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Diagnosing selenium plasmas using SeXXVI and SeXXV line cluster ratios
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Ratios of resonance and satellite line clusters in fluorinelike~SeXXVI ! and neonlike~SeXXV ! ions are used
in the development of a diagnostics procedure for analyzing high density, optically thin selenium plasmas. The
atomic model employed in this work to calculate line intensities forn52–3 transitions includes detailed
fine-structure levels for then53 excited configurations,n53 inner-shell excited states at the configuration
level, and lumpedn54 levels for both SeXXVI and SeXXV . All relevant atomic processes connecting these
levels and all collisional couplings among the excited states are included in the model. The collisional and
radiative data such as collisional excitation and ionization~including inner shell!, and both radiative and
dielectronic recombination rates, are obtained using several different sophisticated atomic codes. From these
data, collisional-radiative equilibrium solutions to a fully coupled single set of rate equations are obtained for
the populations of the ground as well as all excited levels, and used for the computation of the line intensities.
For calculations of the satellite line intensities, populations of the doubly excited states are obtained from the
sum of contributions from dielectronic recombination of ground states and inner-shell excitation of singly
excited states. Because experimentalL-shell spectra of then52–3 resonance and satellite lines contain many
lines, often they are not spectroscopically resolved unless obtained under extremely high resolution. Therefore,
instead of using individual lines which often cannot be separated experimentally from other overlapping lines,
resonance line as well as satellite line configuration clusters in SeXXVI and SeXXV are used in this diagnostic
work. The intensity ratios of the resonance and satellite line clusters are functions of both electron temperature
and ion density and simultaneous determinations of these quantities are possible using contour plots of specific
cluster ratios. These plots are obtained for a wide range of densities and temperatures, and they reflect the
detailed effects of the different atomic processes on the intensities of the resonance and satellite lines as a
function of plasma conditions.@S1063-651X~97!12903-8#

PACS number~s!: 52.70.2m, 32.30.2r, 34.10.1x
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I. INTRODUCTION

X-ray emission spectra from theK shell of low atomic
number (Z) elements provide valuable information wit
which to assess plasma conditions and x-ray emission
formance in a variety of laboratory plasmas@1–4#. These
soft x-ray lines are also used to diagnose K ions for as
physical plasmas@5–8#. Some of these ions also exist a
impurities in tokamak discharges@9,10#. In all of these plas-
mas, ratios involving H- and He-like lines have been use
in obtaining diagnostics of low-Z ions @11,12#.

A procedure is described by Coulter, Whitney, and Tho
hill @2#, and further evaluated by Apruzeseet al. @13# for
self-consistently inferring both temperatures and densi
from K-shell line ratio and power output data fromz-pinch
plasmas. A unique determination of both these quantitie
possible if one requires that the calculated power output fr
K-shell emissions as well as the calculated ratio of hyd
genlike Lyman-a to heliumlike n52 to n51 emissions be
simultaneously in agreement with measured values of th
same quantities. To carry out this comparison, one need
calculate a set of contours as a function of electron temp
ture and ion density of both the power output from theK
551063-651X/97/55~3!/3460~13!/$10.00
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shell and the ratio of hydrogenlike to heliumlike line emi
sions. The calculations are done with a minimum of assum
tions about the spatial structure or temporal history of
z-pinch plasma. Thus a uniform plasma is assumed, wh
has the size of a measuredK-shell emission region, and th
plasma is assumed to be incollisional-radiative equilibrium
~CRE!. Because a given-sized cylindrical plasma is assum
the equilibrium calculations for this procedure se
consistently include the effects of photoexcitations, deex
tations, and ionizations.

The generalization of thisK-shell diagnostic procedure t
the L shell has two difficulties. First, in analogy to th
K-shell analysis, one needs to substitute the Ne-like for
He-like closed-shell system, and to compare emissions f
this ion with those from the neighboring F-like ion. In th
case of theK shell, it is generally easy to filter out radiatio
below theK-series lines in order to measure the He-like p
H-like power output since there are no strong emissions fr
ionization states above theK shell. However, to isolate the
power output from Ne- and F-like emissions, one must a
filter out, in general, higher-lying line emissions from th
O-like, N-like, etc. ionization stages. Thus the procedu
that are used in Refs.@2# and @13# need to be extended b
3460 © 1997 The American Physical Society
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55 3461DIAGNOSING SELENIUM PLASMAS USING SeXXVI . . .
providing a set of contours other than power output w
which to complement the F-to-Ne line ratio contours. S
ond, lines in theK-series spectrum are generally well is
lated and ratios of individual lines are often measured. In
L shell, configuration states have more complex multip
structures than those in theK shell, and line emissions from
these states are less isolated, often overlapping, and m
difficult to model @14#. Comparisons of calculated and e
perimental emission ratios may more often be made, in
case, using line clusters rather than individual lines.

The x-ray spectra ofL-shell ions are also rich in structur
due to the large number of overlapping satellite lines t
accompany the resonance lines. Identification of these l
for diagnostic calculations poses challenges that are only
cently being addressed@14–18#. However, diagnostic re
search involvingL-shell ions, while not as extensive as th
involving K-shell ions, provides potentially more rewards

The intensity ratios of F- and Ne-like lines are sensitive
electron temperature, density, and rates of ionization,
different line ratios need to be used to infer these differ
plasma parameters. The density of a plasma is usually
ferred from the intensity ratios of two lines of the same i
when the upper levels for both of the lines are collisiona
excited, but only one of them has a strong radiative dec
while the other is depopulated by electron collisions. T
situation is more prevalent in theL shell than theK shell.
Different excitation mechanisms and multiplet structures
lines imply different dependences on the plasma parame
@19,20#. The intensity ratios of two allowed lines of the sam
ion generally cannot be used to infer the plasma tempera
Ratios of resonance to dielectronic satellite lines, howe
provide a very good temperature diagnostic tool, since
upper levels of these lines are populated mainly from
same ground state: for resonance lines, by direct collisio
excitation, whereas for satellite lines, mainly by dielectro
recombination~DR!. Intensity ratios of two resonance line
from neighboring ions are also good for inferring tempe
tures or the rate of temperature change, and, therefore
state of ionization of the plasma. Thus the ratio of two c
lisionally excited lines or line clusters from neighboring io
stages can generate a temperature-dependent expressi
the relative ion fractions. However, the intensity ratios of t
resonance lines of two neighboring ions is also density s
sitive.

