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Abstract

Absolute ionization crods-sections for the L-subshells of Ph and Bi by .ulplm par-
ticle bombardiment(2.2-8.2M V) have been determined front the measured data and
the presently available radintive nansition probabilities.Huorescence yields.and Coster-
Kronig factors. The measured louization eross sections and their ratios are compared with
the results of ECPSSR culcuiuliou:..Tlxc weasured individuwl cross-scctious for Ly and
L, subshcils deviated in uppus;w directions from the theory ,whercas their suni shows
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show goud agrecment with tie ECPSSR theory. The junization cross-section ruties 77

and Z—:-‘ show laree deviations from the ECPSSR theorybut they are in hetten agree-
”l..n('m \\?ilh the RPWDBA-DHS BC theory :;\1:-,1'-“114:1:‘ the mportancee of the viectonie
wave funetion of the tinpet stom The l‘)Z])l:lillx\'lllixi Norey production cross-accticn 1
tios are found to be in better agrecment witl the theotisical results obtaiued from using
ECPSSR ionization cross scetions aud the decay vichd datd of X and Nu rather tha
those obtained from using the decay viekd data of Rrause The absolute Ne-ray production
cross-seetions.hiowever.are in better agreement with the theoriiedd fosults obrained from
using the decay viekd data of Krause. The meusured centroid energy of the Lilines of Pb
shows larce deviations at hieh projectile energy. wheveas for Bi large devintions are found

at the low energy region.
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In an earlier paper! we presented our results on L-shell ionization studies of Pb and

LIntroduction /;?/ %%6R - q%’ gg

Bi for proton Lombardment and in this work we present the results for alpha particle
bombardment in the energy range of (0.5-2.0)MeV/amu.Although considerable efforts
have been put in understanding the L-subshell ionization process?™® by heavy charged
particles still the situation seems to be very fuzzy.The first study in Au for proton and
alpha particle bombardment was reported by Datz et.al®> which showed significant
deviation of the a particle data from the proton data at low energy.It also indicated
deviations for L, subshell ionization cross sections and tlie cross section raLios:—L",' and
:—:j from both non-relativistic and relativistic PWBA theozies”. After this work Chang
et.al 3 reported their work on L-subshell ionization for vizious heavy elements by alpha
particle bombairdment in which they showed for the first :ime that the low energy be-
Laviour of thie cross-seetion ratio :—:-7‘ is dependent on the outer clectronic configuration
of the target atom.However, their conclusion was refuted Ty the work of Li et.al®,which
did not show any target outer clectronic configuration dependence for the behaviour of
:—L:’ ratios at low projectile energy. Inthe theoreticul worl: of Sarkadi und Mukoyama®-?
it wus shown that for heavy charged particle bombardinen: (Z2>2) the experimental L,
subshell fonization eross-section deviates by alniost one order of mugnitude from the
RPWBA-BC theory. This auomalous behaviour was shown -to be arising from colli-
sion induced transitions of a vacaney l)cl\\'cén the L-subshells. The large Ly subshell
ionization anomally was later theoritically accounted by Surkadi and Mukoyama!® by
taking the subshell coupling effects into account.Recently Xu and Xu have made the

PR .

caleulation on L X-ray production eross sections.of Bi for alpha i

ll"i;lc bombardment
using their own decay vield data'! and ECPSSR ionizatioz: cross sections'? and showed
that their results are in good agreement with the experimental results!! for the total
X-ray production cross-section for alpha particle energy range (1.0-4.0)MeV .Looking at
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the reportéd results of L-subshell ionunization of heavy elenients one does not sce a clear
cut picture‘ on the position of various ionization theories vissasvis the experimental re-
sults. The present study was ainled for obtaining various physical quantities such as
X-ray production cross-sections.ionization cross-sections relative L X-ray intensities and
L-subshell ionization cross-section ratios etc from the measured data and commpare with
the existing theoriticul calculations, so that one can get a clear cut picture on the process

of L-subshell jonization by the bombirdment of heavy charged purticles.

