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ii, Abstract: 
~~ 
,; L X-ray production cross-sections and relative intensities of Pb and Bi have been 
~:. 

" mealluxed for proton ionization in the· energy range 1 to 4 MeV. The measured cross

i' 
sections are in good agreement with the theoretical results obtained from ECPSSR .ioni:. 
ization cross-sections of Cohen and Harrigan (1985) and different deca)" yield (Krause 

19;9, Xu and Xu 1992) data. The experimental X-ray production cross-sections for I3i. 
" 

however, are found to be somewhat higher compared to the theoretical re~\Ilts obtained 

from RPWBA-Dl:IS-BC ionization cross-sections of Chen and Crasemann (laSa) and de

cay yields of Chen et at (1981). Unlike the earlier results of Xu and Xu (1 (92) C)ur present 

results 'on relative L, X-ray yields suggest that from the presently availabl.~ decay yield 

data sets no one is giving complete agreement with the experimental diHa. TL,: centroid 

-.1'.: 
Ii, energies of Lo and LIJ peaks of both Pb and Bi remain same with proton e::ergy while 

;
! 

l~:" the L., centroid energy changesby about 50 eV. The experimental centroid ~::ergics 'lre
 
:,~! ~:
 
i'~ .
 in good agreement with ECPSSR and RPWBA·DHS-DC theoretical predictioas. 
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. In recent times me;)5urement of i~ncr-shcll ionization cross-scctions by charg~ p 

tide bombardment has been of great interest for checking the results of various mo 

calculations. Although a great aJllount of undcrstanding h;)5 been 'lchieved in explain 

the experimental data on K-shell ionization cross-sections the situation is not so cJ 

in the case of L-shell ionization.. This has been e\·ident from some existing comp 

tion works of Gray 1990 and Cohen (1990). Another problem with L-subshell ionizal 

has been lack of proper fluorescence and Coster-Kronig decay yield data for con\'er. 

the measur:ed X-ray production cross-sections into L, subshell ionization cross-sccti< 

Moreover there are sever'll approaches for determining ionization cross-sections from 

measured x-ray yields (Cohen 1(84) le'lding to different results and it is difficult to 

which 'lppronch is more rcliulJlc. Consequently, a detailed comparison of existing 

subshell ionization data with various theoretical descriptions becomes difficult. Also 

presently available uata 011 L; X-ray production cross-sections for elements in dine: . 
n'/\i"ns of tI". Iwriodic lahl(~ for proton bOlt\lmnhnrnl. is "p"r:'" "nrl tII0lT 1n"""111 rlllf 

arc nceucd for 'l systematic check on the results of various model calculations of ata 

ionization, Recently X-ray production cross-sections in Pb and Bi have theoretic 

becn calculatc'l by Xu and Xu (1992) using ECPSSR (Cohen and Harrigan 1985) 

RPWBA-DHS-I3C (Chen and Crasemann 1989) ionization cross-~ections and diffe 

sets of fluoresence anu Coster-Kronig decay yield data (K·rallse 19.9, Xu and Xu l' 

Chen 1981. Werner and Jitschen 1989) and it was shown by them that the theore! 

results obtained from ECPSSR ionization cross-section and f1uore~ence yield data 0: 

and Xu fits well with the experimental data on relative X-ray production cross-sec: 

of Pb and Hi whereas the Kause's decay yield data underestimates the L; X-ray rel. 

intensities . 
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The purpose of the present study is to measure the Li X-ray yields in Pb and Bi and 

determine both L; X-ray relative intensities as well as absolute produdio!l cross~('ciom 

nnd compnre them wi th the results of vario\ls t!1('ordical calculat.iolls \I:;ill'~ (I i Irf'l ,'::: ·./·t~; 

of decay yield data. Another important aspect of the present study is instead of dec.:1Cll1li 

the experimental ionization cross-sections from the measured X-ray yields for cOll1panu!'; 

with the theory, the X-ray production cross-sections will be directly compared. In doinr; 

so we may loose certain informations which are present in the individual L;,suDshcll 

ionization cross-sections but such a comparison will be more raliable. 

