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Abstract

SENSING THE ELECTRON-COLLISION EXCITATION CROSS-SECTIONS FOR NE-LIKE IONS
OF FE IN A PLASMA IN THE DEBYE SHILEDING APPROXIMATION

A. V. Glushkov, O. Yu. Khetselius, E. P. Gurnitskaya, D. A. Korchevsky, A. V. Loboda, G. P. Prepelitsa

Within the uniform QED energy approach with using the Debye shileding approximation it is
carried out the calculation of cross-sections of electron-collisional excitation for ions of Fe in Ne-
like plasma.
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Pesiome

JETEKTYBAHHS ITEPEPI3IB EJJEKTPOH-KOJI3IMHOIO 3BY/IKEHHSA NE-IIOAIBHUAX
IOHIB FE Y IINTA3MI Y HABJINZKKEHHI JEBA€EBCBKOI'O EKPAHIOBAHH

0. B. I'yuixos, O. IO. Xeueaiyc, E. II. Iypuuupka, /1. O. Kopueecokuii, A. B. Jlo6ooa, I. I1. Ilpeneauua

OTpuMaHi JaHi Npo Iepepi3u eJIEKTPOHHOIO 30YyIKEHHS 3a paXyHOK 3iTKHeHb s ioHiB Fe
y Ne-noai6Hiit mna3mi Ha miacraBi KEJL migxony 3 BUKOpUCTAaHHSIM HaOIMXKEHHS 1e0a€EBCHHOIO
€KpaHIOBaHHSI.

KimouoBi cioBa: nepepi3 30yIKE€HHS 32 paXyHOK eJIeKTpOHHUX 3iTkHeHb, KEJ migxin, neda-
eBcbke eKpaHIOBaHHS

Pesiome

JIETEKTUPOBAHUE CEYEHUI DJIEKTPOH-CTOJKHOBUTEJIBHOI'O BO3BYK/IEHUSA
NE-ITIOJOBHBIX NOHOB FE B IIVIASME B ITPUBJINKEHNU TEBAEBCKOI'O
OKPAHNPOBAHMA

A. B. Inywixos, O. I0. Xeueauyc, E. II. Iypuuuxas, /|. A. Kopuesckuii, A. B. /lo6ooa, I. I1. Ilpeneauua

[TomydeHbI JaHHBIE O CEYCHUSIX DJIEKTPOHHO-CTOJIKHOBUTEJIBHOTO BO30YXKIESHUS IS MIOHOB Fe
B Ne-nono6Hoii mina3me Ha ocHoBe KBOJI moaxona ¢ Mcroib30BaHMEeM NpUOIMXKEHUS 1e0aeBCKOTo
SKpaHUPOBAHUSI.

KioueBbie cjioBa: ceueHME 2JIEKTPOH-CTOJKHOBUTEIBHOTO Bo30ykaeHMs, KD mogxon, neda-
€BCKOE DKpaHNPOBaHNE
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In this paper we present the results of calcula-
tion of the electron collision strengths and cross-
sections for Ne-like ion of iron within earlier de-
veloped new uniform energy approach, formally
based on the quantum electrodynamics (QED)
[1-4]. The key moment is connected with using
the Debye shileding approximation (see below).
Obtained data can be used in kinetic calculations
of the multicharged ions plasma in order to define
the optimal paraneters for X-ray lasing (c.f.[5-
10]). The matter in a fact that in last years the X-
ray laser problem has stimulated a great number of
papers devoted to the development of theoretical
methods for modelling the elementary processes in
collisionally pumped plasma (c.f. [13-19]). There
is a hope to find lasing effects on the transitions of
Li-, Ne-, Ni-like ions.