Most diagnostics work utilizes these dependences of
ferent lines on different plasma conditions to separately
termine the temperature or the density of the plasma. H
ever, even though some line ratios are more tempera
sensitive while others are more density sensitive, the in
sity ratios of most lines are more often dependent on b
electron temperatureTe and ion densityni @14#. Thus more
reliable determinations of these quantities require analyse
the simultaneous dependences of the line ratios onTe and
ni , as was done in Refs.@2# and @13#. In this present work,
we will investigate these dependences by presenting the
ratios as isocontours in temperature and density space. O
laps of mostly density sensitive contours with mostly te
perature dependent contours can then be used to deter
the electron temperature and the ion density simultaneou

In Sec. II, the atomic model on which this work is bas
is described. It is an extension of a previously develop
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model of Dasguptaet al. @21#. This extension utilizes fully
relativistic atomic data that was calculated using codes
veloped primarily by two of the authors@22–28#, and also
the codes of Refs.@29–32#. This data is incorporated into
full set of rate equations from which ion populations a
calculated in the CRE approximation under the assump
of an optically thin plasma. From these populations, conto
describing resonance line emission behavior are compu
These results are presented in Sec. III. In general, analys
L-shell spectra must take into account contributions of sa
lite line emissions that adjoin or overlap with the resonan
lines. The effects of satellite lines on line cluster conto
plots are discussed in Sec. IV.

II. ATOMIC MODEL

The energy level diagram of the model that we used
analyzingn53 line emission from the fluorinelike~SeXXVI !
and neonlike~SeXXV ! ionization stages is shown in Fig. 1
This atomic structure is embedded in a configuration s
model of the remainder of the selenium ionization stag
@33#. The combined model contains the atomic model for
XXV that is described in Ref.@21# and a similar, but larger
atomic model for SeXXVI , which is listed in Table I. Note
that the two multiplet levels of the 2s22p5 ground state of
SeXXVI are shown as two separate levels in Table I and
the energies and radiative decay rates shown are with res
to the lower lyingJ5 3

2 level, although in solving the rate
equations we ignore the splittings of this 2s22p5 state and

FIG. 1. Energy-level diagram for SeXXVI and SeXXV as used in
our atomic model. The model includes 26~4 2p53s, 10 2p53p, and
12 2p53d) and 57~8 2p43s, 21 2p43p, and 28 2p43d) multiplet
levels for then53 excited states for SeXXV and SeXXVI , respec-
tively.
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TABLE I. Level identifications,j j - and LS-coupling labels, total angular momentumJ, energies and
radiative decay rates to the ground level 2s22p5 (J5

3
2) for SeXXVI . Notationa@b# meansa310b.

Level LS state j j state J Energy~eV! Ar ~s21)

