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ABSTRACT

Energy level populations and spectral line intensities in plasmas are studied using an
advanced uniform approach for the calculation of ion energy levels and elementary processes
rate coefficients iii plasmas. The spectrum of Ne-like argon for the uniform steady-state
plasma is calculated for a wide variation of electron temperature and density. Hence the
most efficient lasiiig at 5 3p-3s transitions with wavelengths 697.6, 860.6, 727.5, 725.7,
670.7 A ShOUld be expected at 10's rz . 1020 cIu_3 and Te 60 eV. It is shown that
at electron densities of 101 5 <: 102 1 cm ratios of the strongest 3p-3s line intensities
are sensitive to electron density; their dependence on electron temperature is mudi less
l)r1I )UflCed.

1. INTRODUCTION

A significant objective iii the development of XUV lasers is to optimize plasma pa-
rameters in order to obtain a high effiieiicy device with small energy consmllpti( )n. Ex-
permients are alnie(l to search for plasiiias comlitions where lasing will be more efficient.
:Ii.i laser pr(l11(e(l l)lasnIas 2 laser huie iiiteiisities are studied with respect to distaiice
from the target, irradiation power, etc. Two problems should be solved to facilitate this
research: 1 ) accurate theoretical pre(1cti()11s of plasiiia parameters for the lasiiig effect tobe
the iiiost eth(i(1It 2) l)IaslItas diagnostics. For iiiaiiy years these problems have 1)eeIl luI(ler
thorough cuiisideratioii in connection with other applications. Nevertheless there are still
large (liserepaneirs iii line intensity calculations by different theoretical approaches. These
(liscrepa1Icie are caused iiiaiii.ly by uiicert.ainties for eleiiieiitary processes rate coefficients
calculations. Therefore, coiuprrlieiisive analysis for all rate coefficients as well as reasons
for possil )lc' ilisagreeuteiits 1)etwecll results of (liflerelit theories should be provided. It. is
the purpose of our present research to investigate line intensities for Ne-like awl Ni-like
ions in plasnias using the energy approach ni the theory of decaying atomic states l)ased
on consistent QED theory. Recently argon plasma was proposed as a possibility for ASE
observation. A low temperature capillary discharge cali serve as the plasma source for Ne-
like argon generation '. Our prehuiuiiary calculations pomted at sonie 3p-3s transitions
as proiiusiiig f r a laser etlect arising froiti colhsi( )lIaUv pumped Ne-like argoii5.

2. LEVEL POPULATION CALCULATIONS

Here a Ne—like aroI1 I asiiia is considere(1 which is assiunei to be tutiforin and steady—
state. Thus for kinetics calculations one iieeds just rate coefficieut.s for Ne-like argoii
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electron collision excitations and radiative decay probabilities for this ion. The first 37
levels are included in the kinetics. Collisional excitations are accounted for just from the
ground state. hi this preliniinary calculation we ignore the collisional mixing of Ne-like
argon excited states since we have showii that this approximation is valid for elect.roix
densities in the range zz iO7 . The collisional niix.ing of excited states becomes essential
at n '— 1019 and will be accounted for iii our forthcoiuing calculations. The ions of
adjacent states of ionization are not included in the kinetics. Such a simplified kinetics
consideration allows one to clarify the dependence of the key features of line inteiisities on
plasma parameters. It is also a convenient way to compare different theoretical results for
line intensities.