2.	 Experimental procedure 

High pure (99.9%) samples were used for the preparation of the targets. Thill 

(40/ig/cm 2
) targets of Pb and Oi were prepared by vacuum evaporation onto "ll1::;::::::,·d 

Mylar films of thickness 1.75mg/cm 2 • The targets were bombarded by protOl:':: '.\-ith 

energy 1.07 to 4.07 :-'leV obtained from the 3~lV tandem pelletron accelerator 0: tht' 

Institute. To obtain the L j X-'ray production cross-sections, simultaneous X-ra:; illld 

elastically sc~ttered cha~ged particle detection technique was employed. A schc::;atic 

diagram of the experimental chamber is shown in fig.!. The collimated beam of 1.5 ::1lJ1 

diameter Was directed onto the target which wa..') kept tilted at 45° to the beam difl'-~::on, 

The emitted L X-rays passed through a 3.5 nig/cm2 r-.lylar chamber window. 5 c= :lir· 

gap a.nd 0.012 HUU thick beryllium window bdore reaching the Si(Li) detector ~_~:\'iIl~ 

an energy resolution of 170 eV (FWH:,{) at 5.9 KeV, The detector was placed at '~'i' to 

the beam direction. A ~ypical X-ray spectrum of bismuth at 1.57 ~leV proton (!LC';~' i~ 

shown i~ ng.2. 

3.	 Data analysis 

From the measured X-ray yields the L j X-ray production cross-sections wc:-c csti
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mated using the follo\',:illg relation: 

r a I 
'. 

::--: 
.!rr}·r'OIl(()).I\U,. (ir)
"-'--'- ---.---;--...------.. - ---.. 
E"E r } n60 r til 

.,. (1) 

I\' 11('11' 

at X-ray prorluction cross-section (i stands for dl.~,,31,3,5,-(1,2 etc), 

all(f}) differcmial Rutherford scatteri:lg cross-section 

}.; Mc:!sl1!'·d X-ray yield for t.he i th L X·r;ty pC;t\.,:. 

YR ~fc<1..5un-d Rutherford yield 

Ed = detector efficiency 

Ell absoITJtion correction for Mylar window alld air path 

6D. r Solid aIlrslc sub tended by the charged particle silicon surf(), .• br ri"r detector. 

~nr :;olid an~1e sub tended by the Si(Li) X-ray detector. 

t r \11-;\\1 time correctio\l fur X-ray COl\lllill~ 

til ckad-tirr:C' correction for charg~~d particle couIJtil](~. 

ElflcieIlCY of tbe SiiLi) detector \V3.'> theoretically calculated using the f()llowiIl~ exprcs· 

SlOl\: 

EJ (E) = c-(/lIJ<XR<+Jt,lU r"u+J.s;6r s ')(l_ e-/':;'iXS,) (2) 

1\'11\'1(' Ii'"~ are the ;t1>C'orptioll coefticient.s duc to Be wi Ild,)\\' III til/' detector, till' gold layer 

all the Si(Li) crystal ;tnd Si(Li) crystal at the X-ray cuer:?:; E. f'.,.T.Cj is the thickilcss of 

till' ill:'('\lsitiw rq;i()ll of t.lll' Si(Li) cryst.al. 1'1\1' ahsorptioll ro,.flicicnts are lil].;:en from 

till' l:tI>I.· 'If !I1I1>!,,·! cl :d (l!)"j'I), 1~' and 1'rl an' o!Jtailll'd fmIll til\' 1I1ca:,u/'{'<\ X-ray 

and Hllt.lwrford b;tck sratt<Tcd spcrtra, respectively. The X-ray yields for the variOllS 

X-ray pcaks I\'ere cstimated by the least-sqllare peak fitting method and the Rutherford 

backscattcred (FlI3S) yields were calculated by summing the counts under the RI3S peak. 

