o other olensnis and encrgies.

Ta%e4. Delbriok seattering and mucleor elastic soatiering

Tnteraction of photons with the atonic nucleus resultd in & few more
elastic scatiering processes. These are the nwlsaey Thomson scatmriwg,
Dalbruck seattering nud le@ér regonomee scatiering. Above gbout 1 lieV,
nuelear Thomson scafst@rmé and Delbrick poattering can be ‘mpﬁr‘mnt ab
seattering engles where atomic Rayleigh sea%éring iz conwiderably reduced.

Delbrick scatteringi- The scattering of photons by the sirong elsctric
atatic field such s the coulomb £ield of atomic nuelei is known as Delbrivk
{D 33) ceattering. The seattering is elsptic i¥ the incidens photon energy
is very small compared with the weed energy of the nueleus so that the
nuclear recoil ig negligible. The acéﬁ%eri% ig decpribed as coouring
through the production of an eleatmu-pusit&n paiy in the static elegtrie
f£ield amd subsequent amihiletion enditiing e photon of *the‘ sene energy as

the incident photon. The seetioring saplitude is complex consigting of the
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real or dispersiive part_,,.aD and the imaginary or the absorptive pard l-aD,.

The theorstical calculations of forsard Delbrixk escatiering carried cut by
Rohrlich and Glucketern (R 52) lead to the following expressions for iAp
and @, in the 1imit of low and high photon energy

2 |
ap(E)‘ =7 32( 2% (= 2) o B e (%429)

7 2 E 2
w0p(0) = 5 (A2) 1 () for Eme
v {1.30)
The ezpression (1.29) is a {:,ooci approximation for energy clides to 2 0%,
The imaginery part ; Q, which hes the saue threshold (2 me” ) as the

pair production is

. 7 |
3 aD = 5[2‘] (O( 2)273(—5 —-2) ' for E-2mc & mc? |

{1e31)
The high erergy limit of ; U, is
| 7, 2 E ame* 109 P
i Ay = §—7-r(d Z) B %L(Z” m 42 for EDp2me (1.32)

For amell angles, other calcwlations inelude those by Toll (2 52) amd
the apyroximate results only for high ezie:gies given by Beihe and Rohvlich ;
(Be 52). The imaginary part of ithe emplitude haé been calculeted by ¥esoler
(X 58) and these resulte have been used by Zernik (2 60) to cbtain the nume~
rieal velues of ; A, at 2.62 and 6 14 eV at variouws seat oev'ing anzles.
Ehloteky end Sheppay (E 64) have given nuxerical calculstions in the .emrgy
range 1 NeV to 20 #eV for angles 0% - 120° {or the re.al and imaginmyv parts
of Delbriek amplitude using Kessler's calcula*icn ard 2 gimple fixed angle
disperaion relation. Saxmilov (Sa 65) haa glven an appruximaue caleulation
for high energies and large scattering angles. In the ecumon range of
. eneTgy, Sannikov's results are in sericus disagveement with these ef \
Ehlotzky and Sheppey. Eftimiu and Verjoih (Ef 60) hzwe gien an expre:awwn

foyr the differential eross gection for ensrgy near 1 HeVe Saveral feaﬁmﬂea

7
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of Telbriick seat ttering 86 revealed ﬁ‘mm the ealculatiorsa done so fay are -
..as follgwe:(i). In the fowaxﬂ scatfiering, the real part of the smplitude

is &Gmiﬁaﬁ"a compaved to the ima@.nargr pavrt vot only below threshold (2 me=)

where ; A, vanishes also above ﬂmsﬁ@lﬁ upto aboub 10 IgIe?‘. Abmre 10 V=¥,

i @, ie dosinant at_an_miae,( 2i ). The dispersive part of the crogs-

section falls @fF with 6 muwh faster than the absorptive part Quen £ me?

and 60 4 -'2_’—"'2 o A% lover ensrgiss, thﬂ variation of the &iﬂmréive part with

@ is 1ess rapid { iit ) The xeal part of the Delbruck amplitme} at zero
angle m been shown to be out of phaaa with the veal Baylsigh smplituie.
Since th@ mphtwies aﬂ_ vanmh at zem angles, this phase relaflon in
spplicable to amplitudes d sronlyoiﬂ?gr segatiering at;aﬁmr angles, the phase |
relation batween the Rayleigh amd ;Daibrﬂci: a;aplitzﬁe’s are not fixed exactly
in the calevlations so far mpoﬂ;ea. | »
Suelear Thomson scatiering:- &tamic Rayleigh and i?elbrwk: seattering ogour
coherently with mxclaax' Thomson sca%termg. The dafferertial cross seetion
for nuslear Thomson scotiering is ‘obtaimd shen 7 (= S ) in equation

