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Diagnosing selenium plasmas using Sexvi and SexXxv line cluster ratios
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Ratios of resonance and satellite line clusters in fluoringl8&xxvi) 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 fier2—3 transitions includes detailed
fine-structure levels for the=3 excited configurationgy=3 inner-shell excited states at the configuration
level, and lumpedh=4 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 ionizafimeluding inner she)l 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 experimeitahell spectra of the=2-3 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 kx@eand 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 condition$S1063-651X97)12903-9

PACS numbes): 52.70—m, 32.30-r, 34.104+x

I. INTRODUCTION shell and the ratio of hydrogenlike to heliumlike line emis-
sions. The calculations are done with a minimum of assump-
X-ray emission spectra from thi€ shell of low atomic tions about the spatial structure or temporal history of the
number ) elements provide valuable information with z-pinch plasma. Thus a uniform plasma is assumed, which
which to assess plasma conditions and x-ray emission pehas the size of a measur&dshell emission region, and the
formance in a variety of laboratory plasmfk—4]. These plasma is assumed to be dollisional-radiative equilibrium
soft x-ray lines are also used to diagnose K ions for astro(CRE). Because a given-sized cylindrical plasma is assumed,
physical plasma$5—8]. Some of these ions also exist asthe equilibrium calculations for this procedure self-
impurities in tokamak discharg¢9,10]. In all of these plas- consistently include the effects of photoexcitations, deexci-
mas, ratios involving H- and He-like lines have been usefukations, and ionizations.
in obtaining diagnostics of lovi-ions[11,12. The generalization of thik-shell diagnostic procedure to
A procedure is described by Coulter, Whitney, and Thornthe L shell has two difficulties. First, in analogy to the
hill [2], and further evaluated by Apruzest al. [13] for K-shell analysis, one needs to substitute the Ne-like for the
self-consistently inferring both temperatures and densitiesle-like closed-shell system, and to compare emissions from
from K-shell line ratio and power output data frarrpinch  this ion with those from the neighboring F-like ion. In the
plasmas. A unique determination of both these quantities isase of theK shell, it is generally easy to filter out radiation
possible if one requires that the calculated power output fronbelow theK-series lines in order to measure the He-like plus
K-shell emissions as well as the calculated ratio of hydroH-like power output since there are no strong emissions from
genlike Lymane to heliumlike n=2 to n=1 emissions be ionization states above th€ shell. However, to isolate the
simultaneously in agreement with measured values of thesgower output from Ne- and F-like emissions, one must also
same quantities. To carry out this comparison, one needs fidter out, in general, higher-lying line emissions from the
calculate a set of contours as a function of electron temperd>-like, N-like, etc. ionization stages. Thus the procedures
ture and ion density of both the power output from te that are used in Ref$2] and[13] need to be extended by
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providing a set of contours other than power output with Se XXVII
which to complement the F-to-Ne line ratio contours. Sec-
ond, lines in theK-series spectrum are generally well iso-

lated and ratios of individual lines are often measured. In the 252p53d"=4
L shell, configuration states have more complex multiplet 252p53p —

. . . . 2s2p°3s—" . ——
structures than those in tte shell, and line emissions from 2p%35{ s 29%30| I— 2ptau] E—

these states are less isolated, often overlapping, and more
difficult to model[14]. Comparisons of calculated and ex-
perimental emission ratios may more often be made, in this
case, using line clusters rather than individual lines.
The x-ray spectra df-shell ions are also rich in structure
due to the large number of overlapping satellite lines that 252p6
accompany the resonance lines. Identification of these lines g, yxwi
for diagnostic calculations poses challenges that are only re-
cently being addressefll4-18. However, diagnostic re-
search involving_-shell ions, while not as extensive as that . n=4
. . . . . 2s2p°3d
involving K-shell ions, provides potentially more rewards. 260p83p %
The intensity ratios of F- and Ne-like lines are sensitive to PN p— T
electron temperature, density, and rates of ionization, and
different line ratios need to be used to infer these different
plasma parameters. The density of a plasma is usually in-
ferred from the intensity ratios of two lines of the same ion
when the upper levels for both of the lines are collisionally
excited, but only one of them has a strong radiative decay,
while the other is depopulated by electron collisions. This Se XXV
situation is more prevalent in tHe shell than theK shell.
Different excitation mechanisms and multiplet structures of FE|G. 1. Energy-level diagram for Sexvi and Sexxv as used in
lines imply different dependences on the plasma parametegsur atomic model. The model includes @62p°3s, 10 2p°3p, and
[19,20. The intensity ratios of two allowed lines of the same 12 2p®3d) and 57(8 2p*3s, 21 2p*3p, and 28 D*3d) multiplet
ion generally cannot be used to infer the plasma temperaturéevels for then=3 excited states for Sexv and Sexxvi, respec-
Ratios of resonance to dielectronic satellite lines, howevertjvely.
provide a very good temperature diagnostic tool, since the
upper levels of these lines are populated mainly from themodel of Dasguptat al. [21]. This extension utilizes fully
same ground state: for resonance lines, by direct collisionakelativistic atomic data that was calculated using codes de-
excitation, whereas for satellite lines, mainly by dielectronicveloped primarily by two of the authof22-29, and also
recombination(DR). Intensity ratios of two resonance lines the codes of Refd29-32. This data is incorporated into a
from neighboring ions are also good for inferring tempera-full set of rate equations from which ion populations are
tures or the rate of temperature change, and, therefore, ttealculated in the CRE approximation under the assumption
state of ionization of the plasma. Thus the ratio of two col-of an optically thin plasma. From these populations, contours
lisionally excited lines or line clusters from neighboring ion describing resonance line emission behavior are computed.
stages can generate a temperature-dependent expression Toese results are presented in Sec. lll. In general, analyses of
the relative ion fractions. However, the intensity ratios of theL-shell spectra must take into account contributions of satel-
resonance lines of two neighboring ions is also density senite line emissions that adjoin or overlap with the resonance
sitive. lines. The effects of satellite lines on line cluster contour
Most diagnostics work utilizes these dependences of difplots are discussed in Sec. IV.
ferent lines on different plasma conditions to separately de-
termine the temperature or'the de'nsity of the plasma. How- Il. ATOMIC MODEL
ever, even though some line ratios are more temperature
sensitive while others are more density sensitive, the inten- The energy level diagram of the model that we used for
sity ratios of most lines are more often dependent on botlanalyzingn=3 line emission from the fluorinelik€Sexxv!)
electron temperatur@, and ion densityn; [14]. Thus more and neonlike(Sexxv) ionization stages is shown in Fig. 1.
reliable determinations of these quantities require analyses dtis atomic structure is embedded in a configuration state
the simultaneous dependences of the line ratiofgmnd  model of the remainder of the selenium ionization stages
n;, as was done in Ref§2] and[13]. In this present work, [33]. The combined model contains the atomic model for Se
we will investigate these dependences by presenting the linexv that is described in Ref21] and a similar, but larger,
ratios as isocontours in temperature and density space. Oveatomic model for Sexvi, which is listed in Table I. Note
laps of mostly density sensitive contours with mostly tem-that the two multiplet levels of thes?2p® ground state of
perature dependent contours can then be used to determiBexxvi are shown as two separate levels in Table | and all
the electron temperature and the ion density simultaneouslyhe energies and radiative decay rates shown are with respect
In Sec. Il, the atomic model on which this work is basedto the lower lyingJ=3 level, although in solving the rate
is described. It is an extension of a previously developedquations we ignore the splittings of this?2p° state and
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TABLE |. Level identifications,jj- and LS-coupling labels, total angular momentuin energies and
radiative decay rates to the ground levef2p® (J= 2) for Sexxvi. Notationa[b] meansax 10°.