We have analyzed in detail the radiative decay probabilities for the Ne-like Se-
queiice by comparing tlieni with other theorical calculations and with experiments. hi
Table 1 the energy levels and radiative characteristics for Ne-like argon e given. Levels
numbering and state specifications are given in the first two colunms. Our theoretical en-
ergy levels are J)resented in the 4th colunui. These energy level positions were calculated
with a method that accounts for higher order perturbation theory corrections '. hi the
3rd column the experimental energy levels are listed . The comparison shows agreement
iii limits of a few hundred cm •' for all states with the exception of the 15th azid the
27th states. The 5th coliuiin gives the raliative decay probabilities into the ground state
3p61S(, for each state. The 3-d aiid 5-tb levels can serve as low active levels since their
decay into the ground state are rapid enough to provide inversion populations of 2p53p
levels. Th 6th cohuini gives the lifetime characteristics for each level. The 7th colu.m.u
lists the doiiiiiiatiiig decay chiaiuiel among all possible 3-3 or 2-2 transitions; i.e. the order
iiumber of lower lying state into which the transition probability is of the largest value.
h the 8th colunui the branch coefficient for the dominating decay channel is given. It
shows the percentage of the level population decaying into the dominating channel. The
9tl ColUflhli gives the wavelength for the doniiiiatiug transition. This consideration gives
us a quick iiiethod of evaluating laser possibilities for different levels. We consider here the
simple kinetics for lasiiig effect evaluation.

hi our recent paper we calculated electron collision strengths and rate coefficients
for Ne-like argon and iron. It is shown that collisional rate coefficients are close to their
maxima at electron temperature O.3OEthreho1d for FeXVII and at 'S— O.l5Ethreshojd for
ArXI. Electroii collision rate coefficients for argon are — 2 times larger than for iron. In
our model the population of j-th level is determined by

N Azj
(1)-

, .4 ' fltC1...g7.

where is collisional excitation rate coefficient,

is collisional (leexcitation rate coefficient,

4, is radiative transition pr(ihal)ihity
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gr designates the ground Su state.

For two huiiit values of electron density one has:

If n K then N 's— fleNgrC,y.j
(2)

i<j 3—,g.,. __dt<3 JL

Ce.If e ' cX then N '— Ngr ' ezp
E / kT

(3)
j—gr

Fractioual level populations were calculated for 12 values of electron density 10'
e < 1022cm and for 6 values of electron temperature Te 30,45,60,75,90,120 eV.
The fractional level Populations as functions on electron density for 6 energy levels of Ne-
like argon are showii at Figure 1 (a,b). Figure 1 (a,b) correspond to 2 values of electron
temperature Te z 45 Uid 75 eV as exaiiiples. The conclusion is that at iy temperature
level populations as functions of electron (lelisity e straight parallel curves proportional
to fl ifl accordance with Eq.(2) until ne . 1016 . At larger n, values, mutual positions of
level population curves are changing. Two lowest curves in Figures la,lb show fractional
level population for 3rd and 5th 2p538 [J_1] levels which are low active levels. The group
of 2p53p levels has very close populations shown at Figure 1 (a,b) with triple curve. The
highest 2p53p level with J=O has the largest level population value until electron density
lZe '' 1019 czn . At this electron density the plateau condition is met (see eq.( 3)); since for
this level the ratio C,gi./Cr,j S almost 2 orders larger than for others levels of 2p53p
configuration. For these levels the plateau conditions are met at e 1020 Ciii3.

Note that at electron densities n 1021 cm the inversion population disapears.
These conclusions are valid for any electron temperature. It is quite clear that the optimal
electron densities are in the range 1019 , 1020cm3 for the lasizig effect to be most
efficient.

The maxiiiia of fractional level populations increase with electron temperature (see
Fig.1 a,b) aniou.uting - 0.01 at Te 120 tV. However at a higher temperature the inversion
effect becomes less prouounce(I

