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Study of L-subshell ionization by proton Bombardment D 11b0 003b279 2
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'In recent times measurement of inner-shell ionization cross-sections by charged
H.C: Padhi, C.R. Bhuinya, B.B. Dhal and S. Misra ticle bombardment has been of great interest for checking the results of various mc

Institute of Physics, Bhubmeswar-751005,-india. ' calculations. Although a great amount of understanding has been achieved in explain

o A

i the experimental data on K-shell ionization cross-sections the situation is not so c
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in the case of L-shell ionization. This has been evident from some existing comp

Ao Jresy i uinie va CEgesRCO0R Anc Fcistive 8l #sisiien of Eix 2d Hi have et tion works of Gray 1990 and Cohen (1990). Another problem with L-subshell ionizas

measured for proton ionization in the energy range 1 to 4 MeV. The measured cross- has been lack of proper fluorescence and Coster-Kronig decay yield data for converz

sections are in good agreement with the theoretical results obtained from ECPSSR ion- the measured X-ray production cross-sections into L; subshell ionization cross-sectic

ization cross-sections of Cohen and Harrigan (1985) and different decay vieid (IKrause Moreover there are several approaches for determining ionization cross-sections from

1979, Xu and Xu 1992) data. The experimental X-ray production cross-sections for Bi, measured x-ray yields (Cohen 1984) leading to different results and it is difficult to

however, are found to be somewhat higher compared to the theoretical rCSllll§ obtained which approach is more reliable. Consequently, a detailed comparison of existing

from RPWBA-DHS-BC ionization cross-sections of Chen and Crasemann (1939) and de- subshell ionization data with various theoretical descriptions beco.mes difficult. Also

cay yields of Chen et al (1981). Unlike the earlier results of Xu and Xu (1992) our present presently available data on L; X-ray production cross-sections for elements in diffe:
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results on relative ; X-ray yields suggest that from the presently available decay yield regions of the periodic table for proton bombardment is sparse and more measureme

data sets no one is giving complcte agreement with the experimental data. The centroid e meedod foF & systeninticeliedk oi Uie results of various:model caiculations of ato

energies of L, and Lg peaks of both Pb and Bi remain same with proton energy while ionization. Recently X-ray production cross-sections in Pb and Bi have theoretic

the L, centroid energy changesby about 50 eV. The experimental centroid energies are

in good agreement with ECPSSR and RPWBA-DHS-BC theoretical predictions.

been calculated by Xu and Xu (1992) using ECPSSR (Cohen and Harrigan 1983)
RPWBA-DHS-BC (Chen and Crasemann 1989) ionization cross-sections and diffe
sets of fluoresence and Coster-Kronig decay yield data (Krause 1979, Xu and Xu 1’
Chen 1981, Werner and Jitschen 1989) and it was shown by them that the theore
, o 5 : ' results obtained Ifrom ECPSSR ionization cross-section and fluoresence yield data o:
' ‘: and Xu fits well with the experimental data on relative X-ray production cross-sec:
of Pb and Bi whereas the Kause's decay yield data underestimates the L; X-ray rel:

intensities.




The pﬁrpose of the present study is to measure the L; X-ray yields in Pb and Bi and
determine both L; X-ray relative intensitics as well as absolute producsion cross-sections
and compare them with the results of various theoretical caleulations using different wets
of decay yield data, Another important aspect of the present study is instead of decucing
the experimental ionization cross-sections fromn the measured X-ray yields for companing
with the theory, the X-ray production cross-sections will‘be directly compared. In doing
so we may loose certain informations which are present in the individual L;-subshell

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. Thin

409 /cm?) targets of Pb and Bi were prepared by vacnum evaporation onto alunizized
) 1) prep b I

Mylar films of thickness 1.75mg/cm?. The targets were bombarded by protons with
energy 1.07 to 4.07 McV obtained from the 3MV tandem pelletron accelerator of the
Institute. To obtain the L; X-ray production cross-sections, simultancous X-rax and
elastically sc_at.tered charged particle detection technique was employed. A schezatic
diagram of the experimental chamber is shown in fig.1. The collimated beam of 1.5
diameter was dirccted onto the target which was kept tilted at 45° to the beam direction.
The emitted L X-rays passed throuéh a 3.5 mg/cm? Mylar chamber window, 5 ¢ air-
gap and 0.012 mm thick beryllium window before reaching the Si(Li) detector bzving

an energy resolution of 170 ¢V (FIWHM) at 5.9 KeV. The detector was placed at %3 to

shown in fig.2.