Level LS state jj state J Energy(eV) AT (s7Yh
1 2572p° 2P° [25°P322P32lar 3 0.0

2 25%2° 2p° [28°P122P3l12 3 4.212]

3 2s2° s [252p2.2p35l 1 3 2.1392] 2.00411]
4 2s?p*(3P)3s P [2522p?,2p3,,],3s 3 1.49923] 5.86Q11]
5 2s?2p*(3P)3s 2P [2522p2,,2p2,,],3s 3 1.50403] 6.01912]
6 2s22p*(19)3s ?S [2522p?,,2p3,,]03s 3 1.51843] 2.54312]
7 2522p*(3P)3s *P [25%2p,,2p3,5]13s 3 1.54003] 1.63912]
8 2s?2p*(®P)3s 2P [25%2p1,2p3;,]135 3 1.54383] 2.60612]
9 25°2p*(°P)3p *P°  [25°2py,2p3,1,3P1r 3 1.54413]

10 25°2p*(°P)3p “D°  [25%2p3,2p3123P 1 3 1.54593]

11 2s22p*(1D)3s 2D [25%2,,2p35],3s 3 1.55283] 3.11312]
12 2s22p*(*D)3s 2D [2522p,,2p35],3s 3 1.55423] 4.17411]
13 25°2p*(°P)3p 2P°  [2522p32p312]53Pan 3 1.55473]

14 25°2p*(°P)3p 2D°  [25%2p3,2p3123Par 1.55563]

15 25%2p*(°P)3p *D°  [25°2p3,2p5,1,3P3p 3 1.55643]

16 25°2p*(*9)3p 2P°  [25%2p3,,2p5]03P1r2 3 1.56493]

17 25%2p*(°P)3p *S°  [2572p},2p5,123P3p 3 1.57083]

18 25%2p*(°P)3p “D°  [25°2p3,2p3l03Par 3 1.57623]

19 25°2p*(°P)3p “P°  [25°2p12p3,l13P1e 3 1.58353]

20 2522p*(°P)3p 2P°  [25%2p1;2p3,]13Pus 3 1.586%3]

21 25°2p*(°P)3p “P°  [25°2p12p3,l13Psn 3 1.59563]

22 25°2p*('D)3p *F° [25°2p1122p32123P12 3 1.59793]

23 25°2p*(°P)3p °S°  [25%2p1122p35]13P31 3 1.59813]

24 25%2p*(°P)3p 2D°  [25°2py,2p3,]13Pap 3 1.5993]

25 2522p*(3P)3s *P [25%2p3,]03s 3 1.60143] 2.35712]
26 25°2p*(*D)3p 2F°  [25°2p1;,2p35123Par 3 1.60823]

27 2522p*('D)3p 2P°  [2522py2p3523Par 1.60903]

28 2522p*(®P)3d “D [2522p3,,2p3/5]23d3) 3 1.61143] 8.19709]
29 2s22p*(®P)3d “D [2522p2,,2p3,,],3d3) 3 1.61173] 1.42611]
30 25%2p*(®P)3d “D [25°2p22p3/2]230s12 3 1.61243]

31 2522p*('D)3p ?D°  [25°2p1122p35]23Pa 3 1.61263]

32 2s?2p*(°P)3d “P [25%2p3,,2p3,5]23d3) 3 1.61343] 4.43911]
33 2522p*('D)3p 2D°  [25°2p1122p35)23P1 3 1.61473]

34 2522p*(°P)3d *F [25°2p,2p312]230s12 3 1.61583]

35 2522p*(*P)3d 2F [25°2p%,2p3,123d12 3 1.61673]

36 2s22p*(®P)3d 2P [2522p2,,2p3,,],3ds) 3 1.62123] 1.91413]
37 2s22p*(®P)3d *P [2522p3,,2p3/5]23ds) 3 1.62513] 1.98913]
38 2522p*('D)3p 2P°  [2572py2p3523Par 3 1.62733]

39 2522p*(®P)3d 2D [25%2p2,,2p2,,],3ds) 3 1.62843] 2.81913]
40 2s22p*(P)3d *F [2522p2,,2p3 10303 3 1.63433] 1.51113]
41 2s22p*(*9)3d 2D [25%2p3,,2p3/5]030ds)2 3 1.63693] 1.84513]
42 2s22p*(3P)3d “D [2522p1,,2p35]13d3) 3 1.64993] 1.41911]
43 25?2p*(3P)3d 2P [25%22p1,,2p3)]13d3), 3 1.65393] 1.37912]
44 25?2p*(°P)3d “F [2572p1/22p3]13ds/2 3 1.65413]

45 2522p*(*P)3p “D° [25°2p3,103P12 3 1.65603]

46 25%2p*(1S)3p 2P° [2522p35]03P32 3 1.65773]

a7 2522p*(°P)3d *F [25%2p1,2p3)5]13ds), 3 1.6585%3] 8.13912]
48 2s22p*(®P)3d %F [2522p1,2p35]13d3) 3 1.66013] 1.56413]
49 2s22p*(*D)3d 2P [2522p1,,2p35]13ds) 3 1.66073] 3.63§11]
50 2s%2p*('D)3d °G [25°2p1,,2p35123d32 ] 1.66523]

51 25?2p*(*D)3d G [25°2p122p35]230s/2 3 1.66693]

52 2s?2p*(*D)3d 2D [25%2p1,2p3)5],3ds) 3 1.6696¢3] 4.87Q13]
53 2s22p*(*D)3d 2s [2522p1,,2p3 51,303 3 1.67013] 2.64312]
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TABLE I. (Continued.

