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5.1 TIlE I~ 1P ULS E AI’l~ROX l~ 1.kTlON

— - Following the his tor ica l l y  si gnificant papers of DuMond .’ 2  almost all Compton
• profile experiments have been anal )sed in the so-called ‘impulse approximation ’. It

is onl y in this approximation thai a simple relationshi p exist s hei~~cen t he Compton
profile J(q) and t h e  electron momentuni density (EMD) of the hound state of the
atom, m o lecule, or solid being probed. Recent re~iew articles 3 4  have deri~ed the

~~~ 
•‘;‘-:~

. 
— 

impulse approximation from the Wailer Hartree theory 5 or from the time dependent
4 operator formalism results first obtained h) Eisenherger and Platiman~’ (see chapter 2).

________________________ The authors of previous review articles seem to feel that ~s hile corrections to the
— - impulse approximation can now be made, t hey tend to he small’4 and that a

________________ ‘laborious calculation of the final state x~ave function is unlikely to be necessary
________________________ exce pt for deeply bound core electrons , or for ~ery accura te ex perimental data ’.3

It is the purpose of this first section to present a more strai ghtforward derivation
of the impulse approximation and to comment in more detail on the accuracy of this

____________________ approximation.

___________ 5.1.1 Derha tion of the impulse appr oximation

_______ In the non-relativistic Schrodinger equation, t he perturbation on an electron due to
______ the presence of a magnetic field with vector potential A can be wr it ten

~ 
- 

_ _ _ _ _ _  H ’ = ~- p . A  ± -~ - ,A . AV rn 0c 2m0c
where p is the electron momentum, e is the electron charge. rn 0 is the electron rest

V 
- _ .L — - mass, and c is the speed of light. In a scattering process, the photon must suffer

______ ~~~~~~~~~~~~~~~~ annihilation and then creation. By expanding .4 in creation and annihilation
_____ wit h. ~~ti.., operators, it is clear that the scattering process is of order .4 2

• Thus, for a first order
_______ PItS kit ~gn. 

~j  perturbation calculation the p. A term contributes nothing. It is only in second order

___________ 
o that this term can contribute to order A 2 . However, if one assumes that the incident

.I~ flFIC*1!C~ ~~.... photon energy lies significantly above the ionization edge, the energy denominators
_________________ $  in the second order perturbation theor~ express ions will ma k e such p. A contributions 

quite small. Some estimates of p.A contributions have been made for the hvdrogenic
________ problem.78  One usually considers omil~’ the .42 t e rm in first-order perturbation

- — 
theory in the calculation of Compton scattering. The scattering process can be

______

~~~ 

~~~~ compared with the absorptive photo-electric effect where only the destruction of a

~~~~ 
a o

r c 

~~~~~~~~~ ____________ ____ ____
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photon is required and onl y the p . A te rm is con~idercd in lox~ e~t or der perturbation
theory (fi rst order in -I).

Using Fermi’ s golden rule for calculating the transition probability and cross-
section along the lines of Sch~ iuger~ leads to the cross-~ect iori cited by Eisenberger
and Platzman 6 for a single electron in an independent electron model

d~~d~ 
(
~:)‘ ~ I <~~ e k n I ~ i> I2i(E 2 - -- w ) (52)

where w 1 and w 2 are the incident and scattered photon encrgie~ respect ively,
= — w 2, E~ and E 2 are the initial and final electron energ ies respectivel y,

k — k2 is the scattering vector so that

k2 = kf -f - 2k 1 k 2 COS ( 5 3 )

where k , = w~ hc and ~ is the scatteri ng ang le. ~~ 
and 

~‘ 2 are the wave functions
for the electron in its initial bound st ate and its final continuum state  respect i~cly .
The Thomson cross-section for unpolariied incident radiation is ghen by

(~~~~~ )T 

= V nm~e4 )
~( l + cos 2 

~
) (5.4)

Eisenberger and Plat,rnan6 include a factor (w 2 !w 1) 2 in their definition of (drr d~~)1
which modifies their eq. 6 to include the factor W t,~~ 2 rat her than w2 ‘w 1 in our

eq. ( 5.2) above. The delta function in eq. (5.2) guarantees conservation of energy. In ‘

t he general scattering case no conservation of momentum between the photon and
electron is required as the nucleus itself may carry away momentum during the
collision. V

To derive the impulse result let u~ assume in the i function that the electron
can be treated as free (but mosing) during the entire collis ion process . Before the
collision let the electron have momentum p

~ 
and after the collis ion nionientuni p2 . . 4;

Then

E2 = p~/ 2in -(5.~’) •‘ ~~~E 1 = p j 2m.

Conservation of momentum for this free electron case gibes

P2 =Pi +hk: p~ =p~ + 2hk.p 1 +!i2k 2 (5.6) T~.
and the ó function beconies (see eq. (2.4))

Ô.~~(2hk p1 ~
- h2 k 2 — ~~~~~ = —. (

~: ~
)]} - (57)

Within the impulse approximation i~~ is taken to he a plane wa xe

i~ 2 ( i )  ~~p . r  S ( S M )

The momentum space hound s tate sx as e function / t )  p~
) Is the Fourier t rarisfo rni of 

• 
-

* 

t he corresponding position space function so that

-- ~~~~~~~~~~~~~~~~~ A
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• x i (pi) ( ; : l i )  * 2  e ‘~~ ‘ ‘ 1  d3r ( 5.9)

and the sum oser final states is

• ~... ., ~. V V~~~~ V ~ 

-• f (2 ~ii) ~ d3 p2. (5.10)

,. - 
.- - Choosing k to lie in the direction and using momentum conservation

— ~~I<~1’i Ie ” ~ 4)2>j ~(E2 E 1 - w )
~ : 

~~~~ “ ‘ .

= fd3p2 ( (2
~

h) 3 2 f d3 r e’~’ 
~

i (r ) t 2 o { ~~ Fp I, - (7~
_ 

~~~~ 
(5.11)

• V ~~
‘ Defining

.‘~~~~~ •i~
•

- 
•-~~~~~~-~~~~.

:‘
~ flIO) uk

q = - ~~- - - -~- (5.12)

~~ :• -
~~~~~~~~~~ 

~l: ~~~~~~~ 

~~ 
eq. (5.11) reduces to

~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~ 

. 

Jd3 p 2 I x i ( p l ) I 2 ~~
(

~~~~~i:
_

q)) .  (5. 13)

- ‘ Noting that for w 1. 4). and (0, (or w) fixed, k is fixed as well, it follows from eq. (5.6)
‘ I that the integral over d3p2 is equivalent to an intceration over d3p1 dp1, dp1~ d p i : .

Making usc of the properties of the ô function. eq. (5.13) becomes

Ill H p~, qJ ~
‘ dp 1~ dpi) (

~ 
14)

V 
~~~~~ w hich is equivalent to an integration over the plane in momentum space Pi :  = q.

