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Abstract

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

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

A new advanved high-accuracy theoretical spectroscopy scheme is used for sensing the opti-
mal collisionally pumped plasma parameters of X-ray lasing. Within the uniform energy ap-
proach, it is carried out calculation of electron collision strengths and cross-sections of electron-
collisional excitation for ions of Ba in Ar-plasma.
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Pesrome

JETEKTYBAHHS ONITUMAJBHUX ITAPAMETPIB IJIA3MMU JIJI PEAJI3ALIIT
JABEPHOI'O E®EKTY Y PEHTTEHIBCbKOMY JIAITA30OHI: PO3PAXYHOK CHJI
EJJEKTPOHHUX 3ITKHEHD J1JI1 AR-TTIOJIIBHOT IJIA3MUA

E. II. I'ypuuyska, /1. O. Kopuescokuii, A. B. Jlo6ooa

HoBa BHCOKOTOYHA TEOpETUYHA CXeMa BUKOPUCTAHA y 3aJaui IETEKTYBaHHS ONTHMAaIbHUX
ImapaMeTpiB KOJI31HHO HAKaYyeMOI IJIa3MH IS J1a3epHOTO epeKTy Y PEHTTeHIBChKOMY JiaIa3o-
Hi. Bniepiie oTpuMani gaHi Ipo CUJIN €JISKTPOHHUX 31TKHEHb, IIEPEPI3H €IIEKTPOHHOTO 30y IKCH-
Hsl 32 PaxXyHOK 3iTKHEHb ISl i0HIB Ba B aproHoBiii mia3mi.

KurouoBi ciioBa: iIeTeKTyBaHHS MapaMeTpiB TJIa3MU, JIa3epHUH e(DeKT y peHTTeHIBCbKOMY Jia-
Ma30Hi, mepepi3 30yHKEHHS 3a PAXyHOK €JIeKTPOHHUX 3ITKHEHb
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Pe3rome

JETEKTUPOBAHUME OIITUMAJIBHBIX TIAPAMETPOB I1JIA3MBI V11 PEAJIN3ALINN
JABEPHOTI'O D®®EKTA B PEHTTEHOBCKOM JAUAITA3OHE: PACHET CHNJI
DJIEKTPOHHBIX CTOJKHOBEHUI JIJIA AR-ITOJOBHOM ITTIJIA3MBI

E. II. I'ypuuukas, /. A. Kopuesckuii, A. B. Jlo6ooa

Hosas BeicOkoTOUHAS TEOPECTUUCCKAA CXEMaA UCITIOJIb30BaHA B 3aa4€ JETCKTUPOBAHUA U U~
ATHOCTHUKU IapaME€TpOB CTOKHOBHUTECIBHO HaKayMBaeMOM MjIa3Mbl M ITOMCKE ONTUMAJIbHBIX
MJIa3MEHHBIX TTapaMeTPOB JUIS Jla3epHOro 3pdexTa B peHTIeHOBCKOM JHara3oHe. BriepBbie 1o-
JIYYCHBI JAaHHBIC O CHUJIaX JJICKTPOHHBIX CTOHKHOBCHI/Iﬁ, CCUCHUSAX SJICKTPOHHO-CTOJIKHOBUTECIIb-
HOT'O BO30Y>KJIeHUs 17151 HOHOB Ba B aproHoBoii rasme.

KuroueBble ciioBa:IeTeKTUPOBAHUE MapaMeTPOB IJIa3Mbl, Ja3epHBINH 3(PPEeKT B pEHTreHO-
BCKOM JIMATa3oHe, CeYeHHUE IEKTPOH-CTOJIKHOBHUTEIIHHOTO BO30YK/ICHUSI.

In last years it is of a great interest the experimen-
tal and theoretical studies concerning sensing and
diagnostics of the parameters of collisionally
pumped plasma and search of the optimal plasma
parameters for lasing (c.f. [1-14]). Similar interest is
also stimulated by importance of this information
for correct determination of the characteristics for
plasma in thermonuclear (tokamak) reactors, search-
ing new mediums for X-ray range lasers. The X-ray
laser problem has stimulated a great number of pa-
pers devoting to development of theoretical methods
for the modelling the elementary processes in a col-
lisionally pumped plasma. There is a hope to find
lasing effects on the transitions in the Ne-, Cl-, Ar-,
Ni-like plasma. In ref. [10-14] two new consistent
relativistic and QED versions for calculations of the
spectroscopic characteristics of the multicharged
ions in plasma have been developed. Ih this paper we
use them for sensing and diagnostics the parameters
of collisionally pumped plasma and search of the
optimal plasma parameters of X-ray lasing, in par-
ticular, within the uniform energy approach we have
defined the electron collision strengths and cross-
sections of electron-collisional excitation for ions of
Ba in Ar-plasma.

