
.'.,-!" ..•--'"  ../ 
_IP/BBSR!93-25 

, 
I 

L-Shell Ionization studies of Pb and Bi with alpha pal·tides 
j 

B. B. Dhal, T. Nandi and H. C. Padhi 

Institute of Physics,Dhub=eswilr-T51005,lndia 7( 
Abstract 

Absolutc ionizntioll cro;~-sectiuus for the L-su)"bell, of Pb auel Di by alpha par

ticle bOl1lbardluellt(2,2-.8,2:\·Ic:\·) baYc beeu deterllliued froIll tl,e ulcaslln:u datil anu 

Ihe presently a\'ail"ble r:ldi,'ti\'l' trausitioll probabilitic"nuore,cl'nce yiclus,allu Co:;ter

Krollig factors,TII(: luC'asurl'el iOllizatioll cross sl'clioll:; aud tbcir ratios are C'-J1llparCU with 

the results of ECPSSI\ ci.lculatiOlb,Tbl' llleasureu illui"iuual cro:,,·:;ectious for L 1 aud 

L
2 

subshclls dl'I'iiltl'd ill opposite uirectiou's frolll the t!:c'ury ,whercil;; tbeir sum sboll's 

g,~oc.l i.l~.;n'l·IlH.~llt.Tl1e L J i.llHl tuti-II iUllizatioll cruss -:-'l'cti(jlL~ ubtaillcd frolH the d~Lt~L lLlso 

r~iti(l:;~:;huI',' goml agn:clllCut \I,itll di" ECPSSn theory,The iu"izatioll closs-sec,ioll "L, 

illlU ~ ,l,o\\' !:.n',{' dl'\'i"lioll., frolll tbl' ECPSSn tl"'ll\·,.JHlt Ibel' 'ln' iii I,,'lle;. ',c,l't"" 
. "." (J l. 'Z ..

1I1l'lIt wiol, 01", 1:1'\\'13:\- IillS,BC 11,,,,,,-,. ,a"""" ""'" Ii" illl\,,,n,,:,,'(· "I' 01", It,·.-:,,,,,i,' 

\\'i.t\'l' fllllt",i{)u (Jf till' Iill.~{·l ;d(JllI.Tl.ll' {'xl'('lillWII!;11 \.:,.y pruducti l ill l·l{l:-,~·:-.('~·ti\JL l~:-

tio::; ,-\re folUld \(l 1)(' ill 1)('[('1 jl~l't'l'111elJ{ wid. till' tlll"J:ilil'jd }'('-';llh:-: (d}t;\illl'd [ruDl U~ill~ 

Ecpssn i'JIliz"tlou no:;, ,e('[ioll' "ud [lie tI,'c"y :;ie,l,1 ,["[,, uf XL ;,uel :i:u r;,tb:r lb"" 

Ihose Oblt',iUl'd i'wllIllSi!l<; til<" dl'l'''y ,'i ..ld lLit" uf Er;nlo( ,TIll' "buillil' X-rilY prcduc,io:, 

crU::is-:::;l'etiOl1~.b()\'.,t'\·l'L.ln'ill Lt'l1('l ilgl'l'l'll11'lH ,,':ilL tlll' dwul'itic<ll {l'...,ult:-- o!J(tliw.... d £l'Ur:l 

using tl'l' decay yield d"t" of El'ausl',Tlll' llle"surecl cl'utluid Clll'lS,. of Ihl' L~lille;; of Pb 

shows l"E~l' ek,'iillious ilt hi~1J pj'()j('ctile ellergy. wlll'l'''''' 1'''1' Di b\r~,' d('Yiations arc fuullu 

at the 10\1: t:lll'l'gy rcgioll. 

I.Introduetion 1'?..... ~~6R - ~ -?:>- dS
1111111~I~jlrll~I~III~~1111 
o 1160 0036278 4 

In an earlier paperl we presented our results on L-shell ionization studies of Pb and 

Bi for proton bombardment and in this work we present the results for alpha particle 

bombardment in the ener&y raDle of (O.S-2.0)MeV/amu.Althoua;h considerablo effort. 

