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Abstract

We present a comprehensive comparison between the results of the recently revised DM formula, which now exhibits the quantum
mechanically correct high-energy behavior, and measured atomic ionization cross sections for selected atoms covering a wide range of targets
of different electronic structure as well as elements along columns of the periodic table. Specifically, we selected the following elements
(listed in order of increasing atomic numb®r Na, Si, S, Cl, K, Ca, Fe, Ga, Br, In, Cs, Hg, Bi, and U. The main objective of this study is to
compare the results of the revised DM formula for these elements in both the low- and high-energy regime with available experimental data
and to extend the formalism to targets with higher atomic nurdbethere contributions to the ionization cross section from f-electrons have
to be considered. In cases, where several, sometimes conflicting experimental data sets have been reported, an attempt is made to provid
guidance as to the reliability of various measured cross sections. In addition, we also calculated ionization cross sections for the technically
important species Cr, Mn, and W, for which no experimental data are available.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction complexity of the interactions of the three charged particles
in the exit channel of this collision process renders a rigor-
The ionization of an atom by electron impact is one of ous quantum mechanical description impossible even for the
the most basic electron-driven processes both in terms ofsimplest target, atomic hydrogen. Approximations have been
its importance in fundamental collision physics and from incorporated quite successfully into guantum mechanical de-
an application-motivated viewpoint in environments such scriptions of electron-impact ionization processes ofLlH
as: discharges and plasmas; planetary and cometary atmoand quasi one- and two-electron atoms such as the aJRalis
spheres; mass spectrometry; and chemical analysis. The reand comparatively low collision energies (up to a few times
moval of an electron from a neutral atom as the consequencethe ionization energy). At higher impact energies (above ap-
of the impact of another electron is the simplest electron col- proximately 20 times the ionization energy), the Born—Bethe
lision process resulting in the formation of three charged theory provides an acceptable description of atomic electron-
particles: the incident and ejected negatively charged elec-impact ionization cross sections. Semi-rigorous methods
tron (which are indistinguishable) and a positive ion. The were found to be useful to provide convenient and easy-to-use
formulas to calculate atomic ionization cross sections for the
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formalism [3,4] and the Binary-Encounter-Dipole (BED)
method of Kim and Rudfb]. DM calculations have been car-
ried out for all atoms for which experimentally determined
ionization cross sections are available (H, He, Li, C, N, O,
F, Ne, Na, Mg, Al, Si, P, S, CI, Ar, K, Ca, Ti, V, Fe, Ni, Cu,
Ga, Ge, As, Se, Br, Kr, Rb, Sr, Ag, In, Sn, Sb, Te, I, Xe, Cs,
Ba, Yb, Hg, Pb, Bi, and U}M]. As noted in previous publi-
cations[3,6], the DM formula was originally developed for
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introduced, which expresses the total single electron-impact
ionization cross sectiom of an atom as

o) = Y g b () ['”(c”'”)]
n,l

u
whererp is the radius of maximum radial density of the
atomic sub-shell characterized by quantum numhbexsdl|
(as listed in column 1 in the tables of Descld8X); andép

(1)

use in plasma modelling applications and thus was aimed at &he number of electrons in that sub-shell. The sum extends

description of atomic ionization cross sections in the energy

over all atomic sub-shells labelled byandl. Thegy are the

range fromthreshold to atmost 100 eV. Its energydependencq,veighting factors, which were originally determined from

was described in terms of a Gryzinski-type expression, which
unlike, e.g. the BED formula, does not yield cross section
shapes that show the quantum mechanically “corredE)i(
behavior in the regime of high impact energiefs, 6].
Recently, a modified DM formula was introducéai,
where the Gryzinsky-type energy dependence was replace
by a “scaled” InE)/E energy dependence. The revised DM
formula reproduces the IBJ/E dependence in the limit of
high impact energies and slightly improves the previously re-

ported DM cross sections at lower impact energies. The cross

sections obtained with the revised DM formalism when com-
pared to the DM cross sections reported in R4f, show a
very minor difference in the position and absolute value of

the cross section maximum and a cross section shape abov

about 200 eV that is in better agreement with experimentally
determined cross section functions.