Level LS state jj state J Energy(eV) A’ (s7Y
54 2s2p*(*D)3d 2F [25%2p1,,2p3),]3ds) ! 1.67293]

55 2s22p*(*D)3d %D [2522p1,,2p3/5]23d3) 2 1.67343] 5.79613]
56 2s22p*(*D)3d 2F [2522p1,2p3)5]23d3) 2 1.67493] 6.26413]
57 2s22p*(®P)3d 2D [2522p1,,2p35],3ds) 3 1.68233] 1.59313]
58 2s?2p*(*D)3d 2P [2522p1,2p3)5]23ds) 3 1.68473] 1.34313]
59 2s22p*(®P)3d *P [2522p3,]03ds) 3 1.717%3] 4.11911]
60 2s2p°3s 1.71913]

61 2s22p*(*s)3d 2D [2522p35]03d3 2 1.72183] 3.33410]
62 2s2p°3p 1.77083] 4.76712]
63 2s2p°3d 1.83223]

64 2s22p*4l 2.10183] 1.77Q12]

lump the two multiplet levels and treat them as one singleand departures froocal thermodynamic equilibriurLTE)
level, as shown in Fig. 1. The combined model shown in Figbehavior can be determined.
1 includes all the important processes responsible for line Satellite lines, formed on the long wavelength sides of the
formation from then=3 states in a compact fashion designedresonance lines for high Rydberg levels, are often blended
to minimize some of the burden of dealing with a superabunwith the resonance lines. Thus the autoionizing configura-
dance of atomic data and energy levels. Recently, the advetibns 2p*3Inl’ of Sexxv and 2°3Inl’ of Sexxiv with
of supercomputers and the availability of sophisticatedh=3 which form the spectroscopically isolated satellites as
atomic code$22—-32 have made it possible to generate andwell as configurations witm=4 that form unresolved satel-
handle large numbers of level structures efficiently forlites are also included in our model. After simultaneous cal-
atomic modeling. However, while it is important to lump culations of the populations of all ionization stages surround-
most multiplets into configuration states to achieve this effiing the Sexxvi and Sexxv ionization stages, and all
ciency, it is also important to represent some charge statgsopulations of the Sgxvi and Sexxv states, shown in Fig.
with sufficient sublevels to allow detailed analysis of diag-1, are performed, the populations of doubly excited states are
nostically important emission procesgéd]. The remaining obtained by post-processing the ground and singly excited
number of important configuration levels and the rest of thestate populations of the CRE calculations.
ionization stages can then be treated in a less detailed way, The following line formation mechanisms are considered
albeit resulting in approximations in the coupling of the av-in our calculations. For the resonance lines, the most domi-
eraged ionization levels with the detailed levels and in thenant contributions come from direct electron-impact excita-
formulation of the rate equations. tion from the ground state. We have included direct colli-
Specifically, the S&xv model consists of 31 states in- sional excitations, deexcitations, and radiative decay from or
cluding the ground level; the 26 fine-structure levels of theto the ground states and from cascades throughnth&
n=3, 2p°3s, 2p°3p, and P°3d, configurations, three inner shell andn=4 states of Sexvi and Sexxv. Addi-
lumped inner-shell n=3 configurations; 82p®3s,  tional contributions due to resonance excitatiéRE’s), in
2s2p®3p, and Z2p°3d; and a lumpedh=4 level[21]. For  which the upper levels of the resonance lines are formed by
Sexxvi, we have updated the model used in Réfl] by  the autoionization decay of doubly excit¢éBBEX) states,
including all 57 fine-structure levels for the=3 singly ex-  are included along with direct excitation for the=3 excited
cited states. Thus the S&vi stage contains a lumped states of Sexv. All collisional ionizations from excited
ground state; a\n=0 excited state, 57 fine-structure levels states of both F- and Ne-like ionization stages to the ground
of the 2p*3s, 2p*3p, and 2*3d configurations; three states of the O- and F-like states, respectively, are included
lumped inner-shell excited configurations; s2p°3s,  in this work. However, no inner-shell ionizations that di-
2s2p“3p, and Z2p*3d; and a lumped=4 state(see Table rectly connect excited states were included. All possible ra-
I). As mentioned above, the S&vi and Sexxv models are diative and collisional couplings among the=3 fine-
then embedded in a detailed configuration accounting atomistructure levels of Sgxvi and Sexxv are also included in
model of selenium33] from which an ionization balance this analysis. The excited states are substantially populated
can be calculated. The model in RE33], for example, con- by DR, and we have included a detailed state specific con-
tains the level structure for Sexiv that we have used con- tribution of DR for recombination from the ground and
sisting of the D°3s ground state, the lumpea=3 singly = An=0 states of Sexvii and Sexxvi to the n=3 singly
excited staténamely, 2°3p plus 2p®3d), and lumped con- excited states of Sexvi and Sexxv, respectively. The con-
figuration averaged states forsth=<<6 excited states. The tributions from the DR satellites due to high Rydberg levels
n=3 singly excited states for both S&vI and Sexxv ions that are unresolved from the resonance lines may have im-
are fully coupled(to the ground states above and below andportant consequencd84], and we examine whether they
among themselves and the other excited statésch popu- must be taken into account in order to compare calculated
lation within then=3 multiplet, which together are respon- line ratios with experiments. Some of the previous diagnostic
sible for resonance line cluster formation, can be calculatethodels contained inaccuracies because they lacked these
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necessary theoretical considerations in their calculations anaf Sexxvil and Sexxvi to each specific fine structure levels
experimental refinemen{85-3§. of Sexxvi and Sexxv, respectively. For low lying DBEX

Data for the atomic processes involved in populating orstates, DR branching ratios were explicitly calculated, while
depopulating the levels that are included in this calculatiorfor higher Rydberg states art/ falloff extrapolation of the
was obtained as follows: DR branching ratios was used. Haredenotes the principal

