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STJUMAHT

A description of the abselute emission j¡rtensities of

characteristic lC-rad.iations excitecl in thick netal targets is given

i¡r thj.s tkresis, which. is dlvidecl into two parts. Part A refe¡= to

the stu$r of soft characteristic rad.i,ations excited. iJr metal elenents

by eLectrons of eneryi.es up to 60 keV. Part B refers to t-be pre-

liminary sfudy of the exci-tatíon of characteristic radiations by

prctons of energies up to about 40 káI.

Inirestigations on tJre absolute emission intensities of the

K radj.a.td.ons of Cu, Gr, Tli, 41, ard C, üre L nadiations of .å'gr Cu, Tit

a¡rci Cr and. the M rad'íatisns of Pt, Au, a¡rd- Tf as a fr¡¡ætion of the

ineicLent electron enêrgr are descrlt¡ecl i¡r Part Â. The quantun yieltLs

a.:re given for variorrs angles of eu¡tssi.on to the target sr¡rface ín

ord.er to i¡¡restigate the val.iclity of the tleoretical erspression for

the target absorption factor.

À review of ex¡rerimental and. theo:retiea-l stud.ies on tJre

elect¡on excitation of characteristic radiatior¡s i-s given. Íhe Tonlin

intensity foruula, r*¡i-cb is base¿L on the averâge elect¡¡on bebavior-¡¡

in its interaction wittr matter, is adoptecl for conparison with the

præsent experimental resr:lts. Sone aspects of tb tÞory are iLis-

cugsecl. Àn appro>cirmte fo¡m o,f the tbeory, which d.oes not involve

ar6r corylex integration and ca¡r be easiJ¡t couputetlr 1s ginen.

The apparatr¡s r¡sed for the absolr¡te intensity measr¡¡e¡¡ents

of aharacteristic rad.iatÍons is describecl. Particula:r attention is



given to the experiænta1 iuvestigations on the ciæ¡acteri-stics of

the ü¡co gas flLw proportiona} cor:¡nters csrstn¡cted. by the author.

-Althougþ tlae lonlin intensity forr¡trLa. is a¡tplicable for the

ooqrutation of L a¡rd. M ra¿liation intensities, thene is a lack of

inforuation on. the ionizatíon crcas sectlon, the atomic flluo¡escence

yíeId. a¡d. the mass absorption coefficient of the elene¡rt for i'ts own

characteristic zrad,iations. A simple er¡rression for the total L

ionization ctross section for silver is given Í.n a form simì]¿r !q

the Worthington - Tomlin forn¡Ia for tLre K ioni.zation c:soss sections.

The resulta¡rt oaJ'cuJ'atect Ag¡ nad.jation intensiti.es s.re corparecl wittr

ex¡rerC.nental clata.

A retJrod. is givan for evah¡ating the total L or M ionizatíon

croaa sections fron experimental thiek ta¡get intensity data. Thi.s

p¡xrcedurìe is testeil for the total L i.o¡rization crcss sectÍon of sjlver.

Lack of rrelevant clata pætrents the extension of this precedure for

finding other L ârd. M ionìzation cross sectior¡s.

The proton source eonstmctecl by ttre author ie d.escribed. in

Pert B. 1{o pæviorrs experÍmental str.l{y has been made at such low

enerqg'ies.
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PART A

Àbsolute Intensities of

Soft Cha¡actenietic Rad.iations exciteü

þ Electrrons



C¡IAPTER 1 I

1.1 @.
Apart fr'on its i¡trlr¡sic inte:rest, a¡r rurd.erstandi+g of the

eÞsolute intensity of e¡dssion of characteristic rad.iations is impon

ta¡rt fsr several practi.ca-t applicatíons. It j5 essentiâ-l for the

qua¡rtitati.r'e X-ral nicno-anal¡rsis of the e1e¡aents (Casta.in1, 19@¡

Dr¡ncr.¡mb a¡¡d Shields, 1p6J¡ Archa¡ril or¡1 Mulvel , 1963), wtrich ís a wideþ

r¡sed. technique i-n ind.ustrieo eo¡rneated. with netallurgy, urineralogyt

and. pet:nogrqpl¡ü. T-t 1s requlrrecL ín d.etennining tkre optiurm cond.itions

for üre effi.cisrt operatÍon of X-æ5r sources.

Indirectly, ex¡rerinental yield values pznvide a means of

testing tb ilegree of valid.iþ of cument theories describing the

varj.or,¡s pqrsiea,l ptrenomena ír¡volvecl Ln tÌ¡e excitation of characteristi.c

ll-radiations, ast ary sati-sf a,ctor'¡r theozy on the aþsolute yielit m:st

inc}¡cle expressions clescribing these phenomena'

For eonvenier¡ce, ttre tl¡eoretieal exprression for the absolute

yie1d., in its basrc form, js stateil. at this poi¡¡t i¡n ozder to clarif!

tJre ¡rotations used. later Í-n thi.s tleesis. n'ol.lowing ttre p:roced.ure of

Metct¡niJ< anËL TonU¡r (lg6Ð, tbe expression for the quantum efficiency

sf K cbaracteristic trhoton proðrlctÍ-on ua¡r be statetl a.s foJ-lowst

Nø (r oþ) = ltr/
q<

QK # E (z,u,",arfrar ... (1,1)

r
o



-2-

where *þ * +" ti-nes the rumber of K ¡ilotons anitted. at tù¡e anod.e

surface trler rn:it soLicl arrgle lnr irr.cid.ent electron at an angJ.e of

eülergency S to tne ta¡get sìrrface w.ith the electron beam strikÍng tf¡e

target at an angle CI to ite sudace. Te a¡¿l. EU a:se ttre initj.a.L â¡tÉt

ttre exel-tatlon eneE5r of the eleotrons respectivefur" N i.s tlbe u¡úer

of atore per urrit voh¡ne of the target element of atomie nr.¡nber Z.

Q* is the total K i.onisation crcss-section¡ dr/b is the rate of

enezgr loss suffened by the eLectron along its path s. The f\¡nction

g (xr¡¡n, 0 ry') expnesses the ta¡get absorption of tlre characteristic

photons producd. at a cLepth x rj.tbin the a¡rod,e, which has a nass

absorpti.on coefficíent g * for its wn K rad.iatlons. Consideratio¡r bas

to be given to the deflections a¡d. tlre energr Losses sufferecl by the

electnon along its track as a result of elastic srcL inelastLc oollisio¡s

rith the target ators.

The factor k, nbere k -r K {þ*u, j¡cl-rcles corsection

te¡uE for:

(")

(u)

tlre fluorescence yielcl, ur *i
the j.::di¡ect production of K photms by high enerry brem-

strairlung radiat ions r#t
tjee backscattered. electror¡s which have r¡ot nade a ft¡.Ll

ionizing contribr¡tíon ritåin the target, R;

the ratio of tle rn¡mber of the particular K rad,iation com¡nnent

und.er investigation to the total number of photons in the K

spectnur, po

(.)

(a)
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Tf Nø ¡¡efers to the total K intensity, tt¡e comeotion (d) shoùd be

mitted..

$irnil¿¡' eonsidsrations appþ to the L anil M rad'i.ations.

Ur¡less otlrelrise stated" t.tre signifícance of the above

notatiors appllisthroughout this rtlt¡¡ne.

1.1 "1 s.

Ear.Ly anat¡rtiea-l expneeslons for X-rqT emLssion l¡Èensities

were iterivetl enpf.rically fron e:çerirentaI clata, nÌ¡icb wene nainl¡r

cor¡fir¡ecl to et¡a¡acterístic K radi¿tions frs heær¡r elemerrts. Fo:mt¡-

lation of the intensity furction frou fi¡¡¡lanental t"l¡eories ras not

attenptecl oring to insuffiEient lcrøleclge of the ¡ùgrsJ,cal prpcêsaeô

inrolved.. These early fom.¡lae vere e, pressecl in a¡laitre4r n¡rits o"r

ctealt only with their relatÍve variation ylth tbe insj.dent electron

energr,

Thick ar¡cL thln ta¡get intensity fwctl,ons rene ì"c1rd.ed in sn

arbÍeIe þ Websterr C1a¡kr ant fianssn (1951). For thiek tar'1get

emlssione, tt¡e nost comnJ¡r nsecl erpreesion has the fom

r(u) = ic(u-r)n .oÒ (¡.2)

wher= I is t*re clr.a¡acteristic K intensity,

rI = T¿Æ*t

K e¡d n a¡¡e consta.ntg.
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For a ¡n.*icul-ar rad.iation, agreenent Eith experÍnenta-l ¡resul-ts holcls

or¡Iy over a l.jmited- range d U, as n is detrnrdent on It ('¡febster,

lf ansen and. Duveneek, Fig. 6, tgfiA). Separate ilete¡minations of the

consta¡rts K ard. n were neccssarlr for eaoh set of conðitions d.efinetl

by O,r þ, and.Z;.

It is i.:nte:restilg to note'that the forn of the e4rr:ssion

(t.Z) for f(u) was later clerivecl b¡r Green ard. Cosslett (f96f) by

theoætica-l ¡oeana for cosLitions d¡er.e the target ebsorytíon cen be

neglected..

.û, theoretical str¡dtr of the thiok taqget e¡¿lssion intensity

pæblern was fi-rst attemptecl by Kir{rpatråck a¡d. Baez (lg+ù, rùo

cor¡nrtect the Àg$.o intensities generatecl at the point of excitation

w.ithin the tarlget. fkre aþsence d the target absorption problem

greatly sinplified. their calculations, aE¡ no description of tbe con-

plicated. electron trajectories w'ithin filae target was n€,cessa:rJr¡

Er¡reriæntal values of CLark (tglS) eùrd Webster et al (1955a) tot

tJre Ag[ cross-sectíon ¡ne¡e used. A üoðtfied. forsr of WiJ.liå.usr (lglt)

erpirical formrla was employed. to cleaerib the rate of energr loss of

electnons in sjlver. On ¡ecalculating the intensities basecL on Bettrets

theoretieal fo¡mrla (f,ivingstone a¡rl Bethe, 1%7) for the electron

stoppÍng power, no eignificant chaqge iJr tl¡e nesul.ts was obeerye¿L"

AlJ. for.¡r corrections (a), (t), ("), ard (d.) in the k factorwere

consiclered.. lhese were assrmed. to be inde¡nntlent of the elecb¡on

energJr a¡d. theLr values were cbtained. f¡on Ste¡ùrenson (lglù, Webster
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(1V¿B), ïebster et aI (lgSh), and'ùJilriaes (1"'33-), respectively.

F.irlçatrick a¡rd. Baezr E caleulated i.ntensities cannot be

diæctJ-y eompa:red" n'ith experi-nenta-l data whicli refer to the intenslties

enritted at ttre ta-qget surface. fürtq:atrÉok a¡cL Ba,ez ad.optæd. KtrLerr

Le 'fTr I (1922) approrcirnate proced.rrre, a,s ouÈLined in lÍ'ebster et al

(1%5b), for eo¡reetìng the target absorption in tLæ relative experi-

mental results of iliebster et a1. (lgllt), which çere sta-ndarrlized Þy

their orn absolute æa.sìJ.renent. Ihe co¡rected. experi.¡oental inter¡sities

e¡chibited. ggod agreenent rv4th ttre theoretica-l intensities.

À theo4¡- on tÌæ K rad.iation intensities excitecl. fn th:ick

targets was given by Tonlin qrr,l hi.s eo-workers (il¡ortþ¡ngtor¡ a¡rd. totr¡Iin,

1956; Àletctrnik a¡¡i Tomlin, 1{o3¡ a¡rd. [onlin, 196t+). Equation (t.t)

reprcsents tÀei¡ ba.E:r.c form¡-la, The qua:rtun JrÍ€14, Npr was cor¡sid.ered.

to be a ff¡nsbj.on of lorg , þ, anð,&. Tbeir thecry was restricted to

these va}¡es d tu beiow approxinate\y 60 kdtr, rrhere the relativistic

effects rere not iuportanto the absolute yieJ.d. defi¡ed in thi-s ray

p:orrcC. to be rpre expe&i.e¡rt than that of ts'irþatrick and. Eaezr as

th,e theoretical results can be ilírectly compared. w1th exprd-mental

d"ata. Althougþ tle ttreory dicl isrr¡olve an adÀecl conplerity in the

target absorpt5.on problern, it repnesents a nore conplete d.eseriptien

of tbe rad.iatlon production meohanism.

Bethers (f9æ) non-nelativi.stic fo¡nrn¡la for the avernage

el-ect¡¡on stopping poreer wa.s chosen to repnesent the d.eptlr-energr
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relationshÍp. In a¡¡ endeayour to test its validity, #orthington

and. lonlin d.erived. from the Bethe fnnctlon, an erpnêBsion invo1ving

an arbitrar¡r end. ¡rolnt to represent tJee total ra¡îge of, electzons in
matters, Di:reat coryarison w"ith experimental ranges Fas conplicatecl

by the f,act t¡rat the Bethe range, $r refezreil to tJre actual- path

followecL by the electror¡s.

Cosslett ar¡l [tronas (tøi*t) classifie¿t å:al d.efLned. the

varior:s extr¡eflmental electron ranges d.eteruinedl fron both electron

tra¡,snission arli electron enerÐr loss messu¡emrts. they consid.ened.

that the mean range was tJre nost appæpriate of tle experÍnental

råyìges to be csu¡nred. Ìeith RB, as both referred, to thE rnean encrg¡r of

the tran$Êitted. electrsrs. l[ithin the range cf ircÍdcnt electr.orr

enc¡gies fbouo 9 keV to l8 kel¡', their irrrrestigatfons onAl, Crû,, Ag,

a¡¡i Àu foils i¡¡lj.cate thåt jJr a].l cases, tl¡e ræan range lies belø RU

(about 25l* ot the anerqge) an¿ that the d.iscrepancy ircreases wifle a¡r

irc¡¡ease in the atonic rumber of the absorber eleænt. this was attri-
butecl to the fact that tlhe e:rperÍnenta-l range refer"s to the cleptJr of

perætration of tl¡e el.ectren a¡rd. that the acüual path fo1lwed. by the

electron ¡u¡st exceed. its d.epttr of lenetration ow-ing to the varj.ous

d.eflections sr¡fferecl by it a1øng its track. As the æan angle cf

gcattering increases ¡rith Ã, l,he ðtfferenee between the tno rrr¡ges also

ir:creases rLtn. 7r.

Betheis (lglO) non-nelativistic e:çression for tl¡e K io¡riza-

tLon cross-section vras used., trts d.erivation involvecl the use of tbe
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fÍrst Born approxination a¡d. sc¡eened. $rd.:rcgenic'wave fr:¡¡ctions. to

reduee mthenatica-l coryleriþrr ttre cbange in wentr¡m of tlre insident

electron was a.ssu¡ned. to be sr¡a-lJ. 4 sr m$¡Ie fur¡ction resu.Lted. fÏæ

these assr.r4rtions, wl¡ich unfor-tr¡nately, also intrpduced eerioì¡s d.is-

crepaneies at low energies, lTorthirgton ad. Tomlln (lg¡ç) re1Èa.cecl.

t*re constarrt ts in the Betlie fo¡øula with a¡r a.rbitrarSr fr¡rction of

energJto lhe resultarrt e4pression for the K cross-gection gave a better

agreemeat øith tl¡e ex¡perirental Ëtata (section 2.2).

In the preUmina:ry theory of iÄlortb.ington a¡il fornJ.in, tl¡e k

factor va-lues u.seð were doubtful. The values fsr û,K were ta.læn fron

Conlrbon a¡S. Àll.iso\ (191Ð whose values for ligþt elerents. were uncer-

tat¡r. The other conÈction tems in the k factor were talcen f¡rom the

d.ata sr4rpJ-ied by Kirkpatniok arr¿ Baez (1947). These referred. onJ¡r to

tJee AgKo raðiation"s a¡C no aceou¡r.t was taken of their d.c¡nd.ence on

the electren enerry. Althougþ the studies cf G¡een a¡d. Cosslett ( 1961)

e¡rd. Tonlin (1961+) ind.icate that ttre error can¡sed. W the latter assum¡>.

tion wa.s rrot serior.s, it Eas fou¡tå that the i.nd.irect excitation term

j.n the k factor was strongJ¡r d.ependent on Z (Oreen a¡d. Cosslett, 1961).

The r:se of tk¡e silver clata to describe tÏ¡i.s te:m v¡ould. overestimate

the AIK r¡esults by har f as 4uch ¡gain. thi.s apcor:nts for mroh of the

discrepancy encorrrtered. by ex¡reriroenters (Dyson, 1959t Dolby, 1960,

Campbell, 196Ð uÈro conpared. their ÉLata rit}r ttre theo¡retieat intenslties

of Tlorthington and. lomli¡r, The coryazlson between the results of
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Dyson, and Tfo¡*,hington and. lomlin wâ¡s not strÍct1y vaIid., as ttre

conciitio¡rs were not identical. D¡rsonfle resu]-ts refernecl to tJee

radiatlons ¡reasuæd. 1n the forwa¡cl ill¡ectlon of tÌ¡e electron beam,

n'heæas the theo¡¡eticel reeu].ts vere ba,secl on the rad.iations enitted.

from a ¡sa,seíve target in the baekra¡d. clirection. Consequently, there

wa.s a diffference in the lengths ctr the absorptåon path rrithin the

target.

G::een ¡rr1 Cosslettr s data f,or the ird.irect excitation of

characteristi-c raC.iations by higþ energy þrensstrahfu.Irrg rud.iatio¡¡s

were later i¡ch¡ded ln the eaLsulations of Metchnik a¡¡ct TonLin (lg6Z)

a¡ril Ton].ín (1964).

Fræ a corperison rith. the experimental str¡clíes of Castaing

and. Descanrp (1955), Archazd. (tggO) plrrted. out a¡r o'nlseLon in Wortìring-

torr a-r¡al Tonlinrs tlæory, that i.s, their negl-ect of the electron

scatterjng prrrcesses rshich oecur nithin the ta¡get, lïorthington a¡d.

Tonl-i¡r thenselves irdicated" that thelr stralgþt electnon patJr nodel

o,versimpllfled tlre problem. The high.er target absorption resulting

from ttæir assr.unption would. unle:sestiuâte th.e eomputecL intensitiçs.

To reued¡r ü:is, Ä¡eharrl introilucecl a combi¡ration of two rnoclel electron

paths. Holrever, hi.s an"lysís ira.a basecL onJy on a aoraparf.ssn with the

relatir¡e erperimenta-l values otr Ìiltrlvey a¡rd. Alfor,d. (lng).

the electron ¡enetration prob.Len ríå.s reeonaiclerecl by Metchnik

anct Tou.Lín (196J) ldro obtair¡eil an ex¡gæssion for the nean cle¡*h of

eLectron penetration, (x), adapted. frorn Leriet (1950) mùtiple ecatter-
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ing ttreory. Thei¡ erpression was rnt coryletely satisfactory. LreÉt

ttreory was d.eriyecl orr the basi.s af ti-re electron scattering præess in

an infinite med.iu, nhe:¡eas tl¡e aptus.I target cgìiJ-d. onl¡r be consid.e¡cd.

as semi-infi.n:ite in e¡ctent. lbr€ uee of tl¡e Îonlin-Lewi-s fo¡mr¡Ia for

<x) had ûre effect of red.ucing tÌÀe estinnted. æan d.epth of peretra-

tíon of the electrons thüB lead.ing to an ove¡¡esti¡ation of ttre com¡nrtetl

intensitles.

tlsirg e:çerinental seatter"ing data, l6oute Carlo calsulations
Iof <x> ând (x-) r the secord. norent of d.istributisn in x, vele ¡r¡o¡{ê

by Bi-shop (lg6Ð for 29 I<eY e3.ec'ums iæid.ent oa a copper target.

Eis resuJ-ts for an infinite med.ir¡m r¡ere for¡r¡d. to þe consistent wittt

the corsespond.ing quanti.ties d.erived. frw the lonlin-Leiri-s formlla for

ari irdintte med.it¡n. The latter expression quoted. by Bishop is a eimpler

fo¡m of tire approximation st¿teê by fonlin (lgçø) to represent (¡) .

Tonlin foud. a sÍ¡riia¡ agneerent ln the cases of 10 keV elect¡¡ons

j¡roid-er¡i on copper a¡d' aluninirrm. Bor a seni-infir,¡lte Eed.fi¡n, Bisbp

fsind. tbat by noclify5$g a co¡stant teru in the siqi,ler ye¡-:sion of the

Tod¡-Ín-Leris fornlÅla fqr (x) , there ira.s a satisfasto¡Tr agree@ent be-

tween tÀe two nesr:its.

Erpm tÀe Tonh.¡,-Leris expæsaion for ( x) , 'Iomì í^ (1965)

d.erived. an exp¡ession ræpæeentir¡g the theoreticel ii,iff¡¡sion d.epth, xU

of eiect?o¡rs in an i¡¡finite red.ir¡m. In the case of a senl-í¡r*lni-te

medinm, *è *æ erçeri-æntaIly äetermineÉt by Cosslett anit thonas (196\.a)

for severs-l rnetaL elenents. fhey for,¡¡d tbat the Ya-lues of the iliffi¡siøtl
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depths nere ðetrrend.ent on thei.r d.efinition. 0n averaging tbe results

from a¡rp\ring the seve¡e-l d.efinitions, Cosslett a¡d. Thæas a¡rived. at

rraiues for xU in good. agneernnt v¡ith To¡nlids (1965) theoætica-l

values, after tbse bad. been Doùifi.ed. by CossJ'ett (1964) fæ e. sed-

infj-aite target" .ê.n enpirieal factor æ 1.5 was j¡rtroduced. i-nto

Ton'Linr a elçpreasion for rU.

The above ¡¡ecent st¡¡d.ies see'n to stlggeat tf¡ât i.n i¡starpes

wherç ttre target absorption i-s fm¡nztarrt, suoh as at low angles of

ernergence and. for 1i4rt tarlget eleænts, tfu use of the lonl;ln-Leris

fom¡Ia for (x) would. cauae a significant oveneEti-etion of the theo¡cti-

ca1 intenslties. Mctct¡nilc a¡rd. tom]-i¡ cqrsj.cle]sed. that the effect of

thÍs esor wâs neduce<r by the oecurnence d anoth.er errof rhictr terrle

to t¡¡ú.erestinate tJre conrputed. i¡rtensitiee. This was tÌ¡e omission of

tre statlstilcal spread. in the cLepih of, peætration for ttæ e]ectrors.

The overall ernor rnas given as a fem per cerrt.

Experi-ænta-l clata for the NiK ionization cross-section were

ueed. þ ldetch¡¡ik Brd foÐ.lin to estiÐate the Gr:Il anil the Cdl croeð-

sectiona. ReoognÍøing that thi.s pnocedure was not entireþ satisfsc-

tory, as it assìeed. that Qr,V*2 r* Índ.epend.ent of 7-, tshey cøreÍ.d.er€d.

that the atoni,e nr¡mbers of' the th¡ee elcnents rere su.ffficlent\r elsse

together as nsb to introduce too serior:e an ernor througþ this

assr:qltion"

the¡e was a good. agreeænt between tlreir æe,eured. a¡d eal.orr

latecl intenslties for tkre Ko rad.iations of .Ag, tu, ard. Cr. The la.zgest
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discrepanøies oecur j.n ttre Cdo rresrrlts, srd- at Iow angJ.es of eærgeæe

for the CrrKc arsl tJre .A.gEo rad.i.ations. the fomer d.iscrepa¡rqr is tb
d.ireot result of thei-r use of the backscatter te¡m in the k factor

vhich is applicabJ.e on\¡r to the agf,A rad.iations. lhe k factor values

useil. in t'tre ca-lcu]-atior¡s of Metchnik a¡rd. forÈin ane ÍÞre acc'r¡rate than

those used, by Tfor.thington ar¡d. lo¡nlin, aÊ Green qr¡d Cosslettts (f %1)

cLata for ird.ireat exeitation we¡e r¡sd.. The d.iso¡epæcies at ].m
ângles of emi-ssiors cor:-Ld. be attritn¡ted. to tbe errors assçciâted. w1th

the Tomlir¡=Lewis expnession for (x) ¡ æ the ce¡:rection for flne tazget

abeorption i.acreases in importance at 1ow a¡g1es of euergence, daere

tÌæ radiation paths within the ta¡get a¡e ]-onger.

Toü.ti.rt (1964) :¡ecal-euJ-ated. the Ko intensitj,es for copper a¡rd.

chn¡miuro on the basis of a sþre rigoæus irrvestigatlon on the variors

te¡øs in the k factor. l{ew d.ata for the co¡rection fsctor for the ].os¡

of ionízation d.ue to backscattered elect:¡ons rere given. The ¡eaulta¡rt

tJreo¡¡etical intensities we¡e in ggod agreenerrt E:itk¡ the nea.sured. re-

sul-ts of }ietahnik a¡d. Tomlin.

Caleul¿,tions of the total K raÀi¿.tioa yield fbon Iigþt ele-

ments, nareþ, beryllirla, eanibon, boron, anå ah:mínir¡m i¡cet€ al-so Eadê

gs¡ high "€]es of redia.tion emissj.on These vere coülla¡ect wÍttr ttæ

¡neasr¡¡ed data of Canpoe]-l (19Ø). In general, J-arg,er êisc:'e¡nncies

occu:red. betreen the calquJ-ateil and. erper5rnental j¡¡temities for the

sofb radiations as ooø¡nrecl wåth the characterietic r.adiations e¡nitted.
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fz'om elemerrts of higþer atomic nrnber. 3.n exception was the AIK

intensities, for ïirich there ra.s good. 4greenentn llowever, if Dolbyls

(1960) experinental AlK rresr¡lts weæ r:sed for coq>arison, then apar'ü

from the BeK ::esults, the ¡oeasuæcl. d.ata wot¡-L{ þs s'ignìficantþ Iorer

than the calcr¡Iated. values. The d.iscrrepancies cor¡Ld. be cause¿l by the

valueç usecl for rJK ard. by the e4pression used. to allsw for the target

absorption in the intensity fo¡mr¡la. the eq>erimental- values for aJ*

cæpiled by Fink et a.L (Oøe) indicate that ther"'e is considerable r¡n-

certainty i¡e these va-lues for eLenents of low atonric nr.mber. Ionlin

used. Br:rhop'= (195e) formrla to ryaluate t)*. For eleænts of higþer

Z, Burhopt s nesults a¡e lower t*¡an tte existing æqrerårental values.

A d.iscr:ssion is given in section (ZÕ). Couparison of i{ortbington a¡d.

lomlinr s ofilss-sectlon fomula rith tire ex¡rri-rnental ci.ata cæpiled. by

Kieffer and Du¡n (1966) for the K ionization of the helir¡m atm (nigure

2ú) i.r¡åicates that the large d.i-screpaney between the theoætica-L and.

measi¡¡Ed. intensities for soft rad.Í.atío¡rs could. not be rrholJ¡r attributed.

to an¡r errer in the K lonization cross-section fo¡auJ.a. Álqr error in

t}:e target absorption etçression i-s uore significant i¡. the intensity

calaulations for soft rad.iations ttra¡r for the ha¡d.er ra*iations. Ihjs

is due to th.e j¡acrease af /T as tl¡e atomie rrunber of the target eI@ent

d.ecrea.ses.

The unique b&aviour obserwecl. in the comparison of the BeK

results cor¿ld. have been can¡sed. by the experinental e¡rors ¡1is,6¡rsssfl

by Ca.nlÈe11. Their effee¡' was to r¡nilerestinate the inte¡rsities.
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An appr"oxi.Eate d.issussion of the quantum yield. wa^s given þ
Cossl-ett (1%1), wtro, in pa:ticuJ'ar, Írrvestigated. its variation rittr

Z. The yield., assrned. to be ¡roportional to tLre pæduct of tåe total

nr.¡mber of K ion:Lzations per iæiclent electron ar¡d, a.].Ot was for¡nd. to

-2var¡r as /t , àB conparred. to the z5/z turation pred.icted. by Ancharrclr s

(1961) nodifiecl version of T{orthington ancl Ton1i¡rr s theory, CossJ.ettr s

obee¡Tations çere for¡¡ul to be in qu"Èlitative 4greement wltlr the e.xperi-

rental d.ata of Dolby (1960) for Copper K a¡rl ca¡Èon K rad.iatior¡s.

Green a¡rd Cossì.eft (f 961) aertvea a simple forrrrla for the K

characteristj-e i¡ltensit¡r. It was expressed. as a fr¡netíon of Z a.nc[ II.

they eonsiclered. that if tÌæ pnoduct ZU satisfied. the conditl.o¡ls Z.tJ ¿. 1æ,

then the eozrection for the target absorptlon could. be neglected.. The

proble,m rvas tben greatly si-ryIied,

The Shsngon-WidÀington formula,

f^-î-2 = ofxop

rùrere T_ is the nost probable erærgr of the tra¡sad"tted. electrms at
P

a depth x in a ned.it¡m of density P ¡ ras usecl to derive the foruula

for tbe electron stopping pffier in natter. Thei.r rralues for ê i¡l the

stopping poryer ex¡rression nrer¡e not entireþ satisfactory. CossLett

a¡rd. Thøas (tg6l+b) formd. that tio,e rcq.rstar¡tÉ c is ðe¡rndent on x for

thln foils, eyen for a given aþsorter elcnent a¡rcl at üc.e sa.E inciclent

electrrn enêrpr In adclítion, the nalues of e were er¡lerinental-þ

iletemj¡recL in relation to x a¡ld. not to s, ttre ætual electrpn patrr
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the quantit¡r usecl. ín the electron stopping p€wer fo:mtr1a. this had.

the effect of increasing tl¡e effective stopping power.

lhe ænstant b;jnBethers (f 9JO) non-rcelativistic fo¡nor¡J.a for

QU was nod.ifíecl on tk¡e basis of a oomparison witJr the ex¡nri-uental AgTe

ancL NlK data otr Kirþatrick and Baez (1947) ar¡a Pochan et aI (1947)

respectively. The resultant seni-eqririca-l ex¡:æssion is i¡r satisfao-

tory agreenent wjLth the æasr-uecl ¡esults. Q* for líght elemeats ras

enalrlatecl by Worthi ngton a¡d. Ton1i¡rr s extrapolatlon tech¡-iqne.

AIL üF releeant correctíons i.a tlæ k factor were considerecl.

ïn par:bieular Green a¡¡il Cosslett ca-lcuJ-ated. ttre co¡rection teru assÞ

ci¿tecl witJr the ind.irect ercitation of characteristic ¡ìacl.iations. They

obsen¡ed tÀat for light elements ttris eorection te¡m eor¡ld be neglæ-

ted.. This conc].usÍon i.s consistent with that of B¡,orn and. Ogilwie

(tg6+). The seni-eupirical, foruu1a of Laberrique-Frclcrw a¡¡iL Radvan¡ri

(1956) rvas useil to evalr¡ate t)*o The r¡se of this ecrpæssion is nort

entirely sati.sfactory for conputing r^)n values for light eleænts as

the values of tbe enpirical consta¡te eontaiæd. in it \rary over iliffep
ent ranges of Z.

In view of the unaertainties in the values of Q* ancL r,J* foar

lidht eJ-ernents a¡!ä. in the ex¡rerÍmental vah¡es r:sed. for c i¡¡ the elec-

t:non stopping power fomuLa, they arrived. at æsr:lts úlich were in fair
agr.eement witb tbe æasr¡red. data, provid.ed. tbat the expez{.nenta-l con-

diticns sati,sfiert ttre restrj-ction rhich they iryoseil.

,A.Ilowing for the d.iffe:rent vah¡es used. in thê k factor, G:neen
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a¡rcl Oosslettrs Ugel) calcuJ-ated. inter¡sitiee are generalþ luigþer than

Tonlinrs (t96¿.) ti:eonetical resnlts. As the ex¡rressior¡s r¡sed. for Q*

i¡r the two tJreoríes a:æ approximateþ similar, the iliffeær¡ce could. be

attributecl. to the rrgleet of target absorption a¡d. to the snerestj.na-

tion of the electron stopping power in Green a¡¡d. Cosslettt s theory.

A, siuple fur¡ctlon wa.s d.erived. by Bruwn ard Ogllvie (1%4) irr

their tÀeoretica-l tneatment of tbe K cha¡-acteri,stic emission prcblem.

lheir basic foror¡la Fas ad.opted. fron llorthington afll Tonlín" Ir{attre-

natica1 coqplexlty associated ïrith tl¡e evaluation of the intensity

fomrla ras m.rctr reduced. by the åveraging technique úrich they applied.

to the er¡rressiors for Q* ancl tlre depth of X-ra¡r productÍon,

On tÀe ba¡is of their theo¡etÍca-l studies, eaacuLations werle

nad.e for the corection te:m to accaurt for the i¡d.i-rect excítation

of characteristic re.d.j-atio¡rs" They found that for ta¡get elements of

Z, < 22, tt¡e eo:rection arcunts to less þhsn 1%.

fheir esti¡ation of Q* þ avera,ging Qf over tbe eJectron

energíes is r¡ot entÍ.rely catisfaetory at low energies, a.s Q* varies

rapid.þ witb the energJr un to 51",

[o aecorrnt for target absorytion, they fiæt a"sstruecl a si.ryJ.e

etraigþt path mod.el f'or the electron tr4jecto¡y. Elætrorr seatteri.g

effects were tl¡.en e]lswed for by the inc1r.¡si.on of an erryirica]. pa"ra-

neter in tJre target absor¡ition tem. this para-æter was cbosen on

the basis of a coqparison with tJ:e erperS-nental d-ata with reference

only to tlre atomic number of the target element. For low values of
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f,, lfu take-off arrgLe¡ whe:æ the eor:¡ection for target absorption is

i.uportant, thei.r assrm¡:tl.on of a correction faetor for electron

scatteri¡rg to be cor¡stant over tJle vrlnole range of electron energies

appeârs not to be val-üt at low incid.ent errrgies and. for ta¡get e1c-

sents other than the ligþtest elements. For fiK and. NÍK, althougþ a

satisfactory a.gre€ment exists betu¡een theoretical and. experinental

results ln the upper region of the energ¡ rarge cqnsid.ered (ú.j¡5 keV),

in ttre lower energJr negfon, the theoretical values exceed- the measr¡red

ctata by as m¡ch ãs 5g/" qp to 2.5 TK. (nfre values of tK i.uplied in

figures 6 and. / of Brown and Ogilvie (196t+) tor the NiK a¡d. the TjJl

:resuJ-ts indicate that tl¡e captions beneath tlre d-iagrans shor¡J.cl be

irberthanged.)

À ðisaclrrantage of Brown and. Ogilviers tt¡eory is tùrat a pre-

liuinary exlnrirnent ha^s to be sade to d.etermiræ tlre parameter associatecl

witÌ¡ electron seattering. The theory ca¡l¡rot be r:sed. ind.e¡nnd.entþ to

predi.ct the ehara.cteristic l¡rter¡sj.ties.

Brtur and Ogikier s sorrection nethod. for eLectrsr scattering

is sonewhat si-ujJ-ar to tbe techniqr:e discr¡Bsed. by Durrcunb a¡d. Shi-e1cLs

(19Ø), who u,sect the follorvjng reJ-ati.on to coryute the ch¿r"apteristic

intensity, I,

r = r(ç ) r" ... (i.J)

nhere I_ is the calcr¡J-ated. intensif besecl on a stnal&t path nod.e1s

for tåe electron penetration, f(t¿) is the experimentally cleterrinetl
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quantitJ¡ d,epend.ent on t/ = þt( cosec þ atø ( LÉ Ib target cLensity"

Ex¡reriarental d.ata tor f(þ ) for sererâ-L taaget eleuÊnts a¡d. at varicn¡s

inej.cl.er¡t electüon energies were tabulatæcl. by G¡¡een (1962). fhis æthod.

of all-oring for electrrn scattering appear!ìs! to be mo¡re satisfactory

than that of Br.own and. Ogilvie, e.s "41 the variables affecting the

seattering puocess were consiclerecL in the dete:m-i¡ration of t(V).
Evaluatioa of f( T) AV Monte Carlo techniques has been eartted.

out by Archå¡d. ard. Mr:lney (1965) anct BishoB Ugeù, Az'charü' arrå. Mrrlvey

adoptecl A:¡charclrs (1961) a:.fnrsion rcitel to cor¡stnst þrpothetical

electïon paths within the nedù¡n Within the lj-mitatiors of this

mde1, ryhich is not entiæþ val-id. for ligþt elenents, ttre n¡lqrlatecl

resu.Lts weæ shosn to be conslstent with the experimental clata of

Castaing and Descamp ('tglÐ and. with those of G¡een (tXZ). Tbe

disc:reparrcles encor¡ntered. with the resuLts for heavy elements, reæ

attributecl to tJre large fr^aetlorr of iqdi-rectþ exaitett eha¡acteristlc

ra.d.lations producecl, with1n the target.

