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Summary

SENSING THE OPTIMAL PLASMA PARAMETERS FOR X-RAY LASING: CALCULAION OF
ELECTRON-COLLISION STRENGTHS FOR AR-LIKE PLASMA

A. V. Glushkov, E. P. Gurnitskaya, D. A. Korchevsky and A. V. Loboda

A new high-accuracy theoretical spectroscopy scheme is used for sensing the laser plasma
parameters. Within the uniform energy approach, it is carried out debye shileding approach cal-
culation of cross-sections of electron-collisional excitation for ions of Ba in Ar-plasma.
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tion cross-section
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JETEKTYBAHHS ONITUMAJBHUX ITAPAMETPIB IJIA3MMU J1JI PEAJI3ALIIT
JABEPHOI'O E®EKTY Y PEHTTEHIBCbKOMY JIAITA30OHI: PO3PAXYHOK CHJI
EJJEKTPOHHUX 3ITKHEHD JJISl AR-TIOJIIBHOT IJIA3MUA

O. B. I'nywxos, E. Il. I'ypuuyska, /1. O. Kopuescokuii, A. B. Jlodooa

HoBa TeopeTnuHa cxema BUKOPHCTAaHA Y 3314l IETCKTYBAHHS [TapaMeTPiB JIa3epHOI TIa3MH.
Briepinie oTpuMaHi aHi Ipo Mepepi3n eJIeKTPOHHOT O 30y IKEHHS 3a PaXyHOK 31TKHEHb JIJISI 10HIB
Ba B aproHoBiii riiazMi 3 BUKOPUCTAHHSIM HAOJIMKEHHS 160a€BCBHOTO eKPaHIOBAHHS.

Kuro4oBi cioBa: 1eTeKTyBaHHS MMapaMeTpiB IUTa3MH, HAOMMKEHHS 1e0a€BCHHOTO €KpaHIO-
BaHHS , TIepepi3 30y/UKEHHs 32 PaXyHOK €JIEKTPOHHHX 31TKHEHb
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JETEKTUPOBAHUME OIITUMAJIBHBIX TIAPAMETPOB I1JIA3MBI V11 PEAJIN3ALINN
JABEPHOTI'O D®®EKTA B PEHTTEHOBCKOM AUAITA3OHE: PACHET CHNJI
SJIEKTPOHHBIX CTOJKHOBEHUI JIJI AR-ITIOJOBHOM TTIJIA3MBI

A. B. I'nywixos, E. I1. I'ypuuukas, /]. A. Kopuesckuit, A. B. Jlo6ooa

HogBasg Teopernueckasi cxeMa UCIOJIb30BAHA B 3a/1a4€ IETEKTUPOBAHUS U JUATHOCTUKU Mapa-
METPOB JIA3€PHOU ITa3Mbl. BriepBbI€ MOIYyUYEHbI JAHHBIE O CEUYECHUIX 3JIEKTPOHHO-CTOJIKHOBU-
TEIIbHOTO BO30YXIeHUS I MOHOB Ba B aproHOBOM M1a3Me ¢ UCIIOJIb30BaHUEM TTPUOITHKEHUS

J1e0aeBCKOr0 3KPAHUPOBAHUS.

KiroueBrbie ciioBa: ACTCKTUPOBAHUC ITapaMETPOB IJIa3MBbI, HpI/I6J'II/I}KCHI/I€ Z[C6aCBCKOFO SKpa-
HUPOBaHUA, CCUCHUC 3JICKTPOH-CTOJIKHOBUTCIBHOI'O BO36y>KZ[CHI/I$I.