II.Experimental Technique

The L X-ray spectra of Pb a;ld Bi have been measured for alpha particle bombard-
ment at different energies. High pure(~99.9%) samples were used for the preparation of
the targets. Thing40pe/ewi®) targets of Phaud Bi were prepared by vaceuwn evaporation
onto aluminized Myl filnes of thickness 1.73mg/ . The taveets were bombarded by
alpha particles with ('ll(‘l:f.:;}' 2.25 10 328MeV obrained from the 33V tandem pellotron
aceclerator of the Instuute. To obtain the Ly N-ray production uuxs-w(:(inus fromt the
measured X-rav vieldssimultancous Neray aud clastically scuttered charged particle de-
tection techique wiss caploved. Detadls of the experimentad antangement s desertbed
clsewhere!. The collimared alpha particle beamof 1.5mim dizncter was directed oo the
target which was kept tilred at 453° to the beam direction. The emitted L N-rays pussed
through a 3.3mg /em? mylar chamber-window, Sem air gap and 0.012nnm thick berylliuim
window before reaching the Si(Li) detector with energy resolution of 170¢V(FIWHAI) at
3.9keV.The detector was placed at 90° to the beam direction. The solid nng]csr of both
the silicon surface harrier and Si{Li) detectors Liave been well defiued by placing suitable
aperatures in front of the detectors, Auother adventage of the aperature was it allowed
the radintion to full on the ccuter of the active area of the deteetor. A typical N-ray

spectrum of Pl at 631eV alpha particle energy is shiown in Fig.1
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II1. Data analysis and Results
A. Data analysis

From the mecasured X-ray yields the L, X-ray production cross-sections were est

mated using the following relation:

ot = inYiop(8)AQ, (k)
L7 eied YraQ, \tn/’
where,

of, = X-ray production cross-section(the index i refers to a particular component

L X-ray such as I, a4, 4 etc.) of the L; component of the L X-ray spectrum.

Y} = Aleasured X-ray yield for the L; component
op(8) = differential Rutherford scattering cross section
Yp = Aleasured Rutherford yield
€4 = Si(Li) detector iutrinsic efficiency
€a = absorption correction for Mylar chainber window and air path
AQ, = solid angle subtended by the charged pasticle silicon surface barrier dc;cctor‘
AQ, = solid angle subrended by the Si(Li) X-ray détector.
t; = dead fime conreenion for Xeray counting.
tp = dead time correction for charged particle counting,

Intzinsic efficiency of the Si(Li) detector was theoritically calculated using the fol

. . i
lowing expression:

€4 (E) = 6_(J‘D¢:H|+I‘A-IAu"‘I‘SiAJSi)(l —e

_,.;.xs.‘) . ‘1.,4-‘(2)

Where .’s are the absorption coefficients due to the Be window of the detector,th
gold lava:r on the Si(Li) crystal and Si(Li) erystal at the X-ray energy E.Azg; is the

thickness of the inseusitive region of the Si(Li) crystal. 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 al'®.Y} and Y} are obtained from the measured X-ray and Rutherford
spectra,respectvily. 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.Corfcctions due to absorption in the Mylar
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 eval-
uate(1) the experimental subshell ionization cross-sections and their ratios and then
compared with the theory and(2)compared tl?; measured X-ray production cross-section
ratios with the theoretical results obtained from theoretical ionization crosssections and
the presently availuble different sets of decay yield data.For getting the experimental
ionization cross-sections from the measured production cross-scctions one runs throush
the following analytic formulas relating X-ray production cross-sections to the ionization

cross-sections:

op, ={op fistor frafas+ o, frator, )Py (3u)

oi ={op, fis+or fiefos + o, fn+ 01,01 Faa {3b)
Uiu =opwniFig+ (oL, futop, kP + o, fus o, fia fzt+

1

oLy fos Yor s Fuy (3c)
0;,, =op,wiFyy + (oL, fia +o0) Fy (3

where of 07 07, and r7,‘“7 arc the X-ray production cross-sections of the components

of Ly Lo, Ly and Ly vespectivelyay o ap, and o, e jonization evoss-seetions of the

subshells Ly,Ly and Ly, respectively and wyw,and wy are the corresponding subslicll

fluoroscence yields.Fqy (F31,F34 ....etc) are the fraction of the radiative widths of the

subshell L,(L;,L2,L;)contained in the y'* spectral line i.c,
Fuy=Tny/Ta : 4)

(for example, Fy; = T[y/T3)where I'y is the total line width of L,.The parameters
JS12,f23,and fy; are the Coster Kronig transition probabilities for Ly — L3 ,L3 — Ly,and
L - respectively(the arrow indicates the direction of the electron vacgancy transition

between subshells).