Two principal theoretical problems must be
solved in order to develop a special code adequate to
predict the plasma parameters needed to generate a
soft-X-ray or extreme ultraviolet amplified sponta-
neous emission: i). accurate calculation of electron-
collisional excitation cross-sections, strengths, rate
coefficients for elementary processes in the plasma
that are responsible for formation of emission lines
spectra; ii). kinetics calculations to determine level
populations, inversions, line intensities and gain
coefficients at definite plasma parameters. The
most elaborate codes for atomic calculations are
based on different kinds of approximations to the
multi-configuration Dirac-Fock method (c.f. [11]).
In our opinion, the most consistent approach to
construction of the optimized one-quasi-electron
functions must be based on the QED. Namely such
an approach is here used in calculating the electron
collision strengths and cross-sections on Ne-like
ion of Fe. Consider the key ideas of the method fol-
lowing to refs.[1-4,12,15,19].

Their imaginary parts are connected with the
radiation decay (radiation) possibility. The total
energy shift of the state is usually presented in the
form (c.f.[7,8,12]:

AE=ReAE+iIlmAE ImAE=-I/2 (1)

where I' is interpreted as the level width, and the
decay possibility P =I'. The whole calculation of
the energies and decay probabilities of a non-de-
generate excited state is reduced to calculation
and diagonalization of the complex matrix M. To
start with the QED Gell-Mann and Low formula
one must choose the zero-order approximation.
Usually one uses for this purpose a one-electron
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Hamiltonian with a central potential that can be
treated as a bare potential in the formally exact
QED PT. The bare potential includes the electric
potential of the atomic nucleus and some model
potential that is to be compensated for in all orders
of PT. The minimization of the gauge dependent
multielectron contribution of the lowest QED PT
corrections to the radiation widths of atomic lev-
els is proposed in [12] as “ab initio” optimization
principle.

Recent advancesin ultra-short laser technologies
have shown laser plasmas to be a favourable source
of quantum emission. In such extremely dense la-
ser plasmas an electronic temperature of T.=0,1-10
keVand a particle density of p,=10*'-10*cm~ can be
achieved. This suggests that the electronic structrue
of atoms in plasmas is larely perturbed by a strong
interactions with nearby charged particles. Recent
studying reports emission lines from several hydro-
gen-like atoms exhibiting a red spectral shift in the
range of 0,07-3,7 eV and significant line broaden-
ing [14-18]. So, the Debye shileding approximation
is to be used. In the Debye-Huckel theory of plas-
mas the interaction potential between two-charged
particles in plasmas is modelled by a Yukawa-type
potential [16]:

ZaZb

Vr,n)=

exp(—u|r,—r,|) (1)

a b |

where 1 ,r, represent respectively the spatial co-
ordinates of particles A and B and Z ,Z, define
the charges. The comparison of the Yukawa-type
potential with a Coulombic potential shows that
the effect of plasma is modelled by the shielding
parameter p that describes the shape of the long-
range potential. This shielding parameter is given
as a function of temperature T and the charge den-
sitynby u=(e’n/e,k,T)"*, where n is given as the
sum of the electron-density N, and the ion den-
sity N, of the k-th ion species having the nuclear

charge g, as n=N,+t Zq,fN « - Under typical laser
k

plasma conditions of T~ lkeV and n~10*2cm3,
the p patameter is of the order 0,1 in atomic uints.
This is our case. Since p patameter is scaled by the
square-root of the ratio n/T, both of a hot-dense
plasma and a low-density warm plasma cam be
characterized by p. By introducing the Yukawa-
type electronOnuclear attraction and electron-
electron repulsion potentials, the electronic Ham-
iltonian for an N-electron atom in a plasma is thus
given in atomic units as:
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In our calculations of different characteristics we
dealt with atoms and ions having one, two or three
quasi-particles (electron or vacancies) outside the
core of closed electron shells. For example, the ex-
cited states 1s*2s?2p°nl of the Ne-like ion is a two-
quasi-particle (2QP) state. It is usually accepted, as
the bare potential, a potential including the electric
nuclear potential V and some parameterized po-
tential V,, that imitates the interaction of closed-
shell electrons with quasi-particles. The parameters
of the model bare potential are chosen so as to gen-
erate accurate eigen-energies of all one-quasi-par-
ticle (1QP) states, i.e. 1s2s?2p°, 1s22s2p®, 1s?2s?2p°
states of the F-like ion and 1s?2s?2p°nl states of Na-
like ions, with the same nucleus. The individual
quasi-particle eigen-functions and eigen-energies
satisfy the one-quasi-particle Dirac equation with
model potential. Further, this potential is used as a
bare potential in the PT of states with any number
of quasi-particles outside the same core. To avoid
accounting for the 1QP effects twice we omit the
real parts of contributions of 1QP Feynman dia-
grams in orders of PT, thus the theoretical consist-
ence is preserved. The method provides the reliable
level structure in the zero-order PT at least for the
2QP and 3QP systems (c.f.[4,6,7,9]). In the second
order ofthe QED PT the energy shift is expressed in
terms of two-electron matrix elements [12]:

V(1,2;4,3) = \/(2j1 +D)QL+D)Q25+1)(2), +1)x

x(_l)jl+jz+j3+j4+m,+m2 %
XZ( 1){]1 ....... Js ...ﬂ}{jz ....... L...A}
m,. m3 :u mz-_m4A..‘u

(02" +0) (3)

Here Qf”' is corresponding to the matrix ele-
ments of the Coulomb-Yukawa-type interaction

and O;" - the Breit interaction part. To calculate all
necessary matrix elements one must use the basis’s
of the 1QP relativistic functions.. In ref. [12] it has
been proposed “ab initio” optimization principle
for construction of cited basis’s. The details of pro-
cedure can be found in [1,12].

When studying the Stark effect, electron-posi-
tron pair production in nuclear collisions and el-

ementary processes responsible for emission-lines
formation in plasmas, the energy approach has
been generalized to cover the problems of scatter-
ing theory (c.f. [1-3,8,12]). Here we briefly outline
the main idea using, as an example, the collisional
de-excitation of the Ne-like ion: ((2j,)'3j [/ M],
g,)—>(® ¢ ). Here @ is the state of the ion with
closed shells (ground state of the Ne-like ion); J; is
the total angular moment of the initial target state;
indices iv, ie are related to the initial states of vacan-
cy and electron; indices ¢, and ¢_ are the incident
and scattered energies, respectively to the incident
and scattered electrons. The initial state of system
“atom plus free electron” can be written as
|I>=a;2aaCDCJM 4

Here C,f/Z is the Clebsh-Gordan coefficient.
Final state is: | F >=a;®,, where D, is the state
of an ion with closed electron shells (ground state
of ne-like ion), |I> represents three-quasiparticle
(3QP) state , and |F> represents the one-quasip-
article (1QP) state. The justification of the energy
approach in the scattering problem is in details
described in refs. [1-3,8,12]. For the state (1) the
scattered part of energy shift /m AE appears first in
the second order of the atomic perturbation theory
(fourth order of the QED perturbation theory) in
the form of integral over the scattered electron en-

ergy g
Jdé‘ G(gzv’gze’gm’gsc)/(‘("sc gi —6. _8' —IO) (5)

with ImAE=nG(e, ,¢,,¢,,€,) - Here G is a definite
squired combination of the two-electron matrix
elements (2). The value c=-2 ImAE represents the
collisional cross-section if the incident electron
eigen-function is normalized by the unit flow con-
dition and the scattered electron eigen-function
is normalized by the energy & function. The col-
lisional strength Q(7 — F) is connected with the
collisional cross section ¢ by expression:

ol > F)=
=QU - F)-m /{2J,+ ¢, [(aZ) e, +2]} (6)

Here and below the Coulomb units are used; 1
C.u. =27,054Z2 eV, for energy; 1 C.u.~0,529-10%/Z
cm, for length; 1 C.u. ~2,419-10°7/7? sec for time.
The collisional de-excitation cross section is:

o(IK —>0)=27 Y (2j, +1)x
JinrJse
<{ D" <O JiysJic | Jiordisd: > B} (7)
Jie Jiv
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Here B/ is a real matrix of eigen-vectors coef-

ficients, which is obtained after diagonalization of
the secular energy matrix. The amplitude like com-
bination in (7) has the following form:

< O | jin’jsc | jie’jiv"]i >=
= @), + D@, + D12 xS (<1 x
A

x{0,, /(2J, +1)Q, (sc,ie;iv,in)+

N j,‘n"'jSC"'Ji Q (lelan SC)} 8
jie---jiv'n..j/ g T ( )

For the collisional excitations from the ground
state (inverse process) the analogous expressions
can be derived (c.f.[1,2]). The details of the whole
numerical procedure are in [1-5,12,15,19].