Corrections due to ahsorption in the r.Iylar window and air-path were applied in the 

llsllalm:lIlJlf'l.	 CnrrrrticlIl dnc to self-absorption in the sample W<l.') found to be IlC'gligible. 
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~ , 4. Calculation or X-ray production cross-section 

Theoretical L; X-ray production cross-sections are calculated ~sing ECPSSR Li

subshell ionization corss-sections of Cohen and Harrigan (1985) in the following relations: ' 
( 
~ f· 

i;.\' 

f;4,' 

.. .,.\r-,.....'" .........)
'!"'"" 
: 'lOt 

t: 
'~ 

O'r, = (O'L.l13 +O'L.l12/23 +O'L,hJ +O'L.)wJFJI (30)
 

O't = J,~~_~t.gk-jlJ;l23 + O'L'/2J + O'L.)u:.JFJo (3b)
 

:,' 

O'L6 = O'L,wl!lIJ + (O'L.l12 + O'L,)w2F2IJ 

+(O'L.lIJ + O'L.l12hJ + O'L,!2J + O'L.)wJFJd (3c) 

O'L.., = O'L,wI/I.., + (O'L.l12 + O'L,)W2 F2.., (3d) 

:,; where O'i"O'i. 'O'L and O'L.., are the X-ray productiOll cross-sections of the components
6 

L,.Lo,Lp and L.." respectivel)';'O'I."O'L, and O'L. arc ionization cross-sectioas of the 

suhshells L.. L II and L llh respectively; WI, ...·2 and WJ arc the corresponding sur»hcll
" 

fluorescence yields; Fnp ( FJ/, FJo ' FJP "" eel) are the fraction of the radiation wici:hs of 

the subshell Ln(L., L II and LIIIl contained in the ylh spectral line i.e, 

Fny = Fny/ Fn 

(for' example, FJf = FJf/ FJ) where-Fn is the total radiativc width of Ln. The parar::·~tcrs 

112./13 and /IJ are the Coster-Kronig transition probabilities for L. -> L 11 .L 11 -> 

LIlItL1 ..... Lillo respectively ( the arrow indicates the direction of the electron '·aeaney 

transition between subshells). 

The L; X-ray production cross-sections have been calculated using till' ,thN)rl'~i('al 

ionization cross-sections and available decay yield data. The method of com?~:::; the 

theoretical ionization cro~s-sections with the experimental results obtained from! b· m"a· 

sured X-ray yields and available decay yield data which has been adopted pre\;ol101y by 
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some authors (for example Chang et al (1975) is not followed in. the present work becam 

of the inherent difficulty in this method as mentioned before. 

5. Results and discussion 

The measured and theoretical X-ray production cross-sections for lead are shown 

fig.3. The theoretical estimations were made using the ECPSSR ionization eross-seetiOl 

of Cohen and Harrigan and two sets of decay yield data ( (i) Krause 1979 (ii) Xu and :x 

(ID!l2) and Werner and Jitschin (IDSD). As is seen from fig.3, the experimental cros 

sections arc close to both the theoretical results. Comparing the [',vo theoretical resul 

we sec that they differ maximulll (about 10%) for O'~ which is because of the different 

in the fluorescence yield factor Wl in the two cases. Since all the relatiye intensiti, 

are calculated with respect to O'~, the theoretical relative intensities shown in fig.4 aJ 

natmally lower for the Ii:rallse's decay yidel dat;-,. Th'l measured relative int"nsities a 

found to agree partly with the Xu and Xu's (1002) result for the low projectile energy ar 

partly with the result obtained using Krause's (ID70) decay yield data in the high encf! 

(Ep 2 3McV) region. This suggests that for t<ital agreement ',':ith the experiment 

relati\'e intensities both the decay yield data have to be dilferelH :or dilferelH projectl 

energy. This meilns one has to take into account the formation of multi vacancy in tl 

ionization process, 

Fig.5 shows the experimcntal and theoretical X-ray producticJ[l cross-sections of I 

The theoretical estilllatiolls arc made using the ECPSSil ioniz<lr:on cross-scctiolls al 

two sets of de"a:, yielcl <lilta as in the' casl: uf I"ad and a[[othlT Iising IlP\\'DA-Dll 

I3C iOllization cross-sections of Chen and Cra,emanll (IDSD) ard decay yield data 

CIIl'" "t "I (I!lSI), A, is Sccn from fig.5. the theoretic"l X-ray pr"dllction Cl'<'Ss-5cetio 

ubtailled by usill,i; RPWI3:\-DHS·BC ionization cross-section's arc slightly lower (::: 1O~ 

G 

~ -. . 



than the experimental results whereas the two results obtained from ECPSSR ioniza~ion 

cross-sections and different decay yield data are within 5% of the experimental C70SS

sections. Comparison of the relative intensities in fig.6 suggests that all the thNre:ical 

results are equally good, the RPWBA-DHS-DC results showing better agreement in the 

entire energy region whereas the ECPSSR results with Krause's decay yield giving better 

""-~a-~ent in the high ellErgJ'H~g;itJn'and the other calculation with Xu and Xu's cecay 

yield data showing better agreement in the low energy region (E ::; 2.5 ~lc\'L 0\1[p 

result does not fully support the earlier concIusioJl rcached by Xu and Xu (10':'2) ~;\al 

their decay yide! (lata is hctlrr. 