V ‘ For a niot-nentum density which is sphericall y symmetr ic , it is cons enient to rc\ ’ rite
eq. (5.14) in c~’1indrical coo rdinates from which it reduces to ( i n l i l ~)J (q) sshere

V 

J(q) 2m J Ixi~pi)~
2 pi dp1. ( 5.15)

..Iq(
— 

Fspics’ ng p and q in :;tvmic units of mom entum 1m/ a~ . eq. ( 5.2) becomes the ‘~xell
n esul t for the Comim pton rr~ fllc in the imp~~!s e ipprosimat ion

V d~~dw (~~~ )T~ 

ina~ 

~~ 
.1 (q) . (5.16)

The IlLri\ ation has beemi pi’escnted in t h is  much detail to bring out clearl y all the
lPr~ ’. ius t i O t1 s leading t o  t h e  impu!sc result of eqs . ( 5 , 15) and (5 .16). and also to

sc rse a~ in intrt ~duct ion 1. ’ t he tmn i ls coiiuuionl~ tise d in (‘** inpton ss cirk.
l rom tl ieforcg~~ng ana ly s i s  it should bcqim ite elc i r  that the mn~~ii lsc ajsp ro\ i fl a—

lion is equiva lent to a photon sca tterin g ii ie lastmeallv from a free electron gas ssith

- .___. _;_ -- - V ....” - .. ,. .- — - V .  .r 
~r-c •-——.‘- - • - - ‘- . 

• ‘ .• —- : -p - . . - ‘ -V . . - ‘ 
V .,.. . . ‘ ~~~~~ 

. ,
‘ V .

- . ,,
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A Z ( , ’ I . ii,- .

a sphericall y sy nmimict r ie (al t lm * in~h thk is not intrin~ c to i npu! ~e) nm unen (umn 
-

ibution whet e both energy and mms mimen ~iiiii are coio.e rs ed dur ing the collision.
1 he nionictmturn dcii s ity for any particul’t r nmt ’mentu ni in the free electron gas is
ohL’ . 

~! front the sqiut re of the Fourier t ra ns l ’ rmn of the i mm i t i  1 bound state radial
xs .t ,.e fu~ ct on . The clE rgy mon~c E l t j t o  co t ~_ r s o t ion lc!.il iomis d . er mmminVt  th a t  fom a t

incident photon ss ithi c mm e rg~ mu~ s c ’ mttef ing at any fixed k (ç’* and to 2), contr i hutiou~
to the scattering front electrons with man emi t a p

~ 
can occ ur only if ti m e projection of -

P: on the scatterin g vector k equals q. This can only occur ii Pm is greater than or
equa l to q. . 

—

[)u\Iond’ intu it isel y re presented the atom as a free d c  ‘t i m g. s. So lving t lm~
eac g’~ -n, m’eii t i v um cvnsci ’sa t k’ im e~ u;tt iomms re l i i i~, stk. t!! y, he w.t~ ah~e to sh ss t hat

becm usc the electron moves ss ith rrmonientum p~ 
hefure the scattering, t he xs as e- V

length of the scattered photon is Doppler shifted from the usual Comnptomi re~ult :
accor ding to - -:

- ,.i (1 — COS (p5) ± qi.* , In u~ (5 17) 
V

01c r V

s~’here ‘

(~f 4- ~~~ 
— 

~~~~~~~ cos 4 ) ) t 2  (5.18)

and q is the projection of the initial momentum on the scatterin g sect or as belore.
This result occ imi s after se t t i ng the initial electron energy to m~c 2 and may’ not he
immediate l y discerned front Du\lormd’ s papers s ince he defines ;* and q slightly
differentl y from the above. Since the ,~~~ term var ies slowl y over t he profile, eq. (5. 17) - . -

sha~x s that A.2 varies linearly with q. Equation (5.17) suggests that a large and 
V

neg- it ise q corresponds to a small ).2 or a large (0 2 of the scattered photon, w hereas . . 

..

a large and positive q corresponds to a large ).3 or a sma ll w~ of the outgoing 
. 

V 

V

photon , and a corresponding high energ~ for the ejected electron. From eq. (5.17),
one can define £1 as ~~~~~

. V •
/ .  

VV 
~~~~~~~~~ - -q = nm oc l z * (5.19) • 

~~~~
~ herc V -

~~~

1 /.2~~ 
— .  (h ’ tn u c ) ( l  cos ç’) ( 5.20) V 

represents the displacement in wavelength front Cornpton scatterin g front a free 
V~ 

•;~electron at rest In his anal ys is Du\ltnmd first considered the sc attering from ~i :~ •
‘
• _ :~~

‘

morloVencrget ic isotro pic free electron gas ss ith momentum p
~

. It is clear from V - -
~~

eq. ( 5 17) that such a gas would gise risc to a h a t  inten sit y distribution ss ith a width
in of 2p1).*, ,~u. It also fo lloss s that the t rea of this intens ity hand is proportiona l
to the number of e lectr oims with nlomcntunm p~

. 1 heti consider ing a gas ~s itli a
d ms t t mi,ution in momentum and ass umm ne sc~m tte r iiig equall y probable f io m mi ally

~tamemmti mm , Du ’* lond c*ht ,m ined the result ofeq (5 . !  St fur the uniiurmali,ed ir it. m1 ~i t \  
. 