3. Data analysis

o 1
From the measured X-ray yields the L; X-ray production cross-sections were esti-
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mated using the following relation:

o o ATLIR(O)0, (f> , (1)
' €.€: YRrAQ, \Ip

where

of = X-ray production cross-section (i stands for dy 2,31 3,5, 71,2 etc).
op(#) == ditferential Rutherford scatteriag cross-section

Y] = Measured Xeray yield for the i** L X-ray peak.

Yr = Mecasured Rutherford yield

€4 = detector efficiency

€, = absorption correction for Mylar window aud air path
AQ, = Solid angle subtended by the charged particle silicon surfac s brrier detector.
AN, = =solid angle subtended by the S’i(Li) X-ray detector,

tr = dead time correction for Xeray counting

tr = dead-time correction for charged particle counting.

Efficiency of the Si{Li) detector was theoretically calculated using the following expres-
sion:

€ (E)= g—ﬁlnzZB:+qufvlnu+ifsn&15-)(1 — pTHTiESI) (2)

where g s are the absorption coeflicients due to Be window of the detector, the gold laver
on the Si(Li) crystal and Si(Li) crystal at the X-ray encrzy E. Az, is the thickness of
the nseasitive region of the Si(Li) erystal. The nbhsm'ptiun coeflicients are taken from
the tahle of Hubbel of ol (10740, 17 and Y are obtained from the measured X-ray
and Rutherford back scattered spectra, respectively. The Xeray yields for the varions
X-ray peaks were estimated by the Jeast-square peak fitting method and the Rutherford
backscattered (RBS) yields were calculated by sumiming the counts under the RBS peak.

Corrections due to absorption in the Mylar window and air-path were applied in the

usnal manner. Correction due to self-absorption in the sample was found to be negligible.
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4. Calculation of X-ray production cross-section

Theoretical L; X-ray production cross-sections are calculated \;sing ECPSSR L;—

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

ai, =(UL|f13+U§lf|2f23 +0p,fa3 + oLy )waFy (3a)
of, = (Eggf,'_l*_‘!:gl,,ﬂ{u,_fzs + 01, f23 + 0Ly )wsFia {3b)
o, =0‘L.L;Jlf|ﬂ+(‘fl-‘fn + o, )w2F2g
i !
+(<7L.f;3+UL.fnf23 +0op,fas +op, )3 Fag (3c)
qL,=a‘1,.u1f,~,+(az,‘}:lg+aL,)u2F2., (3d)

where of ,0f_ s and o are the X-ray production cross-sections of the components
Li,Ly,Lg and L., respectively; o1,,01, and o, are ionization cross-sections of the
subshells Ly, Ly, and Ly, respectively; wy,w; and wy are the corresponding subshell

fluorescence yields; Foy(Fii, F3a, F3g..., ect) are the fraction of the radiation widths of

the subshell Ln(L,, Ly and L;;;) contained in the y** spectral line i.e,
Fny = ny/Fn

(for example, Fy; = F3;/ F3) where F, is the total radiative width of L,. The paraeters
fi2, fa3 and fi3 are the Cosfcr-l\'ronig transition probabilities for L, — L;;.L;; —
Lyj1,Ly = Ly, respectively ( the arrow indicates the direction of the electron vacancy
transition between subshells).

