
1 e 1., IW.MODUOT!Oll., 

The scat·teri:n,g of photons in matter ia divided into two olaaees: 

1) The scattering of photons by atomic electrons. 

ii) ?.be scat·tering of photons by nwlei or fierldeo 

At lower photon energies, the> oontribu·tion of the scat·tering by noolei 

or fields is Vl!:cy small COI:ilpat>ed to that by tbe atomic ecr:~.ttering, 'J'Jhioh 

can again be divided into tr";o cetegoriea: Imohe:rent(inelastic) scat;t~ring 

emd ooheront(ela.stio) sce.tter.ing, known as a:tomic ~leigh ooa·!;tering. 

1.1., 2. Imoherent(inelaetio) sct\tter-ing. 

!n this scattering reaction, t!1e iwictmlt P:11oton 'Ulldergoee a c}->~1:1 

1n both m.omeutm a."ld e%Jergy am the state of the soatterine atan after 

th(! scattering is excited or ionized. The processa: is incoherexr'iit because 

:t'\!lnt resulting in no difini te phase !>elation ~tween the aoatterad radia-

tion from different eleotror.ll;:l .. 1.!lw :il~oherent aoatt~ring cross section ie 

is the amplitude for incoherent scattering by tl:~a 
0 

l :tb atomic electron, 

then the p:.robabili ty of incohel:'en·t scattering by ·ths a.toro. of atomic mw-
7: 

ber Z is L I a.·t/ 2. • '1'nis meane that the soa.tteri.."lg cross section £or 
i 

•fue entire atom is not Z times the soatte~r.ing cross secti.on p"r eleo·tron, 
, 

because a i s are different due to differing binding o! electrons in t.~e 

atomic electrorw can be neglected, each scattering electron Cat"'l be cons1-

ue:red as free, all amplitudes of eoattering dPA by the free electrom 81""8 
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the saute· 'a' and the probability io Z I a I 2• 'l.be value ot the inoident photon 

emrror above which eac}l atomic electro11 can be ooneide1"Cd ae free depends on 

t..lte angle of aoatter1ng, and z. Ix:coherent scattering of photons by :free ele-

ctrona is knovm as Compton scattering .. 'JlU!l asaunption of free electron is 

valid when tor seattering at an migle (] of photon w1 th energy E a/, Vthe 

momentw transfer to the electron Cfr = 2E/c Sin e /2(tor V- )I;::: 0 ) is very 

large ooopaxed to ·the initial. momentum ot ·tm electron in t;h~ atom. Taking 

the approximate value Z oe roo f'or the mo-.11emturo. of a, k-electron, this condi­

tion can be \'lri"iite:u as Cfr = 2k Sin. B/2 )/ ZCX= Z/137. Here, 9;- is expressed 

in unita of roo, lo: is, phot.on.etlergr in unit of mc2
, the electron's rest 

energy, c< = ejl;c = 1/137, llnd -hvia the enorgy o:r the E!Oa.tte~d photon. 

The theory of Compton scattering \J'fa3 fomulated by Klein. a.oo Nishina 

(K 29) 'lli')ilig Dime •s :relativis·t:l.o- ·theory of the electl"on. 1nteract:ton ~t­

w~en a photon &ld a_ f~e electron, in the quantun electrodynamic:e, involves 

an initial state, au intenuediate state a"<ld a. :fi .. nal state. Momentun and 

ener~' are conserved between the initial ani :final state but in the inter-

During the intermediate. state an electron at r®e·t can emit a \'irtual ·photon, 

violn.ting the or-dinD.?y e~:rgy constn"Tat:ton lo.w~ and then can absorb an imi-

dent photon. Consequently the photon scattering prooees by a fre~ electron 

at re~t :i.e the Sl.ml of two proce!ilSes(i) the iooident phOton -1, lJ is a!)aorbed 

. by the electron. In -the in:temediate state, the .electror~ IliOOtt!lntun ie -A 11/c 
sud r10 photorl :i.s ·present. The e!lectron em to the photon ~I) 11n t111! tran!si­

tion to the final state, (ii) The electron emits the photon J, v'. In the 
I . I 

in'tiel'm9dia·te state, the electron momentw ia--liljc arld two photons 4..v 

and -hI) are Pl'eSe~lt• 'lb.~ electrm1 abr.mrha lt J) in tmnei tj.on to the fil1al otate. 