In this paper, we present a comprehensive comparison be-

tween the results of the revised DM formula and measured

atomic ionization cross sections for selected elements cov-

ering a wide range of targets of different electronic structure
as well as elements along columns of the period table (alka-
lis, halogens). Specifically, we selected the following targets
(listed in order of increasing atomic numi@&r Na Z=11),

Si (Z=14), S £=16), Cl ¢=17), K Z=19), Ca £=20),

Fe €=26), Gag=31), Br=35),In Z=49), CsZ=55),

Hg (Z=80), Bi (Z=83), and U £=92). The objective is: (1)

to test the validity of the revised DM formula for these ele-
ments in both the low- and high-energy regime; (2) to extend
the method to targets with higher atomic numbagsvhere
f-electrons become important); and (3) to provide guidance

a fitting procedurd3,4] using reliable experimental cross
section data for the rare gases and uranium. The quantity
u refers to the “reduced” energy= E/Ey, whereE denotes

the incident energy of the electrons afgl is the ionization
energy in ther, 1) sub-shell. The energy-dependent function

dbff{)(u) has the form

A1 — A2
[+ (u/A3)"] + Az @

and the four quantitiedq, Ay, Az, andp are constants that
were determined from reliable measured cross sections for
the various values afandl [6]. The superscriptd’ refers to

the number of electrons in the,() sub-shell. The constant

8,“ in Eqg. (1) was found to be close to one except for d-
electrons. For the convenience of the reader, we summarize
the pertinent parameters needed to usgEdn Table 1 We

note that the constants in the functibﬁ)(u) for the ns and

np (h> 3) electrons have been slightly modified compared
to those given in the original publicatigé] and constants

for the f-electrons in the case aof>3 have now also been
determined (last row ofable 1. The slight revision of the
constants for the ns and np* 3) electrons was necessary in
an effort to avoid a negative value of the paramétgior the

ns electrons as reported origingl}, which has the potential

to lead to an unphysical result under rare circumstances. The
constraint placed on the fitting routine by this condition also

i) =

Table 1
Summary of parameterd;, Az, A3 and p that characterize the energy-
dependent functiohﬁﬁ)(u) of Eq.(2)

as to the reliability of measured cross sections in cases wher
several experimental investigations reported drastically dif-

. Yy =
ferent absolute cross sections. Furthermore, we also calcu#s(®).n=1,2,3,...

lated ionization cross sections for the elements Cr, Mn, and
W, which are technically important, e.g. as impurities in fu-

sion plasma devices and for which no experimental data are

available.

2. Theoretical background

The physical foundation of the original DM method was
first given by Deutsch and Btk in Ref.[3], and a more
recent in-depth discussion can be found in the review by
Deutsch et al[7]. In Ref.[6], the revised DM formalism was

eFunctionbf:{) (u)

AL A A p Gal

031 087 232 195 100
p2w),n=1,2 023 086 367 208 101
b)), n=2;q=1,2 033 088 238 198 099
b (), n=2,q=3-6 045 117 405 131 101
2w),n=3,4,5,6,.. 104 003 2100 034 096
b¥w),n=3,4,5,6,.;9q=1-6 059 101 842 212 095
b®(u),n=3, 4,5, 6,4=1-10 044 155 438 187 142
b@(u),n=4,5,6,q=1,2,3,... —343 092 008 065 100

These parameters were determined from reliable measured cross sections
for the single ionization of the atoms H, He, C, Ne, Mg, Al, and Ag. Also
included are the values of the constept
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resulted in slightly changed constants for the np electrons. 8 | T

The change in the cross section curves reported in [REf. 7L Na e E“{‘_, Szl
. . . . . —X— Fuijii, Srivastava ]
resulting from the revised constants is less than the line width , j\ W Zapesnchny
of the cross section curves shown in various figures in[BEf. ) v O Tan ]
5 B Johnston Il
v % McFarland
< Brink