Bishop ba.seiL his calculations on t?æ Monte Carlo techniqr.n

develil¡ed.'oy Green (tgtÐ, yÈro usetl. eÉ¡nri¡nental scattær5.ng data for

thin ftlms. There was good. agneement witl¡ the æasu¡ed. res':Its of

Castaing ard. Descanrp a¡d. Êreen. rTorthington a¡rd. Tonlinr s fo¡m¡rla f,sr

Q* rra-s r:sed. Bishop re¡rirted. thet Ï¡rj-s calanlated. values of tb€ qua¡rtr¡m

yie1d. ret= approx5rnately lÚll, Lswer tb"aa tbe er¡nrÍrental clata of

Metchnlk ard. fomlin, and. Green. frre roagrttucle of thj.s Ëliseæpansy Eås

csr¡sidered. to be satisf,actoly in vlerw of the weertai¡¡ties ' QK a¡ïl rJK.
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';'ûlen indiviô¿al electron paths rere eonaidened., .årcharÉt a¡¡it

Ìiulvey {1%Ð pointed. out that the Rettre (tglc) formrla, y¡iúch was

i:"secl in both Monte Carlo calcr-rlations, retrresented. on$r an approxi-

r¡ate d-escription of the eüerÐr loss of eleetrsrs in rnatter¡ as the

Bethe fotmr¡Ia 'tqa,e associated with the a\rerage elect:r.on beharrior¡r.

Suoninen (gA+) deri¡¡ed. a formula fon +tre characteristlc

quantum ylelcL ç.ittt t,he basic feati¡¡es of TÍorthington a¡rd. To¡a.linr s

intensity fo¡mr¡]-a ine]-udíng their erçæssion for Q*. Maþovts (1960)

serol-e,utrriricaI fi.¡¡ctl¡ns were r.¡secl to clescribe tb.e eleetr.on penetra-

tion characteristieso lhese fr:¡ætion^s gave tJee actual rru¡ober of eLec-

trons at a given d.epth a¡d. thei¡ energ¡ d.Ístribution, hence, no

correction nâs necessa¡Ir to aceor:¡rt for the effect of those backscat-

te:¡ecl"

Althougþ Mal*tot' s e¡cp¡ession for I r t,}re relative nr¡uiber of

e].ectrons trar¡sndtted-, is consistent wåth cossrett ard. [houa.st (tg6¿O)

erperimental data, tùre eærgr d.istribution of tåe tra¡smitted. eleetror¡s

d.oes not follow the general behaniour of Coeslett a¡d. Thona.st experi-

mentaL cui¡tes.

As UaJ<hovt s form¡la neferned. to the depth of electrûn penetra-

tion, Suroninen ailowed. for the scattering prooess by irrlnding a æan

ângle of scattering, Irr ln his calculations. The val¡e of I, usecl,

whioh was a.ssìJ¡ned, to be lrd.epend.ent of 7. and T, wa.s based. on Dysonl s

(tng) work on th.e diffrrsi,on depth assoeiated. with 10 heï electroria

incid.ent on an ah.¡ninir:m target. rience, the varue for g, nef,ers to
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that at the diffusi.on depttr. The erperi-renta-l str¡dies of Cosslett

and. rhomas (geuà suggest that at tbe iljffi:sion d.epflr, suóainenr e

assr.uption í-s basi-ca$r sot¡td. Buü for the Í¡ritial- scattering process,

Cosslett a¡¡l Thomqst results (lg6l+a) j¡rdicate that I, varíes rc.pidl¡r

witJr T a¡ri to a less extent wlth Z. For these ilitia.L eorditíor:-s,

Su¡¡nlnen conside¡ecL that the erzor i¡rvo1ved. wa.g not seriou,s, fn view

of the sma'l'i¡16ss of the integrand. l¡r the intensit¡r fo¡mr:J¡.. The acttral

value of 9* used by suoninen was 60o as compaæd. to 58o given by coss-

lett and nhomas (tggt.) for the most probaLle or,lgte of scatterjr¡g. fbê

distribr¡tion eulves of figu.- U(¡) (cossrett ad rhomas, 1%t&) indi-
cate that at the d.lff\sion ilepth, Irr approri.ura.tes to the urost probable

ângle of scatteri¡g. lrssuming the coneot value of g, to be lloe,

Su,oi&Lnenrs calcr.:-latforrs for the characterlstie i¡rteneities wou.LcL re-
present an o\reresti¡ation at Júf.

Suoninen defi¡ed. an naverage d.epth of excitatiqnr, ( r )s,
as tJaat clepth up to rïhie.h tlre rad.iation intensiþ pæetr:eecl, as cLetee-

ted at the tarlget sr¡¡fa.ce, is hàlf the total intensit¡r enitted. fhe

r.esr.¡lts for 1x ) 
" 

ere significarrtþ lower tha¡r those from t¡e Tcr¡r irp
Lewis fo¡m¡¡l-a for (x) in tJae fo:sr as stated by Bishop (196ù for a

semi-i¡¡finíte reclfu¡m. rf the plateanx of the (=) surîyea a:e congl-

d-e:red., then {x) exceed.s (x)s þ a faetor d üre. oring to the

diffener¡ces ín d.efinition of the trro guantities, ttæ eou¡rarison has

only a qualitative sigrrificance.
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For the CUK intensities, Sr¡oninenr s computec!. intensities a¡¡e

i-n goott agreement with the measured. d.ata of 3,[etohnik a¡rd Tonlln (1g63).

For tkre .4.1K inter¡sities, Sr:oni¡renrs ¡¡esults etceed. Dolbyrs (f 960)

measu¡eüænts b;' about 2q" anã. those of canBbeLL (1gq) by a faetor

of tm. -Absolute calculations of the CK intensities ïrere nøÈ attem¡>

ted. owi:ag to uncertaj¡rties in sone of the paraleters in trfa]ùrovr É equa-

tlons. Hcmever, it wa,s shown that the re.Lative CK interisities we¡re

consistent wittr Dolbyr s (1960) mea.surements.

Examination, of the va¡i-ous theories in this topic i-nd.icates

that raost edopt the basic features of eqr,ration (1.1). The nain Étifferr.

ence lies in ttre eorzectlon for target absorption. Archa¡d (1960),

Bronn and Ogilvie (196¿+), a¡¡d Suonj¡ren (196L) r,:sed approcim.te nethods.

G:¡een a¡rd Cosslett ( 1961) ignoæd. the ta¡get absorption eoupleteþ.

rn recent yea.rs, ldonte Garro techniqaes have oone into pr€¡nfnenoe.

These are used. to si¡oulate mathenati-ea[y the actual electmn trajec-
tories in detailo These inch:de Á.rehard ard. Mulveyt s (1963) cilffr¡sion

model ancL the techrrique based. on ex¡æri^æntaI scattering d.ata (Gneen,

19$t Bi-shop, 1965). To tlre present ti're, the latter ruetÌ¡od. is prcÞ

abry the most accurate. rhe accurzcy d.epends mainly on the detgil

with wìlich the measu.æcL scattering d.ata ale collected. a:ci the nr¡mber of
electron paths eoreidered. Even rrith tloe faeility of, fast d.igital

computersr tfìe large nr¡dcer of paths necessarl¡ j¡evolvesrrery higþ costs

in comlmtíng tirries. Othelwise, calculatio¡rs of charaeteristic inten-

sities based on equation (t.5) using tabulated. values of f(?) depen¿
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on the av¡ilability of these rralues.

tlre ttreory of lomlin et al_ (Metchnik a¡¡d fo¡nlin, 1j6J,Eøw

Iin, f 964) wtrich ls basecL on tjæ average electron behavior¡r, fn view

of :¡ecent irrvestigations on sertain si¡pl-tfi.cations irr the l*reory, Ís
p:robably ihe most sultable, w"ith'regar.rls to accu¡a.cy å-rd the eo4puta-

tísr ti'ne írr¡olved.. cosslett (196ù a-nd. Bishop (i965) have succees-

ftt1.ly converted. an approxi-mate fom of th.e Semlin-Lsrj-s exprression

for ( x ) to that appropriate for a semi-j¡finite nerlir.¡m in the oese

of a copper tarçt. Toa.Lin (1966) has derivecl- an aaa"lytiear fozm fqr
the distrihrtlon f;¿r¡ction, f(xrs), in deptJr for an electron of a giyen

energr. For a¡r ir¡finite æclirm, tÀerç is a satisfacto¡y agreenent be.-

trreen Tom'Línrs (f 966) distributiør fi.¡¡ction arrd. BÍ.shoprs ìlcnte Car.Lo

caLctrl-ations for 29 ke¡l electrons j_¡rciderrt on æpper. Theæ is a slni-
Lar agneenrent for a semi-l¡fj¡rite ¡oeilh.m in the case wheæ the ¡iath

lengthr s, apprcachu" \, tJre Bethe range. These distributÍon fi,r¡c-

tions a:¡e seni-empirical expæssi-ons with reetricted. appricaÞÍlity.

Until a rElre general fi¡nction is found-, tlre approxi-matior¡s in tt¡eir
intensity forrrn¡la discr¡ssed. by li{etchnik a¡iL lou-]'in ('196Ð ear¡not be

remed'ied.. Exeept for low angles of rradjation emission, coryariaon of
the intensÍ.ty theory in íts less corylete form v'ith experinenta-l clata

j-¡d.icates th¿t the approxination^s in the theory aæ seconiar5r effects.

For soft shå.racteristíe K rad.iations the¡re is a greater u¡rcertainty

i¡ tbe LJ* vaJ-ues,



-22-

1.1.2 Past E¡cperiænta-l stud.ies.

Early experirental stud.ies rere harqnred. by the La.ck of

suítable detection fecirrriques. [he photographic-¡lhotometric cletector

and. ttre ionization chamber nere comonl¡r used. -å.s the exact rneÉponÉ¡e

of ttrese d.etectoæ to the j¡rci¿lent raðiations ças not knonar onJ.y

¡elative intensity mea,sunements were atteqpted. Earþ work was na.inly

concerned. with tt¡e rneasurËu€nt of rcderateþ harrl radl¡.tj.ons as the

available detection techniques flEre not sr.trficientlf sensitir¡e to lstv

energ¡ radiations. Among the pioræers engå.ged. fur charaeteri.stj.c i.aten-

sity measu¡¡enents rere Dua¡re a¡d Stenstncn (1920) , ?-ercek ard. Siegþbatur

(tgzù, Artison a¡ed. A¡mstrcng (t925), llgoo (lgz6), Jonsbn (tgz6), Meyer

çllZl), Hicks (t%O, 1%1) and. HiJ.liams (t95t). Tlreir str¡dies were

Eair¡1y conce:med with th€ relative line i.ntensitj es i¡l the K ard L

spectra.

iTith ttre i¡rcnea.se in r.rse of X-rey sources, it was foud. usefi¡l

to era¡¡ine the variation of tþ enission intenslty with tbe accelera-

ting potential, Y, of tllre i-ncident elcctrons. R.elatiræ i.ntensity

rþasurrenents of the Ag[* doublet emitteil. fbo¡r a thic]c ta¡get were madè

by i{lebster et al (lgllV) for yalues of V up to l8O lð¡ ard. with ø

var¡ring frsn lo to 25ø for a no¡ma]' electron beam incid.ence. Tlese

relative cnrrnres re:¡e later stande¡atized. by the single absolute

neasurarent of Kirþatr:tck snd. Baez (19t+7), ritrose result refers to

the intensity excitecL rithin the target. .An ebsolute i.ntensitl nea-

su¡ement was also nade by Braxtqr et a1 (191+r) for t*le CuKo clorùIet
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excited. from a thick taliget.

In ar¡ endeavour to ascerta-in the K io¡rization pmbability of

the target atons, thin target emLssion intensities Ëe¡e a1-so investi-

gated.. These ta¡gets were nad.e sr¡ffj.ci.ently thin to ensuæ no appre-

ciabl-e energr loss by electrens as well es to nini-Bizè the ta¡get

absorption. Relative i¡nter¡sities of ttre AgfCo cùcr¡blet (Vfebster et aI,

19fia) a¡d of the NiKø <loublet (loctoan, lilêbster and Kirlæatriok,

191+ì nere cietemiræd.. lhese clata rere sta¡rdarü,ized. by a conparison with

the absolute æasr.r-ænents of Clark (19rÐ a¡d S¡aick and. Kirþatrick

(191rù respectiveþ.

The practical techniques r.sed. in the above trEasurE¡Ients we¡¡e

similar. For the relative neasurerents, ttre inciclent heterogeneor.rs

rad.iations wene monoch:pnatizecl nlth a crystal spectræter, and for

the absolute j-ntenEity Éteteminations, a pair of Ross filters wa,s used..

À co'rmon d.etector r:seC. sas the ionization cha.mber. Its operatlon at

that ti¡ne i¡¡¡olved the collection of the total charge pnoducecl by tÀc

ionizing rad.iations. ïts calibration for use â,s an aþsolute interisity

d.etector :equires æcurate data for tlre average nuñer of ion pairs

prrdueed. in the gas fìlring peæ electron volt of ttre enerry lost by

the ionizing rad.ia.tior¡s. Accord.i.ng to a revierw article by Binks(t956) ,

the æsr.¡lts for air, which wa.s a cÆEmon gas fillirrg, varied. ænsiclerabþ.

Elect¡sn recombj¡¡ation anil attach¡nent prccesses (tr'uftright, 1958) cor¡Icl

reiluce the total charge collectecl" Error introdueed. by the fomer

effect was probably r¡ot setÉ.ous, as it cor.¡ld be mirrimiræd by a
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sufficient clectric field betreen the electrodes. Hcmeyer, no action

was taken to suppress the electron attachmer¡b proeessesn Ànother

lnssÍ-ble source of extrnrinental error rras the use of cliffernential-

filters in isoLating the characteristic Lj-nes of interest. fhe

abso4ption f\nstions of the eleænts are cour¡ûex a¡d. tlre way i.n wtrich

they var¡r with the wavelength of ühe i¡rcj.ctent radiationsrÀ, a¡e not

ldsrtlcal for the two absorbers r.¡sed.. A satisfactory balanoe ca¡, on\r

þ mcle over a ]-imitecl. rarge in I .

À pneliminary ¡reasurement of the Cullo intensity was nacle by

Ttor-bhington anil Tonlin (1956) at a low angle of emergence. Absolute

intensities of CuKo racliatíons vere rlaa.sr:red by Dyson (lgtÐ for J.ov

incid.ent electron energies j¡r the range between 9 ana 15 keV. lhe

a¡rod.es he used, were suffícientJ,y tJrick to stop ttre j¡rciilerrt electron

beam but not ttrick erougþ to ser{.ousþ attenr.rate t}re draracteristio

radiations produoed.. fh.e neasurements we¡re r¡ad.e in tlre fo¡ma¡it d.iæc-

tion of the electron beam. The d.etection systen consisteil of a preporÈ

tíonal counter ar¡å. a single ctra¡ure1 ¡nrJ.se height anaLyz&r.

Soft characteristic raiH.ations were irnrestigatect by Dolby

(lgSo)o For incident electrron eræqgies below l0 kev, absorute intep
si,ties of the total K racliations emitted. fron massite a¡pd.es of alu-

ninttn anit carbon vetse nÊasuæd' fhe detection systen yâs sinll,¡r to
that eroployed by Dyson (lg¡g), The wind.ow of the proportiona-1, counter

consisted. of an a,tr:nfnizea 6,p, reli¡¡ex sheet, the nea.suæcl transmìssfs¿

of whietr for CI( wa,s given as 1útL. To obtai:r a satisfactory cormti¡g
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rate, a J-alge cor¡rter w'jnclqr snbtending a solicl. a4gle of Or¿¡J aterÈ

rad.ia¡rs wa"s used.. ÎÌris soliÈl angie was too large to ensuæ tbât a.Lt

the rad.íatio¡:s cletected. were emitted. at a given angle to tlæ ta¡get

surface. It i-r¡volveÉl the angular rErnge fron 11@ to 55o. This cawes

soû¡e difficulty in the use of Dolbyr s ilata for corya::i.son trnr"qposes rith
theo¡etica.L results"

Apar-t from a retarrd.irg potential of l7¿r0 volts on the rridor,
no attenpt wss nad.e to cleflect el-ectrsrs baekscatteæcl ftæ the taqget

awqy fnom the w"indow. [he excitation of CK rad.iations Ín t]¡e melinex

by these electms ïþuJ.d. have caused. some spurious eòr:nts in ttre CK

neaEu¡¡emÊnts. trn vlew of the thick wj¡¡d.o¡y r.rsed., tliere wa.s qlso tþ
¡nssibflity of ird.irect excitation of CK rzd.i"ations bJ¡ higÞ enerry

bnerostruhlung rad.iatior¡s 1n the meU¡rer. There wå"É so¡ie eviðer¡ce d
ttre above effects in Dolþrs æconå.er trace for the.Alk rad.iations,

whene a ilefinite peâ} appea¡ed. in a ¡nsition cort-espor.rding to ttre tK

racliations. This s'as irecnclusive, howeyer. Âpart fnø the fact

that the backscattered. ratio for carbon is lcss than that for alr¡nin-

iun, tåe seeond.ary peak corrrd. have originated in the ca¡¡bonaceor¡s

d.eposit on the arr¡ninir¡n a¡rod.e. The va}¡e of the våcuum pr€ssune

quotecL (f O4 mn Hg) i¡rðicates that this was a disti¡ct possibilit¡r, as

an insufficie¡rt baffle system fcr the oil djffr¡sion puqp rcr¡1d. have

caused- a¡¡ wrd.esiraþly higb ¡rreenta,ge of oi-I vapour i¡r the vecuum

chamber" rf tlris we:re the caÞe, then onl¡r Dolbyrs Alk results wou.ld

have been affected. as the surface coatirig worrLd. harre redr¡ced. the
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enêrgy of the electrons i¡¡ciclent on the ari.ode.

Seeord.a"ry e:ccitatlon of Àlk rad.iations Írl the cou¡rter wlnilow

was less ser{.oì¡s tlran t}re coqi'espor¡d.ing ercitatj.on of CK rudiations

owing to the thinness of ttæ ah¡mínium eoating (ZmÐ. Sprr{.ous oor¡nts

arising fnon photo-excitatíon by bretmstrahlung zadiations cot¡IcL be

neglætecl. As the co'unter w.lnd.ow is no:maIly placecl. with the corduo-

ting layer facing the inside of the r:outter, attenuatíon of the bsck-

scattered. electrrons by the 6y neljtæx together rv:l.ttr tle netarting

¡ntential was sufficl,ent to supprness the e.Ècitation of tbe urmanted. Alk

radiatlons ín the eoating, i-n view of the 1oç i¡ciiþnt electron enerrl

gies considerecl.

An estj-nate of the fraction of brem¡stralùur¡g racli¡.tions

ryfug r¡¡rcler the cha¡¡acte¡åstic peak was made by Dolby by an experi-

roÇntal- dete:mjnation of the cmti¡r¡ous q;antr.m intensity per energJr

i nten¡a]. at a poÍnrt situatecl on the higþ energy sül.e ctr the peak and.

rveIl se¡raratecL frm it. No aceor¡rt vas given of the variation of

this vah¿e with tlæ contl¡rr¡ous quantum ener€r. Fcr the Ck j¡rtensities,

a J-9w rrah¡e of 1;, was given a,s tlre cortrection factor for tbe b¡eæ

strah}urg rad'j-ations" This was attributect to the rcnoch:pmatizing

effect of the ¡ellr¡sc'¡rj¡rdov. It appars tt¡ât all of ttre ær¡tinr¡or¡s

rad.iations whose energies corre,*pond. to the low ernrgy sid.e of the

prrlse distributrion cur,'rre werse consiäe:¡ecL to har¡e been absorted. by the

w'Ínclow and. the cozrection caûe from the higþ erergr taíJ. of tlee pulse

d.j-stribution cu:¡re oriJ.yo this wor¡ld. have accounted for tbe low rrah.c
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of the co:section faetor.

Absolute intensities of total Âg[ anct cul( rad.iations weæ

reasured. by Green a¡d. cossleft (196r) at hieh angJes of emergenee.

Only a single ilEasure¡nent was nade for each rad.j.ation. Ng accst¡nt 'rag

glven of their er¡leri-nenta-ì. prrceôurra.

Üp to this t{me, no e.xtensíve absolute inter¡sity measr:renent

hacl been mad.eo of üre exi-sting élata that were ar¡ailable, only a few

corzespond. to emission fron a ma^qsil¡e target. As the U&ited amwrt

of experimental introruation'was insuf;fieient to pzuride an ad.equate

sheck for thei¡ tbeoretical stu¿tj.es, Metohnik and romli-n (tgg:) r"¿e

absolute ctetemi:rations of the Ko rail.iations emittect frm mq*Ei*

targets of copper, chrcmiun a¡:rd. sílver. These æa.sure¡retlts coneæd. a

wide range of V a¡rcl þ ana were made with a variety of cleteatorsr - ttre

Geiger tube, the pro¡nrbional cor¡nter and. the scj¡rtíllation cou¡rter.

Conparison of the mea.su¡ements f¡om eaoh cleteetor serwed as mrtr¡al

checks for. each other. the ù.rKo li¡res rere isolated w-ith a pair cf

balanced- Iti-Fe filters a¡rd mnochromatLzation of the other rsd.iations

was achíeved. wittr a d.or$le cr¡rstaJ. monoclrromatm. Fur.ttrer mnochroma-

tisatlon ras achieved. w-Ith a pulse heigþt anaTgrzer. CormtÍag 1osses in
the cletectors were aIL aseolzrted, for. As colm¡etælal proportíor¡al and.

G'eiger tr:beE were used., tlrê âêcuraey of their :results relies to some

extent on the constnrction d.et¡il s of these cletectors sr:ppllecl to

tJrem by the nanufaetuner. Apart fron the measu¡ements na.d.e w:ith the

Geiger tube, there ras good agreement in the results cbtaj¡ed Trlth the
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other two detectors (t'tetchnik, thesS-s, 1967), Effects dr:o to baek-

scattened- electrons çç1ç sJìmirate.t by a tkrick piece of ah¿ui:rium foi]'

usecL to sea-l off the X-ray tube rrind.or. À combinatisn of pu1-se heigþt

d.iserineinatisn a¡d. the high absor¡rtion losses suf,fei:eri. by any seconclary

AIK radiatlons proåueeil in the fojL was sufficíent to suppness arÐr

spurious effects.

1 '-1.5

-Prgig.

Absolute intensities of sofb cha¡acteristic K radiatíons

excitecl in 'nassive targets rere neasurtd by Campbell (gAÐ for i¡roi-

clcnt electmn energies from 0.5 þV to J0 keV. Oharacteristlc

enÍseions frem several target elerc¡rts of atonic numbers rlthin tl¡Ê

range 4 (Be) to 1J (ef) rene irrvestigatecl. These Dea.srurcments rrfer
to the rad.iatior¡s ernittecl. at right anglea to the electron bean, wtrich

wa.s inclined. at J+5o to tlre target surface" For CK, aÀctitional

¡noasurements were nad.e with an angle of emergence of 1Oo. À -qnall-

ga,s flo'w p¡oportiona-l cor¡nter was r:sed.. To incnease its cletection

efficiency for soft rad.iations, the eor¡rter wind.ow was modê of a thin

fi1m of nit¡pcelh¡lose and. the d.etector itse]f was m¡nted. rrithin tlre

\racutun oÌ¡aôe¡. The transnlssion ratio of tbe wird.ow for the softest

rad.iation, Bd, waß 5Ø of the j¡rcident Íntensitye lhe relaùively

bigþ cletection efficiency enablecl Cam.obell to use a snall cornter wind.w.
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Spurious raìiations due to the excitation of ttre wirdow naterial by

backscatte:¡ecl electrons ¡v6¡s nrinírnÍzect by means of a small cleflectí4g

re.gnet" the w'indow absorption'was considered. to be sufficientlt smafl

to reduce an¡r urrd.esirable photoexcitation effects ln the r¡ltrocellulose.

As his target s¡nci-rens we¡= msunted. d.irectl.y above the th¡oat of the

of-l d.iffi¡sion g:q>, rdrere the corrcentration of oiJ. vapour cor¡lcl hane

been consiiLereble, Can¡be1l fou¡¡i. it necessar¡r to heat the taqget to

reduce the forsatj.on of caribonaceor.r.s ileposits.

lhe amor.¡nt of continuous rad.iation \ying Trithir¡ tbe ebarac-

teristic peak was estinatecl by an ana\rsis of the shaln of the pulse

distrlbution cu¡ve. Fuchsand. Iftrlenkanpfft s (t954) nelati.onship was

rrsed. to coryute the inter¡sity variation of the bremstratrlung radiations

near ttre ctraracteristic pealc. the statistical spread. in output pulse

heigþts resi:lting from the rultlplication processes in the detector

gâ.s was cLeterníned. fromFellerts (1957) aistriUution function. [he

effects on the shape of the pulse distribution cr.¡nre due to stati.s-

ticaJ- fh¡ctuatio¡rs in the ru¡nber of prd.nar¡r ionizations produeed. in

the gas fiating and ttre wirdsr absorption rÉre a'l l oyred for empiricallJr.

À paremeter in the conputecl ctistribution funetion was chosen to fit
the conputect fi¡nction rrith tlre obse¡¡¡ect peU reco¡der t¡ace of the

out¡rrt pulse heigþts. The breunstrahlur¡g co¡section for CK m.s mr-¡ch

higher than DoJ-bytr (1$0) va1æ. Dolby attributed. his l-o¡n va-hæ to

the mr:ochrcmatizing effect of the thick counter rindsw. Campbellr s

pr"oceduæ, rûrich inch:d.ed. tIæ effects of the variation of the continuo¡¡s
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radiation intensity with its energJr a¡rd. tlre statistical prcc-eeses J¡

the gas, had. a sor¡rder basis thårr that of Dolby.

Cam¡ùeILr s ÅlK arrl CK resr¡J-ts rene approxjnate\r half those

d.etermi¡rect by Do1by. Althor.rgþ ttre gemetrical axrangertnts of thc

ta¡get with respect to the iletector and. the eleetron beam weæ not

Ídentical, present tlreoætical and. experjmental stud-i.es show that the

íntensities bâse¿l o¡¡ these two experi-æntal arrangeoents should. be

cøparable irr ¡aagnitude. For a no¡nal electron-beam incid.ence, th

variation of the intensity wl1,]n þ is smqll for a gíven electron enatEr

for large val:es of fi. lhe sp:sead Jrr.Ø, which extend.s d.mr to llo ín

Dolþr s errperirent, could onl¡r have reducecl tIæ intenslties be1Ew thosc

obtajneil for higþ angles of euÊrgenee. In fact, Green (tg6Z\ w¡o

repeated some of DoJ-þre.A.lK results, for¡nd. tJrat inprnve¿ cdlli-nation

of the energing rad.iation bean diit not have ¡nrch effect on the results.

Hence the differ¡ence in the experi.rental arrangenent cor.¡J-d. noü have

oaused the large d.iscrepancry between the two sets of ¡esults,

The high absorytlon of the meU¡rex wir¡dow usecl by Dolþ csulcl.

have been a aource of d.i.scneparÌff. With thick w'inilows, the computed.

r¡r¡attenr:atecL intensi.ty is sensitine to tlee clegree of accuracy rlth

lch1c*r the winlow absorption is ¿letermlnd.. Also, the probabillty of

photoelrcitation of the w:i¡rcl.ow ¡oateri.al. increases with thicbess. these

effeets arre onJ-y applicable to Dolbyts CK i¡tensitíes. Às rii.qcussed.

befo¡re, lt was un1:fþry that seconclary e¡ccitation of the AlK rad.iatisr¡s

in the a}¡¡aínj-r¡n coating by bacbcatte:recl electrons cou1d. have occu:red-,
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å.s these elect¡ons fírst had to penotrate tlæ 6y melinerc to reactr

the alr¡rninit¡n No attenpt was nade by Dolby to ræve the cleposition

of exbraneous mattetr o¡1 the targets. The cleposit could on\¡r have

affectecl. the intensity in tbat tlre effective eLectron enerry.was re-

d.ucecl at tlhe target su¡face. In tÌ¡e ìcase of the ah:ninir¡n target,

spurlous racliatione exci-teè in the ca¡ùonaseous deposit cor¡Id. have becn

tenovecl W pulse beigþt discrimi¡ration. Green (1gAù irdicated that

the fo¡mation of a thin ca¡bonaceous deposit on ah¡¡rinir¡¡a had no

noticeabLe effect on the AIl( re.sults. rr¡Èl,læct excitatlon of the

alu¡niniun coatirig was probably ragliglble ow'ing to the thichesg of

ttre coating. It is dlifficr¡It to esti¡ate to drat exÈent DolÞyr s GK

irrtensitieÉ¡ rene affected. by Írdi.roct e¡ccitation. The experiæntal.

studies of Sternglass (tg5l+) and. Can¡ùel1 (f96J) inaicate that the

rn¡nber of backscattered. eleotror¡s wlth sufficient energr to c¡Éicitc the

GK ¡aôtations is small. The probab5tity of 1ùrotoexeitation of soft

cha¡acteristic ¡sadiatio¡¡s is a'lso sûalI (ereen a¡rcL Cosslêtt, 1961).

However, tbe comter mrst have had. a high ci.etection efficiency for

rad.iatior¡s exciteÉl Ín its wj-nd.ow. The trnirous natr¡re of cazibon oqd.

the higþ ùsolption it has for its wn characteristic r^adj.ations re-

sult i¡t th€ CK intensities bei.g d.ependent sn tkæ cor¡lition of the

target sudacer this factor could also contribr¡te to t¡Lre rìiscrepa.ney.

trsolated absolute nea.sureuents o'f AlK, Ti.Kl a¡ril Nii( i¡rtensi-

ties were reporbed by tsrrowr arrl ogflvie Ugg+). These were d.ete¡mined.

for angles of emergence of 15.5o årrd. -90o for a nor:ma-l electron bean
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inclclence" The target absorption in these expezd.renta-l arrangements

ras higþer t'h.a¡¡ i¡r thoee of Ðolby ad. CaanpbeJ-l. No apparent effort wa.s

nade to pævent the occunence of secord.anSr exci.tations in the cor.¡oter

window.

AbsoLute K intensity measune¡¡Ents of radiatlons enitted. fron

target elæents of hidh a¡rcl æcl!.m atc¡ic nr¡mbers we:¡e nade by Bir{<s

et al (1g64, 1965), For all their reaaure&ents, the detector was

placed. to receive nad.iations enittecl at rigþt angles to the elect¡on

bea¡n for various orientations of the target. They fotmd. that tlrc

TÍK æsults of Brqsr ond. Ogilvie (1964) were sone JU/o to 5Vi" :nigner

than their own after neversi.ng the captioms of figures i6) and (7)

in Bncvn arrd' Ogilviers arbic.Le.

Their definition of tt¡e quantum yield. differs fron that of

the ottrer authors; the nr¡uber of erectrcns ir¡ciclent on tlre target

refere to the tr specÍnen cu¡ænt-to-grourrifr a.d not to ttie total nt¡m-

ber. By neglecting tlie co¡rection for t}re backscattered fbaction,

ttrey consiilereil ttrat their aefinition vas equiralelrt to that of tbe

othere. However, they fajlecl to accowrt for those electrons, i,ùiich after

hawing nade some ioni.zatíons in the target, recl.iffused. or¡t of it. For

the elennents considered, tire extrnrimental stuùies of stenrglass (1g5L)

inclícate that, except for elenents of É& z, the backscattered.

electronsrwhictr l¡ave lost more ttra¡r the K ionization enerEr, repre-

sentr- 'ia:, significa¡rt fraction of tl¡e total. lhe effect of this
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omission is to werestinate tù¡c quantum yíeLd..

!..2

Isgesgi&ieg,.

Ex¡reri-nente-l stud.ies of outer she.LJ. ctraracteristic enlssLo¡ts

wene mainly restricted. to relative Li¡re measìlreænts for a particr:Iar

sheIl a¡rä to raciiations of shorb ravelecrgths. Resrrlts of prevÍols

work, nearly aII of which had. been oarried. out nore tha¡r thirby years

ago were dLscussed by Coqpton and. ÂIlison (p6LZ, 1955), Sore of

these d,ata refe¡red. to the i¡rtensity clirractly negiste:red. by the

cleteotor¡ wavelength cÞpenclent qriantities n such as the ooefficient

of :neflætion of the mnocùr¡onatizíng crystal, cletection efflcíerrcy

of the corûrter, attenuation by the target a¡¡l by other absorÈers,

were either neglectecl or only approrimately corrected..

OnJ¡r recentlJr irrvestigations of L anil M strell e'tissiona

were ¡esrned.. Usirrg a lead gtearate pseudo-gratìng anù a gas flow

proportlona]- cor¡rter, I{ykoff End Davidson (t!6}) maae relative yield

¡Ieaarrnements for soft l¡ - shel-l rzdiations enitteit from eleænts of

atmic nu¡rber rqnging from 17 to 51. These were aIl d.ircctly obsenred.

quantities; no allowance rras nade for an¡r of the effects nentioned.

abòve.
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The only ræports on the absolute cleter¡ri¡ati.o'n of the L and.

ld rad.iation i¡rtensities were those gi.nen by Birks et al (¡gS+, 1g65),

wtro eor¡fi.ned. their i.rrv-estigatíons to L-Lines of, heavy elænts.
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GIAPER TT

,I'IìJIORSTIq,AL CALCUI,f{TIONS OF K CHARAC,SERTSTIC

RAÐIATÏON I}ÏIENSIT]E$

2.1 J@þ.
fhe tlreo¡¡etioal i¡rtensities r:seÉL in this project for eøpari-

son with ex¡rerinental data hane been calcuì.ateil fron the erpæesJ.ons

of Metchnik a¡¡d Tooli¡r (19q) and fonlin (1966). In tJris chapter,

tJre cougroncnt fi¡r¡ctions fn the intensity formula d.escribing the ¡*¡ysice|

ProceEses associated vitb the produatlon of ch^¡aateristlc radiations

a¡e reviewed a¡rd. their vå}idity examined. Sone of tl¡ese te¡ms have

been altered.. Calcrrlations of thc absoh¡te intensities based. on Bishopr s

(196Ð expresslon for tlre æan cLepth of elect:¡on penetration, ( x ) ,

for a seui-ir¡fiaite æd.irm bave been ca¡zÉ.ed. out" An approximate

intensity forurla in a non-l,ntegral form has been d.erived. and. itg

validity d.issirssed..

2.2 'IIs Totsl K Ioni¿ati,on Cross-¡ection.

.{n approximate, non-relativistic upresslon for fast ir¡cid.ent

electrons was cl.erirrecl by Bethe (1%A). It has tbe forn

% =4 rro{S) .".(2.1)

r¡tre¡¡e e is the elect¡onic cba¡ge¡ the other s¡mbols have been cleflned.

in seotion (1.1). [he ïa1ues of b, ùich dependr onZ ard. ttr elcctrcuic
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shell, we¡e tabulated. by Bethe (f aUfe 4, p582, 1950> ra¡d. B was esti-

nateil by Mott ard. Massey (lg+g) to be ,rf,r, for l.ow iræÍclent electron

eneryies ani 1.65 \ for higþ energies.