9:bie representation of t.ha ooatteri:og ~ehan.1.am \"Va.'tl used to obtain the well-

known Klein-lfiehina d1:t:fereut1ul cross section per electron :for unpoler:Lzed 



6 (0) = rc,2. I + Cos2 (} (1 -t 
K-N. 2 [l+k{l-(os8)]2 

( 1.1) 

ol6 2 
Here 6"_je) = dJ2 1n em /~leotron at:ra4ian o:f aolld angle is the cross 

aootton for scattering of photons in d..fl at an 'angl~ f)~ ~::: erc2/om2 
13 

' ..;1 ' - ' 
2.82 x 10 ' em :i.e the classical radius of eleotronca For em:a.ll imident 

6 (o) 
~N 

-rol. I + Cos'L() -
2 1 + 2k{t-+ Cose) 

(1.3) 

where 67 (e) is the di:f':ferential erose section for ~1oruson scattering• :rhe 

total croes section for Compton scattering by an electron 
1f' 

6 == ]6 (e) o£_a_· == 2 njo (e) Si'h 8 de 
TOT 1::-N k-N (1.4) 

0 

values of 6"_N(e) aud 6ToT were computed ru.vl tabulated by 1\lel.ms (N 53) end 

wruia (561 69 )o T'M cross section for an atcm ie Z t:i.roo~ the cro.es sec·~ion 

proved very difficult so :few., !n all approxi.~te theory~ the difi'erentiel 

croes eec'bion per atom ie fomulated as 

6 (e) = 6 (e).t:.S(q,,2) 
K-N -

INOOH. 

s ('1! l) - ) 
~0 be written hereafter . aimpl;( sJ 1e called 

imoherent scattering function .. :tt repreaente the probability that the atom 

be raised to an excited or ioniaod state as a resl,Ut of ont~ 'of stomic elect-

rona receiving a momemtm 1, • 
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It tr~.e elec~n receiving tha momentun 9r does not m.akeJ a transi t:i.on, 

then the atom as a whole absorbs the momantun, ani because of ~latively . 

large atomic mass, the momen·flool absorbtion Cft. means nl!!!gligible emr€J abaor-

ption~ 

'f"or high. emrg:; photon interacting with the loor~ely botUlii eleotrooo in 

the it'lCOhe:rent soa:ttel"ing funrJtion $ aptJrOOChes i tB mmtimu.n Value 1. 

Evaluation:~ of S is be..aed on the expression 

S(cr}z) · -f E It; (:/r,&)/ 2 (1~6) 
E)O 

::f.o the g6ne!'Ul.ised .form fetOto:r to incl'liie e,-roi ted states w.d de:ti-

ned aa 

(1.7) 

< f J , an excited stat.e 

and 'Yj :rep:reeente poai tion of the 

of the a tan, Th.<S aU!l ot ( 1.6) is taken, e.2'1:!l1lling the groiln.d state t =01 to 

mean a eun over the excited states and an integral over the continuum eta:tes. 

l!xpress:ton :for s { ~ J l ) oan be wri ttf.ln ae 

S'('}J) == -f (.£ (of{e_;piftfE><EI{eif.r;/tJo) 

- / (ol f ei j.!;/1;/ o) I} 

{ 

i 9r· r.-f/.12 == ~ zolf f e- _J . /o) -IF ( '¥' l) I} (1.8) 

F( ) ? i 9r·1'/lr 
vtllere . ~) l is the common coherent scattering fom :fac·tor <of~ e - -J 19) 

. J 

of the atom~~ S can be evalU9.ted exactly only for 1-zydl.'O@!n a:tom whe.re ground 

state wave function (of :i.e known exactly. 

3 1-(F'(q,,l=l)/2 

F ('If, z,,) = { I + ~'f-r2 
('i.g) 
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~ . 2 -9 
.. where a = ./-,'"/me = 5.29 x 10 9 P.ohr ra.diua. llbr all other atoms approxit'il?ite 

atomic iilOdels haw been used to calculate the ground state wave :euric·tione 

by spherically eymL'l:etr1c atomic potential :4-.V ( 'r') • l:t V (.,. ) dofJe not ollange 

r;:~~w, tlwn thn mxid.mw kira~tic en~r15y at &\Y i.'iie~e l'- irOIU the nUCtleua 

is-V{ ,. ) and heoo-a the denai ty of l?ez;mi. g~ ia ~:r..preased i.nte:xms of poteJn ... 

( 1.10) 

whc.tre 'Ghe (j,t&'!t}ti tiua -x !\i.-'10. :X tare giV®:; by 

V(Y' i = 2 e2.X -r ::=. b x; b ::::: o .885 ajz'l3::::. o·47jr •t;, ( AJ 
.,. J 

with ihe boundry oonditionss X(x) = 1 at ?C !'!~ 0~ &rxl .X Cll o at :x = liXJ. 

F.~ise:nberg (H 31) d:!l":!;rnt\ the folloWing expression for S i~~C!Ima of X and 
i 

'Xo . I-/ ( (~)"''- ~r { (~f-t :} x2dx S(l>) == 

si-n B/2.~ ~ LJ7f 4i X 
fi_ 3 l 2/3 t»~C 

Si'h Oh 
:;.... $ whenl A ia tha Wl!!."~length o'f incident photono 

the rulal.ytieal expression for S obtai.rwd by ;M.et.z (:!J 59) by inte,f;re.ti17.g 

equation (1Q11). 

(1.11) 



!fartree(i:I) m1U 1!Q.rtree-Fock(!IF) self conaiat,ent field (OOF) modele. 