h..\'t~ been put in understunding the L-subshell ioni~ation proce~s3-' by heavy cbarled 

particles still the situation seems to be ver)' fuzzy, The firs I study in Au for proton and 

alpha particle bombardment was reported by Datz et.al,2 which showed significant 

deviation of the Q particle data from the proton data at low energy.It also indicated 

deYiatiolls for L I subshell ioniznl ion cross sections and tilt' cross section ratios..!f.J and''L. 
~ frolll !>oth non-('(,I;,ti\'i~til" allclrdali\'istic P\:VD.-\ tlwu:ies', After this work Chang
aL, 

et.:,I.J, I r.eponed tlll"ir work u!' L-,ubsIJl'll ioniZiition for \·,,~iOIlS hea\')' clements by alpha 

jlurticle bOlllbaIChlll'lIt in whil'll they showed for the fir't :ime that the loll' energy be

baYiour of till' l"1'll>s-,,'ctioll ratio ~ is dependent Oil thl' outer electrollic configuration
"L, 

of the target alOln.HoweYer, their conclusioll was refuted Ly the work of Li et.al~ ,which 

did not sllOl1' any targ,el outer dl'c~rollic configuration uel'elldellce for the behaviour of 

':!...:. ratio., at loll' !Jl'"jl'nik l'lIer.;v, 111 ,the Ih("oreticlllwol'1: of Slllbdi lind ~luko"l1mlL'""L,· ~ 

it \\'us shown that fOl' hl'aYy charged panicle bombardlIle:l: (Z>2) the experimental L3 

>-ul,;hell iUlIization rwss·:;ecriOl: dl:viatl'~ by lIlmost one order of mllgnitude from the 

RP\\·I3.-\- DC' theory, This iIlJUlIlalous behaviour was she)II'nto be arising from colli· 

"ion inducC'C! ll'all~ition, of a I'"callcy between the L-sll\',:ll'1Is. The large L3 subshell 

iOllizatioll aUlllllally II'llS liller tlworitically accounted hy Sarkadi and !llukoyamalO by 

tal:ing tl1(~ su!>,hl'll l'ollplill~ dferts into account.I\e·rl:ntly Xu and Xu have made the 

ralcuilitiull ou LX-ray i'IOdllniou ;'I:;:;~~ ,er;i:lI'l~.~f Di f~,:' t',lphll particle bombardment 

using their own decay yield data ll and ECPSSR ionizalio:, cros~ sections l3 and showed 

that their rc~ults :II'e in good agrcemenl with the exper:::lenlal resultsll for the total 

X-ray production cross-section ior alpha particle energy range (l.O-4.0)MeV.Looking at 
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tbe reportdd results of L-subshell ionuization of heavy clemeuts one does uotsee a clear 

cut picture on the position of various ionization theories vis-a-vis the experimental re-

suits. The' present study was aimed for obtaining various physical quantities such as 

X-ray production cross-sectiulls.ionizatioll cl'O"s-sectioll',relatin' L X,ray intclIsitics alld 

L-subshell ionization cross-section ratios etc from the mcasur~d data ami compare with 

the existing theoritical calculations, su that oue can get a clenr cut pinure ou the process 

of L-subshell ionization by the bombardment of he'l\')' charged p'll'ticles. 

II.Experimental Technique 

The L X-ray spectra or" Pb and Bi have been measured for alrlla particle bombard

ment at differellt euerg,ies, High p\l~e(~00.0'7v) saUl pies were used for the preparation of 

the targl!b.Thiu( ,Wiq;/nll~) taq~ct,; of Ph ilud Di W''''I: pr"pill't:c\ Ly ,'"CC\Ull evapuration 

outo ,dullliuizt'd ~II'1,"' iilnr' "f thicbw" 1.7,jI/lIj!Clli'.TIIl' 1<11'","(' \\'<:IT j,ombarckd hy 

alpha pilrlicle, with t'tlt'l"e;)' 2.2S III S.lS~It-\· o)H"illl'd fronl tlll' 3~1\' tiludem p<:lktrul\ 

acceleralor of ill<' hlstitlill', To Ol'(l,ill the L i X-r"y i!rodllnioll Clu,,-,,'ni"lls from lite 

measured \-ray yields."illlll!t'llll'OliS X-ray a11<1 e!;'sticldly scatter"d ch,lr",,,d p<Lnick .le-

lcctioll ted\lli'lll<' was l'lIlploy,'d. D"taib· of the cXI','riltlt·llt,d atl"ll~,l'tt"'llt is d,,,cri\)l't! 

l'lsewhere l . TIle l'olliuHiteci alpha particl" beUlnuf 1.511111t di"lllet"et" 1'.',," directed onto the 

target "'hiclt "'as \;Cl't tilted at -15° to tIll' b"lllll directioll. The emitted L X-rays passed 

