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Abstract: In this paper, we give a description of recent progress on the measurements of electron-

impact K-shell ionization cross-sections of atoms in the keV energy range. We present our experi-

mental method of using thin targets with thick substrates and our measurements taken recently to

improve the accuracy of the experimental data by an example of measuring K-shell ionization cross-

section for Cr element within the incident energy of less than 26 keV. We also compare the K-shell

experimental data sets available for 8 low-Z elements and 16 medium- and higher-Z elements in the

keV energy range with some theoretical models and empirical formulae. The general comments on

the status of measurement and comparison with theories for atomic K-shell ionization cross-section

by electron impact are given.
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1 Introduction

Accurate atomic innes-shell ionization cross-
sections by electron impact is of very importance
not only in understanding the interaction of elec-
trons and atoms but also ir many applied branches
such as in plasma physics, astrophysics, radiation
physics and electron-matter interaction modelling
and in quantitative analysis by electron probe
(e. g., electron probe microanalysis ( EPMA),
Auger electron spectroscopy (AES) and electron
energy loss spectroscopy (EELS))!'™, Up to
now, the study of ionization cross-sections of

atomic inner-shells by electron impact is still an in-
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13 and theoreti-

teresting subject experimentally™™
callyt®: 12131 Thé accurate measurement of inner-
shell ionization cross-sections poses numerous diffi-
culties. In recent years, our group devoted efforts
to the measurements of inner-shell ionization cross-
sections of atoms by electron impact. We devel-
oped a method to measure the electron-impact in-
ner-shell ionization cross-sections of atoms by
using thin targets with thick substrates, which has
the advantage of avoiding the difficulties of prepar-
ing self-supporting thin targets and has been ap-
plied to the measurement of inner-shell ionization

cross-sections. Recently some experiments have al-
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so been taken to improve the accuracy of our data.

In this paper, we first review the recent pro-
gress in this research field. We then present our
recently improved experimental method by an ex-
ample of measuring K-shell ionization cross-section
for Cr element within the incident energy of less
than 26 keV. And we compare our present experi-
mental data of Cr element and some existing exper-
imental data sets with some theoretical models and
some empirical or semi-empirical formulae. Final-
ly, the general comments on the status of measure-

ment and comparison with theories are presented.

2 Recent Progress

Powell has reviewed the status of early theo-
retical and experimental studies of this field! 2,
Recently, he also reviewed the development of this
field before 1996!*), Therefore, in the present pa-
per, we place our emphasis on the development of
recent several years. In addition, we limit our dis-
cussion to the incident energy region less than 200
keV. This energy upper limit was chosen because
inner-shell ionization cross-sections in the lower
energy region are of interest both for many theoret-
ical studies and for many applications (for exam-
ple, typically about 3—25 keV for AES, 10—50
keV for EPMA, 50—200 keV for EELS)[*.

In 1990, Long et all** compiled for the first
time the available experimental data for K-shell
ionization cross-section by electron impact. Later
on, Joy'®] compiled an e.ectron-solid interaction
experimental database, in which experimental data
of K-shell ionization cross-sections were included.
From above two databases, we can find that at that
time the experimental data for K-shell ionization
for many elements were scarce (even at present the
L-, M-shell ionization cross-section data are still
very/extremely scarce) and significant discrepan-
cies between some data sets existed. Therefore, it
was difficult to definitely assess the reliability of
theoretical models based on the available experi-

mental data. In recent years, some groups involved

the measurement of inner-shell ionization cross-sec-

L+ 162 made

tions by electron impact™ ™", Our group
use of thin targets with thick substrates in our ex-
periments. The method we adopted has the advan-
tage of avoiding the difficulties of preparing self-
supporting thin targets and has been applied to
measure K-shellt?, and most recently L-shellt®,
ionization cross-sections for some atoms in the en-
ergy region from threshold to several tens keV.
Moreover, Llovet et al reported the measurements
for Ni, Cr, Cu'”?, Fe and Mn'® elements in the en-
ergy region 6. 5—40 keV, the uncertainties of rela-
tive cross-sections were of order of ~2%, and the
uncertainties of absolute cross-sections were in-
creased to ~10%. Their experimental data were
compared with Hippler > s!*7 and Mayol and
Salvat’ st

