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Abstract

We used the Deutsch-MMark (DA formalizm fo calculate atonne K-zhell electron mapact 1omzation cross sechions for the
elements Fe, Co, Mn, Ti, Zn, MNb, and Mo. The calculated K-zhell iomzation cross sechions are compared with recenth:
measured K-zshell iomization cross sections. Good to satisfactory agreement was found for all aftoms wath the exception of T
Moraover, when compared fo other avalable K-shell iomization cross sechons for thess atoms, caleulated using other
thecretical methods and sermempinical formulze, the predictions of the DM formahsm aclueve a level of agreement wath
exparmmental data that 15 as good or better than the pradictions from the other methods. (Int T Mass Spectrom 213 (2002) 3—8)
© 2002 Elzevier Sciance BV, PACS Numbers: 34 80, 32.20
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1. Introduction

Cross sechions for the removal of electrons from
the innermost shell of atoms by electron mmpact are
needed in many fields such as atomic physics, plasma
phy=ics, matenals and surface science, and radiahion
chemistry [1]. Recently, new measurements of K-
shell iomzation cross sechions were reported for the
elementz Sc and V [2] and Cr, Ni, and Cu [3]. All

theze metal atoms are of particular importance in
fusion plazmas [4]. The authors of references [1] and

[3] alse compared the expenmentally determined
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cross sections with a vanety of predichons from
vanous thecretical models and semiempincal formu-
las. An et al. [2] alzo menficned the Deutsch-hiErk

(D) formalizm (zee [4]) az a method to calculate
K-zhell omization cross sections and said that the
predictions baszed on the DM formalizm are infenor to
the resultz from many other methods. We would Like
to point out that this statement 15 erronecus. As shown
recently and dizcussed in detail [4], the Deutsch-Mark
(DM formalh=m can be uszed to calculate K-szhell
lomization cross sections for these five atoms, and

good to sahsfactory agreement was found between the
DM calculations and the measured K-zhell iomzation

cross sections for these five atoms.
In thiz letter, we extend the calculations of K-zhell
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onization cross sechons using the DM formalism to
the atoms Fe, Co, Mn, T1, Zn, Wb, and Mo, for which
experimental data are alzo available [5-10]. The DM
formalism expresses the K-zhell iomzation cross sec-
fion oy, as

o, = gy, wr,) £, AU) F(L) (1)
where (r;.)° iz the radinz of maximum radial density
of the atomic 1s-shell taken from the tables of
Dezclanx [11); &.. the number of electrons m the
1=-zhell, 1= equal to 2; and g,. 1z a weighting factor
(zee references [12-14] for further details). The en-
ergy dependence of the K-shell ionization cross sec-
fion 1= given by the product of the two funchions A1)
and F{L7). Here L refers to the reduced mpact energy,
U= EE, , where EF 13 the energy of the mcident
electron and E,, refers to the binding energy of 1z
electrons. The funchion {L7) 13 simlar (but not 1den-
fical) to the enerpy dependence first given by Gryz-
msk1 [15] and has the form

Ay =d (VD)= 1{U+ 1) {5 + ][]
— 2D N n[2.7 + (- DY, (2)

where the parameters a, &, ¢, and dhave the following
values: a =106, 4 =023, ¢ =100, and 4 = 1.1.
The function F{L7) 1z a relativistic comection factor,
which 13 again smmilar (but not identical) to the one
miroduced by Gryznsk [13] and has the form_ m our
caze, of

F(Uy =R [1 +2 (I,
with J = (m, ¢*)/E,,. and with m_ being the electron
mass. The funchon R(L]) 13 given by
R(Ly=(1 +20(U+ 2N = [(L"+ 0y
(1 + NP + DU + 200 + P

[F(L+20)+ LU+ 2L + P2 (3)

We uzed the DM formula of Eq. (1) to calculate the
K-zhell iomization cross sections for the atoms Fe, Co,
Mn, Ti, Zn, Nb, and Mo, and we compare the
calculation to recently measured expenmental cross
sections and to predichons from the empincal formula
of Casnati et al. [16] and the theoretical calculations
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Fig. 1. E-shell tonization cross saction o for Fe as a fimction of the
reduced mnpact enersy u — EE, . The expenimental data are from
Luo et al [4]. The zolid line represesnts the present DI calcolation
the dashed line denote: the prediction of the empirical formula of
Camah =t al. [148], and the filled corcles are the caloulated cross
sacthians of Luo and Jov [17].

of Luo and Jov [17]. The advantape of the Db
formalizm liez n the simplicity of s uze compared
with other theoretical models. However, the DM
formula 13 supenor to purely empincal formulae as it
contamns quantum mechanically calculated mforma-
ficn, and all parameters in Eq. (1) have a real physical
mezning.

Fiz. 1 shows the experimentally defermined K-
shell 1onization cross section data for Fe of Luo et al.
[6] m comparizon with the calculated cross sechions of
Luo and Joy [17], Casnati et al [16], and with the
present result. It iz apparent that all three calculated
cross sections represent the expenmental data quite
well over the entire range of impact energies depicted
in the fipure. In the case of Co (Fig. 2), the DM
calculation lies somewhat below the other two caleu-
lated cross section curves and the measured cross
section [3] for energies from threshold to about twice
the threshold energy but agrees with the expenment
within the quoted margin of emor of the measured
data_ For higher energies, the DM calculation 1= closer
to the experiment than the other two calculations. The
DM calculation provides the best descniption of the
meazsured K-zshell iomization cross section for Mn [6]
over the entire range of impact enerpies (Fig. 3). Fig.
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Fig. 2. Same az Fig. 1 for Co. The experimental data ars from An
et al. [3].

4 shows the measured K-zhell iomzation cross sechion
data of He et al [3] for Ti; they lie systematically
below the three calculated cross section curves,
which, n turn, are in excellent agreement with each
other. The discrepancy between expenment and cal-
culation 13 most pronounced at low mpact energies up
to about three times the threshold energy. We have no
simple explanation for this discrepancy. The case of
Zn (Fig_ 3) 15 very simular to the sifuation found m Mn
(Fig. 3), with the DM calculation vielding excellent
asreement with the measured data [10] whereas the
other two caleulations appear to overestimate the
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Fig. 3. Same a= Fig. 1 for Mn. The experimental data are from Luo
et al. [§].
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Fig. 4. Same 3= Fig. 1 for Ti The experimenta] data are from He ot
al. [§].

measured data zystematically. In Wb (Fig. 6), where
the energy range for which experimental data are
available [9] 15 rather limited, the DM caleulation and
the calculation of Luo and Joy [17] reproduce the
meazured data very well, whereas the empirical for-
mula of Casnafi et al. [16] systematically overesh-
mates the data Mo (Fig. 7) 1z the only srtuation where
the formula of Caznati et al. [16] provides the best
description of the measured K-shell 1onization cross
zection data [8), which are alzo limited to a narrow
range of impact energies. The DM calculation and the
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Fig. 5. Same as Fig 1 for Zn. The experimental data are from Tans
et al [10].