1through a 3.5J1lIj I CII/ mylar c11111lllJer-,i'iudow, .sCll! ILir gap and O.012111m thic!; beryllium 
, 

window before reaching the Si(Li) detector with energy resulution of 1IOeV(F\VH~.l) at 

5.!Jl:cV.TILe detector \\'a~ plac~d at ')0" to the beant directiou.Tlle solid an!';l"s of butlt 

the silicoll sud'ac,' iJillTi"r and Si(Li) detectors Itav!' !"'ell w!'I1 ddilJe·d by placiu!'; suitable 

"peratures in frOIH of tltl' ,1"lerrol's.Allother ad"ent":;" of tllt' ilp'Tature was it allowed 

[he radial;ou [() [,ill ou Ii ... ('CU(,,1 of lite aniyc lIl'<:a of tlll! dc:tcctoLA lyplcal X-ray 

spectrulll of Ph at G~IL'\' alpha panicle eller~y is sItOl':n in Fi!(.l 
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III. Data analysis and Results 

A. Data analysis 

Fro:n the measured X-my yields the L i X-ray production cross-sections were est 

mated using the following relation: 

z ...: 4lt'1-;O'n(B).6.fl p (2) (1"L, - E.Ed 1'R2>fl tn .r 

where,
 

(lr X-ra)' production cross-section(the index i refers to a particular component
L. 

L X-ray such as I, n,;3, "/ etc.) of tile Li component of the L X-ru)' spectrum. 

yi 
r = Measured X-ray yield for the L i component 

(In(B) diffcrcntial Rutherford scattering cross section 

Yn = \le<\S\II'cd Rutherford yield 

Ed Si(Li) detector illtrinsic dficiency 

c. ubsorption cOlTeCtioll for ~Iylar chamber window and air path 

~flp ~olid ;lligle subtelld('d by the chargcd panicle silicou snrfilce burrier detector, 

~!1r ,olid lIll!!,I,· 'td'l'·lld.·d ":'tll<' Sir Li) X-r"y d';(l'('(or. 

t e dl'iHl tilllt' t'tl1"1'I'I'litlll ft>r X·l'il!' l'O\\1Jtiug. 

tn d('l,d tilll(' "OIT"l'ti<,n for dWI :;<'d partid,· cll\llltin:;. 

Int~:llSic efficiency of tll(' Si(Li) detcctor \\'a~ tlteOl'iticallY calculated using the fol· 

lowing t'xpressiom 

Ed (E) =e-l/.D•••• +/...... +..s;.::\zs;)(l_ e-/·s,r s;) "'0_(2) 

\\"here _ s are the absorption coefficients due to the De windo\\' of the detector,the 

gold lay~:' on the Si(Li) cry5tal and Si(Li) crystal at the X-ray energy E ..6.:rSi is thl 

thickne:;; of the insensiti,'c region of the Si(Li) cr)'stal.The x's are as per specification, 
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of the detector manufacturer and the absorption coefficients are taken from the table 

of Hubbell et al13 .Y; and Yk are obtained from the measured X-ray and Rutherford 

spectra,respeetvily. The X-ray yields for the various L X-ray components were estimated 

by the least square peak fitting programme and the Rutherford yields were calculated by 

summing the counts under the elastic peak.Corrections due to absorption in the ~lylar 

chamber window and air-path were applied in the usual manner.Correction due to self 

absorption in the sample was found to be negligible. 

In order to interpret the measured X-ray production cross-sections we tried to e\'al

uate(l) the experimental subshell ionization cross-sections and their ratios and then 

compared with the theory and(2)compared t1lf measured X-ray production cross-section 

ratios with the theoretical results obtained from thcoretical ionization crosssections and 

the presently available different sets pf decay yield data.For gctliug the cxpcrimelltal 

ionization cross-sections from the measured production cross-sections one runs throu>!;h 

the following analytic formulas relating X-ray production cross-S(·ctiolls to the iOllizal iou 

cross-sections: 

aL = (a/,,j'll + aL,hd2J + aL,hl + al,.\)~·IFll (3,') 

a(," = (a L, III + aL, 112123 + a L,Il1 + aL" )~' IFln (3/)) 

aL. = aLI.,)1 fl,1 + (a L I h2 + a L, )""lFu + (171. 1 III + aI., II'l 123 + 

aL,I23 +aL,)wlFu (3c) 

ai., = t1/"wIFI~ + (t1L,Ill + 171.,)_·lF~; (3'/) 

where at, ,at ,aL 1\lId t1i., arc the X-ray production cross-si'ctions of the compnr"'nL; 

of [,/,[,,,,1'11 and [,~ l"l·slwct.iv"ly.f1I." t11., illld "I.., ;11" j"lliZ:'li"ll n,,,,,·,,'clioll:' ,,/ II ... 