The properties of laser-produced hot and
dense plasmas, known as laser plasma, have
drawn considerable attention ove the last two
decades through the recent laser-fusion studies [1-
14]. Similar interest is also stimulated by impor-
tance of this information for correct determina-
tion of the characteristics for plasma in thermo-
nuclear (tokamak) reactors, searching new medi-
ums for X-ray range lasers. The X-ray laser prob-
lem has stimulated a great number of papers de-
voting to development of theoretical methods for
the modelling the elementary processes in a colli-
sionally pumped plasma. In ref. [10-14] two new
consistent relativistic and QED versions for cal-
culations of the spectroscopic characteristics of
the multicharged ions in plasma have been devel-
oped. Th this paper we use them for sensing and
diagnostics of the laser plasma parameters, i.c.
within the uniform energy approach we have de-
fined the cross-sections of electron-collisional ex-
citation for ion of Ba in Ar-plasma. The key
momet of present calculation is the using the De-
bye shielding approximation. It is a main differ-
ence from the analogous calculation for Ne-like
[11-13] and Ar-like [17] ions. Recent advances in
ultra-short laser technologies have shown laser
plasmas tyo be a favourable source of quantum
emission. In such extremely dense laser plasmas
an electronic temperature of T =0,1-10 keV and a
particle density of r =10°'-10cm™ can be
achieved. This suggests that the electronic struc-
true of atoms in plasmas is larely perturbed by a
strong interactions with nearby charged particles.
Recent studies report emission lines from several
hydrogen-like atoms exhibiting a red spectral
shift in the range of 0,07-3,7 eV and significant
line broadening [3].

Let us present the key moments of the new

consistent perturbation theory (PT) version for
calculation of the electron collision strengths and
rate coefficients of electron-collisional excitation
for ions in a plasma [12-14]. It bases on the gauge
invariant QED energy approach to construsction
of the relativictic functions basis’s [15,16] and us-
ing the Green’s function method for accounting
of the complex exchange-correlation, radiation
and others corrections. Within the Gell-Mann
and Low approach with the QED scattering ma-
trix (c.f.[9,10,14]) the secular matrix elements are
already complex in the second order of the pertur-
bation theory (PT). The imaginary parts are con-
nected with the radiation decay (radiation) possi-
bility. The total energy shift of the state is usually
presented in the form: DE = ReDE + i ImDE, Im
DE = -G/2, where G is interpreted as the level
width, and the decay possibility P = G. The whole
calculation of the energies and decay probabilities
of a non-degenerate excited state is reduced to
calculation and diagonalization of the complex
matrix M. Usually one uses for this purpose a
one-electron Hamiltonian with a central potential
that can be treated as a bare potential in the for-
mally 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. There are many well-
known attempts to find the more fundamental
optimization principles for the bare one-electron
Hamiltonian. The minimization of the gauge de-
pendent multielectron contribution of the lowest
QED PT corrections to the radiation widths of
atomic levels is proposed in [14] as “ab initio” op-
timization principle (see below). In our calcula-
tions of different characteristics we dealt with at-
oms and ions having one, two or three quasi-par-
ticles (electron or vacancies) outside the core of
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closed electron shells. For example, the excited
states {Ne]3s?3p°nl of the Ar-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 parameter-
ized potential V , that imitates the interaction of
closed-shell electrons with quasi-particles. The
parameters of the model bare potential are chosen
so as to generate accurate eigen-energies of all
one-quasi-particle (1QP) states, i.e. 3s3p°, 3s*3p°
states of the Cl-like ion and 3s*3p°nl states of K-
like ions, with the same nucleus. Usually the ex-
perimental one-quasi-particle energies are used
for determination of parameters of the model po-
tential (c.f.[8-10,15,16]).

