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UNCLASSIFIED ABSTRACT

In this monograph, a report is given of our work leading to

the development of high resolution electron spectroscopy. Thu work

started in the early part of the fifties and has now been brought

to a stage where we believe that this kind of spectroscopy is ready

for a more general use. The energies that can be measured by our

present eqipment range from 1 MoV down to 0.01 eV, i.e. 26 octaves.

It will be shown that new information about atoms and molecules

can be obtained by electron spectroscopy. Samples may be prepared

in the solid, liquid or gaseous phase. The materl al to be present-

ed is comparatively extensive and we therefore start in Chapter I

with a general survey in order to acquaint the reader with the

main features of this type of spectroscopy before presenting a

more detailed account in the chapters that follow. Some results

of theoretical work and design studies are collected in appendices

together with some tables required for ESCA.
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In this nlonegraph, & roport i.i giv'~n of our work lending to the developmont,

of a high resolution electron mpectroscopy. The work started in the early part of

the fifties and hag now b~eenl brought to a srtage where we belivve that thii kind

(If spetrocopy ii) ready fcr ai more general use(. The energies that can it(
nw a.Murc( I Iy our lprcsett equ ipmnent range frome I MIAV (1town to (,1 IV,
ix,(. 26) vetO.v(. It, will beo sho wn that new iniformaition II l but a toens and mo le-

kcubs cM)l be ob tai ned b.N electron sjieit~roseo)py. Samuiples ma y I a prpae ion

the K 11ill, liquIidl oir gaseous phase, rho :natCrial t~o be. lirosiIteI is (comparat~ively

extensive and we, therefore start inl Chbapter I wi th a greneral sourvey inl orde r

to acquaint the reader with the main features of this type of sjiectrose(Ijy

biefore p)resenting a more dietailed account in the chapters that follow.' Soein

results of thee~etieol work and1 design NtuIldie' are collect-((1 ill aplwiieflees;
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include, it complete, ac-ouint of relatcd fields. of reseoarch for which veview All-
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X-ray emission and alsorption. spectroscopy, electron energy loss studies ect.e

We have, however, given a list, of papers to which ref erenc'i hmas beeii madie
inl the text, ande whiclh we 1 el ieVe to 1be o~f (Iirect relevn'nee. Tbhese publ i (at) ns

may in their turn hielp the reader to findl his way 'toi ot hr 1pa1pers linting o))
the subject. Uisl l ueI16

K'ai 'So'fjbhajf Carl Nordluij Al ivhlrr; lahinuiii
JRaqyur Nordbe,y Ajvll Ilemari dan ,Je i lit(anO

(unjifta Johaus.4n 'Iorstev liir!/litorA- SAi't'n-Jrik K'arisq~vtt

1114011titOe 1I', IfP svH Uojvcr'-,iiy of U;,j.stlo

Inqvar Jan Iqrie. vi rit. Lindberq

Daop'artmici. Q! 'h'-iIuhiiiitim of ( h'.rj41-Y,

C hami vuH' t1ai~virmity 'Uni verir~ t of I T ;Iuptil %IIiil

of I'~Tuclokology, U ot~whnIurg 1IN StIL) itli Diti~iii,

PhI 'I xL-f A1,1J'I1UII



I. INTIODIJCTORY SURVEY OF ESCA

Most of the phenomena that are studied in at physics a homogeneous magnetic field for the energy analysis.

laboratory and utilized in technology ta~ke place in the A given anode niaterial in the X-ray tube, for example
eeict ronic stru etiire of atomns, mini ecu I(ll and s( olid1 silver or molybdenum, emits a continuious spe~ctrum
nia~terial. I )fferent. kinds oif spootrctoSC~hy have liveni phis cha~raterAistic X-raLy lines, of which the Kee ae
leveb qssl fo r inivestigatinig these AtrictuIreis, the iu3ost (loo]ble-t is the stri ngelst. If this unfiltered and unmon')-

well- kno wnj living optical, i nfrared (liIt), Itanoian, andi~ chromatized Fimliitioni i mpi nge~s on a foil of an cle-

ultraviolet, (IV) spe'ctroscopy, optical rotational (us- inent, photos'lectronm are emitted1 which can be~ record-

persion (ORD)), X-raty vinilmi5Soi arnd aLbsili-tion. spectre- ed in the magnetic spcctrograpIh oniit, photographic
SC( p'', nitclear i33agni'ti c resionance (NM R), nuclear platei. Itt this way, electron distributions were obI-

quaudrupole rvsoinance (NQR), electron spin resonance tainils which were characterizedl by long tails with
(FS11), Miissnuter swectroscopy, mincrowave spectro- edges at the high energy end. By measuring the posi.

sel)py, andi 1(1(15 spv(ctroiscoJy. In the following sections tions of the edges it was possible to determine the
we describe it recently developed high resolution energy of the photoelectrons ejected froint the different

Hlsectrosci py , naione K SCA (EPlletrn Sp ~lectro scopijy atomi tiehells o' the element under investigation. Firom
for (herni cal A nalysis). It is based oui a tnagnctic or the known ener-gy of the X -ray 1lines in the primary

(lectrical analysis at high resolution of the electrons X-ray beam, the. binding energies of electrons in the
"whicl irv 4ciniitts i f-i ni ~it soistanice oni i rradi jatior I different sheilmuls 51d be. ciilcuilatsxl.

with X -rays. ESCA reproin xlies di rvctdy the e heiroi ini Am ither approiach is to let the X -ray bsam pass
level stroctitre, fromn the inntermnost shells to the thi4,-.gh a thin foil andI to studly the absorption Hiiect-

atonmic so rface. All cl:iii ets from li thiu m to the ri- in with an X -ray spelctromete~r. In this case, edges

heaviext ones f-a1 i be! s50(1 jevl( en if the 4chinent t. celrs are also obtainted, and their JIxsitiolns coirrespond to

to g( thier wit tlivsveral other elementN aLnl ri-I jeriisutH the eniergy relqu~iredl tA) elxcitel an elelctroni from one oIf

oniily a snriall I art of the' chemiiical comon d oiil. Thiis the inner shlls11 to the nearest empty level i13 the

sliiit~romsceopy is clilrac(ter i zd b y shi rp f leetrn incImie atoin, which is very near itis surface. Cleiarly, the data,
and by it highI sensit~i vity . 'l'li e precisinl ii i 10 s n ohbtainedl by the two methodh are closely related,
I rotight to, the limiti sit, b y thi inhri d 'i' widths of the idtlu ugh not identical. Nowadays X-ray absorption

atoi i c 1evv :'ls he miusi , 'l IN. CS(A is a t l iliClLb1 ill Ii spel cetro scop~y is a well I estal~hdi4 technique.
van' '(v of fifý t 'of rf's 'arch in 1i '.'x 10i I closeisry. X -ray't-"'i iHiHH'0 (fviii1 i.'ne 5oi4'f.rnrn Imii w~rirn vsitui

Alh i ~lieationis are, fior vxape,01 foun 1331n organ ic Ow e on a conitjinuoius brernsstrahl ung spe~ctrumn) uinstANaA iof

in istr y s t ii(, theimp(3111 itl illIight . ili nouim Is arlii it, the iedges obtained(5 iii X-ray absorption. The X-ray
niitriigeni, oxygen et~c. arc eas~y to study. 14hifts of innier ernission sllectrrnn constituteis one~ (If our most accurate.

'evi'ls ilue to lwinical stj-ictdo re effects aire charaii eeris- sources of iniformation (on atomic level structure.

tic feitti res, toie d'(, ES ii l poides infof rmaitioni onl the IR mnust lie remezribIerod , however, that X-ra3y emission
chf',icial biondiiig ini m!iiii'illi'5. slic-etra are excitedI in an X-ray tubec by an inltentse

1FIori In lii Middi Ile of ie 11V 333 I4-il 1411 We is Mstn idd ile ellectron binb1111lardunent (If the anode1(, a conIlditiont which
(if thoi 31 in'ieu Iii tirtivi cxxi iii research workers ini noirmnally leads to decol-npoi~tion (If chemical com(11-

Pi igland (II, . lti ii tsi n) "1"02.0 I Rilil ini Fran ce (M, 1513 ids. I-ence, in oIrdelr to study the X-ray emission

de Jiri gl ii)"1 iniiivestigatied tIiv i. i ergy d istri 1133tionS of spivett'i oif chemnical coimpounds it is usuaIlly necessary
eh 'etri ei in vlarioi in Oviuun'nts irirad iatedl with X -rays. tol reslrt. tol IL fluorcsceneei technique, in which a

o- n rb r rferncs xi Riefs. 10It I, ii I It ). 'l'hi diiitri - primary X -ray [)e1arn excitels s(conda~try X -ray emflSimiof

luiotits were revorded pihotograpihically with the helpo(f sliectra from the comntixund Under intvestigationr. By



piarabile. value. The outcome of this approach and the

A ~Conclusions which can he drawn front it depend en-

%' 111 f irely on how the expecrimecntal difficulties can be0

SPFCIMFN e1ý1ý rat~ d. Theý first conditio n for fa vo rahle ci mp i -
hv.' tion b etween the lower branch and the upper one, is

X-AYlvV 1  that an dvhct~ro Hiiiyect~rosn oy based on well diefinedi

SOURCEcriteria for the precise evaluation of significant energies
SOURE lj ecan he developed. At f irst sight and with the early at-

tempts in mind, the possibility of fulfilling this coo-
S, 5  % (ition seems rather faint.

C~~ ~ The absot rptioni of photons in the, material will not,'

a ffect the energy tif thomse phlotonus which are trntis-

at it t(( I ut, thv intensity will In (Ictitims t. Tlii

Fig. 1: 1. 'l'w' dfiff.'rvit iatm~bmdl for i,. spo-tro-py (of 1...ni intensity oif fluoreseence radiatinmi irotlnicot in the-
and1 mneim',mlem. TIhe tipper~ hi-mual to. t(Ii rijglit r,1 ,r.,Ceiis X-ray spnecinier will be~ attenuate'' on its patth mat, hut thie
fi LioroscaInee tuu X Prty abHXorp1 tifoi I m,vtro mtajiy. AlIti(W lowe lines will retain their energies, ats defined 1iy the pe ak
lri-ilic i-sprvi-ment the el-I'tiroi Mpectr isixiej nw i~tho.,l 1,S( posititons. Whether the position of an X-ray absorp tioni

edge is inadepmendent (of the finite thicnkiess of the ah -

em~issionI spectrosceoiy th( energy dlifferences within sorption layer is less clear, but in the case of electronis

the atom are obtained, but it does not yield the elect roil it is very proba ble that, the absorption proceess will dv -
binding energies. stroy any fire cise initform ation originially contatinedin iithe(

After the alitve-mentitieimd eairly investigations, the spe'ctrum, This is because the energy and the intens4ity
electr~oi N~wtctr-mmseejic appiroae lni i ost completely of electronis pro~utiiceti ifi~ifiP the ioat4'nial by time X-

disappe'ared,- The reason for this recessionm is thait, ratdiatioin wouild bie. expI ecte-d toi dlimiinish considlerabhly
the results couId no0t Co011I tete in accuracy with Choise on their way out. The early studhies i fafLct confirrnie(

obtained by the X-ray absorption techiniqute, and this general behaviour and the difficulty of getting
even less with those (oltaine b y the X-ray endi s- pirecise. energy criteria greatly liminited elect ron spectro-

sion technipiviu. The, edge posi tion oatf the el(ectroti scopiy ats ait cnmpeti ton to X-ray spectroscop~y.

d istri butaions we-re not wel de tmfineid, biecause tof the The problemn of this energy absorption of elect r',iis
energy absorptaion oif the electrons emeriginig frIonl the

ELECTRONfoil. A comnpiarisoni of the' olisvrvid hinad ing eriergivs DETECTOR

showed considerabily greater mqmrcid anti greiatcr unt-

certainty throiightiit.10 5 '" 1 Only fe!w fur-ther at-

tempts" 1  haeIieu aictmc .0(t eealwok

by HI R Iobinsoin and M . de B~roglie, hnt, these expeni- X-RAY TUDE

meats met. with limnited success iii ecimariisomn to con-
tenipory X-ray spec-troscopy work. too., CONVERTER

The differept. ways of using X-rays for gaining infer - _ y'/

mati(n Oil ftiiiatinniv anid molecular structitrc are. ilIlh- L J r -

strated i' "rig, 1: 1. A specimen is irradiated with X-rays./
TJhe upper brnicih to the right oif the figuire represeliits -

the well- kno wn X -ray f lum rescrince and X-ray abso rp -

tion ijiectroricijy. The lowcr branch repiresents electroni

spiecxr'meoijy ats then alternative sotirce of iniformation.
Since every process, in the upper branch is accompniiedit
Iby emission onf deletrnis (by mneans oif photo andi Auger ELECTRON SPECTROMETER

effect) lead inrg to mi theIower branch , orie can iii hrin - Fig. 1:'2. Hv-tela, tif viqiw of imi J'S( ,A iirranoiguin~mm for- (tim

cipinl expect that each of these Iirioieh' is of !orn- mtudniry of elfef ruoms m9X01,..s 'my X -rays.

IN



Fi.I::;,li rmI I iron -frau Im doti fi ,u-isin specit~romelter ahiapted for IEXCA, Tho lillgi itic field is ohtiuinod from two (cli-axial coilH
wifli rndji 24 co-. and~ 361 vi'm nod Iwiigit. 48 c,'o

is woll k iiiwi ini high rixolutie 1iii sie c Li-t roscopi~y. A tiol hasin to have the e-xtremec vatu'- AB)B 1:0IO.
11i'1~i -V Iniil w h wit mii i finite th~icknessM Sme i niiJte IlroiILdeninitigx alsoi obse1i)iMrved ~tm

k~iiwni to viniit, ei-utroti iuMlinew ivh are1 Ilrlueid!Il and
t  

miioiirito riitiihitions, ar11( evenI w~hen great precIau-

Sxhifti-dl tLfNIS iiil i )V-- iirgii-x. lorl (xtroni~e prcso filciis IIILve been- taken ii to rodluce thin sulrfaLce liayerm

in the tiliILtsr(-oenits the raljiliaitivi- atolils~ have tio he of the o-ieutrlln emnittinig radiioactive- layer, one hamx
(Iillvte iii 1litJii-tely ealrrier freeý on t he su rface (if the gillod reason to (11111ibt whether the1 elifm ilnationl Of ] joe
back11ing material. High rl-ollt~iiiu ntt-ittii-tirmetx can disin.Ililllif oif less thtan I eV for electrons produced inl

cmlM y lIltlit, hiv Illllo 1111 'iiigx and mbiiMIftmx if Mwi raid iol- at thick target by X -rad iat~ion' can be achiieved.
littiv VIatoitlI lire al weit 1,0 j (liitli'tTI~ triii ma11teianl tf I nl 1951, lone of the authoirs (K. S~.) initiated IL resLI-

Miit eil-jh AxjM~ t i--I Oljil'w i i-iri talrdmflii-radi o- a~rch pin grato aimted at, the very high resolution study
acitive ions piriiuedi n ifi mas HLtlI m unijftltor hi-fore tliiy oif fhiv cnergy vpl ctrutio if electrnsln vxpilledi by X-rays.

Ilii(.il~ llf- iii of the' Iflhiktg hasi been oimd to minimitize A sket.eh of thue expeirimellntal lurranigI-oinvit iq sholwnl ill

/p flif.~ dxisitot ion .," 'I'll * i -til-gy (If it f1li- fix is limiiLdly of Fig. 1:2. An X-ray tubi ox f comicjiit const~ructiont
lii be ordt iif ait Ila~t 25 kiN, and1 ini irdlir 1(o obser~ve ant (xitniiteil dose tol the Mpe-citenil) ik built iitoita high rexo-

abtlixi ion oi i ffi-et of, may, 5 4 -V on am-li al Jim-, thn- -remiou- In ti n, laritge. d ispersio n toagnla-ic apjeetroroeter (C~k 30)

3



cm) of the double focussing type, see Fig. 1:3. The prin- and it too~k three years to build the fient. iroe tree
ciple of tw,)-directional or double focussing was con- double focussing magne~kc spectrometer in~d to) tect, it
ceived in 1946 Uy one of the authors (K. S.) in col- w.) that the. radioactivo sources could 6- rejplamd 41ly
laboration with N. Svprtholmllz and it was primarily the X-ray unit. This fin,, !mat of the. worl was dese-ih-

developed for nuclear spectroscopy Using radioactive ed in a paper5 entitled "Be(.i_ ray spectrg. 4 -Jpy in the
sourees. For low energy electron spectrosicopy, in the, precision range of 1: 10"' and Also in son P prc' i1:)uR
range, 0-10 kcV, which is the encrg. region of interest publications'' and in the lsook "Beta- and Giererna-
for the ESCA method, it is difficult to use iron pole Rtay Spectroscopy'"4 (new edition, 11cf. 62).
plates to shalm tie magnetic field according to the I / V In 19154 the first instrument was ready ai'p a-tý,cmpt~s

form, required for double 'ýOcusaing. Fortunately, it was3 were. made to record at high resolutie, . phoýAsclcvtrori

found that the same field could beojibtsincd over alim i- speictra produced by X-rays. A new ,,eCo her
ted region aivoiding iron by using a coil arrangi--nent, chansged the course, of the f-.Aturc developmnk'i (if the
consisting of two co-axWa coils of special tlimcný-ons'; method. This witsthe appearance, underhig'ý .. loon
iee Fig. 1:3. This kind of electron spectrometer was sub- of at very mharp line whizh could be. resoi m.e' fr,'na tVie

sequently constructed in increasingly claborpte 'orms edge, of each electron vei!. This line bus tite i :.:1sortant
and with radii of curvature. of the central orbit i~p to property that it does not undergo any cnetrgy alisarp.
100 ern'6

.52.
2

79, These instruments have large dispersion tion, and its sharp peak thus co~rrespondsn~j to the, birdi-ig
and the precision obtained with them execeeds that energy (if the relevant inner shu.ll. In prnieiple, and also

previously typical for semicircular rinignetic instru- in practice, the line width can be mail %; small that it
ments, used in, radioactive, work with radii 5-10 em, corresponds to the width of the atoinic enerq.y levels.
by one or even two powers of ten while at the game. This is oif the ord-.r of a few electron volhs for the lighter

time the intensity, due to the high luminosity, is app- elements. The situation is illustratixi in Fig. 1:4 which
rcciably increased. If a copper anode is used in, tlie shows an electron spectrum obtainedi from !hg() with an
X-ray tube~, a relative momentum resolution of, say X-ray beari from a esipper anode. The double focussing

3- 10 4of the electron spectrometer would correspomnd instrument was in this case, set for a momenitum -vesoin-
to an absolutei energy resolution of 3 or 4 61 for loosely tion of - 3 -10 '. The sharpness of the. electron lines is
hiound electrons arid co~rrespondingly better for the sot great that the, energy scale must be multipliad bly a&
more tightly hound electrons in the inner sholls. A-, fawtor of 1(M in order to bring out the finite width as
absolute, energy resolution of I eV corresponds to a rela- shown in the inFset for one of the lines. The jleAk ciat

tive monienturn resolution of 5 -10 'for 10010 eV odcc- be determnined with considerable precision, to at fow
trons. This would hec typical for electrons expelled by tenths of an ele-ctron volt. In at special invesitigation
means of X-radiation from anode material like alumi- oif the reprodlucibility in the (letoerminalion of the

num or magnes:'urn. Furthermore, at precision of 0.1 eV position of this line, uinder identicatl conditions an(1
in the Ineasureme it of a line peak po)Hition requires in for at thin wa 'rcc, thoe spreadI of the valuoK for eloven

the 5 keV region, 'relative precision of -I - 10 fin the recordings was within 1 10
mcisurement of momentum. These. requirements were A more (detailed studly of at photoelectron line, oh-

substantially more severe, than those mect with previ- tamned with the. HSCA method shows that it corh*4istdi

ously. In addition too the resolution problem discussed of the principal line together with at more or hasw con-

above ono. also had to face the prob~lems Of intensity tinuous energy distribution immediately to the left ')f
at high resolution. An efficienrt geometry for the. X-ray the line; and with the. resolIution flow attainable this;
tube, and high transmission and large dispersion of can be. distinguished from the principal 1kwo by sin

the electron spectrometer were greatly ncieded. The intensity minimum. This minimum occurs lxecauic
investigation of low energy electrons calls for at cons- electrons passing throuigh the specimen "n~u onily lose

pletely iron-free instrument with highly reproducible energy in certain (liscrete amounts, a
field settings and a s~pecial electron detecting technique. WhiCh had been1 observedl earlier in other connoctionm,`

All external magnetic fields, in particular the earth's lit, had not previously iwwr observed here. The

magnetic field, have to be co)mpensated for. An discrete energy losses are due to so1 called plasmor ox-

instrument of this kind had not been designed before citations of the electron pilasma in the specimee., i.e-.
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Fig. 1:4. Electron spectrUfr. obtained frorm nagnositun oxide, with coplper X-railiatinoe. FlAgos are found at energies corresponding

to atomic lvels of magnesium and oxygen. A very sharp oelctron line 'an In, rwolved! front oeh edge. Sueh an electron line

is shown in the insert figure with the enorgy ealeo oxpandedl by a faj)-co of nee hurMired to bring out the finite width of the line.

collective electron vibrations in the plasma (of sorface ii sm hller, which means a high energy resolution on

and volume type), plus ionisition, aid excitation in misi absolute siale (since ABC)/Bt is a constant for

interband transitionsi' 7 . ths instrument),52 (c) the photoeleetric cross section is
The discrete character of Lhe electron energy losses hiý her at low photon energies and although the range

and the high resolution. are of fundamental impore of the photAwlectrons is smaller the net result is gene-

tance for IHSCA. Thus, sinoes an electron line obtained raby a gain in intensity of the electron linem, (d)

in the way described above is not disturibel by the the electron lines expelled by softer X-rays don,0irte

errgy absorption processes, only the following fa.- completely over the low energy vgils. In fact, the
WT. nt *tU t) in... (a) th nntuy rbsuoirno pro ,neera vook very similar
width of the incident X-ray line, (b) the width of spectra obtained in, for example, X-ray Cmissiorn s,.

the atomic level from which electrons are ejected, (c) troscopy. As an example, Fig. 1:5 shows tY.e c4!ectr,,i1

the aberation of the spectrometer and (d) the widths spectra of the spin doublet L,, L... (2p,/2 and 2j,5,,
of the source and the detector slits. respcetively) in copper excited by the MpKm radiation.

The choice of anode material is dependent on the For comparison, a corrtsponding X-ray line qpectrum

binding energy of the particular atomic shell studied. of the same doublet as olbtainod by Sandstrbm'14 is

As a rule, one should use anode material from the light shown in the upper part of the, figure. It is interesting to

clements except in those cases where inner levels of note that the M•SCA lines from the L...... shells of cop-

higher Z elements are weing studied. The rdvantag(% per are even sharper than the Kat, and Ka, X-ray lines,

of using soft X-radiation arc several: (a) the inherent although the latter were recorded under almost idsal

widths of the levels of light ehements are smaller, thus conditions (fourth order reflection in a high dispersion

contributing less to the line width of the resulting instrument) and reproddNce the X-ray transitions with
electron line, (b) the energy of the expelled electrons essentially their inherent widths. The fac that the

5!
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E8C'A lines can he macde evenc sharper thaii the inl- cIts with electron spectroscopy is that it gives "-ie

herc-nt widths of the correspondinig X-ray fin ,t is binding energies of the, individual levelfi. In this wý

re-adily explaiined by the small inherent width oif the EMCA sis-ctra offer advantages mainly because tlhey

MgKoL ra~diation involved in the phtol svc,ýric 1,olm appear as sharp line spectra. Lit us illustrate this
compiaredi to the large width of thce copper K leuv-l 'hatt (Fcig. 1:6) from a comparison hetween an absorption

is involved in the X -rty trcisimiipton. The situiattioni CIlnnt spectrum andl an ESCA spectrum oif the M, and M...
l1W impiroved in the eaise, of the X-ray line spsectruin by levels in the same element ats in the preceding figure,
studying the &,2 and L#,1 lines. 'Ihq-sc- linesm have ia inamely copper. The absorption spectra ill duie, to
considerable width, since they result from transitions; *ohflstAmf apd 8kinnerii& (also reproduced in Tombou-

from M'., to Lit andc Lill, anid thi- M,, level inl copper hani's review article in Encyclopedia of P~hysics" 7), and

lies in the band structure with at width of several eV. aithough it might lhe claimed that the absorption

Onle can nlOtice at Acunal differeCeIC inl level Width beC- spectrum could be further improved it is still obvious

tweeni Lit and Lil. Inl the electron spwetrum theý that the information gained from the electron spectrum

ha.,a satellite inl the Mg X-radiationi gives rise to is far more detailed.
tWo J ill(% of low inltensity .28 Although of lower in- D~uring the toen years of development following the

te-nsity, theiie mai-~iliti- lines show the Lit and hll resolutiunc arnd recording of the first ESCA spectra by
levelsg of copper~ in much the samei waly ts dto the our group, at large laxly of djita ont the electron bindingI
main line-s. 'The distance Is-tween the Lit and( Lit, energies8 of moist elements; fromt lithium to plutonium

levels as obtainied from the (elect-ron sls-etruill is ill gooid inl the Periodic 8ysts'mn has been accumulated and1

cigretnicut. w ith the X -ray dIiffervae - 4-twevin Kat, and ul yste-iiiat~izel (see first section if referenice list). 'lhe

Aot. ncamely 20. 1A)4 \ 'l'h is cigreci cieti. is o f particular accuracey of theý hi riding eniergies is consistently highe'r

incterest forii the the-oreti-al cotnitiiris cn of ES( A anid thani that coffe-red lby the X-ray absorption method.
X -riy ~si-c-t rcmd-cpy latn (,xhievii binin g c cergic , citre As 400( INLarticu ian examiple-, it was founda that, the p re-

ciw4rceri id ). 'I'll- phi tA sleetric- ri-VVlease Of All el4c'tron ii vioui isy accepwtdc L, hi ndiiig energies fo r at setluence of
frocm th4- atoi cc takike Is lace4 inl thei groid c s141 tate 441 the light celiniits hald to Ibe rev iicc Icy Las much as 50 01 .,fi

ldttA 40w her-4-i. the X-raty tri-a usit~ion cc-iccrs bvitwv4-(r owhig to earlier difficulties in the interpi-etatcons oif

two i-xcit4-d states- (i~c. titiartilig with at hcle hin thei X-ray alcsorlitiorc spectra in this region. E'ven ini cases

K shell arid e-nd ing with oine- bill, ini the L. shtir-l. Otite, whiere one( hats tic deal with closely spaced levels, the

cc cii-1ui-cty cci Id ificcagil( An- a 1iffri-renec I etwei -i the ES( A Miethiod is satisfacto ry.

resuli ItOf SCIA mid 4 X -ray ill eet~rosc-cil y Aeci-crd- Ilii Order t.4c Ltaiiicelectro n sis-etra frc m the iminer 14v -

it ig toi Fig. 1 :5 there is, hicoweve-r, goodx agrvi -iwncit Icc-- els of heavicer i-efencnts, one mu cst use- ani ide mnats-rias cif
I u i(-ii th Icc ci cigy d ifl-rviwec Lit Iil, its obtine-d fro mi cc rreslccclicicigly higheir Z, lite mc ydy senuin acid tn hg-

FSCA mid t I hi- co rr4-sps idhing Kai Koc di fferece.cc- A stAll1. If (inc rc-st.'icts onei4self tW the lighter c-lc-mnetiti or
cli cxci teccrctlic-cd cuicdy~icc cOf t~hi- VA IM-' hii ,1 ncl Vi - tA) O Otli ctA-r levvi-s anode mnatA-rials liki- sodclium i, nag-

d-clii cci- nr-sc-iit c-c ci Siection Ill: 1), suggest~s thatt all4 nei-cii Oc r 101111c6i1tin in re imiomc adlvantageouis. Wcith

iwc-u ritfc- upp1 rc ich Wi0i11hI ill tb is V-s-Icc- iV i
1 c~tai4 rn-cl l Much WINii cite marials VMc ha11c- fi in id thait ES( A p4cr-

trc-atfilcig tOhc- 4c-l-trc due symt-in (of the atim ciits at whih cli- in Its aStudy IO f the! band4( striuctiure- iln mtaiiii and idloa ys.

after- the remcocci val if if4 )4ctc s-h-olctrot oc ir thei c-iltmionc l 'I'lii- I cii tici-bct~rocis theii Invc ni- eiarly tc' fullI X -ray

cf tic X -rity cjucituin . p htciti citei crgy , which im 125r3 .6 i -V foiit cagni-siuc i

As lpoinit4Ai o ut c-arIlier the- clcct~rc c line cc pe xctri cii rac iaticn. cii Fig. I1: 7 shoiws at ESCA specctrumi fo r 11cc-

ITIIJ ic;i cci.Ollt V4 cl iv dVidtild aLtATinC iVC liv-w hi-ri-as the- oumte-r part iof t.hi- gcl cle've l system i. Althou ngh the NvI
(-IritchlIA-rist-ic- X -rcay ss-etrumi ri- yrals diiffcc icces midrc Nvi~liv Is.e d iffer Icy Onl y :1.7 INV, thlicy are c ccmp li--
Icitwi-rii thci - Ic ,c-s i vcclvc-d il ic thelreccit-ii cl. Accocrd1- ti-ly re-sol ved inl thei spectruinMid 111 rc -c rdcd w ithc Ihigh

icig tc the- m(sci t pire-sencted abc vi- ( Fig. 1 : 5), the- t-ncrgy initensiity. 'Thi' sateVI litV Iitie Mg A;,:4  also c irodccliccs this

cliifference Ibectweentiw-c p-li-c-ti-in Ii1145 yid -Hssi mailar doiublet, Air ) 0ihiv ecf lcow ii itetsity is ri-ccorrcdc-id 11

iii- rmuatiocnl tic that i btai tied frcom X -ray c-inimiccc finacl ly, icc the regicon clcose 14) bitidi cig erici-gy zero, the-

spi-etro scopy - ccinducticin hand is reproducx~edc. This part of the sj-c-t-

Thc- adivantage- with X-ray cabsorptioin slstctrccscolY rum is ciisplciyci sepaicraterly iii the. figure. and shows
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Fig. 1: 6. A compariaon between an X-ray alnorption Hmjwtrufn rocorded by Skinner and John0 ston'l (a) and an ESCA spectrum

(b) ,'f the M, and MIIl level" in copper. The M i.1 levels arepartly romolvn•d in the E.UA sixfftrurn. Twodiswroto energy

Iftwo can be oewn in this salctrurn on the lowounergy side of the M11, ,, line,
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electron levels of NaCI from zero binding energy at that the citergy (of the pohotoeilectrons is fI much at
the Ferini level to the sodlium 2p level at binding magnitude that slight surface (mntalflhtatiofl is not
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Fig. 1 : . Eh..tron spec1,trum froti N (•lI. "|'hii ix Ro i IM1htuair with hI gA I f O 8 V h 1l weell the OW VIeINe, U1a11 ti01 coiittuctiol h11t)Ir.

"l'hle electron m14x'( trii hl how, o itia i rkd d,•.ru.t•u in ihiltt,, ity a•. lxotut 5 uV tx-low Olwe It-mui h-vet. •ct al•o Fig. IV:I.

(letrilnelntl since thlvt-l.hctro1s cn pi)assIM 4itlih ILo hVer In thix way, We hIaVe tILtmuilred the at otnic levovl. of the
witho ut distortion of the spectrum,. rare gaxes like argon and xenvo which arc difficult to

Am an analytical Iieth x, ES(CA call be applied over study by X-ray ein ixmioI mpectromeopy.
th(e whole periodic sy1styin. It ix well knowan that Oxide fil11s forriie at the surface of inom Ffetals are.

X-ray fluore-scence mlt.ctrtmvopoy umed in ohdwr antly- een in EWS(A mwectra, bioth it an oxygen line and as a
tical contexts is nItstraightftrward forIelcmt txAlighter shiftled lit(- situated near the line front the un1xidized

thitn stditum IeMuM, of the rapidly (jercraxiti fluorses- IMetal. The latter effect will he(! discussed further iFi

(ctn.t yield for low |tiIlnii' nihan erns, see Fig. 1 :4. For Setioti V: I. Corrosion and surface reactioln kinetics
wth light tlemneti tts, as for exalipih carlbon, lilt.rogen air. thus tbviiis fields fo~r ESCA as indicated by its

and oxygein, IS(MA givexs ,xcl hIl.nt ignals, s4c- Fig. I :I. .tirfJL(!V s(ienitivity. It is pt• sihle that free radicals may
The sensitivity of ESICA is high. Only a very thin also 1e studied.

surface hLyer of around I (M), of the samnple is utilized The sensitivity of ES(CA to surface changes ix de-

for the analysis. I'h(ttoelectrons emnitted from atimxs intitstrated by the carhbon lineo from the diffusion ltm p
further dowu in the somurce o(e etnergy id(I are threre- til which grows rapidly in intensity if no precautions,

fore remtoved from the clectron line. (l'.amv adsorbed are taketi to proveont thim, by using, for instance, an
on the surfaee of It foil yield slitetri,. of good intnmsity. ionic or a inolecular pump (Section V :7). We have made
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asplecial study (fthe surfacev seiisitivity of ESCA toy ESCA can thus lbe used for elemniftal analysis, i.e.

preparing nit ononolecular layer oIf in iodine mullsti- for deterniliiiilg tho proportions of constituenit ele-
tuted tl ri avid andii recordinig th oiespectrumi metits ill cheinicatl coinpounds, see Section V :7.W

(Scio i:). HIigh initensity wsotiedfromi the have titudie-d the. relative intensities of the electron
ioiealthough the arrioutit of io(Iile was miiiy some

tomitsof a microgram. This means that only mii H 11 -Cl,-CI, CI

)UV(JUIatitiCS Of Materialarreuedpovedtt Zc

tesuce area can lbe made sufficienitly large, i.e. it C A N CH-CtI,-CH2 .-CO-NI{ 2

Otn e exampjles ofthe sensitivity ar foX in
mlclslike v itamnin B13,, or itiisul in. Vitamnini ]I N2 N-C- It C Cl,- II
coials nyo le oalt attoml amon~g 19 ato m of

ohrelemeaits"115 s. Fig. 1: 1(1. A lImI) A layer of vita- .co-cf 1
min13 2 thu4 containis very fe-w cobialt. atoms, Never- :NII

thelvss We Could easily obseve-V the cobatit in the elect,- (12H
ron spiectrumu from vitamin ]I,,, mee Fig. 1: 11, further-
mnore, its valenice statec can he determinied. Ins8ulini has CH

at molecular weight oif about 60MXX and '10185
amlino acids with three, disulfide bridges, two of whichl OHhimll t he two ptiechains togl'hurz2 ', see Fig. 1: 12. 1There i4 app~roximaltely one, sulfur atom forevr14 L4other aMorris. A good signial was recorded from sulfur,
see Fig. 1:13an the binding energy Otie a

cms~Attwith the value for simiple disulfides. TheHOC
relative initensity was iii acco rdarlee with the kjiwn FiiJg. 1: 10. '1ho v itainil II111il noleeuho.-''''Jlir ii; ono ecobl'~t

coitetit oIf sulfur. (ltoio ILuIHUig 10 Moons hli SOf ojther elemniits.
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Fig. I: 11. Eloctron spectrum from vitamin Bl, with electron lines from oxygen, nitrogen, carbon and cobalt.

lines in a number of cases as, for instance, in chloro sub- oxidation state, bond character or chemical structure.
stituted aromatic sulfur compounds with chlorine and The results from the study of vitamin B,2 have de-
sulfur in various proportions. The relative intensities monstrated that ESCA is sensitive for heavy metals
of the electron lines were found to agree with the in large molecules, and it may therefore provide a

known empirical formulae, method for investigating the charge of metal ions in
From an analytical point of view it is noteworthy for instance enzymes and similar compounds. mince

that ESCA yields more information than can be gained ESCA also yields information on the oxidation state
from stoichiometric relationships. l, also gives inform- of atoms, it may for instance, be used to study the
ation about the valence state. This is connected with breaking up of the dimulfide bridges in insulin by oxid-
the chemical shift effect which will be discussed below ation processes, see Section V: 5 b.11
and which can lie used for the study of ch..rge on atoms, A number of problems should Ibe studied in more

7-s-s--7
A l•" lle -VaolG iu'ln'('y'Cy'Ala' Ser Val-Cy.Ser" LeuTyr'Gln' lneu'clo. Asn Tyr,('y A.n

1 2 4 s 4 . . . o i2 11 1. 1.,4 I . i3 22 It 1 '
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A Ai-Gly'Val(.W
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11 PhO - %.l A.n ' Gl,, - hls - I1 i. CY " (ily SetO Ills. " l-u V 1l" GlC " Ala l." -'I' oYr l" . 'l i C"I ly Gll 'AygAlk Y 'he ih, -Tvr- -Thr' P- -iLv. - Al.

, . 4 . 2 , . 2 I 2 1 . '1 is 14 15 23 11 is 13 22 to 2H ii 24 " 2 25 2. 21 Is 2 )

Fig. 1:12. The insuolin inolecul,.21a It vonsisti of 51 amnino acids with three disulfidtly bridges, two of which hind the two peptid
chains together.
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detail before ESCA is used for routine work. Thus vs-il is ncgligible. The( current inl the X-ray tube was

further information oil thle bsehaviour of unstable lowered to 6 miA (if nuees-try, it could be raised to a

'Comp)ounds, which might gradually decompose under mnuch higher value, say 1 00 mjA) and still, as canl be

the combined action of X-radia~tionI and vacuum is seen, the intensit. 1 inl the electron spectrum is high.

required. We have foundl freezing tei-hni(1 ues very use A group of line's is observed with binding energies

ful in such ca~ses. In fact, ESCA can be ailplievl not, lietween five andl( twenty e-V. These lines in the ESC A
O iiomuIA MolL ifidt'101 lotiý 0iti1t Lo liqu ids and gams by spcurim oto eccomi bu atirilutcd to auny atornic I eveis in

means of a simple freezing tueclmiiqiie. Fig. 1: 14 slhows carbon or htydrogeni. Instead they correspond to mole-

an ESCA sptectraum from solidified benzene obtained eular orbitals in thre solidified benzene molecule.

using the freezing technique. Aluminum Aot radiation It had already been observed in the early twentie~,,

was used for exp~elling electrons from the benzetne mole- that the position of emnissiomn lines and absorption

cubes onl the cooled source backing. At &. kinetiecenergy edges9 in X-ray sp~ectroscop~y was niot solely an at(. ic.](

of 1200) cV, a narrow line (hialf-width 1 .5 cV) is obser- propierty but wats also to itsnmall extent dependenton the

ved. Thlis corresPonds to the atomic l8 level in carbon. chemical -state of the atomi.tm 06-m 9 Not only the peripheral

8ince the X-radiation also containedi the satellite lines atomitc levclN which could be, expecte-d to be influenced

Ka, and Jta4 . the sainw atomi., level is again seen as two by chemiical binding were affected but also the inner

electron lilies at, at kinetic energy of cit. 1210 eV. levels4, for example the K level. Much work has been

El'ectron binding energies are arounid 2801 07. It devoted to t~e task of interpreting this chemical effect

is of interest to note that the continuous background on X-rays and thereby improving our understanding

isi small and in pmarticular that the low--nergy electron of the chotrical bond. Progress has been hampered,

13



c15 CARBON is (AI Kat1 2)
2000- 2500

Po 150-2000

0
z 15 eV

Z 1000 Th00

01

I CARBON Is (At Kc3)
50CAR1GON 1s (AtIKcX4) 1

119016 1470 481) e

eV 290 2L0 2703

Fiiz. 1:14. Ellectron speA'trii ii fri,,neivrI,, ii''I dtedboAel eing th" fr tC, iig i ,,i T e] eli. li" i k I -i 8 iiwidth of
1 .5 AV. Thf! righ t part (if the' ,,futrarin showg eioeroi Ijine, from thornolcctijr orbitals. Sm also Fig. VI1I : 2.

for two main reasons: the chemtical shifts in X-ray oxides. 14 
It wats foundI that clect,-or Hp(.ctromcofpy wits

cmissiou s-pectra are generally very small (of the particularly well si'ited, for this rield oif research for the

order of tenths of an eV) and furthermore they are following reasonsi: (a) the sensmitivity is high, (b) the

difficult to interpret theoretically. In X-ray absorp- chemical effects are. relatively large (Lnl( can be studied

tior, spectra, the chemnical shifts are larger ilut, on the separately for each individual level, (c) the, precision

other hand, the effectsi are much more difficult to study is high ever, in complicated cases because of the line

because of thc edge structurep, which arc often furth i- character of ESCA spectra. We have found a particu-

complicated by additional structures on the. high Jarly rewarding! field amiong the light elements in the
ecnrav sides. Faessler'1

20 
in his review uit thik field conl- 11,deSceie.eeet iecrloi i ~oei

cueisso tht i ptofrome s~mall effects in X-ray n,"d Ioxygen t ',5 76.8 which are of Sp-cial importance in

viewthi appoac is efiitel tobeireferred to X- Hpectra from these elements have it serious limitEation in
rayaborpio stdis.Early attempts made by Ito- the fact that the X-ray lines a-e not sharp since

binon nd owokerl 2 tostudy cliumicai disiplaco. the broad Valence band is involved in the X-ray trami-
ments in X-ray produce-d eloctron, Hspectra were not sitionis. Although the inherent width of the- K level
suifficiently re wardling to make fhis type of ispec- is itself very Ftnall, it is infljs)5ible to mcake use of it

troseopy usefmrl for the study of chemical structuret in X-ray einfissiomi spc~troscop~y. In ESCA, however,

problems. t~he K electron spiectra, of these light elements are easily

After having developed high resolution electron excited giving very sharp lines of high imotenisity, as

sJicctroscoply, (our first attompt toi study the chemi- was shown in Fig. 1 :9. Since the inherent widths
cal effects was mande in 1957 omi copper and its of the K levels of the lightest elements are of the arder

14



oi tiollic tenths of w)' cOectron volt, the fliiiii conltrihli- C/60S

tioni comjes from the inherent width of the exciting F 0 H H
X-riy linie, if MgAo, or AIKoc radiation is used this 1 11 1 1

is still lvsm ,,hall I eV (S4ectiori 11:5). Including the I II
finite -esolutioni of the sp~ectrometer, the K elvetroni F H H

lines from the lignt elements have widths of 1.3-1.5

se ad. h h olwn e xmlsaed~u;

sVe nld hefloiga e xmls r ics

Hn the electron spseet~rum of acetone, the carhon line is

split, rino two wc!l-resolvod lines, see Fig. 1: 15. The0

distanice bietween the two lines is 2.7 cY. rhe in- 50 -

tenlsity iatio is 2 : 1, which shows that the left, line

oe~lrcspomioO to the carbo n biounrd to oxygen and the 0
z

right Ii lie to the vailm ini ii:w iheethyl groups. This 1
z

spectrumn was not, recorded with the ahove mentioned D
0

treezii ig tech im(iqu. I 'st ('(01a('(tonv Vaoi~~ir wasllIo wed u-

top ftlowL i iio tlho siource co mplar'tmrirIt anid the ('vapou0r z

was rrmi (1atI I wi thl a liioinl im X -ruladitioi, Thus Ilihe

electron spoc t,rr n) shown A) i Fig. 1 : 15 was ((1)140 ri

fro m five art~ moh ' u0 iill (iil. A great. mon1Dt liiofxi rni lar

sjiiit~ra re('or(Ie( from ico IIIpo II ids h)t)III ii I Ithek gaseo I s0

anid tOw ,olid phiase, hm-ve sbowir that we have hor 0

fouidit 1( gene'a I ruci ret'(1 to i dstinrigoish itoni with di f- 0

f~lrent Vidi(-11 st 1tex. F01- exIarolile, ethyl trifluoro-

avet'tiit.( iq. it iiiii'ciile vvit ' foulcrlml~l( amiteiji having 0- CAR13ON Is

c/la0s I _____

0 1190 1195 eV
11 KINETIC ENERGY

H3C -C-CH 3  I I___ __ ___I_

09 295 290 285
BINDING ENERGY

O XYVGEN~i is C1ARBOtN4Is "i g. I ;I(;. I-A 'trio Hpief-rbo frmir eaurtr in !ttj3I rii

Il ~~~flimniIiinvota,.. %tt imir ililtii WoIj o ill tin nle uilecimti aro
Qý 1000 (Iuiilit('t il(i pecti'iiiii. '111v! lirios upI'ei , ill tim H11111

Il order from itoh fti. t rdig r 'iIIi i i i ihrl eiiii lo iih aiitern
Z in hfe sl rm-opi Ii bil uui lii n (Ii traWF ilk 1.15, fIgriI1..

500 .11(i ffcrs iiif, ViL ICe( StIte(! anod Its shiown in Fiig. I ; 10f

thc crbo(L ni (I-c itoll(1 spiectrumr from this mnolecule

~oJreflects i iili oIf thvislo valence states. 'l'lie, lines! cor-

rexj 0ijiclit ig to t1l dO(i ff1TI rent.crbon ILt01IIA iii the inn-

wlec iip ar IIsIo InI( theanme ordler from left, to right
-ý 8 Iislo the ('ilortir itOwns in the st~rucrim thiii le, has

950 955 1t9'9 12'00 eV 1"(14111 ilrmI Iwo in tic fig im e. ¶lhIdi fferenit v alecue states
KINETIC ENERGY

Fig 115, H11-4LI111I If1LO111W it IN')CIL-bll of atiotin of the same ml~onnay also, lIe resolved ii:

11t4f, S~,cl ims \ :1 ijil V:5i!. 'iltixs p t M11I.011111)'%% itiWt ha(ln ve rievi'itl.V stud(iedIII oit xteimiive Pli'i(5 oIf

fr niul , she iii' %-ii( %60,illl~l(iI't i AcL 'idiiiuti,a,i . lrgai iCIIiiti'ig,( 1 oll, poll5~'' (11.7,I f Whi e (Iri s ,m XaImIples

15



C/ 120 s Fig. 1:18 shows the nitrogen spectrum from the

F - c- - N NH-2  molecule 0 2
N I

02N \ ->O)NH--N
Th(e nitrogen is here split into three lines. Thc lino of
lowest kinetic energy can easily be shown to correspond

6000 to NO, whereas the intcrprctation of the other two

lines is more difficult. However, in a septrate, study it
was established that the pyridine nitrogen corresponds

to the electron line of highest kinetic energy. The
energy difference between NO2 and N H is 5,4 eV and

o 4q0 between tho NH and pyridine nitrogen is 2. 1 cV.o4000--

z Oxygen and other elehments are also subject to
z chemical shift effects in their E4,SCA spectra.

o C/12 0 s

Li

"z 02N SO2NH42)z2000-

0

NITROGEN w

840 B50 860 eV W
0

KINETIC ENERGY z

eV 410 400 390
0

BINDING ENERGY U

Fig. 1:17. Nitrogoi ij liiios frou n i 1:1 i ,inixtur f ofin ,, L1

bwizono .u d nitrl,,Ioizoin(, bothi of whijl, irro liquidH fii rooln Z

totiinp 't rIA ."', Tho ee.rgy W-10111-1160lir t is 7,i VV, SVU Ul]40
soceion _V :r•,, 0

will bec given hemrs. Fig., 1:17 Hh,,WN the IS 1]itrT)gVZ1
lines from a 1: 1 mixture (if

Nilh NITROGEN ls

and I I
" 840 850 eV

N KINETIC ENERGY

both of which tre li(Ii]i(ds ut room tenuieraittore. Th'Ihe - I.0 _,00
eV 410 400

seplaratioii (if thei tritlv- and trilf iainll ii flitr,)g'l , fiii's BINDING ENERGY

is ajiire!iabIil, living 7.0 ,\. I.;jl iit.itimity ratio d,(i Fig. I: I i. i.rwy, f , f in 2 (4.rirtrid n.

pends onu the partial vuajiolnir ]Iri'ssiirem of I hi. t'o ((iln- trwoiulf ,nm idIo) ;iyridiio with iihroo diffi•~r(ity hu•oiud luitro.

pouniu(1s ihi the ill ixtlii'. ge,,u,," Soo filmo Si'tiui V: 51L.
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C' 2 0 0 s

SULFUR 2p (MgKct) [ 0 '2-

central ligand

Lu1000 0L'

z
I--

500r0

1080 1085 1090 1095 eV
KINETIC ENERGY

eV 170 165 160 155
BINDING ENERGY

Viy,. 1: 11U. i'lIcetrori sop'trim, of Ow~ 
2
1p HulisliqjI of mulfur hi 5(~iIioitu thiosuif)Lto, Nitsh, 4 . 'J'Iie, (!ivfiniCIl shift, is 6.0 oV. T'he

IliuIe I 1.7Vit~ iimytiiinotric d if( to tI oHe sp ifn( (oitiI,lIft. H I Iittilig 
2

1)112 Miii 1 2
1),,t ee Iw Hlo Sect ioj 1 5 b.

TFhe cheni ical bindin]ng cffec' v. an he( foll)owedI from rn COiirl)u nr1 generally a in (313 t inl X -ray emisstion fspect-

shell to shell. Ini the third row of the periodic systerli ra to only a few tenths of all vV, ixe. to a. small fraction

where the L3 shells are sharply iefiyw inl ( n liergy, of the inhlerent li ne width of the, Ka linec. Ais'o, since

oile finds chtruiet ( i kv PhoN phor s, Hul fitr an 00orlinfno the- ý;uiifuv A~x li nt i., an owiri reo] vd do-abiut, oW hiig to
which call occur ill it Variet y oif vIidellff Htltes-. Fig. the large iniherenit Ii iII Nvitlths compa~lred to the small

I :IV vio ws the s; di t inrg oif the( sulfur 21) line ill sod illml don hh (t Hepatratio'n, the i nterpretat~on of the X-ray
thijogulfate, Nit, SO,. Thu two sulfur atonign have differ. chemical shifts is furtheir coriiplicatted inl this case.

(lit oIxidatlion nuiruni hrs, naynicy 6I 1- and 2 -. The 1Ili X -rit ablso rptdion spec troiscopy oil the other hand,
cheif-mica shift ill the 2p le-vi is 6.0 .Vý Simi rlarly, we ats ,oi iib d out bly Fuessler, 20 the u I certai utif s call be
have found it shift of 7.0 e V ill the 1.9 level. Tlbus fiii &I);ieonstrati d by the fact that for sHonme timen it wa"

splitting isi large anld is casy to rnceaso c with con- though t that the suilfun K absorption edge dlerived

Midera I 1 precision 1(10.1 cV ) Ini X -ray emiiissi on, front th ifool fate -vas cornposed of thkree inritead of two

the cherin ical shifts ill sulfur have been1 gi-ivii 1)31rti - Ii fferclit compn~iielnt'

(iilar att~l itiol13.12(1 Tbei shifts en couritered Ii) I, a' - 'll(- ex amples givyen so far (if chiemical sh ifts in 3

cval in ot 33,11 order (of in agnin toil 4till -ll thain electri n s~pectra were obitained3( inl the K arnd L shells.
il FSCA arid, f rthi'rrn ore, ex pose only t,114 diifferen ci Fig. 1: 20 is an1 e xampijle (if the clietria bino h ding effect
lsettweel tfli shiifts iiitll Off K a1(1 1., (v)Is, r~oil the. total inl thi( M slIelI . I t demon Ilstrates the3 chvini i 31! iifl uenco

shifts of (aii1 level, ''lh hic ~i fts it' t wen ii dffen'-rt P'Illfur oHi thI! M,,~ and Mv levels inl io dine ili the two coml1-
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C/4 05  Mly my

Na 103 NalI NaI10 3 Na 1

2500-
W

D I

0

1500 0

Pig. 1:20. 1E'Ictrton mpoc~trumI frcmit II Tix-
85 - 860 - - - - e of Nid andiit NOal Tho e ,l,,rriii

845 80 855 80 865 eV ofi til io~j~lle Al le i: i1,...eI
KINETIC ENERGY litrgui o the diiiferciv bi, itwventerri M,

eV 6355 630 625 620 615 veiIstiiiie.

BINDING ENERGY

ponil o d Na an rd Nit]IO,. I'llb spect rum mi am ta~ken from snhift~s. Ninl-me t all ic eIeroerltm like C, N, 0, 8, P, CI, I
ait powder miiix ture of tbi two c'IinllOJ iouiis. mve powder etc. behave in the mamle way.
moi xt iri wias p ressed toi foin irpoa l lit ill much thc sale i me '1hi- quelstio ilL rimem whither the obseirved (¶heiliiciil
wa v itsI fit sourMes rim raoin. It is i nteirestring to noi te shiiftsx ean lbe fitted int iti consiisiitent theoretical picture.

that 01heca- divilicvi shiift. is ILou 4i it-4 lairge Is the diiffi-r- 'Ilhimi can lie done pro v idinog one takes into account that~
en e bi wvvlo the All aw l 3f,1( levels t Iiioxi IVIm ill ti v formaion jj of at (hero jeal! bond i nflurenices the d imtri -

jodi iii-. I idoniii of ilietric (c1harge* Ii tiii outer orbit-alm arid there-

(11illca siift i fi(, V ilei, ilit~, I~v i x ip- fo re- ciisc itx chIL e iirg ill fbit Herein rig if the core eli pt-
flit'd ill Fig. ]:-I 2 L id Fig. I:22. Fig. 1:2 1 shiows the ri i i. lIn th is moide, the positioin (if al cltriin Ii nefroln

shifts (ii thi piflii irioi N,., Pll1 A"' ]Ii cit ill fiPt-idLtie ill! VIvri clli aln hi- timed as at iricaxli rof the effccti ye

sai hlevesi' fo 111111 that i'll( Iilate spec I itiri m wias Hti) fi,- ifliirdcire 'lic shifde tso can locjii c-alculaed qun turmI i

exlii it ill t hi r ir ij iound chlx em Iical Mtrulcture e!f!ctx hire. Ini the third jieriiid of the Periodic Sy~tvi-n partiall
-whiiichl, in ll oittliY (i10i0M Ntll liW Mill- c'10dey in V(-Mtiglateil diouble Ibonid character through conitribuntiuoni friorm

by ESCA. Fiir inxt ariei, ror-takiLiike i, lbe, Al, Cu, Fee, higher orbitals has been invoked to explaxin the charac-
Mur, (Jr if c. illnd thei r ox idesi, all giV VIt iiily HIIi i-Ailrble ter iof MU I ur-o xypu bi inl(I. We have therefore recently



C/40s

Pt No Nn(Mg Kz) BiNV BiN-0
1000

C/ 20 0 s K2 Pt C16  0

1500--

UI- 500-

o I OXIDE

'MMETAL

Of 0- 0

z--1090 1100 oo V

z 500 2.3e KINETIC ENERGY

0 1tI
u Pt X- 160 250

C/40S BINDING ENERGY

Fig. 1:22. Iwietrov•r i4:sttr..r from vicuum nvapcporat*w1 hi.-
rimmithm. 'I'he mretallic " somurce wms coverrle by a thin layer of
ux id % l-O rn exposedf to nir. 'I''rimmm! ei'.Id mlRift Ibetwm(Iln the

1000 rtotal irid the, mioxido is aubmit 2 eV,

atimol number have alsII been used for correlating

chemical shifts but tre too crude for a detailed discus-
Mion and n.ore sophiuticated concepts must be used for

this purjpse.
/0 Chemical effects are also important in other types

033eV of elwpetroscopy as, for instance, in nuclear magnetic
resonance swoctroscoepy (NMIt), electron spin resonance

.. .. . . - spectroscopy (ESLR), and i,, the isomeric shifts in1170 1175 1180 eV M i6msha w-r tip.ct~rosc apy. In N M R and H'Si, h '"v r

KINETiC ENERGY it is the magnetic iuicrtnmsm[iuas u4 the el.ctron di;;tri-

V 0 75- - 0- -bution that exjsrnes the chemical stnicture. In NMIteV 80 75 70 the effective magnetic field at the nucleus is modified
BINDING ENERGY ly the surrounding electron distribution and the

Fig. 1:21. ,lectron almectra frum nmetallie Pt arId KPI y rr dn
showing tOe ;hiftm o(f thie plhtiarmi Nwj and NvII levels, magnetic energy is also defpndentt on the spin-spin

interaction with neighlouring nuclei. lsmimeri(e shifts
studied the sulfur-oxygen bond in an extenmsive series in Missbauer spectroesopy are caused by the Coulomb
of organic sulftr comnfwundlm" (Seetion V :51). interaction between the nucleus and the surrounding

For more comprehensive series of comsniinds we electrons that penetiate the finite nuhlear volume. A
hav. uwed the simple electronegativity concept in the change in valence causes a change in s electron density
(liMusii'ii of the influence of valence on chemical at the nucleus and therefore a change in the Coulomb
shiftu, see Meetion V:4. C•ocepts like valency or oxid- interaction, which results in a shift of the nuclear
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C/30s 2s5 2p'('D)

6000

SODIUM KLL AUGER

4000

2se2p' (S) 2s' 2p'('P) 2s'2p'('P) 2s'2p' VS)

3000-OK(AI Kix)

2000lowo

2 I - I1- ____ .L .... I......A1 _ -
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KINETIC ENERGY

Fig. 1:23. KLL Augor spectrum of sodium. It contains fivo Augor Jiu•im from ioIium pIus ono phoUoletrj hlhc from oxyg;n,"s

9s also Chapter VI.

levels. ESCA shifts arc also caused by changes in cidating problhnim which are directly connect.d with
Coulomb interaction, but unlike NMliP and isomeric the charge dimtributiun in moleculhm. T;ecrv are rcla.
shifts, they are not of the h.f.s, tylp. The spectacular tively few other methods available for a direct estinla-
resolution of h.f.s. resonance, methods, like NMR and tion of charge onil an atr. X-ray diffraction can be
M'-bout' r ot..•t , i-- -lot at*tinabh! by ESCA uzed for thiti purpmec but i.- o'fti t',vu. . Ch"rgi-

because of the natural limitations caused by thi, in- distribution in bonds can be entimatted from (lilllle
herent widths of the atomic levels. ESCA d(xos, how- monienbr',174 but a serious drawback is the vector
ever, provide fairly direct information on the charge character of this quantity, which requires (exact

distribution associated with chemical interactions, and knowhslgc of the geometry of moleculcs, and even if
generally any constituent element of a molecuhl (-an it is known it may be difficult to determine th,. signs
be select•d for study, regardless of its nuclear propler- o) the omrnents which cojstitutve the resultant moment.
ties such asspin and magnetic moments. Itnhould there- In symmetrical molecul•s, tho, resultant Ynoment can

fore be a valuable complement to these other methods be zero. In such molecules, the bowd moments or partial
in the study of chemical structure. ionic character of blnds can be estimat~xl by ESCA,

From the application of ESCA to different chemical because the individual atoms caln be studieAd dirc'tly
structures we have scen that chemical effects cause. and indcJlndeuntly.
considerable shifts, and that the technique provides a The concepts of partial ionic character of bonde and

method for the study of charge distribution in bonds. partial double bend character are aspelcts of the charge
M$CA will therefore be particularly suitable for clu- distribution in bonds, see Section V:4. These are con-

20

4U



nected with bond lengths and vibrational force e-on-

stant~s. Since exact bind lengths cannoit be (letermined c/100" SULFUR AUGER r0 2
on non-cryst'LllireV umaterial and vibrational Spectra Is -S 12'

somelAtimes, may lbe difficult to interpret, FSýA mayI
also be it useful cnimplerni'nt to X-ray eryitallogralihy cenlral 0

and lit and Itamnan spi'ctroscopy. 301
Charge is also ani important Jiararn('tA'r in quin~itumn

chemtistry and oftien depends mii the choicee of other gal

independent pararmete'rs, some of which often have to u
be estimiatAi empirically. Th'le fact that ESCA Shifts

reflect the charge, distriliution therefore implies that o 2500

charges from E8SCA can he useful fo r co rrelatiuon with ~.
daa alidte y (piantiln inecii(hanIi cil pronced ures. 0

When an electron from one oif the i nner Shells is

vevet4-d from thc atom the vacancy is filled biy silev(s- 20
sive e'lectroinic tranisitions froiin oute-r she-lls There is

an asia iiated em issioni f X-rays in wi'TI-defined wavc-

lengths, Alternatively, the atOM Co canemit SO cafl ld

Auger clectn ins, by rdai iiestaiieil,81 eto

11:2. Thus, the exeitatiion energy is c!onverted into 1500O
kinetic energy of electrons, which are charactA'ristie

for at given iatA im. The Augier electron Ii ni' are' in de- 2100 2110 2120 eV

peinden'it of the prinmay radiation 1111( defined SOlely byV KINETIC ENER(Y
the ('lenient ci incernied and its cheini cad e viri iiroi nht.. Fig. 1:2~4. clicrini'aI offei't oin then Sulfur 2Ai2 p4'f'J)~ A-iger
In addit ion WA thei phi t'ielvetroin li nes, Nve ca.ni record trrimmitiiin ini sodi un thiosizlutot M44103 .9$ Tho onergy 1Hipiuril-

these Auger electron spectra in ELS(A at high re- tion lxitwtron the) two linex in in twgreeent with, the obmirI-vixi

Hol intbion an~d wit.In a goodI i nts'rnimty. Auger Hjx'etra are. shiftm ii, the Mioitxw~otron shiietrn of thei IN shell Andi tine 2p

particularly easy ti ex cite foir the celements at the -

beginning of the Pieriiodic Systern, in cointrast with

the X-ray fluorescence Spectra (see Set( 1ion 11 : 2). This anid large Z elements. In 1*3CA the Auger line%, in-
proividi'm auiothi'r mevans for the. chemnical analysis of teluding those for the lightor elements%, are easily
light elk melits, excited.

The most impo~irtant Au zer electroin line group for an We have fliaIPedX ou~t lJ~art of this field, and have

('lmnent involves tranmitiruis lbetwi'i- the K and L i'stablished seflu-emlpirical ene(rgy relationships in dif-
Shells. The selection rules are qjuitem diffi'rent from those ferent parts oif the Pierioici System 33 ' "I Si) that different

for X-ray transrtioinS IL2111 the number of lines in the linex in flt. Aug(r electron -js'ctra cani L4, iderntified

KI, groupi varies fruim five! for the lightcr elements (see Apjs'ndix 4). Usming the geýneral co~mputcer proigramn,
to) nine foir mnediium Z elements, Fig. 1: 23 Shoiws an Appendix 3i, for the SCFI c~alculatiion of attomic binding

electron spect~rum (if the KLL transitions in Sodiumn," energies, described in Section 111:9, we have made

containing five Acueur lines plus oire phritoeleetron line new calculations onl the Auger effe!Ct7 3 aimed at oh-

from oxygeni. The t .6Ai-t'I of nine Auger lines for tatini~ig more accurate theoretical values of energies
mediurr Z was first auirnonsmtrated for 'Airconiniu 33 anal intA-nsities iii Auger sixtetra (Chapt'er VI).

(Z 44)). Auger electron lines are also excifAed in radio- T1here are Some other interesting features which we

activ,(e decay, vithvnr in electron capture or the inteirnal have ob( ibived in eomineetiorn with the studies (if Auger

coniversion in gainma decay. I iwv(r orlgt l'ers sstra. For hintanlee, continuous electron distributions

the pirobaial i ty of intA-rniul cornveisi in is very HninaI and on the low energy Sidles of Such electron Iinric indicate)
ti. - cases (if cletri n captu re are few. Tlhe' A ugir spectra the ciiiisSion (of electronsm from mnultiply ionmized atoms.

have therefo re' been studiedh' moistly aino ng ineli urn Ano the'r ('ff1 t which we. have Observed in the case of,
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Fig, 1:25 E loctiFiironimeIFtriili (it irgoi~ (n1) mlid x~cmol (h) sIFF wziig Mm,, mpiF'' -Forbi Ct, cFFi ti rifg of tho 311(11') beiAnrandlipA('I-) torei,

reqi'jscti vt'y . 'P11 miFmstrii wIerI exFci~iA' by hlitmi UJ rimldiItioFI Fand th, him w idWst~im ~ as iirrii 110 4 (H.0! 3 (IV.

for vxatill vl. K and CI is the v'X istA'licv of add(1it ional 7.O cV iii the K' HhelI and 6.0 eV in the L Phell for the
vlectron inesii ' which indica('teU anf extra a~to mic e'xcitaitti il Jh(tA fFIF't.FFF( li 1111. ca11 SlIu lFato Auger line shift

(of several eV/"i woulJd thus 1w AE AK,~ -- 2AI,, - 15.0 eIV, i.e. in

We haLve ai1lo Ktudl di cIhemical1 effects oni Auger elve- igri-vineit. with the dIirect, mcagu rerient showni in the
trn i Ii 1'.i, 14.82 The cehm ical shifts in the JphI tAwxlec. figure.

troii spiectra refer to each meJparati! lovel and a charade(- M IeCCilar orbitail le!vels with Ibi dinrg efiergies of

rilitie feature is that the shiifts foir thc K and Ij hells are 51m cf11eV cani also lbe mveel iii IFCA gpecit~ra. In much

(if about, thF' Hstiel iiiaLgit 11(8. TJh is vxj dairi the srmall onPiilli lIN FF$ WI~tA-r, l,(mn-nefII and (Itlwrrorpniernlroh-

shifts (usually wellI inside the natural lii i widiths) (of cii IFs, we have (bil JiI1VMiibitAX1 ou2r ineamLu r('lil(t4i oFf the

1he A't X -ray cm~mo linms, which are trimimlitiioiil innrer IFvFII5 by lkdllitiOiiFl mtullillS of outer miolecular

between the A' arnd L~ shells. For Auger cliectroti lines levF'Itr, see Fig. 1: 14, Using our high resolution expefl-

from HSCA, bolth the K' wiill the L thells are inivolved( 1111-ital F'qiijl)M('It for ESCA and ultraviolet light for
btuntlike the X -raky vnm ion 0 lilies, the L shell occurs; (IxItinfg the spectra these levelsm coan bc rcsol vis ini

twice inr the transition Thcri-fo re, appri ximraiely the e1 imisdcrable (1ibtiti I For this purpsose, at heliumi light,
fiull level shift. Caii ll (III exlwct4Sl. We have niIai~l it study moullrce hims liven i (m'igiii '(

of this problem anid have cljifirrned this behaviour. Fig. rl'he! CJV excHAitationFf the electroni swectra of gases

1:24 sho Fws the eh('m ical shift oif the A' 2l,, Jine in1  ial. low pressu res in the eiiergy region liroumiF It0 (N hias

8(1(1 ufl thimu FuIfatc. The (Iistimite bet weeni the two) lines, yielded Iirme widths ats small ats 0.01 W. V.In these casmes

coFrrespondmi~inig to the fl) I amid 2--- oxidation states, is vibrational structures are widely separat(4d anti the ro-

foundih to be 4.7 eY. We hall before ohserved it shift of tationial nub-strueture it; within~ reach. This field has

22



C/6 0 5 , -

NITROGEN (N- A ZTT,)

2500-
V 0~

2000-

V=2

z
1 1500-
z
0

1000- =

w=4.

Y=7 V=G v-=-5

3,00 325 350 3.75 D00 425 4U0 ;'V'
KINETIC ENERGY

;V 18'25 18100 17 .75 17.50 17.25 1700 16.75
BINDING ENERGY

Fig. 1:241. Fii otion him ctrua olf HIIg(Mili'~g 8 vi brUtiozllfl Iv'Ilm of tho mohiiiiole ionin IA., A1. AMi~ it4. Excitat~ioii
oif th si pectrum~ NVI oadeI by h(Aijoml rtIiltt~io.

hevie mu8t)Iediv, inl part~icular by' groups ri En~gland1 and0 thait. the Auige'r transIit~iol vncr givN cal ) In-, ILmeaIred

( erilaiiy.122 211 Fig. .:25 sho ws I J V vxclA( td eectronl tA) wthi iti few muijeilect~ron volt, IPart, of thi 8 Mpecrufn

mp-cfelm fro gasc1))ous a~rgonm (1: 250i and m-on (1 : 251)), is showi in Fig. 1: 27. For it rmorc cornJp't. i dimctINim i)

record4-d re(-enfly by our present eq nipmen t, at a1 JI(-s- see Chapter V1.

msure of 0 .0(5 th rr. F'ig. I :26 sho ws~ t he ('ect~ro sIII IN't~ruin ESCA can 1 w fuirt~her i rn prov' d t4 chivhal ly. Tho

of t~he A"2 II tAate of the Ný moni lecule' ion. Eight. vi bra- bitsic requirement is hiigh resolut~iit , hut in pract~i!C

tionl l ev els areO 8I0I ill tb im groupI. Somie ot~her six'ct~ra the mspeed and reliabd!iiy of the ree rd ing of (tit l are-

arc sho wnI iii Si-cthmi VI II: -A Widdi tiOUnI imprtiant factorx. T'he. 8(:oJ) is wide. and1)

E xv0 iltfi) bI y deletrons is :dsm (of itAir~emt., ail( tOe in (0')!)r tA) niake full us~e of! th(I poten miLialtic.- of the

4'qulijIei~tt. has1 been providIed( with 1) fbilit~ie8 for such1 met~hod, furt~her initruinorltal deVel~opmenVIt work is

Atud(ieti. With thi jH (jIuipment. we have produced Auger .Iesiralmle, It is also( TIrnmib U)1 tA'ncreamso the reso!v lug

electron utmixctr) from neo.n, k ryptoin, 11111 9(0110 organic po 8wer stil mo(I( re and1( i Zn jov: the intensi ty anld the

mlolecuI(8. For tiion, the KLI, sjiectrumj was recorde'd Higna(I-t4)-Iackgrouhld ratio i-m the, 81wetuil.

anhd foir k rypton, the M4. N N spiect~rum(. Ill the latt'er, Our hireslelt (¶qu)i pmfll)I 0011imit4 of: (I) Ali i mprovted

the fine0 widltI) oblserved were 0.15 eV which flu ari version of our oIrigintal irmtrument,6'~ (2) A newly built
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Fig. 1:27. Purt of M 4,.NN Augi'r spectruin kryptujr of krynton Vxeit•d by oheLrou imrliact. Tho whoho s.imetrurnr, (Oiltitiinlg

homo 40 linou, im mhownkw #.nd diid'ugmed iii Chapter V[.

30 cm radius magnetic double focssiing instrument of 36 em.0"' 1This is the firHt of its kind, being capiable
with improved coil design in which enlihasis hfi beetn (f a rns(olutior of iL few parts in 10. It is provided with
pliaced on vase of handling, .g.- better li,,ess v ,,i -,,-,.,. a cr~yostat with which the sources can be cooled to liquid
and counte*r arrangement.,5 6 

(3) An electrostatic nitrogen or liquid helium temPeratures and it is

double focussing device of the mcctor type with a radius q(tuipped, in addition, with the above-mentioned alter-
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native arrangements for exciting electron spectra with sion. (5) Furthermore, a large, 50 cm radius, high re-
UV light and electrons. The instrument can be used solution magnetic double focussing intitrument, pre-
for solid, liquid, and gaseous sources. Whet, gases or viously used for radioactive work[46 , has been rede-
liquids are studied they can also be solidified by means signed93 for ESCA work. This instrument is cha-
of the cryostat arrangement. (Cryostats have now also racterized by high dispersion and is provided with
been incorporated with inrtrumcnts 1 and 2.) UV light facilities to use extended sources without sacrificing
or electron excitation is used mostly for the study of resolution. A multidetector system " ýtuated in the
gases at low pressure. (4) A combination of a curved focal plane of the spectrometer. In this way the in-
crystal monoehromating X-ray system and a perna- tensity will be greatly enhanced and a larger part of
nent magnet, homogeneous field electron spectrometer the spectrum can be recorded simultaneously. The in-
with photographic recording." To scan the plates, an struments will be described in some detail in Chapter
automatized TV microdensitometer 71?|0 has been de- VIII.
veloped, which counts individual tracks in the emul-
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11. SOME BASIC PRINCIPLES

I11: 1. Photoelectric Effect in ESCA and in the excitation involves higher regions of the conduction

X-ray Absorption Spectroscopy band and the course of the absorption curve will to a
great extent be determined by the structure in the

In Chapter I, we pointed out the much overlooked outer, unoccupied bands. This complicates the initer-
fact that clectron spectroscopy is a powerful alter- pretation and evaluation of the positions of the levels
native to X-ray spe~ctros4cop~y for tho stud-,, of atomic being investigated.
structure. It was shown that the electron spectra The gross features of a photoelectron spectrum and
appear ats line swectra when studied in modern high. the corresponding X-ray absorption spectrum are
resolution instruments; and that the electron lines are shown in Fig. J11: 2. A diagram for the levels present in
just as narrow its the X-ray em' 'ý.:;n lines. In develop- the element studied is given at the top of the figure.
ing EWCA, we have so far employed mostly the photo-

electric effect for producing electron spectra. An X-ray :2
absorption spsectrumr is also obtained as a result of the AgrEetosadXryQ at
photoelectric effect. The exp~erimental layout for the If at vacancy is created in an inner electron shell, by
ESCA method and the X-ray abso~rption method is electron bombardment, X-ray irradiation or some
shown in Fig. 1: 1. In ESCA, the sample is irritdiate(1 other method, the excited atomn will revert to the

with an X-ray beam, and the ejecetd photoseletronm grn und state by emitting characteristic X-ray radiation
are analysed in a mnagnectic or in an electrostatic or alternatively by radjationless transitions, the so-

mpec~tromneter. In the X-ray ab~sorp~tion method, the called Auger tranusitions, ats illustrat~ed ini Fig. 11:3.
sample is also irradiate-d with X-rayi3, hut here the TUhus both pirocesses are initiated by the excitation

absorption of the X-ray bear~n is ini-asmired as at function resulting froin the eje'ction of an electron from an

of the X-raty energy. inner shell (the K shell in the figure). However, the
Trhe at4 inoic p roces~ses tha~t y jell the I hotA eleetrlmn subsequent dc-excitation takes place in difforent

p~art of the FWCA Hlx'etrum and the X-ray absorption ways in the two p~roe(sse~s. In the X-ray c.1se, the
Hlwetriuni, are als illustrated in Fig. 11: 1. 1In the p~hoto)- vacancy is filled by an electroin from an outer shell
electric pro(('ss xitilized by the ESCA method (left- (the L,; shell in the figure) and the energy released is
ham1,1d sid(l of figure), at bo1unid electron, in the figure an emnitted ats electrionmagnetic r-ad iatbion in an X -ray

electro n in the A' shell, is priumn tued to at free state out- quantum . In tho Auger case;(, the energy releasied is

sidle the mamnpie. I1ts k ine'tic eniergy is %&I l einNI(, and inlstead transferred WA another electron iii oflC of the
0,1y lac14 if ilefi ni tbiot of its e-nergy is so lely dimc to the ouiiter shells (the L, shell in the figuire). This electri n
nature widlth (if the level fr om which the electron has is then released and leaves the atom. The simplest
beeni ejected (the level and b anid proifi les have Ibeen notatbion for the Auger transition illustrated in the
marked on the right hand sidIe oif the figure) iand toi the figure is KL1 L,,,.
Ilack (if (defi niti on of the energy (of the i ncidlent chariae- When the primary vaca~ncy is created in one of the
teristic X -ray b~eimn. ininer subshells of the 1,,M .Al-Ils, the excitation

An X -ray absorpteion edge arises wheLn at boojnj'l energy is oiften sufficient to bring about at liroiesI
(leetnin is piromote~d to the first unoccupied level which in which one (of the two final vacancies lies in an (outer

is allowed according to the relevant, selection rules~. Hubishell (if the pirimary vacancy's shell. Rmdiationless

For A metallic sample. this will Is- a level in the con- transitions (if this type, for examiple LJLJIIMv, are

duetion band, at, or jumt aboive the Fermi level. F~or an called Coster-Kronig transitions.

inmiulator it will be at level at the bottom of theconduetion For at long time. the Auger process wats igiiired, 1li-ith

band. When the energy of the X-ray Iseati increases, by texperinmeiitalists and theoreticians. How0~ever, the,

26



ESCA X-RAY ABSORPTION
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Fig. 11:1. The experimental Bot-up and the atomic processes ill the cases of the ESCA method and the X-ray ubporption
method. The atomic procemwse are illustrated in level diagrams for motallie samplos and for samplos of an insulator or an
intrinsic semiconductor. Solid circles indicate electrons and open circles indicate vacancies ornated when electrons have been
excited to higher levels by the incident X-ray beam.

3--671163 .Nowe Acla Reyg. Soc. S•'c. ips.., Ser IV, Vol. 20. Imle. 18/i, 1967
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ftootifdfonteinnor shouii anid broader d;Ir tij fru,)ri the ban~rds. ¶1'li odige ini ai X -ray almorp tioll x ,ui-trurr Lire

uleperdmirt upon bef Htructurre in the Irrird tu which tho ol ectrulL im excitid.

radiatiOnleSS d(;-CXCitIatj(,f of air excited atomn by sernii-ernpirical reulationr by Ilagedoorn and Witpstra.12 7

(ilnismiou of electrons isi often mnore i~robalaie than fli W -6. p 2 :1401 2 Z -- 1. 71(1 yI4

ri~diative (le-excjtlutj(Io hy (missHion of X-ray quantat. I - )K(641),

This Las been the dIisap~poinltinrg explerience of those A low fluorescence yi(+! corresls nd(s to it high yield
working iii the field of X -ray flu orescenice analymim. of Auger electronsa, since thie sown nurnst e joal u ni t-,.
Thusi the X .ray fluorescence yieldsi decruase with de- 'Thus, as the X-ray fluorescence yield dimninishes at low
creaming atom~ic nure her andI~ leconhru very low for Vie atoinic nurrbers sio the Auger yieid increases. TIhis
lightest elc~erints r1hiH is, shlown for AK shvll vacanr~ieH offers interesting pomsibilities for utilizinig the Auge-r
in Fig. 11 .4, which gives at graphical replif-eseftatiOn Of part (,f the ESCA spee-tr itas well, .'or the study and(
the K fln orescencyeld Y" 1 "K according to Vie f d low; ng ana~lysis of the li ght chrn enCs.
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11 :3. Principles for the Calculation of Binding 0
Energies from ESCA Spectra-

Conservat ion of enoirgy inl the photi iilectri c proceoss

ofbi free atolfl re(1 uirv8 chat the kinetic eniergy El

of the In photjeleetron is given by

-~kin" 0b E I

He~re E"X .a is the quantiam energy of the X-rayv'00
pho ton Pi b is the eroergy oif Ii heratioin for the electron

Mid( E, is thev recoil cieirgy. By applyinig the law, of e

ciomservaiIoni of in onenti rtu for ti-ecease when the recoi n

is inl the direetion of thiv iwncomng photon, we ohtaill Fig. 11:4. X riy fiiiories~ven~ yie~ld ind Augir eleitron yildd

as n tppr ln)'. or herevilenegyii Ow~. A shill its it finicit io of ittoinije iminjiihr Z for thi. light

P', EX rsy P "oa) (2) jl ,i~l (1ml~ thev m asse-s of the rvuoi Ii ig aotom and1 theý

photoilintroti, resjiictiveýly, and at iion-relativistic

EXCITATION aletilcttiiil is assriiild to be valid. Tab~le1i : I: gi':es tlh
l1,ii a xi ni r recol viviiiirgy (aletilatted frioim eq. (2) fitir

80ono elivnrieits in the first griojip of the Pieriodie 'J'ible..I

alco lo~tions8 Ior ioicad fir three differenit N-radiations,

liaitnoly silvir, coperiie, iuini alliniilijilriu Ka. Tlle TIILXI-
-W

LU a0 itim ricoil einergy fur the liiot~oviliric ejiet~imui of it,

L! - Vahlivii clhut oul is valI(ililto.(l

PJ'o ,h /1; 1 Aaxiinn uim recoili ner-gies (i N)

AgKot ('uKct AIKoe

K Li 0 (5i. I

NIL (. (0.2 00
K ~~~0.4 0300

[(ýE-ELTTITAI ONj oI .2 oI~i(t 0.01

[AUGx F IR ...YJ I t is, ill roost (amsi i less tbail i i cili ivtrit violit inl rn aiigi-

tiiule, an~d with piroper incoice iof X-raiaiiit~iion tite recoil

(nutrgy lb-!itieii iogligiblly smuall iii tiii iuiistirvincluitH.

~*-* <-'LM~ ''l'hiu t urvi A, ill vq (I) will, therefore. hueretbir he diH.-
L ~~~~~ ~ri gatril i. ii utvad~l, we haveX' to itiiiodi fy eq. (1) wheii i

L we----Vi cc lliiii the iisol ii state as; ,ects of the exill-riirue II al

hvartiagviu iu,t. f )r nnuieumting the( 4-hcctrion huitidinig
IKa energy, This is illustrated ill Fig, 11 :5.

K La I L Ini genie-in , tiii reix its it, small eleitri c fiield ill tin

mpLei 1-becen ~i tit soiriiiev iand( the vicul-raic RIOii. to tin

SlIiiT0iiiUiTi iVvie if both itri groiiinnilei. This is w?,

K - . - - .- ---- hmts roiondnuig Ii. H line miidi the sAiuetnimi-ter

Fig. I! ::i Tw, cidierifft iVP JiJIA,(Ioc f Itoic "Ixit'iii(i ~fl~ ion nirttirial riiranis flhot thevir Ferui levels atre the sannic.

whjich) foll~ow iip,,i it iroidhi~i 4t io iuiirr Owl! vitvaI.ly. Aniy uliff'reuce mi work f~irot iioii of tit(e soiirceý majterjiatl

29



X - RAY

IDETECTOR

Eki, k

E i-royI

%s FRMI LEVCL

"A"~ 17

W E,

L F'ig. If Eli. I'rineijuli for the cIalcu.
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and.i thin spectrometer miaterial thus gives a differeinee tiot onily in electron speetrc.icopy hut also ifl X-raky

in Inacro-psotentia' 1
6

5
1 (i.e~. ia contfact potential) and inf spectricwojiy.

electric field in the space between source arid sJpectro- In Fig. 11:5, the source inaterial is assumned to he

meter chamnber. The kinetic energy E of the electron m~etaiiIc. The same result is obtained if the specimen

when it enters the speetrometetr chamber is thus is , non-mnetatllic. ]However, a sufficient miuniher of

slightly different from the energy Ej',i which it ham oil free charge carriers miust be piresenit ifl the specimen

emerging from the source, It is the kinetic energy EJkhn so that the Fermi level can adjust to the thernio-

that is measured. If we choose the Fermi level as a dynamical equilibrium sta c. It has been found that
reference level for the electron binding energies, i.e. electrically insulating Ifliter Ils can also lhe studied by
if we have zero bindling energy at the Fermi level], the HSCA method, since a siufficient numiber of free

conservation of energy requires; that charge carriers are formed luring X-ray irradiation of

V1 Ex..~, - Pkn- 0.() tespoci inon.