V V 
—

di~tr ih’ tt i i>n . Ofeot mi ~e t his omits t I me slos~ly ‘~iryIng f i .-i * r s  ~ ~~~ c * n t . m iticd in the
cot c _ i mr mi p i i ls c result c ise r i  in eq. (5 l6t f t is cci .1 t r th ite to l)u\land th a t his

~~~~~~~~~~~~~~~ 
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i n t um t i \ c  ippru~sc h bron lit o u t  t h e  most salient f ’e ; m t i i i  c o t  t ! i ~ s e t t l e r  ng. t h~ ( * r : ;; ri
pr . * Ii Ie i ) m j ( .

St t ;~ I 1Icd fo ru ms of,.~ suc h is

~m n ‘5 I

V 
~. * 2 ( . ~~~)~ 

2 sin ( 5 2 2 )

h is  c often been used in eq (51 9) .  I ‘ se of eq ( S 2 1 )  st ill produce in er ro r in 
~
j of or der

V
. 

— [(‘~ 2 
-— 2~ )/..~] while eq. (5 .22) leads to an error in q of order [ ( . 2  ‘ ) h j 2  S~m c e  ii

- ~
‘ 

- introduces a first order error one niimsl he car e ftil ss hen u~ine eq. (5.2 1) (0 ~Ie(erni i i1C
the ~ due of q esp~o ll\ it I Irge q s dues m u d  for the e r s c  of I m r~e L t h e E  rag

V 

angles and or high incident energy ph otons. Phillips and \Ver s~~ ’ hate c i l e mi l ih ed
V ‘

V 

‘
~ t hat for Mo Kr  radiation scat te r in g  at 90’ . a q using ..~~ defined by eq. (5 2 1) of

0-95 corresponds to a q determined by eq. (5. J 2) or (51 8 )  of l0. .\r a q sa lue of
V •mh~~it 8 0, t he difference beist ccli the tss o q s’a hti es ri~es t o  ilim st 10 per cent.

\~ m lliams has pointed out that the use of eq. (5 2 1)  for typ ical X-ray’ ss isckirgi hs
leads to a scale change of the order of 3 per cent an d hence an error of about

V 
3 per cent in the renorniahi,ed salue o fJ (0 ) .  Fromi th is discussion it should he clear
tha t such appro\ inmtions are not suitable for accurate sto rk. It can be sliott 1) 1 2  t hat

V q (eq. (5. 12) ) determined f rom a non—rela t ivist ic approx intation approach at t h e
V _ outset differs by term ils of second order in (

~.2 - 

~ ) .
~ 

front the 
~ 

Using t he coir  ect
V 

V 
,;* given by eq. (5. 18).

In conclusion ste note for the interested ‘eider stone other recent de risa t i ons
V and discus s ions of the impulse approx imation. 1 ~ ‘ ~ Furthermore , in cunilecliomi tt itli

t he elegant den s ml ion using a I ore—dep endent ‘pe rato r lorniah smn by Fist ! -~I ger
and Plat irrman (sce chapter 2) . ii has been p ‘inted (t i l t  b~ B~ riesc h r h  Smith that
t he tmsc o f t  lie fundamental assumption

C\~~ ( - [H 0. 11( 2 2) 1 ( 5 23 )
V 

in the n t n \  -electron e t s e  leads to an additio nal contribution proportional to

2 j dp1 dp2 F(k ± Pr . P2 ‘ k~ p m . p )  5(w — k 12 - k .p 1)  (5 24 )

- sshere F(p1. P2 p~. p~) is the momentum space analogue of the spin-free tss o-par t ie le
dens ity matrix in position sjl:icc. It has been shuts n by Smith 16 t hat this contribution
is neg ligible under nurinimi ex perimental conditio n s but should he m d  uded when one
i nter remles  d2 o mlf ] d im  to ohi mi n t i c  t ota l  scat t e red int e ns i ty .

Sl.2 ~cc0 rac y of the Umlp 1!st a[ipru\ilnatiun

Returnin g 1, ’ t he basic eq. (5 .2 ) .  it is quite c lea r t hat more ic.l l is t ic final ‘t , t c  ‘.~a’e
f rmri ~ li ons f tan ~i n c  s t a tes  e n  be ~~~~ In . d d r ~ion . E 1 in t he de lta function e.~n be

1 , - ‘ . ii~ ~e c t u ’ : ; s b n h i : r n  cn~ i’ tv .  W ith ‘h -s e! t i i e e s . . i ; :u l \ t uc  nc ~td ’ - use
~d ~or t he h\ lrt ee ’ ic c i s c .  Rc~r m hs for the K shell h;~ ed o t t  t lt~ , mrr d~~t me

c\~- rc - .s ion of Gm , i i u c l  t o t  ! . r x ~ ~ stere mu bt ined b~ Fuse d’ ei - :cr nd Fl m t / r , m n ’ V
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FIGL RI
‘ :ms ~’n t i l l  I I  ar id III (‘ori;~’ rnim p i’ f~!e.. ftr r .i K’ , l t e t !  e~cet r ’ rm Z~~~~. F -’
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and stud ied in son ic detail by \ lc r rd clsm m h n a n d  Rrg~:s . i S  It should be pointed out that t V 
V

Figure 3 inn Ref 6 sthiehi ha~ now been reproduced in tts o ret j est articl es 1’ 4 is
ine mo me et as it shows the ~etrr reeE ’ resu lt s  ly imig abuse t h e  intpulsc hy drogenie results ~‘at t i re profile centre . 1 he err ‘n wa s fortunatel y corr ectc m.l in F’ ms e r hergcr ’s later
an al y s es of ex pcr i i rm e r i t s  ssli er e a l.s core stm ht i acti on wa s needed A correct com•
parisoit ‘ of inipulse hy d rog-oti e and ~eorreet ’ hy droeenic is s l i ’ ss n in Fig. 5.1 for a
case s i r l ; J l : m r  to the one d ’- .c uss ed in Ref. 6. Note in this fairl y typica l e lse th it tire 

- -

curtc~ cr ,ls~ tss icc . We shr Ii refe r to the correct resu lts ms the ‘ Exs c t  I ly drt g~ iiic ’
( I I I )  res u i t s . \ lenmd ’ : ls m l ’r ~i nt ~l lhags ’ M hat e sh rt ’;n analyt ica l l y that for i .s e lce t r~’ it~
t he i i i t p n !  .e lmy dr t igctni c ( f t  ii profi le result at q - 0 lies abus e the F II resul t as

J 111 ( 0) .11 11 )0) I 1 0 14 5  ik° 1’ 12 /~j
2

is di: t . i ! t :.c of t i C  s e m t t e J n ’ i  seer , i r  at q = 0 i i ’ )  / ~, is  t ire e f l e e tnse  c l rmr ’ ge
mum t l :  l .s - ‘ , t iC  ( t ~ rh t i .’ c mr m ’e e t ’ , r r r  5 P~’ ‘port i ~naI to  n1nd , ’ . ct c t e s )  ( r r t o ’ lmc ntu q r

It ,hould h: mi ,t cd t h.r ’ t his s r . r r : r r r e n i t  is not ii c r i l t l r J  ss i t l m clr ,m ls t c 2
~~~~~~~ i t  is ~t , m t ~.I I t t ’ l i i :  i npirlse V i p ) ’ r l \ t ] r , u l ron  h m~uoir: mte t o [binding energs

lr i -on lenm t ~m r , i  tr ,i r s ~c r ) ] .  I he l i t t e r  eo n ri m ie nn t tt rs  made sti t hi  re~pc~’ to t he ac c ’ mr. tey 4

- V ~~~~~~~~ -------— . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A



______ V- V ~~~~~ V 
‘ V  ~~~~~~ .~~~

--‘
,V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V . ,

~~~
.

V 
— 

t Iiti ~is ’ i ’  1’’~ ‘.~ Si  1k 51

IV.. 

/
- V. --

/
/

t~~~~~ - _ j _ _ 1 . J . . . 1 1. . — . . 1 .
5 4 3 — 2 I 0 I 2

q (a u.)

JGt RE 5.2
C, .~r . p t r ’rr ..~ at t ’ :urrt i frori’m a 7r Ci~ Ci r on / 5. F 1 = 20 5 c\ ’ ç5 sO , S l id t i e
t~tJ r d  ~. V ’~~V i V ,’ V I  ‘ t i r e  (H

o f ti le secon d merr i s en t  of S1R- , w) ss bile sse ire discussin g the accurac y of J(q) at
q :0.

V 
Fl-I L—shcll calculation re~ufts  and comii pir ’i’ .ons’ s t i t h  c\ p nli ’ e’.lt li se hsc n

pi t-dished in a series of pr p~ rs by ~s ieildc lsOllni . Bioeh. d Smith. itt ~ These
c:rh i i l , i t , n i s  nsed ir~ iii or er e l,ot;r~d st , r t e c  nil h~ t r , ’ uc rim c cr ’ nt inttumn st i les ~r loch
are rc picsen te d as e infim me nt by pet ceorn et r ic functions. \ e m in it stas s t i r  s n
tn~ lv t i cml l y ’ ‘1 for a 2s state that the 111 profile lies ahose the EU pro flle at q = 0.

Ahih oigh no theorem st-as pros en. it appears from e ml c ul ; i t i r rns 2° for a fr i led 2p
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V

Rc d iai  mo m liemil ur ir den s i ly l(~~’~V for the ground s t ates of the first row atoms.

eq. (5.62), either hydrogenic or Slater-type orhitals with shielding factors chosen on
the basis of Slater ’s ru les68 or similar criteria. However , many o f these calculations
were reported with J(O) fixed to a common value rather than the pro fi le area
norma li?ed to N/2 as expressed by eq. (5.52 ) for ii = 0. The first extensive stud y Ii

was made by Dun canso n and Coulson 6
~• 7° who reported calculations for the neutral !

atoms from hydrogen to potassium (Z = 19) using STO’s (eq. (5.49)) or with orbital
basis fun ct ions 7’ of the Morse - Young - Haurwit i. ty pe. They were the first to observe ~t ‘~~~

t he momentum space shell structure illustrated in Fig. 5.4 for 1(p) / V  for the first !~~~.

row atoms ( Li-’Ne) and s~hich sse discus sed in connection with Fig. 5.3 for V . They :~i

noted that s-e lectrons give narros~er or more com pact 1(p) distributions than do ,
p-electrons and were thus able to exp lain via the auJhinu princi ple the suee es. si sc ,

expansio n and broadening of the l (p) curves ohser~ed in Fig. 5.3. p

Table 5.2 Fstej i ’ .~s e taht , I’ j t i , , sm ’ . of nil - ( n i m i p l i n m i  pr ’~Iik’. fm.r nt c ,fr .t i  j r , , c ,u ’ .  V

.-5,ui ho rs W a s e  f m mus ’ .n m , ’ mn A tmni m ’ .  c / I  RcI, i lus , ’ .n m c . V 
-

We i ’ .s, Ha rvey , Ckmen li ’2 Li~3) Ge132 No
and PhIIii ps ’~ ISTO ts .m ,i ’ .)

Bene’.chN~
c Nuumncs ,,‘ , c )  A s t  •, i i ‘I )u t ” t t t  Nnu 

V
Bceui ’.. \i.sr,,!:t ’, ’ Iu u i . Nim ,u ,’ .’ ri, 1 f I t  t ) K : i  ) t , i
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\\ it h u S c ’ , isls c li i ~i1 ii1~’.,In’rli c t ’ i i i p t i t c -l s . it Ii~n s hc’com cs possthle I c ’  no i s e  eq. IS (
~2i

h~ t he seIf’~c ’ i t s rs tc t i t - l ieId c ‘s. ( I I pr~a-ei UI c’ et ulie r in te rms of inaI~ ti c basis
f n i i i c t i o n r s

’2  or nnirn cr m ’ . ;nl ly . ’ A ’— a I c - s i t u , impulse (‘onuplon prof iles of Hart rn- n’ J ock
5 

- ‘ , .- quality bas e tx-en c~I’. ti I.mi ~’d nit m m.’ni,’nt \ c ’ , i l  s h~’ a ituniher of autliurs .~
1’ 12 , 4 mc i

Ihe lilost es te mi s is e and nnsefu l t ;chtr ls i t ions 3 ’ ”5 °  are listed and described in Table
5.2. The (‘tu r i t pls’.n profiles for the ntitii erical l lart rec Fock wave  functions should
he c~inn~idm.’rc d as a reference standard for co m parison of calculations inside ~s ith

a- ,•-~~
‘ eit her more e laborate wav e  functio ns or basis sets intended for use in mol ecular

V “~~~ ~~~

~~“ç ~-~1 - ‘ , calculations. In the first four columns of Table 5.3 we have listed 3(q) for four
~ .Y 