The searching for optimal plasma conditions for lasing are typically based on ionization
balance calculations. Presently accurate calculations for ionization balance ni plasmas are
practically iiiipossihle because of great inmiber of rate constaiits of elementary prCeSSeS
in plasmas. Most of these constants are known with a large uncertainty. Amtlier prubleiii
is concerned with a possibility of iion-NlaxwelEaii electron distribution in deiis plasiiias.
There is still less studied but very important effect of ions electron shell polarisatioii l)y
plasma electrons. The problem is that any kind of elementary Irocess with ions in plasmas
occurs iii the close presence (if plasmas electrons, the so called 'electron-spect.acuIar".
Plasma "electroiis-spectaculars" decrease effectively all threshold energies for collisional
processes with increasing rate C( instants; they could also lea(l to line broadening.
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Typically the evaluation of electron temperature needed to produce a high fraction
of definite ions iii a plasma is based on experimental results. For moderate Z-values an
electron teuiperatu.re of 0.25 of the iouization potential of the parent ion is enough to
produce an abinidanee of ions with multiplicity larger by one unit . For arg 11 this number
is even smaller. We believe that the Ne-like argon ionization stage is the itiost abundaiit
at the range 30 T : 75 eV. At higher electron temperatures the ionization equilibrium
shifts to F-like ion production. This result was demonstrated by experiments4.

To obtain accurate values for gain coefficients for a Ne-like aigon plasma we need to
refine our kinetics calculation

1 ) to include electron collision trallsiti( )nS between all excited levels;

2) to investigate the influence of 'electrous-spectaclu.lars" in quasi- bound states on col-
lisional rate coefficients calculatioiis in Ne-like ions; to analyze optimal temperature
changes, if this effect is accomited for;

3) to include the states of ions of adjacent ionization stages;

4) to evaluate linr broadening due to all COII1S1OflS and Doppler effect;

5) fr a definite plasma geometry accouiit for:

a) the photon escape factor;

b ) the self trappixig (reabsorption) effect for traiisitions from low active levels to the
ground state.

This investigations are now in progress.

However, our present niodel allows one to draw qualitative conclusions about lasiug
possibihes for definite liuies in a Ne-like argon plasma . According to the generally used
expression in a coiiisionally pumped scheme, gain is

AA N1c=K*(—)*(N--g—) (4)
T,

That is valid if the broadening of all lines of interest is equal. The preliuüuary results
for relative gain va.lus are showii at Figure 2. Relative gains are shown as functions of the
electron temperature for two values of electr )11 (lelisities: e = 1019, 1020 eV. 4 transitions
are shown at Figure 2; there is also a 5th transition: 10 - 3 at A - 670.7 A with a little
bit smaller lasiug potential. These coiiclusi 11S partly con±irui our previous results for
lasing possibility of Ne-like arg ii in a collisioiially-radiative scheme5 based on a 3-level
approximation. The main diflerence is related to 15-3 (the so called 0 — 1) transition at.
A 430.7 A which appears (.0 l)C non—effective in the present. more tlet.aile(I consideration.
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3. NEON-LIKE PLASMA DIAGNOSTICS

Theoretical simulatioiis are helpful in the determination of the optimal plasma con-
ditions for lasmg. However, special plasma diagiiostics should be developed for Ne-like
plasmas to test theory au(1 nrniahze the optimization procedure. There are different
methods for plasma diagnostics based on inesurenients of dielectronic satellite line inten-
sities with respect to the origmal resonance line. Typically H-like and He-like spectra of
some impurity eleineiits iii plasinas are used. For the Ne-like ions the dielectrouic satellite
spectra of Na-like ions are suggested for plasma diagnostics 2

Our calculations discovert'd that a great deal of diagnostic informations could be
extracted directly from tIit Ne-like ions spectrum itself; that essentially facilitates Ne-
like plasmas diagnostics. In figure 3 relative line intensities are shown to be dependent
OIL electron density. Intensities of three 3-3 transitions in Ne-like argon normalized by
iiiteitsity of 15-3 (0 - 1 ) transitionare shown as examples at the electron temperature of 60
eV. Ratios of definite line intensities as well as level popu.latious are sensitive to electron
density at iO'5 < n 1O ciii . Note that they are practically independent of electron
temperature.

The ratio of other traiisitions are sensitive to electron temperature as well as to electron
density. In Figure 4 intensities of two 2-2 transitions 29-3 and 29-5 normalized by the 15-3
transition intensity are shown for Te 30 eV and T,, - 60 elf. If Te increases at n?10
the intensities of both lines increase significantly.