Tiorthington a¡rd. Top1in (1956) constn¡cted. a¡r eryirica-l furc-

tion for B in an attempt to satisfy the conclitions for both hìgh anÉl

lovr energies. B was given as

B = ( 1.65 + 2.35 erç(r-u)) ru (z.z)Ca.

where ll =

Figuæs (2.'l) å¡d. (2.e) haicate that ttere is a fair agreenent betçeen

TfoÉhington a¡rcl Îo'nlinr s rcôified. fo¡rnrIa "nd. ttie experånental K cross-

sectiorrs for siJ.ver ar¡d nickel with the theo¡¡etical ctrrves falIirrg

belov the reasured. clata. the resulta¡rt cu¡rre d.erined. fronn equations

{Z.lJ axa (z.Z) is d.enoted. as [rI in t]re figur.es (Z.t) to (e.8). The

resulta¡rt cress-sectlon is to be :neferzecl, to as the iNT GnoËB-BEGtion.

1o al-lsw f,or :relativistie effects, Mott and l6assey (tg+g)

a¡'rÍvecL at tJ:e expæssion,

QK = #" (*S - ^ Uá) -É ) .. . (2.5)
fr

where v is ttre electrorr velocity and õ is the vellocit¡r of ligþt. QK

cteriveil from equation (2.5) is shov,rr ln figure (Z.l). B is given by

cquation (Z.Z). lhe resultant currre is iÞnoteit as $iT (nelativtstie)

in tJre figure, lhe figuæ ehms that tbe effect of the relativistlc

te¡ms is negligible. $ìni1¿fly, Perlmants (1%5) reLativistic stud.ies

rÆr
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Lnilicate that the relatívistic effect nay be neglectd. witlii¡t the

îsnge of elect:ron energies up to 60 keV"

In the absence of suitable erperilnental- data fcn U.gþt ele-

renta, it ís tLif,ficult to verify tl¡e valldiþ of eqr:ation (Z,t) for

soft rad.i.ation caleul-ations.

A non-¡elativjstic treatment of the K sheJ-l ionization prdr

J'eu re-e cllssussed. by Mott and Massey (lg+g, 1965). lhe solution was

basecl on several atrærorùtlatLor¡s. These i¡rclud.e the Born approxi.nationr,

the neglect otr electron exeha¡rge a:d the r¡se of the h¡nlrogenic wave

fi¡rrtione. The effective nuclear charge was glven aE (Z - s), nbeæ

A is the actr¡a1 nr¡slea¡ chazge a¡:ð. s, tlre scleening eonstant a,s ele-

frned. b5' Slater (tg3O).

The form¡ia ¡rcduced. to a forn s'¿itable for integratle¡r Ís

set out belqr.
rK f Rr

QK=\* \ 
* r(K'rK)dtr'crl( ... (2.4)

) @ J *t*,

I (e,f¡ aa ax

f(K, #) =
+

þ 6 f(rl Ã) d.¿., dK

2t*
Eexp (-É a¡eta¡r KrZ _K2 * þ2

(x:2*4(*2+12))
(p\ 4*2 txz +Kl ,)

+ (r2-r'')')5

...(2.5)

) (t - e{p ç2-,+,*))
I\

2u.K
-1

(2.6)aat
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whe¡e the ineidcat elætrsn i.s scatte¡recl in the il-i¡ection ( erÐ fnto

a soliil angle ct {J rith tJre refeænce acle of tlre ¡nJ.ar ce-orrliüate

systen eIørg $', ttre ehange fur rentr.m of ttæ incicleub eJeotron,

e¡d' ç2*2 = E-" tk euergy of thc e&eûcil eleotrua"É-
w2*.?

fu = 8", the eæzgr of the scatteæ¿l elcetron,

Eor the erærgr of tl¡e incC.ctent elætron,

14: = *.2/*2, tbe Bohr red.irrs,o

e1¿Ct:fOn rnssg

I
Kr

P

k
5'
lgt
Kr dlKl

m

effective n¡clea¡ charge of the K shell,

=(t2+#-zkk'eose)L
klßr sín I õ, * 300 (2.7)

(z.e)

Ìf

2;i sfn & d.& = c1¿,,1

tuon (e./) a¡n (z.e)

aao

aaa

c[¿¿ =
freq(2.5) a¡r¿(e.9)

I(Kr,K) cü(r ellL =

27K dtr.
kkl

zfln 
^2 

.4 u6 x

... (2.9)

f(Kt rK) ctKr ¿lK (z.to)
*4Êr'

Equatlon (Z.lO) i.s iitentical to Bnrhopt" (t7p) integrrard., apart from

a tem 1n tdre f\¡nction f(Kr.,K), dreæ a írrl tip\ying fractlon f apparetl
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1

instead, or i bgore the teru (f' * f)" .an eræination of Brrhoprg

results for the AgK cross-eections indicates that the faetor $ ms a

typograBhical elror.

Tbe integration 1l¡its of the clotrble integral (2.4) nay be

rterivetl. fnon the ram of eonserrìation of enerry and mmentrm. rf EK

is the K exeitation energr,

Er

k2=k,2+ zE (s*+%)
E -f, +E +ose

or

*,2
y,2 - (rz-"t-9+lå

llhe li-nits of tbe lnner itrtegrai- is glven by

Kr ok+kr
ma;E

Kr =k-klnin

antl for ttre outer integrar, the linits ar€ o and Kma¡, r]rere

a (Eo - r*)
Ê

mâ¡r r, 2

Oring to the conplex naturæ of the j.ntaerand, (2.4) can only be

evaluetetl nuoericel\r. Thig ras achieveri rith tt¡e assistanae of

tbe 320CI contr.ol Data digftar cæputer to rithin en accuracy of

better tinaa 1y'o. 
r
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2.2.1 Di.scussion.

Com¡rutationsr were mde for the total K ionization crcsg-

sections for helium, canùon, alunirriun, titaaium, ctrromiunr @pp€rr

rrickel, and. sih¡er, These are shonn graphiea{1r 1n fígures (2.1) to

(Z.g) together vlttr erperinental d.ata rcheæ available. llæ cr¡rrres dcr-

iveô from equation (2.4) are denoted. as UM in f,|p rliagrewr^ç. Some of t$e

Gross-aêctíor¡s had. prewiously been calcu1ated. - HeK by Massey a¡d. Mohr

(1%Ð, Nü and. A.gg by Br:rhop (f 9l¡o), rrhose nesul-ts ane approD(inateþ

flo louret tha¡¡ the present calc¡r1atíons. The d.ifference ma¡r be attri-
butecL to the hÌgþer âccuracy attaj¡recl t}¡rough the r:se of the ,ligl-tal

corputer.

Fi-guæs (Z.t) , (Z.Z), ârd. (ZÕ) shor ttrat the ttreoreticdr. -{.g[',

NfKr and. the HeK ionization croas-seations co4pare favourab\r with

the ex¡rerinental d.ata, and. that the relativisti-c effect is rmiq>orta¡rt

witJrin the range of the incio.ent electrcn energies considered. the

effects of the Born approcínration ancl the neglect of, electæn e:rchange

were dissr¡ssed. by Mott ard Massey (1965). Therc üere conaicierod. to be

iuportant ør1y at rncid.ent energies less tJean ttrree tf-nes tlee e¡ccitation

en.€rgr The overesti-¡nation of the tþor¡etica]- cnoss-sections within

this energr raqge ;was. attributetl to these effects. FÍ.guæs (2.1),

(Z.Z), and. (ZJ) inclicate that these sources of d.Ísorepancy are not

serior¡s.

TlÞ 'flf curues a¡¡e coræistentÀy higþer ttra¡r the lilM sunres at

electron energies belw ZI*r ancl above tthis enezgr, they lie below tbe
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MM cun¡es. Be1sw 5n6r ttre simple IfI fo¡uula applies egually ae weLL

as the nore cong:Iicated. eguation (2.4). Í[oweyer, above ,TKr the

latter equatlon beco¡nes rcre v:aIid.r 1f tbe experimental results a¡e

to be talcen as correot¡

For these calculations, the consta¡¡t b in equatfon (2.1) it

telæn as 0.55, a vali:e suggested by Mott qrd MaÊsey (1949). fhe fí-

gures ird.icate that it is close to the epti-ur.m v.alue f,or b. For tle

vezy ligþt atoms, Bethet I (1%O) calculated val¡es for b a¡e too large.

Figure (2.4) shows tJle WI curres calsuLated. for b = A.15 and. for Betirer s

value of O.8 for the ca¡bon atom. The r¡se of tl¡e latter vahæ appeå¡B

to be valid ørIy close to the upper region of the elect¡ron erergies

eonsid.errd."

Figur.e (2.3) coqpares the theo:¡etical MM K ionization Groeg-

gections rith thÊ experC.nental clata compilecl by Kieffer a¡¡î Dr¡n¡r OgAe)

for the helir¡m atom. The gooÉl agreeuent betweea the different sets of

neasuned. results obta-ined. by seneral irdepend.ent obseryers verifics

the reliaþ1Ìity of these results. The figure shcnrs that in the elee-

tæn eneqg¡r rar¡ge below 1@ eV, tbe MM curve ie approxiw6eþ' 2ú¡'o

higþer than the æasuæð data. ,å' d.iscne¡:ancy of approxirn*te1y the

sane nagnitude but of æversed. sign occur: in the rar¡ge f00 eV tq 10OO

eY. At higþer eærgies, tb tleeo¡etical cress-s€ctior¡s again exceed

the ex¡rrd-nental resr¡lts. She variatlon in sign of ttre d.iscrepancies

j.n ttre fornuJ.a for QU has the effect of reducing the resr¡-lta-nt enor

Ín tÀe rad.iation intensity fo¡m¡la. .t\ssuning tbat a slrnilqr siù¡atiæ
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applies to the other rigbt atore, tbe use of equation (z.L) for Qu

Ln the intensity ca-lerrlatione for soft K racliati-ons is aot rrnsatis-

factory.

2.5 Tþe K FLuoressenqe Tield.

the fluoreaeenee yielct, d6r e4pnesses the probabítity that a
K shell ion-ization ¡sesults ln the eraíssion of a K cbaractæristic

¡rhoton' The:¡e a:¡e eev€ral theories çfoieh adeqr.rateþ træat atous af

medir¡m å¡rd. hidh atomlc nr¡úers irut their vatid.ity in the Lew 7^ ¡egign

remai¡s sr:s¡nct. Experimental j¡r:fomation for the 1lgþtest atoæ is
scalt¡r. [he unce¡tainty l¡r t]¡e values for úJ* is prebabþ a contri-

hting factor j¡. the d5-aorepancy -oetreen calcr¡Iated ad. experinental

intensities enc-sr¡ntened by romlín (tgg4) irr his pqper on soft cha¡ac-

teristio K ernissions.

A theoretíea.l discussion wa,s given by Burhop (lEfZ), wtro

a¡sj-vecL at the fo:mu1a,

u _, = (i * k "1-t .!. (z.rt¡
K

whe¡rek=9xto5 farzllo

k = t.t9 x lo6 for tO< z \< tg

k=1.27xlO6fori.>18

rbe foru¡la hes tt¡p sare form as that first derivecl by tÏentzel ('tgz7).

Burhop impæved. TfentzeLt s solution by inchid.ing M and N ghell trar¡si-

tions. Aecording to Ca4rbeLL (19Ø), Br:r*ropr s deseript$on of the
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ato,uic electro¡rs as having screenecl irydrogenic wave fi:nctions with

d.iscrete etærry states a,s in free atoms is not entfueþ val.id. for

very ligþt atous, lùrere the wave fr¡nctions a¡e affected. by the solicl

stnrctur€.

A couprehensir¡e rqiem of tþ atmic f1r¡o¡¡esceæe ¡rlelcl. was

dven by Fink et al (1966). they d.iscussed the theories of Br:rhop

(1952), Rubinsteín and srlycler ('1955), Listengarten (t 962) , ard. ca].Lan

(lgøÐ. Vah¡es ú df.for ont¡r a few atoms were ealcr¡Iateél by Rubín-

stein and. Sr¡yd.er, r*ro usecl the Harüree self-corpistent field æthocl

to con¡nrte the initia-l wave fr¡nctlons. [heir prccedr:re is r¡nsuitable

for calcr.¡lating tJ* fot light atons f,or rùrich the l¡û¡erent appr.orcina-

tiocr rere consicl.enecL to be serior:sþ in error. Calla¡rt s calcuLationa

extend. f'ron Z = 16 to % = ffi aruL those of ListengarËen a:¡e restrictecl

to hearry atons.

A senl-eryiricaI fi¡rction of the form

dK= ( 1 + a(a-b- e;\+ r-t

is comonþ quoted. (eu*rop (195ù, Laberique-Frolor¡ ard, Radvanyi

(lgg6) ). rhe constants a, b, ar¡d. c, atre selecteiL by coryarison with

extræriæntal d.ata. Owing to the fact tl:at etectronic tra¡¡sitions in-
volvetl in the K she]-l ioni¡atlon are not eimila¡ for a1I atons, the

values of the above ænstants arre d.e1rend.ent on the par-.bicul¿¡ inte:ral
in Z consid.ered. Eval¡¡ation of c.JU for light atous by extrapolation

is fikeþ to introduce errors.
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A I-ist of experinental tlata îor d* grbã.ished up to a,s recent\r

as Ma¡rr 196, was conplJ-ed by Fiak et al. ft ¡sy¿nls a consiêerable

seatter a¡mng the measuæil data a¡ld. the :¡elative spread incneases with

a d.ecrease ist Z. Wher¡e no recerit d.ata were avzilable, as in the case

of the I1gþtest atoms, Fink et aI tah¡Lated. the avera,ge cf the older

d,ata sumarized by Bmyles et ail (195ù, neglectìng those bssed. on

the approximate clor:d. ehamber oethod.. The wj,ile scatter of ttie ex¡nri-

uenta-l vah.¡es for ú.J* 1n tlire Lsr- Z region casts a doubt on thei¡

validity.

On comparison of the theories of Rrrbinetein ard. Sr¡rcler, Call.an

ancl Listengar*ben, Fir¡J< et aI for¡¡d. ttrat they are consistent with eaah

other ard. w1th the ex¡reri.nental clatar Callar¡r s tÌ¡eoretiea-l resr¡lts

schibl.ted. goocl agreenent wlth the best fit cul¡re draçn by Fi¡¡k et aI

thmugh the erperirenta.l points (Sig, I, Fir¡k et aI, 1966) arrl his

nesr¡lts conresponl closel¡r rith the experimerrtal ils.ta obtained fron

the ¡nore acsurate æthocls of æasu:pr¡ent ilcb as those of Taylor and.

¡felrltt (19Ø). Figure (2.9) ís a reproduction of Fink et aLr s graFh

lsr the 1ow to meclíi:m Z region, The C.J* values computed from Burüopr s

fo:ru¿la a¡É a-lso irrcluded." Burhopr s currre :rur.€¡ approximately parallel

to Cailanrs :¡esults but lies below it by C.qi ulßits on the úJU soale.

lhe o'isc:¡epaney irrc¡rea,ses wiür a decrease ín n.

For ligþt atqs, the ú)" values of dirþct ínterest in t¡tre

present project a¡re t¡hose of, aluninir¡n and. ca¡ibon. For the a.lunlr¡j.un

atom, ttæ experiuental values tabr:latect by Fink et aI (196) spæad
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Cattan's theoretical curve is extrapotated to Z: 13 .

Figure 2.9
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from a value of 0.008 to 0"045. No value was given froun t¿Ilanr s

theory. Àn esti-nate maJr be obtained by extrapolating those ilata ca-L-

cr:l.atecl by C,aJåan for atore whose atomic nr¡ùer lies úithin the rarge

10<7.( tB, i.e. the gncup of atom nlrose irrteractions on1¡r jffrolve

L and. M electrons urhen a vacancy occurs La the K shelI. this results

in a vah¡e of 0.0i+ for the a.LuninÍl¡n aton w&riekr is signlficarrbþ grcater

tharrBr:rhopts valìæ of A.O2fu. The ertrapolation of Oalla¡rrs su.rye to

7^ = 1J is shown fn figuræ çZ.l). The sign of ttre ùiscrepa¡cy is con-

sistænt with that cbsewecl in the higher Z values. The closest ex-

prinental :result to tl.is erbrapolated. vah:e is that of Bertra-nd- et a.ì.

(lmù whose \ralue is 0,045. A survey of the other measr¡¡ed ctata of

Bertrand et aI inclicates that they a¡e f:n good 4greerent sith the

experirental resul-ts fron other sources ard' rith CalLa¡¡ts calculated

values. The present measured. inte¡rsíties for AlK nad.iations a¡e in

better agreeænt Trlth the tlæoretical :¡esults retren Ëetra¡d, et aJ.rs

value of 0.045 for du is used (section 4.5).

An estÍ-mate of the cJU value for ca¡ton by ertra¡nlation of

the Cal,la¡ resul-ts is likeþ to tæ uncertain, First1y, the inte¡:val

ín Z betneen ca¡bon a¡¡d. the J.igþtest atom, whose r^.lU value is lcrovn,

is Iarge. SeconcLþ, a K shell ionization of the ca¡bon atom ¡esults

i.n interactions involving only tire L shell elect:¡ons o vùreneas L and. M

electronic tra¡rsitions aæ possible in the case of atons rvlre¡e atomic

nuùe¡s exceed. 9. Tt appears that no:¡e experirental ir¡fomation is

need.ed. on the fh¡orescence yÍeld. of carboru If the obsenred. trend of
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the Bi¡¡hop curye in tÌÉ pedlir¡m Z region extends to the ligþtest atomst

then the use of its valìre for UUworùd. result in an r¡¡d.eæstimation

of the computed 6K ¡ad.i-atiqr i¡rüensities. The ¡nesent æasuætl inter

sities for CK d.o i¡r fact lie aìrsr¡e the computed. i¡tensitics. If a¡t

âlOval:tæ of 2.06 x lO-J Ls used. for carbon, a'þetter eoneaporrlence

between theoly ard experd-ænt is obtai¡recl.

0n the basis of tl¡e er¡ærinental evidence cornplleâ by Fink

et al, CalJ-a¡rr s yêlues tor ()*, whene available, ane r¡seiL for th

theoretícat calculaf,ions. ltre â¡C Yalr¡es r¡sed. ín this tù¡esic år€

tabr¡lated fn îable (Z.t) together with their sources.

Z K
Sourte

2.06 x 1o-3 *c

At

ri
Cr

Cu

6

1t

n
%

29

o"oL5

o.213

o.272

0.,1O7

Be¡tra.nd et al (1959)

Cql] a¡¡ (r':nx et al, 1966>

Ca.lla¡¡

S¡1 I sn

tabl.e (z.tl
* Value obtaj¡¡ed. by a compa¡ison of t'he theoreti.ca¿ CK intensi-

ties with the present experS-rental d.ata (section ¿+.6),

fonlin (1g61*) j¡¡ hLs calqrJ'atíons of charactæristlc intensi-

ties r¡secL the r^JO va-Lues suppIled. by David,son a¡d. Wyckoff $9eZ).

Their yalues are similar to those cierivecl from the Burhop foruula. On

ttre basi-s of the â6 , vah:es in Tabl e (z.l), his GìrKor criKor alrà. .À1K
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intensities were r.¡¡d.eæstimatecL by 1g/,, 2&, euú" Wa res¡ectively.

2n4 .

In ca-lculating the J(-ray e¡niEslon intensity aLloranse hå,s

to be mad.e for the Loss of elect¡pr¡s frnom the ta¡geü. Soæ a¡e back-

scattered. with a little loss in enêrpr Soæ leave tlæ target after

rnbi-ng some ionízatlorrs fn the target. In tÏ¡e prrceclu:e of Webster

et al. (1911), the backseattered electrons we¡e allowecl, to e¡rcite a

second. target witliout fu¡ther baclecatter, the secordary radiatiens

neæ then sr:btracted. fron tbe prinezy rad.iatlor¡s. Tomlin (1%¿+) no¿i-

fj.ecl. this methsd.o Ee ¡rea"soned. th"at if al]- the backscattereil, electm¡re

Treûe to suffer energ¡ losses less üran the ionization energr then thc

exact solution wou]-d. be to sr.¡btract this nr.mber from the iæident

beam, i-gnorlng the distribution i-a enerry of ttre backscatte¡rd elee-

trqns. For ttre l66ei:lring backscatteæd. electrons, Ioulln fo11wed. tåe

ìrlebster prnceilure by calculatiag ttæ nrnhr of ¡*rotms excitecl by ttrese

electrons in a second. target without backseattero lhe resultg tabu-

lated by Tonlin (faUte 1, 1964) have been used fn the present calcrr

lations. These resr¡Its were based.,on i:ís (1965) enpirical fomtrl.a for

the bacliiccattered. ratlo b (sectíon 2.1*.1) except for the lightest ele-

nents for which exped.nental cl.ata reæ used. The enerEr tl.istribution

fuictl.on of the backscatte¡setl eleotrro¡rs used. by lo¡olin is dieer¡ssecl in

section {Z.l+.2).

For Iigþt eleneuts, the effect ctr ar¡y error in R on ttre
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absolute Íntensity calculatíor¡s is l.i'læIy to be s-al1 as the back-

scatterecl ratio for U.ght target elæents i.s sxnalI arrti the:re is a

gcrod conespordenoe betseen the theoretioal erærg¡ distri.bution f\urc-

tim and. the e;qnrimental ði stributíon f\rrction.

2.1+.1 The N@t,e¡rerl Electrons. b.

In calculatiag R, the actual nr¡niber of electrcr¡s baakscatteæcl

ís rrequiired.. The baeksoatte¡red. fbaation, b, was irwestigateËl experi-

nørtally þ tsecker (192ù, Scbonlond. (19ú)¡ Íitehbeqger (1%8) an¿

û¡Dre reeentþ by Pa1lue1 (1gt+ò, Sternglass (f 95h), Iiollicta¡r an1

sterngl'ss (1%7), Kanter (lnò, Matskevicu, (tgSl), can¡belr (tg6Ð,

arrd. Burldralter (1965) .

lhe earlier uorks rere reviewed by ntebster et aI (f %1) vlo
polntecl out that the appa:ent ínconsisteræy in soæ of the ¡¡csr¿ts

originated. in the d:ifference in definitim. of the reflection ratio.
This a¡ose froü the pr"actical imlnssibility Ín separating ttre row

errcrEJr refLected. electrcns from the tnre secor¡d.aries. Bortrinateþ

the¡¡e are tso factors whie.h justify tùe introduction of an a:*ificia-l
separation ¡ntential. Accorùing to sternglass (1954), the pro¡nrbion

of tnre second.ar¡r- eleetro¡¡s wliose ererE¡ ie below J0 ev exceeds )fla

of ttre total nu¡dber. rt was qr.ralitativeþ shown by fi'ebster et al
(1%1) and Archa¡d. (1961) that Low erÞrEr backscatteæét eLectror¡s

have a s¡s1l probabi.Llty of escapÍng from the target sur:facer Fur$er-
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¡nore, the choice of a separation potential ís not critical as was

revealecl in Cara¡jbellf s resr:J-ts, drich. showed. tl¡at for targets of low

atonic numbers, b is nearly ind.epelrtlent of the separation ¡ntential

oyer a range of up to 100 eV p:sricled. the iæideat potential ls suffi-

cíentþ large. this lecl to the qurent comrentlon which introduces a¡r

arbitrar5r eub-off ptential at 50 eV to ísolate the tnæ secor¡daries

f¡on the baekscatterecl e].ectrors. .A.r¡y error car¡sed. by the presence of

reflectecl elect:¡ons, whose eærgies lie below the cr¡t-off potential

is probably reduced. to some extent by ttre occuxr€nce of higþ ene45r

secorrlaries, whose existence is attributed. by Êi;ternglass (t954) to

close elect¡on-electron collisions.

From a graphicaL compilation of ¡nst ilata a¡¡l those of his swn

work, Sternglass cor¡fi¡med. tbe earlier obse¡rations of PaIIueI a¡¡d.

$ctronla¡rÉt that b was essentially inåepenclent of the primar¡r etÞrEJr

exeept ín the low energ¡r region. His resul-ts f\:¡tÌ¡er revealed that

for elenents of low ancL ned.i¡¡m atomic nunbers, thi.s constarcy extend.ecl

d.owrr to a prJmar¡r energr of a few áI. For elenents whose atomic

nuúers exceed.ed. æ, the ænsta-ncy in b te:mi¡atecl at a few heV,

where b then decreasecl ¡Bpjd.\y ç'ith a reduction in the incident ener6r.

There r¡emE{ ¡1 two variables whicb cou}d. affect the back-

scattereil ratio, nameþ, tle atonic rn¡mber of the tazget mterial ard.

the angle of, Íncidence of the electron bea¡n. Brand (1%6) ind.icatecl

that the backscattered. ratio was not seriousþ affected. by the latter.

IIoveyer, Campbelf s resr:-Its for ligþt eleænts show a noticeable
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difference in the values at no¡cnal íræictence a¡rd. at ¡+5o ineiaence for

the electron beam.

fhis p:roblem m.s treated. theoæticaIþ by Eve¡hart (tg6O) 
""a

A¡chard Ugel) fron two entiæþ cliffe:ent apprpaches. Each consi-

ilered. onþ one facet of the inferactions i.nvolved.. Eve¡ha¡É basecl

his theory soleþ ør a single, Iarge angle scattering of the incid.ent

electrons utùI'izi.g the Rutlrerford. formr¡Ia, iïhereas, Archa¡d. ægazü.ed.

the plrnone¡þn as a small angle scattering proceas follwing Bether s

(1940) concept of the ôepth of complete cliffr.sisn w.ithin the target.

Both theories a^¡rived. at relationships rdrtah ye¡e ind.epenêent of ttre
inciclent energJr, a.s was obsezved. oçerimentally. These theorj.es re¡e

acknowleilgecl by tJce æs¡rctive eut}¡ors to be orer-simplffled.. Both

types of interactio¡rs shoul-il have been eonsjdered., This fact was

r]]¡stisf,ed. in Anchardr s æview cf the Ever*rar-b foruula, which in

its original fo:cm feIL well below the ex¡rrimental data. By irclr:ding

the possibility of ari adclitional sm,}I ângle d.eflectlon in the Ewrhar.t

theory, A¡cha¡d. a¡rivecl at a¡r elçression which approacleed. ttre enpirical

ex¡rressíon i¡rt¡oducecL by Eve¡trart to fit ttre experi'nental points.

In the Ancha¡d. theory, the electrons wer¡e a¡sræcl to follor
ar¡ ictealizecl straigþt path fu] the target iloru to a depth of complete

djffusim, at d.rich point, all angl.es cf electron deflection wEæ

coarsicler.ecL to have an equal probability of occurzenee. Tbe reeu:Ltant

curnre appeârs to be significarit onJ¡r for eleænts of hi-gþ atod.c nr¡p

bers. Serior:s d.iscrepancies occurred. for ligbt elernents. å.reha¡rlr s
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mod,el vas ad.optecl. by To¡olin (geÐ, who arrÍvd. at an impruvect cx-

pnassion by rcd.íf}r1ng the expæssion for tlre depth of corylete

diffi.¡sion, wh1ch. na*s d.erived. from Lewid (lg}a) form¡la. Tonltn for¡nd

th¿it the extrrrinentaL ctata fon b lay fair\y cLosely to his eryfuical

form.rLa
1

b = E LnZ -
I
E

GoocL agree¡oent between Tom.ilnr s errpirical fo:rnr¡Ia and. ex¡rriæntal

data wa.s a-Lso retrnrtecl by Bi¡rkhd¡.ter (t965).

2.)þ2 .

T{ebster et a-L (tg¡t) constructed two alte¡natÍve e¡rrpiråcal

cl.istribution fr¡nctions for tJre energies d the redtftrssed. electrors

as furctl'ons of clirensionleas Fâra.Erctergr These fi¡¡¡etions wrere clerirecl

from the }qæwleilge of a few erd. points a¡sociaæA r'Íth the eræzgr ctis-

tributíon arrcL its general curve shape deduced. fron ttre approximate

resuJ.ts of frãgner (tg¡O) and. trisshak (f95O). Ad.opting one of thc

no¡malizetl ftu¡ctio¡rs, fomlin (1%4) detemi-æd. the valr-e of the

iLi-mensior¡J.ess pa.rameter by comparison w'ith the imprøved. erperinentaT.

c!.ata of Stenrgtass ('195t+), Couparison with the i¡rtemeclLate energJr

,ristribution of Bra¡d. (1%6) qr.d the hieþ erærry distribution of Botlc

(1949) irrücates that a¡r increase in the inciclent enerry is acconr¡ra¡iieËt

by a p:rgnessive strift of the peak of the d.istríbution tówa¡ds ttre

higþ energr region. For eleuents of J'ow atomic nunbers, this shifË
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is not serious a¡ril the curr¡e shapee ¡çmqìn nearJ*y iriC.epnclent of the

j'ncid.eni enerÐr" But for eleænts of atomic numbe¡s upt Bra¡rd.ts

(lglq currre ÉUfferecl. significantly irr shape fræ that of Stenrgtass

which ras obtair¡ed. at a m-rsh lorer j.r¡cide¡¡.t electron ênerpr Thís

ças attri-butecl by Ster4giass to baekscatterirrg inrolving inelastic

co.Llisions at energies conparable to the LonizatÍon energr of the

ta¡get elene¡it. .A ,liÊcrepancy in tlre curve shape was also fornd. by

Tonlin (lg6+) betrreen iris æpirical d.istribution fi:nctíoa ancL ste¡n-

gl-asst (1951+) euryerimentat ctata for j.¡pn. For the otÌ¡er tarlget eIe-

ments, fomlin for¡nd. that there Bas a goocl agreenent between hi.s d.i.6-

tribution fi¡neÈion and. the experi-toenta-l d.ata.

In his ca-ì-ouJ.ation of R, fonlin (lg6+) dld. not allor for the

d.ependence of the eærry d.istributisn fuxction on the angle of incl-

dence of the prioary electrona at th,e tar-get. Bra¡d. (19t6) i.d.ícated.,

hcnrever, that this detrrndence wa.s not gneat.

2"5

Rr!.
Frto

"11@ for the fraction of K radiations excited. by hiÉr enê{gf, con-

tiru¡or¡s radiations was obtainecL from Gæen ancl Cosslett (1961), who

caloulatecl yalues for *, tnu ratío of tln irrdirectl¡r e:rciteËt to thpP.
d.irectly e¡¡citecl K radiations. AJ.though their theoretical treatænt

involvecl a number d approximatio¡¡s, one of içtrich was tþ fln{ssion of

@.
the cor¡ection factor in tÏ¡e intensity fomnÈa,
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target absorption, the:e was gooÉI a,gneenent þetween their resiilts a¡d.

the experirental ctata for 7- 7 5o, whlch sere ayailableo Ehe approxi-

raations ir¡ro1ved. probably affecteil each chara.cteristic com¡nnent

nearly equally. For target elemente of atonic nunrbers less tJran JO,

the valr¡e "f 
(Y) apprt åches unity. For ttre cha¡ssf,sristic K lntep

sities irnrestigated j¡r thi-s proJect, a eo¡rectíon for üre indireet

excitation was formd neceasary on\r for tlæ ealEulations of the Crrlto

intensities, for whieh a value of 1.06 wes ¡¡sed.. The ;-directly

excitecL ratio was also studied. by Brown ad' Ogihrie (lg6[), ntuoae

tlreoretical tneatnent ine].uded a corrqction for the target absorptionr

They for.mcl. that for elerents frLt}rr A ( Zg tU. i¡rü.rect contribr*tions

we:æ regJigible for thick targets.

2.6 fhe Ratio of tire [r¡¡qber _of K^. Pboto¡rs to the Tota-l Nr¡úer

-

of K Ptrotons.

For t'he çogper ancl tl¡e ct¡romir¡n rad.iations, the intensities

of tÀe Ko contrnnent were cals¡¡lated. The ratio of tt¡e n¡nber of Ko

¡frotons to the total nuÈer of K ¡trotomr pr was comluted. fron üæ

experiæntar ctata of Wirtians (1%t), wlro d.etermined tl¡e ratios of

the energr íntensitles of ttre aorynnent K lines to tbat of the Ko1

line for a ntrùer of target elænts. The co¡sectior¡s for Cr:I(o alla

GrKo radiations rere 0.89 a¡d. 0.9, respectively. A value of 0.BB

for CuKo ras used. by ldetehn1k (1961).
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2.7 Ihe Absolute Inter¡eitv Fozn¡Ia.

the fo¡mr¡la l¡scd for eom¡nrtj"g Nø fo1J.sred. that of Metcb¡ih

ard. ltopIfur (196Ð. It inoh¡deô the mctifications m.de by Ionlin

(1966), rnreþ, the exp:egelon for (x) i-ncIr¡decl a oonection for

scattering by atonie elsetrd¡s, ånd. the ex¡æriænta-I tlata of Bal<ker

ancl Seþrc (tgf1) rere r.¡sed. for B, a tern in the erFæssion for J, tÈe

rnea¡¡ excitation enerry of ttre target atous. lbe intensity fornrla

i-s set out bel¡w.

*g =k k IQK # ex p (-/r f 1=) cosec F o*Ê) ü
(z.tz\tu

aaa

rtpæ

F( y)

t

+ t)-r)

1

+ 1)-z)

I
k = Rp-fflrn

r{= T'
dg
ü 2 î-í etlF; la æ

J

e¡rp ( -Y (a + t)/(x + e))

rþ@+1)-1 
( IY

Y-,8 a(z+t)
o

F( y ) i-s giræn W the as¡rqrtotic €dpsn-eie¡

( F( /o) - F(y) )

r.. (2.t3)

htu + 1)-l
Y

aaa+
2 )

Y
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t
Is. = SLnZ +InB-2.917

J = 1.602 * lo'12 Br. eîg

L = .Avogadrors nunober

? a density of tbe target eiements

A = ato¡eic weigþt of the target elepent.

the úher notations useð have already been neferrecl to irr Chapter L

a¡rd in thls ctrapter.

It was for¡nd that t¡¡e intensitles coryuted rvith the mdifiecl

erçression for 1*) ci.iffe¡ed, very Iittle frorn thoee ccm¡nrted. yith tbe

origirral erpæseion of Metéh¡rlk a¡d To¡nl5¡r (lg$).

In tlre i.:ntensity calculations d the characterjstic K

radi.ations, þg is assrmed. to be iclent;lca-l- to tle naes abso4*lon of

the target elernent for the Ko coqnnent. Owing to tbe hi$r p:¡opo¡tion

of Ko radlations in the K spectnu, ttre cor¡sideratioa of tla KU cor

¡nnent nakes very ]-ittle diffoler¡ce to tJre results (tontin, f 964).