In the Debye-Huckel theory of plasmas the in-
teraction potential between two-charged particles
in plasmas is modelled by a Yukawa-type poten-
tial [3]:

Z,7
V(r,n)=—"=

|, =1 |

exp(=u|7, =7 ) (1)
where r_,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 m that describes the shape
of the long-range potential. This shielding pa-
rameter is given as a function of temperature T
and the charge density n by u=(e’n/e k,T)"*,

where n is given as the sum of the electron-densi-
ty N, and the ion density N, of the k-th ion spe-
cies having the nuclear charge ¢, as

n=N + zq,ka . Under typical laser plasma con-

ditions‘of T~ 1keV and n~10?’cm-3, the m
patameter is of the oreder0,1 in atomic uinit.
This is our case. Since m patameter is scaled by
the square-root of the ratio n/7, both of a hot-
dense plasma and a low-density warm plasma
cam be characterized by m. By introducing the
Yukawa-type electronOnuclear attraction and
electron-electron repulsion potentials, the elec-
tronic Hamiltonian for an N-electron atom in a
plasma is thus given in atomic units as (c.f.[3]):

H=z<acpi—ﬁc2>—z|ff|
+Z

l>]

exp(=4 |7 )+
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In the PT second order the energy shift is ex-
pressed in terms of two-electron matrix elements:

V(1,2:4,3) = (2, + D2, + D25 D2, +1) %

X(_l)jl +iat 3t jatmtm, X

| i Tz A || Jaeeeeefigen A
XZ( 1) [’% o }[mz.—mz“..,u}x
. (3)
X(07" +07)

Here Q2", @ are corresponding to the Cou-
lomb and Breit inter-electron interaction, which
expresses through the radial integrals of the Cou-
lomb (Yukawa) inter-electron interaction [11,13].
To calculate all necessary matrix elements one
must use the basis’s of the 1QP relativistic func-
tions. In many calculations of characteristics of
the atomic elementary processes it has been
shown that adequate description of these charac-
teristics requires using the optimized basis’s of
wave functions. In ref. [15] it has been proposed
“ab initio” optimization principle for construc-
tion of cited basis’s. There is used the minimiza-
tion of the gauge dependent multielectron contri-
bution of the lowest QED PT corrections to the
radiation widths of atomic levels. The details of
procedure can be found in [15]. Here we briefly
describe the key moments. In the fourth order of
QED PT there appear diagrams, whose contribu-
tion into the ImdE accounts for the core polariza-
tion effects (polarization of the closed shell core
by the quasi-particle). This contribution describes
collective effects and it is dependent upon the
electromagnetic potentials gauge (the gauge non-
invariant contribution). Let us examine the multi-
electron atom with 1QP in the first excited state,
connected with the ground state by the radiation
transition. In the zeroth order of QED PT we use
the one-electron bare potential V' (r) + V (r). The
core potential V' (r) is related to the core electron
density r(r) in a standard way [15,16]. Moreover,
all the results of the approximate calculations are
the functionals of the density r.(r). The minimiza-
tion of the density functlonal Im DE  leads to
the integral differential equation for the r that is
numerically solved. In result one can get the opti-
mal one-electron basis of PT. Below we first use
such a basis in calculation of the electron-colli-
sion cross-sections and strengths. Further we
briefly discuss the energy approach in scattering
theory 11,12] and give main formulas. We briefly
outline the main idea using, as an example, the
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collisional de-excitation of the Ar-like ion:
((3j,)'4j [IM], e )—>(F e ). Here F is the
state of the ion with closed shells (ground state of
the Ar-like ion); J, is the total angular moment of
the initial target state; indices iv, ie are related to
the initial states of vacancy and electron; indices
e, and e_are the incident and scattered energies,

respectlvely to the incident and scattered elec-
trons. It is convenient to use the second quantiza-
tion representation. In particular, the initial state
of the system “atom plus free electron” can be
written as

|] >= azn Z alealv(boci A;[n (4)

Ji M,
Here C;;

" 1s the Clebsh-Gordan coefficient.
Final state is: | F >=a,®_ , where ®_ is the state
of an ion with closed electron shells (ground state
of Ar-like ion), |I> represents three-quasiparticle
(3QP) state , and |F> represents the one-quasipar-
ticle (1QP) state. For the state (1) the scattered
part of energy shift /m DE appears first in the PT
second order in the form of integral over the scat-

tered electron energy € :