Let us present the key moments of the new con-
sistent perturbation theory (PT) version for calcula-
tion of the electron collision strengths and rate coef-
ficients of electron-collisional excitation for ions in
a plasma [12-14]. It bases on the gauge invariant
QED energy approach to construsction of the relat-
ifictic functions basis’s [15,16] and using the
Green’s function method for accounting of the com-
plex exchange-correlation, radiation and others cor-
rections. Our version allows to take into account the
QED, radiative effects (c.f.[17]). Let us also note
that, for example, methods [2,3,7,8] do not allow to

account in the entire degree the correlation effects
and the QED effects.

In the theory of the non-relativistic atom a con-
venient field procedure is known for calculating the
energy shifts AE of degenerate states. This proce-
dure is connected with the secular matrix M diago-
nalization. In constructing M, the Gell-Mann and
Low adiabatic formula for AF is used. A similar ap-
proach, using the Gell-Mann and Low formula with
the QED scattering matrix, is applicable in the rela-
tivistic atom theory (c.f.[9-12]). In contrast to the
non-relativistic case, the secular matrix elements are
already complex in the second order of the perturba-
tion theory (PT) (first order of the inter-electron in-
teraction). Their imaginary parts are connected with
the radiation decay (radiation) possibility. The total
energy shift of the state is usually presented in the
form:

AE=ReAE+iImAE ImAE=-T/2 (1)

where I is interpreted as the level width, and the de-
cay possibility P = I'. The whole calculation of the
energies and decay probabilities of a non-degenerate
excited state is reduced to calculation and diagonali-
zation 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 Hamiltonian with a cen-
tral potential that can be treated as a bare potential in
the formally exact QED PT. The bare potential in-
cludes 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 or
(what is the same) for the basis of one-electron func-
tions which represents such a Hamiltonian. The min-
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imization of the gauge dependent multielectron con-
tribution of the lowest QED PT corrections to the
radiation widths of atomic levels is proposed in [15]
as “ab initio” optimization principle (see below). 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 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 nu-
clear potential V and some parameterized potential
V.., that imitates the interaction of closed-shell elec-
trons with quasi-particles. The parameters of the
model bare potential are chosen so as to generate ac-
curate eigen-energies of all one-quasi-particle (1QP)
states, i.e. 3s3p°, 3s?3p’ states of the Cl-like ion and
3s23p°nl states of K-like ions, with the same nucleus.
Usually the experimental one-quasi-particle ener-
gies are used for determination of parameters of the
model potential (c.f.[8-10,15,16]). In the second or-
der of the QED PT the energy shift is expressed in
terms of two-electron matrix elements

V(1,2;4,3) = (2, + (2, + D2, +1)(2j, +1D) x

x(_l)/] +jat st tmy X

XZ(—l)”[jl ....... j3...l]|:j2 ....... j4...l]x
A.u m.—m; U my.—m,..U (2)
(0P +011)

Here Q" is corresponding to the Coulomb inter-
electron interaction:

2 ={R, (1243)S, (1243)+

+R, (1243) S, (1243)+ R, (1243)5, (1243) )

+R, (1383)s, (1333))
where RA(1,2;4,3) is the radial integral of the Cou-
lomb inter-electron interaction with large radial
components; the tilde denotes a small component; S
is the angular multiplier (see expressions in
ref.[11,12]). Expession for the Breit inter- electron
interaction part is simnmilar to (3) and presented
also in ref.[11,12].

To calculate all necessary matrix elements one
must use the basis’s of the 1QP relativistic functions.
In many calculations of characteristics of the atomic
elementary processes it has been shown that ade-
quate description of these characteristics requires
using the optimized basis’s of wave functions. In ref.
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[15] it has been proposed “ab initio” optimization
principle for construction of cited basis’s. There is
used the minimization of the gauge dependent multi-
electron contribution of the lowest QED PT correc-
tions 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 ImJE accounts for the core polarization
effects (polarization of the closed shell core by the
quasi-particle). This contribution describes collec-
tive effects and it is dependent upon the electromag-
netic potentials gauge (the gauge non-invariant con-
tribution). 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 ¥ (r) + V(r) . The core potential V() is
related to the core electron density p (r) in a stand-
ard way [15,16]. Moreover, all the results of the ap-
proximate calculations are the functionals of the
density p (7). The minimization of the density func-
tional Im AE  leads to the integral differential equa-
tion for the p , that is numerically solved. In result
one can get the optimal one-electron basis of PT.
Below we first use such a basis in calculation of the
electron-collision cross-sections and strengths. Fur-
ther we briefly discuss the energy approach in scat-
tering theory 11,12] and give main formulas. We
briefly outline the main idea using, as an example,
the collisional de-excitation of the Ar-like ion:
((3j.)'4j [IM], & )—>(@ & ). Here @ 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 tar-
get state; indices 7v, ie are related to the initial states
of vacancy and electron; indices €, and €  are the in-
cident and scattered energies, respectively to the in-
cident and scattered electrons. Further it is conven-
ient to use the second quantization representation. In
particular, the initial state of the system “atom plus
free electron” can be written as
+ + J:\M;
| >=a, m% aieaivq)acm,t,,mw (4)