Calcnlations of Np rere nade usfng botln tlre formrla of

florthi-ngton a¡l1 lonlirr (1956) for Q* (ttrese Sntensity cu¡rves a¡e to be

referæcl to as WI) ard. ttre expression (2.4) for Q, (the resultant

intensity cuJ¡res are to be referrnect to as lfirf). these eurr\res arÊ csr-

tained in Chapter IV together with the cor=esponcting extrnrimenta-1

points"

lhese ealcr¡lationsr were nade with the esslsta¡rce of the

4-t) -nrnr4
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Control Data 5200 dieita-l æmputer. The lntegral for the intensity

functlon was nrærically eva}¡atecl by æans of Si-mpsonr s Rr:le ri.ttr

the integrand. equall¡¡ divided. i¡to 50 intervals. The sr:b-pmgra.n for

this integration operation was tested. with si-uple fr.¡nctions whi.ch

had. ctefinite integrals. The acer:racy was for.md. to be ntrctr better

lj;ran 1ló. Eva}¡ation of the MM curr¡es noufd have required prdribi-

tineþ long ænputÍng ti-res if the fr:IL expression for Qn was incorr

porated. direetly in the expnession (Z.tZ) for Ng. Instead, Q* was

first evaiuated. at a nr¡mber of selecteiL va}¡es of T. the intenral in

T between the successive values evalr:atetL was chosen accor€'ing to

tbe clegæe of variation oU Qi( rcith t. A sub-prrgråE we-s rritten

rihÍch er¡ablecl Q" to be evaluatecl for a]] T wlthin the :range ciefinecl

þ the integration linits of Np on the basis of U:ose values * Qf

alrreaQy computecl fro¡n the fr:].l expnession This was achiened. þ
fitting a quad.ratic equatlon to three successiye eva-}¡ated. values of

Q6r whose range in T contajgrecl the ¡mint for which the value for Qn

was rcquired. by the main program" [his sub-prsgra¡û for the cunrc

fítting pnocess was tested. by comparing the values of Qf obtai-r¡ecl fron

it with the corres¡rcnûing values comlputed. dln:ct\r from tl¡e equaþío'n

(2.4) for Q"o lhe agreenent wa,s better tkran l/o. Iisi.g this tech-

niE¡e, the total conputing ti'ne reqrdred. to evaluate a t¡¿pical set

of 6O intensit¡r results wa.s approcinateþ I mÍnutes. llhe ti-ne talan

iras comparable to that for er¡a}:ating the sÍ-nçler i.:ntensiþr for¡nrla
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using eqr:ations (e.f ) ana (2.2) for 0*. 1Iþ tbeoretical inteneities

for TIK a¡rct ÂIK radiations â¡ce shovn i¡ fieures (Z.tO) anO (a.tt)

respectively. Eqr:ation (2"4) was r¡secl for Q* antl ths a./* vah:es

mre 0,211 a¡rü 0.045 for tita¡rim and alu¡inirru respeetively.

Calculations for Np have a^lso been ma,cle using the BÍshop-

Tom]in exp:ressíon for (x) for an infinite ancl seni-infinite

target (fi.sfrop, 1965). Th er¡rressíon, which has been nodifietl. here

to allow for the ecattering by a,tornic eleetrons, tras the form

(x) - å #gl n, (1 -exp (F

(

))

12.

!
a

(z+q)
4

4 )

whe¡e tbe Bethe rangÊ, %, is given þ (Worthington antl TøIin r l%6)

%
E ... (2"t5)

¡rheæ n, (r) is tte exponentiaf inæeraf . For laree t, Ei (y) *"y

be :repreeentecl by the asynptotic series

s, (r) - gv 1 DI.=¡
2

v
... (z.le¡(t* + + ...)v

a = I for an irfinite medirn and

& = 1.J for a semi-infinite medirn.

.Although eguatfon (2.t4) has only been showri by Sishop to

agree vith his Monte Carlo rresults for a semi.-infinite oopper target,

Cosslett and Thcmas (lg64a) i¡d.icatetl that the ercpression for the

J2W E.I' z+9

v
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cLept*r d conplete d.Íffusion derived f¡um (2.14) for a seni-Lr¡fi¡ite

meclir¡n ras consistent with his experiænta-l ctata for a}.minium,

copper and si-lver targ,ets with 20 keV electrons (seotion l.l.l).

lhe equatlon (2.1[) for (x) wss evalr:atecl for botb seni-

ir¡finite a¡d. i¡lfinite nedia. Figures (Z.tZ) aú, (2.13) a¡d the

curres for copper a¡¡d. aluniniun ree¡nctivel.y for various incident

electron energies. Hcept in the range siher€ the resiclual elect¡on

errrgJ¡ appruaches the irrcident energy, the fi.gu:æs j¡ld.ieate ttrat

the cun¡es for ( - ) com¡utecl for a senl-ir¡finite target exeeed. the

corresponding su.ryes computed. for a¡. idinite ta¡get by 50/". The

effects on the intensity fi:nctions due to the use d the seni-ir¡finite

fomrta (2.14) ror (¡) a¡e shæn in figures (2.t4) ana (2.15),

TrÈ¡lcll are the theoretical inte¡rsity ctrrwes for CuKo and. AlK- rad.ia-

tlons respectively. As expectecl., in the case of the semi-l¡finite

target, the la¡ger rralues of (*) ¡esu1t in tÌ¡eo¡etical inter¡sitj.es

which are J-ess than the correslnnÉlíng intensi.ties eomputed. for an

i.¡:fi¡rite r¡ed.iun For both rad.iations at Iow incid.ent electron enêr-

gies, the i¡rtensj-ties computed. for a seni-fu¡finite target d.iffer very

litt1e from those computed. for an inflnite target. Tkris di*ßerence

bet¡reen the co¡respondilg cutlrres for .4,1K is gereralþ u.iclr uore

p¡srou¡rced. tharr that of the CuKo radiations. lhis is årre to the

higþer absozption of alu¡ninir¡n for its own K rad.iationso At ttre lower

angle of j¡,cid.ence, rhere the rad.iation absor¡*ion path i-rr tbe target

is longer, the difference in the nalues of 1x) becornes rcre inpor-
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ta¡rt. This is reflectetl i.n the inte¡rsity ci.r:¡res (figures (Z.l+) anÄ

(Z.t5j ), whleh show tÌ¡at tbe iljfference betçeen tlre cortespord.irrg

curves is greater at the lswer emergetpe angIe.

For an irfinite c€pper target, the cutrres obtainecL by

eva-luatíng the complete erprression (Z.tJ) for (x) have been inoh¡d.ecl

in figure (2.¡Z) for æmparison rrith üre apprucinate erqrression The

figure sborye that the a¡rproxi-natisn is a good one. Fcr l+O kdf and. 60

keV electno¡rs inciclent on an fufinite æpper taqget, figure (Z.lZ)

shows that ttre approrimate cun¡eB obtained fræ equatton (2.14) a¡e

about 1q% highelthan the cu.ryes cterivrect flon the cmplete æprcssion

(Z.E). The ef,fect of thi.s èiscrepancy on tÌ¡e intensity f\mction ís

negtigible. thi"s is shovrn in figures (2.fL) ,xd (2.15) rbioh inclr¡de

cunres for Np r.rsírg the f\rIl expæssioa (2.ß) fæ (*) .

2.8 a.

Without the aasista¡roe of a dJ.gi'tal ønputer, the etalrra-

tion of the inte¡rsity foruuJ-a (2.12), even using the sir¡rter ex¡ræssion

(2.4) for {*) is a tine consr:ning preêeas. the clerivati.on of a

nudl si-upIer e¡rprreasion, rdricL! oan be eryaluatecl readily w:ith a clesk

ca]'gu]'ation is set out belsw. Sta.rtir¡g rith the basic formu].a,

Np = rd,r 

f _- 
QK

o

e -F2(1x> cosec / cose*
CTT

fl
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If tK << To a.ral 7 ) 4, equation (Z.te¡ na¡r be sirnplifled. fur*her

I= ... (2.2o)

[he results ea].culatecl from the approxi^uatÉ e¡pæssion

(2"'tg) ane shoçzr ln figuree (z.f[) 
"¡d, 

(Z.lD). Íhese cunres a¡is

d.elrctecl as (¡) in the figunes. theæ is generally a better agraG-

ment betmeen tlre âpprd'nate fomrr1a a¡d, the f\:LL e:cpression (z.lz)
for the a.rK radiation thar¡ for the ha¡der cuKø rad.i.atlons and. ttre

agæenent between tÀe tro fomtrlae iuprcves rith irp¡reasing eIætr¡on

enerEJr for botla casesr For the .4.1K rad.j.atlon intensities, tJce dis-

cnetja¡Ìcãr bet,reen tåe surye" (¡) ara (e) is negligible for l¡¡cid.ent

elect¡on energ:ies exc'eecLing 25 keÄr, wbæas for the cuKo intensities,

the approxi-tuate resrrlts e¡rceed the fi¡AL calculations by afuvt Wt
even at 50 kev electron energr. rhe ¡eason for this is appa"ænt in
figunes (2.rc) anð, (2.11) in *ricu the mgnitude of tJre produce Q*#

is shsr¿ as a furption of ùhe electron energy for copper ard. a.[unin-

irn res¡rectively. The basic a,ssr.mption i¡n the derivatlon of t!¡e

(ro -k) .t"þ)
Ò

L
Il=

Àn
nln

1
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apprcxinate form¡Ia (e.f 9) i.s that k ff ir coc¡stant and. iE eqr¡,al to

its value at Io. 3o:r aluninir¡m, fígure (2.17) chrws that this

assnu¡rtion is sour¡d. æept at 1æ el,octzren eneqgiee, TIære tbe pro-

duaô QE S v"ries rapÍd\y r¿th tbe electrron èDÊã1go For copper, tho
,. dsef Ë eure is st{rl increasi.ng rith ernrgr eve¡r at 6O UeV elæt¡on

êner[fr It ap¡sars that t&e approxiæte fomrla (Z.lg) is yalül

f¡op an i.æicleat elect:rcn eærgr of &out 10 k ourarde¡ Within a.rl

dlectnon errcrry raqge W to 60 læV, the appræi.natlon l¡ a ver¡r good,

oæ for soft rad.i^ations.
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cifAstm. IIt

DESCRISTION OF AEPAR.AETÊ"

3..
3.1 Intrroår¡cüion.

The wavelengths of characteristic r:ad.iatior¡s iryssf,Jgatd

in this project varied. from l.5r+f (curco) to Uf (cr). Tsolation of

the characteristic Il¡es sf i¡rterest 'by ¡Beans of iralanceil iliffe:nentåal

filtærs or th.e crystal uonocù:ronator Íe impractioal- except for tle

shortest waveleugtl¡s in the abwe negiøro The pro¡nrtional courrter

i.s the most su:itable d.etector for the absve radjations. It has a

rea,sonable resolving potrer as veLL as a srffleient i-ûterrra-l amplfftea-

tion :,so. that the a¡ctd.itional arrplification reed.ecl to prudlrce stÉflcicnl

output prlse sj¿es for soft i-ncicLent nad.iations is ¡rot excessiT€. ïn

orcler to aehi,er¡e a suj.table trar¡snission for soft racllations, an

ultra thin window, rrtrieh wa,s senû-porous¡had. to be used. This re-

qui¡¡ed. a continuous fLow of tlre cor¡nter ga.s nixture to flush out ar¡¡r

irpurities ritrlctr Ei$t impair the cor¡rtilg eharacteristlcs.

For pre¡íse nea.aureaents, speciai conslclerations have to

be paül to the coirstr:ction of tJre pm¡nrüior¡al eor¡¡terr Comon

wintlow axrangenents are the encl rindow ard. the sid.e windos gcæetries.

Altirough the end.'window tubes ìrith th€ir long absorption path a¡e

best suited. for hard rad.jation measureuents, distortions due to ed.

effects i¡¡tmduee zones of ineffectual cor"mtílg actionr as the output
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prrT.se sizes are sensitive to changes in ttre field. intensity. It is

neeessar¡r to cor¡fi¡re the mrl¿¿plication processes to negions of cl.l¡-

tortion free fi.elds, otÌrenrise a deterioration of ttre energr resollþ

tion of tlee csrurter res'ults. Thj.s is par'Èieularþ serloua in its

applícation as a spectroneter. fhis na¡r be avold.ed. with a sicl.e

window entry a¡¡d. a colllmatecl incident railíation bea-r as the aval-anche

fomation processes in the proporbioi:e.I colûtting action a"nê localized.

(nufUrignf,, 1958). A nirrimr¡m ratio of for:¡ is æconmerded for tlp

cor.¡nter l-ength to its di¡rnaf¡¡ to reduce e¡d. effects (Oowting et a-1,

1%6; L,ang, 1%6). Cochoft a-rd. Cr:rran (195',) reported. the r:se o'f

fielcL tubes to minimlze fielcl dìstorbions near the erd. st4>ports f-n

j¡rsta¡¡ces wleæ Long d.etectors pr¡oye urmie$1r. Tegts on the prrssent

cornters i.nd.Ícated. that their resolutlons rere couparable to tbosc

fitted rith fielcl tubes. 'Io prevent fluorescent excitatíons in the

chamber ra1J-s, yùIich corrlil resr:It in spurious pulses, a thi.n erit

windor was placeá clia.uetricaEy opposite the entry wir:d.ow to permit

ar¡¡r unabso¡bed. incid.ent rad.iations to pass.

Iwo gas fl.ow cor:nters of the sid.e wind.ow t¡¡pe ard' rith

d.iffeænt ¡h¡rsica]- d.i-rnenslons wer€ constn¡cted. ard. tested.. they

provicied. mrtr¡a-t checks for each otherr s ¡¡Easurerents a¡d. wiIL be

referrecL to as Cor.¡nters Â ar¡d. B,

Owing to a lack of a suitable sofb no¡rocb¡omatic radiation

solu'ce, investigations of the cha¡racteristics of the cor¡nters weæ

csnfineil. to inciclent rcr¡odrronatic rad.iations of mod.erate enerlgies.



Figure 3.1 Gas f tow proportional counter A



Figure 3 .2 Gas f low proportionat counter B



-66-

3.1.1 @.
Cor¡nter n (ffguæ 5.'t) naa a cy].írrlrica1 a.ctine vofu.¡æ

0.?6,Ðo l¡r diEræter qnd. O.88Zr in lengttr. Ihe ga.s chanber rag

accurateþ år'i]'lecl aaong the axis of a bra^sg rod,. To :¡educe fieJ-cl

itistortlons in tls active volr:æ, tb ctra.Eiber wal-Ls were first ¡ea¡ned.

a¡rcl then po}tshed. witrh a flne emery p4per to produce the fina1 di-

rosrsions. Ihe walls rcle then finistreil with a meta1. poJ-ish and.

thorougþJ.¡r cleanecl with ættrano].. A O.OOO:in ctiameter tungsten wirc

was central\r sup¡nrtecL ln the chanber by rreansr of eapiJ-Iar¡r holes

drC.IJ-ect in tl¡€ ¡¡C (poþSir5r1 ctrlozåde) end s¡racers. À suitable

tenEion was naintainecl in the anod.e wi:re by means¡ of a gcrew set in
one of the spacer.s. Exte¡nal. electrical cormection was made vla a

coaria-1 socket attachecl to a Kovar sea1. Beforre asserubly, the anode

wire was qlaswed to glow in rracur¡m to rernsve micr.oscopic s¡ncks of ilr:st

anil a4y sha.rp projectiorrs along the wire, as these muJ-iL result in
localizecl negions of higþ field. Seals we¡e achiened. wittr ¡r¡bber

washers. Fine ¡naahir¡e-finished. grooves Íere l-eft on the enct su.nfaces

of the eentralizi¡rg hrshes to i¡ac¡rease t]:eir s¡:¡:face resistivity.
To test tlie s¡ætem for leal¡âge curænt"s across the I\fC. spacers, a

trntential ín excess of its norrna-l operating va}.¡e was appliecL to the

central wire. No leâk¡ge $as obse¡red..

the constmctional detaiJ-s of cor.¡nter n (figuæ 5.2) weæ

basicalþ similar to corrrterA. certain imp:mræments weæ l¡chded¡

the bod¡r 'was constrr-lctecL of copper as brass sometlrcs has a tænclene¡r
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to acLsorb gases to its surface due to ¡nroeity. The a¡iode cor¡sists

of a 0.002n clia'r'eter plati.nr:mr-i¡.e, as platinr.imnay be heatecl. lrr air.
An anneald. n¡-metal- sleene ¡ra.s fittecl over the counter l¡o4y to pm-

tect the actir¡e volume from extertral- magr€tíe interference. Ri¡bber

O-rings çere r¡sed. ir:stead. of rr:bber wa^slærs for seals. The copper

chamher ras gently heatecl to enabJ-e a l¡rifo:m ori.d.e film. to fom on

its sur:faee. Íhis ensr¡¡ed. stabiJ.ity on its eor.aeting ebaracteristics

with tÍ¡ne. The centrarizing bwh.es for tlre anode w"ire were mactri¡¡ed.

from PIFE (pobæt"rffuoruethylene). Counter B had a eyli-ndrical.

actíve voh¡æ of ån in cliaueter a¡d 5n in length. This gave a length

to dtianoeter ratio of {0, wtÉch is in encess of ttre ¡qinåmr¡¡r ratio

recomend.ed.* Before the final asserabþ, the oon¡nnents of both

corr¡ters we:e rinsed- with pu:æ methanol a¡¡d. examlneci for the delnsiùlon

of ertra¡reous ¡natter. Exani¡ration of the courter wi¡e near tJæ entry

w"indow wa,s ca¡ried. out beforæ eaeh series of mea.surementso

Cor¡¡rter .å. wa,s r¡o:¡rtæd. iriside the vacur¡n ehanber. By neans

of a system of pullelrs a¡¡d. a rotary vacul¡n seal, the angle of er¡'lssion

þ W be variecl.

By meazrs of rneutrm scr¡ew r¡:ricxrs ¡ the lagger cou¡rter B was

attaebed. exterrrally to the cÍ¡er¡l,ar vacuum çha¡iber cørtainilg the

target asseuab\r at o¡æ of a nunber of, fixect por+s spåseil a¡ormd. tlp

cl¡amher to er¡able a variati.on of f, to ue rade. The ¡nrbs ar l lay in
the ¡ilane contai-rring the center of the target a¡¡i. noræal. to the

ta¡get su¡face.
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In botÀ cases, the l.engtlr of the absorptlon patJr ln the

gas for the incld.ent radi.atíons was inilependent of þ, æ t]æ rad,i-a-

tfon bea¡n was no¡rnal. to the axis of the cor:nter at ¡'11 f,lçg. This

ensured. tlrat the dcteotor had. a const¿nt qr:antum cq¡ttiñg efficiency

for rad.i¡.tions of a given rmvel-ength ir=espective of the arrgl-e of

e¡aission. rn both a-rrangerænts, absorption losses rææ ulninized.,

as the i-ncirtent radjatj.ons errcormterecl or:1y the cor¡nter w'Lrdsw in
íts path to the d.etector. To neasuæ +"he attenr.ration of the cor:nter

window, a iluplicate v¡incLow ras supporüecL on a clisc attacùred. to a

rcvable nod., suetr that tJae duplicate sir¡low foil coulcl be 1ore¡sÉl

iÐto ttle pa.th of the i¡cident radiations while the chsmber çìa.s still
wriler vacul¡mo

Spurior:s rad,i¿tions cor:ld. resrrlt f,rom tìæ íæiclence orf

bactrcscatte:ecl electrons oll the eor.¡ntær wind.os. These electror¡s weræ

clefleetecl frour tbe v¡Írdow by means of a tra¡rsverse nagnetic fÍ€141. It
wa*s fou¡rd. that a nagnetic fie].d of lOOi oersted. was srfficient for
this purlnse. snaall permanent magnets were usecL. ltre pri-mary elec-

tmn bcap uas shielcled. from the effeots of the magræts.

5.1.2 The Gas Mixtu¡p,

The cl¡ol,oe of t'b.e gas fÍIling is dl.ictatect by conslclerra-

tions assoclated. sitl¡ the efflcient operatíon of the cou¡rt€rs. rt

ls írporta¡¡t that a mqjority of the incülsrt ¡ùrotons be absoËed in
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the ga.s. For soft rad.Lations, ttris nequí:reænt poses r:o prcblen

The i¡ert gases are aomon1¡r usecl- because of thej.r chemical- stabl1ity.

An Íuportant factor governing the ehsice of the gas filljrrg is the

occtlrrence of the nescape pea-lf, pher:oænon ln the pulse distribution

cu.nre (section 3.4). As this phenoænon reiluces the effeotfiæ re-

solvÍng pølrer of the cletector, it j-s desinble tt¡at the exeitatiqr

eriergies of the gas fiJ-H:rg for fluoæscent nad.iations should, be

higþer ttran the enerry of the incicLent r*adiations, cr faÍllng ttris,

tlæ fluorescence yieJ-cts of the gas fllling sbor¡J-d. be low. Argon ras

chosen becar¡se it ra"s readiþ availabJ'e and. its (J* values reæ lsner

than those d the heavier inert gasea. Its critical K absorptlon

eclger 3.2 keV, ls higþer than the energies of Ure characteristfu

lines cf irrterest in this p:rcject, excegting those of Cr.rI(, TiE., arid

CrK rad.iations. Althougþ ttrere 1s a probability for the excÍtation

of tlae argon L lines, the combinatíon of the low L fluo¡¡esce@ yielcfs

a¡rci the hlgþ alsorptíon of these soft radLations by the argon gas is

prcbably suffi.eient to prevent an¡r slgnifllcant rn:nber d L qr.ranta

escaping fron the active cor:ntÍng volume" fhe euc¡rrinental pr,rJ-se

d.istribution curves did. not ræneal â.rÐr escâpe peak eomesoonding to

the argon L rad.iatlons. Its effect was asslrecl to be negJ.iglble.

An effeet ldrich. cor¡1d. lead to ttre recl.r¡ction of output

pulse sizes anC ðistorbíon of the pr.lJ-se aistributlon euffe is that of

e3-ect¡p¡1 attaehsent. The pregence of i.upurities, even ia smaal
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quantitíes, such aB weter vapour and. o:ryçn, wbictt have hipþ affiJ¡t-

ties for electrons, rill pævent the efficient colleotfon of the

e]-ectæns originatect in tbe ¡q¡ltiplieation prooeases. ]iÍilson eû a]'

(lgSO) reeomnendeei. a¡r addition of a small perrcentage of CO, to t*re gas

f,ttting to sr4ppress tlæ negatlve lon fo¡uution. The action of the CO,

is to recluce the mean erÉr€r of the electrons througþ ineJ-astic

collisions a¡¡l hence, tl're mean fl€e pattr of the electmr:s 1n a¡gon

is ir:c¡¡eased-o The use of a nirture of gaßes also assists in tlre cle-

excitatlon of meta-stable atæs wirich cor:Id. give rlee to s¡nrrious

putses (Fulbrleþt, f 958).

fhe cor¡nters rer€ f1l1ecl qí+h 7/, COa in a.tlgotro Both gs.ses

were of high purity ard were suppli.ed. rea{y rired,

5.1.5 The Gas ¡'low S-vBteE

the gas mixture vas clriecl over ¡ùoslihonrs ¡nntøf"d.e ard.

the gas flow nate wâs ægúatecL by a flow-ueter. A ærcury mnsmeter

attach.ecl to the system measu¡ed the cor¡nter pæssure. Figrrre (5.3)

shora tlre anangemffit. Befoæ each ex¡nri¡oent, t.t¡€ çtrole systemras

outgassecl for haJJ a¡r hour by evaeuation It was then thorargþ\r

fl,ushecl rith the gas raixtì¡¡r before uso.

It is deEi¡tbLe tbat the cbaracterlstics of the pnopotb

tion¡l cor.¡nters should. remain inÉte¡nnd.errb of surall variations of the

f1w rate. As the gain aret the gr:anturr eounting efficienc¡r of the
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Figure 3.3 Schematic diagram of tlre gas ftow system
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counter are þoth d.epenilent on tlre gas pressr:æ, 5.t is neoessa:¡r to

keep the p¡ressuæ eorrstant arrd. incLepenclent of the flow rate. If the

inlet arid. tlre outLet gas ports a¡t too na:encw, ttre counter gas

pressuæ would. be sensitíve to changes in ttre flow rate. It was

formd that ln1et ærri. ot¡tlet por+s of 0.08! ilia:ueter re:s suffiolently

lazge for the counter preesuæ to remajvr at atmospheric pressr¡re for

fl-ow rates up to )a e.ft¡\r. Over ttris rar¡ge, no chå-nge in ei.ther

the mean positlon of the pulse height itistribution erme or the couri-

tíng rate wa,s detected. With the gas flIow shut-ofÏ a¡rd the eorrnter

sealed. off from the at¡nosphere, the characterdsti-cs of both córÍrters

were for:nd. to be the sa.æ a,s those cbtainecL wlth a slow continær¡s

gas flLow througþ the system, irdicating that tJre nqylar wlr¡dow used.

was sufficientþ non-porous to prevent conta.rjr¡ation of the eowrter

atnospheæ. During the actual 5ntensity rÊasurerÞnts, a gas flw of

1 to 1 .5 e.ftllnr was mal¡rtal-ned. as a precaution aga:qst outgassing

of the cornte¡ walls. Ihe ga,s flow uas essentlå.l for ultra-soft

rad.iation ÍteasurßtlÞtrts rùrer= a send,-ponous ¡rarloctisrr wj¡rdow ûas used.,

As the ga.s flow counter was olnrt to ttre atmosphere, thô

cqrnter prnessure wa.s Busceptlble to changes ín the atmspheric

præssuæ. fhe u'ean position of the pulse hetght itistrltrution nae

found. to êlec¡ease sl.i-gþtly with an i¡cr.ease in atrcspheric'preeeuæ.

îhj-s did not affect the intensiþr ræasurerrents howeryer, a.s prior to

eaeh neasurerænt, a diffe¡sntial- cu¡r¡e of tt¡e i¡rcictent radi.ations ra-s

tracecL sn a pen ¡ecord.er to locate the position of the eharactez'Ístic
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peak fo check the -raríations 1r¡ tL:e cor¡rtj,ng rate with ehanges 1n

the at¡rospheric pressut€, the wind.ow of the d-iscrimlnetorlrâ.s first

ad.justea to a sufficient width to accomrod.ate an¡r variaticns in the

mean position of the pTrlse distribution su¡re. The cor¡nter pressure

was iræ¡eased. by restrieting the ga,s fllow tc si-mrJ-ate ttre va¡iations

in the atncspheric pr€ssuæ. It wa,s fourrd. that withln ttre range cf

pressuæ va¡i.ations encou¡rtered. in the atzaos¡;he:re (approsimately 75O -
77A w iÍg), theæ wâ.s no change in tb cor.urting rate.

3.1.4 The Counter Yfindorrgs.

It was found that a counter wirdow macl¿ of núlä¡r noninally

0"O0025n thick ard. alunínjsecL on orre side, was sufficiently trans-

parent to radiations of ravelengths up to that of AlK (S.JR), for

r,'Iaioh t'Ìre ¡easurecl transuission ratio ra,s O.à2. îhe rylar was placecl

in a recees tn the coutrter rvittr its ahulnized sícle fçcing the insi¿te

of the cor:nterc Îhe rir¡trow block rith a rr¡bber O-ring pnessed. on the

ryIar. In cornter À" a pintrole O.68 m in dti¡meter was iþiIleit l¡¡ the

b¡rass wind.ow block In cor:ntet B, a 0.84 m hole was d.r{lLed. ln a 1ead.

plug sel in the windor bLoclc" MeasuænËnts of the wi¡d.ow /lisyrptens

we:¡e made along several directions rrlth a travelling mi-crosco¡n and the

uea¡r value tal<en. The solid. angles subtencled. at the oenter of tlc
taqget by tlæ rrinilows of A anrl B we¡= 2.86 r l0-5 a¡rd 1.89 x lO-5

ste rradláJrs respeetively.
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For rad,iatjons of wavelengths longer tùran ÀlK, a thin fil¡n

of parlod.ion (celfu.rJ-ose nitrate) was r¡sed. for the cor.¡nter wirrlæs.

On\r cor:nter B wa,s uEed. for these r:J.tra-eoft lud.i¿.tion neasu¡enents.

As tire cou¡rter was attaclred. ilirectly to the rad.iation sourcer a

suitable counter winclor had. to be thin enougþ to t¡'ansnùtr . mqior

fraction of the incj.ctent bean of the so'ftest rad.i¿.tion (Ct<), ard. at

the same ti.me, be sufficient\¡ thick to enable it to wi.thsta¡rd. at-

rcs¡*reric pr€ssure, ard. sr¡fficlentþ non-po:¡o¡¡s that an acleqr:ate

vacur¡û coulcl be naintainect in the chandber. It was found. that the

wjnclow mad.e by dissolvi.g /' pasLodlon Ín aryl acetate satisfied tb

abor¡e requireæntso A cLea¡r glass slide was d.ipped. ln the solutior¡

and. slow$r ritirdraryn from it. It wa.s hel-d. verticalJ.y and allc¡red. to

Ary. torrespond.ing sectíons of filn on the front a¡d the back of ttre

sl:i.d'e werc scribed witfÀ a. neeclle and floated. off by inrersing the

glass slid.e in ctistilleil rvater, the su¡faee of whic,tr was &ept clean.

One sectLon wa.s depositecl over the counter rind.ow. On drying, th

fll-m fo¡mecl a vacuun tight adhesion to tbe wirdow block, wlrieh håd. 6

pirùro1es of anerage cü¿.rete t 3.1+4 x lO-2 cn The total solld ângle

subtendeil at the ta¡get was 1.89 x 10-5 steprad.ians. The parlodion

wj.ndow was for¡rd. to Last for severt-l d.ays. Ihe other sectiør, whiotr

was depositecL gn a brass washer'¡yas r:ged. to fird the trar:snission

ratio of tb wj-rulow fiJ-m, assuming that both sections had. tb sa.æ

tiriciæss. Oring to tl¡e way 1n nhich the filrnq ricerre nede¡ the film

ttriclsress along the length of the slid.e was not uniform. Hcrrever
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snåIt correspond.ing sections on the front "rd back of the fAIn shor¡Id.

have the same thickæss. The samples clrosen weæ fbom scctions from

which the diffracted. l1gþt had. a sìmilarity ln eolour. AÊ a check,

the tra¡snission ratio of a nrnber of coryespond.fug pairs of fil.ns

rreæ rrFasured. Good. qgDee¡nent in thichesses wa^a for¡nd.

Sj¡ce the courter wirdor wa^s sirlojectecl to a presauæ

d.iffererce of one atnosphere, ttrere râs a bori4g effect in the wj¡ilow.

The effect ap¡ea.æd to a less extent ir¡ the ¡{,rIa¡ wind.ow. fhe dqùi-

catæ fiLn, on whi.ch the rÞa¡su¡FÍEnt for the transnission ratj.o was

made, êj.d. not erperC.errce trJ:is. thís effect cor¡-Ld. ove¡¡estimtc the

reasr¡¡ed. intensities. 0wing to the higþ tranurission of tlre parloclion

wind.ow f,or the ultra sofü rad.j¿.tions (a ty¡rical filn had. a trans-

d.ssion ratl,o of 0.8! for tlt rad.j¡.tiozrs), tttu resulta¡rt errcr in the

intensit¡r measuænents ilue to tl¡e abone effect was not seri,or¡s,

3.2 -Ancilla.r¡¡ Electrtnic Apparatus.

The output pulses frcm the clctector rere shaped and anp.I.i-

fied- by a¡r Ei(6O N5688 li.uear arrplifier, rvtrose total voltage gein wa.s

106. It was for.r¡d. that the nagnitucie of +,he output ¡ru1ses was lncreasex

þ reducing the effective input capacit¡r. lkris wa,s ilone by shortening

the coaxial cable connecting tihe cletector to tJee pæamplifier. The

a4ùifíed pulses we¡e then fecl i¡rto a¡rEK@ N6OO ìirÉt.otsfu¡ing of a

single char¡nel pulse heigþt atøþrzer a¡rd. a rateæeter. The output



oscitloscope

counter preamptif ier
mein

amptif ier
discriminator scater

ratemeter

pen recorder

Figure 3./. Schernatic btock diagram for measuring radiation intensities.
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pulses from the amp.Lifier were a.1so d-fsplayed. visua-$r on an osciJ.lo-

scoPe screenr P¡J.ges ef ¡n'gnituctes definect by the analyrzer sêttings

we¡re tl¡en recorrded. by a¡r E"KCO If5rOD scaier ur¡it. The aæd-e wiæ of

the d.etector was lnlarized. by ar¡ EKCO N57OB porrer unit, wt¡ose output

voltage was higlrl¡r stabilizeil. Tbere was a faeility on the anal¡raer

".¡nit to anal,¡røe tlæ erærgr dìstribution of the incid.ent raÈiations.

An automatÍc sca¡¡ring device enabled. a narroìü ¡îi scrj¡nj.nator wl¡rd.orr of

fixed. width to trayerse the pilse heigþt range of the irrput prrlsee.

The frequency of the irrput ¡:ulses es a flu¡ctíon of the ¡ulse helght

was then reco¡rIed with a pen reconler. Figure (:.+) is a scl¡esetic

aiagran of the arrangenerrt.

3.3 the Eo¡rochrpnatic Rediation Sources for the Cal-ibration

of the

In tåe foJ-J-oring i:cnestigatíons on the pzoper f\uctioning

of t*re gas flow proportion eounters, mnoctrromatic rad.iations rere

useclo the beterogencrou¡¡ rad.iations from a Hi.lçr Microfocus Tìrbe

with copper or chrcmium targets vere !Þnoehrcnatized with a double

crysta1 nonoeh¡onator. The radiation path. fbom the source to the

cletector was suitabþ colIÍ-nated.. tead. ehield.ing was used to prevent

tùe d.etection of any spurious fluonescent rad.iatior¡s prod.rrceci 1lr the

surtrourr:lings, It was fou¡d. that i.f ttre X-rqJ¡ Bouree wå.e sritghecl on
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for hal.f an hour befo¡¡e rrea.sureænts were taken, tbe emì ttect intensity

¡emained- fairþ consta¡rt. The maxi-nn¡m devi.afion fnom tÀe nea¡a of a

r¡r¡¡rber of read.j::,gÞ rràs about 2/i;

To test the puriþr of the rcnoch¡om¿tic beam, a d.ifferer-

tìal cu¡rye wa,s trapecl. tsigure (5.Ð s]rors a t¡ryical ¡neeorrler trace

of tÌæ C,uK* rad.iations. tbe eunre índ.icates a neg!'igrble bac\grorrnd..

WitÌ¡ the d.iscri-minator nrind.ov' set to ¡ecelve tire i¡rcid,ent nonoch¡omatic

ra,iiations onl¡r, a Eea.surement was ¡¡¡ade¡ lhis reasr.¡rerent wa.s corþ

pa.reil ffith that obtainecl when the discrimi¡aator wiadow was opened. wictre

to ¡eceiræ i¡rcident rad.iations of al]- erærgies. No significant

differerce tra.s detectecl.

3.1+ the Escape Peol¡.

If ttre erÀerryr E.r of the ircid.ent rcmctræEatic ¡.rad.i.ations

e|rceeds the exeitation energr of o¡re of the cbaracteristic Li-uee of

the cowrter gasr fruorescent r?c.iå.tion¡¡ a¡e prud.r:æcL. soue of the

fluorescent qr.urrta nqJ¡ not be absorbed. by the counter gas and. eseape

from the active corxrtir¡g vorure. These will not contribute to tbo

pulse fo¡mation processeÊ in tJre ga.s, resul¡ìng in output pulses of

¡reduced. e'rFlitud€. llence eorrespcnd.ing to every critical abeorption

ed.ç in the gas fllling, th.eræ ie a ¡rcssibility of a¡¡ eseape ¡;eak

ap¡teariag in the d.iffe¡¡entiâl curc of the ircictent renochronatic

radi¡.tions.
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ïts energr E is given by
eP

E h aatl (i.r)=EoeP

whe:re EN jÉt the enerry cf the fluoreseent q¡uanta.

fhe rel.atíve sj.ze of the escape peak to the prinar¡r ¡rak

is d.e¡rnclent ør ttre value of the corresponèÍng flIuorescenoe yieJd

and the absor2tion efficiency of the gas flJ.ling for the fluoæscent

rediations eo¡:cezned. (f*g, 1Ð6). With tåe a¡gon g,as fialing, whosa

c¡C-tical K absorptíon eclge w-as J.2 WV , ùÌ escape peak appealed. vlrn

monochronatic Cullo or CrKo rad.jatior:s were ir¡cident on tlre couter

(f:.gure 3.5). Frr¡m eguation (¡.1), the ¡nsition of t}¡e eeca¡r ¡nak

in the d.ifferentia]- cu:nnes iüticates that it wa"s formed. as a result

of tÀe escape of fluo¡escént AK red.iatioars fmm the active ssuÌter

voh¡me. Theoæticaa1¡r, two peaks co:sespond.ing to t*re AKø a¡d. AKp

cou¡lonent of the fluorescent rzd.j¿.tions shor¡-Ld. have aplraned. But tÌç

lÍnited- nesolutlon of the detector did nqt pemit tÌæír sepa.rntion.