(PWBA) theories and Segui et al’s distorted-wave

plane-wave Born  approximation
Born approximation (DWBA) theory!®) as well as
Casnati et al’ s empirical formulal'®. Most re-
cently, their work was also extended to La produc-
tion cross-section measurements for W, Pt and Au

03, the targets

elements by 10—30 keV electrons
also consist of very thin films of the studied ele-
ments deposited on thick carbon substrates and the
experimental data were well corrected by Monte
Carlo simulation. Shanker and Hippler'!” meas-
ured the K-shell ionization cross-sections of S ele-
ment with uncertainty of 20% within the energy
region of 3. 5—14. 0 keV and compared their data
with Hippler’st'’”) PWBA theory and some empiri-
cal formulae. They also studied the effect of molec-
ular environment on the K-shell ionization cross-
sections of sulphur using SO, and SF; gas targets.
Their experimental data did not show any molecu-
lar effect whereas Quarles and Estep!®® observed
this effect. This is still an interesting problem that
needs to be clarified. Moreover, Schneider et all*!
reported for the first time the absolute cross-sec-
tions for K- and L,-shell ionization of Ag and Au
targets by positron impact in the energy region of
30—70 keV and observed the difference between
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positron and electron impacts in this energy re-
gion. This difference was successfully explained
with the Hippler’sl' PWBA theory in which elec-
tron exchange effect and the effect of the nuclear
Coulomb field are taken into account. Most re-
cently, the database for experimental K-shell ioni-
zation cross-section has been updated by Liu and
An et al and is available from Internet!®!. From
this new compilation, we can observe that the K-
shell ionization cross-section data have been availa-
ble in a wider range of elements and incident elec-
tron energy in comparison with the situation of
about 13 years ago. In our recent study'*, we no-
tice that further measurement of cross section data
with higher accuracy (i. e., experimental error ~
10%) is very desirable for testing theoretical mod-
els, Therefore, most recently, we have taken some
measurements to try to improve the accuracy of our
experimental datal’®l, These measurements, which
will be described in the following section, include;
(1) the measurement of the thin target thickness
with  Rutherford

(RBS); (2) the electron mean track length correc-

backscattering  spectroscopy
tion based on Monte Carlo method; (3) the detec-
tion efficiency calibration in the lower energy re-
gion using thick carbon target bremsstrahlung by
electron impact.

Up to now, a lot of theoretical modelst—*,
depending on the various treatment of incident and
outgoing wave functions, atomic structure and the
treatment of relativistic, Coulomb and electron ex-
change effects and so on, have been developed
since the work of Bethe in 1930(%). Powell re-
viewed the early status of this subject in his arti-
cles 2], Khare and Wadehra"?, Luo and Joy™!
and Segui et al®® have carried out the most recent
quantum-mechanical calculations for inner-shell
ionization cross-sections. In addition, Gryzinskil®*
developed a most successful classical model for
atomic ionization.

A large number of analytical formulae have al-

so been proposed to represent the calculated and

measured inner-shell ionization cross-section da-
tal'™*1, This is because general theoretical calcula-
tion needs numerical solution, which is often time-
consuming and difficult to give rise to simple ana-
lytical formulae whereas analytical formulae can be
easily used in algorithms developed for the microa-
nalysis. Many of empirical and semi-empirical for-
mulae are modifications of,the Bethe formulal®?,
Some early formulae were proposed by many au-

3 4] proposed an

thorst’™*. Recently, Hombourger
empirical formula by fitting expanded data sets.
Deutsch et al’®® also improved the energy depend-
ence in the low-energy regime of their early semi-
empirical formula, By fitting the Llovet et al ’st™
most recently measured K-shell ionization cross-
section data of Cr, Ni, and Cu elements in the inci-
dent energy region of 6. 5—40 keV, we also modi-
fied the Deutsch et al’s early semi-empirical formu-
lal*), At present, one of the most widely used em-
pirical formulae in the energy region of interest
here is Casnati et al’ s empirical formulal'®. As
pointed out by Powell’®, we should notice that
none of empirical and semi-empirical formulae

might be used without hazard beyond the range of

conditions for which they were initially developed.