sul>slll'lIs LI ,L1 awl L l , I"l'sp"ctiv,,]y alld ~·I.w·l,aud ~'I aI''' ,I,,· "OITI'SIHHldilll-\ ,,,\,,111'11 

'I
 

fluoroscence )'ields.Fny (F3/,F30 ••••etc) are the fraction of the radiative widths of the 

subshell Ln (L 1,L2 ,L3 )containf'd in the ylh spectral line i.e, 

F"y = fny/f n (4) 

(for example, FJI = f 3,jf3)where f n is the total line width of Ln.The parameters 

!J2Jn.and In are the Coster I\ronig transition probabilities for L 1 .... L2 ,~ .... L"and 

L 1 -+ IL 3 respecti\'ely( the lUTOW indicates the direction of the electron vac~ancy transition 

between subshells). 

The composite L., peak has been computer analysed into four Gaussians whose X2 

\-aJue was found to be close to one for all projectile energies. Four components of L'l were 

obtained; L1 • i1ud L" which ilre related to the L2 subshell aud L1 ,+" and L...,. which 

are relate~el to L I sul"bdl.Exampks of this fit ting for Pb 'Iud Bi at one projectile energy 

are pl'esl'utC'd ill Fi~.2. [qllill iOIl( 3d) C:1lI Ill' hmkc·u iuto. 

"/''':1+:1 +o;... ~ = ql.I .....·,FJ.J~+: ... " (5) 

i.:nd. 

a1." +a1." =(aL,I12+aL,)~'lFl1H' (G) 

['juiltioll:> (~) ,did (Gi can be' soh·",1 itcratidy for ilL, aud aL, by first ig::oring 111 in 

<''1llatio1l'(G) 'IUel (3d). al., \\'as obtaill('d through equation(3b) by using the deduced ilL. 

,'l1d aL, alld [1Ie lllCaSllH'd X-ray production cross-seclioll at. .After this a consistence 

checi; \','as made for th" L,J group through the comparison between the measured I1L~, 

and that c,dru],lt"d from (·(lllatioll(3c). Thl' a\'erage diffcrl'llce betwcen the cakull\ted 

;,nd meaSllll'l! aL \\',,- fOllnd 1(1)(' (3.0--l.0)'lf for the "Iltir" energy l"i\nge. 
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B.Atomic Parameters 

The measurcd X-ray production cross sections are converted into ionization cross 

sections by using two sets of fluoroscence yield data ,one by Erause l4 and the other by 

Xu and XuII: The fractional widths used lIere are taken from the radiative emmision 

rates calculated by Scofield l5 ,The atomic parameters used in the present work are given 

in table-I. 

C.Results and Error analysis 

The ionization cross sections CTL"CTL, and CTL 3 for Pb and Hi ,obtained as described 

before,are showll in Figs, 3 & 4. together with the two theorctical results which will be 

discussed below, 

The standard (,llllllting"('nor for the L n X-rays was 0.5';{,.L j X·rays O."lu and L) 

X-rhYs ;"',idl rdalc 10 L, ;llld [.1' "dhll<'l1 iUllizalioll was 011 tlle' average less than 5'70. 

III .l<lditiulJ [0 t.lli~ tilt' orlH'1' ~o\1n.'{·:i of ('Xpt'rillll'lllalllllC('rtaillly l"Ullll' fnJ111 tlte detectur 

eflicicllY alld ;.IlSorl'tioll COl'rl'clioll due to ~l)'lar chambcr_ window alld airpath,Thcy 

contribmc together all overall eITor of about 2.0% ' The sclf absorption in the target 

was nc£!if!;il>le.Ullcertailltr ill the estimation of the solid angles will be within 5.0% ' 

In the cOll\'crsion process to iUllization cross sections from X-n'y yiclJs,uncertainties 

in the atomic parameters.such as H'lOrosccnce yield ,radiative transition ratcs and Coster