No secondar]r peak coræsponðing to tJre escape of AI, radlatiors ças

detectecl. This wa.e prnbabþ dræ to tl¡e Iow value ú d, for a¡gon

a¡d. the higþ absorptÍon of the gas fíIting fcr the soft ÁL 1ines.

Br:rhop (tgSZ) arrd Fi.nk et al (ggq írdicated that tlre values of dL

were more than a¡r o¡úer of nagnitude less tJra¡r the corresporld.Íng lJO

val'ues,

0f the cha¡acteristic radiations irnrestigated. ln this

pnoject, those whose energr exeeeded the critical K ahsorptlør eclge
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of argon were Cr:Ko, CrKor arrd. tiKc ra,Èiations, Ur¡d.er the act¡,ra].

cond.itions in the absolute interrsity measuæreats d these raðiatioæ,

the irpid.ent ¡sd.iatíor¡s were heterogeneous. It was very cli.fficr¡it to

estisate ttre ælati.ve size of the escape Þeak¡ owi¡g to its cmel l slze

arril. the Ìrigþ bæmstrahlr.urg backgrorind. at lor eneig:Les. It was ftrst
necessarJr to d.ete¡mine tir: relative nr¡¡iloer of charracteristio ¡*rotørs,

r'¡Ìrieh appeared. u¡der tbe escape ¡nak for a ægroch¡omatÍ-c bCam.

Diffenentia,l cu:nrec wer¡e tm.ced. for irpíd.ent CuKor Crf(pr

and. Crt{o radiations. DiJfeænt values of the cou¡¡ter potential V"

and. ¿rttenr¡ation setting \ (auoiUets) of the linear u¡flÍ.fier wle
used. for eacl¡ radiation to irvestigate their effect on the relative

size of the eaca¡re peqli The area of tlæ eBcaIE Fealcr Arr ras em.

pared with tlet of the prinary- peakr Art føt each di-fferentia-1- Gtffièo

Sone of the resi¡lts e¡F swrna:riued in Table (l.t).

Counter Rail5.ation (f) V" \ o/nl

A

À

A
Än

B

B

cúo
C\¡I(d*B
tffio
cúo
cú*

1.54

1.54

1.39

2.9
1.54
l.5l+

fÄH,E (J.1)

9oo r4
1050 3Z

10Þ0 5z

9oo I
1t5O '16

13æ 12

o.1?h

o.125

9"1u.
o.121

o.og4

o.og5
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table (¡.1) j-nôicates that the ratio U/O., clcpncls on th¿

geæetry of the cletector ancl appears to clepencl. onty slightly on t]p

ravelength of, the incictent rad.iations rithin the range fron I ågR ¡o

2.n8. fhe latter na.s prcbabþ åue to the fact thât the najorit¡r of

the fluorescent racliatio¡¡s wh5-ch escaped. absorption ne:e exciteô

nery close ts the bound.arXr of the aptive cou¡rter volume, and. over

f,be snal1 absozption path between the ¡nint of exoitation ancL thc

bound.ary, the cle¡nnctence of the fractj.on absorÞe¿l on tl¡e warrelength

of the fh¡o:nescent rad.iatior¡s was sligþt.

As a rc¡rochrtmatic bea.m of TiK ratii¿.tions wqa not available,

an estimetè was made of the ¡elative siæ of tlre escape trrak for the

TiK rad.iations. Values of O.12 ê¿ú, O.O9 we¡e r¡seil for counters A and

B respectiveþ. The slow variation of the values gor Aär"'1, fnt
racliations of manelength olose to tlc wavelength of TIK (Z.lñ

irdlcates that tlre estíuates rreæ quite ¡pasonable.

5.5 T,hç: Linea¡itv of ttre Detectors.

For aceurate absoh¡te intensity measurenents, it is

imlnrative that tLre reepor¡se of tlhe detector to the ireident rad.iatÍm

intensities be li¡¡ear. Following the eatry of tbc i¡pident ¡lhotons

i¡¡to the counter, trhe¡e is a Localiued. congloreration of psttive and.

negatiræ charçs origi-nateil fron the u'l tiplieation præeaseõ near

the a¡rod.e wiæ in the vicinity of tbe ri¡rdow. Oring to their higþr
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nobAlity, electrons in the ctrarged cloud are rapidly colleeted. leavÍng

behind. a positive i.on shcath sumor¡nd.i¡rg the anode, wtrieh Iærs tlre

el-ectric field intensity i¡r thís Fgio¡r. This has ttre ef,fect of

either te:mjnating the 'n'l tiplieation plocesses eouplete\r or causiag

a reduction ln ttre outtrut pulse size. A period of ineffeotual pulse

foniing action fo]-lors until the positive ion sheath has drifbecL

sufficiently far f:rom tù¡e a¡rod.e wiæ. Tf ttre i-ncid.ent radiation

interæity is e:ccessinely highr photons ma¡r enter the d.etector ctr:rÍng

th.is periocl, resulting Ln rpn-linearity in the counter ¡FÉpor¡.se.

the exy=ri-ænta-l teehnique of I¡on-sdale (f 9tÉ) a¡d Ale:cander

et al (tg¿*g) wa.s r¡sed. to d.ete:mine the rcsolving ti-ærl, d the gas

flow pro¡nrtior¡a1 counters. It i-s tbe nini-m:n tine intelral æqullecl

between the ir¡cidence of st¡ccessive þhotoræ to ensu¡¡e a proper U¡rear

resPonse in a äetector. A progressiveþ lncræasing nr:mber of, niekel

foils of ictentleaL thiclc¡ess var¡ ineerteiL in the pattr of a¡r incC.cLent

bean of puæ CuKg radiations. the intensi-ty was reaorteil before and

afber each add.ition of a fsil. To redr.¡ce the effects sf fluetuatl,øis

in ttre souree intensj.ty ar¡d. oor:nting statistics, for ea-ch rreasr:.æænt,

the total n¡rmber of cor¿rts rir€re æeor¡decl ser¡eral tines over an fnterval-

of 1@ second,s ard. the arìerage value was ta¡cen. ïn addition tire

cornting rates nere not reduced. to r¡nsuitabþ low values rù¡eæ coutr-

tlng statistical errors beeaæ.:,lmporta¡rto To ensu¡r a æason¿bIe

unifomity ín thÊ foil thiel<r¡ess, the foils wene ta.læn fnom tle s¡'.e
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sheet ânci the th"ick¡ess of each. waa &easuæd. at seryeral. places rith

a mic¡¡oneter sc¡uw gauge. The results wene r¡ot a.f;fected. by the spectra,

clepenclenee of the mass absorl¡tion coefficient of nickel for tÀe nadi.a-

tions, a"s a pu¡e monochromatlc beam was use¿L lo pneveat tt¡e cletec-

tion of sprrrious rad.iations, tþ wj¡rd.ow of the pr:J-se helgþt analyzær

ws.s set to reeeitre ûlKt radiatio¡rs urly.

The t¡ansuissÍon ratio, tÆn, for n foils of ¡rnifo¡m

thiclaless r c& i.s given by

T/t"= e- þPttx

log-I = 1og- t- - /4? ß ... (3.2)

For a iletector rith a linear r€sponse and. with a constant sor¡ce

intensiff, a graphical plot of the il.cteetecl intensity I against n,

the ¡n:nber of folls, *.ould. ¡esuLt in a linear graph. fhe ga¡trs

a¡e shonn, fn figure (5"6) a¡ril. indicate that mn-linearity fur the

counter response d.oes not beco¡ne apparent until the rsstrrctive

cornting rates exceed. aþout 5 x 1é cor.¡nts per second. aÌrd fO4 cor¡nts

per seeonÈl.

The relati.onship between tlre actual cor.urting rate Nn ancl

tb.e obser.ueiL cor:nting rate No is

or

... (3.3)

... (¡.+)
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Figuæ (1.6) irdicates that at low incident radiation intensitiest

the obsetreËl valr.¡es for logol vary linear.Ly with n Values for NO

at higþ courting rates, dreæ r:on-linærÍty in tlrre cor:nter response

ocer.r.rs, were cbtai¡ed. by erbrrapolation of t*re l1rpar seati.on of the

graphs. By reference to figur= (1.6) ancl equation (r.4) r the resPec-

tive values of t for cormters Ä and. B we:¡e for¡r¡d. to be lo¡r secorr],s

aù 5 fr seconds. Ihete was a sligþt depenctence of T on the cor:nti:ng

rate at r¡hich l' was conputrtl. lhis was attributecl to the faet that

the¡e was a flt¡ctuation in the radiation source lntensity and that

the t}ricloess of tLæ atten¡ating foils weæ nob exactly identical.

For measr¡¡eænts of excessiræly higþ rad.iation intensitiesr it is

prabably trþre accurate to estinate t*re actual intensity by a d.i¡ect

:¡eferrance to figurc (2.6) rather than by clerivlng NU basecL on t]re

computecl value for E.

Experimental j¡rvestigau,ons of the linearity in response

to j¡reident rad.iation intenslties were carried. out for tb.e gas flor

eoi¡nteræ A and.B aecorriing to tÀe nethod. of Short (f96O). An adrrar¡-

tage of this æthod- wa.s that on.Iy a single attenuatíng foil- was

requitæcl, hence the difficulty assocíated. with the fo¡mer techniqt¡e

ln requiring a number of iclentical foils wa,s avoided.. This ¡nethod-

involvecL the dete¡soination of the rt apparent absorption factof ,

. - þPt, for ra.rior¡s vali¡es of the r¡¡attenr.¡ated. rad.i¿tion intensity,

Io. Io was naried- by ad.jr.:.sting the h¡be cu:::ænt of the red.iation

Soutscc. The a¡pa:relnt absorption faCtor was given by the æasr¡¡æel
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tra¡s¡sission ratio of tl¡e foll. iVithin tkæ mnge of jntensities for

which a detector has a l-inear responser a gÞFhieal plot d the ob-

se¡¡red. r¡nattenuated interçi.ties against the app,aænt absorption fasbor

shor¡lci. resuLt i¡r a vertical lirrear graph4 argr d.eparture from which is

a¡¡ indicatlon of non-linearity.

Th,e niclcel foÍ1, r¡secl in thi-s experiment ras ehecked with

a ¡nd.eroneter scæw gauge to ensure a unifo¡mity in thioli¡oess oyer its
ertent. In ord.er that an¡r non-linearity in the cor-rrter ¡FsponÊe wast

reqdAly deteotable, a sufficientþ thick foil was r:sed. to absorb a

sign:ifi-cant fraction of the j¡¡ci.clent intensity. tr'olls rdtJr tra¡rs-

mission natios of O")t35 and. 0.¿+9 for CuKU rad.iations re¡le used.. Thia

was to ensure tbat the eorintSng 1osses con¡rectecl. wlth the ileteotíon

of ttre wrattenuatecl intensity ære sulostantialþ greater than thosc

eor¡¡pcted. with tù¡e dctection of the attenuateel intensiþf. Figure

Ø;ù índicates that the courters A arrl B rere llaear for cor¡¡tÍ.g

rq.tes rrp to JOOO cormts/second afi, 35Ø cor.urts/seconÉl rsspectircþ.

lhe upper Llnits of the range of Linearity of the cletectors A afll B

a¡e loçer tÌ¡asr those cletermineil with the less sensitine 'mrltiple
f,oll ¡nethocl.

In the absolute intensity ræasÌu€¡rnnts, aJ-L tlhe ær:nting

rates nere within the linea¡ range. No corcction wag reqrrirect for
oounting losses d.ue to non-Ii¡rea¡ity in the cor¡ntær ¡îesponse.
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t.6 Proportiozr+litv.

For an iclea-l pzoportional cor:nter, the ratio of t'he oufput

pulse arplitrid.es shor¡ld. be equal to the eorzespond.ing ratio of thc

irpictent ¡ihoton energiès. In practÍ.ce, owiag to statigtical effccts

associated with the electnoeion mrltå,plication processes in the cor:nter,

there is a dlstribufion in the output pulse aLzes oorresponding to ¡üno

tons of a givør ênêrglr For low ürergr photons, tlris d.istributtsn is

as¡rumetric (SneJ,l, 1%2). Heweyer, for j.noidont ¡frotons of noderate

energiee, ttre pnlse heigþt d.istribution a^e repnesentæd. by tJre diffen-

ential curre approxi-m.tes to a Gaussían curve (figuæ 5.5). For ttreee

rad.i^atíor¡s, the ¡oean valr¡e of the pr:lse heÍght ¡istritx¡tion is given þ
the ¡nak of t*¡e differential or¡¡rre. The proportlona-tity in the positions

of these peaJ<s for the gas flLor connters A and. B wene exa¡nined.

For a va1id. coryarison of ttre nean heigþts sf the pulec

heigþt distributlons for ir¡cident rarliations of d.iffe:¡ent eriergiee,

the sare va.l-r¡es of the polarj,zi¡rg a¡rode ptential ancl the external

aqúifications were used. in rreoord.ing thc d.ir-ferentÍaL curye for each

characterÍstic rad.iation. It raa also f,owad. necessarl¡ for the diffen-

entia.L surye to be traced. und.er the same conclitior¡s of atmspheric

pressure a¡ld. the cor:nting rate. An ingrease l¡r atrnosþheric pressuze

reducecl tJre r,ean height otf the output pulse heigþt ctistributim

(section 3.1¿¡ a¡¡l a ædueüLon in the oou¡xtirìg rate inoreaseil th.e

rean heigþt. fhe latter effeet was only noticeable rrhen tJee total
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d.etected- counting rate was weIL above þOOO counts Per secord, a Ll¡qit

rvhich was not erceecled in the intensity neasu¡Éæ¡lts. lhe neiluction

1n the mean vaJ.ue of the out¡nrt puJ-se heigþts at higþ cor:nting r.:ates

was pæbably dr¡e to the fomtion of a lnsitive ion slßath arotnd

the anod.e wir= (section J.!). Br¡¡Rralter et al (1966) formcl. that

thi.s effect ms l-ees in sea-led. propodJ-ona-l d.etectors" It is uncertâj.n

wÏgr this is so.

In tracing out ttre clifferenüiaI surr€s, üre saæ rralues of

the ðiscrd.¡d.nator rind.ow width, the scanning slrecl ar¡l th.e rattneter

ti¡ne constant ææ uaecl. the output pulees f¡ron the ::ateneter lagged.

behind the input ¡ruLses by approximately the tLue oonsta¡rt of the

ratemeter (farr:.sh, 1%6). lhis :¡esultecl. in a sligbt slrifÈ of t¡¡e

pak of the d.i9fe:rntia-l eurre towardE the hi.gþ energ¡ sid.ê. nlhis

shift was ædr¡oecl by a recluction of, the :ratereter ti.me constant but it

was fotmd. that the t jitte/ of ldre pen rscorr:Ler trace j¡cæaseil¡ csLllt-

ing soæ difficu-Ity ir¡ cletertoí¡dng the ¡nsition of the peak accurateþ.

By hawing id.entical ratem¿ter a¡¡1 cLiscrjmi-r¡ator setti'gs, Ít was holrcL

that ar¡r i¡r.stnræntal. shj.fb of the ¡nak of èhe d.lfferentÍal cur're

woul-cl have affected. the differential cunres for the rcr¡ochrcnatic

rsrîl ¿f,lsns usecl, CffiO afrf Crllø, equalþ. Tlre êiscrepaJney i¿ tJ¡e

proportionaJ.it¡r based. on tlee couparison of the positions of the pealcs

of the d.iffer"ential crrnres for the above nadiations was about fi.
This was attributæcl to the en'or involrrecl in estinating the poeitiors

of tbe ¡¡eaks and. the long ínterya-l between the reeording of the trs
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d.if,ferential eu¡ryes, d.urir¡g rtÈiich. ti.me the¡e wa.6 a varj¡.tíon in tire

atrce¡ùreric preesu:re. th€ ti.æ lapoe between the hro neasuæænts

wa.s 'ü¡r€ryoidable as the anod.e of the rad.iatlorr soulte had to be cle4gecL

¡nd. this meant ralting for tþ diffuslon prep to cool.

It was fotd. rÞ¡e conreni.ent to eoupare tt¡e ¡el¿.tive ¡nsi-
tions of tÌ¡e rnain pea.k arrl the eecape peak ín the d.ifferential curye

for a gtvea rcaochronatio r*¿i"t¿ut¡ Ân advantage of tJlis nethod.

was tÌ¡at on\r one C.j-ffeæntial su¡re was requirsd.. The tj¡p i¡¡roIæcl

in recor€.ing thie curte mas relatively short¡ he¡rce the two pea.ke

r¡e¡p trraceil r¡¡d.er id.cntical atnospherio eonditåoæ. The equivalent

energr of tJle escape peakr 
".n 

t" given by

h (sestton 5.4)

The vaiue" ot E.p_, for ír¡aiclent CuKo ard Cdiø radiatior¡s re¡Þ 5.09

:*, 
* 2.\Á reY æs¡rctineþ. For a propot'ribaleourrter, Ei¡ce

P øE

r.. (r.5)

rlrere F, am F"n * ttæ ¡nsitions of t¡åË,ifeht of the prd.nary ¡nak

a¡d. the esoape peak respectively. l:hp va.h:e of F^- was fi¡nst caler¡
eP

IatecL from eqnatfon (r.5) fsr a¡r icl€at pro¡nrtione'l çs1¡¡t6p. Thi.s

was tàen ooqnred with the æasured. value for Fun for varior:s values

of the cot¡r'rter anod,e ¡ntential requlreil for the absoilute intensity

E =EePo

P
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upasuærpnts. Tb,e tota-l Í¡tægrateê cletæetecl coutting rate for tbese

¡lcasurerrents sas up to JrO00 eor¡rts per second., a rnlræ whieh was ia

esceas of the cor¡nti.g rates encoi¡nte:reêl. i¡r the absolute intensi-ùy

measnrr€rrçnts otr the characrteristi-a rad.iations. The reason fsr this

was to test the Bro¡nfrionality of the cor¡nters r¡d.er tùe rcst uÞ

favoureble oonditlon to be encount€red in th€ aetua-l npast¡¡e¡tents of

chamcteristic r:ad.iatíons.

A srr'"nar¡i of ttrese resu]-ta is tabulated. in tab].e (3.2) ar¡t

f able (3ó).

Csuntær À. Sisuree: ffiO

Counter pot
(vorts)

Eo

800

850

9æ

1m
105O

1100

Àttenuatlo¡r
(æ)

Fcp
(ncasurea)

10.3

9.6

7.6

ll

6.7

7A.5

12.9

Fcp
(ca&.)

10.1

9.5

7.4

10.8

6.5

10.J

11.5

Fo

0

6

t2

1&

N

t2

fr

16

15.4

11.7

17.1

10

16.5

17.9

sffir,E (f.2)



Connter B. $ouroe¡ Cúo

Countor
Pot

(vorts)

Attenu-
atLon

CTB,

Peak iliflferr
entl.aJ.
agunting reto

("/"ro)

c.as flow Resolution Þ
(c.*/nfl w, /'Fo¡o o FFop cp

(rnasurvit) (oalor.rla-
ted')

1zr.J/u-

1250

lr00

13OO

ltoo

rr00

15OO

135o

l4æ

6

6

6

12

12

12

12

16

20

1000

1000

1000

1000

lo0

10@

1000

1000

1000

10.3

16.7

26,7

12

12.8

'1?,.7

12.8

12.8

13.o

10.5

16.9

7.6

8.1

8.0

8.1

I,l
8.2

70.,

16.8

7.4

8.0

7.8

7.8

7.8

8.O

s
@
t

1*

1*

It
rå

1*

21.8

21

17,2

16.7

17.7

17.5

18.5

17.j

16.5

2

1

1

I

,tAÞræ (5.t)
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tbe positions of the ¡eeks of the pri¡DÊJqf qrd. tlhe escape ¡naks are

in relative wiits and. owing to the jitter of tÌ¡e clifferentÍal cunes

the accuracy in the d.eteminatiør of the ¡nsitions of the ¡nake was

about 0.25 ælative r¡nits. YÍithin this experinental error, (faUte

J.J) indioatee that the cormter was p¡oportional over tlre ra4ges of

the cor¡nter potentialr gæ flow rate, extema] e'n$Lification ard.

ci.iffe¡ential cor¡nti¡¡g rates r¡sed. Table (5.2) a¡e tfte comespond.ing

resr.¡-Its for cor¡ntær A. For A, wirich had. an a¡od.e wírre of sma]Isr

ctiaæter than B, clepartur.es from proportionality began to show at

a cor¡rter ¡ntential of 11OO volts.

5.7 Resolutign.

[he energy resolution, R, of a d.etector for a gfven rad.ia-

tlon is comonJ¡r definetl aE R = flF, urleæ tñJ is ü¡e wictth of the

ctifferentiar er¿rve at harf heigþt an¿ F is the mean value of tlp
oub¡tut pulse siæs. For a Gaussian .¡istributíon of the form,

y = Àe -t/'or', to r¡ÌricÌ¡ ttre shape of iliffe¡¡ential su¡in€s for ha¡ci.

ar¡l rcilerately ha¡d rad.iatisns appr.oximates (nama et al, 1949), ttre

¡elatl.onshlp betneen R and the neLa.tive star¡da¡Ël. cLevlation S ls

R = 2.:i50 "p/Þ G.6)Oa.

the variation of R wtth the external æprifÍcatim, a¡¡t Te:ith tlp

cor¡nter ar¡ode ¡ntential, is inclu¿ed in TabLe (3.il for a beam of
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Crß- radiatå.ons incid.ent ær the counter B. lab.Le (¡.4) shorE tþc
resr:lts for co¡.¡nter A.

Oor¡nter A. Souree

Resolutlon (þ)

cúu

Cor¡nter ¡¡ot (rolts) 800 900 lo0o 1Øo

attenuation (æ)

15 13.6

1¿ù.5

1'l+"0 1r.5

15.o

15.2 16.1

16

16.9

gagLE (:.r$l

l}¡e tablee i¡d.icate that tlre nesolution is iucle¡nnctent of tb ercternal

æplifieation ar¡Èl for values of the anod.e ¡ntential rithin the rq¡¡ge

for rùich tlae detector is proportioml, R, cte¡eneL,s rcry little on

the ¡ntæntial. It vas fotd. that for a given rail,iaü.on, the æsoh¡-

tion of the clctector':s cleteriorated. a 1ittle for valnes of, the counter

trntential close to the lcrær U-nit of the p:ro¡nr.tíonaaity ra¡gc

(fatte 3.5) aoa for values of tÌ¡e anocle ¡ntentíaI el'oso to tbe qppe¡t

linit (tanre 3J+).

2

I
14

t8

26

,2

5t+
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r
R.eso¡,úùj-on, Fø)

900 loooCounter
pot (v)

atten ffio cüo a*p cúo cüo *F

I 18

17.3

1l+.5

1414

ú

75.1+

æ.5 15.2 15

e¡gæ (q.5)

trab1e (l.g) siro're the variation of R of cor¡rter Ä rlth ttæ

enerry, E" d the irrcictent r"diations for va¡Lous values of ttre eounter

¡ntenti^a.} arld of the exte¡na-l. anplifi.cation The lesr¡Its iûall,cate
1

that R G , a proportional,ít-v whíeh j,s oonsístent wtth tù¡e æsult

of Mtùvey ard, Ca¡qbeff (1958), wlro derÈvoct thsoreticalty tJrat

E = 0.19 ... ß.2)Plg
*rioh repæsents the ultLuai¡e reeolution of the proportion eounúer.

Hower?er, tùey fornd. that ti¡e resolutd,on of the actt¡p-l cletectorras

better tba¡r tlrat givea by equatÍon (l.l), rhich the¡r rcclifLecl to

(¡.e)0.16

JT-
%
P

coa
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Percentege relative sta¡da.r€. acrriation 5¡F

th.eo¡etical best exp. talueIneiåeat
radiation

cdu

cdo

t*p

6.1+5

5.28

5.oz

7.4

5.8

5.7

ÎABLE 1.6\

The resolutions of ceì.urter .Ã were æuparecl rith those æmputeel frcm

equation (:.8) for varior¡s iæident racliatio¡s. lheee r=su-Lts sJp

tabr¡lateit in Table (¡.6), whLch irclicates tbat ttre ¡nrforuance of

cqunter A compa:nes favourahþ rlth the fridea-Ltr deteetor of Mulæy

and. Caupbel.I (1958). Ihe rcsolution of cornter Ë is sligþtþ rrcrse

than thst of À, its value fcr GuKu raÂie.tíons loe;ng 7/o.

3.8

Detectors.

Norually, the iittènsity of an incident rad.iation bea¡r

ægister.ed by a deteotor d.oee not reprrsent the full bea¡n iateæiQr.

A fraction of the insi¿lent intensity is aþsotted- by the windorr and.
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of the trar¡smj.ttetl fraction¡ fgr onl¡r a fraction f¿ fu absodbecl. in
tl¡e cor¡nter gas. 1læ quarrtru counting efficieæy of a cor.¡nter (to

be referrect to a.s ACE) is given þ

Q@=f*rfn

The total nr¡¡nber of ir¡ci.d.ent ¡ùrotons, Nor is given þ

N = N/ECEo

rcheræ N is the nrnber iletectecl.

The values for f* rære cleterrui.ned. experdrentalþ for

each characteristÍc radiation \ nar be evaluatecL f:¡on eitÌær the

measu¡ed leagth of the gas absorptlon path, L, fu the æunter, or

fron a¡r erperirental d.eteruination of tJre tra¡¡sraisEion ratio of the

gas for a uonodrænatic be.m. L is the dlstance between tbe ent¡y

and the erit winiloçs. The .llstance wag r¡ea.sr¡ært for each cor¡nter

by neans of a nicrometer EcrfEw gauge rrltJr its posts touchlng tbe

leilçs on wbich the wirdows wers plâced.. llalues of 0.795 cno and. 1.41

cr!. rEre obtained for the cor¡rters A and- B restrnotively. orÍng to

the 1or pencentage of cOn Ln ttre argon4O, gas filling, ttre tra¡s-

missíon characteristi.ce of the gas nd.xtu¡e wel¡e assuæd. to bê iilan-

tical with those of pure argon. The dcnsity of a¡gon at NTP j-s 1.28.¿+

gn/].:Lter. At room terperature arrl pressu¡É, aÌr average d,ensÍty of

1"67 gû/Líter was used.. within the variations of tùre atrcspheric

cord.itj,ons encor¡nterecL i.n the experirænts, thene was a negliglble
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d.eparture 1n the valires for ttre Qffi from that calculated f¡ron tt¡e

above average value for the a"qgon d.ensiþr.

The transnission ratio, l, is given by tiæ foruula

r=+ = "-þft ... ß.g)ro

wlrcre Io and. I are the i¡:cid.ent a¡rd. the trar¡snitted. interslt¡r,

z'es¡rctively, f ís the der:sity of argon utA,/L, tb rnass absorptfon

coefficient of å.rgon for the ircidcnt rad.i.atior¡s. Values tor l*
çe:re either taken frm tables compiled. by AlJ.e\ (1967) or frrm the

eupirical- forsr¡J-a of Henke, 'tfhit€¡ Ðd Lundberg (lWò. Frcm the

relative intensi-ty measuæments of tfillia¡rs (193Ð and. Wyckoff arrl

Davjdson (1%5), calculations ird.icate that onþ tfn ø con¡nnent

need. be consid.eæcl for calculatìng I for K ancl L nadiations. Simi-

Larly for the M rad.j¿.tions, onþ the Mo eomporent ras consid.er^cd..

Characteristic radiations i¡rvestigatecl. irr this p:rojeot¡ of ravelengths

longer tlian tbat of ÀIKrwerne oompleteþ absoñed. in the ga^s. X'or

AIK, ttre values of T werc O.22 oÃ 0.065 for the counter,'s A arrl B

trspectively, and. for CriKor the corresponÉLi-ng values reæ O"86 ar¡c!"

O.É5. The rcsu.ltant @rs for CuKo rere lowo Houwer, the CuKo

rËasu^rernents onJ¡r served. as int¡od.uctory ex¡nri¡rental techniques

for the sofb rad.iation r¡Easurements, rûrich we:¡e tlre nain concern in

this project.

lhe o¡æratj.on of the gas fllow cor¡rters as absolute
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intensity detectors was tested. rith a eormercìal sea-lect proportional

cor¡rtær a¡rd. a sclntillation counter. Using the latter two d.etectors,

tle absolute inter¡sities æa¡uæcl for the saæ j¡ciilent beam of Cúo

rad.iations we:re for¡nd. to d5.ffer by 5{". This ¿li-sc¡ppancy eoulct be

attributecl to ttre fluctuatior¡s in the ir¡ciitent beam intensity and.

the use of the mnr:fastur€rr I ciata for co{put{ng ttre Q@ for the

comercial pmpor-ËionaI tube. fhe Q@ for the scintillation counter

was ta.lcen from MetÉhnik (1961, thesis). lhe absolute intensities

dete¡mi.ned. with tt¡e flow counter A ani the sealecl proprtional tube

neæ for¡¡d. to agæe to rrlthin fó' -4. corzesponding agreeænt was

found. between tl¡e absolute rea.surlenents cf the scl¡rtillation coturter

ar¡l the gas fJ.ow cor¡nters A arrd. B. For incidenb CUIç' anl CrKc radia-

tions, the tra¡¡ssissfon ratlos of the gas absorption path in the flsw

cqurte¡:s weæ experi"pntalþ clete¡ulr¡edr These agæe with tle caLcu-

lateô r¡alues using the reasr¡¡eil value for L Eithin tl¡e error caìrsecl. b5r

the flr.rctuations in the þam intensity. For all f,þs radiatione in

this project, the tra¡rsmission ratio of the detectors was cor¡utecl

from the reesuæd. value for L. This is justified by the good. agnee-

nent between the resr:lts ilete¡nined w.ith the diffe¡ent ctetectors.

The d.iscæpancy irrvohred., lf an¡r, d.oes not affect the ¡esults for

characteristic rad:iations of wavelengths lonçr tb.a¡r AIK invest$gated

in t¡tris project, as tl:eir value for f røs d.efÍnitely zero.
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3.9

A.part from a few slight upclifications, üre rad.i.ation

ssilrce wa.s essentia-Lly that d.escribed. by Metchnik (lg6l, thesis).

A conti.nr.¡ousþ variable 10o itlf Dc cupplJ was cbtaj¡ed. f¡¡om a 50 Kr

tra¡¡sfomer a¡¡d. a Cookmft-Wa1ton voltage doubler, tlre prÈnary of

the transformer being contrslled. by a variable autotra¡rs o¡ær. In
practicer the deslgn of the ll-:ray tr¡be and the higþ voltage s¡rstem

did. r:ot permût a ¡ntenti.al of rp¡re than 6g W d.zop across thc tube.

The voltage was reâau¡eð by a micro-a.meter connectecl to a resj.sta¡pe

chain Befo¡e tbe present series of æa.su¡æænts, -ooth the resi.sta¡ce

chain and. the ¡nicro-ameter were catibratecl¡ The electron gün oúr-

sisd- of a ir:r¡gsten fila.ænt energizecl by a 6 volt accumtrlator, rdiich

whæ fulIy charçil, srryplj.ed. quite a steaftr emission eurænt. The

elect¡¡on beam was focusseÉL onto tÌæ tariget by a æ.gnetic ler¡s. The

target a¡rd. tl¿e fluoæscent screen were set in a ætal block supported.

by a rotary seal rvhich coulit bring either of the two i¡ato the path

of the electron bean AIso the orÍentation of the tarçt with res¡nct

to the ir¡cidenü bea.n cor¡].d. be vaùiecl. -4. brass target w.ith a hole J m
in ai-ameter drilled. tÀzougþ its oenter was placecl in thÉ tarlget holder.

when the tarçt face ras nomal to the incíd.ent erectrpn þeam, Do

curzent was registered. by the galranoæter co¡lrected to the targete

1'his ensureè that tbe anrod.e cu:rent neasr:red. representecl the electror¡s

striking the target ''fitbin the focal s¡nt as seen on the fluorescent

SCIFêII¡
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CIIåPIEIì fU Experimental Res-¿lts

À-r Met@.

For each experioental point, the cliffeæntia-l cu¡rre of thc

inoi-d.ent radiations was first recorrled-. From the eunre obtained.,

the base LeveJ. end. the wird.ow Te'id.th of the ¡xrlse heigþt anal¡rzer

were ad-justed. to accomod-ate th.e cha¡ra.cteristi.c peak of j¡rterest.

\iith the seleeted artaLyrzer settings, severa-1, read.iags for the tota-l

rn:¡nber of counts çere teJ€n witb tJre sealer o\rer 50 or iOO secord

trrriod.s. The tire interral ras chosen accord.Íng to ttre irciclent

radlation intensity so that the nr.¡nber of coi.mts neglstered ín each

rea.ding was ræLl a¡orre 1O\ .As a nesult of statistieal eonntirg

errorÍi, ttp relative per.centage error in the Ëletectlon of N cor:nts

i-s fOO/ .E Consequentþ, the statistieal countÍng error lnr¡s}¡ud.

was less than 1o/". TÌ:e frequeney of thc noise counts was freqr:ently

ctrecked. througþout the course of each experiment. As the sígna1 to

noise ratio exceeclecL l@, the effect of the noíse eor:nts wâs neg-

llgible. 1o minlmize 1ùte resolution time losses, üre i-nci.cLent

rarliation intetsíty was ad.justed. to a value such that ttre resultant

cormting rate did. rpt exceecl the experi-mentally ctetemined. Il¡its
at wlrich the æsolution time losses hecane apparent (seètion 3,5).

rt was fourd. ttrat r*ren the total electron cu¡gent falI1ng on thc

target was of, the o¡.d.er of 1ü7 s-qpet:e, a satisfastory cor:nting

rate rças obtained..
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lhe quan'u¡n yie1d is given by

*þ=

vùere N is the rn¡¡ùer of itetectecl cor.rrtsy'sec, A is tåe co:rection for

the attenuation of the rad.rations in its path to t¡lre counter, -fu ¡s
tl¡e solicl angle subtencled. by the cor¡¡¡ter r¡.ind.ow at t}re target, f is

the incid.ent electrcn curr€nt exFressed. aa electrons per aecqrd., QCE

ls the quantr.m cornti.g efficiency of the cor:nter and. c is the correc-

ti.on for ttre contirnrous bacþrormd. (section ,lr- 2) .

For ttrese reasr¡¡enents, tlre discri^Búnator wirdow was ad.jr-rstecl

to accomod.ate the ¡naín eha¡acteristic peak only. If the furcident

radiations trere sufficiently erergeti-c that an escatrÞ Ïeak appeared.,

then the quantum yield ras given by

*,þ = up (r + r)

ïfuetre r is the ratio of ttre a¡ea^s of the esoape peaJ< and. the main peak¡

Values for r were pred.etermj¡red. usi¡g nonochrcrûatic radíations (sec-

tíon J.L).

lhe ta¡get s-rrface 'was snoothed. w'itt¡ a calùorruri&rn J.apping cou-

poed¡ 1n1ished. with a netai pol-ish ard. ti:en rir,sed. in rettranol. the

target surface va.s frequently cl-eaned. during the cor.¡rse of the erperi.-

ment. there ffa.s no noticeaþle oontaminatlon of the su¡fape even after

a length¡r ¡nriod of operatj,on of the rad.iation souree. This was

attributed to ttre fact that tìre target was locatecl weLL uqy fron tlp



-99-

throat of the ôiffusj.on prrqp. Uit'ki the excepÈion of the llT, radia-

tions, there was no significant variation in the cor.mting rate rith

the tire length of operation of the r¿¡tiation sot¡rce. Thi.s seens to

suggest that the ¡etluction l¡t the TiL j¡rterslties rith time was

prinarily cau¡ed by the attenuatlon of tù¡e emi.tted TiL radiations by

a surface ùeposit of ca¡ton, a nost fJikely contami-aa¡¡t (Ënnos, 1955) ,

rather ttran b¡i the 1-oss of energr sufferecl by the incident electr.oìs

i¡r the earbon d.eposit. Thjs j-s sup¡rcrted. by the foDowing facts,

(r) provictecl the i-rcident elect:ron erÞnry i-s ¡pt too 1or, tte elec-

tro¡rs suffer little loes ln energ¡ after paÊsing tftrougþ a

carbon lqyer tess than a nicron in thicþss (eqi.iation (2.15)¡,,,

the gra¡ùr is sjmilar to figure (Z.E) ),

(U) of the rq¿lì¿f,[e¡6 iirestlgated., ca.rùon has t]re higþest mass

absorptåon coefficient for the TIL rrd.j.atioa:s (Henke, White,

ar¡d. Lurlctberg, 1957) .