The c(~Iltr()id 'eIlI'r~ics of varioll:; L X·ray liIIl'S aI,' cdclIl,dcd \l<.;illl~ t h,' f, ,ll, ,'.' ill I" 

relations (Bissinger et al 1!J/2): 

ELil = {lllw 1 F I ,JEI /l + (nI1121l1)lL'zFIJE1J 

+[nI(fIJ + 112123) + n2!z3 + n3!wzF2JE3iJ}/Il., 1) 

where 

n\ =oL./aL 1 

n2 = r"JL,/OL J 

T1J = 1 

If.:I::- Ill/l'IF1J ! (111112 + 1I1)lL'2I2.I 

,c) \+[nI(fI.l +1I2J.:n) + 1I21z3 + 1l3]lL'zF3iJ 

- " ~i [.IJ, El)I;E . 
)J = ' (i = 1,2,3) fJ) 

Li[j/l; 

EI,-r = [III U'I FI-yE!) + (111112 + 112 )U:2 F2-r EhJ!h. f I) 

i 

where 

h~ = nl w1F1-y + (n1112 + nZ)n2 Fz-y (8) 

and 

(9) 

In cqns.(G) and (9) E)jJ and Eh are intensity weighted average energy for LfJ and L-y 

lincs, rf'spcetin"'ly, r 1,1;, r n; etc are radiative widths taken from Campbell and \Vang 

(10SCl) and E);1, i\nd Err; arC' the mei\~ured energies takcn from Beardcn (laG7). Ct'n

troid CJl(T,~ic:; of PI> arc calcnlatcd USiIlr!; ECPSSIl ionization <Toss-section,; of Co!wn 

:111.1 IhIli",:"1 (!():-::i) ;llId ['II" Hi til(' (";d<'lllillion~; ;\1(' lI1;ldc 11:;inl~ (':C('SSH ;111.1 Hfl\\'Il:\

UII~) Be j')lIi;:;dioll no:;; :;('<"!il)lI:;. TI1l' llwa:;\l[cd alld tlll'url'ti('al l't'l\troid (,I1t'I};il'~; for 

Ph alld Bi are cOlllpan:d in fi(;:7 aIle! fig.S. rcsp(·ct.ivdy. Doth tbe measurcd and theo

rct.ical rt'IIf.oid eW'II',:'S of \'ario'l; L lillI'S s!low :;imilar (~IH'rh.Y (kp(~lldt'I1I"(~. The L" ;uu\ 

I;! lillI'S remain alrBust l'OIlS!;lllt withill ::; Gc F, with protOIl encrgy wbcre;L<; the L-I line 

first shows all initi:·l fall I)l'COlllPS minimum between protoI\ energy of 1.5 and 2.0 :'-leV 

;llld thcn iIlCIca:ies. The maximulll shift ol>scr\"('d for th(~ L f ' c(~ntroid C!lcrgy is '" ;jOe V 

for both Ph ;lIId Di. This is "')I",isknt \\"it.h tIlt' both ECPSSn ami np\\'B:\.DHS,13C 

.-;t!ndatioll:;, 

III t"Ilwlll·;ioI\ \\'" WII\dd li!:c tel say th:\t hoth th· ECPSSIZ 'illd lZP\\"13.-\-DIlS-13C 

t !I"oli"s fe.i-:,' :'/';!',ollahl" d".'criptjo[\:; of tl1l' dat a. Comparison of tlj(' ITSllits obtained from 

dill"'!'('lIt d"f';\\" yid.\ (ht;\ :;1\1'.:;,·<.;ls that t1H'y ;\11' "ql\;l!ly ~(\l)d '.·:itllill tilt' ('XP"l"iII1l'1lt;t! 

1111<TII:liI1Ij,·:;. 