Here E, ifi the electron binding energy arid 0. is the 11 :4. Modification of Level Diagram Due to

work functie,,r of the spse-eromneter materrial. It should D)ouble Layers and Electric Yiields
be noticed that the termn ý in eq. (3) (lees not depend Eelectric, double layers may develop oli the surface
on the source mate-rial and as long as it does not vary as a result of adsorbed aterus. A douoblen layer also
with time, one an(I the same work function correction develops at tire surfae to reurin electrical quasi.

can lie applied to all the measurements. The choice of neutrality when the crystal departs from pieriodlicity
zero binding energy at the Fecini level has; been made ait the surface. Electrons from the interior that move

30



twards the surface with an energy that is too small to
allow thenm to escapec, proceed to a small distance out- EXTERNAL
side the rigid crystal lattice before returning. This INTERNAL MACRO-POTENTIAL
againl is equivalent to at dipole layer at the surface. (AR-OENILVACUUM LEVEL)
The dipole layer that is the regult of thiese diffrtrent
effects gives at potential step at the surface that ca CONDUCTION BAND
be either positive or negative in sign, i.e. th6 macro- -<______

potential in the interior of the crystal is different from FERMI
the macrn-potential in the surrounding vacuum (the LEVEL ELECTRIC

vacuum level). The level diagramn of a metal is modifiedFIL

as shown iii Fig. 11:6.
If the metal is placed in an electric field, the macro- 7777777 -

potential outside the mnetal will slope but otherwise ýVALENCE BAND~
-, -~, 77____________<

tno change occurs in the level scheme of Fig. 11:6 for

reasonably small fields (ixe. the Schottky effect is
negligibly smnall). If, 'istevad, we have at semiconductor

or an insulator the elect~ric lines of force will penetrate INNER LEVEL
to some depth, at space charge develops, and a bending
of the bands and inner levels will occur as shown in

Fig. 11: 7.
An electric field that causes this effect ig produced SEMICONDUCTOR OR INSULATOR

hy the Volta potential (contact potentialN between the Fig. 11: 7. Modification of theI level scehmo for a srirnic-unduct{,r
or an i sulatOr (111 to an1 clectric field. A ispaco, churgo deovelops

semnieJndutoetr or insu11lator and the. walls of the con- and a Ibenr~ding of tho bjutidla and iotor levels will occur.
tainer or any other marterial from which it is separated
by the. vacuum. If the distance between the two mate- change in macro-potential (lie to bending ofn the. levels
rials is decreasmed, the electric field increases and stidoes that is approximately the samet as the Voltst potential
the bendinmg of the energy levels. 1-however, this tends at infinitA-n separation, iLe. a few tenths of an electron
Wo decrease the Volta potential and in the limiting ease volt in most case4. TJhis is the situation when two
when the two mnaterials are. brought in contact with different mauterials are. brought into contact withi cach
each o~ther, the Volta p~otentia~l is zero. One then has a other in semiconductor devices,

The Aitu.&tjon is differenit for at s~inple used as an
INTERNAL MACRO-POTENTAL EXTERNAL HACRO-POTENTIAL eeto orefrI~Asuis suigta h

(VACUUM LEVEL)II

Hamnjole, is thick enough, then electronsi expielled from
the interface betwe-.n the sample and its backing aine
not !tudied in tl!.! (!hec-tron spe~ctrum. ix-v'l bending in

this interface may therefoire be neglected. Instead,

7-CONDUCT ION [3AN there is at bendIing of levels in the surface region that
faces the vacuuim. liIoweýver,isin!cethe ba~ffle i-lafte of the)
entrance slit to) the spiectromneter is situatetd at a dIi-

stance of about 5~ mm from this surface, the electric
field due to the Volta po~tential is so smrall ats to make

INNERILVELthe level betnding negligibly smnall.
INNERLEVELBardeen"'~ in 1947 introduced the concept of surface

states. Surfave states cani exist in the otherwise for-

METAL hidden gap of a sernieoiiductojr and can lie filled as high

lig. 11:0.i Mod ificateio of lovi,!1 dignuini for it inetul ow. Lo upl as to the lFcrmni level of the miaterial . If this occurs,
lIouhit, layerm. 'io, touviro-potouitial it, tie c!ryfltul iH (dirffereit, it region depleted of elect rotis is formed nuder the sumr-

fromn the rimunp-u~rptwmtiur! ini Lio kiurrouruthirg vactumin. face. The electric field between electrons iii the siurfunco



The X-rr 'ine Kot1 corresponds to an electron

NATURAL WIDTHS FOR transition from the Lill shell to a vacancy iii the K

THE K AND LZ LEVELS shell, The "nattural" width of this line is made up of

K the widths for the two levels. Fig. 11 :9 shows the

2 natural width of the Kai line as at function of atomic
number Z. Some of the anode nat~erials used in the

ESCA method are indicated in the- diagram. The dia-
grain shows that theý Kal line from aluminum is ap-

p~roximnately half an electron volt, i.e. five times sharper
LM than, for insta~nce, the Kci, fine from eopper. This con-

stitutes one of the advantages of using aluminum
40 radiation instead of copper radiation. A further advail-

,,.~tage, is that the lower energy of aluminum radiation,
10 20 30 40 Z 1.5 keY, gives photoelectron spectrat of lower energy,

Fig, 11 :5. JIiieront wjidth., of K iand Lill I'vvle vl~a,, litjv These can therefore be. analysed with greater absiolute,
iiini her Z. 'Pho diagramii a IM 114-0i dIM1 II ie ) ivi th tim Riid of accuracy, since the rolative resolv ing power of the dclu-

dia fo lvt- wi'ts wit-i avebi-n ubhwd y arrtt.30 tron sjpectrornoter is constant. The large width of the
K~x line from the transition elements of the fourth

states and the now unserveeed p~ositive ions inl t~he period is combined with the fact that the line is assyrn-
dlepletedl regrion produces at lai iding Of the le'vels in this metrical ill this area.
region. TVhe b~ending is lie larger than the energy (hf- The piresence of the Koc, line does not normially iii-
ference between the top of the valone hand and the convemlienee the recording oif KSCA spectra with, for

Ferm leel. eve Iwningdue o srfac sttin as exanmple, copper radiation, If this should be the case,
so far 1wei of wiii er concurn in ii E( 'A ýil at rii. ho wt v i, it isi pos:5iblý to utilize crystal men' whrovnatti -

zation or to use, the KP line, although this line has at con-

11:5.Inheent~dths nd Eergysiderably lowe!r intensity, or to use an L, emission line
11:5 InhrentWidhs ~d Enrgyfroiii some other anusde material. The eniergy gap)

Separations between the K%, and Kx, li nes is gi vvii ~ii Fig. 11: 10

When an inner electron shell is ioniize-d, the vacancy oil It lgaritli mc scafle, a~nd we see that, it decrease s

is filled by Outer vebetrons within at timie interval of the rapidly at low atomnic numbers, T1hus, if the prc~il irk

order of 10 " seconds. According to the unevrtainty t~ho irvnilsO iivii ts ill ((1 to lie i ncenased for levels with

lprinuiiph-, this finite life fir at level correspos nds to a Ii w binding eniergies bly usinug lighter c lvinents ats the

lack of definition in the energy level of the order of at eV

few electron volts, This is the inherent (or 'natural" 7-I
width of the level, which driinem ani uppecr limnit for theý 6 NIATURAL WIDTHIt
accuracy with which attomic level en rgies can liii OF THE K l LINE M

measured. With the ES4CA miethod this limuit amix 5

actually he reached.
Ali is seen from the diagramn ini Fig. II H, the width K IE C r C u

oif each level decreases with (lecreasioig atomic noumober, 3 - 1 t

For aluminuii I ci, botdh the K ui id the, L... widths atre only
at fo w ttenths of an electron volt. In certain, cases wheni At
radiationlessi de-excitatuons o~f the (Jester -Knonig type I
take place the life of at vattlricy in an electron shell

is conisiderabily shortened. TIhe width of each level thesi T '
II) 20 30 40 Z

Sincreases accord1inug to the ii iertai iit,,y pr1in imoiji, amnd Fig. f 1: fi. I nliblorn,,t wilt I of X .raLy :iws Ku, vergmn atomictlll

ini this way, there is it greater broa deniing for the L, ni mli eir Z . Noi llit (if tilofl' 1(11 i rllttriidimm nirn~u the 1FiSCA

level in certainr parts of the p~eriodlic Systeini.12 uietiu i are ilid.l1Lt45 in tVim (liniglili.
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100

ENERGY DIFFERENCE BETWEEN

6 THE Ln AND LM LEVELS
40- N

2:-

10-
Cu

4- ~Cr

2-
Al

Fig. II: 10. Energy separation in tho X-ray KA
doublet versus atomic number Z. _._-

V20 30 4 Z

anode material, the complication arises that the Ka2  A recorded I)rofjle* of the X-ray Ka, -K--, doublet
line comes too near the Kai line. However, if lighter ehe- in aluminum is seen in Fig. 11: 11. It is found to have a

mente such as aluminum or magnesium are chosien, the total width of 1.0 eV, which is in agrcemcet with the
distance shrinks to such a degree that the (oublet value to be expected from the diagrams of line widths

separation is comparablh with the natural width of the and doublet, separationm. A graphical analysis has
Ka lines. Thus, the Ka douhlet. can here be considered been carried out, which shows the two components to
as one line, with e, width that is approximately on(e have an intensity ratio of 2: 1, as expwcted, and a half.
electron volt. .rhis makes ahmninum and magnesium width of approximately 0.7 eV each.
suitable( as anode int'terials for low-energy ESCA '*- 'I,, iw word ing was carri,!d out by I)ovent Frik Noreland

spectra. at this lnstitute.

THE X-RAY DOUBLET
Ka0i 0 2 IN ALUMINIUM

TOTAL
z WIDTH= 1.0eV

_ 0.7 eV

0.7e

1484 1485 148 1487 11488 1489 eV
Fig. 11: 11. Tho X.ray Ko.L -K•, doubhlt it aluminum. Cor-ectimts have been tiado for the spectrometer Ibroalhdengs.
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111. BINDING ENERGIES OF ATOMIC ELECTRONS

111: 1. Scope X-ray absorption edges is relayed to each level in the
clement.

Knowledge ofaoilvleege as previous- ESCA provides a new mebhod for the accurate dc-
ly been based solely on the information which can be termination of all levels, from the K level to the
obtained from emission and absorption spectra in the Fermii level, directly from the photoelectron spectrum.
X-ray and optical region. In order to determine. the Metals, semiconductors, and insulators may all be.
levels for an element, it has been necegs-try to first studied. We have measured in all ca. 300 levels, di-
select ome level as reference, for light elementst up to stributed over practically all the elements in the
Z -30 usually the K level, and for heavier elements the Periodic System and tables of electron binding ener-
L.. level. The energy of the refe-rence level has been gies, based on these measutremn-its have been pub-
obtained from the relevant X-ray absorption edgye. lishod.3 '13 The table of binding energies in Appen-
The oumter .1evels have then been evaluatedl with the (lix I includes our most recent electron spectroscopic
help) of X-ray emission data for transitions between the data and is recalculated with the aew values for the
reference level and the other levels. As a result, the X-ray emission lines published by ]3earden, 11 5 and
uncertainty in the determination of the energies of the with a wavelength. energy conversion factor of EA,

ELECTRON LINES FROM THE L1 SUBSHELLS OF THIRD PERIOD ELEMENTS

c/20S C( S P Si AtMg Na

15001

011

975 960 10'20 1025 10'551060 1095 1100 -~~1130 1135 16 15 18 9e
KINETIC ENERGY

275 270- 0 225 195 190
23155 150 4 120 1115908 650eV BINDING ENERGY

Fig. 111: 1, Weletroi lines from tho 1, sHmhsholls of third period cition~,ts (sodiurn to ohlorine) oxeitod with inagnosiure Kazradiation.



'/1o0, ELECTRON LINES FROM L, AND L, SUBSHELLS OF FOURTH PERIOD ELEMENTS

Ni Co Fe Mn Cr V Ti Sc Ca K

1500

U mI

u/1

•. . ... J <l; 58 2 6 0O 40 5 3O1

-~~~ ~ 8 08,
610 620 6 6o 6910 70 60 770 7ýo 810 840 1 900 910t 9610 97•0 10'20 018 ' 1130 11 10 .9o0

v 810 86'0 8800 7910 780 ' 72'0 7 i 6510 6 40 "590 580 5-00

BINDlINCG ENERGY

Fig. 111:2. bloctron lines from the L, a.nd Li muhhllbIilH oi fourth 1writol clemjeto (potamhihm to nickel) oxcitel with
aluminum Ka radition,.

'bol
ELECTRON LINES FROM H, AND My SUBISHELLS OF FIFTH PERIOD ELEMENTS

J Te Sb Sn In Cd Ag

SooI4'v 1000

3K -3 K 3

I * I
500

6,10 67'0 675 7;0 A 71 Q 70 7-10 745 "74 .'0 BOI s '85 8610 all . .
5INEIIW ENERGY

.0 620 125 6;0 -,; 19 -~ 4~ s9 o ss-s~ o- 5 -- 455  4;0 445 4;515 10 05 730 3530BINDING ENERGY

Fig. 111: 1. EIloctron, linjm from tho M.iv &6nd Mv RuIIhillI of fifth period olemerint (silvor to iodi h 1) oxcitod with mlagunium Ka

rmliation. InI tho silvwr Rplut rulm t, ho clectron lincs excited with tho X-ray Bttollites Ks,t are inicluded.

FELECTRODN LINES FROM4 NMe AND NW SUFSHELLS OF SlXTH PERIOO ELEWINIo

Bi Pb TI Hg Au Pt Ir Us Fe W To Iif

,2 03 ,-2

"508. IT05 H10 11125 1130 -8 11115 1;50o ,416,o -4- 117 -,,Leo 4 1ii 1 il0 -4lj j105 0 I j[0 10 1121 j'rj -i'
RNETIC E NiERY

16 4 "S LI t12 10 _ 1 1616 -f 4 4 75 10 -- -A 6 4-S 2 04 - 120 5 I )01T j 22 125 1313.

BMINIG EMERGY

Fig. 111:4. F1loLtrui Iii from tho NVI andI NVI)I allIholIH of NixLh peri(sl dImointo (hafnium1 to bistnuth) excited with mngno-

sium KU rmliationa. 35



2 Li Be B C N 0 F KI I I I I I I
I - J L W.

0 100 200 300 400 500 600 eV

3 No Mg Al Si P 5 CI
I I I I I I I

100 200 eV

4 K Cc Sc Ti V Cr Mn Fe Co Ni -|g.U4,J II IA II !I II IIJ II II IIJ

t- J_ I II It II I I I I

300 400 500 600 700 800 eV
0
a,

a. 5 Ag Cd In Sn Sb Te IjI J J II I~~I I II jI

400 500 600 eV

6 Hf Ta W Re Cs Ir Pt Au Hg TI Pb BiIIIIIIIIIII II II~ II II

50 100 150 eV

7 jlTh U Pu - ND_-
I I I I I I

700 800 eV
Fig. I11:r5. Atomic le vi rgis obtiijod from Cho ehyetr,, m mtra of Fii. 1:9, 111:1 11 4, 111: 13-111 : 15, ana 11I:1 9
The h ei, , . ! frurn whv+'.'.: th .-c o!.;"tr4r; - '-.-trm .-vorc m:, ,1,.! !.,d :r T' ; 1 :1.

(12372,42 ±. 13) xu. keV. Many of the levels for which were exciteld by magnesium Ka, and in some cases by
binding energieýs have been measured by the new aluminum Koradiation.'Thetimc,,usgedito recordanelec-
precision method have not been observed in X-ray tron line was in no case more than 3Onminutesandoften
absorption spectra. as little as 5-10 minutcs. The line widths are from

An illustration of the atomic level structure as re- I to) 3 eV, which means that the spin-doublets L,,.1 1 ,
veal(iv by high resolution electron spectra is given in M l v.v, and Nvivi can he resolved in most cases. The
Figure I :). Somi more examples are given in Figs. energy of e•;ch level can be determined from the elect-
111: 1-I11:4. Each (f these figures represents one row ron lines with a prevision of a few tenths of an eV,
of elements in the Periodic Table. We have chosen which is about the same as the inherent width of the
sublevels in different electronic shells, from the K levels, as determined hy the uncertainty relation.
shell (in Fig. I:9) to the N shell. The electron spectra In Fig. I11:5, the energies of th:C atomic levels olh-
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taitied from the electron spectra in Figs. IA:) an(1 Table III:]. Chernicai compounds from which the
I111:1 -111: 4 are displayed. Seventy-eight atom ic levels electron spectra in Figs. 1:9(, 111: 1-4, 111: 13-16, and
are shown here, including the Nl,.v levels of the cle- 111: 19 wtz:e obtained.

ments thoriumI, uranium, and plutoniumn in the seventh Elemenit opln

period. These energies are obtained from the electron-
spectra showni in Section 111:3. The chemical comn- Lithiuim 3 Li evaporatcd
pounds fromn which the electron spectra were obtained Berylliumi 4 De evaporated

arc listed in Table 111: 1, Boron 5 111t0,

We shall now discuss in somec detail these and other Carbon 6 C graplmitA,
elctonspcta ro wic eecro bndngenrgesNitrogen 7 NaNO,

(!au be obtained. F'luorine 9 UPI eva))orateAl

Siodium I1I NaCI evap()rated
M~agneidiium 12 Ng()

111 :2. Light Elements (Z <30) Alumoinumx 13 AI1()3

Photoeletric cross sections ais well ats fluorescence 1'homphoruH 15 NRH,P04
yields decrease with decreasing atomic niumber. How- Sublfur 16 8~ Hablim,,,1
ever, dlespite. this decrease. in the photoelectric cross Chlorine 17 KCI vva;)oratA(i

section, the electron spectra that we obtain fromi low- P'otassiuml 19 KCI evaporated

Z elements are at leaist as good as those, obtained from CaL~lcum'_ 21) (aCl,
Seanmj join 21 Hc,)

heavier elementsi. The electron lines in Fig. 1:9 were Tlitanjrium 22 VO
obtained from the very light elemnents lithium (Z :3) to Vanalindor 2 3 V,o,
fluorine (Z - 9) of the second row of the Periodic Tfable. Chromumirr 2 KI('r((N),I

8amples containing these elementsi were irradiated with Munganome 25) K, [ M z (CN).l
aluminum X-radiation andm electrons obtained by Irmn 2N Ksl1,'o(CN)j1

photoe~lectric conversion of AIKot in the K shell of the Nrkelt 27 R2 I~i(CN)41

elements were recordwed. The lines are narrow with a Silver 47 Ag evapsrnt~ll

halfwidth less than 2eV. The LiK(AIKoc) and the Cadynium 45 ('dcl.

BeK(AIKat) lines have at doublet structure which is Inliumn 49 In owispurnfcr

discussed in Section V: :1. The carbion line consists oIf Tin . 0) 4110,

15 points, each with it counting time of 20 seconds. nTonirriuy 52 I ( SbYeaporutcd

This line was thus obtained in five minut~es. The modirre 53 Na~l
hmorizontal scale of Fig. 1:9 gives the electron binding Mafniumi 72 1-IfO
energy, and the line po~sitions indicate the approximatec Tantalurir 73 Ta lum1kp

Z
2 dependence of the X level energy. Tugtheniu 74 WeOm
Electron spectra have also been, recorded for tim' I~ )rimm 7 ~ lm

shells in light elements. X-ray absorption spectra of the Iridium, 77 Ir eivaporated(

L shells are scarce in this region and the L, energies PlIatinumm 78 Pt ovaporatewl

available were mostly interpolated values. Our electron (Oul, 79 Am, evaporated

8etoop meatsurements shwdta rvosyMoernry 80 11g on gold
spetrocopc howd tatpreioelyThralh jin 51 TICI

accepted values for the L, energies had to be corrected LoadI Hi MCI,
by up to 50 % in some cases.51 L, electron lines of the MtKInuthI 83 BijO

third period elements sodium (7, 11) to chlorine (Z TIhorium 90 Th ovaporatfid
17) are shown in Fig. III:1I and the j 11~,11 lines of the Uraniumn 92 U evaporated

same elements are shown in Fig. 1l1 :6. In the latter Plutoinimiri 94 Pu oxidle

spectrum, one can see, how the L,1111, levels begin to
ajJpuar as a d(. u blet at arounYd Z -15. state effects, It can still be seen in the electron specetra,

At vciy low Z values, i.e. for thle second row ele- however, although the iucertainity in the energy is
inents, Ahc Ii, -uibshell becomnes broasleried dueý to solid greater and the intensity less than in the K shell. This

37



ELECTRON LINES FROM Lu AND LM SUBSHELLS OF THIRD PERIOD ELEMENTS

Cl S P Si At Mg Na
c/40s

1500

LliS1000
U

,-2 Q2 -3 .7 x.7

500

0-
__ 1 0• .. .. 1 5 _! 1'2 - -.. .... 1150-. .... 1 .. . . L 1 A_-. _ 1 -- I

1050 1055 1085 10O 11151120 1145 1150+11751180 12001205 12201225 eV
KINETIC ENERGY

ýv 200195 165 1 135130 _7105 00 7 10 5'105 45 30-25
BINDING ENERGY

Fig. II1:6. Electron lines from the LI and L 11 subshohis of third period elements (sodium to chlorine), excited by MgKa
radiation.

is shown in Fig. 111:7 and Fig. 111:8 for the elements In the transition elements of the fourth period, tho

oxygen (Z =8) and carbon (Z, 6), respectively. The L electron spectra can be excited by soft X-radiation,

lack of definition becomes even larger for the L..... for example AlKa, see Fig. 111:2. The K shell has to

levels and is, of course, also found in the X-ray emis- be studied with harder radiation, and CuKoc is an

sion ,pectra of the lightest elements, obvious choice. In fact, the har ler copper and chro-

Apart from hydrogen and helium, lithium is the mium radiations have been also used for the LJ sub-
lightest element. When exploring the range of elements shell of the heavier transition elements. The use of
that can he studied by ESCA, we therefore tried to soft X-radiation leads to a decrease in the intensity of

excite electron spectra from lithium even before alu- the L, electron lines of these elements relative to L1,

rminum and magnesium had been used as X-ray anode and L11 with increasing Z. The L, level also becomes

materials. An early lithium spectrum excited by chro- increasingly broadened with increasing Z (Fig. 11 : 10).
mium radiation is shown in Fig. 111:9. The figure also An electron spectrum of the three L subshells of tita-

shows that the surface layer contains oxygen, owing nium (Z =-22), excited by aluminum Ka, is shown in
t1) adsorption and ,,'idation. From this combination, Fig. 111:11 (see also Fig. VII:2 for vanadium). One

of electron lfej,, Lauat•d within a small energy inter- can see here that the L, level is considerably broader

val, it is possible to obtain an accurate comparison than the L11 and L,, levels and that the relative

between different atomic energy levels in variou& ele- photoelectric yield in the L, subshell is quite low

mnnts and shells. (cf. Chapter VII).
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C/lOs C120s

OXYGEN CARBON

K K LI

LU

500
0

I.- zzz

z0

ox 6

0 2

960 965 970 1225 1230 1235 eV

0- KINETIC ENERGY
• J l 1 .• I I I

;V290 285 280 25 20 15
I ___----___BINDING ENERGY

950 955 1455 1460 eV
KINETIC ENERGY Fig. 1II:8. Cornparison of electron lines from the K and L,

IV 55 530 30 lovels of carbon in graphite. A pimilar broadening as in Fig.
IV 535 530 30 20

BINDING ENERGY 111: 7 is seen for the .Ll electron distribution in comparison with
the K electron line.

Fig. 111:7. Comparison of electron lines from the K and L,

levels of oxygen (in frozen acetone). Thlue electron distribution

of the L, hailmhell is much brotelor than that of the K HlIdc.

c/200s
LiK(CrKs l) OK(CrKI,61,3)

Li K(CrKJ? OLIrc.i

L'j

3000

z

0

2500

Fig. 1II:9. eoletron spectrum from lithium oxide excitod by Ik.
chromium X-radiation. Lithium and oxygen lines oro seen in

the spectruni. A cornmparimon with Fig. 7:9 shows that the
photoelectrio cross section in Li is ijuch larger for AIKu rttdia-

tion than for CrKu radiation, see Appendix 7,
5350 54 0 eV
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LI (legreeli of ionization that arc necessary at higher Z
LE values. (The calcium lines have beeni obtained from31 eleven times joflizld Calcium.)

3.0The plot oif the L, - L,1 andI L, Ln, energy dliffer-
ences (filled circles) olitainedl from p)reviously accepted

values for the le-vel energies
2 9 

134 illustrate.s the va.4t.

I ~imiprovement obta~inable iiy measuring the L energieg
0 of the light elements by electron tipectroscopy.

2.5 ~We have. also iiiadc quiantum mfechanlical self-con-
sistent-fiehi calculations of electron binding energiea

I in the light elements. This will be discussed further in

SectionIi 111:9 and Appendlix 2.

S2.0 -111: 3. Heavy Elements (Z> 70)

The electron sllectroigcopic nmethod for measuring
b~indIing energies (If atoiniic electrons can be cmlploy(il

equally well for hcavy elements. One is, oIf course,

1-1- TITANIUML
1 IS 19 20 21 22 23

ClI A K C a SC T i V
2000-

Fig. il1 10. Itulative Ihalf-wjdth of th( ,1L and LI, lintsi oifV
the elementq chlorino to) vanwhind jj obtained from Et4CA
apoet~ra excite4i by AIKa radliation. Widths were iiot vorrect4-d

for iosutrurnolI(tal broadeoning anid widith of excitinig X -ri3.i~tltIion.

It is possible to make a comipalrison oIf opItical u~1500-

transitions and electron flpectroseopie (lataý for the , r
shell (of light elements. Ini Fig. 111: 12, we have plotted z
thie transition energies (open circleis) (If the optical
doublet 2,42p VO 2, 

2
27  21J1. a8 given by IIn 0100-

sa~me transitioins can be olfitamned from oulr i'lvetroni

81wetroscopic mieasuremnents as the dlifference L,
and are plotted with crosses. According to

Het'rule fi( 1 cnviin dobic."i , ani .L L. -i1

assum~ptioIn that the level energies increase wth

atomic number lLs Z2 (see 11ection, 111:5), one would(
expect a linear relationship. A slight deviation from
linearity is obtained with the electroni spectroscojiic 0-
data. Similar departures from 1lertzsH rule have been ~ --- 00e

910 92w) - ý ,12 - ,00e
observed! in other Z-regiong.2 1.3 1 .4 3 The optical tratisi- KINEIIC ENERGY
tions are studied in highly ionized free aAims which
corresixnd more closely to the i(le-aliztxl sytA'n(i fier 4V'' 6 6 50
which the H-ertz's rule is valid. rhe numberof eloniwnts IBINDING ENERGY
for which these optical transitionti cani lie obtained Yig. I if: If1. 14lecwtron lines from the 1, HubImhoilb of tit-aIiumJI

is very limitedA, mainly because oif the extremely higI. ecx itsl by aIuuininuno Atu radiation.
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Fig. 111:12. Cnomparison of optical tr• mmitioni andi oletron •B•octro•(,)olie data for the IL .|oll of light ehmints. Energy diffe -
rneiI( froi) ESCA i ,relfltit'4l aro plotted with cr(moss, optical ,latai3" with open circhl, and previously •(epoitedI

vahieSS.13n
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for the L levol onergiem with filled vireles.

limited It) some extent by the anode materials that with a high resolution. However, at the time when the
can be used in the X-ray tube. As one approaches the uranium spectrum was recorded" we had not yet

region of very heavy clnments, there is no characteristic made use of Al and Mg radiation so the elnetron lines
X-radiation that can conveniently bse used for pro- from the outer N subshells shown in Fig. 111:15 are

ducing photAhlectrons from the K shell. This does not not as well resolved as they could bc. Better resolution
mean, however, that electron spectra from heavy was obtained in the spectrum shown in Fig. 111:16

elements are poor. On the contrary, there are many which was recorded more recently. AlKa was um(xl for

subshells outside the K shell from which photo- and exciting this spectrum which displays the structure

Auger clectrons can be obtained. Fig. 111:13 and Fig. of the levels of uranium in considerable detail down

111:14 show electron lines from the L, M, N, and 0 to 400 cV below the Fermi level.
shells of thorium (Z - 9)) and Fig. 111:15 shows the Another example of high resolution electron spectra

corresmonding spectrum from uranium (Z792). The in the heavy element region was given in Fig. 111:4

atomic levels that are mapped out by these spectra for the Nvj1 w1 levels (of the elements hafnium (Z 72)

have binding energies from 17,000 cV down to zero to) bismuth (Z 83). The energy separations of these
binding energy at the Fermi level. By using different two levels, obtained from the spectra in Fig. 111:4,
X-radiations for different shells, it is possible to cover are plotted in Fig. 111:17 aa a function of atomic

the whole energy region and at the same time work number. The 7, dependence of a spin-doublet, pre-
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F'ig. 111: 13. 1
,,lect~ron ginoetrumi from tIhoriurmiO oxeited by AgKa. and CuKa, roAdiatio,:s.

ThNm (Cr Kul) Th Or,(CrKL, I
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1000-

473 740 -&--Leo---20 340 e Fig. 111:14. Eloctrun spoctruin

KINETIC ENERGY from thoriuim" tmcitod by CrKa

BINDING ENERGY
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XX21001-
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J';g. III : 15. 1411 rll lltmiii fraiunwiramqu" ,.itI ith AgI'.¼, (h'14 m:id CniAx rfdiatiIIK.

d1ictvd '.y tihe Di rau-Sioui merfeil tin',yli15.136 (we 'iii ha s lvi-i di nie for sevwrat sp in-do ubletm in yariolus

Sectio n 111: 5), gyes4 it ilight, cuirvatuire to the graph. reg ionts of th lie Iriod inp Syliteni 21.31. 43

A more~ detaitiled ei 111 arisoili of the expvrten iettal datta The 0 n , anid Nv,v .l sulishliel of the lt eIP ntf2 s

with tbe D i rae-1, n Iinvrfed i heory coti be miade, whic h ini then sixth 1wtiodi have i Haimiar tiergies. Trhe 0 hte Xsi

yields4 the scren(ifn rg contatint, for the Nvfvl stithshel li. (of the first ceh ntivts ini the pvio hn i tave. the higheito

UWON vuN(AtLKa) UOwb(A[Kcr) UPm (A[ Ka)

UO,(At Ku) UOCVOV(AtKcr) IJPjv.V(A[Kc)

S1000

z uJ
'I x 110 -

S500'

z

Fi g. I II :16. 111 ectroi i Hl et r tii i i froi ni i irmi i ti i if ex 'jtWd
A~ i by radiation.
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BINDINS ENERGY
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Fig. 111:17~. Energy .- itrj uitioni of the NvA', and NI A lovelm of mixthI period (- !uonolitH. Thel( so0)11ratio jul''due itr, obtined from

the electron hipectruml shown ini Fig. 111:4.

-~~~ l~~indiil ig enerigy, butt 010 tienid of the' period 1( the
ev, iituation is reversed. It is difficult to e.stablish the

i~li positions of these levels froin X-ray spectra and the
O~M level was therefore measured by clectron spectro-

Iscopy in addition to the N levels shown in Fig. 111 :4.
An energy versus Z plot of the 0 .. and Nvj levels ats
0obta ine(d from11 thecse nmea.ur(Ineivits is shwn iin Fig,

Ill : I .
100 h(ý(ju~itiy o niti~rad h~t, isr(,Itjr(-dforF8,

is vi ry sma~ll (see Seection V : ) and is less thimo that
W ~~io ruial ly req uired ffi N-raty spuIctrioscoly. Becamme

W of this, wod ai 151 fromii the radiaion pr! Il~oiT(-Hilil pin of111'0

zo ~~~~view., the tranisuraic eoj enIiIIts ca heii il' iiori: com'
m venien dly stud icd hy el uctro ii sj wctrosei liy thaii by

X-ray spectroscopiy. Much work rmumins Lo be done
50 in tb if; rvgil n and so far ionly the elemencots lnly tun iiurm

(Z --93):)137 yllUtoiiniuln (Zi 94)5,7 and atmericium (Z

U-. 9115),1, have, bove sti, ijii(I. Vig . I11:1 I ) shows Ws ome vi-ec-

1 jgt ade by elvetroplating pllutoniubm on it phit imiu foil.

TIhe amo1 unlt o f mid itriaIlb tat wits di Iii si te inii tis

wa~y wits ale mt. I jig,. ( ii F -o, and Cr K a, rioliath ais werc

used toi exciteý the plot. niubo1 lin~es; thmi 1ume of Siiftiil
Hi To W Re COs Ir Pt Au 11 I Pb [A, ~ to aalbowthorpecii paau

Fig, 11I:18. Blindinig ilulrgii'M of NVI, fit' i iirui for would imp;rove the spiectrii ci jisitlvrabldy.
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Fig. 111: 19. Electron litic s fronm thi .11 an(I N sielis of Pu. Tho gaH Inlr, vuuiisted of phutoltium uxidtu,•

AK (CuKcI) ALI(CuK. 1) Al I. (CrK a °1)
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S1000 '1000

z
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W 500 - 500
z

4850 7730 5170 eV
KINETIC ENERGY
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eV 3200 3190 320310 250 240

BINDING ENERGY

FiW. II1 : 20. lJoctron s eI)cctririn frut im argol. An targuti •Rau.1ulo w 4im u1do by loudin• g na auli iv foil wit h1 urgo nl iun a 'ch'hratDd in
a gmwouum dischargo. 8o,, also u 'Fig. I: 26,
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C/4005 XeM1 (Cr K. 1) XeMn(CrKe 1) XeMj(CrKct1) XeMIV(CrKvi)XeMV(QrK~i) Xe N1 (CrKa1) c/200 s
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4265 4 275' 44 15 4405 4475 44135 4725 4735 47C 5205 5215 eV
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BINDING ENERGY

Fig. 111:21. PlIectron mpoetruuu fromn xUI(mo. '11m HampIwitIWs mitdta by Owi prove(hitro I,.-seri!)e(I ini Fig. 111 :20.

111:4. Noble Gases 111 :5. Rare Earths

Photoelect~ron spectra fr-n gatseout4s auinpejt are For a long timet the X-ray tranlsition energies and
di fficul t to produice 1 y 'X.' w,;, an d t~lit no lilc glisis itA 00ii level tntrgics of the rare earth 01(0 teiits were
"vaim ot t'Ssi ly t e studieid by fli 1(zilig tlehniquet. ITo mnuch less itecuratel ' known than for most other 'lt'-
prepare 511(1revs from the 001110 gusts XVI satil .((I~l ti'le litetil s. 'l'h is gapt ill jth expeiriniviet~al data, wits partly fil -
suirfatce oif at ii ttal lic foil with nob1 le gas at 111i8 iti gas.- led] wVhen Bu1rg V,1tA I 11MIiiCl lprveiion niifetstrtemeniit of
cr018s dischiarge-. This was aiecoinp1 ishtw b1y nuti taiig the the Hex Iirits of the rarem-tar (104It tSl~, andI latter, together
foil1 thel negt-I ive( -cec-tndi (id n wh ichi tho tob11 le gits imis 'With 11 l1g~tr611 11 ItlLSured t iwt L level mw eiglis by-
of the di schargi- were col loto-dt-l. Fig. Ill1: 20 and Fig. electrona sp -Mtroscolly2 'lThu hi st runent limed in these
II11: 21I show electron s~pectra oif the nt idblv tq Ittieiits hi tter no aso rt-enets was that describedl in ii ettion
argo n and xe noin, ob tained from ((iou ree" prepj aretd i( Vill: 2, aiid wats att the timac operatkd manlually. The
this wty. Naturally, the aom itt, (If gras do-poi oted onl .-stlts atre shown in Fig. 111:22 in which electron

the backing was very sinall. Never-theless, clt-ctroii linen from the Ll imihsliell for the entire series of rare
lipetedra o f high quial ity 'ouIld 111! :i0i41jtied. earth deemnt t!i are Heeti.

Frmitran1 , etlvdtron line(s fromil thei K, L1, [titd L .111 'I hte 1)1rae thet ry gives thte follow ing expresstion( fo r
shld s were ohtai tied. ]It the intves'tigation of xenona, the, tuntrgy levels of hydrolgvnen atI )is:1 "'

reel rdint (g were muii dof the five M levels pitus the N1  ,py
2

0
4  [ y21 /1 3\

li-V c. TIhe liii din(g elttrgiies ini xenon iIvary from ca E '('1 Willits) ~-I~ n (1)
I 150 eV for the u1,~ level dotwn to (--i. 200K eV for the )I U i
N, leve-I. 'Ihlese are only ltrclililft~ry resalth from our For marty-electron attonis, the expression must be
studies on? gases by the HSCA method, cf. (Chapter I modified to take. inito acecoulnt electron -electron inte.r-
fitd V III. acetion. Sommotlrf(Ad"1 3  did thisi by replacing the nueclar
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ELECTRON L'Nc., FROM LI SUBSHELL OF RARE EARTH ELEMENTS

200 Lu Yb Tm Er Ho Dy Tb Gd Eu Sm Nd Pir Ce La

610010 '
-66'00 IiL60 69'80 7000"~7360 73801"77j20 8018O"' A4 807'60 8'780 9' 0`9lO 'OO 9 14 '10 /-10'6<'-1tO'i9IiOO -1

KINETIC ENERGY

-1- /1-05 /1 0 1-6 14- 4. 40 I, 79~ 140-I 1 2 6 22 656 ''60 62 120
WV 10,880 tl10500 10120 '1710 940 90 8 8700 8980 87120 6920 716

BINDING ENERGY

F~ig. 111: 22. IElectrou li ies froain VIIo L, 1 iIJbmheIIi of tho ritre etorth vemelents.24

chalrge Z with all effect ive charge (Z- d), where d is at this way, is shown in Fig. 111: 24 for the L, energies of
screenIin~g number. With the redunced1 mrass (If the eit-c- the rare earths, TJhis diagram reveals the scatter of the

tron-nud(-eun equlal to the electron mass a011d using explerimenltal (-nergies to within a fraction of anl eV,

attomic u Inits, i.e. with /t c -~ It 4- 4, - I ,the Illininiv11 Iiithol llll the bindin(1 eg l1rgies in qulestion span an

(-ll(rgy (if an electron ill 11 moany -(elct-ron atLi n is tOlwl r-ul-y n~ige of several thl usalil eV. The simOpl ified
giVi-Il by

E, 1)0 [Z1 (Z d/),2 aX
2  3 2 MODIFIED MOSELEY DIAGRAM FOR LI LEVELS

"Thlus its a1 first, applroximat ionl tile squareI reot (If till

i-l-et~rill blindinig enevrgy is at lillear fllnetion of atonlic~l

numbellr 75 
1.e

k Mil~~~Hiej ill ,1,(11 ,lots, I(tiii 1  IItrlltI- ine 111ar funcltion
(If tile 11t lnlie 1111jl froem the stjlliit root, (if tile
enelrgy - Suc la mi i efied Mosele(Iy dIiagram~i is sihowniill0

Fig. Ill .23 for tie- L, eierfgics o~f till rari, va1111 ele-

Ill : 22.
1lngstroI-6113 tooik the fourth poiwe-r terml ill 7 in~to

bY plo t tingl till quant ity 60 65 70

ATOMIC NUMBER
I ", l5' 10/ - - (Ii Iig. 111 : 23. Noifivd Ni jil K i-l,!y I ingramI for 1111 L, enlrgitk of

till Iart' Ilarthl eiejonuiItlI ILits btirlwi fIlrom thIa I-I-t ron MIiei-.

11,5 IL fulnction (If Z, A Molseiley dingrlnll, mlodifil(1 ill truil 811110. mi Fig. I11 :22."
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I • ESCA

0---2A.1 7136 A X-RAY ABSORPTION
4 3 0 1 c . - o 06 5 4 1

4 22

4 is

4 1•

S7 596S9 60 6t s2 63 64 -65 66 -- A6 S7b -71 72 -7) -t--'A1t
Lo Ce Fr No Pm Sn Eu Gd Tb Dy Ho Er T. Yb .. H0 To W Ro ferrmont

Fig. ]11:24. Moseley dlingrao irtodifoid ('eror(ig to Hog.otriiin' for tlh. L1 h , r'giorgi,-s J Ow 'rar," ,arth olo.ioiot.

theory from which the ficnar function inl the diagramn mcthod yi'lds higher (enrgies than the (clectron

ma06y be deduced cannot htow(ever 1) expe'cted to (16- spcctrofscopic nit(thold for the L, eiergies (of the rare

scribe the course inl detail amid the 50c.atter of expori- earths. This indicates that tw t uautist , In easured

mental pointits is 1 11ch larger that the error in the is nlot tho' s1e . Thlo' X-r1vy uhI)sor)tioll prov(05ss is

measurements. L, ent'rgies obtainned by Sakvllaridlis"t limited 1) *Y selection rulo's i t) a much larger extent than

from X-ray absorption spectra are also plotied in th' the' photo(l('ectric ejection of 'le'(trorns toO state,,s il
diago-an. the c'onttinuum. One should also bear in mind that the

It is interesting to nlote that. the X.ray' absorp)tion hctron 6inting energies ar1 not entirely an atomic

C/20s

TcLCu K o, TcL1(Cu Kt,) Tc L(CuKw,)
2500

w
< 2000

0-

z

0' 1500 - .

10002

4990 5000 5010 540 52'0 52060 5360 5370 51380 eV
KINETIC ENERGY

eV--300 3040 3030 2800 290 2780 -2680 2670 2660
BINDING ENERGY

Fig. 111:25. Ehortrro , lino' forooo tI1. L suhshlo ll• i f r ,,ot lo,,woiomo oxo'il t r, .by r( .rrr-r Ka, rrhdiottirm."I 'T'iO i. nLieuhor exalll o of ('l[-C-

troll hirrr fmrlin tot o'lt'ovir t that ori(es toot rccur naturallry. Seou ilso o ig. 111:1l9,
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COUNTS/lOG SQc
SUOG

105.3 e- Cu K(Mo Koc 1)

4000- CuK MoKil 2 l

i ~ D.E.

D.E.L.

30C00

Mig. 111 26,. Eltietrim ý.pi'trilli froum thlo
lopper K shell excio-di by inltyltomiitl

Ku radlotionl.1 The figtiire showvs the jot-
portant f act that. elevt runs on their xvity
out of thle spe~licinw lmoe ellergy Iil iiscewt 2000-
amountslit. 'Iho selaratiol: (if the minsii

peaks ill the mpi'itirul vorrespioias to the
energy difference bo:twvens thj, LnIT i

LIT, levels illlt ml.ydena The3 I:3 CA. ~ .5
spectrumi thus gives iiiforin:it Oti lsi n ilo .5 83 :5 840 0' .5 .5e

eniie rgy le velIs o f t I v, N -ra vi ai ioIvi lc ito tr i ttl. 358 369 Ii 0 311 31 2 313 gauss cm

4.01. 4.06 4.08 1.10 aMP

ptroperty butt to somne ixteit dleptetndent onl the (hello- 111:6. Miscellaneous
cal e'nviro nmenit antd may di fferI for tone andI the saine Aswsmniedpovulycctnbnig
element in different compom1inids (see 8ecti on V; 1).As a nittn'l inVoul eltri bndn

In their tlect~ronl mpectri setpie at easurviment .of th vniýrgico; hatve beten menesared for Ipra'tioal ly all ee

binding ci ergits iii the 1, so 1 eth Is of the rare earth j melt t I ty ESCA, im-idicioWg somtie that do not occur

Bt'rgval I antd IIagst~rdfn ct2  i idh alsto in akei a ciott r- vtttal,3  i t Fig. I I I: 11) and Fig. Ill: 25. The

sonl wi th t~h theoretical predictions given, by Soiacrt first elt-mtiet that kve sturlit ed was co pper and Fig.

feldlW
5 forit the L1 ,1 1 mpij a-doi obIct spl itt~ingt 111: 26 shoiws the coppt~er spcetrttm that was published

iln toiir first report in 1W57.8 A thin evapioratedi layer

2 %- (- 4 ~- oc(Z d )2 1J -- 12i2(1 -_ 2 of copper was irradiated with an X-ray beam from a
'L 1 1  zi~~ n(iYbdc''lnu mo dc. "As a rcfulsult tihe photoveictrie

x (Z *- d)-) ji)] (atomic units) (3) absorption of the Ka, and K%, radiation from inolyb-

A quantitiative estlimlte of theý itifluence o~f the fiit deanini in the K shell of copper, thi: two electron lines

nueear.4io o th fie snicurewaqdisussd il hiinw in the figmre were obtaitied, The right-hantd line,

nuearm s iz tof the fhi~ vlter' ctrutrecto was dishe d Soi Cu K(Mo~ot), correspitads to electronas which have been

trits ifel-theC"13 Chit~ellrtlssi Teturetioma tis theom- ejectedi by the! pthotoelectric abso~rptiont of MoKOCan

mecjt ofel.1ithelecro was tae ithe ancoma.loust tihe left.-hand lint', CuK(MotKox), to electrotns ejected
Recthe- nif iti ele ctron 1 wt ne taken in to a cin is t by th y M oK oc. The ettergy differetnce bttwee nt the two

Beth.Ltigiare fcto.''5 One husobtans:lines is exactly thatt expected frtom the splitting of the

1 2 4oIyj 2
( jm( C2IJJolylideititn Koc X-raty dotiblet, i.t-, the energy (hf-

AL~ 'tt 29C [ - it'relict between the LI, and Lill levels in inolybde-

-- a:1 1I(OCZ I liZ2  ('Sl (xz 1 01(a'' units) (4) Iliii. Th tis, liii eltectro n sjvctru In alsoi indicate~s the
l\ 7~~J c~lrgy lvt'ls tif the X-ray anoide material. On the
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ELECTRON LINES OF TUNGSTEN

mi m M mvMv Na Nm Niv Nv

z

60050 00'450044.O 4 0043 0 42 50 42 00 1100 130 so950 90 600 55 550 5.00
POSITION ON PHOTOGRAPHIC PLATE 1mm)

520 52 25 54.56 7 56157200622 62WA 7b5S '/75762S607770 80 72
00 ~ ~ 75 577b 25 6 0 00 80 7

KINETIC ENERGY OF PHOTOELECTRON We)

2825 2800 2975 2550 2300 227S. 1875 Q50o 182S 1800 '500 47S ý425 40-0-"275 250 25-0 225
ENERGY OF BOUNDJ ELECTRON (vV)

Fig. 111: 27. Elctron oIlinei fromi tungsto-i v:o- itvel by' ('ii Ka rad iotio.4" Tue eviergy tiulyiii of these electronSi wast pe.rformed

iik the mveiii-rttidar hot togenttlis firlt mppjtet rogritpl with Iihottgraphlits d~'etection TI'in Iitiott were obItainod with the track

low-eniergy side of each line it satelilite striicturv cant lectron lilies from all five Ml subshells phis four N
be seen., label l d 1).E. L.,(len ved fro Ot u lct ron tNwb)ivh sbhellthlIs were otalintied onl the mattie plate.
haive ioett i "ig ito thir way ont t;;f tlv hP:pihin i. Itb ogrqt phi u hI.N Itin Iiwas 1)511 1 by Koinlist u in his
T~he imtpornt ant. observation tot be made hle re is t hlat t he eni- 'iv stutdies of X-ray produced electrons. IloWevel,

enlergy losses occur iii (IimerFC a tti( iunt . The poit Iit on thle vxp ernwntiditI tichniq~u(s andit equ ipmenlt~t avail abl e
of the principtal line is therefore not affected by the at. the timie were ins~ufficient tot lpro(luc electron
distribution of retardIed elvetroun. A prrvnquisito for spectra that could be used for any detailed analysis
this is, (if course, it suffieiently high resolution oif the of atoutic or mtolecuhar structure. Fig. 111: 28 shows j
electronl spectrorincter. im electron spectrum oif gold, recorded by Robinson

It is of interest to niote that even the classicatl insmtru- ini 1925.103 Several Rihtshe~llH in the Al and N shells oif
meneu for IteftL-ray spetrosopty, iatnely the senmi- gold van be identified in the photometric recording of
ci rcuilar homogeneous field spectrograph, c.an hev used the plat e but the resotlu tion is insufficient to di~tinguitih
for FSCA .4 An iiulstruin(.ft (if this ty'jt( is described in all sth~ibtells andi a. true lite spectrum was ntot obtained.

Nection VIII1 :3 and1( was usedi for recording the tong- For example, the Nv1, Nv11 and 0 levels appeatr together
Rtezi spiectrutm in ig.111: 27. Thum the det~ecticii of the its at himil ini the. plottorrietiric recording. The energy
cle(-tnlns was carried (tut phlotograpthically antd the (differentce btetween the N,, and INyu levels in gold is

result was anatlysed by the miethtod (If t rack counting.5 5 3.7 eV which would correspond to it distance less thin

so
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4000

S3000-
M
0 I

1000-

85 90 eV
2INDING ENERGY NENVP 0 NRNV N!- NCL MýMj miv-m M5 Mi Eb

Fig. 111;28, Elect~ron sp)ectroLin of gold recorded by Robinsion in 1925.103 (Reprodluced by duo poroligmjon from Taylor &Franvis
Ltd.. Londion). For comparimoo a part, of at reant~ly recorded speftrinn of gold oi, ;own to tie lo~ft iii 0-e figurte. 'I'li JVr.

NVI le~vels are H(,vi ag two c~omp1letely resolved line-s in thigs pectroni whereas the Nvi. NyuI and () levels appear together aq ithump in the photometric rocording by Robinson and are only barely visible, on the photographic plui4.. TIhe t nergy disatanee
between the two peaks Nvj and NV11 in the 14iCA spectrurn, to the loft in the figure, would corresompol to) 1"~.4 than 0.1no
in Robinson's Him'etrllmn. (Energy siales of photographic plato4 and photometric rocordimig are not trie leone. An indication of
corresponding pointit is mande in ttbe figure).

0.1 mm iti t~he photographic recordings made by BA)- shown. Tlhe lines are completely resolved(, each havii.
bintson. F~or comparison the gold Nv,, Nv,,, electron a~ full width at halfmaximum intensity of 1 .3 eV.'
lines recorded with our paresent day techniques are also Several examples have been given of how electron
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_____ - binding energies and energy differences can be display-

ed as a function of atomic number. One more such

example is given in Fig. 111:29 which shows the
C K KCu Lc) F2s'2p'('O) C K (Cu L H) M,,-M, energy difference versus atomic number for

elements in the fifth period. The M1v~v spin doublet
splitting of the elements silver (Z =47) to iodine

15000 (Z 53) was obtained from the photoelectron spectra

in Fig. 111:3 and for krypton (Z ý36) from the M4,5NIV
Auger spectrum sihown in Fig. 1:27. One would not
anticipate any difficulties in measuring the M,. levels
in th e remaining elements Z --37 to Z ý-46 by ESCA.

In producing ESCA spectra, we have utilized not
W only the characteristic Ka radiation, but also the K#1.1
2 line and emission lines of the h and M series. This is

7)10000 -illustrated by the spectra shown in Figs. 111: 9, 111:30,
C' and 111:31.

Great improvement was achieved by using alumi-
numn Kao radiation for the production of electron
spectra in addition to the harder molybdenum, copper.
etc. radiations. One naturally looks for high intensity
X-ray emission lines of etill ljo.. . energy and smaller
inherent width (cf. Section 11:5). Fig. 111:32 shows

50001an electron spectrum from sodium, obtained with
5000 magnesium Ka radiation. The energy of the magnesium

Kax is 1215k0V and the K photoelectron line of sodiumi

S then how, an energy of only 175 eV. The, sodiumi K
1a 750 690 6 70 V binding energy can ther-fore be determined with con-

KINETIC ENERGY siderable precision. The KLL 3('D) Auger line comes

Fig. 111: 30. Electron spectrum of fluorine and carbon excit"d ou eclnty i hscs.Tepouto feeto
by copper L emission lines. The carbon linem were usedl for spe.ctra by means of magnesium radiation has now be-
energy calibration of the fluorino 2i'2pl(I)) Auger line, come a standard procedure in our work.

Another clement with low atomnic number suitable as

10000

00Cu M,(W MP) CU I..(WMP)

6000 -
Fig. 111: 31. Flicetron speutruii
of (()plxer (,exctAwl by tunrtmgti

-~~ ~ ~~~ em - , ll ission liris.
1640 166C 1690 1700 1720 1710 1760 1760 @V

KINETIC ENERGY
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aX-ray anode is sodium. At still lower Z-values, how- NaKLL, -aLI(M

ever, the Kat X-ray lines become broadened due toM NKd)L NaL1IMg (Mg KL)(gKL
solid1 state effects. One. does not, therefore, improve theNaKMK) N LCgK) O(gK)

resolution of the electron spectra by utilizing clemeiits 40

in the secoiid row of the Periodic Table. If sodium is

to be used in the X-ray anode, it has to be in the formn
300t

of an alloy or a compound. We have done somne prelimi-

nary work to p~roduce a suitable X-ray anode with a

high soulium content. Fig. 111:33 shows an electron 20-

spectrum which was obtained with sodium, Kot radia- I
tion from an anode consisting of the alloy AuNa,

which has a mnclting point of I(XOO' C. We have also z o1 -

used NaCI and NuF as anode materials; however,

these compounds rapidly evaporated from the motallic

base on which they had been deposited.
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111:7. Basic Energy Calibration of the Fig. 111: 32. Electron fipectrurn from MgKa irradiated sodiumn

Electron Spectra ox ide.

The energy scale of an electron spectrumn is usually
vstablished by comparison with an electron line of C/i10.________________

known energy. If the electron spectrum is recorded in

n rn-free. magnetic spectrometer, the calibration is CK(NaKci)
made assuming a linear relationship between the
momentum p of the focussed electrons and the. spectro-
meter current 1:

p k-I (5)

T[he kinetic energy T correspolnding to momentum p 300

is then ojbtained from the relation: 3e
Z

0 50

where E, is the rest masis energy ofthe electron. 20 0 , 70

IfThe t sp T(ec 1t)u isth relativisticanorrectrtaion ,-V 8 8

sTthe eeth~oi simillln ar relation betwehih eols n the BINiN ENRG

kionreltic enrg i ot f limit. e elicron nd th. spectre-tron iefoieroiectdb iili

meter valibatio U: 2000 eo tindb celrt g Z-I)K 14 &t~

Tý k(I +(7)750 55 7053



TL T2-~ TI1 keV 1 MgK(CrKaj.AI Ka
T2-TI 2 CK(CuKcr 1.MgKa)

3 TeLM(MoKajCuKc 1 )
T2 -~ =2 keV d. MgK(CuKcj,CrKo 1 )

2 _14 keV

*T 2-1h =EkeV

=8 keV

-- __::ý I = 0 eV Fg. 111:34. IDirrrain for 'omi-

purison of itifferoot covilbjrintiong
0~o photopeletron liners ini order to

23 minimizo thoi weighting .factor in

12 3 4 keV T, 5)

thermionic electrons to a well-(lefined eloetric poten. spectra. Conversion of monochromatic electromagnetic

tial. This reqiuires an accurate measurement of the radiation in two (different shells of an clemnent w-is not,

accelerating voltage andt the focussing current or volt- uttilized1 ifl this case. Inisteatd, Ity uising two different

age. Moreover, the' electi'on-olptical properties, for (ctlemetto in the X-ray anodle, plmotoclectron. lines due

examplle, the effective souzrcet posiition, may be slightly to conversion of the Kai radiations in the same atomic

different for the different sources used for the calibra- shell were recorded. The energies of these two photo-

tion line, and the phot~relectron or Auger linres. Al- electron. lines could be. deduced from the known

though the method is attralctive' ii that the energies enervies of the X-rayv transitions without, knowing

are obtained directly in eX' it has no( yet beeni 110(1 the e'lectron binding energy or the work functioni of the

for high precision ineasureinentgr. I nsteadl the calibra- spectromieter material. Other electron lines, Usedl for

tiots lines' Uised inl fl-riay sjsetnrocopy and( atomnie the calibration Oif EtSCA spectra, have since been relat-

elect ron spsectroscopy are related to X-ray spectre- ed to these. lines. lit the dlescrib~ed calibration pirove-

scopy ineasurements arnd are thus based on the X -unit. (lures it is esse~ntial thatt the source is flaidO thin. This

Ani electron spectrum, recorded in anl iron-free lpreemittioil should ire undertaken. because we have

instrument, can be calibrated in termis of X-ray found that instilating sources cani he chargedl (see see-
transition energies if the energy difference bet Ween two tiori VI 11: I) and that, this effect. dependIs onl the thick-

lines in the swetrum corresponds to n~m X-ray transi- ne-s4 of the source. For thin soures p~lacedl oil a cont-

tion of known energy. ]in fl-spectroscopie work, this is oluct-ing backing thre charging of thle soturce becomes.

the ease when internal counversion lines from two niegligibly smiall.
different shells tare recorded for the samre )-traunsition. rhe relative accuracy in making at calibiration from

The energies of the two conversion lines can then I v, the known energy differvece between two electron

calculated from the known energy of the X-ray transi- lines cant be estimated from the following rionrelativis-

tioui between the shells. This transition might be for- tic relation:

bidden by selection, rules, but often, especially for A he A 1m A

heavy elements, it can be obtained by combinations F v A, a 8
of allowed transitions, lit this wayv several conversion

lines in the thoriumr 1B -1 C spectrum were determined 711 arid T2 are th:e kinetic energies of the two electron

by Siegbahn and Edvarson." A slightly diffe~renrt lines (TI < T2), v' is the c~orreusponiding X-ray frequerrey

appjroaich was made by Nordling'8 for calibrating ESCA or frequneicy difference, and at is the ratio between
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the squiares of the focussing currenti for the two elvc-

t~ron lines in at magnetic 8l)Cet~rome1tA' or the ratio Accelerated line Retarded line

of the. focuissing voltages in an electrostatic instru- Mn K (Cu K~x) Mn K (Ma Kee)

Inent,. c/20s V- 4716.9 V V, 4716.9 V c/70 ,

There are thus three sources of error, narnely the AVC-11 V

uncertainty of the fundamental constant combination -0 I
h/c, the N-ra~y (dsfta, and the relattive position of the 300 e

two line,, in the electron swectrumn. The relative error

in a is weighted by at factor 'J'11 W 2  7"T) and the ex- W 1000

periunental paranieters shouild hie chose'n 4o as to make

this factor smiall. It is shown graphically in Fig. 111: 314 I
its a function of T, for several energy differences z

(T,' - - 7',). E~ach combilnation of photoehvetronl lines for 0

calibration purposes defines a po int in the diagrami

2000 -

hVIv -hV2-Ve a.500

'3.'95 3.500 3.4950 3.50800 'A
spectrometer current

Fig. 111: 36. TIwo phlitooleetron lines foeussed by acceleration

anud retardaitionl Ut nearly the min no Spectrometer current.12

and the dliagramn can thus he used aus a guide for ~orn-
p~aring different conibinations. Some combinations are

FOCUSSING FIELD plIotted in W~ig. 111:34,

b.

V, e V2 e 111:8. A Method for Measuiring Atomic

A Energy Level Differences in Electron Volt

II The quantumn energy of a ph it' n can be measured

IIlin electron volt only by covring thep1huton oenrgy

II 0irisepfe~y~uifiio ga Xn~tys,,-! wth Pe yicros::ovoie mvale of energiesintrs

methns almi new al)proach to) this hiroblein, see
FOCUSSIG FIELDFig. 111:35. Thus it is assumedl that p~hotoeleutrtois are

expielled from an atomic K shell by two different

Fig. 111: 3I5.a) P.redsxolo yto ifret-~ iatioiis, p-aswihhotonl energies hv, and u',. (Fig. Il I :I 3a).
h) Bty DAwcolerating the nloctroiiu oif lower entergy by V, volt and( The low-ener ,y electron line is focussed in the sI)ectro(-
retardling tho ulectrons oif higheir energy by a veoltago Ill, timf

two liI8MIi bes uth focuss0d lot the mn sjice1triiintsir field. pntradi ookintial is then aj)plied to the so urce so

Tbe on.orgy differencee between the two X-rishiatin 018is then that the cleutrons are retarded b~efore the, energy anall-

oVI V,) electroni volt. yfiis. For at certain value of the retarding potential the
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high energylti coic ino'oc us fti ocur at__ a~I~l~~ Feedby onckso atr())(il ,11.1iyilpr

ll'tnrllilg Vol~tag1.8 V the foillwinlg rela(tion hlds10(: thesis ill '1p (1t0)), andli thell!value (4.113561 i_.(0)G)-

rl1i11' sJII'trorn('tel (canI also0 beI set, to flails clel'tol' ll. (of rent, cxJiwi'rjln('llt nlllthodls. Themrsijit~sof hesoe (xpv(ri-

('rlI'f'gV sllwll lt(Il two.( I iii.S. 'FY'51j'S jle( lellt'i haive, l111wev'r, always tended'I tol yield v'Llocs

Ownl Ili-olight to focus by 41levessIvely appl\ ,ing aI fro - that. a~re inconIlsixta-it. with tile hulk Of datta oil the,

1111111 Oul11, V, I'., I' (Fig. 111:351)). Ina ildsIas'0115tl' 1);Lrt.:y (11W to) tlie llllertaiihty ill till- wa lelIngt~h co(n-

scopyl~, i: hllwasi511IIIlvt. (If 11t.l vol~tage V' Jkmll'v (1 a ((ff115 f1 direc(t, and11 high p1reclisionl rotite for IsLIl~i~

I iill s1401r(('L4 Of llIllI'(ll I~tl 1lý,g lillIt (riý11s Off~el en, any X -ray data o~r IX-1-4163 Waittod~lgtil ClIMvrSil ll

coidc~jgli-kn. o 1ik ouicso is-iatn flOAS.11AId f w dforn. rda56s n



eaca iro Iai is ci nrsideraidy mo0 re complip'i atA 1. Firstly, iioehar dlistanes. 'Iflhr N equationi s (12) are coupjle'd

the hi 01( ing cenergy is no rmall y referred to thý Ferm i tMnii n-Igh the po tenitrial inl eq. (14) andl( can therefo re hte
level, wh ich imi llivsi thatita corrvectionr( ifo liii mo( stly solvd ocIrnly by iterriti ye methods.

miknoh wr, wo rk furncrtion (iiif tim smii ree mrateriali hit., toi Tihe Ii artrie miethor d doies noi t take intoi account the

1w appjl iedi lbefore at Cr IrrjiLriso n with ciii eiliatci iit olit I CijIvaleiico of tihe electri rfs (exci risoo pri ncpei i). Ini
binin u irg viavrr'ies carn be, mader. Secondiily, thre neigh - the more refined mietlhod, 1-Iartree- Foek (1-iii), anti -

iboirirrg ationis perturbi the atomic orbitals ill a very symnmretrized wave funetirins are used (Slater deterrul-
cuomipliciated mnn~ rer. Fo rturrrIril~y, both. theme effeetli riaruts)
are comp1 arati vely smaill foir inlner sheiks with whiech ()0,i(2)... r.(N')

this section is n~liairy C01iieer1-vd, arid, Wi it first, appli I Z( 1 ) 0 2(2) 0 . 2(N)(1)
roxirnatirun, the cairuijlir.eis earl he eonfirred to isiiiattrI YJ vNv 1

rrtoins oi ir iois. For a it ,rv acen ratt ci i an iJirsiiii be-. 61V0 1)0m(2) .. ýN(N)

twierr e xpiri mental waud this ureital valures, hi wvevir, Tihe varriat~io nal pnrinciple then leads to the gerli ml
it rs necerssary toi i( rrsider variiouis moi dd - tatel e.ffec(ts. II artree. Foek equratioirs
Tirisi effi cts will lobie hi fly (Iisvrssuil at, IIhe endil of / Z
th is sectioun anid ilsio ill errriiectiiir with ther calcurlationi 2  r~)rI
oif "chiemicail shifts'' irr the htiindirig eriergiisM inl 8(ectiorr r,' 12

Ini W(1 rruthlii s, t hi'el risoeaimi li omive where riz is I. ii initer-clietrnii dlista:nce. Heire the s~inl-
irrrriiidvpvdfly o ut c e obithcrr il fire iavuragi fieldI iairsur orinlut s ire qulite genuvriand noliit ristrictid tio tho
buy the mirclii 'rod thec other (lictrorra. For fre'e atomrs type 'I 3). 'Truse eqiuationis can at puresent, bre soulved
ir hions, thiis fieldi ilt furi ýrt oi i uisually a~ssimed toi iw li inily fo r itti iri w ith eli sen elictrioii shell~s. Atiorms with

sphu ivricdly syor netricir. I li ilhu aim plst MW I" oethiod opi rr shills tin tier'lid Ilri all aj ulmir inati vi way,

(J1(treiotri rulIrrjj~id), fihe "4iLVC! firreiC6ri fill ini N- arsarrnlnrg it spilicrictil s ,Y1r1r110ur rv i~ts foriclused shells C'ne-

eleetrnur atoumn (tire folliuwinrg ritein~eqiidily well to irtolisi strictteil iir eiiiveiitiiirrll ' ii'). 'Hi gemrriLI liii
its tA, ionIs) is oIf 1,11V fuirirl tICiiiiiti rS giti 1) ' Ndifirrliujiol tuI iOWiSt, erorgy Oit i411

(1i q
4 

(I) 2). . #(N) (II) trirtet~ii~r iLXl)iit.J~..Ii ;1. it Sirigli Sl dei ter-lii
nittir 'Ilii iiinvieitionial IIF' fmicrtirirs give! tie lowest

"helrre /)l iS a sirrgli-ilietrorr WiILVi frIrruttiuti intlr~~idIig It ,i irgy iof tll J1airri fonrel iiis, whbrur the sjuilu-orluitd;ks
spilii di~errluidenc (spirtonluitii) and tire irrriilr ili fr'L iif Ill(. furi ill ((I. (1:;).
liuriritliesis riluruviiis flire fu;,r'r coiuiirnltites Of tOw E1,'ur if il(i cerýijVuriliorrtrl Ill" inrliiiloj is tnirj.thlule
vecitniirr Tirel( :tpilori-bitills are thinl siiiitiuuiis of lii fur till tit(iris Withr ririslerri, iirni tcr Sirrijufii(1
!4irIgli-liVCtrOIr 8iiiniiiiiirgrT rqtraI.Cinir (ilr Ittirirric nrrita)* rriithIod, callini iI~tdrteriFuk-Slarter (I isl ot

I Ar (ri)j 1 (b, ,0.0 ) (12) greart. iritunst.. ilini the uxniiangu parit. of eiq. (16i)

anut re o I lie formriiriurir.Te 1 itrtri0 i 1)I( ~ ~ Xtr)

I~ Ii roes,

(r I\ Cj r Pr)2 r 11 wi W ii Lt(r ) is t Ii itt r ili i (b e((trl(il ,2Iii 4 in r ti N1

(14)

Nwhi-c / isA tir! inucliear ilitrgian t- nrr! "!ro_ Tis nusiirr.K I'll (W)I) liilii Halmir simpjli tormi irs tire
ari u irii 1 lii i niii- I lart rec cuirt~ioor (12)

*At~i,iij tri imit, ins d in this Hiii,,nu wit-4 i-tail

ii~r'lfrwi v, I, . v wi 4. *I'i I, Whjibinut Iljliii V11, thc ! Ar 1 1,0101/ 110 ) 1 4i110( (11))
riL'nrty mii.llir P 'lj ji Il ~If 2I- B 27.214 7 .V.wir
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The high tension generator (Fig. 111:37) hnx been IrVOiG

conistructed wit~h dlouble fe-edback accordinig to TitSPL

method which is partly niew. Onie linle feeds back theI
slow variationis via arH operlatimnlal ampjlifier. Thec
other is direct feedback of the rapid variationis to) the

differential amplJlifier of the high tensioni geflerlatlr. The DVIDTAER

first gives the generator at stability of < 5 10 'for two DIIE

hours, mid since the recordinig of one (-leetroii line int

these ineastireroents takes less thani :30 ninutes this [~jAiVAN_0f STANDARD
LMETER I~ CELLS

stability is aideqjuate. lin addition, it is possible ti, chieck-

mi a rrel the voltage coittiriously withai an crc

of I -10 ". Thin makes it, possible to determine the volt- . TR~E

age, tAT better than 5 -10 ". The other feedlaick reduces

the ripl ITI tie Ysideralbly, anid the rernmikiod~er is filtered D-RTE TOB

o ff wt omuch as possible. The ripple is app rox imatl-
1 y

50,uV. F 'oWevel', this does not, affeet the inv-TsuirenlIrts V-

to an~y grilt extent, but ontly produces at llrladviiinig H
lit order iTo cheek ILIAd mUCeasure the vI TtligI i rITii 5 ab Ioute ELECTRON SP'ECTR1OMETER

volts, it very acen rate i IIteuItial di vider and1 aL Series

of ablsolute callibratedl anid teTmiperatu re stabilIized
stillida-i( eel Is are Elsel. The 1)otrlE tmal dii-iderIoilmS'lt~s (of lot"'." t-rg aibrittion and of ý mv..itagc mctlrro,,t o4. IB

thirty. fmiIr selected h ighIly stabl Te resisto rm from ,Juil e

Itesmlirch I Labora~tories lie(. 'i I' - laltivi- mt4Lbi Ii t 'f is palrticunlarly impIoIlrtalTIt that there shoulId he nlo tA-in -

tin resisters is beItte-r th 11115' 10 ITper ai) ilit II (111 II -oriture krraivieit, Ibet," -ii thf! two elvetrwles of it AtiEm-
their temprn a Itore mel ficiviitm are 2 - 11) IT (l-g I dlrd cell. TIhey haive therefore been plac(Ai-l in I slseial
We hiltvfl imiasumrd all the resistol rs iii the pki me I o tal blocTIk, aod T;may gradliefit over this canli be mneas-
tilal di vidler relIativye to fthe firs xwit ti at Imm IrlIy ii ed(, 'Ple renlni n ng eight standard eelm Ishave ilect
Of I - 10 0.I We IiV liHe IST IlT ISIIredI thel ti-oez ITI itor I-alibrated agaiti st. the four w hiceh we ob1th i 1115 fromr

coeffi (iT-its midii foutuni that the Iterli JI Ilture (I Tffi.- N-B.

dents are I .5 I (I l~g ' -lit (Irdkr to 151111 are tile voltage, as measu5Iired( Ily
lilT I Tot-l itial d Iiv idelr FlLS illt Il 1mIst ruee No1( S thailt thev JI tT!iitial (Ii vp I r with ft(-e asluteII VOIOII lC ft`i-o

iL tniliiittitii If ellri'Inlt llklage is obItlitmedl It, is til-, stmidairdTS cvlli, aL pTItviitiomvltAcr ill reýqlircd whicih

particiflalEI iijsT.it iiiipoti t ' ll, 11. vof'lE (2a dis-hr lwys (Call iiilli5TiII /1vý ill tihis cam!s We haIVc usecd it 'I il-Ilcy

Hhold~l~ lake plalel fronm tl(l rT-sistolrx, sillc siuch1 dýis- lTItI-limiunIIter typel 5i2(3A.
diargos woTuIld cause all I rrllr ill tihe il IL5TirTel ilt, If Jill priijic~i pl o~(f the -iilllsuremlezit, is Hhownii il Fig.

the~ vol~tIag-.Il X

Oiur KtILilf~lrdl eellIT ili t III Iitistim O f tweiv I th riullrl

eel Is. Fou~r o~f themxe (rnatitfam-tnirel IIy WvxtziTII I lsrl- Ill :9. C alculation of Electron Blindinlg
noiint D~iv.) ihave boviil calibIratt4-l at, N.I;.S. (NI)tillid 14'l

Lflfrgies
Burl-IaT (if S till firds). Thil Ie jwcracy o f theI cal~ibrIrLtiol I

is 0,6I - 10 V3 rvIII iiVo t.)I theiri e-fl-reT ITI Timlit, wh)iTh ifoT rms Se('iJ4 sistrea5IflhielId metChodsA

om, (if lfit(l world~l's foir O~fficia~l voltag' standrdsI~ll. (''IT-, Th '11 wIlii g oir iT~lizIatiori viierg- oIf all celcltriiui ill It

trlEixIIIoit fromil N.B.S. to our lab~oratory took pIIIET free- atoml~ or i, II is IllfiTrl a.4 tie wolrk 15 qu~iredl toT

ilI illr HpeIIiIal lclitrAl, HIT Ithat, Oil cells w4(-rc hIlt. tm~ijbI-e- remoirve thil' elvctroiT from its oIrbit. to infinity. By

tvll t.o hI l till-rniltl oIr' VibI rtim illI ill s tk4) . I ill( stall- IIT-ILis I f IIIdf-elmitsistl nit- field (8(YI) melthTmlK4 1110 WItrd
(Ilrdl TIlS ltir Ntol'.l ill it boIx whiclh i.j tfui JIIrltuTrI- JodciTTIi dail, t4!ceii~lijme this quatIiitity cliii lbe (nIIulaeliItl

Htab~iilii'/Id fiT Witblill IL fft'W fholTTTI5IEII~It.N Tf I -it -- It With gITITT lLITuflty. I ii tile so~lidI xltte tlIT l'TTrr(spoiiriIig



V z1 - ±N 2 lairl aMid Wit her -ý-'t  t 1 1 isL A lamois Scientific L aborai-
VTd- jN 1r, Jo ',) 2(/T2 Af Jr 2 o Jr 2 )"drj tory atid by Nestor et al."" a~t Oak Ridge Nitvionad

-1 V..(r ) . (20i) L aborato~ry. We h ave pplied the ci ienV'i tO falit

'Vherv are twoi CSS(4tial li fference:4, howevo r. F~irstly, III %NALthifl'I0l ifieti 1-I F,'S meithodi for relati vistic va cii!('-

the 11 FS nethlod , ain ajfprox ilIrtitt corree, ion for the a~tjii is oil It filgi onuinber of ittY1, Us.ard 80WI to rSi Iti;

exelhangi' effect. is i iieluided anld, seconrdly, the Ipo tenitial a r'ý givell ini the Utables b elow an d in Ap peindix 2. !4,5 72.

is the satint- for'i, al electronirs, which mrake's the spill 73, 7

orbitalis exacetly orthogonal. TIhis miethomd Nits bmeeni Calculatrion of ihi ioaerl e'nergy

apie by h-Irroari arid Skill luau ti52 t, atll atom c~i The tiotial eiectrn mic energy (of an atin di escribe~td by
grouml'. states ini the range 7 -2 to Z 10I tho wavo function (15f) is

The e xchlat IgeCi rrelctii in (17) is dlerived by uise if at
free-dee troin ga~s run dvl''' arid does( noit. r ecess4itri ly Jitu) <Ii, Ž11rIi' (22)
give the bewst,'' cen tral po tenitial for ir pa Irticu lar ittoiti . where I

It, has lmeeru show n ii y onic of irs (1.1 ) thrtt the H FS 'ill j" N * A, - , ) d v
w a v f u c i o s c areo sid era bly i mp ro v ed try it a n 1f r r i]

1',.(r,) ,jurii" (21) <i;IH iij

C , it arid ?i are hen' adj ustatlune., 001IrAn t- (4411lidto U 0() /, , (I)O, (2)jd~1 v i 2 ,

unity in the SlrttAr appiroimaiuitioun), which are doter- Wltril thei suirii-rluita;ls are soilutiiins to ii~riat ions of
nim- bne y miinimnizattionr of the toital eniergy. It will b e thl( typle (I19). theý total eniergy' vatn be w ritten~~
shoiwn beI low, that, the wit, o' functions obrtainied if) this I
waly are rema~rkably CJOHeý to thu O ý tW u tn h l"('tuni) ' ., bV Ulf I(m) 1 -,jq 1v~ (23)
much more invowlve~d It F' method. It will also lie shown ir / t '

thuilt thi(' luirim ictrs nieed irot, lie detcrrinr rl sepaiiratesly where r, is tho e iger rvaluie ill eq (I 9)
fi r cacti clemenet, degree of iniziiiiztion, courfigura ition /i - AIVrli. (24)

'tc, t, flit' teSamle corn hiinatiiirI 1111 in it le ud over I trge Nwfi at emi ~.(3 acl prxmtl
rogil irs o f the Peirioid!ic 'Ta ile Nowf tire I4coldter.ilt a1it.,23 isilrtfre c ols i elmlwixrnt to3

lRvi~tlY, K(ohn, Stham, 1and4 'I'Corg 15I3 . 1,4 itrijI Cowanti lriii! tiesi equaioniiUrmai ti .1 rfr iiiynrmtt
et (LI," ha l rae sliggi'stid atrl I-Xvcimtrge poitenitial e intl a i iI rs(IIi i

tor two-thirds of Slittar'si potential (ii'. C '2 /,3 1 ~ titi 1 \'/j "Z- I'(,) i\ 1N'(1 (2F5)
t sin 1). 'Thiis nrrdstfiitt~ionr n-reI~Isrots it difiruitc I 2 \ 9

inmproverrimrt over tOw original mlte iet~hod but, the where u~l, is a miit smal i'i'euA ii oil
itlihriximriitiiir is inferior to the oiptimrized pi teirtial Z' ~ I'i . (6
ikboveý (21I) . This willI be iIlustritturid for some typical I ) i

caries belo w ('T'iiIuee I I I : anrd I 11: 4).
l~r i~it~rri~iu 1uitiiitit (2) hts ti~i i 1iiiri~m, Iii iiinliir appliciiationrs iof tin II IS rni~invtotld'!"il thel(

intele st, of its uowrr, sitter it offers the lus-t, (central) iiitIi tij ).(i asurit'l, Asswn i

approrixirmaiot n ili fi-nim of licitlizil piotenit ial for the 1'ýl'alIu I Il :: Owu errrict~imii is eiimpriliit~ivviy luaige,

inorr-l'catized 1IIF-~Iimt4'1t.iitI, . 1.nIeliZi't jriteiitfiils aire conrsiulururly la~rger thlar 1,1 li'i ffeirrene inl the to tatl

piNrtii. litrly ri-iifril iii HoliI-mtittA' u1jildicatiiiii, whvrei erilligy Ibiwenr diffierot, apiproiximationIrs cirriidurf-d

appilrolximiat~ions i f thu ShLtAT~'tyl)s' are 1114(d es tA'iruiVcy ticrr. 'l'lrirfulre. imy compa iirisonr beitwueen x iriol ls

at I unri. rin'it I as is incitrririgeHms miritris thuv rirrigy is cAleinttil

'tlv' IfIFS rmethiod call tlimo 1-t' rtujlipu'd iii relativistic iii the lrniii'r way.

5(1" eileirtutiorr, where tOw Slrrdisiirger I'(jililtiuiit (12) ''l'ie Iparamtirit-rs in ivq1 (21) linv ivhen det.'rnuirie1d in

is HrijilNtrd by tin( Cr ('i l~oris ijiisiig IDiritc eiiettion. Smrhi at lii111r1li r of ctsis by mirirrirri i',irg the total iriurgy

eitlciiltt 0diS haive r' cenritly bseer performeduu ty Iihr qut ulil i re(!rdIi rig to e.().it. hies becir found
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n

* Cu

-C=0.8,n=1.15 eAl 1.2

\Na *oA

Hg* *ecr

P * Sc 1.1

2, of Slater approximation C~7,=.0 Slater

~ (C~/~n) -approximation

0.6 0.7 0.8 0.9 1.0

F'ig. 111 :39. Prlm-r~iiter,, of qo1.ioizi-d (-XvI einugf. po'ýtltiul. Int ill caines in I . 1'urtinwtiterl dofirtd ini e-(. (21)

that. for itracti cal puirpoess it. is su ffieciit to vatry two t.wI) constan)ts, as. could ( he e xpfecetd. rih energy -mr-
pa:ram it-iri. Ill a fovv (;icA~ idl It il re [ i i 1ULV( face im miih thiait thi slio eitt very n v mc h Hi,-. er al(ong

1bee1 varied, butI the impirovemincnt is very smnall. T1he this band than perpeid ica tar to it,. Therefotre, the

opitlnaiu valulli are collected in 'Fabe Ill 2. Some~ allmoltite values oif the two patrameters are not critical

heavy and litajVy eL(1ýlement are aiISi ilil(7iIj(li ill this Ohen jiossilile to find p~Iarameter sets which to at good

tableM. Whoen (OW VaueCS are-0 plotted ill ;L diagraii ( Fig. itjlJlrtoximittioin yield the opjtimnum exchiange pititnitial

I I I :.!) I)]( 'nStes. thalt. trhey, faitl (iii narrow baind ilOlt,ti over large regiions. 'Ihel( region Na(Z I I) to K r (Z 36)

-it p~liane A,. t lien~f is a strong correlation lietwitm Ci th bas been niost .extevnsively investigate-d ilnd( it, has

Tabole Ill :2. l'arallatcrs iif ojitjiiiz-d posdeiat. be nd.ta teumbnto

ttaunio,.'r i. d in-tI in vq. (21). In dkl cm-V' vt I CJ (.80, v, 1 15. at1 1 (27 i

-- ________________ -- ion ii(! - 2/3, n - in - 1 . Fior heait er deleni iii thet iii -

Mo eiidi~rclnee it vosligatatmn maiide so far is less ciiiplelte, bilt thev opti-

I I Nn~ O.M2 1.17 nilarrVI Vajjl(es g(!5th to bei grouped arounild the conilbina-

1 3 Al 01.84 1.211 t~iiil

Is A 01.82 1.17 C1 0.75, n 1,10, it? 1 (27 b)
I i K 01.72 1.011
21 Ni (1.77 1.10) (stsc Tale If 1: 2 and Fig. 111 : 39). leurdlir (11l(1 ula~tiomi

24 Cr 11.78 1.12 are now in progress iti this re-gioa.,

211 ('ii lt.H 1.24 (:ulrulttiiort of binling fw-rgiI's

Ri'lt~ti',.tIWhen fit) cifeetrol i,4 leitlovell froiri it's ntotilii iirliit.,
5: 0l. 7-t 1.10 hei atom~l is (for some1 timcj) l(-ft ini it exiitedl statoi.

81O IIg (057 1 12 The F~indfing enlergy, which i I, the work (11111 ()t the
H4 Po__ 0.7 LOH____.-~- systAeni, isi then thet diff1 rl ili ~ii) eiirgy aftfi r iand lit-
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Table III : 3. Comparison between total atomic energies calculated by differei'it methods. (It artreu units).

(Weighted avwrmgO for the ground comfiguration)

Nonirclutivjistic ('T'I, valluis ill pir'nthesis arc vhe differtmnees to t he BF value)

Modifieu2 H VS
(oniv. UP VS Coyiv. H F4 -

uwitorr. corr. c 2/- L" -: (.8, optinif.ed ]- F
Atimlli 81iow v! uiI.

1
6
7  

(oq. 25) 71 - m = I - i 1.,15, In - I potent•itijil Fr 'si''l"

N, 14160.592 161.781 161.X37 i1i6.844i 161,846 161.8610

(1.27S) (0.079) (0.023) ((.0 14) (0.014)
11 240.271 241.71.) 241.848 241,850 24 I.Sii 241.877

(I .4i944) (fi.8l8) (0.o(i21) (0O 18) (0.017)
S 31180!".39 397.36S 397.436 : 397.456 397.456 397.479

(2.0913) (o. I11) (0.(.4043 (.1.02N1) (0.02:))
A 524.4414 524i.6181 526.771 5211.7102 526.79.3 5261.818

l,.4 Ii (0. 1 49) (0.047) (0.4126) (0.025)

K 51441.57 ,,,(99.027 59.14144 5,99..142 53994. 144 51(4. 165

(2.5.14) (((. 138) (0.0(25) (0.0423) ((.(1.42)

ii. 756. 142 751).,•58 9514,751, ", 1) 1 7510.70(9 759.737

(2.h95) ((I. 157) (()4) (0(.0292 ) ((.4(218)

'r 10314.x,839 1042.10481 1043.131 1043.143 1043.14:1 1043,177

(:S.3:u ) (o.1o1) ((0.0461) ((0.034) (04.034)

1", 1258.1141 1262.0761 124(2.2439 12(62.254 12612.254 12(12.2132
(:4.4151) (p. I11) (4.1153) ((14.l):1l) (11.O4:11)

('u I i, 4.9 22 1638.705 1 ,3< .87(4 I(1:WIS.!4 12 1 1:48(4) 14 1638.9:53

(4.031 ) ((0.2418) (44.4i1:1( (0.0414) (tA.13(l)

Rii'livistic fore (.1i4 jlolliZiltjilil l-I s.isl,1 (ti, form er, (if courl-, bit.

___M-ified MN, fIre aty tratisitill takes acl)t

( I F. 414 m" (',,v. II'S hlitus iill p erf~'ined for he grlou 8ntMta', the totalI

u .worr, (,,IT:r. u4 2 /:11 0,1.5i4I4z'd el('iri gly calli' It ( valvtlajed fito tllttltli, ate ( de'Ciri('dAtopT ,Iwilw cflrd.W•t ('t 25) ?L M I II(,t4,1i~t 11161 aVow (1'.,m 226). The r''l~emovl oIf one1( doeit on tdoeti

60 .9 60Irlo C1 (rO.tit hanll.v ',hi. field insidMe the atoinl apprec~iahl'v,

(2u 141414.474 1(11;:,: 19141 1415:1.41(7 li 415:(.-444 1441ad we (;,ill therefior'e it first appi4roximall1titll ioln iassryh

I iLt 1134.15158 1(112.211 1 942.t4(7 that the spin.lorhiitls of the othiur e'll,•t.t'(lt ro aitill

]i]r 2599.82 2414(4 7 : 2(1(i4.17 2604.09 illalngel'n I duiring the, i4' L 4 10att i l)rOCHi8 ("frozn"

Kr 2781K.41 "27't8-iX o rbli..s). Tei total vn11('lVy (of aitl itit(ll with (Illi e'lctronI

It 5872.142 5"8.48 581h1ole (vh1ron k- ni4ing).i then

"1", 11785.64 617943.41 6793.41 16793.82

1 717.70 74 1',5.51 715.9.
XI 743:•8.414 7447.405 ,(aut,, k') - Ž i., i>+t ).Ž 'iy)/t1,), (28)
% 1 41610.441 16157.82 1 (1158.47 14;1584.494 (.3

1Pt 18127.44 198437.75 18438.43 18438.441

lig I1)1142.(10 I 14652.514 1 1 11353,1 11ifi53,:(:4' Iid the binllii g enlergy
'[L 2012618.41 2102791.0S1 24279.82 20279(.,:

iN 2151h0.:44 21571.114 R1,(k) - E(tl(inm k) - E(atoin) - (klf k>
r, 224,22, 2,5 2223 :17.14 2223:7.111 2223:7.9?- -,-kilf/'4i (29)
t'lb 2:15948.917 23:1110.7 7 234641).7 1

, 82057.88 240( 169.70 44 28 0( 69.71 141 ll g l(, rll j i i '11 ',citllle th is qlilllit ty it' (w itl l r e,-

Atn 304 1$94.42 3045.061.05

" ll I rin ' IiIk { 'idv o iag I 9((5;.7Tl0l2. 'I'lii' diffiru•i•. i)•, I " .it W .'s valug wi v.(rl tent Ik it a I hral a ri , uiiit.. 4 Iiiv.vI'.,. all
ubi4 ,iilih l i, Ii, .III il if i,,'im i l III .' vaiihll ist Iiiiliy dlw- ti III', iUhli,,iFi i u ai lii in ex lr'IIv I,, HIEImi wily lili()

11il11IjVlIL~it (,Irml -i. A s ab-llllli ii11,'gri1.6 1,1l H11-1 W ill IliII-Ni~Li.1A tillt, IhiI l'ri , -o in - I ' 1.1111 i I I-, r I'ri " ii . lI I i -t i t •liil(',1, t
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Table 111: 4. Comparison between binding

Non-rabitivi.stic

Cony. HFS Modified HFS
uneorr. Conxv. If 8

I-Iorman- corr. 0- 213 c' -( 0.8, optimized ti F
Atom Sholl Skillbanll (eq. 310) i =m I n - 1. 15, m - I i10t4mla11 FroO4j0ll

Nit Is 10111.9 13987.8 1104.0 1100.4 1099.9 1101.5
2s 64.3 71.5 77.4 75.9 75.7 76.1

2p n,. 36.6 42.8 41.2 41.0 41.3
3N 5.14 4.79 5.03 4.97 4.96 4.96
Is 2447.5 2485.9 2508.0 2503.1 2501.9 2503.7
2n 224. 6 236.8 248.1 244.7 244.1 2 45.2
2p 171.8 173.0 185.2 181.8 181.1 182.0
3* 20.8 22.0 25.6 24.3 24.0 24.0
3p 10.29 9.86) 12.55 11.68 11.52 11.6(

A IN 3163.8 3207.5 .3232.0 3226.7 3224.7 3227.5
2N 313.1 324.9 338.3 334.5 334.0 335.3
2p 247.7 249.4 263.8 259.9 2591.3 260.4
3s 28.7 31.8 36.5 34.9 34.6 34.8
3p. 14.5 13.4 17.4 16.1 15.9 16..1

Fv IN 7017.8 7083.1 0 7117.4 7110.6 7111.5 "7112.2

2a 8219.3 850.3 873.2 807.2 967.9 867.0

2p 722.2 726.0 750.5 744.4 745.1 746.0
3a 918.9 105.7 117.0 113.4 113.7 113.5

31) 66.5 117.0 78.1 74.6 74.9 74.6

3M 13,09 19.71i 18.74 15,98 16.23 17.61
4. 7.42 fl. (1 7.6(3 7, 12 7.17 7.02

(II I3 8839.4 8912.1 8053.5 89.15. 1 8,944.3 8946.7

2N (40631.3 1086.6 133116.9 1109.0 1107.4 11(1o.7
2, 939.04 943.9 975.6 1467.7 9616.2 9119.2
3a 117.5 126.2 142.0 137.0 135.7 136.4

3p 77.6 M1O.M 96.0 4) I. 3 rn9.8 90.5

3d 10.11 5.24 17.160 13.85 12.79 13.43
44 6.193 5.83 7.43 61.H7 6.67 4,.44

versed sign) according to Koopmans' t.heorem.059 eqtlual thodm are compared for a few typ)ical C4se1 a'72 
.73.78

to tile olle.electron c, ig tlue, 4( lhowever, this is not Thu' very good agreement bctwe3en the optim ized H iFS
the case in other approximations itmch its 11 FS. 'I'hTire and the 11F V i hetls for Iig is quitAt rremarkable.
the' binding energy |weo 1.cs"'.' So) far it h1a lbeen msuflned that , thi spin-orhitals arc

) - -. ,(11)chgl(I by the ionizalion process8. This can be,
F,(k -- i - 6r, (0) lsunied to h It i good apqlroximitioil, if the process ii8

where 
6

r, is the correction (it-fined in Cq. 26. In Tpr(- very rapid compared to the time required for the spin-
vio umit I l I iv eat I , w,, of the 111V` method, e.g. by lh. - orbitals to find their equilibrimn1 in the new atA)nfli,

(i.1(l and Skilli11i,1'1 2 
Mid reItiviSt~icldly by LibermnllIn field (relaxattion timne). In the other citme, where the,

cl al 1, tih correctioni due tt the nonv aidity of relaxatio iln tinme i (omparallirlltively shiort,, itli(it~ler 3lll-

KoojinI anN' theorcii wa8 riot (conidered . Wit li v h th l should(1( used. Thti the energy of tinv i6iiiz48J

found41 that the agriemelllt with thv liore acelrlLtt, If V Auto11 sh-uhl be caltca lited by III;(. oIf 13ill orbitids in

values ill .onsiderably 4 improvedl w4he(n this (7,orrct>cio(i u(lilihriilri, i.e. a1 mplalraWi SC( ica) ellatioli for ti

is al[(ied(1 . Thisl ii tri. 4 n4ni-rlIati ivi i:.1cal ly its well it( ionized (4tafc. W e/ s8.115 here r.fer to tI~ii illliron elai4 -

relatiVitiialdly ILt illustralted in Tlalle 111:4 aiIvi , rlati nie(th(od miI n(. Tnil Id 11. al(4 thle CIIliVe4ltiod ( eIllithoid(1

Whlerc t14 Yl ildg o 1e1ierpics obI (itainuied by vaLiIuI Inc1- with atomi ic ("frozen") piln-orbitals (eq. 29) Its iniutod
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energies calculated by different methods (eV).