3 Experimental Method and Data
Processing

We briefly present our recently improved ex-
perimental method by an example of measuring K-
shell ionization cross-section for Cr element within
the incident energy of less than 26 keV. The other
experimental details can be found elsewherel*: ¢,

The electron beams from near threshold to
several tens keV were provided by an electron gun
and adjusted in accordance with X-ray counting
rate, The thin targets used in our experiment were
prepared in China Institute of Atomic Energy by
evaporating elements of interest on thick aluminum
substrates., The thickness of thin targets was thin
enough to limit the energy loss of incident electrons

less than ~ 1% of incident electron energy. The
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thicknesses of thin targets were measured by using
RBS in our laboratory. 2 MeV *Het ions were pro-
vided by an electrostatic accelerator with maximum
terminal voltage of 2. 5 MV, The backscattering
specira were analyzed using a computer code
GISAS3. 323, The thickness value of thin target de-
termined by RBS technique was 5. 5 pg/cm?® for Cr
element. The uncertainty of thin target thickness
determined by RBS was estimated to be about 5%.

The characteristic X-rays emitted from the tar-
get atoms were detected by an Ortec Si(Li) detec-
tor. The X-ray spectra were recorded by a PC com-
puter-based Ortec multichannel analyzer MCAS16.
The efficiency calibration of this detection system
in the energy region down to 0. 58 keV was per-
formed using the thicK-carbon-target bremsstrah-
lung by 19 keV electron impactt??. This method
was proposed by Tschischgale et al®?®®) and Wolters
et alt® and was successfully used in the efficiency
calibration of their Si(Li) detectors in the energy
region down to ~ 0. 5 keV, In this method, the
Wentzel’s formula was employed for the theoreti-
cal thick target bremsstrahlung calculation, and
the self-absorption correction and the convolution
of detector’ s response function with the brems-
strahlung spectrum had also simultaneously been
taken into account. The shape of the efficiency cal-
ibration curve was determined from the ratio of ex-
perimental and theoretical thick carbon target
bremsstrahlung spectra, ar.d the absolute value for
the efficiency calibration was obtained by using
241 Am radioactive standara source. The accuracy
for the efficiency calibration with this method was
estimated to be ~6%. In fact, best model for the
theoretical thick target bremsstrahlung calculation
would be a full Carlo
PENELOPE is an excellent computer code system

Monte calculation.
for Monte Carlo simulation of coupled electron-
photon transport in arbitrary materials for a wide
energy range, from a few hundreds eV to about 1
GeVDP% Most recently, a new algorithm for the

simulation of bremsstrahlung emission by fast elec-

tron®3, based on the most reliable numerical val-
ues of the shape funciion calculated by Kissel et
al®®, has been implemented into the PENELOPE
code. Our preliminary calculation shows that the
theoretical bremsstrahlung spectra based on the
Wentzel formula and PENELOPE code are appar-
ently different in the energy region below ~4 keV.
The efficiency calibration of our Si(Li) detector by
using PENELOPE code is in progress, and we be-
lieve that it will improve the accuracy of the effi-
ciency calibration in the low energy region and will
benefit the ionization cross-section measurement of
K-shell for lower-Z elements and of L-, M-shells
for medium- and higher-Z elements, which is also
in progress in our laboratoryt®,

Moreover, the incident electrons will experi-
ence scattering and not penetrate straight through
the thin targett”. The mean track length correc-
tion of incident electrons was calculated using

Monte Carlo EGS4 codel®®?, i.

target thickness values were replaced by the ener-

e. , the actual thin

gy-dependent electron mean track lengths in data
processing. In addition, the measured cross-section
data should be corrected due to the electron reflec-
The correction
method has been described in Ref. [34]. But, to

make a crosscheck, the electron reflection spectra

tion from the thick substrate,

needed in the corrections were calculated using
EGS4 code instead of the previously used biparti-
tion transport theory®*). We found that the results
from the electron reflection spectra calculated using
EGS4 code and the bipartition transport theory
were consistent within the accuracy of less than
4%. The estimated error from the correction
method was also about 4%. The characteristic X-
ray self-absorption correction can be negligible.
With the experimental procedure described
above, we had performed the measurements for Cr
element from the threshold energy up to —~ 26
keVt® . The fluorescence yield was taken from the
tabulation of Hubbell et al**). The adopted ratio of