3. Results and discussion

The revised DM formula was introduced in our previous
paper[6] by using the well-known ionization cross sections
of the elements H, He, C, Ne, Mg, Al, and Ag to determine
the value ofcy in Eq. (1) and the constants in EqR) for
the various quantum numbersindl and occupation number 10 100 1000
g. Subsequently, the DM cross section of EL).was tested
for the targets O, F, P, Ar, Ge, Kr, and Xe by comparing the
DM cross sections with experimentally determined reliable
cross sections and excellent agreement between calculated
and measured cross sections was found in all cases. Here, we
extend the comparison to a much wider range of other targets
of different electronic structure as well as to elements along
columns of the periodic table of elements such as the alkalis
and the halogens. While the choice of 17 elements studied in
the presentwork, does notinclude all species for which exper-
imental data are available, it constitutes a representative cross
section of elements for which (i) three or more independent
experimental data sets are available, (ii) two independent data e e
sets have been reported, (iii) a single experiment has been car- 10 100 1000
ried out, and (iv) no experimental data have been reported till Electron Energy (eV)
now. A critical analysis of experimental data is attempted in
cases where more than a single experimental result has been
reported. We note that there are no rigorous, statistically sup-
ported quantitative criteria describing the level of agreement
between calculated and measured cross sections. Therefore,
we follow the established tradition of using the position and
absolute value of the cross section maximum, the overall en-
ergy dependence of the cross section function, and (to the
extent applicable) any unusual structures in the cross section
shape in conjunction with the uncertainty margins of care-
fully assessed experimental data to characterize the level of
agreement between measured and calculated cross sections. T T oo

lonization Cross Section (10" m?)
s

—_
()
—

Electron Energy (eV)

DM
e Korchevoi

¥ Nygaard =
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3.1. The alkalis Na, K, and Cs

) ) Fig. 1. (a) Calculated DM ionization cross section as a function of electron
Na, K, and Cs are quasi one-electron atoms whose ion-energy for Na (solid line) in comparison with the experimental data of Ref.

ization cross sections have been measured by several groupi2] (crosses), Ref11] (inverted triangles), Ref14] (open circles), Ref.
since the 1960518} In the case of NaFlg. 1a), the data - 8ot mental dta from Raf) (fled aices), Ref.

of Zapesochnyi and Aleksakhifi1] are significantly higher ?lsﬁfié]?stars), Ref{11] (Iionverted triangles), and R¢fL0] (open diamé)nds);
than all other measured data and the calculated DM Cross ) ’same as (a) for Cs with the experimental data from Ref] (open
section. The DM cross section agrees best in terms of the abiamonds), Re{16,17](stars), Ref[18] (Heil and Scott), Ref11] (inverted
solute cross section value with the data of Johnston and Bur-triangles), and Ref15] (filled circles).

row [13], although it reaches its maximum value at a slightly

higher impact energy. There is also excellent agreement be-which is the only experimental data that covers the energy
tween the DM cross section and the data of McFarland andfrom threshold to 1000 eV, shows a high-energy dependence
Kinney[10], whose measurements were limited to higherim- that is different from that of the DM cross section. We note
pact energies above 50 eV. The experimental data of Tan et althat the calculated Na ionization cross section data of Bray
[14] and Fujii and Srivastavid 2] are slightly lower than the  [2] have not been included Fig. 1a, since these calculations
DM cross section and the cross section curve of Rex], are limited to low energies up to 30 eV. In that energy regime,
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the calculated data of Braj?] lie below all experimental
data.