(i) Direct and resonance collisional excitation. Electron-quantum number of the Rydberg electron that participates in
impact collision strengths for excitation from the ground tothe recombination process. Only total ground-to-ground ra-
all the excited states and collisional coupling among all thediative recombination couplings of the Revil to Sexxvi
excited Sexxvi levels were calculated by using the relativ- and Sexxvi to Sexxv ionization stages were included in
istic atomic structure and distorted wa@DW) codes of our model. However, three-body recombination to each ex-
Refs. [22—-25. The collision strengths calculated for the cited state as well as the ground state was included in the
n=2-3 excitations were compared to those published byalculations. These rates were obtained by detailed balancing
Sampson, Zhang, and Fontg®4]. For Sexxv, collision the collisional ionization rate coefficients.
strengths for excitation from the ground state were obtained (iv) Spontaneous radiative decay. Oscillator strengths and
from Zhang and co-workef27,39 and the collisional cou- radiative decay rates for all 62 S®vI excited levels were
plings among the=3 levels were obtained from Hagelstein calculated from the DFW atomic code of Sampsetral.
and Jung[32]. The excitation collision strengths from the [22]. For Sexxv, oscillator strengths were obtained from
ground as well as from thel states witn=3 configurations Cowan[29]. These oscillator strengths were then used to
to the lumpedh=4 states of both Sexvi and Sexxv ions calculate the spontaneous radiative transition probabilities
were calculated by using a modified version of the atomidor all the level to level transitions from and to the=3
structure code of Cowaf9], called caTs [30] and a dis- levels. Radiative transition probabilities from the lumped
torted wave code, calleace [31] for each 4 configuration N=4 states to the ground andre=3 states were obtained by
and then they were added to obtain a total collision strengttstatistically averaging the multiplet probabilities.

The collision excitation rate coefficients were then obtained (V) Collisional couplings and cascades. We have incorpo-
by fitting the collision strength data points and using the fitsrated collisional excitation and deexcitation rates among all
to integrate them over a Maxwellian electron distribution.!evels in our Sexxvi and Sexxv models. The rates from the
The distorted-wave rate coefficients for electron-impact ex=4 lumped states to all lower=3 multiplet states were
citations of the inner-shell excited Ne- and Na-like satelliteObtained from the individual-J" rates with the assumption
lines were calculated by usingcE for the range of tempera- that the populations of the individual uppétdevels are sta-
tures needed for this work. Besides direct collision excitafistically distributed. The same assumption was made in ob-
tion, resonance excitatiofRE’s) of the n=3 singly excited taining the collisional ionization and radiative decay rates
states of Sexv, which begin with a radiationless capture from then=4 states. Except at very low densities, this as-
into DBEX Sexxiv states of the form @I’ (n=7) and sumption is generally more reasonable for the more closely
4141’ and then end with autoionization to the singly excitedspaced and strongly couplet=4 states than it is for the
states of Sexv, are also included in the ionization calcula- N=3 states. Collisional and radiative cascades from the
tion. Radiative decay channels from the DBEX states lead t&=4 and then=3 states to all lower states are included in
recombination to the Sexiv states. The contribution due to the atomic model and CRE solutions. However, radiative
RE’s to the 3 levels is much larger than that due to direct cascades among autoionizing levels for the determination of
excitation. These RE branching ratios were calculated in th®R and RE rates were neglected in our calculations. Also,
resonance approximation following Cowg0]. collisional or radiative cascades from singly excited levels

(i) Collisional ionization. Electron-impact ionization higher thann=4 were not included in this calculation.
cross sections for ionization from the ground as well as from
all the excited SaxvI states were also calculated relativis- Ill. IONIZATION EQUILIBRIUM RESULTS
tically from the RDW ionization code of Reff26] and[28].
For Sexxv, the collision ionization rates from thes33p,
and 3 levels were obtained from Golden, Sampson, and In general, population densities of ground and singly ex-
Omidvar[41] and Moores, Golden, and Sampdei?]. The cited states are obtained by solving a set of rate equations of
collisional ionization cross sections from tine=4 configu-  the form
rations were obtained using tlmTs [30] code. lonization
cross sections were also scaled, and rate coefficients were ﬂ: 2 W — 2 W f )
calculated by integrating them over a Maxwellian distribu- dat JZ. T SFL e
tion for each required temperature.

(iii) Radiative and dielectronic recombination. A detailedwheref, =N, /n; (with nj==N,) is the fractional popula-
and comprehensive description of the methodology involvedion of the levelu, andW,,, are the sums of all rates popu-
in computing the DR rates is described in the work by Dasdating levelu from level v. Steady-state population densities
gupta and Whitney43]. DR data for recombination from are obtained by solving the inequilibrium equations,
Sexxvi to singly excited states of Sev [43] and from  df,/dt=0.

Sexxvil to singly excited states of Sexvi [44] were calcu- In the ion density region of interest for the present calcu-
lated using the Hartree-Fock with relativistic method oflations, 108<n;<10?2 the plasma ionization condition
Cowan[29]. Detailed calculations were carried out for DR cannot be described lgorona equilibrium in which radia-
branching ratios and rates from the ground &md=0 states tive decay rates are much larger than collisional excitations,

A. Resonance line ratios
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and essentially all ions exist in the ground akd=0 levels.
Neither can the plasma be described as being in LTE, where
all states of a given configuration are statistically populated.
In the intermediate density region, #&n;<10??> cm™3, the
n=3 states of Sexvi and Sexxv are nonstatistically dis-
tributed. Only at densities above 2@m ™2 do these sublev-

els come into statistical equilibrium. In this paper, we will
present equilibrium solutions to the rate equations, which
contain all of the level-to-level transitions described above.
The nonstatistical behavior of the=3 L-shell states pro-
vides the basis for using resonance line emissions from these
states for selenium plasma diagnostics.

T, (keV)

2.0

The x-ray spectrum for Sexv consists of seven allowed L4t /\égg;
transitions from then=3 states to the closedS, ground . K\H%’SSE
state. Of these lines, which are identified as sk 1m0

3A(*S,-2s2p®3p tP,), 3B(1Sy-2s52p®3pcP;), 3C(*S,-
2s%2p°3dtP,), 3D(1S,-25%2p°3p °D,), 3E(1S,-
2s22p53d3P,), 3F(1Sy-2522p®3s3P,;), and 3G(1S,- B TS BT I P
2s%2p°3s3P,), the less intense B line is blended with a  (em™)
Sexxiv satellite line. The fluorine sp4ectrum is msore Sompli-
cated',. having many allowed p2-2p*3s anq P-2p 3d Sexxvl, (b) Sexxv. These resonance line clusters include the con-
transitions that lie between theB3and 3 lines and the 7. .
. . ) tributions due to unresolved satellites.