Relativistic

Conyv. 1tFS Modified 1tFS
nutorr. (Cokv. IIES

Libermn, corr. 0 -2/3 ol)titiizod 11F
Atonx Shell et at. I" (eq. 30) a n t 1 p l.tontial ('oultha. ,182

Hg 1s 1/2 83403 83617 837017 83704 83704

28 1/2 14834 141112 14984 149t801 149-40
2;1, /2 14255 142165 14:1,10 14336 1433f;

2p 3/2 12286 12316 12389 12384 12:184
38 1/2 3539 3576 3112H 3623 3624
3p 1/2 3275 3287 3342 3336 3337

313/2 2837 2852 2904 2898 2899
3d3/2 23(15 2383 2438 2433 2433
3d5/2 23011 22W([ 2345 2340 2341
4, 1/2 788.3 806.5 93:.7 834.3 8:14.4

4p 112 673.6 682.8 715.2 710.8 710.91
41).3/2 5617.1 577.7 40(7.9 (103.7 6013.7
4d3/2 378.2 376.7 4016.8 402.0 4o2.6
4d5/2 358. 1 357.1 286.6 382.4 382.3

4/51/2 113.3 97.2 1 5. it 121.8 121. 6
4f 7/2 108.8 93.2 121.6 117.4 117.2
5e 1/2 125.9 127.5 142.2 139.5 138.9

Ap I12 M7.4 85.6 919.3 961.7 96.3
5r 3/2 C,8. N8.0 891.1 77.7 77.3
5d,3/2 15.88 110.95 1,0.68 17.94 17.6(1t
5d5/2 13.82 91.35 17.52 15.1() 15.63
C's 1/2 9.49 7.00 9.78 91.25 8.93

A. Previously method A has been used alnost ex- larger binding energy than method1 B, which has been
clusiveiy, but w(e have found that method B gives found t• lie the case in all numerical examlples (sc

systeniaticadly better agreement with experiments as also Fig. 111:41). It is furthermore seen from Fig. 111:40
far as inner electrons are concerned.r.',1 72 '73 ' 78 For that method A is (luite sensitive to small changes in
oute-t electrons in heavy elements method A seems to the wave function, unlike method B. This p)roperty

yield somewhat better results,7 2 73 .'8 Tbis tendeiiey is has also been verified in the numerical ehILeulatiOn8,,
quit-" natura, i f,om a uperticiai point of view, since the wnd slrine re.su]IS for I'ig lilt! •iliwiI iii iO~iit i .u ,

relaxation timrie should be much shorter for finner elect' Therefore, in calculating thb binding ellnergies for inner
rols due to their much higher "revolution frequency'". elvetronis by use of mnethod B it is not implortant
However, further calculations are here required before that the very best wave function is used. The HFS
any definite, conclusiotn can be drawn, and lparticularly the optimized HFS l nfth(d is quite

The difference between tir' two methods of calcu- sufficient for practical purposes. In other words, one
lating the bin(ding energy is illustrattsl in a simple way obtain., bettlr rjesults by using a siphller wavt! function

in Fig. ]ll: 41), where the energy is schematically and th,, more elaboratc miethod 1I than by using it

drawn as P function of a single-paramete'r WRVe fuJl1C. i Muorc Cxact wave function and t he apiprlxim tiiv

tiom. The energy minimnum represents tho "true" wave initl hod A. This fact lois riot, 8s(wi to have been go.

function, which in this conltext can 1wt assiamed W be nerally allpre,'ciated previously.

the HtF functio.,. When atomic orbitals are used for

the excited state, the energy mllininimum is rot obtimned. Comparison with experrnients

This ineans that if the orbitals ivre allowed to relax, In Appendix 2, a number of calculated binding

the energy is redhiled, Method A should thlelelore give energies are comipared with the correii~poding experi-
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Total1
Pn ergy

RELAXATION ION
Binding energy

SCF FOR ION

B ATOM

4I- Fig. 111 :40. ( iColiix6OtII ofthIs two methods01

A andl It fr vuidulting cIetroil hirling

S-Cr rDR ATOM ('Tergivs

met d.id valties. All theoreticail V aluies an, ol tatined by too) large. Tlhe resulIts in me1tho d B (.e If- consis4tent

Slater meothod with op)timizedI exchiange correction. ly lower and for iinner shells in much better agreemenet

Most. o f tile experi mI' tal deh i-miai in si I have, bucen with ex penineivts F~or light. .mt, up to tioppet'

ne(lie onl Helidii and the( 6inding enlergy is referred to say, the (discrepancy between theory and experiment
thin Fertnii level. Since the thbetretiv(il caliculatio ins are is for the. K shiell at.Tl most*al ut U- 5 eV and considerably

mfade) on tree atanis, thle zero level of thle energy scale lesis for othe r shellit. For hevavier (1(n)ents, oi the other
is at i. finite distance. Thvoorn ne, thle e xperi met ntal hand, the. disurepancy bee)ones relative~y largem, as
results have been correctedi for the work functicn. much as 500) eV or 0.6i 1,, for the K shell in Hig.

From thle comparison in Appendix 2, some myritinl- We, shall now try to analyze the possible explaflu.
tic observations van be inade. Method A ("fromen' tioas for the residual discrvlmticeý lbetweenI the experi-

oirbiitals for the ion) gives in most eases, particularly mental and theoretical binding enorgies. As previously
for inner shells, binding energies which are, significantly menitioned method It is veiry ioscrnsitive to changes in

£ ~the mpiin-orliitalm. TIherefore, thle difference betweeni
10o, hc ophin-ze VIPS, method used herv and the more

xaccurate. HF' method is quite negligible, nunch smaller

80 thani the numerical uncertainties. There are then two
pmbesources of errors, namrely

x(a) apiproximnations iII the conventional HF methodi

,.o.x (bm) molid-stiktA. effect4. frtei lcrni

20~ '1 x g (eV).

Y-fliod A MIt llii ItI

10 20 30 40 so0 60 70 8O 2

Fi. lf4. 11.difoocoinbmlngioogyfr w NoivCnv(1uit~iunildi III's S3617 52)11.4

Cron. 111f1 'Ii oo froi, in piiciir iinrg tor tho IS not .d 011) inlui-iipsi 8tI' 37114 S3610.7
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Tlhe app ro xi mat itons iii the cminvejitit ual H F" method III at so id the spiii-orliitals differ fromn those in aI free
oc St tsfijtIljy the( following atomn or ion due to perturbation from the neighbouring

(1) the electrons are assumied to move independenitly atoms or ions. The effect on the tinier electrons could

of vit1(1 other, i.e. correlations effects are iieglected probably lie est~iiiatedl by nmst (of it perturbiag 1xtential,

(2) A~l electrons in the samne shell (sanic n1 values) which represents the cryotal field. Calculations of this

are assumed to have the samne radial dis;tribution, kind are also in progress.

The correlation effects could be. expected tot increase Compatrison between th-'oretical aid experimentall

with the number of electrons and therefore one, would binding energies for the noble ga-ges k~ of special interest,

expect the energy of the atomic state to be reduced since those experiments airc performed on essentially

more than the energy of the ionic onie, when correlation free atoins. As seen in Appendix 2, the agreement be~-
is considered. Thji, would consequently enhance the tween theory and experiment is not considerably bet-

discrepancy between theory and experiments, ter for these gasies than for surrouniding elements. From

For Hg the atomnic stite contains only closed shells, this complarison one can estimate the solid-state effects

aind hence there is no difference between the general to he less than 5 --10 eV for the inner shells in light and

and the restricted H F methods. For the ionic. state miediumn heavy elemrents.

(e.g. with at K hole) on the other hand, there is an For outer electrons, data, are in some eases available

appreciable deviation fromn symmeitry. Here the generai from ESCA or X-ray measuremients on solids as well

or unrestrictedi H F method would leadl to different ats optical measuremnents3 on free atomis, (InI Appendix 2

exchange poitentials und( consequently t0 different the optical results are Marked with AI ). The difference

radIial distrihutions for electrons with "spin-up'' and is usually of the order oif 3i-5 cV, which gives an idea,
"Ispiii-(lown'', respectively. This would reduce the of the solid-state effect in the outer shells. In most eases

energy of the ionic state and therefore also the binding where such a comparison can be made the optical data

energy. Whether thig effect could account, for most, agree better with the calIculated values than do the.

oif the (I iserepan cy of 500i eV be-tweeni throry and cx - data obtaimned fromn solid soturces.- It, shoit d be noted

I iritnent renl iS ail ucertai ii w i thi (;ut. q iuaiititati ye cal en - tha~t the itieasiiretiieitg ont solids are in Appewndix 2 tair-
lations. (hilt llyi61t has recently suggesited an "t'unre- rected for the work function and thus referred to the,

st ri eted I IIto-ri F tek -Slater" intietit il, whic-h seemis same11 Zero( level as the toitical reiu ks. Therefore, the

tallrotriiatt- it t his east-. Cl iii I ationi s tif this typit ftor differencen shouldI, besides exl tn inieital unuiertaitities

Ji-g iitt oit hi-r celi-antts are noi w in I in gri ss. and unce-rtainmties in the woirk fuin ction, be due. inai aly

For- lighter e lemnen ts thi re is irt labiy at cmetlii-titionii to deformnatio n of the a itionic orbtitails in the solid

betwi en thle a I ovi -mIii -itit ited e.ffec(t dute to Iiinli tationas state oir tot relax at ion effect s.

if the flartroe Fttth niethlitd atnd sotlid-state effects.
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IV. BAND STRUCTURE OF SOLIDS

Owr the last few years, much inflirmat.ion on the enough ix) permit a study of the entire band structure, I

hand •tructurc of mttals has been obtained from photo- slid X-rays haw; been used for both emission and ab- !

ie, misaion mcasurt'mcnts•a and from the study of .pti- sorption solid-st•ltr st•ctroscopy. X-ray emission band i
cal properties in the region cxtrnding from the infra- spectra r(,flcct the oCCUlficd chctrt)nic, states aud X-ray i

1r('d to the ultravioh, t rtgion.•a• Progrt.ss in th(, field absorption spectra reflect the, o.mpty states. A pre-

has hctm facilitat•ut by thc rapidly growing conq•ut(,r rtquisitc for (.bt•lining from X-ray stx•ctra any dtt•filcd

techniques, and both thc.ry and (,xperinlcnt have inf•wm•tion on tim density of stai•.,s throughout the

dcvch)pt'd at a rapid lilac(:6•-1•7. ,;ol•duction and wll(qwc ban(is is it small inherent

Special t(.c|miqu,,s ll•Lv,, h,'(,n d,,vthp,,d f,)r the cx- width of the inner hwel in the X-r•y transition. This

pt'rinicntal study t)f the Fcrmi surface of metals and means that one usually works in the soft X-ray region.
dogcncratc stnlic.nductors. The most powvrful of i.e. with wavelengths largtr thall 10 Ji, with an assd-

these mt'tho(ts art 10•ratd on d(' Haas wm Allhell ciatt:d in<:rcasc in the CXl•rimt, ld•d difficulties. Never-

effttt,16s maglwt•)-acoustic rrs(.lanc+:su a.id cych•tro,• thch'•ss, X-r•Ly sts;ctrosc.py hau been used with con-

re,$onane('.17° Howt;vtr. the natun, of the (.lcctronit: sidcrahle SlICCiL'•44 for |lttlld structure studics.117.171

st•t•,s throughout the bands and in those tht'pcr levels Eh:ctromagnctic radiation int•,racts with all bound

that rttaiu thcir atxmlic char•ctx•r cannot lie cvahmt•'d chctrons that L,•vc hiuding em;rgics less them the

by thrsc t•,chni(tu(,s, photon energy to give photxelectric effect. Upon irra-

Tho phot():l cncrgic:• t)f X-r,•y tran•;itioiis art, high di•i., wiih i..n(,t:hrtnnitic X-rays, a solid samph•

h •i .... a <:1"°'1 1• V'•'l •1•o,'
171• (qr I'•1 ) IOOC IIO0,

na(I ....... • l# l'fl . . i [t KD . ..... ( !3 Itl ........ (. O 0 I•]•(/•li/•lp II)l•(il•l••) C/60$._/',.
•,)•(A,•o,,) K CI

¢ I :%ltl•al:ll• li !
i ',t t i "• "•,. • .

Ip 8% Clip Ill lit 41' 77 t' . I.oO I

o. . . o,..

S.... ::': ... .": '" ':: i ]
I /t•

" ItI , 14r,,(,,•+,: •00• K Br

S... . ,& ,
II, II i•?r, I /t0• K IsiAIkitll K 31i llKIliI
tit l• ii0o<:" ","+ <'" '".". ,<., '7 It

121, .. ,
12• 519'" "I" I 'qdtll/ :

I II 11171 -¥ tic lifl ll0 ll0 ,

i e t#

I"ig. IV : I. Eh'vl trill Sl•.,l rii iii NIl( '1, It( q, I( Ilr iiIid ]( i. For Hlllhulli (.lil.rldt• lho viltir0 (•h.l'lrlln ititlq'll'llli wiiP r.•cord•.d "rOlll llio

I'lls h.v.I I,. tim Iml•d vllrul.filr(,. All hvrll• tl(,f.v¢('(.li Ill{! (ltl' bhiding •qwrgy .ml I.litt t,'rrl.i hv(,I w•w•, lncord,,d ,.i• K('I, KIIr

iilid KI. I'oliilil•,t• hv•'l dill/•riilii• of tlil- f, tll," lliklllilit, lillil+lt'• Ilrli /•iVt'li it| tli(• figlirlL
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criiits phi to elve'tri 111 with an energy d istribu itioni that electron i c proc0esse whiceh occor when the t ry.4tal 9 are
revealls not only the ato mice levels buit, also1 the solid1 irradliatedo with monoc11 ihromliatic ulitrayvioilet r'adiaition i

st~itA,ý band struoture below the Fermi level, or X-radiation. Many attempts have been made to
It, is the'reforwe aIIM o (f inrterest to deoli rieate ES(A estal i*sh the energy leve ls fromll X-ray em issio a iilnd

0spectra iii the regioin iI llmeil baol elo w the enelirgy o f 11S1 rjliots In ) ,( k130.1 ~12 0 IIt thE 'II' i. a grttneed, f(
the iexcitilog X -radiat~ioni. We have recent~ly' made pre- (Other techniue 11s. Th' elIectroii sp ectra shio wn ito Fig.
Ijini nary studies onl some alkali halides (N a( , K( I, IV: I inid icati' that ICSCA may be another val ualle
K Br, anid K I) fromii th is anlgle.',0 Single crysta 111 v re toii] illi the' fith I. For examle h, ESt-CA ma ly serve' 115 a)

use-d and clean sulrfaces, ohtai ned biy spl itt~inmg the guidile fior the ilt erpret ati on (If X -n r' v labsoirpltioni

crystals, were cxpoiiiAd to thv -raol iathion. Electron spI ectra whIiich iftC11 laiVe a ('uiIIli~dIiat4~d structure.
spiectra were. recredi(o( fromo whiich 'liet~roii bindinog Iit Chapter 1, we' Hhowill an ESCA spiectriumi of t'ie,
energies !ouil)( be' detiermiined for all filled le'vels ino outer levelS if fi altiLiC gold ( Fig. 1 :7). CIold b ehlings tXI

soiumllii eh h ride. Ini K( Il, K Br, and o K 1 , :ill leveis 1H iown group 11Ii inl the Ii 0
ir~iodie Syt.Aerii. 'Phere are tw(, moire

toi I (X) vV I iiol Iiig energy were' rcordv Theb'O el'((ectroill (deli icli ill1 this "albi-groll, naicL~iI hll ;tppr an1d1 milver.

s wetra obl tain~ed in these noivasurenion' ts a ri shown WI T'he electron i onofiguirationils (if the gronup 11) elemlents;
ill Fig. IVA:1. All the levels shlo wn in these s1pectra van aore:

be reached biy MgKoe aiii Al Ka radiat ons, witho the, CI.. '13p t`4
c~exeit ion of thoe chilorinie K level foir which Crm Aawas Ci ~3~ ~~ (1 .

titilized. With MgA'a ats the X-ray piroble the spin- Ag: ..4 , 2 4p6 4 (1 f' 4

doub llet L 1..... ( 2pji;a.S'2) ill clorim Ill' Iii N1,, ,v( Aij . 4/14~ ,6r 1 iI;

44 .5qin ioillil I could lb le 1part1ly re.0iol V '1iII thiie

cloctriii Rpeci'rll. Of piartieulllr inte'rest inl the pire'sent All three elemneits are iietals with (I and s symnmetry

context, is that, even the inost pe~ripjheral electrozli7 c of the. conLil ition Ibanod eleectrions. F~ig. IV :2 and Fig.

StAti S cal Is, stuld i' wi t10  t di fficu~l ty. Th1 um, uthe IV .3 slkow tin 'oiltel- I'vch', of copphur and1 Nil viI, Ie5sIc-

valenice halubod~f :il1I four 1(01011 crystals lare easily tively, recoirdedl with Al Ko iadiation. There aire lol

identified inl thce(lectronIl spec-tra. shairpi and0 initI'Iisl / vI'l tr~ol linies ill these spectra,

The valence band of each ionic0 crystall was utilized ats wits the case inl the gold spectrumn of Fig, 1:7 (the
foir the eneorgy Ca~l ibIrationl of til'eli IN' v (I'cniif. Zer o (thec Nvi1 vi lilies). Inisteiad we oblserve the broadler

bi ndintg ui ergy was thien oh fi nei 'd s the o''rergy at. iw s' im8 (1)( elvletro i d istribu ttlions. The height. of these
hoitt~om oif the cionoduetion il anl. 'Thie hiigho-energy sidel rilativie ti thi itih i l i iiiocilii(lerisi

of the val('iio' band,(1 co(rrecoted foor estimIfatedl ins0tI'ti- snu:1 il'r jtill'th sil ver spec 'trumII. 110 gold ow y the 5
p':,,z

mental broadening and( inheiel t, widlth oif thi' X- dfist ri I litoi ( 011I) was iibiserved a110( wits of ('even

rad i iltil i, Was lwssigneol lll e'ne'rgy c'iilil tio the galp l~: rjji 'hi y lit'(liIi ty. The C (l lel lt.i(Ill hand( illi (: Il~ler

widtho. 'rlo enlergy of tih' foriddenll(I gap Iwas taken'I from1 is iib taine'd as ait ll' if hal f-Width 2. vi(V anid the,

the lit(-. aturv..SS0 conduc itionx hand1 of silvi 'r ;LS a linme with A hbi~f-Whitii~l

C' inpllti d iagram~s oif the Ic vels f or the foullr al kaline (If 3.6 ci(V. The co(ii 111(tio ll I and oif go ld thlat, was shown

hil i'hi: are gi ve'n in Fig. I V: 1., Of tin' fifty -ninell ill Fig. 1: 7 ( r'ecordi'd with Mg Aa) hits a douiblet Artrie-

energy levels, albout ones- th irol ei S1( ib' lbi't4'rmi hId tumre with at toital half- w iitho of 5.5 oV anoil at (distiance

fromn the e*le'ctrion spiiecrr shown inl the figmvi' Mally (If 2.3 i'N betwieen the peaks. This structure is due too

have pireviu isly Ive mcmI uiiI'aore(1 by ES( A , a nd t0!'e spoina-orbit. intern etil 1 it, the, d hand.

remainin lg oniies were ealen IatI sI frim X11N-ray emIi ssion Ill 'lii' large w idt h obso'rved for the s 111(1 p iubshel Is
data, None (of thelse' sHbiN 1( ii iiffi eiil t. to i iii'asiurI' withi inl all thre e niioble inetils comlpairedl t4 thei 4/ levels of
high prei''(ioiih inl eleetron qi i'itn, with thi' possible g iold cannoi t. ho lscribI d to ba1n1d liroal Ii iin1g. A
except ,ji Of time ioidineo 1.s level Ahicb~ %'oulI requlire miolre rei'aiiiniile O'xpilliatiii; wiitild lie tihat. the iii-

Ilrl X -radi atlion with sillorteIr WivltVIIi'gth thall We haive' lii'rl'it withil t i. in, crciasli due1 tol triaisi tioins of the

Used1 0ll) to loW, Costlr K rion ig ty III'120 8tuch trwns itii Ils (I111t ii ii ti(elr

Knlo wledge of the e'xac't str t ict ro'if til l' i'v, v lsil from f il 4/ levie's I f gi ,ld
ionkic Crystltli is ('55('htilll for the stu(ly o f li ff!ri'i it Al lo~ys oif silve Vl' 1.1111 mIiti y be oe xpected to I lIve,
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Fig. IV :4. ( hond iutiol band Hpp(Itra of 116otH61lh: 10lwva-r, tim t, hrc4 alloys Ag.Au, AgAXu, AgAu a3 n1d 11,'talll golt( recorde(d with

tinagnemisr KIc radiatill. "l'ho widths (,f tho dimtribu tioI change grui lihly from inotilic Ailver with two unrosolvod peakm of

total I...lIf width 3.61 oV t, the brotil Edistributioni of mIt4LIhi(: gohl with t wo vacaIrly rt~olv vd Iuake (if total hulf width 5.6 vV

conduction Land distributions that are interflediate AgAu3 , aiId Au change gradually from the narrow
ihel tweon those of the pure meltls. (Cohd-silver alloys distriultion 0 f metallic silver to the comlpratively
in the pro)lrtions 3 :1 , I1, and I1: 3 wer prepared brr,(,)Ld (listributiom of uetallici gold. Thie dinsity of

by heating the metals in an atmoslohere of noble. d syrmnnetry states in the (onduction Iandt is much

gas and carefully rocking the crucible containing the higher than the detnsity of v symmetry startes aind the

melt toA obtain a homfogeneous alloy. Foils were phoi.elhctaric cross section is larger for the d electrons.

made of tlhe' alloys and the cl(ct:ron slectra of the (lon- The shape , f the conduetion band spectra are therefore

duction bandd wt're recorded from these and from determined mainly by the d states. However, the

foils made from the, pure mnetals. Th(e five conduction existencnee of otati•al (EIEVe tfl! d p):art lof the band is indi-

band spectra obtained in this way are shown in Fig. catted by the position Elf till: zlvr(o point for the hinding

IV:4. The gpectra were recorded with MgKo radiation energy, which corre(Hslmnd to the Fermi hlvel (Section

and the resolu tion was sufficient toA reveal the sEob- 11:3). In metallic silver, the Fermi level is situated(1

structure in the co nduction band of all five saropleC. several (TV atlove the d part of the con (duction band i(s

It is found that the band structure.o of Ag,AgAu,AgAu, can bi seen in Fig, IV :4.
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V. ELECT .1RON SPECATRIOSCOPY FORl CH EMICALI ANAL YSIS

V' I. Chernuieci Shiifts in Electron Specti-a bIlh linies are Het'o in tCxim spect~roi, lthe oxide flne ix

In Chapj ter Ill1 we d imtiitred tu'vtrcid i'x coplex o f mucht rvduc'd itt i ttvmi' ity . I n vi( w of tlin 't- e.xp tri-
elveetr n xpeetrci that, can Ice utilIizeai ftor iti Mud y o f the vientts it xvemnx xafi' t.,t ascien ) ~ to iet~allic Itryl I ituHI

M'eietronic struc eture of ititonix, ini pairt icular ft r pie- the liin', 'f higher k inefti e nergy andlf to beryl lium in a
cixtion tivauriniieiiutit of loii iting t'mergit'x (of the etore i t, oideiti the linit of 1 (k inet(t~ic energy. TJh)ist nivteii

h ~~~~~~eltectronti. I Iowt'ver, n1inleb(V idet t'e ci habeeni o btatitned th at tVic higher stalex of ox idatio n et rrexjmtotlx toc it
fro tin l(CA tspvc'titthcr c Mull Vie eni ergiesx ire iitt it pro- 2.9e IN higher hi tiditg energy for tho e Iryllium i Is co tre

pert. Mt tslely of the a~ttik hout. ailso tf itsx c'htemitcal ii- c ItI-c Irotitii.

vironiienttt, i.e. oftit, tiol' iicti''cr st~riictucre. 'hi'( ehtimge If berylltiumt ix initxhetd boundi)( to fluiirititc tsixi BeP 2"

lit the chtarge thistributitti iii dit h Vatlvitivset ltl whitch it. kx b rouight, toi titxi i h ighter st~ate oif ox idatlioni
ieeurxT whoeit all 1001t no ehtitigex ifr vittV nt itieeAt e is re. ttlthou tght rt' 1 rexeited Itoy tivt same oxidaitttitn i un itomir

ltiyed tot all the co re t'lvoe~ron it a nd revealedl ii the 2v its iii B~(A. it ixs ix du tie flith e xtretiut'ly htighi

vlcttroit sloveetra. lIn qutiiinig Avitron ithndiitg tvnirgivs et-ct~ruiiegct~ivit~y of fluotrine (set' Appieindix 1:1). out'-
fif an clementit ito wit~hinit c frtictioin of an vV , whiche is intiy hiux vnpeitet. Ott' viectrici linecti froiti flttiritte itt

ltioxsihilt fromti E~S( A nttivaitri'ineittx, coti' tht'rc'ftti looti Bt'i" tti l' shtiftedi evvt itimre' titan iii Bet. Tlhtis is

tcoreinteitt, wemn made. Thisi is iiioxt~rntetvi by the t~hreet t1131 line( pcixit~iiinx4 fori iwtiit~iic be'rylliutm, beirylliumii
elect ron .peit rct ttf hvtry~-iura,"" ttittiown itt Fig. VA:. cix it, and be ' vlin im fitumidt. Am Yib tlimciumud
Metallic lteryliuim wcits 'vapor tiv tat. I. prt'xxore of later thce biiidintg eivirgi.'x of thc' con' vlt'et~rons geliti'
10~ 5 t~orr onito~ an tilutnti-tinaticokinig. 'Phi sci))ple witsx rally i ncrca.-' w iti. i neretuxin stg aife i(if ox idationa.

nrralciatitdt by Al Ko andh Ithoto-iit ittvittl Is .vi'ietroicx ( rittnttal t'ffvts~ eani ibe xeii) notol.uiy it ileetrnt tanid
wore st~udied iii order t4) tii'trittjito tite Is c leetri i X -ray xj x'ctriu froiti the citotiaie core buit, talso ini the

bindidng energy in it ryl lii i. TIhe xjxtctruttn in Fig. d'etiy of rtud itutiret at ittoni'~itti nevi'. A chnfltiii vii Vtidletv

V: 1 at wax t~hen ohtainedt'( wh h'h htad two Iliniex o f ci itit I. tcitv tln anl ccx ceetti giy smnall teffect iti noeli'tr t~rtiti -

the santta inh'oi mty, and w ithi tinti cergy xi'itrtitition of tln itniht. evin li', idixrveti a4 tan isometicint shiift iii Moiss

(2.9 1 0.1) vV. l'The ilmtix panitbtxlme 'xplmltiitititi for hibaine spect'~rai or is itsalMlt eltuige iii the ihtet'y coni-

the 'X ixtA'ii('e of two linest i nsteaid of ion' iii that. tin' st-ita . 'l'Lei changie of the itt mie Iq wit vi fitnittio tin u,I nt~~~~~~eta~l had liven't ox idiizedi to) Min ittit'i' 't. tatd Chatt the the nuelettx thu' tc, oixitdationl o f beiryll ittm hais bxetn
twoIN lxiines in thev vivetrtn mispvct'ritt co trrespond~u to olixt'nvt-'d it) th is latter wayV.1
becryllium~ in ii net'tcli ic form tind in ixitle ftorm, "i'Sp(ec- 'The( fact Ithat. Owct electroni stixet~rum ottf an i'le'netit is

ciAvicy 'rt chteck this tex planattioin, the matn ple wax tnt ,difit'd bmy thte tatlitre of Owe at~tatit'hd tito 1Hiflktl tht'

hilatAXl inl air utntil it. couldl Ixv assutntd that v.11 the mioitetular i.Crueture hast obcvioius 1 otAnt~iai applicaitions

lxrylliito had becoeot oxidized, tand its elvetron Mpi'ct- inii more refiniml qoalitative analysis, Wi firsft tihxen(v-

ruint wax again reetirded. Tlhis timne only ine 18 line i't eleitiial mibiftlx in the t'ieetrtii sipectra tof coilpper ill

WILK obtained axs Catl be Hteni ill Fig. V :1 It. RH pjosi tiott net~al 1le ft rotiii tnd in i tis oiX es i(I't t ut later aitso in tinl
Ni nithincit with thi' lint tof lowter k int'tie ettergy in Fig.- and( etidmiun ou Am thie vx imiri mtntti! tecthnipi iimi wt-rt

V :1 ai. TPhis li ne iihituld then co rresxpondti tt leryll in n iii ie veliti xd iintAirixt. ht't-tinte foc'ussed ocii ehi'nettx (if

oxide fonrm.. Futrt~her eviltttcev was obtaineid by tmakintg itmpotrtance in orgatnic cheisnitry. Spxecial in jx irtlncev

a vactiumi evaikmratx'd be'ryl lium MIn an ie ta under the in thi'i attacehud It the Momenent, carbton and we hiivt
actioin i f ziretmniti iii a a rAni-iidng aigent. 'Phitt xsamcple reeently ixhown that. thi' electron sicx'etrt t f Carbton ,uro

y ivhhd thit' telectrton iii truntin tof Ftig. V : Icv Alibi itgh aittlecil momdified bty the mointile ar CO V irnii)ttnt.."
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I~ig VI I'~u~erunutu~uetui uf Ii~ryhiuuu.boing funtati in air.

(at) Spotumefrni (,Iltuijilua fr~uui .'uiuut 'uvpouuratctdu m ticufdu (c) 8juuwt~ruii 0110iu t 'djuui fromi vuitw:i;i. i-v jsrat-d huryllimitu
bourylliouin. iuuuulr theu acotionu o~f ziretonujiuor am0 ai mxu~aviug igout..
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c/4Os-

1,,,5 - BENZENETETRACARBOXYLIC ACID
1000 COOH

OXYGEN is CARBON ls HOOC- -COOH

HOOC
500X12

0

1.2 - BENZENEDICARBOXYLIC ACID
100O XYENI CARBON Is/ /COOH-COOH

SODIUM BENZOATE • O~

1000

OXYGEN ls SODIUMAUGER CARBON ls SODIUM 2s

' boo

3x0//

9 0o0- 955o0, 90 99o0 " l'o 0 14200 ,v

KINETIC ENERN-O'

Fig. VA :3 o. 'ltron Ppect ra.froin 1.2,4,5-1),(n7Aenetotrtuartioxylip. twid, 1,2-4-onm, en(dicarlimxylie aeid and soditun bonzofk). Tlwo

well Ropairatod carboii line,@ am neen i ii each ailmetruini correspionding t•o benzene carbon and carboxyl calrtotn, rmmpsfwively.

carbon line is acrountAKI for by trama o)f pump oil the electrton spectlrum is consistent, with the diffcrencoK

L ~~and other imnpurities -.ontaining carbon that, are present, inl chtetlronegativity hbetween the elementa in que•stion,
L ~~in the moderate viva+umn at; which the recolrdings were see S;ction VA: and Appendices9 13 and 14. The boen-

made. iAen carbons are bound to carbon and hydrogen and

The fact that the oarboxyl line has lower energy io n the carboxyl carons are rbound x carbon and oxygen.
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Oxygen has at, cbectronegativity that is considerably -1

higher than the electronegativities of carbon i~nd hydro- c/40S

gen. Thereforc there will be less negativft charge within
a certain Ptomic distance arounid the carbon nucleus
in it carboxvi group than within thit same distance CH3CH2CH 2COQNa
around it carbon nucleus in the benzene ring. Eieetro- 500- CO: CH= 1: 3
statiu shie':1ing of the Is electron is thvreforc smaller

for thc carboxyl carbon and the binding energy of the

I* electrons becomes larger, as seen in the ehltrctin

spectrum. 
0

Fig. V :4 siiows carbon Is electron spectra from the0

sodium saltsi of the first four fatty acids. In sodium 1000
formiate- on(; ,nly sees the earboxyl carbon line fefter

the line from the carbon containinig l:.yer that develops
on the Hturf,%e., has been deducted. In the higher homno- CH 3CH 2COONa
logucs. which contain additional CH, groups a carbon CO: CH= 1:2
line, whi' It :, shifted 3.5 eV towards higher kinetic LU50

enWrgy apc..:. 'S With increasing intensity. The increase x~

in inrtia'isit., ;:orresponds to the number of additional J ___
CHI, groul., The fact that the carbon containing sur-Z

D1000
face i-wi 'ea'c corrected for indicates that it is very 0L
thin m -n 'isists of only a few molecular layers. This
will 6y -.1im uale( further in Sections V :6 and V :7 where

it will '~ be. shown that a monomolecular layer of CH 3COONa
at2&t x i. . ,which is number eighteen in the homno- 500 -C: 1:
logoas Peries of fatty acids, absorbs a large fraction ofCOCH :1

phoftýx~ic .rons produced by aluminum radiation.

500 -

V/ :,. it Simple Model for Interpreting ESILA HCQONa

Shi;1 C:ts=

it has already been indicated that the chemical C C~:
Ahifts of the binding energies of core ,lectrons can be 0 __ ___ __________

explained by the redistribution of electric charge that 1190.0 1195.0 1200D e
occurs in peripheral orbitals when a chemical bond is KINETIC ENERGY
formed. The observed chemical shifts can be interpret- I I
ed in terms of an ionic modelk6 which may be described eV 290.0 285.0 2800

as follows. BINDING ENERGY

The atomic v'alence electron orbitals define aspherical Fig. V: 4. Electron lines from carbon in the sodium naito of the
"valence shell" of electric charge and the inner elect- finit four fatty acids. The carbon lines corrmipond W~ hydro.

rons, for instance the 18 electrons, reside inside this carbon and carboxyl carbon, respectively.

charged shell. If charge is added to or removed
from the valence shell, as is the case. when the atom is potential energy of the inner electrons is lowered by
bound to other atoms in a molecule or a crystal, the the amount (in etomnic unuits m e 71A 4ae, 1)
electrical 1totential inside the valence shell is; changed.

If, for instance, q electronic charges are removed from AI=q (I)
the valence shell and brought to infinite. distance the
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z i~lU

m 0 Q
Q~iV

RADIAL DISTANCE
Fig. VI:5. Hadicitt prohtttiility dlistribuition of Vidlelce elec'tronis inl carbon (75--6) nitrogen ( 7, oxygen (Z 8),minlfor (Z - If6),
andt p)luton~ium~ (Z - 914). Arrows itid cmt itican no! Iii,

where r im the radius of the valenc~e shell. The btindiing distances at which the wave functions of neighbiouring
energy of anl ininer elvetron, i.e. the energy requiredl to atoms start tot overlap, and the repulsive forces bvt-
transfer it to infinite distminec friom t~he(a ittn is I hen corn e exceedingly high. A s an more realistic value for
ititeretimsed bty the stone aniotint. 1' calcenlate the enerigy the valence ,;hell radiius, in our mo del we could~ choose
shift according to equkatio n (I) we must fin itd va voli the niean raditus for the valence elect ron orbitals ac-
for the valenie, shell radius r. lottie radii have beent cordinitg to the wave functionts of atotmic elietroits. Fig.
tabulate~d ftor in tiny Iclcit,,lts 7 4 butt, th se4( repri set it I the V :5 shtows thke radiaul prodbabltiIity d istribu otion oti f valence
distances at w hictthe UP! tit1 U0i1 oilte jititut-Atta, i.e. 01e (lectrotis ftor the eleitt itts carbotni (Z - 6), r~i trogett

(Z 7), oxygen (Z 8) , sutlfutr ( Z 16) and ptlitoniurik

qq -e E-(Z 94).* 'I'lit ina:m radiuits is itt till ctasis of the1 order

oif IA (I A -2au)ndthe corosp itil sift ino

biniding energy of inner electrons pvtr unit charge
remnovedr from the valence shell lie.omv8e Alf,

iU.f-; i-V. 'Phi ohue;rvcd shift,:. mrc all smtnallcr than
this and therefore correspotiid to it chtarge trtansfer of' 0 ~less than ofie unit itin the vatlence shellI. Used so far,
ill its4 siinpltt form, the model may he dlescribed as

ti "free-jioit' model.

W~e ctan iltyi rovet the free-im itOnt slil tio take ifltA I

account the fact that VItLeCnce electrons are not traits-
_______________ferred to or fcoin infinite disttance when a chctinictil

R ~bond is established. I it an ionic botnd between two

Fig. V:6t. lDiati toil uirtletole with ionic bond. A nutant)sr ((j) atomsg A tand B, electrons tare transmferred. fromt the
of electrons is trarisferrid fronm the viletice shell of! atomi A4 valence shell of the ato)m A to th- vatlence shell of the.
to the VIOMAte F411011 ()f MIMI B. ii.tub kin , see Fig V :6. If the i nternýIca ~ r distance for
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TWO FREE ATOMS

DIATOMIC MOLECULE
I IONIC BOND

S r/

- ~R-

DIATOMIC MOLECULE
oc- COVALENT BOND

COVALENT BOND

R IN IONIC MODEL

Fig, V:7. Thb ioniC tModol for ionic and covalent bondi. The ra(I us r is the mean radius of tho valnee shell and R represiets
thi avertige distanco ýo which charge is transferred when a chemnical bond is ev.t,ablikhod. For an itoic bond this is the inter-
nuclear distance. A covalent bond can bo represented by a partial expansion of the valence shell tA radius J?.

the two atoms is R, the energy shift of the core clec- to form a crystal one has to calculate the Coulomb

trons becomes interaction of a core electron in one atom with all the

A,(2) ions in the lattice. This is essentially the same problem as
E =one has in calculating the lattice energy of ionic crystals.

and with opposite, sign f(,r the two atoms; q is the Eq. (2) is modified by the Madelung constant O::71

number of electrons tranferred. A P - q (3)
When the ions A " and B I are arranged in a lattice\

6--6711.03 Nova Acta Rq-. Soc. Sc. Ups., -SeV I . V14. 20. Impr. "As/1 1967

75



(in it more getieral structure, a woiuld be the ('onitrihio- valencee she'll. If the larger sphere radiuP is Rt the "'co-
tion to the Madelung constant from th(' particular viili'it. shift is given) b)'y eq. (2), sce Fig. N' :7. This
atoml that onle is studying.) madel unrg cr instanlts havye COUld, for e xampl~e, he, the shift. in !ore, electroii binding
been calculated for many different crystal structures, eniergy betweeni an cliement, inl the gaseouls state al id
a; id their values aire generalliy around 1 .7 fi r diat onici ill the soid1( st atc. (Zero pv' it et al ei icigy ii 1 o)tl Casense
crystals when based onl unit charges and referred to wherl thei r'lrctr'on is 'ompilet~ely 'cinovcd from the
the neoarest. neighbour dist anlce. Nearest neigh 1 iur sYstem, ixe. at the V'aeuhinii level of the Soilid.
distaxnces ill these structures arc genierally around 5) aui. The free. ion ci'otriiut~iiir to the chemical shift,
Thus, vei-y roughly, the expected -shift per degree of which was writ tei ats (I ,'?)q ij ii eq. (31, can lie c'alcuilated(J
ionization, calculated from eq. (3) be'comes A K 5 CV, quatiitlili mewihaically -with thit ,~iamc self-eorisistelit-
which, although smaller than the shift calculated from field method, dleveloped'i by one( of us its.,r4 5

eq. (1), is still (if coinsiderable nemagiiit uid. was used fir the calecuiat ion oif electrin bi lloilijg
A t hirdi term, due toi electrioriiic (anrd civilear) re'- ene rgies. The' crNstal eniergy ci iitri I nt iin, i.e. the

laxat ion inl t he solid, (could( be a (!(('r tor eq. (3). Thbis In 'gat i e terml inl eq. (3), call he obt nitned from calcula-
Cont r'ibuit io n to the enlergy Shift call1 be expressedilli tiOns' iif Aladd unlg cimist ants. Hr iweveci the( eoit ri 1 ii
term," of the dlielectrlie ci nst arit. a lii is i rrdejrciiierit of t hiris ti the' Madelung ((instant friim the differenit.
thet-'charge (J. atroms ini the unit, cell are not. iften repr' ilti'( ili the

ior higher state's iif ox idat ion, ixe. wheln im in'ý elret - li terature. bi thle fri1Ii wi ig sec(tii in, w'e shial I iescri be
rolls are remiiv'ei frroin thi' valmcnii shell, t hr v-liiene thii monre dietai led cale(uilat ions iif tlii', fn''. ioni (olitri -

shell should( coniitrait (r (licreasýs) . Tlhus1, a( cordhiig, to r ution mnd the vrystal field mit ri I nti in. We shall
our mode'l the shift per degree of oxiilat ion shoruld throi inl i'-ctioii N, :4 discuss the ESCA shifts from thii
liicrease as the' ;taute of oxidaolioii inieni':so-. cliroist's stalidpoilit hin (irder tor corrielatie thre oblservetd

As loug as the' v ah'ic i ('i' 'li' iins fit) no t pelir'trate shifts with su ch paramit ivrs as ('it I ail beS v i deriived
niti thie atiomiceo('in, t~n itr(, r modl peicuts theii samell shift from simlOllr structural emncelrts.

for in al corec rit rons. Hiow(ever, if t he're is a I nlicrat i) nin
of Valenr'rliv itrri iriti tw con. oneii iii' wiili i'\ hi tio V: 3. Calculation of Chemical Shifts in
finid (iffi '('lit shifts; for (liffi'i'rlitcn ((iecrrt roilis. Suer'v Electron Binding Energies
ENC ý slieritia, iuai rut the irnnerr as %%ell ats t hi' outerr

core lievels ri ictouildi e'xj) s't these sinect ra to N I irI' ill - Il it paInre co vale'nt loii(d, ant elrs't~roi 1pai r is even ly
frrmat in alIso rOn tlii' cdiet ron miif igiirat ii ninl tiie d ist ribI uteid bei tween twoi atioims. If ilhi' at i is Iiave,
valei'ici' shr'l I. Iforufi i at ion of thIiis sort is iofteni nveriIrd di fforvrrt ('h'etror irgat i Vit i(S (see A11 s'ndix 13), thei' Inrn
iii Nbssl niuer spec'(tro'~scopy for th hi' nti rp ret at inl (if caii Ire rcgrard i'd ats partly ii inic, a nil thi ' rlrat riins ril

isroimeric' shifts ."' ESO A spiect ra aia~l Mossis auir sI c t ra. the Iii id have' diff'er Int p robiiablilitie's of I r ii g fior rid ill
thus ('iiralrlr'iiiilt ieachl other ili thiiis respeci t, thle ni'ighbhimrhi ad of racli of the t u'. i atounis. As at

Ver'y fi'w , if a nv, irystals have pur lii 0 onic liniohing. qu~ant itativye on'asire (of this lirrbill Iit' or'in( mayx'ui',;

In1st emI, I li're is at cmititirmni is rarigi' 1'tweii'i the (-i an I eiffiect~ive chargre" of the iiti rs,w Ii k can li ti'fi ie(1
valerit and ioicr lie m iaits. We' canl still uisrrer miii Iom I its the tiotal chiarge w-ithini a icirt ain vol ume around the
rmodel, hiowever, providitigL we e'stimuate' the anioinit oif iii(l('ts. Of coiurse', it is iiut, possible to rIraw iaiy de-'
1(1)111' charaiter of the 1 rilids. Evenl Jor it coln plet~i'ly fillite isiidrr-Iilie hi'twi'eri thi' atroms in it mi leculi', arid
covalent bond thlere is a redistribuit~iion of chargeý, which the effect ive c-harges are tlherefore Only erude measures
miay ble iecoiuritel fur. Thi' tranisfer iif chact rirs to (if tih' elict~roii (list riiuitiiii. Nevertheless, ias at first
hoowdirng Orbitals theni correspionrds to the' tranisfer oif aphprirxirihtimui, this quanitity has- proved tui be a valu.
charge fromt the valenice shell to sonie othier, spherical aMile com-rpi'iht, aiusu it is br'lieve-d that. it alsoi has soirme
shell, c('riti'r(d onl the atom (of initerest.. The radius iif signiificance: inl nrivilei'cl' with covalent, bonus. Thie
this shell will he larger than the radiuis r of the vialencem iffeet (if the elec-troni (limtriliuticiri onl the inner elnetruins
shell sixice ele-t~roiis that maive inl roollctilar orbiitals u'n presumnably lie d('scribed adeqtrately with suchl a
will on the average have at larg('r distarac to the' piarenrt simpl' ionic moidiel.
nueclus thani when'u movinig in- the atomic orbiitals orf the Irs the ironic imodel the shift iii the. binding energy of
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the inneor electron s has minliiiy two cmp~onents (ef. T'oile V' 1b. Relativistic effect on the ionic Flhift
Section V: 2): (Is level) (eVI.

I. thev -frer-ion shlift'' and
Method 1A Method BI

11. the, "irysta1-field shift''.
'rue frI c-ion shift i.; de fined as t he shift i)111(1 g EIIlement q noii-rel. rel. noti-red. re'l.

energy bet ween it free, ueutiral atomi andit free ion
withI aI certain charge. The vrystal-fiehi shift is the S 1 12.32 1230 13.76 13.77

effect of the surrlluniling atonms (ions) on fthe binding 2 27.07 27.o4 29.82 29.,89

enecrgilcs.

netodta B this is not the case to thle same extent.. There
CaIlculations o , frI'I'uIolZ shift is furthermore an appreciable differenco between the

The free-ion shift cant he cltculaitedl by iielf-con- results obtained bY thle two miethods, e.g. for fluorine
sisttelit -field evt hods it) the samle waiy )it blinding about 4 eV or niore than 20 ,.It is believed that method
energies described1 in Section 11I:!). It was shown in 1B s the more accurate one. This comparison shows that
that. secthon that fo'r ionner elect rin 115 on~sillerah , dv there is litt le to he gai ned by usinog ait more 0ialvorate
bet ter agreemllentlit W('NNvi thei observe'd and) calcuilaited inet~hod, such ats Hart~ree-~Fock. for this type of en lculix-
valIues is ol t ai ned 1 ,vN the( 011Iro eta Is rtit m'((et hod ((I , t ionm. InI met hod A, the results are tunrel lal d irrespective
whllrI' th Ia )111(1 ng energy is calic ulat ed as the differ- (of the ai Ijrox inuttnIon and in niet hid 1B alimost identical
VI-Ice 1)i't ̀ I'VI (1W toll' t I t IterI'lg Of t wOIs IteVS, (lit (IiI el result~s are obtained with o t her appIroxi mations, su ch

shiifts are cal cu latcid hI' III(' Sail~le (octlo h111ere, andl energies fo~r oulfoir oiltaiined b y variolus relat~i vistic amid
re-sults (if fthe ;iniple'r niethlol A aIre on((I used1 for com11- nllli-relit~ivistic nivthods are compjared. Thisshw

IiI.Il'~.Illthat the relativistic I'ffl'ct is quite, negligiblle for suilfur.
III Tabtlv V I (i, 811111 d ifferen t(l I Is(ft illig Tli b indli ng energies; It lolner ci cetrilus ill it fiee io-n

i((nli shifts. are compi ared in it fe w t Viiell (casies. The depend not only on the dlegree oIf ionizatioln but also
calcuilatio o11 f biand ing ener-giesi USing melthod(I A is deI' On ft( hconilfiguratio oflII t he outer electrons. It is, of
p~endent, (i' the app~lroximaltio~ns 1155110l(d wheireas Niith cloirse, difficult tol dete-rmine the configuration of the

liabe. :1n.Comarisn btwen diferiA ictlods free, ion thait, in this moldel, biest corresponds to the

of calculat ing ioinic' shift's (I., level) (eV),' aculstainintemlcl.A afrtapoia

____________ _____________________________ tiion, oIne can use1 the- grllund-Iltate configuration of the

Met~hodl A Metlhod 1t ion. Folrtunately, it is found that the choice (If con-
ElI lls figuration is in many' eases not critical. If e.g. a 3s

electron in sulfur is raised to the 3p state, the binding

Nit 1 19.6 I') 7.) 91.4 91.2 co~mpared willh 14 OY whcn theý electron is om"pletecly
8 - -11. i) 9. 112 - 1.3 rem o~vedl.

1 131 1.3 M 1.8 3.8 In mst f te vemet,4investigated here, the bonds

Cl -I -11. i [.3 o.3 12.4 - 1.4 re minl ofthe ,;pl hybrid type. InI order to investi-
______gat the_____ effectofsuch h.7bridization on the binding

A ll shift in uhh S V :1 I ( a id V : 2 aive rI-lalt C to tlie irI-c eniergies, the en r isare calculated for dfe ntcon-
neta tilli it. groundll 'onlfiguraftioln. figurations amid the results weighted in such a way that

A: Aomi oritas fr aom 4 wll s in, ~e.ii~ of theouter electrons have 715 1/, p character and 25 %
Koiai'thl'orvbu twith the apilropirialtt corrcltioni, '5 character. As an examplle, we can take singly ionized

HeoSecionI II: ) silfimr SW which hag five Outer electroIns. By weigh-
11: s,-f~ceosst,.ntfi,-1di(tajlll flr 111(01 (11 mid io ting the configuration 3 82 31)3 and 3 s3 p4 in the propor-

4.)!! 11 lrltlt' Foc -Sililr WI (p 1211 ~llg-cre- tions 1:3, a configuration (If 8p3 character ( 1 5 1 1

tion is obtained. SNince the difference in binding energy
H1 F: lhart reel.-1ock between the different configurations is small in this
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Tabhl I. :2a, Ionic shift in the Is level (eV). Table V1:2b. Ionic shift in the 2s level (eV).

ap. ep'd- , sp'd.

Elmentvnt, q A B hybr. hybr. Element q A 11 hybr. hybr.

(1 I 15.3 18.8 17.1 C 1 11.7 12.7 14.9

2 35.4 42.4 39. 1 2 26.0 27.84 21.5

N 1 17.4 20.7 19.5 I 1:.5 14.5 16. 6
2 39.8 46.3 4:1.3 2 29.7 :1I.- 33.7

O -1 -13.0 -- 1Vi.5 -17.2 O -1 -1 L. -13.4 -12.6

F -1 -- 14.9 -- 19.3 - 19.3 F I -12.7 -. 15. 2 -15.2

Na 1 10.I 9.2 9.2 Na 1 8.7 8.8 8.9
I -1 -. $.2 -11.3 -10.8 1.0 8 -1 -- 9.1 - 11.1 -- 10.7

0 0 0 0.8 7.4 0 0 4) 0.7 6.)0

1 12.3 13.8 14.8 19.7 1 12.0 13.3 14.1 17.6

2 27.1 29.8 30.9 34.3 2 26.3 28.5 29.:) 31.4
3 44.,1 48.1 49.0 51.2 3 42.4 45.6 46.2 47.3
4 62.9 1;.56 69.0 4 (10.3 614.4 64.8

f; 109.1 115.0 115.0) 6 101.5 106.4 106.4

C1 -I -10.3 -12.4 -12.4 0l -- 1 -- 10,2 -- 12.1 -12.1
0 0 0 0.4 9.7 0 11 0.3 8.0
1 13.4 14.9 15.61 21.7 1 13.1 14.4 14.9 19.1

2 29.2 32.2 32.9 37.2 "2 28.3 30.7 31.3 33.9

3 47.2 51.5 52.2 3 45.5 48.9 49.4
5 89.2 96.4 96.5 5 84.9) ,11).2 Sm). 1

7 141.0 148.4 148.4 7 130.9 136(.9 1:16.9

. 1 7.7 7.1 7.1 K 1 7,5 7.0 7.0)

ease, this simple method should be sufficient for the fication of the SCF program, which -as briefly de-

present purpose. scribed in connection with the discussion of solid-

However, for elements in the third period, the (1 state effects on the binding energies in Section III : 9.

electrons arc supposed to participate significantly in the If a fixed potential, representing the crystal field and

1 1nds. Thus, for example, in sulfur compounds, con. the electron clou(is of the nighbouring atirns, is

figurations of the type 3s3•0a3d 2 may play an important superimposed upon the SCF potential, more realistic

role."
7- 1s0 Such hybrids halt, been found to influence orbitAlds could be. obtained. Such calculations are now

the binding energies of the inner electrons much more in progress. At lpresent we shall treat the d contribu-

than the sp hybrid discussed above. When a 3s or tion in the same approximate way as the sp hybridiz-

3p electron in sulfur is raised to the 3d state, the ation outlined above. In the absence of more accurate

!jituting ,i,-n ry d f ,he inner !deet,rins is inerejued hvy de.eriotionq of the orbitals. we mav cormni)%Ltt for

as much as 3-5 eV, compared tA) 0.6 eV for the 3m -3p the eontraction of the d orbitals by using a somewhat

excitation. The reason for this is, of course, that the smaller Pdmixture of atomic d orbitals in the bonds

3d orbital is further removed from the nucleus than than is expectcd on other grounds. Hybrids of the

the. 3p orbital. Consequently, the participation of d sp 3d type then probably represent an upper limit to d

electrons is a critical factor in these interpretations. orbital participation. Again, the binding energies of

Now, the atomic 3d orbitals are too diffuse to take any such hybrids are obtained by approl)riate weighting of

significant l)art in the Ixonding. Craig and Zauli77 different configurations. Hence by weighting the comi-

have found that, the sulfur 3d orbital in SF, contracts figurations s2pl, sp 5 and sp 4d of neutral sulfur in ,he

to about one half of the free atom size. Such at contrac- relation 1: -2:6 a configuration of sp~d character
tion evidently reduces the influence of d admixture (s1'2 p'd 1 ) Iobtain)'d.

,,n the binding energy of inner electrons. This effect Tables V:2 a-e give the ionic shifts in the Is, 2s,

can be estimated quantitatively using a slight modi- and 2p levels, and in the Koa radiation for certain ele-

78



Table Y '2c. Ionic shift in the 2p level (eV). Table V :2d. Shift in Kot radiation (eV).

11 11 1' ]1
8t1. sp~d. si1- sp1d

Flehmcnt q A It hybr. hybr. Element q A B hybr. hybr.

C 1 13.3 14.1 12.4 C 1 2.1 4.7 4.8
N 1 15.2 15.4 14-5 N 1 2.2 4.8 5.1

"2 33.6 350 32.4 2 6.2 11.3 11.l
S -- 1 - 12.7 -- 14.3 -14.3 ) -1 -0.3 -3.2 -2.1)

F -I - 14.4 - 16.1 -16.1 F -I -0.5 - 3.2 -3.2

Na 1 8.7 ).o 9.0 Na 1 1.4 0.3 0.3
I -1 - .1 -- 11.0 -10.5 S -I -0.1 -0.3 -0.3
0 0 0 o.9 6,0t 0 , - ().1 1.3

1 12.o 13.2 14.4 18.1 I 0.3 0.5 (04 1.6
2 26.2 2H.4 29.7 31.11 2 0.1) 1.4 1.2 2.3
3 42.3 45.5 46.7 48.0 3 1.7 2.7 2.3 3.2
4 CO1. 1 64.2 (65.4 4 2.8 4.2 3.6
6 1 2.6 107.6 107.6 6 6.5 7.4 7.4

( I -I -1o.2 -12.1 -12.1 C1 -1 -- 0.2 -0.4 -(.4

0 0 0 0.5 8.3 I 0 0 0.5 1.4

1 13.0) 14 3 15.1 191.6 1 1.4 0.6 0.5 2.1
2 2S.2 30.7 31,6 34.4 21 0.9 1.5 I.3 2.8
3 45,4 48.8 49.91 3 1.8 2.7 2.4
5 84. 1 90, 11 91.0 5 4.2 6.3 5.5
7 132.3 138.3 138.3 7 8.8 10.0 lo.0

K 1 7.5 7.0 7.0 K 1 0.2 0.1 0.

ments using different methods of calculation and dif- Section V:2. In this section we shall try to evaluate
feremit hybridizations. The results are illustrated in the effect more quantitatively.

Figs. V :8 -- V :13. In all cases modified Hartree-Fock- As far as inner electrons are concerned, the ncigh-
Slater wave funietions are used (see Sect ion 111:9). bouring ions can, as a first approximation, be regar(ded

as point charges, since the overlap is negligibly small.
(:alculatiotn of crystal fild shift Therefore, in order to evaluate the direct. ('ffctt of the

In the previous section we have conr:,Jered the shift crystal field on the binding energy we have only to

in the binding energy of inner c'lectrons when outer perform a summation of potentials from point charges

electrons ar, excited or re'moved. The atom or ion is in similar to the calculation of the crystal energy and

these cases co1sihe1rea to bIe frce, i.e. the effect of sur- the Madclung constants.

rou(ding atoms is ignored. This nians that when the IF, the lnhl- rge .hc crystal ....... ;
atom is ionized, the electron is supp~osed to, be re'moved the nucleus of atomn i becomes

to infinit-Ny. Ili i solid, niormally only sInalher re.arrange-
nents of electric charge, b(,tweo n.ighlbouring atoms V - a. u. = 27.2 q' volt, (4)

take place. Therefore, the free-ion shifts become much

larger tlan th, real shifts-, for reasonable values of the Tabl, V:2e. Ionic shifts for some configurations with
ff(:ectie (charge, or revers(ly the charges deduced two d electrons (eV).

from the exl)eri:nental shifts become unreasonably 1h1

snhall.6  l The theoretiea1 ionic shifts are of the order in,,d q vo'ifig. Is 2s 21, K x
S0-20 uV per unit charge while the experimental

shifts are usually of the order of 5 eV or less. The reason S ( sRped' 12.9: 9.7 Il.2 L.s

;s, of course, that the neighbouri,.g atonms receive I ,plds 23.8 20.4 2DIM 2.9

charge of the opposite sign, which coulit(racts the free- (31 0 sp'd
2  

12.9 10.3 10.1) 2.(p

ion shifts. This effect ih( qualitativcy described in 1 mpla, 25.3 21-5 22.2 3.2

79
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B0sp 3d
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p ' 1
0 /A
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-1 + 1 +2 q
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Fig. V S. Shift in Is level oif ulfur eiilcuilatd by use of Oii frent methods and differcent hybridizations.
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CHLORINE ls
Shift B sp 3d

eV B sp3

30 A
o /'

20
/ 7/

.7/,
S p~dl 2•/

-1+ 2 q

Fig, V:9. Sitt in Is lovel of chlorilj I'ale(ulate(d by us•e of differentt methodls told differotit, hybridizations.

where q, is the charge. on ion j and ri, is the inter-atomic lated for a large number of crystals, but these data

distance. The total electrostatic energy of the crystal ;aim,)t lie used to ,-valuate the individual potentials
then becomes (eq. 4) in the general ease. Therefore, we have made

I a ,,omputer program for evaluating the crystal sums
S..27.2 .. q 11 eV. (5) abov'e and apl)li(,d it to some crystals of particular

2r, r, interest here.

Crystal energies and Madelung constants are calcu. Thcre is one Spie&fic difficulty in evaluating the
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Shift I SULFUR
eV

20 _.Is

-- ý2p
18

16

- 12

Fig. V: M, Shift pcr unit charge in
10 tho inner Ilvels of mulfir calciulated

_. ... . .I - I ... . i __ by lio of method B (no hybridization).

-1 0 1 2 3 5 6 q

crystal potential, which to soniv toxLo•t i., also en- in Fiv. V:14). This dipole moment gives rise to all

countered in the. calculation of the total energy. If a electric field At the cnter, which approaches i constant

crystal is constructed from a unit cell possessing a value, as thew dimensions of the crystal are increased.

given dipole moment, each half of the surface will Therefore, one cannot avoid thiON proiblem by extending

acquire charge (of opposite sign, and the crystal aLs a the summation (over a sufficiently large. volume. One

whole will exhibit a large dipole momuent (as illu:;trated effect of such a dipole is that equivalwnt atoms in dif-

CHLORINE

SlteV

218 -- Z

12

-1 0 1 2 3 4 5 6 7 q

Fig. V'. 1. S- ift po r unit charge ii tho i rYn lfvoIm of chilom in caleuiated I wy uge of !noth(od 13 (no hyhrii zatif ).
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SULFUR K&.
Shift

eV

SBspd3

2 3 2 d0 /a

SO3

exptL, Na2 S20 3 (3igand) q

If

Fig. V: 12. Shift in Kai radiatioi of muillfr dllPIuntOd by Uie of tifferont meth(tI and hybridizatiornN.

ferent molculhes acquire quite different potentials, For moment but to a le,• extent than the poteIntials !tt the

(:a(h atorm, however, the summ ation converges and individual atom:s, since the mnholeco lc is electrically

the (ffect is therefore not revealed if the calhula. neutral and therefore the positive and negative 'on-

tions are restricted to one molecule. When a cull with tributions cornpensate each other,'r 1s

no dipole monment is used, equivalent atoms have the In Table V :4, we have given the calculated 1 noton-

sam(e potential. This is illustrated inr Table V 3 for tials as well as total clectrost:itic energieg for a number

Na:SOa. The total enmergy is also affected by the dipole (of crystals. The crystal structures are taken from
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CHLORINE Ko(
AE

eV

sp d B sp3d
0

334 2

2 sp d // - -B

rNa CL 0
exptl

mNa-- 03-•z-L

1 -,3q

exptl Na C q

/
t ~-1

Fig. V: 13. Shift of Ka radiation of chlorine calculatod by ume of different inothodFi and hybridlizat~ion".

Wyckoff's tables,1& In all eases a unit cell without di- Crystals of some different nitrogen compounds have
pole moment is -hosen. Wood's'81 valwuo for K80,. pre- alsio been studied, but the calculations are not yet com-
sumably calculated using the dipole moment of the unit plhte. For the nitrites, it dote not seem possible to
cell, are also included in the table for comparison, choose a unit cell without dipole moment owing to the

84



low symmetry of the nitrite ion. Therefore, the results Positive
become so uncertain that a comparison with experi- surface

mental data is difficult, charge
It should be emphasized that most of our results in

Table V :4 are only preliminary, sine owing to lack of + +e +

time they have not always been cross-checked (by r

use of d;fferent unit cells etc.) to the extent that would + + + + *
have been desirable. . + . . + . .

The total chemical shift in the binding energy
between a crystal and a free atom can now be calcu- - + + 4 + + +

lated by adding the ionic shift (AEM.) arid the crystal .+ + + + + +

field shift (AEo,,.,) with the effective charges as para- - -

meters + ÷+

AEmIjc . AE1 °" + AEcryt". (6) *' + +

(The value of AE,,., in eV is equal to the crystal p0--I

tential in volt given in Table V:4). By fitting the cal- Negative

culated shift to the experimental value, one can in surface
principle determine the effective charges. However, charge

the experimental values are related to the Fenrmi level, Fig. V: 14. A unit coil with dipole moment leads to a surface
while the theoretical values are related to the potential charge on the cry4tal.

at infinity. Therefore, eq. (6) has to be corrected for A comparison between, for instance, the different
themprioworkee, orfntunettionf~n

the work funution sulfates in Table V:4 shows that the potential on

, 4-= A ..•- . (7) corresponding atoms may be quite different. The

Table V :3. Crystal potentials in Na2 SO, (volt)

Unit cell with dipole moment

Atom q Molecule I Molecule 2 q Molecule I Molecule 2

Na 1 - 12.2 - 15.2 1 -13.0 -- 16.0
Nd I -14.7 - 9.1 1 -16.8 -11.3
8 0 -11.0 -14.0 2 -32.0 -35.0
0 --2/3 2.8 - 1.7 -4/3 14.4 10,0
0 -213 3.1 - 1.8 -- 4/3 14.8 9.8
0 -2/3 0.6 0.7 -4/3 12.2 12.3

Energy (oV) - 15.6 -- 11.2 -74 -- 702

Unit cell without dipole moment

Atom q Molecule I Moleculo 2 q Molecule I Molecule 2

Na I - 14.8 - 14.8 1 -- 15.6 -15.6

Na 1 --14.7 -- 14.7 1 - 16.8 16.8
S- 13.6 -13.6 2 -34.7 -34.7

0 - 2/3 - 015 0.5 --4/3 11.1 11.1
0 -2/3 - 0,5 0.5 r 4/3 11.2 11.2
o 2/3 0.5 - 0.5 -4/3 11.1 11.1

Energy ((!V) 14.2 14.2 -732 73.2
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Table V :4. Crystal poterntials (volt).

At)mo q V q V Atom q V q V

NaNa,8(

Na 1j4 - 0.5 1/2 1.0 Na I - 14.8 1 - 15.7

Na 1/4 -(0.5 1/2 1.0 Na 1 -14.7 1 -10.8

8 - 1/2 5.9 -S1 !1.8 0 -13.6 2 -34.7
n -2/3 - 0.5 -4/3 11.1
Oe -2/3 - 0.5 -4/3 11.1

() -2/3 - 0.5 -4/3 11.1

Enorgy (eV) - 14.2 - 73.2

NSt(i,)O NaISaOa

Na 1 - 7.5 1 -6.8 Na 1 - 7.1 1 - 6.4

Nit 1 -7.3 i -11.5 Na 1 - 7.7 1 - 6.9

8 0 -3.7 2 -20.3 8 4) -4.2 2 -220A.
A -1/2 5.1 -1 12.9 8 0 2.6 -I/2 10.4
0) - 1/2 5.6 - I 17.11 0 -- 2/3 6.6 - 716 19.0

0 -1/2 5.9 1 1 14.4 01 - 2/3 61.4i -- 7/0 15.0

0 -1/2 5.7 -- 1 11.8 0) - 2/3 7.3 - 7/6 18.4

Energy (vV) -- 13.0 58.0 Energy (eV) - 14.1 - 60.7

Na3 S()4 mod. III , %SO, mod. V.

Na 1 -9.I 1 - 8.9 Na I - 136 1 -13.6

Na i ,9.4 1 10.0 ha 1 M. 6 1 -13.6
S 0 -6.5 2 -26).2 8 0 11.3 2 -30.3
) -1/2 4.0 - 1 14.4 () - 1/2 - 0.,6 -1 10.0

'1 -. 1/2 4.0 -1 14.4 0) - J/2 0- 0.6 -1 1VA)
0 -1/2 3.7 -- I 14.0 0) -- 1/2 0(.0; - I 10.0

0 -1/2 3.7 - I 14.1) (0 - 1/2 W,0 - I 10.0

Energy (oV) - 13.3 613.0 A ,iiergy (,NV) 1 3.0 W A3R.o

R('So0 K'StO Wood",

K 1 --13.1 1 12.4 K I .1, - 7.6

K 1 -- 12.9 1 13.2 K 1 7.8 1 -8.4
0 0 -11.8 2 31.1 S O -0 6.4 - 25.9)

0 -- 1/2 - 2.1 1- I .2 ) - 1/2 3.) - 13.7

(1 - 1/2 1.2 - I .1 () - 1/2 3,8 13.8

O 1/2 - 1.5 -- 1 W2 0 1/2 :.7 -- 1 13.5S11~~Eug I/'). - 11.4 -192 O1237 - :.

1n,.rgy (ell) 11.4 61,7 in- rgy (vV) - 11 - (1.2

NMI N.('I0,

Na 1 -7.A1 N2 1 7.2 I - 7.5
C1 - I 8).1 ('. 0 -- 2.0) 2 -. 20.3:)

1 --1/4 3,4 - ';/4 13.10

I- -- 1/4 3.4 3/4 13.0

(0 -- 1/4 3.:j " 1j1 13.6
NaIIIO, () I/4 3.0 -3j4 1:1.6

Nab 1 4.2 1 8.2 Ergy (vV) -- 5.2 --44.0
CI 0 8.s 2 (.3

0 -1/3 15.3 -I 32.1

(1 -- 1/3 15.3 - 1 32.1

0 -- 1/3 15.3 -1 32.1

Enorgy (oV) - 5.5 50o.5
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-offective charges anid therefore also the ionic shifts gand sulfur (Fig. V: 15), sp3 hybridization gives an
can be assumed to be very similar in these cases, anid effective charge of abiout 1.9 on the central sulfur and
consequently one would expect the differences in the about - 1.0 on the lip'and sulfur. The corresponding
crystal potentials to appear ;n the binding energies. Va!ueS. withl ;p3d hybridization are 1.4 and -0.H5,
Experimenvitally, however, no such variations have been respectively. With a charge difference of 2/3 units
found. 'The( experimental binding energies are the same bet~ween the oxygen and the ligarid sulfur, th'ý Ararge
wjtho~l onie electron volt in these cases. This apparent on the central sulfur increases by ahe'.t 0.5 uiots.
discrepancy couidl he explained by variations in the The effective charges obtained above are numerical-

reference level, whieb almost comptletely compensates ly somewhat larger than those deduced in Section
for the variation hin the crystal potential. V:51). When this comparison is made, the following

By comparinig the results for the different sulfates should lie remembered, Firstly, the effective charge
in Table V :4, one finds that. the potcntials aire shifted cannot be exactly defined anid, therefore, the. quantity
by nearly the samie amiount. foir all atomns. In other used here riced not be p)recisf-ly the samie as that in

words, the relative postcitials tire( almost the samne for Section V:51b. Secondly, there are appreciable uncer-
all the sulfates. Trherefore, it, is believed that the rola- taintie~s in both estimnationr. Figs. V: 15 and V: :16 show
tive. potentials have more prhysical significancoe thanl clearly that the two cont~ributions, the ionic arid the
the abrsolute. ones. If the calculated shifts are always crystal shift, tend to' counteracte~ach other, which makes

referred to the potential ait the ~-'tion, the prolilern the total shift one order of magnitude smaller than the

with the un~known zero level (and therefore also with mimni eontributions taken separately. Therefore, a rela-
the work funcetion) is eliminated. Since the eXlteri- tivelx' small error in one of those may affect the result

mental variation in the hiniding energy of the cation seriously. Furthermore, the unknown contributions
is small (usually less than I (NV), it needl not he con- from d orbitals to thc bondii makes an interpretmitiomr

sidered here, although, it is easy to correct for this dlifficult. In spite of this, some. qualitative conclusions
variation, if a 1111urte acurake Cooll iampison i8 required. can be; draanii Ar, inentirmned previuirily, the. atomic d
One could, in p)rincip~le, also use oxygen its at reference. orbitals used in the calculations here, exaggerate the
However, since. the effective charge, aid therefore also effect of the d orbitals, and, thereof're, it should he

the ionic shift, of the oxygens may differ from corn- sufficient to include one d electron. It may be deduced

pound to composund, it is less suitable for this p~urpoise. that the effective. chargr ni the central sulfur lies
between 1.5 and 2.0 and hence, a value rconsiderably

than less 1.5 is difficult to ,xplain on these, grounds.
Appliamwnto slfurcompunusFor othevr sulfur ennipouminidl with only one. sulfur

'rh(- most interesting sulfur compround( for the lpre, atom, the comparison with exp rmrtental values is mere

sent investigation was thiosulfate, which hasi two difficult. The l,est way is proloi I.) to uist- the cations
sulfur abtoins inl (iffixrnt, Isositions. The differeiice. in for reference purposes ast decrci ci prev iously, Inl
hin' i !! viterv e Isiwi' fi tese twit atorrins is i udetrind- ionic compounds, where thep oaf iorii always has the

emit of the work funcetion, and the problemn with the same charge, this methodl should Ille fairly reliable.
refereiice le-vel discussed above vanishes. Figs. V :15 In N 2 SO 3, the potential at the centtral sulfur wit I
andl V: :16 show the difference in t~he ionic, erystal and a charge of A--2 is about -- 14 V relati ve to the cration.

total shifts for different hybridizations orf the central In Na2S()1 , the corresponding valu ie is -- 19 V and inl
sulfur. (The ligate1 sulfur is assunred to have a coll- Na 2SO, -- I 6 toi - -17 V. c¶~xperiltiriiittlly, the shifts ill

tigurratione of 81)' character.) Iin Fig. V: :15, it is assuined these cotiIrmpornds are 0.8 vV anid 1 0.5 eV, r(51 )oc -

that tire chtarges onl the I igilmd sulfur and the uixygeirs ti vely, relative to tit(e central sulfur inl N:a2 82,O,. From
aire the sunre. IDue tor the (difference imi electnrolegati vi- this (tie earl co nclude that the effective charges oiii the

ty, the itxygemrs slihould be more miegati ve, atrid Fig. V: :16 sulfu r in sum fate arid sulfite shouild be nearly the t4ame e
sho tws the et rresjrond irig resurlts assumntiig aL charge beinhg bmothr sontoewhat larger than on thi' central sulfur
uliffirence of 2/3 units. In both figures, the expterimnental in thiostrlfatct. Owing to the runcertainties involved, it
shift, (6.0I eV ) is mark r-i. doeis riot seem possibhle tor draw airy more precise coni-

With no charge (differencee between oxygen aird Ii- clusioris frorm the available data.
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20 total shift

9p~2  0- exptl
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-0.5 -0.75 -1 ligand sulfurq-10

: -20

-40h

Fig. V: 16. Shift in 2p level between the two sulfur atoms in Ni½S1 O3 . No charge differencev between oxygen and ligand sulfur.

Applicalion to chlorine compounds accuracy, a comparison with theory c-Ir be made. As
The measurements on chlorine compounds arc based before we 1te the cation as reference, and the theoretical

on NaCI (sce Section V:4). Since the structure of this shift for NaClO, and NaCIO, rclative toNaClisae shownt

latter compound can be treated theoretically with some in Fig. V: 17. Assuming sps hybridization, this yields
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Shift Na2 S2 0 3

eV

50

sp d
40 ionic shift

sp3

30

20
total shift

sp d
10 . pd$2 p.
0- -p-d2 0 - ----- exptI

-• • -.I "-

2 central sulfur
-0.25 -0.5 ligand sulfur q

-10

-20

-30 Crystal shift

-40

Fig. V: 10. Shift in 2p level between the two sulfur atA)ms in Nark 9(). Charge difference of 2/3 units between oxygen and
ligand sulfur.

effective charges of 1.2 and 1.3, respectively. If the by only a few tenths of an eV and thus be. of little
lysible contributions from d orbitals are considered, cone(quencx to the present discussion. Also, a mede-the charges become considerably smaller. NaC1 is pre. rate. degree, of covalency in the Na - CIO, and Na-C]O,
sumea to be purely ionic. However, an admixture (if bonds would be unimportant.
e.g. 1) % covalent character would change the shift
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V 3 d2sp
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0 I
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Fig. V: 17. Total shift in 2p level of chlorine in NaCIO, and NaCIO, relative to NaCl. T'El cation is used am it ndrefrnce in
the ealkulation.

Interpretation of chemical shifts in X-ray emission lines rence between two inner electron states, one can as-

Chemical effects on the emission lines in X-ray sume that tho crystal field has only a small effect.
spectra have been studied for several decades (see In the simple model for the crystal field used above,
e.g. Refs. 105, 106,120, 183, 282) and different interprr- the energies of all inner electron states are shifted by
tations have been suggested'8,-386. Since the energy the same amount, and eonsequer.Aiy the emission lines
of the emission line is essentially the energy diffe- are unaffected. Some free-ion shifts in the h(). radiation
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are given in Table V:2d and the results for sulfur Further inicstigations

and chlorine are illustrated in Figs. V: 12 and V: 13, As mentioned previously, the calculations presented

where some experimental shifts are also marked. When here are only at a preliminary stage, and further in.

these figures arc compared with Figs, V:8 and V :9, vestigations are now in progress. Some calculations
showing the corresponding shifts in the binding ener- have been made on elements in the second period

gies, one finds that the shifts in the( emission lines (C, N, 0), btit they are not yet complete. In these

depend much more on the method of calculation and cases the contribution from d orbitals is supposed to

on the assumptionn made concerning the hybridization, be small and, hence, one of the main obstacles facing

The main reason for this is, of course, that the shifts the interpretation of sulfur and chlorine data would

in the ermrission lines arc one order of magnitude smaller be absent. A further approach to this latter problem

than the shifts in the binding energies. involves calculations of the distortion of the atomic
Assuming an spa hybridization for sulfur, the effec- orbitalN by surrounding atoms or ions. We hope that

tive charges for S ,4 , and ,S2023 (central it will be possible to derive snort realistic wave fune-
atom) are in the range 1.7 -2.0 and for the ligand sul- tions particularly for the excited states in this way and

fur in $ 20• about 0.5 (see Fig. V: 12), These values make more definite statements about elements in the

are in good agreement with those obtained from the third period.

shifts in the binding energies above. With sp 3 d hybridi-

zation the calculations of effective charge do) not give V :4. Correlation of ESCA Chemical Shifts
reasonable values. with Valence

Qualitatively, the same results are obtained for

chlorine (Fig. V:13). Here the charges deduced from One of the many waysi in which ESCA can contri.

the shifts in the emission lines assunling sp hybridiza- lute to the solution of chemical p)rol)lems is to be

tion are somewhat larger than the corresponding found in the study of the chemical bond. This is a

values obtained from the shifts in the binding energies. large and important field in organic chemistry. Since

spad hybridization again yields (jilite unreasonable organic chemistry is based on the clveiiie ; car hbon, and

values. since carbon is versatile from the point of view of cbe-

The fact that the shifts in the (emission lines calhc:u- mIical irindig, the numble'r of comnbinations between

late:! with a configuration of spad type are signific:Lntly carbon and other light elements in organie chemistry

larger than the experimental shifts has two possible is verry great. Of these the elements hydrogen, oxygen,

exl)lanatihMs. The calculated shifts are related t) free nitrogen, phosphorus, sultur, and the halogens areO the

atoms in their ground state (no hybridization), while most conrnmon O(eS. For the study of the reaction

the experimental values are, in the cases considered mechanisms in organic chemistry an understanding of

here related to elemental sulfur in solid form and eblo- the nature of the chemical bond is of great importance.

rine in NaCI, respectively. If there is a considerable Electron spectra have been shown to depend on valence

admixture of d electrons in these reference substances, in chemically combined elenments and the chemical

the theoretical shifts would he reduced to more reason- m-t ifts reflect the charge distribution in inrolcules. see
able values. Elemental sulfur might have such admix- Chapter 1 and Section V :1. Electron spectroscopy

tureP 2 but hardly NaCI. Therefore, a more probable should therefore be particularly well suited for the study

explanation is that a configuration of sp~d eharactor of chemical bonding.

with free-atom orbitals exmggerates the effect of d ad- The application of ESCA to structural problems in

mixture in the sulfur and chlorine bonds. If this con- organic chemistry appears to have great potential value.

elusion is correct then together with the previous con- Electron spectra of an element are scinsitive to suoh

clusions on the shifts in the binding energies, sone structural variations that involve changes in the oxid-

limits can be determined for the effective charges. ation state, or more generally in the valence state. The

However, it should be remembered that the -elttive method is thus of value for the study of isomneric strun-

uncertainty in the theoretical line shifts is considermblh: tures in which elements are involved in different xid-

and, therefore, no definite. conclusion should be drawn ,tion states. (An example will be. given in Sek.tion

at the present stage. V:Sb.)

7- M011103 Nova Adia Rleg. Soc. Sc. Up#., Set IV. I'ol, 20. Impr. 26/, 1967
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(ai toW some organic sulfur compounds5 3 (Table V:5) and

Fig. V:18. Chemical shifts in the K and L shells of sulfur to the 28 subshell of chlorine (Table V:6). The sulfur
versus roxidation number iii a series of inorganic compounds shifts do not fit well into the correlation previously
with sodium (a) and potassiuti (b) as eatious. 0  obtained with inorganic sulfur compounds (dashed

line in Fig. V:20). This is mainly due to the rather

The ESCA shifts used for the discussion in this arbitrary character of the definition of oxidation num-
section are taken mainly from early meazurements on ber (Appendix 11), which approximates every bond be-
sulfur" and chlorine6 1 in a series of compounds repre- tween elements of different electronegativity to a fully
senting widely differing valence states. ionized bond.

In certain compounds it may be doubtful which of
Correlation of shifts with oxidation number the bonded atoms is the more electronegative. The

In previous papers 0 ,-1 the shifts have been corre- carbon-sulfur bond is an example of this. On the elect-
lated with conventional oxidation numbers for series ronegativity scale (Appendix 13) carbon and sulfur
of different compounds, e.g. sodium and potassium have the same electronegativity. Because alkyl groups
salts of sulfur compounds and sodium salts of •Alorine possess a positivc inductive effect (p. 206, Ref. 187) they
compounds (Figs. V: 18 and V: 19). are usually treated as electron donors in relation to sul-

The investigation of shifts has now been extended fur. Thus sulfonic acid sulfur is assigned an oxidation
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numher -1 4 whereas organic sulfide sulfur is assigned 10

an oxidation number -2. 10 -
The oxidation number is defined as the charge, that

is left on the central atom, when all ligands are re- 8B

moved with or without the bonding electrons, depend-
ing on th(ir electronegativity. The oxidation number 6
highly exaggerates the charge on atoims because it
ignores the covalent character of the bonds. When the 4h
bonds have little ionic character, the concept of formal >-(D

charge (Appendix 11) which approximnates every bond 0] 2
to a fully covalent bond is a better rep)resentation of the CI K
real charge distribution.1 8 8  

w 0
z

C:orrelation of shifts with a modified oxidation number i
z 10

When ESCA shifts are subsequently correlated with FM
oxidation states for the various sulfur compounds listed Z 8
in Table V:5, better results are obtained, when the w

electrons are assigned as follows: for large electronega- z 6
tivity differences, I X - XI, the electrons are assigned <
according to oxidation number rules and for small ochc- L

tronegativity differences according to the rule for for-

mal charge. From a consideratioa of the relation be-
twe(In electronegativity and amount o.' partial ionic 2 GI

character, I, of single bonds (Ap)pendix 14) an electrone-
gativity difference of 0.5 has been chosen as a limit for

the two ways of assigning electrons. Thus when the 1- 1+ 3+ 5+ 7+
electronegativity difference is >0.5 the assignment is OXIDATION NUMBER
made according to the rules for oxidation number and NoCI NaCIO 2 NoCIO3 NaClO4
whei. it is < 0.5 according to the rule for formal charge. COMPOUND
In this section the quantity thus defined is called "me- Fig. V: 19. Chemical shifto in the K and L1 shells of chlorine
dified oxidation number". The correlation between the in a series of inorganic compounds.'1
ESCA shifts for the sulfur compounds and their modi-

fied oxidation numbers obtained in this way is shown
in Fig. V:21. An improvement resulting from this in Appendix 11 is applied, the assignation shown in
modiificaioin is that both odd and even oxidation Fig. V:22d follows. With the modifi ed oxidation num-
numbers become occupied. With the unmodified oxid- her, the last assignation is unambiguous.
ation number scale elements in odd groups in the The chemical shifts may be regarded as measures of
Periodic System mostly occupy odd numbers and elc- the atomic charges in molecules or crystals, see
inents in even groulps even numbers. Sections V:2 and V :3. From the observed shifts and

A further example of the difficulty in applying the by making the appropriaP.- self-consistent field caleu-
concept of oxidation number to complex molh.cules, is lations in the free-ion model, the degree of ionization

provided by the thiosulfate ion, in which the sulfur could in an earlier paper"5 be related to valence (de-
atoms are usually assigned the oxidation numbers 1(i fined as oxidation number) by a single coefficient in
and -- 2 respectively by analogy with the sulfate ion such a way that a consistent correlation between
(Fig. V:22a,b). The central sulfur atom with its for- degree of ionization and shifts was obtained. Since tho
neal positive charge will he more electronegative than degree of ionization can be regarded as an idealizod
the ligand sulfur atom and a more meaningful allocation representation of charge, this is an indication that the
would then be the one shown in Fig. V : 22 c. If rule No .3 chemical shifts reflect the charge distribution in mole-
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Table V :5. Chemical shifts in the Is level of sulfur and correlation data for sulfur compounds. (Sec also Figs.
V:20, V:21, and V:27).

