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Abstract

The semiclassical Deutsch-Méark (DM) formalism was used to calculate absolute cross sections for the electron-impact ionization of excited
argon atoms from threshold to 1000 eV. Excited states of Ar where the outermost valence electron is excited to states with principal quantum
numbers up ta = 7 and orbital angular momentum quantum numbers upt@ have been considered. Systematic trends in the calculated
cross section data are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tion of atoms in excited states. lonization cross sections
have been measured for the metastable rare gas atoms He
Electrons interacting with atoms leading to the formation [4,5], Ne [6,7], and Ar[6] and several calculations using
of positive ions are among the most fundamental processedifferent approximations have been carried out for these
in collision physics. Cross sections for the electron-impact targets[8—10] including an earlier calculation based on the
ionization of atoms have been measured and calculatedsemi-classical Deutsch-Méark (DM) formalisfhl].
since the early days of collision physidd because of their In this paper we report the results of the application of the
basic importance and because of their relevance in practi-DM formalism to the calculation of absolute electron-impact
cal applications such as gas discharges, plasmas, radiatioonization cross sections for excited Ar atoms. Specifically,
chemistry, planetary atmospheres, and mass spectrometrywe consider 26 different excited states where the valence
Considerable progress in the quantitative determination of electron is excited to states characterized by principal quan-
ionization cross sections for atomic (and simple molecu- tum numbers up t@ = 7 and orbital angular momentum
lar) targets[2,3] has been made in the past decade. The quantum numbers up to= 2. Excited rare gas atoms play
ionization of rare gas atoms has been studied extensively,an important role in the ionization balance in gas discharges
in particular the ionization of ground state rare gas atoms and in low-temperature plasmas because of the importance
whose ionization cross sections are considered benchmarlof step-wise ionization processes (see gR]). It is in-
data[2]. Much less effort has been devoted to the ioniza- teresting to note that Bogaerts et @3] have recently re-
ported the development of an extensive collisional radiative
- model for argon atoms in a glow discharigel]. Sixty-five
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levels using however due to the lack of data a simple scaling s-, p-, d-, and f-electrons as one expects on the basis of the
formula. different angular shapes of atomic s-, p-, d-, and f-orbitals.
Ar is also of special importance in magnetic confinement Values of these constants as well as all other parameters
fusion [15] as a gaseous, non-retained species, introducedrelevant to the application of the DM formula can be found
to provide strong radiative cooling at the plasma edge. In in the topical review by Deutsch et §.9] to which we refer
typical tokamak operating scenarios, there is substantial Arthe reader for further details.
gas puffing leading to relatively high concentrations in the ~ Argon has a (12(2sf(2p)°(3s(3p)° electron configu-
plasma. It has become essential to characterize Ar fully ration in its ground state, which is %8y state. The lower
through all ionization stages and diagnostics experiments tolying excited states of Ar result from the promotion of one
that end are currently schedulgd]. A key part is the influx of the six (3p)-electrons into higher orbitals such as 4s, 4p,
of Ar from the plasma periphery and recycling surfaces: Ar  3d, etc. In order to apply the DM formula to the calculation
line emissions in the visible (e.g., at 433.8 and 465.4 nm) of ionization cross sections of excited Ar atoms, we need to
are commonly used as a measure of Ar influx. Ar has also know the values of the two parameteys andE,; for the
visible emissions at longer wavelengths (e.g., at 696.5 nm) higher-lying f, I) sub-shells. The values fdg,; were ob-
which will be useful in upcoming experiments. These stud- tained from the well-known energy level diagram of the Ar
ies will provide linkage and fiducial in the dynamic ioniza- atom[20]. The radiir,; for Ar were obtained from numeri-
tion/transport/influx of Ar through two successive ioniza- cal Hartree—Fock calculatiorf2l]. We calculated them (a)
tion stages. Emission modelling for Ar in the tokamak edge for the [Ne](3s¥(3p)° configuration (corresponding to the
and divertor with electron densities of 15510°m—2 is situation where one 3p electron of Ar is promoted to one of
in the generalized collisional-radiative regime. The theoret- the higher-lying orbitals) and (b) for the [Ne](3¢3p)® =
ical effective emission coefficients and photon efficiencies [Ar] configuration (meaning that another electron occupies
used for analysis must include indirect processes via otherone of the higher-lying orbitals of Ar). The differences be-
excited states, including ionization losses. The effective ion- tween the calculated radii (and also for the energies of the
ization rates are markedly influenced by stepwise pathwaysorbitals above 3p) were quite small and we used the wave
and metastables must be distinguished. The present calculafunction from (a) for our cross section calculatiomable 1
tions will support these studies. summarizes the values foy; andE,; used in the present
calculation up to values of = 7 and!/ = 2. Further-
more, the application of the DM formalism requires knowl-
2. Theoretical background edge of the weighting factorg,; for the higher-lying g, 1)
sub-shells. As these weighting factors were determined from
The original concept of the DM formalisfii6] has been a fitting procedure using experimentally determined reliable
modified and extended several times. The DM formula ex- cross section data and such data are only available for val-
presses the total single ionization cross sedti@f an atom ues of the orbital angular momentum quantum nunthegy
as to/ = 2 (d-electrons), the lack of reliable weighting factors
g for higherl-values limits the present calculations to elec-
7= Zlg”'mf%'é"' fa (1) tron configurations where the outermost valence electron is
n,