The composite L. peak has been computer analysed into four Gaussians whose x?
value was found to be close to one for all projectile energies. Four components of L were
obtained ; Ly, and L., which are related to the Ly subshell and L,,,, and L,, which
are related to Ly subhlwll.Exmn])l(‘s of this fitting for Ph and Bi at one projec'tile energy

are preseuted in Fig.2. Equation(3d) cin be bhroken intao.
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F) _ .\ .
”I.th + al.-.4 = ql‘l“'lFl'l‘.'+:~4 . (5)

und.
aiw,-. + alw. = (aLlf12 +oL, )“'"-’F'-’nu . (G)

Equations (3) and (6) can be solved iterativly for oy, aud op, by first ignoring fig i;’l
cquations(G) und {3d). o7, was obtained through equation(3b) by using the deduced o,
and o1, and the measured X-ray production cross-section of .After this a consistence
check wus made for the L group through the comparison between the measured o,
and that caleulated from equation(3Je). The average difference between the calculated

and measured of  was found ta be {3.0-4.0)% for the cutire energy range.



B.Atomic Parameters

)

The méasurcd X-ray production cross sections are converted into ionization cross
sections by using two sets of fluoroscence yield data ,one by Krause'* and the other by
Xu and Xu!. The fractional widths used lLere are taken from the radiative emmision
rates calculated by Scofield'®.The atomic parameters used in the present work are given

in table-1.
" C.Results and Error analysis

The ionization cross sections 01,,01, and g, for Pb and Bi ,obtained as described
before,are shown in Figs. 3 & 4. together with the two theoretical results which will be

discussed below.

The standard countingervor for the Lo Xerays was 0.5%.L; Xevays 0.7% and Ly
N-rays whicl velate to Ly and Ly subshicll ionization was ou the average less than 3%.
In addition to this the other sourees of experimental uncertainty cote from the detector
cfficieny and absorption correction due to Mylar chamber window and aix*puth.Thcy
contribute together an overall error of about 2.0% . The self absorption in the target

was negligible. Uncertainty i the estimation of the solid angles will be within 5.0% .

In the conversion process to ionization cross sections from N-ray yields,uncertainties

in the atomic parameters.such as fluoroscence vield radiative transition rates and Coster-
- . .. e e . . . . )
Kronig trausition probabilitics may increase the uncertainty for the final absolute ion-
ization cross sections. Tl error from this source could amount to about 10% .The error

. . . . . . o ag . . . . X
in the ratio of ionization cross sections 772, 22 will he mainly from the counting error.
2 7
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IV.Discussion

The absolute ionization cross sections of Pb & Bi which are plotted in Figs. 3 & 4
show deviations in opposite directions from the ECPSSR theory®? for oy, ~&: or,.-However
the ionization cross sections for Ly and total(see table-2) are in good agreement(within
6.0% on average)with the theory'?.In a previous work by Chang et al* the ioniz;tion
cross section for L, subshell ionization for alpha particle bombardment was shown to be
in good agreement with PIVBA theory” but our present study shows large deviations in
thie entire projectile energy range. However.the discrepancies found in our present results
for oz, and oy, arc consisient with the heavy jon data of Snrkadi and Mukoyama®.In
Figs. 3 & 4 we have shown rwo sets of mieasured ionization cross sections corresponding
to two different sets of decay yield data by Krause'* and Xu & Xu''.As can be seen
from the figures the decay vield data of Krause! gives better agrecnient with theory for.
L, and L; subshell ionization cross sections whereas the decay yicld data of Xu & Xul?
gives better agreement with theory for op,. Further com.p:u'isou with thcory is done by
plotting the jonization cross seetion rtios :—:: and :—:;‘ i'n Figs. 5 & G.The nlez.u:urcd
ratios show large deviations from the ECPSSR theory,especially at low projectile energy
the discrepancy is quite lm‘g(-.‘Fur both Pb and Bi the measured ratio ;5:4" is fot:lnd to
be lower compured to the theoritical value and position of the dip of the experimental
curve is shifted to the left of the theoritical dip.Such a shift was also seen in the previous
works**®.In Fig.5h we have also plotted the vesult of RPWBA-DHS-BC calculation® for
proton 1onization which sceies to be i betrer ngrécmcut with the experimental result. The
RPWBA-DHS-BC theory also produces the dip at the right pliuce. This suggests that the
target clectron wave functions play an mportant role for predicting the dip of the;’TL:
curve correctly. The theoritical results for the :—:;‘ watios(Fig. G) of both Pb and Bi
again show large discrepaucies from the experimental results.Previous measurements3 =3

showed a drop in the :—:-" ratio at low projectile enegy (below 1MeV/amu), but in our
?
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present study we do not see a clear cut drop in the value of the ratio.At the same
time we also do not see any rising trend as predicted by theory and as observed in the
case of ionization by protons.Our present result of :—:: ratios are more closer to the
results of Chang et al¥.who also did not see any drop for the elements with closed 6s
configuration.Both Pb and Bi have closed 6s configuration.Tlhe kind of drop seen by
Li et al® for all clements irrespective of the outer electronic configuration of the target
atom has not been confirmed by our present results.In Fig.Gb we have also plotted the
theoritical :—:-’; ratio for proton ionization obtained from the RPWBA-DHS-BC theory®
which shows better agreenment with the experiniental rato. This again suggests that the
rarget electron wavefunctious play an hmportant role iu the calculation of ionization cross

sectious.