~~~~~~~~~~~~ 
. l lartree Foek qua lity ~ ase fu mtctions 7

~-~ ‘
~~~ ca lculated by Smith . Brown, and

~. ~~~~~~~ 
p Bene”eh~ ‘

~~~~ in order to indicate the effect of basis set quality,
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“S .~~~~ 5.3.2 Local density models
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- Because of the comp lexity of solving the Hart ree Fock equations (eq. (5.62) ) ss hich
______ 

is especiall y due to the presence of the non-local exchange term V~, there has been
__ ___ _ _  

a long-standing interest in the development of local densit y models for the descri pt ion
1 1 o f the electronic structure of atoms , molecu les, and solids , Because the atomic

~~~‘ ~~~~~ 11art ree~Fock equations are solvable as a routine matter today ,73 atoms represent
- 

~~~~~~~ V an ideal test case for such models.
-
, 

~~~~~
‘ 

“ V 
The Thomas Fermi (TF) and Thomas - Fermi - Dirac (TFD) models have been

applied ssith some degree of succc ss especially for heasre r atoms The torrt.sponding
~
‘ ‘~~4c, 

~~~~~~~~~~~ 
- momentum distributions and Compton profiles have been considered by sesera l

‘• t’ , V .c
k’ V 65  8 4 — 8 9

V . authors , - The TF model gives a profile of the ss rong shape. The peak ~alue
_______ I is quite high in comparison with H F even for a heavier atom such as krypton. The

value of 3(0) may be shown to he CZ 1 ~ where C is approximatel y equal to 3-2.
~ 

-
~‘V ~ This wrong behaviour for small p is due to the r 6 asymptot ic dependence of

;~~-: ~~~~~~~~~~~~ ~~~~~. p(r) in the ‘FF model instead of the proper ex ponential decay. On the other hand
- I ______ the TFD method cuts p(r) off after a finitc distance and hence leads to a more

H ‘ - real istic behaviour for small p and q.
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As an outgrowth of the ideas of the T h c ’ n ic ; n- ~ Fermi nne’dcl ,M t here has been a 
-

great deal of attention paid in reeetnt y e . mrs to devclop inn ~ nnet liods sshei cm the 
, -

electronic potential energy Is a local fu nctional of p(r). 911 ‘~~ A cmnlitl io mi featur e of ~~
‘ —

‘ 

‘

t hese models is the replacement in (Cc l (5.62) ) of the esc l is ni i~ie potent ia l “a by

563 
a

= 4 (3/ (8 ~ ) p ( r ) ) t ’3  ( ‘  
V -

w here L’~ ssas introduced by Slater 93 by cons ideration of the properties of the , 
V

electron gas. A number of criteria have been suggested for the choice of the para-
meter ~ and have been studied from a number of vies~ points including momentum
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VV , V ‘ V
sJ ’m,mc m. propel I Ins . “ It 55 15 ItiUlid uhat the ( ompliin profik ss as s cn s mt  is c to

V uhe m. h i u c m. e  of —i . In hg. ”..”, t he dulic,’ i’nce heRs ccli 
~ a, (’j ) ,nnd 

~~ 
i s  ~h .ss IS

V 4  
for

~~~~~~~~~~ sn’serii l ch - i c es  of ~ inc luding in dcc’ leas i lu g ins c g nnt t ide of ~ : the n m r n g c n s i l  S later value
-~ I , ys —‘ O S , t he sin ai t ice , i retn ‘ ;mi ue 9t’ 

~~~~~~ ~c c d t he ( tspar ’
~
’ K( i lS f l  Shsmtit ~~

‘V sstl ue of 2 3. It is sec’fl f~t Ar and Km tha t 
~ 

is t he best choice of those illustrated ,
sshi le for Ne there is a significant d is c ic ps m nc v.  Since 11mm. ’ choke of ~ ciin ph~nsi~cs

<p 2>. it ins suggested b~ Sahn t i and Snimtli 5 t hat a dificrent c r iterion he cmplo~ed
V ~

, , - 
~~~~ 

‘

~~ 
for Conipton profile studies which emphsms iies (p

~
’ > tistni ei~ ~ 

should he ch osen
‘s ’::  

- such t hat J’.~,(0) = J~i~
(O). ss hich is similar to the method introduced by Bloch and

\tendels(Ihfl°9 for theehoiceofalomic shielding para n)ctc rn. In Table 5.4 we compare
- . ~~~

-‘ imnpulseCompton prof iles and the rclsmi i~e percent di ffe rence for ~ 2,’3. ~~ 
(0’7458),

~~~~ ~~~~~~ I and ~~ p (0 5032). It is seen that “Xa ,p is clearl y in quite good smg rcenncnt with “HF
for ~n’iall q and in re sn s c .mna hly gc’cmd agreement for a larger range.