Olxida- Modified
Shift t ion "X. I

No. (Componh d oV numehr numblor IXA- (Chargo

I Sulfur 0 0 (I 0 0(0

2 Na,S - 2.0 2 --2 1.6 47 -0.94

3 N%80, 1 4.5 1 4 1 4 1.4I 22 - 0.8

4 j 5.3 -I j 5 1.0 22 -i 0.99

1.7 -- 12 - I10 0 -0.50
5 NatSt0 -1 5.8 .1 6 - 6 1.0 22 1 1.32
6 K2S -2.1, -- 2 -2 1.6 47 -- 1.02

7 KCSh ,- 4.6 4 -i4 1.0 22 1 0.88
8 K280 - 5.4 + 6 1 6 1.0 22 1 1.32
9 118 CI 1 C•(I(NIlCl)(')( I()il 0.1 -- 2 1 0.4 0.4 - 0.04

10 I'vidoillin I 0.3: 2 0 0 0 0

11 O' N-S N 1.4 - 2 - 2 0.5 6.5 -0.13

/

12 / 3.0 0 2 1,0 22 -(0.44

13 \\SO'Na 1 .. 2 4 2 -j 3 1.0 22 i 0.66

14 S(I I,'N a 5. 1 4 5 0 22 (l1.10 " : .,4 2 00 0

15 Hepari nAri 6.3 ( -1 -; 6 1. 62 -2 1.25

16 1 )extxa ()IS(),Nt. -j 5.6 6 .- 6 1.0 22 I .32

eules. Because (if the simplicity and usefulness of this Correlation of shifts with charg!

concept we have adopted it. aLs a preliminary working Estimation of chart;, hawed on the conrept of electro-

hypothesis. We have, however, seen that the oxidation neitivity •tnd the theory of re,•oance.--The estimation
number highly exaggerates the charges oil atomlis. An o(f charge distribution in Inohlecules is a difficult

attsmlpt has therefore been made to derive a more problem. In certain systems it can be calculated by

satisfactory sciale for the correlation of shifts with quantuni mechanical methods. For sonic of the, sinsp-
'vahlence state" expressed it terms of a calculated lest compo11 uds charge distrilbutions calculated by
charge. mneans (f quantum chemical methods are availalhe,

hut since the Methods and choice of plarmeters for
Tcdie V U. ".Ci'i,-eal shifts in the 2p 1w cviof chlorine these Caiciih4ti(n.s have differed, the resuits are not

and correlation data for chlorine compounds. (S, c r
Fig. V : 28). c()Il)lbh

__,eeent develol)ments in the electronegativity con-
Oxida- cept, have ied to relatively simple methods for the esti-

Shift fiol (8g p
Compoubnd e V IndwlIr IXA -h i% Ina tion of charge distribution in nilecules or groupfs.

"" These are based on the principli of equalization

NaCI 0 - 1 2.1 67 0.67 of (,ectronegat.ivity upoll hond formation it0(d operate
NaCIC,1140,8 1.8 - 1 0.5 0.,5 -4.07 with orbital-, hond., ;11d groiul4-.4l4.-.roni(egativities (Ap-
Natl(O) 3.8 4 3 05.5 6.5 4 0(.20 plnlix 16). Unfortunatfly, in tho case( of the higher
NaCIO 7.1 4 5 (05 G (.5 4 0.33 oxidation states of, for example, sulfur or chlorine, they
NaCIO, 9.5 - 7 0.5 r.5 - 0.46

fail because If the lack of fundame(nt.al data for estima-
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Oxidation number
Fig, NT: 20 ~ ii, C~( iji(- ,jjifti4 if, tIll, Is A-11 ()f ý illfir vt iii. oxiIjit nt ii

454

. . . .. . .. .

MoAidoiainnme

0 i. V 2I 'i z iil s it n t ~ 1 de! o n i 'rii iiiite xiuiii n t e

Howeigr V:21 employing l a oifiiatmit, o the( Irs qhlleldur of Pauling is based (ill theoxidaoiceptuiif

cedure 1180(1 by Paulizig for estjmaitifiin of charges oil paritial ioiiic character tof bonids (Append~ix 14). ForatomsH ini fliilectiles,iia Iti~sed onf the originial concept of thits treatmenit knowledge of the exact bonid lengthselect~r(inegiLtiv ity ats ani invariant, :tomic property, we iii molveules and of the pure sinigle, douible aind triplehave derived at mzethod for calculating charge, which bonid lenigths of the bonids under conisideration is re-
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Structures according to 0
i0

(D 121 0 0.83!
Lewis Oxidation numbers jo s-ol __

101 101
G 12(De 29 2 between oxygenI and sulfur to a dlegree, of 8:3 per cent:

10 - S- 0i - > 101 S 101 a The C'harge on ilhe. sulfur then becomnes -1 6 4

4 -40.83: - 1.32. Hach, bond( is assumed to havo the

101 too amlount, of ioniv character eorresJpondliny to the eleetro-

02G0 negativity difference between the, two atoilis, 22 per

cent. (Appendlix 14). As a result of ths p-irtial ionic
2G) character the sulfur loses 4-1.83- 0.22 -1.61 of its

0Q i share. of electrons to the oxygen, anl the residoal
29 2E) charge oil sulfur becomles -- 1.32 41 ],(1 1 0.29.

I Si S 101 b Unfortunately acecurate bend( lengths are only
available for a limited number of molecules. We have,

101 hiowever, mnade approximate estiumatio ns Of bond

2-e niu nil srsas fol lows. ]It the( rvs' mane' theivry (Appv ondi x

1 2) there MT' Certaini roleVs fo17 ('st1inatiug the( IfllajiVe

2G ~weight of eatch of the Atructo rcs contributing to at re-

10 101 sonance hybrid. 15 14 The most stable structures cojitri-

E) 120 qD j; 2G bute. most. According to the principle of ilectro-

I S - S - 01 is- is 1I 5 I0i C netrallity (pp 172, 273, Rvf. 1913) the most ýt~ablv
I 8tructureq an: thi w- in whIiich there is a it inini iti Of(

101 161 charge sojiai dliio, ýStru ettuus with charpgi of trie
smm-n sign Onl ad~jaCen~t atoms1 are less stil abeinol miake

smnall contributionis. (AdIjacent char~ge rult 1) . 270,

2e Ref. 193). In chargedI structures, the structures, with

I 01 iif rativYe charyges oin the inost electron egati Ye aIlto11(5

are the moist -table. 8elIecti ug the st~ruittui s wh icli

IS. *S 101 d be'st coinply with these. requiremnicits we have est irnat..
edl qpproxiinatei bemlndumbeilrs for- CRliolatiiii Of

charpes. Allo'wing for (1, bonidi ng inl soulfur compound ms,
TG the. structures inl wthich the cen tral sulfutor attoi is

F~ig. V: 22. I )rkVKWtIo Of oxidittiol imo hberm fer the( muilfittv (LiI formally neutral have, is en- cho seni. We shall ill iv~tratf,
thi'*tsIrLCO ioOs. the III Jit~l ¶1 il by throe scxampI i;s, the so! tab', mi1(1I tit(

(juireil. The i)nriul lengths are used1 to VlitillnatAI the. tiMMCi~I41,)iRHU1 11ii'

hoImm nu nis r, n., whichi rejoresolit~s the total dlegreft' pimf I . troi u i th e oxgI cwis arc Aritre w it (I eicin
COva~lent bonlliritg between~ Itiii 1111, The basis for the tinra!st!;rotm theoxygn illord ' are nvhoed it, ftI(- forni-
Calculatonl of this quantittY is given inl App~etidiix 15. hrg ntn ifiri n

1-I(fre, we shall onely il lum ,tratit the use, (f % for calci elig!oi lcsifrMm

liition of chna'ge by givinig PanIi ng'm cii ceilathiii (of

charge on theý su lfur ato'ni inl the so Ifitt ioii (1. :322,

The bnIsindumbei sr (it the sulfate ion1 eacalcuatedl froi iri

biond lengthls is 1.83. TIhi ii mnalns th at an ex trat vleetri ni

pair from eChLI oxygenl inl tOW LýWis structure is shared I
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101 161 101
- 1 I~ - - 0

0=5 Q ~O=S=0 6=QS-614-
- I - It

101 101 10110
G)G
ig-s-o' 10 s- 1 - =

iS0S6 'O-S-Oi OS=
I III

101 101lo 101
124))

I G)

I - 1 - - 1

11101 101

(b))

F~igV23 vmine titrsfrtos fko(4 10,~ t,1jtilft jot,"()
A~~~~ ~ ~ ~ stucur obaie in thswy(1 9ttlsol o 4 .- ,2-113 h ufram hc

covalent ~~~ ~S- -0 bold. levt attl S-Sur -0ag o .3.Ti apo
Thc ~ ~ ~ ;- = nioe of bod, J, lit~iud ytop t xf t mto Hi wt 2 er~ aiono h elcag

structurIeii Vf typ. 11 can w draw (Fig. lfur fora) tIn o IiU Th fat (a) nnw Htrutccni tum for8 (6). tioula o

theme every sulfur-oxygen link is three tineii it mingle are shown in F'ig, V :231Ii. The liond number, n', for
bond and three tiniev at doul.Ie bond. Thei~se structures the mulfur-oxygecc biondsf is (3.1 1 3-2)/1; 1.6, Tbewa

are i.m~u~ned to nAke tii.e, prvd.tniciatirig cýontri butions bonds triltisfer 1 3- 1.5 40.22 -- -I 0.911 to the central isul-
to the reninance hybrid. If the contributions of other fur atomn.The- bondl nurrbvr for the. ligand sulfur atom ill
less important strtictures are ixeglmcAdA, i boeolnes (3. I 1 3 -2)/(; 1.5 anid tho charge (3 (-. 1) -4 3 - )Jflj
(3 -I1 3 -2)/6i 916i 1A .5 Thit isi equivalent to "aying -- 0A.5
that -ts a result oif the resoranec- the Nix bonds iti the 3. Sodium sulfid may lie rpresentid. as followg:
t~ype 11 structure tare diitrilicted equally oiver the four Nt-8- i
lipanids, t~his n 6/4 - 1.5. The 50) per cent double
biond~ character iwitrmtizes the formal charge on the n 1, eharge. -- 2 - I1 0.47 -" - 0.94.
mulfur atom. Thet electroriegativity d'ffereucee trans.- In the, siane way charges have. 1smei calculat4Al for the
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HEPARI N COONa
I-0, CH20H COOCNIsoo ^ 0_4-, 0 0,,-o • CH20H

1O0 C S NIs CIS 52p N J o- 0 --•_. _O_ ,•f _ 0_.i v
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SODIUM DEXTRAN SULFATE -O-CH,

Ols Cis S2p OH0 H
-O--CH, H IOH HkAHF 0 H

HH H 
HH

1500 OH H 0 IH OH H/ ýH ,
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500-L
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BINDING ENERGY

leig.. V:26. P',lect~roi IiIei(tortii of H(L(iIzLin (lxtrial Hi~fiiti exieitiiI wiithI AAt4o radji i~io.

(iil oull'tU's listedi ilii'I'llbdes V:5;1111(1 V :6 I'll,' ijuitrtity 'I'he( r'lattlonshipi be(twe'en ciiliilat id (hargian'lir~
thivi cal cuilat(A call Ic ii i girdi It' it a Iif-iti Lre of "via- cheruicil 8h ift~s for siome chIorn ie cellI pI LI lds is.s~iI Lw

Ioi iisIiti '" ill terinu (if chuargi, and shoul hIU Ile d isti og- ill Fig. V:2. W ithi the sulfur toi pouLIIIM 11 If) aproxi~-

u ishi d from ciiharges v al cid ate,1 b y mnore e xact (jIIILturn~ mrately rectilinea plILIjlot waLs obI tainedi, Fig. V:27,
dilellinicl methodis or fromi experirienidi u shiftsi. whereas the plot with the chlorine eiirnpotinds ill lig.

81 ectra if S oili( of the -orn iioln ii s iii Talp c V :f5 V :28 1II ciirvljhnear. 'I here is l01 r''JIM11 1ll I Iji rtiCi oiLtV

are shonii l a-le~ igs. V : 24, V: 25. mid V: 26. In the large aIt illIVr shift.-charge plo t.. 'Ihel( free-ui iini mode in itnt s

penlicillin nmolveeul a4 well its ill th lie-ilfitecd iiolyslic. aln increasing shift Yper degree (of ionizi'/ttiol (Scet iii

clltrideMs lielliill arid (lex1.LLL 54111fat'l, the F:lllflur lines V :2 and V :3

Ire ats MhiLl-j L tLd dftl 514 Its uii ill TII I' I(i l't111C. Ciompiaredl with iother calcuIlatLio ns which allow fi r

(,ntrrchlioni of .4/t~s with. crharqr for sulfur anld chlorine d,~ bonedin~g the charges obltainedl for sulfur ill the higher
cimiioi sd. -iii relationsh51ip Injetwierl clIcu latedl oxidation statesi gL'(lf high. Thle charget oui mul for il tOiw

chlargi a~nd eheilIiuail shi ft~s fo r the sotfnur cIoflSrnpouds is sul fate ionl calcula~ted by the moi re Lexact WUild lengthI

pilotted iII Fig. V :27. Theli isop o f the regressionl line treltlT)Wnt O f Paultiling is for ing~taittic (1-.29. Prir aIIL

agrees wo-ll w ithI thvli sl obta iinedidui from11 ciomLpoun d 01,l 1[111460~l1)1((1bae onl the equal izationi of el wtri negilti -

No . 1 4, in'I'abl le V : ') ciiiitailling two I.W 1iffi rent co valirnt v ity (Appewnd ix 16i) the chalrgi 0(. 19 iii olit~aintt(l."IU

sulfur a~toml s ill the Hailne 111011 iii 'I'im i sc vlrilatioir In it recent quanitum rn temicat calculation usinrg tI ic
HVILIVl dii t~i IigU ishs li(tW((il 13 *VL~i'iWV Htaltes'' Corn- W'olfsl s'rg- (Iy lrn he dx approximation the charge oiii-

iared IWi th 5- IL id 8 ill Iigs . V : 201 and V :21I respectiv ely. laind riiil ilLililfilr ill Owlifi x llIte ion i anges from -0.1 I; ti
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Charge

Fig. V:27. Chomical Hhifts iii tho 1I diholl of eiilf.ir verHum calculatod charge.

1 0.52 when d orlbitals mit inieludcd and from MO-ICAO-,('F method without empirical parame-
1I 0.49 to 1 1.36 when d orbitals are excluded1'7. A terg and not allowing for 1,' bonding, gives higher

molecuhlr orbital calhulation on the Kulfite ion including charges on the. sulfur in the sulfale, 1 1.71), thio-
d orbitals has given the charge i 0.49 on the sulfur sulfate, 1 1.54 ( --0.96), and sulfite, -10.93, ions.=
atom'". Another calculation using an approximate For the chlorine-oxygen conmilnm ds. in which the

, ,g. N' 2-. C ei cal HIi.f o i 2p shell of
chlori"ne versum citividated chrge.

Charge
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electronegativity differences are smaller than in ' he Table V. 7. Bond numbers obtained from Raman
case of sulfur-oxygen compounds the simplified reso- spectra"0I and calculated by the present method.
riance treatment for derivatiorn of bond number seems
to give bcttcr results for the CI-O bonds than for the 1144, 201 Cale.

8-0 bonds, compared with data calculatod from bond 15

lengths. sl 1.-3 1.50

For the ehlorite ion, forcexample, n ý(I -lI- I- 2)12' &,05 N-H 1.46 1.50

L w 1.29 1.33

ojo0 numbers calculated on this basis are uncertain and in
0 (3the ease of sulfur-oxygen bonds too high. For soein

and he hare q i 2- 15 -0.05 ý 1020.Nmdlenth sulfur-oxygen compounds for which bond lengths are.

and thve bond numbe 1-.37.0- an 0.20.e ond8 lengt known, calculation of charge fails when based on the

324, givef 1odn93)137.dchre+03 p bonid length treatment. In fact, an earlier develop-
~l24,Ref. 1)3).ment by Pauling assigned bond number I.M to the

When comparing charges obtained with the present
treatment with charges from other sources it shoulci S-0 bond in the, sulfate ion"O (c[- present value 1 .83,

be, eptin mnd hat he tomc, (iecroneatiity p. 321, Rtef. 193). It is also of intoerest to note that

sicale ignores the influence of bonding on electro- odnmescluae ySeetuigfrecn

negativity. The electronegativity of different kinds of stants from Raman speetrat"' correspond very closely
Orbialsdifersmor orlessfro th avrag atmic to the bond numbers of the structures with formally

irbritgal iffers more, for let fromd in veraige atomic neutral sulfur, see Table V :7.
wietroiirelatively. Thrge difotrea bn d inveetolvnegativms TheS isame applies to calculations on various sulfur

and it considerable contribution from higher orbitals, clmretatiikno boned hornelit da rem2Ais ongstroersa inter

as for instance the d orbit-als in sulfur-o.x~ygen bionds, poaincý in hreirmiscnrvrili

the use of the average atomic electronegativ ity probab- therefore ge-ims justified to base the calculation oif

Iy causes greate~r error!s in calculated charges thkan V'hcn biond numbo rm for correlation purpossos on the simple
th lcrieaiiyufr'no r mlea o treamewnt involving resonance between valence-bond
texamlee inechlorineoyguteýn compoeumnds. r asfr tdructures ani1 a minimum of formal charges.

e~xaphtin hlorne-xygn copouds.The presei t approach is mainly concerned with
Another factor causing errors is the influence (if chreadlau ftelakobterime

charge, on eleetronegativity. Co~rrections can lic made ne-th .ods our estimation of chaiges on atoms hag beewn
for this (Appiendix 13), but because of the approximate. bLmse on the pr jsssel sirupliFeation of the Pauling
cOrnamta'r of charges calculatAed from electronegativity

treatment using bo~nd numbers. However, tWe un-
diffemrences, esp!ecially when d orbitals are involved, certainty in the bond numbers affects the calcutlation
we have ignored it in this section. of charges, 'rhe absolute values of the charges calculrd.-

For reasons obvious from the discusrsion in this ed by the present treatment should therefore be rc-
section the proposed correlations must be, regardIed am garded as very approximate. Theyshudolbesd
tentativet and liable to further modification and refine- fo oprn )~ gefcsi eishoul onmlyr beom-e

merit.pounds, i.e. only their relative values are. significant.

IDicuia ion The eoirrelation of chemical shifts with independent-
ly estimatedl charges conwtitutes an interet~ing con(tri-

The Pauling treatment is mainly concernedY with buti(,n to the discussion of the character Of ls)nds.
bond lengths anid interprets bonrd shorteniing as being Provided that the IHSCA shifts reflect the ato~mic.
solely due to a higher degree of bionding. i8ore objec- charge in molecules in a consistent marnner, agreement
tions have been raised over the preponderating double. of a calculated charge with the general pattern implies
bond characto-r that thiH treatment assigns too sulfur- that the structure on which the calculation of charge
oxygen bionds 1'" 'lhimi may bie an indlicatioin that lmnd has bieen based is correct. lieviations from the gene-ral
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qable V:8. Electronegativity values of elements in- V :5. Chemical Binding and Molecular
violvcd in nitrogen bond~s. Structureý Studied by ESCA

'11'.lio ~fctrovat4ivitivg1,1 of vtiviieits wit Ii ii. In- Oii rg'! hi.11n5a eCAsit ontoe
beein eorreiti'i acei riting to Paiiti g (1). 66, Rvf. 174). V a.E C shft of nirge

____________________ _________ S i nce nitrogen bloniigs to the seci ed peiriodl it, Oibeys.

i'~lomm eit III git Iv ity EIvin ienti iiegaiiv ity the oc-tet rule and (1ait ii t ex pandi its vatleii i shellI by
- the use of d oirbitals like for instance sulfur. rhe comO-

it 2.1I N ~ 4p1icationls caiisetl by the* expanlsion of the vatleiice shell

2.1 5 3. in the estimration oif the hiond n iiun r neceessary f ir the(-
CD 2.2 :1.2 en len Iitii ii of at onmic (harge from teIectronegatti vity

N .1 0 .r differences andI patrtial ionic chatracter of bsonds (Sec-

the study oif FSCA shifts use is mande of the abisolute

coirre lations woulId mneini that the structure cho sen for vail tie of the cide-tilatted catrges (its for infstanOce in

the caleiilntion hats beent~ incorrect. 1)eviations van c0iU1 riisiioi with charges from other sources) nitrogen

therefore serve tAo single out: interepting cases for study, is eors~iseqetily -nore suitable than sulfur. We have

Mitd may pro v ide usiftil inifornmationt on chenliald mnndt fairly exte-nsive- measurements of ESCA shifts

structure. ini nitrogen comnpounds. Thirty-nine organic c!ompounds

It should lbe noted that this approach dliffers in were staidiid and1( the nitrogen Is level wasm treasured

pri ncipIle fromn calculation of chaLrge4 fro nt observed fri om the e-cet~ro ifl5 cetrt .761 Bo th sol id1 and liquid

shifts (see( 8Sectji im V:3). The latter appijroaich is hiasie samprle:4 wire investigated in anl effi rt to co ver a

in the atssilnitjit iin that it defi nite relattii nshillij eists rii si nablily wide ranlge' of calCHulateti charge on the.
betweeni shifts atnd charget distribiution. The foirmer nitrogen.

approach instead poses the quiestioin whither the shifts (;alctha~ion~ (of churpe
really ri-flei-t thev chargie (list ri liltioli ini ito ti'leus. A
comb iination i(if t~hfesi Iwo a ppruoaches is therefore In compondIsnnis wi tb foirmalI charges the electri mlga-

highly desirable. tivitivs were correet,(d for Ithe effect of electric chargo.

The eiirrelittio n iif cheivini el A i ft~s with indvp-li mdent- A tcoriidIng toPa I'ilitg," o ine uinit, if 1fornmail charge

ly stinatl cargs un rn ~tsti ii i va of~ r te hit nges thi eli etri va gtti v ity vialute oif an chin ent by
stuy iiftiu i uxtlic , o ftiri xyg iiI udslii~ ilul in xi inately two thirds of the ('lectriinegativ ity dif

if hiav ing beei ii temsi ly iiivi stigati d li by n O ists foir fi-roice het-wiin the actulal element, andI the next V i.-

si viral ilevadi s, the 1;iue character if twhee howinls is mnent in the I ~eriu iie Titb l'ai (see Appendlix 13 ). The,

still at Hul juet if dlei jte . clictri ungati vit~ii , X, of the rioist iminpiirtan t iutoiuns in

The C1cii~iieiiiii thatt can1 itt puresieit lie drawn from nitrogen iirgitnie ehjjoimitfmy are listed iii Tiable V X

this iiiieusiiii are:The piartiatl ionic (hvitriti br, I, of the Variouis i in lls in

Thc rv!ation;nhijp liI-t.w."eniT vlenci( &fiiiilI w.8 oid~- Table V :9. P artialI ioi iIc etiitracter for himiuti, (iiiveilv
atiumei nun iihrs amid 'ESCA shift s hit" I ittli real pyH iva front the relat~ii mshill hy I '_u ijhg.11

nmeaniiug, althouigh it mayt bs very tmisful its it giiiuli fur isgsrfrt t:eluuiiso ,agi utou

handling shift datat.-
2. rhe nulittimitips l liutwuee i nde jsnd'iti tly vstiinated Paurtialit im.1iii, Ptitl i~imi

charge on thi 10,4111n8 1111d ESCA shifts appeairs to) be Bond chargiv_____________________________

more meaningful, hut ait juresent only it jproimxitate N It -(sN.04.6
estimations oif chrehave been mad~e fir extended N I- 1 0.30l N - 0') 1 0'0

seýries oif coniplix miolieculis, N - C ii.ii06 N"b - () hO 0.

3. The deps I dence of FSCA shifts oii chatrges on 14 -C' 1  if.15 N'" - W) f .00l

indi viduial atomi s in rioileco les provides it, oi(w basis N' - C 1) ii N S. 0 1416

molecules.N' 0  u
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which nlitrogeni is involved, calculated according to)
Pauling'K empirical cquation (Appendix 14), is listed ______H

in Table V :9, The calculation procedure will here be --H N l
illustrated by two examples, aniline andw nitroblenzxene.

Fig. V :29)shows the Htructures of aniline and nitrow- x 2.5 3.0 2.1 x 2.5 3.3 2.1
benzene. The clectronegativitieg and charges are, given q -0.42 q +010
in t~he figure. The charge, q, has been obtitined asthe_

joint of the formal charge, Q, anid the partiad ionic D 0+

characte~r, 1, of the bonds in which nitrogen is involved: ~ NIO~ 4t- 0+N

q -- Q 11>21. The sign of tht! eleetron('gativity diffe(rlence a

of the elements involved in the bond determines the x .5 3.335 2.53.332
sign on 1. With this treatment the charge on the nitro- x 5 3 i.3 2

gewi in a nlitrogen containing group I(ecownem tite same! q +0.87 q +0.70

for itli phitie! and an iroatie eom~pioilnl5, e.g. q 0[42 FgV: 30. Effeeti wif conju wgationi on the -Imtwrgowi enii iirogn in

for ani amnino grotije. 11,1i i[ midi an~iitroitiviteiwwl."I

in the( j)uslitativv resonance theory thce chemnical

properties (if aniline awnd winifr -izem ~ i?'lw'a aaecounteo TeNl'gop si m hr hemta nlev
fo r fly ci intri low ions frown r esoaiviine stw'ciwetors of the' fthe Npartialgroupis careater wher the mutua iondsluencet
type sho iwn ini Fig. V : 3(. These 8t ruct~uri's are duiie tieo fteirta ii hretrofheXIewdsant
the Ml viffi t (rcsowewln o~ r tiilt i inierweiffiect) o f th lie li ig 0 rvd , Fig. V :3t . W it~h the electronegat~ivity cor-

gri ou to 21'2 RO- "" Wh hit' gw cii p with atew reetWd for the foirmval charge one nitro>geni, the partial

effei't is ci ij w wgwitted( Witil at siw stritiii'iit. lii ssi'ssing im ioic cw wiwar,%0tr of the wmnwls cause's all the poesitivye

Al effect o f opipiisite, signI, ti~l ('titec. o f the cw jw ijogat I'l elargi' toe reside ini the hydro genes, leov inwg no positi ve

rilelnawiec strucetures oin Ilivi ehIalgi' vannww t. bi igw~pi-dn I. whiargi on the iwitroqi igi. Thiug the neod for at ('1rreetii n

Thevf(-v o remace n huchag( onti(- nino is elimitiiwated wand the charge onl the wnitrogeni then hi'-

nitrogi 'i at~wowl is also eloer vv il in ww nswI st it wt it low1 it? lifwiv, coe q) (P39m. fitw this catse we- have therofo re ealeew-
undtit- maksredbiningvnegy as 04-1 JMA ro likti'd ae chwergi' on the nwit~rogen which takes the inxittial

4e5tirnatt th.hi coniwtribuotio n of tiwi' ii injwigatisi strw tmetinm effvv oi. f thIe paertialI~ ioii c Ohracter (if thet boends i ntoi
ti te rii ewwawi 'e Ii I ril - al-io wit., 'hie' chergi uilbtained inw this wily is qee -1 .7

"I'hi' walcwwlatiwwoi dow net, take inito, ccoi' , ewivt th'ffect, icseothLlhnilwatcartA feitrwia

of the jitrt~iml ionwic character ofit abonid owl other hwowwes, t ivit ies ad ial w-wlwww ions lwae''w owe them, no t-orrvctiowis

aww isliiOsOil 4 i I l ap ilcalel' i ii ugy ~ io l'd fi r iii' i'ffw -t. wit partial ionic echaneetcr iii dew-trw iwga-

diaoiL.Iciw~ mol leciw m1w 's Ni 'vi rI hl-1.i 'swt. van hew us(Ai't s ti vity ww're 'wpii- ix c'pt, iwl I. hie; 4% trewuw' case.

it first approximii i atio iwii mo1 floor ''w i' jwiI'wis

H00 3S -N

x 2.5 3.0 2.1 X 2.5 33 1325..3 2.

01 WO..00 IX 2.5 3.0 2.1

q -0.42 q +08B7 03
qO +0.27

Aniline Nitrobenzene Fig V:I. ('l ut fi-IgofilewergiewTi litriugoii iii thoi Nif,. -g~rouwp

Fiwg. V '29. Ca'iditititioioi iof Oi'tigr/i oni iitrgn igii iw, eillinw wand iw) w~ith wand bet withouiit clirriitiou iof vi-e'etrnjiuw gietiiVity for

lii ol-iziiiiiii, ew e f,,e ''eiew' :Si d V:9i.11;¶) foirmail i'tiwgii ont ziit.r,)i-u.ww o
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Table 17:10. Comparison of charges calculated from has a calculated charge of AI 0.64 according to the
electronegativity and by the MO-LCAO-method ac- structural formula in Fig. V: 33 and the other two nit-

cording to Del ]Re eta-152 rogen atoms both have a lower oxidlation state, charac-

q terized by a charge q =- 0.72. The electron spectrum

MO-L'AO-is in accordance with this and shows two nitrogen 18
Group Inethod rnethod lines of which the one of higher kinetic energy hag twice

the intensity of the other line. Another example of a
Nil, - o.64 spectrumn from a nitrogen compound with different cal-
itN H? -05 -o0.42 culated charges i.3 given in Fig. 1: 18. Fig. 1: 17 shows a.

IRN - 0.2o - 0.18

RN1)f, 4 0.1 j+ o.27 the sample consisting of two different compx~undsl
aniline and nitrobenzene. These are both liquids at room

The calculated charges hav'e l)cIJu compared for some temperature and a target for the X-rays was made

iniportant groups with the corresponding literature from a mixture of the two compounds by the freezing

values calculatid iby a semiemnpirical MO-LCAO tcnqedsrbd nScinVi 5
method for saturated organic molecules. This MO- In Fig. V:34 the. measured binding energies have

IAJA-mehodOSC a~appoxietifl ropsedby ~el been plotted agrainst calculated charge for nitrogen-

RPet at.15-- and the values arc listed in Table V: 104.
Theycompre rmarkably well and the, use of the /as-

sinmpl~fie electronegativity treatment for the calcu--
lation of charge when correlating shifts in binding L N.
en(;rgy therefkore seemsg justified. 1500[ CH2 CH2 C14 2

In order t1/) -!over as much of the eharje, scale asN 1
possible a series of compounds with w'idely varying I 2 CH21
structures was used.- This made me)re eIahon,. Ite methods N "
for the. calculati.-ni of cluargo ini~praietiaý ink Chu iniitial I *~~ ''

stage of this iliv-stigation. Charge calculations using CH
an extended ilickol mnolecular orbital niethr;d are i o 0f 0

0progress.* z

z
Re'sultsD

0
Twenty-gevenoOf the e rin',ounds studied iii thir in- L)

vesdtigation are liste~d in Tfable V :11. It gives the LU 500-
imesured nitrogen 1.9 bind(ing eniergieH, A, the cIlera1- L
lated charge for the nitrogen, and the naumber (of
measuretocuts niale on (Okch compound, n.

The sp~ectra, obt~ainied froin compounds which con.

taiti nitrogen atirfil, all with the maine catlcula~ted 0
charge, only show on#- peak, while compsounds ecru-
taining nitrogenl atims with difivert caklculated1 NITROGEN ls

charges give sxectra with more than1 one 1seck, Hea- I
mnethylen(.tetrarnine (com pou nd l~o. 7) is of the jirt. KI080I 1090ReV
type and its spectrurn is .4howut in Fig. V;32. SodiuniIEICEEG
azide (comipound No. 1 ) is wn elxam 1ahl of the 5('conid eV 4.10 4.00 390
type, and its spe~ctrum is shown in Fig. V:33. Of th(¶ BINDING ENERGY
three nitrogen atorms in the azi(Ie ioau, the! central atom ~~ 3.Ntoo nulc~o aterir rinleaotyec

W.. thanik ViLlic. I'tolf Mannie for parovidirng the corrapri r tetrarnintra.'
1 'JTao muilecule conatainsf four nitrogen atornle all of*

prograiri. which have the maame calculated charge,
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The curve in the figure has been fitted to all thee e
points except Nos. 1, 2, 15 and 16 by the. method ofa [N~
least squares, If one considers that the charge para. a[N =
meter has been obtained by an approximate method
and that the series under study is composed of com-.
pounds with widely varying structures, the correlation
can lie regarded as good. In the molecules containing 3000-
oxygen and sulfur the 0 Is and S 2p levels have also
been measured and will be dealt with in Sections V: 5 1)b
and V: 5c.

From Table V: I1I and Fig. V: 34 it can be seen that ~ 20

the binding energies of nitrogen in various nitro corn- 2Opounds fall within a small range. The substituent zR
effects do not seem to affect the binding energies of 0
nitrogen in the nitro groups to any great extent. and ~

Lithe 'binding energy 405.2 eV can thus be taken as z
charaeteri~tic (if an aromatic nitro group. 10

In Table V: 12, duta obtained for compounds in
which resonance affects the charge distribution have
been listA-d, kind the. correlation in Fig, V :34 has been
used to estimate the contribution of conjugated or
resonance structures as discussed below. 0-NITROGEN Is

The binding energy for the nitrogen Is electrons in I'
aniline, comnpoun~d No. 29, is higher than could 1)e ex- 1070 1080 1090 eV
pected from at non-conjugated structure. The charge KNTCEEG
assigned to the nitrogen atoim in this molecule by theKIECENIRG
correlation, -0.14, means 54 0% contribution of c(:- eV 410 400

jugatod structures. BINDING ENERGY
In compoundl No. 211 the peak representing the nitro- Fig. V :33. Nitrogon la ce*oetrron speC ýrum fromn sodiuim azide.81

gen in the amino- and a-to-groups, Fig. V:35, has been The peaks eorrosponding to the positively and negatively

resolved graphically under the assumption that the rdiargod nitrogen atomns are identified from the line intensities.

two nitrogens of the azo group have equal binding
energies. The structural formula and charges aro given comp5und also indicate. a high contribution from the.

in ig.V 31. hisassgn a bage A) heamiI( grup conjugated( structure. For reasons mentioned below,
which lead "I i 94 0% contribution of the conjugated no (lefiflit conclusions ran be made about the con-
stflleture. If the binding energies of the nitrogenF in jugation from the values for the nitro group.
the az() group are assumed to) be unequal, the same I opud o ,2,2,ad3,Tbe 1

distibuionof it~~sites i th spctru wold nly and V: 12, the binding energies of the nitrogen in the
he, obtained if the binding energy of the amino group sulfonamido groups are significantly higher than that

nitrogens Werteua thi tatsumptoneo the binin ergroup of an ordinary aliphatic aminoi group. This is consistent
xiitoges. iththisassmpton he bndig eerg of with the k~iown high electron attracting power of the

the amino grboup nitrogen should he. about equal tW sulfonyl group which call be represented by the reso-
that of the aniline nit~rogen. This is unlikely for Two) iae tutrs
reiviorim. Firstly, since the amino group is conjugate-d
with at strong M subsHtituent, one would expect that o(
the contribution friom the conjugated structure should w)
be higher than in aniline. Secondly, the auxoebromic -M-NlI-, -H Nlf.

character (if the submtituents and the colour of the 0 (
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eV

COMPOUND NUMBER

27
407

406

9

1326
405 24 23

015
404

016 01 012
013

c 403n-

z
Lu

z 022122
z

20

401 19

17@14

400-

/13

0 02 11 12
399-

7.

CALCULATED CHARGE (q)

IF'ig. V:34. I ~ii~di Hg .nrgy f~,r "this i it~r~~(•KJl I • (,](,CtrI,11 verhiHu e•]tilcu tod ckih~rgo.'I
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Table V: H. Calculated charges and measured binding eitcrgics (Eb) for a serics of nitrogen containing coin-

powndg..

'hi) nitrogens to which the given dafta refer arv given with boild symbols. n refers to thi numbelr of initturetnentis.

I I Calcu ted E,
Nr COMPOUND n chiarge NIS

1 [,NN:NJI Nao 2 -0.72 399.2

2 [,NSNI]Ke 2 -0.45 399.2

H3-q_ C CH2C H2CH3 5 -0.42 398.1

4 H -CH2COOeNe 1 -0.42 397.3

5 H-NG 3 -0.30 397.8

6 n-H 9 C4_ H9-n 6 -0.18 398.1

7 N 2 -0.18 398.6

8 'NO/ 3 -0.18 398,0

9N N -0.18 398.0U9 -HNO2S-GNO0,

10 ,NEC --{ 4 -0.18 398.4

11 -N=I• -( 2 -0,06 399.3

R--=N-R -0.02

I'I
12 R = • SO2 - CH3  2 399.3

13 R=-O-CH=CH- 5 399.4
-PNO 2

14 i"",-j]C _2 +0.10 400.4

[O=F1- Na* +0.13 4043

8 -671103 Nuoa AcIot ry. Soc. Sc. Uri., Ser 1'. "'ol. 20. Impr. 2/, 1967.
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TaleMl V ; 11. (Cont.)
Calculated Eb

Nr COMPOUND n charge NIs

16 O-N-O-(CH2)4 CH3  2 +0.18 403.7
%. (,@ ,C2H5 e,,

17 [H'C•'CHsJ" 3 + 0.25 400.4

18 H7N-CHR C006 10 + 0.27 400.3
H

19 H-0-sco 31+0.27 401.0

IH3C'"CH3I Gt 3 +0.40 401.5

21 H3C.,.CH3  2 +0.55 402.2H3C"""O®

22 O-N 2 +0.55 402.2
SO2 NH 2

1 N=N 1]Nae 2-+0.64 403.7

R- --N-R +0.81 1
0

12 R =12 2 403.6
13 R =13 5 __403.4

oO•-R +o0.87

23 R=b:•-0 2 NH2  2 404.9

24 R -j S -0 NO2  2 405.1

25 R _-O 10 405.1

26 R=-O-OH 3 405.3

13 R=13 5 405.3
9 R = •SO 2NHNl' 3 405.5

27 (O=NoalNa 2 +1.02 407.2

I Mean from 10 amino acids.
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Table V: 12. Esttimaat ion of the amolnt of conjugation or resonance structures in ;orii iitrogen containing
Compio~undis.

Nrln COMPOUN 1fr
Calculated r Eb ConjugatlonNr C MPOU D ncorrelation

N charge curve NIs

26 H2 N-0--4H 2  I=2 e 4 oo°2} -0.14. 398.6 54

N.042 +0.07 3996 94.

29 H2 ) 0 -N-N.2NO -0.10 398.8 (67)
+0.87 086 405.0
+0.701

RHNSO 2R' *--* RH N=S2R'
037 -0.06 3990 4830 R=H R'= \ NH2  +028 -

+ 0328 -0.12 398.7 38

23 R:=H R'= 4 -NO 2  40.28 -012 398.7 38

9 R=q N R'=- Ž-NO2  +.4 +.14 59

6,6 -0.3o0

31 RHNCOCH 3 *-- RHI=CCH 3  +05M1

R =SIý> CH- COOH 2 +0.08 399.7 70

Thei' (,'rrelalitii inl.signa. q 0A12 to tolt slfora fohido rniergi.es are v.(|al for the amino and sullfoilaniido

initrrgn in compounldis N.os. 22 mid 23, \%lich m(,ai.s nit4r')gens. Thi.s alsso mnen.os that thO sulfonamido group
contriloitio(k of : ',1 "., lv tfl (ilharg(ed structn urv'. Fvr dohe's notd show ally signifi cant -M effect, which is in

coin, '''l o,,t and 30t thi' ('harg(.s from the c' rrelattio aiceordanvc with the gneral ' ihit'hvijour of sulfonyl suh-

are ; ).14 and 0 ,06 which Imcans a i'oihtiilitito of s0it,iient ;.L
05

59.,) mid 4S ',,, hly the charge(l stDin 'tuii's risl)eciei(. l)uri'ig this inve.stigatio)n, some a omiialies oceurred

Similarly vhere is a coiintrib utio)n of 70 '. friom the whii co mild lbr explalinid as radiiition (i{f(fcts,. With

chargvdl strucmture in mihde No. 31 . 'hius is in agrie 1m,'1t para-iii unitro )(ucn,'cc and para-diethylaniino. nitrn)-

with litl dat a, wh6ic11 shuW tihikat the ixyg('1 hI(d his I benzene, Nos. 32 and 33 in Table V: 13, a double

relativily less douhh ,L h(ind ihara(mcter in amto'ide. thm ) peak alppcared iinimdiately instead of the singl( peak

in tmulfiimnmidmh. as eomlar(d with sulfon',s and i'.- ex pm'ctcd for the nitro groul),Fig. V: 38 a, and the sampleh
ti nesx07 1111(i this result i ndicates that thi' carlhun. Iiecalie discilhured. Onic comnponint in the spectrun

nitroign link in amides has aL coieuSidTra)h,i (uhnlh.C has about the sani, binding energy as thie oxygen-

bond c'haracter. carrying nitrogen in the azoxy group in the compounds

In comiomnid Nio. 30, Fig. V:37, thn' peak ripresiint - Nos. 12 and 13. This would inlicate that an azoxy

ing the two iailino groiulps has theusiinic half width as ia compound is rapiidly fornmed oil the surface of the

single ni'trogii line. This shoi,, that, thi' hinding sAInple upon irradiation. There is evidence in the lit-
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O2 -1-N ~ N 2 q +0.87 -0.06 -006, -0.42

"3000e 
q)H

q +0.70 -0.1 01 +01'0
Fig. V: 361. JEffvv o onoat2io -f] 2h val. 00e iiirg for

z
I ~a tendenvy no liso hydro gli! vhlIor~id ,in the highz

Zo IvILcumnI, andil ammoiitfhiiii chlorIide evaoaJ~~~ted too
0-.

Li The resuts pI tM Ii(' it) Fig. V; :34 wIr aI ll ta ken front
1000- compounids fori which noI chaniges werv o(Ilis'(rved in

0-0

NITROGEN 1s

840 850 isoo
KINETIC ENERGY

BINDING ENERGY

Fig. V: 35. Nitrogen 1.9 v'JiI-o ,e II rilitui frotit 4 uioihur,-4'. 1000-
iitroaz/obvI1Aimen.''

Z
terat nre that a:',iy IX, (Io fliilid. c(I hoi fo rmed from 0

certa in niitro com110 i(I8d d Iy me~ans oSf raoin~tiou . ' 3-

niitrol enzcrw(st iifi f~i n~i ide, Fig. V:381), is an v am ph
of it Jfocle'O~I (Intifi~iniig bofI It it niiitr andLI ;iii ainoJi 0
group in whili nhte. nit~ro vi-mip i A otmffeet-dl ;poit

irradia~tiojn.
Som b tbUIstalbki vo(1111 11011 piea~LV 'ISks with epcX 't -

edbinding enri u bleside the mai pak etr- 00

JCoLIs peatks were obmerved, which mo.at probably were 0 0 0 0000L

(11e to doeoirinpoi Lion. TIheme comoun OImd-. are l iste d N ITRO GEN 1s
in 'J'ablo V: 1~3, Nom. :34 -39, 81. -___650 ____________

I'vtrawlatyimlfllniiutm iodide, No. 34, give an jextrm KINE I IC ENERGY

peak oIf low binding entergy in ihe region (If the binding '039
enryo rehbaie poayowt eop~-eV 410 4039

enery (f tietyhlmine prbaby de to(IP~lfjI(di-BINDING ENERGY
tiomi, Ihis (0111po nI m (34) is also kn w 110 beI IX li,5li iti ve Fiw. V: 37. Ni trIogwl 1, cli-rly I 'ii lfIctriIi fronI, p) 11, 1111)

to light, Somu of' the alkybuani n aii nt chlorides shoi- belm( I CZIiIu lt'imidiiiii'o
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TJable V : 13. Compomlii ds showing an0oimal xies due to irrMadiat~i on.

-r CO PO N Calculated E

Nr CMPONEDCharge Nis
-0.42 398.7

32' H N+0.87 04.432 2 N< NO 2  0.7 406.0

33 (H1 ) 2 N-C o--N0 2 +0.87 40.
___ 3C)2__ __ 405.2

0+ e 397.1:341 (Et) 4N1 +0.40 402.3

3 5 H NlN NH -0.30 398,5

36 H NH-0.30 400.0

36 H~N 2 C1 +0.10 401.7

-0.42 398.137_ H N§j- SO3 Na:
38 K FN02 +0-.8-7 _405-5

38_ S#SN H 2  - 0.42 399.1

N02 + 0.87 405.1
KA-S G~t-0.31 1398.8

tilt! filiowilig expiuliallt tIM tI Ieonfu , Ijt I e I) i i l iv I II. f I IIf fivi ýIIt ilIgI II t g I Iif i t1h t i) x-
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------ V.5b. I•SCA shifts of sulfur
C/400s 8ince the character of the bonds between mulfur anid

~~ other clemunits, ePecial6ly carbon, nitrogen, oxygen

100o0N-oH arnd halogens is an important subject inl organic chem-
istry andl bioichemllistry, electroii micetrosculpic Inias-
urvrnents on a large luinibev' of organic sulfur corn-

p)ounds are no0w inl progress with the aim of establishing
at charge-binding eniergy isorrolittionr for the study of

W 00-0Sulfu r bonds 'with particular empihasis on the soulfur-
oxygen bond. in ths ection we cihall mainly report

the results (if the mneasureieni ts m ade t~o (date anid
z 01 correlate themrr with the charge iararocter previ iously
z Iused, S i-oine relevant results ob tai ned by the use of

2) tbhis ci rre Iatio 0will also be briefly d iscumsed, but, the

I-.NH H-aldltd of thre sprcial pr iblen is ini suilfur bi r )00

z ig will bei moire fully de(alt withI ill ftuot paj iii's

* A d iscu.4sion oi f the eorrulatio n of EWA~i chejiniical

shift s w ith valenoe basi d oil ear] iir data from vin no-

600 s~~~~u r riem t s oni inoifai cLO and soniv orgaic iie ulfur eiinn -
pondr s hats aldremely beeni givein in Section VA:.

b 'l'Theme rneaisurinvirit~s Woere ioule o. the mulfuir Is
shaell with C'u K' rarliat ioii."ll It. has srbsequeint I

0 roved moTf re ad V Iitgli stitPU to maike thi noitsurernle ts
I inl tOw sulfur 2p shell with AIK7. or Mg/&x radiation.

1070 1080 1090 Thea inisr invis p in the siulfur ti orlp orr( Wi 'ith
KINET;C ENERGY whlich we are, now coiiis'riwdilhave bevii poirfiiriire in

410 - 460 ths60II~
BINDING ENERGY 'I'lbe i tt'inrg 11) of t Iehi bindling i ii 'rgy v erlirs chiarge

coirrelaitionrs has Iiiiii Iramei oil thel( siirllili' ist irniation
si.\':'. N.ii',egitr I,l O-i'tiilp'i i- Itrix fromii (ii) 1,ainl of rhiarge, using thevn eiieplts of ilvetronegattivity aindi

troliitir,ii' atiollb 1 tiirI' ci.' arfrici ii,. (o h'uP iii' J" I*rIl iplirri chiaruw-iile of bortils acco~rdiing to l'airlirrg,

iii'! , ii'th Ill- nit " wpi', UI k, 11iiitff'."t as riseirssedil ii Sei'lioi VA:4 Smuiti refjrirnp'meirsi

the( 4S'tilirat ionl of ihiarge whihel lire hitlifd onl the

ctpXlui'iirri gaitie(Iil i thi, stu 'lv of the initrogenr com-
jrorilillso Slt ioul V AI, haivc Ipeil irntr'oduied,

('iIIiilillaiiir ol riiiiirqi. lrniitrgnr mii and '
~prisinig thait am go~od at cpr'r''iition ams thlit of Fig. V3 I1 cperriiirit ill Illbe sicirld periodi ofi thfr eh'r'ioiei T44111",l
can Ilie f-stahlifshid, lieno we, shrill only ir'im, itittei-tiori whiciii iihiy 111hi octet. riob, the eist rint oii of clirirge is

to 0t4' fiotit tha~t, iiinigiOrrluS Niis IT Allo 16 II, iisIt t StitJl~ impiv~ andr strniighrtfiprwrd. 'Ilii srrooith corre'lationi

at irertrpid vestr, having the sairrie rxidatlipri statei Ohplnitild b(hW(Pt weirihirling (niergy anid (hlirgi for ut

of iritrogeri, botllu s iti large and simiiliir dlPvilktioiir lalrge svrip'sof rnitrogeni con)ipounnds"', iirdii'itcS thiiil tIr
If thre de-ijitliorirl lapir I l-iii solemlely to thei c'ryxstan aenntl crrr' rflec-(ts fth iifoii fvierii h
plifit-'itill', ore. Shiould hamve Ilpeetit a sigrrifii'iiit. dif- burniling rilergv ill it mnaiirirrgfrill Iuald liefil rrrairier

ff'rri'e lint bvh nr threm- cienr unik"rr*. 1 ri tir nitsv of sulfur, t~ecil eovliuittion of ehiargi- lIi--

11ilnittroivi leliuxrnt mu ill Owi soilidl may alsolniiniscurn' i'iiMPe Mnorn' 0,111 livitticdIwam (lniri' f tIrle Iuluiiibli

111V n'01T'ri'Irt pnioul tholaigin rut' VOWri 61i1111t1iu11 tin 010' r'rr'r'gv i'ini-r'iiprt~irr of hniginnil pin'litIIlst fipIll' boningnlit, thinrilby
shifts fruimr vim'etu'prie p;iiiir'int oli nr'uiuuiillt e litoirin ecxi'ediirg to octet trim 'lhir Llsi ri'irlirsn tire (uil.
With 11,r irrui hllT viOnure is 111RHYrl iiigligiildn. 2' 26 trirvirsy aboirr, fhinl roln' (if Huin l u nrd rbihls ill for ili.

* Nik uhiu/1,, illj''i'I W heIii'i iirrgi' ci- u pililbat' il l w h l'.

irni to, d 'iil'u h -ik.' mo'l,,, (mm juu~ I g. i, 114) itl p1ltt'' viriji

bindainig nriu'r1 y .win omintii it r'u'u'ilirn,o ' ,p'p Ii Tlj', , i,

iuittu ii l mis limiuigi,n.ii i'(ring'ni For ctiurrp,,uidiu Nomp. 1, 2, 15

will Ill thai maki,, thu , lit ii.ý, 'r, .
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stance sulfur-oxygt'n bonds, Ini the discussion in Table V: 15, Partial ionic character for bonds, derived
Section V: :4 of the shifts of ele'ctron binding from the relationship by Pauling.t7 '

energies in the sulfur 1.4 shell at fairly good correlationi '1ho stignR refer to tie' calculation of charge on sulfur.

between binding energy and calculated charge was P.artial ionic Purtial ionic

obtained on the assumptioni that the bond number in Bo1nd character Bond character

sulfur compounds wats governed by the el'ctroneu-

trality principlie, In orde~r to make a straightforward S -N -0.47 48-0) - 0.12

and consistent apptlication of the electroneutrality 8 __ 0 i's-0--1 0.04
ptrinci ple, the calculation of bond numbler was based1 oil is -C - 0.02 21_ 5 0.00
s4iyplel valence build structures with formally neutral I's ( _-0.09J 8--C1 -0.06

sulfur. The same procedture has been used in this 8 -N _-0.06 4s _-C1 - 0.01

section, but the calculation of charge hasi beeti improv- ,, -- 14 -i 10.1.11 I's---11 0.00
'S -- - 0.1--0ed by correcting the electrone-gativities for forinal 5 --N 0.0 )o -- -. O.U)

charge its de~senibed for the nitrogen coi~n poundls. 8
' 8 1) _0 q.22 8 - 8, -10.02

Tlhe electronegativities of the i'lewi'n'ts involved in 8- -10- o..12 S -,S24 0(.09
the sulfur bondls contcernecd are given in Table V; 14 8 ---0 -i. li35 " s~ 2 0.18S

and the pa~rtia~l ionic charaecter for t li bonds hits beetn N -F 4.0.43

listed ill Table V: :15.

general piattern. Too mouch itoipoitane must not be.
Charge-binding energy correlaion, attached to this, since the appllication oif the charge

The results from thte mea'isuremn)([ts oin the 8 2p shell calculation- to predominantly ionic bonds in a crystal I
of a it nm ber of organ i sul1 fitr comtpIoundis, takent fromn lattice is doubfl ft. In all other cion poln mIs the sulfur
v arlious se'rie's of ci tn l (il ids itjoltr in vi stigtiktion, ats is invol veti in predoi iinantly coivalent bonds, to which

wilits re sulIts fr om stonei inrgiui ieý cin)itomponds are,( theI aptpl ication (of the calculation of charge is simnple
g i vi i itt Tablei V : I(;i V : 18. (Xi mm resitlts obtained 'i and straightforward,
for the nittro~gcti an oxygeii Is sf.lils illre adso listed Also included in Fig. V ::39 ane stune nti'tlsurenents
in the-se tables.) I n Tablei V :1, t lic av erage binii n i g oii liq1 u ids and gases (open! poi nts). These wure itivesti -
energie's fior ci pon ii i is nmliii selit iig the, sanint sulfur gated using the frevising teehn ill ie, see Chtapter VIII.
sitruttuttre's, adto it

1 hichi il theii saim tilt' 'ilailttid chargies Mo re positive chiarges titan those repiresenited by the
ciotseqju ently itre assigned i, hav bvihi 'eisuminnarized . The filIledi poinits ini Fig. V ::39) can be obtained by attaching

binirdinog i'netgy Vet's it chiargie rltiontiitshipil ft r these fluorine to the sitlfit , atnd we are inow extending the
st~ructutres is shown itt Fig. V :39i ( Fi lb( point~ s), Ail ex. correlatiotn by rneastt ii'neiits on ciomapounids with sul -

ci I Ii itt rect~iIi near ci rril atitot, si mitIar Iio thait whiiich fit -flinoii iie 1 tit~ds. As thei first comnpotund in thisse(rt(,s

was ohitaititt fotr the SLY . shell, is t't" result, 'The we have chtosen ISOF, itt w.hichi the calculated charge

po init foir soium n t sui fide (No. I) f t I Isoiutsidei the! tat sullfur (q - -1 .30)) is still abouiit the same, as the highelit

Y'aleV.,14 Fe~tol4-atiit Val~'sof lelpl~t il. chi argo reir'esentei'dI ty so If iii.,xygen comapoutnds. We

'Pabi' V14. lv~t(rI o' iv fi tyval. itt's.tfeetei1sti then foutndI that if thle flow of S0F 2 IT S intoti tin soiu ee

TIhis li,,t rt-tgi~itvi ii' iif !iii.,, tt Wth il forrittil1 t1tigi: Ittivi housinug wats inreraisedi the oxygen migital disttppearten
bvmi~i c-ri-wtoe hiticorliitg to, Itttliiigti iand a neiw and broaid sulfur line watt olisirved at at con-

_______________________________ - iderably htighe r ljinii lig energy. G raphticad resilu tioni
I':t'ititV l'li'iriiegtt vI y Eli es I Et -~toit'tdv ty of thtis, lineii in twio, each with the width normally oh)-

2, 1.s 2. h strvf!I yieldid sulfuir 27) Itiuditig etergies E,- 1731.0

2,5 22 i'V midi R~,, 175.0) oV. If the correlation is extrapoiiated
Ni :11 2.8 t1Jwiarll highei birtding -nergies (dashed hut:) ltie cor-

N 3.3 i 21 -. 1 ratoIMIlding cutrgi' vitLites are q -- 2.1 and q = 2.5, res-
0 3. h CI 3.,, petcti vily (set: Fig. V :3911), This indicates that, the SOF 2
0i 3.2 10 4.11 coiitaiited also some S."F, antd HF, (calcultated charge

Vi34 NIL i.9
-- _________~~~~~~ -.._________ - - 2,15 mitd q -2.58). Sulfurhexafluttride, has been
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Table V 16. Calculated charges (q) and measured binding enlergies for a series (o sulfur compounds. The sulfur
to which the given (lata refer is givehn with bold symbols.

No Compound q S2p Ols

1 Na2 S -0.60 160.8 530.7
3 1 H-S-CH2CH(NH4)COO® 161.8 530.6

2 N-S-CH2 CH(NH"'Cte)COOH -0.04 1622 530.9
4o1- H3C-S-(CH2)2 CH(NH+)COOe 162.1 530.6

2 H3C ,S' CHNHCOCH 2 0 161,9 530.9
H3C -N-I ý=O0

3 OCH2-S-CH20 162.4
4 '-S-CH2CH 2CH2 SO3Noa 0 162.8 531.3
5 - S-CH2CH 2CH 2SO3Na 162.5 531.8

NNH2
Ct Cl

C[-A S-CH2COOH 161.5 532.0'

,..l CIl
4b I OC(NHnCHCH2-S-S-CH2CH(NH4)C0OO 162.7 530.3

2 S-\ ,COOH 162.7 531.8

__-CNH COCH3

3 'O9CH2-S-S-CH2, D 162.8

4c S 8  0 162.2

6 UJOIN-S-N._O 10..1 531.6

CO- -'C+0.13 164.3 531.7

10 1 CH2-S-CH2, 164.9 530.5

2 OSCC=O +0.44 164.9 531.4
3 O=s-Cc=O 165.0 530.9
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Table : 16. (Conti.)

No Compound q S2p Ols

12 1 OS2al-ae0.56 165.4 530.9
2 C1 0-SO2N5 165.5 531.2

16 Nat[So31 +0-68 165.8 5313

25c O=Soxo,-s=O +0.88 167.0 531.5

25b 1 H3CQ3-SO 2-0-N-0 +0.86 167.2 531.6

H3CO -So2-0-N K-
26l CIO3-CH 2-SQ2C[ 167.3 531.521 tqrsO~l+ 0.95

H2N t" SOP0. 167.3 531.4

26b 1 CLC'-CH 2-SOND 095)1672, 531.7
2 H2NOj-SO2NH2  1673 531.9

27 1 C)S(CH2)3-SO 3Na 167.1 531.3
2 qS(CH2)3-SO 3No +1.00 167.5 531.8

NH2
3 H2NO-SO3No 1670 531.6

32 1 Nac [SOI.]0 167.7 531.6
2 Fe'[SO4 ] + 1.12 168.0 531.8
3 (Fe) 2 (SO4) 3  168.3 531.1

36 Dextran-OSO2
6 YNO + 1.22 168.7 531.4

38o +1.32 168.6 532.5

H3C'
62 §,-OCH2CH2C H2-5O3 1.07 1676 531.3

5H3C
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CALCULATED CHARGE (q)

Fig. V:39. Biriding oorgy for t.ho wtlfur 2p vloctr(:iih vermin calciitht.d chiargn, Tho, corre]ltij+i im obtahioid from morm thai
nighty compowids. Fillhd point indicateo averagos trin coinmp imdo studied ji th0 Solid phaIMo ULt room temnperit 0 tsr. ( P)1 poinato
reprtmeit liquids aid gates sHttitird with th lroorzing tochwriiqutm.

studied recently in Berkeley and Che preliminary re- charge scale can be covered with a much more homo-
sults for the 2 p binding energy seem to agree with the getleoug series, and for varioum reilws at se'riot4 of
extrapolbtcd valne in Fig. V:39.• •iitrophenyl Hubptituted sulfur cotilloun(d has been

Nitmrophenyl substituted sulfur comrnpaunds. -- In chosen for special study, mee 'Table V:17 and Fig.
cstablishing the corrmlation bietwecen binding ciergives V:4.
and calculated charge in the nitrogen meries it. wat Since the carbon 1 8 line from the lpump oil iH UKwd
necessary to, ume a very mhonmogenoum seriest of corn- for calibration, this may be aff~ctd to sonme degree by

poundtt in order t<t cover a wide ehaige rango. Because the carbon comlimoe-etm in the comnjound under saudy.
of the eheumical versatility (of sulfur a largo range of the For it refined treatment, it is therefore 5of impor-
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'JTable V: 17. Catlculated chitrges (q) and me~asuredi binding ellergiex for it series of nit~rofhenyl mubstituitcd.Hui-
fur Compoundls.

No Compound qI S2p O1s Nis

4070O2N C-5,S -03N0 2  0 162.6 532.3 405.0

7 & N02H +0.22 164.2 532.6

12 3 O2N-SOeNa® 165.2 40.

ON - O" c +0-56 164.9

5 ~SO~a~165.1 531.0

25b 2 Z-3- S02-CH3  167.1 531.9 405.0

3 02 N&502 -0 +0.88 166.9 1531.9 405.2
4 0 2NO-SO 2-LjNOz 167.0 531.91404.8

126n 3 02N s ,c1+0.95 16686 531.6 404.9
so 2 51

27 4 O2NO-SOO-Na® +1.00 167.1 531.7 405.5

31~ O2N&-SO2OCH3 +110 167.5 532.1 405.2

51 .D2NO&SS0 2-CUN0 2 j%.8 167 3 532.1 405.0

t~tiiii I hitt. till iariioii componji'lents in tiw comoiiiiiiiii with tileq re-i''iii oiitaiitii' for the nitro group inl the
i'iiarnjiii are jijd.l~ itil iii S i eItiiarbon refi-rijie, is nitrogen men ivs, sf-c Iable V: 11.I' ~ ~~~proividied by tihe iiit~roiijiyi groupj ini thw ilitriiiiii'lil 'ihe fill- poin irts in Fig. VA:4 ri;rixr't.eirnijriiiitiii

so iSt it itA-d CiOnriiMIx UMii ibw ii iii 'I'-dile V; 17. Al thoiughi for hiun v.'ii dith iilenlath ion of charige is b asved oil 11n-
theI list. NIii.yti iii VOIi~AM, Chlii' biindiing n-Owrgy v. i'hirgi' ('ii voctil mt~rijetiirem, anid the uinfiilled poi imx repIrese'nt

plo t. fi r tihe ci iiii i ii invasiunitirid to) di.'v( is given) ill urncertani r trnetn ri' unrder study. If the cha rge uiixig-
F~ig . V :41 . Iln thii s figiiri', the hinirding ui' nrgii.. for the rod ti) t he soulfur inl tin (rhe i tr ii'iA' iL fu
niitro gi 'ii in the n itro grou Oil) V hAv lsoiiie neliieu . estA r (No . 7) is biuai4et oilr struct~ure 1, 1-him poini t, 'iv iltA-H

Tihe' mit~ri o hbt ituinnt was :nilutded inl order ts illi- COrIsidi 'raily Ifiom1 tin' coir iflittjio il. obs iiiervedi
veut igitt whether imyr 511iixstitirent, Oevfiits frion the hi ndinrg i'n irgy ,which coi rremi ildHi 1,io a charge (if 1 0A,4
vaiours iM i sfri r groip oii il theiii iutor grou could i b niile utgri 'i w ifti 14t~ructuire 11, for whidi there is v ideniee

(ii'ti-it d ill till eneiiii i irgy i(if ii it~ro gin. It. canl beit' fi te litvini~ttiiri' IrLMed Oil X . i-Y diiffrtethion rneam ri'-
seeni friiOm ther figiir' I lia if aiiy Auch iffi'i't. is liri-Herl, Ii.letm.

2
ii)

it. is very sl ig htii Tix'si Iout. is well i ri aeciiritii'e Ir tn' thei cii iku IfirItA' (Nio. 511A .) tOlei di valenrt mulifuri
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Fig. V 40. Electron, mJ.pctra of ooriv 1nitrojpIiolyl miiIstitut,.I ,lIflhir (c moun•(JIIIIII (xcit4cd by AlIKo.
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TdAle IY: IS. ('alculat•d charges and w,peurcd binding energies for a series of sulfur compounds with sulfur of
different oxidat;on stat.c, in the same molecule. The sulfur to which thegivendata refer is given with huld symbols.

F-No q S2p Ols

50 [S-SO310NWI -0.24 160.9 531.0

51 a I @OOC(NHN)CH CHz-S-SO-CH2CH(NH•) CO~e 162.13530.4
3 OCH2-S-SO-CH2 162.71531.9
2 S-SO 0 162.1 531.1

HO>ýOH

51b 1 eOOC(NH e )CHCH2-S-SO2-CH2CH(NH•)COOe 162.5 530.4
3 40CH 2-S-SO2-CH 20 162.9 532.6
4 O2NO-S-SO2--ONO2  0 163.3 532.1
2 S-SO2 162.7 531.4

HOt'OH

51-c CLOCH 2-S-SO'Ne 0 162.8 531.8

52a 1 °OOC(N-'I)CNCH2-OS-S-CH2CH(NH•)COCe 164.4 530.4
3 CCH2-OS-S-CH20 165.2 531.9
2 OS-S +0.44 164.8 531.1

HO '<OH

53 Na[eO2 S-SOe] Nc +0.56 -167.5 532.0

54 [O3 S-S N af) N +0.84 166.9 531.0

55a 1 - OO)C(NH1)CHCH2-O2S-S-CH2C' 1(NH 167.1 530.4.
3 0CH,-O,S-S-CH !) 167. 5'32.
2 0 2 S-S +0.88 166.9 531.4

HOý>OH

56a N'eeo 3s-S-CH2c0Ct _ _ +1.00 167.81531.8

56b Nd'oLeo 3 S-SOe]NC1"' +1.00 -167.5]5310

(lonsidering the great difference b(twcen the cal. Thiolsulfinates and thiol,:alfonates are being studied

culated charges on the divalent sulfur in the two strue- in connection with tihe proldem, why oxidation of
tures, the contribution frori Structure IV seems, how. thld,,1;,,,,. invariably yields thiolselfonatCs and

ever, to be very small, never disuilfoxides, Some results are shown in Table

Phiotiullormy(s and some related eomnpourd&. - V:18 together with results from some related com-
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10001-

i-< 1/5 x20: 0

z 500CHSs"CH 2Fý\
z-Z I

o)
I-lw

0 °

1000

500- A018 x/ 0{C Z S H(
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Fig. V:42. Eloetron spectra of dilemxzyldisulfide and tWe correFsponding thioitoilfitnato and thiolsulfunate. The shift in binding
enorgy upon oxidation of sulfur im shown for the 

2
p levol of sulfur.
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C/ 10 0 5  greatcr length of the 8-8 bo1nd inl the pyrosulfite2ll as

S2p compared with the length of it norynal single 8-S bond
and indi(tcates a preponderance of S8 ructor. I lb. A

No, S20 No, SO, 50% contribution of Structure V\Ii; oitd a 50% con-
trihution of V, gives a (calculated charge difference

and a binding energy in good agreement with the ex-

tl tperinenta i values:

It 1000- - 'mean Aq b mea~n0 0I.501 V .317."z . 0.99 ý,3 oicl17.--0.50 V11 b I.3S (167.6 found)
z V - 19.78 0.44 166.2

0 V]I b 11.20 0.24 16s,.3

500. The sul/ur-oxyycr n bond. -- Tbe character of the sul-
fur-oxygen bond in sulfoxi(hes is an interesting pro-
Wentm in organic chemistry. There is a large relative

charge differenee between the two possib l- Struc-
tures VIII and IX.

() ()

1310 1315 1310 1315 eV - .

KINETIC ENERGY / (,
V 170 165 170 65V IX

BINDING ENERGY q 01.44 q f o.99

Fig. V:44. 'lho suilfur 
2

1) elvetron liio iin sodiinl pyro.milfito

comparedi with the sulfur 
2

1, ehectroi ino hi in sodiunm sulfatte. Ti'he sulfoxids -n(isr,(I to (late have exactly the
samie binding ,n, rgy (Nos. t0.1 3). This biuiding

0I. energy is well in accordane with Structure VIII.0) 0 The nearest point in the eob-relation lIeloIogs to the

0 - 118 sul finate group, to which the Sini ctu re X. h~it., beenl
01 0 0 0 o assigned.
()l \lib, O

V1V1 VI b 0)

q 1 0.73, A 1.23 4 1.32, 1 1.08 - -S
qmoan I 0.98 i 1,2(0 /
Art 0.50 W24

167.2 168,3 X

However, considering that the contribution from q+5

structures (If tyIe V is si(ll1 ini the thiolsulfona-te and It has recently been shown that this structure is

related (cimpliunds discussed above, a large contribu- consistent with lit (lata.212 Tllhus, in the region where
tion from Structure Vila seeims unlikely. Since the sulfoxide is expieted the correlation is well estab-
the biinding (.nrgy (If the( divhdent sulfur in coinpollild lished, and from the datal at present, availhble, con-

5ic, in which it is attached to ia sulfinate group, is siderallle double bond character must be ascribed tA)

only about 0.5 eV above the normal value, it seems the sulfoxidh. boed.
unlikely that the more vlectronegative sulfur in th( The character of sulfur-oxygen b)onds can he further

thionitc mnoicty in V should increase its binding energy cxplohed by measuring the oxygen binding energies.

more hy aLttachillwnt to the thionate group than does Investigations in progress substantiate the previous

the divalwnt sulfur in 51e. The experimental binding conclusions. A further very interesting ohs(rvwtion,

energy indicates il high positive c,,harge on both sulfurs. relevant to this probllem, can be obtained from corn-

Moreover, at strructur, containing two adjacent high pcund No. 62, in which the sulfonate group serves ts

positive charges seems to he consistent with the an internal standard. Two different structures ann be

9 - 671163 Nova .4 etan Reg. Soc, Sc. Ups., Ser IV. Vol. 20. lmpr. 18/11 1967.
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SC,) O(CH,),SO93
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I--
w

M 50 0 -

0- b

C/6 0 s ~JS(C H2 )3 SO3 Na

1000-

1315 1320 eV

KINETIC ENERGY

Fig. VT:45. ~Sniodituernt cifect, iri mpcr from the mtuirur 2p oioctroni shol in sorno prupanefiulfonic acid dovivativeg.

124



assigned to this compon)Ofd (XI und X11). It is unlikely Thus only by assigning, substantial double bond

thiot the. oxonium structure cofltl'jbut' substantially character to the sulfur-oxygen bonds is a consistent

to the I'lsofli~ttcL hybridl because of the iiigh electro- binding energy-charge correlation obtained with the

negativity of oxygen. The charge on the sulfonium simp~le method adopted here for the calculation of

.sulfur niust therefore Iw(' near to + 1 or almost the charge. This result suilporti; in our opinion a contri..

.sitnvc ats that ciealal'iited for the sulfonlate group as- bution of d,-p,, bonding to the sulfur-oxygen link.

suming a large contribution of double bond character Regardless of -their exact intcrpretation the results

to the sulfur-oxygen lidtids (XIII). definitely show that charge on the sulfur tendii to) be

('I. neutralized in sulfur-oxygen compounds.

/ It -- ('lL('IIi addition to this it can be~ mentionled that in tho
caso of sulfonamides, results have. 1)1en obtained,

N I which can well be explaiined in terms of contributions

q* 1.67 1 tOo froin structures where the nitrogen is double bonded to

('1(3 . * ( sulfur."' This could hardly 1)0 expected for nitrogen,
if it did not also occur foir oxygen.

Nil Subs~ilwunt effJects on divale'nt sulfur
* it."i q 1.0 A fuirther examiple of the subst~iteent effect on divat-

I, (lit sulfur of the ty l)v (liseugsodl fo r the thiolsulfonati-s
2' - /tilan related complounds can he~ found in coinp~ounds

/ N Nos. 6.1 and 6.2, the spectra of which are- shown in
0 Figs,. V:471 a inl V 471), rI 's a'ti vely.The attachernent

N III N V ~of the electrn 0)att racti og wLtd) grouip to di valen t gu I-
* 1.00 qt 1 .9(2 fi.r evideýntly has iL litrg(- effect on the( hi ndinig en ergy

I f at Lv Nis st ciwtur il s aissuititd for the sulforiatA' grou 11)If snIfuar. IThis effc t canl b est Le' explained( in termit,'

iN IV) Oil- charge(F laCCiOMP tice 1s large Its ill ort-'f at largeo conltribu~tionil of Strurt tin'- XVIb to thei rosao-

aure N Ill ( N I), andti a shift of at ei'tt 5t vv wook tallle hybrid.

lo. eXllll0'tI( lI'to-'twco hi'l stilfoniulin sulfilr and t~lh( 0t 0

sitlftottltt suit ilr. The sjivt'tlii lif coinpional 1N1o. 62d is U C
nhw ill Fig. V Arma, It 'on~sists of an lounresolvedl

blind~ing vntilgy of the( sealfonllto Yollfuir' is thuis vlo~."' tiI'

'vlrgI siiuinilr to thalt oIf mitlfnlin Hidsufur. SinvoOletn

imaxilnlitil chargl' whitOl (.itt ho Lsshivia'd to the stilfo- 'Is 1,1
f(01111 stilftii is - 1 .0"7 , this o'isult is invl(llisitvilt. Wit'lt a "a OIs

Lewis stmletlll'I for tht( gulflliate stulfur, which gives

a'itlc clmg ose to 2. Tltiis favolurs the luse (if sI rlietirumi

Ilt 'I'loL e V:Il9, cbharges en I (ati ed's frI 11 I-A' wis N '"N

4-erhI' vc. chitrge Ido~t, usinig flii'sc litrg;,e is slo~wl ill

artomllid inttgral va~lueIs (of cliargl', excipt. the poini, for N b I

4!l~ttIIII, 111 NIo, 6,? whivii falls voinlojii'ely out. of i.ho o'
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Table V: 19. Summary of the data given in Tables V: 16-18 giving th, average ding energy of various
sulfur structures.

No q qLewis S2p
1 Na2S -0.60 -0.60 160.8
3 R-S-H -0.04 -0.04 162.0

4 R-S-R 162.3]
b R-S-S-R 0 0 162.7t 162.4
c S8 162.21_ _

6 R2 N-S-NR2  *0.13 +0.13 162.5
7 R-S-OR +0.22 +0.22 164.2
10 R2 S=O +0.44 +0.99 164.9
12 R-SO2® +0.56 +1.05 165.4
16 S030 +0.68 +1.12 165.8

25c (RO) 2 S=O 41.28 167.01
b R-S0 2-R +088 +1.83 167.1167.1

26a R-S12CI 167.11
26 R-SO2N< +0.95 +1.92 167.3 167.3

27 R-SO3e + 1.00 + 1.92 167.2
31 R-SO2OR + 1,10 +1.96 167.5
32 SO40  + 1.12 +2.02 168.0
36 RO-SO3® + 1.22 +2.05 168.7
3 pn) 2 S02 +13 +2.09 168.6

50 [5-SO3, 0  -0.24 -0.82 160.9
51 R-S-SO-R 162-3

b R-S-S0 2-R 0 0 162.8
R-S-SO3e 162.8

52 R-OS-S-R +0,44 +0.99 164.8
54 /- [O3S-S] +0.84 +1.83 166.9
55 R-O2S-S--R +0.88 +1.83 167.1
56 GO3 S-S-R +100 +192 167.8
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F~ig. V: 48. Electroni spvct-uni of cyptino.'
7

In the case of eystinri dioxid,- R, me e'introvers- IL 0)
about the structure has existed. We havc confirmed -it--*---it
the thiolsulfoniate structure by utilizing the fact that
two sulfur peaks occur in the electron spectrum."7

In insulin selective oxidative cleavage (if the inter- (11) (I

chain disulfide bridges can be effected. We have fol. .Liufxd Ti-l~oao

lowed this cleavage by observing the changes in the and the thiolmulfonate (11) structures, ha've both
relative intensities of the sulfur electron linies up)on received su)pport. Mo-dern evidence based on IR
oxidation."' spectra favours the thiolsulfonate, structure. 21 5 For

The structure of disulfide dioxides has been the siub- proved by chemical evidence210 and by evidence ob-

ject of recurrent investigations ever since the first tained from NMR spsectra, 217.118 and the thiolsulfonate
compiounds of ,his ftyp' were preparod and examined, structure is now gewerally accepted.2iS
213-211, The two possible structures of the disulfide However, in the case of cystine S-dioxide there has
dioxides, i.e. the disulfoxide (I) been mome controversy. Utzinger claims to have
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-/00 -- i made an extensive reinvestigattionk into) the general
p)roblem of the structure of disulfeb- 8-dIioxides., using

2500- CYSTINE S-DIOXIDE ' IR and Hanan spectra .2 22 According to their inter-

52p(AIKt) pretation of Utzinger's dlata, his spectra are coinsimteit,
with a thiolsulfonate structure. They reconimend that

ospectral e~vidence5 ifl literature for the (lisulfiixide
structure of disulfide 8-dioxides should be tscrUtiniii7-(.

2000-(± The cystine, molecule contains two equivalent sulfur

Va 
t o m s : H O O C - W -C I -- C H , -- i.S C , - - H -- C O -

1500- Fig. V :48 shows the electron spectrumn of I,(-)-

cystine obitained with aluminum Ka' radiation. All1

c/40elementsq in the compoiund, excep~t hydrogen, are seen
S CYSTINE in the spectrum which hits been recorded-( between 940

S2p(AtKa) vV and 149W cV kinetic energy.
8 2000- The spectrum shows only photoelvetron lines since

the Anger transitions of the elements in qunestion have
energies outside the interval shown in the figure-.

At zero binding energy, i.e-. at the Fermi level, the.- ~intensity hats dlecreased. The leermeae in intensity
1500-occurs at the top) of the valence band where nom more

electrons are availab~le for the photoelectric pro)cess

(see Chapter IV). Since the specimen is in this case
an electrical insulator the decrease in inteonsity occurs at

1110__k a distance of a few eV from the Fermi(leve. Th sulfu
2p subshell is observed, as one single line, which has at

131 130 325 eV consistent Nvith the equivalence of the two bulf ur atomls

KNTCENERGY ]ii tne disulfide dioxide it) which two oxygens are
;- 17 ____5 16 attached to sulfur, two different structures may he

BINDING ENERGY formulated, If one oxygen is attached to each of the

Fig. V 41). Electrorus frorn the 2p) shell of sulfu, in ,ystine S. two s~ulfur ato~ms (I), tlie resulting symmetry with

(iidie (I~I,() fiid eysti ne (b). The two Iitv minaj (a) give evid,'enc eqjuivatlent sulfuir atoms would give rise to tsii glu linume
of a thiolsulfonato striwture of eyst~iro S-dioxide. 'Iheo valotwon in the electron wpectra of the sulfur atoms. If 1)oth

staesof ie sufu aeoi cn le et'riiiiolfrontheHji.(rt." oxyge!ns are attached to one, of the sulfur atorns, i.(,

if the disulfide dioxide Wa the thiolsulfonate struc-
isolated both forms I and fl, by using different methods ture (11), the two sulfur ato)ms having non-equivalent
of oxidation.220 The assignment o~f structure to the structural 1 )ositionH, would give riiae to two (different
two productsi was based on M specctra. However, lines in the electron spectra of the sulfur atomsg. This
re-investigation of his oxidation methods has shown is actually the ease. Fig. V:49 shows the electron
that one of themt yields at mixture of cystine 8-di- spectrum of the 2p s3uhshell of sulfur in L(-)cystine

oxide, cystine 8-monoxide, and e:ystine.2) I The inter- 8-dioxide, recorded with aluminumi Km. Instead of

JpretlLti~ili of the IR sjs-ctrumt of the pure product to one single line as in the symmetrical L(-)-cystine, two
which was aasigneil the disulfoxidv structure has lines are now obtainedl from the 2p subshcll in) sulfur.

recently been criticized by Block arid Weidner, vwho One of the lines hats apIproximately the same energy as
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the eystine 'S line and the other line has an eniergy 4.0 C/loin
eV lower. Fiach line has a halfwidth of iabout 2.5 cV.

The soparation is of the samne order of mnagnitude. it S2p (At Ka) INSULIN
the shifts pr('viously oltisrved for sulfur atoms with

comiparable differences in the oxidation states.

T'he electron siectruinl of cystine S-dioxide obtained

by FESCA therefore gives conclusive evidence. for the 500
tb iolsii fonate- structure: a

0

N112 0I N112

TIhis e~vidence. is mnore dlirect. than that which can he 0- o

obitaineld from I It, Hlainan, and NM R1 spectra, since the

electron specetrilmO of the sulistaiiev contains l ines from ~
the vdmnut sulfur th at can be studied Hi iiirately. M

O~ridtition of In.,uiin.. -- insulini wits oxidized accord- 0 500-
iog to at method which hats been eli inied to cle'ave the b

ztwo intA'rchaLii diitilfide bondis by oxidationito the sulfo- :3
nate stage while the (ligulfide bond of thev A chain (gee 0

u
Fig. 1: 12) remains initact.2 24 Fig. V :5(1 shows the sulfur I-

2p electron line from dlifferent sources Ji in~sulin. z 0
0

(The total iipectrum from one of the samples wasi 0-
shown in Chapter 1, Fig. 1: 13). The sulfur 2 p xms-c-

trumi from inio x idized in sul in (Fig. V :50a) ha:i one

nairrow 1 s'ak as expected( fromn the :omnTnon ("iii- 500-
racter of the three 'Jisu fide linoks in thoe ystine

comnponents (see Fig. 1:12). Oxidation by iodate,

caused it stronig shift of the sulfur electron line ats seen C
iii Fig. V :501). It wam expected that this shift would

conceern two-thirds of the sulfur atoini, siuce- the method

ermplioyed has been claii rie( to oixidize selectivel1y the0

sulfur of the t~wo bridg~es between the. chatins thus
mleaving the intracliail biridge intact. The relative LL - _____L--

intenisity of thi- sulfur lines, which sho~wed that the 1310 1320 eV
a-mount of oxi!!ized sulfur wnas 2,1 fimvs the aioufont of KINETIC ENERGY
the. un1converte-d form, is in satisfactory accordance

with the piistulatud( selective oxidatimi. A sulfur .

tipectrunt from at source of pork insulin, which wats eV 170 160
Oxidized only by a fraction (if the amount of oxidant, F INDING ENERGY
neede5ld to ueh ieve the oxidation of two of the three Fig. V :60i . Theio silfur 21) cloctron linie froiii (lit(Ieroit Molirco"

dlisulfide liniks is sho wn iii Fig. V :r50 c In tbhis sjs'et- 4of insulijo, (u) utmii~i(IizoiI (h) oxKidizid andi (c) pnrtly oxid ized.

ruin the relative heights ouf the( sulfur peaks is accord-

inugly reversed. Th(' fact that the sulftir shifts in Figs. V:Sc. I•SCA shifts of carbon and oxygen
V:601l, andl V :50c are approximatily the samne its the Work is in progress to establish charge-binding

shifts bpe~ween ic the dmifide andl sulffriate oxidlat ion energy coirreluitions for the elements carb~on and oxygen

states oif sulfur supports the po~stulated mnode of oxida- and t,4 i pply ESCA to structural Iir(Jlh(mH inivolving
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C/ 20S

Carbon is 0 H 1
0 1

C02  C6 H6  H H

2000--
3

z500

150 - CARBONII

1110 KINUflC LNERlGY

.5 90280 270
W 29 INOING ENF CY

:D Fig. V:52. Electron hpoetruini from ethyl chloroforiniatA.
0 T,~ lite ar81 .1,obtairiol,( i thet cairboni 18 HIoctrurnl whiieh

1-100 pp ar inl V~ie Nlame order fr~oi left' to right a18 thet cairbont

W 100atolnH in the mtructure that haN been drawn in the figure.
Z The ti ~~~~~~~~~~~~ifferen t. valtie ttHlofaruii timnlvear

thum reflectixd in tbohSCft mpeetruni. Th~e Alrhirano 2a Iiiie

is alto 'lovin. It im ifl dh brouder than the carboni 18 linom IN!-
caue, of Litt, lwgts i uloroit width W ltme m hlohric 24 lovel.

500 ~troum spe~ct~rum from ethylichloroformiate. The diffe-rent,
valcI(Ie Mtittem oif the threýe carbon atoms in this mole-

cule are reflected in the ESCA spectrum and the broad
2s level of chlorine, is also seen. It is ititereoting to
COMIpItre th is spsectrum with those of et~hyl trifluoro-

acti-tte (Fig. I : 16) and ileetone (Fig. 1 :15). The largest
shift, 9.2 WV, was observed between the trifluoromethyl

0 0 carbion and methyl carbon in ethyl trifluoroacetate.

Chlorine vi at substitumeut in ethyl chioroformiat~e cauges

955 960 96b 970 eV it O.6 eV lurgot Alhift 1i,ctwizci thc oxycarbonyl carbon
KINETIC ENERGY and methyl carbon than do(% the trifluoromethyl sub-

~-~--J--.~-L--. ~---------- titunet. in ethyl trifijuoroacetate. 'lhe shift inl carbionyl
eV 295 290 285 280 carbon in acetone. falls betweevn the shifts o~f carhoxy-

BINDIG ENRGY thyl elarbon and oxymethylene carbon. This soquence

Fig. V: 61. Thoe arbon I8 line in carbon dox ide antd bonz'nme. (of shift.4 is ill ac~cordanc with the gro.~p electr'negn.

tivities of the ligandis.

Carban.--ln it series of carbon containing co~iniosunds There also scems to be a shift betwe!en clemental

chemical shifts of the same order of mragniitude as iii carbon in the. forms of graphite and diamond. 'This

other elements have been observed. Fig. V: 51 sho~tws could vither be (Inn- to cryfital effects or to the dif-

the ciarbon 1s level shift between solidified carbon di- ferent tylies oIf hybridization iii graphite and diamond

oxide andt solidified benzenie. Fig. V: :52 shIows an clec. oIr to bot'i.
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ev - A preliminary charge-bI inding energy correlation for
carbon is shown in Fig. V :53. With the charge eal.

culation based on average 4lectronegativities one
distinguishes two rectilinear u,7nelations, one for ap

2
-

2901 hybridized carbon (open squares) and one. for spl-hy-
bridized carbon (filled squares). When the orbital dlec.

Ssp 2  tronegativitiem of Hinze and Ja~ff0RO (see. Appendix 16)
03 are employed theme lines tend to coalesce. to one.* It is

284- 13th-ifs obvious that the. differences in clectronegativity
SP313 caused by hybridization are reflected in the. electron

/ speetra, and carbon seems to be a suitable element for

W I 0 the study of the, effectm of bybriddzntion.

z )xyqeL. -ESCA data are also being collected for oxy-
Q26

Z /13 gen (see Tables V: 16--V: 18), but we have not yet made

any attempts to cover a large range of charge. However,
/ ~shifts of th1e same order 'if magnitude )o-r charge unit

284- as in other elements have also beeni observed in oxygen.
An example of an oxygen shift, is given ii' Fig. V : 54,
which shows the electron lines from oxygen in sodium

C1 para-iiitnilienzene. sulfinate (No. 12.3 in Table V: :17).

Tlhe sulfitiate oxygen ias liy comparison with the spec-
282trit of unsubstituted sodiumy lbenzenesulfinate, arid nitro-

-0. 0 .5benzene licet k-hown to be the. most negatively charged

CALCULATED CHARGE (q) of the, two oxygons. This is in accordance with what
could lie vxpecte(1 from thet usual chtarge calculation.

Fig. V : 53. Itindinig ctiorgy for thio carbon is electrons versaH
calculated charge for spl. and msp- hybrioizcd carbon.

VA:6 ESCA-a Surface Method

C/100S 1 Eectroiig with energies of a few kcV er less pe'ne-

trate only very thin layers of solid inatter. Itange-
OXYGEN is (Iiirgy corves for (eletr'osH in the kv-V region arc abosut

thc samec for difforent 11aterials82 2 when the range is

(x 1 )resstd. as mass pe unit area; for electrons with

4U 50 kinetic energy ('01 (V it is 1t) 5 g en -2. Thus a thickness
oif aluminum of 40X) A will totally absorb, the energy.

