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Electron impact ionization of tungsten ions in statistical model
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The statistical model for calculations of the electron impact ionization cross sections of multielectron ions

is developed for the first time. The model is based on the idea of collective excitations of atomic electrons with

the local plasma frequency, while the Thomas–Fermi model is used for atomic electrons density distribution.

The electron impact ionization cross sections and related ionization rates of tungsten ions from W+ up to

W63+ are calculated and then compared with the vast collection of modern experimental and modeling results.

The reasonable correspondence between experimental and theoretical data demonstrates the universal nature

of statistical approach to the description of atomic processes in multielectron systems.
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This study is initiated by the significant interest to

the ionization of multielectron tungsten ions in the mod-

ern thermonuclear plasma research. This is due to ap-

plication of tungsten as a material for the plasma facing

components of the thermonuclear reactor ITER [1]. The

electron impact ionization of tungsten ions is of gen-

eral interest for atomic physics as practically important

example of interaction of the electron projectiles with

multielectron targets. The description of this process is

connected as with the complicated atomic structure of

tungsten ions, as with the variety of channels, related

to the excitation-autoionization and the standard direct

ionization to continuum [2, 3]. These difficulties result in

essential scatter of the data obtained by different numer-

ical codes [4, 5]. In the present paper these problems are

seemed to be overcome within the developed statistical

model, used for the first time to provide the electron

impact ionization cross sections of multielectron ions.

The efficiency of the proposed rather simple modeling

is demonstrated by comparison with the conventional

collection of experimental results.

The statistical approach is applied to the calcula-

tions of plasma radiative losses on the tungsten impu-

rity [6] and based on an idea of collective oscillations of

atomic electrons similar to the condensed media. In this

approach the ground state of an atom is described by the

standard Thomas–Fermi (TF) theory [7] and the ion-

ization of multielectron system can be also considered

in terms of excitations of collective modes with plasma

frequencies determined by the local TF electron den-

1)e-mail: demura45@gmail.com

sity due to well known relation ωp(r) =
√

4πe2n(r)/m,

according to the local plasma frequency (LPF) model

[8].

The interactions of plasma electrons with tungsten

ions are considered using the method of equivalent pho-

tons (EQP) given by Fermi [9]. In this method the action

of electric field of plasma electrons on the tungsten im-

purity ions is described as the photoabsorption of equiv-

alent photons flux. Its intensity is determined by Fourier

transform of the electric field of the plasma electron,

moving along the classical trajectory in the TF ion po-

tential. Thus the moving plasma electrons produce the

electromagnetic field, which is absorbed by atomic elec-

trons at the frequencies, related to the atomic plasma os-

cillations, while the EQP approach makes it possible to

express the electron impact ionization in terms of pho-

toionization cross section. Moreover, the cross section

of any elementary process due to the multielectron ion

interactions with plasma charged particles may be rep-

resented in the dipole approximation in terms of cross

sections of photo-processes with EQP. Thus the flux of

EQP number dN(ω)
dω with the frequency ω per unit fre-

quency interval dω for the given energy of electrons E

could be written in the form
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where g(x) is the Gaunt-factor, that describes the curva-

ture of electron trajectory in given potential of ion with

the charge zi and the charge of nuclei Z [8], ~ωa = 2Ry.

In accordance with the statistical model [6] the elec-

tron impact ionization cross section is given in terms

of the photoionization cross section at the frequency ω,

which satisfies the resonance condition [8]

ω = ωp, ω =
√

4πe2n(rω)/m, (2)

which determines the effective absorption radius rω be-

ing the solution of the equation above.

The plasma electron trajectory in the TF ion poten-

tial could be described in the Coulomb approximation

by the effective charge Zeff, determined by the resonance

condition (2)

Zeff = Z [χ(rω ; q) + qrω/r0] , (3)

where χ(rω ; q) is the standard screening function in

the TF model, r0(Z, q) is the TF ion radius, deter-

mined during the solution of the TF equation for given

q = zi/Z.

The conventional dimensionless frequency s =

= ~ω/2RyZ satisfies the local resonance condition (2)

via the implicit dependence of the reduced distance from

the nuclear xs = rs/rTF on the variable s (rTF =

= a0 · (9π2/128)1/3 · Z−1/3, a0 is the Bohr radius, rTF

is the TF radius [7])

S = (128/9π2)1/2 · [χ(xs)/xs]
3/4. (4)

Then multiplying the number of equivalent photons

(1) by the photoionization cross section and integrating

over all EQP dimensionless frequencies s from the re-

duced ionization potential Ii/Z · 2Ry up to the reduced

energy of electron projectile E/Z ·2Ry, we arrive to the

following expression for electron impact ionization cross

section

σi(Ee)/a
2
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π4
√
3
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×

×
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· s
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The result (5) depends on the electron energy, specific

ion and nuclear charges as well as on ionization poten-

tials.