— V 
~~~~~~ ~~

‘ 
• 

. In addition to the replacement of l~, by I-’,, t here has been much interest 58 ” '1’9~
in its rep i m cm.nle nt b’m sa rmous esc h Imige. m d  norre l it mon pounn ntual s 1’xC b nsed a~ un

5 ~~
“
~~

‘ on electron eas considerations , We note that several authiors s s 9 n  have calculated
- ~~~~~~ V~~~~ V 4  - , -

~~~~~~ 35 ,~ 
1(p) m d 3(q) front orbit mi s detcrnimned from different 1’~c S

V 
la  bIt’ 5.4 I imipimlse (‘omimplo n pr~ ,f iTes ~ ‘ ‘.~ for arious local t ’ v cl ma mc g e ’ pot t ’ n l ialc for neon ( s) A gim c-s the

differen c e f rccm mhe h F  ‘t a l ue 3

q Ia u 1 A( I ‘\( I \ -p A) I HF

- - ,,: -~ 00 2-8088 - 30 2 7699 -5 2-7 279 0-0 2-7 279
V 0-5 2- 563 1 - 2-0 2 5 3 58 - 0 9  2 5053 03 2-5 131

1 0 1 8684 I I  I 5~’~5 10  (-86 96 1’O I 5889
V ~‘ 2 -t i  0 7 5 t 0  2-6 0 7 6 ( 6  1 2  07735  03 07709

- ‘ 5

c.4 F;1 F(’TRON (‘oRRE :L A ’r Io N .-~‘\D 1 \ IPU LSE CO.\ I I ”I ’ON P ROFILES

. . V ‘ ‘ ‘
~~~ 

Since accurate I Iartr n ’e Fccck (HF) calculations for atomic states have become
V , - V ~‘ available in recent years. it is now possible to test the adequacy of the h F  model

for the descri ption of electronic properties. HF-theory has been found to reproduce
- soinie ex pectation s s n iucs of physical interest quite well , hut for others it is not —

~un ffic ient Iy accurate. As  an ex amp le of (lie latter category. one ma~ cite the clu-et ron
af linitv wh ere for ato nntc o \ \gc n  the I IF :iiue is of the ss rc.ung sign. The problem of
t he difference between the ii F and the exact no n-relat iv i st ic prc’diction iS csihl c ’m.m the
c - ia’rt ’l c l t i < m? m j ’, ’c ‘hit -nt. Ii svs ns origi mm ll~ fot’m umla ted for I lie correlat iou c nlcrC\ ’ , I m ic m 

li ;i  mclv
5’ . 

. . “— the difference hetss ecn the ex act (l ion-relativistic) and the restricted I lart ice 1-ock
- IRIIF) energy, I e,.

- (5.64 )
Sni i c .’e thi s ci’ rei u us a small f ract i o n of E

~ i 1  - It ns usua lly only itt qt ic -s I u m i l l s  m ns o ls i i g
energy dtflc rcnces ss h ucu e t h e  correlation c’ncrgv is important.
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now asailahk at both the corre lated and RIl E lesci for the hnuthter atom- , (lie Net .
In the ease of hehiunn 3” ’4’

~ 
- i l lS  t he data in ‘I able 5.5 indicates th at the III : arid both

y..
~ -,~~• Tabl e’ 5.5 (‘omm i ) m , i r i ’ . c , um of lt m c ’ ircmktil j mc m $ c t I !s ~ I , i m u~ , t s , i l  ‘
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of the correlated profiles the reim i are in quite good agreeuneuit with a slight f lattening ‘ :.

of the profile heeau’.e of eleetr om i correlation. Similar resu lts ssc re found for [
~i - 

2 -
and other two-electron iou ’..3 Comparison of the 1-I F and correlated I (p) va lues - “S ‘ ,“'

‘

for Li cal cumhat ed by Beneseh and Sniith 3 2  indicates discrepancies of the order of
2 3 per cent while the Compton profile wa s more accurate. The niaximuni dis- ‘ 

- 
‘

cre pauicies for J(q) occurred at the peak. 2 5925 (RI IF )  s er ’ . i i s  2 5743 (correlated ), a ________

difference of 0-75 per cent. The atotn ic fortut 1~ietors ’°” s~e ue in t heir turn even more ~- V

accurate , illustrating the compara tive snnc’oth ing nature of the co nv ol uti m ,n (eq. ,-t ,,

(5.34) amid the i nt egr ati e)n (eq. (5.29) ) insolsed. The la rgest d iscre pnne ies for I(p) ‘
;J~

-
• ~~~~

and 1(q) occu rred in the s~n lcnee or 1.-shell region ~ hnle i i i  the k-shell reg ion tl’e~ t~~~~
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~
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-n ” . - c au s e of the discrepancy could he identified V ’V S hei nz due to the nea r-dce-en-e r ;mcv
- - V’ 5 Vof the 1’~ 2s m d  Is 2p n.onfn~ uratnons
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- The calculat ions on atomic neon by Smith at id Brown 1°° and Naon and

- 
V - - Cm’rnille ”m

~ showed that for this \S Ci h—C hs ’s c’d shell r~\ sicuf l , electron Cmirrc l: i l iOn played
a se rv rtiirior role in deter m ining the Cciniipis in profile. Ihis is scen b~- cs l i i j s :st ing
the 3(0) sin lic’. which are tabulated in Table 5.6. It should hc ohscr\ m.d t h iau all I he
corre lated alues for J(0) with the exception of one arc larger t h an the If  F imb ue ,~nd
hence pros ide a counter-examp le to the conjecture I hat

3(O )HF > J)0) sir y (5. 65)

[his C i i l i )CCI i r e  ss hiich is based on the vurial theore m orig inated with ~lcW’ cc ri~ and
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- Ce ulso n ,~~ It 55 1(5 sl lC~~e St c ’d in rc’cc - lut  years by Rross n and Smith I 0~~V 1  10 
~-ud 0145
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- ~~~ suti ~1med bs calc ulat io ns for h Ic. 30 - 4 - .1  ( 55 Lj .

d f  
BC.

i i1 . i S I S B,si arid H2. 1 10  hloss c’s er,
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- We note that t h e  i t )  ic calculation in Table 5,6 which obe~ cd eq. (5.65), did 1)1)1
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‘nh i n -  c f .u 5 .  ,,~ ik~- n : ’ sc e i (  o u i ’ n ! . s l s  bP .cu ’u s  I c ’  t h e  i re! sl eb l i e  r - e : : n , m n r l ’ T l g
le ,  m ,~~ ~ 

c~ - ; ~.t sins c e - c ’ .! nid er of (he ‘- .  .: se  ( t i e ! i s  ‘0 n i 5 Lag :1 se  , s ic  i’miai
5 ,5h - V ’ IIII : iS :u’ . m , b . c r e  , s I )  c c f  l ie s - )  V i l ’ i s t , ’d , , ih ’t ~ l~ 

- c ‘ e l s ie the m ! ” :Il ‘cl i.
it ’ I c ’ i i ; . t i  ‘II ~

‘ s u ’  iC’ . c c c !  :‘/ V 5 i . ’ i t / C  tO IL” .e cs ’ u I e h , s ( c i l  ‘ .‘ S I C  ~s l t s t l l  ins i re
V si ei d~’d nn 1/c hic ~ i s :  ‘I I us ; i sc  fnin~~’ ’ii cm ’ i ns t ’ . t s  , ,f mb ‘ i s s i .  i c.. t i m e  i r i s ’

c u ~~i e i r a li, ! / s  h s ~~~s ’’ i . )  15 .2 / . 1 ss l inlc t iR ’ ’Pol,’ \ c a \ c  fii r s e t i , u i  t 1 J i 5 ( ~d /5 m m
h O d  i l iC 10 ( i j u s t  c ,ider i 