0, N Irýý 0,2 Na Phoitovejectmis jiroducod by, for vulumple, alumninumi Krx

cimerge frotn asurfaoe layer tif a few hundred atAnnic

L)1000 iselimoes (X(m'edin(gly snlasthis depth is approached.
The average dlepth iUt which those electrons are pro-
duced that, ow-, obseýrves in the electron lines mnay be~
only a few tens of A. This is illuittrated in Fig. V :5;p
which shows an electron line fromn iodine obtained fromn

-- t ________ ____ three muiltilayer samples (If different thickness. It. is
715 720 e ogbv obidu nliavKo ayln-hi

K11NETIC ENERGYixsiltoiulup uliyrsomnyog-hn
-- - F_____ i- . -ig. V : .. 'fho Ift oioetr,,i lino of o xygen friont z~olljiin pe~ro

ev 535 - -5,30- Ili toi~ire 410 7Ao Solfillft,4. 'I'ii tolmegy sHiift lietW(,1'i 1F,1,jt) nitr
B3INDING ENERGY anid oalfiriato lxygli ill 2.0 WV.

Noite ,iddedin prool: *Wtiio applying thoe x oeuuled II iokol

ine~ttioi for calcutat~ioin of chiarge we olt~inoniuee roetil iiiear
('orrelt~on.ti
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compounds or solid surfaces from monolayers deposited

t, on watcr
227

-
22

9, and it has beeni shown thait, for exampleO,

? 1it a replachement of methyl groups in fatty acids by

bromine or iodine attom does not generally influence

g €g • /i the molecular arrangement in the solid state. The

---y-y - samples in Fig. V :55 were made from a inonolayer of

( • g g g• very pure iodostearie acid, dispersed on a water str-

y W yy face. Multilayers were built up from this monolayer on

chromium plated brass slides by dipping them in the

/l• 4 1 water*, The samp!cs consisted of one, three, and ten
/71/7/77 ///////molecular double layers, respectively, see Fig. V :55.
I LAYER 3 LAYER5% 10 LAYERS Each double layer was 40 A thick and contained one

b iodine atoin over an area of ten square ,Lngstr6m. The

c/205 total amount of iodine was less than 10 - g in Ran!Ile
moo (a) but was sufficient to give a net counting rate of

13d,/, 20 cutits per secon(d at the |)eak of the iodine 3d,,,Z

elchtron line (aluminum Ka( radiation), which illi-

1)oo0 strates the sensitivity of the method.

* I As the number of double layers was incoeased from

one to three (sample (b)) the counting rate increasedl,

o but not ly a factor of three. When the number of
500ý layers reached ten (ample (c)) tbe intensity had only

z ) increased by a factor of 3.5. This indicates that the

clectrons of the ESCA line were emitted from an avwr-
e age depth of less than 100 A.

Since the general features of the molecular packing

Fig. V :55, The 3d(1,u electron line from iodine in three different in fatty acid layers can be determined by X-ray diff-

multilayor oalpletM. They eonmist of 1, 3, and 10 dothe-l-yors raction methods, physical methods for (examining the

of c,-iodostearic acid. respectivoly. " tt.. .* \Vo thank D~ocent Ki~re Lur.4,wn, 1Dept. of Mediral ]o.i-

clnuumitry, iitcbbrg, for making thj( rnoltilhnynr sarmplhns f,,r us.

I doubIe-,ayer

40A -- - - -~arl att

,9 , 1 =.11-.y...,tro. (,Ale t ni ci

(,,,,,1, 1

Fig. V:56. Two mnltilayer samploR layer2 of ,l ,r-bro •oLt~Aric( acid. Two layers of "unlaaleh ied" steariac Iwid

are dleposited on onto of tho stunlhles (a).
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molecular packing in phase boundaries can be te'sted '/20______

using multifilins of fatty acids as mod'ls. 0s/i 5

Another experiment to study molecular layers bsy jSAMPLE (b)

ESCA wam miade on two multilaye-s that were 'Ia-

bielled" with bromine1 4 T'WO samj~plCs with 2(0) moic- 2000i CARBON is BROMINE 3d

cular layers of 1)L-a-brornostearic acid were built up on120
chromium plated brass slides, and two layers of ~20

unlabelled'' stearic acid were dleposited on one oif 0

them. The long-spacings of the inultifilnim were deter- I

The niolevular packing in the srface films according '1000

toteX-ray analysis iilutaeinFig.IV:6

lPhotoeilectrong expiel led by Al Km radliationu fromli the

I s shell of carbon and the 3 d shell of bromine were C2SI-

studlied.c/0
SAMPLE(a

iNo signal -;as obtained fr on the chirom iumn backing
bsut wvell-defined oronmine linies were recordled from oInth 2000

samnples showing that a film uof SimR A thickness gives CARBON is BROMINE 3d -,2000

comphlete shielding whereas atomns ea,;vercd with about cr

50 A of organic material can be detected b~y I,,'SCA.

The most int.e.restinig result, however, was the relative Z
Z) 1000-

intensities of the bromine and carbon signals fromn the

two samples. As seers in Fig. V :57, the ratio of the -1000

b romraine to earbhon signals was three ti rues smnaller fo r ___

the slide where the ex-lsrirnistcaric acidl was covereu {I
with two layers of stearic acid1 (sampjil (at)). The 1190 1200 14 1410 1420 e

bromninc line WAS also shiftedI towards lower- kin cti e KINETIC ENERGY

enmergy biy about I eV. TIhis could be t~ crystal field Fig. V :57. BIoctrn inhes froul coirbon and hr mine in the

e~ffec(t (Section V :2) if convergence of the Mladelung sahmples shown in Fig. V:56. The relative iuiteonity of the

constant requires more. than at few Angstrom of length. brominor, line, to the oarl)oans ine i4 threo timessmtsIlcr when th,,

8uch a surface correction has been suggested by a -bro IiuONteuri ac i(I is coivered wvith two layerh o)f stolirie k ii(o.7

F'adley Ct aei?5is22 IElect~ron spectra like those of Fig.
V :57 canS be very useful for the study (If molecular sdSrss 0 gvliteifr tiniceIerreo

packing andl the ocourrence of de-feet's in monornol(-- lutiors was insufficient to yield a true line spectruinr.

cular layers. "ýarg-ger part (f tht, iiouimimu~ mpv'utu Similar studies have nlso been reormted by I1eilkti. 23 1

from samplle (1)), inicludling som-e Auger transsitioIns, is

showmn in Fig. V:58.

FESCA is thus a surface method in the sense that it

yields information on the atomic and molecular struc- V:.EeetlAayt
ture to a depth, say, of 100 A. It is riot limited to the Each clemernt in a chemieal compi~ound mnakes ;v

first few hngstrorns as is, for example, the. LEEDf characteristic contribution to the electron spectrumri.

method (L''Vnergy Electron Diffraction), although It is therefore possible to mnake a qualitative vlernen-

one can by FEtd 'Y obtain information even(r from at mo- tal analysis from the positions of the lines in the elec-

n(Iat(Imic surface layer. These features (of ESCA are trori spectrum. We have also found that at quantitative

obviously of special inturest irs the physics arnd client delemental analysis of at cornpound can be made from

istry of surfaces, the intensities of the- huzes irs the electron spnectrumn.

Eýarlier atteinpt-4 to use X -ray photoelectron spectra Fig. V Si9 shows soime of the electron spectra that

for the study of butilt-up films reported by "teinhardt were recorded in our first attemrpt to stuidy quanitita-
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BrM1 (AlKa) BrMU BrMa(AIKM) BrMgv (AIKm)

S 2000

Br rL, MM, RrL Mt-M,
0

ow
U >

J.

1000(

' I s I . -. I . . A .
1300 1350 1400 1450 1400 1450 1500eV

KINETIC ENERGY

eV 250 200 150 100 50
BINDING ENERGY

Fig. V: 58. •loctron Hpoctrun from sample (b) in Fig. V: 56, showing both photoolectron and Auger electron lines from bromine.

tively the elemental composition of a sample. 48 (1b) Energy dependence of alenuation /or electrons

Sodium sulfate, sodium carbonate, and silicon car- emerging, from the irradiated sample
bide were chosen as test substances and electron sisetra On emerging from the sample, the electrons suffer

were produced by chromium and copper X-radiation. energy losses. Since these losses occur in discrete
The observed line intensities had tW be corrected for amounts, some electrons leave the sample without.

the following effects: any loss of energy. These electrons form the lines on

which the measurements are made. The fraction of
(a) Z-dependence of photoeedric cross sectrion electrons that fall outside the recorded lines increases

Empihically it has been found 278 that the ai-Wn'ia- with decreasing kinetic energy of the electrons. This

tion cross section can be written as will tend to favour elements of low atomic number in

'U = CZ4 ±A- b (8) the photoelectron spectra.

Here the first term in the expression can be identified (c) Detector elffiienty

with the photoelectric absorption and the second term In our first measurements, we uscd GM-detection
with the scattering if the latter is assumed to be without postaceeleration and the window cut-off thus

independent of wavelength. The Z4-dep•ndence for the put a lower limit of around 3 keV to the electron

photoelectric part of the cross section will "favour" energies that could be detected. For a given characte-
elements of high atomic number. (The exponent in ristic X-radiation, and for a photoelectric effect in,

the Z.dependence has not been exactly established; say, the K shell, there is then an upper limit for Z above
the value given in eq. (8) is merely chosen as a mean which the detector efficiency becomes zero The fall of
of several suggested values. The approximate variation detector eificiencj down to zero occurs over several

of the mass absorption coefficient with Z for a number atomic numbers.

of radiations frequently used in ESCA measurements The corrections (a)-(c) foi the observed line inten-
is given in Appendix 7.) sities were determiied empirically from a set of com-
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NET COUNTS/MIN NET COUNTS/MIN

5i K(CrKw-1)15

I00 CK(CrKa 1)

250,I

0- 50

.0
2.65 2.70 3.15 3.20

potentiometersetting

NET C0L*TS/MlNNaCO

j NaK(Cr~1)NET COUNTS/MIN
1500.

0OK(Cr Koý) 20CK((Cr Kx1)

50:1 100-

2.90 2.95 110 3.15 3.20
potentiometer

setting

NET COUNTS/MIN4. I aS

00SK (Cu Ko1  aKCK. 1

OK(CuK. 1)
500-

3.30 3.35 3.70 3.75 3.85 3.90
potentiometer

setting

Fig. V :59. Electron ..poctra froin SiC, Na1 C4 2 arnd 14%H0 4 .41 A qjuantd~tivo eloi~meltaI analysis of th~e comnpounds cuo be made

from the intensities.
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Tabh~il V :20'. Relative anionants of carbon,i eh lori'in iii l niit ' s V ileiIn a ~ hou- i iind to carbon

sulfur as obttained from tfic ESCA spectra of motii aI it.oms inl I he heozne rinI g awl I toi- electron b ind ing
organic compondlnlls. lirl-'gies oif the chlorine aitlns are the samle ill differen~t

Caao''ir uapanl Ifl;s. C(il rpoll Iad ;3 in 'Fe bfle V: 20 is ifnI exceptioni
)I1svrv,'d r~ialacye otmounlli i jl which ()ala' chlorinei lomnad to Sulfur illu . lfeiiy

Narn-I Etanirieu yi

ir formla. Co (I f groulp inste!ad of heuizenc eiirhal '[his is ref etdin the
____________________________________________________ - lvetroii 51115trunit (( it ilr(Iadoiiiig (if the cý. ,rile linev.

2 1 i,( I, i zJI' 0(Na 0 7,1 4-0.7 01.98 A 0,09 2 2 w hi'- con'litasins two ISulfur it iiiis ill dIifferen'lt ox idl-
:t '0.l* TI ,IfiS0,, 4) 7.6 f o1.7 1.9 1-0 ± .j6 1 at ion States. Two wellI-resnijveI ml sfur lineps of equal
.1 Cn.( ii I 15(1151( 1.1l II. (.1 6.9 10.7 4. 1 4 . 31 ) 1 hight lie ob~tainedil~l this eage, 1. is aka of interist. toi

noltice' how tin' (xiliat-iola sti '-. idsa suitor if. different

compoiaiiiis arv' refli'ct'-i in ttic piisit~it.us (If tih' suflfur

poundl(s of kullmn 00laajSsit~ion, and the callibrlationl lire's. Comipounda 4 ewi 'atills at earlleyi) group and1 thn
curve obitaiinied was theft u(sed t. I evaluate tih' relative earilaxv'i carbonll is lil.sI'Ivid as ai sepalitte flull ill t.hII

]es. Thie re(sujlt oIf the analysis wax cnrre't. to mL thail Ceigvr couldlllr d~tectioll with 11111 .l('(('l(I'Iti(Ill was

5 tol io "I,. Aui excess amouniFt (If oxyge'n wits founmd used inl tin' Ileardilg af til-sI' s1 we'tr, and( Ow,hiii is

that, was p~roablily 11111 toI surfaco absolrpt ion of oxygeril lil tle IiffI' eel'c ni m-ililw ahbsorild ill for tin Ilifforlalt

alnd tol tra'es oif iuni udity left in the 51111(evs. lull's (N(ci' pilllit. (c) abolive). The' k{iletic' 4'ilirgy lOt 1-hi(

if, ntwli V:20 anid Taible V:21 Some1 oIther') iditaI (iffl'leilt, lull's is hI't~l'I(,'i 1.2 kl'k' andl 1 .3 klctV and((

Showing till Jlt(It'iatlliti('5of ESCA far quaiititatu i ('II. th"oi ser1 lld1lV'lliffevl''llI ill intetnsity belltw('lil tie ci ar-

Ilntilal alilid Vi w ilIV have 1 he '01 ('tllfe . The clect ran boli, ehh11riia, aldofI.ifu; :- IV u tLoilt, C11.ill1lt. bll ;LS.

.4wleetr, fraint which the dalt ifor these tabicls w~qre crilbel toI diff'~renel's ill (d]l'l tid'i-l vntnpllIitilli aire

Onhtrauii'o :ir¶' Wj s'iil iii igs. V:60t, V:(;i , aid V:62, Ininiiily, it rsl'511, oft thll (liff-relit. X-ray abisolrpt~incoe 15f-

ring Substit~iatid1 ill different, posit~ionls wvith Variouis the ('h~lloril liii iii compounI~ihd I ii 1.29, wbi.u'h is, exactly
ii n1,11'es o~f s11ulfand 11( ('loil~ul'ai as Souirels -wed' till' vale! ('alaillattd troml i'll. S. 'he' rlat ive intenisit~y

af coppeIr ililsi. 'l'figure Show.; electronllinhus frlom this S'1 ll il l('si(! till' COiistfiiit ( 15511hI('5) (iffil'hIlt.
Iille Is stIll lof carbon and the 2Ip 511111 of sulfur. and( value's fo~r alisfrprtiahl ill till I.,; andi 21) st1(1k. Cjoon-

sullfurl lNues are' all uniit~y. c'lIl'troln spectra of campouna ds 2 -4.

T1ablej V:21. Elementa(ltL lailly'iS lOf ifliuljilI 111i(i IiV( VI' llilul [i) 5((1 b.Y LS A.

ycl 0Co1),1 I11,N1), 1 1 2 1 2 I

Aki~oi(I' a(iI ) 01. W1 1.115 2.91- 1 1.817 0i

CycllSliI Co('j,(1 11 ,N,ii 45 N 1  0.971I 2nd, 271 99 S 1 11 ].l 7
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Cis Ct2p 52p

-6

CI C(l-
CI(DJ3SCH 2COOH

CI CI X11/2

C-: CCI 5 [1

1 7 5 1¶

7 >11

* CIlj3 C112SSO 3No X 112

* I ciQj SO,No X 112

C,,: C S

6 1 10

I~ u

11910 11,35 1200 12110 12185 12'90 1315 1320 1325 eV

KIlNLIC ENIERGY
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LYNI)ING ENERGY
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C/100!; Ots Na2si2pt (0D)Cls C l2s S2S Cl ?p S2p Nazs Nazp 0 2,

1500 Ca CH 2SSO 3 Na

I L

1003

z < J

0 X 1/5 X 1/5X112 X/21 X112 X11'2
u 5001 III

0*

_ _ _l jA
91.0 950 12690 990 1200 1220 120 18 301420 1440 1460 14.801 eV

KINETIC ENERGY

eV 53 260 260 40-- 200 8 6 0 4 20 0
BINDING ENERGY

Fi1g. V~ fi. IES( s.\ i*'ei nul fromui one of tlw Hilblstanvi'ei ini Fig. VAtO., AH cubit it o'ri 'Iel'riv'iltm, i'Xi'(';t hydirop'l'r, stiiw 1i1 ill the
HIliill m r II I.

('iU'l~l (Co1), bliz'i'n'i( antd CHI. ei'11.+01 (Cil), ('hlori1e, photocltroilnl hueis. The initetisit V 4eAlt' is adjusted
anid sulfur, obtainied from thet ('h(Cti'(i spetra~lt. lkV. iliithIis c'tt(' 5 that the heights oftb 16ont rogeli lint'sarf'
comprcd~iri with the omipirieal formunirhi'of ilhe (liffe-rerit Aill linit)', (.Nyeirie iS the- simlejdst. kallillo a(idl arIdl( (!()Il-

compoJ~iunds(. 'I'lu peis(V~tio of thm pre1 ii(liminarity 11011- filjlli Orli'- tansxl'bX' carlion iidr one,, (11., varboii. These

suremonets, de'finetd its lit' iiaxiirtnni dev5'iationi fronii are' sen. ill the 1.Ivtitoli Spet('ill tuits twvo lt-'of which
tlit Ilitti of tw~o (Jr morio iri('tsiire'u'its, is Iniiiiit'lc the( carbioxyl carboni line hIs lowor kinc ti loerg. 'lT
inl the tablvl. As seen fromn this table, the- relaitive exeessive height. of ill ('11, varblor hut'f is uieeolimnt.ed
amlount 4 of ('oJ* ("'. (TI anid S anreprelotlueed with' anl forliv the OW 'tsPiRTi of at sititll M1r0ont1 (If extrantlotuS

accunracy of bhtiettrIhan 5 ',, inl thn' eeetroii spectral. oI'galii( rolat(rial oil tlie, sir'fae' (cf. Nect 11)11 V: I). If
The (lietire :411t'il'Il'mi recri'urltt froin one of ihit sill'stitl- this is corrected for, the( glNveinvt spectrum ciu Ill used
ct's (ctpornaiid 2) is shown inl Fig, V :61. All molsli- for ctlibrationi whenl cIllecioi'ig t0n' elttitniittl coriijio-
tuent, deIrni'rits, excepht hiyidrogeni, are rt'jreseuited iii sit ion of lother atmino aceids fromt tdiivi viluteton sjitetu'it

this sjpeetriin, hot Ii its photittl'eNtron and its Auger TheV eSn It- oif s11iIieh an 'lenntatl anitb'sis for the other
tleetrori linies. 'The( spieetrurn extendts to zero biniding four' 'k11irui aCids iirid inisulin is give-n inl Tabile V :21.
energy litt, whichi thier is iuttmrked deeritist il ni-i u tenily. 'Ihit resul11t, of ailtt deti'riiinttion of t he relaitive amnounits

Fig. V:02 shows t.;ie eleetrori spectrat of five, i,iniiuo of 'oup .i andl 'Zine inl brass is, sltowii1l ill 14ig. NV :6;:8. l1ive

acitds iandt illsulin whiicht cojisists of two luolypnpt ide sallipjlts with differetnt m'intoiriii~ rios, %tvrc analyse~d.
chains cross-liriktd bly tao disulfide bridges, set' Fig4 W~ith one of tin' allos uised Its itstiudtird, the. itrillysis

1 12. All ('orlstitunt'li elerrarts, excetpt hydrogren, were of the other fom, eiiultl ho' made with ali niceuravy
recorded; oxygeiihitreg'' i, anid carbon arerlt'ijtiremiteid lid hr thaini two pt-n cirlit. 'Pit'l( tittron sp ctruin rv-

by their Is ydiototlt'ctron lines, and sulfur by its 21) ctrd,'tu frtor it sixth sampjle is shownr inl Fig. V :04.

140
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0/,Cu j'Ii.i conitained sniall amounts of other metals, e,,g.

0.69~ tin and 0.92 1% Ivad. The tiii M1 v.v signal is

weak but t~he Nvj1 vl1 electron lines from lead arc. so
jintenise that they had to bei reduced in height by at

100 fa~ctor of five when plot~ted in the figure. It thus seemvns

ats if heavy elemients,, which. are favoured biy the Z'-
90- 1 \ -21 0 SM dependvienev of the photoelectric vross section, can 1be

a ES CA ~analysedl by bSCA even in sin all piroplortions5 atmiiiimg

80- 1-16 several other eloemoents.

A lthonugh this l ine of research hits not yev(t 1 evn de -
70- 1 -11 veh iped to the accuracy a nd previsioin necessary for

the determin iationii of eminjrical foirmu lae fo r (uminknoi wo)

60 1 -6 co m plex cion paundK, the resutlts o1 taimed so far suggest,

1 lb tit this should iii pr iniple be lii ,issi le. TIhe relaiv. e
50 priopbortionis of carbioxylic c!arboni and other carbons

obt ai ned iii the weries if am ino acid." ando iii the series oif

40- carbos xyli ii aids I Sect ion V: 1) suggest that EW( A coul~d

be app l ied toI qua iiti tati ve grouap analysis.

I ~ A~L L - ESAis ii ni mist eases aiii non -dest riotivye anal yti cal
10 20 30 40 50 60 %/,Zn tolbI eolpxto oft sme inins

Fig. V :ii3. Thvi reative 1cm m lolr,i (m cIfmm (7INTMmid Mile iiiSllil S0V occors under the eiomiilmi'm ;I ion iif Vacuum amnd
b~rass .%1IIjvs tmi. im,,'iMId Ibv 1'~(A - Timm reisults aroe mnpiiareid leoogitcnlai i.I h eoipsto ae
with tillu% (SM) givenl by tile fmkmtmury, Sveumskm M,.tmmllvrkemi. cv;rmgci-rdain ftedemoiintt

C! 10 0 5 '

ZnLm CuL10  Sin M~vM Pb Nm~

1500'

~-1/5

4- 1 1

225 230 2315 315 32 60 77~N EEG 40 40' 10 15'0 11'0

Fig. V : 64. Aiimv If (trimn umpv I rmuiI fm-mmij It Imrii,4, II lly,' %,uiumlg giwduu al .. u m~m~~ its of moad ul u til l.
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piccee iover it percio ofci initinutea o r ho urs, it, nicv ice cf 60s -_____

posibSihle toi folloc w t hi' ir icess ill thc ESCA spect runit.

This is illustrated in Fig. V :65, which shows the inl-

let sities, of if h cii r i tic 21) ciini sullfur 21) electron o in s 1200

(produceed by Al K7) uif ani organic cotipiiuncl as at

funtli ctio i if t in '. The ex'~trtapoliiatecd inttensit y at t 0 of W

ehlohrinie relactivie toi sutlfur is arcun 1.6ic Ia ctiii this, tat ioi 1000-
z

econstanut. 'pThis ii ml ut ext hut citi tile cc vrageocine elil ii 'riSOc D 50 NH2
at ccm ci til molcen ii is reli cv ed frontn the surface regionit800 2 2

Nwhci thec s Jii'ivill iil itas b ectil ke lit ill ac v a cItIII and a eax-80

poisedc tic N *rcdiatioiii for t%%o incurx. SIf," \ 2p

Uleiss spcecial jirccaitticitis hacve beetn taken to miniii-

taic Itc4 cliciti vciculttil. t lierti is ail wcYs 41 smaci Ill deposit 1600t -"

ccf lcarlill-ittcntaiitcg tintitricc oil the satniplcs. The L___,___r_-- -- I ----T I
0 20 4D 60 80 100 120 140 160 min

contarit ii tcit tg lccvcr is irciclIls due' tc hcvircaccrbcccis TIME ELAPSED

frcntc thle jItInIII (ii l ccIiThi is ic sctr1fco'i effvet if (Iluitc' Fig. V cia. itvicisjijies ocf flcc chlclrciic' -1)c oct sulfuir 2p) tics

t-iV icc Icc it icr Ili(ii 11111 * N ii cc I it IIiSIcIHCc w i thi cit- Itsi at fkcccct iccc of c'etlcc'lt h icic' i cit ccrgccccic vcccu ictllipo n whiri'I

Inicti cariboin is beinilg st udiedli('(i cli' t Ii('iicarbon litic' from~i clc'c,cicc~ciu widectr ttic acction ccf vcccccccc andi r-ccicct ion.

th Iccctlcit aniiltcccicg filtl overilaps tici- cacticccc spuic'truict

frollit theii scliticlii. Il Ii tic st cases, hcoweverc, wec have'

Cis Niss Nls NIs Nis Cis

CH, CHl CH,

cc'CAH CH 2

tu N
CHc

115zi~ 08 15 10

z- ~ I

11ý 1200 1080 109 tOB10O 1090 100 008919 10
KINETIC ENERGY_(e V)

0 1 2 3 4 5 6 7 8 9 10 11 12 h

TIME ELAPSED

ci ccclccc ~c c icccc. Icc-. c- ctlcccc' Illc icc-s Iwtccicicc \ c IY m ci c cl'cc- ill Ic,- ilchclc.0i v of 1114 hovc firccccc cil-c )i llcc Ill cc- ccccciccc icct iccg
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uisually ino difficult v ill d istiinguishinig this linev fi')IItiltl- 'InIt'Ik\sv for al i~v tnoiint withouit cemia'io l 1tritrt'at.

r'est, tif the spetrillt11t Sitce its relaItiv xi'iitenlsit' v ill- foclt. 0l separtat ions.

creasesI With t inico. TIhis is illutst ratedt in Fig. V:66 Quantitatively, ESCA is a 1-cat j e inethloud. hut it

which shows suiccessive record inmgs of c'arbton and nitrt o- should ill princiip'jlt' also he posiblejh to luse it for absolute'

geun fi tes from alie i ai tlvhne ti nii sarliipih. The dt'teri'iniiatiolis misitig stiiian'dard uditio ii tu'liiqiics.

sequenve wvas Inanit suichi that t hi' carbol Ii iis lific was. Wc li v .y e ls,' thIi; the iii si liite stis-it iv itV of the

first. recorded; then four r'ecordings were niade (if the linthlotl is high, jiWO' 10dt tilit' Sitillfle~k is !'IyI)iptd as aI

nlitrogenl Is hlne, anid fimmlyaI thme u'arbloi Is lilte %%as thin. cotiorent filml of at eiitain mmilimmiion areca. F'or

r(eiti-dud againl. '[li carbton at u tos ill thet ciompounod itself certaiki ;kIjqtVletjO IIn such it filml need iiot, conlsist, of

all1 have the samie vlutltieStistat, ;tmd thioit-foret'give ommlv nioli' than a it ioiiomtitleeiilar ovum'. It.shouuld therefore
tint taitfomi linle ilk the ES( A s~wlt'ti'iii. '~lii ot heri lit potssiblei tit adapit ES('A to till iiitrilloit'ro scale.

carhiiim line is Iue to cuirholi ill thl' surface fitim. The TIhe limits fo i'mluiit eisfmi ' it'. Ihi' smIlallest,
two lines nit'- n'solvi'd grupliicallv inl the( figure. F~roni propormtioni of inl ceflcmmeit that ealn Ie duterritlirod with

the graphical anialysis, it is ,(emif that oiie tof the carbon iudeivpatt' accuracy. ritmamins to Isc inves-tigated, lbnt

fiues hats imi'rvi'lsi'i ill iliteimsit vI)y it factor' ttf twt iivti' till-i'tesiults obfltiiimet for' titialt ill vitamin B -, sulfur

it pt'ri't tif Wi Ii, whei't'ts till- othier line lhis tde- iii insiiliii amitd eat! ill brmass show thiat elenienrts iitt'irr-

creaseth ill irmtt'isitY LY almoiist ;I factor iif tlins'. It is iiig illit aNsi1i11l ropittiouli aloomg Suv'reutl fii 'i'[ tlluinvilts

thurifori' fvitletit that i hi' frincriit is thu' to till, pumlp camil Ill' ;Itisfiltotriilv dett'i'miinic(L A i't'1ltti\ -' sens.itivity

minia. 'In'l( tliiikiiss 01fit(n' siiifac'tI luvet aind thel iii- aiiid ,lyt itul ehtimmist;'v. thu's iiot metim to Ib' wit hini it-

tclli;itv if thn' 'alaion lift' i u''ua vitli tiiiie at thu mou'iliti' i'eun'h1.

lutecs from till' itummjitit'iti mimithi stild ,. hItowVO'tI'Vl ttu iviit'ioitititt tlitt 'eu'itimill'iit it il.s a lisvIfim itiulvtit'ut

after X I), thme mit'ogi'ii lilit'- fi'oiii thu Ilexutimiuth , 'li''tt- toil:

tramiilit' etolilul Itn. i'tctt'ttd without diifivu'ltv andi tOfi' I. li'avvan Ititi lh cehimei ts niav ill he A utditti a like

ent'rgy dettiuuitialitil icouild hi' minn with tillt stir- liv E'Sm '..

fae' itteclituti hut' a iii ut'f-l''-it'e. -'. 'ill' a;iýhitltitt viu'uitiv't ,V is Ii igli, itc. ihe inittlint. iif

Althouttgh1i10 tumu lt ititl' ''tumils ttt bolit' i houiu It'itt'hit mmoit'm-iuit tt'tjtiiiet for otbtaininig ftill I'8 '\sC t''m'i is

Jysis hitas I emil fully t'xpltoredth otli fotii' t lmt otolmtt t'llu''iiu 3. Ammttuiitltt'ii' auu wull is t'u'staiilmt saitimltis Immiv lit'

anit Anugeri ch-it mii sI''etr';. mt shoimimi iii thit fitlhiwimig st il~iiii' h\ ES( 'A.

ES('A is a putiimt'i 1ti'sivaul imt'todu anmd. ltm'uiil't thamut otil thit vumlt-mit siitt' tf th, corre'uspoundiifig aititli. 'I his

thel samnpl's lilt' iltu (1i ctttltiiosi'd i~v tilt- radniationi lisfud, sulggests it mitrl' r'tfimmi't quatlitatitt' mlimulysis. t',g. the-

it mioilm-&dt'uut'ttiv' If Child. Ill pricijtlu' it, pltt'm'nits at (I (Tlttmminalit il oif' tl' ouidilhti~ itii 1C sttu u It !S n al eM tilit'

totidal amalv*a'iq if ill (limmitu-its e-xu'vt 1't luvuruugun ill itmit uImmautituttivt' tlist itot itO beti %t'emm diffec]-cit om'guumuic

tmjtirationi witiouut tdis' uritig imtet'fu'ri'mmu' s Ii'twt'tir tIll' groupns (tjiutmotitautiv', grouip almmi~mlvss).

clii .'t~ittl'i t cii u t-Il~iit s. Ini this ru'i-'ect. El-VA is rattli 'i
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VI. FELECTIION EM ISSION FR~OM1IA EXITFIATOMIS

C'ited'( ill tw dit hffi-et''t wavs its illust raitedil Pit ". 11: :3. fildit) Ito ViO{tIISWNIthI-iall ill errol for tllt' t'IellleltS

1'ho rtdiaolittl~lt'ss (li''ci'X'titiohl prws ill Nwi(iil the bet wien Z 38 andi Z 47 whereas thi' piredictted line
atom is left with IWo v'i~t'lniips' is knmii talas the( Auiger st'1 ilrat ions %%it i~ii t lie spieeira %iren ill goodii agret'lilint

effect. If tint1 of tilt, final stalte vacalnvict' lie's inl the with the t'XperinlilT'itl valueos. From th expiiriint'nttal

511ll( Shvill i it's th jilliotaY vat'alii'X (;ltbItiiglh not ill data,. it was liossiltle to jimprove tht, st'lllici'njiri- 11 itia-

thI' sam,'e snihloll) the radiitltinlt'S4 trantlsitioni is refer- tionis forth'Ile vili'lgit's of tilt' iliffereilt Anlge,' itii'sA'
rid to w a" aCoster Kritiig transitionl. Otheri wlidvst' of Augt'r, hjila elorgies, cah'nlattd fromnt hli-sIl' ow ,xlle(S.

radliat ioiiliss tli-i'xtit :titio )1 ll ist, tutau-(I ll-.(I; r for 4xa II JuhI- sioluli shiot% ('t gotodi tigrei'llt't Nt% ith 'Xpt'r'iliellt ill 'taidu s
tilti' liti11N.In4i-t clectroiis thfat are entittedill iii ratliat itin. for licri-unts of lowotol mijiitu'rnic'diatt Z. For hevavie-r

less tranitio ti llu-i Im' miol' than oilt' and t 1 i'i'utreiis cilnitits, t li (In' i(,ienpi I ic'il exprci-siolls, we re latter

Vit'a ~eal'is. Ani accurati' st idy of thosie processetis wi-as Alug11 i'tlwrgiv', ccu'l-ilat(I tromll thise Iutw s(- itsf ix-

itiijiialt' nui yeairsi ,tpetu-il thns iitrl ofill' lalt diffeit-llis pr n norc' straightflu irl Apentdixa 4. A aof partir ifith-

,Ilasi iltu'etica istsfr ititlientt-tttijiltu'is1-t-u' llei l spiesliro-Icerll -fied 'it vrI(.S listhlilh arn us'ill jilt-S Ill ti, w

t~ireatlgil-Ils Liist L decade. simptit l e(s-it- clt St tIvil 2 phi-lil t I It'i. tl ~ ili . 1m 'i'-i- t

have lut'iave facili't'lal'd inomt'll anod iiNio whit fogllow cw - A wott itut Ill' jolt* cta~ilt' ati lionitt 11if Auger t ita

shaItl mtisttYv tinfini' iirilt'It thiem' Aug-I- tralati- i-mt ugi ot Iil It altn itl its miiti)a) Stal,' 'iit It a v'tltallev'

tiolts. For at thi'titili't discutssioin ills' reialh'm is itii inl thit' A slitil. intd ll its fin~al. di011ilily jionizied. sltiti-

KLI, A'umger 'pi'rtra in jni'rmedi'dw' coupinirg f~cri-t-i ll, ttim) tilt- g ti--I. c tir 'it msotait'fed intl ilot diti

Ini 1957, Ilti' Ailir sjtt'ttrulin tof i-titrrs, stinltt'il staltus (Nt'thiuit B, Scuttitit Ill :9). Ill tlt-' eutjlliititi Iwo.

li nt, loot I hal t ui'll i iit tuerc foi ''r ni-"' compl ext~l s - gri.. . . . . . . . . . ..d v i-geO tl- olfgiilil

:tn,~7.47 atI ~t.I liil'll(iliitl'Iti~jill~glllltl'kgu's i r ilithileI To11 oih1iurl'v
m  tii' fuille Kwimigerci'xi-ics.ii

Tit , foll-llowi' g vlL i igt' thv'ircticl its r at jtjl t (tfi li MtV ' i ll.t rl p i n a oI( a l111 ' l iu i e i
ti-u'r effiicti ftirvi lit' A' LA Augi'r i'lco'p'iig'ii

hut'soiplng Elclltai aindi ewiAg lllllill -lxht-lnjaveljiii.In112

:3 ful :17,47' lind 80'1 Antu i r pi't'troupirn gwa itah ily ivshtltue r tia trea,,('tt) of.1 in e in~ i tcuA'i g Iv l

145 mm n 8otc1 ll-floig xr~in

a 11 nc-ill R I , A ip~l Si(-(tlllli its pp o i-d t o UVC 1 a tý o tai ed o r ll( E ;, , A ig(r v ivr icI



Tab, le 11 : 1. (CthulatcI and mleasurcd KLL Auger The, ,Xperimfidonal via em have the F1crmi level as a
4' rgis (vV) in mnaglsitim, potassium and copper. refIerenc (' level (see S,'tion 11:3), i.E. a wi ork function

corr4ection for th14 lslectrin't4 '1'r material has been

__':__ , ,, ____,_t imld-(d tii the measured J',inetiI' 44nergi(e.( of the Auger

1 Mg 19 K( 29('C cle,'t.rons. Tlhu theoreti('al vahlm, onI li. oither hand, is

Stt. Ik I : I U.;73 b" 1. ll r('f4'rer'(e to t he' Vialclum leviI fo)r a free atoif illor ion.

'ToIl oltlin a fair c(imparison l)l'tw('1,ll them re(sults

KL T11 iS,) I ss I l(l 2sol 2s5i) 6(731; 6744 a corrocti)in of abou(t 5 eV should i herrefore he' sub.

KL ,1(41',) 1123 1135 2s7m 2s78 (15S0 6872 travIte'd from the' Ixplirimintal vidus('. T[able V] : I theln
RLLa('I, }2,),)2 (LI, 9 1 shows (quit,, goo41d lgr(,emrn(, I)ot wI,'4'l (ex ,pe.rimeIntal and

I ' 1,, 1 213 200o4 ()142441 14 thl'or4,t ilal datha. The' rlemniiling dixcrelian(,i(,s arn'K 'L L3 ( '!'l) 13 I 215 ,) "(4 6(1130

K 2"21'20'',,) 11645 1175 211.5 71 11 1 I I r(,Ilahly (h1(' t1i'] 't.roill iI(troll (.()r('lli-iil ((lid (01o11-

K l 14 ,1 ) i 1-7 I I 140 29617 2!1-72 7o1.u14 7114 figuIratinl interaction1).

I 2973 - - 70 16 8

Kl1., ,' 1'2 1 297(1 71731
IntIrconfiguration interaction

II-la w I'hth l+'( I l~in thi. ro.hit ivislic' sm.f. v,() ist-ist, d fihl

111hI,-. Although teill' Auger thiory -r.%is grNatlyv iml)rove'd
b I~.r,( t ~ .ti,, .,,g(s )v" tho (,(nmideratio)n oIf intermediate' ,oupiling"11. the,

calcuhlated intvnsitics, \Ncr(, no)t in wcra(',)~llev with Oil,

,ii s4'rv(Id fin (ri l ( oiil. if tlii KLL Auge'r sl)ettr fit Iflie

4 • ) i -light an1 h('iV (,h d (ements. For the hIavY ch1 'hmlts this
)liqe'rt,(1 4141 may tl, a large I'xi'lnt hb1 ,xpllii(,-d Iiy

E•K.,L,V(L'l) E,,~ F;/" 2 I t .F 2/"., ) 2) 2 ")'ItiitV4'f''s.•'
4

-2 -' ,• " relativ'istic' (vffv(ts.113J''z;3G

"LKAh 1),,CIb) K, 2 F, ' ' (3p,. . 2)2 . 2' A i(.w the.o)retic('all )p'wi'lh to) thi Auger (Iff(-(lt waas

"1L.•.,( I ,)) F '.',Fz ui+ I(•,F )'- . '-2 i in I196i5 lI)v A sili.127 who introdu(,cid inlitr(,on-

figimiat)-4) iltle(rac'tioin into) the .alvllhtiiin,. I4 this

""EK.,L,(1'2) A"' 2 P,. IS :(3F2', •])2 2z -rvati(nvii the' inte'ractio)n be(tween'l the J 0 statcs

wihere oIf thil 2.x"27)6 and 2.•122p11 'oiJiguratitins hials eas t Iian

illnrv'i' ill the inhnit4 ,i \, f till latter (imifiguration at
E.,., , 2 .,!.,) the (,Xlp

1
''sv, o)f thie fiormenr. 'rhe 2,

4
°2p

6  
(c(onfiguration

Ez ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ m (,III v••• , F .on t'.•, a• )l , term (IS,•,) whrvas oil finds two teill,'.,
(('S0) and (WO(), withi J 0 in th.' 2s"21

2
p (,onfi gul'itiml ,

S  F, 2 1,(21.21 F 2( 21) 11Th' ilt,'in ity (If thi' (4 I'0) trnli l( IiI'ii i l(l n 1114 sill in

G;I (61(21,20) (.,'"(21 20) d(iblh(t, sp~litting whic'h is vi'ry small for low Z (de'-
l " ' )nmcids and even t;,ing into it(,-.()t, th(' new inter-

.E '''*,., . .t o II.(1.•1I 114,i . iil' 2,s( ,'N',, - '. 21j PU( o) i.rn 1 s452ii (II 14-(, c 1,t',m

'lI' t4dltal e-l'gy of 1h4' ietill with 14 va(,liI'' v ery weak. 'Thius, filr hlw Z dementl(,1s, t 1(' .tri'ngtli of

inl Jic (if the L, a d L, shells (WVeigh lt the 2 .2
2

• ,i 4 (IN0) liiiek ini.r ,a'4s r lly at. thi' Ixp) is '

(44lalgivv ' ifa ('of c figurationi). oif the' 2sII2p"(I0) iine' . Friirtilrino(,, '•Ii i. the llaI•so-
]ill(- inihensity of the l("2.1"2jp6 c.nfigniritioul is de(cre(ase(d

F+-x Th(- totidl vnl,ýligy. of thei( ato,)In whh i avai(cancy inl by thiis 'oUplinilg. thle ilnte'isity rat~io oif the' "J,-'121)5 and

tihe X' sihell. X K,LI,Lz or 1". (WI'ighte((F thi' "20')21) co1nfigulration44 will (4lso illr('('I v. A (cliosIer

i(v'liI-ag oIf c•nllfiguratioin). stIulIl of thll ItllniIatillimli mllatrix shllw•s thlat, tills

cff'ct., will ibe''olmle' of less impo)rt.al•e' with ili('r(uicillg
K1,1, Atilgr hlne 4,iierg~ics, wort, utlhunikth,- forti, til, o- Z.117 Th,.llulh( i,,,•ity rafioi[( will tflwi app~troach'|

ni'lll, Iagli4' imll (Z 1 I r). ) tasiillii( tlIi) fil ' liii/ 11) and 'l'tise ' ohl in'14i usilig th('v45I 1y rIIll fie'd i (.riilediat(hlt

peri (Z 29!). Trhiv eniirgi(.n lIl'(- Ii~V e in Tablhe VI :1 andi~ ,ollplinhi (t(ory* .

('comparin4i'11 to) ihi)si' 44Iotat1inlel lxl'''riliotliily., Byv taking the' iiteirionifiguratiiin illt,('ra('t,ionl intot
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Tiable V I:. Re litive, lil telslt~ies ill (.the K 1,, Auiger Njl('etm .'iol(f mlagnlesiuml.

0l .5i 2.08(5.211) 1.24(2.32) 11

K ( 12 3 112 1( 3' )2p) 185.4 1 LK 4.9S(13 :.210 (1 75( 1.311) 341.14

TheLl vlkllI'ý gk'l'll ill pill-irlitnI c ' l'X e oI li' 1,1, aj l', sing kil e, -iN'i' L ,bindinlg ('iIIrgy

Jllil 111Sare' ob~laililw tIiming thii' w L, lbividng iw'rgi's.

wvi 'l it, A J4aad ob tained i'ia i't b tter llgrevl'' lli't I It ev''ii II t I' di ffIerv illS 1 lI Wt'l 'I'l' till(' It Ve'lagl' ~lIlsfill' tileý ('I II'!

tiI'(ry ad 111 xp-ri'lilit. fo r till, A ugv r jilten's1ties oI(f gil's (If thle tw con(I if igu ration qulS Ilite' di ffl'reiit. i'Islilt s

)fgl 'l il' t Y jfi i jll) W('i(ltil VI 'rjVli ljjl), Itd till i Ilit. enitrI' ie ill Tat~ ll'wi II(, VI :2 ('whgesre our ed. Thimeni

(lt] 12) allow Still cui ttv c' Il tiSilril ll(if. 111W it~lre lil' v'ltlll flo' till' vhrn nt l nrll ign('lI i'gy (If --l12) arillill.

1111 f' ' II 'I'll I 0jI! ati'oll t ill Ass IliCI) till'Ig till.' A\ ig' r I r iujjv i 1111 WUVI fit lilt- valci fatdS.3 T ev lw gv l

IIZ' 12)i till~ did.,' I'IiiI-lti this~Il vLull of IlowI atil lr-iva vxaltiv or line albndin multiler jonhIlagieionin .K

X'i1ilI'X fr, till. l'rc ill'ri'I (taIf l's (Wl 'P,).fglandt (1lls il AlltllS risii IXIn' bewI' flilvo'IrI andl~ uex1wrni1l the (1

tho t 'l 11111 
2

io 
2
l *2tes fil the :111d(I (1 ht 'll st hes of thr e gI' i'li'r s calull'Iafthed Ay tier' iISAliir mid Aiti'aill'iI I I till'g

2s22) cnigrtin!LV e lt- onlaedwth trnito 1oabltYailitiescm147db Cl

othe fiud tatc [lt cv~td'd ,Y eletio rids. ii1124 (7 12 mi Kraisoel l.72 (Z 10)areahs



MAGNESIUM KLI. AUGER

2s' 2p'('D)
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1000-
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KINETIC ENERGY

Fig. V: 1. K Lb Atiger HpImct-ruin of nOWglisimni.'" All five I neH prtlieýt~tc ini extremo 1,8 coup!ling timory are remol vvd.

energy side of the. intense KL 2 L3 (l 1),) line of potaiisiuin. Excitati n lines are also observed in the chlorine

The Mat~llite line does not have the energy nor the Auger sp~ectrum,. see part (e) of Fig. VI1: 2. The energy

int--.xit of av igAer line predict~ed by theory. Tht! separation~ of tbe K L,1,3(' '2) Auger line and the 5latAl-
same( satellite structure was observed with other linves lite line Is not the 5101W ini chloriine.- in mot-voaxmlu.

in the KLL Auger sjict~ruin of p)(taisiiunl. This is We halve alsoI studied other compounds containing

exemplified for the KLL,(1'P,) line in Fig. V1: 3. TIhe jpotassimnII or chlorinie, in Fig. VI :4, part of the KU,
structure. Cannfot, he VXpllained by cheynical effects or Auger sliectruyo of potasgiuni in K,80, is shown. A sit-
discrete energy losses because these effects shlouldl have tellite struc'~ure is observed close to~ the RL 2 L('1D)

been observed in the IphotocelectroI1 spectrum of jrntaH- line. The clergy separation is only 4.1 uV ats opposed

siurn. This Wats 110t the case as canl be seen in part (b) to 5.A) cV iii KUI. Such at chemical dejs'ndenc~e is, of

of Fig. VI: 2. The satellite line and the excessively course, liko iy toI exist.

large number of energy degradied eltectrons can be~ ex- In Fig. VI :5 the KLL Auger spectrum of chlorine

plainod ini terms of a double Auger process in which in sodl'JrT chloride is shown, X-radiation from silver

either one Auger electron leaves the atomn and an was Used for p~roduction of K vacancies in at thin
outAer electron is promiotkd WA ank excited statte (the evlajx)rIate( film of sodiium chloride. Silver was parti-
line) or two electrons leave the. atom by the Auger euilarly suitable ats a radliation source in this exjueri-

process (the. continuIous distribution). Another possible merit since all L X-radiation quan41ta Of silver are

explanhationl wouldj e at ihake-off process during the cap~able Of producinog a K Vacancy inl IL chlorine latAnn.i

ionizationi of the awmn.215 T1he photoelectric cross section for the pr~cess5 is conm-
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C/40s KLL,('S01) KL,L 31'D,) KL3L3L'P) C/20s

3500-4 CILLL(AIKa)

ct 2000

30000

2500-

0000 1000

2000 10 0000 1 00

2.1050 2.1100 2.1150 2.1200 1.5400 1.5500 1.5600

potentiometer setting d potentiometer setting

KLL 2('S,) Kl-214'D,) KLCL,, 1PI KI< Lx(AlKat

0 00

10 ev 100 10 W

2.50 2.60 23650- 2,3700 1U800 90t0O

apotentiometer setting b potentiometer settirq

Fig. VI :.. Auger wid ;,hotoelextrort spect~ra of j-hta;iuitit ant chlorine, iii K('I.59 Ii the Auger *41)(tet~ri or,, finds aic floivett d(M-k.

not. (((rrespljtOIt to it oi 0110 Auger transxitiin.

para~vt-ivly large (sec Append ix 7) lwtcaiise t~he diffe-r- in ten st' X I~b:,(' ' 2) Ii to . 'The svi j riLti~fll is 9 ti
en (es bet.ween t~he phI oton ertrgieM- arnd the A' le-vel No' lae! in ie wats observ ed in thei soditum Autger

4ilergy oIf chltrirt amt smiall. Also) in this spect~rit it a spectra re-corded from ti th samte Mtpecilmie.

itatetlit~t- line is obI~crv(L(l at., t.1te lo" (ute(.JgV Ii(Itý of tlie
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the( A Lb vairb oni Auige'r spcijctrum ill finctlcr organic
C/l20s (' f~cmpoundi s, for v'xiniii j d benzen'ie. Ihese s pe('tr arei

c'haraciteyrist ic for t i C(, ii cmpouncd un cder studyi3 whj c'i
KL, L,(lP,) shocws that iniformcaction oil ciciclidiciar Ktrucitiirv can bie

obltaiii'lle fromic such Accgc'c spiic'trilc, alt houcgh theiri
15000 '1 K dinc'rpcietcctiec is still n~ot straight forward.

W(,i havie icaliculatedi t he A Lb1 Aucger (icirgies o f neoncc

uasing theii IMPH inecciihod dcsc'rilwcl abocve'. The results.
arc' givenl ill Tlable VI :3 toget her with the cowailsrc'd

Ac iger energites. 'Thie ccgc''einicc'cci hitwecc theaory anid
14000i exiperimienct is veryV good forl the relcat ive ener-gy s'pcc-

riaticonis wcithi lcc -i KLiJ, A uger specit rumc ex cep t forcc

thieKL 1 (8~ tranisitionci thet ecalciulated ablsccllitc'

ccccictccl ocis. 'Phie Anger li'cc's ecirrc'spccilding tic tilti
A' b., L tu l)ccd (3/1'. t rcansit iions wereI,( not i výi s' ill

130001 fl-'~ th'iictiva specitrumic. Thisi' triainsit ions arc' iaith for
o ~~~~iddicii ill pcic'i LA' v'iccpling. A de'scrciptiiou oaf thel caioic-

10 ~~V - cci strucitur oi'if licicc ill thi' I'S schiciji' shoualdc hec vaillic

ivciiacccsi theii spin icricif cicupliccg c'iairgv is less t hiac I

2.31200 2.312cj 2.3 1300 iof Ow Icc'eci licc)ialcitc'rcvt ciiil eiic'rgy.Nv have lidi csi caclii-
potent iomreter setting I atiat Aui gier ener'cgies, forc it nv cccc ctc c %iii l th two~i pini nc rvy

Fit". NI : 3. Exii1'cc Ijiic',ý cci,. foiiccci ot (kiil ccciv fuir tii KI, 2 ,(1/)(i2) vacanccieiis. Theii dlatacccri' giveni icc Tal'cic VI :4 licgc'hi'
t',it 'i"iI''r .c in: Fig. VI.:. c i'd' fi'rý 'dcci \ciwc'r iccc'scc. it, ith Ii'iccgic's cilcciacile friccic Owi suc'itruiccc shcown ill

itcci'c.4r'cc'i fi' c ''icislilci KLiI1c('i') irciii~cIi Fig. NAi .-(. 'Thec ccgri'ictiii't hciwicuc1 thiuicy ccaindXi'c
KCi1 i Icicit is rcct her goodic altihougic th Icic' :l'acctc'd vicargic's

anc ic' cicsi.stc'IltY Iv scccic 0'V iighi'r t hanc Il( Iii' vc'aucredi

Elc'ctron c',,cissioni ftrin frc'c' tictorls andrid ,oicrcid's McIPiS.

Ill tihe Acuger' XIccldiis oiii solids disicissedI cilicve. X Altholcgic it is the Kl,b Accgi'r sjcctciiithcat cIa.

cadlic It i IcI \%,is uisia fori thec prodiluct ion oif pcrint ccirly C/
vciecciicii'. For gccsc'occs tacrgc'ts. it is ciocii cucoicci'ii'it

tic uisc' fill c'lecitrci Icaicic fir this ;cccrjiicc's. 'This licicli KLL,('S,) HL L,(iD, KLL CP)

of i'xc'itctiucc is ncoiw ucsed ill lcci o'f oiiucc spii'itrc'iciuite's K
5cc' 8c'eticiic V1i 11i) As tiii ixciccpli' of ac speic'ru icii 5000

cc'cii-4 u'i'il( )),~.' 'citcc i ccct~t lFig. V11 A; sciciws cc hci'l

AXugerc sli'ctr'iuni fromcc ucicici (Y 10). Iic theii spicot'rici

cicci oblserive's ccrciii' lucl tc'ii lilccis, five iof whccih ccdi' iiii
toodl A ' KIJ. Aagic' tiaccisit icics. 'Tie cithe ui' nehas 3000:

calli bec icvlct ificil cis Acagic' t i'cccisit iccccs fromic ciil cctcii

\cithi ciii uci'icualc'N' \cai'ci'ci'~l. ccc il'lc the' A s-hill acid

the' otherc ica ccii( cif tOcw L stihiic.'ci'. .ýc'Nvnc has jic'cviccislY

licici stuiedlc bcv Kiicic'ci' caiii Micliiiyi ilt icciigia 1000 10 eV

it itic licic (-c sigiicl-tobciic'kgc'ciiccc iratioi.

Alcc Acigic'. shci'c'tc'ccc frmitccic fici' cicilcai-Ii' is shiown'i 2 340 2 3i00 23650 23700 sii

icc Fig. VcI :7. Thec shiciticuci: i's rc'c'i' vii'c fc'cccc acachicptetomteisttn

cictlccac. 'l~.'lii Lc'c''t'icc cf 'cc'iccccci'ii F ig. VcIA.4 ixiccitjicic liii's ci' fmiff (Iil ci
il icc hiiv' i'1ic'cccih'cc Iicicecg 'ns o vcicict ll IxC:. 'Tch'a. ccci I cl cci .4h'.ccgcr' c'e ctricil 14l 1.ticccs.;ilicucillc

v'clved;1flt'lvilcaiidn M 'ich oiililic'tcc's thei.c 'Ticv c'i'i'rgyc ,,jwrat;(m' fniccc lii' K1',2 f(I)2 c ccii' cc

iiituI''Ic'it~it l ftl ICt~l.\VI4V 1.0S~I4 150 tsil i.9c'c s i ccP9v o"itI im cfill icmiciici i 0!111. -c (('I.
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,� - ----- �i'abIe VI �3. ( �aIc4Ihit((i �nd tneaOnrT:(1 K LL Anger
trauxi t,�oii 4lergieo of neon (Z I 0)

CARBON CH�
AUGER 1�Ier�y(eVf J.'IoT.eJIergieo (vs')

I'rLII$itiulL ( I'd I I"�'() N1�aouijed (1(1 I I'8) 1�leao4zr4',l

KLL''�) 748.13 710.1 C.I (11)314 -1541.44

(1l(o) 70(�34T 1 22.22

I W ') 7841.34 701.11 (4,1 ��22.181 - 22.2
('i'1 1 700.44 j 22.4)8

l1r(,��I., 8 ' ,�,) 0441.47 0404.5 I 0.1 -�I .415 -. 3.7
'-' 2000 - ('I)) 14140.52 0U4.If1� 44 IT

(0ll�) TV .43 1 2.01

(Il(� XI 1.27 2.75

000 -- 'l�t� ILlS wu. uod f,,r ,,LIIInT ion ut lIe sjoctrtiitl.

Ito (41rgy of tlno trILI(Oiti',II Wc4 ItItILillIll (ruin Ojti(ILI

--------------- I I

lONE TIC ENkOGY 10004 III i(l4'ITt.ifild ill th( energy r�gi�iii IIVW((i( 2(1 4144(3

J'ig. V 1:7. 1.. A .gI' ofo(4rurh( uf ,'arfuj in rheI.IuIIe, (114. 'tIn0  Eli) eV. IVIn on tinni InLif of thIrn are (lIle 1(4 tralloitiollI1

� WILO ,X(jT'(j T:y II(ItrlliI ilinjIloot . ill OLTI 0(1.4101 with t�V() jlrirnary VaelI.TIcieO. Jill: iliLif-

widtho of t1e Auger lines are 1(0 iTInolli ax 0.1(1 eV.
!o:o'.'e :11011 A l{ryJ'ih!4 AIIgIr 0jII4't.rIIrlI 11010 jlI4VI(IliIIiy 114411 rI-

01,lIIIiI41 I.� (LIII At Anger 0344Qtri(. III lig. VI X, part corIlIol h�' MIi41h444 IT with IIWIr r(sIIIntjoII which per�

of a ree4'n�.IV r(II1r4IId MNN Anger ojinotrurit (If 1I1i1.I.4d 4:IIergiI0 (10(1 rIoliLti VI' iIIt.(IINit.i4'0( to lIe (IltIrIllill-

krypton 40 OFIIIWII (811' ((1014 Fig. L27). kITItrIlIT iIITj4OLTt. 4(1 for 22 hIlls Iii the A14� , Anger 01140tl41II1A
1 6

WhO 4104(1 f4 4r tiTI I(4!417.OI-f.114I4 � the Al 144(110 111 till �IL0�- IhI IIIeIItiIIiLl.i144i (If tiTe lines iii till 0 1 440trTIII4 ill III

((TIX tolrg(t. Iti fIII JIGIt. (If till 0j4(CtrIlI4I OIIOVVII III thl 1T4(IOt (0(1045 040011 
1�,Y 4l0�II)� OjItiTOSI 4l4(tOL.21'27 Kil II ix

f�gIIr4, o- 40 hIll .1 flIlTIT lie 1114 (4411 A1� Anger xillet.I4IIt4 the filial ((bIte fIll AIIger t.rlLIIMiti(I!10 fillill 1 l(ryIIt(1I4

1,0, -
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1414 (04-1427 4420.44 InIa ,.�n 214 41,01 014 V. II, (, 0 jf .vj41,-o F 41, haeo 140 (54 OllUhl III 41.141 .V. Mur, ibsi, [off till, li�� (LII 1114,

1,, 1,ll((l4lTI,,111, ill LII ILT ((III 11.11 4,14(4 rolInlIry VIL(l(4I4'll04.
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TPabh VI: 4. Calculate~d and meastired XL-LLL Itraslsi- liable VI :5. Term energy separatitons of krypton I l1
tion energies of neon (Z 10). accordinig to Moore .247

Eywrgy (vV) 1te14d'i ye

Configuration Stato energy (cV)
Initial Final c',alculatIA

st( 101 FP8) MNitasurmd 4m'41)1 'I, o)

3'o , 0.561
KL,, 3 (21') 2 794.90 SIpo 0.66

('1b) 790.85 785.8 1 0.5 'I), 1.82

(Oi) 788.15 783.1 4 (i. '8, 4.10
L, 7•: 1) 775. 12 4s4pl 111', 14.37

('1)) 7 61.13 760.0 10.5 $P,' 14.80

( 11) 7',3.08 1'o 15.017

(WU) 759.25 '1 17.59
l,"".•0 1 (1) 731.62

K 1,1, 3 (' P) L•:!,: (4,S) 797.70

(3))) 793.65 790.2 1 0.5

(1') 790.95 787.6 1 t.5 t t, two 4utm (of data shows that the calculate(|l enrgieis

Li,2(I'r) * 777.92 re -2 eV I Larger than the expJerimental onilc for trarnmi-
(I)) 769.93 tions with the final Htate configuration 48241' anid
(1110 765.88 - 2) V smaller for transitions with the fin al iitate con-
('I') 762.05 755.7 0.5 figurattion 4',41p'. The agreement, between the calcin-

l,'JLi(*') 734.42I, ( 8) 1 ,]L,301(1t)* H 2.72 h alndlleaisure(d i,(lrgics of these transiti(,nmi i t hus

(2D)) 4.73 792.1; f0.5 rather good. For the M4 .NNIN1 (l'A8) transition, thesitu-

(,') * 7(90.68 ation is tstill uncertain. The calcu lated energies are
('1') 78(.1. 7.5 cV smaller than the energiems of the doublet labelled

KL,('IS) L,1.:,(IJ') 8108.48 Table VI :6. Calculatcd and measured M4 ,5 NN Auger
(2)i H(0.4) transition energies of kryptou (Z 36).
(2,%') * 79P.44
('18) 70-.(4 -GI ],tmrgy (,,V)

Lp1L., a(if') 764.681 _ _-_

* TrlmInitionm which arc fortdd' n it, [1;%'-elll8li.ilg. Iraimitim. (In I.s) M (l

MNIN 1N (1',0) 16.56. 23.94 *
altirll with ovi1 lrimnary vacaLilcy. The1 terahl sqe!plait1i ills MIN IN 1 (180) 1 7.1!i 25. 19

of KrlI I give the energy keplral ions of Auger ;rainsi- M.N, N2(.') 34.14 37.60

i Lion1 having the samIe( intitlil :at dec, s81 'l'Ih. VI :5. It, MIN N NI, ('1') 35.44 38.88

'i1 not. howetver, Post)i"h tI) ide,,tify the N( MV ,)NN,,('I'( 39.68 40.13

N.M 4A: , N, ,( -),) :9..1.5 42
41 All t, M N, (N " S t(Lo l t Hraiti I(,, Ulsng 4 1 jItiCAl dat1. I81'a1 MNN, ,('',) 4d.,it 40i.85

the (:hlnrgy of the: final AtMAt NINI(iSi'0 ) im tiot known. M N N ,3( 'Pa) 40.19m 41.31

Two doublets in tbl' spectrum, labeled A ,A2 and MlNIN2 2(11'1) 41.25 41.67

1) i,?, show aii anenrgy sphlitting whielh InLay corrmslond AliN A I, (11',) 41.73 42.1

toi a trarnsithIllo from an MI iud M, vcalicy, rVsj)elt.ive- AMhN,, .',,(1,140) 52.12 51.1

If to thc NIN ('8() stlAt. I iI the paper by Mehlhorn"I", MiN, N N, A,3(Y') 53.42 62.41
yMtN,N..aN.,S=( I ) 54.tp0 53 A44

it. i proptiosed that, the doubllet Bi,,/B wolulhd ;Arrvsjljnll ,Nz, a N,('..3 ) r :.75 164.619

tA I th(e M4.tN, N (I li 2 ) transiti ons. Trille lLassglliIl(t1 WitH A1YN, N, ,( I),) hi5 .80 14(119
b[ msdl ll iIl(11 re!,, l.1 (ton liii lls Illfl (Z I0) 10) ll irw ilM N,, N, ,(iJ,) 516.42 5r.. 2(6

(Y, 18). Wo have ealilhatied the velergisH (of the M.N, N N, ,(Ii b. 57.05 55.911
Al4 N, I N., ('11,) 57.72 661.51

Al4 ,f, NN ulgt ,l tl A i )(4!i s o mf liryp1to1l fo r id(niificltion(i,7
| rllls.TtiV ('Ltl(:llikt.•( eniorgieH• m~id the x ,'i- n- * ll,. dv, . r•l ld ih i ,r rtai. ig(L' n

tid o(nes mI giVenl in 'lalde VI ;3 A LOmlplarisoil |;!t.wVA;.15i ]). 1(60.
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Tauble V/ I (alcu a tcd 1f4, A'-XVA'N t~ransit Iio vnierr- transl~it.ion wi h ic fliare forlI iddrii ill the LS coupllling11

gil-a of k rypiton (1 :-) sce mec (so -I ttion rules- fi r the Iyitoeii at om plusa Auger

I-iI-(-tl-ll-(ar: AL AS All (I) wvil I hccomc allowed
cIoiguaii fl1iguttiim -lt I1rv dw. to I he miiixilig of wave filinct jolis (of the fuial states.

\\*I have, calc-ulated Of- enericesh of Auiiger tra iiitioll.i

\ ¾V ,301 for it krN ptlll a~tomi with t wi, primary vac:viicieý- ill thev

,11,N., N'1 N,. S.61 illil nilliIr( as, for nettti Tlia- clcrgivs which arc given

X)1  
28.31 il T ~ Iable V I :7 were caic ii hti i ft r iuieh contfiguirattionl

2811 only.. A (il-ailed aniual~is (If the sptjectrumtl sholwn iln

2,3A I I

1.2 ~~44.93 ~ sloltiii ist-cfr postpa~toned tto it forthcoming p11 a~per.9

.11 IN v% 47 1.39 C;hemical effects in Au ge'r sPectra

,II 5.93: Alugcr NpI-It a fromn coppe~lr we obserllved tiiitt til l incs

off ti ca ll w -. pletl.l ill Allp'Il Hpoct-tra fort till- 'fit])(

ioludct, BB Altholugh it, sletill its if till I-ItlI'g (totl- (if tile .if-IltticalI shiifts in Anlger spectraL caIIll- hv 11111 ill

etLsli~Ltt~lSit i:i ]VIPS jIl'0Rll Wi- 01:11 I iti VT-rlr wottiik first1 vi llituilititli ttf titl froc-jloil itift, and11 t11(.1 a calcu-

A14 .,NN,(ISj. 1111( 1-Ilirgy tof tilt 4I.11"4p11(t5) tI-nh ill iTw cailcula~ted frll-ionl SLift ttf 4t for is shoilwnilIll

KlIIi I I vlijld thieni iw 69t.86 1 0)105 cV Tlil VI I:8. Only t he rsl-cslra for till- KLL, t-ratl.at~ion

'I'ic ng r t ansti ns hic h vv ri l ;S ilirill a e ivc si cv th,. tgiV rg shiftsll of t e -

StIAP ill K1V It fiDI~ StitV ILIC 1(IfT I(IiffiLI.l~it ill till Augeri~ c111(11fo1. rv onwllh na

i~~~tentify~~~~ ~ ~ ~ from optca '1.5bcl2q ll-ciris(fth lvsie h vfc.o yrd~mit i h uv

initia sfitts as wll as ht. :1ergic,,l4(i of 1 th.7:1 igc albcicue l wcacltosi h

fina Ma(-sarcnotknon. oni ofthejni"in fial aproimitv v;% (Iscrbcdill18eti:1V:..A va
statovnerges ca be xtraplitte: fro dat on te hv celli) Ta18,11 :12.28fýff-Ao bltdiaioli

In~ighb urig (ellvil.-iýIrollilll. s: vil:1 a, I aro v r in: llt o igY o ied cts n p fcic.1

1f54 zr l lcdobyInzdcwTil uv ifir
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tiarA, w6ith the' l'xperiImll'Ilt.6y Iiil'aslred( onc1(. This8 is i1111 1hl flic~l s~ltates a6vailableit s fili~ld Stil's forl the

ill NOc, HIP ('1101 ;15 NIOWIT by tfle ClallIl~ioLt 11 of Auiger Antger tranlsition are0 113'liise listvd( inl Olei figure's. I{elik-

tranrsition (Ienergies forilfoli'/Ai neonl andl kry'pton1, 8(42 t~ive hirtersilic' are the same ill the three spict'ra within

%TAli V1 : and1 7 wid F~ig:_ VI :6 and X. vxp-riilllitll (r~ I'%( (lit, f~r tfn'l'iI' tjndioit~io

Eletmontsl ill the Periodic 'Systeml withl alli atoille which lilts it higlorl relaitive jilde('isit . ill Li F anl MgI'.

numb11 er loilow toni hI1v'4 anI Oeinulupht b~1l shell . For flith ill NaF Th'Pis dise'rcjpancy maY ])Ii cxpFlliiil('( by

these eleintirts, the L e'lectroins atre (ireetly inivolvedt inl phi toclecl(ltronl lilnes co'inidirn'i g with t he Auger line(.

the Auger speitrilin wiii~l lereIfure III, eXsp-tAil. We radiation41 fl.iilil the' sol~l-rlI dllt ilie e.Xpelled el-mi'st(lls

Ilav;. ilive.4tiglatel I'xpl('lic~lit1lly flin cation~ ilperld~- ill'( Is 'or' velecrons if lith11111 (LiJF) an411 cjo('(rI licc-

ilii oIf Auiger ('11't~r4)l t~rlahniililix foi- sorie fluorine trolls (If waignlesimnI (Mg I".) l'l'pcl't iv1. chlVemic('111110

(Z 9t) SLs.OFluorine Auiger spectral were recor-ded e~ffec(t, oj1 ; . :tivl' illt.(llsit iis ill the differieni ' i~llliillillllS

from NaF, tJAK and8 MgF.,an ir ll( ti'spoctr nt rl shownl is thllis, it ally', 8111111.

ilFigs. V I : 0 11I. A (Rut in e'ffec(t, is, howeverC, fil~l~d fnr' thi ' elligies

MgF. bond1 is - i (( ioIllic; 11115 it. is lI'ltsoillablel to fluoir'ili' Allgir trn~isitionls Ill' , IN and 111 1.1 IN~ larger

I10151111V( tOEMit t14' flnolj in' 1, S1111 is (!0IIhIi(l'ti'ly 0CCuluiell ill N~i F iand Li F lcipe1'tivcl'l, thantl ill Mgl"'.. 'Tiis tivl'(ll

JTable, VVI 9. K1,1I. Auiiger v'Il'rgieýs oif fl110 in II

202,(i')4109.6 41.4 G1(11. I 110.4 60H.3: 01- 6I 10.(2

p)1 (W9 ' 12.7 4441 628.1 11o.4 6127.) .1(0.4 6i26.8

2,1, 6i~(437.0 10.4 6136.P10.4 63I 5,ii21 -1 01.4 6)38.2

2,42 l 5 1.7 1 0.5 4)51.5r I. c.5 6)50.4 1'05 5 .

2,,22/1,1(11) 65f46 (40.4 6 64.t4.1 0l4.4 41;5:j. 3 -4 0.4)6,4.2
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z 14000r
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11 of oXNyg:', ii. Il

gi-, -:11(1111tod lt 5ng ci1l

i'iipiriviii frmul~atv, Ho,( AJI

470 480 490 500 510 eV

KINETIC ENERGY

i- cnis(lI5.tent with thie ihuctronigativit ioý 1.1. (Na), 1, 0 111111dwz I I )." Thi.; t arcid hemnn's eve~n violt-i' un.
(Li) andl L2 (Mg) of fill( three vaiontis (seAppndix iiiniin iil ill(-hi Aiurger spiectriumi of iixygi-i (Z 8)
134). 'Uho partial ioniii cliaicuetr %%ill hei lairgest, for fil( whii'l has lii'un tdw Nublji('I of prelimiulilry St.uitihi' ill
Nap bild and smallicsh, forthll MgI.' hInd)(.Th 'Fin oiuiuit Mi-yeal siioliil. Ani i'xaztplov of iou Aniger spetiarun ob,-
of Iui'gativ' chlargie withinl it i'ertajii distan'ce froni fil( 1:6iniul from a siilil coniutallining oxyg(iri is shoilwn ill

Nall,% Lii'. NMgF., ;vA i liii fluiorinie i'li'i'iii biniuiqli '111V lSSigiiuuii'Iit iif fiuiall i'Aidt(i'.i 1MI C iu lleuidir the' Ws-
o''r'lgii's will iusrreia.' ill hit' Saurn' imordir (si'i Sie(tioli suimiptiin that. thii' boiiiiriii i'i'',,ijlitoly mono'c. Arroiws
V :2). 'In'l( Argir' trauusitimiir(-nri'gii's "ill ii iiseqI-iti' villy intin figiure iliiiaf'tit 1-110,~ ii' accor~i~il (li'r nrg
diecreasi' inl tih' santc reri~ lii'iiosi th'y) an', obtaiiiid to KinivniiIipirii'aI fornuiliti (xii' Apjiiouuix 4).
t.o thi' first apilnoximotion :s the iliffi'rni'uii hitwiveol If flil, oxygin didi tuot. ui-'e,(iiyu aniy iliet runs fromu tue
tin' ln(rgii's of oiii' K , li-tru i. . l tan I, eL 0!-cuons. I it.:.oiliri it. wiould havi- tine- oIieftriin vntauivii'' ink iho
Thlýe ierngy shift, is (-xpii'tilI to bei uii'iilY thi' mano' fior initial sti1 iirucofigimir'io ianditi foiur vacancieis inl the
all COre ('lilt-1 'iirM Oil t(' rihlit i'C i'ni'rgii'S Shiiiiti finail stat'' eiiefiguuratiiiu of 4thi, Auger trxansit jun anid
theinifori' lgrfi'i lor all tlni oinjiounias. TIhis is also mann ' more' matvti winldillIs availabli. 'I'iii ifiue
tiii' (.ius(. is si-itt ill 'labli 'llT :9. ill i-lictnirii-giat~iviiy kiit~wcei'x oxygenl and tiant-al inl

Alt hogi i llg(.In infoinsit i's if if t(n Auigri' lins do no t, corresponds tii a -5(1 'x ioiV ni'(lirtltriMr oif t-hv oi' Iuitt
sein tii lbt- infloinietd Ly tht' lliffi'eni'lti inl citiiniia Ihis iniipliis KL niore- ciiniplix Aiugi'r sjitui'i'f.rafhar the

bindinoig for t hi thf-i' entiiurs, WV' olhuTVn(''d Mlt i-fiu'uii igiiri'iln. iii Fig. VI :12. ()tin' waty to extinimafi' tjin'
thi wjdlth osf thn' Autgir line's. Tlihi flliiinin Auugi'r lines infliitueni' iif fuil~l(r. si incr isedcom le'xity on, fb' i, eri'

o~f Li" allo MgI'2  win. (-1.2 .' mrid -(t,7 (-V Ijn'wil th %Noinllj Il!ii o 'studly thit( Ainir iiteitrula of
iin',m~~'wr ni'sfscivi'lY thaon tIn- Anger miti's of NaFI gls-omis oixygen. It. is Ilowi-vir liki'l * Otht. thei mnajor

'Ilii' flulinil(- Augiti liiii't not only hiiiyi liffcriiti. piart ofiitli' liroiiiili-uinut will finif l anix~liullntfioti inl solid
viilths itl diffi~eint l'iuilultiills lintt hi-e an. tall Iuuoadnlu Mato t~i ffi'(t't4 ('ni' 81-'ttiun II1:2)

tonii t hi Aigir lines if ithu Ovluinat sidillihu (at hitlil'
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III t he ii ot oeh'et lie proces:t, the( eiiergv of a itidiat iil IIV a Mw oltine g for lithe liwi'stireniitiits of relative phot~o-

qlititilt or iS tri~oSferieIl (to t iiiallt 'till ii ~'J'--troll which is ('l'tt it' c'ross Setit onst

lihi'ratiii from if blound state. TIhe probabhility~ for the( Thle ('oltribtit ion from thev iiff'~rvt'o at~omic sit]-

irloets" dItildllI oh il th watIvelegtii A Of th rad'iailtitont shlvls to ilie' total phomtoelectrtic cross seet ioli for anO

aind1 
ill(, itoiliie iiumbfher Z of tihe venieiieit. Malao ('l('t - li'l'ii'it dcjti'ids 'er ,v tIniiih eni the radliat ion e.ltei'gX.

I-oil spet'i't it rsult hg from the phitocetl(l''ril procss of Thlits is illuistratedill Fi ig. VI 1:1I which shows ES(CA

X-rttv.s hiNve boilc siiow)il iiil jl'('t'l'edlli ( ittptel's. ill -,pott't afr'onti slver recordi-Id with thiree diffi~reit raoliii-

m ititl %%Ie 11:1\ir djsi'iiss'dIl iotiiiill(th information I hatl is I ion eliergit's: A I Ky, ., (ti), tCrh"y, (b) itil I(II C'x, 1. 2 (e').

Obtainedil' froil tihe cio'igv dcit('riliiitlutioiiis of clt'trolo l '' Tiengle i't't ween thle phiotoni din't'tioni aid the (Ii-

lifl's ill ESC(A speix''rt. Aniot livi' itittirest itg tl51)('tt of relt'tion of iiiiivsedcil lect'troits wt-is 00" ill tall ca'ses.

was siiiwii tha~t till' iiiteilsit ' vifclorll ]'(''i'i llies call ihe i')'t')lliitg shiown ini Fig. \ If : 11) whereas the two, other

uisvi fill' (j1itttttitit ive ciincli'ittiMl Nss lml liltti'ii- sjit'tt iti were rec'rt'o'i't with uinifilteredi X-radtiationi.

si tY le n st I 'iir'I w'Itits olit) (';t il 41 ]so(J ta;In i i Iforn 1:) t iii )II 'llci lilies Ini tli' slpct-rtI tire. dui to ehcitroits l'XI~vlele

toititll(-li) it~bllthlilitY for. tiit, phoiolet'tric effect ttiiil fromu the, N, (4.s). Sti (4
11),,& and N... (4: ) iihsiells

we.( Shall llit\% cliscw'ts h'fltill'. infrmti'iontt .,I) oii plto- ill silver, aind too i'ii't'tiois iXpellcd fro iutn th )oniilietiiili

. SI~t 111. 5s st at tvs. 'I'li- 4d handit is niiith u i ntirrower I hitti thef( 5.s

E'>x Iwr'i ~i aItt strih' ol (.;f jI iiiti t't'tt -0 o' cross 'oil io its littit0, see ('ittit'i I V. 'IheI peah closi' to htinioiig ('ilergy

ji''o'tiill ri et' itt Yetirs ba\1 ' lituOSI i'Xt'ttsiv''l, Zeiro ill )'tiiht pectrillt is t lorefore Coeni largi' t'Xte(iit tuc

liven cl'lfiiiii' lito liigh Itdroliatoutltl 411gils ailtd flteav , ) N' eled1,1ctrolos. Ill lil-ii'llfue) Sjll't't't, WI' tittugs olisivc

11liii (if ittc it I 'll ittl'iI' t 'uitll ' fl Ik . lls ItInlt lit) e iii ll bookI' i I (i Illil l, t diffIent tt nil 'iif l tisit l ts (Of Ow X , ard

IX r(S ilI ol.p~~ we trc( os, .... iIC1 (, l( iitliiv158~iw s oc~t
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F"ig. V11:2~. Uh,itr,,i slu44'tr414 (If Si,:ijwul Olkd VI-s~iiudmi nwrdoit440 " El AIKii ralijition. Thew reIlt-iv intcisiti~ of of it l,

and44 I'll- I'll I (414'44rim4h1(u (Iii)i tw iot q~~iuite if-tn for sm)[inj444 (Z I I ) wLi41 va'itinut Il~(Z 2:3). Sincei thleu piii ruill of vanaiidiIIlin
waq. 44 4re41441 from:i vanamiT4umiI4 oxide,' elec'troni~ lilivs fromn ioxygizi uvei nkoi obtit-4 jiov. 'liii uixoge lin, -,,n iu the sjiiitrllti mi (44

t144ruofllro Ibe tiq.u foir uomparnjillg tlii Iiliitioi(Atic absorpiil2jtioninii 4he K Owiul uf uoxvgeii wilht iIhat 'oi iu J, 'I~ll~iwii. 0 f SIiu-w

41ili21. (fi 90'").

L~~~ ~ll F~ig. VI .3 we hawe plottfed the ex)4perim entalily
LI ~I (let.4'rmillld L1/( !, ý L111) jilt i'litsi ra6tios for it. numb(:r

Of delci neit- frI (ll Silo i i ito VIiO'i l-~ 1111 IheV Pat6iS -wIel

-. ~~ded u eed fr oll Ji ipytt i jt~jijq il till, 141I ill ('22.Mtrelfl IhitS

5 0;' I if J, leV(jvel uiýrgi(-s ill t 12 is Z -r glioii. 'Thei r~i~iatioito4.2 61544 I

were''V A] Ac, (ra, and 11 Cii 1 4,. A ('1 lve has2 IICI n fit-ted
z

o ~~~~~~~~to Ow til x 14212 2121 p 411int~s 14r 41 c ('2(11dilit 1211. ExraxIi-

40 jR 41(414411 of Ithese tturvi '5 give' a( 24.rsiIt. 5411imi 2 to tha (t,

obihliille(I from12 1"'K. ii 1 1, 4.'L rat,'.

"C ý iU~ -Lill) vevtrolls ill all1 vit-Illelpt, 422ere(-lses w~it]1. in1creasin2g

2 o 0 I Cu(2L yi0 S( uS i
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According to Scehur=6 l the anlgular distribution of 11 -( ,,213.6 (3)
photoele~ctrons emiitted1 from the L, subshell can he 4
written, omnitting at constaunt, ats expressed in eV,

41! 2 cos2After initegration over the 1)o!airi?.ationi angle 1p and

JLI(0,9') OC Sin"O Cos2 q) sil '" osq(1 (I) using the appropriate angle 0, which is equal to 9~0'
C V in the experiments quoted, we have calculated the

while that of the L,, and Lit, electrons is written as FI(~ Lin1) intensity ratios from eqs. (1)- (3). The

sanie trendi s in the experiments is observed but the

IL 8I ,;' illl0 
C05

2 Tp ratio is app~roximnately twice as large as the experimen-
1-31F jf hp tit) value for each eleenent and radiation. The difference

+-1 o 42snOc~ ,,A )] (2 in] kinetic energy for the L, and Lit I1 bit electrons
C ~bv,1J ' favours theý Lil and Lit electrons lines somewhat, see.

,Sceti~on V:7. However, the energy difference is smnall
where comnpared to the kinetic energy in most cases and can-

0 angle 1betweeni the direction of the( i neidlen t not he the ex planmationi for the discrepancy.

radiation (luantiuni amnd of the emnitted electroni. In Fig. VII: 2 one observes another electron line in

q) angle (of plaoirizat~ion of tile radiation. the vanaidiumi sp)ectrumn besides the L lilies. It is

h V (lilantil ill Cilergy. identified as the K electron linie of oxygen in VO,.

1, meani v aluie of the ionmisation enorgies (If the L This line can be used for comparing the pihotoelectric

s b -shell~s absorption ini the K' shel! of oxygen with that of the
L subshells of vanadium. It is thus possible to deter-

T 1 e nrgy 1, isC expre'ssed iii tf-riIn5 of the ittomi m11(' ne n fr om FSCA spsectra, relati ve photoelectric cnrow

Winil ir Z anid ast-reening fat r S., for;i th 1, ('Icut - wcvt 0o11s, lot 011 Wii wthin Mfla element but. also between

r(Iis
2

l'' and1 is wri tten ais dIifferent elenients.
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Vill. I NSTRUtMENTS AND) FXPELRM ENTAL, TEC11INIQUE'S

V111: :1. Experimental Conditions for ES(CA timues transmission. For :ali optimaldly ailjrstved sYsteml
the factors that Ilimlit the re-solution, i.e. soiurce~ widith,

Ili order' to find( the( optinial condi(ition~s for FSCA it detecitoi r slit, anid spihericial aberrat ions, shiou1ld all
v'oictyv of piissibt ( i' ep erinlienita ii IIT iigenicl iits nii ii t cionitribIute equally. A' retarding electric field couinld be

be considered. 'I'lic basic requijiirrement is hi :1/ ci'iii!Ii emaployed to reduce the energy of thet cleetrons before
r,,XNolitiion Iii order- to ohtai ii seful iniformrioit ion aoit. the' analysis ill thle sped roillob r'. This world reduee
iatoi iis and nirihicules fromi ES( A, ili i lr(' wvidt irs till( resolvinug pii~mer requiiired ill the d iqspersiv~e system,

gcni'rullv hve 0lie f t n orer o theitibrent whther this he magnetic or vI((trii iii irittinre. Such

widhs f te aono- lvi-s. 'ii i'iiilil. te iiiiiiiil ro-rlgi-niciits have hieeu usi-ri ill, for examipl'e, Inass
structure effcets that oln wishes t) An dy are ofteill (if sl rict ri stiq iv "' We hive used a Jire .retardl lg (andl
this order of iniagritrule. iA. sonic iX or less. As hp iitiiId pre-ionrelerlatirg) elect~ric field for the elvectron sii-it ro'-
out ill Ch'Iapte 1--I i i'S(- 'SA linle widt h is deteirniiiil libY i-, pii- ditj-rmiina' ion of hfr-, described ini Section Ill S

the~let i iiii t r ls-r-a io i, tli- jit i f Ii'~I -e - It \%-is thien fomaii, thait-are tarding field decreased thre
romreter slit., (i.eý. th li nrtwa nic slit. - efini rig the effeet- liniirioiiit~v of tIre tota sNI vatiii wh incas fil acceleratirng
i~vi sour-i-i w\idthl, aiid the di't'-itiir slit), teil ii(- i fiieldil iruer-isi-r t11i Iun~inorisitvi:"- This is inl aeccirdirrie
width jif tlii- N-raiv liine whuich is ulsed if) cxeii fIlli with Iilthe Laiaui-h-rr lta.rw"
hictriirrl speli'-it ui. arnd tlt-e irrln-r-rit wijltl iif thet('-(I

at 'ride luvii irrcril'-- t irv.

Ill otheri tviiis of chlpr-i1 parrtic-li- rip troscop~y, fir ~ igeo iiegru iite iiu

ill a svi--iti-ldi 11--ti rn. 'Ilii- sitiuationi ik Similru iniIh i -iu-rg
stiilv f ii-rti-i-r-rvlos \liN ii --- tiis IIi lrhli(l is valid lijith fur- lihitltr atin u-lecr-tiij-oiutieril

ili-itri-us tiih li-urrlv-seiI iii FSCA un-c -riitti-il on ori ri-i s\,sti-rs. It is thus uimte gverurrllv triri that Ithi lii

less isiioliji-opicllv" frcrii ai luroarl s~iru-i-.. 'T'his is tlei i-si- N-ii-tdiiu, ili-etrir- ficili act's as at di-fo-uissirug li-us orI

for Air ligr f-itrijrs aid lso posiii xirt-fr hotoi- gi~ves ;ii inuturriidiitt(ýi huger( (v-irtualt or ri-al1 I hilt is-

j-ij-rrjr ichuh how -vii, ri-n pre-fere-rt ially emiittedi ritrgirý thalur thei oiljii0t Ill botil i-ases tiit aiueptatiici

Ii-rlwifilii-iilt tii 1iic irlwooirug -N-raty bciuiruu2~ "ui For igli- )f tbe- sjiiutiiuijitii 1as" Iii( 1w- maide hi-rgir if the
this iriasiin it is ulesiraibli that the inidehnut. N-iax- afremen-ii-rtiornedi opitimual nljirstaeii-it is, tii Ii au-cliiii-

-urnl shldiud bei pci~i-ruirdivi-lrnl to tlii- i-li-itrn-iuipiit iul lislucu. I'riviiieil that tin'( riequlireid field i-uni he attaini-il

Ii' jivir' thie lanrgir- volimnii thlat ri-sults frijiri this; larger

Suiln-i i-li-iti'im- arc- citniti ti it high uligij-c irijtlriipi- aiiru'jtaiiiui anigli, Owt lu-ri- is i loss, (if iriti-nisit" fo fiti.a

i-t Ill' % Ti-4u alIheinii- irr i ýiuiid sit ill i( aurilI t Iii- t itril ilit -nuSit given size iif the( spiit roirrtir. 11- morst roruvejCijent.

fnit uII thi I II)IIt I-n-iiio)4st LuI 1ir- is r;I-at hey.iI how, i t tu-i-iiriii-s ;Ii sizi- (If sii-itn-onuiiti r is of iiuirsi- iiJSii to djiiscuiiiii.