We applied our approach to estimate of the
electron collisional excitation cross-sections and
strengths for Ne-like ion of iron and compair the
obtained results with other calculation and ex-
periment. We do not present here the results of our
calculations of energy levels for Ne-like ions. The
practically coincide with the same results, present-
ed in [1,8]. There the one-electron basis of PT was
calibrated on experimental one-electron energies.
Her we use ab initio one-electron basis. The first or-

der PT correction is calculated exactly, the high-or-
der contributions are taken into account effectively:
polarization interaction of two above-core quasi-
particles and the effect of their mutual screening
(c.f.[12]). It should be noted that strong compensa-
tion of different PT terms is a characteristic feature
of the states with vacancies in the core. This is one
of the main reasons for the fact that the accuracy
of conventional a priori calculations of such states
does not always satisfy the requirements arising in
many applications. Comparison with experimental
energies (c.f.[1,2]) encourages us to believe in the
accuracy for highly excited states for which there is
no experimental information. Our results on elec-
tron collision strengths from the ground state for
Ne-like iron are presented in table 1. The whole ta-
ble of data will be published separately. Summation
over j,.jin (7) spreads over the range 1/2-23/2.
The convergence of this sum has been numerical-
ly investigated. It should be noted that the higher
partial-wave contribution is less than 0,8% for all
states considered. The incident electron energy is
E =1,0454keV. Our results are presented in two ap-
proximations: i) purely Coulomb approximation;
ii). the Debye shileding approximation. Analysis
shows that difference between dtata in both ap-
proximations can reach 5-15%.

Table 1

Electron-collision strengths for excitation from the ground state of Ne-like iron (E= 1,0454keV) in two
approximations: i) purely Coulomb approximation; ii). the Debye shileding approximation. The numbers in
brackets denote multiplicative powers of ten.

Tran-sition Level J Present theory (ii) Present theory (i)
1-2 2s 2p 0 1,125[-03] 1,022[-03]
3 2p,,3s,, 1 2,671[-03] 2,342[-03]
4 2p, ,3s,, 0 2,169[-04] 2,008[-04]
5 2p, ,3s,, 1 2,234[-03] 1,013[-03]
6 2p,,3p,, 1 2,831[-03] 23462-03]
7 P33P, 3 3,115[-03] 2,806[-03]
8 2p,,,3p,, 2 2,998[-03] 2,828[-03]
9 2p,,,3p,, 1 1,102[-03] 1,053[-03]
10 2p,,3p,, 2 2,659[-03] 2,332[-03]
11 2p,,3p,, 1 2,758[-03] 2,554[-03]
12 P, 3P, 0 1,171[-03] 1,104[-03]
13 P, ,3P; 2 1,239[-03] 1,158[-03]

It should be noted that the experimental infor-
mation about the electron-collisional cross-sec-
tions for high-charged Ne-like ions is very scarce
and is extracted from indirect observations. Our re-
sults are at the lower margin of experimental error
as the corresponding data (c.f.[1,2]). But one must
understand that extraction of the cross section from
the experiment is very complicated procedure. In
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any case we have physically reasonable agreement
between theory and experiment (see more detailed
comparison in [1-3]). It is important to note that
inclusion into consideration of Rydberg and au-
toionization Rydberg states of ions of the previous
ionization stage will definitely increase collisional
cross-sections. The method, which allows treat-
ment of these states on an equal basis with the ad-
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jacent continua has been elaborated in the scatter-
ing theory [1,2]. The numerical calculations on this
subject are in the progress.
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