K; to K, intensity was the most probable value re-
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ported by Khan and Karimi®?, Experimental un-
certainty mainly comes from net peak counts (~
3%), detection efficiency (~ 6%), fluorescence
yield (~2%), target thickness (~5%), inhomo-
geneity of the target (~4%) and correction meth-
od (~4%). Therefore, the total uncertainty is es-

timated to be ~10%.

4 Comparison between Theory and

Experiment

Firstly, we compare our present experimental
data for Cr element with Hippler’ st*" and Khare
and Wadehra’ s theory (denoted as PWBA-C-
Ex)1%, Luo and Joy’s theory!® and the results of

{19]

Casnati et al’ s empirical formula and Hom-

2] The comparison is

bourger’s empirical formula
shown in Fig. 1. Qkx,» Ex and Uk represent the ioni-
zation cross section, ionization threshold and over-
voltage for K-shell, respectively. The previous ex-
perimental data for Cr element!* *** 3 are also plot-
ted. From Fig. 1, we can see that within the uncer-
tainties our present experimental data are in good

agreement with the results of PWBA-C-Ex theory

and Luo and Joy ’ s theory and also in reasonable

40000

30000

T

20000

O«E 1 (bkeV?)

10000 F

Fig. 1 Plots of QxE% versus Uk for Cr element.
o denotes the present experimental data. @ Luo and Joy’s
theoretical result. A, O and ¢ the experimental data for Cr
element of Llovet et all”], He et all3”] and Luo et al(3¢], re-
spectively. — , -—- and - the results of PWBA-C-Ex theo-
ry, Hombourger’s and Casnati et al”s empirical formulae,

respectively.

agreement with the results of Casnati et al’s and
Hombourger’ s empirical formulae. We also ob-
serve that our present experimental data are in rea-
sonable agreement with Luo et al’ s and Llovet
et al’st™ data for Cr element except He et al’st"
data. The same conclusion has also been obtained
from the analysis of experimental data for Ti ele-
ment, which were measured with the same method
described abovel'®d, It indicates that our efforts to
improve the experimental accuracy are very effec-
tive. We also observe that the data of He et alt®"]
are in general smaller than the other experimental
data or theoretical predictions by approximately a
factor of ~1. 4, this might be attributed to the de-

termination of target thickness by weighing.
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Fig. 2 Plots of QxE% versus Uk for C, N, O, Ne, Al, Si,
S and Ar elements.

The experimental data for C, N, O, Ne, Al, Si and Ar are

taken from the compilation of Liu and An et all?'Jand the da-

ta for S are read from the paper of Shanker and Hippler 131,

All experimental data have been reevaluated based upon the

fluorescence yield compilation of Hubbell et al(331, ¢ the ex-

perimental data. @ Luo and Joy’s theoretical result. — and

- the results of PWBA-C-Ex theory and Casnati et al’s em-

pirical formula, respectively.
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In the previous review article of Powell"'?,
comparison has been made of some K-shell experi-
mental data with many early theoretical models.
Recently, Powell®™ and An et al®! compared the
and of PWBA-C-

Ex!'? ' with experimental data for some elements,

theories of Luo and Joy['¥

and observed that for medium-Z elements the two
theories can give almost the same results which are
in good agreement with the experimental data.
But, for low-Z elements PWBA-C-Ex theory over-
estimated the experimental data and Luo and Joy’s
theory showed better agreement. For higher-Z ele-
ments (for example, Ag element), the PWBA-C-
Ex theory seemed to describe the experimental data
better than Luo and Joy’s theory. Khare and Wa-
dehral'? also compared their theory (PWBA-C-Ex)
with experimental data and Scofiled’ s theory for