The K ionization cross sections of Nygadfd,17] and
Zapesochnyi and Aleksakhifil], which are in excellent
agreement with one another, show a pronounced double max-
imum structure with a first maximum around 9eV and a
second maximum around 30eV as showrFig. 1b. It is
tempting to attribute the first maximum around 9eV to au-
toionization. However, Nygaafd 7] lists the energies of the
two lowest autoionizing state in K as 18.72 eV and 18.98 eV,
respectively. The DM cross section reproduces the second
maximum very well, but underestimates the first maximum.
This is not surprising, if the first maximum can be attributed to
indirect ionization processes as the DM formalism describes
only the direct ionization. In the high-energy regime, the DM
cross section agrees well with the data of McFarland and
Kinney [10], whose data cover the energy range from 50 to
500eV. The experimental data of Korchevoi and Przhonski
[15] are significantly above all other cross sections. The situ-
ation s similar in the case of CEig. 1c), where the DM cross
section agrees well with the second maximum in the data of
Nygaard[16,17]and Zapesochnyi and AleksakHihl] and
the high-energy data of McFarland and Kinfé@]. As in
K, the DM calculation does not reproduce the first maximum
well. The data of Korchevoi and Przhongkb] are signifi-
cantly above these cross sections, whereas the cross sectiorig- 2. (2) CaIcngte_d DM ionizatior_1 cross section as e}function of electron
of Heil and Scotf18] is significantly lower than the DM cross energy for C_I (soll(_j line) in comparison with the experimental data of Ref.
section and the data of Refél], [14], and[17]. In contrast [19] (open circles); (b) same as (a) for Br.

to K, the first maximum in the Cs ionization cross section ) )
coincides with the energies of the two lowest autoionizing MaXimum ranging from 30 to almost 100 eV. The DM cross

Cl —DM
L o Freund

lonization Cross Section (10°°m?)

10 i ‘).160 — ')iéoo
Electron Energy (eV)

—_—
Y]
=

5 — T \Bas T
I Br —DM
O Freund

1 1
10 100 1000

Electron Energy (eV)

lonization Cross Section (10°°m?)

G
h=

stateg17]. section agrees fairly well with the data of Freund e{20]
up to about 20 eV and above 100 eV, but does not reproduce
3.2. The halogens Cl and Br the observed unusual cross section maximum structure.

In contrast to Si and S, many experimental studies
The only measured cross sections for the halogen atomg@ve measured the Ca ionization cross seq@a@r26]and
are those of Freund and co-workét9]. Fig. 2 shows the McGuire[27] also reported a calculated Ca ionization cross
DM cross sections for Cl and Br in comparison with the mea- SECtion. As shownifig. 4, there is very good agreement be-
sured data. The agreement s very good in both the cases. Thiween the various experlmental data sets except for the data
slight shift in energy between the calculated and measured®f McFarland[22], which exceed most other measured data
cross sections in the low-energy range up to about 40 eV is by a factor of 2. Both calculated cross section curves do not

exaggerated by the choice of a logarithmic energy scale. Thedescribe the experimen@al data very well. Neither curve re-
situation is similar for the halogen atom F, which was dis- produces the structure in the measured data around 20eV.

Both calculated cross sections peak at a lower impact en-

ergy compared to the measured data and exceed the measured

3.3. The elements Si, S, and Ca maximum cross section value by respectively 10% (present

calculation) and 15% (Ref27]). Overall, the DM cross sec-

Freund et alf20] measured ionization cross sections for S {ion provides a somewhat better description of the measured

and S using the fast-beam method. In the case of Si, no othe/data at higher impact energies above about 100 eV.

experimental data have been reported to date. The DM cross

section shows excellent agreement with the measured data a8.4. The elements Fe, Ga and In

shown inFig. 3a, except perhaps for a minor discrepancy in

the region of the cross section maximum (which is, however,  lonization cross sections for the atoms Fe, Ga, and In were

well within the stated experimental uncertainty). Inthe case of measured by Freund and co-worké?®,28] The Fe ion-

S (Fig. ), the measured ionization cross section of Ziegler ization cross section was also measured by Shah g2l

et al.[21] is about 25% smaller than that of R¢20], but and their results are about 25% below the data of RéA.

shows a similar cross section shape with an unusually flatIt should be noted that this discrepancy is still within the

cussed in Ref6] and for iodine (1), which is not shown here.
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[20] (open circles); (b) same as (a) for S. 3 8 1
w
8 o ]
combined uncertainty of the two experiments. As shown in G 4l ]
Fig. 5a, the DM cross section is closer to the data of Shah et S
al. [29] and, in fact, reproduces their data quite well above ® 2r i
about 100 eV. Measured ionization cross sections for Gawere S ot

10 100 1000

also reported by Patton et §80] and Vainshtein et a[31]. Electron Energy (eV)

—_
(¢)
~

Eo S Fig. 5. (a) Calculated DM ionization cross section as a function of electron

gE 10k — B | energy for Fe (solid line) in comparison with the experimental data of Ref.