[de.Gee, (e, ~€,—&.~€,-i0)  (5)

v ze’ m’

with ImDE=pG(g, ,¢€,,.€,,,€,.) (6)

Here G is a definite squired combination of the
two-electron matrix elements (2). The value
s=-2 ImDE represents the collisional cross-section
if the incident electron eigen-function is normal-
ized by the unit flow condition and the scattered
electron eigen-function is normalized by the ener-
gy d function. The collisional strength Q(/ — F)
is connected with the collisional cross section s by
expression (c.f. [10,11]):

QI—->F)rm

e e ezye, vy

Here and below the Coulomb units are used; 1
C.u.=27,054Z2¢V, for energy; 1 C.u.=0,529-10%/Z
cm, for length; 1 C.u. =2,419-10°'7/72 sec for time.
The collisional de-excitation cross section is:

o(IK »0)=27m Y (2j, +1)x
JinsJse

X{Z<O|jin’jsc |jie’.jzv"] >BliKtv} (8)

Jie. Jiv

Here By, is a real matrix of eigen-vectors co-

efficients, which is obtained after diagonalization

of the secular energy matrix. The amplitude like
combination in (8) has the following form:

< 0 | .jitl’.jsf | jie’jiv"]i >= \/(z.iie +1)(2]1v +1) X
X(_l)j,z+1/2 X 2(_1)1+Jl %
A
X{0, , /(2J, +1)Q, (sc,ie;iv,in) +

+[’.’" P }Ql Gesimivse)} )
JieeJipeeneie
In (9) values Q" and Q" are defined in ref.
[11]. For the collisional excitations from ground
state (inverse process) one must consider a, @, as
the initial state and
~J s
|F >=a sc 2 afe qu)ocm, g, (10)

M fe>M fy

as a final state. The cross-section is as follows:

(0> [F)=2m(2J, +1) D, (2, +1)-

JinsJse
1 2 B;Z,(fv

<Jpsdpdy | Jins Jse |0>}2 (11)
Jfe J o
The different normalization conditions are used
for the incident and for the scattered electron wave
functions. Upon the normalization multipliers one
gets symmetrical expressions for the excitation and
de-excitation, saving the weight multiplier (2J+1)
in (11). The expression for the cross-section of the
collisional excited-excited /K-IF transition can be
found in [13]. The details of the whole numerical
procedure of calculation of the collisional cross-
section and strength can be found in [11-17]. It is
worthwhile to indicate that the energy approach
with using the optimal one-electron basis of PT
first is used by us for description of elementary
electron processes in collisionally pumped plasma.
We applied our approach to estimate of the elec-
tron collisional excitation cross-sections, strengths
of the electron-collisional excitation for some Ar-
like ions. To test our theory we earlier [12] com-
pared our calculations results on collisional cross-
sections for Ne-like iron with known calculations.
Comparison with experimental energies encourag-
es us to believe in the accuracy for highly excited
states for which there is no experimental informa-
tion. Our results on electron collision strengths
from the ground state for Ar -like barium are pre-
sented in table 1 for two approximations: i). the
Coulombic-type ( C) potentials approximation; ii).
the Yukawa-type (Yu) potentials one (1).
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Table 1

Calculated electron-collisional excitation cross-

sections (s ) for Ar-like barium for two valugs of
incident electron energy 5,8keV (Units are 10 cm).

2

Level E.=5.8keV E, =58 keV
J (C) Yuw)
Sum (J=0) 3,59 3,20
3p3/23d5/2 1 4,28 3,81
3p1/23d3/2 1 2,75 2,48

As the analysis of calculation cross-sections
for different levels of the Ba ion shown , the dif-
ference between results of calculations with using
the Coulombic-type and Yukawa-type potentials
reaches ~ 5-15%, that is an evidence of the inpor-
tance the shielding effects in hot laser plasma for
X-ray lasing. The experimental information
about the electron-collisional cross-sections for
high-charged Ar-like ions is absent, so our results
can be considered as first ones.
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