The ionization potentials used in the formula (5) are

taken in the TF form in order to make the theory self-

consistent: Ii/2RyZ = (128/9π2)1/3qZ1/3/x0(Z, q) [7].

The Eq. (5) is used below for calculations of ionization

cross sections for the large set of tungsten ions.

The statistical method, described above, was applied

for the calculations of ionization cross sections for dif-

ferent ionization stages of tungsten ions Wk+, where

k = 1, 2, ..., 10, 17, 22, 45, 63, and presented below in

comparison with some experimental data [10–13] in the

Fig. 1, as well as with the calculations by the configura-

tion averaged distorted waves (CADW) method [2, 3].

The uncertainties of these experimental data are des-

ignated in the Fig. 1 by the vertical error bars. They

depend on the energy range and differ for various ex-

perimental measurements. In the case, when these error

bars are not seen the variation of experimental data do

not exceed the size of graphical designations of experi-

mental points.

The agreement between the developed statistical

theory and the data of measurements [10–13], as well

as with the CADW calculations [2, 3] seen in the Fig. 1

is quite satisfactory. The discrepancies with experimen-

tal data are less for the ions with the larger number of

bound electrons (and smaller zi) that is obviously due

to the better applicability of statistical theory with the

increasing number of atomic electrons. This seems to be

quite clear since the precision of statistical methods de-

creases with the decrease of the atomic electron number.

For large enough energies of projectiles the deviation of

the statistical theory results from the CADW modeling

ones is obviously due to the contribution of excitation-

autoionization channels, which could not be explicitly

addressed in the present formulation of the statistical

approach.

In the Fig. 1 all of the analyzed experimental data

for the electron impact ionization cross sections relate to

relatively low electron energies in the vicinity of 1 keV,

where the cross sections are large enough. In order to

test the statistical approach predictions for higher ener-

gies the calculations of electron impact ionization rates

were performed for the following set of tungsten ions

Wk+, where k = 28, 33, 38, 41, 44, 46, 51, 56 in a

wide range of the electron temperatures variation typ-

ical for upcoming reactor-size tokamaks, for instance,

ITER [1]. These ionization rates are obtained by the av-

erage of Eq. (5) over the Maxwellian energy distribution

of plasma electrons. The obtained results are compared

in the Fig. 2 with the corresponding modeling data of

the CADW approach [14]. The agreement between both

data collections in the Fig. 2 is quite satisfactory too.

As it follows from this comparison the discrepancies be-

tween the statistical theory and the CADW method are

less pronounced for the ionization rates than in the case

of the electron impact ionization cross sections.
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Fig. 1. Comparison of theoretical electron impact ioniza-

tion cross sections with experimental data for various

tungsten ions Wk+ with k = 1, 2, ..., 10, 17, 22, 45,

63: solid curves – present statistical model; black points –

[10]; open triangles – [11]; full triangles – CADW data [2];

open circles [12]; full squares – [13]; dashed curves signed

CADW – [3]

Fig. 2. Comparison of electron impact ionization rates for

different tungsten ions Wk+ with k = 28, 33, 38, 41, 44,

46, 51, 56 calculated in the present work and in [14]: solid

curves – present statistical model; dashed curves – CADW

modeling data [14]

Thus in the present work the electron impact ion-

ization cross sections of tungsten ions from W+ up to

W63+ were calculated by the statistical theory meth-

ods and tested by the direct comparison with the ex-

perimental data [10–13], obtained using different meth-

ods of measurements, and the results, provided by the

conventional complex approaches like CADW modeling

[2, 3, 14]. The additional test was realized via compar-

ison of the ionization rates, calculated in the present

statistical approach and using the data of CADW mod-

eling [14]. The modeling data shown above for tungsten

ions demonstrates the efficiency of statistical model for

calculations of the electron impact ionization cross sec-

tions and the corresponding ionization rates, which are

in close agreement with the available experimental data

[10–13] and the results of conventional complex codes

[2, 3, 14]. Some discrepancies relate to the systems with

relatively small number of atomic electrons (highly ion-
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ized species) which is typical for statistical theories. The

correspondence of statistical model with the experimen-

tal data on the electron impact ionization cross sections

for tungsten ions seems to be due to rather satisfac-

tory implicit description of significant contribution of

the excitation-autoionization cascades to the ionization

processes. These channels seem to be partly taken into

account in the statistical model because of the collective

nature of ionization processes in the statistical model.

The present analysis and results for the electron im-

pact ionization cross sections and ionization rates for

the large collection of tungsten ions allow us to con-

clude that the developed statistical approach could be

successfully used for estimation of ionization processes

in electron-ion collisions. The obtained results demon-

strate the universal nature of statistical approach in the

description of atomic processes with multielectron ions.
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