4.2 Gorrection for the Conti¡ruou"s Backemund."

In the d.ifterentíal cu:¡re, tttê E:J-se distributf.on of the charas-

terlstic ¡nak was superimposed. on that sf the bremstrahlung radiations,

Fsr the ALK racliatio¡'s a¡rcl the other characteristie rad.l.ations of

shor6er wavelengtJes 5-nvestigated, the resolution of the gas flø pno-

portional oourters used. waa súfi-ciently goocl to enable t]¡¿ char.¿stsrb

istic peaks to stand. out prominently from ttæ brerctra'b.lung il.istribu-
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tion. From the trer¡:l. of tlre d.ifferential cu¡r¡e d.ue to bremnstrahlung

radiations a1-one, a Lire wa.s drafin und.er the ¡nak to separate the oharac-

teristic d.i.stribution from the bremmstrahlurrg d.j.stribution. A pJar.ri.æter

was used to dete¡mj¡p the ratioi of tkre area of the ¡rak to the tot¿l

area under ttre clifferential ctu¡re Fithin the J-i-urits d.efi:red. by the

¡rulse heigþt analyzer settings ueecl i^n the integrateil countirrg m€å.suFe-

nents.

t¡pical d.ifferenti.al cru¡¡es sbtained. for Al-K (g.¡zt) aûf. Aet

(+.fd) rad.iations a¡e inclr:d.ed. in appelrli¡ (..'t). The l¡-ne separating

the eharacteristic clis tribution from the breretrahlung ri isträ¡ution

for each d.ifferential cr.¡r¡re is also shown.

Àn allowance wa,s also nede fæ the iltsìIsil of the characterie-

tfc peak lyjr¡g outsiclc tbe Ii-mits of the discrini¡ration wirdory by esti-

mting the areas und.er th,e tail s of the clu¡acteristio peak" In nost

cases, the ærreetion nequi,rçtt rva,s negli.gible.

For the ctrarasteristj-c rad,iations of wavelengths longer than

that of, AK, i.e. fron cul (1¡.Ð to CK (l.¡Jð, th resolution of the

proportional cow¡ters d.ici not ¡teruit an accurate separation of tt¡e

characteristio d.istribution from the brenrnst:ralrlung distribution. A

hrowleclge of the theoretioal curve shapes of the two comtrnnent distribu-

tions tras necesaarlr.

The out¡nrt pulse dj-stributj.on for iræident ¡ùrotons of a given

ene{Sr æsults from the statistie¿l variation in the nr¡mber of prìmary

electron-ion paiæ pzoduced. per i¡cident 1ùroton ar:d. in the size of the
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suÞeequent analsrche produced by each ín the counter ga,s. lhe statiE-

ticat effect involveô irr the seeorul pæeess rae i¡weEtigated. by Snyder

(Igt+ù a¡'d. dlscr:seeci by Srell (tgCZ), nho a¡rived. at a prcbaÞifry f\¡r¡c-

tion P, (x) for finding V parÞielea at a piat x along the track rrhere

the drplication prÍ¡cesses took place

p" (r) = q r e "* (t - "- 
xx¡ /-n ...(4.1)

ñ = e Yr ... (¿*.2)

r,ûraæ n is the r¡¡ñer of prinary parbioles at r = o,

w = rl + N, Ls the total nr¡¡iber of particles at r,

N i-s tJ¡e nr¡úer of, particles producecl at x by one ¿nitiatÍ'g parrticle

arrd Ñ is the æan ntrúern

q_ is the Brobabllity of having n parËielea i-nitially,II

Y ts t¡e probabiJity of electron ôuplication per urrit ¡nteatlal i¡rte¡"ra}.

Frun equatJ.oæ (¿*.t) and (4.2)

r,,(r) = % (Y-l)¡ . rlr-1.)(r¿-n)- (r¡,r)¡(y-n)¿ N N

Using the folloring E¡ttleuati.cal approri-uatisrus (e.g. hlce , P56, 1764),

(r- ) 
t-t -YF

å¡d.
n-l

qn( vol
. .. (¿*. r)

GJ
t{

- Y/f,
GI

fr*
(¡) ï*ÐTP
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If the rnagnitu¿e of the resr.¡ltant pulse heiglt is proportlonal

to tt¡e nu¡ober of ¡nrticles pnod.rrced. in the rÐ'ltiplication pr''ocessr ard

tiæ fluctuation in n js ignor.ed., then üre probabilíty distribution f(p)

of a pulse b,eigþt p prrcducecl by n primary partieles is given þ

_1

t-If 
= = p is tlxe æan slze of the ¡rulse heigþt of a sinpie avalanclre,
A

r(p) -pr,P:.11
P

è

tlprr
rrl

r(p) =(*t|g -ìpc

= À"-ìu (lrd*1 ... (4.4)
("-t) I

the pulse heigþt ciístríbution for rcnodrrcmatic rad.iations. Ft'r the

b¡¡emstrahluqg red.iations, Ca-upbel-l usetl the follori:rg pro¡nrtlonalåty

to d.escribe the pulse heigþt distributíon
N

r(p) n I l"-ìp (Ào)*1 n(x ...(L.5)
w1 (n+1) (n-r)l

Eqr.ration (+.5) was derived from the relationsh,ip of Fuch and. Kr:lenleqrff

(195ù, ùich clescribes the variation of ttrê energr íntensity with

energr of the b¡e'n'nstratr}:ng racliatíons. A nod.i.ficatLon ç¿s q'ìes intrc.

ducet[ to fit the thçoretical ctistribution wíth the e4nrimenta] brem-

strah}r4g d.istribr¡tj-sn, This pnocess üåde soæ aIlowa¡rce for tÀe fact

that the orperimental b¡¡emstrahlrrng pulse heigþt d.istribution was
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d.epencLent on the variation ln the attenrption of the incittent ra.dia-

tions, by the cor¡nter windov, rith çavalength.

fhe distribution fi¡nctions (4.4) an¿ (4.5) ære fittetl' point by

point rÍth the experimental rltfferential enre€s by the nethocl of lea"st

squares, as ras for¡net þ Ca'npbel1 (lgøl), a Ii:rear oæbination of the

d,istribution fi¡nction (4.4) for the chara,cteristic peak rith vaÌr¡es

of n, the mmber of pri.uary ionizatione produceil per i¡cident photon,

tlistributed. arou¡d. its calcul-atecl rrah¡e nsr rês requiretl for e gootl fit.

lû¡e necessit¡r for having a c<rrposite cuwe for tle characteriatic peak

ms due to the negtect of the congicleration of tbe statistioal fluctua-

tions in the hrmber of primary ionizatlons in tlie ileriyation of equatiou

(4.4). [he operation for choosiag the veigbts for the emponent dis-

trilution functions for the charaoteristic peak was oæbinetl in the

sæe least squares ¡rethod above.

The cmputer progrm fon ttre rhole operation ms rritten. In

the programr, s, correctlve oBeration was inclutled. eo that if the sìn

of ttre cleviations squarect of tbe calculated points frm the exlnrj.-

nental currrê exceed,erl a certain value, tm adtlitional cmponent d.is-

tribution fi:::ctions ære used" to describe tbe eharacteristic peak rith

h - n" :! 1. This process û45 contír¡uetl until a good fit was obtai¡etl.

Ior practically el-I cases, th CK radiations requiretl 5 conporent

eharacterístic rlistribution f\¡¡etions, TiL antL CrL requlred 7, a,ntl CuL,

9. In all c€ses, the relght of the nícld.Ie conponentr i.ê. thÊ function

rith the theoretical value for n, was the largest. She results for Cu.l
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a¡d. c¡f, raðiations a¡e show¡r in figureu (¿,-t) "æ 
(+.2) nespectiveþ.

The iLi-etributLon cuf.r¡€a for the bre¡rrlgtratrlung rad.iatíong and. the charae-

teristic ¡edlations are irplud.ed.. ft m¡st be ¡¡emember^ecl that üee ør¡nri-

nental Ël.iffeæntia1 cuzve repæsents the pulse heigþt clistribution of

atl tlæ e;baracteristic rad,i^atlor¡-s in the K or L s¡nctnrn ln acld.ition to

the brem,strahlur:g rediatiorn. No ex¡ilicit all¡waræe was m.d.e for the

ocqr¡lÍience of seræral characteristic lines 6f gimilar energies nor fqr

the variation tn attenr¡ation of, the incüLent railiatíons by the cor¡rter

v'inclor"

4.3 ÁIso].ute intensity measu¡eænts of C,uKo .gg}.Q¡!(o radiations.

In orrler to test pr:Ise heigbt discrinrjnation as a ¡æthocl for

.isolating the characteristic radiations, severai other technÍques were

a-lso r¡sed. to ronochrpmåtize the tr:Ko "d. C-fL radj-ations. As extensive

absolute inter:sity neasr¡rE!Þnts of these characteristi.c rad.iations have

al-ready been ma.€.e (uetcfrnit<, thesis, 1%1i Metchnik arrd [omlin, 1i6J),

the neasureneats of these raC.iations serræd, as a check on the perfon-

nance of the gas fLow proportional co¡¡rters as absolute inÞnsity iletec-

to¡Fo

lhe 6r:i(u rad.iations were monoebrcmatiseð by means of a pair

of bala¡rced. differential fjJ-ters aild. by roeans of a double LiF crystal

rcnoch¡omator. In arid.ition to the two gas flow proportional æuntert,

ttre rad.iations we¡p detectecl by a Geiggr counter, a sealed- comer¡cial

prolnrtional coi:nter ar¡l a scintil-Lation counter. the crystal nonO-
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chronator, tlre Geiger tube, the sealed. proportj-onal cor¡ntær and. the

scintillation cor¡rter were the sare as those déscribed by i'ietdbnik

(gA, tJ:esis).

The cLifferential filters used- consisted. of a pa-ir of nickel a¡d.

iron filters of tLricknesses 2o75 x lO-5 cm a¡d. 5.28 x 1O-J cn rFeatrFc-

tively. Theoætically, it is íqnssible to achieye a perfect bal-a¡rce

for rad.iations of aJ.J- wavelengths critside the pa.ss ba¡rd. The fil-ter

thicknesses wer€ chosen to rratctr the transnrission rati,os for r"¿tlations

of wavelengths in tb immediate neigþbourhood. of the pass band defj¡red-

by the oritical absorption edges of the two filters. labJ-e (4.t) shows

the d.eg:ree of u¡ibala¡rce in the trarrsmission rati-os for rad.i-a.tj.ons of

wavelengths I¡dng within and. close to the pass band..

Tra¡rsnission ratio (/")

d

5.2

7.6

TABLE ¿1.1

The ¡nrfornunce of this pa:ir of d.jfferentiaL filters was

coryarable to that useil by bletchnik (tgít). The effeet of arly uribalance

in the transmission ratios for rad.iations of rvavelengths far ¡¡ercr¡ed.

from tlre pass ba:rd. was rninimizecl. by pulse heigþt d.iscrj-mination. It was

forr¡d that with ¡nrlse heigþt discrirnlnation, the trrrcentage transnaission

N1

Fe

t*p

0.091

0.097

GUKc

3O

o.o23

?ß

9.5

12.7
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of MoKo r^adiatior¡s (O.Zff) usir¡g the Ni-Fe filters was on1y O.f¡å.

fhe Q@ of tt¡e scinti-Ilation cormter for the tuKo radi¿.tions

wps taken fron Metch¡rik (thesis, 1%1). the QCßs of the sealecl. proporL

tior'¡al- cor¡nter and. the Gei.çr trrbe rere caì.cr¡Iated. from tlre ua¡rufactr¡¡err s

¿lata. Values of 0.81J a¡rcl 0.71 were obtaj¡ed. respeøüive1y, as cqnrecl

to Metch¡rikr s values of 0.855 atú, 0.772. The d.iscnepalc¡r in the QCE for

the proportiona-L counter was due to a d.ifference in the values r:sed. for

tlæ mass abso4rb5.on coefficient for the beryllit¡m wj-nd.or. Metchnikt s

value wa.s 1.55 as comparect with 1.6 given by Allen (lg+ù used. i.n the

pæsent ca].ctü-ations. An experiæntal va-lue of O.72 was ¡¡sed for ure

transnlssion ratio of the alt-¡nir¡iun wind.ow for ttre I-ray tube as eom-

pa.ned. vltJe 0.698 usecL by Metchnik (1961).

In lihe measuretrents xûade ylth the scíntilJ.atíon cormter, tbe

base level of the ôiscri¡uinator had to be raisecL f,6 s'liïinate lEw enerË¡

æise cou¡tts. Tl;ìs Desulted ir¡ the low eIEIËr taìl of tÌæ characteristic

peak being eut;off. An allowa¡ce wa6 re.d.e for this in the calsLúationso

ÐeacL ti¡e å¡d. C.ead. volt¡æ losses were consiilered. in the results obtained.

with the Çeiçr tube.

n'igures (lnÐ arid. (4.4) show the preaent resuìts obtained ¡n-íth

the sealeil proportional cor¡rter æd the scinti'tlation cor¡rter using

bala¡rcecl diffe¡ential fílters and. puJ-se heigþt disrc¡imination to isolate

the Cr:Ko radiatior¡s. The eorresponding nesults of I'fetch¡dk (gel) ar€

fneluded. for conrparison. There i-s genera)-l¡r good. agreeænt betneen a'll

the æsults.
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Ttrere was simi].ar ag¡rìeeüent in the nea.su¡emts c!.ete¡mind,

wittr the Êeiger tube a¡rd. the d.ifferential fiItere, ¿¡1fl s{miIarly in

the reasr¡¡eænts in vùrich the alouble LiF crystal rnonoct¡ronator was r¡sed.

to isolate the Cdl' rÞdiations.

Measr;¡ements qf tbe Crrllo railiation intensities were also d.e-

ternineiL Í"ith the gas flw proportlonal cor:oter A, in coqjr:nction rrith

balar¡eecl, differential filtetß and pulse heiejht d.iscrjmi.Bation. lhese

nesults are included. in figures (4.¡), (L.6) , ard (¿*Z) for þ = lOo¡

2Oo , anÃ, /a0o rcspectiveþ for nozma-l electrsn bea¡n ir¡cittence. Metchnikr s

scintjllation cor¡rter rresulta are irp].ud.d. for coryarison.

Àbsolute inþnsities of CuKø ar¡d CrK* radiations were cletep

uinecl w'it¡ t¡e gas flow pr"oportional cor.nters .4. arÌd B usíng pulee heigþt

di-scrj-eirration alor¡e to separate tÀe conti¡ruous rad.iations frorn ttre

characteristjc ¡zdiations (section 4,2). The C\:Ko nesults a¡e incJ-uded.

in figures (4.6) and (4.7), which inlicate that the intensities iletep

Eined. by the trvo gas flow cor¡rters are in satisfactory a,greeænt with

each other and. with Metchnikr s rÉsu-Lts. The escape peak co:zcsËion was

incLr.uled in the results (section 5.4).

lhe absr¡e series of e4geriments i¿dicatecl tbat the gas flLow

pnportional counters were acsurate absolute intenslt¡r detectors ancl that

pulse heigþt d.j.scri-nirution was a satisfactory naethod. for isolating t.}ne

characteristic lines an¿l estinating the continuor.¡s rad.iation conrection.

It shotùcl be pointed out that the resoluti.on of proportional eor,¡nters

was l¡rsuffi.cient to separate the Ko from the Kp racliatio¡¡s. Tfill-iarn t
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(1%Ð d.ata we:¡e usecl to estinate ttre flaotlon of Ko radia.tions 1¡r the

K spectn:mn For softer eharacteristia r"ad.iations, otJrer thsn those of

wavelengttrs longer tha¡r AtrK ( I "f), therre was a m¡ch soaller low enerry

bacþround.. It was for¡nd. quite easy to separate visually the cl¡araø

teristie peak frrcm the contian¡ous trruJ.se ¡listribution ln the cliff,e¡ential

cunre for tlrese rad.iations.

The theo¡¡etical CrrKo intensities caLcuJ-ated. flon eqr:attæ, (Z.lZ)

a.æ i¡clr.d.ecl in figures (,+.¡), (L.6), arrl (+.7). For the a¡rgje etr

emission f U' the rarge loo to lr0o and. for tJre electæn beam i¡lciiler¡t

normally, the¡¡e is ]-lttle separating the theoreti.cal cunres ca.lcr:Iateê

witlr ttre formuIa for Q,. sE discìrssed. by Mott a¡rd. Massey Ugeù (sectÍon

2.2; t'bese Ínter¡siQr cuwes are clenoted. as À,il{ in thi.s afll the following

sectiorrs) from the suryes caJ.cr¡Iated Eith Wodhington ard. tromlínt" OgSe)

foruùa for QO (clenotecl a.s ttæ WT inten=iþ cr:nres) up to J¡TKr fro¡q which

Pofut, ttre tr&if curves 1ie above tJee TJT eurrËs, ard. this ctifÏerence in-
creasec to about 1ú¡i at 60 kev irpiitent electr"on erærEJr. lb.ere is
generelJ¡r good. agreement betreen the er¡rerimentel points a¡rd. the theo¡¡eti-

ca1 cr¡n¡es for the CuKo racliation i¡rtensities. For a.ll the angles of

emìssisn investigatect enl for electron erÉrgies belm lf.U, tt:æ e¡cperi-

mental results 1ie above the theoretical curyes a¡rd- tlre d.iscreparrcy

increa,ses wj.th a :¡educùion in the erect:rcn erÞrEr. Figure (z.z) irdi-
cates that ther,e is a good. agneenerrt betæen the ex¡nrj-nenta-l reeìút ard.

botb tlreoretiea-1 va-h¡es for Qo at appro*irmteLr Æu for the nicbr atom.

Ässr:rn5ng that there 5. simílar qgreetrÞnt for the copper atom, it appea-zs
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that the di sereip¡rcy d.oes not ].ie in the exBression useð for QU. How-

ever, there is not enougþ er¡nrinental eriêence to suppor.b the valiðity
of the tlæoætíea1- values for 8* at Lor eoerg'ies. The use d the Born

appircxination in the theories,i for Qn shorrlct rresr¡lt in a¡r ove¡resti.ua-

tion of the ttreo:etical intensities at iø energies. lhe effect d any

erlþr in tlze co:rzrection for tÀe target absorSÈion at Low electron ener-

gies shoriJ-d. mt be ser:lous, especÍ-a-l1-y at b5.gb angles of, emiesion In

the j¡atensi$r er:rves for þ = 1Oo q'râ at higþ electron energies (figuæ

4.5) , wheræ the ta¡get absorytå.on is iqrortant, the encperiænta1 poirrts

l-ie þelow the tlreoretical ëurr/es. IÈ is inte¡:eetj¡g to note that the

d.iscæpancy is about the saæ @.gniü¡¡de as ttrat resuJ.ting fron csrsicler-

ierE üIe target med.ir.u es, i¡finite in ertent in clerivi.g (*), tlre average

deptb, of electron perætration (see figure Z.il+).

Íhe açerûnental CrK* intensities a¡e shown in figure (Ue¡.

These rea"suretrtents were d.etemÍned. with tbe gas fJ.ow prcpo¡tíonal esr¡nter

B r ar¡'l pulse heÍgþt d.íserininåtion was r:sed. to separate tt¡e characteris-

tic rad.iatioss from the oonti¡rusus bacþroi:nd.. y/illi"a.nst (t955) aata

was ¡¡sed. to ca-lculate tåe fraetioa of K* radiations in the K spectnm.

The measu¡:ements of &ietchnjJ< and. lomi¡.i¡ ßgeÐ a¡e inch-ded. for cor¡rarisør

(d-enoted. as lff in figurc (+.S¡ ¡. The theo¡ctiea1 lvfM intensiSr eunes

shcmn include both Burtroprs (1952) value for t^JO (O.Zl) a¡r,e Ca].lanrs

va-lue {c.z7z) (¡':.t* et aI, 1966). nhe continuor:s bacþround. was low,er

than t*rat encounterecl in the c.ul(o neasuæments, resr:Iting in a better

esti-mation for the conti¡nrous rad.i¡.tion eorrectio¡r. Theæ is a cLose
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agreement between the present CrKo resui-ts a¡¡d- : the':,-Mf i-. results. The

e:cperi-rentai resrrl-ts lie bet¡seen the theo:ætj.cs-l curyes caLculated- w.ith

ttæ two tJ, values æntioned. above. .{is in the case of the CuF- nesults,

the ex¡reri¡mental points suggest that tJre correction in the theo¡stica-l

formrla for the ta¡get absorption is too J-own

4.i+ fÍK results.

Total TiK rad.iation intensities neræ d.etermined.'rith the gas

fLow eounter A. For a rerms-l eLeetro¡r bea.n i¡ci,ilense, neåÉlìJ.r€ænts wetr

mad.e for þ = 5o, 15.50, öe, 32o , ard 40o. A series of reasr¡¡eænts was

al-so mad.e for rad.j-atior¡s emittect at l+5o to the target gurface with the

eiectrpn beam iricJ.ined at 90o to tlre emitted. rad.iatious (t¡* arrar!,gg-

rent is clenotecl. as oblique irrcidence). The ¡¡esults for þ - 5o, ¿¡Oo, a¡rd

15.54 are show¡r 1n figur,Bg (J+.9) ând (à.f0) arrd. the other resr¿ts ar€

inclr:d.eil 1n ap¡nnd.ix (2). The experi-æntal resr¡Its fol-I bela¡r the'Wt

theoretieal etr¡ves by about 1f¡o on the avera,ge ard. belqw the MM cr¡rr¡es

by afuut 8Á. Assrruing the inter¡siþ fo¡serla is satisfactoty, the !Ë-

sults suggest tÌ¡at Calla¡rrs ralìre of (O.ZíJ) tor c.J* rrsecl is too hidh.

The¡e is a þetter agrseemerrt if Burhop's (t952) va}¡e of 0.155 for cJ*

is useè. In fact the average of tÌ¡e aval'lable erperinental rral¡¡es fsr
óJn for tita¡rir¡n lie betreen the two theoæticatr rral¡¡es (figu¡e 2.9).

tsrcrr¡ and Ogilrriets (1964) experinental, d.ata fat þ = 10.50 bave been

iræ}¡dect in figurre (+.tO) for comparison. 'Ihere is sone d.or¡bt as to wtrich

of ttreir vahes tg useo The excitation erærgi.es impLied. in tbeir
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d5.4gra¡ns (f:-guræs 6 anil /), Brcmn ard. Og'i1vie, 1%4) suggest that tkre

oaptions beneath the d.iagra¡ns shor¡ld. be interchanged. If this is d.one,

their experi-nental j¡rter:siti-es becorne twice the present measu¡esnnts.

l,Io mention wa-s n'¡ad.e of any attempt to allow for the backscattered. a¡rd.

second.ary eLectror¡s leavi:eg the target. Jud.ging from the schenatic

d.iagrem of tl:eir experi-mental arta¡rgernent (f:-gu:æ 9¡ Bzovrn ard. Ogilvie),

only the target to ground. current was consídered, This wor:J-d. øcplai.n

tl¿e d.iscrepans. If the original captions r¡nd.er thejr d.iagrqrno ale

assumed. to be co:rect, ttrre:re is mrch better agreerænt between the

present :æsutts ard. those of Brrwn ard. Ogilvie (tg6+). these a¡e ttre

results i:rcluded in Figr:re (4.t0).

The ¡oea,sured intensities of Birks et al- (1965) a3-so exceed.

the present resul-ts by about 6U1i to Jút¡à. fheir results ¡¡efer to target-

to-ground. cu¡tßnts. Even aJ,lorring f,or the backseatteæil. electrons, a

large d.iscrepancy stiJ-J- occì¡rsi. It i-s probable tirat this was car:sed. by

seconôary electr.ons escaping from the target in their experimental

alrangement" Allowance for tåese electr,cns was not menti-oned.. -A large

d.íscrepancy also exists between the present CuKo rresr¡lts a::d. those of

Birks et at ('tg65J.

4.5 AIK rtesr¡Its.

AIK j¡tensities were rrieasuzed. w'ith the gas fi-ow cor.¡nter a for

þ = 5o, ioo, ZOo, 3Zo , arÈ, .18o for no¡mal incidence of electn¡ns.
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Ìileasu¡eme,nts were also mad.o for red,iations emitted. at 45o to tlre

target surfåce rith ttre enitted, radiations ÍncLined. at l0o to tJre

i¡rcident electron beapr Sone of the measr:¡enents trere ¡=d.eterui¡red.

w'it}¡ the gas flor corrnter B. the¡re rzrs no slgniflcarrt differsnEe l-n

the resr¡Its d.etemi¡rect wit*r tåe tço cou¡¡ten. fhe er¡rcrd,nental

pointe togettrer rlth the tlheoretical eu¡mes aæ sfrorn in figuæa

(¿*.11) to (4.16). Ilsing the experirental 4.r* vaLrre of 0.(b5 of

Be¡trencl. et a-l (1959) (section 2.3) t the¡¡e is good qg¡reenênt betreen

both the Wf ard. the HII curves rith the pneeent experisenta] äata

elcqrt at J-ow angtes of ¡adiation eni.ssion, rihere a signifiea¡rt ¡ìis-

erepancy exists -oetreen theory ard. ex¡nrånent at hrigþ inoiclent elcc-

tron energies. Af ø = 50 (figure 4.12), the experimental ¡nÍnts a.re

trrice tlre theoretical values for i¡eiclent eLætrnon energies exceeéling

40 kdf . the d.iecne¡lanoies decrcase rith an increase ín the argle

of euigsion for cotres¡nnding electron encrgiea.

Figurre ([.ft) shors that Carr$ellrs (1961) ex¡rerioerrtal resutts

aæ onJ¡r about 6ffi of tJre pneeent measuænents. It wa.s at fi¡st thougþt

that ttre nagnetic system uged. to ctefleot ttre backscatterett eilectro¡rs

eway from the counter wind.or wa"s unsatisfactory, so that spurfous AlK

rad.iatiors were prechrced. iIr the aì-unLnizecl, ryIar ryiryl.or. Sone of the

measurcments wene repated rith a plain 4grlar eounter window. However

no aignificant change in tt¡e resr.¡lts ras clpteotecl. fbese rreasuænentE
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a¡e shovn fn figuæ (+"te¡ fot þ = 20o. (ttre nesr;tts ¿etetri¡e¿ wiür

a plaiu ryIar winilow are denotæd. as Hexlerimental Btf and. those cleterr

Irined rith an ahmiruì-zed. rylar rlnrtory are dcnoted. as Hexper"inental An).

Figurc (t*.ta¡ i¡¡licates ttrat the present rÞasureÍÊnts a¡e consi.etent

with Dolbyts (19.6O) experimental ¡esu].ts. []f]¡errgh ÐoIb/s experinentaJ.

oonditions we:s not id.cal, tt is ìÐlikel¡r that his æsr:l-ts rere se¡d.or:s1y

sveæsti-uated. A ðiscusslpn of tbis is gÍv¿n i¡, sectíons (f .1.2) ar¡l

('t.t.J). Sr¡oninenrs (1964) thcoretical æsu1ts ate j¡slud,ed. in figu:res

(+"t+) and (t+.15). Ln L)*va}:e of 0.028 nas used. in these caLculations.

t+.6 CK Resultso

0wirg to the poøosiþ of carbon, it is diffj.cu]-t to aElrieve a

snootJx s':rface firrish for tÌre sa.rbon a¡nci.nen. Dolby (f 960) for¡nd that
the CK intensities enitted. from a ca-¡ibon target weæ lú¿i of those from

a plished' diansnd target añ 7/" higþer ttran those fron a mgghgr filed.
carbon eu¡face. The target usecL in the pnesent rreasuæEÞnts was polished

with a ca¡ùon¡¡rd¡¡m lapping co,qrourrl. It is eerüain that this tæatuenü

is inad.equate to prcduee a sufricientþ enooth surface. rt is assr¡ned.

that tÌ¡e pnesent mea.st¡r¡enents neprresent onJ¡r lú/i' of the intensities
enittecl frsm a¡r id.ealJ¡r smooth ta¡get. [he resulta¡rt intensities a¡c

slrswn in figures (4.17), (4.t8), ard (+.tg). Carapbells (196J) rr:sr:Its

are j-zph¡dect i¡r figure (+.t¡, AltJrougþ there is good. agæeuent behæen

the t'¡ro sets of experinental resr.¡.Lts up to ö taeY electron enersr, from

ttre tnend, of Campbellrs æsu1ts, it appeâ.rs that tJee present intensities
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decnease nore rapidly with electron energ¡ than Ca.nþel]-r s (19Ø)

res,-¡l-ts. ghi-s is not cerbain, ho'rener, es Caurpbelll s EÞasuæænts

extenil onflr to ]0 kel¡ electmn energy.

Do].byrs (1960) oçerinental results for þ = 33o a¡e twioe ttre

present neå¡sulîements for I = i*Oo. AJ.though therre is a di:f,fe¡sence in
the angle of enlssion, tJ:eo:ætica1 ca]-ct¡r ations i¡dicate that therre is
very litt1e d.jffenence i¡r the intensities computed for ttre two ercperi-

mental ei:rangenents. It js cer.taj.n that sore second.ary GK radiatiom

we¡e excited. in the counter wind.ow in Do1þts extrnrirent (section 1.1.2

a¡ld. 1 .'1.3) .

the tlreo¡etical- ÀfM and. iYI cu:¡res are inch:ded. in fjgr::es (4.17),

(+.tg), a.nd' (+.t9¡. .Étn úJo va-1ue of 2.06 x lo-5 wa.s used i¡r these cal-
culatior¡s. Thi-s Yalue was obtained from a comparison of ure theoretice-l

and. exSrerimental radiation i-ntensity resuJ.ts. It appears that Br-rrhopr s

('tggz) úJu vah:e of 1.1+4 x tú3 for ea¡bon is too low'

)+.7 Estination of the Atonic Fruorescer¡ce Tield. vafues fbom thick

ta¡set fntensitv Data-

Figr:r'e (2.9) shows that there is a wide . spread in the e4>erimen-

tal values for tkre flL¡rorescence yiel_d.. This scatter in t'hl dKva_1ues

Ls particularlly serious for lígþt elements. Assuming that üre theoretical

MM intensity results a¡¡e correct, the fluorescence yield ma¡r be estj¡nated.

by a courparison bet¡reen the experimentâ-l axd. theoretical íntensíty ¡esu1ts.
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The theonetical results ¡hieh a¡e most ltlaly to be in emr a¡e those

corresporulLng to low e:Leetroa energles, ùre to the use of the Bo¡n

approximation in tJre ttreoryr a¡rd tåose comes¡mnding to low angtes of
emissJ.on, rûrere tJre target abeorption tem i.a the theory becomcs ir
portant. The values obtained, fnom a eomparison betreen tbe ¡reo¡etioal
ancl e4ærc-nentar intensity resirlts fron rcderate to high electron
energies a¡d. for hi4l .nglee of rad.iation emisslon are listccL Ln

lable (L,z¡.

7;

6

13

22

24

29

u)
K

G 2 x 1o-3

.05

.16

.23

.n

å1

si
Cr

Cu

tABLE (+.2¡

For cu and cr¡ there ís very little to choose bctween Br.uhopr I (1952)

ralues s¡fl Çn]]allts (nilt et al, 1966) varues for Q)*. For li, it
appêaïs tbat Br:rhopts va-lue of 0.155 is the norre apprcpriat€ or€r For
41, tùre val-ue obtsined. i.e stÍrilar.to tllat of Bertra¡¡d. et al (tng).
The value for o is v.ery nuch higþer ttra¡r that of Br:r:hop (,tg5z).

4.8 fhe L and. M B.acLiation Intensities.

.A.bsolute intensities were d.ete¡ruined. f,or Ag[, (+.f5Ë¡, CúL
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(1J.f), Tjr, (zl.Sg?), c& (zt.a7Ê¡, Fri,r (g.o¡Ðr.êi,utí $.efi, ard. ïrÅr

1ø"nE) raðj-ations (the waverengths in brackets nefer to the øi coÞ

¡nnent). Some of these :iesu-lts a¡e slrown in figures (L.20) to (¿*.J+).

lhe ¡est a¡re conta-i¡red. in append.ix (5;. Ther"e als rto past experi*entâi

d.ata availahle fo:.- compatison lvith the prcsent æsults. The on\r

absolute intensity d.ata for L or II shelJ- cir¿raeterj-stic rad.iations alîe

ihose of Birks et ar (lgû*), d:o made a few isoiated, Âr¡r¡ and z,r ¡
mea.si:.rements. However, their ¡esults ¡efer to the tariget-to-grcrind.

cuzrents. In genereJ-, the shape of the experirnental cirr¡es for the L

rad.iations d5ffers fro¡o that of the curr/es for the eorresponding K raðia-

tior:s. Om-ng to the higþer target absorption sr¡ffered. by ttre softer L

rarJ.iations, the erperinentaJ. curr¡es di-splay a peak at a ræratívery 1or

jncident electron ensrg¡r

There are not suffici,ent d.ata av^ilab1e to permit the cal-cr¡l¿-

tien of the theo:etical inter¡sities of, tkrese L arrd. M shell characteris-

tic raðiations. Data on the ff-uorescence yield., tb ioni-øation cross-

section ard. the mass absorption coeffiqient cf the target eleraent for
racLiations of wavelengths longer tha¡r the L critical absorption rnavelength

of the target elernent a¡e either lacking or are uncertain. Infonmation

in the f,Iuorescence yield beyorC the L-shelJ' is scantyo A few isolate¿

M shel-L fruorescence values rer¡e risted by Fink et a1 (geq. Except

in tlre case of tåe Agt raojations, tlre æ.ss absozption coefficient of

the target element for its own L or M eharacteristic rad.iations is

unlsrown" The paper of HenJce, Ì'¿hite, æd Lwrdberg (lgZÐ appears to be
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the only eorpæhensive source ctr tlata for the mass absor:tion coeffi-

cient of the elements for ultra soft radiations. Their semi-emptri.cal

form¡Ia is on\r valid. for ttre absorptlon of radja.tions of wavelengths

ræ to the L-critíca1 ebsozptlon wavelengtho the only studies on f,J¡e L

or M ionization cFoss-sectj-ons are those of Burhop (f 9Ja0) a¡rd. Mc0,ue

(19/$¡). Using tlre Ëorn approxi'nation a¡¡d neglecting the ælativistic
effects arlå the exchange betreen seattened. arrcl ejected, el¿ctrons, Burirop

(f 9JÉ) calerrlateÉL ttre'ionizatior crross-seotions of the ttrree L-states

of silv€r and. æncur¡r. A ælatire expegi.uental eurye for the ionisation

crþas-sêction of thÊ tIIr state of sj.lver wa.s dete¡mined. by l{ccue (lgab).

The theoretica-l calcr:lations for the Ag[, intensltíes a¡e discussed. in
the nesct section of this chapter.

)+"9 lheo:setical calo.¡Iati.ons of the LÃ' radiation lntensities.

For the intensíty ca-leulatLons, it j.s desi.rable to uËe a less

conplex erprrssion for ttre L ioni¿atiorl cross-sections than Br:rhopr e

(tp+O) formrla. Onjag to the fact that the shape of Burhoprs tlreoæticâI

currte for the Agp cross-seetions 5-s si¡riJ.a¡ to tJ:at cf the q¡nres for

the K íonization crcss-soctlons, and. that good- qg¡reetrFnt øcísts betæen

the senú-empirlcal fo:mula of -worthington and. lonl-in (¡g¡6) (equations

2.1 anà' 2.2> anl eguatton (2.4) for the K c¡soss-sectior¡s (secbion 2.2) ¡

an atterpt ha.s been mad.e to rndify Tfortlcington and. gontrin0s expl¡ession to
g¡it the L c¡oss-sections. It wa,s for¡nd. that tJ:e follow-ing exprcssion

for the total L iouization cross-sectiorre, QL, agr¡ees closeþ w'ith
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Br.rrbopts (f 9¿$0) theoretical resr.r.l.ts,

zÍ 
"4trt . .. (4- 6)QL= l.QD 1n (¿-r¡3)

ì'fherre t" is ttre L excitatj.on erurrg,¡ a¡rd,B is given by equation (z.z).