1 2s22p5 2Po @2s2p1/2
2 2p3/2

3 #3/2
3
2 0.0

2 2s225 2Po @2s2p1/22p3/2
4 #1/2

1
2 4.27@2#

3 2s26 2S @2s2p1/2
2 2p3/2

4 #1/2
1
2 2.138@2# 2.004@11#

4 2s2p4(3P)3s 4P @2s22p1/2
2 2p3/2

2 #23s
5
2 1.4992@3# 5.860@11#

5 2s22p4(3P)3s 2P @2s22p1/2
2 2p3/2

2 #23s
3
2 1.5040@3# 6.019@12#

6 2s22p4(1S)3s 2S @2s22p1/2
2 2p3/2

2 #03s
1
2 1.5184@3# 2.543@12#

7 2s22p4(3P)3s 4P @2s22p1/22p3/2
3 #13s

3
2 1.5400@3# 1.635@12#

8 2s22p4(3P)3s 2P @2s22p1/22p3/2
3 #13s

1
2 1.5438@3# 2.606@12#

9 2s22p4(3P)3p 4Po @2s22p1/22p3/2
2 #23p1/2

3
2 1.5441@3#

10 2s22p4(3P)3p 4Do @2s22p1/2
2 2p3/2

2 #23p1/2
5
2 1.5459@3#

11 2s22p4(1D)3s 2D @2s221/22p3/2
3 #23s

5
2 1.5528@3# 3.113@12#

12 2s22p4(1D)3s 2D @2s22p1/22p3/2
3 #23s

3
2 1.5542@3# 4.176@11#

13 2s22p4(3P)3p 2Po @2s22p1/2
2 2p3/2

2 #23p3/2
1
2 1.5547@3#

14 2s22p4(3P)3p 2Do @2s22p1/2
2 2p3/2

2 #23p3/2
5
2 1.5556@3#

15 2s22p4(3P)3p 4Do @2s22p1/2
2 2p3/2

2 #23p3/2
7
2 1.5564@3#

16 2s22p4(1S)3p 2Po @2s22p1/2
2 2p3/2

2 #03p1/2
1
2 1.5649@3#

17 2s22p4(3P)3p 4So @2s22p1/2
2 2p3/2

2 #23p3/2
3
2 1.5708@3#

18 2s22p4(3P)3p 4Do @2s22p1/2
2 2p3/2

2 #03p3/2
3
2 1.5762@3#

19 2s22p4(3P)3p 4Po @2s22p1/22p3/2
3 #13p1/2

1
2 1.5835@3#

20 2s22p4(3P)3p 2Po @2s22p1/22p3/2
3 #13p1/2

3
2 1.5865@3#

21 2s22p4(3P)3p 4Po @2s22p1/22p3/2
3 #13p3/2

5
2 1.5956@3#

22 2s22p4(1D)3p 2Fo @2s22p1/22p3/2
3 #23p1/2

5
2 1.5979@3#

23 2s22p4(3P)3p 2So @2s22p1/22p3/2
3 #13p3/2

1
2 1.5987@3#

24 2s22p4(3P)3p 2Do @2s22p1/22p3/2
3 #13p3/2

3
2 1.599@3#

25 2s22p4(3P)3s 4P @2s22p3/2
4 #03s

1
2 1.6014@3# 2.357@12#

26 2s22p4(1D)3p 2Fo @2s22p1/22p3/2
3 #23p3/2

7
2 1.6082@3#

27 2s22p4(1D)3p 2Po @2s22p1/22p3/2
3 #23p3/2

3
2 1.6090@3#

28 2s22p4(3P)3d 4D @2s22p1/2
2 2p3/2

2 #23d3/2
5
2 1.6114@3# 8.192@09#

29 2s22p4(3P)3d 4D @2s22p1/2
2 2p3/2

2 #23d3/2
3
2 1.6117@3# 1.426@11#

30 2s22p4(3P)3d 4D @2s22p1/2
2 2p3/2

2 #23d5/2
7
2 1.6124@3#

31 2s22p4(1D)3p 2Do @2s22p1/22p3/2
3 #23p3/2

5
2 1.6126@3#

32 2s22p4(3P)3d 4P @2s22p1/2
2 2p3/2

2 #23d3/2
1
2 1.6134@3# 4.439@11#

33 2s22p4(1D)3p 2Do @2s22p1/22p3/2
3 #23p1/2

3
2 1.6147@3#

34 2s22p4(3P)3d 4F @2s22p1/2
2 2p3/2

2 #23d5/2
9
2 1.6158@3#

35 2s22p4(3P)3d 2F @2s22p1/2
2 2p3/2

2 #23d3/2
7
2 1.6167@3#

36 2s22p4(3P)3d 2P @2s22p1/2
2 2p3/2

2 #23d5/2
1
2 1.6212@3# 1.914@13#

37 2s22p4(3P)3d 4P @2s22p1/2
2 2p3/2

2 #23d5/2
3
2 1.6251@3# 1.989@13#

38 2s22p4(1D)3p 2Po @2s22p1/22p3/2
3 #23p3/2

1
2 1.6273@3#

39 2s22p4(3P)3d 2D @2s22p1/2
2 2p3/2

2 #23d5/2
5
2 1.6284@3# 2.815@13#

40 2s22p4(3P)3d 4F @2s22p1/2
2 2p3/2

2 #03d3/2
3
2 1.6343@3# 1.511@13#

41 2s22p4(1S)3d 2D @2s22p1/2
2 2p3/2

2 #03d5/2
5
2 1.6369@3# 1.845@13#

42 2s22p4(3P)3d 4D @2s22p1/22p3/2
3 #13d3/2

1
2 1.6499@3# 1.419@11#

43 2s22p4(3P)3d 2P @2s22p1/22p3/2
3 #13d3/2

3
2 1.6539@3# 1.379@12#

44 2s22p4(3P)3d 4F @2s22p1/22p3/2
3 #13d5/2

7
2 1.6547@3#

45 2s22p4(3P)3p 4Do @2s22p3/2
4 #03p1/2

1
2 1.6560@3#

46 2s22p4(1S)3p 2Po @2s22p3/2
4 #03p3/2

3
2 1.6577@3#

47 2s22p4(3P)3d 4F @2s22p1/22p3/2
3 #13d5/2

5
2 1.6585@3# 8.139@12#

48 2s22p4(3P)3d 2F @2s22p1/22p3/2
3 #13d3/2

5
2 1.6601@3# 1.562@13#

49 2s22p4(1D)3d 2P @2s22p1/22p3/2
3 #13d5/2

3
2 1.6607@3# 3.638@11#

50 2s22p4(1D)3d 2G @2s22p1/22p3/2
3 #23d3/2

7
2 1.6652@3#

51 2s22p4(1D)3d 2G @2s22p1/22p3/2
3 #23d5/2

9
2 1.6669@3#

52 2s22p4(1D)3d 2D @2s22p1/22p3/2
3 #23d5/2

5
2 1.6696@3# 4.870@13#

53 2s22p4(1D)3d 2S @2s22p1/22p3/2
3 #23d3/2

1
2 1.6701@3# 2.643@12#
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TABLE I. ~Continued!.

Level LS state j j state J Energy~eV! Ar ~s21)

54 2s22p4(1D)3d 2F @2s22p1/22p3/2
3 #23d5/2

7
2 1.6729@3#

55 2s22p4(1D)3d 2D @2s22p1/22p3/2
3 #23d3/2

3
2 1.6734@3# 5.796@13#

56 2s22p4(1D)3d 2F @2s22p1/22p3/2
3 #23d3/2

5
2 1.6749@3# 6.264@13#

57 2s22p4(3P)3d 2D @2s22p1/22p3/2
3 #23d5/2

3
2 1.6823@3# 1.593@13#

58 2s22p4(1D)3d 2P @2s22p1/22p3/2
3 #23d5/2

1
2 1.6847@3# 1.343@13#

59 2s22p4(3P)3d 4P @2s22p3/2
4 #03d5/2

5
2 1.7175@3# 4.115@11#

60 2s2p53s 1.7191@3#

61 2s22p4(1S)3d 2D @2s22p3/2
4 #03d3/2

3
2 1.7218@3# 3.334@10#

62 2s2p53p 1.7708@3# 4.762@12#
63 2s2p53d 1.8322@3#

64 2s22p44l 2.1018@3# 1.770@12#
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lump the two multiplet levels and treat them as one sin
level, as shown in Fig. 1. The combined model shown in F
1 includes all the important processes responsible for
formation from then53 states in a compact fashion design
to minimize some of the burden of dealing with a superab
dance of atomic data and energy levels. Recently, the ad
of supercomputers and the availability of sophistica
atomic codes@22–32# have made it possible to generate a
handle large numbers of level structures efficiently
atomic modeling. However, while it is important to lum
most multiplets into configuration states to achieve this e
ciency, it is also important to represent some charge st
with sufficient sublevels to allow detailed analysis of dia
nostically important emission processes@14#. The remaining
number of important configuration levels and the rest of
ionization stages can then be treated in a less detailed
albeit resulting in approximations in the coupling of the a
eraged ionization levels with the detailed levels and in
formulation of the rate equations.

Specifically, the SeXXV model consists of 31 states in
cluding the ground level; the 26 fine-structure levels of
n53, 2p53s, 2p53p, and 2p53d, configurations, three
lumped inner-shell n53 configurations; 2s2p63s,
2s2p63p, and 2s2p63d; and a lumpedn54 level @21#. For
SeXXVI , we have updated the model used in Ref.@21# by
including all 57 fine-structure levels for then53 singly ex-
cited states. Thus the SeXXVI stage contains a lumpe
ground state; aDn50 excited state, 57 fine-structure leve
of the 2p43s, 2p43p, and 2p43d configurations; three
lumped inner-shell excited configurations; 2s2p53s,
2s2p43p, and 2s2p43d; and a lumpedn54 state~see Table
I!. As mentioned above, the SeXXVI and SeXXV models are
then embedded in a detailed configuration accounting ato
model of selenium@33# from which an ionization balance
can be calculated. The model in Ref.@33#, for example, con-
tains the level structure for SeXXIV that we have used con
sisting of the 2p63s ground state, the lumpedn53 singly
excited state~namely, 2p63p plus 2p63d), and lumped con-
figuration averaged states for 4<n<6 excited states. The
n53 singly excited states for both SeXXVI and SeXXV ions
are fully coupled~to the ground states above and below a
among themselves and the other excited states!. Each popu-
lation within then53 multiplet, which together are respon
sible for resonance line cluster formation, can be calcula
e
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and departures fromlocal thermodynamic equilibrium~LTE!
behavior can be determined.

Satellite lines, formed on the long wavelength sides of
resonance lines for high Rydberg levels, are often blen
with the resonance lines. Thus the autoionizing configu
tions 2p43lnl 8 of SeXXV and 2p53lnl 8 of SeXXIV with
n53 which form the spectroscopically isolated satellites
well as configurations withn>4 that form unresolved satel
lites are also included in our model. After simultaneous c
culations of the populations of all ionization stages surrou
ing the SeXXVI and SeXXV ionization stages, and al
populations of the SeXXVI and SeXXV states, shown in Fig
1, are performed, the populations of doubly excited states
obtained by post-processing the ground and singly exc
state populations of the CRE calculations.