The L; X-ray production cross-sections have been calculated using the theorerical
ionization cross-sections and available decay yield data. The method of comparizz the
theoretical ionization cross-sections with the experimental results obtained from the men-

sured X-ray yields and available decay yield data which has been adopted previousiy by

5

some authors (for example Chang et al (1975) is not followed in the present work becaus

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 cross-sectio:
of Cohen and Harrigan and two sets of decay yield data ( (i) Krause 1979 (ii) Xu and X
(1992) and Werner and Jitschin (1989). As is seen from fig.3, the experimental cros
scctions are close to both the theoretical results. Comparing the two theoretical resul
we sce that they differ maximum (about 10%) for ¢ which is because of the differen
in the fluorescence yicld factor wy in the two cases. Since all the relative intensiti
are calculated with respect to o7, the theoretical relative intensitics shown in fig.4 a
naturally lower for the Krause's decay yield data. The measured relative intensitics a
found to agree partly wi‘th the Xu and Xu's (1992) result for the low projectile energy ar
partly with the result obtained using Krause’s (1979) decay yield data in the high energ
(Ep 2 3MeV) region. This suggests that for total agreement with the experiment
relative intensities both the decay vield data have to be different ‘or different projecti
encrgy. This means one lias to take into account the formation of multivacancy i tl

ionization process.

Fig.5 shows the experimental and theoretical X-ray producticn cross-sections of E
The theoretical estimations are made using the ECPSSR ionization cross-sections ar
two sets of decay yield data as in the case of lead and another using RPWBA-DH
BC ionization cross-sections of Chen and Crasemann (1989) and decay vield data
Chen et al (1981). As is scen from fig.5, the theoretienl X-ray production cross-sectio

obtained by using RPWBA-DHS-BC ionization cross-sections are slightly lower (< 10€
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than the experimental results whereas the two results obtained from ECPSSR ionization
cross-sections and different decay yield data are within 5% of the experimental cross-
sections. Comparison of the relative intensities in fig.6 suggests that all the theorerical
results ;.re equally good, the RPWBA-DHS-BC results showing better agreement in the
entire energy region whereas the ECPSSR results with Krause's decay yield giving better
"rxagwcmmt in the high énérgy tegion and the other calculation with Xu and Xu's decay
yi;ld data showing better agreement in the low energy region (E, < 2.5 MeVi Qur
result does not fully support the earlier conclusion reached by Xu and Xu (1992) <hat

their decay yield data is better., ‘ ‘
The centroid encrgies of various L Xeray lin‘vs' are calenlited using the follos ing

relations (Bissinger et al 1972):

Erg={nwi FigEig + (ny fizma)wa FigEry

+{mi(fis + frzfas) + nafas + nalwa FagEsp) /Ly - 4)
where

ny =ap, /o,

n;

oL, /oL,
ny =1

Ing = npwy Fig A (g fiz -+ np)wa fay

+ni(fia + fi2faz) + nafas + n3wa Bz A
= Z Ljs Ejﬂ' .
g == =123 S6)
J Z.‘rj»i; ( )
Epy = [mieyFryEry + () fia + ma)weaFay Eao )/ I €0
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where
I, = niwi Fiy + (01 fiz + n2)na oy (8)
and

. _ 2iDivi B
Ej’ B Z.Fn; (g)

In eqns.(6) and (9) £, and Ej., are intensity weighted average energy for Lg and Ly
lines, respectively, I';a,, ;4 etc are radiative widths taken from Campbell and Wang
(1989) and £, and E,,; arc the measured energies taken from Bearden (1967). Cen-
troid encrgies of Ph are caleulated using ECPSSR itonization cross-sections of Cohen
aud Harrtean (1935) and for Bi the eatenlations are made using, RCPSSR and RPWBA-
DHS BC jonization cross sections. The measured and theoretical centroid energies for
Pb and Bi are compared in fig.7 and fig.8, respectively. Both the measured and theo-
retical centoid enetyios of vartons Lolines show similar energy dependence. The L, and
L3 hines remwam alimost constant \;'ithin < 5eV, with proton energy whereas the Ly line
first shows an initizl fall becomes minimum between proton energy of 1.5 and 2.0 MeV
and then increases. The maximum shift observed for the Ly centroid energy is ~ 50V
for both Ph and Bi. This is “opsistent with the both ECPSSR and RPWBA-DHS-BC
calenlations,