4. CONCLUSION

A consistent theory is developed for accurate calculations of rate coefficients for van-
aty of elementary processes iii plasmas. Our code alloWS for the use of any time-dependent
plasma electron energy distril.)ution. The resulting tinie dependent populations are cal-
culated through the solutit ,ii of the system of the ordinary differential equations with
starting values corresponding to the concrete physical conditions. Here only asymptotic
populations values for steady-state plasma with Maxwelliaii electrons are presented.

Lu Ne-like tigii plasnias ratios of line intensities do not change with electron density
for ii < 10'5cm. At iü' • n <.. 1021cm

• ratios of line iiiteusities are sensitive to
electron density. hiversiii of 2p3p level populations disappear at an electron density of

1021 cm '. The iiiost rfficient lasing at 5 3p-3s traiisitions should be expected at
1019 n < 1020cm and Te -- 60 eV.

hi the absence of eiihaiiceiizent ratios of intensities for the strongest 3p-3s transitions
can serve as a tool for plasma electron density diagnostics. Intensities of (lefUJ.lte 2-2
transitions with respect t.u the strongest 3-3 transitions in Ne-like ions are sensitive both
to electron temperature and to electron density. Ratios of line intensities shown iii Figure
4 could serve for electron plasma telnl)erature (lia11ostics. Experiuieiital line intensity
Ineasureineiits for iuiift'rni st(-I(lv-state plasiiias are important. to test the theory.
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28 2s1/2 3s1/2 1
29 2s1/2 3s1/2 0

2639720 .18+04
2668780 .0

51 2 .59 163.1
51 3 .64 157.3

Table l.Energy levels and radiative characteristics of Ne—like argon
A radiative transition probability to the ground state;
i — the order number of final state of dominating channel for

3—3 or 2-2 radiative transition from n—th level;
branch coefficient is given for the dominating channel;
wavelengths are given for the dominanting channel.

Energy A life branch Wave
exp

n Level J (cm

[9]
—1

)

theory
—•l

(cm )

n—0

(sec

time coeff.
-l

)(psec) i n—i

length
0
A

2
3
4
5

l2s22p6
2p3/2 3s1/2
2p3/2 3sl/2
2p1/2 3s1/2
2p1/2 3s1/2

0
2
1
0
1

0
2026542
2033120
2044670
2051880

0
2026504
2033273
2044390
2052270

.13+04

.50+11

.0

.14+12

6
7
8
9

10
11
12
13
14
15

2p3/2
2p3/2
2p3/2
2p3/2
2p3/2
2p1/2
2p1/2
2p1/2
2p1/2
2p3/2

3p3/2
3p3/2
3p1/2
3p1/2
3p3/2
3p1/2
3p1/2
3p3/2
3p3/2
3p3/2

1
3
2
1
2
1
0
2
1
0

2149320
2169894
2170923
2176716
2182224
2189330
2192240
2195230
2196230
2265320

2149800
2169600
2170620
2176320
2181790
2188900
2191620
2194790
2195540
2271360

.60+05

.45+00

.83+07

.83+04

.16+08

.13+05

.0

.19+08

.76+04

.0

441
460
492
481
456
490
480
458
462
470

2
2
2
2
2
5
5
5
4
3

.42
1.0
.46
.42
.50
.45
.55
.79
.55
.57

814.5
697.6
692.6
665.9
642.3
727.5
712.5
697.6
659.8
430.7

16
17
18
19
20
21
22
23
24
25
26
27

2p3/2
2p3/2
2p3/2
2p3/2
2p3/2
2p3/2
2p3/2
2p3/2
2p1/2
2p1/2
2p1/2
2p1/2

3d3/2
3d3/2
3d5/2
3d5/2
3d3/2
3d3/2
3d5/2
3d5/2
3d3/2
3d5/2
3d5/2
3d3/2

0
1
2
4
3
2
3
1
2
3
2
1

2349300
2351420
2355570
2358730
2361760
2366960
2370655
2381120
2382450
2384880
2385380
2411310