The following line formation mechanisms are consider
in our calculations. For the resonance lines, the most do
nant contributions come from direct electron-impact exci
tion from the ground state. We have included direct co
sional excitations, deexcitations, and radiative decay from
to the ground states and from cascades through then53
inner shell andn54 states of SeXXVI and SeXXV . Addi-
tional contributions due to resonance excitations~RE’s!, in
which the upper levels of the resonance lines are formed
the autoionization decay of doubly excited~DBEX! states,
are included along with direct excitation for then53 excited
states of SeXXV . All collisional ionizations from excited
states of both F- and Ne-like ionization stages to the gro
states of the O- and F-like states, respectively, are inclu
in this work. However, no inner-shell ionizations that d
rectly connect excited states were included. All possible
diative and collisional couplings among then53 fine-
structure levels of SeXXVI and SeXXV are also included in
this analysis. The excited states are substantially popul
by DR, and we have included a detailed state specific c
tribution of DR for recombination from the ground an
Dn50 states of SeXXVII and SeXXVI to the n53 singly
excited states of SeXXVI and SeXXV , respectively. The con-
tributions from the DR satellites due to high Rydberg lev
that are unresolved from the resonance lines may have
portant consequences@34#, and we examine whether the
must be taken into account in order to compare calcula
line ratios with experiments. Some of the previous diagno
models contained inaccuracies because they lacked t
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necessary theoretical considerations in their calculations
experimental refinements@35–38#.

Data for the atomic processes involved in populating
depopulating the levels that are included in this calculat
was obtained as follows:

~i! Direct and resonance collisional excitation. Electro
impact collision strengths for excitation from the ground
all the excited states and collisional coupling among all
excited SeXXVI levels were calculated by using the relati
istic atomic structure and distorted wave~RDW! codes of
Refs. @22–25#. The collision strengths calculated for th
n52-3 excitations were compared to those published
Sampson, Zhang, and Fontes@24#. For SeXXV , collision
strengths for excitation from the ground state were obtai
from Zhang and co-workers@27,39# and the collisional cou-
plings among then53 levels were obtained from Hagelste
and Jung@32#. The excitation collision strengths from th
ground as well as from thenl states withn53 configurations
to the lumpedn54 states of both SeXXVI and SeXXV ions
were calculated by using a modified version of the atom
structure code of Cowan@29#, called CATS @30# and a dis-
torted wave code, calledACE @31# for each 4l configuration
and then they were added to obtain a total collision stren
The collision excitation rate coefficients were then obtain
by fitting the collision strength data points and using the
to integrate them over a Maxwellian electron distributio
The distorted-wave rate coefficients for electron-impact
citations of the inner-shell excited Ne- and Na-like satel
lines were calculated by usingACE for the range of tempera
tures needed for this work. Besides direct collision exc
tion, resonance excitations~RE’s! of then53 singly excited
states of SeXXV , which begin with a radiationless captu
into DBEX SeXXIV states of the form 3lnl 8 (n>7) and
4l4l 8 and then end with autoionization to the singly excit
states of SeXXV , are also included in the ionization calcul
tion. Radiative decay channels from the DBEX states lea
recombination to the SeXXIV states. The contribution due t
RE’s to the 3s levels is much larger than that due to dire
excitation. These RE branching ratios were calculated in
resonance approximation following Cowan@40#.

~ii ! Collisional ionization. Electron-impact ionizatio
cross sections for ionization from the ground as well as fr
all the excited SeXXVI states were also calculated relativi
tically from the RDW ionization code of Refs.@26# and@28#.
For SeXXV , the collision ionization rates from the 3s, 3p,
and 3d levels were obtained from Golden, Sampson, a
Omidvar @41# and Moores, Golden, and Sampson@42#. The
collisional ionization cross sections from then54 configu-
rations were obtained using theCATS @30# code. Ionization
cross sections were also scaled, and rate coefficients
calculated by integrating them over a Maxwellian distrib
tion for each required temperature.

~iii ! Radiative and dielectronic recombination. A detail
and comprehensive description of the methodology invol
in computing the DR rates is described in the work by D
gupta and Whitney@43#. DR data for recombination from
SeXXVI to singly excited states of SeXXV @43# and from
SeXXVII to singly excited states of SeXXVI @44# were calcu-
lated using the Hartree-Fock with relativistic method
Cowan @29#. Detailed calculations were carried out for D
branching ratios and rates from the ground andDn50 states
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of SeXXVII and SeXXVI to each specific fine structure leve
of SeXXVI and SeXXV , respectively. For low lying DBEX
states, DR branching ratios were explicitly calculated, wh
for higher Rydberg states a 1/n3 falloff extrapolation of the
DR branching ratios was used. Heren denotes the principa
quantum number of the Rydberg electron that participate
the recombination process. Only total ground-to-ground
diative recombination couplings of the SeXXVII to SeXXVI
and SeXXVI to SeXXV ionization stages were included i
our model. However, three-body recombination to each
cited state as well as the ground state was included in
calculations. These rates were obtained by detailed balan
the collisional ionization rate coefficients.

~iv! Spontaneous radiative decay. Oscillator strengths
radiative decay rates for all 62 SeXXVI excited levels were
calculated from the DFW atomic code of Sampsonet al.
@22#. For SeXXV , oscillator strengths were obtained fro
Cowan @29#. These oscillator strengths were then used
calculate the spontaneous radiative transition probabili
for all the level to level transitions from and to then53
levels. Radiative transition probabilities from the lump
n54 states to the ground and ton53 states were obtained b
statistically averaging the multiplet probabilities.

~v! Collisional couplings and cascades. We have incor
rated collisional excitation and deexcitation rates among
levels in our SeXXVI and SeXXV models. The rates from the
n54 lumped states to all lowern53 multiplet states were
obtained from the individualJ-J8 rates with the assumption
that the populations of the individual upperJ levels are sta-
tistically distributed. The same assumption was made in
taining the collisional ionization and radiative decay ra
from the n54 states. Except at very low densities, this a
sumption is generally more reasonable for the more clos
spaced and strongly coupledn54 states than it is for the
n53 states. Collisional and radiative cascades from
n54 and then53 states to all lower states are included
the atomic model and CRE solutions. However, radiat
cascades among autoionizing levels for the determinatio
DR and RE rates were neglected in our calculations. A
collisional or radiative cascades from singly excited lev
higher thann54 were not included in this calculation.

III. IONIZATION EQUILIBRIUM RESULTS

A. Resonance line ratios

In general, population densities of ground and singly e
cited states are obtained by solving a set of rate equation
the form

d fm
dt

5 (
nÞm

Wmn f n2 (
nÞm

Wnm f m , ~1!

where f m5Nm /ni ~with ni[(Nm) is the fractional popula-
tion of the levelm, andWmn are the sums of all rates popu
lating levelm from leveln. Steady-state population densitie
are obtained by solving the inequilibrium equation
d fm /dt50.