~l~otron mmi'ea iu a. oe:ut:ml field dw ·to all other electrons and the 

s.nd the reeul t:l.ng 'O'#.Wctiunc ·tiona made cona1stt!:nt \Vi th the potentials from. 

whiCh they a.:re aaloulatedo b final single-particle wave tuootio!l$ deter­

mimd are taken to give the w~ve f1..lw ·tion for the ground etate o:t the atom 

th.'l?OWJl ·the ant:tsy:til!OOtrized product 
r:· 

I o) Tr /'YI) (1o12) 
"11 =I 

where /"~'~) denot;ea ~ 11. tl1 electron et;a.tu in ·thil!' gro'l..m.<l eta.te of' the atan. 

Subeti tu·t:ln8 ( 1. 12) in ( 1.8) 

s ( 'V) = ~ { .. ~ <:.,/, f e' Hi /"r!, I"''> 

/ .. ~ (.,tf ei H';/~~t /1'<'~ 

= + {z -1/ <'I e; <t-·_r.f>tfl>J'\ 
z: t==-1 J 

Evaluated in 'iile position repreee:ntat1on9 S ( 9r, l ) hecomee, 

s <}.l > "' -i-{ z- t, I fd<t>t) 
wlw:re /i ( Cfr ) c j u; ( y) e i 9!-·T j:/Ji Ui (!') ol3 Y' 



.lfo 
I --JZi 

with 

where 

7 

-u.r{&) ... 

u;.(~) :X.i(6i) 

(1.15) 

( 1.16) 

:Basic oalculat~.ons for evalua:t.ion of S on nonrelatiVistic !ill modell"mve 

been dozw by Ji'r.eeman (F 59) and Freeman ancl Watson (F 59). Some other IiF 

model caloula.tions by Milberg and Brailsford (!.1 58) fo'!:.~ a few low Z atoms 

are aleo a~,ilebl~. Zerby' et al (Z 66) calculated S valws for oome 21 

elements using the basic oalcula·tiona ·on H-mooel for S by James and D.rindley 

(J 31 ). TF mode;l has baen usetl by Veigele (V 65) to cal.en.ilJl·te S tor a filii 

elementeo 

Reoentl\f Cromer m:tii Mann (0 6'7) used relativistic SCF HF wave fl.rootim.'lS 

£or computation of s for all atoms upto Z = 94• ~eae wave t'~tions :in :llme~ 

rioal form were calculated by rJimm. (M: 67 ). Cromer's S valtes fom a most 

oampr~hcnsive set so far availableo 

:Ur.oheren:t soattering tactora tram different caloule.tiona. 

Oalcrulations of inoohere::lt scattering too·ool'B S using TF model 11ave 

noLle l.ilil1 to.tiona. 'lhere are (i) The ettecte of atomic shells are smoothed 

out (ii) Nel::.tt' the nuol!Dua 11 the model predicts high density of' e]!)ctTOfi..St 

1"eSul til:DS in an underest:tm.ate of incoherent scattor:tng at large momentun 

transfer" (iii.) Tht! electron denei ty near the peripher-; .of the atom does 

-
not dec:rease rapidly enough resul·t:tl'~ in inaaeuracy in a. 

'll!ese litni tatione have been remOYed in the H-n1odelo One of ·~1e drawbaclt 
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for a ayatem o:r Fe~rm1 particles. Uowevero the theor.t has been modified in 

the P.F model to teke into account exc}'l...a.nge effect by uaing a sy.mmetrim~:Jd 

prodtct of si~1gle electron wave 'funotione., alt.'l-tougb ·the electron motion is 

no't comid~:red :relntivisti~all.y. This drawback has been eliminated in the 
· non-

oalc~ionB bl S by C~er ena Maxu1 who used numerioalAralativistic wave 

funatione derived on ti't..e HF model. So t'hese :iooohert')nt scattering. factors 

of Cromer nul Mann appear to bG ·t]1e beet because Of imlusion in the HF 
comp1e+e ex<h &nge 

model,.re:Wtiyi·ty ef±'ect.~ is pa:--t-10-u~ important ~ ~ Z ateae 

and~t<ro~~. 

'.l'he total crotit~ st:ction for incoherent scattering is evaluated by 

7f 

6 · == 27i)6 (&).z S(9;;z)sinBd..e 
nmon. K-N 

(1.17) 

0 

Bewi~ua (ll 31 ), \'/heeler and !.amb (W 39) nune:r·ically computed S values 
' 

usiP..g !-fuiefmber.g's TF mooel derivation of S ( q_,,l ). Fo~ Z = 100 maxirnun 

I' -1 
value of s tabule:~cd correa1:~ond.s to X = 10 A o R model computatim:w of 

S after Jam~a and i:lrin:'lley have heen g-.lvun by Co.mp·ton a11d Allison (Co 3~) 
c -1 . 