(Ijijiti deli-carte- iipo-rat iii to buuuidilI- i-SOiolvig wuwi-r Su1:1ll dilinro-rsiojis, ir all suirowhilf siirulli-i iruinfatit or--

anidi luuniiimisit v ill liii i-b-i-tr-tiu irrlva-irg iijstrI'liuri-nrt - iiig roSts. ii stnurrllir' Vi'iiiljiiil ri-iii'it uRiii Ci'iulii'll.

'I'~i-udin-u-t iuiiil f sng ill mrugri-t ii onr i;cui :itliiig 4ys,0cmn b1 ixti-rijulriigitifn-i it-iiii-

fieldls. is Owi-n (if spe-i-ail irit -i-i-st. BYl this rinriiris, th In- hss spaice. Luirg-ii -a.iii5 ff(I'r III- iuIdNirit-riui it

dislii-ishiii, mud N ithi it till( ii--lraiaiti-d au-in'' if t~wsecaiii- luifgni toital Iuurijirisitv,- As ii viiivi-rii~rt size- %Ai- hiivi-

iii'ii. iall hi- iio-i-r-uil-iI N itoiuiit i-ithe lu n ioss ill ri-silvinig iliuisv i- ei-i-irrul iiriit. naiuhis o)f arour ndrui 3o (-l illtl

p ior(wo ilt iui-isit vi;1i li lu-run (if "'mi issirI ihrtrijius. titer imiity-inj1iunin (ihsigins. TI'ii iliinii-isioiis Ilte to( -aim-l

liii dugi i- iliiji osns, of tie' si-iiriiii-octi-i tOlei i- Jiiii ili tilteid liY fiji- t.Vpi- (If Work tlitit. (iirii jilarS til
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Aman altern'lative to the electric field, dliscussed

above, it shlnoild he poissiblie t so lit a bag!lietc e'( oldel -

si r lens to oaptuIt tI 1l I ager' Siolld angli' from Ill(te irra-

dr.!jaýmd SaR11 pie. (One hlme ill I his case alma t Il viS)!r til let

totaIl effevt of the ('001ijilled sx's~tvIe tilking inot 1 a (''110tt

the I agrange -11elmnho It rela~t ionI.

I'he high r'esolut ion Ilangneot bol lbl fo custsin g

(see :('ctiii, Vill: 2 lald Appendix 84) proveI iti) ill It

1(t- e Iitb istr leotri th -lt, x asfirtci (xeinst toet ofi FMCA

mas a(cqi0ired lisinig thIi s i lmist t.1l Ilit ill) an 111 a I line w

(Secit.ioni \I 1:4) 1151' iobling inl it, hasie filaill-es the

V\' 1:1.

Iliaguet I' fie'l.L it is pfsýsiiilcit tiisi' ;Ill vl'li'tl'ii fieild.

Twoi-divociolet f11(1 fielssullig '5 vmllSk) 0" Aiii' itt d ill t his

('1)51' will1 thle tIhlooln1 for' this lois 111(11 (l'iei'jrlwIe ill the

rIvllt of thsklll 111111 ¾'ld'wlI bilt that ;1ppii);I'iil(iIi till',

llthe i sii ilR il' si ill'w(. lt 'ill''T fed 111 lo ie e~ il

ihll v.'h'i'taio l i' s II msds. wi sth a'ml'l cliii' 0 lwaR'lii 'Ill'-

clet-o"' av vctr ocusiigin~lim-III. It 163lw

ill vvIiol V II 1:5 Nas wlAI-m1 cdfli, Ihis il- ivlij



Fig. NA11:2, 'wt~hmalti, vw'w 14 tho eltet rols~til,

lULl I i iLgil *t~jC fi 1118, flo we ve, W ithi H114-11 Itil ;Lrranlgl'- tO a t fain tho des'iored field( over at laIrger vol ume by I eani
inent OiIW 1IM 01V t 1ldVILillttgV (Of strict. I linearit~y let welli of 11111 .1red nvlitg nm8 than b y menga of itir-Cl r4'4 viCltib.

IlPectr bnleter current andl magnetic rigidity of the The nllon-linearity btltwelien i crrei &t mnid iniiglictic rigi -

focummAld eleetrolTim. dIity o f focse elib e~il'et~r( I i canl 1be avi~ee1 te inl manL~y

A mlagribtic secto r ividxrumn 11 t with pole- ieeex of nuses'M 84 biil liii e-'tainIty iII inltrb 1 e(A a.ic~ tot the conii-

iron in I of IitAer-t hvenbuble it isi ebiwil r to ct isItruc t and14 stl~iicy of thveCx pansioniI coe ffie!i('r it's of the ie 1 4(1a

1&041 beIbhibl it (ltllb lnot require it comnpensaltinig isyst4' in, differenit teilrgie, particulIarly at, low fiel1ds. If thin,
sinc vCCxt4-riiil miagneticti fieldn li ii uo lieb ialmos4 t to tillly 1probe o1111 beI I 11ovecome )~, th ue , o1t~f cuirved JXIIII

clni iatd y the irnyke h eitnc fmam1i bo ililnies till'w r yolke ReetA r nagliwt wo(uld per-

144 llit~iriet4 in Htlih Ia ma11gnet fIt]ihilb thi~t 01Wil IMS OIlit liiit an1 i I lrliwwb inl thc i ~ l luinoity. 'I'lll'4 reticIlI y, it
1.4Iore- dvgrlev of freedlom thait cnW lbe ltliIi;/A(d tA i Ill 1411 (VI Mholi~ll b44- posil i le tAi ikttai ii to WII-dii'l'ititonil focusinmifg

till nib! nthIon antd transInimIion . Al to gethier it is i'nieiir itiit sv(Iiti Ord~ter focuniuimg it till'. Hiaill, ti 111,51 (ahewrra-
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Pig. VI II1 3. A mwitir f~wiminiig magigiet jnutriiiiiit v.' ithi twislireoimmi foioxmitig boing iiiiigiiii fm- VWi~ !A iiii' -miiiiiit.

tii li coeffjciciits of 9) 2 an Id v(') Van ish si InI u I t~arivoieiy , tint ir foir the electronsi is in this case the pin o grapicii
TO MidVi, imr the radial and axial angles, of departure, plat~e. lIii to graphic in l'ct~io do iies not ii vol, - atly
rvi~xw-'.i vily ). Th is licuvssitatnc~ aL very careful Hii ii n- Imtrti cidar difficulties as lo ng as electri i energil's arc

filing of the pijeces, larger than 10 kvV; at liower energies, hiiwi~ver, there
J'li (iisjirmii n of the inagiii tic as well ax the elentri - have hweni d ifficuilties ill us~ing tliis type i of dletectioni 0

static double focussing field is twice that of the lioniii- The 111e of photA grap h in detect~io iii iiikNA is there-

gviwious mnagnetic field. *212 Fuhrthermriore, one caii fore inoit straigh tfo rward, sin1ce ESCIA spointra general Iy
increase the dispersion by inuireasinug the size of the have (!elergiex beliw 1t) k V. For exuu pie. noppier Ka

spectromizeter with out loss of traiism issu n because of radiation yieldsI electron ene rgivs below S ke V and1 tlii
the twi idi rectional focussing. This cannot lie diii m iiagnlesiuimi Ka radiatie i yields1 vIectrolI v nergies

in tume homoigehneous field, All three. fields foicus d if- 1bebow 1 .2 keY. To investigate the posisi li ities of
fverxt energies in we] I-dofirind foical pln ins so0 tha~t uit~ilizin rg tni xi iiiicircular ficlissi i g primii ci I for MC A,
it iiroivl region (if the electron slyxetriimi can )lie recorded the hi romgi nouiis field 1 s-rii imu nt rig t~ e'r ni

Si tit uitamm ivndy. The iioiiogerieous field is Sn Isrior to) d eseri ld inl Sictiioni VIII:3: WiLS (iii stiiited Yit

thc non - nifirni fields8 in th is respect, sinice the energy It is inoit risni Ily iwcn.%sary to hiave stricl'ly lii ii-

interv al that is f inussed is imuch larger fior thec hi mii - ch roni miti e X -ra iiat~iin for the ixci tatini of photo -
geiis osa fiield, Friom this poiAnt iof view, it ip, iftenm elentri i spvmitra since the inagin tiu o r elecntro statice

advm~itageouis to use tie seirmicirmu lam f(cuss0 ing pin i- field also resolves the (cictri ii sjincti'ilun with re. ipect

c iplc in s miitx- of its low traiwnirission . Tho natun rde tit time(! differniit, X -ray nomonilMni its. Of these the Kc
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X-RAY CR','STAL TARGET ELECTRON DETECTOR
SOURCE SPEC~TROMETER

Fig. N111: 4. '11w, prinio'ilt: of cmiaIIIIId crystal und imgnaletic focusmizig for elindmijtinog itIII(ronIt width oaf X-radialtion.

lineIIs arone o11'(rde'r of ma ign ituide stronger than anly are in tr"oduce d at t~he sanev tim( ro. li('M are therfi'ti-

other chrlacltteristic X -radIiatioj n and1( are tht'refi re the v ity of the' cr'ystal andII the effective iij lrtli r angles of

mest cI ivtorm-iot. lines ft r excitineg the ejeetroni spectra. the X -raiy op tical t~yst 'ii. Ali additional factor is the

The e'nerg ies (if the Kof. line to(f coppIc r an( cd(blmi.iiu low1 lum Ininosa 1ity oif flic eMm icircua nr fo cussinrg of thw
are su11fficienit to pelrm~lit the ]rhotograpIhik dt'tect it III tdtct~ron IlT.he veleit:III Mipectrum pI rtot II('Id by this

oIf tht' X-ray produced tt'( elect~rons; however, the sepa- arra lg('taeat is (If IIIW initelSi t ya(n( lo1ng VX1,le,4ire tilmeS

ratioin 1 ttweenl the ~ Lx, ( and cx, l componetstt iS qu itte Ir. reqi Iirl'(I To cotlinsaItIS(L 'o r this We ha ye di 'Velti~d

sinial for these ci(+-ments and the! correspondIinIg do(ub1let it raidJ ivu ~ehlini I e for retr'ieving aLII the i aflrma.

structurtes in the veJc'tr n Kli'elmra CI eit(111 mon~ i ritl' (11tH. ti ion that is stored in. the photograp~hic I
p1 jevlte the i ntt'rpret~atit II, pairticula rly whi-n eheiial'lI This tecdhnIiquje hasL maUde it, potsibM e tO deli tlatI' bil

effects are studIie'd. 'Iol avoidI thliMs and to red(uce( the proIfiles andniti r be lS~''Iine inatensities liceira,.i 4ev ('V

background tof telectronslt that have been ('d'itv'( bly tht' in cILmIs when, the lint's aire (41 weak as tol be invisible tol

cont~nuous ratdiation and by harder components in the the eye. it has alsoI bleen rLIIIlixrd to the low vIeetront

charatetristic radiation (with subsequent (Iecrea.'Ie in energies that are ob~tained with flit Mg andI( Al l'ldiIL-

energy), a toinbination (If cry.statl mtlntlhrtltatization ticiim. The instrumen('t by which this analrlyshiM is madL~e

(of the X -rays and nilgnetit: analysis of the ('leutronl I m aIly Ibe dtemu'ibIet as5 ani aLutomalItic televisitn mI icro~ -

has bseen tried.6 1 The samplle is alttac(hedI to aL thin wire densitelneter.71 
'0 It is 1 iM('tlsd ill some d11tatil ill

(0-0.05 non) andit the rnonochromator is adjusted so~ 8ection VIII :8. It maIy lbe (ddI'd tha~t this lphotllrhitrie

thaIt the Kat componen11't is suppIre'ssed and only tho terdluiqUe for wea~k spoctlIL canI alIso be aJpjdi"' tol

Ko', line strikes the wire. In this way, the desired con- optical sp'ct~ra, UULH, sj),,tr, et,.
6

6,
7 1

ditions are attai 0(1, although wit al ILconIsidomtblt' Fromi thi combflin ratitn o1(f crystal d ispersio n (of the

reductilln in intensity. 'The crystal mnili(Jhrolnator X -radiation) and malgnetic dispersion ((If the elet'troiis)

focussesv the, X -radft.ý';jn on tha son lee wire V'iich the plissibilIity arises olf elimainatiing the co ntribu11titun of

comfistlttem the object in the dletroia-optiuai system, the X -raY line width to tirt total width (If the obseMIrve'd

but two factorie resultinrg ini a redutiotnh ill intensity electron linte. Thle principl l arrangemient is shown inl
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Fig. VII1 :4 where we have chosen at semnicircular length interval would be considerably vrmall, r than the

spe~ctrometer for the magnectic (dispersion. After Bragg inherent width of an X-ray line. However, th~is in-

reflexion in the crystal, the X-ray spectrum will be provemoent of the monochromatization could be attain-

distributed over the target in such at way that each ed only at the expensqe of intensity.

point on the target corresponds to r certain wave- Since the potentialities of the ESCA method are

length. ']Phis is valid even for the different wavelengtho' dependent on the ultimate line! widths which can be
of one. and the same. X-ray lioe provide'I0 that the attained, in particular in suitUIes of chemnical shifts, it

crystal is perfect, i.e. if itso diffraction pa~ttern (rocking is worth-while to discuss in some. detail the factors

curve) is much narrower than the natural width of the limiting the rz'solution. Let us considler the case, where

X-ray line. A highier energy pohoton hits the target to soft X-rays are usei(d to excite the electron spectra.

the right (in thw hetirn direction) of a lowe~r eLnergy According to Fig. 11: 11, the inherent viidth oif the

photon ats depicted in the figure am' the lphitoeleetrons Kam radiation of Al is dletermined both by the spin

produced by the h igrhe- energy photon have a larger doublet splitting and the inhevrent width of each line-
trajectory radlius in the electron spectrormeter. The in the dloublet. The total width (at half maximum

target is tiltAd an angle ox with :-vspect to the incoming intensity) amiounits ti, about 1.0 eV. Sireve the douolet

X-radiation~ and the angle' a. van he adjusted so that sJplitting increatses w~th Z1-'1r it valuable redluction in

photoeleetrovis erm-rging from different piarts of the width can be' gained hiy going from Al to Mg. A re~ason-

tart~ct are 1,rcught to at common foiwei whiich is in.. able estiniatte of this width would he 0.7-0.9 vV. If

depenmdent of the X-ray wavelengbh. 'Ph'l; cond it~ion Nat anodes can bile developed whi ch can sustain a suffi -

that- the crystal and miagnet c field dlispersions should cicutly high dlissipiation of power, a further reduc-tioni

cancel out is in line width canr be expected. Still lower Z elements,
like carlbon, cani be' miser but the inherent width is

tan o - (2) munch larger since the 1, levels involved in) the

transliteion are( aplpreciab ly broadened dav to h and

~IP hoit. sb et'rol en c ergy Artintr eiiicvffects. IThe variation oif the inherent widths

P radius of electron trajectory of the b 'vi 's with Z is depicted in Fig. 11: 8 for- the K

Dlryt i d ermiin dx/~d(lo) (.r isdrcioJfent- adL, levels. Since the chivroicai l shifts are abouti, the

ted phi toelect-rons) saneo fi r d ifferco t. shell s it, is Ipre'ferable vi studi y -h e
( hiin icr effect ('11 levels tl-,;t hiave in in ulim ba nd

Th~e angle x caeatenlated from mne. (2) is 5' .20' fo r broaden inrg and al so minimnuni II cisonen rg broadening j
systemis that are convenient to use!. A furtheivr anidys.i' (iduie to Owh~ oiriertainty principili-) 'itis iii the third and

iof thbe orrangemnent is given in A~ppendix 10. Exlreri- fourth1 period, the he,,, iii vels are suitable for this

ienfts have. sho wni that- it iS )OSS i Ide ti use thris tech- pui-pi mi; in the' somiiid pieriodl which (cointainls the( rh'-

noique, liiit strict requiiiremenits are pilaedm oii the quality mu'iet s i'arhii n, niitroigen and ixygen , thii' K b 'vi') is

iof hOIr crystal. It woiuld be pomissitil to coinbine thin t he nosmt sui tabile one. Ina these cases4, toh' i uterial

hrsale hiihr- rsiionwit lectronuispvc-t romenmi- t ha wdti a2re it few Lcti'it4 iof ;n ir; :iictini volt Dis

h:y ave digho trnmsino xmla lcrsai eadigfri oet h ooblfe ordc h
oranagnectic robefo sing inustriiinent. T1he abi v~i wit tIi if Own ec~itiniig X -radli it-uii'. NVi ', uiVO ýtt, It

C1ii in thent has to be' modified owing b o the d ifferent i i minimu wiiii t~h of F-S( A lines c; Iý 1.0 V. Si ne it, is

dIispI ersion if thiese eliectron foeuRsinrg dcvi eem. Iiigh ly dvs~iritbh to' aii roilin f li is width, the cior ntribii-

A reduction (if thn wavele'ngth i nterv al orf the ex- tion frim iOw i fin ite ri's' lt tii ti'iof tlh' 'lecrt,rons~i s-i-rn e
Citit ig X -raidiationi Iieyonmd theinilhi-remit width iof the. inetnr shoumldl be kept lit aiii iiiiiiiinum. lIn moic iiiii'lsi, wi'

X -raty transition eould( iii princi ple Li attain ed by have, hicer able to riecord FSCA limi ((5with ai w iilti i f

succelssi ve Bragg ri'ftex ii ns in two Motif crMs-rlii. If I.3 cNV (ee for examiple Figs. 1: 5 and lI: 7) w hri'hi is

the crystals trie pIlaced in t-he (it, n) p. iiti un, t-he radift- cloise to the ultiniati limrnit.

tii n rieflected friont the secondl crystal corn prifes at An i iiiproveýd energy resoltmion u woulId bei achie v nil

witvelength interval that, is defired by the diffract~ior r if the crystal dlispersion -mrargineti c d ispenrsioni couln d

piattern of the crystal. For perfect crystals this wave- be further developed ori if two flat crysitrls coulud In
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used for monoc-roinatization of the X-rays, as men- for finding the best filter in each case. One purpose of
tinned above. Ttlh contribution from the spectrometer the X-ray filter is to prevent low-energy radiation
aberration, which is already small in the magnetic from causing undesirable radiation effects in the
double focussing instrument, can be further rxducc I sample.
without loss of intensity (rather with a gain in intensi- Sources can be prepared in different ways. The
ty) by inserting an electrostatic corrector for the spher- quality of an ESCA electron spectrum is not particu-
ical aberration. Such a device. was suggested by Berg- larly dependent on the preparation technique that is
kvist"1 who applied it to an iron yoke instrument.262 utilized, nor on the thickness of the source or on the.
The arrangement is more easily adapted to an ironfree degree of vacuum in the spectrometer. The radiation
magnetic instrument because af the constancy of the should strike the sample surface at an angle of 454;
expansion coefficients of the field. A corresponding however, the angle of incidence is not very critical.
correctc;r for an electrostatic instrument cannot be Since, ESCA is a method by which a surface layer of
so easily incorporated, around 100 A is analystd, one should avoid surface

The X-ray unit should is constructed to meet the contamination. Oil vapours from the vacuum pumps
following requirements: The anode should he situated should be avoided since. these give a carbon line which
as close to the sample as possible so that a maximum increases in intensity with time at the expense of in-
solid angle of X-radiation is established. It should be tensity in the spectrum under study (sie Section V:7).
efficiently cooled to permit maximum loIding of the We have usei this characteristic carbon line as a con-
X-ray tube, and the. anode should be exchangeable. venient calibration line in msny cases but its presence
Evaporation of tungsten from the filament on the is sometimes distur"ing, particularly when organic
anode should be 1,npt at a minimum. This is of particu- compounds awv studied. We have therefore provided
lar importance when excitation is made with soft X- one instrument with non-magnetic ;on pumps and
radiatior. Even a slight coetamination of tho awino sorption roughing pumps instead of oil diffusion pumps
surface then mcans a considerable decrease of intensity and rotary roughing pumps. Reference lines can then
in the ESCA spectrum and a relatively large intensity be obtained by evaporating an extremely thin film
of parasitic lines from the tungsten. In the most effec- (only a few atomic layers) on the sample surfece, Pre-
tive arrangcment, the anode is not in a direct line with ferably of some electrically conducting matei ial, or
the cathode filament; thc electron beanm then has to by mixing the sample under study with a substance
be focussed on the anode by special electrode arrange- that has suihable calibration lines. !n these and
ment, see Vection VIII: 4. If water is used as a cooling other cases the sample is pounded and can then be
agent for a magnesium anode it is preferable to ap)ly pressed into a disc using the same technique as for
the magnesium on a copper base since magnesium lit samples. Ono. can also place the finely pulverized
"dissolves under prolonged action of the water. Both sample on a copper mesh alternatively scatter it on
magnesium and ,lomninum can be apnlied in -xcellhmt-. Sot-ch ta•p• .hi-O-apray t•w.inuie. can . . .o be
thermal contact witLa opperbase byaspecialspraying used.2" Vacuum evaporation is often the most con-
"technique. To obtain extremely high X-ray intensities, venient technique for mubstances that do not decom-
one can introduce a rotating, water cooled anode, see pome during evaporation. For liquids and gases we have
Fig. VIII: 29 and Appendix 10. found o'ntinuous deposition on a cryostat cooled

The source compartment must be well separated sample holder during the measurements to be very
from the X-rmy unit; ,'herwise one obtains an exes- convenient. By this technique ,SCA can also be umxd
sively high background of scattered electrons. The X- for a large number of chemical compounds, particularly
radiation is allowed to pass through a thin window, organic compounds, that at room temperature exist in
usually alumnnum. The choice of window material the gaseous or liquid state. Several compounds have
and thickness of the window is determined by the been studied by this technique; see for example Fig.
filtering action on the X-rays that one wishes to em- 1:14 and Fig. 1:15.
ploy. X-ray absorption coefficients for different ech- If adequate arrangements are made for differential
ments as a function of N -ray energy have been coin- pumping around the source (using only the narrow
piled in graphical form in Appendix 7 and can be used sourco slit for evacuating thr, sourco housing) liquid
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sourvce can be studied by FSCA. When evaporation are investigating the possibility ol increasing the inten-

from the liquid can be kept at a convenient level there sity by a multi-source arraiigenlent. Several fine

apeamrs to exist interesting opportunities to study wires or narrow strips which are covered with the

chemical solutions. We have already used this tech- source material are mounted vertically at short distance

niqwe on liquid mercury with good results and, rno apart. By applying small lptential differences between

doubt, it co(uld find a more. general application to the wires one can coinplnsate for the differences in

'Riqu;Jds with higher vapor pressures, provided the radii of the electron trajectories from the different

above-mentioned precautions are taken. source wires to the detector. Such a system has pre-

Samples that are electrical insulators could become viously becta utilized with gxod results for radioactive

positively charged during irradiation with X-rays since sources in the samie spctrometer79 and resulted in an

electrons are continuously emitted. However, the increase of intensity that was approximately proportin-

samuple is surrounded by a large number of secondary nal to the number of wires or strips. The arrangement

eic.crons that tnd to neutralize any surface charges is basically the same as that developed by flergkvist

ank' furthermore the eleitrical conductivity of the for an iron-yoke double fecussing fl-spectrometer.3Ei2

sample may increase, during irradiation to the extent For a double focussing magnetic spectrometer with

1b1At sufficiently rapid charge transport is provided central orbit radius e, the contribution tA) the base-

Lht,,gh the specimen. To allow this latter proceFs o) -esolution R from the source slit s and det(ecto)r slit

tA..'e place the sample must be quite thin so that a w is gi ifen by

cois.iderable part of the incident X-rays can piass s 1 w
>:ough all the sample. As seen in Apiendix 7 the R 4L"

h,'_M-thicknevs for AlKa radiation is of the order of I

.igfcm2. In some cases when thick insulating samples For a 30-cm instrument, this mcans that a momentum

:-re used, we have found a small charge effect (- I V). resolution, defin(ed as the relative half-width of an

,.'i such cases it is important to find a reference line for electron line, of 2 10 4 can be obtained only ifs w
ahich the shift due to the charging effect is identical 0.25 mm. TirUs, at an energy of 1 keV, which is about

with that for the spectrum under study. This can i6. the kinetic energy of elcerons expelled by Mg or Al

accomplished by mixing the sample to be studied with Kc radiation, the total contribution to the energy reso-

a substance that has suitable referente lines as men- lution is 0.4 eV from the source and detector widths

tioned above, or even better by using an electron line s --w 0.21` mm. At present, %c arc using slita of this

from another atom in the same molecule. width in our spectrometetrs, but smaller slits can be

When the line pmsitions of two samples are compared used without detrimental loss of intensity, if one wishes

one must be able to reproduce the source position to improve the resolution. In order to adjust the open-

exactly. This is difficult to achieve if the sample itself ing angle of the electron beam ir i thu spectrometer to

constitutes the electron-optical source. For this and different slit widths, the so-called iso-aberration curves

other reasons it is appropriate to have a fixed narro' of the spe•.tromeir hae' tie n. rknm uar -A-that th,
slit a few mm in front of the irradiated sample, to i.-amn-limiting baffle can be made to correspond to the

define the electron-optical source of the spectrormeter. chosta slits. The procedure has been described in de-

This arrangement gives a high reproducibility of the tail elsewherei .i&; it is in principle applicable also to

line poiitions (see p. 10) provided that the measure- the electrostatic instrument.

mentmi are made after thermal equilibrium has For a long time, the detection of electrons in the low

been attained. The irradiated area on the sample should energy region where, ESCA spectra are measured con-

be of such dimensions that the beam of expelled oelc- stituted a difficult problem. Until recently we used GM

trons after passage through the slit fills the solid angle detection. Although the formvar windows of the

accepted by the spectrometer. The exact pcsition of countA-rs were extremely thin, a post-acceleration of

the source is then not critical. However, in cases where 4-,5 kV was necessary for the detection of eloetrons

crystal focussing is used for the X-rays the sample itself with kinetic energy around I keV. A new type of

defines the source position. uietector, the continanoum channel electron multiplier,

In one of our instruments (see Section VIII:6) we has completely eradicated these difficulties%.w" This
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type of detector, flow available conmmercially, may he through a) capillary tube, which hats a Simple arrange.
described ats a windowless electron multiplier with ment for differential pumping, down into a small
continuous multiplication. Instead of at system of metal cylinder. This cylinder has at gas inlet with at
dynodes, the interior of at small glass tube is covered1 needle valve. Photoelectrons exp~elledi from the gas
with a Semiconducting layer from which Secondary leave the cylinider through at narrow vertical Slit and
electronq aire expelled. Multiplication is achieved by enter the. Spectroimeter in At direction perpendicular
app)lying a voltage of about 4 kV over the length of to the helium radiation. A miolecular beami arrange-
the tube. There are s:cveral reasons for using it (oiii- neuit sieems to off(r some interesting further possillili-
tinuos channel electron multiplier as detictor in lire- ties as anf alternative to the collision ehamlaur.
ference to a Ceiger counter for detecting electrons Electron speetrit can also be excited by electrons.
in the low-energy region. Its volumffe is smnall, the This mnethod of excitation suffers from the disadvan-
inner diamneter (If the tube is 2 3 inin or less, and loge that Solid samplles easily decomiposeý during irra-
the eountitr therefore hjiq a low background. The (liation with electrons. This is one rm.son why X-ray
delicate, task of making windows with at thickness less analysis is currently based onl fluorescence radiation
than at inicrion is avoided and no acceleration of the ratheir than onl radiation derived from electron imlpact.
primary electrons is needed. The small Size oIf the die- However, we shall disregard this limitation and con-
tector makes it piossible to use an array (of detectors inl Sider the various Waoys inl which electron Spectroscopy

the focal pilane (if the spectrometer (see Sections by ineans oIf electron excitation canl lie attained. In
VLII1: 4 and VI11: 6). onec System, the electron beani is dIirected at the

ESCA was oirigiiially developed for excitation by samplle eithier along the electron-optical aLxis of th~e
means (If X -radliatio n, whi-rely ehvetro i Spectra c-ii- sp ectromieter or (appro~(x imnately ) jierpendi ~,olar to it..
compassing the whole range (if atoiiiic energy levels, The formner arra~ngemnent is used to study the discrete-
fromn the coire outwa~rds couild be obltained. The energy losses (if an electron samni plassing through
ttichiiiq uc afforded nion-destructive aiu, !,,i4 of so]1 niifattcr. This is a. widely cx ploied fi'hll iin whichl full
samples. As was discussed in Chapter V, thcbe (lsrvc(I advantage hats been taken oif the very Small angle (if
chemicalI Shifts of inner electron levels are related to deviation of those electrons in the beatns which have
the charge distribution in the lieripliheral orbitals hlarti- suffered dliscrete energy losses. The line width and the
cipating iii the chemical bond. These shifts a~re there- pirecisioni depsend oii the degree to) which the pirimairy
fore primarily (of interest ats a phenomenuron iii moleen- electron beam is monoiikinetic. So far explerinental
lar physics. Thel( oiuteriioist, energy levels in the mnole- (tiff icuiities have pireveintedl the study oif iiiner levels
culesi, in the range l't~weein 4) and 20) eV, canl lie(xc'ited by this technique. For FSCA the setiiinl alternative
by UV radiiation which has the advanitage of very small semis paorticuilarly attractive. E'lectrons are expelild

inherent line widths. Studies on the einergy losses oif the from inner shells by meanVs (of the in(teraoctioni camused
eleotrions expelled fromt gaseous Samiples represents all by the rapidly varying electric field from a beami

other approach; Suich work has been reiiortedl front somine celctiimi as it passes the atom). It is it proIcess that can
laboratories. 122-126265-267,290 By blu'iiig the source andui be visualized as an iinjuat in which Ow incoming
the Spuectromneter chiamnber so(1t 145 Ii('ilimii iif even iII)- electron, the reflected electron, the c~ pelled electron
noatomic layers onl the Hourt ,Surface and tiy woirking asid( the atoni amo invoilvedl. This is a iiiore c('ipjiCiated
at pressures below 10 " torr, bhas also been possibile situation than ordinary X-ray p'm ptoclectric emission
to) us,' UV radiation for the ;tiidy (if the condiiuction whichi results in essentially iu,,nokinotic electronis
bandi~ ill iniitalmsi5 7

.268.269 (ap1art from the level widths and the atomic recoil
The high resolution that charatetsrizes the ESCA energies). Mitinokinetic electron beamn imipact will in-

ajipariattl wouild seem to provide a soiund basis for stilt in at continuous electron Spectrum for each atomnic
achieving at va~luabhle impirovemnent iti the analysis level with at best. ifa fiu y well defined pinlk at it's uppesr
of gases by IJV irradiation. Thus the electrostatic linjit, dependent on the geometrical conditions. The
instrument, has bee~n furnished with a, heliumi lamp Auger pirocess, however, results In'. niontiocergetic
emitting the resonance radiation at 21.22 eV (584 A), electrons independent of the energy (if the incomning
.see S(ection VIII:5. The helium radtiation piasses electroins mod only Subject to the samec inherecnt broad-
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X-RADIAT ION

ELECTRON SPECTROMETER

Fig. V 111:5. ]),ffvreit moadesi of exc'itiationl if vlet'troii speitrIL rvc.orihi ini highi rt',,ýtliiioii iiatiiiii''its.

vnilngs as ordinary X -ray proiducedi Auger electronll s. rqirei i d lon~g tin ic Ml ilility n t anjivien f ivid xi tting of
If orip furthermore restricts onleself to the stulY of I - W . is siomeiwhat diffi cult to acii cvi fior at Ii anut oflua -

gasmes, the effect of the destructioii of the samiple u poln tie syst cii foir which a reliable andci1: inkid resJ ii ii lo

electr'ion imapact (an lie ('ti i iilatedl by It slow flo w o f at in graini cil chiange ill field is Ils' i esseittital. Blo ik,

the ga:e. The same equipmenelt. CnI lhe used~ as b efo re (Ii iigiii ils iif the' da ta ii -ci in 1ig sys.t cil ix ii it c a i v

except that the He lamap is re1 )lace( I y an deletroil 1built. fir the d iffern 't in st ruien ts an' sho wn Ii itheli

gull. The electrons 1warn , of minaIl dijameter andl with folloi winig siect ionis. In stead of recioni lg the PES( A
anenergy of a few keV, is dIiriected vertically inuto the specetral point l)i, \ii pint, whether'I 111 iinatlv i or ilto lia-

same cylinlder' its beifoire. ]if this ( ase the 'livetr.riitati c ticadlly, ione call i ise a- repei ateid Swee p t echoiijuiii o ver

instr'i ument is very conei enlliilt sincie the elcCtroni heari ii 11 iite ii lcg iil ofi th 4 i pocit I'l Ill, for ex~iliii plc It ili 'IV

piasse's acmpillletely filkfree spaicie before (elterlinig spiaced lineii grioup . A stiff irieit 1Y fast. sweep eininiii itt is

the e-yijnlier. aml)' ilti'IISit.N V~iliilt lio]S Mid, fart lIi'niio, t li c(II-

We have thus emflploye'd three itiffereiJ modIesls of tir1111101 griowth oiif the spee'(t cal Iilines (-li beii fiolloiwedl iii

excit~atioin (if elec(tronl mpectrat, naunly biy N rays, thi' sicren if I amiuIt ichaninel a iia v~si' 'ii ,Tis s vstin'i

1y viyltrav ii deL light., amid fly electrons. There are mpi'- call lIi ll.'uid w Iit i oh' i litei'rt on , in ithI a i ll i ar'a iof

cific VIfltiuli' of earni (if filiuMiv I iii .ý ides siI i fu l WiiVi' si'vv-laod dot rtlwý

molfstI(ly i eploiyied N-rayi, foir wich j'l the' selij i' iecill.is

to hie the Widist. Fig. \1III:5 is a sketch iif the blsiei VilI: 2. rjITb First I nstiru illen

ex~i'niniliat i-nm~g'n'li Whll llt~hi'eiiidis i ixl- Ill couiciliii'nll with flithi iapid idivieliipiment iif miiiiiiar

t~atiiolari u lllctili-i Oini ioulli t-lijkoif oitheir liiiiiti t lii spiectroi sciopy. ii- swi'ii (iif sim ct-i'jvet vii more cntiiid

thlu iellrtrils, for i-~iipih piriitonis, wiould r'ihiici I hi radiim-t lye miiii'ii wile icoiistrucitiid duinilg thle I 1940's
liaegiiuiuld iif scat~tere-id 'le't~riiii anid virili also Yield ad1 9511(1 I T5( 'av preinciplel oiif 1wiiic iiil nlagliut it

clu'it~ro n speictra fromu fragmeneted moleiucules, fiocuissinhg was lintrI soduced, firIst. ~il irn i vi k i listnii-

Spiecial pi'ecau'hiilis fun the st abilizatioin and step- illeiits
11  

arnd t hi'i ill air-coeiii spii-t liilliettil. limguii'ts.
1

w lxi: regulation (if currients (fo r the iiiagneiu'i inst nil- TPhis laitti-r I ylI" is wielI so itoi fir hiighi pirevisioiil worik

Inclit) andi vi lt:.Lgiei (for the u'lictru tistri(.t istn iitrvi' t-) i the ei 'linegy reio belo111ii Iiw 1t) kvV, an uiuliir first inlst ni -

are requ~ired inl ordier t o achieive hiigh irecisiioni. T1hie uenit, fir ESt A wa ciinst riit'i uit il-izing a 1
ii'(m-riiy

12- 671 163 No.*3Acsa fleg.8w Sc. . fJj~x.,8fSr1V. Vl. i'. 110 j. ~'1,9677
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Fig.' Vill (i. riiit t a'Ii. s lI fi jN '-tti t Jii'

( 7 1 )Th i h v xi vts c " ' tt T i l g i n i t Ni ,l t -p ~ i i i t i 1 1 l i P l u e i l i i - l l I i ti f i l l . h if l tl xi i ln l i lc

Seth Heruolm tz.1 (if Iliý'tyi witil wo j II I iin t I ig fh iui nlY hiii'wie fic aro nded f anti1 a~nIN lfich is Sh agis fil I'if
I od ifI-(-(1 0 i ( t - f sI)Iic a 1 ,I i aI .. 1 72Ii

fl vi oll v in tru icti a v jjj~ I)I fo rIt ;IN
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-8,F

Fig. N*III:7, (a~) \V'rii:',1 -MC'm'Il of the,

SomC vc rC ICCCCICg. (b) Hoi zna ICC'/CCIIC 3CCI ICC f

N-rCI' v IC -111 ' 111CCI C'Ceiotrol'C CCCCCI .
6

3

Dli

%,Oap .i4. ruh i I'1I'OCIC.n ii.IliiC

IC'kiCng. 7. SCCCCn-' holder. S. W111I svpa.

ilit iig Xno *r uid COl ,Ietroll soucCCC' vomCC- ((i
partiii - 9IC~s . EI'.III'icSC slit lo sprecroi-

ICCCk. 12?. N riu ~CIC%'. A-A

rvlu'irvd_'i W ater is uiseditsit c1 1ooling aiget' . Tw copper'1 Spcerrorneter mmfllUf't(li andl current sIjijlIv

plIIi, I1C itlilted oil anI ilsil~litillg baseCI at th bo' ilttoml (Cf The' 51)i'(tI(CnlIterI miCCgiCt c'CICistiý (Cf t\\ 'CCC C-axial.

flicC sot rc1-. housing, ho ld the, cathodev fiIlamn I i('i 31([ it cVI tltin'ical. (ciipiI cods13 of nnim radii 24 t-ni mid 36

foctissi i g el(c~troIde. T11w ianode pro j(cet 5I axiallyV into e (In, respict ivil iv Cl t1(Cf v~im( iis he1t . 4SM (-ti Bo thi

thils vil-Cf CCIII. X-raidipit oll from tlit( anrovl etllergi's ((CI i'\Cotl ii(illI illitl.'( IC Cha

th rough ani open' Cing in the cyl indrica (cIIl''t rode. HIigh 3,57 tun and5111( tit(- out er coi 75 tur, IIIl cCI tivC 'it ini

31 it Philipis P\V 10101 X-raY po~wer sli iply. N'iii tg Ciis 1( gIn (t it' field ill th SIMi ]CIC' 1 II Wll 1 till (- ill t lilt hIlls

stabI ilized tICip 0. C (1 % an vaissionl ('trlellt tio 0.1 C, ill at, fir iCICI VII'', to11 tCChle theii lit ivZ1 formitii

thii4 s ('14 i~ pilllit 'It I 3 a I iC I l 111101 1031 111 Volit a1ge fi ICt ICCt 11 Ct Ji( tC) t ,a) )' (4)

of+P 11_, M1XC0lCImin vliltagLo is 5)4 kV and1( maimumi~l~l

Mi'Ut~~~~o IOI it(CI

(ilThel ( I~v ron 'stac i.4 mounedil beiC it eprl(orom-td) Ext eriat fels itearth eomp Tenae jiii ('' y thivil pik'irC o

hiihhcirula coith sec1 SeICctitionl Vtril :7. the( coil~el bliekillg.

I ittkinvig 1CiI, of( the -mirce huin a2 11CCwdh it lCowere into(t'

this IcmatetrlI- ~ through iCC ale if tlo 111ck.Ci ' It.hsthe

through~~prale till a~(Ct' power su'tl Crt it Cliribl '11111111 Islii'IWil 1
heI' n t a can31 beilIl3 l CiCpoit individual~l y t(1 the sI -iira-i Fg Ill i s. w ith each cil,~ The~iC' ICCCCIC' sup plyC giviC putCCCCC

IiaCllMtio i(i V MI it o 14ysta ha re(til C ee incilorpoiratedC).('' lC~ki~

Fig NI I 9isit hoogaphofth ai lckands 73c
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A_ - I [ i' •" ] , p,• • ig. VIII:9t. Iihlrrk diagram of Oiw, currirt .upply."a

oUltlit roltage from 0 N" to !ii V with ai long tilne lilis i sr'nsitivit vf It. i gauss.hl ht, nratA ry uii 1it g

staili t v of 2" 10 5. With thlis copieiiis..1 ingig syst ini the cioiitahiNi Ino ferroiaglietic mIatvrial ini its 1iasic ('cili-

iv-sidlit I mnetici iii. fivld is hss t haim ): 2. 12 -I• m rss in stietin ion and is therefore wNelW sui ited ft r housing ai

the ,entndat eltetronl ortbit. The :rriiipuriisatioll of ex- ilistrulent of this tylp.

tii all fields is ineasurd 1 v a iit•nlltireter w hich The poiwer of the srpectroein'ter magnet, as given Iby

Flig. V III :10. P'hotograpli of the (4 -ft ro (i • etro- i ri ,i etor with lloutor t.riI re i it o ,'edl to mhow tk, ml io• rtrorrrurotr rrai nr or aind tii so urce

anid detector arrorngermtitHs. 1. 1 Innerr roil (if rooertrrur ret er maiiin•il,,t. L., S•itor Hsial• orj en ri irroritaetr r'hlrnber. 3 Source housing
with X-rny turbe. 4. Crtrir,(ii 4ecl-tron miultilplieir or Geiger roiinter wit

t
h posit- r,.ieohloralt~iont. 455.Spt o'troniotOr baffle Shaft .

r. Liqtuid iir trap. 7. Air loc.k.
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tOv ratio of inagni-ltie rigidity of foculssed electron1S to

spetromieter current is approximately 76.3 (O(if/A. PONTiNE

Sinlce theiv inst~riumieint is used ini the energy rainge 0. 1 PLOT IER

keY -10 keY and withI mttmeiot~ui resolution down to
the order of I -10 4, thlt cuirrenit supply should bei-ca- T UOAIL ~ NE
pable tif de-livering froni 0.5 A to 5 A into the 0.65 ý_ ___OPERATING

magnet coils with a stability of a, few part~s inl 106, A D MLFE OETOET OTO

cutrrenit supply t~o ieet thiese specifications wva8 built

after much the ianie( tleiign ats that ieported, by Rick-

striiii et al.
2

7T for iln iron yoke instrument.. It. i opt-rated TMRFO

aut~oinat~icall. Fig. V I II: ; is a block diagram of t he "T

current supply for the spectrometer.

Spectrometer chiniber and liatf system RATEMiETER SCALER

The instrument has at free spiaet of 10 ciii betweeni

the outer andl inner coils. To pirovidle muaximnini spacer

at, the source andt detector positionis the spectrometerPR

vacuumi chamber, iatte of aluminti n, is sector shapedAMLFE

ats shown inl Fig. XI 11: 10. The source housing and de-
tector are m~ounitedlo00 the vertical entl-wiflls of the

(haninler. Evacuation of the spectrometer chamnber is

an,6 b (llodiffuision philip made of stainless Steel
and a rotairy pumip whiebi is placed outside the com- Pg 11 2 1,kdi-, 1, ,~ji ,sc111
pvensating sys9temi. III addition to the liquid air trapis . II2.Itkiiigut ,thi, --~oig5yt:t
onl the diffusion ptillps for the X-ray compartment
and the electron source compartment there is a liqutid this way, and including at fixed baffle with maximium

air cooled alumninum plate between the source and the etron a hoeon ftreaerue ihu
elvetron-optical baffles, With this arrangement the breaking vaeuuno. Thec shapes atid siztes of the ajpcr-

deposit of jommop oil and other containinat oils tof the ture~s wvere obtained from iso-aberration curve~s. Theso

sampl)te suraei ni l eu1( ~ (hii''5 were oldtained bY a procedure that, has 1 teoi

Apetrturel.( d(-finling baIffles' a.,~ lae at, an1 a~i'init hal described els:wlii-re.2 1'I'The baffle aptertuire that hag

,position of 48' frtom thle electron-op tical siourcee. Each 1 teenlel ins( l~oist l etrrespit mnds to a spectronieter abr
rat ioti iof 0I.05 ~ inl into nelt 1110 (fuill b ase widthI) anil

bamffle coitsist,s of a rectangular al uin inu m plate with
an apertutre- of apprio priate shnape and( size. Thvbae10fflt- a solidt anigle if 0.06 oiX f 47T,

pilate~ is held by a shaft that, (Xtcnds" through ctt\-er Detector and damta recording system
p late to opten air and by \Nhi ch the 1 affli- can lbe mt ove edetolNa 11 ilrvnl Iaeb 'ic
into) posiitioni. Twit 1baffles cIii be aiceonninodat~ed ine -t~ a iPtl rcnl noeL gt

emuiutvr techo i qti. Fornitvar was' 11,4ed asa4 %itvowI i

inatetrial atndli li tost - ieilertriit ll svsteti wa~s 1)1Ilt for
detect iotin o f tctect ils blow'I i 2 kt-V Iiinit ic e(,ergy.

Hot wever, Ave hiave ft ound( t hi ciii it mluo c ihanniaIel (1ect-
ron oitilt iplier to 6iit a motrc coivt-ienivt ib-ectiti 811)(4t-

it. is ;itt opv df~-tvt ct ir %Nmiiich ti ouuts vitetrt ins withi higlh
ffi citm-i t do w n to t iorv low ( o rgii-s (bltlow I eVN). We

suifficientlysniall ito allow fiti-an arrttv ifd(ltiijt0Ttr bV lt

IVig. V11I I 1 1. 1'kitt gripht of t hit Il e tcti-ttr (NImultlar I E pt-ri- 1 tla-t- it t Illi ft tal pllain' of a sl i(eti-i niet-r (set- Sect inl
lmwitalt i (Ii tomie! Mutipltier-). V I111:4). A phoittograpjh of t he de(tectori (Mutllan I Expc -
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11l 12 22.7 '1' i II Nst ig~lt( t I1ýit J(15. i I)iIi t iIS ( If otlit i i i hais six: opcuiuigs %Nhi'h affolrd goods w-ce155 to 11w polo

st1'! irvi('llaI f c';.sing for E('A , we- ilax' c lustrI'ltAe( ga p. Owing to th i arve (liallietcr oIf thle sjnct r.graph,

apri llil m lagliet 11101il ogre'ile'lls f ieoi I111'I't 1.1 Igra ph",I ;li.% disilacvhll'11 (if tho' iron plate~s wvicl thte spec'tre'-

chromator1 is used for the -aiiin )1cino t.l1fT' id"ih PM l flW iP 3AIC 01~'re

('oun1 t ing is lIsI d ill prefere 11(1 to coni mx' 't 001 i pho tio- design ed in oI In r ti mi xlist an t( 1he Itm10 1spheriv prv's-.

metric l'jc lIt hi s for scann1 ing tw pho'h toIgraphih c eml I- sure. After t he ii at s we~re gi md, f it, iron 41iscs were

shown ill Vig. 1*111:1I4. Ili vaI u c' 0111111hamer is 15t0 kg. Aith I ugh the spuetro-

lgrip -xi Wi t it(inod t o hev used fo r mitlal sinig 1 lhItII('ie-

trols with fairix' !oN energie-s (3 10t keY), it. was

Magnet un d r'IcILu fl ch am bor 1 p id 1 i tbimt aRo iIIation0 of the instri' l(ivnt forl iil (lear

The v'acuuml eilamol'r of thei spelt rogra pli a1.1 51't io51Il WIIII ll' beIf Vj'ahie. It. waIS the~refore de-
seres(1 111 rllivo keý fo~r thle n a gn t i rctu -i fl flx signied tt.' v ('1ld l aX maximum1 lagnit ic field of a bout

-iSsb(I I ii Iig II: 15. The x vac U iin chamo 0011'con - 20)) gauiss, whielh allows th-e fo cussing of eI'e(t~ronI 5 up

iist s (if it c*viintd rica I sht- Ii an No1 tW circular i~iatvls 2 to thle I MeN, regiondl

(111111 i'S b rs 1fer to Fig. V11II:1 5). tI'lels,' ~i ndid a 11(1 all The nilagi iet IVsteel ig initdo into cyIi ndri'al 1tect ions
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ii 25

23 A
:1:6

udis,. (thicki'kest,: 't1,i1') jiiiiwelI o~i li ti ie iir~I. 111(ft jivs .P 10 SO Mupitiid tiji~t, It gap of 4.5 niiim ixiiitu, 1,i-t~wi~i ttiiii andi
Owtiii' Virit dre ses~. 7. Miigri~iit jtitoi, (.,iti. S. I11i1- soiiiiiuIt tt lit coijl boubbin~i. 0t. Vaciuiinu tight. teioi-Vtirouigl. Ii). (hidinil~g

dli ... II M. iSioirio ring. 17. Caivity fin i'ufii.jciiii of iuiiiurverti,lf X -radiait ii~i. 18. EVuIIioristtJos il-usiritir. 1 i). Evailiirnit iimiiuit..20. I'igsugtit i IosO. 21. A slit, whichi diofjins Owut mimi ri .% jidl [1. 22. A vil o r liii' iiiiijaiiiiit owigiusiirviiii'it. if Owi liuigiie.6,. fiedi~iI
thei pipf. 23. Mouiiiilruuiiuit~r. 24. X.n'iy till si, ,ldli. 25. Htivlliim %, windiow.

J andl are mnasisired to within 0.0t1 mini. I'[hey suev JOiiii' p 6 ILre madoe of the osame qualdity of ironi as
plan (I upoun the c iron plates of the vacuum111 clitanb-li, tlls thils din(iSCR. rIod are mnoil ilid Ho ithsat they fiorm a
N(Wh(1IsLYer (Oittlidninirg 73 sectis nix. Th 'lii cI solicut, Its ag- flssj o f 4.5 min u with Ohe thin i ron diiscm. TJhese extrIL
1)(t sectiot iH art kv1iAt in psistici 1) 'x iv an dlinn01in umi gILj us IM hav hic i userti( in the inasgnetic( circuit ill
miatri x (11i g. V1I 11 16). Oii esth sisI yei, I is ri nii r iruhti otd I -r to inucreases thst hiomnogeneity of the rolagrieti e

(115C 5 iH placed. 'Phst dimcs are oiadc if soft. iress. The field, The air gaji IsetCwir!Il the j0ipis pieccir, ils Which
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the electrons are analysed, is 29.0 nun. The two pairs -

of iron discs have been ground flat to within 0.007 .117 GAUSS

less than 0.005 mmn.

The. radius of curvature iii the spectrograph varies ~ '1.00 GAU5S

between 10 cm andI 24 em so that electron energies ,

below 10 keV correspond to at low magnetic field1,30 0 -- -7 .2

<20 G, Obviouslly, it is more d iffi cult to) obtain a II POSITION IN THE AIRlA

high relative homogeneity With low mlagneItiC field Fig. VI1:1.Fedvrain aln ( iaincter in the pole ga,
strengths than with higher strengths. (Gr-at efforts for two 41ifforerit inougnelti fivwiosA

have therefore beven roade to overcomie this difficulty,

Iii add~ition to carefully mauchininig and LI igni ng the In order to obhtaini high precision in the mecasure-
parts constituting the magnetic circuit, we have in- ett prantmgts.r-mitiedu
serted in the v rcuit two extra air gaps,. These extra mostnts thempermanient mAgnedptsti cor e hnasnan ath
air gaps are believed to have had it subistanitial effect beor4nt taeinoreratrre Af thawordelsicnovrcn has thnus
on til'- honiogeneity oif the field. Asi seen in Fig. Vil11:17

pilates (sec, Fig. VIII: 14) andr temperature c-introlled
the~ area over which there is little field variation is ii~ oi

aris allowed toci rculate inthe system,
jitv te x tensivr y even fo r the low field of 17 (D 1urinrg Since the vacoumni chambi er also serves ats anl iron

the initial ma gnet~izat ion pr ied ores it. was fo unid
Yo ke foir the mnagne-tice return flux, it haLs beenrie-

tha th pemanntmaget iecs hd o b caefuly sary to pluL('I tlio magne~tizatioin coils~ ini high ViL:Ijlillll
demanertgl ized hefoire they were iiisert~ed iii thl ( sjictro-

graph. Otherwise the variati on in the fielId iii the air The coils .7 eatch cbontaini 64 windings of cotton covered

gap) became Pserioug at fielus around 25 (, andi( lower. coppe1r wire woijund in 8 layers with alI raveragv raditv.

'J'islac o i iiif im iy on1(1il the l rei ii~e~ ii te of :110 in ii. For till exci tatioin of the coiiils iL power
HIjl P l)). which gives iL Iinai Lmun in cuirrernt ii the

normalI dein agietiza-tron procedure after instiallIinrg the
spectrographoil (if~ 90 A, has been uo ristruct'd . This poi wer supplly

magnit pices ri he . his 1emaneti is nlsi, risI-i fo r hea~ti rig the fi lament in the evaplorationi
oation is p rfIrinie( biy send inig DC) current of decreas- -ar e ~ bsr idblw

ing stengthand alternating directionr thro'"hth

magnetization coils of the spectrograph.
Plate holder and source arrangement

Tire pilate! holder' is showni iii Figs. Vill1:15 arid

VIII:18 . It. is inttroduc ned inIto the sp ectrographi
thrmiigii a hole iii t~he cylindrrical shell (If the vacuumrr

chainb;1cr and is pu~sheld int itia well de fined pIositioin in

thie guidinrg sy stern 10 which is located inside t~ll 0111)(1-

0site hole (if the vaceuumi chambi er.

Tlhrough at hole iii the hack of the plateý holder, tin

45111 sour holde r 11 mray he pushed
1 towards IL t 1Ill1 (se-0

Feig. VI 11:15).Th 'IloI~sitioin oIf the source holder' relative

to the' plate holder is fixed fly a three polinit guidinrg

system I n li frnlit, (if the HI urce aLndI iii the slurro plane

ML4 till pho1 to grapic pu la~te, twol in11vable baffles o f

ibrlas 12 a~re Ilocated.i Thelise define the width (If the

electr`01 bi-ai~l -lr. I1etWll~ the H(1OirCe ptmilitil 1( arid. thi

Fig. Vill: 16. 'Fihe lomwer-i art (If t1 imJIetrlographtl..1 '11 pIT- photogi 1(111ic p~late, IL lead shield 1.3 a brsIeeni i rcerteud

lilia~niltI Iiogliwts nreI pIiIwiI ripon~ the( boittoin pIA ofIU i thii ilri the pilate hoflde r. Thiais shieildI protects the emul lsiorr

v~livitw chtir llmrI Ther. fti-are kepit. l I J.m.N. it 1 III all 11111ir frontr direct i rrad(IiatuIion by X -ry ol~5r by y- rays frorin a
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The, high t~ension and the tube current are continuously

variable, 0 65 PV and 0 -40) mA, rcspectively.

After reflection in the crystal, the radiation passes a

01.15 nirn thick beryllium window which separates the
- ., acuu 'ie iin i t~he sp:.ctrograph from tho atmospheric

- pressure. Between the window and thýi source po~sition,

a slt is placed which prevents scattcred, radiation

from reaching the analysing region of the spectro-

Ihrec crystidls are available which are beont for CrKoe,
Cu (tKr,~ iand MoKa. radiation, respectively. 'The mono-

,;n~romatoni are hent-quartz atsymmetric crystals of the

.Jagslziraski design 2l' with reflecting plan(! (l0ll),

Fig. %'1ll1 IS. Tim, limer himmu of t he rmumtgime with the Jplaft4ý suipplieýd by 1.. Seifert and Company, H-am burg. The
homldeur." Thie 1mhk,W imm)]lder im itrimitimm'd into the~ polo gill) Inonoch rornator 23 is mnou ntitr1 (inl the X-ray tube shield
throuighi onie of thme olmnmiog (1) iii tiii cylindiricatl shiell. It IN 04, (Hvee Figs. VillI: I5 and Vill:19 i). It pe~rmits anl ;Il-
pimlximmd inmto it guidiiirig sytMWiml (2) jwmsitioiiru-d irk tho i)qjm;Nsit(

kkloh. A 10IMt4 11mi60141 (3) iS 11IiM-4i blhied i, OWlut1m10hi lilir. A inost comnplete separation of the Ka, radiatie;n when

siimmmll voi 1 (4) im jmlavem in the poule gill m. 'J v oil vivm 1w rimtattei the mfono chromIatOr is set for nkax iinuin reflectioin of

froimi ommitsume Owi vuitiurni chimitnum tr, ansd tihe field Ammtmgtii mmlii thait pairticu lar waveleng-t~h 27b,
sw mimmiimriuiI by it fluxmrmmetmr. '11141 mmm3iVgmiu ,01 tjttimm mIsA (5i) mIre

m'letriemilly viumimmetmvd tom it vamim'iiiiii tight fisil-tiirillighi (bi).

The photographic plates and the delineation of speciaa

The mhiitograj di i' plate '4 which hits the di tiitlsioils One o f the featuires (of the pe~rmainenrt magnet semi-
17 >: 3(X111,r1 2 is placed1 inl It light excluding rase. he circulart sliectritgralth ig that it enables B ILrgel jIadt Of
calslet hats twon nmovable slut tAero 15, wh ichi Carl be~ the enerigy tmliectru in to mLs, itnilytied in one operation.
opexratted1 ii eliv id uily friiii ouiduit~~l the1 Hiloctrogrit h. IPhio4tograph ic detecteion is thus very so itable for this

Tlhey cani either be. clOsed, half-o 1 1soi or (lj~iCi. tCyl os mf i ustruinict.. ILine intie~niities are determined hly
The Yoirem, 12 viin lniIitg, is noun iitted (in a brass rinrg count ing, by means (of it m ierinscnie, theomlectron tritcli

16. Tlhe' aligounmeit oif the in'v mjree oil the rinlg is ritade by in it nuclear research cmii Ision. 'Iliti rveethin apjsear
nicitos 'If a intark oit the ring itrnt (it viekt'iI withl it to give aeccurate resulIts and it also rnsluceu; the eX11,0tIlil
rnierosmoi s. lmeithmer thiin w iri's or id1111umitarn Htrikis have tininc requ ired. For e xamnple, it is riot nvem s:ta~ry to ex-
beven used its backinig HrIIlA-riltls. A hollow bras rod 17 losre the mumulsiori unltil the (clectrori liemes becorne
is used to iritrmluve the source into) the six-etrogramhi. visible. Tenumber of grains poer electromi track is
'ThI4 lMntjtjmtii oif Con! riuj diuring ani ex~oomstmre is seth very s-niill, ;-3, and it is difficult to) distinguish true
inl Fig, V1I II: 15. l'xperiioeitts IhLve 811tOW1 t~hiit Or' electrorn tracks from the single grain tracks formedi
replroduicibility iii Ixmitionming fthe silirve relaltive toI by handling and cosminc radiation. It is therefore irn-
the. photog~raphic plate is within 0.03 intro. Jsortant toi use an emulsion having at very low intrinsic

Art evapoiratioln eltIjrnls')r IN is attiached~ ton the f~)T b~ackground. We, have used a nuclear research emulsion,

trograph which makes it jsmisslle 1to introdluce it source I Iford 1(5, and prepared the photographic platesi otr-
to the spetroimeter without expotsiilg it to air, selves in ordier to rediuce the inhereiti backgrouind."

TJhe Jph(Itgrajlhic plate, is analyaed by couintirng the
X-ray equipment pirnmber of individual electron tracks per' unit area onl

For the priidu etior (If X -radiltitort , 1111i i pt' fi ric the plate inla It Ili(rOdeoc With a irla1gili fyilig IJOW~'r

focus X -ray diffraction hldss are emtployed. Th'e( apqma- (if x 12160. Imlectronm with energies - - 10 keV only sirme-

rent brie focus at the anode Steil from the windoi (if tratc the photographic emlsl~tionl slightly arid the tracks

this typel of tube is 0,02~ Y 8 mmFF2. rbe tubes arm' (!on- appeair no, more oJr less circularly shapisi black points
nectszl to at Philips 13W l(P)9 DC X-ray diffraction whenl observed inl the rnicroscojiu. Sinee these. clectrota

generator, which delivers ariltvirntimiji potwer of I kM tracks are less thaini a& few minirons; frorr the surface (of
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Fig. VI If: 19I. X rany tII jut jutld The~,,Irui..r 'I' -M-ri'lei X r~IiIiltiMI ('If fit-irt'iIcju by uIIIMILn of p~reIRimlS tivr(er whit-1.

fiX IIIv'Pt joft 11.lit X raLy ftly0 r-lt~t.iv, It, flu( mmiircv I jnif a.

111an1 u c (tIr~ltht 111111 ii Iii (I)pt~rt 411ml fIwIgmtst .It amiI heflt igh .iietrgy ~iltipo' (tf t.1i1, t'Ii't~ro I hiitt iiq .4114m 1 and III (c)ollot

14i t~ttti fIa)taied( (,1 0lit' 10'Ink ,f theit'net.
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__________________________ -ing the electron tracks over an area on the plato' ofF~ ~ 1n nlf x 30) pin1.
3000 '~ Fig. VIII :22 and Fig. VilI: 23 -h111v two more
3100ClK(uK~jNaC1 examples of ESCA sjs'ctra that, have been recordedd

GIK(uK~1 NaCIin the xernicircular permanent inagnet 9pectrolgraIh,

and delineatad by the track counting techniique.

on LLIFig. Viii: 22 shows an electron spectrum front

U " godiniii chloride using a nionochm'oniatie X-raty isami,

so that only o3'(l!k vl'ctron linell, or;ginati ug from1 copp~ er

p . 2000- Kai radiation, is obtained for each levelI in NaCi. As it,

U0.6%*/. re'sult o~f ln(ino-energetic radiationi it is possibliIe to

WE distinguish sm-aller maxima on the 1(1w-energy side-
0of the electro, lines, These are formed byX elcetromIll

which have lost energy during their palssage out (If I he

yspeclinen. Thie energy loss (I.E .)takes Iliace in
z dIiscrete anltloomts (cf. Ch~apJter 1) and two su ch I'II('gy

1000- lo smscan ('0 i- 8(11 IIIthe I WOi g ieII h ~hWn
K el~let r~oll 'IjI.

Fig. 'All :23 shIows an e'lectronl specI'tru o'lI(f hejI: -

0 0 t0 me'

POSITION ON PHOTOGRAPHIC PLATEF

580 580 580 IV El '-CTRON LIN[ 5 OF SODIUM CHLORIDE

KINETIC ENERGY

Fig. VII11:21. '[it(, Ieo-trori hito VIK((ýtiKa,)NiWL" ''Ilioo finke,(LKx, a(u~,
wms ob~tained by) ecelrltig tjcc 4+wtri-m tlritcks mbowc, in Vig. c(uaNKCKI

V111;: 201. -

the (Il i illsiln it is easy to d ist~i igil ish thient fri om t racks(

fo rmed by1 11 h-ctrInm oif hiighe r cn ergrils.

A typ~ical Ilectronl track (listli 1111 01 for 5 lkIV ýDE4 L D L

e lectrl Ils ill at 14) 1 thic k II torld K5 vii EmlsIio wq1 s15 SI I

ina tho in'1III'imEi-op i-q NI~o'A inI Fig. V! 1 20). jil'jhl- '

tu res are. taken I c1ion ig an l1,ll Jysio O f 4111 ('14-04-011l '

fpectrul i (If 511(1ill ch (loIride'. They sho w th ree parts1

was 40 h. Oim till hiigh 1111rgy sioidc (it) (If flh' c'II(tronII
line only3 at few Cracks a Ire foun c111 Ionsist~ing ma Iinlly o f ~£.

the(Iigili Sng1I'g~l i lacgrlII iii iitil (1111I~i II,6620 65 .40 V21 20 GO .r 20 MIT
the rigial fijjg(L r~li bacgroud i thevniumion `,ýI lION ON 

0
IiOle jO:'APHIC PLATE

T1he neix t p~iclture (bI) mho%1118 the1 Ilcginninig (IIf the hIighl - ...L,,-/ - - __________________

rolehell itsI lnl X ilnllnl. '10'rl heI co(' 0rresondI1111 t( 1111 BIND1N0, E NIRGY

('lect~r(n sJpectrut ol (f tile ellrr('sjinin e1( (ne'rgy initer. I-xuit LIII y (II '00, raiacI nt il, I ie;:I'rOII on;1 it, lomm'sH ilIJ

val is shown in Fig. Vil 1:.,1. It. is obItaIined( II'I (1ou1t- itro' mv111 on1 thle 'cl tergy Hi', !i' I lines'
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ELETRO- N- LNES- O - EFAINconclusions about the structure, of the flucleilS canf be(

ELETRO LIES F HFARN drawn fromn the observed effectS?7 The inmtrumient wits

>. very well suited f,,r this type of work which req~uired1

tn I ) HOH C high resolution and precision but !ess of space at and
0 k-O o -- aecees' to the source. How(.ver, it wits not ideally suited

NCH- N N.0,SU HM.~a for ];.SCA work since the space availabll(. for sjieeiall

source. and detector arrangements wats qui -n smaill. The

z K NaK OK CK new instrunient with magnetie focus.4ing"' hits been

0- ci istructed exclusively for ESCA and therefore differs
Io
U.)I- i(n Many WILY;- fromi the instrumnent described ill Sectiopi

~~oo \POSITION O PIMTO03(APHIC ('LATE "

I 333 57~i~0 ~ , ~~ ~ ~ ~Speciromefcr magnet
KI$TCI N1 33.7 A new type of eiirr('nt sheet coils, cioup led in series,

ýVOON Al 22i25 nli-c'' '00`_SýlvS5ý -2' 0 7 r used for thtý spectrorneter miagnet, see Fig. V 111: 24.
As with the. jflscriinent describ~ed in Section V111: 2,

F'~o ig. ilio VwI2.1Nerntp~un fhprt xie ih Ae have used two coaxial cylindrical eeolIs; however,

each ctoil iN now split in two sections, an upper section

and a lower section. There are two rI'VLSlins for manking
such a (ti il design. One is the in uch im pro ved access to

rio 'I he spectrumn contains one- K shell electron. line the spectronmeter that is obitained through the open
frown ctcih oif the conistituent elemientgs suilfur, sodilmm, ga beit ween the uippier and3 lo we r se'ctionts. ThL' other
ox'-gen, 0(31(1 carbon. is the. furthl cr i 331p3ioenwint in the mnagnetic field d.1ial,

Th laLtes were original3dly aLnalysed j131uninilly by can lie at1.1Lhivtd si oce (one now has moirce hsign piArjt-
mneans of the mnicroscope, lout experiments soon showed mneters for thet optimnal tuljustinent of the field.
that the. counting pirocedure: could be automatized by (aeltoiifteijtn~ltii aaeeswsmd

imealis of at television catnera pirovided With wICC88ary 011 aj 111M 162 ni2(I 131 at ()CDC364 coimputer." T'eniag-
clect ronin equipment. Ths 'Television Micro 1)cnmito- netic field in the plant f lsyrnnietry wits obltainied

pwter '7150 i desribe in ectin VII: by nii mnerical integrati iii of the elIiliptical integrals de-

(lueI-d froi n li(asic electri niagn ii ti theory:

$ ~VIII:4. The New Instrument with Magnetic

Fociussing

TIhe, first instrumnict thalt we used for ESCA (en.

ployed an, iron-free dolubile, focussing beta-ray Rpeetni- HIi
ineter5 for the analysis oif the electron sps-ctra (see, f ~

Sectioin Vi111:2). The energy (or rather, ItIni~iitItLiiil) 1 HH
analysis wats thus made, by an instrumnent that wats
initially built for an etntirely different piurpome, nainn i
nuclear 515'ctrui5(:ipy. It had been used for the invel LL -- i-
1gatioil oif a probleir lhc aittr attralcted a grwig........i-~i uiI o
interest in the field oif nucleair structure research and1

which many be outlinled thus: -H-ow will the. iateractioii Fig. VIII: 24. Coili striulgel isait ini 014- lmW 111AKi1i-Ct uinstrio

bewen h aori ncluHad heeecro evloe n it. T- bobb~,~im fr 1.1.. ow1 lolaI frth lower foect~ion

diepwendupn the fat mctta th nucleus ando t he c~trti on-eil of tli. jiniwr i-oil stanid onk i-lie IH1 ,14(0, 115. I'll'sw -ti~

di11'11I Ui~f th fac tht te ncles etifl~t X~ i~ Hi- itnihr ii, placed~ Lotwoun tho two fsections of the iiiner
sidored as a po~int but hats a finite radius, and what, Iiibilujii
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Deviation for the lower section of t~he ininer coil Ktaind on the
from the

ideal field 1)0.51 pLitA'. 'Their pos)itions~ aire defined bly groo~ves andlt
% f~arr~i-s i-1 the brase plat"~ and the lbobliis. Likewise,

005 Ithe liosition oif the 41ieet('tnvfifeAr chiarrlsr is dlefinedi

/ by at gr0OV(c in the boibbini oil which It stanrds (.see

/ Fig. VilI: 24). Finally, the inner uplwr bobbin fitH
oill top oif the spefttromet4er Arandirer. By this irrmaige-

nient of the CAR 11,I11rd the. spectrometer chandlher,

280 290 300 310 320 9 (mm) (oile (liin i tke the whole itistrutnietit purt atnd reits

Fig. VII I :25. I )vviatiiir friom thie idea'l rrrirgrwtio ficdiplo lihd S1'mliler it in It sltý)rt timc N-.ithout loss of coil a~jý,uist-
~'iriisIi~titi~ L. fiii i riii e~citroiret~r ae rIt'iit. mre p~hysica.l ;irrarigremi'tt of the .4 )criet:-nil 'r

is shown ill Fig. VilI :2ig. Fig. VIII1:27 is a pihoto-

griLpIh of the( sjs'etromnek~r whent the oute!r co ilIs have

Ji(0,t) O4JA x~ b eeni rtemI ed . I ratw ings (if the S tttnee r h I

f 121el IL) 2() sill
2 Oy'), i ii Fig. V'I 11: 28.

[(H Ill (o)
2-ARL sin2 VtjiJ' (iti I ~)) ARL) si2 ]fl Ftor the el un iltto ou (f titi carth s nuagnetic fieldi the

it istruit eltt is ettoi1 revd with Piii' pair tof ci ricular coils

ftor corn I pes~ttii n (if the vi rtic il (Aim jsunetit anrd two

C) dItitUlcti fromn sp-etronintetr atxis Ipairs (if tjtInadratie co il s f 'r tire Iiirizonrita ('ottIll)tonents.

nA ni 1sT (If ann jwoetorniam per i tiit. length Fm r furt her (Ii tails nee Si it;it n VI 11: 7.
2h coil height

It ctoil ruitiits
Y) Uiniti ithadL algle of currencit clentieit

With Riome oif the deitigrn iatraitif-birs fixed, the otheýrs

could lc mijiistt'dl so that. the three first coefficienrts

oIf the "Taylor ex iitnsitiu oif the uculeiitted field atL the

cenitralI orbit rad ils (3o(1 cm) were thorse of ;rt (ijtif~ tlitl

field (seet Appenid ix 8). Fig. ViI: 25 Rhows the caliri

lated fieldl fomii in titi vicinity of the eeritrlul orbit.
It-v iati' ii fitoni the ideal~ fieltd is pllott ed versns d is-
t iu ee, Cp, fromn the sI rectm nvtet-r atxis. The cacuiteltitnis

-iho w thatt electrions cini tIA( ill the R5j min(t try plante
wvith a id rLijil anIglg of etit ii4!SiOtiles ]VR 111,11 4_ 3" Will

never tx ria-rioce at field WItjhi t'le dCis4's inore thankl
I It1) 4frorn the ide'al field andii electronrs ctnittttI with

a. radi hd ngle of em issio n less than -1 5" will never

exleiec a field Ihicl del iv tigue iore thanI 1 3

frotir thre idl 'iii field.
O~nly one Jityer tif etiariel l&d ci pper wire (0 2.6 minii)

is used ftor the coii s iii whitih the posritioin tof eatch wiret
is defi1( bnlIy It mrei'tioi n mmrach inet gin s vi' in Ilthe

col I im lplio it, (-)x~tx a tt urnit in prviided oil ceach (-ili

Si etitin. BY Hetitl ing a it rn'tint thtrinutgh one or mir sveral"it

tif these extrat wimndin rgs, nil(e canitialke minotiir tidj inst.-
talents ti the ntagiiit~ic fiield.

Tlhe ciijl h i, ibinit, the il vetroncIntir churin her and

the IiMtt' 11i11114 IM! 1i1111i40 Of Idlift)ni111111i. 'The IJH~l Fig. %AI 1 26i. 1'1iýiiiiiuI sirrritip-oit,it of the rii *rijigiieit

for the t.wo stections of the outittA eA il wai the biobbmini ~i q"nitrictir.
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Fig. V111: 27. Tim vew llrmag:etie! H~mtroviot*r with bobnldii for till ouatAir (,oil reo ov~l .i. 1.niiioo jorlM~irOllIMIo. 2. Up1 u paj~rt P''of the

innor Ixolohiu. 3. Hjmmitromo~o'Ar Iooffilt HIhaft,#4. 4. Air lock for till, goooene. ho. 'Iuruooi,h X-raty imiloOIO. 6. 1SIllw~OeLionr windooow. 7. Soorption

11buooMI. S. I }etAXWt~r l~oouliuog. 9. h104,ttrooroeter oIthauotxr. I 0. Hi~ plouuo 11oo .IILOower part (if thei hmier~ bobb~lin.
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&9 4 ) 9

(7)-

//(b)

Wt/o sotXrdaini iie o h rdcino

Fig, ~ ~ 1':8 rwrgo h iwoIgItCsetowr FSAmvtiteitniy&cesswtitii wn

f~) w e- irm ('sief) amWnnfo ihvo .'ttsrvi to evprtio of rad nst;n s iIfiro the filtnivnt et l t11 o

bobbioj~. 2. 1 Tlpjar sectioti of the. inner voil1 ICIIir. 3. K; vtor anoed, in the X-ray tube. This problem ha:, liven efirni
Nhutw' pedt Hvfroyn0A~r cohmobohr. 4. Tu'rnaahie X-a noode5, a fate(q ini thel 110w iagnetie i nstrinmeit. The aoen c is t
I Tlwp.r paIrt , tA ho tioureo hohldvr. 61. 81 we troy i w'tr hafflo mhaftm.
'7. Diestrhuig .Xi~tolP"'I'9 (4 S~il ~lp in isstraight line with the filamenit; insLtead~, the eccelei,)(rli-

tiofl takes pl~ace in an elec'tron41 g~ Cim homineid with an u

eletrotatjcIc 1,) Te &]cuiufm' oaif LI is then deflected
Souurce -spectrometer cha mber-- detector by an electrode i44) us to hit the anode which is retrmet 44

The d istarvee heitween inner and outer coils isi 17 cmi, from the initial pat~h (if the electron IliLIlo. Ad-

the open gap hetween the outer coil sections is 10 em justment of the focal point on the X-ray avyidle is Inraid
anid between the inner coil sections 25 cm, and the electrically by changing the electrode potvidtials iind(

dimensions of the end walls of the sector shaped mechonically biy pivoting the electron glun. Both
spectroimeter chamber are 265 vin x 26 eml. Correspond- types of adjustment are mnade without. breaking the
ing dlata for the first instrument, described in S~ection Vacuum. A window is providied for visijiji in~spect ion (if
Viii: 2 are: distanee between coils -- 10 cm, openl gap the anode and ether dletails in the interior iif thie source.
- 0 cm. end wall area 25 cm x 10 erm. The niew sjsctro- housing. The tip of the anode hIas four sectionsI which

meter thus provides much UIinor space for the source can be covered with different anodle iflat,4rialm. A
and detector arrangements thnt are used in ESCA chainge of target materials is made, either by changing

work. Of the three modes of excitation that were shown the anode, or biy turning it through 90J' soC as to) have a
int Fig. VIIIL 5 we now us~e thet X-ray mode. Hfowever, new srectionl (if the tip ex posed to the electroni bewin.
the other two modsei of excitation can also be incorpo- This latter oiperationl can be made without breaking
rated in t~he instrument, the vacuum.
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When exceptionally high radiation density i.9 re-
quired use can be made of a Tol'ating anode in the
X-ray tuIbe, )ýuch a device has beer. designed, see Fig.
Vill: :29.

The X-ray power supply is a Philips PW 1010. Ilow-

ever, this is not built for voft X-rays and a power
supply which gives higher current ait lower voltage is

now being incorporated with the instrument.

The- sampijles to lbe studied are loweired into the source
housinig through an air lock. The source compartmenut -. M

has onec opening to the electron spectromeiter and one
to the X-ray compartment.. The former is it slit, :le-

fining the. electron-optical source. D)ifferent widthst
can Ih' chosci for this slit, corresponding to dlifferent
resolutionsat, which the electron spectra are recorded.
The ovi ul g to the X-.ray compI artmenet is coveredI by
a suitable X-ray filter (see Appendix 7). In order that

the sample subtendm at large solid angle. of radliation 6
from to' X-ray aniode, th-~ sample and the aDO(Id are

only 1(0 minn apiart.. It is, however, dlifficult to avoid
heating of the source ('otpartimi't by electron humi-
hardnmu't fromn defo('used electrons in the electron
V.un1 an(I byv si'Co II id v ,lectrons mnd heat radiation

from the aniode. ('oolinig of the source compartment
is therefore provided and, furthe-rmore, the beam of
clectroi isfr om the goim is limiited by at cooled baffle.
Ini adldition to this, pirovisions are' made for ('ryostat
coolinig if the mspe(ienivi

An explo ded view if the I r('scnt so urce arrangement
is showni ini Fig. VIII: :;0; dIrawin~gs of thc samne are
shown in Fig. VIII :31l

As can hi' sucen in Mig. VI It: 27, the source housing Fig. VII: 30. Explot-~d viow ef the X-ray tube and the sourve

is inmimoted o n one of th(e vertical end walls of then arrangec: .rc t .I Air Jock for tho Hourev, 2. Vitlv. 3. Watcer
,-OOLAr hmicrv c' ornmrtinv.inr. 4. oiuri cohousing . 5. h1ousing for
tIa, X -iv ttlv 6. 'l'rir,.ld,I X -ray coosIl. 7. Witt r-cooled
cliaclorcbgml. S. JFcstrocc grim andr highc volta~ge feecl-throucgh.

spectrome'ter chamnls'r, and the dectector on the other
end wall. Aperture defining baffles are mnounted on

vertical shafts that project through a plate that covers
4 a 10 cni (diameter hole! in the top of the spiectromenter

chalbe. vacaton ifthesytemismade by an
ioinisation pumplil amd sorptioin pumfps, by a 'lurbo mole.
cu1lar pump anid rotary puimp, or by an oil diffusion

piumpi and rotary pump.i
5 )PtcetiOnl is mTadeI( either photograp), mally (see, Fig.

Fig. VII1: 20. llrawitig of at rotating snecic sirrangomcerrt. 1. Viii: 32) or by a channel electron multiplier. Photo)-
AMid%'. 2. VSCUcucic SOalL .1. Hc.If-gmeaccilg bearing. 4. D~riving- grapihic. detection hats the advantago over detection
shitft. F). Wateor c~occnctirccim. by a conteTt(r that variations in the irradiation intensity
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(if the samiple, biecome unitmportant. It hasq only re-
cently been incorp~orated in thc instrument but may

turn out to be a valuable comnpleenitt to the other

motde of dctection, esI~eeially since, the l)lhttel4 canl he

s~aleaiiid in the. TMD7I,80 (gee 8eCtion VIII: 8). HlOW-

V 10 ever, it is also p~ossible to reduce the effect of variations

in the intensity when detection is miade by a couniter.
B IInsteadl of a single. detector one can use an array

of several detectors with the corresp~onding reduction

in counting time, see Fig. VII I: 33. There is also the
p)ossibility of nceurnuflating counts from many rQIleatedi

scans, each of short doration. A device for doi ig thim
B is incorp~orated in the instrumnent and~ will he dIescribed(

£ in the fol lowin p) atragraph.

Recording of spectra
C Automatic recordlin og f the spuectra is fitaeoI in all

((rtin strt uments ando work is conlt] inu ously in pro gress

to de(velopj tihe electronlic W(1 lilIjiTIVIit ill OI 4(T lito I lill
-~0 b etter 1wrfruinrtaice midl grin te- Vvi isati lit~y T%. IWO iiit-h -

cods fo r record intg spectra are presen'tly use15d w ithi the
j - 11VIA :o-Cu rniigtiCti C risi~to111(1 ilt.

The first. int.hod is mimilar to t hi' sptumii iisciI m it Ii

.~~ .1 13 the inistrumenett described in Scect ion V111:2. A bloc k
Eliagrain is sho wn in Feig. VIII 1:34; a photoi graph o if tin

elect~ronic equtimienet for the inist~rumenet is shoui ii

1) Fig. ViIl:315. A prio gram ti tlit, is I iing ci itst iut it(( by

14 w hichi six d ifferentt curn r4t in tertvails can be isi Iiectei I

fir studly. Each itnterval de ifined b y prle-set "start"

alliI '.Stiqi'' Valuies Oif trin lieit ilt ininetirl, is seat.;riedI
with a step) letugthi anid a voluitit rg t ~iiilitpe poiiit.

acciordin g tO Ipci'-Set. Vat ie'S.[ . . - Theliowe supjply foi- (.t( speiitrointiitr nitingit is-
fully transistorized. It, bas a lotin'-tintic stablilil v at. alix'
oroc fielid sett-ing iif 2 It 10t6ian a ripple of' less- t hiti

I It 10 ,Themvolt~age lv iivrLtiij~~i it((1rle

preiisiont resistor, coupled inl series with thle sjiectro-

mneter, is balancedl again st. the vol1taigi oitainetd fromii
-- -- ® the p recisio n jitcrtitinieurn, tc A sliu w fi-idluut k (sir v

'Nittmotor) arid a fast feed I aek (elietroniii) ~ is u prvidedi toi

rjti~rttutetts. (;. 81wi't rii,,~ir 4it
t jte' Alt. 7. SiiuiJ, tirtlIdr.

Fig. VII :,31. iDrawtirigu of the X-ray ttttiand Viett tlt, iiriO tho imliet-trit glut. 13. Foimicsuitg *h~wfrtdi,'. 14. Elitwftti gtil

arrangoert ts. 1. Bl-ectrodi, for dfwt itcttg tlit electron Iiiatt. filamtiftui . I tr. HIigth vi,'titg fevdI-thirouighl. 16. Focusiniii g voiiiltgii
2. Water-cooled diaphiragm. 3. Turioatde ati~od 4. X-ray wyin- foiiii-thruotaght.



A#A

189



bidaltltic i,4 i'estiired and( Owh gatte lo ftlic tillir and

inlitiatfed tb'e chatige of p t-4,t1i ollitetel silt lag hlits also

jiniitiatedi tie prilitil' tit pirint outt onl patper tape tie Ili-

Fig. NA'Il 1 2. PunttI',t'i~hi' 1,10. Ittitlr. Thei psit lon ,ft the tent~iontvi-~e settfing and number' if counts illi the seauler.

thtrttigh fiit'letltt is ltsi'I fir. ttJtt'ttiig tilit il-itig fwi,-It' ,, Mid4 ocalir for thec next. emintiting ivcli'. iroylide(i t-he

''iii potih li t t ie li t W ith th un t c ls.tigi Ofii' a fli I ilig illill b t i ~ itlli reit o' mu ltiscle th s'st m id us c ii vri il -

~it dji'il (i rcit itii wiith .tJ -cl avli' Ii trv e t Wh i th ti tit Il., licter vo r ittitit oksigili llFg VIII 6

flidv.A (11aige ill110 iltolletfl. ettlig int-wiicv nollv'i Inl mt , n14 hO l i ti sy t ýll. It. llf btlit~e 'i reguae

si mi is' an p ii isIv k. !l

81ittotitug t Iem f's!ý i11titl t (I t'm te(Xt)



Vig. NA II 1: 5. 'I'liv electroniciI llilmplwilPl for till new inkof~ice iistt ritleet I. ViiIilllllliltr. 2. H1igh vol~tage supply for till chmi-

Ill -lec't roiiitooit pliers, :i. Deitlltc,r pullH diw-srimiiiitto. 4. High Nol utnlg' oippl 'v fm- lit,- inIllsi.ti ll polop, ;-. Stepping dex'iei'

tuil Ilirrefit sllpplN for' tht, ,pot roviviler colils ill till fiknt. stippllg nullo. . I; MuI uiii111c jellillll Nsllvre. 7. CulrrellI sop.)lj~I f,,r I tiec

it I rusit,.r -wi ,iiiIk. I I. Po'hlr ,u p p I y for ti lit- otiit imiiiter Mteet rliilils. 12. liiiw it djllt timi f tnt IfAnilcurent%%I witN% wikhilg ifIn

'iwt stri3pig Jiu-.1.NIClilltr iri~isliIii.o siduinI fo~ll. 14. Piw-v supiaJv jins sirics rcsistirs fur 1(Ioilhiilt,.

4l nodtrii riMSutior. li . i 1g voiltaige moiipl fur thte fciumshitig vl,-frv ulls i li-t run 9iiii. 2(1. I riiiti fur pout ji~outiwte alititlg mutid

IpiiLA(I (v ' vvs, Oili currenl t is wii ti liaticil ly chtecked( the oprao van con1 i (liietit uus 3111 vIl fiollo w the' ,,ro wfll o f

uWidi clliltro11liii lit the ti' tri(. o f cach'i i~vyc Ii'.tep l ength the speir't rimt (see Fig. \V Ht :3~7). When he- deeldes that,

and1( coun lt ing tinie at ;t. '-h po111int, on the v(' vle are a su1ff1icientt juad1wur of 'ounit~s has beteni 1ICuU 31latiei

choen accourdinig ti) progriammuied viii 111. The acuti- o f W hen a prils nttumibe'r of cy eles have been'i countted,

mnitatel couii ttt ait, each 1111111 on the cych i are d isplayedl the( resul t, ip. print edi iut..

in th'' screenj o f th(e mul1 tichinnel 311 ttayM(r soi thiat. By rncauts of thl~is proueedure -sing mpesatt~d '(v(ounting
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COLISE IT ~ .tC0 T MULI LTSA-

TCE 1t( O

.,E• (ourtOO 5trod ELtECI-o fou'sig•n(lt•.Silqil n.g.~t(

"--_ IA L.E ITof

cTcr' COI.-TEMNRA L"IIT SWITCl, NETWI A

CATE ITOOLL TIAA Fig. N'111 :36. Bloeck diaLgranTL tijshow ig lbo
'All - - I T T io nUT in ef oLtrati on fc ussriTi dievit IL L h' t lrT ,

4 To~p tichitielflT midlTEyser ist UiT.(I for rovo'trdiiig
CURRUNT ApMP STAL

Mid detector poslitionsH or coils restricting the: sjpaie fotr
slourel Mied deit'ctolr arrtingellie'rti;. Sinee no itrntgne'tic

field is generatod T the eliminifation iof disjtu rbinig inagr o

tic fi~tdd can lbe (TI eti nuouttly contrlled. A JTThere art: two

abe'rrartions in electrosttatic: focuIsliu g de'vi ee- I hat ale

,not encountered in the magnetic iittrurnenc, dc. c'i',.(d
in Sectjions VIII:2-4. Thotse aherration1s ari dIil to
friniging fie lds and relativistic vffe.ts. H0owever, the

influence, from fringinig fields can bt re(u, tled b y

grounded guar(l-diihragrt•gNst.210 1111T in ittdyiing
-. t:ctr(;ns with ornergies le.ss than 5 k,,V t hio relativistic
-pread i,4 negligibhi. A destignl study was thit-rfore mL(h.