(3.3) ie vepleced by the classical m:slear ra&im E = 8% (mM)” o

N T () = 5 Ro(’+COS 6) 2 39x10 -——E z(w(osfe)'con"/sr

‘l’iie eross-seetion 1s independent of emrgy and the écaﬁteriu@ shows up at
large angles for ensygies at which Rayleigh scatter..ng amplitlee is snalle
' Hhweleor Besonance acattering:-' Xn the K@V emrg:; :can”e, r:hen the photon
emry cormapanis to ons of the nueluar resumnece lavels, the nweliear
'leval iz excited and subaaqmnmy degxc:l.,tad mamit#;ng the whole photon

erergy. Simce the condition for z'esaz%ancé éxci%gﬁiox}. is aifricult to obtain,

this resopaut seattering is 'mg.lﬁ;gg'ibié' un&ér'ﬁze émmﬁon’ écatﬁering expaz'imwnw. '

The nuClesr TELONANCS scat‘cem :ln the casa mmn "shq Ansident rhwdon
energy is far from ”*eaomnce haa been imsti &b@d by I.evim*er {1 5% ). It
has been shown that the ccrmspcndine, nmlear msmame ampli tude is ammll,

at least upto 2.80 ¥V ecmpamd 1o *tha‘t: for nucl ear Thcmson scattemng.
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Tree nonrésommt z;las-tic seatieving 'p;ﬂocesr:;% wnich take plece cohe~
rently give rise either %o eem%rm%;iﬁf@ or des%srmt:‘gj;e interference depeni-
ing on the velstive phases smong thelr smplitudes. For ezeh of these proce-
ssez we have twe amplitules OLM{ ard a‘f. Soy the jotal differential cross
section separates out into fwe Pards, 'corxg»_spam‘:ing 10 nonegpin=~£lip and
spin=£3ip anplitude.

Since Royledgh and Delbrick aupllitudes gre conplex, sc there are fouvr
gnplitudes for each of these wo sczi*’a‘terim; progesseg. Thio means thalk
ther¢ are ssveral z:«ssséi‘bili'tiea involving relative phases and nagniituiss of
the various smplitudes. The magnitudes ofx these anplitudes and the relative
phases awmong them must be known for calcuwlation of the total differential

coheyent scatitering oxoss &aﬁ'&ion{ .
i ns 2 N 2
B (0 = £ {14724 147F)

where, for all the thyee procemses dekten togethsr

R D

A= g (a:”f+ a a"s’[)

AT = (o o s ot
The 1sbdds T, R and D fefer to nuclear, Tomson, Rayleigh and Delbriick
éca’cteringo

It seems that afe an exergy and scabttering angle where all the three
asplitudes Q. o QA aid A, are of gomparable magnitules, an exsct know=
ledge of the relative phases associsted with all the saplitudes and of the
magoituwles of Rayleign znd ﬁhem;sen scatiering anplitules is nécessary 1o
interpret the e xperimsntal cohsrent scatﬁez-ing datae.

Te1e50 CGonclusion.

In the swmary glven ghove, we have not giveo the detalled deseripiions
of different calculations on scattering of photous. We have atlempisd only
to indicate (i) that the theoretica 1 calevlation of Cromer for the whole
atom incoherent seatltering fusntion seems 40 be adeqguate untll sdditlional

shell-wise calculations of incoherent scatiering function ave available,
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(11) The relativistic ealculation of atomic form fastor has been improved
uging the IS gt model. These form fectors now provide the moest compre~
henaive set so fad évailebie for caleviation g% crogs gections in the
photon emrgy range where effects of other coherent procasses ave oegli-
gible. An exact shellwise calculation of Rayleigh scatitering suplitule
has been svailsble only for E-phell of mercury at a few gpecified photon
energicse In absence of an accurate knowledge of E=ghell and hipgher
ghell amplitudes for lowey and higher Z atoms at varicus arbitrary
photon energics the theoreitical shapes of angulay distvibulion is nod
predicted exactly. (iii) The coleuiation on Delbrick scattering process
appears to be inadequate o far a8 the euzsct angulor distribuition of
ddspersive Delbrick scattering at lower photon ensrgics are cpmerm&a
S unceriainty exiots in fixing the relative phaseé anong the ampli-
tudes of Rayleigh and Thomson scattering on the oue hand ead the Delbrick
scattering on the other which tomether delfsxnine the 2iual shape of the

angular distribution of ccherent scatitering.