for :X: upto auout 1.1 A for a nunber of elements. 'l1he S reeuihts on HF 

model over th~ ra!'lge 0.1 ~ X ~ 1.1 tor acme elements have been given by 

<hri"iena A comparison is given in table 1.1 and. graph {:fig.1.1 ) owr the 

X ra..~ of earlier on.lcul.a:tim:m. SCF !lF mcdel calculations for S ha:ve bt~~n 

) 
0 -1 

given by Cremer [md ~!';en (C 67, 69, over the range~ 0 .f. X ~ 81 A 

(o ~ 'fr ~ · 3 .. 89 ·:rn.c) 
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TABLE 1.1 

TF, H, HF nnd Cromel~ w..:Jdele for eome eel.eoted elements over 

~ l~Mgd o:: m()mentYil ·tra:;:!S:f'e:r Cfr correaponding to 0.1 ~ X ~ 1 "1 

(n ti!l.d Hli V"""dlu.ea a:<e not I.!\W.t.11ahl9 for X > 1o 'I) 

. 'I;=: 47T·:c (A)x s;Bh{fl-1) = 4·Bxio-2(A).X{A-~ 

o.'1 0.6 

...__- -- ... __ ... ____ .......... __ ....,.._ ____ .._. --- .......... _. ...... -- ------- ..... 

TP o.;;a 0.57 0.674 0.74 o.ao Oo839 

n o.;;;5 0.55 0.70 0.75 0.78 0.83 
6 

HF 0.17 0.42 0.59 0.67 0.74 0.78. 

Cromer 0.17 Oe43 0 .. 64 Oo71 Oe75 0.78 

TF 0 .. 28 Oo43 0.53 0.62 0.67 Oo72 

H 0.22 0 .. 40 0.54 0.6~ o. 14.- o.ao 
13 

llF 0.18 0.31 Oo40 Oe49 0.56 o.~; 

Cromer 0.17 o.~1 0.40 Oc.50 o.ss o.6; 

TF o.;,o 0.52 

n 0.17 0.38 0.52 0.59 0,66 0 .. 69 
29 

HF 0.01 0 .. 18 0.28 Oo;$7 0.44 0.51 

Cromer o .. oo Oo19 Oo29 o .. :;s7 Oo45 o .. ;1 



10 

---------------------------' --~~~~-~-~~~ 

Z .Method X (A-1) 