wherer,; is the radius of maximum radial density of the 1apie 1
atomic sub-shell characterized by quantum numhbexsd| Values of the radir,; and energie&,; for outermost Ar valence electron
(as listed in column 1 in the tables of DescldiX]) andé,;

\ - Quantum numbers Value ofr,; (same for Value of
is the number of electrons in that sub-shell. The sum extends, 1) of valence electron  both configurations) (m) Ex (eV)
over all atomic sub-shells labelled lyandl. The factors — 4q 4¢ 2.49 x 10-10 4.21, 4.04
0. are weighting factors which were originally determined s5s, 54 6.35 x 10710 1.69, 1.52
from a fitting procedurg¢l6,18]using reliable experimental  6s, 6$ 1.26 x 107° 0.92, 0.75
cross section data for the rare gases and uranium. The energys: 7S 2.08 x 1‘Tio 0.58, 0.40
dependence of the cross section is contained in the functiongg‘ gg g"l‘gi 1?10 i'SZ’ i'gg
f(u) which is given by 6p, 69 152 x 1079 0.73, 0.55
a 7p, 79 2.35x 107° 0.49, 0.31
) 1 <M - 1) 3d, 3d 436 x 1010 1.76, 1.51
u\u+1 4d, 4d 1.05 x 107° 0.99, 0.79
1 5d, 5d 1.84 x 1ch 0.62, 0.44
4 12 6d, 6d 2.84x 10~ 0.42, 0.25
X {b te (1 2u> IN@7+ -1 )} (2) 7d, 7d 3.89 x 1079 0.32, 0.13

whereu = E/En. HereE refers to the incident energy of In the case of the_radu,_we used the same value for both the primed
and unprimed configuration. In the case of the energy values, we used

the electrons ané,, is the ionization e_nergy in then(l) energies averaged over all fine structure components of eadh &nd
sub-shell. The constants b, c, d have different values for  (n, 1) configuration.



H. Deutsch et al./International Journal of Mass Spectrometry 233 (2004) 39-43 41

——7s ——7p
—o0—7s' —o—7Tp'
——6s —+—6p
RS - i e
oS Ternany s :
o ~ —o— 5 —o—5
100 ¢ 59000 0gg o *na_ 4: 1000} I
§ 00 A 49 —a—dp'
10 ¢ Csore 100 Core
e . *~o
E 1F d /AAA,A;AM tan s, DD\“\U\D E —~ 10F E
.0 / e B
lo 0.1F - 3 :QO
- : 01 ]
B 001 1 S
5 ook ]
B3 [ 1 ©
B3| 1
1E4 [ 1
s s s s 1E4 . . . o
1 10 100 1000 . 0 0 pp—
Electron energy (eV) Electron energy (eV)

Fig. 1. Calculated electron-impact ionization cross section of excited Ar Fig. 2. Calculated electron-impact ionization cross section of excited Ar

atoms Wlth: .. (3pPns and. = (3pPns (n = 4-7) electron conflguratlons atoms with. .. (3p)np and. .. (3p)Pnp’ (n = 4-7) electron configurations

as a f_unctlon of e_lectron-lmpact energy up to 1000eV using the_ DM as a function of electron-impact energy up to 1000eV using the DM

formal_lsrr_L The various curves are labelled and represent the contribution formalism. The various curves are labelled and represent the contribution
tothe |o_n|zat|on cross section arising from the rem_ova} of the eIecFron_ from to the ionization cross section arising from the removal of the electron from
the deslgr_late_dn() sub-shell._AIso _sr_mwn as full line is the contribution the designatedn() sub-shell. Also shown as full line is the contribution

o the ionization cross section arising from the core electrons (see text y, o jonization cross section arising from the core electrons (see text

for details). for details).