3D and F lines of Sexxv, respectively. In particular, they
are difficult to analyze individually unless they are observed
and identified with very high resolution. Some of these Iineﬁ.
also overlap with some of the long wavelength lines of "
Sexxvil . Even when the overlapping S&vii lines are less
intense, it is imperative that they be identified and exclude
from the Sexxvi resonance lines, if possible, for compari-
sons with the theoretical calculations of this paper to be
made. = * i )

In order to minimize some of these difficulties, this PreEme EJ: NitenoAr(1=8)Ejg @
present diagnostic work involves the analysis of clusters of
strong resonance and satellite lines. Specifically, we wiIIwhereNjc is the population of an upperd3devel|j) of the F-
consider the p-3s, 2p-3d, and Z-3p resonance clusters or Ne-like line, A,(j—g) is the radiative decay rate from
and their satellites for both ions. We begin with a discussiorevel |j) to the ground leve|g), andEjq is the energy for
involving the resonance lines alone. Since thex®e  this transition. Both of the power contours in Fig. 2 have
ground state is a closed shell, there are only the seven aimilar temperature and density dependences; a maximum
lowed resonance transitions that are listed above. Theseccurs as a function of temperature at a temperature that
lines, along with their satellites, are more readily identifieddecreases with increasing density. As the temperature in-
and detected than the 88V lines, since the Sgxvi spec- creases, the power declines after the maximum is passed be-
trum has 34 allowed transitions of thp22p*3d type alone  cause the excited state populations are depleted by ionization
lying between the B-3d and X-3p Sexxv lines. It also has to the higher ionization stages. Moreover, as one would ex-
14 2p°-2p*3s transitions lying between thep23d and  pect for a closed-shell system, the power emitted from the
2p-3s Sexxv lines. Experimentally, diagnostic work is Sexxv 3d configuration is larger over the same density and
based on integrations under the lines of a spectrum. It relemperature range than it is for Sevi.
guires either that individual lines be isolated or that, when The dependence of the populations of the Gnfigura-
they overlap, line clusters be isolated as best possible. In th#ons on both density and temperature are shown in Fig. 3.
latter case, integration errors are reduced because the intAs the density increases, thel 3tates are populated more
gration is over the broader range of energies that are corand more from collisional deexcitations from the upper lev-
tained within a cluster. els, but they only begin to equilibrate at ion densities close to

For both the Sexxvi and Sexxv resonance lines, there- 1022 This behavior is illustrated in Fig. 4 for two metastable
fore, we will sum lines originating from the same configura-and two spontaneously decaying 3tates of Sexvi. This
tion as the clusters under consideration. All of the lines offigure shows the fractional populations within thd 8on-
the 2p(J)-3s(J’) resonance transitions are denoted by thefiguration that are calculated as a function of density at a
single transition, p-3s, and the same treatment is followed fixed temperature of 800 eV. At low densitiesq Popula-
for 2p-3d and Z-3p transitions. We do the same lumping tions are stored essentially in the metastable states. At the
when we consider the satellites to these resonance lines. Tinigh density, 1& cm™3, the fractional populations have
2p-3d and 2p-3s line clusters for S&xvi and Sexxv are  achieved their LTE valueg; /= ;g;, whereg;=2J+1 is the
nonoverlapping; hence intensity ratios involving these linesstatistical weight of the state. As the temperature increases,
should be useful for plasma diagnostics. the plasma ionizes through several ionization stages and the

Z

FIG. 2. Power contours for the p23d resonance lines(a)

Power densities emitted by the strong-3d resonance

es for both Sexxv and Sexxvi are functions oh?, and
range over eight orders of magnitude in the density range
Jinder consideration. Contours for these optically thin powers
per unit volume, which are shown in Fig. 2, are given by
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that are mostly parallel to the horizontal axis are primarily

FIG. 3. Contour plots of the total fractional population for the temperature sensitive, while density sensitivity shows up as
3d configurations, which are obtained by adding the populations ofnostly vertically running contours. Figure 5 shows the con-
all the individual multiplet levels for these configuration@  tours of the -3d Sexxvi to Sexxv ratios. These ratios
Sexxvi, (b) Sexxv. The unlabeled contour ifa) has the value of have strong temperature dependences, and become density
0.005. sensitive only at high densities. However, as the ratios in-

crease with increasing temperature, the contours become

population of the 8 states for both Sgxv and Sexxvi density sensitive at lower and lower densities. The density
decreases due to this ionization. However, since there is %nSItIVIty at h|gh densities is due to collisional deexcitations
large abundance of Sexv ground states in CRE to colli- Which influence the 8 populations comparably to the radia-
sionally excite the Sexv 3d states, they have relatively tive decay rates of these states. Although similar behavior is
larger populations compared to the Bevi 3d states. observed for the @-3s line ratios of the two ions, the ratios

Since populations of the ground as well as the excite®f 2s-3p lines show the most density sensitivity even at
states are self-consistently obtained using all the relevar@wer densities.
atomic processes connecting these levels in the CRE calcu- The resonance-to-resonance line ratiog;35 to 2p-3d,
lation, the intensities of line emission that are calculatedVithin both Sexxvi and Sexxv ionization stages, are quite
from the excited states have self-consistent temperature arf@nsitive to density. This sensitivity has been experimentally
density dependences in the same range as the populatio@served and theoretically explaingi] in Ne-like bromine
From these intensities, one can obtain the contour plots dh a laser-produced plasma. As seen in Fig. 6, the32 to
resonance line clustéor configuratiof ratios shown in Figs.

5-8. Since temperature is plotted along the vertical axis and 20 ' ‘ '
ion density along the horizontal axis, contours of quantities @
1,470
10° . e . ] =
; Level 51 E 0.8{
| (16669 A )\ Level 29, i /QG
ng?
F ] 0058

1071 E o
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FIG. 4. Fractional occupation of two metastable and two spon- n, (em™)

taneously decaying@Bstates of Sexvi as a function of density at

T.=800 eV. The levels are identified in Table I. This figure shows FIG. 6. Contour plots of the [23s to 2p-3d resonance to reso-
how the relative populations reach their LTE values aroop nance line cluster ratios f¢a) Sexxvi and(b) Sexxv. These lines
1072 cm 2. include all the contributions due to unresolved satellites.
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FIG. 7. Contour plots of the[2-3s to 2s-3p resonance to reso- FIG. 8. Contour plots of the€23p to 2p-3d resonance to reso-
nance line cluster ratios fde) Sexxvi and(b) Sexxv. These lines  nance line cluster ratios fdg) Sexxvi and(b) Sexxv. These lines
include all the contributions due to unresolved satellites. include all the contributions due to unresolved satellites.