The weasured Neviy production cross section ratios of Ph and Bi are compared

with the theoretical reandts iu Figs, 7 & 8§ JAlthough the theoretical vesults caleulated
fal

zsing the decay vield dati of Xncand Xul! agree bhetrer with the expetimental results.one
should not take this agvecinent very seviously because it may so happen that the absolute
XNeray production cross sections{ Figs.9 & 10j ure not in good syrecnent but their ratio
> good.Evidence i favour of this argumicut can be scen in the comparison of absolute

ionization cross sections shown in Figs.3 & 4.

The experimental centroid energies of the composite L X-ray peaks are estimated as
ziven i the refercnce of Bissinger et al'™ and compared with the theoretical calculations
in Figs. 11 & 12. Siuce the L, wansition wvolves ouly the Ly subshell no shift of the
centroid cuergy is expected for this e with projectile energy unless there is any multi-
wacaney {ormation aud none is observed . Relative varintion in L-subshell hole production
3 expected ta produce a I»(‘nn} cuergy dependent shift in r.h(- centrold positions of Ly
end Ly dines whicll are compasite lines with contribution froun at least two subshells.
Variation of L3 centroid euergy with a-particle cuergy is well explained by the ECPSSR

9

theory!? for both Pb and Bi. However, in the case of L, centroid energy we find some
dis&epmcy between theory and experiment.Moreover the discripancy in the case of Pb
is at the low projectile energy and for Bi it is at high energy side. The reason for this dif-
ference is not quite clear to us It may be because of the fact that the hole-subshell cross
section ratio varintion with bombarding energy predicted by the theory is not correct for

different parts of the projectile encrgy range in Pb and Bi.

I
: ‘

In shmmarygve would like to say that the present study on L-subshell jonization in
Pb and Bi by a particles lins revenled some new features of the ionization process.The
ECPSSR tlléor)' is found to be inadequate in explaining the measured Ly and Ly subshell
ionization cross scctions. Calculations tuking into account the collision induced intrashell
transition cffects are needed in order to remove the present discrepuncy between theory

and expcriment.

Wc; also feel that the problem of dependencee of a-particle’induced L shell jorization -
on outer clectron configuration of the targer atom is not vet fully :c!’t(‘lé('l..;\]tllough the
worl: of Li et al® has ruled ont this dependence.our present study k(-up:‘s-(lu- proble= ulive
agiin and i i Becessary to vy ont o systewatic study o many targets with filled and
undlled G~ state inordor 1o wet o clearer picture on the problem. i order 'to check this
point arr next plan will be to ciry out fresh measurenients in sowe more clements with

the atoic number i the veglon 70<Z <94,
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Figure Captions:

Fig.l A typical L X-ray spectrum of Pb at a a-particle energy of GMMeV.

Fig.2 Gaussian fits to the L, X-ray spectra of (2)Pb and (b)Bi.The y? values of the fits
are indicated. ‘

Fig.3 L-shell ionization cross-sections of Pb for a-particle bombardment .(a) Ly sub-
shiell (b) L7 subshell,(c)L; subshell: (....)corresponds to ECPSSR theory ;(— )corre-
sponds to present experimental results obtained from the data using the decay yield
data of Xu and Xu ;(- - -) corresponds to present experimental results obtzized the
data using the decay yicld data of Krause.

Fig.4 L-shell ionization cross sectious of Bi (a)L, subshell, (b)L; subshell, (¢)Ly subshell:
(-r) corresponds to ECPSSR theory i(—-) corresponds to present experimental
results ohtained from the data usiug the decay vield data of Xu and Xa (- - -)
corresponds 1o present experingental vesults obtained from the data using the decay
vield dita of Rranse.

Fig.3 Values of the lonuizotion croas section ratio fl’—“ of (a)PL and (b)Big- - - )c.a_;:t-qmnds
to EC‘PSSﬁ theorsit) conespouds to RPWBA-DHS-BC theary solid lize Joining
the experitnental points(e) is obtained using Krause's decay vield data :ss3d line

joininug the experimental points{o) is obtained usig Xu and Xu's decay yield data.