2348603
2350700
2354950
2358660
2361960
2366990
2371530
2381490
2382700
2385380
2385430
2418700

.0

.60+10

.34+05

.87-04

.11+04

.24+04

.33+04

.14+12

.45+04

.25+04

.77+02

.32+13

152
81

158
159
154
154
159

7
154
159
159
0.3

9
9

10
7
8
8

10
12
11
13
14
12

.43

.14

.24
1.0
.73
.27
.76
.01
.51
.84
.56

.001

579.4
572.4
576.9
529.6
524.0
510.1
530.7
529.4
517.8
527.3
528.7
456.5

30 2s1/2 3p1/2 0 2780200 .0 46 11 .32 169.1
31 2s1/2 3pl/2 1 2781050 .82+10 34 8 .28 163.8
32 2s1/2 3p3/2 2 2783390 .76+04 46 7 .44 162.9
33 2s1/2 3p3/2 1 2791700 2792670 .44+12 2 10 .01 164.1

34 2s1/2 3d3/2 1 2967370 .60+02 38 24 .18 171.0
35 2s1/2 3d3/2 2 2967470 .15+05 38 20 .21 165.1
36 2s1/2 3d5/2 3 2967600 .84+01 39 19 .34 164.2
37 2s1/2 3d5/2 2 2984800 .36+09 38 20 .14 160.5
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16 17 iU 19 20 21 e
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Fig 1 a. Fractional level populations as functions on electron
density for Ne—like argon. Te = 45 eV =0.11 Ioniz.Pot.

+ low active level #3 [3=1) (see Tab.l);
* low active level #5 [3=1];
$ high active levels: #6 [3=11, #8 [J2], #13 [J2];
o level #15 [3=0].
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Fig 1 b. Fractional level populations as functions on electron
density for Ne-like argon. Te = 75 eV =0.18 Ioniz.Pot.

+ low active level #3 [J=l] (see Tab.l);
* low active level #5 [J=l];
$ high active levels: #6 [J=l], #8 [J=2J, #13 [J2];
o level #15 [J01.
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Relative units

N

________ ______ ______ ______ ______ ______ _______ ______>T(eV)
50 60 70 80 90 100 110 120

Fig.2. Relative gains dependences on electron temperature for two values
19 —3 20 —3

of electron density: solid line — n =10 cm , dashed — n = 10 cm
e e

transitions: (a)—(13—5,ç697.6 A); (b)—(6—3, X=86O. A);
(c)—(ll—5,)j727.5 A); (d)—(8—3, ,X725.7 A);
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/1' jk 15—3
0

(15—3 )=430.7 A)
/

1.0
— //////

/
0.6 ///

(13—5, X,=697.6 A) •/
0.4

0.2

— (8-3, =725.7 A)

(10—3, X670.7 ) (E1.density) n
________ I ________ I ________I ________I ________I ________I________ le

16 17 18 1 20 21 22
10 10 10 10 10 10 10

Fig 3. Relative line intensities dependence on electron density
at electron temperature T = 60 eV for Ne-like argon plasma;

e
for another electron temperatures these intensity ratios are very
similar.

_____ intensity for 15—3 transition is assumed to be unit;
0

intensities of two transitions: 10—3, at )670.7 A and
0

8—3 at A are practically equal.
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jk 15—3
I /1 (Relative units)

T = 30 eV

10. I /1 (Relative units)
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Fig 4. Relative intensities for 2 values of electron temperatures:

_________ 15—3) 2p3/2 3p3/2 [J=0} — 2p3/2 3s1/2 [J=0} ( X,=430.7 A)
29—5) 2sl/2 3s1/2 {J=01 — 2p1/2 3s1/2 [J=1] ( ,Xj162.———— 29—3) 2sl/2 3s1/2 [J=0] — 2p3/2 3sl/2 [J=l} ( ,=l58. )

in Ne—like argon plasmas as functions on electron density.
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