2p-3d cluster ratios for both Sexvi and Sexxv are mostly The results of the calculated population with a fine-structure
level model and a lumped configuration level model are dif-

?/er'ucal for the hlgh(:]r temperatures dand densities, w(;u:e fo'ferent, because the total radiative transition probabilities of
ower temperature the contours tend to move toward loWef,q fine_structure levels, some of which are metastables, is

densities. This behavior can be explained by examining th@jgterent than the radiative transition probability of the

lation is in the "3s and 293p configurations. Most of dependent at low densities than shown in Figs. 7 and 8,
these states are populated by collisions from the ground Stapéspectively We have treated the inner-she#i3 excited
and radla_ltlve cascades from h|ghe_r-ly|ng eXC"?d states. AStates in the configuration average approximation consis-
the den3|ty. Increases, t.he populauon of the smglly excite ently with the explicit multiplet treatment of othar=3 sin-
2.p.q3d conf_|gu.rat|o_n, which is also pop“.'?teo‘ by Q|r_ect col- gly excited states. This approximation allows us to take ra-
lisional excitation, increases due to additional collisional ex-; < of the 3 inner-shell lines that involve the full cluster of
C|tat|on§ and QeeXC|tat|on§ to the§? states. Thus maﬁo inner-shell transitions. There is some error involved in this
2p-3d line ratios are density sensitive and the density depen'rocedure' however, it is expected that lumping of thse 2
dence gets weaker with increasing density. Also, in contragie states will not affect the line ratios as significantly for

to the 3 levels, the 3 levels for both _Se<XV| a.n(.j Sexv .. these states as it would for the valence electrer8 states,

are populated more by DR than by direct collisional excita-gincq the hole states are higher lying and their level splittings
. : i ) Rare smaller. Thus the hole-state subpopulations deviate by
are from different ion states, thepz3s to 2p-3d line ratios  gpaiier amounts from statistical equilibrium than those of

deper_ld on the ion density. . . the valence electron states.
This density dependence of the resonance lines is most

pronounced in the 2-3s to 2s-3p ratios as shown in Fig. 7.
The 2s2p9713p states, which receive relatively less popula-
tion from direct collisional excitation from the ground state, We next examine the degree to which unresolved satellite
become strongly populated due to transfer of populations dines influence these cluster powers and power ratios. The
metastable excited levels due to collisions at higher densitiesatellite structures to the S&vi 2p-3d and 2p-3s reso-
The contours of these line ratios at higher densities tend taance lines consist of a large number of lines whose indi-
move toward higher densities in contrast to those of thevidual detection is difficult, if not impossible, even with ex-
2p-3s to 2p-3d line ratios. Along with their density depen- treme high experimental spectral resolution. Satellite lines
dence, the 83p to 2p-3d line ratios show a strong tem- are formed on the long wavelength sides of the resonance
perature dependence, especially at low temperatures diges when the spectator electron is in an3 state of the
shown in Fig. 8. The U” shapes of the contours of these DBEX states that are formed by the DR process. For the
line ratios indicate opposite variations of these line ratios ah=4 states, the satellite lines are often blended with the
high densities compared to that at low densities. The fact thaesonance lines. Sexv and Sexxiv satellite lines are

we have treated the inner-shal=3 excited states in a con- formed following dielectronic capture from the ground states
figuration average approximation might result in some inacof Sexxvi and Sexxv to the 33I' DBEX states, which
curacies in calculating line intensities involving these statesthen decay to th@=3 singly excited states of each recom-

B. Satellite line effects
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bined ion. These satellite lines can also be formed by the sox108——— T n .
alternative mechanism of direct excitation of an inner-shell [ T,=500 eV } ]
(ISE) electron of an excited ion such as the=0 state of 25x10%F .
Sexxiv for satellites to the Sexv resonance lines. In this T R e k) e ]
work, we have considered only inner-shell excitations from & zo-10%F 277 se xxvr (with DR) ]
the n=3 levels for satellite formation, and neglected any & [ Se R bvtnent bR ]
excitation contributions from higher excited levels. The con- £ 1s«10°- ]
tribution due to ISE’s as compared to DR is expected to be & i ) ) :
of no significance for lowZ ions in steady-state calculations. ~ § voxio®[ ]
Since the contribution of an ISE to the intensities of satellite * 5 1
lines becomes more important for ions with moderately = 50x10°F B
higherZ, we have investigated both DR and ISE contribu- P e ]
tions to the formation of Sexv and Sexxvi satellite lines. e T onod eaod a0
The populations of the upper levels involved in satellite line 0, (em™)

formation due to DR and ISE'’s are calculated as separate

contributions. FIG. 9. Total power emitted from the strong3d resonance

When the resonance line intensities are corrected for ur]ine clusters of S&xvi and Sexxv. The effects of the contributions

resolved dielectronic satellites from time=4 DBEX states due to unresolved dielectronic satellites are shown as solid for
Eq. (2), for example, is modified to " Sexxvi without DR; dotted for Sexvi with DR; dashed for

Sexxv without DR; and dash-dotted for S&v with DR. The DR
contribution to the resonance lines become significant only at high
Ne> apr(i,j’.K)E[ |, densities.

PrEne = Preeme + Ng(F/Ne)E
i’k

3 While some satellite lines blend with the resonance lines
and contribute directly to the intensity of such lines, other
satellites formed by electron capture to low Rydberg states
with n=3 can be spectroscopically resolved from the parent
resonance lines. The power emitted per unit volume from
a2 .3 such satellites to either F- or Ne-like lines is

a,
_OZ Fijrkexq_Sj//kT), (4)
29i i’

whereN, is the electron density and, in this restricted sum,
Elk (=Ej) is the transition energy from the DBEX states
j" to the recombined levels, and

47R

apgr(i, ]’ k)= KT

Psiemne=Ne > Ng(rne apr(i,j ' K)
is the DR rate coefficient where the DR branching ratio ij'k
Fijr« is defined by

R
L AN AR Ak
9 ik . (5) + NRenCise ] Em, (6)
A R DALY AT
EAJIiI+E Aj/k/ j'i'+k, ik
i/ k/