=) | Ca & McFarand x1/2 [20] (open circles) and Ref29] (filled squares); (b) same as (a) for Ga with

= sl A Vainshtein | the experimental data of R¢28] (open circles), Ref[30] (filled squares),

E ¥ Okuno and Ref[31] (open triangles); (c) same as (a) for In with the experimental

5 I = MeGuire ] data of Ref[28] (open circles) and Ref31] (open triangles).

o 6 B Rakhovskii g

tg | @® Schneider

8 af 7 While the data from Refd28] and[30] are in reasonably

2 I ] good agreement (within their combined stated uncertainty),

2 T | the cross sections of RgB31] are lower by almost a factor

(] . .

Nl P of 2 (Fig. 5b). The DM cross section agrees reasonably well

=) 10 100 1000 10000 with the data of Ref[28] and is in fair agreement — except
Electron Energy (eV) for the region near the cross section maximum — with data

of Patton et al[30]. Fig. 5c shows the two measured In ion-
Fig. 4. Calculated DM ionization cross section as a function of electron jzation cross sections of Ref@8] and[31]. The DM cross

energy for Ca (solid line) in comparison with the calculated cross section section is in gOOd agreement with data of F{EB] and both
of Ref. [27] (dashed line) and the experimental data of R22] (open

diamonds), Ref[25] (open triangles), Ref24] (stars), Ref[23] (filled cross seption curves are about 60% higher than the data of
squares), and Rel25] (filled circles). Vainshtein et al[31].
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3.5. The elements Hg, Bi, and U

To the best of our knowledge, there has only been one ex-
perimental determination of the Hg ionization cross section,
the paper by BleaknejB?], which dates back to 1930. This
is quite surprising given the importance of Hg in the lighting
industry.Fig. 6a shows the data of Rdf32] in comparison
with the DM cross section. The agreement in both absolute
value and cross section shape is rather poor, which under-
scores the need for a renewed measurement of this ionization

(=]
T
T
[{e]

M) w - o
T T T T

lonization Cross Section (1 0™ mz)

—DM
B Bleakney

]
o';.- . M | i1
10 100 1000
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P L " Lo sl
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10 100 1000 10000
Electron Energy (eV)

Fig. 7. Calculated DM ionization cross section as a function of electron
energy for Cr (filled squares), Mn (filled circles), and W (filled triangles).
No experimental data are available for comparison.

cross section. Likewise, there has only been one experimental
determination of the Bi ionization cross secti@®]. How-

ever, the data by Freund et §0] are generally considered
among the most reliable experimentally determined ioniza-
tion cross sections. A comparison of their data with the DM
cross sectionKig. &) shows a reasonably good agreement,
even though the experimental data lie about 15% below the
calculation, but this is just within the stated experimental
uncertainty. In the case of U, the only available experimen-
tal data of Halle et al[33] are in poor agreement with the
DM cross sectionKig. 6¢). The calculated cross section lies
above the measured data at all impact energies and exceeds
the measured maximum cross section value, which is reached
at a lower electron energy compared to the measured data, by
more than 30%.

3.6. Calculations for Cr, Mn, and W

The atoms Cr, Mn, and W are of technical importance,
e.g. as impurities in fusion plasma devices. To the best of our
knowledge, there are no experimental ionization cross section
data available for these atoms. We applied the DM formalism
to these three atoms. The results are showhign 7. The
maximum cross section values for these three atoms range
between (4 and 5.5) 10-2°m2. The Mn and Cr ionization
cross sections peak at a comparatively low impact energies
(between 20 and 30 eV), while the W cross section does not
reach its maximum value until about 60 eV. Measurements
of these important ionization cross sections would be highly
desirable.