Filially tIlt' allthors t!t;lld: thl' ;1c('('!('ril(or np('ratil\~ stilff f"r t!leir 1\('lp <lud co()per

;ltiou dllrill!': th,· (·xp .. ri!JJt'Ill. 
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Figure Captions 

Fig.l A schematic diagram of the experimental chamber 
,.51 

Fig.2 Typical L X-ray spectra of Pb taken at.... MeV proton energy. 

Fig.3	 (a,b,c,d) Li X-ray production cross-sections of Pb as a function of proto:. energ~" 

(cross) present experimental results;-, Computed using ECPSSR c:-::ss·sectil 

(Colll'1l and Harriglul 1085) and L subshell RurenSC(lOCC yields oC Xu a&c Xu(19' 

and Coster-l\fOIlig yields of Werner and Jitschin {1£l88)- - • I compute-~ by us 

ECPSSR cross-sections (Cohen and Harrigan laS5) and L-subshell dec.;.:,- yield.: 

KraIL"iI~ (1979). 

Fis··l	 (a,b,c,d) InteIlsity ratios of Ph L" L(3, L"( ana L'r(LT = L, + La + L j - L.,) to 

line as a function of proton energy Ep • The experimental points (cros~~ joilll-a 

a continuolls line are from porcsellt work; (open crides) computated U:i:=~ ECrS 

ionizatioll cross-sections (Cohen and Herrigan ID85) and fluorescence :.-: dds of 

and Xu (19!J2) and Coster - l\fOnig yields of Werner and Jitschin I :~~S); (oJ 

triangle) computed uisng ECPSSR cross-sections (Cohen' and Harriga.::. 10S5) 

decay yields of Krause (1970). 

Fig.5	 (a,b,c,d) Li X-ray production cross-sections ~f Bi as a function of ?=-::on en 

E p • (cros~es) arc from present experiment; - , computed using EC?::Sn Cl 

sections (Cohcn aIld Harrigan 1085) and L subshdl fluorescence yie:c~ 0f Xu 

Xu (1!>02) and Cu:;lt~[-I\r()\ug yields of Chen ct al (1981)..... , comp:,;:::·j by 

ECPSSR cross-sections (Cohen and Harrigan 1985) and L-subshell de-:::.y yiel 

l\ral1..'i(, (19,9); .... . computed IIsing RPWDA-DHS-DC cro5s-sectio4:£ Chen 

CraSI~lllanll 1080) ,lila DHS decay yields (Chen et al ID81). 

Fig.6	 (a,b,c,d) Intensity ratiosofBi L,.L;3.L., and Ly(LT = L,+Lo+Lp+L~ to L 

as a function of proton energy Ep • The experimental points (crosses! :.,)ined 

10o 



continuous line are from present work; (open circles) computed lIsing ECrSSR coss

sections (Cohen and Harrigan 1985) and fluorescence yields of Xu and Xu (19G:2, and 

Coster-Kronig yields of Chen et al (Hl81); (open triangles) computed using EC?~SR 

cross-sections (Cohen and Harrigan 1(85) and decay yields of Krause.( solid c::c :es) 
I . 

computed using RPWBA-DHS-BC cross-sections (Chen and Crasemann 1989, and 

decay yields of Chen et al (1981). 

Fig.7	 Le" Lp , L-, controid energies plotted as a function of proton energy Ep for Pb: ~olid 

lines are eye fitted lines drawn through the experimental points. - - -, computed :;sing 

ECPSSR ionization cross-sections (Cohen and Harrigall 1aS5) and <It'!' ;,y yii-: ,i 0' of 

Kra'l'il~ (1070) and radiativ(~ widths of Campbdl and Wang (lD~9). 

Fig.8	 Lo , L)1, Loy centroid energies plotted as a function of prot.ouencrgy Ep !-uf 13i: 0lid 

lines ar·~ : ye fitted lines drawn through the experimciltal point.s. - - <()l:.::.~:tcd 

using EC PSSrtionization cross-sections (Cohen and Harrigan laS5) and Jecay :.~dds 

of Krause (1070)' .... , computed using RPWDA-DHS-BC cross-sc"ctiom (Cilt":' and 

Crascmunn 1(80) and decay yields of Chen et al (lOS 1). 
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