The on\¡r modificatlon to equation (z.l) necessa4r ras the va-lr¡e of tho

constent b. The resr¡ltant cu¡r¡e (cuurre B) together w-rth Bur*roprs (rg4o)

tlreoætica1 results ar€ shown in figure (+ðf). The L cr-oss-sesblons

for each sub atooie state were glven byBurlrop. Budeoprs results, ehom

1n figuæ (+.rf), xre¡e obtained. by add.ing weigþtÆd values of the cross-

seetions of each sub-state. lhe reigþts were adju,stecL accozrli¡g to tlre
nmbe¡ of electrons in eaoh state¡ l.e.

% = æ^ + æ, + 40"' tr tÎI trr
The pak of the surye B cterived. fbon equation (¿r.6) appa.ns at

a lErver enerry thsn tbat cf Burhopr s results (flgurre t+.JÐ" This gitr¡a-

tisn is si¡nilar to th^at encor¡ntered in the coryrarison of the two cone-

spording formrlae for the K cross-sectior¡s (section 2.2). Mcouers (fgl+t+)

¡erative experfmental d.ata for Ç. have been i,nc.Lud.ea in figr:re (t+.ll).
"ffr

Ttrese data a¡e fittedr¡fitr Burùopr s æsult at 10 keV electron erÊrg¡.

As in tlre cese of the K cross-sections, the¡e is a sligþtly better agr€e-

nent between the experJ-menta-l- rresL¡Lts with Buriropr s foru.¡la tha¡r wlth

equation (+.6). lhe trencl of Mduers rtlative clata id.i.categ that t]æ

theoretical cnoss-sections a.¡¡e r:ncteresüinated. at hÍ.gþ erÞrgles.
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Using Tonlinrs (tg6+) formrla, ttre coræctj.on factor for the

backscattered. elect¡rons was computed. for ,+0 i€ev electrons incident

norna{¡r ør a silrrer ta¡get. For Å.g[. radiations enittetf at 20o to the

target surface, tÌ¡e valt.r.e obtained. was the sâle as Tonliürs correction

factor forÀgt radìatior¡s et ,p kelf electron eærgr, Thi.s is reasonablc,

as Tonlinr s formu1a for R, the correction factor, indicates that the

djfference in the values for R for K ar¡d. IJ rad.iations of the sane e1e-

ænt is naini,y caused. by the clifference in shape of tåe experincntal

intensiþr curyea for tbe two rajiations. Itp to 40 kd¡ theæ i.s Iittle
d.jffe:rence J.n shape þtreen ttre inteneity curves for the K aÍ¡d. L radj.a-

tLons of sjlver. For tlreee seasg¡rs, lonlid s correction fa.ctors reæ

ugeê for the present .{$t ealcrrlatior¡s. there js some error in thi-s

pmcedure for caleuJ.ating tlre intensitíes at low angJ.es of enissionn rtrerr

the strape of the intensity curye for A$f, diffens f¡¡on that of A$K at higþ

energ,ies. As Tonlints results for K rarliatior¡s id.icate that tlc varj.a-

tion of R fith botkr tåe electrsn ererry ard. the angle of enissl¡n J.s suall,

it is rmf1kbly that the error is serioua.

Seven]. experimental nean fluorescence yield. vairres, aÏ", reæ

compilect by Fink et a1 Uggq for t*re .ågþ radiatione, these varTr fron

O.O29 (eertotini et al, 1954) to 0.1 (r,uy, 19h), +he a\rerâge bei¡g

appnoxinat€ly 0.q5, ùich is si.Gilar to the value of Bertra¡rd. et aJ.

(lgfù. In spite of ttre fact ttrat Lqy r:seéL fluorescent excitation to

obtüain hls :¡esult ard. finñ ûjL d.epencls on the rcde of exoitatlqr
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(nur*rop, 1952). using equatíon (t-g) for fo the:¡e is goocl agreenørt

betreen t'be preoent erperimntal results and. the theoretical intensíties

clerivecl from an cquation similar to ttre intensity form.¡la (z.lz) tt
Layts ('tg]lc.) value of 0.1 is r¡sed.. Figures (,¡,-¡O) to (t¡.1g) inclicate

tJlat the theoretical- irrtensitLes a¡e 1oær than the correspondìng

arperånenta-l æsu1ts þ about '15f".

In tt¡e tJreoretical ca-Ieulations only thosc L ionizatiørs ¿lirectl

caused. by Írrcid.ent eJ-ectrcns have been consiclered-. The¡re is a proÞa-

bi1lty of vacancies belag createcl in the t she.lls foi.lorring an ionisa-

tion of the K sheIl. Hcmever tiris effect on the resultant intensities

m¡st he relatively sna}l as Ç i-g about two o¡d.crs d Dagnitnd.e h-ì-gþer

than ,.)* for sifver and. thc arrerage fluo¡reseence yielct for thfs pnoceas

is s¡rall (¡'i"t et a-1, 1966).

4.10

¡lhiak tamet experC+enls-L inteusijEl_j.ata.

Oring to the lack of erperi-æntai. data for ionizatlon orúsa-

eections for L ard M electrona, an approrlnate æthoct hag been dlcrised.

for rtcrlving the cæss-sections flon a conbinaü.on of the intensity

formrla (z.tz) a¡d. the e:çeri.mental intensity resìùta. The vari"ctisr

of tlre inteneity fornrla (Z.tZ) has been shonn for the K radiatione.

In section (Z.g), it was shoryn that 8O ff ir approcirnatety oonstant

and. cclua-i to its va-lue at 1o, for electron energles seyeral tines that

of the excitation ene!g-. For L a¡ù1 M rad.iations, for whi.ch tbe excita-

tion eneryiea Lre 1or, ercept for those eIæents of high atomia nrúers,
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it is e)æectecl that the abone assr:uption hold.s good. for these railiati.ors

orær æst of the energ¡ rar¡ge ræ to 60 kå¡.

Fron equation (Z.tZ), a¡¡d. assuming

AÐcLE consta-nt '.. (¿..7)

anat i.s equal to its vah:e at t = [o
It

Nø = ¡û{(% *ë)*. . - t f€) cosec þ cos ù tr

çL¡e¡s %r t, a::e the total L iørizatlon enosE-aection a¡d tlre L ercita-
tion enerry res¡netiveþ arrl l* Lt the nass ebsorption coefficient of tJae

eleænt for its æn L rad.iatlone.

l{
(0")*o

e -,þ ?<x'> coeec cos 9- dÎ ... (4.9)

ExperC.nental resr.¡Lts na¡r be 'usecl fot Np. The effect ctr ar¡y error in
the theoretical target absor¡rtiou oozsection term na¡r be ¡edr¡ced. þ oon-

sidering the intensities corresponèing to hi$ a¡rgles of emission onl¡
'where tJre tarçt absorptio¡r j.s not so iry)orüarrt.

lhe total L ionizatlon cmss-sections for silver Èterirrcd. f,¡com

equatlon (u.a¡ a¡e iaclr¡cled in figure (lnlù. A value of o"l ras uged.

fot (Ð, (aiscussed. in sectiso (4.9) ). Calculations æ¡e ^acte r.:sing

experi.ænta1 intensity ilata for þ = i{t, JOo, lÉo, an¿ 6O0 for no¡rrar

elect¡¡on bea.m j¡rcidence. lbe scatter in the values f* % cierireeL fron

1.,

["
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ertrËriæntal intensity clata sbtafuÌed. r¡rder il.ifrf,eænt elciesiørr eondl-

tio¡ls l5 sm¡'11. G¡rve (A) is the ou¡ve draw¡r tlrough th arera,ge

va-luea obtainecl.. Figure (+.SS) choffi that the¡e is gooc agreement be-

treen tlæ cr¡ss-Eeetiors deriræct fron tJre experiffirtal iateneÍtíes ard,

the crrrve calcr¡lateil fron equatåon (Ud) (eune (g) ) arÉ. å.lso rith
Burhoprs (tg+O) theo¡cÈica1 results for electron energies exaeedi4g l!
kev. Th.e rliqc¡epancios at Iory eleet¡sn erergi,es are raain\y eau¡ed tv
the bæakdorn of the assr:ryrtion (,+Z) at these erærgles.

To evel-r¡ate (+.9), tb values for botle tb fluo¡eseenoe yteld
end tJee ¡naes absorlption esefficient of ti¡€ ta€gt e].emnt for its om

I" or M radiations ¡n¡st be Imorcn Cal-er¡latisn orf the L alccL H iorrlzatio¡¡

e¡þss-sectior¡s for eleænts ottrer tt¡a¡r sllvrer is not ¡nssíbJ.e as bot¡!

these quantitiea alß eitJrer r¡raertsin or t¡rþroür.
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Co,rc-lusi on-

In tlee calculations of chara.cterístic K inte¡rsities excitetl

j¡ light eLerrents, the:¡e is unæ¡tainty in th€ data available fon tåe

atomic flr¡o¡pscerce yieid.. Fcr K radiations excited. in eleænts of

rcdera,te atod.c nr:rùers, for rùriob the varior¡s cou¡nrænt tezms of the

theoætical emissj.on foranrla a¡e better lcrffir, corrpar{.son of tbe t}reoret-

ical Lntenslties ¡çlth the erper:lnental ¡psuJ-ts i¡dicates that the Ton1in

fo¡ørrla as r€presentecL by equation (2.12) is a satlsfactory erpregsion

for the q¡a.ntum yield.. fhe a¡rproximatíons in lts clerivation a:¡e second.

ozder effects. the asswption that the target med.irrn is inflnite in
ertent in the derivation of (x ) , tls ayrerage depth of electron pe¡Þ-

tration, has ]ittl-e effect on the tleo¡¡etlca7- intensisr results ex-eept

for ttre softer rad.iatio¡¡s, for which tbe target absorytion factor is

more f4lorta¡¡t. [he gerrerally gooct agreenent betweea the calcr¡]-atecl

a¡d. obseryect intensity :resr:Its lnilioates that the resulting ovenesti¡aa-

tion of tl¿e ea1cr:J-ateil intensities by t}te assr:mption æntíoæd. abone

is counter-bala¡rced. by the uncl,e:¡estimation of tt¡e i¡rtensities ttrrough

the r:se of (r) fn tÌ¡e target absorption tem instead d a tn¡e dis-

tributlon i¡t x, the åepth of electron penctration.

Theæ is no avai-l.able d.ata for the K fluorescence ¡rletcl for

carbon The valr.¡e obtained. from a. conparison of ttre tlreoætical and

experi-rental jntensities for CK radiations is approri-nateþ 5q" higþer

tharr Br.¡rhop's (1952) theoætícal vah¡e.
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the vaJ.jdity of the sinple Tonli¡r-Worthiagton fæm¡Ia for tþ
K lonisation cross-section extends to Iigþt elenents. Hwerer, coæ

parison rith exper{æntal d.ata, i¡rclioates tJrat the rcre æmprete

oçression, equatlon (Z.Z), is uo:re accr¡¡ate at higþer energies.

Ae the on\r avaiJ-ab.le expecinental cl.ata for the K crosa-

seetions for ligþt elerents are tTrose of helir:n, Íþre æa.sured. resìÈts

a¡e need.ed. for testiag the valid.ity of ttre expressions cu:rently used.

Theæ ís a slmilar need. for e:çerimental investigations on the atomio

fluoreecenoe yielcl for l:i.gþt eLements.

The approxJ-nate forn¡la d.erivecl. i.n sect1on (e.8) has bcen

s}¡own to be quite acsurate for K raðj^ati.on excít¿cl. in light elspnte.

Ehis si-mp1e erprtssion 1s of use for rapiit calctrlations of, the m¿i.a-

tion lntensities.

For the L a¡td. M lntensity calculatlons, info¡mation in the

atod.c fluorescenc'e yielil, t]re iorrizatLon Grþss-seotion a¡d. t]re rnass

absorptlon eoefficient of ttre eLeroent for its onnr eha¡aeteristic

rad.iatlons. j.s ünited.. It has only been possible to calci¡late tÌ¡e

tb,eoretical Agp rediation inte¡¡síties. rt has been for¡rrl that an

approximate for¡nrla, similar to the K crcss-section fo¡nr¡Ia of

wor*Btrington ar¡d. Ioùnlin (lg¡ø) , ray be r¡setl for tlre Ag[, cross-sections.

fre procdur¿ j3 Esfimati-ng the Gross-s€ctions fron thick target

intensity resr¡lts has been shown to be satisfactory for the Ag[, c¡.rosa-

sections.

Ë¡tenalon to thc
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sü¡di6 oa the e*rlsslef,r i,nteæåù1æ Ëo esrer I¡ ard. U Èa$aetefi.Êtig

red.latisns æu]"<L ¡squiæ firrthpr sùdiêÉ s¡ thê at{FÉ€ ffup¡Hscæ

y¡êLdr fte f.onilatlen Eæe5-ss{i,ùi.qn, âd, ln pa*5etrtar, tñs EeËF ãÞ-

sorptú.on eoeffloÉ.e$ of tÞe e]øca$ fer lts m ehâæbefås+,i€ cêr¡ti*-

tioae, fæ Èiqh onl¡r that fsr tþe aef+ radi"ati.oæ i.s M.

*r+
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CETAEIER. T Introå¡ctio,

1.1 lReview of Literature.

fhe d.eteation of oha¡asteristic rad-i-ations ercJ-ted. by ¡nsi.tiæ

iorrs was fi¡st re¡nrbecl. by Bothe a¡d- Fra¡z (1929). eerthsen a¡rd. Reusse

(lglÐ extenÉlccl the investigation to prcton e*citation. fhey weæ ab.Le

to show that the relationship betrreen the excitation fi,¡¡rsbion a¡rd the

ínciclent particle energr was in qua-litative agreenent n'itå the rcsrrlts

of Bothe a¡d Frar¡z (1929). Sími1ar work was cargied. out by Peter (19t6),

diose sìngle absolute yield. measuæment was glven as 1.6 x të pnoton

¡rer À1K photon at 152 keV proton enerry. fhe fr¡¡stionat fors of tbe

variation of his excitation fi:nction with ererg¡i wa.s found. to be eor¡sis-

tent with the theoretical consiiLerations of Herureberg (lglÐ, whosé

anal¡æis showetl to a first apBroxi-mation tllre intensiþ va:ryfng as tÞ

l¡th power of the iru.iclent eneryr. In both of tb,ese erctrreriænts ttre

iletector ras placed. behind a thin ta¡get to receíne tlie enitted nadia-

tions. fhe purity of ttre eharacteristic beam wa.s established sole\r on

the basls of a eouparison betreen the exl'er5-uoenta-l attenuation factor,

obtai¡ietl. by irrterposing an aluniniun fo1I in the bean, e¡4 lts ca1er.¡l,atccl

valte.

Most str¡d.ies in this field. Te¡F earriecL or¡b in the MeV range

of energ;ies. These include the relative intensi.ty æasu:reænts of

Livirrgston et aI (1%ù, Simane qnd UrÐanee (195Ð, and ttre arbsolute

yielct studies of Lewis et al (19fi) a-rd. tsevlngton a¡ril Bernstein (lgE6).
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Eheir resr:lts were revieweit by Merzbacher a¡rd. Leryrj.s (1958), rrìro also

d.issusse¿|. tire theo:stica-l aspect of . tlris srbject a¡rd. traceil ite develø¡r

ænt from tbe earþ classical- solution to th.e nore recent quanüm

mectranical approæh. They confì'teci theit'discussíon to gn inciclent

particle enerry range between 100 keV and 5 üeY ard for target elements

of atomio numþer exceecling 10.

tr4"¿lematical comple*ity ínvolved ln the nr.¡mezåcal solutions

requirecl a nder of approcj-matione¡ Using the Born 4rproxS-natlou ervl

þ¡nfuogenÍc wave ffurctions arr1 rcgtecting alt atomlc sczeenirg effccts,

tlley obtained. ar¡ app:oxi-mate solution for the total K ionisation crosE-

section The resr¡Ita¡rt cross-section was formd. to be ctirectþ prupoÊ

tional to the 4ttr power of tlle particle encrÐr arrl inversely proportíonal

to the T2th power cf the atomia nr¡¡nber of the emj-tter e].eærrt. Ihe re-

sult rpas ldcntical rj-th the first tem of llenncberg, " (l%t) serd.eg

solution. A no¡¡e complete mathematical solution ras al-so given but tt
stiII containeËl the approxirnations r.¡sed i.n the pretirniaary' theory,

except that the ¡prk of Slater (tg¡O) was used to ilescribe tJrc screening

effecl by the inner orbital electrons. fl¡e theo¡stical reer¡lta ncæ

founl to be consistent with ttre existi.g e4peri-ucntat clata.

With the advent of rnoæ accurate railietion cLetecto¡s, absolute

neasurements we¡e extendecl to prcton erærg5.es of ar¡ orrler otr a hr¡nd¡ect

anil Potter, 1)6\). Messelt (1958) irdlcatec!. that the use of the Bor¡r

approxination, ia $lÊich pla¡æ wayes weæ used to d.escribe the irreident
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and. the scattered. paÉia]-e, æsrrlted. J¡n ær ove¡estinâtion of the ioniza-

tion c:ross-section, Q5, at lsw energies. ile clerirpd. an eupkical

fornrla for QU drich rvas sbvn to be Ín goocl agreement with his cleta

for FeI{r cuK, MoK ar¡d. AgK dqrn to 140 l€v i¡æident preton encrgieø,

at rhich. energr, the K nadiation yield ed.tted from a eopper target ras

glven sB '1.3 x ro-9 photon per proton Hj,s mllc suggestecl ttrat e,
varied. * E4'5, ryhere E is ttre iræictent pnoton e¡rergr.

Messeitrg (f 958) obse¡ration concerning ttre vallclity of t*re
Bonr ap¡rroximatlon was suplrcrbed. by Jopson, Mark, a¡rd. srift (lgøz), who

investigatÆô K ard L erptssions w¡åer proton e¡ccitatlon rrltlr.in the i¡rl-
dent energr range betreen 100 keT ard 5OO iæT" lhey found. that tJreir

results a¡rd. those of Meseelt (1958) were in better qgreeesrt ïrltÌ¡ thc

theo¡ïF of Barrg a¡d. Hansteen ( 1g5g), in w}¡:ich üE cor¡lonb d.efiec,tion of

tl:e incid.ent particle by the nr.æLear field. was co¡rside¡-d..

Studies on the L ani ùi radi¿.tlon emission intensities rerc

re¡nr-ted. by Khan, Potter, and Sorley (196t+^, 1%t+þ). the qr¡antun ¡rleld.s

for tlæ C¡¡T, rad.íations were seTeral' orrùers cf mgnitude higþer than the

corresponcLing values for the Cl¡I( rad.iatioæ.

Recently, erçeri-menta-l i¡rvestigations on the K cha¡acteriEtic

rad.iat¡io¡rs exciteÈl by protons of encrgies less tJra¡r 5O keV wcre ma.de.

These includ.e the ¡relative ÀlK and. Mg[( measu¡ements of Brandt, Lar:bert,

an SeILin $geq a¡r,¡ tt¡e absolute CK, UgK, a¡rct AIJ( resr¡lte of l{han,

Potter, arrÀ T{orley (196Ð, whose trÞa.sr¡¡rctrE¡.ts extenit lo zj kev proton

err€IErr
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Intensity str.¡d.ies on the K cha-racteristic nad.iations qcit€ü

by lor energr protoæ a¡e Il.mited." The lsrest proton erErgr at which

the Cr:K rad.iation lntengities yere èetermined. was lJ¡O keV (ùIesse1t,

1%Ð, ard. forÀ1K ¡ediations, ?g keV (m.an, Potter, ancl tror.Ley, 1965).

1.2 P¡slìm{na¡y ca-lcarlatlon of the CuIC Quantru, Yj.elÈI.

Ihe object of thì.s part ctr tlre project is to nalæ prel{m'irrar.Tr

rpa,surenents of the absolute intensitleE of chqraeteristic nad.iatioæ

erci.teci by protons of eærgiea less tftarr 50 þT 1n netal- ele¡æntg. Past

erperi-æntal stu¿tíes at bigþer proton erærg,ies (e.g. Messelt, 1758; KtrsJ¡

and Potter, 19û+) iîriig¿tecl that the ch'mcteristic j¡rte¡sities excit¿cl

by prctons a¡e serera1 ord.e¡e d uiagnib¡de lorer tl¡a¡r the intensltieg

obtained w¡tler eleetron exciùation For tùrie ¡Êa.son, lt is fiæt nec€-

ssa¡¡r to nalce an åI4¡roxi¡oate caLculation to esti.rnate the beam eu¡rent

rlequireö fsr a suceessfi¡l investieption.

To a first a¡pro:omation, Xeiabacher a¡É. Lernis (f 958) e¡rivecl

at the æsu1t,

qK q" ... (Bl.l)

wiecne QX. b tàe K ionizatiorr croes-section, Eo fu tt¡e i¡ciéent pæton

energr ãrú,7^ is the atæie number of tbe ta¡get elerent.

It is desiæcl to calculate the thÍck tazget yie-l-d. of CUK

radiations e¡ce5.ted. by 50 heV pnotonso ftre pro¡nrtionaltty (Af .t) ana

the rl{scussion of Sderzbaphen a:d. Led.s (f958) inÈLicate that if it 1s

El+
-g
212
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posBib.Le to detect Cr.¡K rudiatjons excited- by 50 keV protons, then it ls

poesible to detect the K radi^ationE exclted ln target elernents of atouic

ru¡nober less than tt¡at of copper (?^ = 29) anit also ttre L rsd.i-ations.

T$haling (1958) gave the uean range of 1OO keV protonE in
cogper as Q.552 

^g¡/ø2 
or 6.2 x fOd cm, The æan narye of, 5O Ìellrpro-

ton"s in eopper weuJ.d. be eo Em¡'lf tlrat the target absorptlon gf tb€ charac-

teristic radi¿.tlons coulcl be ræglectecl.

Follow"ing the intensity foruala for electron excÍtation ("qt r-
tlon 1.1, Pant l) 

"¡r¿ 
neglecting tÌ¡e tarlget absouption oorrection term,

*þ =*f % NqK F æ ...(Ðr.2)
)u dE

o

'rfueæ EK erd. E. aæ the K excítatlon enËrgr anl the {ncicterrt prston

ener¡Sr æs¡rotiveLy, and. # t" the stopplng porer of copper for protons.

0ring to ttre r¡¡ce¡.tainty in the theoretical expnessione fæ e* d #
at Im proton energies, eupirical expressions arre eryloyecl. For poo-

tons of ernrgies cf the orrcler d sevrral hunda€¿is d kÊ\¡, Meeselt (tgæ)

fou¡rd. that Qf for co¡r¡er obeyed. the folJ.srirrg proporbionallty,

QK c E¿+'5 ,.. (81 .5)

Àssuming that the validiSr of th.is relationship exter!ôs to tkre energies

defi¡ed by the li.uits of the i-ntegral (nt.e) anl using Meeseltrs (fg¡S)

¡eeult for Or¡K yield. at 1¡O kd[,

QK = j"7z x 1é E4'5 ..,(81.4)
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r*le¡¡e E is the proton erÉrg¡ in ergs and.

2Cm.

üra e the K croas-aêction in

ÏfhaLjqg (tøA) tabulatecl yalues of the atond.c etopplng croas-

sections I tor protons i.n colper, Val-ues for å we¡€ glven at 50 kelf

aro- 75 keìtr prcton energies. As I d.icl not var¡r m.:ch wítlr the prúton

energr for ttrese energies, it wa,s assurecL tlhat Z variect tirearþ with

E for proton energies less tha¡¡ !0 kel. lhe valueE fæ É at 5O kdl

al;d 75 keV were used for evaluati¡g tl¡e cor¡stants of the U-near relatlon-

shtp betæeu f srid Eo The fol-loring equation vas obtaÍned.,

t - Bxtd2lg + 2.72xß-26 .."(81.5)

drere E is the proton erærry in ergs afi, 2 is the atod.c atoppÍ^og crþaa-

section in erg-o^2.

Now, L

grr -Ná ...(81.6)

Sr¡bstiù¡ting equations (4t.4) ård. (8f .6) in (nt.e) and. integrating

r¡¡æ¡É,cally, a value of 2 x tO-î1t photorn/proton ras obtai¡cd. for tJæ

quantum yield, aþ 50 kelf incicþnt prtton enêr!f,r Assuming the valr.r of

the t factor to be appro:r5-uately the saüre a.s that for eleotron exeita-

tion, a value of 1 x 1O-f 1 criK ¡troton/proton was obtained. at 50 kdl

irpidtent proton enêr1glo

For a nilli"¡El proton beam eurrent and. aseuming tùe.t the datec-

tor wirrlos subtend.s a sol.l¿L angl.e of t0-5 stersradl.ans ai tJee ta¡get, tdoe

(IE

dJc

1

N

dE

d¡
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nueber of counts per EeoCInd ægi-steæiL by a cletector, whose QCE ic 0.5

for cuK radLaùions, Eor¡ld. b 5. Thls wor¡td. gire a signal-to-noLse

ratLo of 3. If neeel be, the soJ.icL argle sr¡bterrtect by the cor¡rrter

wi¡rðsw at the ta¡get csuld ailwa¡rs be en}arged. In arry oa.se, ¡nst etud.ice

(e.g. Merzbacher a¡rd Leris , 1758) have suggastedt that the ciraracrter"d-etie

cluantrn yield lnsreages rapidfy rith a deeæe.ae ln atæie n¡Èer of tþ
enitter elenerrt ard. tlþt the L eha¡acteristie yielcLs are sey€raI o¡den

of nagaitude higþer tha¡r tbe corree¡nndÍng K yielcls.

The apprurlmte ealcrùatlon given abose irdieatcs that pæyiited.

the irrclctent proton cuænt 1s of the onåer ef ¿ øillianF¡, it straþ be

possib.le to deüest the K ohancterÍstic inüens¡itiee cxcited i¡ æta1

elements of atodc aunber { Ð. Å cteccriptlon of ttre proton soìlrse

whiù sr4lplf.es a str¡ærrt of this mgnit¡rde is girmn in th€ follmirag

cha¡úer.
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a

2.1 TntrnTrr¡tì nr¡-

fhe design for tt¡e praton source was sd.opted. from Abele a¡¡:L

trfeckbach (1%9). The auttror ås grateful to them for send.i.ng hi-n two

articJ-es (eUele a¡rd. MeclòaeJo., IJJJa, 1959b) which give cletailecl cles-

criptions of ttre operation of tlre soul¡ce and the ion beam ana\¡rsis.

Oring to a J.aek of suitable ¡nrer supplies, it was necessar¡¡ to leane

tbe proton souæe at earth potenti.al anil lqrer the tariget asserdbþ to a

negatine potential. This âxrangenent was not i.deal-, but the ex¡nzti.rcnt

was intenôed. onJ¡r as a pne3.iminarlr one. the effect of tle seoonclarSr

eleetrons enitted. at tlre target assenbþ ancL the precaution tal<en a¡e

disousse¿l i-n section (5.4). This a.rrangerrrnt also car¡secl diffictiJ,ty in

ana\yzing the ion beam with a nass slrct¡ometer. Ðr:e to a lack of tÍ.ne,

nass anal¡æis of tkre íon bean was not ca¡ried. out. The results of

Abele a¡¡l Meckbac¡r (1959U) *o" usêa[.

As there wa.s rlo 61¿¿-ppint avai].able, it was not lnssible to

reprcduee e¡cactlJr tùe dcsign cf Abele ard. Meclibacn (1959). The aotr¡al

aonstn¡ctional cletai]-s æneined. t]re worik of t]te autiror.

2"2 The.P:pton Sou¡oe AEsersblv.

the protons weæ prod.uced. by the electron excitatd.on of tryd.ro-

gen g,as. To incrrease tlre excitation prtbabillty, the elestrons wene

nade to spiral forwa¡ds ancL beckwa¡d.s along an art chamber containing



H V Termìnal

IE

ly
+

50v
100v

rl
f itament

I¡

lg

arc chaml¡er

ext ractor cotIimator

focussing tube

,1,

t3 <- oi[
t_
I

5ec etectron cottectors
ket

anticathode

counter

+

Figure B 2.'l Schemotic diogrom of the proton source

ond the focussing system.

V¡

300 v

200 v

sotenoid

l1



:iM

N
A

¡

F

IT

Ìt
¡ù

Ptate B 2 Components of the proton source



-13]+-

the gas" A schernatic d.iagram of the pncton source is i¡rclucled. in
figure (eZ.f). Plate (ge) shows the actual cor¡nnante.

fhe eJ.cctnon source cor¡sisted. of a å m tr.urgsten filaænt F

cor¡nectecl to a variabLe 1oç voS.tage porer suppþ. The filaænt was

lowe¡eil. to a negative potential rrith res¡rct to the earthed. a"rc che'nber

A by a oontinror¡sþ variable stabilized. F power supply. Ih,e enitted

e].cct¡ons clrawn into the a¡c cha.mber çeæ confi¡recl near ttre ads of the

cha¡nber by a côIlinator and a¡r axlal nagnetlc fieJ-cl proiluaecl by a sole-

noiÈl M wor¡¡d. reur¡d. the are cha.njber. Pswer for th.e eolenoid. wa.s d.erived.

frou a 200 vol.t DS supp\r. Yariatisn of tÌ¡e solenoid. qrrrent was

aciúeved. by me¡ns of a rùeostat corinected in series sith the poÉr

su¡lply. the ar¡tieathod.e C, wjcich cor¡si"sted of a conical cor¡cluctor rith
a J w. hole in its ceotlÉ¡ Eâ.8 insr¡latecl fton ttre body of tJae apparatr:s.

The potenti.al bullt up on ít actecl. as a retarÈtag potential for ttrc
electnons.

The file.ment asserjbly B was an easi\r detachable r¡nit. fhe

tungsten filarent ras set in steel hold.ers çhich wer"e in tu¡n attactiecl

to bra.ss rod,s lead.ing to electrical connections otrtslde the naorrn sys-

tem via glass-to-netal seale. The steel holcters naintair¡€iL a sr.trfieient

tlrerflâI grad,ient along ttre condr¡sbing rrccls to the fiJ.anent suoh that

tJæ fiJ.a¡ent crrrent rrsquirecl was not excessir/e. Heat conducted back

along the conr¡ecting rod-s ws"s d.issipated fn fa¡r-cooled copper fins l-I in
o¡der to prctect the glass-to-netal seals.

The þd.ægen gas d.rieel over a P'OU d.esiccator was lea-læè into
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tlre a¡c ch¿uber by means of a rreeðLe valve. The gas supp\r lines we¡p

ev:asuated. before intruducing the hyd¡ogen into the a¡c chaúer.

The arc chamber was coolecl by mea.ns of a water jachet fl.

2"5 The Focr:ssing S:rsteu.

The proton bea.m ras f,oeussed. by an elcctrostatio lens s¡rsteu

wlæse focussirrg properties were @scribecl by Abd.e a¡rå. Meokbe¡lh (1959b)"

The elect:¡ostatic le:os system is írrclud.ecl sclaematicelly in figr¡æ (nZ. t)

a¡d. the actuaJ. couporænts¡ a-re showa in Ptate (g¡). The ¡rotons rcne

d.raw¡r out of the a¡c chamber by a¡r øtractor tube E a¡d. tJre beam was

focrrssed. by the f,ocuesing tube trIIr The ertractor was locatect conocÞ

trica-lþ in the ea¡*hecl cyJ-indri.cal body of the apparatus ard. insulatecl

fron it by means of ¡nrs¡n¡ fi¡e. fhe foct¡ssing'tube was auptrnrtecL

cmcentr{.calIy insicie t}re ert¡ector by three $ass insulators G rùictr

passecl tJerough holes i¡r the extractor and. reæ attacheÉ!. to vacum seel.s

S cor¡nected. to thê bo,qy of the apparatus. lhe lengttr of the gla.ss

sup¡nrts eeulä be affustecl to alter the ¡ns1tion of the focussing tube

rith respect to the axis of the extractor. This e¡tablecl tùe prcton

beam to be focr¡ssed. centralJ¡r on the ta¡getr As th€ nelativeþ short

g1ass insulators had to withsta¡ld. a ¡ntential d.i.ffer"enee of up to 50 lÃ&,

it was Decessa.rJr to shape them in slæÌr a way es to j.rprease t'heir su¡-

face leakage path. One of tlrese is shcmn in plate (Bl). To avoid.

electrical cLlsdrarging effects, it was for¡d necessar¡r to keep the netal

coqnnents ctr the focussing s¡ætem high$¡ ¡rolishecl. ancl tt¡eir insulatiqg
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supporbs senrlruIousþ clean

lhe potenti.als for tåe ertractor and. the focuseing tube caæ

frcm the saæ IlV sqppl,f, Potential for the erËractor was &tained- by

rrea.ns of a higþ ræsistence chain cmnected. to the IIV supp\r. Pa¡b of

tùe ¡ntentia-i- drop aoross the ctrain ras applied. to tb ertraator tr¡bc.

Variation of tfte ertraetor ¡nte¡rËial was æhieveit by tapping tJre resi-s-

tance cbaln at varior¡s ¡n5ats. The circuit cliagram for the focr¡sging

system is ir¡cludect in figuæ (nZ,f ).

2J+ The Target Asscmbþ.

tþe target a,ssenb\r is shorrx scbem.ticalJ'y in figule (gZ.Z)

ond the aþtuå.1 coqonents sre inch.d.ecL f¡fl Pl,atè (gJ). the irci.dcrÉ

proton bea.m was collfmeted. by a colLJ"retor H fittect i¡rsicl.e the focr.rsslng

tube, the targec holder consisted. of a ctrpper plate slotted. to acære-

date the i;arget ¡naterlal. $his faclLitatett c¡ra4gi¡lg of tJ¡e targetr

The ta¡get was ir¡cliræd at l+5o to botJr the proton bean a¡d. the notÐâ].

to uæ f,.etèotor windor. rt was neoesse¡¡/ to eool the ta¡get a¡d this

rvas done by a eloaed circuit oiI eooling s¡rsten r¡si¡g a heat sxehanger.

A Faraday Cage Ð consisting of a b¡ass tube s1i¿l ocer the

target. The focussing ùrbe ra.s srq)ported. þy a¡d insulated, from thc

tarlget tube by an anr¡¡iar pieee of PIEE , tb frqrt of ¡ù.ich wa,s protectect

fnom ar¡¡r øtrtgr iurs by ætal' shield.s to pærrent aq¡r und,eai¡rable heatir¡g

of tlre insulator. Electrical coru¡ectíons to the focr¡ssing tuh ard. to

tJre seoond.ar¡r electron collectors L çe:¡e uade via brasE rpcls attaahed.
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to gta,ss-to-netafBêlåe"ea to tJre erd plate EP, tne whole o,f vh.ì.ch sas

raiseil to a hipþ negative potential. Â smoth" metal cover vas fitte¿L

ryer the eniL plate to prevent oomna, d.ischa{ges. the erÉ. plate waa

ir¡sulated. from tl¡e eazthecl bod¡r of tlre apparatus by a glazecl porae).a.Í-n

tube P.