~ m r  s m ,, i / !eV i l c : i s I I \ H
~~( ‘i . a \ c  f- . inct ions Consist of i-li .01

~~ 
+‘ / ‘c i - l i e  ‘ i c r / n i  ( I  s~ l s i t ’ .  l i s t  m m f  th e - t i n e  e, ; i t r i h i n l im ’ ns as r I t e 1— 0

f unction plus ‘ ‘ ‘ I c  m ’ f  t I c  L’ ’ i e t  m . , uI cimni t l ’ j h m s t i s i n s , lnspec ’ t i s m ni Of the t:ihk s)~~ s ss ~ t hat
the la t t e r 115 0 f Ui ms ’ i ni ’ n ’. n mi c  (Ii se r y  ,~ l ilI ec l i j e t i t  ss hile the 2(’l and Pol. f u nc t io n s

e,! eIl ,- c e 1 s i j u i n  fo r m m ~mt~~~i : s i , i t c l \  h i / uhf  of i ( s c  d isc repanc~ at t he peak . Smith.
ft oo n, and rl~~5~’’.~’h’ _ , m i5 ’ hs L’il th ,iI ieh insi nm n of the i i n 1~’ I - i j ( u ! orbital polir i alion
m d  ,5e ’ l i l I — s u i ! i m l l s i i 5 s i l t I c ’ i / l t ’ m iIl m.’fTec’ts in t l imd \ l l lelli_’C shell is i ece ss ,1FV t o  ; ilt’5nu ~m t eiy

1(~~5~ ihe t ine Coiuipli’uu profile for ~~t~- xh eiI s lates -,shile the  t ’\ I s ’ l i i l i l  C l i  C h l s i i m m f l S

pla~ s i l l y  ~n i s i n i ’ r  role. ~s’ uc ’c the iiulciiicd/ arid ‘ s imfl - i , l tm . ’J lumi l  c on t t  ihutiouis crc
for \S el i’el ’’eil shell s l a i c ’s t he report ed cc -

~sIjr~m c\ of RIlE fm.mr I~ ’ lina n ( 1 St sa d t i n
) i s ’ ) us ~j d e rs tm mod,

‘Flue i n io st  rec e nt  s t / i d l y us that of \ l r ieh i  and Da~ slss in i ’d3 for \ ;su7 j di un i i  ~
4F), -

‘
1n’.~s,’criofl of 1—01. ,” s l l m .m , \s  that tI ,c cot I c t :m t  m c ii i_ ,.~t i t u i hut i in is mainly in 1h~’ \:l ieuie e
region with a f lat tening isi the profIle iii igi’ce!i )ent ~s Iii tile COO j eCt ore of eq. (5.65 ).

55 RE] , \ F I \  (S (‘ IC’ PROFIl E ( ()
~~RF( lO\S

ill this ‘-ce lioni ss c ss ihl d s V. ess die ~~~ t s  of us ing a relhl thsist ie I h u h  cc l miek spir V ir

s’a’ e funct ion on ti le i l i m - i l e n t l i r i t  de ns i t y  au i d  i tn psnls e (‘ l s i i pion prof i le. \Vc ~ii] i m i ) t

to n mc li upon the in np i ’d r i /m nt quest l i n of a c m !  reel f t  inr :u l i s ~n rela ting the se~u I t c ’i ilg

cross-seel i ,’ i l  to  the impulse Compron profile for high inc idcnc -c en’erg\ —r ; n \  pl’io is  ‘ nS
s c a t tered at ~nn~’ ang le exc e pt to s t a le  lim it it lu rn s u~’ce r ’,1~ i’ec-n ep ried by’
Rihhcn fs i rs 1 ~ (see also m . lua pter 2).

5,5,1 Rdnnds ist ic Har t  n I’d Fock f ’.c r mii : j  i / s m

3 Rel~ hj s st ie Hartrcc Fu eL imi iptnlsc profi le e~ileulat iori ’ .  bas e been rc pm.m r rc d in a s - : i l c ’ s

of j — upem s by ‘s h c u i m i 5 ’ ! s i ~ i t n .  B isgs . and \1nn nn.”’~ ~~ ~ Fhie ss a s c Iilflc’t i ’  ‘s Ised is c’re
\ b . t m n ” . l~~~J~ c ’r eal re~;’ i i ’,i’t i c iLuri rec hi-:h i s / u s e  is: s s ’ t i i m n s , ’ 1  ILe ’ c ’ \ s e i e  ms ~’t1/ s sc d

b~ ‘. ls ing I t t~’ D~~, s c 5 m l l l t l , u1Sscl1- ~ ’it in~~is t e ’iu li\ t~iking; ill Pie lu s- p .mr ! Ic I :  ; t i c n h i c l i ,ls

s I s  uloti hic. In the re la t iv i s t ic  s ’ s,- nt r ( n i lucId hi. , r ( c -c l i i k i / s c :1 f - ~s r t i c ’ul .ir 0.!
in h t m l  ( e x c ep t  for .s orhitais) spli ts into Iss o orbit:~ls . one i’ ilii j  I Ic t s ]  ‘ u ,c isith
j  se - 1-or e i t h er of the ; ilj orl’s i lnnls . t he lout’ m. m i7n 1 -,5 i j c n l t  ‘.p~i mou rna\ he ex~
in (m ,’i u : n s c ’ f i Il\ 155 Cm radtnl clll lj ” s c n i s :  C, . . 9’). a i s o ’ s ’ e i ’u lp. - ent  ss l s s -h ~~~~~
u nm r s .h l! 1.c ’ P ,, i m i / — l c - h a P s i s ~ ic ‘ hal ‘, s a \ c ’  f n s ’ ion f c r  ~~~~~~~ c c i  , 7~~ - t ’ s • , su m d
/ ( r I .  a s ’ i l l  c V s ,i.. ’ .s ’UI.  in u s  of t l ,~ -c es m n s I ~s i s m c : s ! s , ‘ m e \ u h n s c  f n n l l c l ’ V ’i)

nmc. m r u l1 ’ iI ,,/IIc mn il ’ u l d i t r C ’dcfl ti l lS l~c~ 11 cit  iS

V _ V~~ 5~
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~ i ’ ” is (1’

( ( it - i ) . ’ - j / ~~~~rI) ’ : c  ‘ ,f .  I ( 5(, ’ i

l h c  155 ’ c i ’ i m  , t/c u i t s  ~~ t I c  ‘
~~ 

o h u - , h t m ’ !  i / i l  ( c l i , ’ i I s ~ ’ I s
~ 

,l . - , -. ‘

h Iki ’ i l t m m n i c s  of ’ orc !e I. ( lie t s s . c  Cm’ , . 1 ’ 5 ’  le ’’~ t s  01 ‘ s ,V, ’ , 5 ~‘ ,_ , . , ‘ m c

niui t ip l u c c i  by ‘.p) ler ~e:tl hnru:’ s iiuic’ . if cm rde r I I Ii ’ ; tb . , 1 1 , 
~ ‘ _ . . , ‘ ‘ . ‘t  m U m _ i : ’

I - t iou’ the]  ~~- - c , i~~5’ ‘l - i ’~ t i m _i t h . i- un ’: t u n a .  ‘ ‘. m~ id ’ the i u i c ! r i ~m _ h i , !  ~ p T .’ i

couuipc ’nients . t i c  nl~o r in e t 1  i / U t  ‘.\ . u S  5 / -  ( i  ‘h s - s i  ‘ i c u t ’  nI’ . c h5 .‘ . , t ’  :.i Ill I .~~ 
. i f  m ’ , . .