some elements from Al to U in the energy region
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from ionization threshold to 1 GeV. Good agree-
ment was obtained for K- and L-shell ionization
cross-sections. Llovet et al made a comparison of
their K-shell ionization cross-section data for Cr,
Ni, Cul” and Fe, Mnl* elements in the energy re-
gion of 6. 5—40 keV with the Mayol and Salvat’s
theory['®, Segui et al’ s DWBA theory*® and
PWBA-C-Ex theory*? '), PWBA-C-Ex and Segui
et al’s DWBA theory can provide a good descrip-
tion both in shape and in magnitude for their exper-
imental data., Based on the previous theoretical
work, the theoretical models developed recently
have made progress in the description of experi-
mental data in wider valid ranges of incident energy
and atomic number although some work still needs
to be done to improve these models in some as-

pects.
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Fig. 3 Plots of Q¢E% versus Uk for 16 medium- and higher-Z elements from Sc to Ag (S¢, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,

Zn, Ge, Se, Y, Nb, Mo and Ag).

The experimental data are taken from the compilation of Liu and An et all?!J except that the data for Ag are read from Schneider et al’s

paperl!'], All experimental data have been reevaluated based upon the fluore:cence yield con.pilation of Hubbell et al{353, o the experi-

mental data. The data measured by our group are plotted as symbols with error bars. @ Luo and Joy’s theoretical result. — and -+ the

results of PWBA-C-Ex theory and Casnati et al’s empirical formula, respectively.

Shown in Figs. 2 and 3, we compare the K-

shell experimental data sets available for 8 low-Z
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elements (C, N, O, Ne, Al, Si, S and Ar) and 16
medium- and higher-Z elements from Sc to Ag (Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ge, Se, Y,
Nb, Mo and Ag) in the energy region of interest
here with the theoretical models of Luo and Joy!*!
and PWBA-C-Ex['> '] a5 well as Casnati et al’ s
formulal®!. Our measured data are plotted as sym-
bols with error bars. Except Cr element, our ex-
perimental data for other elements are taken from
the compilation!®, which were measured before,
All experimental data sets have been reevaluated
based on the fluorescence yield compilation of
Hubbell et al®1, From the comparison between
the theoretical models and experimental data sets,
the conclusions stated before are confirmed. In ad-
dition, we also notice that in some cases the accu-
racy of our experimental data measured before is
not so satisfactory, this is the reason why we are
constantly trying to take measures, for example,
described above, to improve the experimental accu-
racy. In general, we can find overall good consis-
tency in these data sets, especially in the data sets
measured recently by some authors, although dis-
crepancies among some experimental data sets are
still existing. We agree with the conclusion ob-
tained by Powell® that this implies that the K-
shell ionization cross-section data can be measured
with combined standard uncertainties of about
10%. We also notice that the experimental data for
many elements were measured by only one group in
limited energy ranges and few data exist for the
higher-Z elements. Therefore, additional measure-
ments are still needed in a wider energy range, es-
pecially with an accuracy less than ~10% and for

the higher-Z elements.

5 Conclusions

From the description above, some conclusions
can be drawn as bollawing.
(1) We introduce our experimental method by

an example of measuring the K-shell ionization

cross-sections for Cr element in the energy region
less than 26 keV. The measures taken here prove
to be effective in the improvement of accuracy of
experimental data.

(2) From some recent measurements, we con-
clude that the K-shell ionization cross-section data
can be measured with combined standard uncertain-
ties of about 10% although discrepancies among
some experimental data sets are still existing.

(3) Additional measurements of K-shell ioni-
zation cross-sections are still needed, especially
with higher accuracy less than ~10% and for the
higher-Z elements. In addition, the measurements
for L- and M-shells, which are more complicated
and more difficult, should be paid more attention
due to the very scarce available data and also as a
stringent test for theoretical models.

(4) Within the uncertainty of about 10%, the
experimental data of K-shell ionization cross-sec-
tion in the energy region of interest here for low-
and higher-Z elements are able to distinguish which
theories developed in recent years are better in the
corresponding element regions. Some theoretical
work still needs to be done for improving the
agreement between theories and experiments. In
general, each theoretical model has its own valid
range either in terms of incident energy, atomic
number, or electron shell considered. It is the hope
that we could have a theoretical model that has a
wide valid range. The theoretical models developed

recently have made progress in this aspect.
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