I{ronig ;rall,ilioll probabilities may increase thc unccrtainty for lhe fillal absolule ion- I 

ization cross sections.The error from this source could amount to aLolit 10% ,The error 

ill the ratio "f ilJllizatiollLTIISS seeti"lls ~. ~ willlw mainl\' frolll lh,' cOlillting error. 
C1 J.) C1'L'2 • 
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The absolute ionization FOSS sections of Pb & Hi which are plotted in Figs. 3 && 4 

show de\'iations in opposite directions from the ECPSSR theoryl2 for 0'l.1 && O'l.,.However 

the ionization cross sections for L3 and total(see table-2) are in good agreement(within 

6,0% on average)"'ith the theol1, 12 .In a previous work by Chang et al t the ionization 

cross section for L2 subshell ionization for alpha particle bombardment was shown to be 

in good agreemcnt with PWBA theory7 but our prescnt study shows large deviati~ns in 

the entire projectile C'ller!!;y ran~l·,Howe\·cl'.the discrcpllnci,,~ found in our present results 

for CTL, and CTL, an' consisll'nt willI tl1C' he''''')' ion datll of Sllrlmdi nnd Mukoyamas.In 

Figs, 3 1: 4 we h,,\'C ,ho\\'n 1\\"0 ,('IS of nH'nsured ioni~l\tion cross sections corresponding 

to two diffcrent scts of (1<.>cay yiC'lddlltll 'by Kruuse l 
.
j and Xu l: Xu II.As can be seen 

from the figlll'es the decay yiehl thua of Kl'lluse u givcs bcttcr ngreenwnt with theory. for. 

L I arid L3 subsl ... ll iOllilatioll cro" sections whcreas the dccay yield datil of Xu .s.: Xull 

gi\'es betlcr ilp;n','lllent witll lheory for CT /.,. Further cOlllparisoll with thcory is done by 

plotting the iOllil.hliOll cro," ,,'nion rntios .!.!:..l. and ~ in Figs, 5 & a.The measured 
IfL2 1ft) _ 

ratios show large dC\'i"l ions from thc ECPSSIl thear)',cspecially at low projectile energy 

the disrrepallry is quite larg(',For buth Pb lIud I3i the measured ratio ~ is found to 

he lo\\'er compared 10 till' theoritical ",dl1t' and position of the dip of thc ex-perimental 

curve is sI.iftl'd til rll<' I"fl IIf till' tl"'oririeal dip.Such a shift was also seen in the previous 

worl;S~"~Jll Fip,.:il. w,' h;l\"I- ;,1,,, "l"tled the \'('sult of np\\'I3.-\-DHS-DC calculationO for 

proton ionizi\lioll which "'('ll:' t"lll' ill)ll'lll'r a~rCClllellt Wilh the expcrimental result.The 

IlPWDA-DHS-DC tllI'ory abo produces tilt' dip at thc right place.This suggests that the 

largct elt-l'lron wa\'e [ulll·tioll, play an i~llportant role for predicting thc dip of the;':-: 

curvc correctly,The thcoritical rcsults for the .;z: l'utios(Fig, 0) of both Pb and Bi 

again show large discrepiulril's from the experimental results.Prc\·ious measurements3- S 

showed n drop ill lht' ~ ratio at low projectile cnegy (below HleV/amu), but in our
all 
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present study we do not see a clear cut drop in the \"alue of the ratio.At the same 

time we also do not see any I'ising trend as predicted by theory and as observed in the 

case of ionization b\' prolon"Ollr !lresent result of.!!.o ratios are more closer to the 
~ ~L2 

results of Chang et al l ,wllO also did not see any drop for the elements with closed 6s 

configuration, Both Pb and Bi hll\,(~ closed 6s configuration.The kind of drop seen by 

Li et al~ for all elements irrespective of the outer electronic coufiguration of the target 

atom has not becn confirmed by our present results, In Fig,Gb \\'C h:l\'e also plotted the 

theoriti("al ~ ratio for proton ionization obtained from the np\VBA-DHS-BC theory6
aL, 

which shows bettcr agreement with the experimental ratio. This again suggests that the 

:arget electron wavefullctions pili)' an important role in the cakulation of ionization cross 

sectious, 

Thl' Illl'il.'IlH'c1 X-r"y I'roclllni()l1 cross ."~ctiou I"I:OS of Ph i1lld 13i arc compared 