Owing to tbe strìong l1gþt emittecl by the turrgsten *lI'aænt a¡d.

the heating effect aaused. by tlre inciilent ion bean, it sas i-rp¡ractÍ-cal

to stu$r the quality of the focal spot by nes¡rs of a fluorescent screen

It was found. tùat the size of the fooal spot æriJ-iL be estinated by inserÊ-

5.ng a piece of white cardboa¡rd i¡a the path of the ion bean, By rnoænr

tarify sritoþi.ng on the beam, a d¡ansecl nar"lc appea¡¡ed on the ¡aper, the

degree of oharring bei¿g de¡rntlent on the intenslty of tlrc beam, fhe

focal spot esti-mated fn this way was about 2 m ín d.isneter. Prcrid.cd

the tube voltege was abovc Ð W, tl¡ene ai>peared. to be ræry littIe clire¡r-

genoe Ln the beam over a fair length of its !ath. Thene weg a noticc-

able ¡rnunbra effect, but tliÍs çae reduceil by the collimator wluich

d.efinecl. the ir¡cident bea¡ß so tbat j.t stn¡ck the target orver a total
cjæu1ar a:ea of aT¡proxinately 4 m in iLia¡ueter.

The i¡ciclence of ions on the tazget caused- the ¡"nission of,

seconda:¡r elcctrons. AB the target reter readi¡¡g, fo (fiArrte BA.l),

caused. by the escape of negative ctrarges fY'on the ta¡gat ras í¡¡disti.raguish-

ablc f:nom the proton current æad.i:rg. rt was rÉcessârr¡ to suppreas the

eui.ssJ.on of seoonilar¡r electnons by placing a ¡nsítive ¡ntentÍ.a1 of about

5O volts on tÌæ target with nes¡rot to fàe fosussing firbe. SeconctarSr
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elect¡'ons produced at tire coIli-notor a¡ul the foo¡¡ssing tube re¡æ pre-

ventecl fron being attractecl to the target by neans of second.a$r elec-

tron collectors placecl as shonn 1n the foeuasír'g ärbe (figu:s ts2.2).

These Ì:.ave a positive ptential of, lO0 volts rrJ.th æs¡ncú to ttre

focussing ü¿be" fhe bie.s potential.s for the target and. tlre seaondary

eleetnon collecto¡¡s re:r supp.Llsd by il¡y ce]-ls. The ci:rouit diagran

is irlchd.ed in figuæ (ee.t).

lhe openiag X tn tbe Famd.ay cage waa coce¡€d, witb eitber a

piece of a,lr¡einireel ryIar or an ahmi¡rirm fo1I ctepencting on the wavie-

length of tl¿e cha¡apteristic red5.a.tior¡s inveatÍgated-. As tþ¡e EaE a

¡¡otential dÍfference eqr:al to the fuIL ù¡be rcltage between tÏæ ta¡get

assembl¡r arrl the cor¡¡rter wirdow, the operlng Y in the foctrssing tube

was covened. with a piece of aludnizecl ryIar to ætluce ttre ¡nder of

seaondaries attra.etecl to the oounter rrlr¡tor.

2.5 llre var.r'um nr¡rrErs-

the syste& was evecr¡"atecL by a 4n oit diffi¡^sJon puryr baclæd by

a mecÌ¡anical ¡nup. Bacbtæaming of oiJ. into the vaculrrr chanber r:as

¡air¡:j-nlsecl by e weter-coe1ed. baflflLe vahre. there wa.s a rn¡mber of safeþ

features inal.ud.ed 1n the yasulr¡m apparatus. rn tlre event of a ¡nner

failu:r, the baflflLe valve ard. a rnegnetio lsolation valve æne autona-

tica[y closed. ttrus isolating tbe vacra¡m ohanr*¡er a¡d. tl¡e oil ctiffirsion

¡mu¡r fron the atmsphere ard. frcm eaeh other, and. ttre air arlm'ttance

vralve was otrrened. to the atmsphere tÆ sbabiJ-ise the pntssur€ Ín the
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backing purry. A thermal safety degice att¿ctrd. to tÏ¡e ctiffr:sion pum¡r

cut off tù¡e heater iloiÊr supply in the erent of ,cverfreating of the pr.{pr

The e).ectrical sritches for tLre varj-or¡s components cf the rrâcut¡B s¡rstem

were interlockeÉ!, so that they could onl,y be energized in a glven aeqluer¡ce.

Iire pressure in the vapuum cha.úer after ser¡eral hour"s of ¡nrqri.ng was

about 5 x lO{ry of mercuqr, ïlith the þdnogen gas sugp:ry tu:rrecl on,

the pum¡riag speed. ra.s suffieåcnt to maintain a pressu¡s di*ference of

two ord,ers of nagnltuile between the a¡c eh¿øber and the ob,a¡ùer con-

tai-aing tlre fosussing s¡rsteu. For nomal operations, t&e a.re cÌ¡a¡nber

puEosurs was about 5 x 10-'nr Hg and. ttre pæssure on the other sid.e of

ttre a¡rticathode wa.s about 5 x l0-5m Hg, rdrictr wa-s sufficient to ¡nain-

ta:in the higþ potentials u.sed. on the el,estrod€s.

2.6 the Detectiøn Sys

The detector arr1 associatecl elect:no¡ric appa^ratu.s mle ider¡ti-

ca-1 to ',J¡ose wed. j-n tl¡e cletection of, rarlj¿tions sceitecl by electærs

(Chapter J, Part .À). îhe gas f?,or proportlona.l cornter ts ra.a attactred.

diz€st1y to the bo$r of the ap¡nratus a.s'irdicated. by f,igure (nZ.Z).

In o¡der to eneuæ that üre ÈLetected ¡ad.iation inte¡,slties rrere Eufft-

cient\i hìghr a 5m d.ianeter counter wj.ndow, vt'rich subtended. a solid.

arigJ-e of 1.97 r 1O-3 etepradians at the target, was r¡s€d.
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CTIAIT¡ìR I Experinental Resr¡lts.

5.1 Metl¡od of reasr¡¡eænts'

The rethod. of neasuring characteristi.c intensities exeited. by

pretors is si¡ril.ar to ttrat discussed. i-n eection (Uf¡ of par'ü A. It was

assune¿L that tÀe radjations produced. çe¡s entireLy ùre to proton ø¡ci-

tatíon. The stuclles crf Singh (1%7) a¡rd of Bnandt, Lar¡bert, a¡d. Selli¡r

(ggq turd,icatecl that the prcbability of excitatlon of characteristic

rad-iations by psitive ions dee¡sa-seal rapidly rith an increase in 'n¡ss

of the irpiilent particJ-e.

A striking featu¡¡e of the pulse helgþt ctistrih¡tlon from rad.i*a-

tlor¡s exeitecl by protons was that thene wâs a very low bremstratrlur¡g

com¡nnent. The ¡ulse hcipþt d.istribution f¡rorn CUK raiLiatj.ons is shown

J.n figurre (nJ.t)"

Merzbacher and. Lewis (lg¡q i¡clicatecl. that the probabltity of

br:e'nstrahl.ug produotion by protons was reclucect by a fsctor (ry'n)z *
coqraæd, rith electr"on e:ccitation, where m is the uass of tb electrcn

ard. M is the proton rûarss¡ This was dr¡e to the faot that il a heavy

partiele has to have ä m¡ch srna't ler i.ryact parameter ttrar¡ a li$t
particle of the same ctrarge in order to be defl-ecteÉl þ the sa.ue

amu¡rt.ll

3.2 the Ratio of the Prston Current to t¡he lotal- Ion Curr¡ent.

In a.d"d.ition to prctons., theæ is a large ¡nr"centqge ú fi2+ t
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nr*, "d. Orr* i.orr" in the j.r¡clËler¡t be¡m. Abete a¡d. foIeckbach (f959)

anslJ¡zêd the bean f¡om his ior¡ source a¡¡l garre ttre ratio of ttre proton

surrent to the total tSrdrogen ion eurzent as 53.ff¡". No æntioa ras

made of the Or5+ ion in the beanr A uoæ corylete ascor¡nt of the nag-

netic analysis of the ion beamwas given þ Àbele a¡É. Meckbacn (t959¡).

The effects of the a.rc voltage, the field strength of tb.e çe]]trnstj¡g

magaet¡ the erbrractor ¡ntenbiâ1 ånd. the a¡c cÌ¡andber gas p¡Ëssurs m tlæ

ratios of the various ion currents ln the beam neræ glven. lheir er-

¡nrirentaI stud.ies inclicated. that p:rcrid,ed. a certain @d.ni-urn value wa¡

exceeilcd. for eacb of the abor¡e æntioned. parameters, th ration of the

pnoton cu¡rent to the total lon eur:re¡1t ¡smainect fairly irde¡xerdcnt of

the o¡nrating paraneters.

It ras ho¡æil that by satisfying the above aonclitlon, tb€ ratio

of tlre pncton ounrent to ttre total j-on curænt ln the present proton

Bouroe wouLd. re¡nain inilependent of the operating paranetels ard. equal

i¡r rreLue to that given by Abe1e a¡d. Meakbacn (f gSgb). This is a. rËa-

sonable assumptlon, as both ion soÌ¡rees a¡e ba.sj.calþ siuilar in ilesign

ard. ùn principle øf operation.

The varj-ous operating para.æters of ttre preeent pnoton sotlroe

a::e given below:
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fila-ænt rrire dlameter

ûia.meter of the a¡rti.cathod.e aperture

filanent eur:ent, I"
aæ voltege, YU

aro cuxngnt, IU

soJ'enoid. cunent, a
a¡c qha¡ber p¡ltasure

vaouum cha¡nbe r prtlasune

=0.5m

=Jn
= 2l a4r

= 25O voltE

= O.f a.qr

= l.J ary

= 3 r lO-'mug

= 3 x 10-5m Hg

llee nagnetic fiel.cl. stængth of tJre a.rc eha¡iibr¿r EaÉ¡ üeasu.red.

wLth a gauga-Ereter. rt ras for¡ui that a ma,gnetiz;rrg eurc€nt of 2.3 eE

rae sufficient to produce an axj-al nagnetio fielit e:cceed.ing /O0 gauss,

the value ìlÊÇd. by Abele ar¡d. ìÅeclcbacn (1759).

Tkreæ is soæ unoertaS-rrty ln the value tó be usedl for t]re æ.tf,g

of the proton eur:¡ent to the totar beam surrent. rn figure rr.15 of

Abe1e ar¡d. Mesbach (1959}) and, figure (¡) of Abele a¡d. Meeþactt (1909) ,

the pertenta,ge of prtton cr¡¡r¡ent to ttre total tr¡rd.roçn ioa curænt ras

given æ 35.æió. Thls fígr¡¡æ was ;nitlcatcd. by Abe]-e or¡t Mec}¡baù ( 195gb)

to þe tl¡e maximrm percentage of pruton curcnt to tbe total þdrogen ion

cunrent. rn tåe later analysis of Abele a¡riL Mecþaea, (t95gb) on the

variaLion of the prc¡nrbion of varior.¡s ions in the beam rith tlre sou¡æ

paranetersr the p:noportlon of tÌ¡e Broton cuzrent to the totar þdmçn
ion ctr:zent was aþout 2ú/o artð, the p:so¡nrbion of 015+ ion curænt to tt¡e

tstal þdnogen ion ourrent variecL ftom 1ú¡o to 26Já. The abor¡e figures
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refer¡ed. to the proportioa of ions in the bea.m obtaj¡red. u¡rd.er conditions

whe¡c the proportior¡s of various hydægen ior¡s to tJre totaf. hydrogen

ions we¡¡e ind.cpencl.cnt of the rrorking paraneters,

In the present calcr¡lations, it was assu¡rreó that tbe ratio: of

tire proton curænt to the total ion eurætrt was 2ú¡;. Althougþ the e¡cact

pnoportion of proto¡s in the ion beam could only be clcte¡nlnecl by a

magnetio anal-ysls of the bean, the use of the qstj-eate¿l percent4ge

quoted. æi¡Icl not have been so mt¡ch ín error as to prevent the forution

of sone conclusiona on the p:re1l.-loi:rar¡r resi¡lts obtained.

3.3 The Effect cf Îareet Ccrntarinatlo{r

The targets ææ t¡reated. in the wqJr described. in section (4" l)

of ¡nrt A. Oring to the 1øw ¡nnetration of protons i¡rto roatter (WJralJ.ng,

1958), contanination of tle te¡get au:face roulcl pose a serC,or¡ p¡oblcn,

As the target was sunoun¿ctl by the footrssing ùrbe a¡rd. the ertractør

tube, a¡d, ree sítr¡ateil welJ. awqy from t"lre throat o th€ d.iffi¡sion p@pr

cørtaminatien of the target by oil vs.pour raa æd¡¡ced'

After an operati4g ti¡e of a¡r hour, it was for¡ncl that tire re-

gion oa the target correaponding to ttre focal spot was qt¡.ite cilean,

rdrereas the sumot¡¡si.ing ar€a of the ta¡g9t surface corzrespmcting to the

¡ænubra legfon was iliscolourecl. It appearcct that tbe lon beam itself,

þ a coÈi¡ration of local heating and. sputtering effect acted a-g a

cleaning agent. The bean intensíty 1n the penumbra region ra.s not

sufficient to prevent ttre d.epoeÍ.tion of carbonsceous matter by sputtering.
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The variatlon of the radiation yíeld Fittr tlæ ùire-lengtJr of

exposu¡Ë sf the tarçt to t'tre ioa beam ras found. to be negligible over

a periocL of an hor¡rrs qrposuæ. Brard, Laubert, a¡rd SeILin (t966) on-

sc:n¡ecl ttrat prorÍdeå the tenlrra'ture of the target exaeeded. 1OO'C,

conta¡rination of, the target by carÐonaæor.¡.s natter was negf.igibJ-e.

Khan, Potter and iforley (1%Ð r¡sed. a sputtering tecbniqne to cJ'esri

their targets.

3.4 Disetrssíon of Results,

lhe intensities d AlK a¡d CxK radiationa excitecL þ pmtons

of energies up to about J+5 keV wer€ mêa,auæd. The ¡esults a¡e shorn

in figuæs (n5"2) ana (n5.5) respectiveþ. The onfy prerrioìrs rûê&Eru!Ê-

mer¡ts. corfrtesponding to the abore range of proton ercrgies a¡e tbe AIK

lesults of Khan, Potter, a¡d. Worley (96ù. 'lheir nesults, *rich a"re

irælr.¡1ecl i.n fÍguæ (gt.Z) a¡re s"ig.ifícantþ lowr tha¡r the prcsent

meastrrenents; there íe a d.iscæpancJr of a factor of l@ * 25 keV pæ

ton energr, tùre lsr€r enÊrry li-nit of tl¡eir æasuæuents, anò a faptor

of J al ¿+5 ¡eV enÞr:g', the r4r¡rer erËq5r J.i.mít of the present Eea.Eure-

mentg"

The¡e are no Cr¡K results ryai.lable for comparC,søn. The -egnl-

tucle of tlre present CuK yielcl,s corresponds to that of &tsssel-t (tg¡8) at

aþout 20O keV proton €rrrgr Using the proportíonalit¡r (¡t.5) , tÌ¡B

vatr¡es obtainecl. by ttre extrapolation of Messeltrs (f g¡8) results art
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less tban the present Cr:K rreasuætrÊnts by a factor of about lOO0. There

is ¿ sìnìIar cliserepe¡rcf betrcen tJre present AIK resu.Ltg ar¡d. ttre erbra-

polated vah¡es of Kban, Potter, and. Worley (1965) for pnoton eæryies

less tl¡an þ jrelf.

The ileteotor a¡¡d. the clctectlon technique rere i.d.entiael to

tÌ¡ose usecL in the neasuring of ¡ndiatior¡s emcitecl. by electrcr¡s, clonse-

ctruentþ tÌ¡e inte¡:sity neasurements may be acceptecl rc'ith oor¡fid.enee.

In the cletermination of strqy cor¡nts, on\r the h¡rd.mgen ÂaB

st¡pply to tJre a¡¡c chaùer was shut off. The ¡eneinÈler of the ap¡nratus

ras lefb nrnning. Tb.e signal-to-hoise ratlo was about 1fi,

theæ ren¿ineet t'hree sources of errrrs drich cor¡Id. æsuLt in

an oye¡estj-natlon of tJre íntensity mea.sureænts,

( f ) the detecti.on of spurÉ.ous radiatj-ons excitett by seconcl,ar¡r

electrurs;

(Z) an r¡nderpstination in the reåau¡É¡rent of the proton

current;

(¡) the pro¡nrüion of protons in the incictent ion bea.m was

uruleæsti.mated..

Second.arXr electror¡s rene producecl by the i¡æj.clence of protons

at the various negatire electrrdes. lúassey and, Burhop (19É2) inùioatect

that the number producecl nay be consiclerable. Even though the prrrton

beam was encJ-osecl by the focr.rssing tr¡be and. the target asseúþ ln the

viciniff of the detector, a¡d. the o¡nning Y in the foeussing trrbe was
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sealed with a pJ,ece of aIr.¡ninized ry1ar (figune B'2.2), a large nrmber

of seconclary electrons ¡vere attractecL a.czoss to the ear'ühed. walls of

the appara.tus rritt¡ the fi¡1I tube. These eleetæns probabþ origi:rated.

in the rægative eleqt¡ocles closer to the proton source. ùring to tt¡e

larger counter wlr¡d.ow used., it was not possible to ællinate tåe inei-

d.ent rad.iations to such an extent that onþ the target wa"s seen by the

courter. As the pnobability of e¡ccÍtation of ¡ad.iatíons by electrons

was m¡ch higþer tl¡a¡r that of proton e¡ccitation, tlæ cletection of the

spurious rad.iatÍons excitecl þ second.arSr electrons at the varior:s ear.thecl.

conp,onents of the apparatus rould. have serioueþ affectecl tire measuæ-

msrts. The cou¡nne.nts of the qFparatus wer^e conËtnrcteÈL of brass and.

copper. If proper precautions we¡e noÈ takea, spurious eharactenlstia

rad.i.ations producect rvouJ-d have seriously affectecl. the Cr¡K roeagr¡"rrænts.

Seconclary elect¡¡ons nagneticaily deflected. fron the cotrnter

winciow srto the bra,ss rralls ä of the joint oonnecting the counter to

the apparatus (figuæ 3.2.2) had a simil-ar urd.esirable effect. This

source of spr:rlor.¡s rad.iations was particularly serior:s orlng to i.ts

pnoxirity to the counter. In the measurtrrpnts of the CUK radi-a.tions,

oring to the relativeþ higþ peætration of ttrese racliations, it was

possible to place before th.e connecting joint Z an ahminlun fol-[ of

st¡ffícient thj.olgresE to abeott &Il tbe secondaries irpídent oa it.
For the AIK intensit¡r measure¡sents, ttre waI1s L were li¡æil

with ca¡ùon. Direet CK rad.iatior¡s ïou].d. not have affesbecl the AIK

measu¡eænts dr-¡e to pulse heigþt discrjmilation In ar¡¡r case, mst
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would. har¡e been absorbed. by ttre rylar coi¡rter v¿Lnd,qr. The shape of the

plse height disÈribution fro¡¡ tbe b¡enrstrahlúg nadiêtiCIas exoitecl.

iJ¡ the earibon by the second.aries would. have been aistinguisbable f¡r¡m

that of ttre .A'IK characteristie rad.iatíonse fhe low electron backscatter

ratio for ca¡ibon (section 2.t+.1, part A) üir¡in:ized, the spurf.or.rs effects

arising from tbe i¡cid.ence of second.aries on the cor¡nter ô¡e to ur.i-ltipJ.e

scatterj.ng of the secondaríes withln Z. Di¡ect inoiilenee of, etroctrons

on the wirdow fra.s preyentecl by tTe clcflLeeti¡rg, megnet.

The:re was D.o significant d.ifference between the Al-K measu¡e-

nents d.ete¡mined. with an a.Lu¡t'rnized. ryIar aor¡nter window ancl thosc dsters

rnirled witt¡ a plain ry1^ar rj-rdow.

ÀIeasu¡eænts of tlc,e Cr¡K md.iation inte¡:sitiee rere re¡ratect

using on$r the ca¡bon linir¡g ín A tç ¡cini¡É.2æ the effeet of the sccotr-

daries incid.ent an 2.. lhere ra6 no significarrt d.iffere¡rec betreen tl¡esc

¡eEu-Lts and. those cbtai¡red. wtren a¡r aI¡¡¡d.n't¡m foL]- rras usecl. to absolb

"11 the sêcondaries enteri¡g Z.

the total etfecl on the raêiation intensity neasureænts by

slurious nadiations excited. by seconclar5r e].ectrcns i¡pictent on tÀe other

earthecl coqgonents of the ap¡nratus as æ11 as in Z nas invertigatecL by

replacing the alt¡ni¡rized. lrylar foil in the o¡nning T of the focusair¡g

tube (figuire E2.2) ¡rj.th a lead. d.iso. lhe cor.rnting rate ças recluæcl to

a negligible qua"ntiþr. ThiE irxticated. that the rad.l"ati.or¡s detecteit,

when the rrylar was in ¡nsition h f , caæ from rithin the openjrrg in

the focr:ssing tube. The number of secondar¡r elect¡¡ons re¡nIIed. fron the
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higþ negatiræ electrodes shorrLd. not ha\re been affecteat by æpJ.acing

the aluminj-zecL ry1-ar rritù a 1e3¿ ðise l¡ tbe opening Y.

,a,ithough the probabil-iff of secondanXr electruns, proclueed. by

ihe incidence of p$otons¡ on the target, haying eufficlent er:ørgr to

excite charasberístic radl¡.tior¡s at the in¡rer wall of the brass Faraday

Cage ar:d, at tlre eclges of the opering Y in the focusslng tube was prÞ

bably negJ-igíbþ, precuations vere ta-iren f,s gliminate arr¡r such effeot

in the CUIç ndiation nea.surerpnte. lhe inner walls of the Faraday Cage

ære lined. w.itn a-Lr¡ninir¡n foiJ' and. a¡r aJ-r¡minir¡m i¡se¡t was placed in
the recess at the opening Y of tJre focussing tr.ibe.

the effect of second.ary eLectnqr¡s faltiag díract1y on the

aluninized. counter wind.sw was investigated. by eloeing ü¡e openìng T

rith a lead" plug and remqring tlre defleoting nagnet before the cor¡rter.

A very large cor:nting rate was registereil. Å puiee heigþt analysis of

the detectecl. pulses irdicatecL that there was no dj-scertible pealc in thc

¡nrlse heigþt d.istldbution co¡æsponcing to a chanacteristio lfne, and.

that the enerry of nost of tl¡e ionizí¿g raðiations o¡ particles d,etec-

ted. exceed.ed the er€rry of the tuK radiations. fhese ¡nrlses reæ

prcbabþ oaused by b:nemstrdrlung rad.iatíor¡s exeited" in tÌ¡e nylar

rindow þ seconcla4r eJ.ectronÉt or by eærçtic electz?ns¡ penetrating ttp

thin cornter rirllor. On zeplaeing trhe deflecting m¡gnet¡ ttre oor:nting

rate cl.rvpped' to practicafry zeÞo this ird.icated. that the eombination

of the uagnetic deflecting s¡æten anct the cardbon lining in E va.s

neceðsary a¡cl. effective in preventing an¡r s¡nrr{.ous effects Ln the
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EÊa.su¡reÉnts arisi.ng from the i¡cidence of secord.aries on the cor¡nt¡r

wi¡d.ow or ín the sr¡noundings Â lead.ing to tJre æu¡eter wirdsw,

The ¿bone sezC.es of experi-uents irÈleate¿|. thåt the radiatiors

iletectecl originateil in the target.

The incièence of positive ior¡s on the tarçt gave rise to a

nr¡nber of p:nocesses ¡dsich cor¡Id. have affectect the curænt reading. Ðe-

tall deserif*lon of tb.ese processes rae given by Massey and. Bur*rop

('tgnZ). Ii 'wa,s necessary to slq)press the emleeion of seconc!,ar¡r elco-

tmns and. negatirre ions, as ttreir escape frron tl¡e Farad.ay Cage wouJ.d.

have been ¡æcorr:led. on the taqget æter as a proton curænt. In ttre

èase of 50 ke\f protons j¡rcident on copper, approxi.nately là secondaries

ne:re ræleased. per pnoton (tuiassey ard. Bu¡liop, 1952). Almost e'11 sf theee

seco¡rdaries had. energles less thâJû l0 eV. The f\-¡¡ction of the Far.ada¡r

Oage ard. the psitive potential of f0 volts on the ta¡ggt rith res¡rct

to the focussing ù¡be was to prevent thel-r eacape. In ar5r ease tÌæ

escape of argr negativeþ charged particlea would. on\r tend. to r¡nde¡-

estinete {:tre rad.iatj.on ir¡tensities, The principì,e ærnern wag to

irp-estigate anJr defect írr the *perinental techrriqire üich nclght have

car¡sed. an oyer€atioatrleo of the S.nteneity resuJ.ts by ttrree ordsle of

naagnitudc.

There was¡ a higþ probablllty for positive ions to be back-

scatte¡Fd. fbom the target. Ifâssey arid. Budrop (lgSZ) inri{catecl tt¡å.t t]ß

:efleotion coefficient increesecl. Ij.nearly wlth lon errrgr ìæ to ll+@ eV.

The vahæ given for the ¡reflection coefficlent of 1l¡OO eV Ìþ+ Lons
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irpiclent on nicke1 TBs 0.8. Hoçever tbre wa.a no available clata for
ions of higþer energies. rf tlre ross of ions from the Faradey cqge

nelre the ¡eason for the , ov.e:esti-mation 1n the radi"ation intencitd.es,

then onl¡r a srrall fuactlon of Fþ of tire incid.cnt ions Þs abso¡ibed.,

As the target eu¡zent read.ing fu (fieureBz.l) was about å uilian¡,,
tlris wor:ld. have mea¡rt that ¡¡1¿ actr¡al ion cu¡ment had. to be severaÌ

hr:adr€d. rilliamps. fhe sum total of the curænt readi-ngs \, r", ana

fo (ff8ure 82.1) æuntect to about , d.lltarys. This ms a¡ estLnate of
the total ion eu¡rrrent entering the extraetor tr¡be. Oring to the geqË-

try of the ion collection system forned., ancl the fact t]¡at there æ¡s

r¡ar{'or¡s con¡nnents at earth potentíal situate¿t close to the tnlet of
ttre extractor tube, the system ras an effective ion corlector. The

earùhed coqnnenta rpar tlre inl-et of tbe extractor tube ¡rovictecL a

higb reta¡d.ing potential to ar¡¡r pnotons baclecatte¡pd. Às ther= ms

a higþ pnobability of second.arjes escaping from the ion collector sye-

tenr it seemed falrly certain tbst the value obtaínetl for the tstal
íon curzent wes werestimatecl. This æa¡rt tl¡at a¡y overcstimation of
the nadiation intensities ilue to backEcatteæil prctons uas onJ¡r þ a

factor of serrcr:al ti-res. A-oe1e ancL ldeckbacn (1g¡g) ,ojttg a similar sizô

aperturre for tJre anticathod.e obtained. a total ion oun¡ent of lB d.ILi-
aqPsr a hi@er value tha¡¡ the pneeent current. It ,m¡,q! be ¡eremberccl

that ttre trvo souæea rere not identical (section Z.l). one diffe¡errce

rnas Ln tb values of tJre potentia,l on the a¡rticathod.e; the value of

Abere a¡d. Ìrfeclùacrr (1959) was about 200 volts, wheæas the prsscnt
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Ya-lue was ].ess than 100 vo1ts.

As the¡'e ra.s¡ a ¡nsitive potenti.a-l of 5A volts on the target

with iespct to the focr¡ssing tube (figuæ 82.1), tlææ ras a ¡nssibillty
of thqse secordarC.es, forrnecl at ttre focussing h¡be ar¡d. at tt¡e oollJ.nator,

bei:ig attraotetl to i.t. This wot¡ld. have u¡d.e:psti-matecl the ion curænt

¡readi'rg. The fi.¡notion of the seoord.arSr eleetron collectors wae to

¡pduce this effect. fhe potentj.al on these collectors wes 50 r¡oLts

positloe with res¡nct to the target. lbeæ lras a possibíIity of secon-

dariee pmducecl 1n the ta¡çt bei¡g attractæd. acrt)sa to the collætor

thus ove¡estiû,ating the target cu¡r=nt 
"=uding.

By ræviag the bias potential on the tarçt (i.e. ttre taqggt

ard. thß focuasing tube were at tlre sa.ae ¡ntentÍat), it was ¡rcssibIe

to i:nreEtigate tùre ef,feat oa \, oif the attractisn acrþsa to t}¡e seco¡r-

ila:Xr electron collector, of the seeond.âr¿ea prcd.ucecl at the target.

It was fou¡¡d. that IT was lnc¡¡eased by onIV 5{, w}ren the ¡nsiti-ve poten-

tiaL on the secondar¡r el-ect:¡cn coLlectors ra.c irrcæasccL fton 0 to lO0

volts. A potentia.l of +tOO volts on the second.ary elect¡¡on coIIætor"s

wa"s probably snfficient as practioa$r sJl of the seconclaries had

enerlies 3-ess tha¡r 50 eV (Uassey ard. Budeop , 1952) "

the target bias potential- bact ùþ simt¡ltaneous opposing effects

on ttre ou::rent readÍ.ng Ir. An j.¡rc¡eaee in tlhe ¡nsítive bias ¡ntential-

on th'e tarçt rould. have been noæ effeotive in suppressing the esca¡n

of secondaries forned. in it, ht at the s¡r'¡¡ tj-me, it wou1d. hane

att¡:acted. rþr¡e secondaries proðuced. in its surrourd.ings.
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raBrJD (J. r)

Tab1e (¡. t) sÌ¡sws the effect of varyíng the blas potedial on the target

curænt 4f t"lth a eqrstant second.ar¡r electron col-leotor pterûial of

+10€ r¡orts. The varues given in Eable (¡.t) :refer to the potentiars

in volts with r"espect to the focussing fube. A copper tarçt ra.s used..

the a:sa.ngenent (u) of 'Iable (¡.t) was uged in the present æasu.æüents"

- Tlhen the ar-rangeænt (t) *"" usecl Ín the æasr¡reænts a¡d.

assuning the secor¡d.az¡r electæn collectore wc¡¡e efficient, by æference

to lable (l.l), one can eeti-nate the naxi-ur¡n effect, tb secondaries

had. irr und.eæstl¡rating If , thus ove:¡estÍmatlng the r:adiation Íntensities.

As tt¡e arrangenent (a) of tabl.e (¡.t) couldl have ¡esultecl. ln tro effects

rhich ove¡estj-nat"å h, naæly, the escape of secord,aries from tl¡e tar-
getr ancl. to a lesEer extent tÀe attractíon by the secorud.arSr elcctnon

collectors of the seoond¿rd.es pmcbroect at the targetr thE mst pesoimistic

urderestiration of r* ttrrougþ the r¡se of the axrangenßant (t) is by a

factor of twor
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he tìárrl source ef discfæperrcy was in the esti-rnation sf the

pro¡nrtlon of prctons in tbe ion beam. llyen iJ it rerc assumed. thåt

onfur protons wêre preserrt T a* irean, the measr¡recl inte¡siþr zesuJ.ts

worúd. on]¡r have been redr.¡ced" by a factor of 5.

Á.s a ¡esrút of tire above irrveatigations, ü appeaæd. that tlre

mea'suæd. lntensj.tj.es coulld. only have been ove¡pstå-nated. by one o¡rler of

nagnitude. Ehis wor¡ld. not explain the h;gir val¡es cbtained fæ tlre Cr¡K

radiatiou intensities nor for ttie ¡rlÏ i¡rtensities at the lower encrgies,

Not onJ¡r was there d.lsagreement in nagnitude, but al.so in the

variatlon of tl¡e quantr:n yíeLo with the i¡cid.cnt proton energr, betneen

tlre præsent ¡esì¿ts a¡p. othe¡:s (tirandt, l,ar:bert, ard. SeLLin, 1g66; Khan,

Fotter, and- liiorley , 1965).

.4. striking feature of gigure (n5.2) for the ÄlK raÅiation

iatensities is tlre appearance of alrom.].ous peaks; a large one occu¡¡s at

about 10 keT. preton enerry and. a smaller one at Ð bv encrry. T.o en-

sure tùrat ttreæ wa.s no variation in i;he pro¡nrtion of protons la tb€

beanr r¡ith tt¡e ext¡¡actor ¡nteuùial, the erbractor potænrial was kept

constarrt at 1O keV for al.l i¡¡ciilent erærgies 7. 1O Aev. Figure (gl.b)

show that for a constant target ¡ntential, the /rLK rad.iatlon yieJds

are æarþ inriependent of the ertrastor ¡ntential dqwn to 5 keV.

fhe psition of ihese peaks was ræar1y irid.eperdent of the

excitation enersr of tlre ch¿m.cterj.stic rad.iations. À large a¡¡omaiouE

¡rak was also obse¡vecl for t]€ CuIl raðlation intensities (not shown)

at about ',2 )æY proton er:€rpr
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lhe preli.ninary investlgation on the possibility of cteteotion

of ctraraateråstic A1K and. C¡rK rad.iations excited by prctons of energÍes

less than 50 keV has been suocessful within its llmítations. Eorover,

ttr¡ee questlons renÂiJl u¡larrgrcned.. FiJstly, the neasu:sd. charaster-ls-

tic enisslon intensities far exoeedecl those pneciícteÈl. fron acisting

theories, a¡rd. also those cf tbe ortrapolated. va}res fron prrvioue

erçeri.mental studies. .L].thægb ttre exper{.menta-1- arrangeænt was r¡ot

idcal, rrith the precauü.ons taken, the nost ¡nssi-uistic overestimatlon

o,f tbe resr¡lts has been showr to be abant a¡r old.er af ¡r¡egntf,ud.s. thÍs
vould. have explainetl tire cLiscrnepancies þtween the present.â.lK resr¡lts

and. those of Khan, Potter, and. ltorley (1g6il for proton erargieS €E-

sesriing ,5 kev but not the ÀlK results at rgrer energies. l{o ot}rer

er¡rer5-nental tur( clata for thie voltage ra¡rge were available for
couparison.

secondl¡r, the relative rnagnitudes of the A1K yield a¡d. the

CUK ¡rieId. at co¡responcting proton energles were inconsiatent ¡rith tl¡e

theoætical pned.iatlon of the proportionality (nt.t).
[hirdJ.¡r, the a¡¡ona-]¡r:s p€ak* ÌrLi.ch occu¡red. 1n the curr¡c

n:lating tbe ra¡aiation yie1d. to ttre j¡cid.ent proton e¡Drsr wa,s not

er¡rlained. by aly ex1sti-ng tJreory.

For more precise rÞa,surerÞnts of ttre cbaracterietic Sntensities,

further investigati.ons q¡r ths ion curænt neasuring teohnique e¡¡d a
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mÁÊa analìysis of t*¡e 1on beam aæ ¡Fequi¡ed.. t lttrougþ a rm"sc spec-

træter syaten ba¡ been constnrateci, its use rrould. have invtlved.

sone ¡nodification to thc eristing a¡rparatus¡ tt noulcl. have been

necêasary to have the target at ea¡.Èh potential. Lack of ti-re pr.e-

vented. th'e ar¡thor from ft¡rtlrer irrestigatioDs. Á groundcd. targgt

nould. al.so be adrantageous l¡x rærcwlng tlæ epurioue effeots arfsing

fbom the secondar{es attracted. apross to the cartl¡ccl co4nnents of

fþ6 gfl¡araturi.

fhe pælim{nql]r obseratione orl the radiation yieJ,i's at low

pætoa energies, and. i¡ partieular tire arpmalous pea"lcs, Lndicated.

that certain aspccts of tbe proton oceltatd.on ¡rtrelronenon at lsr
energies were yet to be aceot¡nted. for ilreo¡etica.lly. theee oertainl¡r

would d.cserte fi¡rther lnnestigatlong. flwever 1t mret be ¡nfnted. out

tlrat the authenticity of these pealcs is not eqrah¡sive. The erperi-

ner¡tal alrrangæut ras ¡¡ot icl¡¡al¡ there coì¡3.d have bcen rasonance

effeots eaused by a conbination of tJre effects of tlp backseatteredt

protons and. the second.ar¡z electrrons on thr target eu¡:zent neadiñg.

+r*
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