4. Conclusions

Here we present the results of the application of the re-

Fig. 6. (a) Calculated DM ionization cross section as a function of electron
energy for Hg (solid line) in comparison with the experimental data of Ref.

cently revised DM formalism for the calculation of atomic
ionization cross sections to the following atoms (listed in or-

[32] (filled squares); (b) same as (a) for Bi with the experimental data of d€r of increasing atomic numbgy: Na, Si, S, Cl, K, Ca, Fe,

Ref.[28]; (c) same as (a) for U with the experimental data of R&S]).

Ga, Br, In, Cs, Hg, Bi, and U. The objective was: (i) to test the
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validity of the revised DM formula for these atoms in both Acknowledgments

the low- and high-energy regime; (ii) to extend the method to

atoms with higher atomic numbeZgwhere the contribution This work has been carried out within the Association

of f-electrons to the calculated ionization cross section has to EURATOM-OAW. The content of the publication is the sole

be included); (iii) to provide guidance as to the reliability of responsibility of its publishers and it does not necessarily

measured cross sections in cases where several experimemepresent the views of the EU Commission or its services. It

tal investigations reported drastically different absolute cross was partially supported by the FWBNB, andOAW, Wien,

sections; and (iv) to provide reliable cross sections data in Austria. K. Becker would like to acknowledge partial finan-

cases where no experimental data are available. cial support of this work by the US Department of Energy,
The comparison between calculated and measured ioniza-Office of Science (Basic Energy Sciences).

tion cross sections leads to the following observations:

. _ _ References
(1) There are five atoms for which three or more independent
sets of experimental data are available (Na, K, Cs, Ca, [1] T.N. Rescigno, et al., Science 286 (1999) 2474.
Ga). In cases where the available measurements tend to[2] I. Bray, Phys. Rev. Lett. 73 (1994) 1088;
converge towards an ‘accepted’ ionization cross section see also I|. Bray, A.T. Stelbovics, Adv. Atom Mol. Phys. 35 (1995)
(Na, K, Ca, Ga), the DM calculation tends to support 209
;o o : . [3] H. Deutsch, T.D. Murk, Int. J. Mass Spectrom. lon Proc. 79 (1987)
the ‘accepted’ cross section. Exceptions are featuresthat g1
may be attributed to indirect processes such as e.g. au- [4] D. Margreiter, H. Deutsch, T.D. &k, Int. J. Mass Spectrom. lon
toionization (K, Cs, Ca), which are not included in the Proc. 139 (1994) 127.
DM formalism. In Cs, where the different experimental ~ [2] Y:K. Kim, M.E. Rudd, Phys. Rev. A 50 (1994) 3954.
. , [6] H. Deutsch, P. Scheier, K. Becker, T.D.&kk, Int. J. Mass Spectrom.
data sets do not converge towards an ‘accepted’ cross sec- 233 (2004) 13
tion, the DM CaIC_UIauon pr0V|de5_QU|dance as to which  [7] 4. Deutsch, K. Becker, S. Matt, T.D. 8k, Int. J. Mass Spectrom.
measurements yield the more reliable data. 197 (2000) 37.
(2) There are three atoms for which two independent sets of [8] J.P. Desclaux, Atom. Data Nucl. Data Tables 12 (1973) 325.
experimental data are available (S, Fe, In). In all three [9] G-O- Brink, Phys. Rev. 134 (1964) A45.
cases. the DM calculation ma: rovide auidance as to [10] R.H. McFarland, J.D. Kinney, Phys. Rev. 137 (1965) A1058.
€S, : yp 9 [11] J.P. Zapesochnyi, J.S. Aleksakhin, Sov. Phys. JETP 28 (1969) 41.
which measurements yield the more reliable data, par-[12] k. Fuji, S.K. Srivastava, J. Phys. B 28 (1995) L559.
ticularly in the case of S and In. However, it must also [13] A.R. Johnston, P.D. Burrow, Phys. Rev. A 51 (1995) R1735.