"':ilh tli,' tlll'or('lic,d 1'<'sllll.s ill Fi~s, 7 ~ S .Alth'HIo,b tIll' dwol,'ri",d n',nlts calculaled 

''':'~:llg the (kelly yl{ ·Id d;d:1 (d' X-Il iLlld Xu ll :l,!.~.n'(' ben ('1' wiT 11 (lw ('~:Jll'l ill\('ut al n:slllt~.ulle 

=;.ollld IWI tak<' Ibis "e,n"'UWlll \'('ry "'I'i()usly IlI'c(lIIs<' iT ::,(ly '" l"IJ'!"'ll dlUt the absulule 

:';:'1':')' producli"" C1'<'.S' ",,'li"IISI Fie,s,9 ~ lUi ,'1('1101 ill ",ood a~e,ll'I'1l"'1I1 IHlt IIt"il ralio 

g()o,l.EYid"!H'" III f,i\'IlIH ()f This i1rglllllelll Cilll UC '''''1I ill the cOlllpmisoll of absulule 

::miz:ltioll Cl'Os,; sectious shown iu Figs:3 £.: -t. 

Thl' expt'liull!lltill U'llll'oid cuergie,; of the cOluposilc L X-ray peaLs are estimated as 

;:\'cn iu tile rcf,'rc.'llC<' "I' Ili.-singer et aJ!' alld colI1part'd wilh til<: tl'eurctical cillculations 

::1 Figs, 11 ~ 12, Sill('(' till' In trallsilion ill\"(Jh'cs only tile I 3 sllhshclluo shift of the 

centroid "lIt'!')!;y is ,'xp"l'l,'d for rbis lim' wilh projl'clil" ellergy lllliess Iherc is any multi

·::.callcy f"nll;,li"ll "lid 11"111' i, ,,!>.-('l'\'ed,ndllliY" \'lIrilllioll ill L-sll!>·;ll('ll hoi,' production 

:= cxpcc;('d t" product' a 1"':111,1 ('Il(TP;Y '!c-p"lldclll shifl ill rill' ('('Jltroid positions of L;J 

c.~d £1 1i11e, \\'I,il'li "n' ,'olllJ)(Jsil(' liu('s widl l'IJlltrilllltillu frlllll at least t\\'o subshells. 

\"ariation of I.I ('('un()id ('ll<TP;Y witli n"l'artid,· L'ner~y is wl'11 ('xplailled by the ECPSSn 
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theoryJ2 for both Ph and Bi. However, in the case of L., centroid energy we lind some 

discrepancy between theory and experiment.Moreover the discripancy in the case'oC Pb 

is at the low projectile energy and for Bi it is at high energ)' side. The reason for this diC
, . 

ference is not quite clear to us .II mllY be because of the fact that the hole-subshe1l cross 

section ratio varintion wilh bombllrding energy predicted by the theory is not conect Cor 

different pllrts of the projl'("lile en"rgy range in Pb lind Bi, 
;" 

In summary,we wonld lik/' to sal' that the present study on L-suhshell ionization in 

Pb and Bi by a particles hilS re\'elllcd some new features of the ionization process,The 

ECPSSn theory is foulHI to Ill' inaclequllte in explaining the measured L J and L1 subshell 

ionization cross sections, Calculations taking into UCCOU;lt the collision induced intrashell 

transition effects lire needed in unIer to remove the prcsent discrepancy between theory 

;md experimcnt. 

W" alsu fc('1 Ibat Ih(' prohl(,111 of dcpcndt,ucc of u-purticleilllluced L shell iorlzation 

on outel' l'1cetroll cOllfi!\III'i11 iOIl of llie lilrp;CI atom is UOI y('1 fully ,eitdcd,_~ltho:Igh the 

worl: of Li ,'I ar' I"" nd"c\ "III rll;- (It'I'''II<\''lI('(',OIl1' 11I"'S('lll ,slndy 1;""1'5 til<' problc:::lllli\'e 

ilgililllllld il is 111'1'('Ssill)' To I'i,n;: "lit II _ys('lIlatir sllIdy (HI UII'U)' lilrp;('ts with filled nnd 

~1I15llc,1 C, Sli,I" ill"rd"1 10 0,"1 " ,,It'an'l IJicllll'C 011 Ill<' pwhl"II1, III ordc'r'to check this 

point 01l1" lll'XI pl(ln willi", (" (,iltTy out fn'sh Illl'asur('lIlPnlS in SOlil" 1I10re clcme~ts with 

the atumic lllllliher ill the 1'<'!I,ioll 70<Z<a-t, 
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Figure Captions: 

Fig.1	 A typical L X-ray spectrum of Pb nt a n-pnrticle energy of 6l\leV. 