Fig.6 Values of louization cross-section ratio ;1:—;‘ of (u) PL wnd (b) Bix(- - -} corzesponds
w0 ECPSSR theoryi(..... ) col'l’csi)Q}_de to RPWBA-DHS-BC theory ;solid. lize joining

*thie experiental points{e) is obtamed using the decay yicld data of Kruzse jsolid
line joiniug the experimental points(o) is obtained using the decay yield cz:a of Xu
and Xu.

Fig.7 Various tatios of Xeriy production cross sectious of Ph for a-particle Sombard-
ment (i )-;—’ |I;;% aud ((‘)%.The solid line corresponda to the eve fitted “ze drawn
through the experimental poiuts (..) correspouds to result obtained by zsing the
ECPSSR ionization crassseetions and decay vield dita of Xu and Xu (- - =) cor-
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responds to results obtained by using ECPSSR ionization cross-sections and decay
yield data of Krause.
'ig.8 Various ratios of X-ray production cross-sectious of Bi for a-particle bombardment
(a):—g ,(b)%‘;L & (c)%‘:,% “The solid line corresponds to eye fitted line drawn through
the experimental points : (....) corresponds to results obtained by using ECPSSR
jonizntion cross-sections aud decay yield data of Xu and Xu (- - -)corresponds to
the results obtained by usiug ECPSSR jonization cross sections and decay yield data
of Krause.
ig.9 Total X-ray production cross sections of Pb for a-particle bombardment in the energy
range (0.57-2.2)MeV /amu;( ) present experimental data ;(—- ) corresponds to result
obtained fromn ECPSSR jonization cross-sections and decay vield data (I>f Krause (- -
-) corresponds to results obtained from ECPSSR jonization cross sections and decay
yield data of Xu aud X
1g.10 Total X-ray production cross section of Bi for a-particle bombardiment in the energy
vimge (0.37- 22)MeV i (e) corresponds 1o present experiental points ((— )
correspouds to results obhtiined from ECPSSR jonization cross section and decay
vield data of Kuiorse - - icorresponds to tesudts obtained frosu ECPSSR iounization
cross seetions aned deeny viekd dataof Nusd N,

ig. 11 Cenrroid cuergies of vaiwious L Neray lines of Ph.The solid lines are the eve fitted
Imes drawn tlu‘(:ug.;li the experimental points(e) ;(....) orreaponds to results obtained
fron ECPSSR theory and decay yield duta of Xu and Nu : (- - -) corvesponds to
results obtained from ECPSSR theory and decay vield data of Krause.

ig.12 Centroid energics of vavious L X-ray lines of Bi.The solid lines ave the eye fitted lines

drawn through the expernuental points(e) 5(.... Jeorresponds to results obtained from
ECPSSR theory and decay vield data of Nu and Xu (- - - ) corresponds to results

obtaiued from ECPSSR theory and decay yield data of Krause.
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Table 1: L-subshell Fluoroscence and Coster-Kronig yields of Pb & Bi

Target | Decay yield | w, wy w3 fia fia In

Atom data set . 5

Pb Krause™ | 0.112{ 0.373 [ 0.360 | 0.12 | 0.33 [0.116 '
Xu & Xu'! [ 0.135 | 0.405 | 0.326 | 0.040 | 0.661 | 0.091 g

Bi Krause!* | 0.117 [ 0.387 { 0.373 [ 0.11 | 0.38 [0.113 h
Xu & Xu'' | 0.138 | 0.428 | 0.340 | 0.055 | 0.700 | 0.12 f

Table 2: Total L-shellionization cross-section of Ph & Bi for a-particle bom-
bardment ’

a-particle oLy of Pb (barn) ] o, of Bi (barn) [N
cnergy Theory | Expt. using decay yields | Theory | Expt. using decay yields
MeV/amu | ECPSSR 1 Krause Xu& Xu | ECPSSR | Krause Xu& Xu i
0.571 7290 | 7.220 7419 6.252 " | 6.603 6.368
0.737 15.566 19.518 20.102 16.104 15.091 14.463 - |
0937 | 35301 | 39.921 11.219 30.805 | 30.664 29.208 | !
1.224 53743 | 61.557 66.703 51481 | 53.014 50.530 ;
1.306 37.276 96.199 99.731 76.715 73.237 69.698 - !
1.192 122355 | 135.086 139.570 107.766 | 111.250 108.390 i
1.675 162163 1 179.266 183.194 143.313 | 158.727 150.905 L
1.363 209,117 l 229915 237.279 154.323 | 203.302 193.460 |
2.016 26G0.752 1 2386.482 203.527 229.572 | 234.820 243.019 )
i
x
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