0.7 o.a 1.0 

~~~~~~~~~~-~~~~~-~~~-~~~-~~~-~~~ . _..,..._. ......... ..__ 

TP o.ea 0.909 0.929 

H 0.87 0.90 0.93 

FF 0.81 0-.87 0.91 

Cromer 0 .. 81 0.87 o.ag 

~' 0.76 Oc82 o.U4 

H. Oe83 o.a7 0.89 
13 

HF 0.71 Oo79 0.84 

Cromer Oo71 Oo79 o.a2 

TF 0<)'12 

Il Oe76 0.79 Oea6 

29 
HF Ot.57 0.66 o.12 

Cromer. Oo57 Oe66 0.69 

-----------------------~---------------
The val.~s of the cliffE>:rential and the total erose sections have been 

computed by ·Brown (33 66) using TP model calculations of S (U ;11, B 31, W 39 }. 

Recently Veigele et al (V 71) h&va oot'lput~d ve.luea of total ac:.att~ring crooa 

eectiol'l using S values of Cromor and Ma .. "'ln OV!!:r a wide range of momentun 
., Q - 1 

trallefer corrf!apondiug to the X values 0 ~ X ~ 81 A • 
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1.1.3. Atomic Rayleigh Scatter1ng. 

This acatterlng is eleatic, because the! state of the atom before 

scattering is iden·tical to its state after scattering. The scattering 

eleot:oon doea no-t make a transition and so the atom as a whole absorbs 

the recoil mmaentuno Aa the maas of the atom ia much larger than the ele-

c·tron mass, this recoil mornentun absorp·tion means negllgi:Ole amount of 

energy absorption from the incident photon. Consequ:.mtly, the scat-tered 

photon hae an energy almost ·the same as the inc:i.den·t photon. 

Under the conditions of elastic scattering the \~velength of t~ 

radiation scattered by each electron of the atom is same and o. definite 

phase l"elation between the acatte~d radiations from diff~rent electrons . 

exiata. ibie memw a construotive i~rf'el"enoe hetv..een thea~ coherent 
·~ Jz z 

radiations. The propility of ·thia t:ohe~a:nt scatt~:~rir.lg by the atom is if_ ai.l 
l =I 

·where a.i is the $.1I1pli tul0 of oobera:nt sc.:i:t;-t;Grin.g by t~ i t.h electron in the 

taken to be bound i.n ~,;he atom., For K""51he'll el.octrona o:f' an e.tom with atomic 

nunber Z coherent scattering ia important if the momenttm'l. transfer CfJ ::::. 

., Th:ts mee:::.a~ th~ R~·leigh scattering is aignifi-

In nn axa.ct calculation, there a.""'e.·';dif:ticii!..i;ies ·in using bound state 
- . 

consid\!r~ltians ~·lilt a.ro involved 1n~::~h~ exact deac::::-iption of the soa"'Gtering 

process. So far, 011~· a few eacttL"D.te calculatiom (13 54, D 55~ J3 57) by this 

method hove ·oee.n publi~hed. 
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b) Calculation. ot scattering erose acction ur:Ller the tom factor appx-oxi­

mation employed by Franz (F 35) and .Be the (Be 52). 

Under the approximations that the rbinding on the electrons in the in-ter­

mediate state is negligible and 7, ( < me for photons of nonrelatlvietic 

e~l'f:!3, the differential erose eec tion !or the coherent Ro.yleigh scat wring 

rJ:f pb.otoni'J by an atom i.e wei tten aa 

( 1 Q 16) 

The first :factor ir> the <litferential orous s<Sc·tion for !homson sea-

tt&ring of the incident radia:bion by a tree poillt charge. The second factor 

gives tbe probabllity ~iirmt Z t:•lectrons of the atom ab!!orb the recoil momen­

ttml ~ without a'b~orb:tng ~ f'J'ti!!Jrgr :t'roLl the photon. !!' ( 1}1 Z) ~ the rom 
z i '!r·~ jl; 

factor, is defi~d 1:19 (o/ L e • I 0) in the notation already expla-
i ==I 

ined in the section 1.1.2Q For spherical~y ri!ymmetrio stems, the e::-cpression 

fo:r. for.u faetor is 

F( f[r,Z) 

where f ( t- ) is the density of elec:~~rorw at -r • The efi'ect of' charge die-

tr1but1on in "the atom on t..l't~ ele.etic scattering by a point charge is exp­

X'GSsed throuSh, the form :f'aator-part ot t..l-le croeo s~c·Uon fozmul~h 

The .fom factor P ( Cfr,Z) hEw be:.en calculated ue:l.n.g Tl!'~ II and H!rS modele. 

1\le HF model h.'lB been ruodified. by including Sleter'e appro:dmate eamhangf9 

r.otential and the model is lmcw11 ae JlliYo model. 

u = 
the tor.m factor P, eque~ion (1.19), becomes 

oc zj ~,.312: F = u A- (x) sin (u.JC) olx 
o X •tz. 

(1.20) 

( 1.21) 



,, 
!!ranz(l' 35, 36) has ra.ade an emllfsie of th0 abo~ soattering function and 

obtaimd ~er ml'lt'e:tiltivistic BPl>roxir.ls:tion · CJ<f:mc the following result 

(M 50) tor fue ~loish d1£fererrtial aroas section per ntom for angles 

grea~r . tlla a charaoterietic angle ec 

with 

For tu'lglJH3 () < Oc l1eby0 'a (D 30) ce.lculat1one ahow tl".at the scattering crosa 