rail :nI nlns ~~uel t t s tn i  em u p  l u 1 ’ .  t~ 5;’~ 
ant i .! ~~~ ‘~ ( t m _ i

/~‘, ) , i i 
~ j i 1 J0’ ~;, , Ir~ ,t f ’ li ‘ d ’

and 
C

(2 ~~I ’ 2~~ 
~~, 

i t  . f ” i i dr

ss h c~e i - - - I fo rj ~ - I+ ~ au d i - - 1 f ’&-r j ~ I ~n ’ : - ! J1 u ; ’ ~) i s  .i s~ ” - . ‘ it. ..c

f’uiu ction of time f l tst Litic l . F’ini: ihir the impi ke in - ‘ I C  is  e.t i ,’.u !:I!e I r o n

i~:1Vp U
( 5

= (~~~i~~~) p ~~) ) ?  (/~~ i) l m :I,

w here the factor ~ , rat iu :~ th:un 2~ , coi i -_ ” . m i n i t h e  uim c r l ius m t i/1fi ’ s ! t  of C .~n m_ l F in
eq. (5. 67). A dis cussion i.if t hc nu’s eri cs!I p r s m c e s l ’ rcs Cflh l ’ ! ’ ’ \  2 , 1 to e~ .~h t ~ ute C i ; i tC1 d~’.
fl~ s rV  be found in Rd 79 ise-: sc: tj o un 5 . 2 . l I~ .t ) , I m , 1 5 i 1 , i~~,i 4 e m m l s s l ’ I o c  ,2i c c f

’ re 1 . t i s i s t i c

Fia r t ree I- ’oe tt CO !s/ p t s in p ill _ - s f i r  t h e  inchi ’, ic ) d n : n I o r ! ’ . t . I I of ill trec ’ Iut ) nl - si it hi V

Z ~ 36 is g iscu u  in thus  r e r e i c u c e

5.5,2 Ri.’!,mt isu s t i c  c o r r & ’e tn ’ m ’ — i n  t i e ’ ( o , u u 1 m t ’ ’ ’ u  p i c ’ hiLn

1 he I u i o s t  in tere stin g resu lt ~f the re l a t i s is t i c  e n 1 e t ik nt i o u ss ts  t h at relert otic eP’:cts m ii i
OUt ~ r ele e t uc .,n u , arid there ic ite t m i h t ! . (‘o t t u ~~t~s ui  prV IuIe’. are n o i c h u  a n g e r  tha i in/c ~souui l

e\peet a pu ’ s m m’i. 1 lie o r lu i ! .~T ’ .  us i’ie !n cm ,n [n ihiu te 5 i en ’ i r i e ; ’ u i th 2 ~nt f i te prollie c ’ : r it re a ic  t im -c
Oute r CIC V II Im _ i i l  aloriu ie orbit su k , Our’c doe’, O m i t  ors.i i n i , s t  :ie t tun i rk of ’ these orhitsnl’ .. ‘ ,Si~C c.d
t he elcc tr , i nts arc nu~’ s i i t e  e mm n i i p~nr~ut i ’ ~e hs s h s m s s l y . It s  he l i g  :lfi,’ c’ t c ’ s i  s c iy  unt uch h~
re i ,u ius i ’ , t ie c f lcet ’ ,  On t hlem ’ t i u- : rh anudl ol ieC’ . pe c is ( l : rcl ~u t i S i ’ i r e  s 1t - ’ t ~ ~1 u .as e  f u r i c n i i : s  ‘C
of rap id! ’ , nn os i r i g ci5 ’ . : u r . i n s  in the inn er on ’ s ’  1’. of ’ te s t  Int u i t’ .  t i c  bc p i. ’ i eJ  ‘a

c iu t i s l d ’r m i) by ‘ .s lie/ i e smum i 1 s . ’ :e , i  to r i m s - e l  t i s i - r ’ c  ‘.s ,n’ .e f c i r i c t i s ’ r is. lhr’ . 1 1 1:! t nug t i ’  is t i s .
re h. u t j s i sh e  e fe u s o l  cl , i , i ty  e s t u t  be un’,L’: ’/ - . ; s ~~. f;’o:s  c , s i s i !c ’ i :  t i t e  u ~~ .

V 
‘ci ‘.r ~fle-:t ,i LI ~-ertu rh n - t i  9) h I d  u) ”l ~ei.i u s ~ i l . i i u .  i t - t N  u t  -\ ‘ .  s d i ’ . i1 t l i t ,

. 1 7 1  - i s  Pt~ , t t u ~ 2115 -C  n u d e ir ~~‘i2 ’ /! i t r s l  C C / I s le  pi ll ’ - - m i  tine e c s

‘~ . i 5C  ~nnc t ,ui sm tit . t it is l~irc:r ne: lrc~ t i l e nil... - ~ . : ~~ .5 i - ~ d s ! . ’ . ~5 i .  0!
nunt cr .ie e lnu ,ni ,p;~~i ‘,~~~ ‘ , ‘m j  ‘ i i i  le ~k l i d .n i la r m . .r u i t ’ , t t / ’ s /  ,; icc 55 .5 - C  i in~ m_ t t ~
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I i  l i / I ;  - : ‘ . l m ,  \s , , S s  f l s ! m s t . , ’ i s  1 m_- n ’ e  . 1 -r s m _ I  - . ,~ ‘ ‘ /1

p~~~ile ( lcsss 5 n ui t L:’ c a l l s ’, b - Lu n i , t b s ’~ su Rf t i n , :~s , ~ t , , u t ’ : c I , n t i s r ’ o . I’ s i C

l u t - s i e s i ml is m_ ’c , mn ;mt d i s C dint if t i l e  m m m c i  Is , 2s , ‘ii~ p ‘ : 1’  i.’ is  , c i c
s r g n i u :5 .s i t i t  bt t i e t V d u ; u mr n c l : u l n \ n s l c e f i c c t s , i m u l t cr .5 i c ]  ;. m U l c t !  i 5 ,~ I’! ’iO he
5r~ : i f 1c,~n , t ! r  uL ’ t5 ed ‘s ’ c l ; s/ ’e c ’f V m r t : m , ! g t m ! l / m ! i / / m r i  ill iu m un le r s to  a m id . ‘~/ l c t  [ - t o  s u e :  / 1

in l : .mu ( ~n l,s e 1 m _ ’_ ’Om ’fl ‘i s ’ \ \ s a r c ) : t l s  ~!ic dc - c r ea s e ’ jfl ./191 of 15 -7 I V _.i iC t l t

i t c ’ c a m / s e  i t s  , m _ e s e  f un im_’ P ,s n  l i/us been bin ned s ntiif ’nehu n it l\ c h i c ’ I d iP .  gou t ‘ ui,~li’ ’n
V io n icm n in i c r .’ s i ;c lc ’s, a u c lh l I i sust i c (” cl c c t rc sn i  e~ huihi1~~a d e e r e / / s e  in ,/ i 9 i c m f  J $ m )  per u ni t

V Fhic ’’.c’ pm_’t C t ’!II !t,’Cs I n c  i ’ : s e s i  ill a e’im i i m p :un :’ . ln i  of p u i ’ i i l c ’s d2l ls nil/l i ed ss i th  u s ’1 . l i i  s — nc
. am d m ’c n—rc ’ i / n t i s i ’!ic Il / t r u ce F~’ck \‘, : nse futtm _ ’tionis , In ~d’e th is ch- .ir hy P m _’ non—

r c t :n ti \ ns iie ( i iu’ . iic ’iI 1 12 1 m u d  i c ! / l t i \ i s t i C  ( s V ’ i j C]  h ue) I ! , m t t l s -e 1~~ 5 k  C I C i ’ ’i’i 5 b  h i l L’