Fij’kE

it
|

In Eq. (4), ;, is the energy of the autoionizing state with where N{, is the population of the excited states, and
respect to the initial stat¢i) which can be either the ground C,g¢ is the inner-shell excitation rate coefficient. The branch-
or the An=0 state for Sexxvi, andg; andg;, are the sta- ing ratio term in Eq(6) arises because, in addition to form-
tistical weight factors of the staté and|j’), respectively; ing a satellite line by undergoing a radiative decay to a sta-
ao is the Bohr radius; andR is the Rydberg energy. The bilized excited state, the DBEX states also decay by the
summations in Eq(5) are carried over all possible autoion- competing processes of autoionization and radiative decays
ized stategi’) (including autoionizations to excited states to other excited states. Since the satellites formed due to ISE
and all possible final recombined statgs) that are the come mostly(and solely in case of satellites to Sevi
lower levels for the satellites to thed3states. lines) from the excited states that have maximum values at
The inclusion of unresolved satellite lines to the totalmuch lower temperatures compared to the temperatures at
power emitted by the strong p23d resonance lines of which Csg has large values, the power emitted due to line
Sexxv and Sexxvi can be quite significant especially at formation by ISE in CRE is found to be much smaller than
high densities. This effect is shown in Fig. 9 fbgy=500 eV. due to DR.
However, when contour plots of the resonance line powers, Satellite line ratios of two different ions can be used for
both with and without satellite contributions, are comparedplasma diagnostics in the same way as resonance line ratios
over the entire density and temperature range of our calculaf different ions of the same element. Lunne@lp], for ex-
tions, the contributions of the unresolved DR satellite lines teample, proposed the use of He- and Li-like DS line ratios to
the line intensities are generally negligible. One can anticiimeasure electron temperature and the state of ionization for
pate that these contributions should become increasingly imhigh-density laser-produced amzepinch plasmas. However,
portant in high density plasmas, when collisional mixing ofin the L shell, where the multiplet structures are more com-
the DBEX states occurs and the population of tive4 states  plex and energy splittings are larger, we see a different re-
is increased by this mixing. sult. When we calculate the intensity ratio of all the lines that
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FIG. 10. Contour plots of the Sexvi to Sexxv ratios of satel- L) S 0.6
lite line clusters to the g-3d resonance line. These ratios become o8
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in the calculation of satellite intensities. T L L
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are satellite to the @-3d resonance lines of Sevi to the FIG. 11. Contour plots of ratios off23d satellites to resonance
similar set of satellites to the®23d lines of Sexxv, and |ines for(a) Sexxvi and(b) Sexxv. The satellite lines include the
make a contour plot of the results, we find that the contoursontributions due to ISE.
are more vertical than horizontal. Therefore, this line ratio is
more density sensitive compared to the parent resonance lingbuting the DBEX states in our calculation. Also, even
ratios (as shown in Fig. band more density sensitive than though the ratio of dielectronic satellites formed by DR to
temperature sensitive. The contour plots of this satellite inresonance lines are mostly temperature dependent because
tensity ratio are shown in Fig. 10. As expected, the densityhe excitation fluxes of both the satellites and the resonance
sensitivity decreases when contributions due to ISE are ejines can come substantially from the same ionization state,
cluded from the calculation since, when line ratios are dewhen ISE contributions to the satellites are included in the
pendent on more ion fractiorfand ISE and DR involve two |ine ratios, density dependences of the ratios arise. This can
different initial ion stagels they become more density sensi- be seen by comparing the line ratios of Fig(diwith Fig.
tive. However, in the case under study, even when the di12(a) and Figs. 11b) with Fig. 12b), where Figs. 1@&) and
electronic satellite lines are due to line emissions from12(h) exclude ISE contributions to the satellites.
DBEX states populated only by the DR process, the ratio of The intersection of contours that are almost vertical with
satellite structures from neighboring ionization stages is dencontours that are mostly horizontal can be used for making a
sity sensitive. simultaneous diagnostic of both an electron temperature and
Ratios of satellites to resonance lines, on the other hancin ion density. Mostly horizontal, temperature-sensitive,

are strongly temperature dependent, and routinely used f@fontours are provided by the line ratios of thep-2d
temperature diagnostics for laboratory and astrophysical

K-ion plasmas. This temperature sensitivity comes about be-

cause the electron energies responsible for a multiplet of DS . (a),
and resonance lines sample different parts of the electron F T
distribution function. Figure 11 shows contours of satellite- e ————— o
to-resonance line cluster ratios that were calculated for the o~
2p-3d lines within Sexxvi [Fig. 11(@)] and Sexxv [Fig. osf ¢ 0z
11(b)]. These line ratios show a similar density sensitivity to 05 05—
the one seen in the ratio ofp23s to 2p-3d resonance lines. 02 20- ‘ ——=20—
They tend to become more density dependent as density in- SR U AR
creases. This density sensitivity can be understood from Fig. <

4. As the density is increased, the metastallesthites share " 20 . w
more of their population with the radiatingd3states until a 00—
LTE distribution of states is reached. The Badiation rate o N :

increases correspondingly. In addition, as the density in-

. . . 0085
creases, angular-momentum-changing electron-ion collisions o

can redistribute the populations of the DBEX states, and this 0-8‘—‘”;\" 1o
causes increases in the intensity of the satellite lines, espe- L ?Z:
cially those coming from upper levels that are metastable to 02 . . .

1018 1019 1020 1021 1022

autoionizations[46]. Zigler et al. [4] used these density-
enhanced dielectronic satellite lines to diagnose plasma elec-
tron densities. However, we have not included this effect of FIG. 12. Same as Fig. 11, except there is no ISE contributions to
angular momentum changing electron-ion collisions redisthe satellite line intensities.

n, (em™)
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20 FIG. 14. Overlap of contours of satellite tgpBd resonance

line cluster ratios of Sgxv [Fig. 11(b)] and contours of @-3s to
2p-3d resonance to resonance line ratios forx®e [Fig. 6(b)].