oection ia propertioml to z2 and independent ot eoorgJ o 

The H model calculations of F ( ~' Z} in the ran:;e 0 ~?, ~0.5 mo 

were cm:oried out by Uelms arX1 Opponheim (N 55) ming electron charge dist ... 

r1bution computed fr~ the SCF !~tree wave funct1one. 

Henoo.n and S~ (H 63) caloula~d wave fum tiona for all eleroonts 

upto Z = 103 using the SCP Ifartree-1\ook-Slnter (IiFS) method, in which 

Slater-approxima-tion (551) is made to eliminate the difficult calouls..:. 

tion of exob.ange po'Wr:t1ale. The HF model fom:fa :tactore tor X frool 0 to 

1.9 4•1 :f'or oonw elemet.lte have been tabulated by Ibere (I 62 ). 

All these modele are nom:-elativiatico · Ubemann et al (L 65) have 

made a :rolativistic Dirac-slater (DS) calculation, for all elements ~ing 

Slater's method. Cromer and VlQ}Jer (a 64, 065, 068) have computed DS :tom 

i'ootors for all elements :tor a ~661'": range o:t momentw tmnaf'ere, corre­
o -1 . 

eponding to the value of the variable X in th~ 1~ange 0 ~ X -< 2' A 

( o ~ ~ ~0"®6-mc) • Viegele et al (V 71) l:".r11ve obta:l.md the e.veJrage coh."!ront 
. non-re1afdvistic 

Rayleigh ooatteri~ o1•osa section uaing the Cromer•a F valooo by rrumar:ieollif 
ove,. the l"a.nge of sin %_j;.. o ~ X ~ 81 k 1 by nume,-jc e~1~ " 

ew.ltnting the integral 

6 
COH- R. 

. 7f 
2 

';} {1 +Cos2eJ/ F(CJ-~Z)j2 27f sin B de 
0 

(1.23) 
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The fom faotore ·based on honrelativistio UPS model ~:lave been evalw·ted 

by Hamon et al (Ha- 64 ). Storm and Ierael (st 67} have used these BPS fonn 

factors· to evalt;i'te the integral tor ~oH-~ for all elementr;. Evalustions 

t 6> .· 0 . C,OI;I\1< based· on TI? model have been given by Whi te-Grodatein (W 57 )it 
I' /.1 . 

and ~visaon (D 65 ). Form factors have also been predicted in taking into 

account thiS exchange effect in the Tli' model. This ie Thomas-Fermi-Dirac 
\i II . 

model (TFD) and it overestimates the fom factor for small. rr whelle «om-

pared with H, rtre and DS form fe..otor. 'l'he diffe:rtur.ee between the H, Hl?S 

and DS form factors (and he118-the dif':t'erentie,l oro~~ a sec tiona) imrease wi tb 

Increase in z. For low Z ( ?- ~ 4o) the difference between HFS and DS form factors 

i.e negligible. A ooinparison 1a'nooe in tabl<! 1.2 among various f'om factors 
. I 

for some selected elements. 
T..,>\TILE 1.2 

Oom.p~ieon « foxm footora ll' ( ~}l) from '1.$", TEB5 !IF and DS models 

for some eelectad elements over a :ran.ge o:r mo.men.tun trav.sfer 'b-

corresponding to o·1 {X ~1.5 ,(TF, TFD a.m. HF fo:rm fsatoro are not 

available for X > 
0 •1 

1o5 A ). 

.............................................. ._ ........... _cw..; __ ._,Cl~K!i>....., .. .-. .......... ~ .... ---. ....... ..__~-- .... .,., ......... 
0 -1 . 

Z Method . · X (A ) 

0.1 "()..,2 o., 0.6 o.a 1.0 1.2 1.5 
__ ._._ .............. ~._ ....... _____ __. .................. - .............................. ____ ._..._ ...... --

TFD 26.54 22.21 15.98 12.07 9.49 7.70 6.40 s.o2 
29 IIF 27.19 23.63 16.48 11.44 8.61 7.13 6.25 5.2; 

DS 27.00 23.54 16.48 11.46 8.61 7o12 5•26 

TPD 43o6) 37·57 28.16 21.85 17.5:2 14.42 12.12 9·64 
47 Hl? 43o00 37.68 Z7o17 21.37 17.96 15.16 12.a62 

DS 4:5·93 38o14 27.57 21 .. 44 17.93 15~16 ~ 9·48 

TF 75 66 50 41 3:S 28 

80 TFD 75.31 66.66 52 oCt> 41.59 34.06 28.50 

HF 75.48 6;.14 52.65 42.:;1 34·64 28.59 
DS 75.80 67.90 52o89 42.37 . 34.71 28.61 

....... --· ... -- .,... .... -- -.... -- .... - .,_ .... -- -----------------------
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Bethe (Bc52) calculat~d K-ahell fom factor l.i'k using· Dirac !\-shell 

wave function.Levinger (L· 52) obtained :rel!:!t1vistic cor.rections to Fk in 

the 11ear relativistic elm@ of mamenttm region ( ~~me ). The caloula-

tian for I.,oosi~ll for q,. > me made by Brown and Woodwa:r:d (B 52) and by 

Rollrlich elX1 nesenzweig (a 52) gave a t1hell con·tribution about one 

eighti;l of K-ahell contribution. The cor:rect amplitude of ~leigh sea-

t·hel"i..'1g is complex. ~ 3.Int:'.ginary ot absorptive part was fouoo by Greif­

inger et al (G 52) to be nbaut throe-:fifth as le.:rge ae the real o:r• dispersive 

ginary l'J&U.''b has been l'leglectcd in the foxm factor calcuJ.a·ciou. 

fl.J3 already mentioned, .Brown et al (E 52-57) hr:1ve dev~loped an exact 