be noted that the DM calculation cannot reproduce the [14] W.S. Tan, Z. Shi, C.H. Ying, L. Vuskovic, Phys. Rev. A 54 (1996)

unusual energy dependence of the S ionization cross sec- __ R3710. , _
. . . . [15] Yu.P. Korchevoi, A.N. Przhonski, Sov. Phys. JETP 24 (1967)
tion, which was prominent on both experimental data 1089

sets. [16] K.J. Nygaard, J. Chem. Phys. 49 (1968) 1995.
(3) There are four atoms (Cl, B, Si, Bi) for which a single [17] K.J. Nygaard, Phys. Rev. A 11 (1975) 1475.
measured data set is available. The data for all four atomsl[18] H. Heil, B. Scott, Phys. Rev. 145 (1966) 279.
were obtained by the same group using the same experllg] ;R; Hayes, R.C. Wetzel, R.S. Freund, Phys. Rev. A 35 (1087)
imental technique (Freund and co-workers, whose CrosSy, g s freund, R.C. Wetzel, R.J. Shul, TR. Hayes, Phys. Rev. A 41
section data are considered to be among the mostreliable ~ (1990) 3575.
data[34]). In the four cases, the DM calculation agrees [21] D.L. Ziegler, J.H. Newman, L.N. Goeller, K.H. Smith, R.F. Steb-
well with the measured data with the level of agreement bings, Planets Space Sci. 30 (1982) 1269.
between measured and calculated ionization cross secl[g} S-JH-R'\QEEC;:O'A Ph:ysét:e;h jngﬁlaGZ;rﬁo- 7 (1969) 1001
tion ranging from excellent (Cl, B, Si) to good (Bi). [24] v bkumo, 3. F”hy.s. éoc.pJpn. 31 8971) 1p1.89- '
(4) Therearetwo atoms (Hg, U), forwhichasingle measured 5] L. vainshtein, V.J. Ochkur, V.J. Rakhovski, A.M. Stepanov, Sov.
data set is available. Each data set was obtained by a  Phys. JETP 34 (1972) 271.
different group. Neither group has published the result of [26] M. Schneider, J. PhyD 7 (1974) L83.
more than the one ionization cross section measurement2”] J- McGuire, Phys. Rev. A 16 (1977) 62.
to the best of our knowledge, so that the reliability of [28] R.J. Shul, R.C. Wetze_l, R.S. Freund, Phys. Rev. A 39 (1989) 5588.
e T ; . [29] M.B. Shah, P. McCallion, K. Okumo, H.B. Gilbody, J. Phys. B 26
their ionization cross section data has not been solidly (1993) 2393.
established. Inboth cases, the DM calculation shows poor[30] C.J. Patton, K.O. Lozhkin, M.B. Shah, J. Geddes, H.B. Gilbody, J.
agreement with the measured data. Phys. B 29 (1996) 1409.
(5) Lastly, we also calculated ionization cross sections for the [31] L.A. Vainshtein, D.G. Golovach, V.J. Ochkur, V.J. Rakhovski, N.M.
. . . Rumyantsev, V.M. Shustryakov, Sov. Phys. JETP 66 (1987) 36.
atoms _Cr, an an_d W, _Whlch are technlcally |_mportant, [32] W. Bleakney, Phys. Rev. 35 (1930) 139,
e.g. asimpurities in fusion plasma devices. Thiswas done(sz] j.c. Halle, H.H. Lo, W.L. Fite, Phys. Rev. A 23 (1981) 1708.
in an effort to provide guidance to modellers, since no [34] K. Becker, V. Tarnovsky, Plasma Sources Sci. Technol. 4 (1995)

experimental data are available for these atoms. 307.



	A detailed comparison of calculated and measured electron-impact ionization cross sections of atoms using the Deutsch-Mark (DM) formalism
	Introduction
	Theoretical background
	Results and discussion
	The alkalis Na, K, and Cs
	The halogens Cl and Br
	The elements Si, S, and Ca
	The elements Fe, Ga and In
	The elements Hg, Bi, and U
	Calculations for Cr, Mn, and W

	Conclusions
	Acknowledgments
	References