In the ion density region of interest for the present calc
lations, 1018<ni<1022, the plasma ionization condition
cannot be described bycorona equilibrium, in which radia-
tive decay rates are much larger than collisional excitatio



e
ed

ill
ic
ve

e

d

as

li-

e
e
o

e
ri-
b

is
o

wi
s
io

e
ed

s
r
e
t
in
o

-
a
o
th
d
g
T

e

nge
ers

ve
um
that
in-
be-
tion
ex-
the
nd

. 3.
e
v-
to
le

t a

the
e

ses,
the

on-

55 3465DIAGNOSING SELENIUM PLASMAS USING SeXXVI . . .
and essentially all ions exist in the ground andDn50 levels.
Neither can the plasma be described as being in LTE, wh
all states of a given configuration are statistically populat
In the intermediate density region, 1018<ni<1022 cm23, the
n53 states of SeXXVI and SeXXV are nonstatistically dis-
tributed. Only at densities above 1022 cm23 do these sublev-
els come into statistical equilibrium. In this paper, we w
present equilibrium solutions to the rate equations, wh
contain all of the level-to-level transitions described abo
The nonstatistical behavior of then53 L-shell states pro-
vides the basis for using resonance line emissions from th
states for selenium plasma diagnostics.

The x-ray spectrum for SeXXV consists of seven allowe
transitions from then53 states to the closed1S0 ground
state. Of these lines, which are identified
3A(1S0-2s2p

63p 1P1), 3B(1S0-2s2p
63p 3P1), 3C(1S0-

2s22p53d 1P1), 3D(1S0-2s
22p53p 3D1), 3E(1S0-

2s22p53d 3P1), 3F(1S0-2s
22p53s 3P1), and 3G(1S0-

2s22p53s 3P1), the less intense 3E line is blended with a
SeXXIV satellite line. The fluorine spectrum is more comp
cated, having many allowed 2p5-2p43s and 2p5-2p43d
transitions that lie between the 3B and 3C lines and the
3D and 3F lines of SeXXV , respectively. In particular, they
are difficult to analyze individually unless they are observ
and identified with very high resolution. Some of these lin
also overlap with some of the long wavelength lines
SeXXVII . Even when the overlapping SeXXVII lines are less
intense, it is imperative that they be identified and exclud
from the SeXXVI resonance lines, if possible, for compa
sons with the theoretical calculations of this paper to
made.

In order to minimize some of these difficulties, th
present diagnostic work involves the analysis of clusters
strong resonance and satellite lines. Specifically, we
consider the 2p-3s, 2p-3d, and 2s-3p resonance cluster
and their satellites for both ions. We begin with a discuss
involving the resonance lines alone. Since the SeXXV

ground state is a closed shell, there are only the seven
lowed resonance transitions that are listed above. Th
lines, along with their satellites, are more readily identifi
and detected than the SeXXVI lines, since the SeXXVI spec-
trum has 34 allowed transitions of the 2p5-2p43d type alone
lying between the 2p-3d and 2s-3p SeXXV lines. It also has
14 2p5-2p43s transitions lying between the 2p-3d and
2p-3s SeXXV lines. Experimentally, diagnostic work i
based on integrations under the lines of a spectrum. It
quires either that individual lines be isolated or that, wh
they overlap, line clusters be isolated as best possible. In
latter case, integration errors are reduced because the
gration is over the broader range of energies that are c
tained within a cluster.

For both the SeXXVI and SeXXV resonance lines, there
fore, we will sum lines originating from the same configur
tion as the clusters under consideration. All of the lines
the 2p(J)-3s(J8) resonance transitions are denoted by
single transition, 2p-3s, and the same treatment is followe
for 2p-3d and 2s-3p transitions. We do the same lumpin
when we consider the satellites to these resonance lines.
2p-3d and 2p-3s line clusters for SeXXVI and SeXXV are
nonoverlapping; hence intensity ratios involving these lin
should be useful for plasma diagnostics.
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Power densities emitted by the strong 2p-3d resonance
lines for both SeXXV and SeXXVI are functions ofni

2 , and
range over eight orders of magnitude in the density ra
under consideration. Contours for these optically thin pow
per unit volume, which are shown in Fig. 2, are given by

PR~F/Ne!5(
j
Nj ~F/Ne!* Ar~ j→g!Ejg , ~2!

whereNj* is the population of an upper 3d level u j & of the F-
or Ne-like line,Ar( j→g) is the radiative decay rate from
level u j & to the ground levelug&, andEjg is the energy for
this transition. Both of the power contours in Fig. 2 ha
similar temperature and density dependences; a maxim
occurs as a function of temperature at a temperature
decreases with increasing density. As the temperature
creases, the power declines after the maximum is passed
cause the excited state populations are depleted by ioniza
to the higher ionization stages. Moreover, as one would
pect for a closed-shell system, the power emitted from
SeXXV 3d configuration is larger over the same density a
temperature range than it is for SeXXVI .

The dependence of the populations of the 3d configura-
tions on both density and temperature are shown in Fig
As the density increases, the 3d states are populated mor
and more from collisional deexcitations from the upper le
els, but they only begin to equilibrate at ion densities close
1022. This behavior is illustrated in Fig. 4 for two metastab
and two spontaneously decaying 3d states of SeXXVI . This
figure shows the fractional populations within the 3d con-
figuration that are calculated as a function of density a
fixed temperature of 800 eV. At low densities, 3d popula-
tions are stored essentially in the metastable states. At
high density, 1022 cm23, the fractional populations hav
achieved their LTE valuesgJ /(JgJ , wheregJ52J11 is the
statistical weight of the state. As the temperature increa
the plasma ionizes through several ionization stages and

FIG. 2. Power contours for the 2p-3d resonance lines:~a!
SeXXVI , ~b! SeXXV . These resonance line clusters include the c
tributions due to unresolved satellites.
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3466 55DASGUPTA, WHITNEY, ZHANG, AND SAMPSON
population of the 3d states for both SeXXV and SeXXVI
decreases due to this ionization. However, since there
large abundance of SeXXV ground states in CRE to colli
sionally excite the SeXXV 3d states, they have relativel
larger populations compared to the SeXXVI 3d states.

Since populations of the ground as well as the exci
states are self-consistently obtained using all the relev
atomic processes connecting these levels in the CRE ca
lation, the intensities of line emission that are calcula
from the excited states have self-consistent temperature
density dependences in the same range as the popula
From these intensities, one can obtain the contour plot
resonance line cluster~or configuration! ratios shown in Figs.
5–8. Since temperature is plotted along the vertical axis
ion density along the horizontal axis, contours of quantit

FIG. 3. Contour plots of the total fractional population for th
3d configurations, which are obtained by adding the population
all the individual multiplet levels for these configurations:~a!
SeXXVI , ~b! SeXXV . The unlabeled contour in~a! has the value of
0.005.

FIG. 4. Fractional occupation of two metastable and two sp
taneously decaying 3d states of SeXXVI as a function of density a
Te5800 eV. The levels are identified in Table I. This figure sho
how the relative populations reach their LTE values aroundni5
1022 cm23.
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that are mostly parallel to the horizontal axis are primar
temperature sensitive, while density sensitivity shows up
mostly vertically running contours. Figure 5 shows the co
tours of the 2p-3d SeXXVI to SeXXV ratios. These ratios
have strong temperature dependences, and become de
sensitive only at high densities. However, as the ratios
crease with increasing temperature, the contours bec
density sensitive at lower and lower densities. The den
sensitivity at high densities is due to collisional deexcitatio
which influence the 3d populations comparably to the radia
tive decay rates of these states. Although similar behavio
observed for the 2p-3s line ratios of the two ions, the ratio
of 2s-3p lines show the most density sensitivity even
lower densities.