ing in the :I.nten:u>diEJ.te state m::td m.akin_~ no nonrelativistic approximation. 

'.ll-zi!ly have oalcn.tlated by thie rue·tbod only tha K•ahell. amplitudes for mnrcury .. 

at photon e:!'"rgies o.:;2, 0.64t 1.25 ant~ 2~56 mo
2

., bse onloulationa using 
~sf sf 

circular polarization states ge.w two IC-shell amplit'li.iee a.R mld aR 

'lbe amplitudes o..:sf olllled non-epin-fl1p nmplitw.e, :cepreaoute the eca­

tt.eri!lg when tb.e outgoing photon baa the sam·e polari2ation as the incoming 

photons Vihe.n tl'.ltl polar.lza:tions ~ dif:ferent., the arnpli tude is called spin-

f'lip amplitude 
~~ 

litude r, 
V\.R ,I<. 

a sf Q It has bl!?eu ahown tha:t real p!U't O'l· the 
R 

' . 
can be vr!ry well app.t'l;,xima:ted fly 

Q = ~ P._ (1-CosfJ)j2. 
1" R,K 0 I< . 

-nsf 
QR, IC hOWeW:t' 6 

modified :fo:rm i'actor F'k is used :tor calculation wing the. :i'om 

n :=. 1!. r:. '{t-t cose)/2 .,.v, R,K. D K. I 

4 "''4~? ' ............... ., 

2 o E r 1975 
UrLi ,.·?: :· ·. ···.- ,.--:f i'~G~ ::·rl ~:~-~::::.~r:r.nl. 

Raja l(;;lJ.1llllObanpur. 



16 

ampli tuies for other elements at slight~ d1ffe:ren·t erergies using the cal­

ct.tlated a.mpli tudes for mercury at the specified er~rgieao The L-shell emp• 

U twes tn"'e eatim.ated using ·tbe calculated K-slWU am L-s11ell fon; factors 

and aar:nming that 
'YIS/ 

ra ~.L 
a -nsf 

1' R,K. 

F' 
L 

F..' I< 

(1o27) 

sf 
,.O..R.L F;_ (1.28) 

~~ C' 
.,. Ct R,K.. rK. 

T'a.e contribution to the Cl .. OSS section from the 1mQ€;ina.ry cmpll tudes becoms 

:tmportan~ above 2 MeV. 'lheae., rele:ted to M absorptive process (photoelf!ctric 

efteot) 1n ·the ~-shell, rave been obtained natur~ :from calm:!latioiw at 

1.:;1 MeV and can be extrapoled to other elemente Wld em:rgies. 

!nteraetion of photons with ·the atomic nucleus results in a few more 

elastic scatterir:tg p:t."Oef:Bsea. Thc!se are th~ nt.~laar 'lhor.1son aoatterif'.g'' 

Delb1~ook scattering and Ruolmar :resoname scattering. Above about 1 rf!2!Vt 

n~lear Thomson seat·oo:t"in.g and Delbl'Wlt ooa'trteJ."iUS coo be :tmportant at 

scattering angles where a.tomia Rayieigh scattering is considerably :redt~ed. 

l)!)lbrook scattering:- The · acatteril"Jg of photons by the ertrong electric 

static field such ae the· coulomb fieltt of atomio nwlei is known as IJelbri.iek 

(D 33) scattering.. h scattering ia ela.stic if th<! imident photon e'r.Yt;r~ 

is very amall compared with the reet energy o:f' the n~leus so tht?.t the 

nuoleru." recoil ia negligible. :tl:te scatieri?::g is deooribed aa c.•<.WUl"'ing 

tlu."'ugh the produotion of an electron•pos1~ pair in the static electric 

field ar.v1 subsequent a.•1.nil1il2tion emitting a l'ltoton of the sami'J entJrgy as 

·the incident photon. The soettering wnpli t1.'de is compla x consisting of thg 
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real or dispersive part ,.. aD and the in:.aginary or the absorptive part iarJ. 

'fne theoretical ealcula:tions ·of tor.vard ~lb:rook ecsttering carried cut by 

.Rohrllch and Gluckstern (R 52) lead to the :following expressions :for ian. 

and -r ct0 in the limit of low am high photon energy 

( 7J , r. )2 ( £ )2 E <<- 'h?c 2 ... a E) =----ldl: ~- fo,. 
' D 72 32 o -mc2 . ( 1.29) 

fo7' £ >> ?YI C 2. . 

. I 

The expression (1.29) is a good approximation :for energy close to 2 mc 2• 

'"' The if!.laginary part i QD Which baa ·the same threshold (2 me.::) as the 

pair production ie 

fo'Y' 
(1.;11) 

fo,. E ) > 2 'Yt1 c2-

For eme.ll angles, other oaletD.a:tione incltrle 't..hoee by 1Joll ( T ~12) and 

the approximate :results onzy for high eJnergie.o given by Bethe and Bohrlich 
' ' 

(Be 52)o The inl..aginary part of the amplitl.lde has been calculated by Nessler 

(K 58) and these results have been used by Zernik (Z 60) to obtain the nune-

rical values of i Q.D at 2.62 and 6 .. 14 MeV at vru.·ioue scattering a.lllJle~. 

Ehlot.zky ru1d Sheppey (E 64) have given nunerical calculaliions in the . energy 

range 1 UeV to 20 MeV for angles 0° - 120.0 :for the real and imagil'Ja.I'Y parts 

ot l?elb~k amplitude using Kessler's ca.lculation and a simple fixed angle 

dispersion relation. Sannikov (Sa. 63) has given an approximate calouletion 

tor high energi\!!S s.nd large scattering allgles.. In the COiilm.On range of 

energy, Sannikov 's results are in serious G::isagreement wi ·!;h. these of 