(of all (lecti'-tatici: spectrometer' for ILSCA nieasii 't-

Fig. VII: :37. NVl mid Nvl! eloctron liiiim from goTl rocorded Ynroenti which resultcd ini the cornstrulcetion| of at new

with I ,ljit m iiiannel aialyser, instra ni,(Ilt.8 7

A11 Oili, lirn'e of thie theory for' air eltect LIr•.ttLi, it ttpl'(trt -

eycl(.ii, each of short duration, the variations in X-ray tiid of t hlla etuii fstT tiL E troL
inte nsit~y beco+me unimli)rtant. This is it gr-,at Vill lift meter and of the catlculation| of itsm fo cumising pro+perties,

i: i ,hit wI| have made on IBM 1690 i(nd IBM 7090 om-
when onec is i|| trested , jot only in the: ch|vm ieal shifts puters, is given in .Appendix 1). A s the sector ang} e

in th,' ESCA spectra bu|t also in the rldative pro- au(rthgm 10 .h fiisimdix ). the titioIi atio
]lxrtio|is of the different valence. states oi an clhmvent rachppt~iehLi it m 1m11 ihi. 1liWVIrii by utstinig thet rax ti u1

ill•*qollxllldftr t.:xiirit ll ,SO t II fiirctioji (f timei in

surface. reactionl tttudies, or iii elemental analysis made atg1t: (f 180in the( sioiunge fld the d(tinor'('t will both Ie
by ESCA. iituated 1n til frilging field. A iiir reduCtiln of theAngle will have little influvier, oill t;. ý t~rimminision-to•-

reIo'lltion ratio,. A somewhat .nmallor sector righ.
c,;u,dd thefts~ore be. chIosenI and it. s-"vt|or anght( of | 57.5'V111 :5. The Elcetrostatic Speatr mete~r
witp cortsid(!red suitable for ESC(A stttdics.

Very few high retsolution electron mpect-omctltic

studiem have previously been lrerfl-rmed using electro- Electrodes and haJJleti

static spcctromerters. Ali electrostatic sector field 'Th (icetrtstattic fieldh is produtced htwveen set.tors of

double fiocussing smpictlrometlr ias, howcver, sHverd , wo concentric tipherical ilum fimi , c'(.i'rodhs ( Fig.
,tdvailtiLgVs. 'l'tur arm no fields present at the isoit,.(U Vil i: 38). The railii are :12 cm mid 44) clm. ThIe sc-tr
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F'ig. I' Il 1 iX. S'p Ih'ri'skI-,4 p.01--1, - for C11 P'IA.II il' n444 initiii t,. (!irvoiIrly lIwori, t4ILrl rodiiii'e I III! friirgiig fivI( x, ~itidCio 1
CIIIi'illl" u O f IIi' i11414(T' u~lf-oII N 444 Iii, (LIji.4 ( II' 'iiid b foir ,xJ~LI44iinoit rd,I(

a illle ill I It( horizonual Me. setil~im 1xI57.5"' midll i Owii viii](- p-Oii 10i). The lnaffle i m he~ ad wjiixtod from Mwii out.-

(-I 't II'N (111 0. 'I'l11 ( ,4 i,*.r.Lee i- 1ii- va i u~eI ol 11,f I~l; i of Mtte v4-wmrn tau~k. TIhw llettetor iLqliirtiire ix

pievv. '1311 c ilevitric setf~iiig Of Owliectlor, is per. defiined by it slit, (0.25 nut x 10 mm) fixed mi t,41 t~hv

for'itid Nvilth high O(li i luavy; fldii v!rilatim(i ini (himti~ayee I. itluit-haly nii,ovii.Ilc e itocllr iotishiig. Uixiog thexe
I wtI wf Ii I tIh t. wVII -Iv't~roI (I( is ifx Mihili -1 0.02 Ill it. fixied Filits mid with baiffle settingH co rrex 1 poi huh mg IA)

ThPl fliligil ig fil-dx II hitlop oitl blttoli an!rvxiluvieed fy 111 Wi~epjted solid aiilgli! ~f 0.0H , iTHihit reoulou if 0.05%

'Ilio 1.1ill "'Almx of till( Hcvto(i MliH(ime vILac,1,1fl ik. ill

whieb I ilie foc'ismilig k-hvli1-odex (Ile placed, scrve Its Source a~rrangemnents~ Iith X-ray tube, electron gun
11raii mil i d e(l xit I ler/log gmilrlIdii iiphr(Lgniii. A fixed arnd helium disch~arge lamp

qlii (0,3 fil ,i 10I 1i1111) J~a ( 'Inx(' to tle l ! 9 IF6iluii, TIhe soulre id ii(1 detA-1(!l.r hiousiiniigs amr Tiiiiiiiit(I Offi

(hlfilieVi f.11 VI(IC ii-(lJ-0tield som v.ir! Ill' accl~leJ(A Molid l tiic verticald and wIaIH (If the jimiiil vacuuimi (:ii(rilier

IWlighl ill byf~l( It Y HI, y~('iu If Of ILf,'IlH 14LUIed bf1,tW('('I and( mepitrihtd froiii it, by viL(;iliiii vilivfe (Hee F'igs.
AwHlie ct M ful( fll. u (.1(1 iilllel (Hee F~igsu. VIII;3 11 irid Vill :41 anudi Vill :42). Iereol acculHi ill thiii(flrl giairiell

V'I11: 40). Th'i- vs-ti d Ul lotffl HIi xl Ii Li'! cur 'ved w iti iii- to tiii Hi uiree wid dlvl Iit.oitr 111o itioiiI wid it is CiU4y

dio,.4 364 1il fii fiti' Ii,, reolije 1.iw iallorirtioiuil (xl. A I- to chanige solurce or- loIltectr without breaking vILOulif
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bFth. Nohre xI I11-Ad'. alec-i

ill t he mal in chaum her. A ftA P lett~inig aiIr inrti i tliv si Illrce

Iniusiig, t-he lip-ectrructur is ill workinig order %%it lihi
tvo in uirt~es. The Mjii't~rcfllit('r 0minbvi,' is t-vactimiedl

Iyit dL (iffluioljl I Jnll] In) and~ aI (foil le 4tJge. rorghi Iig rIl I 1).

A vaciiuum litter thian 1(1ý torr is 014:6110 %% x it~h ii 20

mill i. The U tiltinutAJ pressuiIre is -2ý 5 -1 10) ti iii. All comii-

plonenlts oif the! spectrometer Jre ivade of iioiferrioiillg-

m-irie iiiiiterhil. For Cho, dirnination (if f Ili vitrth*4 ning'
iletli field, tile jinixt~riniidi, is equippedi( -with mici Ilil-

oif circuilar cijlH for cmelollai~ix;Lni if t.hc wtveleal comi-

jiMirlirt, 11,111d iiiO irm of quadI~raic vie nlx for t~whe io-
',Anfitd eiirnpiijiiintii. For furtheir dlef.itii HveC i '-'vvim

(3 V 111 :7.
-- ti,'I'lle free 4pave arounid t~he source mal~kes it possýihlv

t4ulse' diffireu1t, soN rueC u~~uiuiT hV 'P il jt Iooi

is eipiipjxil withl Jil X-ray tulb, al1 elect loll gull. hulld

- - ~~IL LIN Jighit-soimne t~o expiel elect lllI (sie Scet iou

V I II : I). A drawinig (if liii xoilrie llrnrligeilIct and11

foil hr jIresxi-d inlt~l a iixhi. Th~is foil )il im-li' i-h,

1,0 Plill X-ralltuhie H1MI I lax C i~u llt fromlliig'lle llllilllld4

w~hiich sre grijulihvls and~ iiiiilid 1).y wiatir. '1111( cat lilodI

fil)Iinieit., TriUie froml tmiugstviim %vire, is p~lacedl illt Iii ('ll-

Fig V51:4 , J~j'j .. ffi frll.Ili. ,11' 1"Im H9 tel. of all1 i !1'i't~rore whicil foeiixssc ti0 ii4, rll oil t h

Ni-ecu vi v b, I. ilti,'ji4 f X -' tidw. (I, Alo., oif X-a s M-llirwici. 'Iho piower for til X -ray tniip is tILkou fiurom

true, 7, Smivi d~iiiiiig' Hlu,. s. Bifilofji. it Pihilipsx I'W 101( X-ray puuwli suppijly,
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F VigN 11 :41.1 I)rawiiig of te xIiiiiii, auI II gymicI I I soir u nc 1ic I ttect or I ioumiu~gi. 1. M4ioure hotimiflg, 2. 1 )Oc to r Iimisigiiii. 3. SplivriiiilI

It is lonil5 t t1)1 A lower or to) raise thei tempeJ ratii le compounds which arc not4 so] id1 at rotomn tempeIrature andi
of the specimen, Tihe upper purt of the specimenz holdcr low pressure. The gats or the va~pour is fed through at
cana either be connected to it cryogtat containing liqu id stainless steel tube ifltA) thet housing andI on to the cooled
n itroger or hrel ium or to it heater, It is theýrmaflly in - foil. On thet cooled foil, the comunpound conmiletises and
sulated from the rest of the holder, To decreasme the can he stiidied in the. normal way 'he flow is regulatedI
thermal radiation on the specimen anid its holder, it, is by at needle valve., With this freezing t4-chnique, one
slijeldeti with a c;age, iii thermal eiontaut with the cryo. 014tains swecimen surfaces with very little adsorbeCd
stat. A cooled backing foil 11Ali e it p)ossi Ie to) Htuds' )nn,) p il IL1and gaseH. rTherehy the almsrp timmn of (leC-
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Fig. V111: 42. Pho&t4grapll of the electrootatio irmit~rurent wit~h X -ray tube, cryostA6t anud vapor niilet imymd4~m.

tronm from the mimt. :, ii decrewses. This c-an increase roilS can be iteedel(Iit4d up txi1 1((!lV. A typ~ical be~am

ho ~ ~ 1 .nrsl o urn s1 -zA. !ih dertointhu, vlligion chain-

TIhe exjwritneutaii arraligriviiii for nicuwiuremnentm he~r und low absorptioni ini the mai ii sJ ctflolncter tank

with el~etroi exixtAitioti is shown in Figs. VIII: 43 and is (ýiciredl. This is achicved by uie 1 aralA: evacuationI
VIII: 44. An electron gun with a direct hea~tod tong- (If t~he collision chamber region. It is Ixossible to have
HtAim filament, primdtces at vertical elcetron beam, which a pressure. of 10 2 t,,rr iii the collision chamnlwr and
iii directed je~tA) A collision chamber. A 0.2 min slit~ in 11) b torr in the inaiiii HFx%:tromve~r tank.
the chamber defines the olectron-optieal soured. The The gtw discharge titbe shown in Fig. Vill: :45 is the
gases or vapors undor study are fed intou the chamber light source' fer those meiasurementsi wheri- UV-radlia

at a ratc, (IcetArnhjn( by a neetdle valve. When tile tion is uwxd to expel tho electrong. The. dise'~argo i'.
electront beam him passet the collision chamber it is prothlueed in) helium, which flown through the Uluyý at

cAollctid Iby a Fariday cage. The current from this ai Immure of about 1 torr. In the discharge, the heliumn

cage is the input signal tW it servo systemi which mnoni- r(ýsonaiicc line. at 584 A (21.21 eV) preolofliflates. Tlhe

tors the beani iutemusity by regulating the retiardinig radiation iii collimatedi to a narrow beam by a capil-
voltage of the first grid in the electron guni. The elect- lary tubex-, which has an arrangement for differential
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16Mi. Vill :43. VorivA. AI ifeioIl tIhrm~ighi Awomw whon &itfgoii it m-lfie~troi guim in u50d1 I. EIetrsi. guis. 2. ( .Iimionu IuJber.
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Fig. VII11 44. 1'hfoh~rnphd 44I 1 ho rrarigerzirt. for excitatjim by nhIw~trof ifnjnoI 1. EIlo, ri guit 2. ( llimiort chamor. 3,
Fitr..day catge. 4. N4--iI I, IS Ilve f',r gnui to t I, ut,, ~,Ijxis o ,j rIait ilr. 6. Vflw!II II In g'!IIg'.. 6.1 fIjdf I, I j ist'lIA,-
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pumping. The beam is directedl vertically into the * .- V0orAG

same collisioni Chamber as used in the electro~n ex, OE

Citat ion iiicasririrenlnts. N ~-
A Channel electron multiplier is used ats detector fi- C[ECTROD'EiS[_IIE N~~ OT~

the eleCtrons.

Voltage regulation and data recording-
Fig. N'111:46U shows a block diagram of the voltage _A__

regulation anld datat recording system. The focussing INK~. VI 11: 461. Bl~ock iliagranir of voiltager ri-gilliitioor arnd ditti.
vI it age o il obtain(-([ fromt a high stubility high accuracy revIordit ig Niygtilmi wihill ai iitepij rg v'rItitgI mtl,ilIIv is iiiii'i.
voltage snippiy (stability 215-10 6/7 daysm, accuracy
0.01 Tho 1 voltage is meastoredl with at digital] volt- La sotii:da h eta

orbit of the slectrluuiltl'r by meanis (if !Lvoltage

- ----- ~ divider.

By means of step inotoir driven switches, the focussing

1 voltage is changed iiy pre-set steps, It is posslible to

s~teji either up or dlown and also to prgrain the stepi-

2 ping so that it proceeds at pre-se~t numbeir oif stelrs in
r ~one( (lirecti )f, changes step directioni and steps hack

3 to the starting voltage. This procedure is repelatedl as

many i, t i iims ats reqjui red. The eoui ting time per step vitli

III. vitsriiil lfvtart-#ii 4s and 4 - f) mini. Aftir cach point,

the nilin is r oif ('cromits olhtainc( andi the fo cussing vol.

44 tatgi jkr(* priniitied ouit.. lThe elecitronici eqI)ijiflhiriet is showni
inl Fig. %'1] 1:47.

C ~Spvct~ra can alsio bie, recorded on a mnultichannel ana-

Iw-(Mev Sect-4ion V I11 :4). Fig. V1I 1:48 shows at block

d iagra in (If t hi volit age rcgililati in and I iatat recording
fin this case. A sawi i thi vi ltaiigi is siiperimprn o ed oin at

fixed voltage. The start of thit( sawtooth sweep is

5y 1(11ri iiiziil with thei Htart of the iti iltichannel ana-
lyser ope ,rated in lilt Iifitialer niode. This moans that
thP 41SIhi'l, iiii 10*111 ir is chanize( syieh ro ouiily withl

the focisi isinig voltakgvTe. lii aWPot.I hweep ti rue Can be
v'aried bet wie 0i .0 1s and ION andi tlire ampnjl itude

Iietwiiii 0.1 N' and1 10 V. Tlhe riciirdiiig is repeiated

Uint~il good sItatisfi es is reachedI. Thiis waly o f rlcorirll ig

s~inoiithes oat. hitengity variat ills (diring the rovord.

ZLL fig.

ýIz "ISome spectra obtained ivith the different modes of
excitation

F'ig. V111:46. irti~iiLl cit, uihriigti flipi ViLIjilliiry ii isilittrgi Heve-ral mpvict ra reco rded with tIn( electrostatic

tials for UV iexiitittiin iii elct itroi spectrIr. I . Viaetwwuiiiir. irimtrunii m1t, have beeni shoiwn in previousH (ha;)tArm

2. Il eiiurn- itilit. 3. IClietrid,%.iR 4. Wnlsr vool inrg ci iilusctioris. (see e.g. Chapter I anid VI). 8oin ricnilre exampies will
,ri, P liiii; Corir 11ilocti ofi. filow le given of spectra obtained bly the three hiodmi of
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Fig VIII:47. 'Thei cliectreniei cqu. 11)1,. 1. ?tliigitoin'ottr fm~!4i~i~~'t of rumi~ital fif-ld. 2. ''ri ao~ ~,i~ol" ,l
agot divideir. 3. Vacuuowntr, 4. Iligi. voltog. meipjly for Choi chol 4-11' elet ron moll iplgir andl for the (Geiger couniter with post
FievctIrut'i],, 5~. Poto!tikkd divider for 0!. ,ou .mi-iceloraiotn Hy.04-in. 6~. I )k~crillioiator. 7. 1'rintitr for tliidigital v'olticitor anud
counter. 8. Untit for tlie print, out oif the cigi4 t.a veltiiitetr. 1). D igiit~ vf~olt teeter. 14). ( 'ii' rot onit for u toe ioi4 of O iwui:n
vo~ltoLg{. II. Foeo'iio~ng voiltige. hil~lply. 12. Iit ih xilitlige suipply for tluo i'li'ttrori gull. 1:1. Servoi'totitro4 of thli verticai lu4iti

fjie,hI. 14. Niorv!- rv,uuxtorm for 0h0 IlelieTY11 1 !oilH (3iiI1it4ii~iLtiig Ow~i lo- it i -i-Iiuuguut field 1lb. Scaler. I Ii. 'litoer. 17 l'riiitu'u
control. IS. CoNitrol pinel foui Clio pumpuja (-'141liig watur til, luleliri yv uiru'uut . I II. I'owi-o bupply fuuu the lieleuholtze coitiu.

PX(!jtuti( in that are, used w ithi ho intmiaton t ttit an ft nin two -m-paral Iv 'ti IY n lY 1.9 v. ('ttn iu wittws ev aj rild-

.4aiplett in the Soilid, liquid, and gie'otia ph~auu'. o-d mit : cadiut in foil atnd Fig. ViII : 49d aletwA the
Firsitly, R~IK'vtriL if inerctiry WLoo!li VI dMill 11t inshoaltwn c-admiiiitn No,.,Ifill(-. M mr(ove-r, cadiniu it arna gain wa:4

in Fig. V1ill: 49. Liquid it ercury Wits iatrtjitt'ht't tAp t a tUdiA 4it 11t11 it, WIL pt 55 t'iik- rto) res vi' grapicid titily 1 g

((tfptF- mfleal. S4inlce minrt'tm hag at lo4w vaitpourt pressu re iitt an (v frt nj ('(I N iv .~4 asi shwnii ni lFig. Vil I: 49c.t
coliaptrecti W most. iI opt it s. 0. (ii 55 iii ut, ta~ A a2 ratdi at iin W41a ujitet to cc tXAP Jhv spi'trt.

rapitdly a ti4its ti'a WCHi~lat t' ja a uiM ITViNi(l ut fo r it ('i n - AN a ttci ttiend carl it ', tOwt frevit tg I iltit iqiut givesl
tinuuuti Supply' of the 1114 iqu. fig N.,, N, ,, Olv,, antd it igh ui infi-Ji t). 'FThis Ini tkes it VayI A to sttudy the, ltow

0, lines arc mhown in Fig. V I I1: 49. at and I), thW 118t inti ii'iiity Sp ectrta t )f ml clt r orbVtIL iitals. TIhe rvsut4iIt

fro in ntamiroeint'mt on watotr art' thow n in Fig.

j ~~~~~it trt get antd A I hx radiateitt wttLs U444 to) PXIWI' tho cte

To THE VOLTAG HIGH WEEP 1trotut. fii adldit iuon to the~ mttlecular tirhitul levela, Fig.
0OT& "A E 7,IG VoltYAGE

ELECTRlODE DIDER SUPPLYht NEaRAJST VilI :54) slitwH the toxygen I iattd 2aatoumic levels. L-14'ro'
we can obstervi' the I rtndidtit g of the 2s levels owinig tot

DISCY __ j j Iv pt 4 ( sol id tat' a ntt m otlectular effe ct s (m(te - Sectiton 111 :2).DFA CA WRtj _
I i -- -- ý Fig. VIII :51 mhtuwH sone. GMAt~r-Krtunig tand Auger

Fig. VIII 441. I thick d lagroyit (If voltage rtguglalio piuii it l ata electronFta I te line rin krtypjtoni. The eletctron guit wai
raertlitig Ayittiuii wheni a roultiehn ih uiioaitiywi.r i* imdtl. umedt ftor thte tx citaltitk tif theseo MpetetriL. The Antger
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Fig. ' II 1: 50. lh(.trim oIetrurlII fromi ive mliowiuag c m ,'!r,.t,riiMs (Of 0Xygli I Iu:, molecular orbitalm oxcitcd by AIK K .
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C/ to SJ - h tlions. 'F'll' complete M4 ,N N spnct;'un in s show illII

M4 N2,) N2,3 and M. N2,3 N2.3  F ig, N7I:8, will( tuev in terplretationi of tMw sp ect~rul is
also1 di11115its-w there.

600 Th cI(Vt,rin31 spevtrui~i sho wnl ill Fig. V111 :52 is
6000 - ~~~~~~excit~er bilyh'ielili r'l ialeilli3t1i 01 with l(ibl'IA'i3

am targe't gas5. The( 11e3'trlls werv a~2cceleralted( ouit, of

~~00 ~~~tihe collisijonl ('i33i3313' by abou~lt, 25 V ill order Co ill-

crýI'isl' thet i lilt' sit,i v. Se'veral3 vii Ojtit 31333 baliI s are seell

w elierigx calibraltio n is telntat~i e. ileozelne hias- rui' ' ,e lv

wit If similar tt'clilliqules.
z
1 2000 Ali 'd i l iteIt i of iinoJeculllr ly~tli(geil , ex citedz

50 52 54 56 58 c "Il: 5:3. i'ic~troios a3re vxpv1'I le fromnl .1Vilc I hydrogen

Kir Coster-Kronig curves for tliel'5 Atwo sl5t.cst' are sho(wii ill Fig. V111 : 54,

20-whi Ill a~lso sheIws slrme of the Vibraitionl~l levels ill voIIvedI

M2 M,,N, ill flii tin ilsit~ioi3 svet i lli tii I'sJe('tl'31ill.

TIillv kini3(tie enetrgy Rkil (If lm3 e'xpeIlt'le v'lect,iIo is

150All 35  /~3olfl ' I0 E5ý' Ilb r -- rot E,1  q' (i

wheie k331,,m 5m tile phlloton 1 enrgy of Ow~ U V raiaE(lt~il 1,

90 95 100 105 eV If", is. titIw ionllizaltionIl (il'i'ygV, A0 ,, is flu. diiiferiene ill

KINETIC ENERGY vibi'21tillal exc'itaion (Illureigx' of O 1oetile lilc lle and13111

kryptito lixeitt'l ty ililtroli jiimjit. '11wl ti-e Ironi hll'S coll-r- betwt-cl) till'. oIoh'euhe ioland11( tillc Illolbecllel, E,,,, i

311112MIIJf 'V2.3 9I31iJII1 311 31311I~llit' 11411 t Allg'. negligibl (s(,( e .(2 ill Cape 1,ad(.idei

46 1i 11, and 13

2rjj 202)Iil ;jlIoijm&AX~(s
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v=6
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440 400o 480 500 520 540Q 5 60 5812 b 600 620 640 560 680 I VI
KINETIC ENERGY

;V 17'80 17,60 17'40 17120 17'00 16800 16 60 16'40 16'20 16'00 15'80 - 1560 - 15'41J
EI'ND.NG ENERG.Y

Fig. V'II: 53 a. Electron icprc I-lun from a amlecular hy'd 1034(1, ('xcite b 'Iy licu re1 U Ilsonance( raIdinltiol. F'ourteen'r p)Vlku tro s~ecn.

26)1(1I cor-4pond to'( %.1'ibrait.Isonid I~wl6l1of1 t116fi 1 mC jits 1ion.

that te v is the.ibif( 16JocalI 131ntu number aind6%V I'5I 111

It'll't, 1314'. ('110r(11 ('4' 'il-3t111116 ca tll' show C11( v jbI. t a vv 4 V=3

For hi d1 og)'! Ihi is IMHI'I'Tl ill F~ig, V1I II: 53:;1. 'I'llt
mcaure ( separa1 5TILI1tin 4316ftentll v.1i)'16t-i(n pe1 a ~'~ks tý

31,11- iIi(Idi ('Itd (4ill tln C f iglirf all(( a1gree with Ii os 1.1411Ilcil -

z
0

Jaili)' 'ro th il~wil. tapllitior
to mfill fol 4ýitgl~~~ xi1I15it.C CxJpr6'161i41 holds11:

NWTI4I' r, anfld r,) 1a16 thel 111Cer) 1111(15r gepa~lrlit~i1131 ill lii

RIO)6'61( 1511 ivE molcud ionC rv'13) 'sI)It ivvl'v, Mt is till'. fi I. t1 I ft I- A A
580 5 90 / 6.00 6.10 eV

111516 (f Ow1.11' 1leclel I, .1 is Ole( 1rotationa16 (11115)1t,11 11113nil- K: NETIC ENERGY
bel. and13( A and3( IS are6 (')Inst.IiIt.. 1' (111cedn on whe('.116'r - - 1 /1 I- jj I ~

)((1ngeV 1650 16.40 1630 16.20
is posti VCor ne~gativye rotflt,itnalO 161.11 'I ICv. will BINDING ENERGY

be observed 013 tlI) low6% or h3ighI ene4rgy sile o '(f till'- Fg 11:5b o( iiie vodn. ftepni;vre

Spoo11lintg to v - 3 and11 r - 4 for' the1( mlfltlll(t ion, R41(Wing
b~y thej( first, t.('rml il eq. (8) anld is poslitiveC or negalt~ivc r44:aIl imo4 Il mrull IrI. '11.4'rrwF :1'4(15vicaliI1te I the 11 positos (if

depemllilg o)11 whether1 Ow3( molecue1II conltxrri(tq or 11ov-' (iI thc~ 1(0111(1114( r(,tatjon~id J(.4akt fr W,(i~ic A.1-0.

14 -671163 Xvta A a,, )Rjg. 8-r. Sr. Up~.- Srr IT'. 11d. 201. Imnpr. "/,, 193,7
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The i ndiv idujal i' t~at~ioaal line's have 4'at milth wh ich1
eV is manal iy dIetermioIned by t. v .th foli a'ing effects:

1 . 8elf-re Vcrsa1I ill th li(tIighit. 5(11rve.

2. D opplder spread in the pihi toion ization process:

AE 1144ns. IT/AM

20- 3. TIiime and local variationis of the suifacc potentials
in the coi ll isionl elian iber44 andt on the balffles. Inside

the spe'ctromneter i the locwal surifa.ce potentials 'vill
It'vci out,.

4. Spectromneter' abe4(rrationls.

For Ilidrop-ii the Dopl' 1) sprea( 5u'(ld doiloj at c and is

15 ~+ E albouit, 2() meie' alnil there'tforte the i niN iduat1l rotational
a it peak itv not resov ii. Th1 e 1)4opplvr spieadl call be

i' eduiced b using it imolecula bs eam itas a tar-get, for the
UV radiaition. W'e -are unow inivestigat ing the possibilities

>_of us i ig su ch a de'v ice

wL V11I: 6. The 5 0-crn Iron-free Inistrumient

w Electrin 41sp eitrosoi hasll beei~~1 nn devi' 4jll et toi a high

de4 greie of ir4'cision for64 the studiY of nuclear structure.

11i gil-p recis ii ii spectrioscopy ~vai s fo ii i strunicint of

high resoldutnion, and4 doiuble fociissi I g mapinit ie sj'ct~ro.

mntetirs have bicoime14 widely use'd in the field of hiigh

P(54 ii ut i(4i beta -raY sped riis('(p l, si ins they give the

re'quired high tranusmit ssion ia t hiigh re'soliutionii AlIthouigh
all ('XCI'I'int too fIo r midvi ii 'l'5ivt('tn Icipy, the first.

30-tin iilln-fI'( -iiistrunia'nt. dIcscri bed in Sectiion VIlI:2

2 X7 1E9'E8'A . A iii-" 'ahigh prscision, high resolution inst~ru -
mint. %was then built for mnicicor spetctroiscopjy work 30

-1
6

(sve' Fig. v'I: 55). rhis inst rumen t was (Ilsignei tob
rm ilet it i 11lb111' of r('quliI'('ivii't iii add11it ion to thoi se.

WI ~ ~ if th varie Iri icrnst~rumient. K4onev of these rt'iui rerne(nt s
1 2 3 suhel ts thll impjriovi'i acce(ss to the source mid11 detecto r

IN T ERNUC LEAR reigli'i5 and the' highier d~ispeirsionl (radius oif (centrali

SEPARATION iit.i 4 II,111W1141iliiittiiut'ssd
fo~r FS( A. Thei'nistrumnt114'. has no1w a~lso biten aidapteid

Fig. V1Iii:541'.144 iicni ut crvei fo~r tii ltVd1-g 44 TI liilCilI4 andt fo r ESCA studiies, and it. is used both fo4r nuclear
m mili41'114 ion in 44 Il.ir gr4i1144 Fit411,6m Ths,' %t'ill 4111 iom lv 'S sof

110iiui'tiii'444 .'' I1148' ~h.'~4d llt~l 4144't4IIs1spectroiscopytr 4Ct~)s', ma1 inly high p re'cision~ determinaiition .;

showni in Fig. VII : 53. ITh arro1f4 w indiv iii's a posm4ill' trnIim- of i'Itrgivi '5 m(1( in ten'isit ies ill internoal conlfveri'5on

si'l 441 for' tliv inieleciji' uponi ion1izat ill. '114 4 n-'O'~ of the s'ectra, adil fo~r atomiic spec'tt~rols'opy of the extra-
molecle'ii ttei iliCrei'is.' by E~el i vibr 4 454t, 1'-i (7). inuclieari structure.

The spect~roitelu'ir is situalt ed ill at laboraitory which

expandls upon ionization. Wh'len the hydrogen moueidicle is specitally built for this itist.roincnt, No ft'rroinagnt'tic

is ionizedl to tile St~att' X 2! " it. i'xpaiids, as shIown iii niiitiriids we're useid ill the ltiildiiig constriuction and

Fig. VIII: 54, and the rotational structure is observed all e'quipmenlt containing iron is placed far awity from

oil the high ('ncrgy sidei its se('C'0 in F'ig. V III: 53 1). 204 spectrometoetr. By usi'gto p irs f circular comn-
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4I

Fig. V111:3,7. Tim tolvetrioiiii oituipiiiiit (ir tim 50-com mud, uuitmit:

1. 1Magnitoium-etr for miiimuiiniiiwiit ofi rvidmimlm mminiigltmic fi-Idi. 2. Unrit, for luiitoiiiit ie rtigitimlt~iomm of thu xii jl iii oiiloit of (Aii

mflimgi't i' tuulu. 3. P-I (-tiiii volfitgv supply~i. 4. 1'x~ xijiupp]ii for ti l~~uit, I Ie ',otiyz coikj~. r. V'i ttitgf. Siuuil ti oli IIWIIHilltixtmif) xuuurfu(.

6, lreiiijiju , si ruitur iuiliit ... .. iu reliiti, ioiv-rff coir,i A ' of spiiitymmniiiir -it iiiii xrmuiiy. 7. 1-p m-n-i-i, jr. S, Con pii ojtiteur mumi.

triil Iilij. 1). Errori ,IIjIhII~IAM . Mt. 1{usiuutir mit work. 11. $tfurl, iurwi;.I - -t mior. 12. thIck. 13. Piu-sit f iiiw imtit , 14. P'rogram imuiji

fi,u' .dirt 4111(1 8ti)i duj), 11Limiiixriii iiii'miit toild iutVu hitigtti. 15. Vuuiiumiii tiis. MI. HC ut i,iriit xiijpp for tli( oi-fi,') 'iiju. 17. Iliiut~I
ouitpuit, controlh iimitx, i',imiiieu to I 11M tyIiiwrite i d IIIII 1Ii 1.r un iulihij (inot, shown 1 iu Milti fig~um'). Iii. tHigh votiuhugo uuimjjdy.

11). Siiulic,, 21). (iCi-im,I awlu viitiugi iiujipih fur Ilyiii1 -.tiri 21, High priu(iiioii oofit Al ...iti Ative iii" hitviitiiiuiit,-, Illo

gIgiu niiiuiitew m uiilifii-r andil it( goilvuimoeiuuiuu am Howuiuii.

Iwttsatiitmg, coilsi-, it isi poiusxiilo tio tlifilimiatt tu veurtcl i]o vmm ii 'jl arm- Io-pt vouimst~mit to, within -i _ 0.2" C. This
oiliii~i f thc vatititim Iliugilict j fiulil cmI 11'upluty. I emtlmu iir i ur tmlibility itimld the oxel-ptiuimualiy giunil iii-

'I'll residliaml vtm'tiicaI coilt(fiijiiint if (he fiVIi iii withiuir mmiiiut nitl (If tihm 0:04th mmmlgmmutil fielut e~ulIiiu4e viry
-10J ( vc tiV w cltit ir sjieit rliu -1.te mirvTil.[h cii- ac('tiliiatiI ýý!uigy dtltrtiiiiattuions Witlli the xjuect-riunuter.

111111iltuit ou tf this cti~omponent is aumtiimurut icl ly controniil-le Ihit ilist'ruliil(t, uI1.4oIni 41 I high Iimsiuiiitiiiii at, Ii, "amiy
usinirg thie meithiii destoibedul ill Sectimon V III :7 fim tite guood Iraih~mmsissiuun. Foir exiujmpjib. timi lii's) riituuhutiuuii
ilemctriuitalicii ilsruuurimierit. liii 11I.Iglittui field originalt oblatilliel titi 0 1 "'1 anmd th Itmu iiu'ralls iurisil at it siijii ti,-

imig frontu thie tijmutrt netfI. is (IiiijmIIjIjtii(jI t thef mciiitiii iiii- ahlerrnM~ltmi (If 0.0t4 'is uthIoImi, 1).0j) %

iif t lii mlittilitrj Iiiiiiy tiiilut iis f it lifiluthl (!oil Thei iuriririt tilol'l t11Ihe Itpiitutiotli, oinis is ialtum-

iuimiiiitei ill pairal lel with Ufi 8petromtiifll~il iamid lii l~i:fliVt i 'e Vx D-guuti~l tt m d IIA t~hin' sort1,1 fire st. )uiiitV oif time

Juruii;iuut imajatmir. Ili the hmiri-,iumtul diieet~iiumt, hUlf ciaurirl ;S of thic urder of 3- 10 ". 'FIml( lin ifglmim Aftihiih:-
nrisiulujd imutglimit i fiuld is withuimi 5. 10 1 (. 'Ilii tiuil ty anitil lii wiiluii N,' ill Owi d(tfinitiuim oif Owt ciarrinit

iu ~~~of I lie spmectnmulilltim room andu of time -lpoctrui- islt, iiu as gumid 1 .,5 M Ho i c) i whim: tihe Imiglhttit preci-
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HIol rig 1--l iredgii , vlu t aigieuil rut Nvra r 'vtisiorei I gaIli ty -iiWa jiuiii'ii. MI ijN ll mot If ill-o., .8 lst-1110M Jil'itiults
tior in Ji g.ic % iII till, ujufl- o jliutgi jul i ,l is IfIvailII-c &-lui bu iim ll Mt , l l N illlC 111 111 i'iiiiii tiil Ii IL lgly Vtiuld jiv

byI ovall ofi aj ( ure isionpt (-i t i oif'',' ''ll ( N I :itAil fii 'vS \ i'ikpo I iifg' ý1 1itig i~ti l,iu, fiu l,iu 91f tiio l l potent IM

diig. stvi is fully aunt'titomiu if A hloc X-i'igy tln of iuilg ui isr iui'h'ntdii Thill c'ute ii li letistiufvra
t1 MIIO1TIIIL N-iitth iol u Mid 1 i :MI('Y-PCIIII 8.1tiiu,ii, 14011 iliiiiit isig %hiv ti l u' SfIi'gl~t e. S-NI-Atoest-

gkctvil it Fig 1 Vill lout. t nd iti phoutograp (If xIriwli(i il- gThe iliuM hf trh mi'nlli'tviik of it ndfieihuiuult xtr

stdesi T o i lx kf pixx ile h st tIui1ilie- possiblle lwd itl b.ill wth. Hillii c (pla owiu c-fiii Hg up I to 8 hi)( fippre NES t("A 'iI'lle
uugleliti~tk g vniiinwmuv ~ ixin g lii' iiiitaiing. fill if nyti the xiii'li tu ve lll tAgrt iii.cof1 C01igilili ieg fOf
I1him benImilj8 A iidrawlingv ofI thig. houi:4n, i) show iF l clecri si~tud.ied so ilw fillu f-iiiiltol with VIlith it Will li

Fi ,V i l:V8 il-Ofilt 'l ti li(f W X --L flil s elegy ( v on iv e er t ol) w llcif~.I2e08e t r lt



possiblde tot t'tof thi' Wall lietweelil the Sourcei andic thn. 9" RES5iDUAL _MAGNErC Ft

X-raiy tout'W 10111d tl1C' W~'ILl 'ointaininlg the slit inl front of AFTit COMPENSATOUc

the E:ource. Thes ISiwilis are1 i insulaitedi fromii exterior

-wallIs with teflon. 1um ~o uilc atnd( other organic materials

inl thc %,vi ltiiit chlinero 1 N'will c'iondens(e on these cooliied

willIs and11 noit, oil the' si curee. The amiloiunt of pcumlp oil

tiltvi'liig th lit' h-oeit t-clt.i ' iam pre'v iously been'l r'educed

bcy tle instaliilat io n o f a wiltter co oled Ibaiffle and1( a

vapour tra' lp ('oilt lii iqu Iid niiiIijrogen bcetween the Fig. VI116I liV.i d ~'ichcld iclLg~fiCiti field at tho isontrlll orbit of
di ffu11sion pun ipij andic tw spvc-i 'tri itiu't r vaciuu1m chaim - on of tho 30-vi spoet i'imiotuirm.

lier. Irva ~rl~1(tillIII ill theii souirie Il55ellly is obtacined by

'lIii cli t eetoir is a AN iiilard channeirll electron mu~lti- 175 4aoy5 + 180:cs,,3 -I- 84a'0 a x'2 -I200c's 0y ' -i 4 2 80a4~
jiliert. Wi' noiw ii-,' a s't, of s1111 de'tectoirs placed situ N4Jd,10v'ij 3

- 41ay)- 6 24y 20~
liv side in illhi focal plane as Iin the ne~w :10-ckn instru- - 480(t'!/3) - x/(906 a'iq 960iy") - 25)6x'0 y - 0 (9)

lii, t. (si~c Siect ion V1 H :4). Ei isim inircases tin 101011ult the: co ils and1 y is the radius1 of the. centiral electron
of inform natioln old iii ci p-r ti mc'-init conilsidetrabhly. orbit. With a;--:00 cotl cand y -3 v( iin, eq. (if) gives

As anl I 'xIII! Ii, of the spectrI a iobtai ned using this x -- 98 ini which d iffers fly 2 %/' friomi the basic Helm.

equipmen11111t, 1111 too 'i'tro Hcci leiis fromn platinum are holtz systei'z
shic wItI inI Fig. V Il:5 I :1. 'F'conitventioi nal fic'urmce (2) Forc tim i 5c vin tstruiviAeo, wve hav e adi pte-d a
alrrantgemettiit wa s itsec fciw t Ii is stuiiiy. Thel( sliectrmo i system (if fom tr cioils c if eq iccl dzfutieter (590II cm) for
sho wn iii Fig. NAV I: 59 mli 11m it a larger numbrler o f comipensatinrg the Verieacil fi 'Id .4 As miiany as; se'ven

at iiimii co re levi' s (sthw t'ii ii i iLiy i tlicr 'i jcet nil In terins are zieroc its theo Taylor e'xplansiion oif the maligneltic

flhat we' IIllm' t'i'I'irdei ii field produced by this coil system, and the volume

of flhp h omoi gc'ri i fichci is muciih inrcre'ased as comn-

VI111 : 7. C:omnpensatinsg Systems for External puared to that obtained with ai two-coil system.

Mantc ils(3) Fir eir 'Ih of the tmi hioriz ontal comp Ionents, onue
Magnetic Fields pair if qunadraticI coii s eli Ice usced i rictead of citrcular

To lie able)( to ma kei aiccuirate 'iti rgy deterinintations coils. Quadlrat ic coiuls are casH r to ciorst~ruct and

wit i hi SJ iic setomtetir's, thie eartl',i's itt aglieti c field amid ocoupIy less sp ace than thi' corresPi nding circutlar

stricy fields frncii iiistrmcj n t is inl the neiighbfourhoicd coiils which illocwas thw imtitrui 01nt. Ico stanid onl the flouor

inucst fit' (miitiilii'risilted(. 'l'l Iinrstrumeni cits ate-( theri'fuore at it level con vt-niiert for it' e t op1era~tor. Tlh ey givte it
SUrm111ico iil'i Ic tiiIrit i il.'lil'isiie t c siiffivc'i'itly iuniformn field f~iri the' ilimiitat ion cif the

i'lringertleiits for' ehliriiruting Ili *iuitgc'il'c is rliiigti('tic h11iorizicitll coilip)(1itlt'rt. Theii CI)PIiil'liol~ll iif the Ilatter

fii'ld s is liy thIe sic-v('llled Heit lii clt~z sy'stt 'ii wh ich is not, its crtIn ul its fir thie vert ical ccclii le itt. T1he

consists of if IL ai ot f ci riculahr coiIs pilaced a d istan ce ( d~istanellIiiet~weeti thie coil iil uilcws quladra~tic pailr will
e quial tic thei coifI raiLl i uscipa~t'. Xii cl il sycsti'ir gives choisern 5o thlt i, tli ViiIti (sil field cociipionenct and1( the

ma ticum iho igenecity a~t Owii ci-uitir of tle cioil varialtiont of hoicizonital fie'ld alotng thlt clietrois traj-c-

systi 'ii. %Wi havte usitd IfliIinhlolt~z co Ism fioi cociujciict'- tories wits kepIt ait a 10tmit 1101. Calcuettlations of the

rig liali if thro'i perpt li'iitle an directiioirs, (11115 verti cal fivhId wire madcei onl an JBM 1 62( ciocmplitetrn and for

lItIld twovi horizontal. IFoit. tmiidificatiotic cof the Icasic iL 30-ciri inrit iruititi, die caleuililtt'd oilt~itiili udistance

IlMr li ilix ltzarct tgenii lt lie Ill i!c itt di fferorit, in tistic,- liitwoi-i thei coiils (dimenistisonis 2 ti 1- 2 Itn) was. 0.575

11uetits and ftir diffetitit, iiitgrii'tic field compronttents: litries thile mi(1 of the' isiilp.
I ) McIxi in it rt filon geic'i ity of this( Vertica~l fie'ld (4) (6rcid iittts in the i xtei ''til niiigitltic field can

componenii'it, is t'iqiii'id itLcirg tlii' ectitrtl clictt'cit io'bit, OCCIslr if Itliirc is fcr-mmoruagitic miiitterial ill the vicinity

nuthfi jut' n Ilt, ti h Ile c'i'iti'r. 'Ilii' folIcwimig reilaltionlship~ of them i iistrurinent o t' it theret are straty f ields f rom other

slici~lld then I)(. fillfilledt:'. 5' iniigmieis. Fiot examlei iti, graienict itt tins vertical cons-
"w'clir (I is thie i'coil inulns, x is Ilictf th, ist'15 allice bltWei'ti pliviiitit iof 5'1 5f G'Il I Wius found ial, the 50-cm
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is j'llif-cI mltfp of Itill box vI'~itililinig

rrio. i.tiht l moid 0t piuii -t mit r'. h

Cronit IN In ahtwaty wam foiiti tii inctrease thisi grilivilit. itli g tlt-i vltectt'oi~ tratjectoiriesx ili oitit oif till! 3)-vin jill-

to) 20-10(" (.fit 1, However, 1)y makinig t il two ptirm strumennt.s is shown in Fig. VIII 1:60 The o pois~itat itg

c ii' (Intl cods siligh4I)It ly iioi-ciiixwIii t ilt wtviii jet illO ctilm with appjropiriatte Mvinm r-vimiIOi'H iti) coii etiii d ill

piiiicit, (if the gradIient oif tll-i field was limintoiitii. 11iara-llf! 10 It highly Htabif~iHiiI cuirrent,. Hitplly.

8iSiltifir iri'iiifjeatioiia of tOe buicti sytiictiiiciil voil The' itlixiec of fittigiictic field origimiithiig fromt the

aranig iii tnt have alsof betti madie for the otihi r instruti- speictrometer tintself fatcilIitates the cintritn and tuttI t ti -

niviltmt a iouis comip eniiattim iof vatriatitons in Off mat netigi c

Th '0I11 11419ijt 11A tIIig coil xHt1AVir ILl V i 11 titialti dii vi-rti- field at, lii electrostaktic ittnsjtruenit. Iiir the verticalii

cal extetrntal field coiti pitivt itot withitt 10 i G, whtich cinitipJit rii)'t it his (im itonett itutoraticii]ly. 'I'lit fitl h icmter

is itbi it 01.02 o/ oif tilt- vert~icial votitlpoiii t of theo gi vex an out! nit itign al protort ionial toi tiw meiaisuired

carth's mnaginetic field at Uppsala. It is less thant 01.01 % field, After aniplificatiot. thiH signatl, assisted by a

of the spectrometttter fividlt norma!lly used~ itt tin in ag- Hvi nviimttiitr, is uised to* chiange the it titi g of~ ik poti Iitit I-

itttic insti~rumentits andt the ex tertial fields tare thu OHeiindi- meter. phoHteittiomtett r d etirmitnesh the jtin tj i

totted to Hitcht allt ext i ut, its to jusi itfy minas iirejuntm ciii H i urretitt oif th i pwer Mup ply for the compentistatinhg coiils.
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By this system it is prnrhihle to keep the variationpj of THE COUNTING PROGRAM
the vertical component of the magnetic field during it
recoirding of a spectrum to within + 2 -10-5 G The other________

comnpoinents, which are of less importance, are. checked x -___

between the measurements. A continually-operating, A,, A,, A,. A,, A

self-correcting arrangement is also used for the 50-cm-----------------------

miagnetic in.3trumerit (see Section V1116) -- -~ -~ ------------ -

V I II : 8. The Television Micro Densitomneter A,4A

As we mentioned previously, the use of photographic

de~tection is ni)t straightforward in USCA. The tech- II

niquel We have used is to count the tracks in at nuclearI
srilrulrsetgrh(seStenVI:).TeAJ 

,emulsion 
that hits been exli~sedi to electronus in the ---171 ----

Other instruments can also) be used for phoitogra~phic IAe

detection, mine(- they have a focal plane.)
At first. the tracks wvre. counted by visual obsirva-

tioji Of the tracks in a unicroesope:61-6" this Was Of /

course it very tedious work. In order to speeid up) the ,
scanning by several orders of magnitude, an instrument/

I/
/x

Fig. VI 11: 13 ) 'i IPrif i ipit o f C)u i,,ut i uii g 1! rug rsyi iui

bits noiw been conmstrucetedl in w lic lI tile f-y( hum been
replalcedI by it tvi~ivisiion calJifrIL "li'hi~ 41tolnatically

seaL s the 0 late-, coimi ts tOf tracks, midl prints thie

Sre5iilts Onl paper t.ILlS. ''11C ,I('i(!(! iS tVr~nwd TelcVi8sI~u

nit. iriidmllnwrit -omisists of several mimits. Soni, iif

slicciLIIy dleiigmll fOr thir; imlstrminnhlt, Thelu nits arme:

Amlicrllseopei with hlighl lmatgnifica~tionl, light smounris,
at tlevimiolu vanui~ri, it nionjitlir, ai video) ampI lifier, logic

circulitry, IL scaler, at printer control, it printer and1 it

(clit rol systi-il for the plattA mnovrneuit, TUhe logic
'i rcuji tr-y amid trII4 voiultril system for thi! pl ate,11 mvf--

mvnu imit bevii 1511sie'mid ll ut signel for this ristrunimiont

ThVi 1iiI'iMliijii stage' ii11 Vu'iiil till plJate4 is 1rnomiilted,

II'(t~irm. Thei imoveuuiut, is eouitroilllv elecetroniically

Fig. VII 2 1 2 Pho~tograph o~f tho ki4111 irnuotu-i uidi, tlhiiur tranii- ailli till posi~tin o11f tileI lilds'A can bei dit'ermiu 111 with in

k y~ ~ t~ u r u~~2 1 I u rn . T hl e l i g h t , 5 4 1 1 1r v e u s e d ( f io r i l l Iim i i i l I t i n g t i le t r a c k s



Ai

64

Fig.V1:6,to grpio the objeetve, whch ha meve iwiieii ti f o fll x W t3ihh,1 ir f Fi. II~j(I: 61; th Ht teri po on this aorivilh~ pinm Fhig

ir it high the i wae meithury lam eqipdwt i o do the mirocte The1( mcalr hasI it count-I62

fo~r direet viewhi g or intott the t4lt vittio (IIYI t-ttlttL thIat

13LOCK DIAGRAM

Of THE LOGIC CIRCUITRY

I ~ ~ ~ ~ I Of :rlii ------- - N

- - c0 NtIDt C r ll

At?[ A ',CA AI LP
f llotLA P (AlitkAT

ow --i -ti ~ ~ l~l 1

iNPlut 01cn

M14. V1I1:66 Moc ttk diatgraum o~f thulogie ir;;iry.
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TIhe counting fprograrn

'Ihe( fiel oI f view ill the m icroscopc is of coullrse itnuch SIGNALS

H11lal,1ll' than I the totdal arva I ''in wich t he tracks arvtoLi

be c in rt ii. At. it iv one0 setting of the flt nicroscop stage,

thev tracks are c(oulnted( in it roctanlgullar areat A inside

the field of view. Th'e( del ineation f aln electron fl ine DIRECT SIGNAL 7 64p

0111 tOe pIlate is 01thus Iiturally niade accolrding to the

following pirograml: (see Fig. ViII: 63). -___________

(1) Tra~hS are coun&iA'i succOessively it) counting DELAYED SIGNAL.

areas .1,P "121, 'A31' '' "IM: the t"lt iveliiet of the j Ilit~e
lbetweeni different airews is conltroilli'( by the by luse -If SIGNAL TO THE COUNTING GATE

stepl mo1 toirs at~t ahud f ir the minicro sci ie r1t~age.
(2) 'T'he nomlun r of ct omits is stored in the scaler and

"whlen tile4 first. tilunIn has bcvel counltedl the x-(iiordii- Fig. V I11 :6t7. 'Iliii dirili(Lignad from thl, (141et~or, the delayed

natt' of the columano and thle totll llinihier of couhnt~s Hig~ioul frtmi thii neigiitil' ii'nf-ry m(id thei m-ilit ing signal
fromi the mitivoiiuidenve i'ireuit.

ill t14 h~i rler J~im iprilltt'( out; tihe 5(1111r is Ii 'lit.

(31) The microsco511pe stage with the plate is moIivedl b y

the step mo11 to r fo r tie xr diirecti .ii so thalt tici in i'i'iIllrc Logir rircaitr ,I

Caiti he rueteIiId I ft r coun ting ariil5In "1l.'2 21 The lo gic I i r(.iit ry ean bte used1 fir Iii tet~ing t racks

/112 (lii pte tilt reversedl olrder). of vi rV d ifferer~t size an d shape and1( 11111 track is
(4) 'I'hen Othe th irtl columnilf is coun Ilted in iv th de iitr it (ll tvl onllly iii vo IinependenI'ht oif it's size and shape.

A 11, A' 
2

P
1 

A 0,j... A ý, the fo utrthi coiun tinl tin orde itr Thle I g ic vi rctzitry call1 d iscriin i nte tra'~ks oif different

A m,. . t. A :14' Im S 1144te. lh1 in-in'sity ''h troikm aj pl-ir 'lark oin the it-levisiona
mcev ill and( eachi tra~ck tha~t is deteeded by thie logic Mi r-

________________________________________________________ i'ui try is indic ated hy a bright spot (mve Fig. Vill : 4).

DETECTION 'Till rectaingiu lar couniitng aria is ailsol show oiW lt the tAie-

visioin sc'ri-vii. The ven tetr (if this arelL can be cholsenl
anyI~whetre insidei the field (if view and its hieight and11

TRACK OF LOWER LUMINOSITY widlth (II) lie varied oiver IL widIe range. When the logic

ci ren itry is switched off, the loitunaIl pictiolro appar oilr511

_ONE TELEVISION tile scren;i e. nol lii ndica~tiont is madv(1 of the tracks or
SCAN LINE tof thlt ciolln tin~g a~rea. A bilock (iilgrI1,nl oif the It )gic

f i rculitry is silo wn in Fig. VIII: i5. The video signal in
IRACKS OF HIVH LUMINOSITY thet deteitAor imtitrs a llrightimmm threshoild Ilistnirn ilIJL

ti r thiILt (IetA Wtll mi the Itevel abovt e wh icht the tracks

-THREHOLD EVEL trol tin the front Illinil. When ltaving the de!t(cto~r the

VIOEO S;GNAL sigiials fromll thiisi trAekm that have hweel detweted are

ecinverteld ti pulsetst of definlite height and with dlura-

tionl 11411( t4) t~he time spenlt by tilt tch-vimioil scan in

traversing the track (see Fig. V II1: 6i6).
'The first tin1m the television scan intAvrstctH at trackT U E _ that is di1tticted, it struts a direct signal to an anti-

DIRECT S'GNAL clalleidenvle circuit,. TJhis signial result's in a pulse

IA i the Lii ilti ~i ig gate anld At the main11 time toi the i'nigh'

-- _____________________________ - plit olf the track, The secondl~ time the tA'ICvimion~ Scay,

Jig, mii'L'i' iiiiiio ~Ic ida luhl I i'iriiI. migigd inttmlrsects the HILlllV track it senids to new dlirect mignll
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( BLOCK OIAGRAM
OF THE PLATE MOVEMENT CONTROL SYSTEM

MONITOR PRINTIR

CAMERA IILR NLE CRA 7ct

T1 -

AEIWI.AtI ttAI/OTA~lPIZOA L

(TIRE CtN I - I NIAN

IIOILIO -LITITILFig. VIII: 68. Bliovk dingrion. ,f ttey

this iM Mg!iial arr'i'ves, EL(i dLLvcd signaEl arri VcH at. t h, is triggered hi y tie counREtinug I ii jill r from EWte.liE cotro l

an~tjcoEE(jinidiIE'E ('iri1Iit, andE( iEEE pulse v'(Ei(E' out. This iM ys'(tCei fo r thet? JplaV: I ioveniEctt It is ELa ll 151 Eosili' to

is repeEatel! unIEtil tilE t~elf'vimo scanEEMEE hEaM EELmmEE the ' lE int without us ing the conI trol s ystvll for thle uiatA!
loEwest, Edlge of the track whenE only tile (IEIEllp- signaEl movIvE'ine't. TJeiiEI the counIIt~ing iniptileEIE comesIIE from EM

arrivvii and1( nothin~g ha;ppensE (sve Fig. V!11:67). The fooTt switch. Thev vomirtinrg gatev is cont-rolied by the'
ilelEayA gill MiI md(iEIem fri'En all a~coustic' rir4illofy Whicih loEEIE 1inlg MINIE generirttor and1 thev onre-jictAurI ('irellit

deIlays the lirvet. si~gna11IlE by appro~ximately~ (m.VE e t,.1I(- anE l l t EEo"' the' p rop-Elr MignIllo to pas~s I tue Mcatl'r.

viMoII jlne scanE jintervEi, 64 Is

A com(i ti og an 'El gvn erLIo is ii Emcd to~ (14- flinf the. ree. Control s.NysfF-tn Jimr the plate' ,flhli'm ni

tltguElar EarEit iii whi(' 1 thle' i rEEks ar.' coiintodl It Whi-('i till conltrol un rit for tho JILatIT mviniO enti,'I i4

!()IsiEmjMV of four II tilt iv bi-40,rlKo 014+'l O.f Wlhir 'Eli 01,1 N' started (see Fig. VI If16S) the horizonE~tal HtAJE v'EiiIteI'

EL jus 1EMIA,l v . a coriut-ro onE l the front, [ELIAO1 TI'wo of tliI'MV is r('eM-t, the gEatE inl theli' o rizoita cIEL ontro~l sp~te'I iM

qc-!rni hE. the, heighit :.!), mi ith , rE'giiut iv. ly, auind t hr 'IIN-if- MLEd its il e gerlenil~tEr is sta~rteId. 1'The mu lso
otherko tire posEition~ on tit-h p~ictuEre. It, iM pojioNltil tol move' gETlerit'I' ty scilds pEif!mE'M by IIEILI of EL driver' to Hie iron-

in' EareE withou~lt aftltriirg its hlimnl.imisor, FThe si'te '/l tit ElIMtEiv moltor, tEE the hIorizoialt~ HtejI counitter EanEd

dttrmnn rlIIltivibrEatoir are t~rigge-red( by thisI' 10E the iloI'i',AI~t.:d Il)l~itilOlE Ilotiltor. Wh.'n ti~w ste-p coIIIE

signal tol the moniito~r consisit~s of the VideO MigYEELJ firmlE (Er! l' is iitoppe,ji At, the Mswill' timio ti~w numobir, oil the
the cauti-ra, the ('ounr~ing itre'E Eindicait~ionl Eand tile in. liorizo nta EposiEition~ counilter is reELE in~to tlie 1 iriiit'r, the~

(li('EtiIing from E ho s trEE'I rLE-kM which are dE'tIectodl 'Illb' scaler is opEliIiE', the vertieEld stlep contlti' is rIEst , O.w

hirigiltnrew of I IE, EIIi('ivt ilirm 1101 he, vaied'I by twii gEate EinE the' vi'rt~ivl conit~rol :iystemr is open,.r. and EI itoM

conE~t~rols EiE tin freilt. 1JEELO1. joiderI gve'IErEtIEI' is HtatEE'L'E TlWr 1)118. gEI( I'it LIMI

A ilE'-;iItrrET l ,'iEand LItuE coEuntinlg gIkt.' arm nEIleede S(i'i(18 jIll sel by n1114-11,18Of EL driver toi thre vert ical st~p

ELM coluit iiig shradi talke plEace onily for onEe fift~ieth of Et moiItoEr, to the. v,'rtic'EU mt'ep c'Elirtcr andEI, by EL debiEty

levoiEII, that. is one11 lpi.tilri', and11 only rtin'th m.'li'ite'. viiriiji, to tie' logic c'irculitty thait. counIIts tliv i 'ELk5.

EareaI. JIE IEII'' ivture r'ir,:it (!oiiEEi~tm of tirree flinilti- Wvn-l~ thir 'ouneIEr 1110 r'fl'.i vII tire p~reE4'. mEIIi her of

viblratolrs and~ WI W uI VIitrilr g is (111 hOT ELI0IEIEE Efie(dly it 1111 sea, it, gi viM ELt Higlald to 01VT gitt' Whi Cir tit-1E CII -18,
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)17113 huiger 3.vit~er iur'ril ljioviduikv, vactoilli s,wa'riogiiij. 'I'liii jihotui traciks per 5 pto1 5.25' IIIill z u uaelr

4111d thuliliV gjlttliLtol- is stoiplltiv At, the manic i ime, and without, coltintizg. This is done with the- aid of at

it signala is t ransmolittedI to tin! printer liii itryio ii ait ani I Hpecidal ptoile genuerato r, the puflls x of whic h are fed

thet numtb er ont the hrixiw fiit ptositionl oiottttr aid the into tin driver circuiits of the Iwo m te~p mtutioit' vin

minnoer of t~racks ottilefi seaiir ate printettd, Wheni I i pliuh butittiiti 'Ihl st~eppiitig tliiiitoil of the Ve',t il.;t

xettiix a pulse Ito ittdriver that Via thel( BetiaIiietiiifore tile vinititivg starts, tOw ii 1 wrtor tiii co11 ti lejiji

shitift. viitllit, cltampsi the stepIpintg di reetion of the ver- onl the iiz-i~ of thie reettigitlar counltintg an-asa A antd

t'ietu xte I ll i it i. At tiii S1t,11t iimit t hv hhi r~iz tidl stepi t0w lnl 111 r of ioin itinig areas ill each vi 111111, lThe

couteitr is riiiit. antd thet eYeh HtlLrt~s a~gain. mtep httgt~h oif tile stevp motrttt for flie y-(hiri'itioit (verti-
If thte "stopi eyhi' switcht is opt-It-i, the- jotlx frotnt Vill! directionl) is 501 pat atnd therefore it, is co nvenient

the printettr eiuitt tl uinit, is blocikeid )LtIM the cyeh- is t~o t-hiiuux tin. hlvgill of the. ttieax Oquaal tit lthixi. The

stoppieid aftetr the vurtiu-d fitep mlotor has comipleted wimblttr iif areasi inlltite (olutmlt mi, is depentident lilt

its n-Hit, nuttti-i-r (if ste-ps alit 
1 the prniitintg is fintishied. t Ii H SttkixtiVitl M-i~ltItily VNIiptiil- ill OWt VXIWlillii-llt.

XIN-lt'1 trei)t instklilt stiop"' switch is opomitii tlil controil Th'is wi mb~liler, lit, is preset, (,it tOw vertic~tl stepi tunti-

Jitt t ix sti)1)1111 i iiiixti itlily hIy ak gliitttf'1I~t' IIoikm tbl( tci . 'Ihe( w idth o f the areas inmit, lie chsiti et with re-.

IlllHVI gll-rtlliirm int liii verfietti anti tht hout iziiitt i gaid. fto flit resohitlitio (ItHit-i-t. TIhe stvp lengthl in the
contro mtii ystvii is. x.(Iirect ion, ixe. t-he directimii of dkuuprsiiit (hoirizountal ),

It, is iiIHsibli t.4) movieii *tt tho plt,v fasier Chttant 10rn al is 5 141ll WIiif it, is I1j ijini priate to choosme the width iof

215



th, ariaxs as at multiple (f this length. Th is van be by an e'lectrocnic coitjiter wiich can bce used for ho)

ji)!s(xt on the horizontal stv•co unter iii the i control calizing the ventral pointt and deducing the track di-

syx em'n for the dlate nmovenent. stirbntion per unit ar(it as a ffunctioin of the radial di-

8xotnaco( from thisx point.
Appti~ca~ions 'j'~Tho inirumnnt has in mno st casexi been used fcor

The programn described ab hove is ciiveniiint fo r onur track comlljitirig in electron sp)Cctroscol)y wher(' it has

xymimetry where the track distributicni peiriunitri ii i redtticed the counting time from| wee'ks to hours.

independernt of t~he vertical position| (oii the ,llate. How- Exa.iipihes of electron sxpcectra coirite(d by the TMI)

ever, the track counting it,chniq|ue is not restrict(ed to are shown iii Appendix 10. An optical mpectrum
this ca•e. It can axo lso be csei for other Hyrcmrctritx for coint4ld Iby the TMI) is xhown in Fig. VIII :69. It is alco

cxaipnlcI where the track density is a funieticn of thi iossibl i to use: the instrument fc cir other comtling
distan(ce from a central poi)i nt (which can bec difficult to liors oxcs, for exam jlcs for couiti g ii. coaticli ii

loc ,alize). In this sym mrectry tBe e-lemi e'nrts ocf the io at 'ix prysteals ior e xiac ples in c tal xarnt jcls. If th is l oicrio -

aind th|ir positio in must be eounted acd pi rintid xvcp.- sxcipIce is replaced biy an cordinary caniera hJefs the instri -

rati-ly. It is still l)(,ttr to have the va lues nchid oil c i mcn, call )ce uised fior cc )|ioting larger size obijcects.

tape ior cardx, The informnation a•rn the| )w c handiil-cd
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APPENDIX 1

Table of Electron Binding Energies '/40o

K Ll
This tablllof d('ectfrlil b~ind ing ('nergil s is 1 lllIM ol BeC, 1 Be R AI,O, At

('eI'trln sJlletrlli'eop~ic in(asurelnerts which have bveen

made bly our rullearcei group~ (Chapter 111). For lkev~ls

whic h have no t yet bueei measured by vleetroni sp ec-1

the ftbi lie al itomici i nergy levels pullhic Ish biy BI'ardeie

arid Thirr." T3 he' K level has theni ileell u15(1v ast

refl 'r('I' iwo lvel fo r loirneits' with at int e ii inumbe r Z :34, ..
thw L,, h VI forIi 35) Z 72 awil the M., lowll fo r t"

73'Z 9. osofth indiniig l'ili'rgils ill thil rlgioll 01

Z 9)4 JaM well as JIM llgils 'folr t hIeI ci vincIts blollw 13V.0 1370 1375 1.05 14.10 1015
KINCTIC ENFRGY

Z 94 thatt. hav rio yet111 , 'lt1(livei stud( n hl I'l IIVI'erlll 11 Ito 105 80 75 7'0 e5-

13INOOINC, ENERGY
Sp1etroscopy blV illwoll111 takvn fromil BoIdellb1 Itlll MT M N, N,

Bi'.1 1 Thirl tauilel 01'il.'i clculalIllteld by it 'its't ml~lares 1 , ,b.fl 'oC)0,h R..0. 3,O 8,1,B

Tile prec'lisioni ill till ililldinlg l'il'igil's loft ill dll'IIilt.5

till 'ltlliil llil" j'IVl'
1

1j'
4

'' Iiiiist. I'p l'jk(-' 'it l 710 715 720 725 W055 1090 I51 16

II, IM~ghl ,.II Is~l 11,11KINETIC ENERGY

accounlliit. As diiscuss~ed illll l 'viI 111SltI 11 this IS ff1 'It - 40 615 530 525 115 140 145 -Ai
BINDING ENERGY

cani miotulmt tI severa~l Iv', and it fluthcl I lliilllitio 111 ii
F~ig. 1: 1 . Shirts hil K, J1, .11, and11 N' ]tvvex of light, and1 heavy~'3

gi V.Iil f~lill Pig. II V 'Iwhich thows f -Igil I-ol is I I f rtl' Iil'r (Ifelie' iV'lIi il Iile Ei'g(sIitliIl' yi tC'

100ape;r-utsiltoltv o ec oe rsil l'V. Illilltis il lre Jr l l.'kl'I ihy all1 ailtl'ul'i * mull Cto theII

leel ''l(,difevyeil e-lgy1wolevi h hle fom wok218tin



Electron binding energies (eV).

limn1,12a,,, 21,ý, 2-1', 1 a,":, 1" 31mt '... :hiý '3-k,, 4s,,, 4pj, 4p,., 4dhj, 4d,1-, 4ft,! 41,1.

K I'll L A11, AJll All, AlV x N, Nil NII, NIV ANV NVI Nv,,

1 14

2 Me 25
"!4 L, 5

4 B, III

5 188

6 C 2841

7 N 39919
9( 5:12' 241 7
9F 196' 31

lo No 8417 45 11

11 Na 07' 631:' 31 1
12 Mg 1 3(5 1)3' 52 2

13 Al 1 501' 11 g3 74 73 I

14 Ni 1 K39' 149' 100 99 K 3

15 P 2 149' 1S49, 136 135 I1i ]o

16 S 2472' 2244' 195 164 1H 8
17 'l 2 s23' 27113 2112 2110 Is 7

Is A :1 :0320- 2417 245 25 12

1W K 341(48' :1773 2!)7 291 34 Is

2' 1CI 4 ( 31: 43:8' 350 :47 44 26"

21 4 . 493' 5(mina 407 402 54 :12 7

22 Ti 4 9651 1 5C4' 461 455 5,9 34 3

2:3 V 5 4651 41-28 52(1 513 66 3. 82

24 (-r 51)81' 495' 584 575 74 43 2

25 s,'n 6 539' 741!14 652 641 8 4 49 4

261 F- 7 114' S4(1 72:1 7141 95 5(1 6

27 0' 7 70W' 142(1W 794 779 Hll (ill 3
28 Ni S:433' 1(1118' 872 K55 112 (68 4

20 (0' 8 17194 I (10916 951 931 121) 74 2

30 Z1 1 4151)' 1 194 1 44-1 1 021 137 87 1)

31 (Gi 109367' I i498 1 143 1 114; 158 107 1(3: 18s 1

32 (1, 11 104' 1 411' 1 249 I '17 181 1214 122 "29 3

:3: As ii 867 - i 527 .,,,, , 2 !... . .2 47 141 41 3

34 S(, 12 658' 1 154 1 476 I 4:3 1 232 1468 162 57 6
35 Br 13474 I 782' 1 517(41 1 55(07 257 1814 182 70 69 27 5

3(6 Kr 14 326 1 921 I 727 1 (75 281)- 223 214 89 24 11

37 III, 15200 2 0(157 I 8(147 I 805H T.2 24 8 2391 112 IM1 30 15 14

3K Sr 16 1(15 2 21 163 2 0(07A I N4OR 358 2840 269 135 133 38 20

:39 Y 17 (1:111 2 373: 2 155" 20(80( :1395 3:U; :301 1fill 158 4(C 241 3

40 Z r 17 998 2 532' 2 :1(7' 2 221' 431 345 :31 193 18(0 52 29 3

41 Nb I8 9l8( 2(i 14 2 465" 2 371' 469 379 363 20N8 205 fil 34 4

42 Mo 20000 2 6641' 2 6125 n 2 52(1W 505 41(1 1(3 230 22 7 62 3') 2

43 T,: 21 444 3044'38 2 793A 2(177' 544' 445 425 257 253 6b* 39 2*

44 Iu 22 117 3 224' 2 967' '2 838' 585 4H3 461 284 279 75 43 2

45 Ith '.3 220 3412' :114P' :30(044 b 27 521 406) 312 307 ,1 48 ,

15 671163 Na I ht It,' S. Src . .U 1 ., 8-r II'. ("t/. 20. Im1, . VW, 14A7
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SAl...nrd. I (enit.)

11.1, 2,ý, L1., 2plj, 3J. ý, Jp~l= 31)J,/, 3d-,, 3Jd,,, 4,./, 41p,,, 41,./, 4,1. 1, 4,1 , 4/.,;, 4/,j,

K Lb Ll /II M, M1, Al/I, AlI Af, N, X,;I N 11 1  NIv A'v A'vI Nvii

46 Pd 24 3150 3 6056 331' :" 73 1 7173 671 59 11 M 1 1340 35 8NO r1 1

47 Ag 25514 3 806' 31524"' 3351' 717 6012 571 37T1 367 95 162 5 6 3

48 Cd 26 711 4 4118' 3 727' 3 53,8' 77(1 6161 6,17 411 4014 1i8 617 9

49 In .27 940 4 238' 3 9381 3 7311' 82i 702 164 451 443 122 77 111

50 Sri 29 2011 4 4(05' 4 156- 3 92291 884 757 715 4914 41,5 137 si9 21

b1I Sb 3014191 4 111(!)' 4381' 4 132# 9414 m112 7611 537 528 1532 99 32

b12 'T' 31 814 .13139' 4 612' 4 A,41' 10106 m 7J 819t 582 572 168 I Io 40)

53 1 33 1701 5 INS 4 82'7 4 .5577 1072 931 971". 631 62(10 186 1231 50

54 X. :1 .561 5 453 b 104 4 782 1 1 15'4 990 937 6854 672 2oml' 147 03*

55 ('s 351985 ((71317 5 3607 .5 I41 P7 1 217 4) (((5 fills 740 726 231 172 1162 79 77

5A6 1i1 3 7,141 15 987' 5 (12.1' 5 247' 1 :'93 1 137 I 0113 7196 781 253 112 181) 93 90o

157 1 ý 38 1V25 I 2167" 5 9911'n r 4813'" 1132 1 2115 I 124 S.19 Y,32 271 2061 19(2 911

.18 m .441114 ((549' ( 165" 1) 72-1" I1:35 1 2711 I 1 )6(1112 84 2.90 2241 2018 Il

51) Pr 4[1191 11(X35'' (;441 l" 5b16.5;" 1 ', I :131 `431 95 1 !):31 :11!5 *237 218 11l1 "2
OfI0 NdI 413 519 7 126'" 6 722'1 (1 2118'-" 576(1 4011 I 291M I ONO1 978 1( 244 225 1 118 2

W1 I'm 4b IS,')* 74"2s''' 70113*11 041o*ll'= 1;650' 1.172* 1 (117* 1 l-5z' 111271 331* 255* 237* 121' 4,

(12 Sri 411 8:5 77:17"' 7(112'" 61717'" 1 72-4 1 5112 1 121 " 107 11081 347 2167 2 Ill 1317

613 I'll, 48 5111 81152'" 7(11 1b'' f;1977" 1 M(10 I Of .1 1 481 I 1 oi 111 1:(36 2S4 257 1.34 0
(6. (Gi 1 50 2391 ' 8:117 W '' !131'" 7 243l1 881 111,11 1511 I 218 I 18(1 37(C 2811 271 141 o

651 '111h 51 996 M 708'l 8 2521" 7 51 ' 1oI118 I 7(S I 1G12 I 27i; 1 .!4:.' MW 111

(16 Ily 511788 190-.1710 8151 8' 7700"' 2047 1 s421 1671; 1(332 1 21(• 4111 :132 21M 154 .

(17 lb. W"13(18 1)(395" 81IlP'" 81(171'" 2 128 1923 1 741 l 391I 1 1511 .1361 3411 306(1 161 4

(18 1.. 1074811 17135'!1 " 21')4 8115" 358'" 22117 2 1o11 I 112 1 453 1 401) 441) 3616 11211 177 1(18 4

(11 'I'm 593111 0 h1111" 1(618'" 1148 '' 11 2107 2190 1 885 J515 1 40S8 472 138(1 1(37 180 5 [
71o I'Y 61 332 10I 488'' 91 9781" 8 9.13" ' 21117 2 172 11411 1 571 1 1 327 487 3916 3411 9 17 184 01

71 1Li4 6311 14 10 118701" 1I01,131"' 912,14'" 24111 2,2111 2.1124 11.111 I 1311 589 160 410 .359 2015 1115 7

72 Ill 13:11531 I1 272'' 0II 7111'' "15611'' 2111f1 2(:145 2 ION 1 71 16 1162 6L 158 ,437 380 :Y24 214 191, 18''

7:1 'Il (17 117 11 (;Stil I I 136" it 881 1 2711s 2 411 (1 2 1114'' 1 7'1(1' 1 7315'' 566I 465 4115 24'"' 230 27'' 2''

741 W ((1(525 1211 1 1 .542'1 ]) 205'' 28•82211 ! 6 7.5'0 22811 1172'' 1 8101' 5 1 4912 4,16 6 1) 241(1 37' 4114'7

7,5 I(t' 71 G71 12'527 11 D57'' 11((1,35 1 2 932 2682"'21•, ' 112411' 1 8811'' (X312 1162 5 8 44,5 274 2610 4717 45"

76 (0s 7:1 871 12f1118 12 385 11) 871'' 111411 2 7112' 2 415' 1 11 ' 1 11100' 115135 547 .1(11 $ 21111 273 52'' 51'17

77 1r 711 i11 14111 122824'' 11 1 21,5ý' '1 1(71 2 911( z 2551'1 2 111•' 2(0411' f1t)1) ,577 41(95 312 2115 J13'3 'i'';

78 l1t 78 11( 1r 3 M800II1 2711" Ir ] 3(14'' 21 21(''3 11127P' 2 11''100 2 2102` 2 121 ' 72420 (1118'2 A) 131(0 313" 1 1420 741" 7(11,

70 Air 811725 141154 3 :1 731'' 11 J8' :1,-12552' 31.5(021 27411'' 2291(12 221111'' 76111 (1414 flt l 113' 3:14 77" 1,"':

8(1 jh: 83 103 H, 8:i! 1 , .1 2. 2' 1.214'-" 3 5 1;2 .1 t11 28 ,17'' 2 Sf!5' 2213'' 85110 (177 p 71 ( 3711 1'(l 11117' 11t('

81 I 8513111 1h'1147 141118'' 12 1,57' 17114 ,14j12'' 91157'' 2(1185'' 211,39f)" 84(; 722 6119 4107 386 122''7 118'

82 I'l, 8•,06(1( 158111 1,520110 1:11 3,"1' 5 38531 11.54'' 1(111(07'' 21•38' 2484'V 8914 7614 4145 4315 4131 14317 13:*1'

831 I3i f1111121 1(1188 16 388 11' : 114(8'' :1111999' 1 (1(1t7' 11 177'' 211881' 2 5401'' 1111' 81101' 67W1'' 4641i1 4410'' 1(11O'7 1135''

84 1',, 9111 lOh I (1111161 15 244 1:3 814 4 149 1(8184 31111(2 271(8 2 (H111 W115 851 111 13). 111 40117 184'

8'i AL 11)h71131 1741113 11(7S1r 14 211 41(17' 4(018 2142(1 2 1Wil 2787 11142' 88(1 74(1 5r"13 1117' 21W1'

8(O I t,. (8 4(14 181419 171(117 14 611)I 4 482* ,11 51f1f 33:1 110122 28112 11097 112D1 768 15167 5411* 211p,*

87 "er J1ll 13"1 8 t,19 1117,11 1656131 4(132" 43276 11113i11 31111 111(1111 I 153' 1181 811, 111II 577 2(18'

88 It' 11119((22 11(21(7 184S4 1h 4,4 1 822' 441111 31712 31248 :1115 I 2108H 111158 N711 ((.(1 610113 21911

81) Av 1 ((11175.5 119841(1 111(811 5 81181 `5110(12 4615(1 3111011 (11(170 11211 I (111'* Il l' Hitll) 6(7A (11139' 11191'

111 Th II'l 1111051 21(472 19IfW(1(; I T10'" 53 182'3 483111 4 14't0" 141'' 111'' ' 1'330'1 1 1O8N' 0116813 714M' (( 77' 143,'411 3315'
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Ei.SU 5,; 51,1 5 .l5, 1. 414.1. Op" I'q, I; W~f. ~ l
0, ("It 0III OIV )v P, ]I'I P)ill /JIV JV

'2

1 1

7 2
12 "

14 3

18' '7*

23 13 12

40 17 15

3:1 15
38 21)

38 23

38* 22*

31) 22

32 2 2

36 21I
4Dl 26

53 '12

53 2:1

57 28

65 :18 II 7

71 45 37 C

77 47 37 C

8[1 461 :.15 4

84 58 4f; I

S96 63 51 4
1112 0;)) 51 t'"

111 % 72 4 34

12) 81 58 7

1:17 100 761 I) 13

I ,I8 illh5 861 "22 2'' .1 1
160 117 W: 27 2.5 ,i :1
177' 13'2" I04* :51 12, *

I11w; 148' i1 h t(* 18" h

214, )14 1.77 * ,' 1114 I I
234" 12'* Ii,' S1 ,14' I:4

2 6 4 200 15:11 fi8 41 IHI

"2 7 215' 1)(7 80
290 2211 18223 115r; 88'' 1OW 49 1:1 '2
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Appendix 1 (cont.)
1 s 2 p 2p-1 U1,• 3pj.` 3m. •3rhi 3d- 41nj 4p./ 4p-j 4d1,, 4d.j 4/,. 4/,jI L1  Li 1, 1  M Atli Mill iv M jN, N N 1  NV Nv Nv- N,

S1t P& 112601 21 105 20314 16733 53(17 5001 4 174 3611 3442 1 387 1 224 1 0017 74:1 708 371 360)

92 U 115606 21 758 201)48 17 1 68" r, 548 1, 18114 43041' 37281' 355621 1 442"4 1 273'" I 045'' 780" 738"4 392 381

93 Np 118(O16 22 420 21 599 171608 5722 5360's 44351' 38610'1 30(641 1 501's 1 328"o I 087'' S1716 773'' 415"6 4041"
94 Pu 121818 23 102 22(20) 1 8 057 h1133 5546 4 5612 397316 3778" 1 558 1 377 I 120 849",' 80]1" 422

95 Air, 1250127 23773 22944 I81504 611210 5711) 46(17 4 092 3887 1 017 1412 I 1316' 8719 828 440'

9H Cm 128 220* 244(10" 23 77)* 18 h9300 6(2,8' 5 81)5" 4747' 4 227 31171' 1143* 1 4401' 1 15.'

97 Ilk 1315901" 25275'' 24385"8 I1S4521 065511" (1347'h 4,977"6 4136)l' 4 132' 1 755'' 1 554' I 2:14'
18 Wf 135!1)10' 26 110' 2525(1 19)3))O3' (17r4 S13511' 5101i' 4497' 4253' 791' 1(161' 1271)

99 Es 131)4490' 261)0)' 2)1020' 20410' 411,77' (1574' 5252' 40130)' 4374 1 8Alig' I 618)' 1 321'

100 Fin 143 090' 27 700' 2)6 810' 2(0 9S))O 7 205' (1 71)3' r, 397' 4 76(1' 4 418' 1 937' I 747' 1 :61;'

10;1 Md 1,16780) 285:3)' 27)1)10' 213119' 7441' 7 1)(r' 554)0' 43)))3' 4(122 21I)1' 1814' 1411)'

102 No 50 5410' 2) 2908' 28 4,10' 21 88S)' 7 ((5' 7245' 5(188' 5 037 4741' 2)178' I 8741' 1 4484'

1)13 lr Ir4:15380' 30240' 29 28(' 2231)36' 711)9)' 74 POO' 1181)1' 5r, 3) 4860• 21410' 1)930' 14811'

104 Ku 158 31(01 31 120' 301140' 2284)' 8312)' 7(660' 519l10' 5240' 49180' 22)00' 1 970' 1611)'

1. K. IIA)8s'ri))M, U)L)l S..Ie. KAiLMssN, .Arl~iv Fysik 26, 451 (196114).

2. A, FAll MAN, .. -IIAAMRIN, It,. No{nl1liim, (C. Nouuot1)INI). aulnd K. 8•;I H¢iIN, NI'Phys. WI )v, LeAtt, 'rs 14, 127 (19)5).

3, It. NO ItaIulti•, K. IIhAMitri, A. I"AI IMAN, C, Noiw ANo, W14 K, SII0 :ulAHN, Z, I')tym, 192, 4)12 (1))1)1),

4. E. 8(j)Kjl.OW8HK, Arkiv Fysik 15, 1 )1905).
5. A. AIlIMAN, ,., IA),.TI)M, K. IlIiAMN, R[. N ',iuiowIut, 0, No,,IN(., id'l K. .,u:))))IIN, Arkiv lyiik 11, 471) (1•660).

0I. C. NORAoui iu, Arki FV pyik 1,',, 4,17 (31)51)).
7. 1. ANDFIX1.4ON, W.•id 4. ll^US'rT16m, Arkiv Fy~ik 27, 161I (0!041,|.

8, A, FAIl i.MMAN, 0. 110)tNY1,1 '.r, JUlI C, N . IUlNI), Arkiv lymik 23. 75 (11)(12),
0, P, BKWttIVAL,], (). 1|6tNFEILIDT, and|{ C. NolUMMI!NI, Arkiv Fyt~ik 17, 11M (19001).

Il. 1'. ]1cRl•,uV.I,, )tLH' 8. 11 A))9T'LItN, Arkiv I"ysik 17, 61 (I196(0).
11. , 1. ]AUNTH6, Z, }PhyM, 178, 82' (111H)4).

12. A. FAIUMAN, MId 8. }IA, iH'I'ItIM, Arkiv Fysik 27, (Il) (1904).
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310 223 94

324 260 105 10or 116 71 43 33 4
338* 29316 20611 10011 101"6
352 279 212 116; 1035
367* Luo' 220 11H 103

382*
3981*

4 10'
43r,

454'

472'
4844

190,

17ý. C. NoJIOI.IN, Aiiij ' 1AuH116rd), Z. PhyH, 178, 418 (1964).
14, C'. Noiloriao, anI ei, 1IAOSrirOm, Arkiv lypidt 1.5, 431 (1959).
i 6. S. H-AO.WrIO~M, I'riviltA (CommunIat~iur, (1966) (work porforniod atl Bortkiiloy).
16. A. 1"AIM[MAN, K. ILAMRIN, It.. Nomni~yioj, C, Nouiinrmrl, K. S8IEDfAIN, afid L. W. H~olm, Phym. LAUttors 19, 043 (1966).
17. It. No~IlxDzNit, J. HYNMMA N, C. Noit 1.1Ni., itnI K. "iIVORAIA N. Tio hi, pidil hod,
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APIPENDIX 2

Comparison between Theoretical and (marivkd with -1 ). MWaslmciroets reade off solids ar"
"Experimental Binding Energies corrc'ftcd for thei work futncti( . Al thieort ical mi1d ,ix-

All theoretical values ill this appendix are obtained ellrimlital Vw1,1esarI Ii r(,f,. rrd to thlf weightefd ftv, cr'1a2

by sim of relativistic ]hirtrv. I•ock -8hater functious iof the elect,rorn (0 fi'll' I't ioll. 'This imlples (..g. that tlie

with optitniz'(d exchanige corr,,cti, fi (sve Section III : 9). valus givtin foir tih oufi rmll fsi ect roxti differ soflo-

A and B refer to the two mnit,hods fhis<riivd inl tif' tvxt, what froml thev oormall yv quioti'd mi izt iif <uiirgy, which

Most vixirimciinll vallies ore tuikci fromn Ajpf'Ildix L. is r'effrred to ihle g.rpilid states odf ,iu vfilifigilratioll.

For iouter eltoll, Siliome opltical Idif,L iIre illehidid All a'nI , ivii ill chelro ii volts.