iv>Mie

Here C7*"' is the Clebsh-Gordan coefficient. Fi-

mlt’ ‘mIV

nal state is:
|F>=a ®,. %)

where @, is the state of an ion with closed electron
shells (ground state of ne-like ion), |[/> represents
three-quasiparticle (3QP) state , and |F> represents
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the one-quasiparticle (1QP) state. 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 energy
€ :

sc

J.dgsc G(giv > gie > gin > gsc ) /(gsc - giv - gie - gin - 10) (5)

with IMAE=Tt G(€, €, €, ,€..) (6)

Here G is a definite squired combination of the
two-electron matrix elements (2). The value 6=-2
ImAE represents the collisional cross-section if the
incident electron eigen-function is normalized by
the unit flow condition and the scattered electron ei-
gen-function is normalized by the energy o function.

The collisional strength Q(/ — F') is connected
with the collisional cross section ¢ by expression

(c.f.[10,11]):
o(l—->F)=
=Q( = F)-n/{2J, + e, [(@z)e, +2]y 7
Here and below the Coulomb units are used; 1
C.u. =27,05472 eV, for energy; 1 C.u.=0,529-10%/Z

cm, for length; 1 C.u. =2,419-10"'7/Z* sec for time.
The collisional de-excitation cross section is:

(K »0)=27m Y (2j, +Dx
Jin>Jse
X{Z<O|jin’jsc |jie’.jiv"]i >Bi121,<iv}2 (8)

Jie. Jiv

IK . . .
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 (8) has the following form:

< 0 | jin’jsc | jie’jiv"]i >=
=2, + D2, + DD (1) x
A
><{5M‘ 12J, +1)Q, (sc,ie;iv,in) +

I A )

:|QA (ieyinsiv,sc)} 9)

In (15) values Q2" and Q7 are defined by the
expressions (3) and (5). For the collisional excita-
tions from the ground state (inverse process) one
must consider a, @, as the initial state and

_ + ~J My
|F>_a5c z ajéaﬁ)q)ocmh),mfv

(10)

MiesMf

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

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

{ 2 B;‘Z(ﬁ; < .jfe’jfv‘]f | jin ’jsc | 0 >}2

Jfe,J o

(1

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 col-
lisional excited-excited /K-/F transition can be
found in [12]. The details of the whole numerical
procedure of calculation of the collisional cross-sec-
tion and strength can be found in [11-17]. It is worth-
while 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 ap-
proach to estimate of the electron collisional excita-
tion cross-sections, strengths of the electron-colli-
sional excitation for some Ar-like ions. To test our
theory we earlier [12] compared our calculations re-
sults on collisional cross-sections for Ne-like iron
with known calculations. Comparison with experi-
mental energies encourages us to believe in the accu-
racy for highly excited states for which there is no
experimental information. Our results on electron
collision strengths from the ground state for some Ar
-like ions are presented in table 1.

Summation over j, ,j in (11) spreads over the
range 1/2-23/2. The convergence of this sum has
been numerically investigated. It should be noted
that the higher partial-wave contribution is less than
0,8% for all states considered. The experimental in-
formation about the electron-collisional cross-sec-
tions for high-charged Ar-like ions is absent, so our
results can be considered as first ones. In table 1 we
present measured electron-collisional excitation
cross-sections ¢ for Ar-like barium for two values of
incident electron energy. The next step in order to
make sensing the parameters of collisionally
pumped plasma and search of the optimal plasma
parameters of X-ray lasing includes the kinetics cal-
culation (c.f.[12]0 to determine level populations,
inversions, line intensities and gain coefficients etc.
at definite plasma parameters and will be considered
in a separated paper.

Acnowledgement. Authors are very thankful to
Prof.A.Glushkov for problem training, useful advic-
es and many critical comments.
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Table 1

Calculated electron-collisional excitation cross-sections (6 ) for Ar-like barium for two values of incident electron

energy 5,8keV and 9,5keV (Units are 10*'cm?).

Level J E =58 keV Level J E =9,5 keV
Sum (J=0) 3,59 Sum (J=0) 2,79
3p323dsp 1 4,28 3p323dsp 1 3,96
3p123dspn 1 2,75 3p123dap 1 2,58
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