Ehlotzky and Sheppey. Ef'timiu and Verjoih (Ef 60) !'..ave gilm an expres::;icn 

for the differential cross section for e-rergy near 1 MeV. s~vera.l :teatm.""es 



of Delbriick sca.tteritl.g as reveaied ft'Om the calculatior.w done so :far are 

as followe:(i). In the fo~ scattering, the reai part of t..'lte amplitu'ie 
. ' 

is dominant compared to the :lmagina~ paJ:>t not only below threshold (2 mo2
) 

where i ~vanishes also above thresliold upto about 10 tieV~ Above 10 t!eV, 
- 1~ 

i ct.!> is dcminant at. all.. angles. ( i i \;)• The dis~rsive part of the cross-

section :fallS tiff wi·th 0 mmh faster, than ·the absorp·cive llal't Ulhen E >>'hie 2 

' 2 . :· . 
and () ~ -me • At lower energies, ·the var:lation of the dispersive part \Vith 

E • . . 
(} is less rapid. ( iii ) The real p~t of the Dell>:rwk amplitme at zero 

" " . " 

angle baa been show11 to be out of p~aae with the reallli\Yleigh amplitme. 

Since tlle-·~plitudes d_f vanish ~t ~ro angles, this r.ihase :relation is 
~if • ' 

applicable to ampli tmes a ouli eF-pr scat-tering at . other angles, the pbaae 

relation ·betweell ·the Rt.zyleigb alld _ll-Jlbrtiok ampli tu.ies are ~ot fixed e~tly 

1n tt~ oa:Wulatiom so f'ar X'al:>orteltte: 

!1m lear Thomeo~ ecatwring :- Atomic ~leigh and .Delbl"OOk scatter-lug OQcur 
. -

coherently wi'th nwlear Thml.iaon oca.t~ering. The differential cross set;'tio:n 
2.. 

for noolear !lhoolSOn scattering is ·Objained when ~ { = .!c .... ) in equation 

(~~3) ia replaced by the classiaal i1uclear. radi~. 'R = z2 (m/>'.A) l! • 
2 - :.. -32 z-4 . I 

6 · (Ei' = ..!_ R;,fi+COS2
(}) ··_ 2"39xiO ·- .l. (t+Cos2 £}) C?n

2 
Sr 

N-T I 2 \. . ';/ .· A2 2 

The cross. section is imeJ,lendent of ~n~rmr and 1M scattering shows up at 

large . angles :for energies at whieli ~lei8h scattering smpli tude is amall. 

!fwlear Reeona.noo aeatteri.niit:-· In ~ KeV ener&:r ran:_ze, when the photon 

e~rgy correspoms to 0~ o:f the n~iear resOnance levels, the :nuclear 
. ' ! . 

level iS e:xci·ted and aubseqU!ntly deemited raemitting' th!! Whole photon 

eUJrgJo Since the condition for resonance excitation i$ d11'fictil.t to obtain, 
1', '. ' 

this resonant soatter~ is ·negligih~e Ul.'llier ·the oounnon scattering exP<':rimente'. 
- j1 • • • ' •• 

The n.wleer resonance scatte:ct.ng·, in the caF;a ·. uhen. tbe imident pbo·ton 

energy is far :fl:om resonance baa beerl inV-estigated _t,y' ~v.inser (L 51~). It 
.._.· ,-

- i' l . ·.-. 

has been shown that the correspondi~ nuclear xes~e. ~P-litude is sma.ll, 

at least upto 2.80 MeV compared to ~:'It for nualear ~~on scat~ring. 

J 
I 

I 



ing on the reJ!At;ive ph.:wes among their aiD.!)li tudes. For each of these prece-
-nrf sf 

.ss~a vm haW~ two amplitudes a and a • So, the total 'differential cross 

phases among them mus·!i be knot1m. :for calculation of the total di:f.:fe~-en:tio.l 

coheren·t scattering cross section 

o.6coH(9) =; {f A,sf/2+ {Asflj 
where, fcJ:- all ·~he three p:cooeBses t!lken toge·ther 

A 'Y!Sf = ( n -nsf -nsf ?'IS{) 
~ VI.T + Q.R + QD _/ 

A sf = ~ ( a.1 + a_: + Q~f) 
Th~ labY.a T, R and D ~fer to nuclear.,,. 'fuomnon, Rayleigh a.n:i Delbrook 

It seems 'that at& an emrgy and scattering angle where all the three 

eL'lpli tudes a.T ~ 0.~ add aD axe of eonlparable magni tud.es, an exact klww­

led&-e ot the !'elative phases aeoociated with all til!! amplitudes and o:r the 

magm:tudes of Rayleigh and Thomson scattering amplitudes is necessary to 

it.1·terpret the e xper::imental coherent scattering data. 

In the SUWJa.I"'.f given above, we bP~.ve ncrt given the detailed desoriptiorm 

o:f' different ml:~ulo.tior..s on sce.tteriz1g of photo:n.fh We haw attempted only 

to indicate (i) that the theo:retica 1 calov~a-'don ot Ora.ruer for the vlhole 

atom incoherent scattering fw:lction seems to be ac1equa'te unt~l additional 

shell-wiee calc\.'l.le:tiona of il:IDoherent scattering ft:mction are a:vailable 
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v.sing the DS atalz model. ~ese fom factors now provide the most compre­
,o:f 

hensive set so fait available for oa1eulation ,at Cl"'OS sections in the 

photon emrgies the ~oretioa.l shape of~ d2stJ:.•ibution is not 

predic·ted e:mctly. (iii) T'!le calculation on .:Lelb:rook ooa.tteJ:'ing process 

an,gular distributiml o:t' coherent st:att;er.:L~. 