Sexxv and Sexxvi intraion ratios suggest most likely a
consistent density using either Fig.(&8or 13b). The low
CRE density inferred from Fig. 13 might indicate that the
plasma producing the spectrum was not in equilibrium.
When electrons are heated faster than the ionization balance
can follow, excitation rates are larger than in CRE because
the exponential factoree™ “F«Te in these rates are larger.
: However, because thed3states have greater excitation en-
10%0 1021 1028 ergies,AE, than the 3 states, the excitation rate increases
s fem™) would be less for the @ than for the 3 states. Thus 8
emission rates would increase faster than those of the 3
FIG. 13. Overlap of mostly temperature sensitive contours ofgtates, and the ®3s to 2p-3d ratio would increase as the
Sexxvi to Sexxv ratios of 20-3d line clusterg(Fig. 5 and mostly degree of nonequilibrium increased.
density sensitive contours ofp23s to 2p-3d resonance to reso- Finally, there are plasmas for which theshell spectrum
nance line ratios fofa) Sexxvi [Fig. @] and (b) Sexxv [Fig. 5 qominated by neonlike lines. One example is provided by
6(b)]. Intersec’ging points of these two plots determine the temperafhe spectrum of selenium shown by Burkhalter and Nagel
ture and density simultaneously. [37] obtained from a laser-produced plasma. More recently a
second example is provided by a bromine plasma produced
resonance-plus-satellite lines of evi to those of S&xxv  py |aser irradiation of a microdot. It was analyzed in Ref.
(similar to those shown in Fig.)5Mostly vertical, density- [15] for independent determinations of an electron tempera-
sensitive, contours are provided by th@-2s to 2p-3d,  tyre and a charge-state distribution. The spectrum of Ref.
resonance-plus-satellite, intraion line ratios involving either[37] shows the Sexv n=2-3 lines and all the satellites to
Sexxvi or Sexxv [similar to those shown in Figs(® and  these lines, but does not show any>Se! lines. Since the
6(b), respectively. These two sets of contours are shown inggteliite lines to the Ne-like resonance lines are distinct and
Figs. 13a) and 13b). By attempting to fit both ratios simul- jsolated, an analysigimilar to the analysis carried out with
taneously on both figures, one determines an electron temhe spectrum in Ref47]) of ratios of temperature-sensitive
major features of the emission spectrum. If a significant dis'density sensitive @-3s resonance to 2-3d resonance lines
agreement occurs between the inferences drawn from Figyithin the neonlike Sexv system can be used to infer si-
13, then one can conclude that either the optically thin or th(?nultaneously a temperatur€, and a densityn, of the
CRE assumption is invalid, or that both are. plasma. The overlapping contours of these ratios that would

An example of an application of this procedure can bepe ysed to make these inferences are shown in Fig. 14.
provided by an analysis of the experimental spectrum pub-

lished in Ref[47]. A numerical integration of this spectrum
produces the following estimate of the line ratios plotted in
Fig. 13. The Sexvi to Sexxv 2p-3d line ratio obtained The use of a line or line cluster ratio to infer either the
from this analysis was 1.24 and the-3s to 2p-3d line  temperature or the density of a plasma is limited, since these
ratios for Sexxvi and Sexxv were 0.34 and 0.47, respec- ratios can be dependent, in general, on both temperature and
tively. In trying to locate these point€l.24,0.34 in Fig.  density. By displaying these dependences on two or more
13(a) and(1.24,0.47 in Fig. 13b), we find that they place contour plots, one can make a more self-consistent determi-
the spectrum well outside the density range shown in Figsnation of the plasma electron temperature jointly with the ion
13(a) and 13b), i.e., approximatelyT.~1.65 keV and the density provided the contour plots accurately represent these
density estimate lies well below ¥cm 3. However, both  dependences. In turn, the accuracy of the line ratio contours
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depends on the self-consistency and accuracy of the undegffects on the line ratios and hence on the diagnostics of

lying atomic model and the ionization calculations. In thethese strongly heated plasnds48-50.

calculations of this paper, the populations of all ground as Even when the ionization state of a transient plasma stays

well as all singly excited states were obtained self-close to equilibrium, the plasma may contain temperature

consistently in CRE by solving a single set of rate equationsand density gradients that turn temperature and density infer-

These solutions included the non-LTE distribution of popu-€nces into average inferences at best. One measure of the

lations for each multiplet ofi =3 states in both neonlike and Siz€ of these gradients can be provided by making several
fluorinelike ions. determinations of temperature and density using different

The DBEX level populations that are needed for the Sat_cqmbinations of satellite and resonance line rafit3]. In .
rJf'hls case, one has more than two spectral features to match in

ellite line calculations, on the other hand, were obtained i der o obtain t titiest q For fluorinelik
coronal model approximation by post-processing the rat@ @€' l0 obtain two quantitiest, andn;. For fiuorinelike
nd neonlike spectrum, for example, one might try to match

equation solutions. This processing was done under the as- g ST A .
sumption that the DBEX states are formed by dielectronic oth fluorine- and neonlike intraioryi23s to 2p-3d ratios as

capture and by ISE from the two adjacent ion states; that iSWeII as the fluorinelike to neonlike23d ratio. Line ratios

collisional couplings among the DBEX states were neglecte&an also be affected by opacity. When photoexcitations and

. ; s ..~ photoionizations become comparable to collisional excita-
in the post-analysis. In a dense plasma, the collisional mmng%ji b

of DBEX states significantly alters their populations. The ons and lonizations, rate equation solutions that neglect
; . . these photopumping processes no longer apply.
neglect of these density effects, therefore, is a potential . . . .
Finally, we note that in future high-current driven,

source of error in the satellite line emission calculations at . : . . X
: i~ z-pinch experiments, for example, involving medium to
high densities.

. . high-Z plasmas, rapid “burn-through” in thé shell is re-
Analyses of experimental spectra using the contours pre uired to generat&-shell ions. This burn-through is inhib-

sented in this paper have several limitations, and there wa& o -
some suggestion of their presence in the example given i ed by L-shell radiation lossef51], and it is doubtful, when

this paper: the analysis of the spectrum in Ré%]. In labo- calculating this effect, that a detailed level accounting can be
ratory plasmas, x-ray emission is often a highly transienlSimplified by an averaging process such as used in the aver-

event. In a rapidly heated laser-producedzguinch plasma, age atom mo_del, Whi.Ch will inh_ibit al the_ important and
for example, ionization and recombination times may be tode]evant atqmlc radiation dynamics. One will negd tp deter-
long for the plasma to remain in equilibrium, so a CRE as-ne experimentally how long the plasma remains inlthe

sumption may break down and time-dependent or transie hell, and how fast the plasma ioniz_e; .and .burns through. to
equations would need to be solved to determine the ioniza:' K-shell states. Datg analyses unh;mg .I|ne cluster. ratio
tion states. A rapid time variation of electron temperaturesContour plots of the kmd presgntgd in this paper will be
alters the strengths of recombination versus excitation anaeeded to carry out this determination.

ionization, and has significant effects on the line ratios. Since
ISE becomes more important with increasing temperature, its
contribution to the intensity of satellite lines and hence on We would like to thank Dr. P. E. Pulsifer for the valuable
the variation of the dielectronic to resonance line ratios beecomputer-related assistance he has provided in helping us to
come more significant in transient calculations. It is also posdocument the results of this work. This work was supported
sible that intense heating will generate non-Maxwellian elecby the Defense Special Weapons Agency and the Office of
tron distributions, which are predicted to have non-negligibleNaval Research.
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