(,onparisoii Ibltmwicfii t~hiorct.ifll. lulid eXpe'riilil-W-itl bil(difig colerff "i-s (eiV).

z i CI 7 N z (O z 9 F

Sh',ll A It hij, A I I'xI A If t ,i A I I F E•xI

I8 1/2 :310 2117 2Sx 428 412 403 5614 A I G 53f; 717 6937 (Ii

2A 1/2 2i',i i 1o' o11.5 2I1.1 2,1.3 261' 34.7 3IMli 28 ; 32' 42.8 39,9 (351'); 4I

2p 112 1Ifil 1).1 II; 10.7 13.8 11.71 11.11 1,1.11 1i (;.s xI ,'

2103/2 14.5 1 52.61 1 l 17.5 14.71 I; 1.1 I1;.8 17.1J I I

Z Ili Ni' Z,-11 Nit Z - 12 Nlg Z 13 Al

Stll A II Ixli A It FI*I A It It:xp, A I( Exi,

Is 1/2 811i 4 7(1 8717 S 11(2 0l711 1071 13361 1:112 I 309 1 5,1) 5 1,51i9i 156i1

2 1/2 53.111 49.1 (45) 75.9 71.!) 1; 1 o3 97.7 113 I3.1 128, 122

21,1/2 24.3 111.7 I1 ; 21.7 41.1 3,.0 : I12.!; 8 8S.2 8l I 7 N
2p 3/2 24•.2 0.i6i 18; 21.6' 4(i. :ii;.sf 33; :18 ' ;2.2 , 1 7,72131 1,. f 8i.. i,7.6i SOAI, 77

3,, 1/2 5.1 5.3 3; 5.1' 7.,0 7.6' Il lo.1 5; 1!.S '

Z 1.1 Si z 15 I' Z If;s Z - 17 C1I

SI-Il A ,xi A It lExp A II I,;X p A 1; i'xI,

I n/2 1 8, 177 184:1 218S3 21,•r4 21,3 2.i I ( .202 21761 286; 283 1 2:12-7

2N 1/2 11168 153 20) 10(8 1] 1i: 2 It 238 233 290i' 241 274

2pi 1/2 117 lil 148 140(i I lii I '2 1731 22ilt 1 21 21 if;

21, 3/2 1 IlI 103 147 1I8 1101 1ISO 172 , I 2i,1I 2(18 20 1
" r. ; I, (lt!: 2 1 x IfI f2 ,2 2.12 2:; 22 .. ',,

31p1/2 7+3 7; 1.S tll 1.3 10J.4l ~.
II; l l.1 I ( 12.; 1 I.tj• 1 1; 13.7 '

1,:3/2 U.S J 1 1.6 10.L7 -:i.8 Jf
y Is't 7 -19t IK 7, '20 ('i 21 Se

sImll A II l, A II E';Xp A l':xpi A I t 'xp

Is RI12 '12,)t.1) 320111 3203 36150l :Ili18 T1Il I (I 40S"4 40111 45311 V41511 44117

2m 1/ 336 li : :127 (:1211) 31961 :IHI; 37191 460f1 441 b22 511 50i I

2, 1/2 2(11 251) 2447 It I 1 3013 2111 :172 :153 4i2H 41U, 4 11

2l p3 /2 2511 248 24It 312 :1(1(1 2110b 6118 35o1 423 411 ( 4011;

R1 1'. :11.91 313.3 24; 211' 47.11 3(1i 11,11 ,17 69L11 .18
Ii,1 2 li'.I I ,.8 1'2; It, It'9 211,1 36.+l21 431.4

S21); 25, 35.7f
;13/2 I1.11 14.61 12; 11.8. 2.,8 J ,S j 41.7

3,1:1/2 H 8. I5 I .11 .

4N 1/2 4,.1 I 5.3f G1.I' r.s 11.1p
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7 22'ri Z - 23 V X 24 Cr Z-•25 Mn Z - 26 Ft,

Shell A Exp A I Ex1 I, A EXI A It 1xp A Fxp

I's 1/2 .501H 491191 :6521 5483 54911 6044 59913 f1(1(1 (1561) (6543 7177 7119

2s 1/2. 5,1;7 51119 656 641 (132 723 A191( 802 785 773 8SK 86n1

2/, 1/2 488 46115 r50 5:14 524 6i1 I 58K 1184 116(6( 6511 75'1 728

21)3/2 481 451) 542 525 .517 1101 5719 (172 165"3 645 742 715

3s 1/2 79.11 (13 87.5 70 92.3 78 1Of; 889 116 o10

3p 1/2 5 3". 37 .58.1 42 itI.1 47 72.3 A3 78.1 (11
47.5 37 53.2 42 55.1 47 r-3 72.9 (I

:1313/2 10.3 7; 91.3 12.0 Ii ',.!1 14. I1.31 I1.

:1,15/2 8.f 14. 11 ).4- f
4. 1/6 1., 7.1 . *l 7. .5 , 6. 1 7' 7.o 11.6 7.5.' 7.2 S

-27 C,, Z 2., Z 291 ('u Z 35 11r
"$h1.11 \ I- 11x, A I',x1, A 1I A Exp

1. !/2 777K 77:14 7713 8401 831 90r1.'11 1 9001 81984 1:36512 1 3478
2. 1/2 V63:1 943 930 104-0 I1, 1: I 117 llO1 182:1 1791

21/2 832 811) 7118 1911 877 19861 91610 9516 16(35 111Wo

21,
3

/
2  

M 1K1 7194 78:! X92 Hit) 19115 9.39 113:6 1587 1554

:3m 1/2 ):2,1 105 1:311 117 H4o 1:12 125 274i 2611

31p 1/2 85.7 614 192.9 73 92.8 H',5 71) 21601 193

3j,3/2 8O.3 (14 8K.0 7:1 191.11 82.9 719 2o12 18I1

3d3/2 17.2 7:.1' 18.41 12.8 7"5f 7; I,,.,1' 85.2 74

3d5/2 1P1.5 12.4 7 17,H I.4 7. 2 8.1.0 73

4.m 1/2 7.5 7.5 8 7.7 it 61.9 Wt11 7.7 27.7 31; 26'

41) 1/2 12.5} 12.5
41.312 12.1_

Z 311 3 r 7 411 li, Z 52 ',' Z ,3 1 Z 54 N ,,

MhMll A B1 E, x ) A lXI', A ! A II Ii xp A II Ex1 ,

Is J1/ 1441(l 14:358 143211 2N8,13 '2710 t4 31 MIS :11811!1 333:It :13201 :13174 3147561 346891 :14561

2* 1/2 11159 19113 I!,2I 4296 4242 51)101 41111 525(1ý5 521 6511102 br(7 5472 5451

21,1 /2 1762 17:15 1727 3011(.1 3114.2 46i72 41117 4111 2 0187:1 4W511 5161 5164

27)3/2 17018 1181 11175 :1782 3734 4:196(1 4:1111 46112 4574 45111 4833 4782

3A 1/2 304 21(16 (281)) KW; 830 1035 1011 110(1 I08( 10716 11 O1 (11,15)

31, 1/2 23:1 225 22:1 70 706( F119 8 7 " 9610 11:141 10(23 999111

31,3/2 225 217 214 6111 1,;18 8411 824 ,2112 1 179 1(61) 1:17

314:1/2 1(1 1P3.3 8P .175 45 r5 608 587 (1(1 1:35 7U61 ((;Mr.)

3d 5/2 1001t 112,0 ) 1) 4(17 447 61(8 677 0144 1241 6113:1 (172
4N 1/2 32,2 3(0.10 24; 27.5' 144 126 11.3 17:1 210 110() 221) (2(18)

4,1/2 14,5 13.11 II; 14.7' 102 hl 144 11r 1510 127 175 147

413/2 1:3,8 12,1 11; 14.0' 94.1 81 131 11F 147 127 11(2 147

4,13/2 27.11 2(1 03.6 45 113.1 6.4 73.1 ((1:)

4,1 r/2 261,11 20 r2, 0 45 (11.3 54 71.0 ((13)

ri 1/2 I1.1o 11.7, 20.11 17: 1 B , 2.1.0 22.7 1 1; 21' 27.61 2(1.1! (IS); 2 .1.4'
51,1/2 5.3 h; 5.116 1IL" 11.7 11.71 1.,5 12.A (7); 13,4'
5/,1/2 1,2J 7; 11.8' 7; II 1
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X 74%V Z 78PCt Y 801 jg z781 '1I Z 83 1i Z7 84 'o

ShbIl A I'xp A Exp A H EXp Xholl A Exp A Exi A ExI,

N11/22 619101 69530 781947 78400 83704 836111 y1I18 417/2 135 122 175 162 1S8 (188)
281/2 12213 12](11 141109 13895 14980 14923 14844 58 1/2 153 141 181 164 107 (181)
2p1/

2 
11650 11547 13393 13278 14336 14273 14214 5p 1/2 1ON 104 133 121 147 (1311)

2
p

3
/
2 

101294 111210 11136(0 115616 12384 12328 12281) 51,3/2 87.11 80 107 9(7 119 (1(08)
381/2 2873 2825 335(1 33o13 3623 35891 35(i 7 5d3/2 23.9 20 37.41 31 45,0 3M
31)112 2624 258m1 3(182 3(032 3336 3284 54 5/2 21.5 17 33.6 29 41.2 35
3p3/2 23261 228(6 269f; 2645 28198 2852 is1 1/2 12.3 12.51 18.6 (12) 22.5 (lo)
3d3/2 1914 1M77 2240 22117 243:3 2390 ip 1/2 5.7 f1.1 - 8.1 I 1.21

7; 8.1 (19); 1325/2 1850 1815 216( 2126 2340 2300 6',,:/2 6l.7J 8.1
48 1/2 625 WH(O11 757 721L 834 817 805

4pl/
2  

521 4197 640) (1l3 711 (682
41,3/2 451 4:11 547 524 (604 5760
4d1M2 281 264 357 336 41)3 :18. 7 8(1 W1 7 12 Z 95An

445/2 26(7 251 :1311 31 :382 365 Xhli A EX1 I A E'x1 t A ExI

4/5/2 5,1.3 42 93.3 79 122 Pis - - -

407/2 48.4 391 819.1; 75 117 104
5 1/2 114.1 82 121 11(7 131 (33 25 1.1/2 99169 918404 116621 115(1111 1261157 125031

'1/2 ((2.5 (52 82.11 71 (,7 1(1.1 8(1 2m112 18206 18(049 211)(11 21761 24038 23777

5p3l/2 48.8 42 (5.11 512 77.7 73.1 63 2,1/2 17471 17337 21122 20151 2314o 22948

5d3/2 9,6( 12.81 17.11 14.8 12; 1u,7' 2/jA/2 14715 146119 17288 17171 18637 18508

5d5/2 8,2 I 11.2f 7; 111 1,,11 1:1.2 12; 14,84 381/2 45316 (4482) r1-,4 5551 621:1 (1124
(181/2 7,41 8' 8.2 8.11' 13 8.5 I(,4 1,112 4208 41591 525 U 5184 s814 5714

:l,3/2 :1577 :153 8 4357 4307 4757 4071

343/2 305(1 :1(01 3778 3731 4148 4(09611
:1;d,/2 2925 | 8•(,2 3511 , :11(3) :l3,9 01

z- 8111 Z 831Bt Z 841 P 481/2 11201 (1097) 1477 1445 1157 1621
--- --- 41' 1(2 9175 929 1118 11ý7( 1475 141(1

IL841 A JE,,xI, A I,,.%, A E,'x 4/j3/2 815 7(68 11o72 1(148 1192 (0 1341

4(:1/2 582 567 $11i 783 90(s( 883
SIn1/2 8I( 5•1 855:15 012(1111, 0531, (3814 W1:109 -Id 5/2 552 (541) 7(12 741 856 832

2 1/2 1 5.18:1 1531:,1 1 A53-1 163112 171•8:1 11G114:1 4f 5/2 2,16 (2381) 411 3:15 482 44.1

21)/2 1 4S2h 111702 1584f1 15713 11:181 1(1248 4/7/2 2:111 (2:18) :199 384 4(17 441
21,3/2 12751; 12611(1 13522 131422 1:11119 1M818 581/2 221; (214) 341 :127 38(6 (3711

3l1/2 3764 37(18 4(0611 4003 422o 415-3 51, i/2 172 (164) 274 293:1 31:1 294
3j1,/2 :1471 3121) 3751 17111 :11(11(1 :1858 5h .3/2 i:18 (127) 218 11(8 242 224

31P 3/2 311015 210161 3228 :118 1 T3OO 3:1016 5d 3/2 57.6 (48) 118 1lip 1316 1211

313/2 25:10 24811 273,4 'J 2 284,4 2802 5d512 53.0 (48) 1(7 (III 1201 107

3W5/2 21131 2311( f4 2(124 8 .1 2727 26(87 5/5/2 S,8 10.0

48 1/2 878 850 11 I 94.1:1 10(22 99411 5 1712 7,11 6.2

41)1/2 751 72)1 837 8101 885 855 (it I/2 28.6 26 57.6 74 C 1.1
4

p
3

/2 61:16 613 7(15 (18:1 74,1 70(19 61) 12 14.3 II; 14.,1, 311.8 41 3:8.5

43/12 4:10 4!1 488 4168 522 50(4 111,3//! 10.41 I; 111.7' 25.)9 3( 25.1

4d5/2 41ON :111( 464 444 4115 477 (1(':1/2 5,3 7

4/5/2 140 1261 181 1617 20-1 (188) 78 1/2 5.5 5.2
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APPEND)IX 3

Flow Diagramn for the Calculation of Wave Functions, Potentials, and Energy Levels
iii the Atomic Core

Read;

Nuclear charge, degree of ionisation,
exchange pot~ent ial parameters and
a starting potntial (e.g. the Herman
and Sklltman potential)

[ Compute:

The potential in equidistantI logarithmic
apints (cubic interpolation) starting
rom Xmin ln-rmin

Compute.
The potential of a homnogeneously
charged sphere or spheric snell for
small x and join it with the previous
potential. (This make& it possible to
estimate the eftect caused by the___________________
finite size of the atomic nucleus for Cmue
heavy elements) Cmue

__________ _________ he binding energy for each orbital

(n l'j ) and the total electron energy o
the atoam.

Read: E
The electron configuration, a weight
factor IF and the starting electron Cmue

eneriesEo~~l)Matrix elements at the central part of

the Hamiltoriiani arid electrostalic
integrals,

Trnfrm-L ý-_-t o atomic units

i~O Has the
NOdesired degree of

1ii~j~ <. setfconsistenc bee
obtainedý '-

Integrate the radial pani of the Dirac F~orrr0 . ew pofential Y,, out ot tlhe
equation for eacth electron shell with pre"vious and just computed potential

a ug-lutta-Gill method by carrying V,.i =F-V~,.1 +0-F)vi
out successive energy approximations
until sufficient convergence in the

electton eigenvalues is attained Compute:

eigenvalues E1.i(n,l.j) are obtained. Fhe orresponding potential V:., with
Wavefuntion tP. 1(nI~j andeflr~yhelp of the wove functions dP.i~nlj

and t he exchange potential paramete.-
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Table. of KUL Auger Transition Energies A'IU, spectrum. Two wlts of 1 uiraineterh have lbeen us~ed

The fo lkwing tabi,h of Aniger eInergics in0 the A L l in lhe ca~lculatijons, onvi- fo r elemfents with~ atAon ic

grou is luN e I JLEi U t le pr~evimkon neasu reinentts"~ whieli ni umbl tip n tA 44) !arni the 4ithe!r3 fo r cemetliLit4 with Z

Weý lIILVIeeLr-riedi out. int the regionI artound to, 40 (C1111,11 Ithigher than 40. F4ig. 4: 1 givem the relative posiit~ions of

tAer V I). Thet o rgiv8 (ini (A') lta''e 1)41 itni t('Lii 'ii lIht ti liiALI Auiger li nes its a futrnctlion oif atom in o ml mbr

usinig stteyltijilireval ex ;ressiorls for the etier-gics, of thle Z.

I D 3p 2 L3L3

2s
2 
2p4

U.

1" 05 - _______
> 2,' 2pl

KLIL

t 1 t 2 0o2P 150 - -t ---

0 b0 100
ATOMIC NUMPIi R

I'ig. 4 1. Iltlaivi iVI pmiti inH ini tiii T fi, Auzger groul. stm a fut ic-ii of IATni~i ,tmtt,,1r ?. 'tllm c'rivirgy dIifferonoIm-ti i w~xii

tIli ljjj144 (If Itigtelt itul4 J~jI l,Wvsi, onetrgy' rimiges fromt 65 vV wi Z~ 1t tp 17 koV it, Y 1014.
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KL]L Auger energies (eV).
2s"21's 2s i 2p' 

2,021,4
18', 11' 1P /l•, 1, 

37/o 311 ]o I,

L.L, K K LL, L, , L, !, K L, L, K 1,2 h2 KL,1, K!,l,), KL312

S24:1 2 252 258 258 258 2615 266 267 2617

N 7 356 362 3419 { 3(91 369 373 375 377 377

(1 8 474 486 4915 495 4015 504 507 51011 51(9

F 1) (fi1 ( (127 (6.38 (W38 (138 6510 (6114 6157 657

Nu 10 7611 781 7914 7114 794 N(OS 8 13 8H 1 NJ1h

Na I 928 9152 967 9(07 9167 984 118) 993: 993

M g 12 1 1015 I l35 I 151 1 151 1 151 I 172 1 1711 I 18 "3 1 183

A l I:3 1 3 :1336 1 :154 1 354 I 354 I 3791 I 387 1 :11 32 1 3192

8 ,i 14 15(16 1 554 1 574 1 574 1 575 1 (;( "1 I 1 6 16 1 117

IP 15 1 742 I 784 18(15 I 80(1 I 81 4(1 I 835 1 845 1 85 1 1 852

Is 16 1 182 2034 2057 2(L58 2059 2(1 ( 2 1107 2 114 2 115

Cl 17 2 249 2 305 25329 2 330 2 331 2:37o 2 382 2 :389) 231911

A 18 2527 258(1 2 (112 2 6113 2(614 2(656 2(169 2677 2(179

K 19 2 815 2881 211(11 2 91it 29112 21959 217173 2 981 21(84

(!i 24) 3 122 3 19l5 3 224 3 225 3227 51279 321(4 3303 3 3416

Ne 21 3 456 3 53:1 3 563 3 5614 3 517 :1 (122 3 638 3 1347 31(151

'Ti 22 3 7111 3 88(1 3911; 3 9191 :13122 :1185 1(102 4 (111 4 1Olt

V 23 4 1698 4 259 4 2110 4 2113 4 2(•8 4 3162 4 :181 4 391 4 3117
Cr 24 4 557 4 115l 4 (683 4 187 4 692 4 757 4 778 4 788 4 71.5

Mn25 4 1511 5 Of5,1 511811 50914 5111(1 5r 11; 5 191 5 ?02 5 211

F. 21; 5 .374 !.-4o 5,1 55111 5 527 5 5118 5 122 5 61:14 5 (141

Co 27 r 81O8 5 92:; 9(57 5 96(4 5 !172 11(041) (6(075 (618 (1(161Wil

N i 28 1 2114 11:184 (14 11) 6 ,121 (1 43:1 1 6 514 (16542 6 55 11 615618

('i 2(1 1; 7:12 i 8111 C18HM 61101(5 6 il1 ( 7(1111 70(301 7 145 7 (519

Zl, 3:) 7 214 7:1318 7 384 7 :114 74107 7 4:93 7 521 7 54:1 7 558

(5,31 7 71 7 852 71888 719(00 7 915 S(1)11 M(137 8 157 8 117:1

(. , 312 8 2 111 8 1115 8 1. 1 8 I111 8 4 3 ll3 8 5 2 3 8 5(1 : 8 58 6 8 61G i3

As 33 87411 8 11(1:1 81939 8 9 57 8 175 OIII:1 i 1117 1 1:13 (( 152

8,, 34 ( 283 (1447 1(483 0 5104 1 524 11 4; 111 1411115 1169115 1 715

lir 35 1(840 1 l0 f 4 1)11411 11074 { 0 111(1 096 181 11 S24) I 0 2711 10I :300 t1

Kr 316 10(412 0I 65014 1((13( 0 1 11658 1 11(82 10 777 1(0 837 10(877 11 81(11

11, 37 11(1195 1 1 18(1 II 22 1 11 255 1 { 2810 11:171; If 442 II 48 7 II 5 11

Hr 38 11 5105 1715 II 8311 H 111 70 1 11817 111192 12(11(1 12 118 12 143

Y 31M 12213 124122 12 457 12 5131 12 5:2 12 42; 1 i2 7-i8 127117 12 71:1

Zr 411 12851 131 (101 13 104 13 157 1:1 188 13 2711 3 :1710 13:137 13 414

N 1: 41 135 (05 5 731 13 7111 : .3 827 1:1 860 13 148 14 04.119 14 125 14 563

MW42 14 171 14 414 144411 14 5111 14 551 14 111 147501 14 831 14 1465

Te 43 14 8(7 i5 Ill 15 14161 15 22 11 1r 203 15 :34 3 15 4(161 :5 563 15 593

Rtu 44 15 574 15 827 1 5 862 15 1h52 15011(1 1(101(1 16(2012 161 310 163:141

11 h 45 16 2918 11 51111 16515 196(11106 7 1Ii 738 16 8M1(1 11(1511 170177 17 10191

I'd MI 170(14 ( 173112 173147 174(12 1750(4 17 5115 17 7291 17 814 17 817

Ag 47 1770 77 180178 IHI 1:1 18 242 I 28(1 1•:11(1 185111 18(MIS18 710!

Cd 48 185568 18857 1N 8812 Ill 0:17 19 1182 19 125 1(1322 191488 1 9i 523

]I 4 91 H9 3154 111(653 1DOS18 111 8401 1 t 81161 10 930 201 144 201327 20 3:14

SIR 50 2(1 157 2(1 465 201 501 2011 8( 241 728 201 7511 2411(84 21 185 21 2231

81, A1 201977 21 21(5 21:131 21 CII 21 5701 21 588 21 844 22 0115 22 10(4

"T1o 52 21 814 22 142 22 1711 22308 22 4411 22444 22 722 22 9115 23 (115

1 53 22 11(18 231106 23(043 23 284 23 :M38 23316 23 61 : 23884 231 925

Xo 54 23 527 23 8719 23 910 2A 182 24 237 24 201 24 53( 24822 24 1:63

C( 55 24 426 24 783 2482(0 25 IlI 25 1(17 25 1 0K 25 4113 25 781 25 823

lia 5(1 25 330 25 6107 25 735 2(1 053 26111 26 0)33 26 411; 211 7(12 21 8(05
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2012pl 2s1  2s
2

21)1

i.s, I 1  all 3 , is. 1J)2 31',0 1
K L, L, Kl ,I, K i L, KJ,, 2  LLl KL,, RL L, K1, I, L K LbL, 1

L.r 57 2(6 251 26 6311 26 669 27 Ills 27 07 26 !74 27 393 27 769 27 813
et 5s 27 _)( 1 27 50(1 27 628 0IS()Ii) 2S 069 27 1045 28 393 28o802 28 847

Pr 59 28 171 28 572 28 610 299 0124 20 il8li 229 Wil6 29420 29 63 29 909
NW fll 29 1(113 29) 574 2911 1 30 063 30 126 29 947 30 468 34) 948 30 Will
I'm l1 301 170 311 512 30 61 :l 31 1211 31 1 84 30 976 :11 537 32 056 32 104

(,1 62 31 1ll ) 31 631 :I 671 :12 200 :12 21; 32 024 32 627 33 1 36 3 235
],IA 63 32 24 7 32 690 :32 7311 33 303 3:711 3:7 092 337,110 34 3.15 34 395

('l 1I ( :XI 315 33 7611i 3:3 8It l4 429 ;14 41(7 :3.4 1 2 34 877 35 528 35 5779
'Tb 615 3-1 41i2 34 8MIS :14 1ll)! 3f 576 35 614f ; 5 21(l 36 OW; 36 7316 ;31i 78v

I)y 6611 :t5 S12 3,5 9l48 :4l( 01211 361 7491 3(I 821 311 421 37 2211 37 1(72 3.8 0 25

lho 67 36 11410 317 :32/ :17 1919 37 1.1 ll:. 11 :6 7 5;70 :18 425 39 234 39 2,47
Er (18 37 788 :Ili 287 318:,2t- :11) 162 34:1 231 :18 741o :111 655 41) 522 401 5776
Till 69 3s:! 1i58 39 409 319 51:. 4110 401; JiO 48<1 3ll 1134 414 I1l i 41 H4O 41 8195
Yb 70 40( 151 401674 44)7116 41 (17-5 41 152 42 1112 41 '41) 43 ]181 43242

Liu 71 41 3111 41 8O7 41411 412 117 43 0(45 42138:1 41 49161 44 551) 441617

Ili 72 425811 43 1:17 4:3 181 44 281 44 359 43 1:15 44 821 451957 4(1 Ill5
Ta 7:1 43 8:11 44 :11l1 44 430 45 611 45 (Mil 44 1)(I( 46 164 47 :177 47 436

W 74 451 097 45 (171 45715 4(1971 17 ("053 4(1 1113 47 5%8 48 131 48 1O I

111- 75 46:185 4, 419:72 47118 48 357 481.140 47 507 48 1193?i 50 3:15 50. 17(6
N 7i 6 417 (til() 4 8 2191 48 T:7 414 767 414 851 4S 8311 50 :1(l )I1 83101 51 8012

Fr 77 49 022 49 (13:1(1 411642 I1 205 51 291 50 1195 II 812 53 375 53 437
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APPENPIX 5

Kinetic Energy (keV) versus Magnetic Rigidity (Gem) for Electrons with 1k-values below
500 Gem (Energies below 21.5 kcV)

Tabulated values are obtained from the relation T,2.(!-11.006 + 0.002) keV

B ý jOCI[ ~e.IO,)2 jjt)2 I Ie/vic (5.86670 11 0(LXXK)2) \c 10 '(Ccm)

B m2 [l/(/m)2(Jk)~I - I To faceilitate interpolation the energy differoie% A,
where the 1I]63 least-squares adjusted values of the fun L o tabulaUIted. Tfhe relation between kinetic energy

damental constantS148 hajve beenI user1
I: and magnetic rigidity for electrons is given in graphical

form in Fig. 5: 1.
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APPENIDIX 6

Radiations for Excitation~ of EL ectron Spectra andi Conversiono Factors b, t~ween Energy Units

-AgKcx 1  221629

-MoKoot ;77.

CuKoel 80479

-CrKoc 1  - 5414-7

-AlKoc ______ 1486.6

~ 0oMgKoe-_________ 1253.6
> NaKoc 04.

z
0

-He' (RESONANCE)- - - 40.812

L He (RESONANCE) 
2.1

1 -Kr (RESONANCE) -x1,3

Hg (RESONANCE) -4.8878

N, (LASER LINE) 3.678

'0.1 I10 100 1000 10000

WAVELENGTH (ANGSTROM)

Fig. 6: . D inigr1il ,f li~mrgy mar vfi.h l igt fr flit ri m ii X -rIll, hr-s(' N%1i:Ii lire Iart illilILly tis-fij ill BI 'A a~re 1141-

whoi ch (t, [h w'iv -I lf l xriifm 11,iIsi0- vlii-il I nsciifl' i limt Jiii Niij I4 glsi'rV IIJ I illjijll ill t "lllgr m ti f ' I his,iSisfjtlNgyil
shortyltt, livc I.:, lx "i ch ,-I -11f nis -81 41 i-I i vifi tt ifI.-y lwo uvl114 (I l wihll 4 114,84 h(Tu-u ,III-llI Tiif K l Ight VIiirl .'l (Ifii tii.411 .- l ildifIjt ill g(iiIP

.lt0uh ~itt lirrankig -i-r itiui (i- i-hittt mn 84iI4 9V (four vXample~i, f111111.11 f1Cilmlx l!l PX. ii1011). It w'jIjjujl H Il iii, 'In f gl(i-it, nitr-,rvst lii)

(fil Owe glop If w-diu Xti l~~lli O I~ f1 .. 101 rav fll n" t !!!0 tIf- lwl!hi 1ý h'% '11 t!iffi-dlt!48 it! '!"i-: thji, r. I lt

thei~ bmadinatgi4i ~ Xiii Ii- I ,jrivd l 411iiJ4.nstl i~wei f44s " t(.f s i i, l it( t he t Imy hif sifti its UV at15,i~ Iu hv 4I(gi(. (II~ I iv,1 (othr Hl ('~~jI,

'I'lv siuat'~ll -4,11d 1 imp-, ied ifiii ( S11111H~i l~ u I 'il~l ' 4,11 (fldt. Ilt w idth 'di HMjt. l1t.Il'jyt1f11 11 CO iid b f I'eqii ciit.Iy f07 XtIM ld II
mcri ngl~lji t i, the sIIIITI diicuil wi~ lil i App-ni44ilx 10), w4 if more41 Iintll444 smilrt-f- if IW li ght1 frmiii iomiii 10, 1111 l 11t Ilwl t Ijif, cou l ldlii~ji

Inrg c onormo 1Kcon 1.2381 I ll the lvuit eipT y~ l ch .mlftt2 8p ttxocfp a
1 

fltui~ti- fl-eutll used1f ill

vv Ill V II S34 1t 11(

1 6 t.241 KI Ifll" 4.58776* It7 .5.t1344M * A 11.2" 1 3 1 I ti, 1 1.42tf4 1It)20

I ki11I~.I,: -ot, 4 336t3~ , 1 3.197-2- Its 3410.74; 1,41485 * Its's 6.91472 -1 21
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APPEINDIX 7

G;raphical Representation of Photoelectric main part of thiq cro.9s section is due to photoulueetric

Cross Sections ablsorp~tion in the K shell for radiation wavelengths
smnaller than tile K absorption limit. For wavelengths

The absorptuion of ph iton.s travi ising mnatter (8(,(!- lbetween the K and the L absorption l imits, the main

tion V :7) is described iiy the expoinential law, contribution is due. to L absorption, ('tC. The mass

I l-Ie, i'C" absorption coefficient thus gives information ubout the

10 pimay potonintnsi~yline intensities that can lie expiected in an ESCA

I - priayJhoton in mtensity , atadphtpect ruin JFurthermore, iii so me cases it, may be

-i ms iihotorpiteonsiya ilefithi nv. 4.mr to use uasu itable inaterial for filtering the

t) (knsity of the abso rbiing mnaterial . X -ray bea ii'aiiiII:1) hecoceo fle

mnaterial is theni iawid onmass abso rptionii coefficient

The mass abso rptbion ci efficivent is a measure of t~he data.

prolha i lity of pho toi electric and scattering pro cesses. Au ii istration of the wavelength and Y, dt-pendencc

For X -ray . piant a, the scatte'rintg co n tribhution toi the if thie inass absorp~tio n ctieffi'~eit is givyen iii Fig. 7: :1.
mass al si rpi. n eorfficii'it is inuich saial Icr than t-he T~w figures show the apiproi !mate variation of p with

phiitoeh etric part. and pu therefore reflects essentially ato mlic nu n her Z for sione X ray' liJes which are con).

the pho4ioto ]er., enross sectio n in an celineint'. The, mnil n vi sd iii ESCA.
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0
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0 ~ -------- Cr K~
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AlPLENDI)I 8

Theory of Double Focussing Magnetic Instru- 0 [ ',, 0)
meint and Calculation of Focussing Properties L Q(O)J

A magnetic field hav inig cyl inrdricail smVI inl try with C-, B -- O

respect to tihe z (IiettIlaitlaXIIIIti laiIc, 1. Y IB(,) 1(

expiessili 1I f(t z ) it1 tb is plativ. ( Fo r noaioniiII ls steV he ftocusin~itg allgll'8 is derived
Fig. 8: :1.) A (hluttgeti Jpliiitit', %it IIveloc~ity I, llas at st a- I I1

tiliiitry mllot ion ill iIt~ crcu~lar 1paithlX.jl v i lth ra iu 11.5 ll t the 102 -2(4

Ali mIil-astiglliltic systcII is obltalineId if k /,whlich
It ~~~~~~~~gives dthe foloin v1111tn fo' oullfcusig

is saltisfiedl IlII tisle viiit's oIf the pariI i anld 1its 1VO Q, o
chiarge. If tile imit iIl direction Io f tile paru ticle ill the 'HI) -

1
2o s)(

x y' pill tilel-I frtomi th (Iftino tetngj

aftier 111 itzimluthat anlge pQ, thle radiat~l itoeussing iltlgle, il.h iilt fL ) A('(111(iig to (5), IlolittlI fto-

that. dvliwIil(15 ol q(,. If tlill anglte (If I ill issiol I ill till( (lissil g take plI c a1111 fte ai ll anglet of 74'(2 ý2-55".

field (seec e.g. Ref. 52). ill tcniplo~ycI. iT'e gl'iwIrai fivId form mayI' ibe txprsv

ats:

ELECTRON 
1ý Q), 0) B0I i xqI l1 I p/1I 6/ I.. (7)

ORBIT

ItAG 'viiw P4 tit sirll ' vetical olllii It nIo o~f~it~ Thl 11 (1g oi

nigtd olt'ith opith (Ii. c ( 7 Jl1 (fi) tiJltt frs ttrd i x1, . Iii-

'COURCE 9.. ageci t wt eq 5 an (6 , h tfirtode m

de*ldb theI co tiqaI 19
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Table 8:1/ Expiansion coefficients for somne different types of magnct~ic field.

Optjillin Two F'our pairs Two) divided
(Coeffi . fivld I Wet moloricidal col lk of eirvudsr solenoidal vi'jls

vimil (Ref. 277) field (Section1 ViIl: ) ojilH (Ref. 2791) (Sm-tio)I V I II: 4)

-01.5 - (.--0.499(93 -- 0.50003 - 0.500015

11 0.375 (10.375 1I 0,3752 1I 0.3 75 17 -1 0.37519

-- 0.2986 -0.3125 -1 0, 11:3 -- 0. 2-)83 - 0.24,47
1 P.24001 4 o.27:34 -- 0(. 30 -1 0.2392, --(6.10

e -0.2017 01.2461 - 1.M.S9
I 0.176h8 f 0,212.561 1.0)24

F'rIom eq. (8) it. is al)IMO'el I that ?I* Will be ill(dIR'lldll(lt, Fr Iom the ablove expreFIsslionrs, it is appaiIrenlt that the

of 9, When q~ equals I1/8, whilb for IF/ 3/8, ij * willI be rmil 011111 alberrathion erro r will lhe Ol tl~inl'd whenl y is

indeperidont o~f V'. Other values of jý are p~oSsible, but. equal to 43/ 144. Calculations of till opjtimtal vailuies

all involve at lower resolu~t~ion forr at givern t~rais~lilissiori for several e'xpanlsion coefficielnts have been carried

than Chat olltatifed in the two casE's given above; theseý out by Lee-Whiting arid Taylor.2 77 From Table 8: l it

two are approximately of equal merit. HoIweverF, the call be( steci that these ojptinilal values very nearly agree

alternative jI 3/S has at numnber (if Slight. adl('I itgIs with thel expansionl colefficienlts for 1/I/a) field.

over/ fl 1/8. Thus, for 13 - 3/8, the co('fi('ielt. (if the last A co111 )ltur pirogramn has no(w been devehloped arnd
termO in the eplsin(9) fr T * will be zI'ro. 1FurthIr, iodfor the std ) th vil''t 4' (traetre in i

at focal plane is obtainled, so1 that. several enlergies (!arl miagnietic field (of thw above describeld tv 1)1. 'I'1l' proI I-

he studlic'( simiult~anieously with goo d resoluntion,. This gramr first corn IltIs the tmagrnetic field generato'd b~yI
is of conrsiderable significance rnow that, arrays Of weilli- the coils and then calculates the electron trajectorrics
coriduclto r dete)ctoIrs have been developed. ilk thlisfNI. Any i yV.,Iu ni tf coaxial cylindrical coi18 can1

If, for the allovI reasons, thev alt-ernative cc-- anid be used and the Be and( IL compnenlIi'rts of the field are

-t :;/S is chosenr, third order cal culationis give, the calclafIted( ill a1 t~won-dimIlenlsionail (o,)array (If 1 )oirits.

fol lowing image coor'dinate's as fulletirn" (i f 2'Fnield val Ills at, intermlediate po11ints are obtainued lby CI-

1 : 3 7 12 I2 ic inrterpolation . Whelke calerillatid ig the tra~jectories One
- -- 16 ?1:0I - 2 T 1~21oTO - --- WO P2n cAn llChose dlifferenlt radlial arnd nxial Ilg-les oIf ('inission

>:~~ ~ (2' ) ,12(1 12( j j 3~q -I rlld for (lvb trajectory, onle) tm11 lelelnlate its point, of
x , 14:4) 4 7 /2 ( -M ,1-) inrters(ection with the focal 1111 andIr l tile baffle plane,

x (y i 10) ?ITo 4/Jo q / 0 ',%I'o I0) JrgariII)eale) uatal('(Idi(li'llII

48 !!)j; 7rl'2(y To -) 1 'o 17(2 behti1(

X. (y I j)s01)oy - rI2 y )x"no I ,,/ o 'i

4. U- -ILoI4$4



APPENI)IX 9

TIheory' of loublde Focu.sinig Eleccrostali Ic n- veloc(ity v-- v,( i/;), tile y-coordnllate ini arca 11 iR

strunnent atnd C.alculation of Seceond Order givenl by the expre.4sioln

Image D~istortioni anid of Stray Fields [ (22 (1) ao sil a312 2/;]

vIe n)Ii i fli(' iii 1 41 sjihiii -riv: ilIc i h-i iaen r v iLries 1L.x I / r2. lI Ix \
t~his it~pe of fieldi. chalrgedl purt jlel descibe'i) vilijtieitl -12o om ( 1 22H HlllP ~ (4)

Ilmthx.2t 1 Inl at gi ven field, part icles wit h su itabile
etiergyN 11 aitil lgI Of erlliSSiOri otove ill at CifCihiar pathi TlWI ioiii1liti li for fOcuss8inig iS 0hat. for a given valnec
withi ra~dil us(I. Part ich s wit hi t~he Ma11,111CtO rgy bult wit Il iof ,r,. e.g. X,, yý, shall he independent of oc. (4) gives:
otlijr angles. of e-niissioli fromi ai. point sbourve will noive (j 2)tll4l0-a)

inl ellipses with nmajor axis 2a. By anao~l gy with th 20  ai ( 1 x2  -a
2  5

eaefor the lihornogiiieiiis magnet-ie field, first-order From i' g. 9t : I t i apparent that. tall y '1' 201 " Will

focussing~ will oem-or after aln angle T. Siiici tfll field tan 0 i- 1 '. rserti~ni(,ll (5i) gives:
possesss spheical smmetr~, (Inu lelfocssin~g willtalyial

ii iSOes )W Atiheialld Wh'' tarn O it h(imtt lii tratnsmissiontttall0 tall (0 1'-
tall Y- t all 0 - Iat. a givcin rveaolujtioni wýill Ill greatecr for tla chlciro-

stit i iiiii(-lsirthn fr te l~itliiii~liis oiiileii' l'orn Ihis it. follows that, A, 0 and F lrV i~l illiar,

livt niix iotsi~ii r a smetir of tliv spllirical eoiidi-isir. twiii mpie s~litpsibl mttd sitililita fii ahl point w f beo.I-

'Ill(- symbiosls oxid ien showni itt Fig. 9 :" , uwere areaLs sitii the (ii in ' (4) iv s till olstatie at.pohntll ai eli.tfroi

I anlI 11 are. free of fieids. TOlbehigint with, ilil vd(ilge W )t ) ~ihiii' (4) give fl) dis5 t anc atwihil hý

i-ffi-ils he-twiue t ilii fielld andiil t fivld-frie (arras arc N lvlvt . Y assF

an~d viirgv E i ovinig ill eit-enar piaths withjin iuril 1ii11I

/e( , tI illserti ill oifp iiiid q inlstead of iji t II d x It1 (71) g: ,vis:

whelr V / is t ll(- poteintial ihiffeciiiiii hi fi ll-ht )* / 2~ q, '11).

wldi if' a W. 0t.)

hoIo'11. ills Ti p ei fi d xiii orde to.f di-riv
2 

fq

111

i-iiimifit ls uix i-nimifiis P iriil Q) For ieitimirils withi lfisioll ar1c thiii'i'ilii'ul Itit al. 'I'l'hui- tiuhji tio ill a
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BEl& 9: 1. CalculaJitetd reglto)1ions usHinig ceq. (12) for
dlifferenit traixmi~ssionI, and~ sp~ecimntl areati in an

4 ~l~ect~rot~ititic 8wect~ronleier with Hector angle 157 .5~
I '~'~and orbit radius a -3M cmi.

/R ý2 (1k) RIý(etfl~ligll r Iliffil;. Elctronl (llergy A, -~ 5 kvV.

Sout tee IHo Ii itiuzi
- 'raimrlini iXonI wit Ith height (it)

A 0 F BIt 01,7 x It) 0I.0

spvch-ointle in~-l Whc the fieeld tie proportional ttf tI /rrl2 0(502 x700

willl Ii LwS It'-'

7)21 11. ( 2t 
l

((.1 W 17 11 that ( heeb t15 nlenoo the( te 1 CIa

Theab ve_______ap ly fo _ip in litve BY ,txy a ll C hav tlItare (t"lt in (1)Ur -li bwali janti 10 undlo~
-l iv cal ul ti ns th etiititi d eithect oniailMe finite size U') fttr - 7,5 itet

tiM jiI .Itttli Ill S IN IHI r. ledg i onet (Rt') t

wit F itt'd~ ni(l widthti Iv0  -4410)t ut ifttlt tig I

0.0 005 1 a }'c

90 1" lo" 1010 , lteli~ i l'ti~~iIL tdttitnjtth(ce ) u)tn

_' ý3ofth svcn,ýnca as b otane. alu249nmo

C4 tis ype av~ 1w ii crrid ot byEwad ad J~j.1128



the i'lectrioii5 4ot~idivd. C, aiid A' (for F', 5 keV ) ILT' I i'1(g( dlx i. t lull ()Originaitinig from riei(lativistii' (ffiets

given1 Is it funcitioni of the sievto r nir igl'i Fig. 9:1L is one di'isailvan tagi' of OILe viveitri itiltic inisti'ii tiliti..

Wheni 4l 180", all (oufficivi'lts, excepitt C( ~itiii A, Thiis appeals its it bilowhleiilg oif Hin elet~roii hearii

that, for optimum foi'iixsing 1 n'oieit~iex, 91 shouiild be thIn prioporii'toiludit factorii is oif ioilrse very 5111511, bult

c'hoseni'i s linai' ISO" as possible. Ini TIah~ 9: I, some for hligh i.I's~iulht 10( its effect i'Iiililt. be Ilogicetetl.

sits of values( of spjimviiiii size', transi ssioixi n andi resi - If Y, is the' distalive froii tin' re'lat~ivistic pat il to the'

aiitoi for at mpectrolilfer With 91 157.5" and a 301 liiii-relatiyist ii fauxl, liii magnlitulde of the i'iiiffici'jilt,

vinI are given. As at first, guiide t lb resoliut ion (givelL ii ' i tIill I( srrii's expaLnsionl yi,I" Aia A7 2 + .11 iilt

[TIdle 9 : I it) hats Iseen ('n'ilaited by, r'eplacinig I? it) eqI.

(It? ) Ii,' liii 5I11111o~f tii'alsolute x'tbn'x (f tin' iiffi-rcit, A

Rilliagie er1rol's, dillbs giving: v

1(~ afr' j I I, V I ' (iui)- :021 
2(',,ct,!'~

a i (1

~dr'2y, ;(iill 2z0, ar it(- Ii'width adIich in' ight, of tlt-'

slvi(''ieni r('5p-i'tivi'hV andi 2di is the whidth of tilt, 10-

ietveit~or slit. 'Ihe( value R,, for the rvIs(Ihitioli gives thev
liasi' Iidth, whilie (lie fill] width at. halt Illai(Lmiiiii is
the mlost. cnllommoly lisill X'itiUI. The a' ViLc givel llM

TablIe 0: 1 is accorin(iihgly Il .~1?..R ilowi-ver. axs shownl 4

ill Fig. 91:2 tuec variom isimagc d'istort oils IlLvi'diffenilit,.0

.Signs8, 8o tied., l, IL SIjit4IjI(-( ('liicj'( of IIL~fli' shla;p :t. iSi

priilcia~lly to the effect, of (2 a iivhiih ealil lie i'liiti- 6
11104-d hy i1i0t hi~Vi1ig 0(, P('lidl to silTo )(11 ~large' V'itlem i

for oc. It, sltiild Ill- po(551ib('i. to ii'e thill' iffef0 of t.1u1

tvrnij ('4 (* 0/(l)2 to1 it a bigeý e.xtent, 1) mixing ait iuved

biaffle Shliunh Ill' det-herriim'd withl ri'fi''reii'i' Io the 0
i.xpeirimen(tital ristilts, sinice the,( effli(t. of stIIt~y fields,I,

(''iii'5 iii thu' iiilj illtiii i til. hect viia fi'eldr witd i'smallt.1

t,() 'iCii' oii(Tli' CLo IIlIVV'I eiit 'Ilqi'vit'a'. f-ffee1t. onIut flit

ialqiantni'i' of thle ilmtiigv. Thie rliigiiit.1il of 01vi ill. t

critise~l ill trimsiissiis m~i whiIlh ('(LitI hi i'Xpii''t-d iq 8;' wil G 0.2 0.4 0.6 0.8 1.0
ill Titlili 9t: 1P. 'Illhe viaiues for tihe trlismiii miiiji anid

i~isitiiig tat te ffef.ofth tuin()'. is iteglg iili E3afIf le position B3affle position

tll' u18C (If sli'i-iliieiis With It he1ight Of I5 ii11ii witholit ill"' J14'INt11 lit ol1tiiiii'i W~ltl 1.1111g gr'iii~i 1,,offI,'s l it

('ler'ilt "Hlit ion befing Ltffei'tI'd. BY Ilsilig IL 5luitftdiily iiiiAlUli(If q'10,l~ 11Wii bV911ililg ILIA1 ,Iid (If thti' Hlif-it'fii , Im.

millpedbaffc i, Aouldbe ossilefil. I-itiilli, t) Irodli'irei n' i [lilill by~( KV T. Itirv 'ri., givon for r 13-uill

for eli (troirus with (lii v'i('rg' iif I kvi, 11. aci rac ill 'llo caiilltioiip.jii'
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be taken into con~siderationi. K,1 varies of couirse with 114

fwhere ý- v/c, and the relationsihip is:
2

58 iov

1I + J
2 

X, 0  Sinl V S 2fi2 x,, X-0 12

X-0 2 a t

s co inl 2 (1:3) 6

where. y2 1 -ý -I 21a The variation of K, with -

'avctor angle has been cideiilatv~d for ,il electron energy
of 5 keV and is shown ili Fig. 9:2~. Tlhe difference be-
tweeni the tesolti~ions expectted for eleetrons Nith--------- 0. 0. ~

lenergies of 1 mtid 5 keV is shown in Table 91).) 2.

JIII theQ ab~ove t-rcttlicii" ithe, fled(ig effects inl the

regionsI betWVen flloe field Mnid fieh -free areas have Fig, !):rii. Rirlittivi, diffor rict I~iotweimr thic lft poteiitial imii

))eenI negle'Cted. It is )oNSsihh to Celirri,"ite tIhes Cffias tlt' 1.0tIaitiild ubtliolrnd timing groiirniiiu limiting Huirfacum ill

by the Jim- if grountded dimpjhragini 5.1-1(7,1g
2"9'2 ") basti rh iri-tioir. An ill Fig. 9 I 3, 1 im iiILuICii01tioii are pierformedc

for' Ia r-Mitiis r 33 ('111 With tlt!u I'lldi oif tho vilectrodjim Rl, .32

carried out iakiilat~ioiis for plane codeiiimhIers anrd em riod R.4 0 coli. Timn tiotid (ruglo ibuttinrii l,11o lirmitinrg

Cyý'iil(lriCmk eli(iiiil(i~es iji'aIl hiS ris its(alilo 10,4 beuse ar-nan in, fii. oi is tip, u~ngtilar Ir i~vititiur fromr thie syruioietry
jIlaIni "ith 0) 0MRlunri iLS Origlill. Al' in pnnnith'nr wlirur the I Ir

r potvoia~rlil is Iniginur t.1nir thne pouteint uiialn'iiioid-eu riiinotrin-iily.
cm ~~~~~~~~~~~~~~~Withiln thin, reginiiolhlIt' liuifuiirha 'r'ninl

inifhnrelnuci nul Owi nuhnajii of d-iv ililage.

-10 to 50110 extenit foripi 1 heriva~l sector condi~einsers. The
40-- -field can then lbe rejilacid by a sobHstitut ion field

with t-he saitio character as the itival fie] :, biut with
alter'ed gcorotitrical nlimrejsimiii.

- 48. 93 A no if exact, colcu(11latiion oif flw pleriphera field hais

been car-ried lioui by at Jill Ilirica) solittiojlo f Lajrlavees

- 111AV o.(4

I~03 h 'It reultS :Of tliiMV CIalCinlatiOIIi, * perfoirmedoil ani i

I! 30.23 1BM 16120 aMid miI I BIM 70)90) are shown inl Figs. 9: 3
1--- 52 .38 midrl 10:4. 'I'lo rapid traiisitiiin of the potential to thieII75-61 miiiilyticlid I /r foriui is siiownir ut ig. 9)::. Fig. 9: 4 shows

Ii10 the it 111 iivlit ice of filt! qui jiitciitiitl sur'faes~.k32-~ When it ýc(;or enadenisvr is usedo, edgle effect: are

(a itrouce ;it tw ad itinl l imoitinrg surfaces. Feig.
9:5KOW h i(lViittiillO thet iiii1itierieitlly oi!il'

I i~~ptieitiali from tell r pimter rtial its a f neti on iif thei
anlgle 0-, whirr 0i is thw angle tiikcii fnrrm tlir syjmirritry

Grounded Beginning of mi ni hwtrtg0atrgtag!Httehi.
batftie spherical elect rodes~Ao'~r ~g li i thscAi ~~l s(h I i

Fig. 91:4, 1,1quipotentirrail cmivsý for an vihieiromatiiti jn'r tire limiitinig slrrfais are gyroilided. It. i'4 jmisibll fir

rriitir with R, 3'12 (-iii amo 11, 41) T6,ihi gronirinin htutU. ''ý rediiv tho ie dge effcutH still further bjy i~riltirig jirto

1411.14-11 13,1i" fronmn Owh '+'I j nniii ..."" Ill till (.It)( nluioit mnnr ai ni

mrjiinlrinmnl jniontniild iiihlm t~I in rhinnum-in whurnihy V 4) iti it rainii firium Th n-Iv rw uon toi JFiJlic Uotmirii PUtornimom for upur-

whniih i.i nurovwkinit nmitnicrhi t thanei rununrn rai~muhn. firurmiag rum vitnlctthilatininn.

1 7 01i763(i A mi, A,, n-,l i ,- AN. 111- Sr Ar I1'. 1In?. 20/. bIbra VV. I11 1
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the limiting surface somel, strips, cacih pliaced at, ani Oni meth,lid of awiv(iding this pr(oblemn is ti sat ,ill ana-
alp)p-0opiatIe l)Ot( ,Itliil. lytical potential functions which are very simiilar to

Attempts have also ,veli imalde to calcktilat the the juwnerieally detcrmnicd onmi. One pissibhl app-

electron paths, For this, it, is niecassary to kno1w thih r ac
t i is to usie a liotuntial of the tyj a:

electric field or grad V. HleWevtlr,ie alhavA c! V IC ihi- (C
tioms yield V and fi r each intiiigrati ii poa in t in the, V= r-t-B (I --e
path, i) 17/ir and i)I V/'ii nist li. cviiui Lt(, Thn.((,w (h1-
rivatives arc o btai ned as difference-s lit weiiii lle n (7rie'il Wili ac a1liics for 7) " -/2. Preliminary results olitaincd
values which are often nearly equal, so that, th nuiie- in Lttemfpllts to fit the variiabllcs in this paotenitial to the
rinal error inl the (lifferince, i•resed i, as a iperceniitage, iiiiii icrical ly (olbtainied potential sliow the same trends

will he very great. 'hi, i lake(is ii, i biieilliih to calF 'l' iii t li te dli idellnec of illlage diistortioni i on as Fig.
out sufficiitly accurate calculatio•s of thlie p aths. 9t:2, i.e. at large sector angle gives the last focussing.
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APPENLIX 10

Combined Crystal and Magnetic (Electro- L, ()2.(1

static.) Focussing for Eliminating Lnhecitnt i
Width of X-radiat ion Frlvvo-acrigt i.1:

Theo wjidt h of all I'Ieutin il( II h t fii ll KWA .4pectni'il

is d~(ThtItill 'd - I FY S'V su eL I f:uttit'S (SVit-i(Il VI II: I). 'I'll( x ýD'AE~/siu / (4)

iiillen-liit a jidlt Ii f tie'. N-i-ty Iiii'. Find tw lie idth of till
JivlStililii'(l UIRIil C(t'(i'tll itititlitll~ (2), (3). andl (4 ) giv fvi h distauice, y, at the de(te-ctor,

(1011wisat flthecoit-ilulls, o t. fieji ifilicrtI Ititwiuli cheetrous with enerlgies E, anid E, I AE.

%iiltith of till, N-1-y hut' fto tiu tititt 'widtht (of all 'A (I DE,," v('sti(*)

hifts Cl l iltiot h ~ig h Fill'uisitilt. qiwi ro~icii t ei r N-a ci ol ft ecx'1ilut o ,A l' iitiu t h e~ /I cifiu n Wi t (f6)h

thet Ifltt off th itiiii .iul iiic Io Ii tagi it( yitelstey~r i
thtlith itisilt;tcs tow iltistile t~vite lhs tif thllli t (.111i lii tii'i'lti':1tu1~rLt letrhii i eto

%lit-tIltl elt'imintedA filil- tttitiui (i ftlifltiiittt fitia lit rvfll- ai tt -ti t'f iuoull tdaio t tuyt

p-isitstlioul is givil fti hi fiti- vaeof it lttilt-liewluus tiulil llmltttinin'tltttwl thtti. focusses the radtiat~ion tilt the

ujiruiitoillt at hl~ivi i1titlotgitltil tot (1cIttlttgnuit it fit-ti. THE COMPENSATION

(2tf 2 - of) sil to m x-sir (if t

J!1Ak, iis1;: ofIt i t -(.1.0 1. if l t i fidth of, Y a n :- I I'. 11s a11c I If-l'>

pill-d tf, I,, to'ills contaiing a d xy ali I

'I'li- gil-s1AR1 f F CRONH253O

SPECTRMLIEq
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Fig, 10I: 2. 1,rqloritiooiitii revolrdtiolgH of 0-o v1c',Cron Iiioo C1'K((XoKa,)NILU1 aridl CIK(CuKa,)Nn('i for differenit antgIcH fl, 1111

Iinii(, maltl--ll for 11 12.5" in (~1111 5011rdnc Iit v~jilit imi (7). rI'mck couwiting wito Jililt by', th. TM I) (XSeltiobn V II I

target. TIhe X -riy t~bP In ti Ith 1010 i 110 (OIlrO MlIt1-OC (I'elpV result~s are shoIwnI in leig. 10:2. As can1 be ticenii l the

it fixedpli iositionl rI-lIt] ye to the .4j5'ltTrog[ILiIl. TlW1 ;tiigli- figure, tihe llistimtei il(t.wcen the Iwo liuts (II(IcrLameR

iWt't.(-(-tl tIit tOLfgl't and~ the X-ray bleam is thein'iily with (lecri-Iasing atigh- a. Finially tihe two electron flic~s,

degree (If freed om tVoLihtalib'. If this a IgiCrr is Vikril ii tillC ( IK (( utKoc) anId ( IK (( juA'o) coalehsee fi II /1 12.5'
target will inot always h1' sitma~te'i (Iltillk RowIlIand who'll elrr('spond(II tol (IIn algle a 10(.5' (Hi31CC ill Wlit'

('irce (If tile crystal tlotlnoilromhator This e'xperimentalltL geolltm-try (y) 1.0" and1( a /1 I ).

rosirieliori woiuldl hot, allow aI sIatj-Ifac(toryi sH iy (If till I'llt- so~lidl ('llrV(e ill i'oi 1():3 fl- h *1~tIo

vairiationi of tOe width (If i1(11vidilii I ('(01roll lines. distan~e' h)(t.W-ell till ileetroll linlep. The toindytiesl

We hlave then-frl'fi eljHinse to Verify the ('11111 IeisatiIIlt expiressionl whichi cornesponlds to eq. (5) for tile right

lnlý1I,110(t deSet''C~ b111 y stuldyitog till SPMl h10,1to(ll OIf two ian atI arnteh is A 1  t~h~ ~lIuj 7

delctroll lulles in~steadofl l till wiidth t of e eti e i'l' oill

Thell taorget warII a very thin1 filnm oft modimlul eiloriuie

(1K (CuKa,) NaCi was hin'laslr(d wL4 IL funcetion of till

alilgi e (see Fig. it0: ) . )eh 'oti Ill was pcs-'fi trlle ('lJ 1114- Ix lrettall 0CSV ta~ll (8)
graphiiicaily antd the hiblItlI;rlahbic iplates were mudliysl'iUo(1) 1

tiling tinC troeLk enmiiont g t, elmique. iThv l'xpiirimettl-llt A numeri~lcal c'alculationl 5111150 thitt CIompljII'istionl is
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attained when a 16.5' which was also found experi- - A-y
mentally (see Fig. It) :'). The equlation for the left. pm

hand branch is

since in this vase /1 aI (I), Lx--0

and x 1)-AR/minfl.

'Phiti branuh is only of thlei retival haitiremt, andi has -4 0 7

therefore not. bevii checked ex I erimenrktally. Tho ex- 75-0 -5 0 2 O 7 L

lwimnnentai valmes co rre spo ndling toi t~he right handu
branch are sho wnr in Fig. It0:3 andtt art in gooid agrev-

mt-nt, with the theort rti(.ta curve. jiq . (5) and (6 ) have
thus b(een verified ex~peri mentattlly. Fig. 10i: 4. I istaviie hit~weert twii Ovetroi line itsiota~functiou oif

t10 it1ghle OC ill 010 jidViLI CI-In. '1114 loit'ti4 Jurt reduciiid ti (iliC mi glo
lain for two d .ffor.ui t miglos cc.

The ideal case

-1250 We have thus shown that. it. is posisible to comblinie

Nmvt,40 n.ionotvltnudimi-.t1ieim iatiori with at oagriutiC

1000 sls-itromrteter in such at way that, fe isising of pho to -
e lectro ns fro m two d iffu rent, radiathion wavelvnrgt~hs

onto the sane jila cc in the sp ectroinmeter foceal pl I~it'
-750 van lie aeb ieve I. The inthierent. spread in wavi -lngth of

- -- -- -- -- -- -- - - -- - - a single X-ray fine reqi -]ires that the fioeussing tin OhW

_500 -ttt~rg(t. mutst, he perfect. It is thus t-ssetittial that, the-
turgct lie ;laettI on the Roiwland circlt- of the crystal

ninoiiich roinato r an d that. the widt-h of the diffract iona

250 J~~a~ttA~rnt (the rvi ihirg encuvi) of the! crystal bte smtall

comapared to the wid th of the X-rty Iinot. Li ke-wise, the

-75 5ý A0 A) 2 75 C E vit-as urire n v ti vis an flu- carri e-d out , i ni t reaie inahibly short
pviritsnsitf ofi v the s X-a itwo niuinst, Iw are~t o nttrit-i i

-250- d itotiy. The- tivi-d fior hiigh i nt risi ty pier tryst-al arvt-

MeaMS tliILt, IL Isnt. (tiyStrl has to bc ii- usd and thatt thei

-500 radt ios of the- Riowland vi rele is; suns II. The neet-ssi ty foir
pewrf ect i ...i milal is Ihat, the radim imutt ist liet large so tee it

is eteiier t4) ibtai itoi aII p5-rfi-et, erymt~al in this easev. Thto rof-
tiir~i'~ itrit itO _____for h ight iltiterisity is h-es (.6ti i al if at d ott)ib fi ieusslrig

thge1:3 leT)mui utiw iii (lirttuit Is-i v wi-iittie i-li-c quatiw h6oes ~ oeeri ptdf) Ol ib-tm, he~ nt

iire uihiwni for Vtho huriurtui to flu- right . case the X -ray tunli, tOw crysta)l rnituochroritottr arid
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the targo|, have fixed positions in rela.iidin to each oither afnd eq. (6)) biectomes

hiit. the whole system miu st, lie ro tated, ar•mpi an axis

through S' (see Fig. 10: 1). The sp)ectroitmeter is fixeda-

and the targ•t is always placed on flii' Ro iwland circle ThI so lid cu erve shothwtn in Fig. 10:4 is olbtained from
of the crystal Iloiochriltr ator. EI q. (r) is then reduce.d eq. (10). Eq. (1 I) shows thait, ctlnpensat i in is achii veid
to for two differenit angles or not, at; all. The conditiom

'o' A/ E ,) h for compensation is thus

JJ
c Sill

N

L\>

H

A - 1

Fig. 101:5. (Added in proo/h, h•c•mtt i,r vi- iv f i (1c pruh i 'sI"' higl• -J•'ir. X rt-u' iiity tIhtii tr.
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Added in proof t he scheme mnight still lic useful to improve the signal-

Fig. l0:5 shiows at schiematic vie", of a piropoisedl high to-backgrounl ratio inl ESCA and to reduce radiation

powecr X-rii ' vmoiochroinator presentl mi der study. damage.) Ini order to overcome some of the difficulties

The arra-ngemelit -olisists of a, precessilig, water coo- a carefully selected crystal which is very thin ( ý 0.1

led auliiniiiiliiii atili' (C ) and( ii clirvedl quartz crystal mil) anid properly etched has to be used. High preci-

(K). Tite electroni gunl (A) withi anl tlectrostatie defler- sion is reqjuiredill the machining oi the crystal holder.

tor (1B) will give 3081 iiA electrons ait 20 kV. The( elec- According to r'cent, studiie, at Uppsala quartz secems
troll beamn is focussed ait D) near the periphery of the to be sulperior to other crystals like KAI1 for soft radia-
sphericall *y shapesd anodie surface. Thie d ianmiter of the f ion (pers. eonimi. from E. Noreland; cf. E. Noraland

pirceissi( ii e irele is 1) emi. 'The piroc~essiou itakes lilate it (it., 1 IllP-511I (1Dec. 1 9665) and 11. Nordfors, Arkiv
an o tid it st 'tI loa1  (EA), whi ch i!4 fix~ed to thIle itlit tte lysi k It), 279) (1956'f )). For reflex lol we intenmd to try

stun eli iiiaithi its extceri 10 s itle rica I Iworiuig soldleredI the( (I (M)) plae ithl the la tti ce constant. 2dV 8.51 A.
ttiit, tilit, X .rav hiousi ii . A ii tilt raf(It 'ih, Ide s' ii w (F.) 'lT'e aigle between hiciiiil'ht and reflected beams is

is soldb'rtd out ithe lie oisillg aroiiid thi' bi'ariiig aiil thliti 23'' for Al a,,.*2 The itihereot width of around I
tilto tbt( aloitittl'tt. sini lea i the' aIllottIt. Tliiv anodt e is lii us e T for th Al Ko1 ,2 line woul 1(1 the He'Ial case be d is-
a het to precess in 'acmim iilt. hiigh spv'ei without. ust' lerst't 0.75 lo in along the( Rowlaind circle. where. the.

uif greasell lt-aritigs expsedisi tot high viitciitit. Siiiei' thi source is situiat~ed. With a ýenitral orbit radius of 30

ains Ic doe-s iiit rit ate aroundii its axNis liiit only miaktes emn ill the don ble, foctissiuig 'lf'ct~roit spectrometer the

it pl-cces til lilivemcltut, wiate iTtoolawi it. ea fiib sup11)1iedt souircet has to be tilled 6i 0' relative to tilt, X-ray beam'

front the out suidt withboot twaist in g thle flexible pipvý' iii ordeIr t~o at -liiei- vc tompeui isatioli for the width of the

for thct iiilet and tout Itt ( I). Tit'c otilii g water is fo rcttd Akl A'x linet. 'The( ctirva tuire of the X-ray line at the,

to flitw tbhrough tit ii ht troitIii WItt inl the sttilio tilt-Ihi ft i(is liminits the use'fuil height. o f the source to around

fillishinttili slinpeit nuittei'ad Ntitk a~ai il hi-twev u tti 6i -i inn. T'Il( gi-oitutry iA suech that. twitti will lie only a

iit eritnal toltt antI lt'w st ii. All itir jt motottr (.1) (lio niegligiblte text ra hiue broadeiiinig dute to the fact, that,

' lidit tutiagiiet Iii st ra ' vfieltds) w~it I gt'ar- whuels trt vi- t~lt he auiii oif (lie siturice dvitt- not, fall along thei Ro wlan d

., tit is ias li nitt'trit'dl cy' oniectet t )ý 'tuIylit'tls of flit', As tr'v iosly dlistcissedt in thiis publi citioll (8ectioil

st t't' Iwari g tit. 11. V I i 1:t) ailly sotrt, of uitottbni irmat iI Itionl of t~ho X-ra -

Afte'r di ffrictttiton atit th cii rvt'l (I tittrtz crystal (KA) I inti til rtesul ts iii a great liss of in tciisit~y inl the Oece-

(Ieii'it fto it raiius tof ablit 1tnt .1It 10n (lt' Al I A rat itt it i n toil sp t''trti in. Tbhe tmoi mla0in factors ciintribuitilitg tii

thirtoighi thi dIi i witt tw (14. 'lIth wtiglt' 1st weith e fli' t tlt- iliffract~iiig erystttl auilI 2. tb' finitc refltetix ity

ioidi' tt'it lit a iti iat otIi I lit' sotrt e ii' 1rfttti cant is' t Iij I Isteti of tlit'- crystal . 1 iifortnulaf.ly, oi ly a vtery rough thiti-
fromn Ilie' otitsit', 'I'lit' t'xpvltlt' iit phtt'lt'tt rtiiis (N) art' nitittil at iiltatte cl iou homath' of thct ciorlitiiied efft'vetu

tittidystdil lit tt ii i- ristililt Itit, t I til lt fot hsshi g, lit'- tof flit st' twoi fitett rs. A lois factor of 50 comn jirt d to

It slit il It v emp't h iiasi'zed I 4 it t thert' a rt some111 quiii It t1iortli istic. Ilt anly Case a so bStaitiititl increase inl X-ray
suit'rt' probt l 'ills 11thit't'tt 'i with flit i't'tl iatsitl io f Ilt'e otpu tjit is dhesirnablte. Mtis oif tlit', spectra studieid ill this
alite t p'Irillttsti ith w kiiitfc. ver lil isn hIu pbi catit ii hav VI'li'tii r'etirtdeid at. a ptiwer tlimi patit il

ablit. tilt, det'ittails tf filit' tdiffract ion irt lx'rti.i'4 tf tt tof it ftew 111 id rut watt. Pt the aniode. Trhe use of a watair

quartz tys tt Itntfi suh n t t' itt y smaill ra dio is ctioledi rotitatinig itnodi' shiould implrj'tov this figure :onl-
ats It) t.ot. I is4lotiottitus iiitl o the lirii'iiii 1t'ifectins ill th li' ithu'ally. The prtilitst'i arraug'mnenit shown in dli'

crYst tt lt 11Y lilyt%( seiouitis t'ffft'ts ottl th lit' iitl'ltiii'tl figiirt is only tint otf sevetral potssib~le altcrnat~ivcs. HoItw-

jtrttttrtit's at lwuthiiig auth also it tiiIit'- aftai itttititl tiIil evter, if it, woirks, jirtilrly it. itit i'ottliltrt'i ttt t~ithr

otf flit' u'titkiitg itirvi'. 'lThis litt ivi iiti It' v the ittudilt'ittht to t~x'pts oif rotatiiig aulodos stome slscitil features which

flit' t'it it Ihat tltt' itltltitti it of tltt thf aii ESt A hut'. tint'( illtiiirtiit. inl htSCAi. The X-ray outputt Calt lie

tonily tilt tt lirat' X -raiy nt'Sit1 lit itll ('01)l IV lit'itil V' ItI jet itotf ally lilotvement.lI ill mpitc A of thti fact that the heat
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is dissipat~ed over' a large area (a circuflar hand withlita the p~r .e thils means t hat, t he maximumn power
diameter of 6i em and a widith of 3 nun). A hecat, dissi. cai I I b 4 1.1: dlly il t aslpced of prevession exceeding
pation 6I M, evenly distributed over this area ( - 57 ItXK) rpmn and1 provided that, the size of the focal spot.
0c11), would( not. causie oo1 mu11cih oIf a problemo whereas is carefulIly adlju~sted (mo (st likely it. ninst, be i iiereased
a concentrated beam ( o 3 mim) onl the precessillg somlewhat.). Ali iifrircel thermiometer is therefore inl-
;1,iode changes t he heat. transport,. ýomltvld(ly . 8upeIr- corporatAed w it~h our a rrangemenlt, in order to make it
imnposed1 oil a& modl~erate- heating of the ci rcular hand1( po ssibtle to ineasuri l(conlt inuoulsly the tem~peratuore at.,
onl the anlode onle then ci ieoulters a suddlen inclrease inl the spIot. ProiV iosi~l aor, also( made11 for instantaneous
tem perat~ure of the surface elenvient. that. is, at aniyonhe sh iit.down ili ease of overheat~inig. As men tioned abhove,
Moment, expoised to theI( ('(ctrol ls'anli. C'alcula tioins ahigh Ilower antode wi hout, subsuequentI crystal nio-
show that a v'ery high 4peed (If preceessio n is reqpui redl noeh romanlt.~ it ion Il uld hIIlI e s11i tahle for I SCA ill order
at. at cwintait. po)wer level of 0 kMV if tile totll ~~~l(il tin lcrease sl led o 1 f recolrdlinlg ill orinali iry ileaslre-

heating will niot. callse 1111 iildiait alllOle evap~ora~tionl. nIllcil

(Fri icsso o h ia ldgiatliol ill X-ra M10- P'reliminary' d stg slud1s (If thlis lpropoXsedi high
des see e,. g. W. .. Osterkamp, Phlips Re 15 s. Rtep. .3, pp1. power Ill (II I(irolil itI I haIvo recenti lly bei i inli tiated by
49, 161 , :10:3 (19t48t)). For all c leetrour I (ul formlin g it two (If us (K. S. and( S - E. K.) (hirinlg at stay'at, Law -

circullar sp)ot oi1 an aluminumll~~ an~odv tOw t~empl~ratulre reilel Radliat~ionl Laboratory ill Berikeley, Calif. These
rise ini tile surface du rin~g tile passage through tile leani studl~ies a-1 i-lef Irmitw in colilaboI ra tion Wit~h 1). 11.
will Ile IT-ill diti , ,J. Mv. N it selick, C . A. Corum Ill( and 1. 1'.

AT ý0.09' - er -, RobinusonI at Laareiice Padiation Lalloratory. We
wallt, to aekIoowledge ou11r gra it 11(11 to ou(Ilr coIIleagues

where 1) is the leanil plowvr iil watt,, 1? the atliu.i (If thle 1. P~erlmnlaI, .1. M. Holalad, r, 1). A. Shirley and A.
1)re(!ession Il ilvenwiA'it ill cm. Iv till 11111111 (If rew 1111- h iors I for their intitdrst an supp51jIlort. of th is research

tioii;i por iwlcondil, and11 thil focal ;pIt radiuJ s ill ul i. I piojqut.
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APPENDIX II

Definition of Oxidation Number and Formal the two bonding atonis. An electron pair shared Iby

Charge two atonls of the saliie hlenient is divided between
them.

The oxidntion vnumber of an atom in a chemical Valency, which :s an ambhiguous and less precise
coin)pounIIld iS defined its the number which represents conlcept, should iiot Ibte sil)•bstituted for oxidation niu -
the elcetrieal charge which the atom would 1have, if the her, :md the t(erMs valeIncy or valence should iinot be

elcctrons in the conompoound were assignedl to the atoins used without an exi licit llefinitio,i Oxidation nmoiniet s
accordling to the following rules. are very useful for bialancing oxidation reductiiont

1. The oxidatlioin nulmb1)(her of a mio I11innt ion ie j an iquations. They also have a great instructional valwuc
ionic sublstan('i is equal to its electrical charge in in the classification of chemical comnpoltunds. They are,
units of the elementary charge. however, only formal quantities aind a strict physical

2. The oxidation numbher (of at()is i an e1 lemental meiaLling can not be attached to them, as the definit|ion

snbstance is zero, arbitrarily approximates every biond between elements
3. In a civalu-nt c(ii)noun(I of a knoiwn structure, of different lehetronegativities to a fully ionized bond.

the oxidation numier of each attonm is thc comarge re- The /ormnl rharye is the net charge on an atom, if
mainiig on th, at:in when eac.h shared electron pair all electrons shared in bonds are divided equally
is assigned completely to the more electroinegative of between the atoim, (Ref. 188 and p). 8, Ref. 193).
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Sonic' Basic Conicepts inl llsoiiancc' Theory Noliecuies vim often he repiresenrted hy at large tiatn-

(Ch 1 i. I14 193, toi I lit(. 19Q4) hesr of d iffirent. striwtitre8. ']Ihe apjiroimi anti e relative
weight of the ('(lkt ribu tit nl of veah structuttre to thev

If aiti moi ti lt- canr b( tv lresetitt biIy se veral diifferenit re~soilnitce IriN-triti tanl x'cv often be tst-iiirateiI diirecf] V
ariangenticits if the vaiiune electroitn correspondaitig ti foolt tie r~ irrnl i iliictit fsrii

M ii~tnoe I I, ll fl wae ftro io fii' he itipiricti I-1mu's. and as it reStilt. most oiftent only a few
itiletjit (at ie x 1 risiiilt iiijiiti' tiiilttittiiii-t urv jv ~je1 to liv cinisjiiredi Thle norm;Itia taeo

tile wave funciottnos for thie indiid uajdtl St rutuetres: tilietn lolcide is thient rett-wirltt'd( as at systemi of it few

Y, V, 1ly, rV,, i.. Oilticititl S1i~tiutres iiileflomtietedi( withl the( symboli

'The co effiientits ai, h, c ... aire ditirmitined in suhit oi (cf Fi,.V2)

'way that tlIe eniergy of thelie ystmIitel iut-oils at main n i InII.
It. has ievonite etistotm ar tivtt spi tk of sucteit it * vst em ivs 'IThis siminpie appijli cat ion1 of thie rest matce then iy has
reson a tinrg betk.witit St ru ctunrtes 1, 1, 111 . .. or as livin g piovid very fruiit fiul in (hel iinitry' (cf. elerneitfar '\ tix t -
aL riso liMa ( hybcli irid of t iv ittrutuvt tre. The extra staa li i- hoo' ks. itefi. ini Chap ter I if Ref. 1913), It. is essintijally
tvý gailicet thti rough t ihe resonia nie is tctlled thie risoiarivi (jinttiltatj( ;111e arid ( the I hery of thle chyiiii ala bolti iý. sttiil
einirgy . far I frmtt psr Ieit. (,S(t vn it I ~i5, Hotf. 193).
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APPEiNDIXI 1 3

The Elc,ýtrclnpgativity Scale Pauling lils found thi!Lt, I'~AI sat~isfies an additivity

Thi i~i~~t 'l ~ii'tiv 'l''~i'II) it I II ~ I st relatfioii. anld the e('letrI llgatfiv ity~ differenrce between
1015 Ilcrneaii .III NI'' setvmsl aciI lvnss tolls A mid B, XA 4 Xsk defnine a is:

lisbel drved b y PauiI ing fritom t,hermociiheniii Ol

dthait (0(11144Tr 3. 111f. 1933), 111 WiIIIS Of thi' IV'5!IaInl'l IX, Xl I XAAl

tdeorv. at botid ietwevi'..l twvo miilike atomns A3 1B van

fi't ntioiis- for ii'v bonds,i 1 .1 an B11 Bl . III tin' wive, Taili' I3:1. The vhilee oilegaltivit~y s.'illi' applivis to

functioni fiira bxond betweeli twd&like ites.e.g. Ai A , atomls with forma~l c'harlg'7e Zeo. ('barge iiffec(ts tih'

t-.' rat io h/a di immiliining the rilat iv.' coiltriloition of el'lt~roili'gat ivitY and correct~ions for t his may Ibe inl-

tin' io~nic' strli('tllr is sml. t-ri ilIlled, I;VV bIeOW. iO-IVevel', Sill~e Vi'iLICIllt,iOIIS

y/ (l7/.AA ¼' 19A- A Y'iA A mitt.1 sign ific(alnce, thIiese correct ionus are uii iec'ssitrV

Ini till' wave fmilctilln for ailiil liltl wei~n hiii lmnlik~l in inlist. cases~ (p). 14)!, Ref. It93). Moriover, till( cl'cltrol-

atolvs of diffh'n'nit i'lictioni'gat ivit h's,i .g. A B, 1111'. iltl'itv pilcipheld implies, that chiarges o l toi~ns

rat ins" thant give the ff1' frill)vt ilIl 11' t ren l'X' aslivrg l' Thellre' aLi' several ot hir eliet rilnegat ivity 8,eaIi's
2

2' .2551

Thc ddiiona bod cierg is(111. t 11 iolic hanc- f all attli, X., is iii fond ats:

ter' he hi( oiins. Thio iliffeicli'e bet) will) tiii Iv~lSltit g XYA 4(/, EA)

bondll l'Ili'l'gy' )(.-I B) and( till(' g-olilite I' 1111-al iof t~wll, is thei ioili'Altjll poltentialI adil P"A till 11111 1111

bo d ier v D J A and D' B ' i s i t Ie si n (if ;Iflit.N11111 tII tIf If .3 :11111 VIIUf il IMP'l til'h:1l i s 1'1''Il-

thecxri io' i vnry A'II B: Cr Mr. I". implies that eqn vill~lg). is' As il rls

A ',1 ill m. for in Oill co.41li 1.5cul A.1 B. 1.1 t.he ..eli 3.s .8 24 2. 2

11.5 ill- 1.2llc erlvii d1.4 ile h1.11 1. 4 .1c-is I 2.2 2.2 2 .2 'I'll 1.7 rol-atvt 3.7 3.1 il . 3 2.5

11.7 0.2 1.-, . S 17 .125 . . . .1 11 1.11 2. 1 12.5

hrb `r Y Z N 1) M,' 'I 'L NI v-iN1.Il g I Il

01.7 (),!1 1.1 1. 3.5 1.7 1 ..a
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from Mullik-n's equation are, to a good appi)l'oXillia t(ol, lence eleetronis. The sereening conistant of one valence
proFportional to lPauling's values, electron on another iiN about 0.4, and hence in going

According to Pauling, a unit formal ehargp, changes for instanco from N- to 0 the inereafe in effee-
the electroiegativity val ie of an element Iby approxi- tive ticlear charge is I 0.4 0.6. In going from
matcly two-thirds of the electrinegativity difference to (0
the next atorr to4 the right in the Periodic Table( (ip1p. N - i, N < th:t increase in effective nucehar charge65, 72, n ef. 193). This was dhduted in theI following is accordingly 0.4. Thus a unit positive charge Can be

way: The increasing cl'ectronegativity fer a series of expected t) change the X value for an atom by ahout

atoms in the Periodic Table can be attrih.ited to the two-thirds of the eleetronegativity diffrence to th(

increase in effective nucicar charge acting on the va- next atom to the right in the Periodic Table, and a
negative formal charge similarly decreases the X value.
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APPENDIX 14

Electronegativity Difference and Partial 0. 1 25 
(ZA X~

Ionic Character of Bonds
This function is repiresented in Fig. 14:1.

Application of the resonance theory has led to the Our definition of modified oxidation number ip so

concept of part~al icviie chatracter of bonds between chosen, that a bond is considered as fully covalent in

unlike atoms, !I' ionic structures conti ibute tu the the application of the rule for formal charge when

resonance hybrid, the hybrirI bond, have a, partial (XA -- X8) <0.5(eto'r)) hscrrsod oa
ionic Characte-Ur which ,vill be dete~rmined by the relative ionic character < 6 %. The corresponding covalent.

weights of ýhe contribiuting ionic structures, i.e. (c/u)2 bond character is thus > 94 %

and (d/a)2 in the~ wave function: Partial ionic character has also been estimated from

a consideration of nuclear quadrupole moments .2
1
5~

V -aVAEI-~ r VA ii n 'dA1 This ap~proach results in greater ionic character thani
The. partial ioniic characeter of bonds may I c certimnated the (dipole moment treatment. Tht interpretation of

from the clectroiegat~ivity scale. Ru:nlin~g has (derived the significance of quadrupole coupling constiant is,
the followving empirical equation for thev calculation of however, riot straightforward (p). IM~, Ref. 193). Wi th

ann lint of io nic character, 1, fron . the di po le moments dipsole moments, po larization o f ionic bonds is con-

of halides: 8iderid its covalent chariracWr, 2 85

1.0

Il . . .. .. ~ wiliJ 'w n;i a r

1"ig.~~~~~~~~~~~~~~~~~ 04.6riroif olUm~icAr ollsoetimi'mviydi
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APPENDIX 15

Calculation of Bond Number tures. Using rtw)nance theory, Pauling has derived the

(Ch. 7, U•f. 193) following equation for the calculation of n:

The estimation of bond number from bond lengths (3 -- )2 (D, -D.)-4(n-- I9(lh -D 3)
(interatomic distances) is based on the fact that multip- D - 1)- (n iJ)"

le bonds (double or triple) are. shorter than covalent
single boids. Application of the rnance theory to D is the observed bond length, D, DR and D., are the

this phenomenon has led to the concept of fractional eorrespynding pure single, double and triple bond

bonds. The total degree of bonding is represented by lengths. These are obtained by addition of the respec.

the bond number, n. tive single, double and triple bond radii of the atoms

Bond shortening is interpreted as a higher degree and correction for differences in electronegativity with
of bondiag, or in terms of resonance or valence bond empirically derived correction terms. Accurate bond

theory as a greater contribution from multiply bonded radii are only known for a limited number of elements.

structures to the reoniance hybrid. (In terms of mole- If 2 >n > I, 100 (n I) represents the percentage of
cular orbital theory this means a contribution of pj. p, double bond character.

or d- p, bonding in addition to •he u bonds.) The hy- If 3 > n > 2, 100 (a 2) repreents the pereemntage of

brid bond correspo•nds to a degree of bonding interme- triple bond character.

diate between the individual resonating structurte, and An estimation of the ,niount of ionic eharacter of
the resonance hybrid asumes a bond length interme- thie bonds is obtained by multiplying I for the cornes-

diate between those of the individual resonating strue- pending single bond by n.
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APPENDIX 16

Equalization of Electronegativity, Orbital miffedI the dletermination of orbital electronegativities

and Group Electronegativit~ies of groupe:

The idea of equalization of clectronegativity was O

first introduced by Sanderson, who postulated that if an,

ittoms which are. initially different in electronegativity

form a biond, they will change their averagfe electronic E energy of the atom in itW valence tAtA% nj - the

density in the procea of combinationt, until they are, occupation numbier of the j'th orbital, the orbital

Of equal electronegativity in the molecule."' This eleetronegativity of which is X,.
conce~pt. Wisll principle very similar to) the electroneutra- It wa8 assumed that x, could have both integ~ral and

lity principle and le~ads to low absolute values for cAl- non-intoegral valipes, atid that R is a co~ntinuous diffe-
culated charges. Sanderson's clectronegativity scale reantialhle function of n,1 For singly occupiedt orbitals,

rejireseflts average bond clectm-onegativitics. The appli- this definition is identical with that of Mullikeri.

cation of the concep~t of equalization of elerctronega This concept has bee-n applied by Hlohec.y for the
tivity to orbital electroiiegativity theory has made it calculaition of P'T'U' telectriinegativities.ii1-1n The

poissible to calculate group electronegatiVities for at treatment oif ,iaff and co)-workerH letads tW an under-

large number of important chemnical groujm. stanidinig of ionic character in terms of charge trans-

Basedl on Mulliken's definition of clectrnmegativity ferred between bond-forming orbitals.1i9-1O It has been

(Appe~ndix 13), llinz- arid 3affe- have derived orbital suggested that electronegativity equaliztion by charge

celctroiiegativitiea( for different valence states.'" TIhe transfer, givem as jainimurn in the ionhliltion potentiild

valence state can be considered as formed from a and electron affi'ity energy"". The minimum for the.

moilecule byv removing from one atom all the 1ither sum .if these enk:;ý,es for a diatomic molecule occurs

at~oms with their electrons in an adiabatic manner, when their electrone~g.itivitiom are equal. The energy

i.e. without allowing any electronic rearrangement. (if an atom, R, is given 1)y the equation:

The valence state ionization potentials, 1,, and theb

valence state- electron affinities, N6., needed for the E -a6 1 2 6
calculation of the eleetronegativity are obtained from

the ground state ionhizatioin potentials, I., and the whene a 1(I A)
ground state electron affinities, E4, in the following b II A
manner: .5 prta charge from electron Iotis or gain.

ti o iollizai~ion ooiii l
. E. 1,P 1" A electron affinity.

0',P n r h aec ~t rmto The (.rbit~al electroinegativity X is defined as:
energies for the atoom, the positive ion and the negative

ioil respectively. The parameters required are obtained dE

from spectroscopic data. d6-lb
Based on the concept of orbital e-ectronegativity

Hinze d at. defined bond electronegat~ivity as the a corresponds approximately to the previously asaign-

electronegativ.ty of orbiitals forming a bond, after oxi electronegativiticti.

charge has been exchanged between them.'" b is the charge coefficient.

A new definition of orbital elei-rnmegativity pe~r- Equalization of the orbital electronegativitics for the
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atoms in a diatomnie molecule, A B, leads to the follow- This procedure can be generalized to apply to poly-
ing equation: atomic groups, and Huhecy ha. tabulated a and b

aA -1- bA#A X aB A- for a. large number of the most common groups. This
method does not distinguish between isomeric groups,

'$A .. 6 and can aiot be strictly applied to bonds of Si, P or S
containing d orbitals, because of lack of data for the!v

a - aA orbitals. Group electronegativities have been correlat-
bA 4 b, ed with polar substituent constants. 286

266



APPENIXNI)\ ! 7

Tib" Periodic ''ahble of tle Element

-P-- .P R0 DIC CHAR T &
The Atoms Grouped According to the Number ofOt

5 A. 0 A.8 A.O m4 P, i t . . 1V•$a .P .q,,•ild tL.•. • '"y lL" Y - 4

Ll1 ~ 1.007 9_

' Sc ] ,39 ..,
1081 2.0111

3110 ... -W
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/. 45

~87.6 1.222'S
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AI~I~INIEAI\ 1 7
Th'Ie Ieri~odic IdhI4 of tlw I~mIl
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