The resonance-to-resonance line ratios, 2p-3s to 2p-3d,
within both SeXXVI and SeXXV ionization stages, are quit
sensitive to density. This sensitivity has been experiment
observed and theoretically explained@17# in Ne-like bromine
in a laser-produced plasma. As seen in Fig. 6, the 2p-3s to

f

-

FIG. 5. Contour plots of the SeXXVI to SeXXV ratios of the
2p-3d line clusters. These resonance line clusters include the c
tributions due to unresolved satellites.

FIG. 6. Contour plots of the 2p-3s to 2p-3d resonance to reso
nance line cluster ratios for~a! SeXXVI and~b! SeXXV . These lines
include all the contributions due to unresolved satellites.
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55 3467DIAGNOSING SELENIUM PLASMAS USING SeXXVI . . .
2p-3d cluster ratios for both SeXXVI and SeXXV are mostly
vertical for the higher temperatures and densities, while
lower temperature the contours tend to move toward lo
densities. This behavior can be explained by examining
population dynamics of the excited states. At low electr
densities and temperatures, most of the configuration po
lation is in the 2pq3s and 2pq3p configurations. Most of
these states are populated by collisions from the ground s
and radiative cascades from higher-lying excited states.
the density increases, the population of the singly exc
2pq3d configuration, which is also populated by direct co
lisional excitation, increases due to additional collisional e
citations and deexcitations to these states. Thus the 2p-3s to
2p-3d line ratios are density sensitive and the density dep
dence gets weaker with increasing density. Also, in cont
to the 3d levels, the 3s levels for both SeXXVI and SeXXV
are populated more by DR than by direct collisional exci
tion. Since the mechanisms of collisional excitation and D
are from different ion states, the 2p-3s to 2p-3d line ratios
depend on the ion density.

This density dependence of the resonance lines is m
pronounced in the 2p-3s to 2s-3p ratios as shown in Fig. 7
The 2s2pq113p states, which receive relatively less popu
tion from direct collisional excitation from the ground stat
become strongly populated due to transfer of population
metastable excited levels due to collisions at higher densi
The contours of these line ratios at higher densities ten
move toward higher densities in contrast to those of
2p-3s to 2p-3d line ratios. Along with their density depen
dence, the 2s-3p to 2p-3d line ratios show a strong tem
perature dependence, especially at low temperatures
shown in Fig. 8. The ‘‘u’’ shapes of the contours of thes
line ratios indicate opposite variations of these line ratios
high densities compared to that at low densities. The fact
we have treated the inner-shelln53 excited states in a con
figuration average approximation might result in some in
curacies in calculating line intensities involving these sta

FIG. 7. Contour plots of the 2p-3s to 2s-3p resonance to reso
nance line cluster ratios for~a! SeXXVI and~b! SeXXV . These lines
include all the contributions due to unresolved satellites.
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The results of the calculated population with a fine-struct
level model and a lumped configuration level model are d
ferent, because the total radiative transition probabilities
the fine-structure levels, some of which are metastables
different than the radiative transition probability of th
lumped state. Thus the 2p-3s to 2s-3p and 2s-3p to 2p-
3d resonance to resonance line ratios may be more den
dependent at low densities than shown in Figs. 7 and
respectively. We have treated the inner-shelln53 excited
states in the configuration average approximation con
tently with the explicit multiplet treatment of othern53 sin-
gly excited states. This approximation allows us to take
tios of the 3p inner-shell lines that involve the full cluster o
inner-shell transitions. There is some error involved in t
procedure; however, it is expected that lumping of thes
hole states will not affect the line ratios as significantly f
these states as it would for the valence electronn53 states,
since the hole states are higher lying and their level splitti
are smaller. Thus the hole-state subpopulations deviate
smaller amounts from statistical equilibrium than those
the valence electron states.

B. Satellite line effects

We next examine the degree to which unresolved sate
lines influence these cluster powers and power ratios.
satellite structures to the SeXXVI 2p-3d and 2p-3s reso-
nance lines consist of a large number of lines whose in
vidual detection is difficult, if not impossible, even with ex
treme high experimental spectral resolution. Satellite lin
are formed on the long wavelength sides of the resona
lines when the spectator electron is in ann53 state of the
DBEX states that are formed by the DR process. For
n>4 states, the satellite lines are often blended with
resonance lines. SeXXV and SeXXIV satellite lines are
formed following dielectronic capture from the ground sta
of SeXXVI and SeXXV to the 3l3l 8 DBEX states, which
then decay to then53 singly excited states of each recom

FIG. 8. Contour plots of the 2s-3p to 2p-3d resonance to reso
nance line cluster ratios for~a! SeXXVI and~b! SeXXV . These lines
include all the contributions due to unresolved satellites.
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3468 55DASGUPTA, WHITNEY, ZHANG, AND SAMPSON
bined ion. These satellite lines can also be formed by
alternative mechanism of direct excitation of an inner-sh
~ISE! electron of an excited ion such as theDn50 state of
SeXXIV for satellites to the SeXXV resonance lines. In this
work, we have considered only inner-shell excitations fro
the n53 levels for satellite formation, and neglected a
excitation contributions from higher excited levels. The co
tribution due to ISE’s as compared to DR is expected to
of no significance for low-Z ions in steady-state calculation
Since the contribution of an ISE to the intensities of satel
lines becomes more important for ions with moderat
higherZ, we have investigated both DR and ISE contrib
tions to the formation of SeXXV and SeXXVI satellite lines.
The populations of the upper levels involved in satellite li
formation due to DR and ISE’s are calculated as sepa
contributions.

When the resonance line intensities are corrected for
resolved dielectronic satellites from then>4 DBEX states,
Eq. ~2!, for example, is modified to

PR~F/Ne!8 5PR~F/Ne!1Ng~F/Ne!(
j 8k

FNe(
i

aDR~ i , j 8,k!Ej 8k
** G ,

~3!

whereNe is the electron density and, in this restricted su
Ej 8k
** (>Eji ) is the transition energy from the DBEX state

j 8 to the recombined levelsk, and

aDR~ i , j 8,k!5F4pR
kT G3/2 a032gi(j 8 Fi j 8kexp~2« j 8 /kT!, ~4!

is the DR rate coefficient where the DR branching ra
Fi j 8k is defined by

Fi j 8k[
gj 8Aj 8 i

A Aj 8k
R

(
i 8

Aj 8 i 8
A

1(
k8

Aj 8k8
R

. ~5!