in higher-lying s-, p-, and d-orbitals. Lastly, in the context ,,nimed configurations correspond to those states whose
of the present calculations, we do not distinguish between (1sP(2s2(2p)¥(3sA(3p)° core has a total angular momen-
metastable and radiating excited states of a sing)es(ate.  {m of 3/2, whereas the primed configurations denote the
All excited Ar electron configurations are of the form i 0o \whose core has a total angular momentum of 1/2.
“core+nl”, where the core is of the form ((sF(2pP(3SF e note that the curves ifigs. 1-3represented by the
(3p). Since the DM formalism calculates the ionization ¢onnected symbols denote the contribution to the ionization

cross section as the sum of the partial cross sections for theyqsg section attributable to the removal of the outermost
removal of an electron from a particulan orbital summed

over all (l) configurations Eq. (1), it is illustrative to

calculate separately the contribution to the total ionization ——d
cross section arising from the removal of an electron from D
the core and from then() valence electron. The contribu- 10000 E e . . o
tion due to the core electrons (designated by a full line in Epoves SN —o—5d
Figs. 1-3, which is common to all configurations treated 100 P T
here, peaks at around 80eV with a maximum value of 100¥ ; e ) -
2.5 x 106 cm? and is in good accordance with our previ- “'g 10k / /vswf"””"“m,,t‘% \ —Core
ous result§11] where we used the radii given by Desclaux . b /‘7 “WN:“A” ]
[17] which are in very good agreement with the present < i
calculations, i.e., for the 1s-orbital¥9 x 10~ m versus % ol ]
2.939x 1011 m, for the 2s-orbital 784 x 10~ m versus 001 ¥ :
1.800x 10~ m, for the 3s-orbital 233 x 10~'m versus IE3| ]
6.2835x 10~ 11 m), for the 2p-orbital 4930x 10~ m versus 14l ]
1.4925x 10~ m and the for 3p-orbital 8856x 10~ 1tm ol i m m 0

versus 66887 x 10~ m, respectively.
Electron energy (eV)

) ) Fig. 3. Calculated electron-impact ionization cross section of excited Ar
3. Results and discussion atoms with. .. (3p)°nd and. .. (3p)°nd’ (n = 3-7) electron configurations
as a function of electron-impact energy up to 1000eV using the DM
We present the results of our calculations in three fig- formalism. The various curves are labelled and represent the contribution

ures. Fi 1 summarizes the calculated ionization cross to the ionization cross section arising from the removal of the electron from
- F1g. the designatedn() sub-shell. Also shown as full line is the contribution

5_eCti0n5 for excited Ar atoms with the electron configura- {5 the ionization cross section arising from the core electrons (see text
tions... (3p)°ns and... (3pPns (n = 4-7). Here, the  for details).
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valence electron (“valence contribution”). Also shown as 1x 10 13cm? (n = 4) to 6x 10-12¢cn? (n = 7). In the case

the solid line is the contribution to the ionization cross sec- of the d-orbitals, we also included calculations for the 3d
tion arising from the core electrons (“core contribution”, and 3d configurations which yielded maximum cross sec-
see above). For each electron configuration, the total singletion values around 2 10~ cm?.

ionization cross section is thus given as the sum of the “core  |f one looks at thd-dependence of the calculated cross
contribution” and the respective “valence contribution”. It sections for a given value of the princip|e quantum number
is apparent that the “core contribution” is appreciable only n, the following trends are apparent: (1) the position of the
for n = 4 (4s, 49. The cross section maxima increase with cross section maximum shifts towards lower impact energies
increasing principal quantum number The increase per  as| increases and (2) the maximum cross section increases

unit change inn is somewhat less than an order of mag- roughly by one order of magnitude as one goes flom0
nitude from 8x 10~ 6cn? for n = 4 to 4 x 10 Bcn? tol=1tol = 2.

for n = 7. As one would expect the cross section maxima
and the thresholds of the cross section curves shift to lower
energy as increases. In all cases, the cross section curve Acknowledgements
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