;niid ii ui ’ i i ’ c ,’fl t un ut  ml _ s u l ’ s l I c ’s f c d r ’ t i c 1 s V ’ i i ~I t / m h i m f l c , o l  , I c c m l p . m u c c l  ut ~~ 5 7 / s - I i st i . 5

U 7 N

l i lt !  ~0 1  (12 0 3  0-4 0-5 0-6 0 7

r

f i ,l RF ~. 7
(‘m~ic’s~’n’ sc ’ uu  m f l l , m r i  m ’c’ l ’s ), ( — — — ‘ ‘ I  ,, ,c f  s _~t ,~t ’  , i , s t t ; i ; i V Vi I ‘5 15 I , s ’l ,~~, omn i

, !emls/iii n 1,’r l i /C ~1 s s / , ’ t ~ ‘f 1mm _ cd,
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FIG), Rh S
Coir p.~ . i. ’ si  o f H .s r s rc t  F,sc k u - - - 1  ar id re t a tus is i ’; It i r t rc . :  l’c ’c~ I 5
fl t s ’ , ’ -,’ s i u i  c I ; / l , 1 S 1 C .  t s r  ihVi 4 5 s t I l e  m u f k . ,s~

-

~

Clel’rl~ t he rcb .t i i s isi ie p u b l t t g  in ef%ce t is q r u l t . e  knee ‘ \ u u s s l , e t  d i ’ ie ; m_ uim _ -c not 5 1 / m ’ ,’ !I

in the fjg ur ~~, ~5 t h u / ut  thi rela t usi -c1 e e e ,s t i , ’ ut c i. _ n . ’ u t v  cioe~ nios ,- s s ’ t u ni - i ’ ‘. s u u i e e  P’:
F and G e m n i t p m n m c i r t s  do u t - i t  go to I) at the ~c it t e pcm i :u t . -\ si ui t i l . ur  t t pe i r c o i t . , - . ;  s ,c n

for the 6p electron of Ie:id ~ng s mn shoss a surpr ising !\ lance rc ! , I n t ’ , i~ t i c dc’5t  c, ’ 5’ i i i

MOj of 952 per ce nt. inn k:nd , 7s  in ot h er n na te n m .uh ’ ., rd l t n ’ ,i’,t y ’  f1,r ‘L- ’ l i g c~ :,t~ ~u
ti arid J ’ ebec r is  m u ’ .  arc ne:l i~n hbe for t he rt ; i m ~ l i’ ’’ ~‘i’he:u t ( u . r 1)1)1 ~~~~~~~~ f t  n i t

or hit I!’ of lend ‘are admLl up. one Funds rcl ,u ’ s , i s r i m ’ ~Icercn’e ‘1 1:- c t i - u ) , ! r ~~~~~ ‘~~~

5’24 pu:r c C/ i t  at the pu l l- c ce ’ i l re  S i / c d  t ) u~- ’: rci, ) i m _ ’  .hc sa Il : e t i’ s t  t i n t .  ‘,ser:
pci r’ . ru;t c.! s s ; t ! i i u t  the min ~~’ubs : a ppr ”. L t u i : t t lmm ’ I  i n ’ . ;s ue : 1 V ’ r t l ’, ‘ t I / c  I i) rr/ nc s f ’ i n l ~~r ‘.u . n s e  I

II’iCIR”)s , 1h12 ; t . ’ rr i  . ‘ ! t , , t ’’ i i  c ,ndil m ’ n i~i t h e  i s n . ;it he c ’1 .u a ,  ‘ r i ’ , :

2 J(qI d ’  I ~ ~‘ i i  I
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n -- a lt o: f / ; ~ 5 : im l l t  ‘ i n - -  l i~” P u ’ t i .  ;‘,n’ t i S ’ . t i. - r u t , : m a  l1 ’ ‘ / ! , C ~ u i i i ’
-: ~~~ - ‘ i u m _ l -,n t b . ,  i . e  : u l s I ’ - t m _ ’t H - i . ‘ ‘ ‘P lc ’ t d ’ ’ ’ i l t  Ii’ g s ’ , c  1N~ ‘ e L  s / m e  c O t t a / c ’

s ’  [e l m ’ - s t u e  / ‘ - ‘ l m _  - una r,- . . l s  fm . :  s , ,  Ci , t - . ‘ ~~ 5 ’ . SiC d I e ’ 9 c 5 d ’  s : I t s  lot
- i c r  n g m ”u It 1 H u’ m_ ’ b , ’ I. \ ’ - ’~ e be 5 ; C . ‘.d in 9 ’ s ~ t ’ ’ h s ,  J c ) m I  ‘~ f ( t  1 H - .:r

1 :  . 5 /  , , ‘c ii i / ( f , P d O , ” c ’ ‘ 1  Ii - . 12 ~~ .[ m c  at - hn , .~~~if - (se t \ 5~~
. ,, , ) /

i / 5 ’~I, P .C ~
‘
~~~c ’

~ I. I~ c c  U t

5.6 ( (\1i~ \I~ t~~(,
(\ 

~~I- I ! l I .Oi~Y .t\I) I.\ i’Lt I\ iI ~~I F o R  I R i I - I  \ IO\ IS

\- R,uy 1 ’~ ;u 1;~:,’ns .~t t e r  . m_ :’ e ’ J d i i U i e i l is  / ‘ . i s u s i  \ii-u k ’ i ( i 7 - ,~7.2 b, .V- V), !ld \~ ~~J ) ’~ - In~
L\ ) s ’ ’ , m m _ 5 ’ s l l a s e n s , e 1  1’ien f u ’ i i t e d  (‘.5 b - - ’, I i ’ C O / d i  c l ’ !, , l , 0 n - m S  a d  ,c , , u n . :r

C ’ j ’ .d. i . s d i t ’ .  s i th  a 1( r )  kc \ ’ 1 2 ’ s f ’c ~ s - i C12 i ; ms e b ’ ,’.i) U ; ’ l i e  l’-t ln! ’ .c- : s l ’ d n ei s. d

b~ ,
.~~~~d ~~ o t t  l,e Itufll. s t ~~ s . ’ ! i .  a d  i,rt ; - t l  - i t  h, ’t h c \ t .  : , . - Is i ’ : ch in s i - c t  -c f , ’ m s nd  to

t i m_ ’ i f l  S s .’j ’\ , 5 5 5 U ,ip ;~~~ ‘ s :‘~i s~m u h u p l~c 1 I s m I t u e c  i~’~ L ~‘ n m s ’ . lc ’ c~~~’. ;l,~I~- as , ,u  ‘ m m m l

V s s s l. ’ n ’ iu’ . s’ e i Ii ‘litec ei ’Hsl ./Pi’! u . I’ . . ’ h s ’. nil 5’ I , t t s n ’ - t ic ’ e u ’ t , s .- m _ i i u s i ’ s l c ’ ( IL ’ s ’ s.i l l
i i i  flu. is  d m1 n for n i _ s  it c.~ is t~~ i n si ‘. cnth \  i m ii cd

‘ : “ 1 2  a .~
- a-1~ pc sed t iiem ’ re ’tic ;tI c l : t t i s i s t i c  re l , , ! l c i . / s i p LOS t et/ t i l e  ‘1m\ Cu SS-
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