Fig.2 Gaussian fits to the L 1 X-nlY spectra of (a)pb amI (I> lDLThe :\'2 values of the fits 

are il1dicated. 

Fig.3 L-shell ionization cross-sections of Pb for a-particle bombardment ,(a) L, sub

shell,(b) L2 subshell,(c)L1 subshell: ( .... )corresponds to ECPSSR theory j(- )eorre

sponds to present experimental results obtained from the data using the decay yield 

data of Xu and Xu ;(- - -) corresponds to pl'csent cxperimental results obtilicd the 

data using the dec<ly yielc\ data of Krause. 

Fig.4	 L-shell iOlliza tioll cross seetiolls of Di (a)L 1 subshcll. (I> )L2 subshell, (e)L, subshell: 

( .... j con<:spoIlI!s ro ECPSSn. tlll'''1'y :(--) CUlTI'sponds to present e;-.-pe:-=.mental 

resuh, ol,taiul'l! hUlIl till' <lara usill!!; till' <l1'cay yi"]l! data of Xu and X':.I :(•••) 

conl'.'pOlHb "'1'1"<"1'111 ,'xl"'lilll"UT;,] 1"<',ults O],lllillC·d fnull rIll' d<lta Ilsing :::e decay 

yic·I" ,\;'t'l "f 1'1';111'1'. 

Fig.3 \'"lu(,5 01 Ill,· iUlliz" IiUll tTl'"~ ,,·rtitlll lIIti" ~ "f (a )PL ;Ind (I, lDi:( - - - ) cO~~llonds 
OLJ	 ," 

to ECPSSn 11...,,1':,·.1. ... ) ('ulll'SIJlll"l, t" n.P\\'D.-\.-DHS·DC' rllt',,1')' :slIlid li::e joining 

tilt' t'~:pt'1'illlt'lltal I'"illl'(.) i., obtaill('t! llsing, 1":1'all'I,', decay yield (lata :s.;:id line 

joining tlJl' ,'x!J(.'ri:al:l1t"l poilltS( 0) is ol,wined l1sill!; Xli aud Xu's decay y:e;'d data, 

Fig,.C \'ahll" of iUllizatiulJ noss·s('ctiou ratio ~ of (a) PI; anti (I,) Di:(- - -) cO~bllonds0", 
to ECPSSn. theory.( .... ,) rollesjlonds to n.P\\'D.-\.·DHS·DC theory ;solid be joining,. 

rh" "xpcril;lf'llt"l !loillts(.) i, obtain('d using thl' de('ay yi(,I<I (\;.[.1 of I\r..:.:s~ ;solid 

liul' joiuillc; till' ");I"':iI111'uI',) p"int'IG) is obt:liul'llusi:r~ the decay yield ~:a of Xu 

and XII. 

Fig.,	 \'<ll':"\\.' IlIti", of X-I';'y pl'lll!lInioll lTo,' Sl·<'liuus of PI, rot' (.-paniclc· ::o:nhllrd· 

1I11'::t I" I;~" ,I'IS- ,:1ll1 ((,If.The ",lid lille correspond., [0 th" l'ye fitted::::e drawn 
1 . 

chnJllf;h till' "xpl'1'illwl1tal l'0iut5 :( ... ) ('OlTc5polld, H, rcslllt obl"ill"d br :.:s:ng the 

ECPSSn ionization lToss-sNtiollS aud decay yi(~kl datil of Xu lIud Xu .\•• -) cor

12 
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responds to results obtained b~' using ECPSSR ionization cross-sections and decay 

yield data of Krause. 

'ig.8	 Various ratios of X-my prodnction cro~~-sections of Bi for a-particle bombardment 

(a)~ ,(b)~ & (c)~ .Thc solid line correspollds to ere fitted lille drawn through
VT ~, t1, 

the expcrinlC'nt nl I'Oilll~ : ( .... ) corresponds to rC~lllts obtained hy nsing ECPSSR 

ionizntioll Cl'OSS''''ctiOllS lIllll drcay yield data of Xll and Xn ;( - - - )corresponds to 

the rcsults ,,!>winl'd by nsiug; ECPSSn ionization cross sections ami dccay yield data 

of Krame. 