In conchrion we wonld like to say that both the ECPSSR and RPWDBA-DHS-BC
theories pive reasouable deseriptions of the data. Cmnpnri-stm of the results obtained from
different deeay vield data snpeests that they arve cqually good within the experimental
nneer tainties,

Finally the authors thank the aceelerator operating staff for their help aud cooper-

ation during the experiment.
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Figure Captions

Fig.1
Fig.2

Fig.3

Fig.5

A schematic diagram of the experimental chamber
1.51
Typical L X-ray spectra of Pb taken atAMeV proton energy.

(a,b,c,d) L; X-ray prociuctior; cross-sections of Pb as a function of protoz. enérgy
(cross) present experimental results;—, Computed using ECPSSR ercss-secti
(Cohen and Harrigan 1985) and L subshell flurenscence yields of Xu anc Xu (19
and Coster-Kronig yields of Werner and Jitschin (1988)- - - , computeZ by us
ECPSSR cross-sections (Cohen and Harrigan 1985) and L-subshell dgc:—.;‘-‘ yield:
Krause (1979).

4 (a,b,c,d) Intensity ratios of Ph Ly, L3, Ly and Lr(Lr =L+ Lo+ Ls— L) w0

linc as a function of proton energy E,. The experimental points (crosses  joined
a continuous line are from poresent work; (open cricles) computated usizz ECPS
ionization cross-scctions {Cohen and Herrigan 1985) and fluorescence = zlds of
and Xu (1992) and Coster - Kronig yields of Werner and Jitschin «2238); (o,
triangle) computed uisn.lg ECPSSR cross-sections (Cohen and Harriga= 1985)

decay yields of Krause (1979).

{(a,b,c,d) L; X-ray production cross-scctions of Bi as a function of pr::on en
E,. (crosses) are from present experiment; — , computed using ECZ 3SR ¢
sections (Cohen and Harrigan 1985) and L subshell fluorescence yieids of Xu
Xu (1992) and Coster-Kronig yields of Chen et al (1981). - - - -, comput=d by

ECPSSR cross-sections (Cohen and Harrigan 1985) and L-subshell deszy yiel
Krause (1979); .... , comnputed using RPWBA-DHS-BC cross-section:  Chenl

Crasemann 1989) and DHS decay yields (Chen et al 1981).
(a,b,c,d) Intensity ratios of Bi Ly, L, Lyand L7(Lr = Li+Lo+Ls+L. toL
as a function of proton energy E,. The experimental points {crosses; >oined
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continuous line are from present work; (open circles) computed using ECPSSR cross-
sections (Cohen and Harrigan 1985) and fluorescence yields of Xu and Xu (1992. and
Coster-Kronig yields of Chen et al (1981); (open triangles) computed using ECPSSR
cross-sections (Cohen and Harrigan 1985) and decay yields of I{raust‘_(solild cizcles)
computed using RPWBA-DHS-BC cross-sections (Chen and Crasemann 1989 and
decay yields of Chen et al (1981).

Fig.7 La, Lg, L, controid energies plotted as a function of proton energy E, for Pb: solid
lines are eye fitted lines drawn through the experimental points. - - -, computed :sing
ECPSSR ionization cross-sections (Cohen and Harrigan 1933) and decay yields of
Kr:um; (1979) and radiative widths of Campbell and Wang {1989).

Fig.8 L,, Ly, Ly centroid energics plotted as a function of protou cuergy £, for Bi: solid
lines ar» < ye fitted lines drawn through the experimental points. - - -, cowmzuted

using ECPSSRrionization cross-sections (Cohen and Harrigan 1935) and decay ields

of Krause (1979)...., computed using RPWBA-DHS-BC cross-sections {Chez and

Crascinann 1989) and decay yields of Chen et al (1981).
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