In Eq. ~4!, « j 8 is the energy of the autoionizing state wi
respect to the initial state;u i & which can be either the groun
or theDn50 state for SeXXVI , andgi andgj 8 are the sta-
tistical weight factors of the statesu i & and u j 8&, respectively;
a0 is the Bohr radius; andR is the Rydberg energy. Th
summations in Eq.~5! are carried over all possible autoion
ized statesu i 8& ~including autoionizations to excited states!,
and all possible final recombined statesuk8& that are the
lower levels for the satellites to the 3d states.

The inclusion of unresolved satellite lines to the to
power emitted by the strong 2p-3d resonance lines o
SeXXV and SeXXVI can be quite significant especially
high densities. This effect is shown in Fig. 9 forTe5500 eV.
However, when contour plots of the resonance line pow
both with and without satellite contributions, are compar
over the entire density and temperature range of our calc
tions, the contributions of the unresolved DR satellite lines
the line intensities are generally negligible. One can ant
pate that these contributions should become increasingly
portant in high density plasmas, when collisional mixing
the DBEX states occurs and the population of then54 states
is increased by this mixing.
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While some satellite lines blend with the resonance lin
and contribute directly to the intensity of such lines, oth
satellites formed by electron capture to low Rydberg sta
with n53 can be spectroscopically resolved from the par
resonance lines. The power emitted per unit volume fr
such satellites to either F- or Ne-like lines is

PS~F/Ne!5NeF(
i j 8k

Ng~F/Ne!aDR~ i , j 8,k!

1NNe/Na* CISE

Aj 8k
R

(
i 8

Aj 8 i 8
A

1(
k8

Aj 8k8
R GEj 8k

** , ~6!

where NNe/Na* is the population of the excited states, a
CISE is the inner-shell excitation rate coefficient. The branc
ing ratio term in Eq.~6! arises because, in addition to form
ing a satellite line by undergoing a radiative decay to a s
bilized excited state, the DBEX states also decay by
competing processes of autoionization and radiative dec
to other excited states. Since the satellites formed due to
come mostly~and solely in case of satellites to SeXXVI
lines! from the excited states that have maximum values
much lower temperatures compared to the temperature
which CISE has large values, the power emitted due to li
formation by ISE in CRE is found to be much smaller th
due to DR.

Satellite line ratios of two different ions can be used f
plasma diagnostics in the same way as resonance line r
of different ions of the same element. Lunney@45#, for ex-
ample, proposed the use of He- and Li-like DS line ratios
measure electron temperature and the state of ionization
high-density laser-produced andz-pinch plasmas. However
in theL shell, where the multiplet structures are more co
plex and energy splittings are larger, we see a different
sult. When we calculate the intensity ratio of all the lines th

FIG. 9. Total power emitted from the strong 2p-3d resonance
line clusters of SeXXVI and SeXXV . The effects of the contributions
due to unresolved dielectronic satellites are shown as solid
SeXXVI without DR; dotted for SeXXVI with DR; dashed for
SeXXV without DR; and dash-dotted for SeXXV with DR. The DR
contribution to the resonance lines become significant only at h
densities.
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55 3469DIAGNOSING SELENIUM PLASMAS USING SeXXVI . . .
are satellite to the 2p-3d resonance lines of SeXXVI to the
similar set of satellites to the 2p-3d lines of SeXXV , and
make a contour plot of the results, we find that the conto
are more vertical than horizontal. Therefore, this line ratio
more density sensitive compared to the parent resonance
ratios ~as shown in Fig. 5! and more density sensitive tha
temperature sensitive. The contour plots of this satellite
tensity ratio are shown in Fig. 10. As expected, the den
sensitivity decreases when contributions due to ISE are
cluded from the calculation since, when line ratios are
pendent on more ion fractions~and ISE and DR involve two
different initial ion stages!, they become more density sens
tive. However, in the case under study, even when the
electronic satellite lines are due to line emissions fr
DBEX states populated only by the DR process, the ratio
satellite structures from neighboring ionization stages is d
sity sensitive.

Ratios of satellites to resonance lines, on the other ha
are strongly temperature dependent, and routinely used
temperature diagnostics for laboratory and astrophys
K-ion plasmas. This temperature sensitivity comes about
cause the electron energies responsible for a multiplet of
and resonance lines sample different parts of the elec
distribution function. Figure 11 shows contours of satelli
to-resonance line cluster ratios that were calculated for
2p-3d lines within SeXXVI @Fig. 11~a!# and SeXXV @Fig.
11~b!#. These line ratios show a similar density sensitivity
the one seen in the ratio of 2p-3s to 2p-3d resonance lines
They tend to become more density dependent as densit
creases. This density sensitivity can be understood from
4. As the density is increased, the metastable 3d states share
more of their population with the radiating 3d states until a
LTE distribution of states is reached. The 3d radiation rate
increases correspondingly. In addition, as the density
creases, angular-momentum-changing electron-ion collis
can redistribute the populations of the DBEX states, and
causes increases in the intensity of the satellite lines, e
cially those coming from upper levels that are metastable
autoionizations@46#. Zigler et al. @4# used these density
enhanced dielectronic satellite lines to diagnose plasma e
tron densities. However, we have not included this effec
angular momentum changing electron-ion collisions red

FIG. 10. Contour plots of the SeXXVI to SeXXV ratios of satel-
lite line clusters to the 2p-3d resonance line. These ratios becom
more density sensitive when contributions due to ISE are inclu
in the calculation of satellite intensities.
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tributing the DBEX states in our calculation. Also, eve
though the ratio of dielectronic satellites formed by DR
resonance lines are mostly temperature dependent bec
the excitation fluxes of both the satellites and the resona
lines can come substantially from the same ionization st
when ISE contributions to the satellites are included in
line ratios, density dependences of the ratios arise. This
be seen by comparing the line ratios of Fig. 11~a! with Fig.
12~a! and Figs. 11~b! with Fig. 12~b!, where Figs. 12~a! and
12~b! exclude ISE contributions to the satellites.

The intersection of contours that are almost vertical w
contours that are mostly horizontal can be used for makin
simultaneous diagnostic of both an electron temperature
an ion density. Mostly horizontal, temperature-sensiti
contours are provided by the line ratios of the 2p-3d

FIG. 11. Contour plots of ratios of 2p-3d satellites to resonance
lines for ~a! SeXXVI and~b! SeXXV . The satellite lines include the
contributions due to ISE.

FIG. 12. Same as Fig. 11, except there is no ISE contribution
the satellite line intensities.
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resonance-plus-satellite lines of SeXXVI to those of SeXXV
~similar to those shown in Fig. 5!. Mostly vertical, density-
sensitive, contours are provided by the 2p-3s to 2p-3d,
resonance-plus-satellite, intraion line ratios involving eith
SeXXVI or SeXXV @similar to those shown in Figs. 6~a! and
6~b!, respectively#. These two sets of contours are shown
Figs. 13~a! and 13~b!. By attempting to fit both ratios simul
taneously on both figures, one determines an electron t
perature and an ion density that is consistent with three of
major features of the emission spectrum. If a significant d
agreement occurs between the inferences drawn from
13, then one can conclude that either the optically thin or
CRE assumption is invalid, or that both are.