~ig.9	 Total X-ray production cross sections of Pb for a-particle bOlllbardUlcnt in the energy 

rangc' (0.57-2.2)lIkVlamu;(.) present experimental data;(-- ) corresponds to result 

ohtained frOin ECPSSIl ionization cross-sections and decay yield data of Krause ;( - 

-) cO!TeSpollcl-; to n'sults obtaincd fr0111 ECPSSIl ionization cruss sections and decay 

yiehl dat" of X\I aud Xu. 

ig;.l0 TI,t,.1 X-ray produnioll <TuSS section of Oi for u-paniclc' \'u:nbanlnleut in the cllergy 

ra\ll',(' (O.~i'· 2.2 )~I(o\' / aUIll.(.) l'OITI'.-;pon,b to pll''''nl ('::!,ni\lll'lIl'.1 p"illts :( - ) 

corl'(,:o,p(JIId" to 1'(·....,1111."", ()l)!:lilll't! frolll [CPSSn jOlli/'Lli(J;. ('ItJ"';~ '-.t·('liou :lIHJ dct';\Y 

yil'ld dill" ,,1'1\1 '<lh":(' - - )l'lIlTl"p"IIlb I" Il",t!tS "\'l"illl'<i fl'<lll1 ECPSSn iouizalion 

cr(", ,(,,·t i"lI' "lid ,l<-,':'y yi"ld d"l" of \\1 "ud \\1. 

ig;.l1 Ceulr(,id 1'1JCT~i,'" "I' \':uio\l' L \'1"1)' lilil" of Ph.TIll' ,,,Ed lilil's an' the ry'· fitted 

Ilnc" dra\\'n th('()u~h the ,'xperiml'ntal j)uints(. ) ;( .... ) one'lJuncb to re,;ults obtaincd 

frolll ECPSSIl th('ory aud drca)' yield data of Xu and Xu : (- - -) corresponds to 

results obtained from ECPSSn theory and decay yield data of Kriluse. 

ig,12 Ceutroiden,,'rf\ies of \'ilriolls L X'ray lines of I3i.The solid lines me the eye fitted lines 

dHl\\'1l throu~h tlll' experillll'ntal points(') ;( .... )con'·"IJ<lllJ; 10 results ublained from 

Ecpssn theory and d,'cay yield data of Xu ami \u ;(. - - ) mrresponds to results 

obtained from ECPSSn Ilwory "nd decay yield data of Krause. 
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Table 1: L-subshell Fluoroscence and Coster-Kronig yields of Pb l.: Bi 

Target 
Atom 

Decay yield. 
data set 

WI Wl W3 /12 /13 /23 

Pb Krausel-l 

Xu & Xu ll 
0.112 
0.135 

0.373 
00405 

0.360 
0.326 

0.12 
0.040 

0.5S 
0.661 

0.116 
0.091 

13i Krausel-l 

Xu &: Xu ll 
0.117 
0.138 

0.387 
0.428 

0.373 
0.340 

0.11 
0.055 

0.58 
0_700 

0.113 
0.12 

'. 

"0;;'f"ble 2: Total 1.-,111'11 iUllizaliou cros>-seclion of PI, .I.: Ui ror Q-particle born
'.~

b"rcllllent 

o-p<,rlicle <JL r of Pi> (b<lrll) 11 L of I3TIbam 1 '.I .,., " 
111l'ory I t.xpt. using decay yields Theory Expt. using decay yie <Iiicner3Y 

:\Ie\' I ,nUll LCI'SSI~ I (\r,IUSe I Xu.\.: Xu ECI'SSIt Krause I Xu& Xu 
0.5i'1 /J.2:;2i'.291 7.220 7..119 
0.757 IS.5GG 19.518 20.102 1/J.I0-1 
0.9:.1/ :j.).:JOI 39.921 i1.219 30.S0,'> 
1.22·1 ,')$./1:3 /J·1.557 G6.703 5IAS·i 
I.:JOG 5/.2/G %,·199 99.751 7G.715 
1..]92 I:!2.:J'j'j n5.0SG 139.5i'0 107.iG6 
I.Gi';) IG2.IVI 179.26G 185.19-1 1·1:3.:313 
1.8(;:j 2U9.lli 229.915 2:37.2/9 18·1.82:3 

229.,')72:!(;D. i·j:! 2$(;.·182 295.5272.01G 
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