An example of an application of this procedure can
provided by an analysis of the experimental spectrum p
lished in Ref.@47#. A numerical integration of this spectrum
produces the following estimate of the line ratios plotted
Fig. 13. The SeXXVI to SeXXV 2p-3d line ratio obtained
from this analysis was 1.24 and the 2p-3s to 2p-3d line
ratios for SeXXVI and SeXXV were 0.34 and 0.47, respec
tively. In trying to locate these points~1.24,0.34! in Fig.
13~a! and ~1.24,0.47! in Fig. 13~b!, we find that they place
the spectrum well outside the density range shown in F
13~a! and 13~b!, i.e., approximatelyTe;1.65 keV and the
density estimate lies well below 1018 cm23. However, both

FIG. 13. Overlap of mostly temperature sensitive contours
SeXXVI to SeXXV ratios of 2p-3d line clusters~Fig. 5! and mostly
density sensitive contours of 2p-3s to 2p-3d resonance to reso
nance line ratios for~a! SeXXVI @Fig. 6~a!# and ~b! SeXXV @Fig.
6~b!#. Intersecting points of these two plots determine the temp
ture and density simultaneously.
r

m-
e
-
ig.
e

e
-

s.

SeXXV and SeXXVI intraion ratios suggest most likely
consistent density using either Fig. 13~a! or 13~b!. The low
CRE density inferred from Fig. 13 might indicate that th
plasma producing the spectrum was not in equilibriu
When electrons are heated faster than the ionization bala
can follow, excitation rates are larger than in CRE beca
the exponential factors,e2DE/kTe, in these rates are large
However, because the 3d states have greater excitation e
ergies,DE, than the 3s states, the excitation rate increas
would be less for the 3d than for the 3s states. Thus 3s
emission rates would increase faster than those of thed
states, and the 2p-3s to 2p-3d ratio would increase as th
degree of nonequilibrium increased.

Finally, there are plasmas for which theL-shell spectrum
is dominated by neonlike lines. One example is provided
the spectrum of selenium shown by Burkhalter and Na
@37# obtained from a laser-produced plasma. More recent
second example is provided by a bromine plasma produ
by laser irradiation of a microdot. It was analyzed in R
@15# for independent determinations of an electron tempe
ture and a charge-state distribution. The spectrum of R
@37# shows the SeXXV n52-3 lines and all the satellites t
these lines, but does not show any SeXXVI lines. Since the
satellite lines to the Ne-like resonance lines are distinct
isolated, an analysis~similar to the analysis carried out wit
the spectrum in Ref.@47#! of ratios of temperature-sensitiv
satellites of 2p-3d lines to the parent resonance lines a
density sensitive 2p-3s resonance to 2p-3d resonance lines
within the neonlike SeXXV system can be used to infer s
multaneously a temperatureTe and a densityni of the
plasma. The overlapping contours of these ratios that wo
be used to make these inferences are shown in Fig. 14.

IV. SUMMARY

The use of a line or line cluster ratio to infer either th
temperature or the density of a plasma is limited, since th
ratios can be dependent, in general, on both temperature
density. By displaying these dependences on two or m
contour plots, one can make a more self-consistent dete
nation of the plasma electron temperature jointly with the
density provided the contour plots accurately represent th
dependences. In turn, the accuracy of the line ratio conto

f

a-

FIG. 14. Overlap of contours of satellite to 2p-3d resonance
line cluster ratios of SeXXV @Fig. 11~b!# and contours of 2p-3s to
2p-3d resonance to resonance line ratios for SeXXV @Fig. 6~b!#.
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depends on the self-consistency and accuracy of the un
lying atomic model and the ionization calculations. In t
calculations of this paper, the populations of all ground
well as all singly excited states were obtained se
consistently in CRE by solving a single set of rate equatio
These solutions included the non-LTE distribution of pop
lations for each multiplet ofn53 states in both neonlike an
fluorinelike ions.

The DBEX level populations that are needed for the s
ellite line calculations, on the other hand, were obtained
coronal model approximation by post-processing the r
equation solutions. This processing was done under the
sumption that the DBEX states are formed by dielectro
capture and by ISE from the two adjacent ion states; tha
collisional couplings among the DBEX states were neglec
in the post-analysis. In a dense plasma, the collisional mix
of DBEX states significantly alters their populations. T
neglect of these density effects, therefore, is a poten
source of error in the satellite line emission calculations
high densities.

Analyses of experimental spectra using the contours
sented in this paper have several limitations, and there
some suggestion of their presence in the example give
this paper: the analysis of the spectrum in Ref.@47#. In labo-
ratory plasmas, x-ray emission is often a highly transi
event. In a rapidly heated laser-produced orz-pinch plasma,
for example, ionization and recombination times may be
long for the plasma to remain in equilibrium, so a CRE a
sumption may break down and time-dependent or trans
equations would need to be solved to determine the ion
tion states. A rapid time variation of electron temperatu
alters the strengths of recombination versus excitation
ionization, and has significant effects on the line ratios. Si
ISE becomes more important with increasing temperature
contribution to the intensity of satellite lines and hence
the variation of the dielectronic to resonance line ratios
come more significant in transient calculations. It is also p
sible that intense heating will generate non-Maxwellian el
tron distributions, which are predicted to have non-negligi
ey
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effects on the line ratios and hence on the diagnostics
these strongly heated plasmas@1,48–50#.

Even when the ionization state of a transient plasma s
close to equilibrium, the plasma may contain temperat
and density gradients that turn temperature and density in
ences into average inferences at best. One measure o
size of these gradients can be provided by making sev
determinations of temperature and density using differ
combinations of satellite and resonance line ratios@13#. In
this case, one has more than two spectral features to mat
order to obtain two quantities:Te and ni . For fluorinelike
and neonlike spectrum, for example, one might try to ma
both fluorine- and neonlike intraion 2p-3s to 2p-3d ratios as
well as the fluorinelike to neonlike 2p-3d ratio. Line ratios
can also be affected by opacity. When photoexcitations
photoionizations become comparable to collisional exc
tions and ionizations, rate equation solutions that neg
these photopumping processes no longer apply.

Finally, we note that in future high-current driven
z-pinch experiments, for example, involving medium
high-Z plasmas, rapid ‘‘burn-through’’ in theL shell is re-
quired to generateK-shell ions. This burn-through is inhib
ited byL-shell radiation losses@51#, and it is doubtful, when
calculating this effect, that a detailed level accounting can
simplified by an averaging process such as used in the a
age atom model, which will inhibit all the important an
relevant atomic radiation dynamics. One will need to det
mine experimentally how long the plasma remains in theL
shell, and how fast the plasma ionizes and burns throug
the K-shell states. Data analyses utilizing line cluster ra
contour plots of the kind presented in this paper will
needed to carry out this determination.
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